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Summary

The insertion site polymorphism of the copia, mdgl, mdg3, gypsy, and P transposable elements
was analysed by in situ hybridization to the polytene chromosomes in genomes of males from a
natural population of Drosophila melanogaster. Parameters of various theoretical models of the
population biology of transposable elements were estimated from our data, and different
hypotheses explaining TE copy number containment were tested. The copia, mdgl and gypsy
elements show evidence for a deficiency of insertions on the X chromosomes, a result consistent
with selection against the mutational effects of insertions. On the contrary, mdg3 and P copy
numbers fit a neutral model with a balance between regulated transposition and excisions. There is
no strong evidence of a systematic accumulation of elements in the distal and proximal regions of
the chromosomes where crossing over and ectopic exchanges are reduced. For all chromosome
arms but 3L, however, the TE site density increases from the proximal to the distal parts of the
chromosomes (the centromeric regions were excluded in this analysis) with sometimes a sharp
decrease in density at the extreme tip, following in part the exchange coefficient. The way the copy
number of TEs is contained in genomes depends thus on the element considered, and on various
forces acting simultaneously, indicating that models of TE dynamics should include details of each
element.

1. Introduction

The discovery that transposable elements (TEs) are
common genomic components of many organisms has
stimulated debate about the nature of the forces that
affect their distributions in populations. Theoretical
and empirical studies yield the conclusion that these
transposable elements are maintained in populations
as a result of a balance between the transpositional
increase in copy number and some opposing forces.
These forces include the regulation of the rate of
transposition with increasing copy number, selection
against insertional mutations, and induction of del-
eterious chromosome rearrangements by ectopic ex-
change. Thus far, however, considering the data
acquired in Drosophila, it seems impossible to decide
definitively which of these forces plays the major role
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in maintaining copy number in populations (see the
various syntheses published on different aspects of the
TE characteristics: Brookfield, 1986; Charlesworth,
1985, 1988; Ajioka & Hartl, 1989; Echalier, 1989;
Finnegan, 1989; Mackay, 1989; Biemont, 1992).

Although the accumulation of data on insertion site
polymorphism in Drosophila has made some statistical
analyses possible, most of the data are restricted to the
X chromosomes (Kaplan & Brookfield, 1983;
Montgomery & Langley, 1983; Ronsseray &
Anxolabehere, 1986; Leigh-Brown & Moss, 1987;
Charlesworth & Lapid, 1989). There have been a few
studies in which the sites of insertion were localized on
all the major chromosomes, for a number of elements;
they were done mainly on inbred lines or laboratory
strains (Strobel, Dunsmuir & Rubin, 1979; Belyaeva,
Ananiev & Gvozdev, 1984; Biemont, 1986; Biemont
& Gautier, 1988; Biemont, Gautier & Heizmann,
1988; Pasyukova etal. 1988; Biemont etal. 19906), or
in small samples of second, third and fourth chromo-
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somes extracted from a natural population in different
years and maintained en masse as laboratory stocks
(Charlesworth, Lapid & Canada, 1992 a, b). All other
studies with wild populations assessed copy numbers
only and did not establish the site positions
(Montgomery, Charlesworth & Langley, 1987;
Yamaguchi et al. 1987; Ronsseray, Lehmann &
Anxolabehere, 1989). Here, we report the localization
of insertions for four transposable elements of the
copia-like type (copia, mdgl, mdg3, and gypsy), and
for the P element, on all the chromosome arms of
individuals from a natural population of Drosophila
melanogaster. The distribution of elements across the
chromosomes and its various associated parameters
(mean and variance of insertion site numbers, site
occupancy frequencies) were analysed and used to
estimate parameters of various theoretical models of
transposable element evolutionary dynamics
(Charlesworth & Charlesworth, 1983; Kaplan &
Brookfield, 1983; Langley, Brookfield & Kaplan,
1983; Charlesworth, 1985; Kaplan, Darden &
Langley, 1985; Charlesworth & Langley, 1986;
Langley et al. 1988; Stephen & Langley, 1992).

2. Materials and methods

(i) Drosophila strains

Line 16: a highly inbred line maintained by brother-
sister mating (except for some generations when the
flies were maintained in small mass cultures to build
up their numbers and to increase viability). At the
146th and 165th generations larvae were analysed and
female flies crossed with wild males from the Valence
natural population.

Gruta strain: a long-established laboratory strain
that is devoid of P elements and has an M cytotype
according to the nomenclature used in the hybrid
dysgenesis phenomenon (it lacks the ability to regulate
P movements). This Gruta strain was used to
determine the status of the Valence population with
respect to the P-M system of hybrid dysgenesis (see
below).

Valence population: wild adult flies and larvae were
collected in 1990 and 1991 near an orchard in Valence
(Drome, France). The sample collected in October
1990 was analysed for the two elements copia and
mdgl, the sample collected in October 1991 was
analysed for the mdg3 and P elements. Flies were
collected in a single trapping, both in 1990 and 1991.
The status of the Valence population in the P-M
system of hybrid dysgenesis was found to be M'; it
had an M cytotype as determined by the standard
crosses proposed by Kidwell (1983) using the true M
strain Canton S (males Valence crossed with females
Canton S gave 3-5% Fl female sterility) and the
strong P inbred strain Harwich (males Harwich
crossed with females Valence gave 20% Fl female
sterility).

(ii) Mating system

Males were crossed with virgin females from the
inbred line 16 (to analyse copia, mdgl, mdg3 and
gypsy location) or gruta (to analyse P element
location). The pairs so formed were set up individually
in small vials containing axenic medium and were
allowed to lay eggs. The insertion site patterns of the
hybrid Fl larvae analysed (we analysed four to ten
larvae per male) were thus the combination of the two
parental patterns. The different elements were ex-
amined in progeny from different males. The insertions
were localized to numbered and lettered subdivisions
of the chromosomes, following the Lefevre photo-
graphic map. Because many larvae were analysed, it
was possible to compare replicate slides of the same
genotype so as to limit error in assigning element
positions. The insertion profiles of the males were
obtained by subtracting the characteristic profile of
the highly inbred line 16 from that of the hybrid larva
(this step was not necessary in crosses involving the
gruta strain which was devoid of P elements). Because
there is no recombination in Drosophila males, we
recovered intact chromosomes. The only minor
drawback with this technique is that bands common
to both line 16 and the wild male under study are
excluded from the insertion profile of the male.
However, by analysing copia insertions in larvae
resulting from some crosses between males from the
wild and females from both the gruta line and line 16,
we estimated that 0 to 2 bands were common to line 16
and each of the males; this cannot greatly perturb
either the global view of the genome or the statistical
analysis. Although the common sites may appear as
'cold spots', this concerns only a few individual bands
and not large regions of the chromosomes.

