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Summary 

The numbers of members of three families of copia-like elements were counted on twenty X, 2nd 
and 3rd chromosomes collected from a natural population of Drosophila melanogaster. Theoretical 
predictions were computed for two models of copy number stabilization: (1) element frequencies 
are regulated by a simple genetic process such as copy number dependent transposition or excision, 
independent of chromosomal location; (2) elements are eliminated by natural selection against 
mutational effects of their insertion into the chromosome. Since insertions into the X can be 
expected to suffer more selection than autosomal insertions, due to expression of mutant 
phenotypes in the hemizygous state, hypothesis 2, called the disproportional model, predicts that 
the proport ion of elements on the X will be smaller than the proport ion of the genome contributed 
by the X, while hypothesis 1, called the equiproportional model, predicts that this proportionality 
will be unaffected. Two of the elements, 297 and roo, showed no evidence for deficiency of A'-linked 
elements, but the data for a third element, 412, were consistent with the prediction based on the 
selective model. 

These results indicate that simple selection against mutational effects of insertions of transposable 
elements is not generally adequate to account for their distribution within populations. We argue 
that a mechanism such as recombination between elements at different chromosomal sites, leading 
to rearrangements with highly deleterious, dominant effects could play a role in stabilizing copy 
number. This process would lead to a higher abundance of elements in genomic regions with 
restricted crossing over. We present some data indicating such an effect, and discuss possible 
interpretations. 

1. Introduction 

One of the central questions in the population biology 
of transposable genetic elements concerns the nature 
of the processes that control the distribution of copy 
numbers among individuals in natural populations. 
Copy number-dependent rates of transposition or ex
cision, and selection against the mutational effects of 
insertions of transposable elements, can stabilize copy 
number distributions in large populations (Langley, 
Brookfield & Kaplan, 1983; Charlesworth & Charles-
worth, 1983; Charlesworth, 19856; Charlesworth & 
Langley, 1986). Although the mode of replicative trans
position varies considerably, from germline specific 
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DNA-mediated replicative insertion (Engels, 1983) to 
retroviral infection and germline integration (Rowe & 
Kozak, 1980; Jaenisch, 1980; Jenkins & Copeland, 
1985), the mechanisms of stabilization of element num
bers in populations could be similar. At present, empiri
cal evidence that might enable us to discriminate 
among the various possibilities is scanty. 

Da ta on transposable element frequencies at indi
vidual chromosomal sites in Drosophila populat ions, 
both from in situ hybridization of labelled probes to 
polytene chromosomes (Montgomery & Langley, 
1983) and from restriction maps of defined genomic 
regions (Langley, Montgomery & Quat t lebaum, 1982; 
Leigh Brown, 1983; Aquadroef al. 1986), suggest that 
element frequencies at individual sites are generally 
very low (Langley, Brookfield & Kaplan, 1983; 
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K a p l a n & Brookfield, 1983; Charlesworth & Charles-
wor th , 1983; Char lesworth , 1985 b). Insertions of trans-
posable elements can cause mutat ions with gross 
phenotypic effects in a wide variety of organisms (Shap
iro, 1983), and the vast majority of such mutat ions 
reduce the fitness of their carriers (Simmons & Crow, 
1977). Thus selection against the presence of elements 
m a y play an impor tan t role in limiting copy numbers . 
In fact, restriction m a p surveys of Drosophila popu
lat ions show that t ransposable elements are rarely 
found within t ranscript ional units, presumably be
cause deleterious effects of such insertions prevent 
them from rising to the frequencies observed for inser
t ions in non-coding regions (Langley et al. 1982; 
Leigh Brown, 1983; A q u a d r o et al. 1986). In ad
di t ion, Golding, A q u a d r o & Langley (1986) showed 
tha t cons tant rates of transposit ion and excision are 
inconsistent with the distr ibution of transposable 
element insertions a m o n g Adh region haplotypes in a 
sample from a natura l popula t ion of D. melanogaster. 
They concluded that addi t ional forces must be acting, 
bu t it is unclear whether these involve selection or 
copy number-dependent transposit ion or excision. 

In this report , we present another test of the hypoth
esis that element frequencies are affected by selection 
against the effects of insertional mutat ions . Under this 
hypothesis , one would expect to find relatively few 
elements on the X ch romosome compared with the 
au tosomes , since recessive or partially recessive del
eterious effects of X ch romosome insertions would be 
fully expressed in hemizygous male carriers (Haldane, 
1927). We develop a model that predicts the propor
t ions of copy numbers under each of two alternative 
hypotheses : (1) The turnover of elements occurs at 
equal rates on the X ch romosome and the autosomes, 
as would be the case if copy numbers were stabilized 
by copy number-dependent or constant transposition 
or excision (the equipropor t ional hypothesis); (2) 
There is differential removal of elements on the X 
ch romosome relative to the autosomes, due to selec
tion against muta t ions caused by insertions (the dis-
propor t iona l hypothesis). In order to test these 
compet ing models, we extracted recessive lethal-free 
X, 2nd and 3rd chromosomes from a wild populat ion 
of D. melanogaster and counted the numbers of each 
of three copia-\ike t ransposable elements on the X 
ch romosome and homozygous autosomes. Analysis 
of our results indicates that the equiproport ional 
hypothesis 1 is compat ible with the observed distri
but ion in two of the families tested (roo and 297), but 
no t with the distr ibution in a third family {412), which 
fits the expectation under the disproport ional hypo
thesis 2. 

