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The distribution of transposable elements within and
between chromosomes in a population of Drosophila
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Summary

Data were collected on the distribution of nine families of transposable elements among second
and third chromosomes isolated from a natural population of Drosophila melanogaster, by means
of in situ hybridization of element probes to polytene chromosomes. It was found that the copy
numbers per chromosome in the distal sections of the chromosome arms followed a Poisson
distribution. Elements appeared to be distributed randomly along the distal sections of the
chromosome arms. There was no evidence for linkage disequilibrium in the distal sections of the
chromosomes, but some significant disequilibrium was detected in proximal regions. There were
many significant correlations between different element families with respect to the identity of the
sites that were occupied in the sample. There were also significant correlations between families
with respect to sites at which elements achieved relatively high frequencies. Element frequencies per
chromosome band were generally low in the distal sections, but were higher proximally. These
results are discussed in the light of models of the population dynamics of transposable elements. It
is concluded that they provide strong evidence for the operation of a force or forces opposing
transpositional increase in copy number. The data suggest that the rate of transposition per
element per generation is of the order of 107%, for the elements included in this study.

1. Introduction

Studies of the population properties of transposable
elements (TEs) in Drosophila suggest that that TEs are
maintained as a result of transpositional increase in
copy number, and that their spread is checked by one
or more opposing forces (Charlesworth & Langley,
1989). The chief evidence for this conclusion is
provided by studies of the population frequencies of
TEs at individual chromosomal sites in Drosophila, by
means of in situ hybridization of TE probes to the
polytene salivary gland chromosomes. In most cases,
element frequencies per band appear to be low
(Charlesworth & Langley, 1989), except for the four
element families of D. algonquin and D. affinis studied
by Hey (1989). Restriction mapping studies of
intrapopulation variation of defined genomic regions
confirm this result: with rare exceptions, TE insertions
are present at very low frequencies at individual
nucleotide sites in Drosophila population samples
(Charlesworth & Langley, 1989).
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dynamics indicate that g, the product of 4N, (where
N, is the effective size of a local population) and the
net rate of removal of an element from a chromosomal
site, is generally a large number, of the order of 10-40
(Charlesworth & Langley, 1989, Table 2). The
magnitude of the deterministic forces affecting element
frequencies is thus much greater than that of genetic
drift. This information does not permit identification
of the nature of these forces. Several hypotheses
concerning their nature, and means of testing these
hypotheses, have been proposed in the literature
(Charlesworth & Langley, 1989 ; Charlesworth, 1991).

The present paper describes the results of a survey
of the distribution of nine families of transposable
elements among a sample of second and third
chromosomes isolated from a natural population of
D. melanogaster. In situ hybridization was used to
identify the locations of TEs, at the level of polytene
chromosome bands. In agreement with our earlier
study of a sample of X chromosomes from the same
population (Charlesworth & Lapid, 1989), we find
that elements are distributed randomly along the
distal sections of the chromosome arms. Element
frequencies in these regions are almost always very
low, but tend to be higher in the centromere-proximal
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regions of the euchromatin. This suggests that the
force or forces opposing the spread of TEs may
operate more weakly in the proximal regions than
distally. In the accompanying paper, we present
evidence on the nature of these forces (Charlesworth,
Lapid & Canada, 1992).

2. Materials and methods
(1) Genetic stocks and breeding procedures

We isolated fourteen homozygous viable and fertile
isogenic independent second chromosomes from a
population of D. melanogaster at Beltsville, Maryland
in 1986 and 1987, and thirteen homozygous viable
and fertile isogenic third chromosomes in 1987 and
1988. Wild male flies were kindly provided by Drs
Jerry Coyne and Gerald Wilkinson. Single wild males
were mated with females carrying either the second
chromosome balancer SM 1 heterozygous over Pm, or
the third chromosome balancer TM6, heterozygous
over Sb (Lindsley & Zimm, 1992). The balancer stock
females were also marked with the fourth chromosome
recessive gene spa®®. The marked chromosomes had
previously been introduced by repeated backcrossing
onto a background of second and third chromosomes
from the wild type, outbred laboratory stock IV,
described by Charlesworth & Charlesworth (1985), in
order to avoid hybrid dysgenesis on crossing the
balancer stock to wild males. From each cross, a
single F, male heterozygous for the balancer and a
wild-type chromosome transmitted from the wild
male (+) was crossed to balancer stock females; in the
next generation, balancer spa®/spa®” females were
crossed to + /balancer; spa®®/spa® males. Females
and male progeny heterozygous for the balancer and
wild-type chromosome, and homozygous for spa®®,
were intercrossed. Their + /+ ; spa®*/spa®* progeny
were mated together to establish a stock homozygous
for the original wild-type chromosome, and marked
with spa” as a precaution against contamination.
Recessive lethal or infertile chromosomes were dis-
carded. Each stock was maintained in mass culture in
vials, at 18 °C.

(ii) Preparation and scoring of in situ slides

Slides of larval salivary gland chromosomes were
prepared and hybridized to element probes labelled
with biotinylated nucleotides. The sites of hybrid-
ization with the probes were detected by staining with
diaminobenzidine and peroxidase, and chromosomes
were stained with Giemsa. A modification of the
protocol described by Montgomery et al. (1987) was
used for these procedures. Slides were examined at a
magnification of 680 or 1000, under oil immersion.
The procedure used to record the sites of hybridization
of elements was to mark them on xerox copies of
Lefevre’s (1976) photographic map of the salivary
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gland polytene chromosomes. Elements were assigned
to the bands shown on the photographic map. No
attempt was made to assign elements to all of the
bands shown in the standard Bridges® maps (Lefevre,
1976), since the hybridization procedure removes
much of the detail that is visible in good conventional
squash preparations.

