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Summary. A family of  highly repetitive DNA ele- 
ments, the Cla-elements, is present in the genomes 
of the two sibling species Chironomus th. thummi 
and Ch. th. piger. These Cla-elements are organized 
in large tandem repetitive clusters as well as occur- 
ring as interspersed monomeric elements, in both 
Subspecies. The analysis of  a monomeric Cla-ele- 
ment and several kilobases of  its flanking sequences 
from Ch. th. piger revealed that the short Cla-ele- 
ments are cotransposed together with adjacent DNA. 
We found the same association of Cla-elements with 
Specific flanking DNA in clones obtained from the 
rDNA of  Ch. th. thummi and from nonribosomal 
Cla-DNA of Ch. th. piger. The Cla-element-flanking 
DNA is clearly also repetitive, but mainly of inter- 
Spersed organization. 
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b N A  -- Cotransposition -- NTS of  rDNA -- Cla- 
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Introduction 

In the genome of  many Chironomus species a family 
of repetitive DNA elements is present, which has 
been termed "Cla-elements" (Schmidt 1981, 1984) 
because most of these elements are characterized by 
a recognition site for the restriction endonuclease 
ClaI. The most intriguing feature of the Cla-ele- 
rnents is the fact that they have probably undergone 
an evolutionary amplification process during the di- 
vergent evolution of  two subspecies of Chironomus 
thummi (Schaefer and Schmidt 1981). 

Offprint requests to: Th.  H a n k e l n  

Chironomus thummi thummi and Ch. th. piger 
can be crossed to produce fully fertile offspring (Keyl 
and Strenzke 1956). In spite of  the close relatedness 
between the two species, there is a significant dif- 
ference in genome size: Ch. th. thumrni contains 
about 30% more DNA per genome than Ch. th. piger 
(Keyl 1965). About one-fifth of  this additional DNA 
in Ch. th. thurnmi is represented by the higher copy 
number of Cla-elements (Schaefer and Schmidt 
1981; Schmidt 1984). From a cytological point of  
view, the larger genome of Ch. th. thummi repre- 
sents the phylogenetically younger one (Keyl 1965) 
and thus, one can conclude that the higher copy 
number of  Cla-elements is the result of  an ampli- 
fication during the evolution of the thummi geno- 
type rather than a loss of Cla-elements during the 
evolution of the piger genotype. 

In addition to the gross difference in the copy 
number of Cla-elements in the two genomes there 
is a remarkable difference in the distribution of  Cla- 
elements in the chromosomes of Ch. th. thummi 
and Ch. th. piger (Schmidt 1981). In situ hybrid- 
ization suggests that the Cla-elements are confined 
to the centromeric heterochromatin in the chro- 
mosomes of Ch. th. piger but, in addition to the 
centromeres, are distributed over more than 200 
different sites in the chromosomes ofCh. th. thummi 
(Schmidt 1984). Probably all these sites contain 
clusters of Cla-elements, because single Cla-element 
copies are presumably too short to provide sufficient 
homology in situ. One of  these 200 Cla-element sites 
is the nontranscribed spacer (NTS) of  the rDNA of  
Ch. th. thummi, which contains a large Cla-element 
cluster of  varying length, generating extreme length 
heterogeneity of the individual thummi-rDNA re- 
peating units (Israelewski and Schmidt  1982; 
Schmidt et al. 1982). The NTS ofCh. th. piger does 
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not  contain any Cla-elements (Schmidt and Godwin  
1983). The comparison of  the NTS of  the two sub- 
species has led to the hypothesis  that  Cla-elements 
might have been transposable, either as isolated re- 
petitive elements or in association with adjacent 
D N A  sequences found flanking the Cla-element 
cluster in the NTS of  thummi.  

Although cloned C la -DNA from Ch. th. t h u m m i  
has already been analyzed (Schmidt 1984), up to 
now there was little informat ion on the organization 
o f  Cla-elements in the phylogenetically older ge- 
nome  o f  Ch. th. piger. Genomic  Southern analysis 
indicated that there were clustered as well as inter- 
spersed copies o f  Cla-elements throughout  the D N A  
of  Ch. th. piger. However ,  localization o f  Cla-ele- 
ments  by in situ hybridizat ion yielded only a sig- 
nificant signal over the centromeric region, showing 
that this me thod  is not  sensitive enough to detect 
single copies o f  monomer i c  Cla-elements. It  was, 
therefore, necessary to analyze Cla-elements and 
their flanking D N A  cloned from the genome of  Ch. 
th. piger. This would enable us to compare  the or- 
ganization o f  Cla-elements o f  the phylogenetically 
younger with the phylogenetically older genome. 

