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SUMMARY

The nucleotide sequence data from highly repeated DNAs of inverte-
brates and mammals are summarized and briefly discussed. Very similar
conclusions can be drawn from the two data bases. Sequence complexities
can vary from 2 bp to at least 359 bp in invertebrates and from 3 bp to at
least 2350 bp in mammals. The larger sequences may or may not exhibit
a substructure. Significant sequence variation occurs for any given
repeated array within a species, but the sources of this heterogeneity have
not been systematically partitioned. The types of alterations in a basic
repeating unit can involve base changes as well as deletions or additions
which can vary from 1 bp to at least 98 bp in length. These changes
indicate that sequence per se is unlikely to be under significant biological
constraints and may sensibly be examined by analogy to Kimura's
neutral theory for allelic variation. It is not possible with the present
evidence to discriminate between the roles of neutral and selective
mechanisms in the evolution of highly repeated DNA.

Tandemly repeated arrays are constantly subjected to cycles of
amplification and deletion by mechanisms for which the available data
stem largely from ribosomal genes. It is a matter of conjecture whether
the solutions to the mechanistic puzzles involved in amplification or rapid
redeployment of satellite sequences throughout a genome will necessarily
give any insight into biological functions.

The lack of significant somatic effects when the satellite DNA content
of a genome is significantly perturbed indicates that the hunt for specific
functions at the cellular level is unlikely to prove profitable.

The presence or in some cases the amount of satellite DNA on a
chromosome, however, can have significant effects in the germ line. There
the data show that localized condensed chromatin, rich in satellite DNA,
can have the effect of rendering adjacent euchromatic regions rec~, or of
altering levels of recombination on different chromosomes. No data
stemming from natural populations however are yet available to tell us
if these effects are of adaptive or evolutionary significance.
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2 G. L. GABOR MIKLOS AND AMANDA CLARE GILL

INTRODUCTION

Many eukaryote genomes contain a large proportion of highly repeated DNA
sequences. In this summary we discuss only those which exist in long tandem
arrays. In Drosophila nasutoides, 60 % of the nuclear DNA consists of four such
sequences, all of which are located on one pair of giant chromosomes (Cordeiro-Stone
& Lee, 1976; Wheeler et al. 1978). In the desert rodent, Dipodomys ordii, more than
half the genome is made up of variants of AAG, GGGTTA and ACACAGCGGG
(Salser et al. 1976). In other eukaryotes such as the fungus, Aspergillus nidulans,
there are virtually no highly repeated sequences (Timberlake, 1978), nor is there
much more than 1 % in some species of wild rats (Miklos, Willcocks & Baverstock
1980).

Moreover, whether a eukaroyte is unicellular or multicellular, invertebrate or
vertebrate, the amount of highly repeated DNA in its genome seems independent
of its phylogenetic 'position'. What then are the functions (if any) of this class
of DNA ? What kinds of structural change contribute to variation at the DNA
sequence level ? What types of sequence variability occur during evolution and
what implications might they have for possible functions?

PART 1. SEQUENCE DATA ON HIGHLY REPEATED DNAs

Invertebrates
(i) Crustacea

A very simple repeated DNA is that of the crab, Cancer borealis, which is greater
than 90 % AT (Table 1) (reviewed by Skinner, 1977). The two highly repeated DNAs
of the hermit crab Pagurus pollicaris are more complex, being respectively 4 bp
and a minimum of 16 bp in length. Variation in the basic repeating unit of the latter
satellite is due to the variable number of CAG triplets so that the most frequent
fragment is a 31 bp unit of the form (CAG)8 CTGCACT (Chambers, Schell &
Skinner, 1978). The red crab Geryon quinquedens on the other hand has approxi-
mately 2 % of its genome as a repeating unit based on a series of 81 bp (Christie &
Skinner, 1980a, b). Thus between these three species of Crustacea, the minimum
complexities vary over at least a 40-fold range.

(ii) Drosophila

In this genus the various satellites can be closely related to each other at the
sequence level. Drosophila virilis has four satellites (termed I, II, III and Ic) which
constitute 23, 9, 8 and 0-l % of the diploid genome and each is a 7-base pair repeat
(Table 2). The first three satellites differ from each other by a single base change
(Gall and Atherton, 1974) whereas satellite I(c) has a sequence which shows
characteristics of both D. virilis and D. melanogaster sequences (Mullins &
Blumenfeld, 1979). Some members of the D. virilis group however, such as D.
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ezoana and D. littoralis, are almost totally devoid of some satellite DNAs (Cohen
& Bowman, 1979).

In D. melanogaster, each of the five major satellites comprises about 4% of the
genome, so that approximately 20 % of the nuclear DNA consists of highly repeated
sequences (reviewed by Brutlag, 1980). Besides the 5 bp and 7 bp variants of the
1-672 and 1-705 g/cm3 satellites there are 10, 254 and 359 bp variants (Table 2).

Table 1. Major average nucleotide sequences of Crustacean highly repeated DNAs. All
sequences in this and accompanying tables and figures run 5'-3' and are shown in
stretches of 10 nucleotides

Cancer A T
borealis

Pagurus T A G G
policaris (C A G)n C T G C A C T

Geryon 1 A G C T T A T C A C C A C C T G T A A C A A C T T T T T T T 3 0
quinquedens 31 G T A T A A G T C C C C A A G C G C T T C A C C G T G C C A 6 0

61 C A G C C C T G C T T T T G G C C G T C A 81

Analysis of the 359 bp sequence reveals that there is no obvious relationship
between it and the simpler sequences of D. melanogaster (Hsieh & Brutlag, 1979a).
The 359 and 254 bp variants are however closely related to each other. They differ
by one large 98 bp deletion (or addition), six smaller deletions, numerous base
changes, and share only about 60% homology (Carlson & Brutlag, 1979).

In three species of Hawaiian Drosophila (Table 3) a major satellite DNA at
1-690 g/cm3 comprises 40% of the diploid genome and a large part of this DNA
consists of sequence variants which are derivatives of a 189 bp sequence (Miklos
& Gill, 1981). Drosophila grimshawi has a major repeat of 189 bp whereas
D. gymnobasis and D. silvarentis have repeat lengths of 177,179 and 185 base pairs.
All the variants are derivable from the 189 base pair sequence by 'deletions' and
single base changes. The consensus sequences have hints of a substructure. The
tetranucleotide 5' TTAA 3' can be spaced at distances of 35, 37, 35 and 71 base
pairs. The Hawaiian Drosophila data reinforce the points that the repeating unit
can be large and that very closely related species can share similar sequences.

The results from the Drosophila virilis complex, D. melanogaster, Hawaiian
Drosophila, as well as D. nasutoides reveal the following:

(1) Sequence complexities can vary from 5 to 359 bp.
(2) The proportion of highly repeated DNA in different Drosophila genomes can

range from almost zero to in excess of 60%.
(3) Some satellite sequences are similar to other satellites, whereas others show

no obvious homologies.
(4) Complex sequences sometimes reveal weak indications of a substructure.
(5) Some sequences can be confined to a single chromosome but more usually

they occupy heterochromatic regions on most chromosomes of the set.
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Mammals

(i) The kangaroo rats

One species of kangaroo rat (Dipodomys ordii) has three satellite sequences with
basic repeating units of AAG, GGGTTA and ACACAGCGGG respectively (Table 4).
These sequences have been determined from uncloned material by ribosubstitution

Table 2. Major average nucleotide sequences of various Drosophila highly repeated
DNAs. In the 359 bp and 254 bp variants of the 1-688 g/cm3 satellite, the deletions are

denoted —, and undetermined bases as X.