In order to guard against contamination of the
extracted chromosome stocks, and against errors in
labelling of slides during hybridization, we scored two
slides for each chromosome and element family,
which had been prepared in different batches. Each of
these was read independently, in such a way that the
person reading the second slide had no knowledge of
the result for the first slide. Any discrepancies between
the two replicates were then studied by direct
comparison of the two slides; irreconcilable dis-
crepancies were resolved by reading new slides. Each
wild chromosome stock was scored for each of the
nine elements described below. For numerical analysis
of the data, the recognizable bands for each chro-
mosome were numbered, and the state of each band
for each isolated chromosome recorded in computer
files. Copies of the data files and the key to the
numbering of the bands will be supplied on request.

(iii) Element families used for in situ hybridization

Clones of elements were supplied to us by Drs Charles
Langley and William Eggleston. The following well-
characterized families were selected for use in the
population survey, on the basis of their having been
found to give reliable staining: copia, 297,412 and roo
(B104). Descriptions of these copia-like elements are
found in Lindsley & Zimm (1992). The remaining
elements, 2156, 2158, 2161, 2181 and 2217, are
incompletely characterized, but are thought to be
retroposon-like (Rubin eral. 1981; Strobel, 1982).
They have previously been used in species comparisons
by Brookfield et al. (1984). There is evidence from
DNA sequencing of the probe that 2761 contains
sequences homologous to the element jockey (C. F.
Aquadro, pers. comm.). It can thus tentatively be
identified with this element, which is a retroposon
with no long terminal repeats (Finnegan, 1989).

On completion of the population surveys, four
cases were found in which elements were apparently
present at the same band in all chromosomes sampled
[see section 3(v) below]. These are 2181 at 60B1 on
2R, 2158 at 80B on 3L, 27156 at 87C1-2 on 3R, and 297
at 99E1-2 on 3R. In the X chromosome data of
Charlesworth & Lapid (1989), only roo showed
evidence of fixation (at 20A). This raises the question
of whether or not these cases of apparent fixation are
due to similar hybridization of flanking sequences
with the original sites from which the probes were
cloned, or whether they represent genuine high
frequencies or fixation of elements at these chromo-
somal sites. The fact that no element is apparently
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Table 1. Tests of the Poisson distribution for nine families of Drosophila
melanogaster elements for a sample of second and third chromosomes

from a Maryland population

2L 2R 3L 3R

Element 7 v, i v, i v, n V.,

roo 807 669 886 659 862 892 1215 12231
2156 207 376 136 148 085 131 1-62 242
2158 143 057 093 084 092 058 0-54 094
2161 521 418 629 868 485 931 931 1290
2181 200  1-69 207 176 177 253 500 4-50
2217 264 179 271 360 254 394 2:38 226
297 236 209 307 422 285 247 392 341
412 279 187 343 303 238 226 385 364
copia 250 273 193 130 308 391 3-46 544

Note. No significant departures from the Poisson distribution were detected.

fixed at more than one site suggests that the former is
more likely to be the case. We have not answered this
question yet, because it requires using independently
isolated clones of these elements to see if there is still
hybridzation at the sites in question. We have therefore
taken the conservative approach of treating all these
cases as artefacts, and scoring the sites in question as
lacking elements for the purposes of statistical
analysis. (This applies also to roo in the re-analysis of
the X-linked data in the accompanying paper, which
appeared to be fixed in band 20A1.) This procedure
has little effect on our conclusions, since few sites are
involved compared with the total number of segre-
gating sites.

(iv) Definitions of the cytogenetic regions used to
partition the chromosomes

Since previous results suggested that elements may
accumulate in regions of restricted recombinational
exchange (Charlesworth & Langley, 1989), we have
divided the polytene chromosome arms into tip, mid
and base, using the cytogenetic criteria of Langley
etal. (1988, Table 2). (The tips and bases of the
autosomes correspond roughly to the most distal
standard chromosome division, and to the proximal
three divisions, respectively.) Exchange is close to
normal at most of the tips of the autosomes
(Ashburner, 1989, chap. 11), and we find little evidence
for accumulation of elements at the tips (Charlesworth
etal. 1992). For most purposes, we have thus
combined the tips and mid-sections of the chromo-
somes to form a ‘distal section’. The numbers of
identifiable bands in the tip, mid and basal regions
were as follows: X (20, 140, 12), 2L (7, 120, 22), 2R
(14, 125, 25), 3L (15, 130, 21), 3R (11, 169, 34).
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3. Results

(i) Distribution of elements between homologous
chromosomes

If element frequencies are low at each site, as is the
case here [section 3(iv)], and if there is no linkage
disequilibrium among elements belonging to the same
family, element copy numbers per arm should follow
the Poisson distribution, with equality of mean and
variance (Charlesworth & Charlesworth, 1983). Since
elements often accumulate in excess of random ex-
pectation at the bases of the chromosomes (Charles-
worth & Langley, 1989; Charlesworth et al., 1992),
tests for agreement with the Poisson expectation have
been carried out on the distal sections of the
chromosome arms alone [see section 2(iv)].

Table 1 gives the means and variances of copy
number for the distal section of each chromosome
arm for each family. The agreement of the distri-
butions of copy number per arm with the Poisson
distribution was tested by %, pooling adjacent classes
as necessary to avoid low expected numbers. In no
case was there any significant deviation from the
Poisson expectation, suggesting that the conditions
for the Poisson distribution are met, at least approxi-
mately. Similar results have been found in most other
studies (Charlesworth & Langley, 1989).

(1) Correlations in occupancy between adjacent sites

A test for the independence across chromosomal sites
of the distribution of elements belonging to the same
family is to examine the randomness of the distribution
of sites that are occupied at least once in the sample,
across sites within a chromosome arm. These tests
were carried out as described by Charlesworth &
Lapid (1989).