2. Materials and methods 

(i) Strains 

The lines used in this s tudy were derived (avoiding the 
'obvious ly dysgenic ' crosses) from isofemale lines, 

which had been recently established from D. melano
gaster females from a Raleigh, N.C. Farmer 's Market 
population. The A'chromosome lines were established 
and maintained by crossing single males from twenty 
of the isofemale lines to a stock carrying an attached-A' 
chromosome (C(l)DX, y f/FM7, n2/y+Y) that had 
the P cytotype. Only male larvae were sampled. 
Homozygous 2nd and 3rd chromosome lines were 
established by isolating single 2nd or 3rd chromosomes 
from females belonging to twenty of the isofemale 
lines. The marked balancer stocks, Pu2, Elp, Sp/SM5 
for the 2nd chromosome and TM3, pp, Sb/ TM6, Tb, 
ca, e for the 3rd chromosome were used in the 
chromosome isolations. Flies were cultured on 
standard corn mea l / agar medium at 22-25 °C. Since 
lethal-free autosomes are common ( > 7 0 % ) , recessive 
lethals are mappable single mutat ions and linkage 
disequilibrium is low across the chromosomes, little 
correlation between total transposable element 
number and recessive lethals is expected. Therefore 
only a small bias was possibly introduced by excluding 
recessive lethal bearing chromosomes. 

(ii) Chromosome preparations 

The preparation of salivary gland chromosomes for 
in situ hybridization was essentially as described in 
Pardue & Gall (1975), with modifications noted 
below. Microscope slides were prepared as described 
in Brahic & Haase (1978). Third instar larvae were 
dissected in 4 5 % acetic acid, the salivary glands were 
removed and incubated for 4-5 min in a mixture of 1 
part lactic acid, 2 parts acetic acid and 3 parts water 
(J. Lim, pers. comm.), after which they were squashed 
under a coverslip and left to incubate overnight at 
4 °C in the residual lacto-acetic acid solution. The 
coverslip was removed by freezing the slide in liquid 
nitrogen and the slides were immersed in 9 5 % ethanol 
for at least 2 h. Prior to hybridization, the slides were 
allowed to dry and incubated for 30 min in 2 x SSC 
at 65 °C. The slides were twice dehydrated in 70% 
ethanol for 5 min each and once in 95 % ethanol for 
5 min. Chromosomes were denatured by treating the 
slides with 0 0 7 N-NaOH for 2 min. After rinsing with 
three 5 min washes of 2 x SSC, followed by the 
dehydration series above, the slides were allowed to 
dry and the chromosomes were hybridized to probe 
DNAs in situ. 

(iii) Nick translation and hybridization 

The cloned transposable element D N A s used in the 
study were nick translated (Rigby et al. 1977) using 
biotinylated d U T P as the label (both Enzo biotin-
16-dUTP and BRL biotin-11-dUTP were used with 
equal success) (Langer, Waldrop & Ward, 1981). 
Concentrations and reaction time were adjusted to 
give optimal incorporation (20-40% substitution). 
Our conditions were as follows: dATP, d C T P , d G T P , 
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25 fiM; D T T , 10mM; gelatin, 100/ ig /ml ; MgCl 2 , 
10mM; Bio-dUTP, 20 pu; D N A , 20/zg/ml ; DNAse , 
1-25/zg/ml; Kornberg D N A polymerase, 10 
units/100 pi reaction. The reaction was incubated at 
12-14 °C for 90 min and then heat-killed at 65 °C for 
5 min. The D N A was then ethanol precipitated, dried 
and resuspended in hybridization buffer containing 
50% formamide, 2 x SCC, 10% dextran sulfate, 
2-5 mg /ml salmon sperm D N A , with a final probe 
D N A concentration of 2 pg/m\. The D N A was 
denatured in hybridization buffer by heating for 
15 min at 65 °C and was then cooled briefly on ice. 
Twenty microlitres of this hybridization solution was 
applied to each squash, which was then covered with 
a coverslip and incubated overnight in a moist 
chamber at 37 °C. 

(iv) Detection of probe DNA and scoring 

After the hybridization period, slides were washed in 
2 x SSC twice for 5 min each at 37 °C and twice for 
5 min each at room temperature, followed by 5 min in 
PBS at room temperature. Ten microlitres each of 
biotinylated horseradish peroxidase H and Avidin-
D H (ABC kit from Vector Laboratories) were added 
to 1 -25 ml of a solution of 50 mM Tris, pH 7-6, 4 % 
BSA, and this mixture was allowed to incubate for 
5 min. Twenty microlitres of this was applied to each 
slide and covered with a coverslip. Slides were incu
bated for 30 min at 37 °C, and then washed for 30 min 
in PBS with 3 changes. A solution of 3,3'diamino-
benzidine tetrachloride (0-5 mg/ml in 50 mM Tris, 
pH 7-6) containing hydrogen peroxide (2 p\/m\ of a 
30% hydrogen peroxide solution) was applied to each 
slide, using enough to cover the squash area (approx. 
0-5 ml per slide). After a 30 min incubation at 37 °C, 
the slides were rinsed in PBS for 5 min and the 
chromosomes were then stained with Giemsa. 