We chose this particular type of cross instead of the
classical chromosome extraction procedure with
balancer strains for two reasons: (1) we cannot
eliminate the possibility that crossing wild males with
marker strains may mobilize the elements under
study, making the insertion profile estimate of the
wild males inaccurate. Such interstrain cross mobiliza-
tion during the process of extracting homozygous
chromosomes of wild males has been actually observed
not only with P elements but with copia-like elements
as well (gypsy and copia: Mevel-Ninio, Mariol &
Gans, 1989; mdgl, mdg3 and copia: Pasyukova et al.
1988; stalker: Georgiev etalA 990; Ulysses: Scheinker
et al. 1990), (2) the procedure of extracting homo-
zygous chromosomes is slow and difficult when the 2
major autosomes of individual males are to be made
homozygous simultaneously.

(iii) Probes used

We used the probe cDm5002 containing the copia
element (5 kb; Dunsmuir et al. 1980; Levis, Dunsmuir
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For the sake of simplicity the regions of the chromosomes were represented on the figures as if they had the same size,
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& Rubin, 1980); the A fragment of the mdgl element
incorporated at the Hind III site of the pBR322
plasmid (Ilyin, Chmeliauskaite & Georgiev, 1980;
Tchurikov et al. 1981); the Hind III fragment of the
mdg3 element in pBR322 (probe Dm86: Tchurikov
et al. 1981); the clones Dmlll containing the full-
length gypsy element incorporated at the BamH 1 site
of pBR322 (Bayev et al. 1984); the plasmid p?r25-l
(O'Hare & Rubin, 1983) to detect all kinds of P
elements.

(iv) In situ hybridization

Polytene chromosome spreads from salivary glands of
third instar larvae were treated with nick-translated,
biotinylated DNA probes, as described in Biemont &
Gautier (1988). Insertion sites were visualized as
brown bands resulting from a dye-coupled reaction
with peroxidase substrate and diaminobenzidine, the
hybridization signal being amplified by silver grains
(DAB enhancement kit of Amersham) when necessary.
Genomic DNA associated with the copia and P
probes, hybridized to the 5A and 17C regions on the
X chromosome, respectively; a signal at these regions
was thus used as positive control indicator of
hybridization for these elements.

3. Results

(i) Distribution of element insertion sites on
chromosome arms

Figure 1 shows the distribution of the insertion sites
along the chromosomes from 20, 24, 36, 51, and 20
autosomes, and from 10, 14, 25, 51, and 12 X
chromosomes for the elements copia, mdgl, mdg3,
gypsy, and P respectively. At first sight it appears that
the distributions are not uniform in that some
chromosomes, some regions, and some sites have
more insertions than others. For example, the 1A and
IB sites of the X chromosomes have many P insertions,
as already reported in various populations and inbred
lines (Ajioka & Eanes, 1989; Biemont et al. 1990a).
This region corresponds to the insertions of specific
P elements capable of eliciting regulation of the P
elements (Ronsseray, Lehmann & Anxolabehere,
1991). Gypsy is another element with apparent high
frequency of insertion in regions 61C and 98A. We
cannot, however, eliminate the hypothesis of a very
small number of potential insertion sites for this
element and thus an accumulation in some sites, an
hypothesis sustained by the low number of gypsy
insertions per haploid genome (Table 2). Indeed, as

reported many times, gypsy sequences hybridize to
only few bands on the euchromatin but with great
intensity to the chromocenter in which non-auton-
omous copies seem to accumulate (Modolell, Bender
& Meselson, 1983; Bayev et al. 1984; Peifer &
Bender, 1988; Lyubomirskaya et al. 1990).

To analyse the distribution of TE insertions over
the chromosomes, and to test whether it is related to
recombination rate as postulated in some analyses
(Langley et al. 1988; Charlesworth & Langley, 1991;
Charlesworth, Lapid & Canada, 1992 a, b), we have
correlated the number of insertion sites along the
chromosome with the recombination rates as calcu-
lated by Lindsley & Sandier (1977). It is well known
that the pericentromeric regions of the chromosomes
contain a high proportion of middle repetitive DNA
sequences (Ananiev et al. 1984; Belyaeva, Ananiev &
Gvozdev, 1984) which are in general restricted to the
/?-heterochromatin (Miklos et al. 1988), which seems
to be a preserve for many non-mobile ancient copies
of TEs (Vaury, Bucheton & Pelisson, 1989). Such an
accumulation of insertions in the centromeric region is
easily seen by in situ hybridization with all our TEs
probes except P. Note also that for some elements
insertions exist in pericentromeric regions in fixed
positions (see Vaury, Bucheton & Pelisson, 1989 for
the I element). We thus have omitted the regions 20,
40, 41, 80, and 81 from our analysis and considered
only the euchromatic regions studied for recom-
bination in the work of Lindsley & Sandier (1977).
Each chromosomal region was associated with its
density of TE insertion sites (the number of sites
divided by the amount of DNA as determined by
Bolshakov, Zharkikh & Zhimulev (1985)). We used
the number of sites instead of the total number of
insertions in the sites (a site is thus represented only
once even if an insertion at that site is detected in
various chromosomes: see the site distribution in
Fig. 1) so as to eliminate any bias due to high site
frequencies resulting from inbreeding, drift or pref-
erential insertion into specific regions. No significant
correlation was detected between the TE densities and
the coefficient of exchange, although for some elements
there is a tendency for both criteria to follow a similar
trend when they are represented along the chromo-
some arms. As seen in Fig. 2, which represents the
value of coefficient of exchange and density of TEs (all
elements combined) along the chromosome arms, the
site density for some arms tends to decrease from the
distal to the proximal parts of the chromosomes
following the decrease of the coefficient of exchange.
This tendency is particularly evident for copia as
reported in Table 1 which shows the Spearman's rank

and from the tip of the chromosome to the base. Although this may change the visual appearance of the curves it does
not change the values of the spearman's rank correlation coefficient calculated in Table 1. Right part: distribution of TE
density (all elements pooled) over the chromosome. The regions of the chromosomes were determined by dividing the
chromosome arms into 10 regions of close DNA content. See text for details. Exchange coefficient, • • ; TE site
density, O O-