Table 2 shows the autocorrelations in occupancy (r)
between adjacent bands, together with their ratios to
their sampling standard deviations (z), calculated
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Table 2. Tests of the autocorrelation of occupancy
between adjacent sites for nine families of
Drosophila melanogaster elements for a sample of
chromosomes from a Maryland population

Element r z r z
2L 2R
roo 0079 090 —0-061 0-72
2156 0029 032 —0053 062
2158 —0029 033 0112 1-32
2161 0-092 105 —0-007 0-08
2181 0028 032 0-811 1-04
2217 0150 1-69 0-106 013
297 —-0178 020 0-130 1-54
412 —0-269 030 —0072 0-85
copia —0-165 187 —0-263 0-31
3L 3R
roo —0016 019 0-228 3-06*
2156 0-033 040 0-043 0-58
2158 0-016 019 —0-041 0-55
2161 0-048 059 0-071 096
2181 0165 199 0-067 0-90
2217 —0086 104 —0-101 1-36
297 0074 0-89 0-067 0-90
412 —0-132 159 —0139 1-88
copia 0096 1-16 0-069 093
* P < 005.

according to the formulae of Kendall, Stuart & Ord
(1983, pp. 548-551). (Occupancy for a given family
for a band is scored as zero if no elements are present
in that band in the sample, and as one if the band is
occupied at least once by a member of the family.) The
significance of deviations from randomness was
assessed by comparing the distribution of the numbers
of bands separating occupied sites with the geometric
distribution by means of a y? statistic (Charlesworth
& Lapid, 1989). The only element to show an
apparently significant y* value is roo for 3R (yi =
12-1, P < 0-05), but this may be a result of sampling
error in view of the large number of tests conducted.
There is therefore no evidence for any deviation from
a random pattern of element insertion within the
distal sections of the chromosomes.

(iii) Linkage disequilibrium between elements
belonging to the same family

Pairwise linkage disequilibrium between members of
the same family of TEs was tested as described by
Charlesworth & Lapid (1989), by examining all
possible 2 x 2 contingency tables formed by pairs of
segregating sites. The distal sections of each chro-
mosome arm were tested separately, yielding four sets
of tests for each TE family. The observed distribution
of the product-moment correlation in element fre-
quency between each pair of segregating sites was
compared with the distribution expected on the null
hypothesis of no linkage disequilibrium. This dis-
tribution was obtained by calculating the probabilities
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of all possible configurations of 2x2 tables cor-
responding to the marginals of the observed tables,
computed from Fisher’s hypergeometric formula
(Fisher, 1958, p. 96), and weighting these by the
numbers of occurrences of the relevant marginals. The
numbers of observed and expected categories of
correlation coefficients in intervals of width 0-1 were
compared.

No significant deviations between observed and
expected numbers were detected for the seven TE
families that were sufficiently abundant outside the
bases of the chromosome to make this test worthwile
(all except 2156 and 2158), except for roo on 3R where
x* was 21-1 (12p.F., P <005). This marginally
significant result is probably due to chance, in view of
the number of tests performed (28 in total). In all
other cases, the distributions of observed and expected
numbers in each interval were in remarkably close
agreement. In addition, linkage disequilibrium that is
consistently in the same direction was tested for by the
method of Mantel & Haenszel (Snedecor & Cochran,
1980, p. 213), and no significant result was obtained.

Of course, many of the comparisons involve pairs
of very distant sites, for which linkage disequilibrium
is unlikely. Two extensions of this test were therefore
applied to the data. First, the analysis was performed
on all neighbouring pairs of segregating sites. For the
more abundant elements, such as roo, many of these
are in fact genetically close to each other on the
chromosome. There was no evidence for departure
from random expectation. Second, the analysis was
performed for all pairs of sites within the bases of each
chromosome arm, where recombination is highly
suppressed (Ashburner, 1989, chap. 11). In this case,
element families 2156 and 2158 were included in the
tests, as they are fairly abundant at the bases of the
chromosomes (see Tables 4 and 5 below). Again, the
data mostly agreed well with the null hypothesis of no
linkage disequilibrium, aithough the numbers of pairs
of sites is limited. 472 on 2L showed evidence of
positive linkage disequilibrium, with a value of 3-87 (P
< 0:001) for the Mantel-Haenszel normal deviate
statistic, and a ¥* of 9:S (1 D.F., P < 0:01). 2156 on 3R
gave a Mantel-Haenszel statistic of 4-12 (P < 0-001),
with an indication of overall positive linkage dis-
equilibrium, although the y? for goodness of fit was
not significant (y* = 52, 2 D.F.).

No separate analysis of linkage disequilibrium was
carried out for the tips of the autosomes, as was done
for the X (Charlesworth & Lapid, 1989), since the
suppression of exchange at the tips of the autosomes
is much less marked than for the X (Ashburner, 1989,
chap. 11).

Linkage disequilibrium between members of pairs
of different families was also tested for by similar
methods (described by Charlesworth & Lapid, 1989).
Distal and proximal regions of each chromosome arm
were examined separately, for all pairs of distinct sites
in both regions, and for all pairs of adjacent sites
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Table 3. Correlation coefficients between pairs of families of Drosophila melanogaster elements with respect to

the identity of sites occupied at least once

roo 2156 2158 2161 2181 2217 297 412 copia

roo 0-140 0167 0182 0-000 0032 —0031 0-180 0031

0:244***  0202*  0366%** 0155 0412%%%  0-179* 0-278***  0:274**

2156 0028 0-443***  (0-120 —0053  —0022 0210 0277 0124

0-087 0-562***  0-187* 0125 0-249** 0102 0102 0143

2158 0249** 0:230** 0087 0000  —0053 0031 0-020 0-336**

0095 0112 0159 0-001 0-170 0137 0137 0-013

2161  0228** 0:003 0156 0265*  0-237* 0-307** 0092 0-371%*

0407*** 0116 —0-085 0141 0-245%* 0-065 0134 0-216*

2181 0236**  —0035 0-104 0076 0-109 —0012 —-0023 —0015

0261%** 0139 0025 0:236** 0018 0-160 0246**  0-195*

2217 0161*  —0005 0047 0116 0-177* 0-220* 0-201* 0-298*

0-148* 0:277%* 0-090 0-163* 0015 0-139 0260** 0002

297 0-229%* 0-063 —0:082 0004 0225 0075 0-159 0-253*

0265*** 0109 0031 0147* 0211**  0-183* 0-007 0054

412 0005 —0:060 —0137 0-194* 0-105 0-106 0:062 0159

0-250***  0-187* 0028 0:247** 0-108 0-138 0-315%** 0-099
copia  0240%*  —0083 0031 0080 0197  0-088 0-129 0-205*
0-203** 0-044 0072 0-141* 0017 0147 0-287***  (-205**

* P<005; ** P<001; *** P<0001.