D. virilis Satellite I ACAAACT
Satellite II ATAAACT
Satellite III A C A A A T T
Satellite Ic A AT A TAG

D. melanogaster: Satellite 1-672 g/cm3 A A T A T
AATATAT

Satellite 1-705 g/cm3 A A G A G
AAGAGAG

Satellite 1-686 g/cm3 AATAACATAG

359bp CCACATTTTG CAAATTTTGA TGACCCCCCT 30
254bp - C A X A T T T - G CAAATTT-AA T G A A C C C C - -

359bp CCTTACAAAA AATGCGAAAA TTGATCCAAA 60
254bp C C T T - C A A A A AATGCGAAAA TTAACGCAAA

359bp AATTAATTTC CCTAAATCCT TCAAAAAGTA 90
254bp AATTGATTTC CCTAAATCCT TCAAAAAGTA

359bp ATAGGGATCG TTAGCACTGG TAATTAGCTG 120
254bp A

359bp CTCAAAACAG ATATTCGTAC ATCTATGTGA 150
254bp

359bp CCATTTTTAG CCAAGTTATA ACGAAAATTT 180
254bp

359bp CGTTTGTAAA TATCCACTTT TTTGCAGAGT 210
254bp A TAACAACTTT TTGGCAAAAT

359bp CTGTTTTTCG AAATTTCGGT CATCAAATAA 240
254bp CTGATT-CCC TAATTTCGGT CATTAAATAA

359bp TCATTTATTT TGCCACAACA TAAAAAATAA 270
254bp TCAGTTTTTT TGCCACAACT TTAAAAATAA

359bp TTGTCTGAAT ATGGAATGTC ATATCTCACT 300
254 bp TTGTCTGAAT ATGGAATGTC ATACCTCGCX

359bp GAGCTCGTAA TAAAATTTCC AATCAAACTG 330
254bp XAGCTXGTAA TTAAATTTCC AATGAAACTG

359bp TGTTCAAAAA TGGAAATTAA ATTTTTTGG 359
254bp TGTTCAACAA TGAAAATTAC ATTTTTCGG

sequencing techniques (Salser et al 1976; Fry & Salser, 1977). The MS satellite
A A Gwhich constitutes 22 % of this genome is better expressed as ' \ i . The

O (jr A
HS-a satellite which makes up to 19% of the genome ought to be written as
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Table 3. Major average nucleotide sequence of the 1690 g/cm3 satellite from three
species of Hawaiian Drosophila, D. gymnobasis, D. silvarentis and D. grimshawi.

D.gymnobasis GAATTCGCA^ G A A T G T T G A Q ACAAAACTGC 30

D. silvarentis GAATTC GCAC G g ^ G T T G A p ACAAAACTGC

D. grimshawi G A A T T C A C T C G A T C T T T G G A A C A A A A C T G C

D. gymnobasis A T T T A A A A A A A T ^ G A C T T ^ A G A C T C A T C T A 60

D. silvarentis A T ^ J ^ A A A A A A T G G A C T T T A G A C T C A T C T A

D. grimshawi ATTAAAATAA TTTGACTTTC GACTCATCTA

D. gymnobasis A G A A A G A T A T T A A ^ G G A T A T C C ^ T C A A A A A 90

D. silvarentis A G A A A G A T A T T A A 9 , G G A T A T C C ^ T C A A A ^ i A
G A

D. grimshawi AGAAAGATAT TAAGGGATAT TCTTCGATAA

D.gymnobasis CTCGA T A TAAGTTGA_G A T G A C A T A G G m

AAA A - -
n •; r C T r n . T A ^AAGTTAA C ATGCC A G
D. silvarentis .TCGA TA T - _ A T ^ G Q

D. grimshawi ATAGAAAAT^ TA^GGAAA^ ATTAAATAGG

D. gymnobasis ^ T C A T C C T ^ T A A A C A A A T G G C C A T A T C T T C 150

D. silvarentis ^ T C A T C C T A T A A A ^ A A A T ^ G C C A T A T C T T C

D. grimshawi G T C A A C C T T G A A A T A A A T G G C C A T A T C T T C

D. gymnobasis GTCAAAAATT GTCCAATTTC AAATATTAAG 180

D. silvarentis GTCAAAAATT G T C C A A ^ T T ^ AAATATTAAG

D. grimshawi G T C A A A A A T T G C C C C A T T T C A A T T A T A A A G

D. gymnobasis G T ^ T T T T ^ 189

D. silvarentis GXGTTTTTA

D. grimshawi GTGTTTTTA
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G G *f M T A . The HS-/9 satellite (11% of the genome) is

A C A C A G Cx G3_5

A G
Since the DNA used in some sequencing studies has been obtained from different

individuals, the observed heterogeneity can have a number of origins. There may
be variation between (a) individual repeating units in a tandem array on a
chromosome, (b) chromosomes in a genome, (c) individuals in a population and (d)
tissues in the same individual. The heterogeneity observed within the kangaroo

Table 4. Major average nucleotide sequences of the three kangaroo rat and
guinea-pig satellites

MS satellite A A G
HS-a satellite G G G T T A
HS-/? satellite A C A C A G C G G G

Guinea pig a satellite T T A G G G

rat data may stem from any or all of these four sources. It should also be stressed
that the available data refer solely to D. ordii. In fact the amounts of the satellite
DNAs (and presumably similar sequences) vary dramatically amongst closely
related species of kangaroo rats with some species having hardly any.

(ii) The guinea pig

The major sequence of the guinea pig a-satellite (TTAGGG) was deduced from
fingerprints of pyrimidine tracts (Southern, 1970). The studies of Salser et al. (1976)
demonstrated that the major repeating unit of the HS-a DNA in the kangaroo rat
was identical to the major repeat in the guinea pig a-satellite. Futhermore, many
of the sequence variants of the kangaroo rat HS-a were identical to the sequence
variants of the guinea pig a-sequence. Since guinea pigs and kangaroo rats are
thought to have diverged approximately 50 million years ago, Fry & Salser (1977)
argued that satellite DNAs could be ' conserved' over long evolutionary times and
that the reasons for this' conservation' could be explained by assumed protein/DNA
binding capabilities and a postulated role in speciation through effects on
chromosome pairing.

(iii) The mouse (Mus musculus)

The sequence of uncloned mouse satellite DNA is a 234 bp unit with extensive
internal substructure (Table 5) (Horz & Altenburger, 1981). The major internal
repetition is one of essentially 28 bp units alternating with 30 bp units. As
originally postulated by Southern (1975), the sequence could have come about in
at least four multiplication steps with sequence divergence between steps.
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(iv) The 'laboratory rat'

Rattus norvegicus has only a small proportion (< 3 % of the genome) of very
highly repeated DNA with a copy number in excess of 100000. The sequence shown

Table 5. Major average nucleotide sequence of mouse satellite DNA

1
31
61
91

121
151
181
211

G
T
A
G
A

G
C
C
G
C

A T
T
G

T
A

A
A
G
T

C
C
T
G

GT
GG
G
A

Table 6.