The transposable element DNAs used were 
cDm 4006 (297), cDm 2042 {412), and cDm 2173 [con
taining roo (Meyerowitz & Hogness, 1982) or B104 
(Scherer et al. 1982)], and additionally for the inver
sion breakpoint data, pD 75-3 (Levis & Rubin, 1982). 
cDm 4006 and cDm 2042 each contain complete 
copies of the elements 297 and 412 respectively, cloned 
into PBR 322 (Rubin et al. 1981). cDm 2173 (Strobel, 
1982) shows homology to the 3'6-5 kb region of roo 
(C. F. Aquadro & P. S. Davis, pers. comm.). pD 75-3 
contains a foldback (FB) sequence. D N A s were pre
pared by techniques described in Maniatis, Fritsch & 
Sambrook (1982). 

Duplicate slides were prepared for each line for each 
D N A probe. Sites of hybridization were counted in as 
many nuclei as could be located with good stretched 
chromosomes and clearly visible label. In many cases, 
there was good agreement among nuclei and between 
slides. In some cases, a consensus count (the number 
of sites most often seen) was used for each slide. The 
second slide was scored independently of the first. 

Additional slides were p r e p a r e d if there were signifi
cant discrepancies between the original two slides or 
among different nuclei on the same slide. A single 
number was arrived at a s the final count by (1) using 
the actual count when there were n o discrepancies, (2) 
taking the higher of two counts ( two slides) when the 
difference was one, or (3) taking the average count 
when the difference was two. A n y larger differences 
were resolved earlier by re-counting, preparing 
additional slides, or ascer ta in ing the cytological 
positions of sites in o rder to determine if sites actually 
differed from one nucleus to another . The line num
bers used here are independent for X, 2nd and 3rd 
chromosomes, and identical line numbers d o not necess
arily indicate that the ch romosomes were derived 
from the same isofemale line. 

Crosses were made between each second and third 
chromosome line and a s t o c k conta in ing known stand
ard sequence chromosomes (cnbw; rie). Squashes 
were made from the la rvae from these crosses, and the 
heterozygous second or th i rd ch romosomes examined 
cytologically for the presence of inversions in the wild 
chromosomes. Of the for ty ch romosomes examined, 
only one, 3rd ch romosome line no . 9, had a cyto
logically detectable inversion (polymorphic In(3R)P). 

3. Theoretical expectations 

The models of Char leswor th & Char lesworth (1983) 
and Charlesworth (19856) for the change in mean 
copy number of families of t ransposable elements in 
infinitely large, random m a t i n g popula t ions are adap
ted here to the problem of predicting the equilibrium 
distribution of elements between the euchromat ic re
gions of the X and au tosomes . Let Hx and HA be the 
haploid mean copy n u m b e r s of a given family of el
ements in the euchromat ic regions of the X and au to
somes, respectively. W e also have to consider the 
effects of elements located in he terochromat in , since 
these may contribute by t ransposi t ion to the pool of 
elements in euchromatin (Char lesworth , 19856). Since 
the Y chromosome in D. melanogaster males is largely 
heterochromatic, whereas only a b o u t 4 0 % of the simi
larly sized X is he terochromat ic (Hilliker, Appels & 
Schalet, 1980), it is necessary to consider females and 
males separately. Let Df and Dm be the diploid mean 
copy numbers of elements in the heterochromat in of 
females and males respectively. 

We assume that elements have a probabil i ty of t rans
position per generation of u, independent of sex or 
location in euchromatin vs. he terochromat in , and a 
corresponding probabil i ty of excision, v. Let Pxf, PAf 

and PHf be the probabili t ies in females of insertion of 
a newly transposed e lement in to the euchromat in of 
the X, the autosomal e u c h r o m a t i n and the hetero
chromatin, respectively (PXf+PAf+PHf = l ) . T h e c o r -
responding probabilities for males are PXm, PAm

 a n d 
PHm. Finally, let sx, sA a n d sH be the selection pres-
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sures on mean copy n u m b e r for these three sectors of 
the genome; these can be calculated from the formu
lae of Char leswor th (19856) and standard selection 
theory (see below). Tak ing into account the fact that 
two-thirds of the X ch romosomes of the popula t ion 
are carried in females, we ob ta in the following equa
t ions for the changes in Hx a n d HA per generat ion: 

AHX = - Hx(sx + v)+luPXf(Hx + HA +{D,) 

+ \uPXm(\Hx + HA+\Dm), ( l a ) 

AHA = - HA(sA + v) + \uPAJ(Hx + HA+ \Df) 

+\uPAm(\Hx + HA+\Dm). (\b) 

Similar equat ions can be writ ten for Df and Dm, but 
these are not used in the subsequent analysis, since in 
situ da ta on he te rochromat ic regions canno t be 
obta ined. 

