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Abst rac t  We report the cloning, sequencing and analysis 
of the major repetitive DNA of soybean (Glycine max). 
The repeat, SB92, was cloned as several monomers and tri- 
mers produced by digestion with XhoI. The deduced con- 
sensus sequence of the repeat is 92 base pairs long. Ge- 
nomic sequences do not fluctuate in length. Their average 
homology to the consensus sequence is 92%. The consen- 
sus of SB92 contains slightly degenerated homologies for 
several 6-cutters. Therefore, many of them generate a lad- 
der of 92-bp oligomers. The distribution of bands seems to 
be random, but the occurrence of sites for different 6-cut- 
ters varies widely. There is no obvious correlation between 
the sequences of the neighboring units of SB92 in cloned 
trimers. Also, there are none of the internal repetitive 
blocks reported for many satellite DNAs from other spe- 
cies. The SB92 repeat makes u~ 0.7% of total soybean 
DNA. This is equivalent to 8x l0  copies, or 7 megabases. 
The repeat is organized in giant tandem blocks over 1 Mb 
in length, and there are fewer blocks than chromosomes. 
The polymorphism of these blocks is extremely high. The 
SB92 repeat is present in identical arrangement and num- 
ber of copies in the ancestral subspecies Glycine soja. 
There are 10 times fewer copies of the repeat in a related 
species Vigna unguiculata (cowpea), and no homologies 
in several other more distant leguminous plants studied. 

Key words Soybean �9 Satellite DNA �9 PFGE 
Genetic mapping 

Introduction 

Molecular maps of agriculturally important plants have be- 
come a necessary tool in both basic and applied research. 
Such maps have been successfully developed and utilized 
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for soybean (Keim et al. 1990; Shoemaker et al. 1992; Lark 
et al. 1993). The integration of molecular markers based 
on repetitive DNA into these maps is important in several 
aspects. First, clusters of tandem repetitive DNA show high 
variability, and therefore provide both markers and finger- 
printing opportunity. Second, they are relatively easy tar- 
gets for in situ hybridization. Third, in some cases they are 
species specific, variety specific and even chromosome 
specific. Last, but not least, in many cases they are located 
in the areas of chromosomes that attract specific attention, 
namely centromeres and telomeres. This is particularly im- 
portant in the light of recent data on the predominant lo- 
calization of plant genes in the telomeric segments of chro- 
mosomes (Gill et al. 1993; Moore et al. 1993). 

Despite these considerations and the agricultural value 
of soybean, no tandemly repetitive DNA from this species 
has been studied (except ribosomal genes, see Doyle 1988; 
Doyle and Beachy 1985; Kolchinsky and Gresshoff 1992). 
To fill this gap, we studied a major satellite DNA of soy- 
bean. It was cloned and sequenced, and its organization in 
the genome was studied. This repetitive DNA, SB92, has 
a simple internal structure with no obvious internal hier- 
archy. Its gross organization was studied by PFGE of high- 
molecular-weight DNA. It is found in clusters over 1 Mb 
in size, and fragments obtained with some restriction en- 
zymes show extremely high variability. 

Materials and methods 

Materials 

The following plant varieties were used: Glycine max (L.) Merrill, 
cv 'Bragg'; G. max acc. A81-356022; G. soja (Sieb and Zucc.), acc 
PI468.397; G. max, cv 'Peking'; G. max, cv 'Enrei'; G. max, acc 
DPS3589; cowpea, Vigna unguicuIata, cv 'California Blackeye'. 

