Genet. Res., Camb. (1987), 50, pp. 41-52 With 3 text-figures Printed in Great Britain 41

Quantitative variation and chromosomal location of satellite
DNAs

WOLFGANG STEPHAN*
Institut fiir Physikalische Chemie, Technische Hochschule Darmstadt, Petersenstr. 20, D-6100 Darmstadt

(Received 24 November 1986 and in revised form 4 March 1987)

Summary

A model of the evolutionary accumulation of highly repeated DNA (HRDNA) is proposed. The
accumulation of HRDNA sequences, which are organized largely in tandem arrays and whose
functional significance is obscure, is explained here as a consequence of the action of the forces of
amplification (promoting increase in copy numbers) and unequal crossing over, random drift and
natural selection (controlling copy numbers). This model provides a general framework (i) to study
the chromosomal location of satellite DNAs present in the genomes of all higher eukaryotes, and
(ii) to explain the significant variation in the amounts of satellites which is frequently found among

closely related species, but only rarely within a species. A review of the relevant data is included

and open questions are identified.

1. Introduction

Satellite DNA forms long clusters of tandemly
repeated sequences of 10* to 107 copies, and is found
in the chromosomes of all higher organisms. In
particular, in mammals satellites comprise anywhere
from a few percent (human) to over 50 % (kangaroo
rat) of total DNA. Apart from this, the most striking
property of satellite DNA is its great variation in
sequence, organization and quantity (reviewed by
John & Miklos (1979) and Singer (1982)). Other
important characteristics include (i) association with
constitutive heterochromatin, and (ii) lack of measur-
able transcription.

A function of satellite DNA has not been identified
so far, though a great deal of information has been
gathered in the past 25 years from a more and more
detailed analysis of structure and changes in structure.
In two recent publications, we have opened up another
way of looking at the problem of function by including
population genetics considerations (Charlesworth,
Langley & Stephan, 1986; Stephan, 1986 a). By means
of mathematical modelling it has been shown there
that the distribution of HRDNA along the chromo-
some arms can most readily be explained as a
consequence of the interaction of the forces of
amplification (increasing copy numbers) and selection
and recombination (controlling copy numbers). Ac-
cordingly, satellite DNA is likely to accumulate in
those chromosomal regions in which recombination is
heavily suppressed.
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These results have been obtained in a rather indirect
way, calculating the expected persistence time of
HRDNA under the joint action of unequal crossing
over, random genetic drift and natural selection, but
in the absence of amplification (Stephan, 1986a).
Assuming no amplification, the mean persistence time
of an array starting with a certain amount of copies
can be determined, since HRDNA will eventually be
lost from the population. However, it is of much more
biological interest to obtain non-trivial equilibrium
distributions of array sizes. Therefore, this paper
extends our original model by including an explicit
mechanism for amplification. Furthermore, two dif-
ferent selection schemes are introduced, an additive
and a truncation selection model. Both models are
based on the assumption that satellites are generally
functionless, such that they are neutral at low amounts
and deleterious at too high ones (truncation selection),
or that the reduction in fitness caused by a single extra
copy is constant, i.e. independent of array size
(additive selection). Obtaining analytical expressions
for the stationary copy number distributions allows us
to study the chromosomal distribution of satellites as
well as the variation of copy numbers within and
between populations or closely related species. The
theoretical results are compared with relevant data.
An attempt is made to systematize the information
available on intra- and interspecific copy number
variability and to draw attention to questions which
must remain open in our interpretation of the
evolution of satellite DNA, due mostly to a lack of
experimental data; in particular, data on intraspecies
variation are scarce.
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2. The model

It is widely recognized that the mechanisms for the
changes of satellites during evolution are unequal
crossing over and saltatory amplification. Whereas
the amounts of HRDNAs increase by saltatory events,
unequal exchange and natural selection are thought to
be forces controlling copy numbers (Charlesworth
et al. 1986). In a given generation, the following
processes are allowed to modify the copy numbers of
HRDNAs: amplification, selection and sampling of
individuals, and recombination among the chromo-
somes carried by the sampled and surviving in-
dividuals. The details of these processes are as follows.

Amplification. This term stands here for processes
that lead to increases in the copy numbers of DNA
sequences and occur locally in the genomes; that is,
potentially long-range forces like transposition are
not thought to play an important role for tandemly
arrayed multigene families, except for the spread of
HRDNA to non-homologous chromosomes which is
not considered here. Genomic sequences can be
amplified. This has been demonstrated for several
systems, for instance, globin genes (Fritsch, Lawn &
Maniatis, 1980), the gene for dihydrofolic acid
reductase (Alt, Kellems, Bertino & Schimke, 1978),
etc. In at least one case (mouse satellite), amplification
of satellite DNA has been measured directly, due to
being accompanied by the amplification of the
dihydrofolate reductase gene (Bostock & Clark,
1980). The precise mechanisms of amplification are
unknown but it has been proposed to occur by
different sorts of replicational processes, a ‘dispro-
portionate replication’ mechanism (Schimke, 1984), a
‘rolling circle’ mechanism (Hourcade, Dressler &
Wolfson, 1973) or biased ‘slippage replication’ (Wells
et al. 1967). Contrary to what seems to be widely
believed, unequal crossing over itself, i.e. in the
absence of other forces, does not work as an
amplification mechanism, since it does not change the
mean copy number of HRDNAs in a given population
(Stephan, 1986a).