A t equilibrium we obta in 

where 

a2 = Pxf/^PXf + \Pxm), 
a3 ~ Pxm/4(Pxf + iPxm)> 

b, = (PAf + \PAm)/{PAf + PAm), 

b2 = PAf/2(PAf+PAm), 

b3 = PAm/2(PAf+PAml 

Numerical values for the constants in equat ion (2) 
m a y be obta ined if we assume tha t elements insert into 
different genomic regions at a frequency propor t ional 
to the fraction of the genome that each region rep
resents. The euchromat in of the X represents I of the 
total euchromat in in females and J in males (ignoring 
the small 4th ch romosome) . T h e exact propor t ions of 
he terochromat in on each chromosome are not known 
accurately, but this does not mat ter for our purposes 
(see below). We follow the statements of Hilliker et al. 
(1980) and Pimpinelli et al. (1986), a n d assume that 
the Y is entirely he terochromat ic and consti tutes 2 0 % 
of the haploid genome of a male, and that 40 and 
2 2 - 5 % of the Z a n d au tosomes respectively are hetero
chromat ic . Using these values, we obtain PX} = 0 1 4 6 , 
PAf = 0-586, PHf = 0-268, PXm = 0 0 7 5 , PAm = 0-602, 
and PHm — 0-323. These numbers can be substi tuted 
into equat ion (2), yielding an equation in HX/HA 

whose coefficients depend on the (assumed) values of 
Df/HA and Dm/HA. A convenient way to express these 
is to write 

kf PHf = Df/{Df+2(Hx + HA)}, (3 a) 

kmPHm = Dm/{Dm + Hx + 2HA}, (3b) 

where kf and km are the ra t ios of the equilibrium 
frequency of elements in the heterochromatin to the 
p ropor t ion of the genome tha t it contributes, in 

females a n d males respectively. (These coefficients also 
reflect a n y differences in transposition rates of 
he te rochromat ic elements relative to those for euchro-
mat ic ones . ) Substitution into equation (2) yields the 
following quadra t ic in x = HX/HA: 
ax2 + bx + c = 0. (4) 
where 

a = b1-\-2b2c1 + b3 c 2 , 

b = 1 - ax c3 + 2cl(b2 - a2 c3) + 2c2(b3 - \a3 c3 

c = -c3(]+2a2c1 + 2a3c2),c1 = kfPHf/(\-

-Phtii/0 ~km PHm), 

c3 = 4(Pxf+lPxm)(sA+v)/XPAf+PAm)(sx + V). 

The relevant solution to equation (4) is 
x = [-b+ V(b2-4ac)]/2a. 

(2) 

W h e n t h e equilibrium proport ion of elements in 
he te rochromat in is equal to the proport ion of the 
genome t h a t is heterochromatic (kf = km = 1), the 
predicted frequency of elements on the X, given by 
HX/(HX + HA), equals 0 1 7 3 when there is no selec
t ion (sx = sA = 0). We shall therefore take 0-17 as the 
expected va lue for the proport ion of elements on the 
X in the simplest version of hypothesis (1). If 
elements a r e being selectively removed because of 
the deleter ious effects of mutat ions induced by their 
insertion, and the mean selection coefficient on 
hemizygous or homozygous mutat ions is s, with a 
dominance coefficient h for heterozygotes, we can use 
the s t a n d a r d results of Haldane (1927) for selection on 
rare sex-linked alleles, together with the model of trans
posable elements of Charlesworth (1985 ft), to write 
sx ~ 5 ( P -+• 3), sA

 x sh- A value of h of approximately 
0-35 is suggested by the data on viability mutat ions in 
Drosophila (Simmons & Crow, 1977), so that we have 
sa/sx ~ 0-618 if viability is representative of net 
fitness. Assuming similar constants to those used 
above for hypothesis (1), and neglecting excision rates 
in e q u a t i o n (4), the expected proport ion of euchro-
mat ic e lements on the X chromosome in the simplest 
version of hypothesis (2) is 0 1 1 . The effect of non-
negligibie excision rates is to bring the expectation 
closer to t ha t of hypothesis (1). An analysis (not 
shown) of the consequences of variation in the domi
nance, h, o f individual insertions indicates that vari
ance in h m a y move the equilibrium ratio closer to the 
expec ta t ion under hypothesis (1). 

By examining solutions to equation (4) over a range 
of values o f the variables kf and km (which reflect the 
p ropo r t i on of elements in the heterochromatin a n d / o r 
their rates of transposition relative to euchromatic 
elements), i t can be shown that the expected propor-

Hx(sx + v) _ 4(PxfnPxm)V+ai(rfx/HA)+a2(Df/HA) + a3(Dm/HA)} 
HA(sA+v) 3(PAf + PAm){l+b1(Hx/HA) + b2(Df/HA) + b3(Dm/HA)} ' 
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Value of k... 0 0-5 10 1-5 2 0 2-5 2-75 30 

No selection 0175 0173 0171 0168 0163 0151 0138 0105 
Selection 0115 0114 0112 0110 0106 0098 0089 0068 

tion of elements on the A'chromosome is insensitive to 
variation in these parameters except when there is 
a large differential in favor of heterochromatic 
elements. Table 1 gives the equilibrium proportions of 
^-linked elements for the case kf = km= k, using the 
above values of Pxf, etc. A similar analysis shows that 
the expected proport ions of A'-linked elements are 
insensitive to sex differences in transposition rates. 