In the present study we were able to isolate for 
the first t ime a monomer i c  Cla-element, which is 
surrounded by repetitive D N A  sequences that pos- 
sibly originate f rom a noncentromeric  chromosomal  
region. The detailed molecular  analysis in this study 
supports the idea that the Cla-elements undergo 
t r a n s p o s i t i o n  toge the r  wi th  ad jacen t  D N A  se- 
quences and that the transpositional events have 
also taken place in the genome of  Ch. th. piger. 

Materials and Methods 

Cloning of Cla-elements from Ch. th. piger DNA. Genomic DNA 
of Ch. th. piger was prepared from larvae raised in laboratory 
culture as described previously (Schmidt et al. 1980). A library 
of Ch, th. piger DNA was constructed using the lambda replace- 
ment vector EMBL 3 (Frischauf et al. 1983). DNA from larvae 
was cut partially with Sau3A and fractionated by agarose gel 
electrophoresis. Fragments of 12-23 kilobases (kb) were isolated, 
ligated to the BamHI ends of the EMBL 3 vector arms, and 
packaged in vitro. The selection of recombinant phages was car- 
ded out biochemically as described by Frischauf et al. (1983). 

The library was screened for Cla-element-containing clones 
by the Benton and Davis (1977) method. Cla-elements, isolated 
from genomic DNA of Ch. th. thummi and labeled radioactively 
by nick-translation (Rigby et al. 1977), served as hybridization 
probes. Restriction fragments of the EMBL 3 clones were sub- 
cloned into the plasmid vector pBR322. After transformation 
of Escherichia coil strain SF8 by the standard calcium procedure, 
recombinant bacterial clones were enriched by cycloserine selec- 
tion (Bolivar and Backman 1979). 

Analysis of Cla-Element-Containing Clones. Preparation of 
plasmid DNA and agarose gel electrophoresis were performed as 
described previously (Schmidt 1981; Schmidt and Godwin, 1983). 
Blot-filter hybridizations were carried out according to Southern 
(1975) and DNA sequencing was done according to Maxam and 

Gilbert (1980). Restriction mapping was performed according to 
the method of Boseley et al. (1980). 

In Situ Hybridization to Polytene Chromosomes. Polytene 
chromosome preparations of Ch. th. thummi and Ch. th. piger, 
from salivary glands of fourth-instar larvae, were heat-treated at 
70"C for 30 rain in 2 • standard saline citrate (0.15 M NaCI, 
0.015 M sodium citrate; SSC) (Bonner and Pardue 1976). The 
spreads were digested with RNase and the DNA in the chro- 
mosomes was then denatured in 0.07 N NaOH for 1 rain. Hy- 
bridization was carried out at 55~ in 5 x SSC for 4-6 h. The 
DNA probe was labeled with biotin--dCTP (ENZO, Biochem. 
Inc.) by "oligo-labeling" (Feinberg and Volgelstein 1983). Sites 
of hybridization were detected by a two-step antibody reaction: 
The slides were washed in phosphate-buffered saline (PBS) for 5 
min. Subsequently, 10 #1 of rabbit-anti-biotin-IgG (ENZO, di- 
luted 1:50 in PBS) were added per slide. Slides were incubated 
at 37~ for 3 h in a moist chamber, then washed in PBS for a 
total of 5 rain. Goat-anti-rabbit-IgG conjugated to FITC (10 #1, 
diluted 1:100 in PBS) was added and the slides incubated for 1 
h at 37"C. After a washing step of l0 rain in PBS, chromosome 
preparations were embedded in buffered p-phenylenediamine/ 
glycerol-antifading mixture. 

Preparations were inspected using a Zeiss photomicroscopr 
equipped with a fluorescent device (excitation 455 nm). 