1
31
61
91

121
151
181
211
241
271
301
331
361

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

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

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

A
A

C
G
G
G

T
G
A
A

G G
A
A
A

A
A
A

Major

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

T
A
T
A
C
T
C
C

c
T
G
G
A

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

G
A
A
A
A
A
A
T

G
A
A
A
A
A
A
G

A
A
T
A
T
T
T
A

A
A
A
T
A
G
G
G

average

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

C
G
C
T
A
T
A
G
T
C
C
c
T

A
T
A
C
A
-

A
4
T
C
A
A
A

G
T
T
A
T
A
T
_A
A
G
C
C
A

T
T
T
T
T
A
A
A

A
G

T
A

G G
T
G
G
C
A

A
G
A
G
A

G
G
C
G
C
A
A
T

G
A
G
A
A
A
A
G

C
A
A
A
A
C
A
C

G A
A T
G G
A
G
A
T
A

T
A
T
C
C

G
A
A
G
A
C
A
A

nucleotide sequence

A
G
G
C
G
C
T
A_
T
A
C
A
C

G
C
C
C
T
A
C

T
A
_

T
T

A
T
G
A
T
A
G
T
A
T
A
A

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

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

c
A
T
A
T
A
T
T
A
A
T
A

AG
T
C
T
C
T
A
T
C
C
T
C

C
C
A
C
G
G
C
T
C
T
A

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

A
C
A
T
A
C
C

c
of

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

A
A
A
C
A
A
T
T

rat

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

A
C
A
C
C

c
A
G

A
A
C
A
T
T
A
A

C

c
T

c
G
T
A
A

T
T
G
T
A
G
A

highly i

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

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

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

A
A
G
T
A
T
T
C
C

c
A
G

G
T
A
G
A
A
A

A
T
A
T
A
C
A

A
A
A
A
A
G
C

A
G
A
G
T
A
G

'epeated

G T
A
A
T
A

C
T
A

AC
C
A

G G
G
C
A
T
T
G

A
G
C
C
C
C

C
A
A
T
A
T
A
T
T

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

A
G
A
G
C
C
T

30
60
90

120
150
180
210
234

DNA

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

30
60
90

120
150
180
210
240
270
300
330
360
372

in Table 6 represents an average of the most frequent nucleotides at each single
position in the 370 bp monomer (Pech, Igo-Kemenes & Zachau, 1979a). This
sequence has a clear substructure based on alternating 92 and 93 bp repeats. The
92 and 93 bp fragments are also found in two wild species of rats (R. sordidus and
R. villosissimus) but in only one-thousandth of the amount found in R. norvegicus
(Miklos et al. 1980). The rat data parallel the situation seen in the Drosophila virilis
group where some species have almost zero quantities of sequences whereas in
others satellites constitute nearly a quarter of the genome.

The rodent data can be summarized in an almost identical manner to those for
Drosophila :

(1) Complexities vary from 3 bp to at least 370 bp.
(2) The proportion of highly repeated sequences can vary from a fraction of 1 %

to more than half the genome.
(3) Some sequence variants can be identical or very close even between species,

whereas others show no such relationships.
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(4) Some sequences yield clear evidence of substructure.
(5) The sequences are heterogeneous within a species but the exact source of the

heterogeneity has not been determined.

(v) The calf (Bos taurus)

Two DNAs of the calf, the 1-706 and the 1-720 g/cm3 satellites, have been
analysed by cloning and sequencing (Pech, Streeck & Zachau, 19796; Poschl &
Streeck, 1980). The minimum repeating unit is 23 bp (Table 7). There is a longer
periodicity however of around 2350 bp within which four segments (termed A, B,
C and D) can be recognized. The A and C segments, which contain many sites for

Table 7. Major average nucleotide sequences from four regions of the calf 23 bp 1-706
g/cm3 satellite, together with the 46 bp sequence of the calf 17 20 g/cm3 satellite

Cloned Sau segments G A T C A C G T G A C T G A T C A T G C ACT 23
Uncloned Sau segment C G A T C A C G T G G C T G A T C A T G C ACT
PvuD segment A A T C A A G C A G C T C A G C A G G C AAT

PvuB segment A A T C A T G C A G C T C A G C A G G C A A T
G

1-720 g/cm3 satellite 1 T A T C A G G C A G A T G A G C G G G C AGG 23
TGTCGCGCGG CTCAGCTGGC GAG 46

the enzyme Sau 3A1, are designated Sau segments, and vary in length by multiples
of 22-23 bp. The B and D segments of 247 and 251 bp also consist of an underlying
23 bp repeating unit (Tables 8 and 9) in which there is extensive variation. This
variation is clearly seen in the data of Tables 8 and 9, but is ' lost' when only the
core sequences are presented (as in Table 7). The 1-720 g/cm3 satellite has a 46 bp
repeating unit (Table 7) which is in effect a 23 bp dimer. Thus it exhibits a high
degree of homology to the 23 bp prototype sequence (Poschl & Streeck, 1980).

Primates
Satellite DNAs

About 4 % of the human genome is readily recoverable as satellite DNA and its
distribution within the human genome, as well as its homologies to related
primates, have been described (Gosden et al. 1975, 1977; Gosden, Lawrie & Cooke,
1981; Miklos & John, 1979). Within each of the satellites there is extensive
heterogeneity as revealed by restriction endonuclease analyses (Mitchell, Beau-
champ & Bostock, 1979) but again the precise source of this heterogeneity is open
to question. In the case of satellite III, different subpopulations of the satellite
have been located on different chromosomes (Bostock, Gosden & Mitchell, 1978;
Beauchamp et al. 1979).

The heterogeneity revealed by these techniques is also obvious at the sequence
level. Table 10 illustrates the three incomplete sequences from a cloned fragment
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Table 8.

1
24
47
70
93

116
139
162
185
208
231

Major

G
G
A
A
A
A
A
T
A
T
A

A

A
A
A
A
A
A
A
G
A
G
A

A

T
A
T
T
T
T
T
T
T
T
T

T

average

C
C
C
C
C
C
T
C

c
c
c

c

A
A
A
A
A
A
A
A
G
A
A

A

T
T
G
T
T
A
C
A
T
A
C

T

G
A
-

G
G
G
G
G
G
G
G

G

nucleotide
j

T
G
-

G
C
T
C
G
C
C
C

c

V706

G
A
-

A
T
A
A
A
A
A
A

A

C
G
-

A
G
G
G
G
G
G
G

G

sequence <
g/cm

C
C
-

C
C
A
C
A
C

T
T
T
T
T
T
A
T
T

A T
C

c

T

T

I3

C
G
C
C
C
G
C
G
C
G
C

C

>/
satellite

T
A
A
A
A
A

G
G
G
C
G

G
T
C
C
C

GC
A G
A
A
A
A

A

-

G
G
G

G
C

c
c
c

GC

A
A
A
T
T

the ]

G G
G
G
C
G

A G
T
A
T
A
A

A

G
G
G
G
G

G
G
T
G
G
G
G
G
A
G

G G

PvuB

C
C
C
G
C
C
C
C
A
C

c

c

A
A
T
A
A
A
A

segment of calf

A
G
A
G
A
G
A

T
G
T
A
T
G
T

AGG
A
A
C

A

A
G
C

A
G

T
T
T

T

23
46
69
92
115
138
161
184
207
230
253

Table 9. Major average nucleotide sequence of an uncloned as well as two cloned
fragments from the PvuD segment of calf 1706 g/cm3 satellite

1
24
47
70
93

116
139
162
185
208
231

G
A
A
A
A
A
A
T
A
T
A

A

A
A
A
A
A
A
A
G
A
G
A

A

T C
AC
T
T
T
T
T
T
T
T
T

T

C
C

c
c
T
C
C
C
C

'C

A
A
A
A
A
A
A
A
G
A
A

A

T
A
A
T
T
A
C
A
T
A
C

A

G
A
A
G
G
G
A
G
G
G
G

G

T
G
C
G
C
C

c
c
c
c
c

c

G
A

C
G

A G
A
T
A
A
A
A
A
A

A

A
G
G
G
G
G
G
G

M

C

c_
-
c
c
c_
c
A
C
A
C_

C

T
T
T
T
T

1
A
T
T
T

T

T

C
G
C
C
C
G
C
G
C
G
C

C

T
A
A
A
A
A
A
A
A
A
A

A

G G
G
G
G
G
G
G
-

T
C
C

c
c
c
c

GC
G
G

G

c
c

1C

A
A
A
T
T
A
T
A
T
A
A

A

G G
G G
G G
G T
G G
G G
G G
G G

C
C
C
G
C

c
c
c

GGC
GA
G G

GG

c
c

\c

A
A
A
A
A
A
A
A
A
A
C

A

A
C

T
G

A T
G
A
G
A
G
A
C
C

A

G
T
G
T
G
T
T
G

, T

23
46
69
92
115
138
161
184
207
230
253

of human satellite III. They are neither simple nor complex, with a common repeat
being ATTC. This satellite thus has a substructure and may have arisen from a
simple repeat (Cooke & Hindley, 1979).

