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Abstract. Two different satellite DNAs from tenebri- 
onid species Tribolium madens (Insecta, Coleoptera) 
have been detected, cloned, and sequenced. Satellite I 
comprises 30% of the genome; it has a monomer size of 
225 bp and a high A + T content of 74%. Satellite II, with 
a monomer size of 711 bp and A + T content of 70%, is 
less abundant, making 4% of the total DNA. Sequence 
variability of the monomers relative to consensus se- 
quence is 4.1% and 1.2% for satellite I and II, respec- 
tively. Both satellites are localized in the heterochromat- 
ic regions of all chromosomes. A search for internal mo- 
tifs showed that both satellites contain a related 
subsequences, about 100 bp long. The creation of satel- 
lite I monomer is explained by duplication of the basic 
subunit, followed by subsequent divergence by single 
point mutations, deletions, and gene conversion. Inver- 
sion of the subsequence in addition to its duplication has 
occurred in satellite II. The result of this inversion is 
possible formation of a long, stable dyad structure. The 
408-bp sequence, inserted within satellite II monomer, 
shares no similarity with a basic subunit. Frequent direct 
repeats found within the inserted sequence point to its 
evolution by duplication of shorter motifs. It is proposed 
that both satellites have been derived from a common 
ancestral sequence whose duplication played a major 
role in the formation of satellite I monomer, while inser- 
tion of a new sequence together with inversion of an 
ancestral one induced the occurrence of satellite II. 
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Introduction 

Insect species from family Tenebrionidae (Coleoptera) 
have a substantial amount of pericentromeric heterochro- 
matin located on all chromosomes of the complement. 
The heterochromatic blocks preferentially contain satel- 
lite DNAs wfiich make up 30-50% of the genome. Most 
of the species have a single, highly abundant satellite 
DNA of a unique sequence which is usually species spe- 
cific (Petitpierre et al. 1995). Depending on the size of 
the basic repeating unit, tenebrionid satellites can be 
classified into two groups. The first group comprises 
seven different satellite DNAs of unique sequences with 
monomer lengths between 100 and 160 bp, while in an- 
other group a monomer sequence is about 350 bp long 
(Ugarkovid et al. 1995). 

Analysis of satellites from related tenebrionid species 
reveals that different mutational processes are involved 
in their evolution. In some of the species like Tenebrio 
molitor, Palorus ratzeburgii, Tribolium confusum, and 
Triboliumfreemani where only one type of highly abun- 
dant satellite DNA is found, the sequence variability is 
very low--up to 2%--due mainly to single base substi- 
tutions (Ugarkovid et al. 1989, 1992; Plohl et al. 1993; 
Juan et al. 1993). However, satellite DNA from Alphi- 
tobius diaperinus exhibits much higher divergence 
(Plohl and Ugarkovi6 1994a). It is composed of three 
related satellite subunits organized in three higher-order 
satellite subfamilies. Comparison of satellite subunits re- 
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veals that processes of  gene conversion, replication slip- 
page, and recombination are involved in the evolution of  

this satellite. The presence of a long direct repeat within 
the satellite monomer of  tenebrionid species Misolampus 
goudoti indicates that unequal crossing over has occurred 
both within and between repeating units (Pons et al. 

1993). 

Satellite DNAs often have higher-order structures ei- 
ther in the form of  dyad structures, due to inverted re- 
peats (Fowler and Skinner 1985; Bigot et al. 1990), or in 
the form of  solenoid structures, induced by curvature of  
the DNA helix axis (Radid et al. 1987; Martinez-Balbas 
1990). It is proposed that these structures perform a cod- 
ing function in the binding of  specific proteins and in this 
way influence condensation of  heterochromatin (Vogt 
1992). Three different satellites from tenebrionid species 
T. moIitor, Tenebrio obscurus, and P. ratzeburgii have 
the same monomer length of 142 bp and form tertiary 
structure of very similar geometry in the form of  a left- 
handed superhelix (Plohl et al. 1990; Ugarkovid et al. 
1992; Plohl and Ugarkovid 1994b). It is suggested that 
conservation of  such structural characteristics despite se- 
quence divergence points to their importance for hetero- 
chromatin formation (Plohl and Ugarkovid 1994b). 

In this paper two satellite DNAs from tenehrionid 
species Tribolium madens are characterized with respect 
to the nucleotide sequence, organization, and amount. 
Sequence variabili ty and mutational processes acting on 
their evolution are studied. In addition we compare two 
satellites in order to determine what relationship they 
have with each other at the level of  nucleotide sequence, 
higher-order  structure, or internal organization. Such 
comparisons could give us some information concerning 

possible constraints operating during the evolution of 
satellite DNAs within a species. 