Results 

Isolation and Characterization o f  
Cla-Elernent-Containing Clones f i v m  
Ch. th. piger 

A genomic library o f  Ch. th. piger containing 1.5 • 
104 recombinant  EMBL 3 clones was screened with 
radioactively labeled Cla-elements as hybridization 
probes. Approximately  1% of  the screened ~ clones 
showed hybridizat ion with Cla-elements. With an 
average size o f  cloned fragments o f  18 kb and the 
size o f  the Ch. th. piger genome (1.25 x 105 kb; 
Keyl, personal communicat ion) ,  this is equivalent 
to an approximate  number  o f  70 Cla-DNA-con-  
taining clones per Ch. th. piger genome. In order to 
analyze a Cla-element-containing region in detail, 
we have chosen arbitrarily one clone (X22A) out of 
50 isolated clones. X22A was characterized by re- 
striction analysis and blot-filter hybridizat ion (not 
shown). Restriction of  the X22A D N A  by SalI gen- 
erated a SalI-fragment o f  about  8 kb, which con- 
tained the Cla-element-homologous sequences. This 
fragment was subcloned into pBR322 and termed 
pPC 170. Figure 1A shows the restriction map of  
the Cla-containing subclone pPC 170. The Cla-ele- 
ment -homologous  D N A  was localized by blot-filter 
hybridization (not shown). About  900 bp, spanning 
the Cla-homologous region, were analyzed in detail 
by D N A  sequencing (Fig. 1B). 

DNA Sequences o f  the Ch. th. piger 
Cla-element and Its Flanking DNA 

With the clone pPC 170, for the first t ime a mo- 
nomeric  member  o f  the C la -DNA family, surround- 
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GAGGATGAAGATGATAAG•T•GA•AACAATGGAA••ACCAATGAAATTGCCATAG•GGAGATA•AAGTGAGTGGAGGATTTTcATAATCCAAAA•TAAAA 

120 140 160 180 200 
GGA•T•AGC•AATAT•GTGTGGTTTGTATGATTTA•ATTCAAGAA•CATCATGTCAA••TG•TAcTTC•AA•T•GATTGAAACTGA•AAAAAT•TTTTTA 

220 240 260 280 300 
~A~-ACATTTCTTGA~TTTTTTAAAGATTTTTGAGAGGGGTCCAGATT~AAGGTAAcTAAACA~TTCTTTCATTATCCAA~AAATTTT~CGGTTCTAAGT 

320 340 360 380 400 
AGTCATA~AT~GTACTG~T~CA~T6GAA~CTA~GGAACT~CTTAGTTA~CT~AGAACTAGACCCATCTTTAAAATCGTT~GAAAAGT~AAGAAATT~ 

420 440 460 480 500 
AA~GTACAA.TTTTTTTGTCAGTTcCACcCAGTTGGAAGTGCcAAcTAGACATGATGCTTcTTGcATGGAAATAATGcTAATCATGC.AGGCA~GCAGCTGAT 

520 540 560 580 600 
ATTCATCATCCTTTTTGTTGGTGAATTTTTATTT11[AGCCTACTATGGT CGAAACCAAAAATGCT TTAAATTGCATTTTAAAACATATC TATGTATTATA 

GAAAA T AC~,C T ACT A TGA T C AAAAC CAAAAA TC~ TTT AAA TT GCA TT TT AAAACA T A T C TA GGT A TT A T A 

620 640 660 680 700 
-~TGATAAAAAATGcTAATATAGATATAAAATCGATATTTTl~GC~CATTTTTGAAACTTGTTTCGAAAAGGTAcACTcATAGAAAAAAAGTAACAAAAT 

AA T GA T AAAGAA TGC T AA T A T AGA TAT AAAA TCGA T A TTTTTTTTTT 

720 740 760 780 800 
GTTT•TAACTTGTATGGAAAATGTTAACAAAcAATTCGTTAAAATAGTGTTTACGAACTTATTTGTTAAATTTAA•CAAATTATTTGTAAGGTTGAATTG 

820 840 860 880 900 
•TAACTATAAAAATTGTTAATTTAACAAACTTTTTGTTAAATTTTTTTTTACAAGAAAAAAAACAAATTTTCGGTTAATATTAACCAAGAAAT TGTTAAT 

3' 