DNA manipulations 

Electrophoresis of DNA shown in Fig. 1 was performed in non-de- 
naturing polyacrylamide gels (PAAG) and the gels were stained with 
silver as described (Bassam et al. 1991). Mono- and trimeric frag- 



622 

Fig. 1 The 92-bp repeat unit revealed by silver staining of total soy- 
bean DNA after electrophoresis in 6% PAAG. The lanes contain ap- 
proximately 0.5 big DNA; m G. max, s G. soja. The restriction en- 
zymes used are indicated above the lanes 

Fig. 2a, b The 92-bp repeats in G. max and G. soja. genomes. 
a The sequence of SB92 (Accession Z26334); arrows indicate pal- 
indromes, b Southern hybridization of SB92 to Glycine sp. DNA. 
(m G. max, s G. soja, Xb XbaI, Xh XhoI.) The size of the monomer 
is indicated on the right 

ments of the 92-bp unit generated by XhoI digestion were isolated 
from a larger PAAG and cloned into the SaII site of the pBS(+) plas- 
mid (Stratagene). The inserts were verified by direct polymerase 
chain reaction (PCR) on colonies (Kolchinsky and Gresshoff, in prep- 
aration) and sequenced by a radioactive procedure with a sequenc- 
ing kit from USB (for monomers) or with a Silver Sequence kit from 
Promega (for trimers). DNA concentrations were determined using 
the Hoechst 33258 fluorescent dye and fluorimeter TKO 100 from 
Hoefer. Southern hybridizations and probe labeling with random 
primers were performed as described (Sambrook et al. 1989). 

Analysis of the DNA sequence and a search in the GenBank were 
performed by the GCG software package. 

High-molecular-weight DNA was isolated in agarose plugs as de- 
scribed (Funke et al. 1993) and separated by PFGE in a CHEF ap- 
paratus (BioRad). The telomeric probe was generated as described 
earlier (Kolchinsky and Gresshoff 1993). 

Determination of copy number 

Copy number was determined by two methods. In the first method, 
DNA was digested with EcoRI, quantified and run in an agarose gel 
in parallel with different amounts of the isolated trimer of SB92. The 
gel was transferred onto Zeta-Probe GT (BioRad) and Southern hy- 
bridized to the labeled trimeric fragment. After exposure, the lanes 
were cut and counted in a scintillation counter. In the second meth- 
od, measured amounts of soybean DNA and cloned and isolated 
trimer were added to 0.4 M NaOH, boiled in a water bath for i0 min, 
neutralized with 2 M NH4CH3COO (pH 4.5) and dot-blotted with 
proper controls onto a nylon membrane. The membrane was hy- 
bridized to the labeled trimer fragment, and the dots were counted. In 
all cases carrier salmon sperm DNA was added to the samples prior 
to manipulations. Equivalent amounts of total DNA were loaded. The 
results obtained by the two methods repeated twice agreed well. 

Results 

Because  of  the nature of  t andem repeats  there are two ap- 
proaches  by which  to look  for them. The first  source is the 
h igh -molecu la r -we igh t  f ract ion left  after the d iges t ion  of  
total  D N A  with a f requent  cutter  ( so-ca l led  rel ic  DNA,  see 

B e d b r o o k  et al. 1980). The second source is the low-mo-  
lecu la r -weight  f ract ion genera ted  by a rare cutter. The sec- 
ond approach  was chosen in our invest igat ion.  The 92-bp 
repeat  was in i t ia l ly  found when D N A s  from G. max and 
G. soja were d iges ted  with some 6-cutter  res t r ic t ion en- 
zymes  and f rac t ionated  on a po lyac ry l amide  gel  to resolve  
f ragments  under  400 bp. Si lver  s taining of  the gels (Bas- 
sam et al. 1991) revea led  a p rominen t  band about  92 bp 
long p roduced  by  several  enzymes  (BstXI, ClaI, SphI, 
XbaI, XhoI) (Fig. 1). To s tudy this p roduc t  soybean  D N A  
was d iges ted  with  XhoI and run on a prepara t ive  po lyac ry -  
l amide  gel. The monomer i c  92-bp band and its o l igomers  
were v is ib le  after s taining with e th id ium b romide  (not 
shown).  The monomer ic  and t r imer ic  products  were  eluted 
f rom the gel, c loned  and sequenced,  and the repeat  was 
des igna ted  SB92. 