For our problem of copy number regulation in
HRDNA families it is not necessary to go into the
molecular details of the above amplification mech-
anisms. Instead we summarize their properties by the
following two assumptions: (i) The number of new
copies produced in a given amplification event depends
on the current size, i, of the HRDNA cluster, and (ii),
the number of new copies is randomly and uniformly
distributed between 1 and i. Formally, the probability
that an amplification even produces new copies leading
from array size i to j is then given by

D iri<j<ai
[

ol 0

0, else.

This model contains the multiplicative (saltatory)
aspect of amplification. Moreover, since the newly

https://doi.org/10.1017/50016672300023326 Published online by Cambridge University Press

42

generated copies are assumed to be placed adjacent to

the old ones, it follows a tandem duplication mech-

anism, as originally proposed by Southern (1970). Let

4 denote the rate per chromosome per generation at -
which amplification events occur. Since the number of
new copies is a uniformly distributed random number

between 1 and i/, the average duplication rate of the

sequences is given by 3u(1 + 1//). This is approximately

equal to u, as i is usually large.

Natural selection. We consider a sexual haploid
species and assume that the fitness, w, of the
individuals in a given population of size 2N is a simple
function of copy number, i (Charlesworth et al. 1986).
Examining the consequences of our hypothesis that
satellites are generally functionless, we may assume
that w, is a constant (in the neutral case) or a
decreasing function of i, if satellites are (slightly)
deleterious. Two selection schemes are contrasted
with each other, the additive selection model of our
previous paper (Stephan, 19864)

w,=1—s(i—1), s>0 (Ra)
and a truncation model
1 i<Q
=3’ 2b
i {0, i>Q (25)

In the additive model, each copy of an HRDNA
family imposes a burden s upon an individual, no
matter what the current array size is. In contrast, the
truncation model takes into account that satellites
present in small amounts may well be considered
neutral. The following analysis indicates that a realistic
selection schemes lies between these two extreme
models. For comparison we put s7' = Q. This is the
upper limit of copy number which is tolerable for the
organisms in both models.

The existence of such a limit is certainly debatable,
and so is its value. Although it is biologically plausible
that selection prevents array from becoming arbitrarily
large, there is no direct evidence for this effect. The
fact that the copy numbers of different satellite families
vary from 10* to 107 does not support our selection
schemes either, at least at first sight. However, a
quantity can be identified which is relatively constant
across different (satellite) families and phyla of higher
eukaryotes encompassing amphibians, insects and
mammals. Thisis the product of copy number x repeat
length. There is a correlation such that copy numbers
of arrays are the larger the shorter the repeat units.
For instance, for the alphoid satellite family of
primates lying in the class of HRDNAs at the lower
end of copy number (1-5x 10% to 1-3 x 10° copies per
chromosome) (Pike, Carlisle, Newell, Hong & Musich,
1986), the length of a monomeric repeat is around
170 base pairs (bp), whereas for large families
(5% 10% to 5 x 107 copies) a repeat length around 10 bp
is usually found (e.g. the three satellites of Drosophila
virilis have a repeat length of 7 bp (Gall & Atherton,
1974)). This relative constancy of net satellite amounts
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in eukaryotes (despite significant fluctuations in copy
numbers within a particular genus) may indicate that
there is a general force involved in copy number
control (and thus in the regulation of genome size and
of concomitant cellular and developmental processes,
e.g. cell division (see Cavalier-Smith, 1985)) rather
than specific molecular mechanisms only, and this
force acts on satellites via quantity (number of copies
or nucleotides) rather than sequence.

Unequal crossing over. As in our previous paper
(Stephan, 1986a), we assume the following model of
unequal meiotic exchange

2i
Q""~1_‘j—+—k—1" 3)

Q. denotes the probability that an exchange between
chromosomes with j and k copies, respectively, yields
a daughter with i copies (conditional on an exchange
having occurred). The rate of exchange, v, is given per
array and per generation.

3. Copy number distribution under additive selection

Analytical treatment of the model is possible only in
asymptotic parameter ranges; these are (i) Ny < 1,
Np <1 and (ii)) Ny> 1, Nu> 1. In our previous
papers (Charlesworth et al. 1986, Stephan, 19864), we
have identified the former as more relevant for the
accumulation of HRDNA. Therefore, analysis of the
model will be given only in this range. Possible
extensions to intermediate parameters will be dis-
cussed later (section 5).