Materials and Methods 

Cloning and Sequence Analysis. Genomic DNA was isolated from 
larvae and adult insects by standard procedure (Sambrook et al. 1989) 
and restriction digestions were performed according to the manufac- 
turer's instructions. After electrophoresis on 1.2% agarose gels, DNA 
fragments of approximately 200 bp and 500 bp after ClaI digestion, of 
approx. 220 bp afterAluI digestion, as well as fragments of approx. 190 
and 110 bp after Hinfl digestion were electroeluted, filled in by Klenow 
DNA polymerase, and blunt end ligated with HindII-linearized pUCI8 
plasmid vector. E. coli DH5 cells were transformed and cloned DNA 
was analyzed by hybridization under high-stringency conditions (68°C, 
washing at the same temperature in 0.1 x SSC; 0.1% SDS). A portion 
of eluted ClaI fragments of approx. 200 bp and of Hinfl fragments was 
labeled with digoxigenin--dUTP by the random primer labeling 
method (DNA Labeling and Detection Kit, Boehringer Mannheim) and 
used as a hybridization probe; a 500-bp ClaI fragment and a 220-bp 
AluI band were detected and cloned using as a hybridization probe the 
203-bp-long positive fragment obtained from ClaI band. Recombinants 
giving positive signal were directly sequenced by the dideoxy sequenc- 
ing method (Sanger et al. 1977). For the Southern analysis of total 
genomic DNA, 5 ~g of T. madens DNA was digested with different 
restriction enzymes (REs) and blotted on Boehringer Mannheim nylon 

membrane, positively charged. Satellite clones labeled with digoxi- 
genin were used as a hybridization probe under highly stringent con- 
ditions as described previously. 

Nucleotide sequences were analyzed and compared using Micro- 
Genie (Beckmann) and PCGene programs. GenBank was screened us- 
ing on-line programs (Benson et al. 1993). 

Fluorescent in Situ Hybridization. The chromosome spreads were 
obtained from gonads of male adults according to Juan et al. (1991). 
Cloned satellites were labeled by nick translation either with biotin- 
16-dUTP (satellite II) or with digoxigenin-I I-dUTP (satellite I). Hy- 
bridization conditions were the following: 60% formamide, 2 x SSC, 
0.5 txg/~l denatured salmon sperm DNA, 0.5 ixg yeast RNA and 5 
ng/Ixl of each probe, at 37°C. Immunological detection of satellite I was 
achieved by anti-digoxigenin-rhodamine, Fab fragments (Boehringer 
Mannheim), while for the detection of satellite II an avidin-FITC sys- 
tem with one step of amplification was used (Pinkel et al. 1986). 
Chromosomes were stained with fluorochrome DAPI, 0.2 ~g/ml in 
McIlvaine's phosphate buffer, for 15 rain (Sumner 1990) and photo- 
graphed with fluorescence optics in an Opton photomicroscope. 

Results 

Detection, Cloning, and Sequencing of T. madens 
Satellite DNA 

T. madens DNA was digested with different restriction 
enzymes (Fig. IA)  in order to detect distinct bands char- 
acteristic of repetitive DNA. Digestion with ClaI and 
TaqI reveals a strong band of about 200 bp and a slighter 
ladder of  dimer, trimer, and higher multimers, pointing to 
the tandem arrangement of repetitive units characteristic 
for satellite DNAs. In Hinfl digestion bands of about 190 
and 110 bp are visible as well as shorter bands which 
could result from the presence of  more than one Hinfl 
restriction site in the satellite monomer. A similar case 
exists for AIuI, giving a complex ladder, due probably to 
a mixture of two different satellite DNAs or due to the 
presence of  more than one AluI recognition site in a 
particular satellite monomer. 

Two bands from Hinfl digest approximately 190 and 
110 bp, are cloned separately as well as a ClaI band of 
200 bp. Hybridization analysis of fragments cloned from 
an approx. 200-bp band of genomic DNA revealed, after 
excising from ClaI clones, positive inserts of two differ- 
ent size: six inserts of  approx. 220 bp and three inserts 
having a size of  approx. 200 bp. Sequencing results, 
summarized in Fig. 2A and B, reveal the following: six 
ClaI inserts (MAD 1C 1-6) exhibit high sequence similar- 
ity, four of the monomers are 225 bp long, and another 
two are 222 and 218 bp long due to nucleotide deletions. 
The additional clone MAD1C7 also overlaps the se- 
quences of the above-mentioned clones but is shorter 
because of the occurrence of an additional ClaI site at 
position 124. Three remaining ClaI positives (Fig. 2B, 
MAD2C1-3)  are 204 or 203 bp long and exhibit high 
mutual similarity, but cannot be overlapped with ClaI 
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Fig. 1. h Electrophoretic separation of T. madens genomic DNA on 
1.2% agarose gel; 5 txg of DNA was digested with AluI (lane 2), CIaI 
(3), HinJI (4), Sau3A (5), and TaqI (6). T. molitor satellite DNA, 
partially digested with EcoRI, is used as a size marker (lane 1). B The 
Southern blot of gel shown in A after hybridization with cloned T. 

madens satellite I. C The Southern blot obtained by partial digestion of 
5 ~xg of T. madens DNA with 5 U of ClaI (lanes 1-3) and with 5 U of 
AIuI (4-6) for 30, 60, and 120 rain, respectively, and subsequent hy- 
bridization with cloned satellite II probe. D Southern blot of gel shown 
in A after hybridization with cloned T. madens satellite II. 