Fig. I. A Restriction map of pPC 170. The sequenced region, containing the Cla-element, is boxed. Restriction enzymes are as 
follows: C, ClaI; E, EcoRI; O, HaelII; O, HindlII; (~, HpaI; S, Sail; T, TaqI; X, XhoI; A, XmalII; m, Cla-element; m, pBR322. B 
Nucleotide sequence of the pPC 170 Cla-element and its flanking DNA. The Cla-monomer (boxed) is compared with the Cla-consensus 
sequence (in italics). Differences are marked by dots. The ClaI site comprises nucleotides 631-636. A large imperfect palindrome in 
the 5'-Cla-flanking region is underlined (---,). Hypothetical target site duplications are marked by small arrows (~). 

ed by its flanking sequences, could be isolated and 
analyzed. All previously obtained Cla-elements f rom 
Ch. th. thummi and Ch. th. piger were part  o f  tan- 
dem-repet i t ive clusters (Schmidt  1984). 

The  monomer i c  Cla-element  o f  pPC 170 has a 
length o f  107 bp and thus is 10 bp shorter  than the 
Consensus Cla-element sequence (Fig. 1 B). The length 
difference is due to deletions within ol igo-dT/dA 
regions at the 5 '-end and the 3 ' -end o f  this Cla- 
element.  Sequence compar ison between the piger- 
Cla-element in pPC 170 and the Cla-consensus se- 
quence (Schmidt 1984) reveals a divergence o f  3.7%. 

At bo th  ends o f  the Cla-element two duplications 
of  6 bp can be seen (Fig. 1B). At the 5 '-end o f  the 
Cla-element, these duplications are tandemly ar- 

ranged and overlap by 1 bp with the Cla-element 
sequence itself. At the 3 '-end the first 6-bp dupli- 
cation is completely homologous  to the Cla-ele- 
ment. Here, the second duplication is separated from 
the first by a few nucleotides. These duplications 
might be an indication for a transposit ional  event  
involving the monomer ic  Cla-element,  which has 
occurred during evolution.  

The Cla-element-flanking D N A  from the piger- 
clone pPC 170 was compared  by compute r  analysis 
with the flanking sequences o f  previously analyzed 
Cla-element clusters f rom Ch. th. thummi (Schmidt  
1984). This analysis revealed that a 32-bp region, 
immediate ly  flanking the 3 '-end o f  the piger-Cla- 
element  o f  pPC 170, is nearly identical to the se- 
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Fig. 2. A Sequence homology between the Cla-elementlCla-flanking DNA of  the ribosomal NTS and of pPC 170 (Cla-element it1 
italics, "Cla-adjacent DNA" in bold face). A short 3'-flanking imperfect palindromic sequence within the "Cla-adjacent DNA" is 
indicated by arrows, i] Compiled schematic comparison between the ribosomal NTS regions of Ch. th. thummi and Ch. th. piger and 
the nonribosomal piger-clone pPC 170. Homologous sequences are hatched identically. 

quence that was found flanking the Y-end of  the 
Cla-cluster present in the ribosomal NTS of Ch. th. 
thummi (Fig. 2A, B). Following Schmidt and God- 
win (1983), this Cla-element-flanking sequence of 
the thummi-NTS is called "Cla-adjacent DNA." 

The nearly perfect homology to the "Cla-adjacent 
DNA"  of  the thummi-NTS is confined to the 32 bp 
flanking the 3'-end of the pPC 170-Cla-element. 
Further downstream as well as in the Y-flanking 
region of  the Cla-monomer there is no homology 
detectable to any ribosomal sequences. These results 
indicate that at least the 32 bp of "Cla-adjacent 
DNA" present in pPC 170 and the NTS of Ch. th. 
thummi were linked to a Cla-element before the two 
subspecies separated (see Discussion). 

The Cla-adjacent DNA and the sequences down- 
stream thereof are of  typical simple sequence or- 
ganization. The nucleotides 650-900 (Fig. IB) can 
be written as (imperfect) repeating units of  the con- 
sensus sequence 

GAAA TG 
T T T T T T G T T A A  

(Fig. 3). Twenty-two such units could be identified- 
It is worth noting that the length of  the repeats often 
coincides with the helical repeat of  DNA. Further- 
more, variation of the repeating units at the nu- 
cleotide level can be noticed: along with increasiog 
distance to the first repeat, the poly-A sequence 
proximal to the central guanosine position is re- 
placed by poly-T. Additionally, the cytosine and 
guanosine residues at position 4 distal to the central 
G only occur in the first few repeats and are then 
mainly replaced by adenosine. 