!5 GRH 63
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Table 1. Spearman's rank coefficients for TE {copia,
mdgl, mdg3, gypsy, P, and all elements pooled) site
density versus chromosomal location

Element

copia
mdgl
mdg3
gypsy
P
all TEs

Chromosome arms

X

-0-88*
-0-39

0-69
—
-0-32
-0-57

2L

-0-94**
-0-37
-0-83*
—
-0-77*

1***

3L

0-4
- 0 1 0

0-5
-0-71
-0-90*
-0-20

3R

-0-6
000
0-8
0-36
0-50

-0-40

The values associated with the pooled elements correspond
to the curves represented in Fig. 2 (right part). We did not
consider the data on the 2R arm because the regions
analysed by Lindsley & Sandier (1977) were too small for
statistical analysis to be reasonable. * P < 005, ** P <
001, *** P < 0-001.

correlation coefficient of the TE site densities versus
the localization on the chromosomes of the regions
concerned. The 2L arm shows a clear negative
correlation with all elements. There is no such evident
tendency with the chromosome 3 and especially the
3L arm which shows this TE density decrease only for
the P element. In this analysis we considered only the
regions of the chromosomes as denned in Lindsley &
Sandier (1977); the different sizes of their regions,
which can even be reduced to a single chromosomal
band, rendered the statistical analysis difficult and
may explain the discrepancies in results observed
between chromosomes and between TEs. We have
thus reconsidered the analysis by dividing each
chromosome arm into 10 parts with similar DNA
content, independently of the Lindsley and Sandier
study. The diagrams in the right part of Fig. 2 show
unambiguously the decrease in TE density from the

distal to the proximal parts of the chromosome arms,
with a drastic increase near the proximal region for
the X chromosome. The 3L arm does not follow this
picture. Note that the diagrams on the left and right
parts of the Fig. 2 should not be compared directly
since the regions denned following Lindsley & Sandier
(1977) considered in the left part are different to the
regions considered in the right part which concerns
the whole chromosome arms (except the regions 20,
40,41, 80, 81). For example, the sharp decrease of TE
density observed in the extreme tip of the X and 2R
(see Fig. 2, left part) disappears when a larger portion
of the chromosome is considered (Fig. 2, right part).
Considering the number of copies instead of the
number of sites (one site may have many copies
distributed over the whole set of genomes analysed)
gives the same results (data not shown).

(ii) Copy numbers in genomes and site occupancy
frequencies

The total numbers of insertion sites on entire genomes
differ greatly, ranging from 1-35 for gypsy to 23-80 for
the P element in haploid gametes (Table 2). 3R
appears to possess generally the highest number of
insertions, and 2L and the X the smallest, with some
minor deviations from this picture according to the
element considered. As seen in Table 2, the variances
in copy number in the haploid genomes are close to
the mean values, and the haploid copy number does
not deviate from a Poisson distribution as tested by
chi-square tests.

The mean occupancy frequencies (total number of
elements in sample per total number of occupied
sites) for all the transposable elements are summarized
in Table 3. For all the TEs the mean occupancy
frequency is greater than one (except for the copia
insertions on the X chromosome for which the

Table 2. Tests of the Poisson distribution on each chromosome arm and on the entire genome of gametes for
the copia, mdgl, mdg3, gypsy, and P transposable elements, on samples of gametes from the Valence natural
population

Chromosome arms

Observed values
X
2L
2R
3L
3R
Entire haploid
genome

d.f.

t

Elements

copia

m

1-40
205
1-95
3-25
2-15

10-75

2

vn

0-45
1-63
110
2-83
1-50
9-67

0-14ns

mdgl

m

1-50
3-50
3-83
3-18
5-38

17-67

vn

1 81
5-50
510
1-87
981

20-73

2
006n s

mdg3

m

1-71
1 58
1-89
1-40
1-89
8-49

2
1

vn

109
1-39
3-87
119
119
8-67

•52ns

gypsy

m

016
010
014
0-49
0-47
1-35

vn

013
009
012
0-45
0-33
103

4
0-86"s

P

m

4-92
3-53
500
4-78
5-20

23-80

2
0-

vn

5-40
2-14
412
1-48
4-48

1607

13ns

m: mean number of insertion sites; Vn: variance of number of insertions sites, ns: not significant.
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Table 3. Mean occupancy frequencies {total number
of elements in sample per total number of occupied
sites) of the copia, mdgl, mdg3, and P elements on
the chromosome arms

Chromosome
arm

copia
X
2L
2R
3L
3R
Total

mdgl
X
2L
2R
3L
3R
Total

mdg3
X
2L
2R
3L
3R
Total

gypsy
X
2L
2R
3L
3R
Total

P
X
2L
2R
3L
3R
Total

Mean
occupancy
frequency

1-00
1-64
1-95
1-78
1-48
1-62

1-33
1-70
1-72
1-57
2-29
1-80

1-41
1-67
1-58
1-32
1-65
1-54

2-25
1-67
1-4
417
2-3
2-43

1-90
1-46
1-98
1-85
2-17
1-88

Variance of
occupancy
frequency

000
3-26
1-95
0-92
0-60
1-39

0-36
102
111
0-81
2-85
1-49

0-82
0-90
1-44
0-28
1-05
0-92

3-58
0-33
1-44

17-37
7-56
7-18

3-76
0-75
2-89
1-73
2-98
2-38

frequency is exactly 1-00), the highest value being
observed for gypsy with an average of 2-43 elements
per site on the whole genome (4-17 on the 3L arm).
These values are in the same range as those reported in
other studies for elements like copia, I, 297,412, P (see
Mackay, 1989; Charlesworth & Langley, 1991). The
only exception is for gypsy which presents a small
number of insertion sites with a high incidence of
occupancy in some sites. Given the coarse resolution
of the in situ hybridization technique, we cannot of
course entirely eliminate the hypothesis that the
multiple occupancy of some sites reflects, in fact,
different insertions that are too close to be dis-
tinguished in the salivary gland chromosomes. Such
a hypothesis cannot satisfactorily apply to sites seen
in many individuals, as, for example, the sites 61C and
98A for gypsy, or the 1A region for the P element for