Fig. 2. A Nucleotide sequences of 13 clones obtained by random 
cloning of T. madens satellite I and from them derived consensus 
sequence of satellite I monomer. In satellite clones only differences 
from consensus sequence are indicated, while missing parts are marked 
as dots. B Consensus sequence of satellite II monomer derived from 
seven randomly cloned satellite II fragments. The most prominent di- 
rect repeats found in satellite II monomer sequence are indicated with 

arrows. The direct repeats marked with 2 and 3 are 17 and 13 bp long 
and have a perfect similarity of 100% within each pair. Direct repeats 
marked with I are 23 bp long with a mutual similarity of 75% while the 
similarity of 18-bp-long direct repeats marked with 4 is 78%. The 
accession numbers of satellite I and II are U30598 and U30599, re- 
spectively. 



353 

A 

S a t e l l l L e  

H A D l C l  

H A 0 1 C 2  

H A O l C 3  

H A D l C 4  

H A D I C 5  

H A D l C 6  

H A D l C 7  

H A D 1 H 1  

H A D 1 H 2  

H A O 1 H 3  

H A D 1 H 4  

H A D 1 H 5  

H A D I H 6  

! 

1 0  2 0  3 0  4 0  5 0  6 0 -  7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  

MCGATTTGGCTCAATTTTA~ .GTTGGG.a ,  ATCAAGC T A . V ` T c A A A G T A T T T ~ A A ~ A ~ A T A ~ T G G c T ~ T A A T A A G A G T T T T ~ T T c T A ~ J ~ T A A A G c A A T T T G A G ~ T A T T T T C A A T c C A A T T  

. . . . . . . . . . . . . . . . .  G - - G  . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A 

. . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . .  

. . . . . . . . .  AG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . .  C . . . . . . . . .  C . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . .  0 0 0 0 0  . . . . . . . . . . . . . . .  TT  . . . . . . . . . . .  T . . . . . . .  G . . . . . . . . .  CT . . . . . . .  A . . . . . . . . . .  T - - O - -  

. . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . . . . . .  G - - - 0  . . . . . . . .  G - - G  . . . . . . . . . . . . . . . .  A -  . . . . . .  T ~  

. . . . . . . . . . . .  A . . . . . . . . .  G . . . . . . .  A - - A - C  . . . .  AA  . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . .  A A - 0  . . . . . . . . . . . . . . . . . . . . . . . . . .  0 - A - - - ~  

. . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T ~ - -  

. . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TT  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A ~ A - - - ~  

. . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T T  . . . . . . . . . . . . . . . . . . .  G . . . . . . . .  CT . . . . . . .  A . . . . . . . . . . .  T - ~ -  

. . . . . . . . . . . . . . . . . . . . . . . . . .  - - T  . . . . . . . . . . . . . . . . . . . . . .  C - A  . . . . . . . . . . . . . . .  G - - - A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . .  T - ~  

. . , . . , , , . . . . . , . . , , . , ,  . . . . .  - . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . .  

H A D l C l  

H A D 1 C 2  

H A D I C 3  

H A D 1 C 4  

H A D l C 5  

H A D 1 C 6  

H A D l C 7  

H A D 1 H 1  

H A O 1 H 2  

H A D 1 H 3  

H A D 1 H 4  

H A D 1 H 5  

MAD1H6  

B 

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  1 9 0  2 0 0  2 1 0  2 2 0  

T T G C T  C G A T T T T A A T A C A G A A T T A A T T C A J U ~ . C T A A T  G T A T T T T A T T A G T A T A A T T G C T T C A A T C T T A A T T T T A G G C T G A J U ~ T A A A G C A A T T T G T G A T A T T T T G A  

. . . . . . . . . . . . .  T . . . . . .  G - C  . . . . . . . . . . . . . .  A -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- -  . . . . . . . . . . . . . . . . . . . . . . . . .  1" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  A T  . . . . . .  G - -  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T T  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- - C -  . . . . . . . . . . . . . . . . . . . . . .  AT  . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TT  . . . . . . . . . . . . . . . . . . . . . . . . . .  C -  

. . . . . . . . . . . . .  T . . . . . . . .  C . . . . . . . . . . . . . .  A T A 0 0  . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . .  A -  . . . . .  T . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . .  T . . . . . . . .  C . . . . . . . . . . . . . .  AO . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . .  T - - C A T T A T - A T - T A - T - - O  . . . . .  A C - C A - C - - - C -  

- - A A - - - , ° ° o o o , , ° , ° , * * * o ° ° , o ° o ° , , , ° o  . . . . .  , ° , ° ° . o ,  . . . . .  , , o . o , , . , , , , o o * * o , , , . ° o , , . o , , ° ° , o * * ° , , , , ° . ° ° ° ° o , * * , o o  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A - C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . .  . ,  

- - A A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . .  A . . . . . .  T . . . . . . . . . . . . . . . . .  , , 

- - A T  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A - - - T  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . .  C - - , .  

