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Summary

A population genetics model of the role of asymmetric pairing and unequal exchange in the
stabilization of transposable element copy number in natural populations is proposed and
analysed. Monte Carlo simulations indicate that the approximations incorporated into the analysis
are robust in the relevant parameter ranges. Given several simple assumptions concerning
transposition and excision, equal and unequal exchange, and chromosome structure, predictions of
the relative numbers of transposable elements in various regions of the Drosophila melanogaster
genome are compared to the observed distribution of roo/B104 elements across chromosomal
regions with differing rates of exchange, and between X chromosomes and autosomes. There is no
indication of an accumulation of elements in the distal regions of chromosomes, which is expected
if unequal exchange is reduced concomitantly with normal crossing over in the distal regions.
There is, however, an indication of an excess of elements relative to physical length in the proximal
regions of the chromosomes, which also have restricted crossing over. This observation is
qualitatively consistent with the model’s predictions. The observed distribution of elements between
the mid-sections of the X chromosomes and autosomes is consistent with the predictions of one of

two models of unequal exchange.

1. Introduction

Many of the dispersed repetitive DNA sequences of
Drosophila are known to be transposable genetic
elements (Rubin, 1983). A large proportion of the
spontaneous mutations recovered and routinely util-
ized in the laboratory are apparently caused by the
insertion of these elements into or near transcriptional
units (Finnegan, 1985). Comparisons of related species
of Drosophila indicate that the majority of transpos-
able elements are ancient parasitic occupants of the
genome (Brookfield, Montgomery & Langley, 1984).
The distribution and inferred dynamics of trans-
posable elements in natural populations have been
studied at both cytogenetic (Montgomery & Langley,
1983; Leigh Brown & Moss, 1987; Charlesworth,
1988) and DNA levels (Langley, Montgomery &
Quattlebaum, 1982; Leigh Brown, 1983; Golding,
Aquadro & Langley, 1986; Aquadro er al. 1987) in
Drosophila melanogaster. The picture that has emerged
from these studies is that insertions can be found
throughout the genomes of wild-caught individuals.
* Corresponding author.
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Few are found in the transcriptional units of genes,
but many can be found in the flanking regions.
Although elements have been found at many different
chromosomal sites, their individual frequencies are all
quite low. In fact few, if any, have been recovered
more than once (at the same nucleotide site) from a
natural population. This distribution suggests that
there are forces opposing the spread of elements by
transpositional increase in copy number, perhaps due
to selection against the mildly deleterious phenotypic
effects of such insertions on adjacent genes (Langley,
Brookfield & Kaplan, 1983 ; Charlesworth & Charles-
worth, 1983; Charlesworth, 1985). This hypothesis
was recently tested by comparing the numbers of
transposable elements on X chromosomes and auto-
somes isolated from a natural population, under the
assumption that selection against hemizygous mu-
tations in males would significantly reduce the
equilibrium numbers of transposable elements on the
X chromosomes relative to those found on autosomes.
There was no evidence for any reduction in copy
number for the X chromosomes for two of the three
families of elements studied (Montgomery, Charles-
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worth & Langley, 1987). These results, and evidence
for an association of transposable elements with
crossover suppressors (inversions), led to the sug-
gestion that meiotic recombination between trans-
posable elements at nonhomologous sites (giving rise
to aneuploid gametes) is responsible for the con-
tainment of transposable element copy number in
natural populations (Montgomery, Charlesworth &
Langley, 1987).

In order to evaluate this hypothesis, a population
genetics model that captures its essential aspects is
needed. In Section 2 of this paper, a simple model
which predicts the distribution of element numbers
across genomic regions with differing rates of unequal
exchange is presented. The expected distribution of
elements between the X chromosome and autosomes
is also derived, on the hypothesis that increase in copy
number is checked by the deleterious consequences of
unequal exchange. Section 3 contains the results of a
simulation study which documents the adequacy of
various assumptions incorporated into the model of
Section 2. In Section 4, available data on the
distribution of the transposable element roo (Meyero-
witz & Hogness, 1982 ; Scherer et al. 1982, who named
it B104), along chromosomes isolated from a natural
population of Drosophila melanogaster, are examined
forevidence supporting or contradicting the predictions
of the model.

2. A population genetics model of unequal exchange

(1) Construction of the model

An infinitely large, random mating diploid population
will be considered. Let n denote the number of copies
in a randomly chosen individual in a given generation.
It is assumed that not all copies are equally likely to
participate in an unequal exchange. Hence, we suppose
that there are J different ‘types’ of copies and that the
number of copies of type j in the individual in question
is denoted by n, The state of a randomly chosen

individual is then characterized by the vector
n = (n,n,,...,n,). Clearly,

J
n=n,. (1)

j=1

For the sake of generality, the meaning of copy type
is kept vague for the moment. At the end of this
section, an example is described where it is defined by
the physical location of the copies in the genome.

The mean number of copies of the jth type in a
given generation is the mean of n; over all individuals,
and will be written as 7. In a certain range of the
relevant parameters of the model (i.e. rates of
recombination, insertion and excision), the element
frequencies at individual chromosomal sites will be
very low, and linkage disequilibrium between element
frequencies at different sites can be neglected (see
Montgomery & Langley, 1983). In this case, an
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extension of the argument of Charlesworth & Charles-
worth (1983) shows that the distribution of numbers
of copies of the jth type between individuals in the
population follows a Poisson distribution, with par-
ameter ;. Furthermore, the covariance between the n,
for two different values of j is zero, if there is no
linkage disequilibrium. The same argument (Charles-
worth & Charlesworth, 1983) allows us to write the
effect of selection on the number of copies of the jth
type in an infinite population as 7,0 Inw/on, [cf.
Charlesworth, 1985, eq. (7)), where w is the mean
fitness of the population. This assumes that element
frequencies are low at individual chromosomal sites,
so that elements are mostly present in the heterozygous
state. The value of this derivative depends on the way
in which copy number is assumed to affect fitness (see
below). Data on the distribution of elements in
natural populations of Drosophila are consistent with
this assumption of low frequencies for individual
elements, and low levels of linkage disequilibrium
(Langley er al. 1983 ; Charlesworth, 1988).