which we have many reasons to suspect the insertion
of only one or at most two P elements (Ronsseray,
Lehmann & Anxolabehere, 1991). Even if we suppose
that all the gypsy insertions on the 61C site are in fact
in different DNA sequences, we still have to explain
why this 61C chromosomal region has so many
insertions while the other regions of the chromosome
are almost empty.

(iii) Tests of models of containment of TE copy
number

Possible forces opposing the transpositional increase
in copy number include the regulation of the rate of
transposition with increasing copy number, selection
against excessive insertional mutations, and induction
of deleterious chromosome rearrangements by ectopic
exchange. Under the hypothesis that element copy
number is regulated by copy number dependent
transpositions (the transposition rate per element
declines with the number of copies) or excision
independent of chromosomal location, an equipro-
portionality between the X and the autosomes is
expected in the Drosophila genome. Alternatively, if
elements are eliminated by natural selection against
mutational effects of their insertion into the chromo-
somes, then the number of insertions on the X
chromosome must be less than the number of
insertions on the autosomes. Montgomery, Charles-
worth & Langley (1987) and Langley et al. (1988)
have modelled these neutral and negative selection
hypotheses and predicted a frequency of elements on
the X of 0T3 with selection against deleterious
insertions, and of 0-20 if insertions are neutral and the
copy number is stabilized by a balance between
regulated transpositions and excisions. As seen in
Table 4, the proportion of transposable element
insertions on the X chromosomes varies greatly from
one element to another and the accepted model of
containment of TE copy number depends on the
element, as shown by the chi-square test values. The
mdg3 and P elements follow the neutral model while
copia perfectly fits the selective model (the neutral
model cannot be rejected, however, since the chi-
square test value is not significant). The selective
model may also apply to gypsy but the smaller
number of insertions for this element does not allow
the chi-square value to be significant for the neutral
model (see Table 4). For mdgl, however, the situation
is more complex: the number of insertions on the X is
so small that even the selective model is rejected.

An alternative to this latter selected model is that
selection could act against deleterious chromosome
mutations produced by ectopic exchange between
insertions of TEs in non-homologous regions of the
chromosomes. Two unequal exchange models have
been proposed (Langley et al. 1988). The first model
postulates that all inserted elements can recombine
only with any element located elsewhere in the

15-2
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Table 4. Tests of the proportions of transposable elements on X chromosomes compared to autosomes of
Drosophila melanogaster. Chi-square tests of neutral and negatively selective containment of copy number and
of two models of recombination UC1 and UC2 {see text)

Element

copia

mdgl

mdg3

gypsy

p

Total Nb.
of sites

201

359

281

68

373

Proportion
onXf

0068

0058

0146

0-117

0-147

Models

Neutral

011
(3-50)
014

(20-86)***
0148

(0009)
0-20

(018)
0139

(0-210)

Selected

0069
(000)
0091

(4-49)*
0094

(8-89)**
013

(014)
0088

(16-31)***

UC1

0087
(0-76)
0113

(10-54)***
0117

(2-30)
016

(0-90)
0109

(5-44)*

UC2

0099
(1-93)
0128

(15-42)***
0132

(0-46)
018

(1-80)
0124

(1-82)

t Because we have data on some diploid genomes, the sample size is different for the X chromosomes and the autosomes.
So, to take this into account, the predictions of the proportions of sites found on the X chromosome were modified in the
following way: if i represents the sample size for the X chromosome, and j the sample size for the autosomes, and y is
the proportion of sites expected on the X, then the proportion of sites that we expect on the X becomes y. i/(y. i+(1 —y)j).
The table gives the expected y value corresponding to the models; the chi-squared values are in parentheses. * P < 005;
** /><001; *** P < 0-001.

genome; under this hypothesis the proportion of
insertions on the X chromosome is expected to be
016. A second model in which elements can recombine
with other elements located in the same chromosomal
region leads to a proportion of insertions on the X
chromosome equal to 018. These two unequal
exchange models were tested by chi-square tests. As
expected in view of the results obtained with the
neutral and selected models (see Table 4), the elements
that appeared to be selected follow also the first
ectopic exchange model UC1 (that gives the lowest
number of insertions on the X chromosome). The
'neutral' elements are more in agreement with the
second model (UC2, Table 4) for which the expected
proportion of insertions on the X is 018, a value close
to the 0-20 given by the neutral model. Because of the
low power of the chi-square test and especially its
sensitivity to sample size, it is difficult to compare
reliably models that give close expectations, and thus
the ectopic exchange models cannot be adequately
tested in face of the more drastic neutral and selected
hypotheses. However, another way of testing the
ectopic exchange hypothesis is to note that insertions
should accumulate in chromosomal regions of reduced
crossing over such as the tip and base of the X
chromosome and the base of the autosomes. As seen
from Figure 2 and Table 1 our results do not show an
accumulation of TE insertion sites on such regions,
except maybe for the tip of the 3R arm although for
this arm there is more a gradual decrease of TE
density from the tip to the base than a particular high
density at the tip. Additionally, the copia element,
which appears to obey the selection model, does not
show any evidence of accumulation of insertions in
regions of reduced crossing over, but instead the copia
site density follows the exchange coefficient value

which decreases from the distal part of the chromo-
somes to the base and which is low at the tip of some
chromosomes.