. . . . . . . . . . . . .  T . . . .  ° . , , , o , o , ° , o ° , o ° °  . . . . . . . . . .  , o * * * ° , o , ° , o  . . . . . .  , . . . . . . . . .  ° . . . . .  , , . o ,  . . . . . .  , ° , . , ° . ,  . . . . .  oo °  

. . . . . . . . . . . . .  T . . . .  * * * * * * * * * * * * * * * * * * * * * * *  . . . . . . . . .  , o o o ,  . . . . . .  , ° , ,  . . . . . .  , . . . . .  * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

. . . . . . . . . . . . .  T . . . .  . , °  . . . . . . . . . . . . . . . . . . . . . .  o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . .  o , ° ,  . . . . .  ° . . . . . .  ° ,  

S a t e 1 1 1 L e  ZZ 

H A D 2 C l  

H A D 2 C 2  

H A D 2 C 3  

H A O 2 A 1  

H A 0 2 A 2  

H A D 2 A 3  

H A D 2 C 4  

10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  1 1 0  

A T C G A T T T G G C T C G A T T T T A A A T C A G A A A T C G C T C T A A A T C A A T T G T A T T T C A A C  G A T G A A A T A A C T G T T T T C A G T C . U ,  A A T A , U ,  G C A A T T T G A G C T A T T T C C A A T T C C A  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . .  C . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

, , , . , , , . . , , , , , , . . . , . . . , . . , . , ,  . . . .  , ,  . . . . .  , , , °  . . . . . . . . . . .  • . . . . . . . . . .  o . . . . . . . . . . . . . .  , , ° ° , , . o  . . . . .  - . . . . . . . . . . . . . . . .  

, ° o l o o , o * * ° . . o o o , , , o o o , o , , o , o , o  . . . .  ° ° ,  . . . . .  , ,  . . . . . . . . . . .  , . . . . . . . . .  , , , °  . . . . .  , ,  . . . . . . . .  , , o , , , , ° o -  . . . . . . . . . . . . . . . .  

, , o o ° , o o , ° , ° . ° ° ° , , ,  . . . .  o ° , , . ° ° o  . . . . . .  , . . . . .  . . . . . . . . . .  , . . . . . . . . . . . . .  , °  . . . . . . . . . . . . . . . . .  , . . . .  , o ° -  . . . . . . . . . . . . . . . .  

° , ° , o , o , , , o ° ° °  . . . .  , , ° ° ° , , ° , , ° o . , °  . . . .  , ° °  . . . . . .  ° . . . . . . . . . . . . .  , . . o ,  . . . . .  , . . . .  ° o ,  . . . . . . . . . . .  ° ° , °  . . . . .  , . o o , . o ° ° o , ° ,  

H A D 2 C l  

H A 0 2 C 2  

H A D 2 C 3  

H A D 2 A 1  

H A D 2 A 2  

H A 0 2 A 3  

H A D 2 C 4  

H A D 2 C 1  

H A 0 2 C 2  

H A 0 2 C 3  

H A D 2 A 1  

H A D 2 A 2  

H A D 2 A 3  

H A D 2 C 4  

H A D 2 C 4  

H A D 2 C 4  

H A D 2 C 4  

1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  1 9 0  2 0 0  2 1 0  2 2 0  

T T T T G C T T T A T T T T T G C A G A J U ~ C T  G T T A T T T A A G C G T C T A T T T T G T T G A A A T A C A C T G A T T T G G T T  C A A T T A C T G G T T T A A A A T T G A G C C A A A T C G A T G A G A A G T T G A G  

. . . . . . . . . . . . . . . . . . . . . . . . .  A . . . .  A . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . . . .  

. . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . .  A . . . . . . . . . . .  T . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A - T  . . . . . . . . . .  A . . . . . . . . . . . . . . .  • . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CA . . . . .  

- C  . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  C-  
. , o  . . . . . . .  o . . . . . .  , o , o  . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , , * *  . . . . . . . . . . .  

I 

2 3 0  2 4 0  2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0  3 1 0  3 2 0  3 3 0  

T A A A T T G T A T T A T A G T G G C T G A A A A C G G G T A T T T A A A C A C G A A T T G  T GTTGAAATGCAT T G A T G T G T G A T G T T T T C T  GGCATA./~AATCCAAGAAAAG CTGTT G G A A T A T C  

. . , ° ° . o , . , o ° , ,  . . . . . .  o . . . . . . . . . . . . . . . . . . .  ° . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . .  , . . . . . . . . . . . . .  , . . . . . . . . . . . . . .  , . . . . . .  

o , o ,  . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. o . * *  . . . . . . . . . .  o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , o * ° o °  . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . ,  . . . .  , . . . . . .  