Let u be the probability per generation that a given
element produces a replicate of itself that is inserted
elsewhere in the genome, and let v be the corresponding
probability that an element is lost by excision (cf.
Charlesworth & Charlesworth, 1983 ; Langley, Brook-
field & Kaplan, 1983). Weak selection due to
mutations asociated with insertions of elements can be
treated in the same way as excision, to a good
approximation (Charlesworth & Charlesworth, 1983;
Kaplan & Brookfield, 1983), and the two processes
will not be distinguished here. For simplicity, v and v
are here assumed to be constants. Let the probability
that a newly-transposed element is of type j be p,.
Assuming weak evolutionary forces, so that second-
order terms in w,v, etc. can be neglected, the final
equation for the change per generation of mean copy
number for the jth type of element in an infinite
population (j = 1 to J) is then

Aﬁj=ﬁj—ﬁ—+ﬁpju—ﬁ.v, (2)

The form of the selection term under the assumption
that an individual’s fitness is determined by the
fraction of euploid gametes that it produces will now
be examined. Let «,, denote the probability that a
gamete is aneuploid as a result of an unequal exchange
between particular copies of type & and type /. Let us
assume that the «,, are sufficiently small that (to a first
approximation) the fitness of an individual with the
vector of copy numbers m = (n,,n,,...,n,) is given
by

wr)=1- 3

1<k<gi<d

Ky My 1y 3)
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It follows that the derivative in equation (2) is given
by

Jlnw J
or, ~ T B e @)

(it) Equilibrium conditions

At equilibrium, we thus have the relations:
J J

i, (u+ 2 Ky ﬁk) = p;u X A, (5)
k=1 k=1

In particular, the equilibrium value of the ratio of
mean copy numbers for types i and j is given by

A, _ pv+ )
i, pv+«k (7))
where (1) = Z, &, 7,. The quantity «,(7) equals the
probability that a particular element in region j is
involved in an unequal exchange.

The model’s predictions for the ratios #,/7, depends
on the size of v relative to (%) and «,(A). The two
extremes are easy to describe. If v dominates, then the
ratio #,;/A; is approximately equal to p,/p,. On the
other hand, if v is negligible when compared to «,(7)
and «,(77), then

(GE)) ®

)

n; _b K,(7)
n, p; k() )
When v, «,(77) and «,(7) are all comparable, there is no
simple approximation for 7,/7,, and the equilibria
must be found numerically.

Up until now the definition of copy type has been
abstract. For the remainder of this section a copy’s
type is defined by its physical location in the genome.
In particular, we assume that the genome is divided
into J regions, labelled 1 to J, and that all copies in the
same region are of the same type. We also assume that
if the jth region is of physical length L,, then

Py =3 ! a<jsJ). ®)

Hence, the chance that a newly transposed copy is of
type j is proportional to the physical length of region
Jj. Furthermore, the sites of newly transposed copies
are assumed to be uniformly distributed within each
region.

(it1) Distribution of elements between the X
chromosome and autosomes

Up to now, we have considered only autosomal
elements. It was pointed out to us by Dr Michael
Turelli that, contrary to the statement on page 38 of
Montgomery et al. (1987), the model of unequal
exchange as a mechanism for checking transpositional
increase in copy number may predict a deficiency of
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elements in the X chromosome relative to random
expectation in Drosophila. This is because two-thirds
of the X chromosomes in a population are present in
females, and have the opportunity to participate in
meiotic exchange, whereas only one-half of the
autosomes are present in females (meiotic exchange is
absent in males). The rate of elimination of elements
due to the generation of rearrangements by unequal
exchange may thus be higher for X-linked elements in
Drosophila. In order to test fully the hypothesis of a
role of unequal exchange in controlling copy number,
it is necessary to provide quantitative predictions of
the relative abundances of elements on the X and the
autosomes from the models described above.

This can be done by combining the theoretical
approach of Montgomery er al. (1987) with that of the
present paper. We adopt the convention that subscript
i refers to a region of the X chromosome, j to a region
of an autosome, and k to the Y chromosome,
treated here as a single entity. As above, we let 7,
i, and 7, denote the mean copy numbers for these
genomic regions in diploid individuals. Since only one
copy of the X chromosome is present in males, the net
mean copy number in males is 77, = 37, +7,+71,, and
the mean copy number in females is 7, = 7,4 7,. Let
Pim> Pjm and p,,, be the probabilities that a newly
transposed element inserts into the respective regions
in a male; the corresponding probabilities for females
are p,, and p,. Combining the approach of Mont-
gomery et al. [1987, eqns (1) and (2)] with the
argument that led to equation (5), we obtain the
following equilibrium relations:

A0+ k() = 5 (Pon i+ 2P ), 9a)

0+ k(D) = 5 Py i+ P ), ©b)
where « (/) and «,(7) measure the net selective effects
of unequal exchange for the X-linked and autosomal
regions in question. A similar equation can be written
for 71,, but it turns out that this is not needed in the
application. of the theory to population data [see
Section 4(iii)]. Given functional forms for these
quantities, this equation can be used to determine the
expected relative copy numbers in these regions.
These forms depend on the assumptions made
concerning the mechanism of unequal exchange,
which will be discussed in the next section.

(iv) Models of unequal exchange

Consider first a model in which the probability of
unequal exchange between a pair of elements is
determined only by the frequencies of recombination
events in the regions in which they are located, and is
otherwise independent of their genomic locations.
One might expect the probability of unequal exchange
between two copies to be related to the densities per
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unit physical length of regular exchange in the regions
in which they are located. The simplest model of this
kind is to assume a mass-action relationship such that
the probability of unequal exchange between a copy in
region k and a copy in region /, with densities of
regular exchange ¢, and ¢, is equal to wc, c,, where v
is a constant of proportionality. Thus

Ky =wc.c, (1<k, 1<) (10)
It follows from (10) that
J
Kj(ﬁ) = Z Kjlcﬁk
k=1
J
= wc,[z ckﬁk]. an
k=1

Substitution into (7) leads to the equilibrium ratio
of mean copy numbers for the case of negligible rates
of excision

A _ Lo (12)
n Ly

Hence, the ratio of the mean densities of copies in two
regions increases as the ratio of the expected fre-
quencies of exchanges decreases.