The satellite-like sequence also seems to be pres- 
ent in the 5'-Cla-flanking sequence. However, onlY 
a few related repeating units can be detected here 
(Fig. 3), which are not tandemly arranged. 

The main feature of  the 5'-flanking region of  the 
Cla-element is a relatively large, imperfect inverted 
repeat, which has a 167-bp stem and a loop of  45 
bp (Fig. 1B). In the stem, 132 out of  167 nucleotides 
are paired. The large hairpin is flanked by a 7-bP 
direct duplication with one base of  mismatch. The 
3'-duplication is an integral part of  the inverted re- 
peat, whereas the 5'-duplicated sequence immedi- 
ately flanks the stem (Fig. 1 B). 
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3' 661 
~2 G A A ACT T G T T T C 

672 
~o G A A A A  GGTA C 

ACTCATA 691 
13 G A A A A AAAG T A A C 

701 
I0 A A A A T  G T T T G  

712 
11 TAACTT GTATG 

723 
11 G A A A A T  G T T A A  

732 
I0 G A A T T G T T T G (re) 

738 
5 G T T A A  

749 
11 A A T AGT G T T T A 

758 
8 T A A G T T C G (re) 

765 
9 T T T  G T T A A A  

776 
10 T T T OG T T A A A (re) 

787 
10 TT A T T T  GT AA 

800 
13 T T G A A T T  G T T A A C  

GG 816 
12 AAAAATT GTTAA 

TAT 826 
10 G T T T G T T A A A (re) 

836 
11 TTTTT GTTAAA 

TTTTTT 852 
12 T T T T C T T G T A A A (rc) 

864 
8 T T T G T T T T (rc) 

8?4 
12 T T T TcGG T T A A T 

885 
13 T 11. T C T T GG T T A A T (re) 

895 
? T T  G T T A A  

5 '  a9 
11 G A A A T T  G C C A T  

~00 " 
I I  G A A A T T  G A A G T  

CON- G A A A T T G T T T G 
SENSUS T T T T A A 

Fig. 3. Possible "simple sequence" repeating units of the 3'- 
and 5'-Cla-flanking DNA. Some repeating units are present as 
reverse complements (re). The lengths of the repeats are given at 
the left margin. The numbering of the sequences corresponds to 
Fig. lB. A similar simple sequence organization has also been 
found in the Cla-element-flanking region of the thummi-Cla- 
element cluster i6 (Schmidt 1984; Rohwedder 1986). 

Genomic Organization of  pPC 170 

In order  to investigate the genomic  organizat ion o f  
the Cla-containing region several  " subreg ions"  o f  
pPC 170 were analyzed by Southern blot  hybr id-  
ization against total genomic  D N A  f rom thummi 
and piger larvae (Fig. 4). The  subclone p B D  31, 

Fig. 4. Southern blot hybridization of Cla-elements and sub- 
clones pBD 421 and pBD 31 against ClaI-restricted total genomic 
DNA of Ch. th. thummi (th) and Ch. th. piger (pi) larvae. For 
the symbols used on the restriction map, see Fig. 1. 

which spans the " l e f tmos t "  par t  o f  p P C  170, hy- 
bridizes to only a few bands  after  ClaI restr ict ion o f  
thummi- and piger-DNA, with a weaker  hybr idiza-  
tion to the D N A  of  Ch. th. thummi, indicating a 
lower copy n u m b e r  in the thummi genome.  

