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SUmmary. The genomic distributions of  the copia, 
297,412, mdg 1, and B 104 transposable elements 
have been compared by the Southern technique 
among two Oregon R and four Canton S Drosophila 
laboratory lines that have been maintained sepa- 
rately for defined periods of  a few years. The het- 
erogeneity of  the autoradiographic patterns suggests 
that multiple transposition events have occurred 
during the time of  separation. The hypothesis that 
transposition could be induced by variations of  en- 
vironmental parameters is discussed. 
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Introduction 

The copia-like transposable elements represent a 
substantial fraction of  the Drosophila middle repet- 
itive DNA and are dispersed to many alternative 
sites in the genome (Finnegan et al. 1978; Ilyin et 
al. 1978). Mutations correlated with the insertion 
of these and other transposable elements have been 
genetically and molecularly characterized, showing 
that transposition can be a source of  genetic vari- 
ability (Rubin 1983; Levis et al. 1984). However, 
Since little is known about the rate of  transposition 
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and the specificity of  insertion, the evolutionary im- 
portance of  transposition in generating variability 
is still poorly understood. 

Previous studies aimed at estimating the rate of  
transposition in wild-type Drosophila were incon- 
clusive. Cytological analyses in which the location 
of  these transposons has been monitored for up to 
five years suggest that transposition is a rare event 
(Tchurikov et al. 1981; Young and Schwartz 1981). 
However, it has also been shown that individuals 
of  laboratory as well as natural populations can be 
highly polymorphic in the location ofcopia-like ele- 
ments, which suggests that transposition occurs at 
a measurable rate (Strobel et al. 1979; Montgomery 
and Langley 1983). Moreover, in a particular Dro- 
sophila mutant, multiple transposition bursts have 
been described, showing that transposition may oc- 
cur at a high rate (Gerasimova et al. 1984, 1985). 

The genomic location of  copia-like transposable 
elements has been studied also by the Southern tech- 
nique. The results showed that laboratory lines of  a 
strain, when maintained separately for a few de- 
cades, exhibit substantially different DNA restric- 
tion patterns, a result that suggests that a significant 
number of  transposition events occurred during the 
time since separation (Junakovic et al. 1984). 

Here, the Southern approach has been used to 
compare the genomic distributions of  five copia-like 
families in wild-type laboratory stocks of Drosophila 
that have been maintained separately for a shorter 
time. Pattern heterogeneity consistent with multiple 
transposition events is observed. The analysis of  
how this heterogeneity is distributed over time and 
in different populations suggests that transposon 
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Fig. 1. Schematic representation of the Hind III restriction site 
(H) locations in the elements 297, 412, B 104, mdg 1, and copia 
(Finnegan et al. 1978; Tchurikov et al. 1978; Strobel et al. 1979; 
Dunsmuir  et al. 1980; Scherer et al. 1982). The solid line rep- 
resents a transposable element and the dashed line flanking ge- 
nomic sequences. The boxed region indicates the portion internal 
to the transposable elements that was excised from the cloned 
transposons as previously described (Junakovic et al. 1984) and 
used as probe 
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Fig. 2a, b. a Time relationship among the Oregon R laboratory 
stocks compared. An aliquot of the Oregon R strain was taken 
from the European Molecular Biology Laboratory (EMBL; Hei- 
delberg) to Rome in 1980 and processed 2.5 and 4 years later 
(nodes 1 and 2). An additional aliquot was mailed from EMBL 
and processed in 1984 (node 3). The question mark indicates 
that the genomic distribution of the transposons was not analyzed 
in the population from which the two stocks were started, b 
Genomic distribution of the five transposon families in Oregon 
R (Heidelberg) laboratory lines at 2.5 and 4 years since separa- 
tion. Lane numbers correspond to stocks in part a. DNA was 
extracted from pools of 100 flies, digested with Hind III, loaded 
in wide slots on agarose gels, run, and transferred to nitrocellulose 
filters, which were cut into five strips per slot and hybridized 
with the ~2P-labeled transposons. The arrows indicate the mo- 
bilities of the Hind III lambda DNA fragments of 23.7, 9.46, 
6.66, 4.26, 2.30, and 1.96 kilobases 

f a m i l i e s  c a n  b e  r e a r r a n g e d  a t  d i f f e r e n t  r a t e s  a n d  t h a t  

t r a n s p o s i t i o n  is d i s c o n t i n o u s  i n  t i m e .  

