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Apparent relatedness of the main component of ovine 1.714 satellite
DNA to bovine 1.715 satellite DNA
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The nucleotide sequence of the principal component of ovine
1.714 g/cm3 satellite DNA was determined from a mono-
meric fragment inserted at the BamHI site of pBR322 and
cloned in Escherichia coli strain RR1. The 816-bp tandemly
repeated sequence contains a number of small repeated se-
quences dispersed within it, one group of which forms a
pentameric tandem repeat of a 13-bp segment (positions
548 -612). A 20-bp region (60- 79) shows an 85 To homology
with the reverse-complement of the sequence from 455
through 474. There are two regions of 67 bp (75- 141) and
59 bp (755-813) which show > 700o homology with regions
of bovine 1.715 g/cm3 satellite DNA (1402 bp; positions
1218- 1284 and 1079- 1137, respectively) while a 31-bp
region (ovine 62- 92, bovine 133- 163) shows 8OWo
homology. Quasi-correlation coefficients (Qr) were determin-
ed using the triplet numbers of the sheep satellite versus all se-
quences in the National Biomedical Research Foundation and
EMBL nucleotide sequence data bases. Qr equals 0.85 for
ovine 1.714 g/cm3 satellite versus bovine 1.715 g/cm3 satellite.
The next highest Qr for a bovine satellite segment was 0.58.
Thus, the ovine 1.714 g/cm3 and bovine 1.715 g/cm3 satellite
appear demonstrably related. Taking into account that sheep
and cattle diverged 18-20 million years ago, this suggests
that the material may be functional and that its function is
related to its sequence.
Key words: satellite DNA/ovine/bovine/nucleotide sequence

Introduction
During the past few years, sequences of a number of com-

ponents of highly tandemly repeated bovine DNA
[(dG + dC)-rich satellite DNA] have been determined (Pech et
al., 1979; Poschl and Streeck, 1980; Streeck, 1981; Gaillard et
al., 1981; Taparowsky and Gerbi, 1982; Plucienniczak et al.,
1982). To date, however, none of the components of satellite
DNAs from other bovidae have been sequenced. Below we
report the sequence (816 bp) of a molecular clone of ovine
1.714 g/cm3 satellite DNA, the predominant ovine satellite
(Curtain et al., 1973; Forstova et al., 1979; Reisner and
Bucholtz, 1980). Possible mechanisms of the evolution of the
816-bp segment are put forward.

Results
Purification, cloning and sequencing of the ovine 1. 714
g/cm3 satellite

The ovine thymic DNA was subjected to two rounds
of purification in 3,6-bis(acetatomercurimethyl)dioxane
(BAMD)-Cs2SO4 density gradients centrifuged to equilibrium
(Reisner and Bucholtz, 1980). The fraction taken for restric-
tion endonuclease analyses and cloning, when examined in
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neutral CsCl buoyant density gradients in the analytical ultra-
centrifuge (Reisner, 1980), gave the pattern shown in Figure
la. 97.5%0 of the material had a buoyant density of 1.714
g/cm3 with the remainder giving rise to a small peak of 1.723
g/cm3. Detailed restriction endonuclease analyses of the
purified material has been reported previously (Reisner et al.,
1980). Most of the material was digested by BamHI into
fragments of - 820 bp while digestion with EcoRI produced
three fragments: 820 bp, (- l0o of the material), 460 bp and
360 bp (Figure lb) suggesting that one of the EcoRI sites
usually present in the 1.714 g/cm3 satellite is absent in 10%o of
the material (Forstova et al., 1979; Reisner et al., 1980).
The BamHI-cut fragment, after extraction from the gel,

was ligated to pBR322 digested with BamHI. 46 clones from
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Flg. 1. (a) Density-gradient equilibrium centrifugation of purified ovine
1.714 g/cm3 satellite DNA performed at 44 770 r.p.m., 25°C, 20 h in an

analytical ultracentrifuge in neutral CsCl. Buoyant densities: major peak =
1.714 g/cm3; minor peak = 1.723 g/cm3. (b) Restriction digests of the
fraction shown in (a) using BamHl (lane 1) and EcoRI (lane 3). A HinfI
digest of pBR322 was used as a standard (ane 2).
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Fig. 2. The sequencing strategy employed on the 816-bp segment cloned into pBR322 from a BamHI digest of ovine 1.714 g/cm3 satellite DNA.