Sequence analyses of restriction endonuclease fragments

The bulk of the primate sequence data are from uncloned restriction fragments
and are summarized in Table II. In human beings, approximately 1 % of the
genome can be isolated as a 340 bp restriction fragment which consists of two
unequal halves of 171 and 169 bp. These share 72 % homology with each other and
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are denoted human-1 and human-2 (Manuelidis & Wu, 1978; Wu & Manuelidis,
1980). The west African baboon (Papiopapio) has a similar sized fragment of 343 bp
which consists of 172 and 171 bp halves (denoted baboon-1 and baboon-2 in
Table 11). These exhibit 70% homology (Donehower et al. 1980). The closely related
bonnet monkey (Macaca radiata) has about 6 % of its genome as a 343 bp
restriction fragment again with two unequal halves of 172 and 171 bp. These halves
(bonnet-1 and bonnet-2) share 67% homology (Rubin et al. 1980). The African

Table. 10. Nucleotide sequences from three regions of human satellite III

1
31
61
91

121

1
31
61

1
31
61
91

A
r:
T
T
G

C
A
T

T
C
T
C

A
A
G
T
A

G
T
G

T
G
T
A

'1'
A
A
C
T

A
G
T

0
C
0
T

T
T
T
0
T

A
A
T

A
G
0

aT
G
A
C

T
T
T

T
A
A

A
G
A
T
C

G
A
0

T
T
T

T
A
T
T
A

A
A
0

0
T
T

T
T
G
0
T

A
T
A

G
0
C

T
G
A
G
T

T
T
T

A
A
A

G
A
T
A
C

G

a
T

T
T
A

A
T
T
T
A

A
0
0

T
T
T

AG
GG
AC
T C
A

GT
AT
GA

C A
AG
GG

A
T
A
C

C
T
T

T
A
A

(;
T
T
A

C
C
T

T
T
G

A
A
T
C

A
G

T
G
G

A
T
C
T

T
T

G
A
A

'1'
T
C
C

c
T

A
T
T

'1'
T
A
G

C
T

T
G
T

C
T
T
A

A
C

G
A
C

0
T
T
G

T
A

A
C
C

A
G
T
A

T
A

T
C
A

T
A
C
T

T
T

G
C
T

T
T
A
T

C
T

A
C
T

CJ
T
T
C

A
C

T
T
C

A
C
C

c
A
G

T
T

A
C
A
A

T
A

C
T

G G

T
A
T
T

T
T

A
C
T

A
T
A
T

<J
T
A
C

TC
GG

T
A
T

G
T
C

30
60
90
120
132

30
60
75

30
60
90
93

green monkey (Cercopithecus aethiops) contains several million copies of a 172 bp
sequence which constitute a variable proportion of the genome. This sequence is
a major component of the a-satellite which can make up 20-25 % of the nuclear
DNA. In a BSC-1 cell line however the 172 bp fragment makes up only 7 % of the
genome (Rosenberg, Singer & Rosenberg, 1978) and there are the expected variants
(Thayer, Singer & McCutchan, 1981).

Since it is difficult to readily appreciate the sequence alterations from the mass
of data of Table 11, we have summarized them as deviations from a consensus
sequence (Fig. 1). It can be seen that some parts of the sequence have more base
changes than others (see also Donehower et al. 1980). No long run of bases is
absolutely conserved, the longest uninterrupted stretch being CAGAGTT. In
total, only 62 of the possible 172 positions are unaltered by base changes or
deletions so that sequence conservation is far from complete. In keeping with the
nonrandom character of changes, it can be seen that the first 50 bases of the
non-human sequences are hardly perturbed.

One hypothesis is that an ancestral sequence of 172 bp or its dimer occurred in
the progenitors of these four primates, and has been inherited and undergone
non-random sequence divergence. It has probably been altered by amplification,
base changes, deletion/addition events and possibly rearrangements.
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Table 11. Major average nucleotide sequences of restriction fragments from human,
African green monkey (AGM), west African baboon and bonnet monkey.

human 1
human 2

AGM
baboon 1

baboon 2
bonnet 1

bonnet 2

human 1
human 2

AGM
baboon 1

baboon 2
bonnet 1

bonnet 2

human 1
human 2

AGM
baboon 1
baboon 2
bonnet 1
bonnet 2

human 1
human 2

AGM
baboon 1
baboon 2
bonnet 1
bonnet 2 •

human 1
human 2

AGM
baboon 1
baboon 2
bonnet 1
bonnet 2

human 1
human 2
AGM
baboon 1
baboon 2
bonnet 1
bonnet 2

AGAATTCTCA
ATGATTCTCA
AGCTTTCTGA
AGCTTTCTGA
AGCTTTCTGA
AGCTTTCTGA
AGCTTTCTGA

GTATTCAACT
GCGTTCAACT
TAATTCATCT
GAAATCATCT
TAATTCATCT
GAAATCATCT
TAATTCCTCT

TACACAGAGC
TTCATAGAGC
TTCAAGAAGC
CTCAAGAAGC
TCGTGGATCT
CTCAAGAAGC
TCGTGGATCT
GTGGAATTTG
GTAAAGTCTG
GTGGAATTGG
GTGGAATTGG
GTGGAATCTG
GTGGAATTGG
GTGGAATCTG
CTTTGAGGTC
CTTTGAGGCC
CATAGA'GGGC
CATAGAGGGC
CTTTGAAGAC
CATAGAGGGC
CTTTGAAGAC

CTTCCTATAG
CTTCATATTA
CTTCCGTTCA
CCTCAGATGA
CCTCCGATAA
CCTCCGATAA
CCTCAGATGA

GTAACTTCCT
GAAACTCCTT
GAAACTGCTC
GAAACTTCTT
GAAACTGCTT
GAAACTTCTT
GAAACTGCTT

CAC
CAC
CAC
CAC
CAC
CAC
CGC

AGAGTTG
AGAGTTT
AGAGTTA
AGAGTTA
AGAGTTA
AGAGTTA
AGAGTTA

AGACTTGAAA
AGTTAGGAAA
CTTTCGCTAA
CTTTCGCTAA
CTTTGCTAGC
CCTTCGCTAA
CTTTGCTAGC
CAAGTGGAGA
CAAGTGGATA
CAAAGGGATA
CAAAGTGATA
AGAACAGATA
CAAAGTGATA
AGAACAGATA

AATGGTAGAA
TTCGTTGGAA
TATGGTGAAA
TATGGTGAAA
TATAGGGCCA
TATGGTGACC
TATAGGGXAA

AAACTAGACA
TG-CTAGACA
AAACTGGAAA
AATCTGGAAA
CAAAGAJGAAA
CAAAGAGAAA
AATCTGGAAA

TGTGTTGTGT 30
TGTGATGTGT
TGTGTTCTGT
TGTGTTCTGT
AGTGTTCTGT
TGTGTTCTGT
AGTGTTCTGT
AACGATCCTT 60
AACCTTTCTT
CATCTTTCCC
CAGCTTTCCC
CATCTGTATT
CAGCTTCCCC
CATCTGTATT

CACTCTTTTT 90
CACTCTGTTT
GGCTGTTCTT
GACAGTTCTT
CTTATTTCT-
GACAGTTCTT
CTTATTTC-T
TTTCAG- CCG 120
TTCAGA-CCT
TTTGGAAGCC
TTTGGAAGCC
TTTCGGATCC
TTTGGAAGCC
TTTCGGATCC
TAGGAAATAT 150
ACGGGATT-T
AAGGAAATAT
AAGGAAATAT
AAGGAAATAT
AAGGAAATAT
AAGGAAATAT
GA
GA
GA
GA
GA
GA
GA

172

Conclusions from the primate data

Remembering that the primate data have been obtained overwhelmingly from
large restriction fragments, rather than clones derived from buoyant density
satellites, it is found that:
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(1) Sequence complexities appear longer on the average than most highly
repeated DNAs, but this is likely to be due to a sampling component since at least
human satellite III has a very simple substructure (ATTC).