(iv) Estimation of model parameters and expected
occupancy profiles

In the theoretical models of Charlesworth &
Charlesworth (1983) and Langley, Brookfield &
Kaplan (1983), the distribution of element frequencies
across sites depends on n, the average copy number,
and a parameter /? (in the model of Charlesworth &
Charlesworth, 1983) or 6 (in the model of Langley,
Brookfield & Kaplan, 1983) equal to 4Ne v, with v the
rate of deletion per element per generation and Ne the
effective population size. These two models assume
that the total number of occupable sites is infinite.
With a finite total number of potential sites, the
distribution depends on a parameter a = 4Ne/* (with
H the rate of transposition of an element to a site)
which is the probability of transposition to a new site
relative to the total number of occupable sites. The
model parameters reported in Table 5 were estimated
by different methods (see the Appendix). The values
of p~6 vary from 5 for P to 26 for mdg3 with only a
few variations among chromosome arms (we looked
with chi-square tests for any significant evidence that
the individual chromosomes are inconsistent with the
mean value; we found that there is no significant
evidence for variation in 6 across the chromosomes),
except for the gypsy element where the two sites with
multiple occupations in the 3L and 3R arms greatly
decrease the estimations of 6. Indeed, a low value of d
may reflect a small number of sites with multiple
occupations, while a high value may reflect low
occupancy frequencies, as is particularly evident for
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Table 5. Estimates of the parameters {d, a and /?) of the probability
distribution of element frequencies for the copia, mdgl, mdg3, gypsy, and
P elements from the Valence natural population, a. and ft are estimated
simultaneously according to the equation of Charlesworth &
Charlesworth {1983). 6A, 6B, 6C, are the same parameters as /? but
estimated in three different ways following the model of Kaplan &
Brookfield {1983) in which a is 0 {see the Appendix for details)

Element Chromosome

copia

mdgl

mdg3

gypsy

X
2L
2R
3L
3R
entire genome
X
2L
2R
3L
3R
meant
entire genome
X
2L
2R
3L
3R
meanf
entire genome
X
2L
2R
3L
3R
meant
entire genome
X
2L
2R
3L
3R
meant
entire genome

0-00 9-79 —

0-60 13-48 —

0-44 26-33 —

0-35 2403

OO

9-08
6-45
7-92

18-41
—

11-45
1016
9-84

11-83
5-96
9-85

—

19-88
17-39
1912
31-78
17-32
21-10
—

12-28
24-29
37-27
4-57

12-61
18-20
10-96

3-57
10-45
5-71
615
5-22
6-22

—
—
—
—
—

9-79
—
—
—
—
—
—

8-8
—
—
—
—
—
—
19-5
—
—
—
—
—
—
18-61
—
—
—
—
—

OO

11-75
7-75
9-91

31-45
—
18-69
13-18
12-37
1603
6-85

13-42
—
31-23
22-64
25-57
5210
22-53
30-81
—
13-95
31-38
55-59
4-79

14-38
24-02
12-29

4-28
14-91
6-85
7-48
605
7-91

5-85 — 5-90 —

t mean of the 8 estimates calculated on each chromosome arm.

mdg3. The 6 value for copia (around 10) is lower than
estimates obtained from other populations {6 = 17 in
the population analysed by Leigh-Brown & Moss,
1987; 6 = 48-3 in a Raleigh population analysed by
Kaplan & Brookfield, 1983), as also was our P value
{6 = 6) when compared to the estimate obtained from
the data of Ronsseray & Anxolabehere (1986) {6 =
16-6, see Mackay, 1989). The 6 value is higher for the
mdg3 element which is characterized by a low insertion
site frequency. However, although there is great
uncertainty in the estimations of the d parameter,
which are sensitive to sample size, the values of Table
5 are clearly higher than 1, the value expected if drift
had been the main force explaining the containment
of TE copy numbers. The a values are, however, not
different from zero.

Table 6 shows the observed and expected occupancy
distributions obtained with the parameter estimates
of Table 5, for two models of TE copy number
containment in which: (a) the total number of
occupable sites is infinite, a is taken as zero, and
P {— 6) estimated by the method A (see the Appendix),
(b) a and /? are estimated jointly by the method of
Charlesworth & Charlesworth (1983). The fit between
observation and prediction is very close for all the
elements with the two models, implying that the
infinite alleles model fits the data well and that
estimating a and /? simultaneously does not greatly
improve the test (except for the gypsy element for
which we started with two degrees of freedom with
three classes, and then optimized two explanatory
variables, a and /?).
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Table 6. Analysis of the distributions of site occupancy frequencies of copia, mdgl, mdg3, gypsy, and P over
the entire genome of individuals from the Valence natural population ofD. melanogaster. (a) Expected
distribution when a = 0, and fi is estimated by method A following the model of Kaplan & Brookfield (1983):
(b) expected distribution when a. and fi are estimated jointly by the method of Charlesworth & Charlesworth
(1983)

No. of occurrences 1 2 3 4 5 6 7 8 9 10 11 12 v2

copia
No. of sites
observed with
given occupancy

No. of sites
expected

(a)
(b)

mdgl
No. of sites
observed with
given occupancy

No. of sites
expected

(a)
(b)

mdg3
No. of sites
observed with
given occupancy

No. of sites
expected

(a)
(b)

gypsy
No. of sites

observed with
given occupancy

No. of sites
expected

(a)
(b)

P
No. of sites
observed with
given occupancy

No. of sites
expected

(a)
(b)

83

84-66
8113

126

134-61
124-18

122

126-47
122-13

15

14-44
19-43

124

121-70
121-43

25

20-87
23-98

46

4401
51-23

43

3400
37-62

6

5-15
7-78

43

43-31
4404

5

8-49
9-34

29

19-26
23-26

7

12-32
13-47

0

2-54
3-71

21

20-47
20-92

5

3-94
403

9

9-51
10-81

5

5-05
509

2

1-47
1-90

6

10-80
10-96

1-98 102 0-52 0-28 0-13 0-07 0-02 0-00 2-42
1-81 0-82 0-37 016 007 002 001 000 2-50

1 1 0 0 0 0

503 2-78 1-58 0-92 0-54 0-32 0-19 011 7-66
502 2-30 102 0-44 018 007 0-03 001 2-28

2-22 102 0-47 0-21 011 0-05 0-02 0-00 4-92
1-96 0-76 0-29 011 004 001 001 0-00 4-24

0-93 0-62 0-44 0-32 0-23 018 014 011 0-32
100 0-54 0-29 0-16 008 0-05 002 001 1-82

601 3-41 1-95 109 0-60 0-32 016 008 2-87
5-99 3-33 1-85 102 0-55 0-29 014 007 307

We used a chi2 statistic to test the goodness of fit of the observed occupancy frequencies to the one expected according to
the calculated a or 0(6) values. * P < 005.