M a t e r i a l s  and M e t h o d s  

Drosophila Stocks. The stocks of the Oregon R strain originate 
from the European Molecular Biology Laboratory (Heidelberg). 
An aliquot of about 200 flies was taken to the Institute of Genetics 
(University of Rome) in 1980. Samples of this line were analyzed 
2.5 and 4 years later. In 1984, an additional aliquot was mailed 
from Heidelberg and processed. The Canton S strain originates 
from the International Institute of Genetics and Biophysics (IIBG; 
Naples). In 1977 an aliquot was taken to the Institute of  Genetics 
(University of Naples). In 1982 another aliquot was taken to the 
Institute of Genetics (University of Rome). DNA was extracted 
and processed from the IIGB stock in 1982, and again from the 
IIGB stock and from the Institute of Genetics (Naples) and In- 
stitute of Genetics (Rome) stocks in 1985. 

DNA Extraction. Individual adult flies were homogenized in 
50 pl of cold 0.1 M Tris-HCl and 0.1 M ethylenediaminetetra- 
acetate (EDTA), pH 9, with a Perspex rod shaped to fit the bottom 
of an Eppendorf tube. Fifty microliters of preheated 2% sodium 
dodecyl sulfate (SDS) was added and the mixture was incubated 
at 65"C for 1 h. After cooling at room temperature for a few 
minutes, 13 pl 8 M potassium acetate was added. After 30 rain 
on ice, the samples were spun for 10 rain in an Eppendorf cen- 
trifuge. Isopropanol (60 pl) was added to the supernatant and 
after 10 min at room temperature the samples were spun again 
for 10 min. The pellet was washed twice with 70% ethanol, dried 
under vacuum, and resuspended in 10 mM Tris, 1 mM EDTA, 
pH 8. For extractions from pools of flies the volume of the ho- 
mogenizing buffer was adjusted to 10 #1 per 1-2 flies and the 
volumes of the subsequent components were changed accord- 
ingly. 

Restriction Enzymes. The enzymes were purchased from Bio- 
labs and used according to the supplier's instructions. 

Agarose Gel Electrophoresis. The Hind III digests were loaded 
in 5-cm-wide slots on a 0.7% agarose gel in phosphate buffer. 
Electrophoresis was carried out at 2 V/cm for 20 h. After transfer 
to nitrocellulose filters (Southern 1975), the filters were cut into 
five strips per slot. A single strip from each slot was then hy- 
bridized to one labeled transposon fragment. This experimental 
detail ensures that restriction patterns detected with different 
transposons are comparable, because it guarantees that  quality 
of  DNA preparation, extent of restriction enzyme digestion, and 
electrophoretic conditions are the same in all cases. It also allows 
different digests to be compared, provided they share at least one 
common pattern. 

Hybridization. The restriction fragments of the cloned trans- 
posons were electroeluted from the agarose gels and labeled by 
nick translation to a specific activity of about 107 cpm/pg. Hy- 
bridization and washing conditions were as previously described 
(Junakovic et al. 1984). The films were exposed for 24-48 h at 
-70"C with an intensifying screen. 

Resul t s  

A s i m p l i f i e d  r e s t r i c t i o n  m a p  o f  t h e  c o m m o n  s t r u c -  

t u r e  o f  t h e  f i ve  t r a n s p o s o n s  u s e d  ( 2 9 7 ,  4 1 2 ,  B 104 ,  

m d g  1, a n d  c o p i a )  is  s h o w n  i n  F ig .  1. T h e y  a l l  h a v e  



a Hind III restriction site in the central region. 
Digestion of  the genomic DNA with this enzyme 
produces fragments that bear transposon sequences 
and that are heterogeneous in size because of  the 
different locations of  the Hind III sites in the ex- 
ternal regions flanking the elements. After agarose 
gel electrophoresis and transfer to nitrocellulose fil- 
ters, these fragments can be detected using as a probe 
an appropriate internal segment excised from the 
cloned transposons (Fig. 1). The resulting autora- 
diographic pattern is expected to change as trans- 
Position events take place, since the new insertion 
sites are associated with new flanking sequences in 
Which the locations of  the Hind III sites external to 
the elements are very likely to be different. 