Subclone pBD 421, containing the Cla-adjacent  
D N A  and its 3 ' -f lanking region, however ,  produces  
a broad  " s m e a r "  in genomic  D N A  ofCh. th. thumrni 
and Ch. th. piger, typical for highly repet i t ive DNA.  
This  region o f  pPC 170 spans the a fo rement ioned  
"s imple - sequence"  D N A ,  which is found flanking 
the 3 ' -end o f  the Cla-element .  The  Cla-e lement  pro-  
duces the characterist ic ladder o f  bands  o f  a highly 
tandem-repe t i t ive  D N A  with a significantly differ- 
ent intensity o f  hybr idizat ion ofthummi-  and piger- 
DNA.  The  sequences in the i m m e d i a t e  5 ' -Cla-f lank- 
ing region show a complex  hybr idizat ion pat tern  
(not shown) and  therefore contain dispersed, m o d -  
erately repeti t ive DNA.  

In Situ Localization 

For  in situ localization, the Cla-element-f ree  sub- 
clone pBD 31 was used as a probe,  p B D  31 repre-  
sents the " lef t"  end o f  p P C  170 and contains  se- 



316 

quences that are of low copy number in the genome 
of Ch. th. piger and probably of  single copy in the 
genome of Ch. th. thummi. The result of in situ 
hybridization is shown in Fig. 5. In the chromo- 
somes of Ch. th. thummi, only a single band is la- 
beled, corresponding to position C2g on the right 
arm of chromosome I (according to Hfigele 1970). 
This hybridization is found in both Ch. th. piger and 
Ch. th. thummi at the same site. In the chromo- 
somes of Ch. th. piger a few additional bands on 
chromosome I and the centromeres of chromo- 
somes II and III are labeled (Fig. 5). These in situ 
hybridization results do not allow a definite local- 
ization of pPC 170 in Ch. th. piger. 

Discussion 

Cotransposition of  Cla-Elements 
Together with Adjacent DNA 

The most remarkable feature ofpPC 170 is that the 
piger-Cla-element of this clone is flanked by the 
same 32-bp DNA sequence that has previously been 
found flanking the Cla-cluster of the ribosomal NTS 
of Ch. th. thummi. This is important, because the 
comparative analysis of the ribosomal nontran- 
scribed spacers of Ch. th. thummi and Ch. th. piger 
has led to the idea that Cla-elements might have 
been transposed as a complex together with flanking 
DNA (Schmidt and Godwin 1983). 

In the case of  the NTS of Ch. th. thummi, 528 
bp of so-called "Cla-adjacent DNA" are flanking 
the 3'-end of  the Cla-element cluster. This DNA is 
clearly nonribosomal and has probably integrated 
into the NTS, eventually together with the Cla-ele- 
ments (Schmidt and Godwin 1983). 

Strong support for this hypothesis comes from 
the sequencing data of clone pPC 170. In pPC 170 
we found a situation which is very similar to that 
in the NTS of Ch. th. thummi. The Cla-monomer 
is associated with a 32-bp flanking sequence, which 
is homologous to part of the "Cla-adjacent DNA" 
found in the thummi-NTS. Since pPC 170 has been 
cloned from Ch. th. piger and does not contain rDNA 
sequences, the "Cla-element/Cla-adjacent DNA" 
complex has now been found independently in both 
subspecies at different chromosomal loci. In fact, 
this means that Cla-elements and 32 bp of the "Cla- 
adjacent DNA" were associated already before the 
two subspecies separated and before these sequences 
jumped into the nontranscribed spacer of the thum- 
mi-rDNA. 

However, the major part of the thummi-NTS 
"Cla-adjacent DNA," which is clearly nonribosom- 
al, too, is not present in the pPC 170 clone. Fur- 
thermore, in pPC 170, the 32-bp sequence shares a 

repeated motif  with sequences extending into the 3'- 
direction. Thus, it probably shares a common origin 
with these T-sequences. 

This is not the case in the NTS, because here the 
32-bp sequence does not seem to be related to the 
rest of the "Cla-adjacent DNA." At present we do 
not know how the linkage between the two parts of 
the NTS "Cla-adjacent DNA" can be explained. A 
possible explanation would be that the 528-bp "Cla- 
adjacent DNA" is the result of  two independent 
transpositional events. 

It is not known whether pPC 170 is the genuine 
origin of the "Cla-element/Cla-adjacent DNA" 
complex. Genomic Southern hybridizations shoW 
that the Cla-adjacent DNA (as well as the Cla-ele- 
ments) is a highly repetitive and interspersed DNA 
sequence. The association of Cla-elements with the 
"Cla-adjacent DNA" thus might be more wide- 
spread than suggested by the two samples analyzed 
so far. It could be that the Cla-elements have a strong 
target site specificity, and that the "Cla-adjacent 
DNA" represents a typical target site for Cla-ele- 
ment integration. A more detailed analysis is nec- 
essary here. 