4. Results 

(i) Distribution of elements between chromosomes 

Sites of in situ hybridization with each of three copia-
like transposable elements, 412, 297 and roo were 
counted in twenty hemizygous X chromosomes, 
twenty homozygous 2nd chromosomes and twenty 
homozygous 3rd chromosomes. The counts for each 
chromosome arm are reported in Table 2. Fig. 1 pre
sents the mean number and 9 5 % confidence interval 
for each element on each of the three chromosomes. 

Since the chromosomes (not the arms) were 
sampled independently, the initial analysis and test of 
the two hypotheses use the counts on whole chromo
somes as the raw data. On the basis of our earlier 
results (Montgomery & Langley, 1983; Kaplan & 
Brookfield, 1983), we expect element frequencies at 
individual sites to be low, so that the number on any 
one chromosome will be Poisson-distributed (Langley 
et al. 1983; Charlesworth & Charlesworth, 1983) in 
the absence of non-random associations between fre
quencies at different sites (linkage disequilibrium). 
Before presenting the results of the tests of our data 
against the predictions made by the model, we will 
first examine the data, in a model-independent test, for 
consistency and homogeneity. 

In order to test whether the distributions of 
elements within families and within chromosomes 
are random (as assumed from previous studies; 
see above), the following hypothesis was tested, 
H0: E(nijlc) = n y / 2 0 , where n m is the observed 
number of ith element in the y'th chromosome in the 
kth sample ( n y = Lknijk). The / 2 for this test was 
202-3 with 175 D.F. Accepting that the numbers of 
each element within chromosomes are Poisson dis
tributed, the following test of interaction between 
element families and chromosomes can be performed. 
The hypothesis tested was H0:nti = nt...n}.../n. The 
X2 with 4 D.F. was 13-4 (P < 0 0 1 ) . This indicates that 
the three families are not distributed among the X, 
2nd and 3rd chromosomes in the same proportions. In 
order to test whether the primary difference involved 

the X chromosome, the following hypothesis was 
tested, H0:nXj = nx...ni...Jn. The x2 (with 2 D.F . ) 
for this test was 8-45 (P < 0-O2). The effect is thus due 
to the X vs. autosome con t ras t . The hypothesis 
f^o:nxn2 — ni\z--nx--/n> w a s tested and gave a x2 

equal to 8-26 (1 D.F. , P < 0-O1). This shows that the 
major source of heterogeneity is associated with the 
proport ion of 412 elements o n the X ch romosome. 

The model-dependent tests for the expected propor
tion of elements on the X c h r o m o s o m e (see theoret
ical expectations) predicts t h a t if selection acting on 
insertions of transposable e lements is the main force in 
stabilizing frequencies, then 1 1 % of the elements in a 
given family will be found on the X (the dispro-
portional model). If other forces are primarily respon
sible (the equiproport ional mode l ) 1 7 % of elements in 
a given family should be found on the X. Fig. 1 pre
sents the results of these tests , where n designates the 
expectation under the equ ipropor t iona l model , and 5 
designates the expectation u n d e r the dispropor t ional 
model. 

We can also test these t w o hypotheses for the ex
pected proport ion of elements on the X ch romosome 
for each element separately. These tests are presented 
in Table 3. The propor t ions on the X ch romosome 
for two of the elements, roo and 297, are consistent ' 
with the equiproportional m o d e l (hypothesis 1). The 
proport ion of 412 on the J i s , however, in agreement 
with the disproportional mode l (hypothesis 2), and 
is significantly different f r o m tha t expected in 
hypothesis 1. 

(ii) Other findings 

Analysis of the data for each ch romosome arm re
vealed several other interesting deviat ions from the 
simple expectation of a Poisson distr ibution across 
samples. (1) There is a significantly less variat ion than 
expected among X ch romosomes in the number of roo 
elements (x2 = 6-52, D.F. = 1 9 , P > 0-995); (2) There 
is significantly greater var ia t ion than expected a m o n g 
the left arms of the second ch romosomes in the ob
served numbers of roo e lements (x2 = 37-58, D.F . = 19, 
P < 0 0 1 ) . The correlations between the two a rms of 
the same chromosome in the numbers of the various 
elements (e.g. 297 /2L vs. 297/2R and 297 /2L vs. 
roo/2R) were also examined. In one of the eighteen 
cases, roo/2L vs. roo/2R, there was a significant associ
ation (r = 0-51; P < 0 0 2 ) . ( T h i s m a y not be meaning
ful in view of the large n u m b e r of tests performed.) 
The possible causes and impl icat ions of these devi
ations are discussed below. 

3-2 

Table 1. The effect of heterochromatic elements on the equilibrium proportion of elements on the X chromosome 
(See text for explanation.) 
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Fig. 1. The mean and 95 % confidence interval of the 
number of transposable elements (297, 412 and roo) found 
on the X, 2nd and 3rd chromosomes (sample size = 20). n 
indicates the expected proportion if elements on the X 
chromosome are removed at the same rate as those on the 

autosomes, i.e. hypothesis 1. s indicates the expected 
number on the X chromosome under the model that 
incorporates natural selection against the phenotype 
caused by the insertion of the transposable element, i.e. 
hypothesis 2. (See text for explanation.) 

