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Abstract. Simple repeated GATA and GACA sequences 
which were originally isolated from sex-specific snake satel- 
lite DNA have been found subsequently in all eukaryotes 
studied. The organization of these sequences within the 
mouse genome was investigated here by using synthetic oli- 
gonucleotide probes as a novel tool in comparison with 
conventional hybridization probes. Southern blot hybrid- 
ization showed sex-specific patterns with both the (GATA)4 
and (GACA)4 oligonucleotide probes, as previously de- 
scribed with conventional probes. The quantitative analysis 
of two mouse DNA phage libraries and of 25 isolated 
GATA-positive phage clones revealed intensive intersper- 
sion of GATA sequences with GACA, and with other repet- 
itive and single-copy sequences. Ubiquitous interspersion 
and homogeneous genomic distribution of GATA and 
GACA sequences were confirmed by hybridization in situ 
of the oligonucleotide probes to metaphase chromosomes. 
The lengths of the GATA and GACA stretches were found 
to vary considerably in the individual phage clones. DNA 
inserts from 20 phages were assigned to autosomes and sex 
chromosomes and three genomic fragments were found to 
be confined to the Y chromosome. The organization of 
GATA and GACA sequences is discussed in the context 
of their evolutionary potential and possible conservation 
mechanisms. 

Introduction 

Although reiterated sequences appear ubiquitously in eu- 
karyotes, the biological role of repetitive DNA is still enig- 
matic (Epplen and Ohno 1984). Eukaryotic genomes con- 
tain sequences of various degrees of repetition and repetitive 
DNA represents a substantial fraction of the genome (e.g. 
one-third in the mouse). A fraction of repetitive DNA is 
simple sequence DNA which is composed of short segments 
extensively reiterated in tandem fashion. Usually these se- 
quences show some divergence often giving rise to long 
range periodicities. A priori, simple sequences have been 
regarded exclusively as extremely large uninterrupted re- 
peating units. The finding that simple repeats may also be 
intimately interspersed with single copy and other repetitive 
DNA over the whole chromosomal complement requires 
their further analysis. 

Only a few simple sequences have been characterized 
by sequence analysis. GATA and GACA simple repeats 

are but one example of the variety of this class of repetitive 
DNA. Investigation of GATA simple quadruplet repeats 
(sqr) has shown sex-specific arrangements of these se- 
quences in mammals (Epplen et al. 1982; Singh et al. 1984) 
although they had originally been isolated from sex-specific 
satellites of colubrid snakes. This is all the more unexpected 
since different chromosomal sex-determination mechanisms 
have been demonstrated in the snake and in mammals. The 
ZZ/ZW chromosomal mechanism with the heterogametic 
female operates in the reptilian species whereas in the XX/ 
XY scheme of mammals the male is the heterogametic sex. 
In the mouse the sqr are interspersed over the whole chro- 
mosomal complement yet a substantial part of the GATA 
sqr is concentrated in the pericentric region of the Y chro- 
mosome (Singh and Jones 1982; Epplen et al. 1983 b). There 
is further circumstantial evidence that GATA sqr are linked 
to genes associated with sex determination: Sxr is a sex- 
limited condition which causes XX mice to appear as phe- 
notypic males. During meiosis of XY sxr male mice, the sex- 
reversal factor (Sxr) linked to GATA sqr is transferred from 
the distal ysxr chromosome to a paternal X chromosome 
producing XX sxr male progeny. The question thus arises 
if GATA sqr themselves or closely linked sequences code 
for the Sxr factor. 

The goal of the present report was therefore to describe 
the genomic organization of sqr with respect to length, dis- 
tribution, DNA sequence interspersion and chromosomal 
localization. Furthermore an  initial characterization of ad- 
jacent sequences was attempted. In the accompanying paper 
(Schfifer et al. 1986) studies on the expression of sqr are 
reported. Apart from any speculative present day functions, 
GATA sqr have proved to be effective tools for isolating 
Y-chromosomal sequences in the mouse. 

Materials and methods 

Library screening. Two genomic phage libraries from C57/ 
Black 6 (B6) mice were kindly provided by R. Bruce Wal- 
lace. One represented Eco RI-digested B6 DNA cloned into 
Charon 4A, the other partially Sau 3AI-digested B6 DNA 
cloned into the Bam HI site of Charon 28. Library screening 
was done according to Benton and Davis (1977). 