Escherichia coli RR1 were chosen for hybridization with the
816-bp probe; all hybridized. One (designated no. 55) was us-
ed for the studies reported here. It in fact turned out to lack
the 'internal' EcoRI site because of a single base substitution.
Digestion with BamHI of the amplified and purified recombi-
nant plasmid yielded two fragments; the smaller, 816 bp in
length, hybridized with the probe.
The sequencing strategy for the 816-bp fragment is outlined

in Figure 2. Sequencing gels for all fragments were run at
least twice in all cases and most of the sequence could be con-
firmed using overlapping sequence analyses.
The dG +dC content of the cloned fragment was 56.8%

whereas the buoyant density of 1.714 g/cm3 for the purified
satellite is consistent with a dG + dC content of 54%
(Szybalski, 1968). A similar finding was reported for the
bovine 1.715 g/cm3 satellite where sequence data give a value
of 59.6%Oo dG +dC (Gaillard et al., 1981) or 600o (Taparowski
and Gerbi, 1982) while a buoyant density in neutral CsCl
solution of 1.715 g/cm3 yields an estimated 55%7o dG+dC
(Szybalski, 1968). The ovine 816-bp fragment contains 46
dCpdG dinucleotides of which one is an MspI site. However,
there are 16 additional sites of either -CGG or CCG-;
therefore, it seems not unlikely that the discrepancy is due, in
part at least, to the presence of dCmpdG dinucleotides
(Szybalski, 1968). In particular, results obtained using the
restriction endonucleases HpaII and MspI are consistent with
such a suggestion in that only a small percentage of the eight
sites in uncloned 816-bp material cleaved by MspI is also
cleaved by HpaII.

Analysis of the sequence

The sequence of the principal component of the 1.714
g/cm3 satellite DNA is shown in Figure 3 while Figure 4(a,b)
represents dot-matrices of the sequence when analyzed
against itself, and the reversed-complementary sequence.
Apart from the region from 548 through 612 there are clear
indications of internal sequence repetition. This repetition is
exemplified in Figure 3, and an overall indication of order in
the internal structure of the sequence is given in Table I.

Perhaps of greatest interest in the table is the highly signifi-
cant excess of perfect matches of short sequences (4-7 bp).
One question we wanted to address was whether or not this

satellite sequence showed significant similarity to other
satellite sequences in the ungulates. However, to our
knowledge, to date only bovine satellite DNAs have been se-

quenced. Examining those sequences (bovine 1.706, 1.711(2),
1.715 and 1.720 g/cm3 DNA) there were no convincing
homologies with ovine 1.714 g/cm3 DNA except for bovine
1.715 g/cm3 DNA (1402 bp; Gaillard et al., 1981;
Taparowsky and Gerbi, 1982; Plucienniczak et al., 1982).
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10 20 30 40 50 60
CCCTCATCTC GAGCTACGAG GCGGAAACGG GGCTCCTCTC GATGTGCGCG GGACCCTCGT