An alternative model is to assume that unequal
exchanges can only occur between two copies that are
sufficiently close to each other in the homologous
chromosomes. Hence, «,, is zero for k % 1 If two
copies are present in a region k of length L., the
probability that they are within a sufficiently small
distance of each other to undergo element is pro-
portional to 1/L,, assuming a uniform distribution of
copies within the region. Given that they are suf-
ficiently close, the probability of an unequal exchange
is proportional to ¢,. Hence, we can write

Kpp = &)—L—:, (]3)
and
cn
k() = w——
7 Lj
and so (with negligible excision)
5=5/& (19)
r, Lia ¢

Thus, the ratio of the expected densities of copies now
decreases as the square root of the ratio of the
expected densities of exchanges.

(v) Dynamics of copy numbers

The dynamics of change in copy number under these
conditions can be investigated as follows. When all
the 7, are close to zero, it is easy to see from equation
(2) that Am, >0 for each j provided that u>v,
regardless of the values of the «,,. Furthermore, it
follows from equations (2) and (4) that Aa, < 0 for
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sufficiently large values of the 7 if at least some of the
k> 0 for each k or if v > 0. This suggests that copy
numbers will normally increase away from zero, and
remain bounded, unless v is zero and some rows of the
matrix {«,,} are zero. A full analytical investigation of
the stability properties of the equilibria is difficult, in
view of the complexity of the equilibrium equations.
However, numerical analysis of equations (2) and (4)
confirms this conclusion for the two models of unequal
exchange frequencies based on the locations of copies
described above. In all cases investigated, mean copy
numbers converged to the equilibrium values predicted
by the above formulae.

3. Simulation studies
(1) Simulation model

Monte Carlo simulations were carried out to examine
the validity of the assumptions of the model in a more
realistic biological setting, i.e. with a finite population
and more detailed genetic mechanisms. In these
simulations, each generation is represented by N
diploid individuals each consisting of a single pair of
chromosomes. The chromosomes are divided into
three regions, with physical lengths L, =0-25, L, =
05, and L, =025, respectively. As before, the
expected numbers of exchanges (either crossovers or
unequal exchanges) per genome per generation per
unit physical length in the three regions are denoted
€5, €y, and c;. To produce the N individuals of an
offspring generation from the parent generation, the
following sequence of steps is followed. (1) Two
distinct diploid parents are chosen at random with
replacement. (2) From each of these two parents, a
gamete is produced by recombination, with the
probability of an unequal exchange being determined
by one of two methods described below. If either of
the two gametes is aneuploid as a result of unequal
exchange, we go back to step (1). (3) If neither gamete
is aneuploid, the two gametes are paired to form a
zygote, and each copy is subject to an excision
process. That is, each copy, independent of the other
copies, is excised from the genome with probability v
and is retained with probability 1—v». (4) Then
duplicative transposition occurs, whereby each copy
duplicatively transposes to a new site with probability
u. The sites of newly transposed copies are assumed to
be uniformly distributed on the chromosome, so that
the probability that a new site is in region i is L,. The
resulting diploid individual at this point becomes a
member of the offspring generation. The sequence of
steps (1)~(4) is repeated N times to produce the
offspring generation.

Two methods were used to determine the occurrence
of unequal exchange in the production of gametes,
corresponding to the two models described in Section
2. In method one, it is assumed that the probability
that a gamete is aneuploid as a result of unequal
exchange is given by equation (1), with «,, = bc,c;.
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This form for «,; is identical to that in equation (10),
if b is identified with w.

In method two, one first determines the locations of
the exhanges. The number of exchanges in region i is
assumed to be Poisson-distributed with mean c, L,
and these exchanges are assumed to be uniformly
distributed within region i. For each exchange, the
maternal and paternal chromosomes are examined for
the presence of copies within a distance w of the
exchange. The probability of an unequal exchange
occurring is assumed to be kk’/hh’, where hand h’ are
the numbers of copies within distance w of the exchange
on the maternal and paternal chromosomes re-
spectively, and where k and k' are the numbers of
heterozygous copies (copies in sites not occupied in
the other chromosome) within a distance o of the
element. Thus, an unequal exchange occurs only
between heterozygous copies, consistent with the
assumptions of the infinite population model of
Section 2. If no unequal exchanges occur, then a
viable gamete is produced. With this method, the
probability of an unequal exchange depends not only
on the numbers of copies in each region but also on
the spatial distribution of the copies within regions. If
the copies are randomly and uniformly distributed
within regions, and if w is sufficiently small, then we
expect that equation (7) will apply to the final
generation of the simulations.

Table 1. Simulation results for method one (see text)

227

(ii) Simulation results

The simulation results are shown in Tables 1 and 2.
All the simulations reported here were run with N
equal to 1000. This is a relatively large population for
computer simulations, but a large population size is
needed if equation (2) is to provide a good approxi-
mation. The parameters of the model were chosen so
that the number of copies in a random chromosome
was similar to that observed (see Table 4). With
method one, for all recombination rates considered in
the simulations, the mean of the number of copies in
a region is approximately equal to the variance of the
number of copies in the same region. With method
two, even when the expected number of elements is as
low as two per chromosome per generation, the
variance appears to be only slightly bigger than the
mean. Thus the assumption of a Poisson distribution
of copy number between individuals for a given class
of sites would appear to be valid for the parameter
values examined. With larger population sizes, pre-
sumably a Poisson distribution would apply even with
smaller exchange rates. The means and variances of the
total number of copies per chromosome are also nearly
equal, as shown in Tables | and 2. This is also
expected, since the sum of independent Poisson variates
is also Poisson. Note that, for the lowest exchange rates
in Table 2, the variances of the number of copies in

Theory Simulation

3
b u v a C, Cy n, n, n, n, n, n, X n,

j=1
25x%107 001 00001 280 960 280 68 40 68 68(67) 40(39) 68(66) 177(174)
20x10"® 001 00001 70 240 70 122 72 122 120(11-4) 72(71) 120(117) 313 (303)
20x10° 001 0001 70 240 70 107 70 107 102(99) 71(70) 106(103) 278 (27-2)
20x1077 002 001 280 960 280 51 56 51 46 (47) 53(54) 45(54) 145(152)

These simulations were carried out with N = 1000 and in each case L, =025, L, =05, and L, = 0-25. In the initial
generation all chromosomes contain 10 randomly placed copies. After one thousand generations and every five hundred
generations after that, the average number of copies in each region and the variance of the number of copies in each region
are calculated until the ten thousandth generation. The average of the averages are presented above under the simulation
heading. The average of the variances are in parentheses. The predictions of the theory, given above under the heading
‘theory’, are obtained by solving equation (6) numerically, with «,, = bc, c,. (Further details are given in the text.)