DNA preparation, gel electrophoresis and hybridization. Ge- 
nomic DNA from mouse liver was prepared essentially ac- 
cording to Blin and Stafford (1976) and phage DNA ac- 
cording to Maniatis et al. (1982). DNA was digested with 
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restriction enzymes (BRL) according to the suppliers rec- 
ommendations and fractionated on 0.5% horizontal agar- 
ose gels. The gels were either dried by a modified procedure 
as outlined by Tsao et al. (1983) for hybridization to oligo- 
nucleotides or the DNA was transferred onto nitrocellulose 
(Schleicher and Schfill) by Southern blotting (Southern 
1975) for hybridization to nick-translated probes. Conven- 
tional probes were nick translated using [e-32p]dATP (New 
England Nuclear) according to Rigby et al. (1977). Oligo- 
nucleotides, i.e. the 16mers (GATA)4 and (GACA)4, were 
labelled by [7-3ZP] ATP in a kinase reaction as described 
by Sch61d et al. (1984). Filters of plaque lifts of the libraries 
were hybridized with conventional probes in 3 x SSC 
(68 ~ C; 1 x SSC=0.15 M NaC1, 0.015 M Na-citrate) and 
washed with 2 x SSC (68 ~ C); Southern blots were hybrid- 
ized in 6 x SSC (68 ~ C) and washed with 2 x SSC (68 ~ C). 

Library screening filters as well as dried gels and South- 
ern blots were hybridized with the 16mers (GATA)4 at 
35~ and (GACA)4 at 43~ in 5xSSPE (1 x S S P E =  
180 mM NaC1, 10 mM (Nal.5)PO4, 1 mM Na2 EDTA, 
pH 8.0), 0.1% SDS, and washed with 6x SSC on ice fol- 
lowed by a 1 min wash in 6 x SSC at the respective hybrid- 
ization temperatures. 

Determination of the length of GATA and GACA sqr 
stretches. For sqr length determination the 16mers 
(GATA)4 and (GACA)4 were labelled as described above 
and purified by 8% polyacrylamide gel electrophoresis 
under denaturating conditions. Bands containing the la- 
belled 16mers were cut, eluted in TE buffer (10 mM Tris, 
pH 8.0; 1 mM EDTA) overnight at 4 ~ C and desalted on 
a Sephadex G25 column. About 10 ng of cloned phage 
DNA plus 2 x 10 s cpm of purified 32p-labelled oligonucleo- 
tide were denatured at 95~ for 5 min and then rapidly 
cooled on ice. Reannealing of the oligonucleotides to phage 
DNA took place during the incubation for ligation. The 
ligation of the labelled oligonucleotides was done in a total 
volume of 5 pl with 0.6 U of T4 DNA ligase (BRL) for 
3 h at 15~ in 50 mM Tris-HC1, pH 7.6, 10 mM MgC12, 
10 mM dithiothreitol. The reaction mixture was then loaded 
on an 8% gradient polyacrylamide gel under denaturing 
conditions (Biggin et al. 1983), the gel was dried and ex- 
posed overnight to XAR-Film (Kodak). $1 nuclease treat- 
ment of the annealed and ligated oligomer/template com- 
plex under various conditions neither altered nor improved 
the sqr length estimate. If  two or more sqr stretches were 
present in an individual cloned phage DNA, then obviously 
only the longest sqr stretch could be determined. 

Oligonucleotide hybridization in situ of  the (GATA)4 and 
(GACA)4 probes to mouse metaphase chromosomes. Chro- 
mosome spreads were prepared from mouse bone marrow 
cells according to standard methods. Slides were treated 
with RNase A (100 ~tg/ml, Boehringer) for 1 h at 37 ~ C, 
rinsed in 2 • SSC and dried in an ethanol series. After DNA 
denaturation (70% formamide, 2 x SSC at 70 ~ C for 2 min), 
hybridization was carried out in situ under coverslips in 
5 x SSPE, 0.5% SDS, 50 lag/ml Escherichia coli DNA and 
2.5 • 10 6 cpm/ml probe for 3 h [(GATA)4, 35 ~ C; 
(GACA)4, 43 ~ C]. Slides were washed 3 times for at least 
15 min each in 6 • SSC on ice and 1 min at the respective 
hybridization temperatures and subsequently dried. Slides 
were coated with NTB3 emulsion (Kodak) and exposed 
for 4 to 8 days at - 70 ~ C. Individual metaphases were pho- 