70 80 90 100 110 120
GCTTCCTCTC GAGTGGAGAC GGGTATGTCG GGGAACTTCT TGAGTTGCAG CAAGGGTGTG

v v v v v v -T
-- - - - - - - -

130 140 150 160 170 180
AAGGAGCTTT TTTAAGTTCC AGAGGTTAGG TGTAATTAGC CTCGAGAAGC CTCAGTGGAA
_______________________

190 200 210 220 230 240
ATGGGCCTCA TrTCACCTGG AGGGCAAAAC CTCCTGGATT TTCTTGAGTT GGGGCAGGTG

250 260 270 280 290 300
TTCTCGACTT ACGATGGGGA CCTCACGGAC CCCCTCTGGT GGCCTCAGGA CTGGCCAATC

310 320 330 340 350 360
CCCATTCGAG TTGCTCGGGG GACTCTCGGG ATTCCTCTCG CATCCATGCA GGGACCGAAG

370 380 390 400 410 420
ACCTTGTGTG GAGTCGGGCC CGGAACCTGA GGATTCCTCT CCAGTGCTGA CrTGGACCTT

430 440 450 460 470 480
GGGGTACTrA TAGAGTCTCC CCAGGGGAGT CAGTrCTCCT CTCGAGAGGG GGCATGCACG

VVVvv V V v V v

490 500 510 520 530 540
TGCGCTTTCC TCCCGAACTT AGCAGCAATG TCATGCTTCC GTTCGCGTCA GTCATGGGAT

550 560 570 580 590 600
CTGTGGCTTT CCCTCGAGGA TTTCCCACGA GGCTTTCCCA CGAGGCTTTC CCACACGGCT

# I# #, 0 004 04 0 0 04 # #0 0 0 0 0 0 4 t 4 0 0#004 0

610 620 630 640 650 660
GTTCCACGTG CCATCGTGGT GGGAGTCGAT CCTCGGCGTG AAAATCGAGG CAGTGCAGGG
,

670 680 690 700 710 720
AAAACAGTTT TCTCTGGAAT GGACTGAGAC ATCTGGGGGA CACTGGGAAT GTTGGCACGA
*@.@@@@s@OsOOOsO

730 740 750 760 770 780

CGCTGGAGTT CCTCTCTCCT TTCCTGTGGA GAGCGCCTCC TCTTGAGATG CGACGGGAAC

790 880 810
GCCTGGAATT CrTTCCCGAC CATAAGGGA AAGGAT

4 14 24

Fig. 3. Nucleotide sequence of the 816-bp tandem repeat of ovine 1.714
g/cm3 satellite DNA. = tandem 13-bp pentameric repeat.

= 15-bp dispersed repeat. = hairpins with one mismatch.
vVV = 20-bp reverse-complementary segments (85% pairing).
------ = regions of 70070 homology with bovine 1.715 g/cm3 satellite
DNA. *0 = region of 80% homology with bovine 1.715 g/cm3
satellite DNA.

The two longest sequences having homologies >70%, are

one of 67 bp (ovine, 75- 141; bovine, 1218- 1284) and one
of 59 bp (ovine, 715-813; bovine, 1079- 1137), while the
longest region of 80% homology is 31 bp (ovine, 62- 92;
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Fig. 4. Dot matrices of the ovine 816 nucleotide sequence shown in Figure 3 run (a) against itself and (b) against its reverse-complement. In order for a match
to register it had to be at least 31 bases long and have a homology of >50%o (see text).

Table I. The numbers of observed and expected perfect matches of different lengths within the ovine 816-bp repeated satellite sequence and that sequence with the
pentameric tridecamer removed (nucleotides 548-612)

816-bp sequence 751-bp sequence

Length of No. exp. No. obs. Obs - exp. P No. exp. No. obs. Obs - exp P
match + SD SD SD SD

4 798.5±23.1 1024 9.8 <I x 10-9 677.1+24.1 870 8.0 <I x 10-9
5 203.6+14.6 268 4.4 1 x 10-5 171.7±12.6 247 6.0 <I x 10-8
6 51.0± 7.2 84 4.6 <I x 10-5 45.1+ 6.4 70 3.9 <1 x 10-4
7 13.1± 3.5 38 7.1 <lx 10-9 11.1 3.2 26 4.7 <lx 10-5
8 3.8± 1.8 8 2.3 2 x 10-2 2.8+ 1.8 7 2.3 2 x 10-2
9 0.9+ 1.1 4 2.8 <1 x 10-2 0.9+ 0.8 2 1.4 6x 10-2
10 0.3± 0.6 2 2.8 <1 x 10-2 0.2+ 0.4 2 4.5 <1 x 10-5
11 0.0± 0.3 2 6.7 <1 x 10-9 0.0+ 0.2 2 10.0 <1 x 10-9
21 1

SD, standard deviation.
P, the probability of having a difference between the observed number of matches and the expected number of matches by chance alone.
The 'expected' values and standard deviations were obtained by generating either 80 (816 bp) or 100 (751 bp) random sequences with base compositions iden-
tical to the observed sequences.

bovine 133- 163) which overlaps with the 67-bp 70%
homologous region in the ovine but not the bovine satellite.
In addition, we have compared the distribution of trinucleo-
tides in the ovine 1.714 g/cm3 sequence with those of all of
the known bovine satellite DNA sequences as well as those of
the sequences represented in the National Biomedical
Research Foundation and European Molecular Biology
Laboratory nucleotide sequence data bases. The results of the
comparisons with bovine satellites, summarized in Table II,
show a marked break in quasi-correlation coefficient (Qr)
between ovine 1.714 g/cm3 DNA versus bovine 1.715 g/cm3

DNA (Qr = 0.85) and the next highest value (Qr = 0.58).
The next highest Qr found in the two nucleotide sequence
data bases when run against the ovine satellite was 0.72 (ver-
sus histocompatibility antigen H-2LD heavy chain gene
fragments in mouse, 3408 nucleotides).

Finally, Plucienniczak et al. (1982) demonstrated that 78%
of the sequence of bovine 1.715 g/cm3 satellite DNA showed
>50% homology with a 31-bp 'average sequence'
(ACTCGGGGTT CCTCTCGAGT TGCGGCAGGG A).
Table III shows that the ovine sequence is nearly as rich in
such matches (22.1/1000 nucleotides versus 25.0 for the
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Fig. 5. Dot matrices of the bovine 1402 nucleotide sequence from 1.715 g/cm3 satellite DNA (Taparowski and Gerbi, 1982) run (a) against itself and (b)
against the ovine 816 nucleotide sequence (see Figure 3). Conditions for match registration as in Figure 4.