4. Discussion

The maintenance of transposable element copies in
genomes raises the question of the nature of the forces
involved in natural populations. Because of the low
amount of data available on complete genomes, we do
not so far have an objective and clear view of which
model has the greatest chance of explaining copy
number containment. It appears, indeed, that different
elements may undergo different forces, but to be sure
about which theoretical expectations have to be used
for a given element we need a large amount of data on
many different populations. Our analysis of the

localization of five transposable elements on all the
chromosome arms of genomes from a natural
Drosophila melanogaster population is thus an attempt
to gain information on various population dynamic
parameters of TEs for complementary models to be
tested.

(i) Copy number distribution and occupancy
frequencies

If the element frequencies are low with no variance
between different sites and no linkage disequilibrium,
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it is expected that the number of TE copies («) of a
given element in a genome across individuals will
follow a binomial distribution. If n is much smaller
than the number of chromosomal sites into which TEs
are capable of inserting, this reduces to a Poisson
distribution (Charlesworth & Charlesworth, 1983;
Langley, Brookfield & Kaplan, 1983). All our five
elements studied are apparently in agreement with this
Poisson hypothesis. We must, however, recognize that
by pooling the classes with low frequency, the resulting
low number of classes reduces the ability of the chi-
square test to detect deviation from the distribution
under test. Indeed, the hypothesis of low occupancy
frequency and low variance in element frequencies
between sites is not verified for all the elements, but
this does not make any difference for the chi-square
test. After all, an heterogeneity in occupancy frequency
across sites on a chromosome arm is expected to lead
to low variance in copy number (Charlesworth, 1985;
Eanes et al. 1988).

The high occupancy frequency observed with the
gypsy element could at first sight reveal a homo-
zygosity by descent resulting from a certain degree of
inbreeding in the population, or drift in previous
generations. Such a hypothesis is to be rejected
because no such strong accumulation of element
insertions as with gypsy was observed with the other
elements (inbreeding should affect the whole genome),
although some specific sites showed high occupancy
frequencies such as the 1A site; but this site is known
to contain a particular P element with specific
characteristics and it is observed in most populations
studied (Ajioka & Eanes, 1989; Biemont et al. 19906;
Ronsseray, Lehmann & Anxolabehere, 1991). The
high occupancy frequencies observed for the gypsy
element contradicts, moreover, the assumption of
Charlesworth & Langley (1991) that low copy number
families rarely show occupancies higher than two. The
sites 61C and 98A with high occupancy frequencies of
the gypsy element may be hot spots of insertions,
perhaps as a result of their particular structure or
DNA sequences, since it is well documented that
gypsy insertion is site specific (Freund & Meselson,
1984). Note that the estimate of occupancy frequencies
in the whole genome cannot be accurately approached
in works dealing only with X chromosomes. Indeed,
as seen in Fig. 1 and Table 1, the frequency of site
occupancy is small on the X chromosome for all the
elements, with a mean value even equal to 1 for the
copia element.

(ii) Copy number containment

In the studies of Charlesworth & Langley (1989) and
Charlesworth & Lapid (1989) only the roo element
out of 12 TEs analysed showed an accumulation of
insertion sites in the proximal regions of the chromo-
somes (a clear effect for the X but a small one for the

autosomes) but not in the distal regions, these two
regions being characterized, however, by reduced
rates of crossing over. It is known, however, that the
copia-like elements accumulate in centromeric regions,
especially in the /?-heterochromatin known to be a
nest of old insertions of different types of immobilized
transposable elements (Daniels & Strausbaugh, 1986;
Lansman et al. 1987; Miklos et al. 1988; Vaury,
Bucheton & Pelisson, 1989). So, when we remove the
chromosomal regions 20, 40, 41, 80 and 81 from the
analysis of the distribution of TE site density along
the chromosomes, we find no evident accumulation of
TE insertions in proximal regions of the autosomes
where crossing-over is reduced (see Lindsley &
Sandier, 1977); we instead observe the opposite result.
It is thus not at all clear whether the accumulation in
/?-heterochromatin is directly associated with crossing
over, or is a feature of /?-heterochromatin itself.

The tendency for the TE insertion site density to
decrease from the distal part of the chromosome arms
to the base, following the values of the exchange
coefficient, may mean that a high recombination rate
may favour insertion of TEs even if the insertion sites
are selected against because of chromosome rearrange-
ments due to ectopic exchanges according to the
model and observations of Goldberg et al. (1983),
Langley et al. (1988) and Montgomery et al. (1991).
It may be that the genome is more accessible to TE
insertions in regions of intense recombination, or that
some TEs take advantage of the recombination
machinery for their own insertion. It remains, how-
ever, to explain why this is particularly evident for the
2L chromosome arm and for the copia element, but
not at all for the 3L arm, as reported in other studies
(Langley et al. 1988; Charlesworth, Lapid & Canada,
1992a, b).