tographed after G-banding according to standard proce- 
dures (Nesbitt and Francke 1973). As a control for the 
specificity of hybridization of the (GATA)4 and (GACA)4 
probes, the length-matched oligonucleotide 5'-AATTCCG- 
TATCGATGC was used. This sequence is not present in 
the mouse genome. Hybridization, washing and exposure 
were carried out as outlined above except that the hybrid- 
ization temperature was 41~ according to the differing 
base composition. 

Results 

GATA/GACA repeats in the mouse genome 

Using uncharacterized nick-translated probes (Singh et al. 
1981) or conventional probes containing sqr (Epplen et al. 
1982), sex-specific hybridization patterns have been demon- 
strated with Southern blots of mouse DNA. (GATA)4 and 
(GACA)4 oligonucleotide probes produce more distinct 
sex-specific signals (Fig. 1): XY and XX sxr male Alu I- or 
Hae III-digested DNA probed with (GATA)4 shows very 
similar patterns which differ from those of XX female 
DNA. In contrast to females, males show several bands 
hybridizing in the high molecular weight range (> 4 kilo- 
base (kb) in the Alu I digestion; > 10 kb in the Hae III 
digestion). The (GACA)4 probe gives similar results al- 
though sex-specific hybridization is less pronounced in 
Hae III- as compared to Alu I-digested DNA. 

Table I. Screening of recombinant genomic phage clones from the 
mouse a 

Probe Number of cross- Isolated 
hybridizing p h a g e s  sqr-positive 
per haploid genome phages 
B6 library (n = 25) 

Sau 3A I Eco RI 

Nick-translated 
(GATA). probe 200-400 b 185 4 
(GATA)4 7,200 9,100 4 

Nick-translated 
(GACA), probe 245 220-420 b 0 
(GACA)4 7,900 8,600 0 

Nick-translated 
(GATA. + (GACA), 21 N.T. c 0 

probes 
(GATA)4 + (GACA)4 900 1,100 0 

Nick-translated 
(GATA). probe + > 30,000 > 30,000 18 
nick-translated 
B6 repetitive DNA 

Nick-translated 
(GATA)n + (GACA). > 30,000 > 30,000 3 
nick-translated + 
B6 repetitive DNA 

a 200,000 genomic phage clones were screened, which corresponds 
to one haploid mouse genome 

b The lower estimate was obtained by counting only those recom- 
binant phages that annealed strongly to the probe. The higher 
estimate includes phage that annealed weakly to the probe 

c N.T., not tested 
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Fig. 1. Dried gel hybridization 
with restriction enzyme digested 
mouse DNA using different 
probes. For ethidium bromide 
staining (a, b) and all 
hybridizations (c-g) the same gel 
was used. DNA from left to right: 
XX sxr,, male (M) and female (F) 
litter mates; male (M) and female 
(F) B6. a, d, f ,  Alu I digestion; b, 
c, e, g Hae III digestion. Probes: 
c, total B6 DNA;  d, e, (GATA)4; 
f ,  g, (GACA),.  Molecular weight 
markers are given in kilobases on 
the left. For methodological 
details see Materials and methods 
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Table 2. Chromosomal localization of DNA inserts from sqr-positive phages 

A X Y R A + Y  X + Y  Y + R  A + X + Y  X + Y + R  A + X + Y + R  

Number of phages (n = 20) 6 0 3 1 3 1 2 1 2 1 

R repeated autosomal DNA (refers to 10 copies and more present per genome); A autosomal; Y Y-chromosomal; X X-chromosomal 

v 

Fig. 2. Southern blot hybridization with restriction enzyme digested male (left lane of each lane pair) and female (right lane) B6 mouse 
DNA using individual phage DNAs as probes. Hybridization patterns produced by autosomal (a), Y-chromosomal (b), repetitive DNA 
(excluding GATA/GACA sqr) (c). Superimposition of autosomal and Y-chromosomal (d), X- and Y-chromosomal patterns (e); patterns 
characteristic for repetitive in addition to Y-chromosomal sequences (tO, and complex pattern produced by repetitive sequences on 
autosomes and sex chromosomes (g). Molecular weight markers are given in kilobases on the left. For methodological details see 
Materials and methods 