Note. The entries above the diagonal are for chromosome 2; the entries below the diagonal are for chromosome 3. The upper
set in each row are for the left arm; the lower are for the right arm.

within the distal regions. There was only one case of
a clearly significant deviation from random expec-
tation, involving 2761 and 2217 on 3L for all pairs of
distal sites (95 cases with a correlation of 09-1-0,
instead of 64 expected; the Mantel-Haenszel z was
442 (P < 0:0001). The meaning of this result is
obscure, in view of the lack of a significant effect for
pairs of adjacent sites.

In addition, linkage disequilibrium was tested for
indirectly by examining the correlations in copy
numbers per sampled chromosome for pairs of element
families. In a random-mating population, linkage
disequilibrium is the source of such correlations
(Bulmer, 1980, p. 227). For the purposes of this
analysis, chromosome arms were divided into distal
and proximal regions, as before, which were analyzed
separately. Elements 2756 and 2158 were excluded
from the analyses of the distal regions, on account of
their low abundances. Standard normal-based tests of
the significance of individual correlations are un-
reliable in this case, except for high copy number
families, due to the Poisson nature of the distribution
copy numbers between families. For this reason, the
means and variances of the correlations for all pairs of
elements for a given chromosome arm were calculated.
In order to test the hypothesis of a zero correlation
between element families, the former can be compared
with an expected value of zero; the latter with an
approximate expected value of 1/(n—1), where n is
the number of chromosomes sampled. For large
numbers of correlations, normal-based tests of these
statistics should be valid.

For the distal regions of the chromosomes, both
means and variances of the correlations were close to
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their expected values, confirming the impression of a
lack of linkage disequilibrium. A similar result held
for the correlations between the two distal sections of
each chromosome arms (here, correlations in copy
numbers for the same family across arms, and between
pairs of different families across arms, were calcu-
lated).

In the case of the proximal sections of the arms, the
results were slightly different. For 3L, there were
several large, positive correlations between families
(e.g. 2156 /copia, 0-537; 2161/297, 0-811; 2181/ copia,
0-741). Overall, the mean correlation was 0-207, with
standard error of 0049, z =4-22 (P < 0-001). Simi-
larly, several large, positive correlations in copy
numbers per chromosome between the proximal
sections of 3L and 3R were obtained (e.g. 2181/412,
0-566, 2181 /copia, 0-548), and the mean correlation
was 0-095 (standard error 0-031, z = 3-08, P < 0-01).
Since there is no exchange in the proximal hetero-
chromatin, these between-arm correlations for the
proximal regions of the euchromatin (as well as the
correlations within the proximal regions) must rep-
resent the effects of linkage disequilibrium. As would
be expected from the large map distances involved,
there is no evidence for significant correlations
between the right and left distal arm sections.

(iv) Correlations between sites occupied by different
Sfamilies

Charlesworth & Lapid (1989) reported that there was
a tendency for different families of TEs to share
polytene chromosome bands that were occupied at
least once in a sample of X chromosomes. Their
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Table 4. Occupancy profiles for nine families of elements among fourteen second chromosomes sampled from a

Maryland population of Drosophila melanogaster

Distal section® occupancy

Proximal section occupancy

Element 1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 9 10 11 12 13 14

2L
roo 23 6 9 2 0 0 O 4 3 3 1 0 0 O O O O O O 0 O
2156 9 30 0 0 0 O 3 6 0 0 0 060 1 1 0 0 0 O 0 O
2158 710 0 0 0 O 3 6 01 01 0 O O O O O 0 O
2161 18 4 5 0 1t 1 0 4 1t 0 0 0 O O O O O O O0 o0 o
2181 § 11 0 0 0 O 3 0 1t 0 6 00 0 0 O 0 0 0 O
2217 9 6 0 0 0 0 O 2 0 0 0 0 6 0 0 0 0 0 0 0 O
297 4 21 0 0 0 O 4 1t 1 t 0 1 O O O O O O O0 O
412 15 30 0 0 0 O 23 0 0 0 00 00 0 0 0 0 O
copia 17 0 0 0 0 0 O 3 2 0 1 0 0 0 O O O O O 0 O

2R
roo 31 20 9 4 2 0 O 6 2 1 1 0 0 ¢ 0 O O O O O O
2156 i4 11 0 0 0 O 4 0 0 2 0 1 06 0 O 0 O O o0 O
2158 9 20 0 0 0 O 1 2 0 1 0 0 0 O O O O O o0 O
2161 3 118 0 1 1 0 1 21 0 0 O O O O O O O o0 O
2181 22 21 0 O O O 6 1.0 0 1 0 0 O O O O O 0 O
2217 232 61 0 0 O0 O 4 0 0 1 0 O O 0 O O O O 0 O
297 22 61 0 0 0 O 4 1t 1 0 0 O O O O O O O o0 O
412 26 6 2 1 0 0 O o 1 0 0 0 O O O O O O O o0 O
copia 20 21 0 0 0 O 4 0 0 0 0 O O 1 O O O O o0 O

¢ This includes salivary chromosome divisions 21-32 and band 33A1; the more proximal regions 33-37 have been excluded,
due to the difficulty of localizing elements to bands here. This also applies to sections 3 (iii)~(iv).
® One distal site (60B1) is apparently fixed for this element; this may be due to hybridization with flanking sequences cloned

simultaneously with the element.

method of analysis was applied here to the data on
each autosomal arm. Product-moment correlations of
the occupancy score of section 3(it) were calculated
between pairs of families in the distal sections of the
chromosome arms; the significance of the associations
was tested using Fisher’s exact test [see section 3 (iii)].
The results are displayed in Table 3. It will be seen
that there are numerous examples of highly significant
pairwise associations between element families, in
agreement with the results for the X chromosome.
In addition, tests for associations between pairs of
families at the level of individual chromosomes were
carried out, by applying the methods of section 3 (iii)
for testing for linkage disequilibrium to pairs of
element families at the same distal site. There was no
indication of any significant associations for the distal
sites (2156 and 2158 were excluded). Thus, as in the
case of the X chromosome (Charlesworth & Lapid,
1989), the correlations in occupancy were not due to
any tendency of elements belonging to different
families to be found as insertions into the same band.