Table 2. Simulation results for method two (see text)

Theory Simulation

3
w u v I ¢, €, n, n, n, n, n, ny >

tol
0-0015 0-01 00001 280 960 280 61 66 61 7-2 (6:9) 77(78) 69(67) 219 (22-1)
000092 003 0025 60 1200 60 82 11-8 82 76 (80) 11-:9(12:3) 76 (8D 27-1 (30-5)
0-0011 0-03 0025 40 600 40 70 103 70 64 (69) 10-2(104) 64 (67) 23-0 (25-5)
0-0053 003 0025 0-25 40 025 70 103 70 68387 11-1(12-0) 67 (8-6) 246 (32-6)

These simulations were carried out as with those in Table 1, except that the occurrence of unequal exchange is determined
according to method two, described in the text. The predictions of the theory, given above under the heading ‘theory’, are
obtained by solving equation (10) numerically with «, = 0 for-i # j, and «, = wc,/L,. (Further details are given in the

text.)
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each of the regions as well as the total number of
copies are somewhat larger than the mean, indicating
some correlations between sites. The covariances of
the number of copies in different regions were also
examined directly for some cases (data not shown)
and the results confirm that the Poisson assumption
holds approximately for the parameter values used in
Tables 1 and 2.

For the first two simulations reported in Table 1, the
excision rate is small compared to the effects of
unequal exchange, and so we expect that equation (12)
should accurately predict the ratios of the mean
numbers of copies in the different regions. This is
indeed the case. For example, for the first set of
parameters, 77,/#, is 1-7, and the right-hand side of
(11) is (0-25/0-5)(96/28) = 1-71. For the remaining
two simulations of Table 1, the excision rates are not
small when compared to the «(7%), and so the
predictions of equation (11) are not as accurate. Of
the simulations reported in Table 2, only the first has
a relatively low excision rate. For this case, we expect
that equation (14) should apply. In fact, a1, /7, is 094
and the right-hand side of (14) is (0-25/05) (96/28): =
0-93. For the other cases in Table 2, the rates of
unequal exchange and the rates of excision are
comparable and equation (13) does not apply, but the
predictions of equation (6) are fairly accurate.

4. Data analysis
(i) General considerations

The analytical and simulation results in the previous
two sections show that the proposed mechanism of
unequal exchange between transposable element se-
quences at nonhomologous sites can stabilize copy
number in a random mating population, in the absence
of any phenotypic effects of the insertions themselves.
If the rate of insertion is uniform and proportional to
physical length, then the model predicts that: (1) if
excision or selection against insertional mutations is
the dominant mechanism for removing copies, then
the densities of copies in genomic regions with different
rates of exchange should be equal; (2) if unequal
exchange is primarily responsible for controlling copy
numbers, and is related to exchange as described by
the model, then the ratio of densities of copies in
different genomic regions is a function of the ratio of
the densities of exchange in those regions. The form of
the function depends on the particular assumptions
about the topologies of pairing.

In order to obtain some empirical information
concerning these factors, the distribution of the copia-
like transposable element, roo, in a sample of X, /7 and
III chromosomes from a natural population of
Drosophila melanogaster was examined using the
technique of in situ hybridization to salivary gland
chromosomes. The methods and source of the
chromosomes are described in Montgomery, Charles-
worth & Langley (1987). The rationale of the analysis
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is based on the fact that the frequency of meiotic
exchange per nucleotide site is much reduced in the
distal and proximal euchromatin of D. melanogaster
chromosomes (Lindsley & Sandler, 1977); hence, we
would expect a disproportionate concentration of
elements in these regions if the processes described
above were important in controlling element abun-
dances. We chose roo as the subject of study, since its
mean copy number is much higher than that of the
other two elements studied by Montgomery er al.
(1987), and therefore provides a more sensitive test of
non-randomness of the distribution of elements over
the salivary chromosome map.

(it) Methods for subdividing the salivary chromosome
maps

To examine the relationship between the levels of
crossing over and the densities of roo copies in the
various regions of the chromosomes from a natural
population, we have divided each chromosome arm
into three arbitrary regions: the base, the tip and the
middle. From the above considerations, the model
would predict a disproportionate abundance of
elements in the tips and bases of the chromosomes,
compared with the middle. Table 3 shows the
cytological boundaries of these regions for the five
chromosome arms. The division of the X chromosome
follows Rudkin (1965), who measured the DNA
content across the X and reported values for these
specific regions which are also well characterized
genetically and cytogenetically. The bases and tips of
the autosomal arms were chosen arbitrarily as the
proximal three and distal one standard cytological
subdivisions. Minor exceptions to this rule were made
to incorporate available cytogenetic information in
estimating gene densities (see below). Table 4 presents
the total numbers of roo copies found in the three
regions of the sampled sets of chromosomes.