Table H. Qr for ovine 1.714 g/cm3 satellite DNA compared with known
bovine satellite sequences

Sequence against Length Ref. Qr Qr
which ovine 1.714 normal reverse/
analysed sequence complement

Ovine 1.714 816 - 1 0.57
Bovine 1.706 251 (1) -0.02 0.08
Bovine 1.711A 1413 (2) 0.19 0.12
Bovine 1.711B 1198 (3) 0.25 0.08
Bovine 1.715 1402 (4) 0.85 0.58
Bovine 1.720 46 (5) 0.11 0.02
Bovine 1.711A [548-1192] (6) 0.58 0.47

The ovine 1.714 g/cm3 sequence shown in Figure 3 and its reversed-
complement were used in the analyses. The 251 nucleotide sequence
representing the 1.706 bovine satellite is the PvuII segment D shown in
Figure 5A of Pech et al. (1979). The 1.71 1B sequence used for the present
comparison is the insert into the 1.715 bovine sequence (Streeck, 1982).
Figures in [ ] delineate the portion of the bovine 1.71 1A sequence not
showing the 11 and 23 nucleotide tandemly repetitive sequence within the
1413-bp unit.
References: (1) Pech et al., 1979; (2) Streeck, 1981; (3) Streeck, 1982; (4)
Taparowski and Gerbi, 1982; (5) Poschl and Streeck, 1980; (6) Streeck,
1981.

bovine 1.715 sequence) while the next highest value in the
table is 3.5/1000.

Discussion
The role(s) of highly repeated DNA in eukaryotic genomes

is not known, the DNA may be satellite material (tandemly
arrayed) or disperse [see (Singer, 1982) for the most recent
review of the subject].

Within the ungulates, previously only sequences from
bovine satellite DNAs have been determined and a hypo-
thetical evolutionary tree suggested (see Taparowski and Ger-
bi, 1982 for a summary). In that scheme the 1.715 and 1.71 1B

Table III. Matches of the 31 nucleotide 'average sequence' (5) derived from
bovine 1.715 satellite DNA with known bovine satellite sequences and the
ovine 1.714 satellite sequence

Satellite DNA Length Ref. No. matches >50% Maximum
homologous matches/1000

Normal Reverse/ nucleotides
complement

Bovine 1.706 251 (1) 0 0 0
Bovine 1.711A 1413 (2) 2 5 3.5
Bovine 1.711B

(insert) 1198 (3) 3 3 2.5
Bovine 1.715 1402 (4) 35 11 25.0
Ovine 1.714 816 - 18 4 22.1

References: (1) Pech et al., 1979; (2) Streeck, 1981; (3) Streeck, 1982;
(4) Taparowski and Gerbi, 1982; (5) Plucienniczak et al., 1982.

satellites [which differ in that 1.71 1B is essentially 1.715 with
a 1.2-kb unrelated insert (Streeck, 1982)] are shown to be
most closely related to one another and distinct from all the
others (1.706, 1.711A, 1.720).

Based on the criteria given in Results, it appears that ovine
1.714 satellite DNA shows significant similarity to the bovine
1.715 satellite DNA. Current estimates are that species
divergence between sheep and cattle occurred some 18-20
million years ago (Gentry, 1978; C.P.Groves, personal com-
munication; Gentry, personal communication). The apparent
homology of ovine 1.714 satellite DNA with the bovine 1.715
satellite, together with the finding that they have been found
in all individuals examined, suggests that the material is of
importance and that its function is related to its sequence.
The sequence of the 1.714 ovine satellite is compatible with

the suggestion that it is the product of a short primordial se-
quence which underwent linear replication, not improbably
by unequal crossing over (see Singer, 1982), followed by
nucleotide changes and then further linear replication and
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deletion. The observation that the long regions of 70%
homology are positioned relatively differently in the ovine
and bovine satellites, together with the marked difference in
lengths of the satellites, is also compatible with such a model.
However, the 'final satellite' of 816 bp in the sheep occurs
several hundred thousand times in the genome. While we
have not sequenced all of the 46 clones we obtained, we have
performed partial sequence analyses on several of them and
there is a high degree of homology. Similarly, the total se-
quences reported for the bovine 1.715 satellite by three dif-
ferent groups (Gaillard et al.; Taparowski and Gerbi, 1982;
Plucienniczak et al., 1982) show > 95% similarity. It appears,
therefore, that during the course of the evolution of these
satellite DNAs, their size and 'structure' became set and this
'frozen' form was then greatly amplified.