If Nu <1 and Ny <1, the population is usually
fixed for a single gamete type (Stephan, 1986a).
Therefore, the process can first be studied on the time
scale of successive fixation events, and its dynamics
described by a finite Markov chain. Let p, be the
probability of transition from state E, (i=1,...,Q)
where all individuals of the population carry chromo-
somes with exactly i copies, to state E,. p; is obtained
by including the amplification process in Stephan’s
(1986 a) equation (3):

2 .
e A,,)r,,, @+ @

pij (,y + 2/1/ lei
The factor 2 in this equation expresses the fact that,
on the time scale of generations, recombination and
amplification events altering array sizes of a popula-
tion of 2N chromosomes occur with rate (y+2u) N.
r, is the probability of fixation of a variant chromo-
some with j copies in a population originally fixed for
i copies. r,, is given by (Stephan, 19864)

L 1—exp(=2s(i—)
T ¥ T exp (—4Ns(i—j))’

©)

Following the methods of our previous paper, we
replace the Markov chain, as defined by equations (4)
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and (5), bv a diffusion in the variable x = s(i—1),
x€[0, 1]. It is also convenient to approximate r,bya
simpler function such that

1
ry = 2N+s(1 -, li—jl < aNs
2s(i — —
s(i—J), i—j 2 aNs
ry = 3
2s(j—1) CXp(—4NS(j—i)), i—j \—4—]\,—

O)

These approximations follow immediately from equa-
tion (5), when |i—| is sufficiently small (large) (see also
Crow & Kimura (1970), p. 426). In the intermediate
intervals, r, is approximated by functions which are
linear in s(i—j) and coincide with the above functions
at the endpoints.

We are now ready to calculate the mean, a(x), and
variance, b(x), of the rate of change in x between
successive generations. Let Y(r) indicate the state of
the Markov chain at time 7 (7, time on the scale of
fixation events). Then the first two moments of the
change of Y are given by

E((Y(r+ D)= Y| ¥() = i
=S pi—0" (n=1,2). ()

j=1

Using (4) and (6), the evaluation of the sums in
equation (7) is straightforward. After tedious calcula-
tions we obtain explicit formulae for the diffusion and
drift coefficients by rescaling state space as X(f) =
s(Y(¢)—1) and time as ¢ = ((y +2x) N)"'7. According
to (6), the formulae are derived for the following three
domains of x:

! ! <x<i and x>i
4N 4N AN ~ 4N’

The results are lengthy (see Appendix), and the
distribution can in general be obtained only by
numerical integration.

In Figs. 1-3, numerical results are shown for several
sets of parameters. In order to examine the validity of
the diffusion approximation, the theoretical results
are compared with simulations (Figs. 1a, 15). (The
simulation technique is described in Stephan (19864),
and the data are taken from Stephan (19865).) Apart
from the fact that the theoretical results agree
reasonably well with the simulations, several interest-
ing points can be made:

First, the copy number distribution depends only
on the ratio u/y (see Fig. 1a). This property follows
immediately from (4) and the fact that (y +2u) N{p,;}
determines the process. (A consequence of this is that
in the Figs. 2, 3, u/7 is taken as the relevant variable
on the x-axis.)

Secondly, there is a remarkable effect of population
size on the amount of HRDNAs (see Figs. 15, 2). The
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Fig. l((_z). Mean copy number of HRDNA vs inverse lines represent the analytical results. (b)) Mean copy
rfecombmatlon rate under additive selection. The number of HRDNA vs inverse recombination rate under
simulations were done with the selection coefficient s = additive selection. Here the parameters g and s are fixed
0-0001 and population size 2N = 10 (see Stephan, 1986 5). while the numbers by the curves are values for different
The numbers by the curves are the values for g. The solid population sizes.

model predicts that small populations have on the very small populations. The model shows that
average more repetitive DNA sequences than large HRDNA is likely to accumulate in those regions of
ones (conditional on the other parameters being the chromosomes that have low recombination rates,
comparable). This is a consequence of our assumption and it predicts that closely related species may have
Nu <1 and Ny < 1. Since under these conditions a extensive quantitative variation in their satellite DNA
given population is usually fixed for a certain contents, whereas intraspecific variation should be
chromosome type, drift does not play a role in getting very low. (Assuming no gene flow between popula-
rid of HRDNA. For large 4/ and sufficiently small tions, the words ‘population’ and ‘species’ are used
population sizes the relation between population size interchangeably throughout this paper.) In fact, our
and copy number reverses. Furthermore, we have 7 assumptions that Ny < 1 and Ny < | a priori imply

< Q, since the variance (which is relatively large for that intraspecific copy number variation is near zero.
small populations) keeps the mean away from the But how does the model behave for larger population
boundary Q. This effect disappears, such that 1 = Q, sizes? The apparent strong dependence of the mean
when population size becomes larger. on population size hints at possible limitations of the

Thirdly, Fig. 3 displays the coefficient of variation model for larger populations, since in this case the

vs p/y for various population sizes. For such small  accumulation of HRDNAs seems possible only when
populations, o,/i is well above 0-25 for reasonable u/y becomes sufficiently large. In the remainder of
mean copy numbers i, say i < 0-5Q, so that the model this section, we study this problem in more detail.
seems to predict large interpopulational variances. (In For larger populations, the analytical expressions
Fig. 3, the ranges of 1/ underlined are those for which for the diffusion and drift coefficient can be simplified
01 Q <7< 0-5Q; that is, parameter ranges for which such that (see formulae (A 5) and (A 6) of the
considerable amounts of HRDNAs can be found.) Appendix)
Furthermpre, we note that for intermediate values of  4(x) & —INyx*+3uN"2x7! 8)
u/y, o,/Tis nearly independent of N. That means that s 1 st
o,, like 7, decreases with increasing population size. b(x) = sNyx*+3uN " x7,