An important prerequisite for the validity of  this 
apProach is that the distribution of  restriction sites 
internal to the genomic transposable elements be 
COnserved. Comparisons among Drosophila species 
(DOWsett 1983), strains (Finnegan et al. 1978; Stro- 
bel et al. 1979), and laboratory stocks (Junakovic et 
al. 1984) have previously shown that although some 
Variants can be detected, the majority of the ge- 
nOmic elements meet this requirement. Here, five 
laboratory lines of  the wild-type Oregon R and Can- 
ton S strains, maintained separately for up to 8 years, 
have been compared by this approach (Figs. 2a and 
3a). Populations already diverging have been ana- 
lyzed because previous information indicated that 
.5 Years was too short a time to detect transposition 
in the laboratory (Tchurikov et al. 198 I; Young and 
Schwartz 1981). Thus, the initial stocks from which 
the lines were started could not be analyzed. How- 
ever, preliminary experiments showed that the pat- 
tern heterogeneity detected was not equally distrib- 
uted among the five transposon families analyzed. 
This indicated that a study of  the relative mobilities 
of different transposon families was feasible. Since 
the elements of  copia-like families are dispersed 
throughout the genome, both contamination and 
genetic drift should affect the different families 
equally. 

In Fig. 2b the patterns obtained from the Oregon 
R lines are shown. DNA was extracted from groups 
of 100 flies and processed as described in Materials 
and Methods. A preliminary observation is that the 
Patterns of  the five transposon families exhibit many 
sirMlarities. Since the genomic locations of  trans- 
POsable elements differ among Drosophila strains 
!Ilyin et al. 1978; Strobel et al. 1979), this similarity 
Is an internal control, particularly evident for trans- 
POsons 297 and mdg 1, of the  common origin of  the 
Stocks compared. For the same reason, significant 
contamination by unknown flies can be ruled out, 
as the genomic distribution of  the 297 and mdg 1 
elements should have been the same in the contam- 
Inating and contaminated flies. 
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Pattern heterogeneity, which is correlated with 
transposition, is unevenly distributed among the five 
transposons. The 297 and mdg 1 families appear 
the least active in transposition. The copia patterns 
are the most heterogeneous ones. A number of 
changes in presence or absence and relative intensity 
of  bands are detected at the 1,5-year interval and 
even more after 4 years of  divergence. The 412 and 
B 104 families exhibit few changes between lanes 1 
and 2. However, the 412 pattern in lane 3 is still 
reminiscent of  the pattern in lane 2, whereas the B 
104 pattern in lane 3 is substantially different from 
that in lane 2. This implies that during the separa- 
tion time either the B 104 elements were involved 
in more cycles of transposition or at some stage the 
B 104 family underwent a particularly active burst 
of transposition. 

The evidence suggesting that different transposon 
families are not equally mobile raises the question 
of  whether this is due to structural differences among 
transposable elements that might code for more or 
less active "transposases." Alternatively, parame- 
ters such as the genomic location or the type of  
transposition-inducing signals could affect the mo- 
bility of  transposable elements. In the first case, the 
relative order of  mobility among the five transpos- 
ons would be expected to be maintained in separate 
Drosophila populations. In the second case, the pre- 
diction is that the mobility order could vary among 
different populations. To distinguish between the 
two possibilities, we analyzed the genomic distri- 
butions of the above copia-like elements in four 
diverging laboratory stocks of  the Canton S strain. 
Figure 3a outlines the time relationship among the 
populations compared, and the resulting autoradio- 
graphs are shown in Fig. 3b. Pattern heterogeneity 
is observed. This heterogeneity was quantitated as 
described in the legend to Fig. 3; Fig. 3c is a his- 
togram summarizing the results. It appears that the 
order of mobility varies among Drosophila strains. 
The 297 patterns are the most heteogeneous here 
and the most homogeneous in the Oregon R strain 
(Fig. 2). This suggests that a particular transposon 
structure is not sufficient to determine the rate of  
transposition. 

Additional information about the difference in 
mobility can be gained by comparing patterns ob- 
tained from individual flies. The relationship be- 
tween polymorphism in genomic distribution of co- 
pin-like elements and t ransposi t ion has been 
discussed in previous reports (Strobel et al. 1979; 
Montgomery and Langley 1983). Individuals of a 
population are expected to be more polymorphic 
for the location of  more mobile elements and vice 
versa. In the Oregon R lines that we examined (Fig. 
2), copia appears to be more mobile than mdg 1. 
We therefore processed individual flies from the 
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Fig. 3a-c. a The diverging lines indicate maintenance of related 
stocks of the Canton S strain in different laboratories. Conventions are 
the same as in Fig. 2a. b Autoradiographs of the samples examined. 
Lane numbers correspond to stocks in part a. Groups of 100 flies were 
processed as described in Materials and Methods, and the filters were 
hybridized with the transposon probes indicated, c Quantitation of the 
pattern heterogeneity. For each transposable element, the patterns from 
samples 1, 2, and 3 were compared with that from the reference sam- 
ple (r). Differences were noted in case of (1) appearance of a band, (2) 
disappearance of a band, and (3) variation in intensity relative to an 
adjacent band. The last parameter was based on comparison between 
densitometric profiles. The resulting values are presented as histograms 
showing the relative orders of heterogeneity in different laboratory 
stocks 