A comparison of the densities of roo elements in
these different regions with the null hypothesis of a
random distribution requires estimates of their physi-
cal lengths, which we presume to reflect the chance
of insertion. For the X chromosome such an estimate
exists, as already mentioned, while indirect estimates

Table 3. Cytogenetic regions used in the analysis.
The interval refer to salivary gland chromosome
subdivisions (Lefevre, 1976). Each region includes
all subdivisions within the designated interval

Chromosome arms

Region X 2L 2R 3L 3R
Base 18D1-20A4 38-40 41-43E  77-80 81-84
Middle 3A5-18C9  22-37 43F-59D 62B-76  85-99
Tip 1A1-3A4 21 59E-60  61-62A 100
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Table 4. Numbers of roo transposable elements
Jound in the bases, middles and tips of the X
chromosomes and autosomal arms from a natural
population

Chromosome arms

229

were assigned to the tip, and loci proximal to ix were
included in the base, ignoring puf and blo because of
uncertainty about their cytological positions. For 3L,
loci distal to eyr were assigned to the tip, and all loci
proximal to f5(3)G 1 were assigned to the base. For 3R,
loci proximal to p were assigned to the base. Loci
distal to Acph-1 were assigned to the tip of 3R. This
probably overestimates the density in this region,

X 2L 2R 3L 3R A . . .
since there is uncertainty about the cytological
Sample size 18 13 13 12 11 positions of several of these loci. A second indirect
l?iiiedl 12; 3‘21 1(3)8 1%411 133 method of estimating the relative sizes of the regions
radie 13 0 of a chromosome arm is to determine the fraction of
Tip 17 10 3 12 11

are needed for the autosomes. The density of known
mutant loci mapped to the region provides one such
estimate. It reflects the mutational target size of the
region. The gene densities were estimated from the
information on pages 433470 of Lindsley & Grell
(1968), using updated information on cytological
locations from Lindsley & Zimm (1986) where
necessary. The Lindsley & Grell (1968) mutant list
was chosen in preference to the more extensive listing
of Lindsley & Zimm (1986), because of the danger of
biasing the estimates due to the intensive saturation
mapping of specific regions that has been carried out
since 1968. Only mutants indicated as extant in 1968
were included in these estimates, in order to avoid
dubious assignments of positions. All mutants distal
to l(zwl were included in the tip of the X. All
mutants proximal to car and distal to bb were included
in the basal region of the X. For 2L, all loci distal to
shr were included in the tip, and all loci proximal to pr
were included in the base. For 2R, loci distal to bw

standard salivary gland chromosome map represented
by each region. This was done by measuring the
lengths of the regions on the standard photographic
maps of the salivary chromosomes (Lefevre, 1976).

(1) Results: distribution of roo within chromosomes

The relative amounts of DNA (Rudkin, 1965), the
estimates of relative gene density, the proportions of
the salivary gland chromosome maps, and the
frequencies of salivary gland chromosome sites to
which roo DNA probes hybridized are presented in
Table 5 for each of the five chromosome arms. Notice
that the relative gene densities in the three regions of
the X agree well with the relative DNA contents.
Statistical tests for the departure of the element
abundances were carried out by means of y* com-
parisons of the observed numbers of elements with the
numbers expected if elements were distributed across
in proportion to their size, for the size estimates based
on DNA content and on salivary map measurements.
For the gene density estimates, contingency x? tests

Table 5. The proportions of DNA, genes, salivary gland chromosome
map and roo elements in the bases, middles and tips of X, 2L, 2R, 3L

and 3R (see text for explanation)

Gene density

Region DNA (gene numbers) Map Copies
X Base 0-07***+* 0-07****  (15) 0-06**** 0-23
Middle 0-81 0-79 (182) 085 0-69
Tip 012 0-14 (32) 0-09 0-08
2L Base — 012 10) 017 019
Middle — 0-78 (65) 0-78 075
Tip — 0-10 8) 0-05 0-06
2R Base — 0-17 a7n 0-16**** 0-27
Middle — 0-65 (63) 0-78 0-71
Tip — 0-18****  (18) 0-06 0-02
3L Base — 0-18 (10) 0-14 014
Middle — 0-73 @4 0-78 0-78
Tip — 0-09 5) 0-08 0-08
3R Base — 0-05** ) 0-16 016
Middle — 091 75) 0-80 0-77
Tip — 0-04 3) 0-04 0-07

Significance levels for y? tests (1 D.F.) of the numbers of observed roo elements in
a given region against the random expectation based on the indicated criterion.
** P < 0-01; **** P < 0-001.

16-2
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were performed to compare the distributions of
mutant genes and elements across regions.

The density of copies at the base of the X
is significantly greater than expected from the
DNA contents, gene densities or the salivary gland
chromosome map. There is a slight but non-signi-
ficant deficit of copies in the tip compared with the
random expectation on any of the three criteria. The
distribution of roo copies along 2L fits the random
expectation based on the gene density or the salivary
gland chromosome map. The base of 2R contains
significantly more copies than expected from the
salivary gland chromosome map, and the tip is
deficient in copies on either criterion. 3L shows no
significant departures from the expectation based on
either method of estimation, while the base of 3R
shows a significant excess of copies relative to gene
density. However, the numbers of copies at the base of
3R is exactly that predicted from the salivary gland
chromosome map.

In summary, there is clear evidence for an excess of
copies at the base of the X chromosome, of the order
of three-fold, but no evidence for an excess near the
tip. The data for the other chromosome arms are less
clear, since the gene density and salivary gland
chromosome map criteria yield somewhat different
statistical results. In each case, however, there is either
a substantial excess of copies at the base or close
agreement between observed frequencies and random
expectation. Either criterion yields a highly significant
excess at the base for one autosomal arm (2R on
salivary gland chromosome map length, and 3R on
gene density). This suggests that there is, indeed, a
tendency for roo copies to accumulate at the base of
the euchromatin but the effect is usually not very large
for the autosomes. There is no evidence for an
accumulation of copies at the tips of the autosomes;
rather, there is a slight tendency for copies to be less
frequent there than expected (strongly significant in
the case of 2R, on the gene density criterion).