In summary, the results look quite satisfactory for where 3/4N < x < 1. With these formulae, an explicit
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Fig. 2. Mean copy number of HRDNA vs /v under additive selection (solid lines) and truncation selection (dotted line).
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Fig. 3. Coefficient of variation vs u/y under both selection schemes. Underlined are the parameter domains for which
mean copy numbers range from 0-1 Q to 0-5 Q (see text).
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expression for the distribution f of copy numbers
can be derived (Ewens (1979), p. 125). Introducing
z = Nx/a with a = (4/y)i, we obtain
u (2244224 1)
~ 14 1) s Z__—
J@) ~ 2+ 1) {22—\/22+1}

X eXp { 2?2 arctan (*1\/_2;)}, )]

where 3a7' < z < Na™!. For population size suffi-
ciently large we may replace the lower boundary of
the interval (corresponding to x = 3/4N) by 0. Then
we obtain the mean and variance in copy numbers
as

~ o Na™!
I ~mf0 zZf(2) dz, (10a)

ot & (%)2 JN“ (-2 A7) dz. (100)

0

The integrals in equations (10) cannot be evaluated
explicitly. None the less, insight into the behaviour of
the mean and variance can be obtained from these
equations in a rather general way. We have to
distinguish two cases, (i) Na™' > 1, and (ii)) N < 1.
In the parameter range No™' > 1, the copy number
distribution fis dominated by the function

22 —+/2z+1 (n

{22 +4/224 1}4\3—'2
especially when « > 1. (11) has the form of a resonance
curve, with its resonance point (maximum) at z = 1. It
follows that the integrals in (10) are only weakly
dependent on both the upper bound of the integrals,
Na™1, and also on « itself, when « is large enough.
Numerical integration indeed shows that the integral
in equation (10a) assumes values between 0-95 and
098, when a > 10. Thus, unless population size is very
small we obtain the following approximate formula
for the mean

i~l”%
~Ns‘y-

On the other hand, when «a is sufficiently large that
Na™' becomes smaller than 1, mean copy number
reaches its asymptotic value 7= Q.

The 1/N— behaviour of 7 (and, similarly, o,) makes
the model unlikely to apply under additive selection
for larger populations, i.e. most natural populations.
When populations sizes assume values around 10%,
unrealistically high values of u/y are required to
obtain considerable amounts of HRDNAs and high
interpopulational variances, as observed. Although
the rate of recombination in heterochromatin is not
known and probably very low, it becomes clear from

(12)
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independent calculations on sequence divergence in
satellite DNA clusters that the recombination rate
cannot be much smaller than the mutation rate for
these DNAs (see Discussion).

4. Copy number distribution under truncation
selection

Under truncation selection, the probability of fixation,
ry is given by

1 .
v IS

4= 0, j>Q, (13)

and the Markov chain is now defined by equations (4)
and (13). Following the lines of the previous section
and employing a diffusion approximation of the
Markov chain, we have to evaluate the sums on the
right-hand sides of equations (7). With (13) instead of
(6), mean and variance in the rate of change in X(¥)
per generation are obtained as

su(x +2s), x<i

a(x) = e TV (14a)
';'ﬂ(l X) _ﬁy(z-x)(Zxx 1)’ x?%

and
Tu(x +25) 2x+ 35) + Lyx(x +25), x<i

(1—x) (14b)

1 1,32

bx) ={ ¥ x Turx

1 2x—1\* 22x-1 .
%’)’(2?5—1)2(2( o )—3 " +%), x23

Although these formulae are too complex to derive
the distribution of copy numbers analytically, it
becomes immediately evident that this distribution
does not depend on population size. The reason is
that, under truncation selection, the process is neutral
until high copy numbers are reached, and the fixation
of variant chromosomes is therefore inversely propor-
tional to population size. On the other hand, the rate
at which array size is altered by recombination or
amplification is proportional to N, so that population
size cancels out.

The result of the numerical integration is displayed
in Figs. 2, 3 (dotted lines). Three aspects of this are
important.

First, the accumulation of HRDNA occurs at
values of u/v which are much smaller than in the case
of additive selection, even for very small population
sizes (Fig. 2).

Secondly, under truncation selection mean copy
number changes relatively abruptly with x/y. Within
an order of magnitude (that is, for 0-01 < u/y < 01),
the mean increases by more than a factor 100 from
r= 00007 Q to 0-075 , and by roughly a factor 10
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from 7 = 0-075 Qto 0-71 Qin the interval 0-1 < p/y <
1-0.

Thirdly, since satellite DNAs are neutral under
truncation selection if copy numbers are not too large,
variation between populations is markedly higher
than in the additive selection scheme (Fig. 3). For
instance, under additive selection o-,/7T never exceeds 1,
when repetitive DNAs are present in considerable
amounts, say 7> 01 Q, whereas under truncation
selection values around 2 are reached for i = 01 Q.
(Note that the comparisons are made here for array
sizes varying in the (underlined) range 0-1 Q <7< 05
Q; see Fig. 3.) In accordance with the abrupt change
of the mean, the coefficient of variation decreases
rapidly with increasing u/y. But the model predicts
extensive variation even when copy number is fairly
high. Note that for i =}, o, is as large as 06 L.