Our results thus do not support the idea of a major
selection effect against dominant lethal chromosome
mutations produced by ectopic exchange between
insertions of TEs over non-homologous regions of the
chromosomes, since such a hypothesis predicts the
accumulation of TEs in regions of reduced recom-
bination. Observations of an accumulation of the mys
element on the X and Y chromosomes of deer mice
and other mammals (Baker & Wichman, 1990), and
the acquisition of many repeated sequences in the
newly heterochromatized neo-Y of D. miranda
(Steinemann, 1982) are, however, in agreement with
the ectopic exchange hypothesis, but the absence of
mys copies in the autosomal heterochromatin which
has no recombination, and the accumulation of copies
in the highly recombinogenic pseudoautosomal seg-
ments, disagree with this hypothesis (Hale, 1992).
These latter results may rather indicate constraints on
TE accumulation due to the structural nature of some
chromosomal regions. The Langley model (Langley
et al. (1988) is, however, supported by the excess
abundance of P elements in minority inversions of an
African D. melanogaster population (Eanes, Wesley &
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Charlesworth, 1992), and by a similar tendency for
mdgl (Biemont & Aouar, 1987) and for an ensemble
of 9 various elements in other populations (Charles-
worth, Lapid & Canada, 1992); although such results
strongly need to be confirmed by detailed and complete
analyses on many other elements. The fact, however,
that there is no accumulation of TEs at the extremity
of the tip of the X chromosome in Drosophila where
crossing over is strongly reduced, raises serious doubts
about the generality and even the validity of the
ectopic exchange model for explaining maintenance of
TE copy number.

The hypothesis of ectopic exchange is an alternative
to other hypotheses of TE copy number containment
which postulate that transposable elements are main-
tained in populations as a result of a balance between
the transpositional increase in copy number and either
regulation of the rate of transposition with increasing
copy number or selection against insertional muta-
tions. In fact, it appears that the mdg3 and P elements
follow the neutral model of no selected sites, copia
and gypsy fit the selected model, and for mdgl the
number of insertions on the X is so small that even the
selected model is rejected. From these results it is
evident that no one model can account for the
regulation in copy number and a mixture of different
phenomena could be involved. Even in the case of
copia in which in all published studies the selective
model holds for explaining the maintenance of the
number of copies (see Biemont, 1992) other hypotheses
can still be considered, e.g. a low number of insertions
on the X chromosome because of less specific
insertions on this chromosome, as can be also inferred
for mdgl. Hence, even a systematic observation made
on different populations cannot be used as absolute
evidence for the model under test.

As in most populations studied, we find that the
number of P copies on the X chromosome is slightly
higher than expected, although this does not show up
in the statistical test when only one population is
considered. O'Hare et al. (1992) consider that such a
result is compatible with the model of Engels et al.
(1990) (see also Stephen & Langley, 1992) in which a
homologous template is required for repair after
excision of a P element. Since the X is hemizygous in
males, a lower frequency of excision from the X
compared to the autosomes is expected. Hence, the
frequency of insertions among chromosomes may
reflect the transposition or excision mechanisms more
than the effect of selection or genomic recombination.

The observation in the present study that TE
density of some elements globally decreases as rate of
recombination decreases from the distal part of the
chromosome arms to the base could be interpreted
under the hitch-hiking hypothesis. This hypothesis
postulates that regions of low recombination are ' hit'
by selective sweep more often than regions of high
recombination (Begun & Aquadro, 1992); the associ-
ated reduction in the effective population size for the

chromosomal region concerned thus leads to a
reduction in the proportion of sites at which TEs
segregate (Charlesworth, Lapid & Canada, 1992 a, b).
A decreasing TE site density with a decreasing rate of
recombination is thus expected. This is exactly what is
clearly observed for the copia element and the TE site
density on the 2L chromosome arm. Moreover, the
absence of accumulation of TE sites in the tip of the
X chromosome is also postulated (and is observed),
since this distal region was found to have depleted
nucleotide site variability due to hitch-hiking (Begun
& Aquadro, 1991, 1992). The difficulty with this
hypothesis is that the low number of sites in regions of
reduced crossing over should be associated with a
high number of copies per site (which is not observed),
and more TE insertion sites on the X than on the
autosomes should be observed because the X chromo-
somes have more opportunity to participate in meiotic
exchange, since two-thirds of the X chromosomes are
present in females and only one-half of the autosomes.
It thus remains that the decrease of TE site density
along the chromosome arms could only be more a
structural characteristic of the chromosomes rather
than the result of an association with rate of exchanges.
The particular behaviour of the tip of some chromo-
some arms, could, for example, be analysed in relation
with the amplification of subtelomeric specific repeat
sequences (Danilevkaya & Lapta, 1991; Biessmann
et al. 1992; Karpen & Spradling, 1992).

An alternative to the model of selection is regulation
of the rate of transposition in response to the number
of elements per genome. Experiments with laboratory
strains seem to show a great excess of the rate of
transposition over excision, and so such regulation
seems unlikely to be an important force, since excision
and transposition rates are expected to be approxi-
mately equal at equilibrium under this model. The
problem with the transposition and excision rates is
that in many experiments the populations studied
were not at equilibrium for copy number but in a
process of gaining new sites without any detectable
excisions. Such an absence of equilibrium is sometimes
advanced for eliminating P element data in estimating
TE biology parameters (Charlesworth & Langley,
1991). However, this precaution should also hold for
other elements for which many features in natural
populations are not known. For example, Jenkins &
Copeland (1985) have reported an enhanced trans-
position of certain murine eco tropic retroviruses under
conditions similar to the ones encountered in hybrid
dysgenesis, and recent observations in Drosophila
show that retrotransposons can be mobilized in some
interstrain crosses (Pasyukova et al. 1988; Mevel-
Ninio et al.; Georgiev et al. 1990) or even without any
evident causes (Gerasimova et al. 1984 a; Gerasimova,
Mizrokhi & Georgiev, 1984; Biemont, Aouar &
Arnault, 1987; Kim & Belyaeva, 1991; Pasyukova &
Nuzhdin, 1992). Moreover, the idea that the loss of
elements from their chromosomal locations is very
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rare comes from the analysis of mutations that were
detected visually and that resulted from a TE insertion.
These mutations do not concern the whole set of
insertions on the chromosomes, contrary to what is
seen in studies dealing with location of all chromo-
somal sites by in situ hybridization and which show, at
least for some elements, equal rates of transposition
and excision (Ising & Block, 1981; Biemont & Aouar,
1987; Eggleston, Johnson-Schlitz & Engels, 1988;
Biemont et al. 1990ft; Harada, Yukuhiro & Mukai,
1990). We are clearly in need of reliable estimations of
rates of TE movement in controlled populations,
especially since these transposition and excision
parameters determine the equilibrium state in copy
number according to the various above models.
Although more data on natural populations from
different Drosophila species are required, experiments
aimed to calculate rates of movement under various
conditions, to follow the way copy number increases
or is regulated in lines with a high or low initial
number, and to determine selection values of TE
insertions in order to test a possible advantage as
recently postulated in yeast (Wilke & Adams, 1992),
will still be of great use in understanding the way TEs
are maintained in populations.