There are also several points of evidence that the 
Cla-elements alone are, or have been, transposable 
elements. All Cla-element clusters investigated so 
far are surrounded by short sequence duplicationS, 
as they are typically found after transpositional 
events (Schmidt 1984). The same is true for the 
monomeric Cla-element found in pPC 170: there 
are six base-pair duplications at both ends of  the 
piger-Cla-element, indicating an integration of the 
Cla-monomer at this site in pPC 170. The presence 
of more than two duplications can be explained, if 
at least two copies were already present prior to the 
integration events. DSring and Starlinger (1984) have 
found such multiple duplications at the insertion 
sites of  maize transposable elements. The hypO- 
thetical target site duplications of the Cla-monomer 
are partially homologous to the sequence of the Cla- 
element itself. The same situation has been found 
in the case of inserted snRNA pseudogenes (van 
Arsdell and Weiner 1984; Bark et al. 1985). An 
integration mechanism involving homologous re- 
combination between parts of  the transposed ele- 
ment and the target locus could be a reasonable 
explanation for this finding. Additionally, the pal- 
indromic structure of the flanking "Cla-adjacent 
DNA" (see Fig. 2a) might play a role in targeting 
Cla-elements. The loop sequence itself displays a 
9-bp homology to the oligo-dT/dA region at the end 
of a Cla-repeat (the ends of a Cla-repeat are defined 
by the ClaI restriction site; el. Schmidt 1984). This 
organization strongly resembles that of the short 
Strongylocentrotus mobile repetitive element D881, 
where a 15-bp homology exists between the repeat 
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Fig. 5. In situ hybridization of biotin-labeled pBD 31 DNA to the polytene chromosomes of Ch. th. thummi (a) and Ch. th. piger 
(b, c, d). A single hybridizing band at position C2g of thummi-chromosome I can be seen (a), which is also present in piger-chromo- 
some I (b). In addition to this single band present in both subspecies, a weak hybridization is found at three positions in the cen- 
tromeric region ofpiger-chromosome I (b). Furthermore, the centromeres ofpiger-chromosomes II (c) and III (d) are labeled. (a', b', 
e', d') Phase-contrast photographs of the chromosomes shown in a, b, c, and d. 

itself and its immedia te ly  flanking D N A  (Johnson 
et al. 1984). Homolog ies  between t ransposed D N A  
and the surrounding target sequence, involving short  
pa l indromic  structures, have  recently been repor ted  
for the insert ion e lement  T g m  1 found in soybeans  
(Rhodes and  Vodkin  1985). 

In view o f  their  length, the Cla-e lements  might  
be classified as short  interspersed repet i t ive  ele- 
ments  (SINEs) (Singer 1982). Famil ies  o f  SINEs are 
the domina t ing  repeti t ive sequences in the genomes  
of  higher vertebrates.  Several S INE families, in- 
cluding the Alu family of  humans ,  are thought  to 
be t ransposed via an R N A  intermedia te  and  reverse 
t ranscr ipt ion (Jagadeeswaran et al. 1981) and thus 
t e rmed  " re t roposons"  (for review see Rogers 1985). 

I t  is possible that  Cla-e lements  have  been trans-  
posed in a way similar  to that  p roposed  for retro- 
poson SINE families. This  possibil i ty is suppor ted  

by the fact that  (1) at  least some  Cla-e lements  are 
t ranscr ibed (as shown by Nor the rn  hybridizat ion;  
Schmidt ,  unpubl ished)  and  (2) Cla-e lements  possi-  
bly have  a 3 ' -o l igo-dT/dA end. 