(v) The frequency distributions of element families

The information on the frequencies of elements at
individual chromosomal locations is summarized in
Tables 4 and 5 in terms of occupancy profiles for each
family for each chromosome. These give the numbers
of sites for which elements are present 1, 2, 3, ... times
at the same band in the sample. In view of previous
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results indicating that some - families of elements
achieve higher frequencies at the bases of the
chromosomes (Charlesworth & Langley, 1989), the
occupancy profiles are given separately for the distal
sections and the bases. It can be seen from the tables
that this pattern of higher basal frequencies holds also
for some families in the present data set, especially
2156, 2158 and 297. High frequencies of elements at
the chromosomal base are associated with higher
mean copy numbers than are expected with random
insertions of elements into this region; this is analysed
in more detail in the accompanying paper (Charles-
worth et al. 1992).

The rest of the discussion here thus concerns the
frequencies of elements in the distal parts of the
autosomal arms. The occupancy profiles for the distal
section of the chromosome show that elements tend to
be present at low frequencies in bands in this region.
There are three cases where an element is apparently
fixed at a distal location (2181 on 2R, 2156 and 297 on
3R). Reasons have been given in section 2(iii) above
for believing that these apparent fixations may be due
to hybridization with flanking sequences in the probe
DNA, and so these sites are treated as though elements
are absent from them in the following analysis.

The stationary probability distribution of element
frequencies in the population at individual chromo-
somal sites for a given family of TEs is expected to
follow a pg-distribution, such that the probability
density of element frequency x is proportional to
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Table 5. Occupancy profiles for nine families of elements among thirteen third chromosomes sampled from a
Maryland population of Drosophila melanogaster

Distal section® occupancy Proximal section occupancy

Element 1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 9 10 11 12 13

3L
roo 43 14 7 5 0 0 0 5 s 0 2 1 0 0 0 0 0 O 0 O
2156 9 1 0 0 0 0 O 1 1 0 0 1 0 O O O 1 O O O
2158 10 1.0 0 0 0 O t 1.0 0 1 0 0 O O O O 0 1
2161 31 7 2 3 0 0 O 2 21 0 0 2 O 0 0 O o0 O O
2181 19 2 0 0 0 0 0 1 0 0 0 0 060 0 O O O O0 O0 O
2217 27 3 0 0 0 0 O 20 11 0 0 0 O 0 O O O0 O
297 25 4 0 1 0 O O 3 311 0 O O O O O O O O
412 23 4 0 0 0 0 O 31 0 0 0 0 O O O O O O O
copia 27 51 0 0 0 O 3 2 0 1t 0 O O O O O O O0 o

3R
roo 47 16 15 6 2 0 O 7 4 3 1 2 0 0 0 0 0 0 O0 O
2156 19 1 0 0 0 0 O 4 1 0 0 0 0 O O 0 t O O O
2158 7 0 0 0 0 0 O 2 0 0 0 0 1 06 06 01 0 0 O
2161¢ 33 15 8 1t 3 1 0 321 0 0 O O 0 O O O O O
2181 29 7 3 2 1 0 0 4 1 0 0 1 0 O O O O O O O
2217 23 3 0 2 0 O O 4 11 0 0 O O O O O O O O
2974 32 6 1.1 0 0 O 53 0o 1o 1 0 0 0 0 O O0 O
412 32 g 1.1 0 0 O 51 0 0 0 0 0 0 0 O O 0 o0
copia 17 8 2 0 0 1 O 7 0 3 0 0o O O O O O O O O

¢ One proximal site (80B) is apparently fixed for this element.

® One distal site (87C1-2) is apparently fixed for this element.

¢ One distal site (100C3) has an occupancy of 9.

¢ One distal site (99E1-2) is apparently fixed for this element.

The cases of apparent fixation may be due to hybridization with flanking sequences cloned simultaneously with the element.

Table 6. Parameters of the probability distributions of element
Jrequencies for the distal sections of the second chromosome of
D. melanogaster sampled from a Maryland population

2L 2R
Element a g X m Element «a I X m
roo 26 305 0079 64 roo 32 3155 0092 96
2156* oo 00 0-037 30 2156 0 260 O o0
2158° es] 0026 25 2158 0 0027 35
2161 0 59 0 ] 2161 04 105 0037 56
2181 0 165 0 o) 2181 0 340 0 o
2217 (o) 0054 28 2217 o] 0036 75
297 0 230 0 o0 297° o0 o0 0031 98
4120 0 o0 0023 64 412 0 150 0 o0
copia 0 o0 0000 oc copia 0 31:0 0 o0

¢ Only the salivary divisions 21-32 and band 33A1 were used for 2L, due to the
difficulty of identifying sites in the remainder of the distal section of this arm.

® The best fit for this element was obtained on the assumption of equal frequencies
of elements at each occupable site, which implies infinite values of « and f
(Charlesworth & Charlesworth, 1983). The values of £ and m were estimated using
a maximum likelthood procedure (Lewontin & Prout, 1956).

x*}1 -x)! (Charlesworth & Charlesworth, 1983).
The parameters « and £ respectively measure the
product of 4N, and the probability of insertion of a
newly-transposed a given chromosomal

site, and the product of 4N, and the rate of removal of
elements from an occupied site in the population (by

element into a

9
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excision, selection, etc.). N, is the effective size of a
local breeding population. The magnitudes of the
forces affecting element frequencies may therefore be
quantified by estimates of these two parameters for
each element family, obtained by fitting the observed
occupancy profiles to the theoretical distribution.