5. Discussion
(i) Evaluation of the models

We first examine the conditions under which our
models predict accumulation of HRDNAs. We have
analysed the models of copy number control in the
parameter range Ny <1 and Ny < 1. Under these
conditions, the population is usually fixed for a single
chromosome type, and the variance in copy number
between individuals in a given population is therefore
very small. This assumption is based on the notion
that quantitative vaniation of HRDNAs within species
is very low relative to interspecies differences (Dover
& Flavell, 1982). However, the data on intraspecific
variation are scarce (see below). I therefore conducted
also some computer simulations for intermediate
parameter ranges and found that the intrapopulational
variance can be as high as the interpopulational one
(e.g. for additive selection, population size 2N = 10
and Ny = Npy =1, wehave T~ 02 Q, o, * 0-08 Q). In
the following, however, we focus on the case Ny <€ 1,
Nu < 1.

Under these conditions, we found for additive
selection and realistic population sizes that i~ 1/Ns
(#/y)*. The 1/N-behaviour of the mean rules the
additive model out, unless population size is very
small. This is because of the difficulty of generating
high expected copy numbers with additive selection.
For instance, assume a population of size 2N = 2 x 10*
and an amplification rate x4 = 107 (see below), then
the recombination rate must be very low to obtain
HRDNAs. For 1> 001 Q, we find y < 107'2 and for
I>01Q, y must be even smaller than 1076, At
present, experimental evidence does not rule out such
low recombination rates. Direct genetic measurements
of recombination rates in heterochromatin are of
course not possible, and the values of recombination
frequencies measured between the markers which are
closest to the centric heterochromatin provide only an
upper estimate of the recombination rate within an
array of HRDNA sequences. (A value of 1073 is found
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for meiotic recombination in Drosophila X chromo-
somes (Carpenter & Baker, 1982).) However, there is
evidence based on theoretical grounds that recom-
bination rates in satellite DNA clusters must not be
too low. Satellites exist as periodic structures in the
genome. Assuming that unequal crossing over is
acting on an array, as proposed above, it can be
shown that periodicity can be created and maintained
only when recombination rate is sufficiently large. 1
found by computer simulations that the recombination
rate per unit, ¥, cannot be much lower than about
mgi (i, mutation rate per unit). Otherwise, repetitive
structures such as satellite DNAs would not exist (to
be published).

Since mutation rates are relatively well known and
there is also some evidence on the magnitude of the
rates of gene amplification, we may now ask if our
alternative selection scheme leads to reasonable
results. Under truncation selection we found consider-
able amounts of HRDNAs, say 7> 0-1 Q, when u/y
> 01 (see Fig. 2). To relate y measuring the
recombination frequency per array) to y, we put y =
v/ifor an array of size i. Thus, > 0-1 Q when y < 10
w/i. Together with the results on periodicity, as
mentioned above, we obtain the following condition
to be satisfied by recombination rates for HRDNAs
likely to accumulate (that is, to exceed a value of mean
copy number of, say = 01 Q):

Al < 910 /i

a5)
To test whether this condition is met in nature we
consider two examples: (i) For satellites of a short
repeat length (= 10 bp), 7= 0-1 Q may correspond to
roughly 10°® copies per chromosome. The mutation
rate per unit may be around 107® per generation. For
the amplification rate g we may assume values around
107, Stable duplications of a given genomic region
occur at a frequency of 107* per cell generation at
several loci in cultured mammalian cells kept under
selection conditions (Schimke, 1984). A duplication
rate of 107° was found for the rosy region of Drosophila
(Gelbart & Chovnick, 1979). Noting that in our model
duplication rate is given by 3u, relation (15) reads:
1071° <y < 2x107%, when duplication rate is 107, or
107 <9 £ 2x 107", when duplication rate is 1072,
(i) For complex satellites (repeat length > 100 bp)
with 7~ 10°, 4~ 1077, we find a similar relation:
107° < ¥ < 2x 1078 Thus, in both cases, when ampli-
fication rate is around 1074, there is a ‘window’ for
v of approximately an order of magnitude where
HRDNASs can accumulate. And, as we see in Fig. 2,
this is about enough for satellite DNA to build up.
The width of this ‘window’ depends on the strength
of the force controlling copy number. We assumed an
unequal crossing over model in which unequal
exchanges involve a large number of repeats, possibly
the entire array size. Such exchanges can generate
large variances and spread out the copy number
distribution rapidly, so allowing selection to be very
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effective in the elimination of individuals with high
copy numbers. Constraints on unequal crossing over
(e.g. caused by sterical hindrance in the misalignment
of chromosomes) may lower the efficiency of the
control mechanism so that the above ‘window’
becomes wider. Gene conversion promoting similarity
of the members of an array may have a similar
effect.

These considerations strongly favour the truncation
model over the additive selection scheme. The essential
difference between the two models is that under
truncation selection satellites are essentially neutral,
unless high copy numbers are reached. An immediate
consequence of neutrality is that the accumulation of
satellites does not depend on population size. The
truncation model with its sharp transition from
neutrality to zero fitness is of course meant only as a
crude approximation. A realistic selection scheme
might have a smoother (none the less steep) decay at
i < Q, or even an asymptotic tail. However, it is not
relevant to know the exact shape of the fitness curve
at high copy numbers. It is only important for this
model to work that the fitness function curves
downwards to prevent array size from becoming
arbitrarily large (Charlesworth ez al. 1986). According
to our results on the additive selection scheme, a
negative slope of the fitness function at high copy
numbers would lead to a (second order) population
size effect such that smaller populations are likely to
have larger amounts of HRDNAs in their genomes.
However, it is not known at present whether this effect
is met in nature.