5. Discussion 

(i) Distribution of elements on the X vs. the 
autosomes 

The results indicate that the three transposable 
element families differ in their distribution between 
the X chromosome and the autosomes. 412 occurs 
on the X chromosome in the proport ions predicted by 
the disproportional model of selection against par
tially recessive deleterious effects of the insertions, and 
297 and roo occur in proport ions consistent with the 
equiproportional model of no selection. The dif
ference between 412 and the other two families of 
elements is highly significant in a model-free test (see 
above). The reason for this difference is not clear. The 
few possibly relevant characteristics of 412 are (1) its 
relative conservation in evolution (Brookfield, Mont
gomery & Langley, 1984); (2) its relatively low copy 
number; (3) the apparent absence of a distinct target 
sequence for 412 insertions (Yuki et al. 1986; Inouye 
et al. 1986). With further work, it may become clear 
why 412 is different. 

Table 3. The proportions of 291, 412 and roo 
elements on the X chromosome and tests against the 
two proposed models 

(See text for explanation.) 

Element 
Proportion 
on X 

X* 

[017] [011] 

297 0-20 2-2 31-2*** 
412 013 4-9* 10 
roo 019 2-5 66-8*** 

* P < 005 ; ***/>< 0-005. 

The conclusion that the insertion of 412 elements 
may be affected by selection, while insertions of the 
other two element families apparently are not, de
pends on several assumptions about the equivalence 
of the A" chromosome and the autosomes as targets for 
insertional mutagenesis. The first assumption is that 
the genetic and phenotypic effects of insertions are 
similar for the X chromosome and autosomes. Al
though recessive lethal-bearing X chromosomes are 
rare compared to autosomes ( « 3 0 % ) , only a negli
gible bias could have been introduced by the ex
clusion of recessive lethal bearing chromosomes from 
the sample. A particular recessive lethal might be due 
to (at the most) one transposable element insertion 
out of hundreds from the various families on each 
chromosome. 

The second assumption is that the proport ion of 
insertions into the euchromatin of the X chromosome 
in a haploid set is one-fifth of all euchromatic inser
tions. This proport ion is derived from extensive gen
etic and cytogenetic studies of D. melanogaster, which 
have not indicated any great differences between the X 
chromosome and the large autosomal arms, apar t 
from dosage compensation effects. Fur thermore , esti
mates of spontaneous and induced mutat ion rates are 
consistent with the approximate equivalence of the X 
and each of the four large autosomal arms (Wallace, 
1968; Simmons & Crow, 1977). The overall propor
tions reported above for 297 and roo fit the expected 
ratio of 1:2:2 for the A'chromosome and the two large 
autosomes. 

The chromosomes are clearly not equivalent with 
respect to the cytogenetic measure of band counts in 
the polytene chromosomes. Lefevre (1976) estimated 
804 and 1136 polytene chromosome bands for 2L and 
2R respectively. We observed a total of 434 and 391 
elements on 2L and 2R, respectively (see Table 2). 
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The lack of precision of the many measures of chro
mosome ' size' and the strictly empirical and approxi
ma te correlation between chromosome bands and 
genetic or physical measures (Judd, Shen & Kauf
m a n , 1972; Wright et al. 1981; Lefevre, 1981; Spierer 
et al. 1983), make it difficult to judge the effect of this 
dispari ty in chromosome 2 on the interpretation of 
ou r results. 

The low frequency of A'-linked 412 elements can be 
explained by a high concentra t ion of 412 in the hetero
chromat in a n d / o r a high rate of t ransposi t ion of hetero
chromat ic 412 elements relative to euchromatic ones 
(i.e. large values of k, see previous section). The lowest 
value of k that is consistent at the 9 5 % level with the 
observat ions for 412 is approximately 2. The situation 
of k ^ 2 corresponds either to a situation when more 
than 5 4 % of all elements are carried in the hetero
chromat in (when heterochromatic elements have the 
same rate of transposit ion as euchromatic elements) 
or to a rate of transposit ion of heterochromatic el
ements that is at least 2-75 times that of euchromatic 
ones, or to a combinat ion of these circumstances. 
The number of 412 elements in heterochromatin can 
be estimated to be approximately eight by subtracting 
the euchromat ic copy number of 32 (estimated from 
the in situ hybridization da ta of Strobel, Dunsmuir & 
Rubin (1979)) from a total genomic copy number of 
40 (estimated by Pot ter et al. (1979)). Thus it seems 
unlikely that the scarcity of 412 elements on X 
chromosomes is due to excess numbers of elements in 
the heterochromatin . The alternative cause of a high 
value of k could be an elevated rate of transposition 
of 412 elements inserted in the heterochromatin 
(perhaps 2-75 times the rate of euchromatic copies). 
Since there is no independent evidence for this 
increased transposit ion rate nor any a prior reason to 
suspect it, we can reasonably conclude that natural 
selection against the insertional muta t ions themselves 
accounts for the removal of 412 elements from the 
natura l populat ion. Natura l selection of this type is 
not , however, an adequate explanation for the 
removal of roo and 297 elements. 