GRH 60
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Table 7. Parameters of the probability distributions of element
Sfrequencies for the distal sections of the third chromosome of
D. melanogaster sampled from a Maryland population

3L 3R
Element « s X m Element « B x m
roo 0-8 150  0-051 170 roo 12 145 0076 159
2156° [oe) @0 0-017 51 2156° o0 o0 0-008 203
2158 o0 00 0-015 62 2158° 0 @0 0 w0
2161 0 95 0 o0 2161 0 40 0 o)
2181¢ o0 o0 0-015 119 2181 0 85 0 w0
22174 o0 o) 0015 165 2217 0 165 0 0
297 0 180 0 0 297 0 180 0 0
412 o0 (o] 0023 106 412¢ W vl 0 119
copia 60 200 0-029 106 copia 0 65 0 0

“ The best fit for this element was obtained on the assumption of equal frequencies
of elements at each occupable site, which implies infinite values of « and £
(Charlesworth & Charlesworth, 1983). The values of X and m were estimated using

a maximum likelihood procedure (Lewontin & Prout, 1956).

® These elements occupied unique sites in each chromosome of the sample, so that

no finite estimates of # and m can be obtained for them.

These estimates for each element for the sampled
autosomal arms are shown in Tables 6 and 7. The
values of « and £ are estimated by the minimum y?
method of Charlesworth & Charlesworth (1983),
except where infinite values of the two parameters give
the best fit. This corresponds to equality of element
frequencies at each occupable site, and the maximum
likelihood procedure of Lewontin & Prout (1956) was
used to obtain estimates of the element frequency per
band and the total number of occupable bands on the
arm in these cases. The values of the parameters that
yielded a minimum y*® value or maximum log
likelihood were obtained by computer searches of the
parameter space for the minimum or maximum. In
some cases, all sites had a maximum occupancy of
one, so that « is estimated as zero and /# as infinity. In
the case of finite estimates of a and f, the expected
element frequency per occupable salivary chromosome
band (X) is estimated as o«/(x+pf), and the total
haploid number of occupable sites on an arm (m) is
estimated as the mean copy number per chromosome
divided by X (Charlesworth & Charlesworth, 1983).

4. Discussion

(1) Distributions of copy numbers and linkage
disequilibrium

The general picture revealed by these data on the
distribution of numbers of elements per chromosome
for autosomal arms is very similar to that found for X
chromosomes sampled from the same population
(Charlesworth & Lapid, 1989), and for the few other
studies of autosomal elements (Charlesworth &
Langley, 1989). For the distal section of a given
chromosome arm, members of a given element family
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are distributed in accordance with the Poisson
distribution, suggesting that causes of departure from
the Poisson distribution (such as variation between
sites in element frequencies, and linkage dis-
equilibrium) are too small to be detected.

Direct tests for linkage disequilibrium among
members of the same family of elements yielded little
evidence for any significant linkage disequilibrium
among members of the same family, with only two
exceptions [section 3(iii)]. Both involved elements in
proximal regions of the chromosomes, where re-
combination is restricted in frequency (Ashburner,
1989, chap. 11). Similarly, there were significant,
positive correlations in numbers of copies of different
elements only for contrasts involving the proximal
regions of the third chromosome. These correlations
indicate a general tendency toward positive linkage
disequilibrium among members of different families in
the proximal euchromatin. The one case of significant
linkage disequilibrium between members of different
families in the distal sections of the arms (for 2161 and
2217 on 3L) is an anomaly, particularly as no such
effect was detected for comparisons of adjacent
occupied sites, where disequilibrium is likely to be
strongest. It is presumably a statistical outlier.

Obviously, with the small samples we have studied,
the ability to detect linkage disequilibrium is limited.
As far as they go, the results suggest that the
evolutionary forces affecting element frequencies are
sufficiently weak that haplotype frequencies are close
to random expectation for the distal sections of the
chromosomes, where recombination is relatively free.
The most likely interpretation of the positive asso-
ciations between eclements in the proximal chro-
mosome regions is that they are generated by hitch-
hiking events. Since recombination is restricted here,
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variation may be affected by events at physically
distant loci. On this view, haplotypes with several
element insertions have been dragged to high fre-
quencies by alleles at linked loci which have increased
in frequency rapidly as a result of selection (Maynard
Smith & Haigh, 1974; Thomson, 1977; Kaplan,
Hudson & Langley, 1989; Stephan, Wiehe & Lenz,
1992). The other possible explanations for the linkage
disequilibria are selection or genetic drift. But the form
of selection needed to stabilize element frequencies (a
negative second-derivative of log fitness with respect
to element copy number: Charlesworth & Charles-
worth, 1983) generates negative rather than positive
linkage disequilibrium between elements (Charles-
worth, 1990). The effect of genetic drift is to generate
linkage disequilibria that are random in sign (Robert-
son & Hill, 1983), which is unlikely to produce the
positive correlations in copy numbers detected here,
which reflect the sum of the disequilibria across many
pairs of sites.

Hitch-hiking is thus the only viable candidate to
explain the disequilibrium detected. The sign and
magnitude of the linkage disequilibrium generated by
selection at a pair of linked neutral loci depends in a
complex way on the frequencies of the alleles at the
loci in question (Thomson, 1977). Hitch-hiking events
that cause changes in the frequencies of TE insertions
at linked sites could thus result in disequilibria that
are positive on average, depending on the accidents of
which haplotypes were initially associated with selec-
tively favoured alleles. Recent studies of molecular
variation in regions of restricted recombination in
Drosophila suggest that there is often a considerable
reduction in nucleotide site variability, as expected if
hitch-hiking has been occurring (Begun & Aquadro,
1992).