(iii) Estimates of the model parameters a and /?

The values of a. and /? estimated in our population for
the five elements are similar to, but less variable than,
the values reported in various other studies in natural
populations concerning either mainly the X chromo-
somes (Charlesworth & Langley, 1991) or the auto-
somes analysed individually (Charlesworth, Lapid &
Canada, 1992a, b). Although in our study the X and
the autosomes give in most cases the same estimates,
the values, as seen for example with copia, can range
from 6-45 in the autosomes to infinity when only the
X chromosomes are concerned. We must thus be
cautious not to draw inferences about the whole
genome from only one chromosome. The close
estimates of the 6 parameter may reflect the fact that
the elements were analysed in the same population
(and in the same sample for some of them), and the
variation between chromosome arms for the gypsy
element perfectly expresses the difference in site
occupancy frequencies.

The high estimates of /? (around 6-30), which
measures the joint effects of drift, selection and
excision, clearly indicate that drift is rather ineffective
in relation to the other forces controlling element
frequencies, since a value close to one is expected for
element frequency to be explained by drift. However,
small values of/? may also result from high occupancy
through multiple insertions. A high frequency of
multiple insertions may thus be the right explanation
of the low values of fi (around 1) observed in D.
algonquin and D. affinis (Hey, 1989) in which many

sites showed occupancies of 50% or more. The values
of /? depend also on the value of the rate of
transposition, and differences in /? estimates may
reflect differences in transposition rates. The high /?
value found for the mdg3 element may thus reflect
that this element may have a higher intrinsic trans-
position rate than the other elements. A wider
knowledge of TE insertion polymorphism in various
populations and in different species is then necessary
for the resolution of the fundamental question of the
amount and nature of genetic variation in natural
populations (Begun & Aquadro, 1992) and on the
forces that maintain it.
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Appendix

The a and /? parameters were estimated simultaneously
according to the equation of Charlesworth & Charles-
worth (1983) assuming that the probability distri-
bution of element frequencies fits a beta distribution.
The pair of a and /? estimates were then those which
minimized the chi-squared value used to compare the
observed and estimated distributions. 6 (the same
parameter as /? when a equals zero) was estimated
following the model of Langley, Brookfield & Kaplan
(1983) in three different ways:

In method A we assumed that the frequency
distribution of TE sites follows the infinite alleles
distribution of Kimura & Crow (1964). This states
that the number of alleles in the frequency range from
x to x + Sx is given by:

In the case of TEs we can use the x~*(l — x)6*'1 term
to arrive at a discrete distribution of expected numbers
of sites for all possible frequencies from \/j to 1,
where 7 is the number of chromosomes sampled. Thus,
for anyy and dA, we calculate the value corresponding
to / chromosomes occupied out of a possible / Thus,
the expected value for any /, which we call N(i) is:

O/0O-'//T*-1,
the discrete distribution gives a mean frequency of the
sites given by:

S(N(i).o/sN(O.
f -1 / i - 1

This mean frequency of sites increases with decreasing
6A, and can be compared with the mean site frequency
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in the real data. dA is changed until these two values
are the same.

Method B is similar to method A but the observed
and expected distributions were compared using a chi-
square test, and we changed the value of 9B until the
chi-squared value was minimized. The problem with
this method is that the expected values for most of the
frequency classes are quite small (less than one) thus
making the chi-square test illegitimate. Thus, we
pooled the values for various classes. This pooling can
be done in a number of different ways giving each time
a different estimate of the dB value which minimizes
the chi-squared value. To take into account the
different number of chromosome arms (especially the
difference in number of X chromosomes and auto-
somes), we calculated for a given 6B value the expected
frequency spectrum for a sample of j chromosomes,
where j is the number in the sample of the particular
chromosome arm being considered. The calculation
was repeated for each chromosome arm, using the
different/ values for these arms, and we combined the
expected distributions, weighting the individual
chromosomes according to the mean number of
elements seen in the sample on each chromosome. We
thus obtained a predicted frequency spectrum across
all the chromosomes, which we compared to the
observed distribution with a chi-square test. This
method has the advantage of allowing a confidence
limit on 0B to be calculated. These confidence limits
for 6B are then 40 and 13-8 for copia, 6-8 and 10-9 for
mdgl, 11-3 and 24-3 for mdg3, 2-6 and 37-9 for gypsy,
and 4-5 and 7-5 for P.

Method C is the infinite alleles distribution method
used in Kaplan & Brookfield (1983) in which the
expected number of alleles, k, seen in a sample of a
given size, is given, according to Ewens (1979), by:

We thus calculated the value of 8C that made equal the
values of k and the reciprocal of the mean observed
site frequency. Some simulations (Kaplan & Brook-
field, 1983) have shown, however, that the 6C values
calculated by this method are considerably larger than
true ones, especially when 6C is large, and that the
estimated values are less accurate than those produced
by methods A and B.

With methods A and C, the variation in the number
of chromosomes made it impossible to estimate 8A

and 6C for the entire genome. So we calculated the
average value over the chromosome arms for each
element. It appears that the mean 8A values are close
to the 6B estimates, while the mean 6C (the parameter
of the infinite alleles distribution) values are close to
the p values when estimated simultaneously with a,
and this is true for all elements (this calculation was
not done for copia since the estimates of dA and 6C for
the X chromosome are infinite). However, for gypsy,
for which the same number of chromosome arms was

analysed, 0A and 6C were calculated for the entire
genome directly. The values obtained are lower than
the mean of the individual chromosome arm values
and thus than the estimates of 6B and /?. It seems that
the mean of the individual chromosome arm 6 values
takes better into account the sites with high insertion
frequencies (which decrease the value of 6) than the 6
estimates calculated directly on the entire genome.
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