A consensus  sequence (Fig.  2A) was der ived  f rom ten 
sequenced repeats  (four monomers  and two comple te  tri- 
mers).  Average  h o m o l o g y  of  the repeats  to the consensus  
was 92%. The search in the GenBank  Database  did  not  g ive  
any re l iable  homologies .  The dot -p lo t  analysis  found two 
degenera ted  pa l indromes  at low s t r ingency (8 homolog ies  
out of  12-bp-wide  window)  with their  centers  at pos i t ions  
31 and 60 (Fig.  2A). No other internal  subrepeats  were  
found. Despi te  s ignif icant  d ivergence  of  the repeats  f rom 
the consensus  sequence,  they never  devia ted  f rom the 
92-bp length. 

Southern  hybr id iza t ion  of  G. max and G. soja D N A  with 
the c loned repeat  showed a s imple  ladder  of  f ragments  gen-  
erated by  XhoI and XbaI (Fig. 2B). This l adder  went  to the 
l imit  o f  the resolut ion  of  the agarose  gel  and reached 
17-mer wi thout  get t ing diffuse (Fig.  2B). This pat tern fur- 
ther p roved  the uni formi ty  of  the length of  the repeats .  XhoI 
sites were  found more  f requent ly  than sites for any other  
6-cutters tested. The copy  number  of  the repeat  in the two 
genomes  looked  roughly  similar,  and it was cor robora ted  
by  a more  accurate  es t imate  (see below).  



Fig. 6A, B Large blocks of 
SB92. High-molecular-weight 
DNA was digested with restric- 
tion enzymes SfiI (S), NotI (N) 
and MluI (M). After PFGE, the 
membrane was hybridized to 
SB92 (panel A) and then to the 
telomeric repeat (B) 
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Fig. 3 Determination of copy number of SB92 in soybean DNA. 
Lanes 1-3 EcoRI-digested soybean DNA, 0.1 (1), 0.3 (2) and 1 (3) 
~g. Arrow indicates increasing amounts of the cloned trimer of SB92: 
3, I0, 30, 100, 300 and 500 ng 

Fig. 4 Hybridization of SB92 
to soybean and cowpea DNA. 
(M marker DNA, Gm soybean 
DNA, Vu cowpea DNA, Xb 
XbaI, Xh XhoI.) Molecular siz- 
es in kb are indicated on the left 

Fig. 5 Infrequent MspI sites in 
SB92 repetitive clusters are 
methylated. (M marker lane, H 
HpaII, Ms MspI) 

We estimated that SB92 makes up 0.7% of the soybean 
genome. The size of the haploid soybean genome is 1000 
Mb (Gurley et al. 1979), therefore the repeat makes 7 Mb 
of the total length of DNA, or  8 •  4 copies (Fig. 3). In try- 
ing to apply different protocols for the copy number deter- 
mination, we found it deceptive to use the whole recombi- 
nant plasmid as the hybridization probe and for quantita- 
tive calibration. The intensity of hybridization is not pro- 
portional to the content of the insert in the recombinant 
plasmid, and this leads to artefacts. Therefore, an isolated 
trimer of SB92 was used for all hybridizations. 

Species-specificity is an important characteristic of tan- 
dem repeats. Among the several leguminous plants stud- 
ied (cowpea, Lotus japonicus; alfalfa, Medicago trunca- 
tuIa) only cowpea (Vigna unguiculata) gave a clear posi- 
tive signal (Fig. 4). The number of copies was approxi- 
mately an order of magnitude lower than in soybean, as es- 
timated by counting the lanes from the membrane shown 
in Fig. 4. Although the repeat length was the same, the or- 
ganization of the repeats seemed to be more complicated 
with some bands being more prominent in the 92-bp lad- 
der. 