(i) Distribution of elements along the distal
chromosome arms

As in the case of the X chromosomes studied by
Charlesworth & Lapid (1989), elements were nearly
always distributed randomly along the distal sections
of the autosomal arms, as far as the positions of the
sites which were occupied at least once are concerned
[section 3(i1)]. In addition to providing further
evidence against linkage disequilibrium in the distal
sections of the chromosomes, this suggests that the
sites of new insertions must be effectively independent
of the presence of elements belonging to the same
family at neighbouring sites (Charlesworth & Lapid,
1989).

The existence of some type of interaction between
members of different families is, however, indicated by
the correlations between different families with respect
to the identities of distal sites that they occupy at least
once inn the sample {Table 3). This effect was also
found for the X chromosome (Charlesworth & Lapid,
1989). As for the X chromosome, these correlations
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do not seem to reflect common tendencies to insert
into the same sites on individual chromosomes, since
tests of pairwise linkage disequilibria between elements
from different families with respect to identical sites
yielded no significant effects [section 3(iv)]. In contrast
to the findings for the X chromosome, there was some
evidence that different families were correlated with
respect to the identities of distal sites where elements
attained relatively high frequencies. (The definition of
high frequency was an occupancy of not less than 2 or
3, depending on the chromosome arm and the element
in question.) The combined results for all arms (44
pairs of sites) yielded one association with P < 0-001,
two with P < 0-01, and five with P < 0-05, on Fisher’s
one-tailed exact test. These are clearly too numerous
to be the result of chance. The mean correlations and
their standard errors were as follows: 0-165+0-114
(2L, n = 3), 014340032 (2R, n = 10), 0-068 +0-038
(3L, n = 10) and 0-134+0-024 (3R, n = 21).

The positive mean correlations between families for
both the identity of occupied bands and of bands
occupied at relatively high frequency suggest that
there may be common affinities of different element
families for insertion into certain bands, e.g. because
of different physical sizes of the bands. Alternatively,
differences between sites with respect to the rates of
elimination of elements from the population could be
involved. The reason for the difference from the X
chromosome results for the high frequency sites is
unclear; it may simply reflect the fact that only nine
pairs of correlations could be estimated in that case
(Charlesworth & Lapid, 1989).

There is no contradiction between the findings of a
random distribution of occupancy and correlations
between pairs of families, provided that the in-
homogeneities that cause the latter are themselves
distributed at random along the chromosome.

(iii) Distribution of element frequencies

Apart from four sites with apparent fixation of
elements, element frequencies in the distal sections of
the autosomes are low, suggesting that some force or
forces are responsible for holding element frequencies
to a low level. The largest estimate of the expected
element frequency for a TE family is 0-092 for roo on
3R. Asin the case of the X chromosome (Charlesworth
& Lapid, 1989), higher element frequencies are often
observed at the bases of the chromosomes. Possible
reasons for this are discussed in the accompanying
paper (Charlesworth er al. 1992). The following
discussion is therefore confined to the information
provided by the frequency data for the distal sections
of the chromosomes, notably the estimates of the
parameters o and £ of the probability distribution of
element frequencies (Tables 6 and 7).

While the individual parameter estimates are subject
to considerable uncertainty, there is no question that
the value of f is always highly significantly different

9-2
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from zero. In most cases, f is at least an order of
magnitude greater than unity. The harmonic mean of
f across all element families is 23-4 (the harmonic
mean is used to cope with the cases when £ is infinite
or very large, which tend to be the low copy number
elements for which the data are least informative).
Since this parameter measures the product of 4N, and
the sum of the magnitudes of the systematic forces
tending to remove elements from the population, it is
clear that the distribution of element frequencies
requires that the magnitude of these forces be much
greater than that of genetic drift.

Following Charlesworth & Lapid (1989) and Char-
lesworth & Langley (1989), this value of mean f can
be combined with the estimate of N, for an East Coast
population of D. melanogaster (Mukai & Yamaguchi,
1974), to estimate the magnitude of the forces
removing elements from the population. If the
population is approximately in equilibrium, this
should be equal to the mean rate of transposition per
element per generation, ¥ (Charlesworth & Lapid,
1989). The estimate of the product of the rate of gene
flow into the population and 4N, must be deducted
from the estimate of # in order to calculate the
component due to other forces, and hence 4N, u; from
Singh & Rhomberg (1987), this product is 8-8 for
autosomal loci. Hence, 4N,u = 14-6. Using the es-
timate of N, of 20000, we have u=18x107",
compared with the value of 4 x 107 estimated from X
chromosome data by Charlesworth & Lapid (1989).
The present estimate is more accurate, since it is based
on four chromosome arms instead of one. It is
consistent with the small number of published
laboratory estimates of rates of movement of non-
dysgenic Drosophila elements (Charlesworth & Lang-
ley, 1989).

One possible reservation about these conclusions
that needs discussion comes from the fact that we are
using polytene bands as the unit for measuring element
frequencies. As has been pointed out before (Kaplan
& Brookfield, 1983), multiple occupancy of a polytene
band may not reflect multiple occupancy at the level
of nucleotide sites, since the number of nucleotide
sites per band is very large. Insertions within the same
band may thus be at different sites. Restriction-map
surveys indeed show that TE insertions are nearly
always at unique sites within a sample of chromosomes
(Charlesworth & Langley, 1989). At first sight, this
implies that the estimates of £ discussed above are
seriously dowardly biased. The analysis given in the
Appendix shows, however, that (under quite light
conditions) the use of data in which TE frequencies
are estimated by collapsing many different sites into a
single unit does not, in fact, lead to a bias in §.