Meanwhile a purely neutral model of copy number
regulation has been proposed by Walsh (1986). In this
model the exchange occurring within a chromatid
between homologous units of a tandem array is
thought to act as a force controlling copy number. A
first analysis of the model revealed characteristics
resembling those of the truncation selection model.

In the remainder of this section we discuss several
applications of the truncation selection model.

(ii) Chromosomal location of satellite DNA

We have argued in previous papers (Charlesworth
et al. 1986; Stephan, 1986a) that the accumulation of
HRDNA sequences is a consequence of synergistic
effects of the forces of amplification, unequal crossing
over, drift and natural selection in regions of reduced
rates of recombination. The results of this paper may
be used to explore this hypothesis more accurately.
According to (15), accumulation of HRDNAs is likely
to occur in a rather defined range of y. Lower
recombination rates would also lead to the accumula-
tion of repetitive sequences. However, through ongo-
ing mutations those sequences would lose their
periodic structure. As independent calculations show
(to be published), the control mechanism is then no
longer efficient enough to prevent array size from
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becoming arbitrarily large, i.e. reaching the truncation
boundary. (Remember that copy number control is
based on recombination which requires a certain
degree of homology between the units of an array to
work.) In contrast, chromosomal regions with crossing
over frequencies one or two orders of magnitude
larger than determined in relation (15) should be
highly deficient in, if not completely devoid of,
repetitive DNA sequences. This overall picture corre-
sponds roughly to the partition of the chromosome
into euchromatic and heterochromatic regions, with
the heterochromatic, recombinationally inert blocks
usually located around the centromere and telomeres
(Charlesworth et al. 1986).

Apart from this rather crude characterization of the
chromosomal location of HRDNAs, the model
describes to some extent the distribution of tandem
arrays along the entire chromosome too (i.e. regions
of interstitial heterochromatin and less intense C
banding). The model predicts that accumulation of
repetitive sequences does not need extremely low
recombination rates and that the copy numbers of the
sequences accumulating depend sensitively on the

'value of u/y. (For instance, consider the parameter

range of p/y around 01: In 00S<pu/y<Ol, T
changes from 0-011 Q by a factor 6:5 to 0-075 Q and,
in the adjacent interval 0-1 < p/y < 0-2, by a factor 4
to 0-3€. That means [ increases here more than
linearly with increasing u/y.) Given the rather fine
tuning of regional rates of crossing over along the
chromosome arms (Szauter, 1984; Charlesworth,
Mori & Charlesworth, 1985), it is therefore no surprise
to find a whole hierarchy of tandemly repeated
sequences in the genomes, ranging from families with
low copy numbers like ‘minisatellites’ (Jeffreys,
Wilson & Thein, 1985) or simple sequence DNAs (i.e.
tracts of poly (A), poly (GT), etc. (Tautz & Renz,
1984 ; Walmsley et al. 1984)) to HRDNAs. Although
the present model applies principally to all these
sequence arrays, we will focus on middle repetitive
sequences with copy numbers from 10 to 10%, besides
HRDNAs, because we have explored the model only
in the parameter range Ny < 1, Ny < 1.

Yamamoto (1979) and subsequently John & Miklos
(1979) provide a list of species of both plants and
animals showing interstitial C band structures with
varying degrees of intensity. Although the distribution
of repetitive DNA sequences need not parallel the
distribution of constitutive heterochromatin as defined
by C banding, it is clear that tandemly arrayed
families are present at many chromosomal sites, in
particular in plant cultivars (Jones & Flavell, 1982a,
b). In rye, the portion of HRDNAs (with copy
numbers from 6 x 10° to 6 x 10® (Rankejar, Lafontaine
& Pallotta, 1974) corresponding to 8-12% of the
genome) is principally located in the major blocks of
heterochromatin (here, telomeres). But there is an
(even higher) portion of sequence families, each with
copy numbers of a factor 20 to 200 less (middle
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repetitive DNA), which are accommodated by the
interstitial heterochromatin. Interstitial hetero-
chromatin is generally more variable in location and
size and shows less intense C banding than the major
heterochromatic blocks, suggesting that recombina-
tion rates are here relatively high.

A similar example is reported from Caledia captiva,
a grasshopper (Arnold & Shaw, 1985). A family of a
144 bp repeat unit located around the centromere
shows copy numbers of 10° and 2 x 105, respectively,
for two different taxa, whereas a 168 bp family
restricted to the interstitial heterochromatin has copy
numbers of only 3-5x10* or 4x10% The same
tendency is known from newts. In the centromeric
DNA from Triturus cristatus karelinii two abundant
satellite families have been identified amounting to
about 7-5x 107 copies (33 bp repeat) and 3-7 x 10°
(68 bp repeat), respectively. These satellites are also
present in the genome from e.g. T. c. cristatus but in
substantially lower copy numbers. In situ hybridiza-
tion has shown that in the latter both satellite families
are not located close to the centromeres but at
pericentric sites (Baldwin & Macgregor, 1985).