Since the data for the X chromosome are the
strongest for rejecting the hypothesis that excision is

Table 6. The observed and predicted densities of
copies on the X chromosome

@n /L, 4 / G
n/L, <, c
(1,2) 38 1-56 1-25
(1,3 4-7 017 041
2,3) 1-23 011 033

¢ i and j refer to the regions of the X chromosome. Region
1 is the base, region 2 is the middle, and region 3 is the tip
of the X. L, = 0-07, L, = 0-81, and L, = 0-12, as in Table 3.
* These ratios are calculated using available estimates of the
densities of equal exchanges in the three regions: ¢, =
16 x 107, ¢, = 2:5x 107® and ¢, = 27 x 107%. (Crossovers
per kilobase.)
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the primary force for removing copies, we will focus on
these data. In Table 6, the ratios of the densities of
copies in the different regions of the X chromosome
are compared to the ratios and to the square roots of
the ratios of the densities of meiotic crossing over as
estimated from Lindsley & Grell (1968). It is clear
from the table that the data do not support the
quantitative predictions of the model given by
equations (12) and (14).

(iii) Results: distribution of roo between mid-sections
of X chromosomes and autosomes

We have also compared the relative abundances of roo
across the X chromosome and autosomes. The base
and tip regions were eliminated from the study, in
order to be able to compare regions with similar
amounts of genetic exchange per unit physical length.
From the map positions of the cytogenetic delineations
of the tip, mid and base portions of the chromosomes
in Table 3 (Lindsley & Zimm, 1986), the average map
length of the mid-section of the autosomes is 49-9,
while the map length of the mid-section of the X
chromosome is 61-5. These values yield a ratio ¢;/c, =
0-811, for use in determining the functions «,(#) and
k,n) in equation (9). With the assumption that the
rate of excision v is negligible, it follows from equation
(9) that the ratio of the mean numbers of elements in
the mid portions of the X chromosome and a given
autosomal arm (7, and 7, respectively) satisfies

71, k(1) — 2pim i+ 2pis 7))

k() 3Py A+ P, A
The ratio «(i7)/«,(71) corresponds to s,/s, in equation
(2) of Montgomery et al. (1987), and the right-hand
side of equation (15) is identical to that of their
equation (2), with the appropriate change of notation.
In determining the value of this ratio, we first note
that, on the assumption that unequal exchange is
meiotic, no exchange will occur in males. Hence, only
the copy numbers for females contribute to «,(77) and
(7). In the course of this study, an error in equation
(1a) of Montgomery et al. (1987) was detected. The
correct formula is given in the appendix, and was used
in our present analysis.

For the first model of unequal exchange, where the
probability of unequal exchange is independent of
location, equation (11) implies that «,(77) = 2wc,7,/3,
since two-thirds of the X chromosomes are present in
females. Similarly, () = wc,7,/2, since one-half of
the autosomes are present in males. Hence, «,(7)/
k(A1) = 4c,/3c,. Since (/1) /(A1) is a constant, the ratio
r, /7, is the solution of a quadratic equation, and the
analysis of Montgomery et al. [1987, eqn (2)] can be
applied. The only difference is that their estimates for
the insertion probabilities in the X-chromosomal and
autosomal euchromatin (their P, and P, P,

iy Lim ir
respectively) must be multiplied by 0-8 in order to

(15)
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obtain the corresponding p values used here, since the
mid portions of the X and autosomes constitute
approximately 80 % of the euchromatin (Table 5).
For the second model of unequal exchange, where
unequal exchange occurs only between neighbouring
elements, it follows from equations (13) that

k() _ 4c,m L,
k() 3c;A L,

where L, and L, are the total physical lengths of the
mid portions of the X and autosomal regions.
Assuming that the mid portions of the X chromosome
and of each autosomal arm have the same physical
length, we have L,/L,=4, and so x(A1)/x(n) =
16¢,7,/3c,71;. Substituting this into the equation (15)
results in a cubic equation for 7,/7; and so the argu-
ments used by Montgomery et al. (1987) need to be
modified appropriately to obtain the solution.

Table 7 shows the predicted proportions of elements
in the mid regions of the X chromosome and the
autosomes for four models: (1) the ‘null model’, in
which transposition and elimination of elements take
place at equal rates for the X chromosomes and
autosomes; (2) the model of natural selection against
partially recessive, deleterious effects of insertional
mutations (cf. Montgomery et al. 1987); (3) the first
unequal exchange model in which each element can
recombine with other elements located throughout the
genome; and (4) the second unequal exchange model
in which each element can recombine only with
elements located in the same region of the genome.

Since the numbers of autosomes scored varied, and
was less than the 18 X chromosomes scored, the
expected numbers in Table 7 were adjusted to reflect
the fact that the total number of autosomal arms
scored was only 49, instead of the 72 expected if the
numbers of autosomes had equalled the number of sex
chromosomes (i.e. the expected ratio 7,/7, is multiplied
by 1.469). The results in Table 7 indicate that the null

(16)
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model is marginally inconsistent with the data. The
unequal exchange models are consistent with the data.
But the insertional mutation model predicts sig-
nificantly different proportions of elements on the X
chromosome from those observed.

5. Discussion

We have described a population genetics model of the
evolution of transposable elements in a Mendelian
host population that incorporates asymmetric pairing
between copies at different genomic sites, and sub-
sequent unequal exchange leading to selectively de-
leterious aneuploid gametes. The appeal of the
mechanism of asymmetric pairing and unequal ex-
change between transposable elements at non-hom-
ologous sites is substantial, both from a theoretical
and experimental perspective. First, the probability
that a gamete is aneuploid as a result of unequal
exchange is a quadratic function of copy number [see
equation (3)]. As shown by Charlesworth & Charles-
worth (1983), any selective force that is sufficient to
stabilize transposable element copy number, in the
absence of regulated transposition rates, must be a
nonlinear function of copy number. Second, this
mechanism does not depend on the details of the
nature of the transposable element in question, but
rather on sequence similarity between elements be-
longing to the same family. Thus all repetitive
dispersed DNAs, however they spread, will be subject
to this process as their copy numbers increase. Third,
the observation of Montgomery et al. (1987) that the
numbers of roo and 297 copies on the X chromosomes
of flies in natural populations is not reduced in
comparison to the numbers on the autosomes, as
expected from the effects of natural selection against
the mutational effects of insertions, suggests that
selection against the mutational effects of element
insertions is insufficient. Some other mechanism must
be sought. Fourth, the accumulation of copies near the

Table 7. Comparison of the observed numbers of roo elements in the
mid-sections of the X chromosomes and autosomes with the predictions of

the models (see text)

Proportions per

haploid genome Numbers
X2
X Autosomes X Autosomes D.F. = |
Observed 017 084 142 468 —
Models — — (18)° 49y
Null 020 080 164 446 4-1*
Selective 013 087 112 498 9-TH**
Unequal exchange no. 1 016 084 131 479 1-1
Unequal exchange no. 2 018 082 149 461 04

¢ Number of X chromosomes scored.