Inspection of Tables 6 and 7 suggests that there is
considerable heterogeneity between families in the
value of f, but that £ estimates for a given family are
fairly consistent across chromosome arms. The stat-
istical significance of this heterogeneity was assessed
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as follows. There is an indication from the Tables that
the value of 2 for a TE family is inversely related to its
abundance as measured by mean copy number in the
distal sections of the chromosomes (Table 1). In order
to remove infinite values, and to improve the linearity
of the relation, 1/4 and the natural logarithm of the
reciprocal of distal mean copy number for a given
family for a given autosomal arm were used as
variables. There is a significant negative correlation
between the two (Kendall’'s 7 = —0-455, P < 0-001).
This relation is probably artefactual, reflecting the
fact that elements with low copy numbers tend to
produce occupancy profiles with maximum occu-
pancies of 1 or 2, which lead to infinite 4 values. If the
cases with zero values of 1/4 are deleted, the
correlation is no longer significant, although still
negative (r = —0-292, P = 0-07).

There is, however, evidence for heterogeneity among
families with similar copy numbers with respect to f.
For example, if the high copy number families roo and
2161 are compared, neither of which have any infinite
£ values, a Mann—Whitney U test gives a probability
of 0-02. The significance of the heterogeneity among j
values was tested for the complete autosomal data set
by a Kruskal-Wallis non-parametric analysis of
variance of the residuals of 1/4 from the regression of
1/£ on In mean copy number, treating element families
as groups. The H statistic was 17-6 (P = 0-024). This
suggests that there is indeed heterogeneity among TE
families with respect to the value of f, even after
adjusting for the effect of copy number. This implies
variation between TE families in the rate of trans-
position.

As already mentioned, there were four cases of
apparent fixation of elements in our data, each
involving a separate TE family (Tables 4 and 5). One
of these (2158 on 3L) is in the proximal region of the
chromosome, where element frequencies are often
high. This may thus represent a case of a genuinely
high frequency. The other cases, involving distal sites,
are is sharp contrast to the low frequencies of elements
generally observed. As mentioned in section 2 (iii), we
are at present unable to exclude the possibility that
these cases of fixation are artefacts of hybridization of
flanking sequences in the probes with the original
cloning sites, and have proceeded with the analyses on
the assumption that this is indeed the case. Since over
1500 polytene bands were scored as segregating for
elements in the set of sampled X chromosomes and
autosomes, the numerical effect of discarding the fixed
sites is very small, and does not materially affect our
quantitative conclusions. It is, of course, possible that
these cases may involve genuine fixation or high
frequencies of elements, due to selection for beneficial
mutations induced by insertion of the elements
concerned (McDonald, 1990), or to hitch-hiking with
closely-linked favourable mutations. We plan to carry
out experiments to distinguish between these possi-
bilities in the near future.
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The results shown in Tables 6 and 7 can also be
used to ask whether or not there is any limitation on
the numbers of sites into which elements can insert, at
the level of the polytene chromosome bands resolved
in this study. Since the individual estimates of m, the
number of bands for the chromosome region in
question, are unreliable, the harmonic means of m
across TE families were calculated for each chromo-
some arm, and compared with the relevant numbers
of bands. The results were as follows, showing the
estimated and actual band numbers as the first and
second members of each bracketed pair: 2L (64, 80),
2R (120, 139), 3L (120, 145), 3R (459, 180). There is
little indication here of any major differences between
the numbers of bands available to TEs for insertion
and the numbers of bands in the distal sections of the
autosomal arms. This agrees with the results on the
distributions of occupancies of TEs along the distal
sections of the arms, which are essentially random
(Table 2). Similar results were obtained earlier for the
X chromosome (Charlesworth & Lapid, 1989). Ele-
ments thus appear to be capable of inserting into
virtually any band in the distal sections of the major
chromosomes.
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Appendix

Effects of pooling element frequency information
across different sites

Consider the situation when the population frequency
x, of elements belonging to a given family of TEs at
polytene band site i is the sum of the frequencies of
elements at the array of nucleotide sites within the
band in question, ie. x;=ZXZ,x,, where x, is the
frequency of elements at the jth site in band i If
element frequencies at all nucleotide sites are low, and
the effects of element insertions on fitness are
independent of chromosomal location, then the
deterministic change per generation in x,; is given by
the standard equation (Charlesworth, 1985)
dlnw um

Ax, =~ x, o +5——UX,,,

m A1

where 7 is the mean copy number per diploid
individual, w is the mean fitness of the population, v is
the rate of excision of elemcnts from insertion sites,
and the other variables have been defined in the text.

Summing over all sites within band i, we obtain the
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expression for the change in net element frequency for
this band as

Inw
Ax; = X, (6 anﬁ“ —v)+

m;umn

. (A2)

2

where m, is the number of nucleotide sites in band i. If
m, is approximately constant across bands, this
equation implies that the deterministic expression for
element frequency per band has the same form as the
more basic expression for an individual nucleotide
site, substituting the total number of bands for the
total number of sites in the term involving the rate of
transposition u.

From the properties of the multinomial distribution,
the variance in the change in element frequency at the
jth site in band i caused by drift at a particular
nucleotide site is x;(1—x,)/2N, and the covariance
between changes at two different sites jand k is —x;
x,./2N,. Provided that the frequencies per site and
band are sufficiently low, the covariances can thus be
neglected compared with the variance, and the
variance in the change in the net element frequency
for band i is approximated by x;/2N,,.

This proves that, under suitable conditions, both
the deterministic and stochastic changes in the element
frequencies per band can be approximately described
by equations of the same form as for individual sites.
The condition of low element frequencies per site and
band seems to be met in the data analyzed here (see
Tables 4 and 5). It is less clear that the number of sites
per band is uniform across bands, as assumed here.
However, the exact form of the probability dis-
tribution of element frequencies is only important for
cases when the parameters « and £ are to be fitted
by the minimum y?® technique of Charlesworth &
Charlesworth (1983). The results of this invariably
yields estimates of a that are close to zero (Tables 6
and 7). This suggests that variation between bands in
the value of a (= 4N,m,uii/2m) is unlikely to have a
major effect on the estimates of the parameters, since
it will be close to zero for all bands.
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