. . . . . .  T . . . . . . . . . . . . . . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 2 

3 4 0  3 5 0  3 6 0  3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0  4 3 0  4 4 0  

ATCAAATCGTCTCATTTTGTCTTGAAACCGCAATTTTAATACTTATTTGACAAAACACATTATTTTGCAAGGTTTTCCTAAACAM~ACAACGAAATGTGTGTTTATTCG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 4 2 
m ,  

4 5 0  4 6 0  4 7 0  4 8 0  4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0  5 5 0  

TCGTTTACGGcCAAACAGCTATTTTGATTAATTTcTAATCGTTTTGGCTGAATTTTAGGCCAAJ~CTCGG~AATTTTGCTCGATTTGAACACAGAAGAGTGTTTATTCGT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 4 

560  5 7 0  5 8 0  5 9 0  6 0 0  6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0  

cGTTT~TGACTTAAATAk .GACGATTTGATTAATTTCCAATGCATTTGGATCACTTTTAAGCAGG~AATcAACCTAAATCA~GTATTACAAcAATATAATAGTTTAAATA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

670  680  6 9 0  7 0 0  7 1 0  

T T G G T T C A C T T T C A A A A T A A A G C A A T T T G A G T T A T T T T C A A T T C A A C A T T G  

H A D 2 C 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



354 

clones from the first group and therefore are representa- 
tives of another repetitive DNA family. 

Sequence analysis was also performed on six HinJt 
clones (Fig. 2A), three of them obtained by cloning a 
band approx. 190 bp long (MADH1-3) and another three 
by cloning a band of 110 bp long (MAD2H4-6). The 
sequencing results show that three longer clones overlap 
ClaI clones of the first group in the region between Hinfl 
sites at positions 27 and 224, while three shorter clones 
span the region between positions 27 and 139 where an 
additional Hinfl site can appear due to the single nucleo- 
tide substitution. 

Cloned fragments of each group were used as hybrid- 
ization probes after Southern transfer of digested T. 
madens genomic DNA (Fig. 1B-D). The hybridization 
was performed under highly stringent conditions, allow- 
ing annealing of sequences with 90% or higher similar- 
ity. Hybridization with the cloned probe belonging to the 
first group of repetitive DNA reveals a regular ladder in 
ClaI and TaqI digestions characteristic of satellite DNA 
(Fig. 1B). We designate it as T. madens satellite I. The 
ladder is composed of satellite monomer 225 bp long and 
multimeric bands up to the 4-mer, with decreasing in- 
tensity, characteristic of a type A digestion pattern of 
tandem repeats. Also, intermediate bands can be ob- 
served, resulting from an additional TaqI site at position 
125 in the monomer sequence and possible creation of a 
ClaI site at the same position by single point mutation. 
Two recognition sites for AluI in the satellite monomer 
result in a complex ladder pattern while digestion with 
Hinfl results in fragments shorter than a satellite mono- 
mer. However, Sau3A partially cleaves T. madens satel- 
lite I, producing the type B restriction enzyme pattern 
(Fig. 1B). Densitometric analysis of agarose gel and spot 
hybridization using cloned satellite monomer as a probe 
shows that this satellite DNA is very abundant, consti- 
tuting 30% of the whole T. madens DNA. 

Hybridization of T. madens DNA, partially digested 
with ClaI and AluI, using a cloned 203-bp ClaI fragment 
(Fig. 2B) as a probe, reveals the pattern shown on Fig. 
1C. Besides the 203-bp fragment the most prominent 
bands in the ClaI digest are about 500 and 700 bp long. 
In AluI digestion the same band of approx. 700 bp occurs 
together with a ladder composed of 1,000 bp, 1,400 bp, 
and longer bands, indicating tandem arrangement char- 
acteristic of satellite DNA. In addition, a prominent band 
of about 220 bp is also observed in the AluI digest after 
hybridization with the cloned 203-bp ClaI probe. In or- 
der to further characterize this satellite DNA and to de- 
fine its monomeric repeating unit we have cloned a band 
of approx. 500 bp obtained by ClaI digestion and a band 
of approx. 220 bp obtained by AluI digestion of T. madens 
DNA (Fig. 1A). For the detection of positives a cloned 
203-bp ClaI fragment was used as a hybridization probe. 

The sequencing results show that three AluI clones 
which are 221 bp long (MAD2A1-3) partially overlap 

the 203-bp ClaI fragment. They also span the first part of 
the 508-bp ClaI fragment (MAD2C4) which is adjacent 
to the 203-bp ClaI fragment (Fig. 2B). All three types of 
clones therefore characterize another highly repetitive 
DNA having a basic repeating unit of 711 bp. This DNA 
is designated as T. madens satellite II. 

The Southern blot of T. madens DNA, after hybrid- 
ization with cloned satellite II fragments, shows the pres- 
ence of a 711-bp band in AluI, ClaI, Hinfl, and TaqI 
digestion (Fig. ID). Due to the presence of more than 
one recognition site for these enzymes in most of the 
711-bp monomeric units, additional, shorter bands occur 
on Southern blot, e.g., bands of 203 and 508 bp in ClaI 
and TaqI digestion. Presence of an additional TaqI site at 
position 520 in the satellite II sequence results in a band 
of 317 bp, clearly visible on Southern blot. The ladder 
arrangement composed of multimers of a 711-bp repeat- 
ing unit, as well as of intermediate bands, is visible in 
TaqI and Hinjq digestion. Quantification of the satellite II 
with spot hybridization and subsequent densitometry 
shows that it constitutes 4% of T. madens genomic DNA. 
Screening of gene bank reveals no similarity of T. 
madens satellites with any other known satellite DNA, 
indicating their species specificity. 