(2) The proportion of a given restriction fragment can vary from less than 1 %
to near 20% of the diploid genome.

(3) The four species examined share variants of a 172 bp consensus sequence.
(4) The major repeat lacks a definitive substructure.

1 43

ammwnnaumziumuuafJLiumitt-iuunnamnaciimnaannunaaaa

i inanni ;r ir:r:::: it.:: : "
ononnr.r.oi A AI iuu[ u n u ..:i >: i t ;:;:j[jGi;noGBGGaaDQaaaaaa
DODDDDnaauaDui ii ii ii ii ii ii ii ii innt u i: u innnnnBannnnnnna

DDDDDDDDDDDDDt l[ ]i II j ; IDDIDUU(JUUUDDlU3nDDinDDDlD

44 86

aamnaaaa
H ILIIIIIUUHILJUUUIIIOIIDIIIJID
m II luucnr:tinniDDDDDioninnnnn

•aaDDnaDDDDDBGB!]GnBBBBGGBBBDDD[lBBBDBBaBBCBD

87 129
it II i n i

DDDDDDDDDDDDiDDDDDDiDDaDDDaDDnQDDDDIDlDDDDD

130 172

;; .BBUBUGBI mi : • ' n B. I ^ , , i
in 11 u i n m u i rumnr n n :::: •; • :i:: •. ;•

j ! H ii :i m m i . ; : : : : : ; t : .: •: GNI i
in;:.: B1

1 J: :: !r n u:
( innni i i ino i n i: lnnunnnnnt innnna. ;:]Din:iniuDiLiLiDDDD

Fig. 1. Visual display of Table II illustrating the between species sequence alterations
in the 172 bp consensus sequence. • Base changes; H, deletions.

(5) The within species heterogeneity is unknown, but more than 60 % of the
sequence is not absolutely conserved between species.

(6) The sequence can be perturbed either by deletions or base changes and
its evolution may have been constrained by non-random unequal crossovers
(Donehower et al. 1980). Whether the nonrandom nature of the changes has
biological significance has yet to be decided.
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PART 2. DATA ON SEQUENCE VARIATION AND SECONDARY STRUCTURE

A widely held belief is that there is little sequence variation in highly repeated
DNAs within or between species. The level of variation within a species is generally
discussed in terms of homogeneity whereas that between species is referred to as
conservation. There is confusion over these terms for a number of reasons. Firstly,
conservation has not been strictly defined. Secondly, although it is believed that
satellite sequences are highly conserved for important functional reasons, these
reasons are speculative. Thirdly, it is assumed that if a low level of sequence
variation is found within or between species, this automatically indicates functional
significance. As we will point out below, unless we have a measure of heterogeneity
within a species we are unable to make accurate statements about the degree of
conservation between related species.

A point which is frequently overlooked is that the low level of variation within
a stretch of repeated DNA must depend to a considerable extent on the time since
the most recent amplification, as well as on the efficiency of the mechanisms which
monitor or alter an array. Homogeneity need have no functional significance
whatsoever. Ideally, measurements of variation depend on being able to obtain
reasonable samples of most of the sequence variants within a species but in
tandemly repeated arrays this task is complicated by processes of amplification
and deletion. Amplification of a variant to a high copy number predisposes it to
analysis owing to its ease of isolation. Such amplification also obscures those
variants which remain in low copy numbers. Thus a meaningful prerequisite to
obtaining estimates of conservation is to determine the levels and origins of
variation within a species. As we shall see, this has not been systematically
attempted for any system.

Within species: How much sequence variation?
(i) The Calf

The level of variation within a mammalian species can be gauged from cloned
material derived from the 1706 g/cm3 satellite of the calf. Once again the DNA
is from an unknown number of individuals so that the total variation cannot be
accurately partitioned. However since the DNA has been cloned, the variation
between adjacent repeating units on a chromosome can be estimated from any
particular clone (Table 12, Fig. 2, Pech et al. 19796). It is clear that adjacent 23 bp
repeating units differ markedly from each other. Thus significant sequence
variation is already present on a single chromosome.

In terms of the 23 bp sequence itself, the 8 clones reveal that 20 of the possible
23 positions are altered by base changes or deletions. In conventionally accepted
molecular terms these 8 samples yield an estimate of 12 % variation (total number
of base changes and deletions divided by the total number of nucleotides).
Furthermore, the distribution of perturbations within the 23 bp unit is not random
with the middle of the repeat suffering more heavily than either extreme (Fig. 2).
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(ii) The kangaroo rat

Table 13 shows the variants from the HS-a satellite of Dipodomys ordii obtained
from uncloned material from a number of individuals (Fry & Salser, 1977). Many
variants other than TTAGGG do occur, but their relative yields are lower than
the minimum cut-off point in this table. The level of variation is 15%. Clearly a
population of sequence variants exists in which the variation is very similar to that
of the 23 bp unit of the calf.

Table 12. Nucleotide sequences of 8 clones from the Sau segments of the calf
1-706 g/cm3 satellite. Deletions are denoted —

Clone 22 GATCATGC ACT 23
GTTCACGTGA CT

Clone 23 G A T C A T A C ACT
G C T C A C G T A A C T G A T G A T G C ACT
G A T C A C G T G G O T - A T C A T G C ACT

Clone 42 G A T C A T T C A C T
G A T C A C G T G A C T G A C C A T G C A C G
GATCACGTGA CT

Clone 46 G A T C C T G C A C T
GATCACATGG CTCATCACGC ACT
GATCACGTGA GTAATCATGC ACT
CTTCACGTGC ATGATCATGC ACT
GATCACGTGG CT-ATCATGC ACT
GCTCACGTGG CT

Clone 3691 GATCACGTGA CT-TAATGGC GCT
GATCACGTGG CT-ATCATGC ACT
GATCACGTGG AT-ATCATGC ACT

Clone 3688 G A T C A T G C A C T
G A T A C C G T G A C T G A G C A T G G A C G
G A T C A C G T G G C T - A T C C T G C A C T

Clone 176 G A T C A C G T C T A T - A T C A T G C A C T
G A T C A C A T G A C T G C C C A T G C A C T
G A T C A C G T G A T

Clone 101 GATCATGC ACT
GATCACGTGG C-TATCATGC ACT
GCTCACGTGG CTGATCATGC AAT
GATCACGTAG CT-ACCATGC ACT
GGTCACGTGA CTGATCGTGC ACT
GCTCAGGTAA TTGATCATGC ACT
GATCACGTGA CT

(iii) Hawaiian Drosophila

The variation in a complex invertebrate repeat is provided by cloned material
from pooled D. gymnobasis DNA from a laboratory strain (Miklos & Gill, 1981).
Here 183 positions are available for scrutiny and the level of variation is 11 %, a
figure similar to the 12 and 15% in the mammalian cases where the repeat unit
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length is very much smaller (Table 14 and Fig. 3). Since the cloning protocol in
this case yields only single repeating units, we are unable to estimate the variation
between adjacent repeats on a chromosome.