In order to determine the copy numbers of  sqr clusters 
and subsequently to isolate male-specific D N A  sequences, 
two genomic D N A  libraries of  male mice were screened. 
Besides the 16mers (GATA)4 and (GACA)4, two additional 
probes were used under moderate stringency conditions for 
genomic mouse D N A  library screening. (a) A conventional 
' ~  probe o f  some 750 basepairs (bp) containing an 
almost uninterrupted stretch of  37 G A T A  sqr. This clone 
was isolated from a Drosophila melanogaster genomic D N A  
library (Levinson and Epplen, unpublished) and has some 
98% sequence identity with the sqr flanking region of  the 
previously described CS 319 (Singh et al. 1984). The se- 
quence of  a second " G A T A "  probe used is given in the 
accompanying paper (Schfifer et al. 1986, se'e pmlc 4). (b) 
A conventional " G A C A "  probe of  670 bp contains ap- 
proximately 20 exact copies of  G A C A  in a stretch o f  "de-  
generating" G A C A  sqr. The full sequence is depicted in 
the accompanying paper (see pmlc 2). 

The average insert length is more than 12 kb in the 
Sau 3A I library and more than 13 kb in the Eco RI  library. 
From each 200,000 phage plaques were surveyed (Table 1) 

which corresponds to one haploid mouse genome 
(3.5 x 10 6 kb). In both libraries the conventional " G A T A "  
and " G A C A "  probes revealed nearly identical numbers 
of  cross-hybridizing phages. Among the GATA-posit ive 
plaques, 10% were additionally GACA-positive. Hybridiza- 
tion o f  the Eco RI  library and the Sau 3A I library with 
the 16 mers yielded from each 30-50 times more positive 
clones per haploid genome (Table 1). Therefore, the majori- 
ty of  sqr are organized in short stretches which cannot be 
detected by conventional cloned probes. In each library 
about 12% of the clones hybridize to both 16reefs. The 
numbers of  double-positive phage clones with either oligo- 
nucleotides or conventional probes are thus significantly 
higher than would be expected, if the distributions of  both 
types of  sqr were completely independent of  each other 
(p < 0.01% according to the Chi 2 test). 

Of the conventional " G A T A "  probe positive phages 
of  the Sau 3A I library 25 were isolated by plaque purifica- 
tion. This corresponds to more than 300 kb of  the mouse 
genome. D N A  was prepared and digested with several re- 
striction enzymes before electrophoresis. Southern blots of  
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Fig. 3A-C. Length determination of GACA, GATA and GATA/GACA stretches of representative mouse genomic phage clones. A 
template/ligation assay was developed as described in Materials and methods. Ligation products of labelled oligonucleotides were analysed 
by polyacrylamide gradient gel electrophoresis under denaturing conditions. A Radiolabelled (GATA)4 was used in this template-ligation 
experiment. Templates: a Charon 30; b pBR322; c pmlc4; d phage 4; e phage 26. B Both labelled oligonucleotides, (GATA)4 and 
(GACA)4, were used separately or in combination: in f,  g and h, (GACA)4; in i, k, and l, (GACA)4 plus (GATA)4. Templates: 
f and i, phage 25; g and k, phage 28; h and/ ,  phage 31. C Radiolabelled (GATA)4 was used in this template/ligation assay. Individual 
lanes represent different isolated phages. The numbers of ligated 16mers in the respective bands are indicated between (A) and (B) 
and between (B) and (C) 

the gels were hybridized to the conventional  " G A T A "  and 
" G A C A "  probes as well as to total  B6 mouse D N A .  Total  
mouse D N A  was accompanied by a 100-fold excess of  unla- 
belled G A l A  sqr as compet i tor  in order  to exclude sqr 
hybridizat ion (since repeats present in 100 copies or more 