The  second point  is suppor ted  by the analysis  o f  
the m o n o m e r i c  Cla-e lement  in pPC 170 descr ibed 
here. Because pPC 170 contains  a m o n o m e r i c  Cla- 
element,  there is no ambigui ty  o f  the ends o f  the 
Cla-sequence.  The  o l igo-dA/dT cluster at the 3 ' -end 
o f  the Cla-e lement  can easily fold back  in an R N A  
molecule  and  thus serve as a p r iming  end for reverse 
t ranscr ipt ion (as p roposed  also for Alu-e lements  by  
Jagadeeswaran et al. 1981). Fur thermore ,  the res- 
olution o f  the hairpin  structure after a possible self- 
pr iming could lead to short  deletions o f  var iable  
size, which are actually observed  at the ol igo-dA/  
dT  end o f  var ious  Cla-elements .  

When  the Cla-e lements  t ranspose together  with 
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flanking D N A ,  the  reverse  t r ansc r ip t ion  cou ld  start  
at  s t ructures  like the p P C  170 3 ' -Cla- f lanking  region:  
a t ranscr ip t  o f  an  a r ray  o f  repeats  wi th  weak  pal-  
i n d r o m e s  cou ld  be the source  o f  a n u m b e r  o f  dif- 
ferent  D N A  molecu les  inc lud ing  va r ious  s tretches 
o f  3 ' -Cla- f lanking  D N A .  

The Structure o f  the 5'- and  3"-FlanMng 
D N A  in p P C  170 

T h e  3 ' -Cla- f lanking  sequence  in p P C  170, inc luding  
the  shor t  s t re tch o f  " C l a - a d j a c e n t  D N A , "  is orga-  
n ized  like a " s i m p l e - s e q u e n c e "  D N A .  A c c o r d i n g  to  
our  Sou the rn  hybr id i za t ions  wi th  subc lone  p B D  421 
as probe ,  this satellite D N A - l i k e  sequence  occurs  
in te rspersed  in the  g e n o m e s  o f  Ch. th. piger a nd  Ch. 
th. t h u m m i  and  spans a few h u n d r e d  base pairs  
d o w n s t r e a m  o f  the C la -e l emen t  in p P C  170. 

Sequence  e lements  o f  the satellite-like D N A  are 
no t  conf ined  to the 3 ' -Cla- f lanking  region:  two ho-  
m o l o g o u s  sequences  can be de tec ted  5' u p s t r e a m  o f  
the Cla-e lement .  Thus ,  the 5 '-  a nd  3 ' -Cla- f lanking  
regions m a y  be related,  suggest ing tha t  this sequence  
has been  in te r rup ted  by the in tegra t ion  o f  the Cla- 
e lement .  

In  the 5 ' -Cla- f lanking  region,  a large imper fec t  
p a l i n d r o m e  is found,  wh ich  is f lanked by  shor t  d i rect  
repeats  and  is thus  r emin i scen t  o f  mob i l e  e l ement s  
o f  the  " f o l d b a c k "  class (Pot te r  et al. 1980). Regard -  
ing bo th  the p a l i n d r o m e  a nd  the Cla-sequence ,  this 
region o f  p P C  170 seems to  be par t icular ly  p rone  
to the inser t ion  o f  pu ta t ive ly  mob i l e  D N A .  

In Situ Localization o f  p P C  170 

T h e  in situ local iza t ion o f  p P C  170 a nd  o f  the m o -  
n o m e r i c  C la -e l emen t  in the c h r o m o s o m e s  o f  Ch. th. 
piger is difficult, because  all C la -e lement - f lank ing  
sequences  are m o r e  or  less also repet i t ive  and  hy-  
br idize  in situ to a n u m b e r  o f  different locat ions .  
H o w e v e r ,  the  subc lone  p B D  3 l ,  wh ich  con ta ins  the  
le f tmost  region o f  p P C  170, hybr id izes  to on ly  one  
c o m m o n  site in the  c h r o m o s o m e s  o f  b o t h  subspe-  
cies, suggesting that  this migh t  be the original  lo- 
ca t ion  o f  the whole  sequence.  A definite dec is ion  as 
to where  the p P C  170 c lone c o m e s  f r o m  can be m a d e  
when  the h o m o l o g o u s  region o f  the Ch. th. t h u m m i  
c h r o m o s o m e s  is analyzed.  I f  the  Ch. th. t h u m m i  
h o m o l o g o u s  region con ta ins  the same  s t ructure  o f  
sequences  as f o u n d  in p P C  170, we can be sure tha t  
site C2g is the c h r o m o s o m a l  origin. 
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