® Number of autosomal arms scored.

* P <005
#*+% P < 0005.
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breakpoints of balanced inversions in old laboratory
stocks reported by Montgomery et al. (1987) indicates
that recombination may be involved in the control of
element abundance. The permanent heterozygosity of
the inversions in these stocks prevents crossing over,
especially near the breakpoints. It may have a similar
effect on unequal exchange near these breakpoints,
thus allowing copies to accumulate.

In order to test the predictions of the models of
unequal exchange, the numbers of roo transposable
elements found in various regions of a set of
chromosomes sampled from a natural population of
Drosophila melanogaster were determined. The ex-
pectation was that elements would be more abundant
on average in parts of the genome where crossing over
is less frequent, such as the tips and the bases of the
euchromatin (Lindsley & Sandler, 1977). The data
from chromosome arms 2L and 3L indicate that the
densities of copies across different regions are similar,
whereas the data from the X chromosome and
chromosome arms 2R and 3R indicate that elements
tend to be more abundant near the bases of
chromosomes than expected from a random pattern
of insertion. Unpublished data of Charlesworth on
ten element families also show a similar excess of the
elements roo, 297, 2156, 2158, 412 and 2181 at the
base of the X chromosome, for a sample of 14
chromosomes extracted from a population at Belts-
ville, Maryland. The elements roe and 2181 also
showed a smaller, but significant, excess at the tip.
The elements copia, 2161, 2210 and 2161 show no
significant departure from random expectation. Fur-
thermore, the cloning study of Miklos ez al. (1984) on
the basal euchromatin of the X provides evidence for
an accumulation of middle repetitive DNA sequences
in the same region as our in situ studies. On the other
hand, the results of Leigh Brown & Moss (1987) on 1
and copia in a Spanish population fail to show an
excess of elements at the base of the X. There is little
doubt, that some families of elements tend to
accumulate in the basal euchromatin of the X, and
weaker evidence for an accumulation at the tip.

This pattern of accumulation of elements suggests
that unequal exchange may be involved in eliminating
copies. The models of unequal exchange predict that
the ratio of the densities of copies in two regions of the
chromosome is a function of the ratio of densities of
exchanges in the two regions, but, as described in
Section 3, the data do not fit the models’ predictions
if it is assumed that the density of unequal exchange
events parallels the density of regular exchange. For
example, the density of copies in the tip of the X
chromosome appears to be too small, whereas the
density of copies in the base appears to be too large
(Table 6). It is interesting to note for the other
chromosome arms that, whenever the observed den-
sities do not agree with random expectations, it is
because of an excess of copies at the base and not at
the tip, except for a deficiency of elements at the tip of
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2R on the gene density criterion. The reduction in
crossing over at the tips of the autosomes is far less
marked for the autosomes than it is for the X
chromosome (Lindsley & Sandler, 1977), so that the
absence of an effect for the autosomal tips is not
surprising, but the absence of an effect at the tip of the
X poses a severe problem for the validity of the
unequal exchange hypothesis.

There are several possible explanations for the
inconsistencies between the data on the distribution of
the roo element in different regions of the X
chromosome and the models’ predictions. The as-
sumption that the probability of insertion in a
region is proportional to the physical length of that
region may not be valid. For example, a newly
transposed copy may be more likely to be inserted in
the base of the chromosome than elsewhere, although
there is no obvious reason why this should be the case.
The assumption of a uniform rate of excision or
selection against insertional mutations may also not
apply, although again it is not clear why. [An absence
of genes that are vulnerable to mutational insertions,
yielding a lower chance of an element’s experiencing
selection, seems unlikely, since the density of mutable
loci is not abnormally low in these regions (Table 5)].
Finally, the assumptions about the mechanism of
unequal exchange may be invalid, ¢.g. the parameter o
may be region-specific.

It is also possible that the abundance of elements in
regions of restricted crossing over may be affected by
factors other than unequal exchange. As pointed out
by Charlesworth (1985), if excision rates are suf-
ficiently low in relation to population size, a build-up
of elements in genomic regions where meiotic exchange
is rare in comparison to the reciprocal of population
size is expected as a result of the operation of the
stochastic process known as Muller’s ratchet. Over a
long period of evolution time, this could cause an
excess of elements in regions where crossing over is
suppressed. However, it seems unlikely that Muller’s
ratchet could be responsible for the discrepancy just
noted, since crossing over on the X chromosome is
more strongly suppressed near the tip of the X than
near the base (Lindsley & Grell, 1968; Lindsley &
Sandler, 1977). The operation of the ratchet is highly
sensitive to the occurrence of even a low level of
crossing over (Felsenstein & Yokoyama, 1976), and
so it would be expected to act more effectively on the
tip than the base of the X.

Another source of discrepancy may be that the
standard estimates of the densities of equal ex-
change are not appropriate for natural populations. It
is well known that the interchromosomal effect on
crossing over caused by rearrangement heterozygosity
in other chromosomes is not uniform over different
regions of the genome (Sturtevant, 1919; Lucchesi &
Suzuki, 1968). The increase in the frequency of
crossing over in the X caused by inversion hetero-
zygosity in the two autosomes is primarily at the base
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and tip of the chromosome. In some cases (e.g. for the
effect of the In(Cy) inversions on X-chromosome
crossing over), the largest effect is at the tip. Other
inversions may have a larger effect on the base
(Schultz & Redfield, 1951). Since many D. melano-
gaster populations have high heterozygosity for
autosomal inversions, it is conceivable that the
discrepancy in Table 6 may be due to too low an
estimate for c,. Experiments using laboratory stocks
suggest that 2nd and 3rd chromosome inversion
heterozygosity increases the frequency of unequal
exchange in the white locus region (Montgomery,
E. A., Huang, S.-M., Langley, C. H., Judd, B. H.,
unpublished results). Data on the effects of second
and third chromosome inversions that occur naturally
in the population studied here are needed to resolve
this question.