If the deleterious fitness effects of insertions at the 
genie level do not selectively remove most of the inser
tions of 297 and roo, what mechanisms could be in
volved? One possibility is tha t only a propor t ion of 
sites available for insertion by members of these fami
lies are such that insertions cause deleterious muta
t ions ; insertions at other sites are neutral . The first 
class of sites might correspond to coding sequences 
and their adjacent regulatory sequences, and the 
second to non-functional D N A (if it exists). A model 
of this has been sketched by Charlesworth (19856), 
who showed that selection on insertions into the first 
class of sites could stabilize copy numbers of both 
classes, due to the fact that transposit ions from the 
second class enter the first class in propor t ion to their 
abundance in the genome. In this model , one would 
expect a much lower equilibrium frequency of ele

ments at the first class of sites, compared with the 
second. The majority of observable elements would 
therefore be free of the direct effect of selection, and 
would not show any disproportionality between the X 
and autosomes. Another possibility is the following: 
Recombination between insertions at different sites 
would lead to chromosome rearrangements that are 
generally dominant lethal, or so deleterious that their 
probability of transmission a n d / o r survival in subse
quent generations is substantially reduced when com
pared with that of a simple insertional mutat ion. 
There is good evidence from bacteria, yeast, and mam
mals for such events (Mikus & Petes, 1982; Roeder, 
1983; Maeda & Smithies, in press). In Drosophila, 
there is also some evidence suggesting their occur
rence (Goldberg et al. 1983; Davis, Shen & Judd, in 
press). This unequal recombination* process would 
provide an effective mechanism of selective stabi
lization of copy number within populations, since the 
rate of induction of rearrangements will increase with 
the square of the copy number. Such a relationship 
between copy number and fitness is required for a 
stable equilibrium distribution of copy number un
der selection (Charlesworth & Charlesworth, 1983; 
Charlesworth, 19856). Selection against dominant 
lethal and highly deleterious mutant effects will, of 
course, be equally effective on sex-linked and auto
somal elements. Finally, if such meiotic, unequal 
recombination is correlated with homologous re
combination along the various chromosomal regions, 
then the rate would be expected to be lower near 
the centromere and the tip of the chromosome in Dro
sophila and other eukaryotes (Charlesworth, Langley 
& Stephan, 1986). Further , in Drosophila meiotic re
combination occurs only in females, in which both 
the X chromosome and the autosomes are diploid, so 
that the effects of unequal recombination on the X and 
autosomes would be expected to be similar. 

(ii) Other findings and their significance 

Our analysis of the data revealed that the variance in 
the numbers of roo elements on the X chromosomes 
was significantly smaller than expected. The most 
reasonable explanation is that there are sites that 
occur in high frequency in the sampled X chromo
somes (Charlesworth & Charlesworth, 1983, eq. [4]; 
Langley et al. 1983). A preliminary examination of six 
of the X chromosomes indicated that 6 out of 43 sites 
hybridizing with roo are indeed labelled in three or 
more of the chromosomes (data not shown). Interest
ingly, five of these six are either very near the tip 
or the base of the chromosome (see below). The num-

* We refer to recombination between homologous sequences at 
non-homologous locations as 'unequal recombination'. Since 
this term is commonly associated with recombination between 
tandemly repeated sequences, there may be some confusion. No 
appropriate alternative phrase is available, however. 
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Table 4. Numbers of transposable elements in the regions of inversion breakpoints in laboratory stocks of 
D. melanogaster 

(See text for explanation.) 

Test A Test B 

Stock Element Total Observed Expected Expected 

X chromosome inversions 
ClB/dor 412 10 7 2 0 15-63*** 3-33 606* ClB/dor 

297 10 3 2 0 0-63 3-33 005 
FB 13 8 2-6 1402*** 4-33 4-66* 
roo 24 14 4-8 22 04*** 800 6-75** 

In(l)dl-49/amx 412 13 8 2-6 1402*** 4-33 4-66* 
297 11 7 2-2 13 09*** 3-67 4-53* 
FB 9 5 1-8 711** 300 200 

2nd chromosome inversions 
In(2L)(2R)Cy/L 297 30 10 3 0 1815*** 5-45 4-64* 

FB 22 8 2-2 16-99*** 400 4-89* 
roo 54 18 5-4 32-67*** 9-82 8-32*** 

* P < 005, **i><0-01, ***/>< 0-005. 

bers of roo on 2L also deviate significantly from 
a Poisson distribution in that the variance is too large. 
A reasonable explanation is that there are non-
random associations between element frequencies at 
different sites (i.e. linkage disequilibrium; Charles
worth & Charlesworth, 1984, eq. [4]; Langley et al. 
1983). The apparent correlation in copy number be
tween 2L and 2R for this element is consistent with 
this interpretation, but we have not yet investigated 
this possibility. These deviations from the predictions 
of a Poisson distribution do not compromise the 
hypothesis tests concerning the relative proport ion of 
elements on the X chromosome and whole autosomes. 