The interpretation of these examples should be
viewed with some caveats, since our theoretical results
predict high interspecific variation in copy numbers
(at a given recombination rate). At present, this makes
it impossible to exclude the alternative explanation
that the lower amount of repetitive DNA sequences in
interstitial heterochromatin is due simply to such
variation and not due to an increased rate of
recombination in these regions. There is a need for
more data on the distribution of tandemly arrayed
sequences along the chromosomes.

(iii) Quantitative variation of satellite DNAs

Satellite DNA undergoes rapid changes in evolution
relative to most, if not all, coding multigene families.
This is manifested by the great variation in quantity
between closely related species. One notion for satellite
DNA is that the average amount of a particular
family varies to a much greater extent between species
than within a given species (Dover & Flavell, 1982). In
the following we discuss the evidence for this notion
and compare it with the predictions of our model.
Unfortunately, a direct comparison between intra-
and interspecific variation in satellite DNA amounts
cannot be made, since there is no species group, for
which both quantitites have been measured. In
particular, there is a considerable lack of information
on intraspecific variability for our model assumptions
to be tested. The above analysis has been given in the
parameter ranges Ny < 1 and Nx < 1. However, it is
not clear at present to what extent these conditions are
met in nature when population sizes are sufficiently
large. For population size greater than 10*, Nu may
well be around 1 or even larger, so that intraspecies

variation in copy numbers should be found, as our
q
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simulations indicate. There are a few examples
indicating that copy number differences among indi-
viduals within a population do occur, but there are
not enough data for a quantitative evaluation.
Examining a satellite located in the centromeres of the
African green monkey chromosomes, deca-satellite,
Maresca, Singer & Lee (1984) report that the number
of chromosomes with sufficient deca-satellite to give
grains in in situ hybridization vary from one monkey
to another. Moreover, quantitative variations in
centric heterochromatin (and possibly also in the
satellites accommodated) are known from mice
(Forejt, 1973) and man (Kurnit, 1979).

With respect to interspecies data the situation is
better, though not satisfying either. We will therefore
focus on only one consequence of the model. This
predicts a very high interspecific variance in copy
numbers. For considerable amounts of HRDNAs, say
01 Q<1<059, we find under truncation selection
values for o,/T between 2 and 0-6 (see Fig. 3). An
immediate consequence of this would be that the
satellites present in the genomes of the members of a
particular species group may frequently not be shared
by all members of this group. That means some
satellites may be lost in a particular species since
radiation of the group occurred and others will have
been generated de novo. We examine this prediction
for various examples of major satellite families.

(a) Drosophila

The situation in the virilis species group of Drosophila
has been summarized by Throckmorton (1982). In D.
virilis itself there are three major satellites which are
related to one another by single base substitutions
(Gall & Atherton, 1974). Satellite I is also found in D.
americana, D. texana, D. novamexicana and D. lumei
but neither of the other two satellites can be
demonstrated elsewhere in the phylad. Together, these
satellites constitute more than 40 % of total DNA in
D. virilis, whereas less than 25% have been found in
the other species. In contrast, species in the montana
phylad of D. virilis have low amounts of satellite DNA
(< 10%). Some have apparently none at all, like D.
ezoana. No single species shares the three major
satellites of D. virilis. (A possible exception is D.
kanekoi.)

A similar situation is reported from the melanogaster
species group. Together, the amounts of the satellites
present in this group vary from approximately 4 % (D.
mauritiana) to 9% (D. melanogaster) of total nuclear
DNA (see Fig. 8 of Barnes, Webb & Dover, 1978).
However, the interspecific fluctuations of a particular
satellite are much higher. For instance, the most
abundant satellite of D. melanogaster (4-5% of total
DNA) is not found in the other species of this group,
except D. yakuba. Furthermore, there is no single
satellite of all nine present in the group showing a
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distribution which is uniform across species, and none
is shared by all species.

(b) Rodents

In kangaroo rats (genus Dipodomys), great variation
in the amounts of the three (largely centromeric)
satellite DNAs (HS-a, HS-# and MS) has been found
in several closely related species (Hatch et al. 1976).
For instance, D. merriami has only two components
of these, HS-a and MS (each comprising about 15%
of nuclear DNA), whereas another member of the
merriami group, D. nitradoides, has only the MS type.
Considerable differences in the banding profiles in
CsCl and in reassociation rates within closely related
species are also reported from other rodent families
(e.g. Cricetidae & Muridae; Hennig & Walker, 1970).
But the differences are here apparently less dramatic
than in kangaroo rats and the average amounts are
less than 10% (Singer, 1982).

(c) Carnivora

Data on copy number variation are available from the
family Felidae. Fanning & O’Brien (1986) examined
the distribution of a major centromeric satellite (cloned
out from the genome of the domestic cat (Felis catus))
in 27 species of this family. The average amount of
this satellite makes up 1-2 % in the genomes of many
cat species but some (e.g. puma, kodkod) contain
reduced amounts. Of particular interest is the ocelot
group within which the amount of this particular
satellite varies by several orders of magnitude. Since it
is likely that the ocelot group radiated within the last
1-5-2 million years, these data suggest that satellite
sequences can change very rapidly in their amounts
and disappear within several million years (or, in this
case, 10° to 10% generations) or less.