Sequence Variability of Satellite DNAs 

The consensus sequence of satellite I is 225 bp long, with 
74% A + T content (Fig. 2A). Analysis of sequence 
variability of satellite I relative to consensus sequence 
shows that single point mutations mainly contribute to 
divergence of this satellite. They are spread randomly 
over the whole sequence. However, the same substitu- 
tions appear frequently at the same positions in different 
clones, pointing to the possibility that gene conversion 
has played a role in spreading sequence variants between 
satellite monomers. Deletions are rare and mostly in the 
form of single nucleotides except for the 5-nt deletion in 
the clone MADIC5. The calculated variability of the 
satellite monomers relative to consensus sequence is 
4.1%, which is comparable to other analyzed tenebrionid 
satellites (Petitpierre et al. 1995; Ugarkovid et al. 1995). 

The consensus sequence of satellite II is 711 bp long, 
with 70% A + T content (Fig. 2B). The single nucleotide 
substitutions are again the most represented mutations; 
only 3 single nt insertions and one deletion are found. 
The resulted sequence variability is only 1.2%. Trans- 
versions are, in both satellites, more frequent than tran- 
sitions. The ratio between nucleotide changes to A or T 
relative to G or C is 1.6 and 1.0 for satellite I and II, 
respectively, indicating no significant shift of these se- 
quences to higher A + T content. 

Internal Sequence Organ&ation ofT. madens Satellites 

A search for direct repeats in T. madens satellites shows 
that the monomer of satellite I can be divided in two 
halves, the first one spanning region 3-115 nt and the 
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A 

TRNADSAT11 
TRMADSAT21 
TRHADSAT12 
TRNADSAT22 

TRHADSAT11 
TRHADSAT21 
TRHADSAT12 
TRHADSAT22 

CGATTTGGCTCAATTTTAAGTTGGGAATCAAGCTAAATCAAA-GTATTTCAACCA 54 
CGATTTGGCTCGATTTTAAATCAGAAATCGCTCTAAATCAATTGTATTTCAACGA 55 
CAATTTTGOTCGATTTTAATACAGAA-TCAATTCAAAACTAATATATTTTATTAG 54 
--ATTTGGCTCAATTTTAAACCAGTAATTGATCCAAATCAG-TGTATTTCAACAA 52 

AATACTGGCTCTAATAA-GAGTTTTCTTCTAAAATAAAGCAATTTGAGCTATTTT 108 
TGAAATAACT . . . . . . . . . .  GTTTTCAGTCAAAATAAAGCAATTTGAGCTATTTC 100 
TATAATTGCTTCAATCT-TAATTTTAGGCTGAAATAAAGCAATTTGTGATATTTT 108 
AATCGACGCTTAATTAACTAGTTTTCTGCAAAAATAAAGCAAAATG . . . . . . . . .  98 

TRHADSAT11 CAAT-C 113 
TRHADSAT21 CAATTC 106 
TRNADSAT12 GAAT-- 112 
TRHADSAT22 . . . . . .  98 

B 

5 T . . . .  GATGA . . . . .  TTTGAGCTAT 
ATTTGGCTCGATTTTAAATCAGAAATCGCTCTAAATCAA T G T A T T T C A A C  AATAACT-GTTTTCAGTCAAAATAAAGCAA T 

* * * * *  * * * * * *  T 
TAAACCGAGTTAAAATTTGGTCATTAACTAGGTTTAGTC-ACATAAAGTTG 7AATTGA CAAAAGACGTTTTTATTTCGTT C 

205 TTTTAGCTGCGAAT T TTACCTTAAC 

Fig. 3. A Alignment of subunits of satellite I (TRMADSAT11, TRMADSAT12) and satellite II (TRMADSAT21, TRMADSAT22). Nucleotides 
identical in all four subunits are indicated with an asterisk. B Possible dyad structure within T. madens satellite II between nt 5 and 205. The 
positions of imperfect complementarity are marked with an asterisk. 

second one region 116-2 nt. These halves are designated 
TRMADSAT11 and TRMADSAT12 (Fig. 3A) and their 
mutual sequence similarity is 66.1% (Table 1). No sig- 
nificant inverted repeats are detected in this satellite. 
Analysis of potential retardation characteristics by elec- 
trophoresis on native polyacrylamide gels showed nor- 
mal migrational characteristics of  circulary permutated 
satellite monomers, indicating that the satellite does not 
exhibit sequence-induced DNA curvature (not shown). 
This result was confirmed by computational analysis 
based on three different algorithms (Ugarkovid et al. 
1992). 

Searching for internal structural characteristics of sat- 
ellite I1 shows the potential formation of a long, stable 
dyad structure between nucleotides 5 and 205 (Fig. 3B) 
due to the presence of  a long inverted repeat in this part 
of  the satellite. The dyad structure contains two stems, 50 
and 29 nt long, each exhibiting a complementarity of  
86%, and two loop structures of 23 and 19 nt. Similar to 
the case for satellite I, no indication for sequence- 
induced DNA curvature is found after analysis on poly- 
acrylamide gel as well as computational analysis. 