could be detected). The cumulative numerical  result is given 
in Table 1 : 21 of  the 25 clones hybridize with total  B6 D N A  
which demonstrates  that  G A T A  sqr stretches are randomly  
interspersed with other abundant  sequences (with p robab ly  
more than 1,000 copies per genome) on a D N A  sequence 
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length of 12-13 kb. About 10% of the isolated phages hy- 
bridized with the " G A C A "  probe, which corresponds to 
the library screenings. Alu I digestion of the clones and 
their subsequent hybridization with (GATA)4 yields hybrid- 
izing bands in the size range of 350 bp to 3,600 bp. This 
is within the range where both male and female Alu I-di- 
gested genomic mouse DNA shows hybridizing bands 
(Fig. 1). It is thus possible that clones containing longer 
sqr-positive fragments could not be cloned or that the sqr- 
positive Hae III/Alu I fragments had been shortened by the 
Sau 3A I digestion employed for the preparation of the 
library. Restriction mapping data revealed 3 of the 
25 phages to be indistinguishable. 

Autosomal or gonosomal localization of sqr-positive phage 
DNAs 

Individual phage DNAs were digested with appropriate re- 
striction enzymes. Wherever possible insert subfragments 
negative for conventional " G A T A " ,  " G A C A "  and highly 
repetitive sequences were isolated from low melting point 
agarose gels. Southern blots of male and female B6 mouse 
DNAs digested with the same restriction enzyme were chal- 
lenged with the labelled insert subfragments. These subfrag- 
ments often cross-hybridize with two or more identical or 
closely related sequences on autosomes and gonosomes. 
Thus, as shown in Table 2, nine principle patterns of hy- 
bridization were observed: Figure 2a relates to autosomal 
or pseudoautosomal localization of single-copy sequences. 
The bands observed in Figure 2b, c are best explained by 
Y-chromosome specific and repetitive DNA, respectively. 
Other patterns appear as mixes of the three single-locus 
patterns. Because of their extensive cross hybridization, 
only three of the phage inserts could be assigned exclusively 
to the Y chromosome. 

Table 3. Distribution of sqr-stretch lengths in 'GATA'-positive 
phages 

Maximal number of 
ligated (GALA)4 
(n) 

No. of phages containing 

n • (GATA)4 or n • (GACA)4 

5 1 
6 1 
7 5 

l0 1 
11 1 
12 2 
13 2 
15 2 
16 2 
19 1 
21 1 
22 l 
23 l 
24-26 3 
30-35 t 

Table 4. Length of GATA, GACA, and GATA + GACA stretches 
from sqr-positive phages 

Clone Maximal Maximal Maximal 
number of number of number of 
ligated (GATA)4 ligated (GACA)4 ligated (GATA)4 

+ (GACA)4 

25 23 19 30-35 
28 12 19 30-35 
31 16 6 21 
pmlc 2 - 3 3 

Determination of the lengths of  the longest GATA/GACA 
stretches in sqr-positive phage DiVAs 

As described in Materials and methods, a simple method 
for estimating the lengths of the GATA/GACA stretches 
was established. Several DNAs were used in control experi- 
ments: pmlc 2 is a cDNA clone containing only GACA 
repeats (the sequence is given in the accompanying paper). 
When used as a template for annealing and ligation of 
(GATA)4 subunits, pmlc 2 does not give any bands in addi- 
tion to the signal of the unreacted (GATA)4 monomer 
(Fig. 3). The same is true for pBR322 or Charon 30 used 
as control templates. I f  (GACA)4 is used in the pmlc 2 
template/ligation experiment, three bands occur; the first 
and. the second band (32met) are more pronounced than 
the third one. The signal of the 32mer can be expected 
considering the uninterrupted array of six GACA sqr sepa- 
rated from another GACA sqr by GA. The third weaker 
band of the 48met can be explained by the two GACA 
complementary tetramers exactly 12 bases away from the 
longer cluster. Thus two GACA complementary sqr seem 
to be sufficient for annealing and ligation of an additional 
16met. 