popula t ion  t e rmed  3 in Fig. 2 and hybr idized the 
digests with copia. Subsequently the same filters were 
hybridized with m d g  1. As shown in Fig. 4, pa t tern  
p o l y m o r p h i s m  is detected with both  probes.  This  is 
particularly evident  in the high-molecular-weight  
region o f  copia and  p resumably  accounts  for the 
d isappearance  of  some  bands  in that  region o f  the 
copia pat terns  shown in Fig. 2b (lanes 2 and  3 with 
respect to lane 1). The  p o l y m o r p h i s m  was quant i -  
tated as the rat io between the n u m b e r  o f  bands  com-  
m o n  to all individuals  and  total  n u m b e r  o f  bands  
o f  different mobil i ty.  The  ratios (0.47 and  0.25 for 
mdg  1 and copia, respectively) show that  the indi- 
viduals  examined  are more  po lymorph ic  with re- 
spect to the dis tr ibut ion o f cop i a  e lements  than  with 
respect to that  o f  the e lements  o f  the mdg  1 family.  
This  is in accord with the evidence f rom Fig. 2 
showing that  the copia e lements  appear  to be m o r e  
mobi le  than  the m d g  1 elements.  The  bands  that  
account  for the p o l y m o r p h i s m  between individuals  
appear  to belong to discrete size classes, suggesting 

that  a l imi ted n u m b e r  o f  specific insert ion sites have  
been invo lved  in recent t ransposi t ion events.  Other  
bands,  present  in all the individuals ,  p robab ly  reflect 
more  stable insert ion sites. Po lymorph ic  and  stable 
insert ion sites have  been previously  observed  also 
by in situ hybr idizat ion (Strobel et al. 1979; Pierce 
and  Lucchesi  1981). 

Discussion 

In the work repor ted  here, the Southern technique 
was adopted  for the s tudy o f  t ransposi t ion o f c o p i a -  
like e lements  in Drosophila. Obvious ly ,  in situ 
hybr idizat ion is more  appropr ia te  for locating t rans-  
poson sequences along the ch romosomes .  However ,  
detecting changes in locat ion over  short  ch romo-  
somal  distances is difficult or  imposs ible  by the cy- 
tological approach.  In  addit ion,  i f  different t ranspo-  
son  f ami l i e s  a re  to be  c o m p a r e d  in d i f fe ren t  
populat ions,  it m a y  be very  labor ious  to process a 
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Fig. 4. Comparison between Southern-blot patterns from in- 
dividual flies. DNA was extracted from individual adult flies of 
the population termed 3 in Fig. 2 and was digested with Hind 
III; the fragments were then analyzed by gel electrophoresis and 
transferred to nitrocellulose filters. The filters were hybridized 
with the 32p-labeled copia internal fragment and exposed to x-ray 
film. The radioactivity was allowed to decay for 6 months and 
filters were rehybridized with mdg I. This comparison shows that 
the individuals examined are more polymorphic for the locations 
of copia than for those of mdg 1 elements (see text). Partial 
digestion is an unlikely explanation for the copia polymorphism, 
as the two sets of patterns were obtained from the same digests. 
For ease of comparison, the corresponding pool patterns are re- 
produced at a convenient magnification 

high enough number  o f  samples to achieve a statis- 
tically significant comparison.  These l imitat ions o f  
the cytological approach are greatly reduced in the 
Southern technique. Changes in location o f  a few 
kilobases can easily be detected. A general picture 
~ N  a populat ion can be obtained by simply analyzing 

A extracted f rom groups o f  flies. I f  relative mo-  
bility o f  different transposable elements is to be as- 
sessed, the same D N A  digest can be probed with 
different labeled t ransposon sequences. 