Sequence comparison between satellites I and II re- 
veals that the first part of satellite II (3-108 nt) exhibits 
sequence similarity with the two halves of satellite I: 
78.3% homology with T R M A D S A T l l  and 63.7% ho- 
mology with TRMADSAT12 (Table 1). The first part of  
satellite II is designated TRMADSAT21 and is com- 
pared with subunits of  satellite I in Fig. 3A. Due to the 
long inverted repeat in the satellite II, its second part 
(109-205 nt), in reverse orientation, again shows se- 
quence similarity with both subunits of  satellite I and 
with the first unit of satellite II (Table 1). The reverse 
orientation of  the second half of  satellite II is marked as 

Table 1. Sequence homology of subunits from T. madens satellites I 

and II 

Sequence pair Homology (%) 

TRMADSAT11-TRMADSAT12 

TRMADSAT11-TRMADSAT21 

TRMADSAT11-TRMADSAT22 

TRMADSAT i 1-TRMADSAT23 

TRMADSAT 12-TRMADSAT21 

TRMADSAT 12-TRMADSAT22 

TRMADSAT 12-TRMADSAT23 

TRMADSAT21-TRMADSAT22 

TRMADSAT21-TRMADSAT23 

TRMADSAT22-TRMADSAT23 

66.1 
78.3 
72.5 
79.8 
63.7 
60.2 
61.8 
76.5 
69.7 
70.8 

TRMADSAT22 and is compared with other three sub- 
units (Fig. 3A, Table 1). The part of  satellite I1 composed 
of 89 nt between positions 614 and 702 again shares a 
similarity of  79.8% with subunit TRMADSAT11 and of 
70.8% with TRMADSAT22,  while similarity with the 
other two subunits is insignificant. This part of  satellite II 
is designated TRMADSAT23 and a comparison with 
other subunits is shown in Table 1. The rest of  408 nt of 
satellite II (206-613 nt) has no similarity to the above- 
mentioned subunits, characteristic for both satellites. 
However, the frequent direct repeats present in this part 
of the sequence (Fig. 2B) indicate its occurrence by du- 
plication of  shorter motifs. 

Localization of  Satellites on T. madens Chromosomes 

T. madens has a diploid chromosome number of 2n = 20 
(9 + XY) (Juan and Petitpierre 1991). The chromosomes 
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B - -  C 

Fig. 4. Mitotic metaphase chromosomes of T. 
madens after staining with fluorochrome DAPI 
(A), fluorescent in situ hybridization with cloned 
satellite I (B), and satellite II probe (C). The 
pattern reveals colocalization of satellites in the 
heterochromatic regions of all 20 chromosomes. 
Three small dots represent supernumerary 
chromosomes. Bar = 3 p~m. 

have small sizes (1-3 txm), resulting m a poor morphol- 
ogy. In addition, the presence of small supernumerary 
chromosomes has been disclosed in some T. madens 
populations (Smith 1956). 

Staining of condensed 7". madens mitotic, metaphase 
chromosomes with fluorochrome DAP! which preferen- 
tially binds to A + T-rich regions induces intense fluo- 
rescent signals on all of the chromosomes (Fig. 4A). The 
bright fluorescence results from binding of DAPI to A + 
T-rich satellites I and II which constitute large hetero- 
chromatic blocks. In order to determine the distribution 
of each of the satellite, double-labeled fluorescent in situ 
hybridization has been performed. Hybridization with 
more abundant satellite I, labeled with digoxigenin and 
detected by rhodamine-labeled antibody, reveals distri- 
bution of satellite I on all chromosomes, coinciding with 
the regions of heterochromatin brightly stained with 
DAP! (Fig. 4B). Biotin-labeled satellite II, used as a 
hybridization probe, was detected by an avidin-FITC 
system with one-step signal amplification. Yellow fluo- 
rescent signal is again present on all of the chromosomes, 
coinciding with the regions of rhodamine fluorescence 
(Fig. 4C). However, the signal of satellite II appears to be 
in the form of dispersed dots, suggesting the possible 
distribution of minor satellite II within the larger blocks 
of more abundant satellite I. 

Discussion 

Most tenebrionid satellites are highly homogeneous 
within the species, similar to satellites found in some 
species of Diptera (Schmidt 1984; Bachmann and 
Sperlich 1993) and Hymenoptera (Tares et al. 1993). The 
satellites variants which are products of single base sub- 
stitutions are randomly distributed within the satellite 
and uniformly spread on all chromosomes as revealed for 
T. molitor (Plohl et al. 1992). The efficient homogeni- 
zation is due to the gene conversion and unequal crossing 
over, whose rate is probably effected by the large amount 
of satellite DNA in the genomes of tenebrionid species. 