Materials and methods
BAMD was purchased as AR grade from Koch-Light (Colnbrook, Bucks.,

UK) and recrystallized from hot water. Restriction endonucleases were ob-
tained from New England Biolabs Inc. and used as recommended by the sup-
plier, while poly(U,G) was obtained from Miles Laboratories. The plasmid
pBR322 was propagated in E. coli strain RRI.
DNA: preparation and physical analyses

Ovine DNA was prepared from a fresh thymus as described by Kay et al.
(1952). Modal mol. wt. was determined to be 8 x 106 daltons (Reisner, 1980).
The 1.714 g/cm3 component of the (dG + dC)-rich fraction was obtained us-
ing BAMD in conjunction with Cs2SO4 buoyant density gradients centrifuged
to equilibrium (Bunemann and Dattagupta, 1973; Cortadas et al., 1977;
Reisner and Bucholtz, 1980). The automated analytical ultracentrifugal
methods used have been described previously (Reisner, 1980).
Recombinant plasmid synthesis and purification

Purified 1.714 g/cm3 satellite DNA was digested with BamHI and the
816-bp fragment separated on 4% vertically run polyacrylamide gels as was
DNA from pBR322 cut with BamHI (Reisner, 1980; Sleigh et al., 1979a). An-
nealing of the fragment into the BamHI site of pBR322 was obtained in the
absence of ligase (Sleigh et al., 1979b). Competent cells of E. coli strain RR1
were transformed under CII containment conditions (Australian Academy of
Science Recombinant DNA Committee). The prospective transformants were
screened using gel-purified end-labelled 816-bp DNA as a probe (Sleigh et al.,
1979b; Both and Sleigh, 1980).

Amplification and purification of recombinant plasmids was accomplished
using established methods (see Sleigh et al., 1979a).
Sequencing the DNA

Purified recombinant plasmid DNA was digested with BamHI (Sleigh et
al., 1979b) terminally labelled using aC-3P and reverse transcriptase (Both and
Sleigh, 1980), and the digestion run on 4% polyacrylamide gels (Sleigh et al.,
1979a). The faster moving 816-bp fragment was obtained (Maxam and
Gilbert, 1980) for redigestion with Avall, Hinfl or EcoRI followed by end-
labelling. When strand separation was required prior to carrying out the se-
quencing reactions, poy(U,G) was used (see Bruschi and Wells, 1981) in ratios
(w/v) of 2:1 to 8:1 [poly(U,G) to DNA] depending on the fragment. Rather
than using agarose gels (Bruschi and Wells, 1981), 5% polyacrylamide gels
were used (1:50 cross-linkage) made up with Tris/borate/EDTA.Na2 buffer.
A running buffer of half strength was used. Gels were run overnight at cur-
rents of 2-5 ma depending upon fragment length. DNA was sequenced by
the method of Maxam and Gilbert (1980) using either 8% or 2007o (8 M urea)
polyacrylamide gels.
Handling of data

Logging and analyses of the data were performed using computer program-
mes either supplied by Staden (see Staden, 1979) or developed by us (un-
published). The use of a quasi-correlation coefficient (Qr) needs special men-
tion. We chose to examine the frequency of trinucleotides in a sequence, thus
obtaining 64 classes for the sequence and 64 classes for its reverse-
complement. The sum of the trinucleotides for a given sequence is n-2 where n

is the number of nucleotides in the sequence. Equation (1) yields the correla-
tion coefficient (r) if applied to normally distributed data. Xi is the number of
times a given trinucleotide appears in one sequence while Yi is the number of
times it appears in the second sequence.X and Y are the respective means.

Because there is no way of knowing whether or not the distribution of
trinucleotides is normal, we have chosen to refer to it as a quasi-correlation.

F,(I- fc (Y, IF) i1l
E(j- t (Yi -,[(Xi - ,][E(yj -w]j

The nucleotide sequence data bases used were from the National
Biomedical Research Foundation (October, 1982, Licence No.: NAP 121) and
EMBL (version 1.1. June, 1982).
The method of analysis utilizing the 'dot matrix' was suggested by Gibbs

(Gibbs and McIntyre, 1970, and personal communication); the particular
software used was developed by us.
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Note added in proof
Using version 8 of the GenBank sequence data base (May, 1982) Qr = 0.75
for the ovine 1.714 sequence versus human class I transplantation antigen
(HLA) genes (4123 bp). Malissen, M., Malissen,B. and Jordan,B.R. (1982)
Proc. Natl. Acad. Sci. USA, 79, 893-897.

1149