To assess the extent of methylation of SB92, we com- 
pared soybean DNA digested with the methylation-sensi- 
tive enzyme HpaII and partially methylation-insensitive 
MspI (Fig. 5). The consensus sequence did not contain the 
MspI/HpalI site CCGG, which could be generated only by 
substitutions. The internal C in these rare sites was com- 
pletely methylated, since there was no ladder in the HpaI 
lane in Fig. 5. Intensive methylation of satellite DNAs has 
been reported for virtually all tandem repeats studied (see, 
for instance, Ganal et al. 1986). 

To understand the organization of SB92 repeats, soy- 
bean DNA was isolated from protoplasts in agarose blocks, 
treated with restriction enzymes and fractionated by PFGE. 
After hybridization with the SB92 probe only very large 
blocks of repeats were seen (Fig. 6). Their size exceeds 
900 kb. The same membrane was stripped of the probe and 
hybridized to the telomeric repeat. This probe revealed 
fragments of moderate size only, mostly below 300 kb. 
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Fig. 7A, B Variability of high- 
molecular-weight DNA restric- 
tion fragments hybridizing to 
SB92 (A) and the telomeric re- 
peat (B). (EV digestion with 
EcoRV, N NotI. B G. max cv 
'Bragg', D G. max cv 
'DPS3589', E G. max cv 
'Enrei', P G. max cv 'Peking', 
S G. soja.) The same membrane 
was hybridized. The size of 
fragments in kb is indicated on 
the left 

Table 1 Variability of repeti- 
tive DNA fragments in soy- 
bean a 

Variety 

a .  m a x  

cv. Bragg 
a .  m a x  
cv. DPS 
a max 
cv. Enrei 
a. max 
cv. Peking 
G. soja 

Total average 

SB92 

Number Average Average 
of bands F D 

Telomeric repeat 

Number Average Average 
of bands F D 

8 0.08 

9 0.21 

10 0.15 

12 0.17 

16 0.15 

0.92 12 0.76 0.24 

0.89 i1 0.72 0.28 

0.85 12 0.67 0.33 

0.83 11 0.66 0.34 

0.85 l0 0.47 0.53 

0.87 0.34 

a See explanations in the text 

The polymorphism of blocks of repeats in related lines 
and accessions is the most important feature for further ge- 
netic mapping. Therefore, high-molecular-weight DNA 
from four varieties of G. m a x  and one accession of G. so ja  
were used to assess the variability of the SB92 clusters. 
After DNA was digested with a 6-cutter, E c o R V ,  and an 
8-cutter, NotI ,  restriction enzyme, it was resolved in a 
PFGE. DNA was Southern-hybridized to the SB92 probe, 
and then the membrane was stripped and rehybridized to 
the telomeric repeat for comparison. The blocks of telo- 
meric repeats, as well as subtelomeric repeats, have been 
shown to be hypervariable in tomato and some other plants 
(Ganal et al. 1992; R6der et al. 1993). The results of our 
experiment are shown in Fig. 7 and summarized in Table 
1. The proportion F of fragments in common between all 
pairs of accessions was determined for all samples as 
F=2nXY/(nX+nY), where nX and nY are the total num- 
bers of fragments for varieties X and Y, and nXY is the 
number of fragments in common. An average was then cal- 
culated for each accession. A corresponding D value 
(D=I-F)  measures the extent of variation. (Calculated ac- 
cording to Nei and Li as quoted by Broun et al. 1992).The 
calculations showed that in soybean the divergence of 

SB92 clusters is significantly higher than the divergency 
of the telomeric repeats. 

There is another conclusion that can be drawn from the 
analysis of the SB92 clusters by PFGE. Rare cutters like 
NotI ,  M l u I  and SfiI (Fig. 6) did not generate any discrete 
bands below 0.9 Mb. Since the total space of the genome 
occupied by SB92 is 7 Mb as calculated from its copy num- 
ber (see above), there could not be more than seven to nine 
blocks of SB92 per haploid genome. Soybean has 20 chro- 
mosomes per haploid genome (Singh and Hymowitz 
1988). Therefore, only some of them can contain blocks of 
SB92. 