The reduced variance in the numbers of roo 
elements on the X chromosome in this study is ap
parently due to the accumulation of roo insertions in 
the centromeric and tip regions. Similarly, Ajioka & 
Eanes (personal communication) have observed a 
greatly increased concentration of P-elements near the 
tip of the X chromosome in natural populations of 
D. melanogaster. These observations are consistent 
with the above model of generation of dominant lethal 
rearrangements by unequal exchanges (assuming that 
unequal exchange is correlated with normal meiotic 
crossing-over). We have also determined the abun
dance of several element families in laboratory stocks 
carrying the inversions CIB and In(l)dl-49 (Xchromo
some) and In(2L)(2R)Cy (2nd chromosome), using 
the in situ technique described above. These inver
sions are all homozygous lethal and have therefore 
been maintained for many generations as permanent 
heterozygotes (Lindsley & Grell, 1968). Since there is 
a low but significant rate of exchange of alleles be
tween inverted and standard sequences in inversion 
heterozygotes, due to double crossing-over and gene 
conversion (Ishii & Charlesworth, 1977), we have com

pared element abundances in the chromosome as a 
whole with copy numbers for regions located close to 
the breakpoints within the inversion, where exchange 
is virtually absent (Chovnick, 1973). 

Table 4 shows the copy numbers for the X and 
second chromosomes in these stocks, together with 
the numbers of elements located within ± 1 salivary 
chromosome division (for chromosome 2) or + 2 di
visions (for the X) of the breakpoints. (Numbers on 
the Z w e r e too small for statistical analysis using only 
+ 1 divisions; numbers are larger for chromosome 2 
because of the presence of two breakpoints on each 
arm in In(2L)(2R)Cy.) Since there are 20 divisions of 
each chromosome arm, one would expect 2 0 % of X 
chromosome elements to be located within two di
visions of a breakpoint, and 10% of 2nd chromosome 
elements to be located within one division of a break
point. The expectations and x2 tests in Table 4 under 
'Test A ' are calculated on this basis. For both the 
X and the 2nd chromosome, the observed number of 
elements within the regions around the breakpoints is 
greater than expected in all ten cases. In all but one of 
these comparisons the observed excess is statistically 
significant at the 0 05 level or less (see Table 4). 

There is thus a significant tendency for elements to 
be present in excess of random expectation near the 
breakpoints of inversions in both the Z a n d 2nd chromo
some balancer stocks. This result could be arte-
factual, however, since the original inversion must 
have occurred in a single chromosome and hence have 
carried a unique complement of elements. The chromo
some over which it was balanced would have an array 
of elements located in different sites from those occu
pied in the chromosome in which the inversion arose. 
Thus twice as many sites of hybridization might be 
expected in regions protected from exchange as in 
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regions where exchange is free (single chromatid hybrid
ization sites can rarely be distinguished from homozy
gous sites in paired homologues) . Since exchange is 
not completely free in inversion heterozygotes, even 
for points far from the breakpoints , a comparison of 
the numbers near the breakpoints with twice the 
r andom expectation provides a conservative test of the 
null hypothesis of n o accumulat ion of insertions in 
regions of reduced exchange. The expected numbers 
of elements near the breakpoints on this basis are 
shown in Table 4 under 'Tes t B ' , together with the 
corresponding / 2 values. Again there is an excess near 
the breakpoints of one or o ther of the X chromosome 
inversions for 412, 297, and FB, and clear evidence for 
roo. Similarly there is an excess for 297 and FB and roo 
near the breakpoin ts of In(2L)(2R)Cy. These results 
are consistent with a model of unequal exchange lead
ing to the con ta inment of copy number. 

An alternative interpretat ion of these observations 
is tha t the process of r a n d o m accumulation by genetic 
drift of deleterious muta t ions in genomic regions with 
restricted recombinat ion, known as 'Mul le r ' s ra tcher ' 
(Felsenstein, 1974; Haigh, 1978), causes the preferen
tial accumulat ion of t ransposable elements in such 
regions of reduced recombinat ion. This has pre
viously been proposed as an explanation of several 
na tura l si tuations in which middle repetitive D N A 
sequences have accumula ted in genomic regions where 
crossing-over is restricted (Charlesworth, 1985 a, b; 
Char leswor th et al. 1986). Qualitatively, the pat tern of 
association of element abundance with rates of mei-
otic crossing-over predicted by Muller 's ratchet will be 
similar to that predicted by the model of unequal recom
binat ion described above . The major difference be
tween the two is tha t the unequal recombination 
model predicts an equil ibrium copy number distri
but ion and no differential with respect to numbers on 
the X ch romosome, whereas the ratchet model pre
dicts a cont inuous bui ld-up of elements in regions of 
reduced crossing-over (probably with a higher rate on 
the autosomes, due to s t ronger selection against X-
l inked insertions). The abundance of repetitive D N A 
in systems such as the chromosome 1 hetero-
morph i sm of Triturus cristatus (Sims et al. 1984) and 
the neo- Y ch romosome of D. miranda (Steinemann, 
1982) are more readily interpreted in terms of the 
ratchet . Fur ther modell ing and experimental work are 
clearly needed if critical tests are to be applied. 

Taken as a whole, the da t a on the distribution of 
elements between the X chromosome and autosomes 
indicate that selection against the mutational effects of 
individual insertions of t ransposable elements does 
no t provide a general explanat ion for the stabilization 
of copy numbers in na tura l populat ions, al though this 
hypothesis is consistent with our results for 412. Other 
mechanisms, such as copy number-dependent trans
posit ion or excision rates or the induction of chromo
some rear rangements by unequal crossing-over 
between elements, must therefore be considered. 
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