One of the motivations for considering unequal
element between transposable elements as a mechan-
ism to contain copy number was the observation that
two out of the three elements studied previously
(Montgomery et al. 1987) showed no apparent
reduction of copy number on the X chromosome
relative to the autosomes, as would be expected if
natural selection against insertional mutations were
acting. Since proportionally more X chromosomes
than autosomes are in females, and thus undergo
crossing over, the effects of unequal exchange are also
expected to be more effective in reducing copy number
for the X chromosomes than for the autosomes. The
two models of unequal exchange were both inv-
estigated theoretically [Section 2(iii)], and their pre-
dictions for the distribution of elements between the X
chromosomes and the autosomes compared with the
data on roo (see Table 7). Only the mid 80 % of the
chromosome arms (excluding the tip and base) were
used to compare with the predictions of the various
models, in order to avoid pooling regions with very
different rates of exchange per unit length.

As described in Section 4(iii), the observed pro-
portion of roo elements on the X chromosome is
inconsistent with the prediction of the model of
natural selection against mildly deleterious mutational
effects of element insertions [as previously reported by
Montgomery et al. (1987) for the entire euchromatic
portions of these chromosomes]. The data are also
marginally inconsistent with the prediction of the first
unequal exchange null model. However, the models of
unequal exchange make predictions of the proportion
of elements carried on the X chromosome that are
very close to the observed value (see Table 7).

Unequal exchange between repeated elements in
yeast and Drosophila has been observed to occur
mainly at meiosis when regular exchange (crossing
over) is also much more frequent. In yeast, repeated
sequences may recombine with each other throughout
the genome (Mikus & Petes, 1982; Roeder, 1983;
Lichten, Borts & Haber, 1987). The evidence from
Drosophila suggests that local events may be favoured

https://doi.org/10.1017/50016672300027695 Published online by Cambridge University Press

233

(Green, 1959 ; Goldberg et al. 1983 ; Judd, 1959; Davis
et al. 1987). This difference may simply reflect the
difference in the sizes of the genomes. In any case it
appears that the second unequal exchange model
could account for the proportion of roo elements on
the mid portions of the X chromosome relative to the
mid portions of the autosomes.

Throughout this analysis, we have assumed that all
copies are heterozygous in large populations, as is
consistent with the Drosophila data (Montgomery &
Langley, 1983; Leigh Brown & Moss, 1987; Charles-
worth, 1988). In mammals, elements such as 4/u and
L] appear to be fixed at most sites where they are
present (Brookfield, 1986; Bellis et al. 1987). In one
instance, these sequences have been implicated in the
origins of deleterious rearrangements (Lehrman ez al.
1987). An important question is whether homozygous
copies (i.e. ones that can pair symmetrically) also
participate in asymmetric pairing and unequal ex-
change, or are they somehow inert? If homozygous
copies pair symmetrically, then there may be a curious
‘under-dominance’ through which copies are selected
out of the population when they are rare, but are at a
relative advantage when they are common. Random
genetic drift in small ancestral populations may have
allowed copies to rise to high frequency. Selection
against heterozygotes via asymmetric pairing and
unequal exchange may have pushed such frequent
copies to fixation, and maintained a selective pressure
against loss of the copies. This may account for the
differences in density per kilobase and frequency
spectra of transposable elements in populations of
mammals and Drosophila. Unfortunately, there is no
information on the propensity of homozygous copies
to undergo asymmetric exchange in Drosophila, not to
mention in mammals (Maeda & Smithies, 1986). In
yeast there appears to be little effect of heterozygosity
or any other structural relationships on unequal
exchange (Mikus & Petes, 1982; Roeder, 1983;
Lichten, Borts & Haber, 1987). An understanding of
the effect of homozygosity on unequal exchange will
require further research.
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Unequal exchange and transposable elements

Appendix
Correction to Montgomery et al. (1987)

Equation (1 a) of Montgomery et al. (1987) should be
replaced with
AH, = —H(sy+v)+ %uRYf(HX +H, +%Df)
+uP, (Hy+2H,+D,), (Al

where H, and H, are the mean copy numbers of the
element per haploid euchromatic genome for the X
chromosome and autosomes respectively; D, and D,,
are the mean copy numbers of the element per diploid
heterochromatic region for females and males re-
spectively; Py, and P, are the probabilities of
insertion of a newly transposed element X chromo-
some in females and males respectively. This
equation correctly takes into account the fact that
there are two X chromosomes in a female to each one
in a male, and that the total mean number of
transposition events in a female is u(2H,,+2H ,+ D))
compared with u(H,+2H,+D,,) in a male.

Using this relation, the coefficients a, of Montgomery
et al. (1987) become:

a, = (R\'f’*‘%R\'m)/(P,\'f'*‘ P.\’m)5
a, = P.\'f/z(P.\’f'*' R\’m)’
as; = P.\'m/z(}).Vf+PXm)'
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All other terms remain unchanged. Using these
corrected coefficients, the analysis of Montgomery
et al. (1987) yields the expected proportions of
elements carried on the X chromosome as 0-199 for
the null hypothesis of no selection against insertional
mutations, and 0:133 on the hypothesis of selection
against insertional mutations with a dominance
coefficient of 0-35. Application of these expected
frequencies to the data on the copy numbers of the
elements 297, 412 and roo reported by Montgomery
et al. (1987) yields, as before, good fits of the null
hypothesis for 297, and roo (where the frequencies of
the elements on the X are 0-20 and 0-19 respectively),
but a significant disagreement (y% = 12-65, P < 0.001)
for 412 (where the frequency of elements on the X is
0-13). Conversely, the hypothesis of selection against
insertional mutations yields significant disagreements
for 297 and roo (x% = 1565 and 3091 respectively),
but gives a good fit for 412 (3 = 0-06). The evi-
dence for selection against insertional mutations for
412 is thus much stronger than was concluded by
Montgomery et al. (1987), where the P value for the
null hypothesis was only 0-05.
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