By this approach,  we have detected pattern het- 
erogeneity, which may  be due to different causes: 
(I) Partial digestion can give rise to pat tern heter- 
o.geneity. This  is ruled out  by the experimental  de- 
sign (see Materials and Methods)  because port ions 
of the same digest are present on the nitrocellulose 
strips probed with different transposons. Different 
digests can be compared  because they exhibit  one 
or more  c o m m o n  patterns. (2) Contamina t ion  by 
Unrelated Drosophila strains is another  potential  
SOurce of  heterogeneity.  However ,  it has been shown 
that in different Drosophila strains the genomic dis- 
tributions of  all the copia-like elements  tested are 
POlymorphic (Strobel et al. 1979), whereas the pat- 
terns observed in this report  are heterogeneous for 
SOme transposon families only. (3) Selection for a 
Particular genomic distr ibution does not  seem to 
Play a role either, because all the Drosophila strains 
and laboratory stocks o f  a strain compared  so far 
differ in this trait (Tchur ikov et al. 1978; Strobel et 
al. 1979; Junakovic  et al. 1984). (4) R a n d o m  genetic 
drift is not  a source o f  populat ion polymorphism.  
On the contrary,  in the absence o f  migrat ion and 
Selection, r andom drift is expected to lead to homo-  
ZYgosity o f  laboratory Drosophila stocks. This ira- 

plies that  the po lymorphisms  observed are estab- 
lished and mainta ined by a process effective enough 
to counterbalance the homogenizing effect o f  genetic 
drift. 

The  finding that individuals o f  Drosophila labo- 
ratory populat ions can be highly polymorphic  in the 
distr ibution o f  copia-like elements  has been previ-  
ously reported and the relat ionship between such 
po lymorph ism and transposi t ion discussed (Strobel 
et al. 1979; Pierce and Lucchesi 1981). Here,  these 
observat ions have been confi rmed and a correlat ion 
has been established between the intrastock poly- 
morph i sm and the apparent  mobili t ies o f  different 
transposable elements. 

Based on these criteria, we interpret  the pat tern 
heterogeneity observed here to be due to the asso- 
ciation o f  transposable elements with new flanking 
sequences, that is, transposit ion. This p h e n o m e n o n  
appears to be discont inuous in t ime and to vary  in 
rate and t iming among different t ransposon families. 

Cytological observat ions consistent with this con- 
clusion have been reported. Copia and mdg 1 appear  
to be more  mobile  than Dm2066  and mdg 4 (An- 
aniev et al. 1984). Transposi t ion bursts, that  is, vari-  
ations in the rate o f  transposition, have been de- 
scribed over  a 4-year period in genetically unstable 
Drosophila mutants  (Geras imova et al. 1984, 1985). 
In the latter case all the copia-like elements tested 
(as well as P and FB) appeared to have been mo-  
bilized synchronously.  

Altogether, these data suggest that  there is an in- 
ducer capable o f  triggering transposi t ion of  all the 
Drosophila transposable elements, as well as a num-  
ber o f  other  inducing signals (or gradations o f  the 
same signal) that act on particular t ransposon ram- 



88 

ilies only.  T h e  c o m m o n  t ra i t  o f  these t r a n s p o s i t i o n  
i nduce r s  wou ld  be d i s c o n t i n u o u s  ac t iv i ty  in  an  ap-  
pa ren t ly  h o m o g e n e o u s  l abo ra to ry  e n v i r o n m e n t .  

We  be l i eve  tha t  v a r i a t i o n s  o f  e n v i r o n m e n t a l  pa-  
r ame te r s  can  i n d u c e  t r anspos i t i on .  T e m p e r a t u r e - i n -  
duced  t r a n s p o s i t i o n  has been  descr ibed  in  yeast  (Pa- 
q u i n  a n d  W i l l i a m s o n  1984). In  Drosophila, cop ia  
t r ansc r ip t ion ,  a p u t a t i v e  i n t e r m e d i a t e  step in  t r ans -  
pos i t ion ,  is r e spons ive  to e n v i r o n m e n t a l  stress 
(S t rand  a n d  M c D o n a l d  1985), a n d  p r e l i m i n a r y  evi -  
dence  suggest ing tha t  hea t  shock p r o m o t e s  t r ans -  
pos i t i on  has been  repor ted  (Barsan t i  a n d  P a l u m b o  
1985). Occas iona l  i n d u c t i o n  o f  t r a n s p o s i t i o n  cou ld  
accoun t  for the p r ev ious  repor t s  o f  b o t h  h o m o g e -  
ne i ty  a n d  p o l y m o r p h i s m  in  loca t ion  o f  t r a n s p o s a b l e  
e l emen t s  a m o n g  i n d i v i d u a l s  o f  different  Drosophila 
popu la t ions .  
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