1 5 10 15 20 23
DDCDDDDDDDC

D1DOODODDDDD

OlDDDDDDinDDDCGIDDaDCDD

DDDDDDDDDDQD

DDODDDiaDIDDIDDnniDnDDD
DDDaaDDDDDIDIDDDDDGDDDD
•••DDDDDDI1DDDDDDDDDDDD
QDDDDODCD1DDSDDDDDDCDDD
D1DDDDDDDIDD
DDQDDQDDDDDDB1I111DDIDD
DDDDDDDDDIDDBDDDDDDDDaD
DDDDODDDDlinanODaDDDODD

DDDDDDDDDDD
DDDilDDDDDDDQDiDnDOIDDI
DDDDQDDDDlDDBDDaiDDQDDn

DDDDDDDDIHDBDnoaDDDDDD
DDDDnniDnnnnnMDDDDDDDn
DDDQDDDDDDI

DDDQDDDDDDD
DDDDDDDDDIDBiaDDDDDDDDQ
DlDDDGDDDiODDDDDaaDDDlD
DDDDDDaQllDDBDIDDDDaDDD
DBDDDDDDDDDDDDDDBDDDDDD
DIDDDIGDIQIDDDDDDDDDDDD
DDDQGDGGDQDD

Fig. 2. Visual display of Table 12 illustrating the within species sequence alterations
in the 23 bp repeating unit of the calf. Base changes; B , and deletions.

(iv) D. melanogaster

In the 359 bp variant of D. melanogaster the cloned sequences reveal that
the variation between adjacent repeats on a chromosome can be as low as 4 %
(Hsieh & Brutlag, 1979a). However it should be borne in mind that if one examines
independent clones of the same sequence such as the 254 and 359 bp variants, there
can be as little as 60 % homology. Thus whilst regions of a chromosome can be fairly
homogenous in sequence, an enormous variation can still exist within a single
laboratory strain.
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Resume

The variation at the sequence level is very similar for long or short repeat units
from mammals or invertebrates. All four organisms referred to above reveal that
portions of a satellite can exist as a population of variants and that base changes
and 'deletions' are nonrandomly distributed along a given sequence.

The existence of sequence variants has implications for the putative importance
of protein/satellite DNA binding. If there are proteins which bind to the variant
23 bp sequences of the calf (in which all but 3 positions suffer some form of
alteration) then two possibilities exist: either (1) the base sequence recognizing

Table 13. Variant sequences and their relative yields from the heavy strand of the
HS-a. satellite of the kangaroo rat

Sequence

T T A G G G
TTAGAG
TT AGGT
TGAGGG
TTAGGA
TT AGTG
TA AGGG
T T A G T T
GAAGGG
TTAGGC
TGAGGA
TTAAGG

Relative yield

10
0-5
0-5
0-5
0-3
0-3
0-2
0-2
0-2
0-2
01
01

abilities of these theoretical proteins may be fairly nonspecific or (2) if the .
interactions are specific, then the number of protein variants will approach the
number of DNA sequence variants. Taking into consideration the known variants
for just the 1-706 g/cm3 satellite (Tables 7-9; Fig. 2) this would mean that the
number of binding proteins for just one satellite of the calf would exceed the normal
coding capacity of the genome. A plausible interpretation is that repeated arrays
diverge without significant functional constraints.

Between species: How much sequence variation ?

Without an accurate estimate of sequence variation within a species, it is not
possible to meaningfully evaluate 'conservation' between species. For example,
heterogeneity within an ancestral species might now be represented as within or
between species variation in new species. Alternatively ancestral sequences may
have been totally homogenous at one time and have diverged, irrespective of
speciation, to yield the observed spectrum of variation. We shall summarize the
existing sequence data with these constraints in mind.
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6
15
9
7
10
12
14
11
8
5
6
15
9
7
10
12
14
11
8
5

Table 14—(cont.)

GTCAAAAATT GTCCAAATTX
GTCAAACATT GTCCAAATTC
XXXAAAAATT GXXXXXXXXX
GTCAAAAATT GTCCAAATTX
GTCAAAAAXT GTCCATTTTC
GTCAAAAATT GTCCAATTTC
GTCAAAAATT GTCCAATTTC
GTCAAAAATT GTCCAATTTC
GTCACAAATT GTCCAATTTC
GTCAAAAATT GTCCAATTTC
GTG
GTG
GXG
GTG
GT A
GT A
GT A
GT A
GT A
GT A

TTT
TTT
TTT
TTT
GTT
GTT
GTT
GTT
GTT
GTT

TTT A
TTT A
TTT A
TTT A
T T T G
TTTG
TTTG
TTTG
TTTG
TTTG

AAATATTAAG
AAATATTAAG
AAATATTAAG
AAATATTAAG
CAATATTAAG
CAATATTAAG
CAATATTAAG
AAATATTAAG
CAATATTAAG
TAATATTACG

180

189

(i) Primates

The conventional yardstick by which the functional significance of any DNA
sequence is evaluated is how well it has fared in a comparative evolutionary sense.
The primate data of Fig. 1 and Table 2 provide minimum estimates of change for
a DNA of specific fragment length. The African green-monkey sequence differs by
9% from a consensus sequence, the baboon and bonnet monkey by 29 and 31 %
respectively, and the human by 39 % • Furthermore, only 36 % of the 172 positions
are free of mutational or deletional alterations. In spite of the non-randomness of
the changes this sequence would be regarded as having significantly diverged as
a result of evolutionary events spanning at least 20 million years.

(ii) Hawaiian Drosophila

D. gymnobasis and D. silvarentis are very close relatives, their estimated
divergence times lying between 100000 and 1 million years. D. grimshawi is
considered a more distant member of the same group. Since the oldest Hawaiian
island is less than 6 million years of age, and since the radiation of most of the
Hawaiian Drosophila occurred on these younger islands, 6 million years is an
absolute upper limit to any divergence times.

Comparison of the consensus sequence of D. gymnobasis with D. silvarentis
(Table 3) reveals that the two are virtually indistinguishable. With two such
extremely close homosequential species, it is perhaps not so surprising that
speciation occurred in the apparent absence of significant sequence alteration in
this particular restriction fragment.

Comparison of the D. gymnobasis consensus sequence with D. grimshawi on the
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7 67
•DaiDMDDDDDDlDlDDCnnDDDDDDDDDDDlDDDllDDGDDDDDaDDDDDDaDDDDDaD

DDDIDMDDDDDDlDlDDDCDDDD3DDDCDnDDDODIlDDDDDGC[]aDDnnnDDDnDDDDD
aDDDDannDDDDDnaaDDDDDnaaanDDDaDDnDCiaDDDDDicacnDaDDDOiDDDaaDD
DDDaDDDDDDDDnnDDDDDDDaDDDDDDDDODDDDDDDDDDDDC3CaDnDDDnD3aDDODO

DDDDnaaaa
DDDnaDDDDDDDaDDDDDiQnDDDOnnDDaDDDDDDDDDDGniDaDDDaDDDDDDDDDDDD
DDGDDDDDDOaDDDDaDDinDDDDDDODDDnDnnDDDDDDDCiraDDDDGDlinDaDDDDD