(d) Primates

Most abundant in the genomes of several Old World
monkeys are alphoid satellite DNAs which are
clustered principally in the centromeric and telomeric
regions of chromosomes (Kurnit & Maio, 1973). The
alphoid satellite of the African green monkey appears
to have the most simple structural organization. Its
basic repeat consists of about 170 bp, whereas the
predominant repeat unit of the other members
(human, baboon, rhesus and Bonnet monkeys) is
dimeric (340 bp). Alphoid satellite DNA represents
24 % of the genome of African green monkeys, with
1-3 x 10° copies per chromosome. It is less abundant in
rhesus monkey and baboon genomes (8-10%), and in
humans its amount is even more reduced (2%)
(Musich, Brown & Maio, 1980). Similar differences
have been found in the chromosomes of the great
apes. The classical human satellite II, which is also
present in gorilla and orang-utan cells has not been
detected in chimpanzees (Gosden et al. 1977).
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(e) Plants

Especially in higher plants, severalfold variation in
genome size does occur (Walbot & Goldberg, 1979).
The quantitative variation between species is due
mostly to the variation in repeated DNAs, especially
satellites. However, the situation is here less clear than
in animals, mostly because only a few satellite
sequences have been characterized. Data are available
from rye (genus Secale) (Jones & Flavell, 19824, b). In
this genus most species can be distinguished from
closely related species by at least one major satellite
family. For instance, in S. silvestre three of the four
major S. cereale HRDNAs are present in low copy
number or absent. In the genome (telomeres) of
S. cereale these four sequences makes up 8-12%. A
similar situation is reported from cucumber (Cucurmis
sativus) where three major satellites represent about
20-30% of the total nuclear DNA. These sequences,
however, are not homologous to the main satellite of
the closely related melon species Cucumis melo (Ganal,
Riede & Hemleben, 1986).

6. Conclusions

Turning around the usual assumption that there must
be a function for satellite DNA, we started from the
hypothesis that satellites are generally functionless in
an evolutionary sense, i.e. neutral or deleterious, and
studied its consequences under simple selection
schemes. The predictions of our model which, apart
from selection, includes gene amplification, unequal
crossing over and drift are in qualitative agreement
with experimental data on (i) intra- and interspecific
copy number variation and (ii) the chromosomal
location of HRDNA . Quantitative analysis, however,
is somewhat limited, due to a general lack of
experimental data. Open questions concern (i) the
values of the parameters Ny and Ny. For population
sizes larger than 10, Ny (like Ny) could be around 1
or larger, even in the recombinationally inert hetero-
chromatin. That is, for outbred populations our
model would predict measurable intraspecific vari-
ances which may limit the generality of the notion that
the average amount of a satellite DNA family varies
to a much greater extent between closely related
species than within a species. (ii) According to our
results, there should be a hierarchy of tandem arrays
along the chromosome arms, ranging from HRDNAs
of copy number 10% or 107, associated with the major
heterochromatic blocks around centromeres and/or
telomeres to families with low copy numbers, like
‘minisatellites’ or simple sequence DNAs (10-100
copies). The latter are likely to be located in regions of
normal or high recombination rates, so that Ny < 1 is
not true, unless population size is very small. That
means, in the genomes of most species small families
should be (highly) polymorphic in repeat copy
number, as has been demonstrated for human
‘minisatellites’ (Jeffreys es al. 1985). The present
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model allows to study such families but analysis has
then to be extended to parameter values Ny 2 I
Middle repetitive sequences of 10° to 10* copies,
however, are described by this analysis, unless
population size is too large. These sequences are likely
to be accommodated by interstitial C banded regions
showing presumably increased rates of recombination
relative to the major heterochromatin. The data
reported here are in support of this but more
information on regional differences in both crossing
over frequencies and amounts of tandemly repeated
DNA sequences is needed.

I want to thank B. Charlesworth, C. H. Langley and J. B.
Walsh for many valuable discussions and their comments
on the manuscript.
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Appendix

Using (4), (6) and (7), explicit expressions for the
mean, a(x), and the variance, b(x), of the rate of
change in x between successive generations have been
derived for additive selection. The formulae obtained
in the three domains of x are as follows.

(i) 0 <x < 1/4N
a(x) & — gy Nx(x +28) + p(x +25) [ —3N(2x + 3s)],

(AD)
b(x) =~ &yx(x+2s) + p(x +25) [3(2x + 35)
—iN(x+s5)(x+2s5)]. (A2)
(ii) 1/4N < x < 3/4N
Writing y = Nx, we obtain
a(y) YN {—mwim V *+mec )V — 160V — 50 )"}
+uNahy  tar—wy'h (A3

b(y) = YN_z {_4oggooy_2+ﬁmy_l+%y2+%ys}

+uN (i  + ) — %y’ (A4)
(iii) 3/4N < x < 1
a(y) YN =%y +3y ' — 3%
+uNYZy ' —e Gy +5+0)) (AS)
b(y) X yN*{— %y + 5y + &%}
+uN2 Gy —e ¥ (Fy  +5+3y+)°)) (A6)
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