Clone pmlc 4 (sequence shown in Sch~ifer et al. 1986) 
contains two uninterrupted arrays of  GATA of 13 and 14 
sqr separated by three bases and flanked at the 5' end by 
GATAGA and by GATT at the 3' end. Accordingly, bands 
3,6 and 7 (12,24 and 28 GATA sqr, respectively) are preva- 

lent (Fig. 3). In the GATA-positive phage clones the 
number of ligated (GATA)4 is in the range of 5 to more 
than 30 16mers (20 to more than 120 sqr), 7 (28 sqr) being 
most frequent (Table 3). The three GACA-positive clones 
contain stretches of 6 and twice 19 (GACA)4 (Table 4). 
In the "double-positive" clones the use of both oligonuc- 
leotides together in the template/ligation experiment leads 
to bands of higher molecular weights than using each 16met 
alone (Table 4). This finding demonstrates that both sqr 
types are interspersed with each other and agrees with hy- 
bridization of both 16mers to the same individual band 
of Alu I-digested phage DNA (data not shown). 

Oligonucleotide probes demonstrate random distribution 
of sqr on mouse chromosomes by in situ hybridization 

Conventional nick-translated probes have proved that sqr 
are preferentially detectable by in situ hybridization in the 
pericentric region of the mouse Y chromosome (Epplen 
et al. 1982; Singh et al. 1982) and secondarily on mouse 
chromosome 17 (Kiel-Metzger and Erickson 1984). Due 
to the inherent limitations of conventional probes, only rel- 
atively long stretches of sqr can be demonstrated. Therefore 
we attempted to introduce a hybridization method employ- 
ing oligonucleotide probes in situ. The sensitivity of the 
method is certainly limited because by standard 5' kinase 
labelling only one radioative reporter group can be attached 
per probe molecule. However, since sqr are present up to 
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Fig. 4a-e. Oligonucleotide hybridization in situ to mouse metaphase chromosomes. Standard mouse chromosome preparations were 
challenged by the radiolabelled oligonucleotide probes indicated below. After exposure to the film emulsion, the standard G-banding 
technique was used to identify the chromosomes. Note the homogeneous distribution of silver grains with both GATA and GACA 
sqr as well as the absence of signal with the unrelated oligonucleotide. Probes and temperature of hybridization: a 5'-(GATA)4; 35 ~ C, 
b 5'-(GACA)4; 43 ~ C, e 5'-AATTCCGTATCGATGC; 41 ~ C 

10 e times per haploid genome (see Table 1), specific hybrid- 
ization signals should, nevertheless, be obtained in due ex- 
posure time. 

As can be seen in Figure 4, the (GATA)4 and (GACA)4 
oligonucleotide probes indeed show specific labelling over 

the mouse chromosomes (and interphase nuclei). A survey 
of several hundred metaphases revealed random distribu- 
tion of silver grains on the chromosomes. Moreover no 
increased signal density was observed in the pericentric re- 
gion of the Y chromosome. This finding stands in clear 
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contrast to earlier reports where the conventional cloned 
or uncloned probe had been used. Hence, it seems possible 
that short autosomal sqr far outnumber long Y chromo- 
somal sqr thus preventing sex-specific hybridization pat- 
terns. This explanation is in agreement with the finding 
that there is no quantitative difference detectable by the 
hybridization of sqr probes to male and female mouse D N A  
(All and Epplen, unpublished). Sex-specific hybridization 
patterns are obvious only after digestion of mouse DNA 
with certain restriction enzymes and gel electrophoretic sep- 
aration of the resulting DNA fragments (see Fig. 1). 

Discussion 

Simple quadruplet GATA/GACA tandem repeats occur in 
every eukaryotic species investigated thus far by hybridiza- 
tion analysis. These sqr have been identified at the DNA 
sequence level in Drosophila (Singh et al. 1984; Levinson 
and Epplen, unpublished), Elaphe radiata (Eppten et al. 
1982), mouse (Epplen et al. 1983b; Singh and Jones 1984) 
and rat (Alonso et al. 1983). In Elaphe radiata, both types 
of sqr are found in the DNA of a sex-specific satellite. 
GACA is also adjacent to GATA in a mouse cDNA clone 
(pmc 14) isolated from a thymoma library (Epplen et al. 
1983 a). The results of the library screenings here also show 
intensive interspersion of both sqr to a significantly higher 
extent than expected from random distribution. This con- 
served linkage can be explained because both sqr could 
easily have evolved from each other by an initial single 
transition mutation and subsequent concerted amplification 
events. 