The tenebrionid satellites are usually unique to the 
particular species, although there are cases when the 
same satellite is shared between two related species. Sat- 
ellite having a monomer length of 142 bp makes up 50% 
of the T. molitor genome and 23% of the Tenebrio ob- 
scurus genome, respectively. Sequence divergence be- 

tween the two related satellites is 20% due to single base 
substitutions distributed randomly within the sequence. 
To the "142-bp satellite family" belongs also the satel- 
lite from P. ratzeburgii which, despite high sequence 
divergence, exhibits a tertiary structure of very similar 
geometry to those of two other 142-bp satellites (Ugar- 
kovid et al. 1992). 

Comparison of satellite DNAs from two parasitic 
wasps, Diadromus pulchellus and Diadromus collaris, 
shows that they derive from the same basic sequence 
motif which was amplified and subsequently diverged. In 
addition, insertion of a 169-bp fragment has invaded the 
satellite in D. collaris, creating a new repeating unit. 
Since the basic and the inserted unit contain palindromes 
with stable thermodynamic features it is suggested that 
this could be a positive selective value necessary for the 
insertion and its maintenance within the satellite (Rojas- 
Rousse et al. 1993). Two satellite DNAs from T. madens 
described here constitute a similar case. We propose that 
they evolved from a common ancestral sequence which 
was about 100 bp long. The amplification process was 
followed by mechanisms of sequence divergence: single 
point mutations, deletions, and gene conversion resulted 
in the creation of a new, longer repeating unit as the one 
characteristic for satellite I, which is composed of two 
basic subunits (Fig. 5A). In the evolution of satellite II, 
besides the previously mentioned processes of sequence 
divergence, an inversion of basic satellite subunit, caused 
by site-specific recombination, has taken place. Also, the 
insertion of a new sequence and its at-least-partial du- 
plication has occurred, resulting in the creation of a com- 
plex, 711-bp-long monomer unit of satellite II (Fig. 5B). 
Satellite I is much more abundant than satellite II, con- 
stituting 30% of T. madens genomic DNA. It is A + T 
rich (74%) and exhibits sequence divergence of 4.1%, 
similar to other tenebrionid satellites. Satellite II has a 
similar, high A + T content of 70%, but is more rare 
and makes up 4% of the whole genome. From the com- 
parison of subunits, presented in Table 1, it is evident 
that the first subunits in both satellites (TRMADSAT11 
and TRMADSAT21) share a high sequence similar- 
ity of 78%, as well as subunits TRMADSATll  and 
TRMADSAT23 with 79.8% mutual similarity. This 
could be explained by the origin of both satellites from 
the common ancestral subunit. Parallel but independent 
evolution of two satellites has resulted in divergence of 
subunits TRMADSAT12 and TRMADSAT22, having 
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Fig. 5. Schematic representation of 
internal organization of T. madens 
satellites. A 225-bp-long monomer of 
satellite I composed of two subunits. B 
Monomer of satellite II, 711 bp long, 
composed of three related subunits 
indicated by arrows and of inserted DNA 
sequence between nt 206 and 613. 

low mutual similarity of only 60.2%. In addition, inver- 
sion of the subunit within satellite II has also taken place. 

The inversion of a satellite subunit has been previ- 
ously observed in the simple satellite of Drosophila 
simulans. The repeat unit of this satellite is 15 bp long 
and comprised of three 5-bp subunits, two being ar- 
ranged as direct repeats with the third in an inverted 
orientation (Lohe and Roberts 1988). Although the rear- 
rangement of DNA segments is characteristic for bacte- 
ria, where it operates as gene-regulation mechanism (Si- 
mon et al. 1980), and for immunoglobulin genes induc- 
ing their somatic diverstification (Sakano et al. 1979), 
the results presented show that it can act as a mechanism 
effecting satellite DNA evolution within a species. 

The inversion of a subunit within T. madens satellite 
I results in the appearance of a new repeating unit, char- 
acteristic for satellites II, which contains a stable palin- 
dromic structure similar to the termini of some transpos- 
able elements. However, the inverted repeat in satellite II 
could induce formation of a dyad structure which is con- 
sidered to have a coding function for specific protein 
binding necessary for organization of higher order het- 
erochromatin structure. It could be proposed that inver- 
sion of DNA sequence, known to be a very rare event, 
has occurred only once in the evolution of the T. madens 
satellite. However, the newly created sequence, due to 
acquired stable palindromic structure, has accrued some 
selective advantages, enabling its amplification and 
spread. 

Mapping of simple satellite DNAs in heterochromatin 
of D. melanogaster reveals that satellites closely related 
in sequence are often located near one another on the 
same chromosomes (Lohe et al. 1993). The cytogenetic 
analysis of T. madens satellites shows their distribution 
on all chromosomes of the complement. Moreover, they 
are both positioned in the same chromosomal region 
characterized as pericentromeric constitutive heterochro- 

matin. The more abundant satellite I is spread homoge- 
neously over the whole heterochromatic region, while 
the small blocks of satellite II seem to be interspersed 
between the larger areas made up of satellite I. Such 
colocalization of the satellites and equal distribution on 
all of the chromosomes favor their proposed common 
origin. 
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