68 128

DDanDOBDDDnnaDaBDDDnnDDBDDDDDDDBBBaBBBBBBaaDaDDDDDDDDBnaDDDDD

DDDDD

DDDDDDDDDnDDDDDDnaDnnnnDDDDaBBBDDDDDDDDDDBnDnnDnnDDDDnnDDDDDn

129 189

DDDDGDDDDlDDDDDDDDDDDDDDDDainDDanGDDGIDDDDDDDDDDDDDDDMDDODI
DDQDDDDDDBDDDDDDDDDDa DDDDDDDD OnDGGOaDDDS IIDGGGI

BD
aaaaaaDDDaDaaaaaanaaQOQDDDaGQQ aDDGOGiaacaicaGaaaaQDaaaaGDaaD
aooQaQDQonoQanaannaoannDnnnaanacioonnDnaoonBDQOoanonDiiiODOoaoDQ
nDDDaaDDDnDDDDDDnaDnnnannnnnnnDDDDDDDODonnBnaDDDnnnnnDanDaDDD
DDDaDDDDDBBBBBBnnDDDDnDDDDaDDaDDDDDDDGDDanOnDnnaDDDDDDDDDnnDD

DDDD

Fig. 3. Visual display of Table 14 illustrating the within species sequence alterations
in the 189 bp unit of D. gymnobasis. • , Base changes; H, deletions.

other hand, shows that they remain absolutely unaltered at only 130 of the 183
positions. If we do not include the substantial differences due to deletions, but
consider only those positions altered by base changes, then D. gymnobasis and
D. grimshawi differ by approximately 15%.

Conclusions on levels and rates of variation

DNA sequences which code for protein products face stringent constraints and
show characteristic levels of evolutionary change. As an example, the exonic
regions of the /?-globins of the mouse show only 5 % divergence after 50 million
years. Compare this with changes in repeated arrays. In conventional terms the
human/African green monkey divergence would be 35 % after 20-50 million years,
and the Hawaiian Drosophila comparison would be a minimum of 15% after only
6 million years.
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However, such conventional interpretations are in fact invalidated because of
the substantial within species sequence variation. It is not possible with the
existing data to estimate rates of divergence in repeated arrays. A further
complication is that whilst some genie sequences occur in just one copy per genome,
repeated arrays are subjected to continuing cycles of amplification and deletion.

The kinds of variation that are seen at the sequence level in repeated arrays can
however be meaningfully compared to those in genie sequences. Repeated sequences
seem to have accumulated deletions of a variety of lengths as well as base changes
in almost any position. In this respect they may conform to an extension of the
neutralist viewpoint about allelic variation. If we draw an analogy to Kimura's
(1979) theory, then its general applicability to repeated sequences per se would be
as follows:

(1) Sequences are selectively neutral if they are neither more nor less advan-
tageous than the ones they replace.

(2) Neutral theory does not assume that sequences are functionless, only that
different sequences have about the same effect on fitness.

(3) As the functional constraints on a molecule diminish, so the evolutionary
rate of mutant substitutions increases.

As the mechanisms involved in generating variation differ for tandem arrays and
alleles, the analogy with Kimura's theory cannot be taken to predict levels of
variation in tandem arrays within a species as it does for allelic variation.

The future of satellite sequence analyses

I t must be quite obvious that the structural approach has proved disappointing
in a functional sense. It is also clear that sequence analysis is at too fine a level
to discriminate between various alternatives. For example, repeated arrays that
appear as if they arose from unequal exchange events can theoretically come about
by a number of disparate mechanisms such as unequal sister chromatid exchange
(Petes, 1980; Szostak & Wu, 1980), intrachromosomal conversion (Klein & Petes,
1981) or even extrachromosomal "plasmid replication combined with subsequent
plasmid recombination. To distinguish between such mechanisms for satellite
sequences one needs to ask questions such as (a) do these plasmids actually exist,
and (6) how much spontaneous USCE actually occurs? More detailed sequence
analysis will not help solve the problem. The only presently convincing data for
USCE in tandem arrays comes from ribosomal genes (Petes, 1980; Szostak & Wu,
1980).

Dyadic symmetries

One structural feature of a DNA sequence which is often held to be of potential
functional significance for protein/DNA interactions is a region of dyadic sym-
metry. The primate data of Table 11, allow us to evaluate the conservation of such
regions. Consider for example the nucleotide sequence from positions 163 to 026.
In the bonnet monkey there are 15 matched base pairs out of 18 positions whereas
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only 9 matched pairs occur in the human sequence and these 9 are distributed in
such .a way as to make the resultant hairpin highly improbable (Fig. 4).

T

A
A
T

A
C

G

T
C

(a)

C
T-A
C-G

T-A

A-T
A-T
G-C

A-T

A-T

T

A

C

C
T

G

G
T

A

G
A
A
G

C
A
G
A

C

(b)

C
T-A
C-G
T-A
T-A

G-C

A-T

T-A

A

T
C
C
T

T
G
T
G

T

C

A

A

G
G
T
C

(e)
G

T-A
C-G
T-A
T-A
T-A

G-C
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G-C
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A-T

G

C

G
T
G
T

C

G
G
T
C
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G
T-A
O G
T-A
T-A
T-A

G-C
A-T
A-T
G-C
A-T
A-T
A-T

G
T
G
T

C

A

A
G

G

(«)
G

T-A
C-G
T-A
T-A
T-A

G-C
A-T

G-C
A-T
A-T

A-T

A-T

G

A
G

G
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G

T-A
C-G
T-A
T-A
T-A

C
G-C
A-T
A-T
G-C
A-T
A-T
A-T

G G
A-T

G G
A-T

C

A

A
G
G
T
C

(g)
G

T-A
C-G
T-A
T-A
T-A

G-C
A-T

G-C
A-T
A-T

G

A
G
T
G
T

A-T G A-T T T A-T A-T T
Fig. 4. Potential dyadic symmetries in the various primate sequences: (a) human-1;
(6) human-2; (c) African green monkey; (d) baboon-1; (e) baboon-2; (f) bonnet-1 and
(g) bonnet-2.

Other dyadic symmetries also occur but suffer the same fate. In the human-1
sequence, positions 034-041 and 046-052 form a perfect match

TTCAACTC
AAGTTGAG.

The equivalent position in the bonnet monkey (bonnet-2) shows a badly
mismatched sequence

CATT

If symmetry elements such as these were to be of significance, their time course
of usage and obsolescence must be very short in evolutionary terms. Wu &
Manuelidis (1980) have extensively analysed the primate data and pointed out that
dyadic symmetries are not of convincing importance. They stress that 'overall
length and tandem repetition are the critical features of satellite DNA rather than
individual repeat length or secondary structure potential'. A similar point relating
to sequence per se has been emphasized by Miklos & Gill (1981).
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Structural features

Can a given repeated DNA sequence influence the local molecular geometry of
a helix and so endow it with biologically interesting properties such as protein
binding (Klug et al. 1979) or chromatin condensation? It is known that poly
(dA-dT). poly (dA-dT) can exist in a special D form of DNA rather than the more
usual A and B forms. Can satellite DNA of unusual base composition do likewise ?
Seising & Arnott (1976) studied three satellite DNAs of varying complexities
precisely from this point of view, these being an almost pure d(AT) from crab, the
ACAAACT sequence from D. virilis and the classical mouse satellite. All three
DNAs displayed only the orthodox conformations, leading the authors to conclude
that hypotheses which held highly repeated DNA as being important to chromosome
folding were unsupported. For D. virilis at least, the compaction of satellite DNAs
into heterochromatin may well be achieved by phosphorylation of histone HI
(Blumenfeld et al. 1978; Billings et al. 1979).

DISCUSSION

The molecular data presented in this article represent the backbone of the
current sequence knowledge. We now turn to the remaining molecular and
biological data and provide an array of recent references which yield a cross section
of the various issues, the relative importance of many of which is in dispute. We
have also included a small number of references which do not deal with satellite
DNA directly, but which we think are relevant to the hypotheses and data under
consideration. Finally we present our own particular viewpoint which in many
respects departs radically from the more conventional paths in this field.