In the isolated phage clones the sqr stretches show a 
considerable length variability in the range of about 20 to 
more than 120 sqr, 28 sqr being prevalent and 60 sqr being 
average in the phage panel. Similar diversity has been re- 
ported to be a general feature of certain simple tandemly 
repeated sequence arrays in eukaryotes (Jeffreys et al. 
1985): They may lead to arrays of  short repeats which are 
highly polymorphic within, for example, a human popula- 
tion. This diversity might have been produced by unequal 
crossing over or gene conversion like events or by slipped 
strand mispairing. The latter mechanism is thought to result 
in hot spots for mutation in the presence of repeated se- 
quences (Jones and Kafatos 1982). Theoretically the abun- 
dant short sqr that have been observed in our library screen- 
ings might be precursors of longer stretches or conversely 
might have evolved from the latter. Longer stretches of 
sqr might have been formed preferentially in evolution in 
certain chromosomal areas, e.g. in a region with reduced 
crossing over rates on the Y chromosome. Indeed, there 
is a tendency towards longer sqr stretches in phages con- 
taining mouse Y-chromosomal fragments compared to the 
other phages. This is reflected in our gel hybridization data 
with the (GAcTA)4 oligonucleotide probes which reveal sex- 
specific organization of the sqr. 

Comparison of satellite DNAs of different species usual- 
ly reveals clear distinctions between the sequence of one 
species and that of  another. This fact reflects the high rate 
of change in satellite sequences, which therefore must be 
faster than the rate of speciation. The evolutionary conser- 
vation of significant stretches of sqr sets them apart from 
other satellite DNAs and could be due to two mechanisms 
(which are not mutually exclusive): (a) The speed of se- 
quence homogenization or de novo generation of sqr could 

be consistently far greater than the speed of degeneration. 
(b) Sqr may be maintained because of natural selective 
forces. The latter mechanism implies that GATA/GACA 
sqr should not be categorized as junk DNA (Epplen and 
Ohno 1984) but may exert some as yet, unknown function. 
In this context, these sqr sequences are particularly interest- 
ing due to the linkage of GATA sqr to the heterogametic 
sex over long evolutionary distances (>  3 x 10 s years) and 
independent of male or female heterogameity. It is tempting 
to assume that sqr were originally the means of separating 
an autosomal chromosome pair, allowing it to develop into 
heteromorphic sex chromosomes. 

The persistent sex-specific arrangement of sqr has pro- 
voked questions about fortuitous linkage to sex-determin- 
ing genes or a more direct causal relationship to the forma- 
tion of the gonads in the heterogametic sex. Linkage of 
sqr to the murine Sxr factor is confirmed beyond doubt 
by gel hybridization (Fig. 1) since specific oligonucleotide 
probes (without any flanking sequences) were employed. 
Aside from their preferential Y-chromosomal location in 
the mouse, long GATA sqr have been found to be strongly 
represented also on chromosome 17 of the mouse and, even 
there, have been invoked to play a role in sex-determination 
(Kiel-Metzger and Erickson 1984). Furthermore, in con- 
trast to a recent report (Kiel-Metzger et al. 1985), we have 
been able to demonstrate clearly the presence of GATA 
sqr by oligonucleotide probing also in human Y chromo- 
somal cosmid clones (Arnemann et al. 1986). Though not 
being conclusive, this finding at least does not contradict 
the possibility that sqr remain linked in evolution to a Y- 
chromosomal sex-determining factor in mammals. 

Clonable sqr are always interspersed with other repeti- 
tive DNAs or single-copy sequences and therefore do not 
exhibit the previously expected, extremely long stretches 
of tandem repetition typically located, for example, in the 
centromeric heterochromatin (Novak 1984). In addition, 
for the first time, by virtue of in situ hybridization with 
oligonucleotides, ubiquitous genomic interspersion of sim- 
ple repeats was demonstrated. Unlike other tandemly re- 
peated DNA, these sqr are transcribed and appear in po- 
ly(A) § RNA preparations (see Sch/ifer et al. 1986). Several 
isolated cDNA clones are endowed with closely related in- 
verted repeats flanking the sqr regions. Sequence character- 
istics of the inverted repeats are shared with eukaryotic 
transposons which almost always end in 5' TG. . .CA3 '  
(Chen and Barker 1984). Thus a transposon-like activity 
might be envisioned as an elegant means of spreading sqr 
throughout the mouse genome and explain their complex 
organization. 
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