The reference base

(1) Structural characteristics of sequences

Brutlag (1980), Chambers et al. (1978), Christie & Skinner (1980a, b), Cooke &
Hindley (1979), Donehower et al. (1980), Horz & Altenburger (1981), Miklos & Gill
(1981), Mullins & Blumenfeld (1979), Pech etal. (1979a, b), Poschl & Streeck (1980),
Rubin et al. (1980), Salser et al. (1976), Schmookler-Reis & Biro (1978), Southern
(1970), Rubin et al. (1980), Thayer et al. (1981), and Wu & Manuelidis (1980).

(2) Sequence arrangements, rearrangements, expansion and contraction of arrays,
polymorphisms

Beauchamp et al. (1979), Bedbrook et al. (1980a, b), Bostock et al. (1978), Brown
& Dover (1979, 1980a, 6), Brutlag (1980), Cordeiro-Stone & Lee (1976), Flavell,
O'Dell & Hutchinson (1981), Gosden et al. (1981), Holmquist & Dancis (1979), John
(1981), Klein & Petes (1981), Kurnit (1979), McKay, Bobrow & Cooke (1978),
Miklos et al. (1980), Petes (1980), Roizes, Pages & Lecou (1980), Rosenberg et al.
(1978), Scherer & Davis (1980), Szostak & Wu (1980), and Wheeler et al. (1978).
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(3) Sequence configurations and DNA binding proteins

Comings et al. (1977), Hseih & Brutlag (1979a, 6), Kao-Huang et aZ.(1977), Klug
et al. (1979), Lin & Riggs (1975), Seising & Arnott (1976), Will & Bautz (1980).

(4) Periodicities in repeated arrays

Maio, Brown & Musich (1977), Brown, Musich & Maio (1979), Igo-Kemenes,
Omori & Zachau (1980), Musich, Brown & Maio (1977, 1980).

(5) Compaction of DNAs

Billings et al. (1979), Blumenfeld et al. (1978), Chahal, Matthews & Bradbury
(1980), Comings & Okada (1976), Matsumoto et al. (1980).

(6) Transcription of repeated sequences

Varley, Macgregor & Erba (1980).

(7) Chromosome mechanics and germ line effects

Bostock (1980), John & Miklos (1979), John (1981), Maynard-Smith (1977),
Miklos & John (1979), Rees & Dale (1974), Yamamoto & Miklos (1977, 1978),
Yamamoto (1979 a, 6).

(8) Somatic effects, nucleotype, C-value paradox

Barlow (1973), Bennet (1971), Cavalier-Smith (1978, 1980a, b), Hutchinson et al.
(1979), Macgregor (1980), Miklos (1981), Olmo & Morescalchi (1978).

(9) Evolution

Amos & Dover (1981), Barnes, Webb & Dover (1978), Cohen & Bowman (1979),
Cseko et al. (1979), Dover (1978, 1980), Flavell et al. (1981), Holmquist & Dancis
(1979), Miklos & Gill (1981), Musich, Brown & Maio (1980), Stanley (1975).

(10) General reviews, selfish DNA, neutrality, selection

Bostock (1980), Brutlag (1980), Cavalier-Smith (1978), Doolittle & Sapienza
(1980), Dover (1980), John & Miklos (1979), Kimura (1979), Kurnit (1979),
Macgregor (1980), Nagl (1978), Nature, News and Views (1980a, b), Orgel & Crick
(1980), Walker (1979).
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Viewpoints

The bulk of the recent data understandably deals with sequence structure and
associated spinoffs. Conventionally it is thought that a continuing analysis of
sequence structure will provide a satisfying array of solutions at the cellular level
to the present imbroglio concerning highly repeated sequences. For the solution
of some problems this is the only sensible direction in which to proceed, since arrays
of tandem sequences can be used to analyse fundamental problems such as
chromatin compaction, DNA binding proteins, gene regulation as regards position
effect variegation and nucleosomal phasing.

However solutions to such fundamental problems do not neccessarily enlighten
us on the functions (if any) of satellite DNAs per se. As we saw from the analyses
of DNA sequence data, the main characteristic of satellites is their extensive
variation. The magnitude of the biological problem comes home with some force
when it is realized that many sequences breeze in and breeze out of genomes in
rather short evolutionary time periods, such as the 'spring cleaning' that occurs
in ribosomal cistrons (Dover & Coen, 1981). It ought to be somewhat disturbing
to begin molecular characterization of a sequence in a given species when it is
virtually guaranteed that nature will have supplanted it with another in a different
species. The critical factor will of course be a lack of generality in extrapolating
the results.

We believe on the other hand that the available data are telling us something
quite different. The central issue is not really how the replicative and recombinative
machinery churns out such a bewildering pastiche of sequences, but whether the
final product in a particular chromosomal location has biological significance. Does
it really matter if the increase in DNA on a chromosome is brought about by the
insertion of an extra chromosomally replicating plasmid, unequal sister chromatid
exchange or some as yet undefined conversion mechanism ? The end result is what
is important, namely a tandem pack of sequences. The issue is the ability of the
organism or the population to cope with such added arrays arising in the germ line.
The important question of elucidating mechanisms for their own sake is separate
and not necessarily germane to our biological enquiries.

Satellite sequences have little somatic effects on an organism (Kurnit, 1979;
Hutchinson, Rees & Seal, 1979; Miklos, 1981) as is also evidenced by the ease with
which polymorphisms are tolerated. In the germ line however satellite sequences
can exert significant influences by rendering rec~ long regions of neighbouring DNA
(John & Miklos, 1979). The consequences of such effects are not on the phenotype
of the organism, but on the potential array of DNA sequences in succeeding
generations (see Rees & Dale, 1974). This general category of germ line effects has
been missed in formulations on selfish DNA for example, where the overlying
emphasis has been on cellular events and mechanisms.
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Conclusions

Although the precise mechanisms themselves are unclear, we have reached the
following views about the generation, maintenance and significance of highly
repeated sequences organized in tandem arrays.

(1) The demonstrated biological effects of such sequences are predominantly in
the germ line.

(2) One consequence of the experimentally induced changes in the amounts of
localized sequences is that recombinational probabilities along a chromosome can
be modified. Whether these effects have adaptive or evolutionary significance has
yet to be experimentally determined.

(3) The incidence of deletion/addition events of virtually any length as well as
the almost unconstrained occurrence of base changes indicates that the sequence
per se of a basic repeating unit may well be profitably examined by analogy to
Kimura's neutralist theory.

(4) Repeated arrays are continually generated, expanded, reduced and dispersed
as a natural consequence of the inbuilt quirks of the replicative and recombinative
machinery of eukaryotic cells. The somatic effects of such changes are generally
small within the boundary conditions that normally occur in natural
polymorphisms.

(5) Repeated arrays continuously fluctuate in size, but are constrained by the
low density of genes within them. An array cannot be expanded or deleted with
impunity since serious genetic effects may arise as a consequence of gene deletion
or amplification. Note that this damage is not done by repeated sequences per se
but by the genes sequestered within them.

(6) The wholesale rearrangement and movement of arrays can initially be
seriously hampered by position effect variegation for genes contained within them
(Baker, 1971). Furthermore the rearrangment of such arrays is constrained by the
needs of centromeres and telomeres to function properly (Holmquist & Dancis,
1979).

We are indebted to our colleagues, Des Clark-Walker, Adrian Gibbs, John Gibson, Bernard John
and Hiroto Naora for their stimulating discussions and for gently clarifying our misconceptions.
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