Finally, there were no Not I  bands that hybridized simul- 
taneously to the telomeric probe and SB92 probe. There- 
fore, these repeats are not located within the 1-Mb-long 
terminal segments of soybean chromosomes. 

Discussion 

Significant progress has been achieved recently in the ge- 
netic studies of soybean. However, to the best of our knowl- 
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edge, no studies of its repetitive DNA have been published 
so far. In this article, we report cloning and the study of a 
92-bp satellite repeat, SB92. 

The 92-bp repeat is a typical example of satellite DNA. 
Its organization is simple, and its sequence does not give 
any hints about its function. While speculations on the or- 
igin and function of tandem repeats are abundant in the lit- 
erature, our results do not support any of these specula- 
tions. A hypothesis was put forth that tandem repeats of 
plants originate from an ancestral tRNA gene (Benslimane 
et al. 1986), but SB92 does not show any reasonable ho- 
mology to tRNA genes. Ingham et al. (1993) suggested that 
tandem repeats of plants consist of a basic 30-bp unit that 
was in many cases first duplicated or triplicated and then 
amplified as a block. However, the soybean repeat has nei- 
ther internal subrepeats nor homologies to any of the plant 
tandem repeats reviewed in that paper. Recently Vogt 
(1992) speculated on the possibility that tandem repeats 
encode specific chromatin structures because of their un- 
usual bending properties through interactions with se- 
quence-specific proteins. He proposed that the (GNATT) n 
subrepeat might play an important role in the interaction. 
The consensus of SB92 contains only two homologies to 
this sequence, which could be considered random occur- 
rence. Also, no signs of the locus specificity implied by 
Vogt's hypothesis were found (except for the long-range 
EcoRV-polymorphism). It is worth mentioning, also, that 
SB92 has no homology to the satellite repeats found in le- 
guminous plants, the 59-bp-long tandem repeat from Vicia 
faba (Kato et al. 1984) and 180-bp-long repeat from alfalfa 
(Xia and Erickson 1993). 

Among the several leguminous plants studied, only the 
cowpea shows clear homology to SB92. Indeed, according 
to existing data on molecular mapping the cowpea is the 
closest species to soybean (Young et al. 1992). Neverthe- 
less, the pattern of divergence of the restriction sites is dif- 
ferent, since the cowpea repetitive ladder shows prominent 
bands. Therefore, some higher-order blocks exist in this 
genome, as described for many other satellite tandem re- 
peats (for review and interpretation, see Vogt 1992). 

In many cases tandem repeats in plants have been found 
at or near the telomeric ends of chromosomes (for review 
see Kolchinsky and Gresshoff 1994). In barley and tomato 
the polymorphism of clusters of these tandem repeats has 
been successfuly used for the mapping of the ends of link- 
age groups (Ganal et al. 1992; R6der et al. 1993). We did 
not find any indications of high-molecular-weight DNA 
fragments sharing the telomeric sequence and SB92. 
Therefore, the repeat is not located within approximately 
1 Mb from telomeric ends and is probably a centromeric 
repeat. This may be due to an unusual characteristic of  soy- 
bean chromosomes: as stated by Singh and Hymowitz 
(1988), most of them have euchromatic ends, with only 6 
out of  40 telomeres being heterochromatic. 

The size of the SB92 blocks indicates that they should 
be located on only a subset of soybean chromosomes. In- 
deed, SfiI, NotI and MluI produce fragments above 900 kb 
in size, while telomeric fragments show average-molecu- 
lar-weight distribution. This experiment cannot be done 

with frequently cutting restriction enzymes because SB92 
would be degenerated and virtually any 4-bp-long site 
would be found. On the other hand, the rarely cutting en- 
zymes used in this experiment apparently don' t  have rec- 
ognition sites inside the repeats and produce unusually 
large fragments. This makes this satellite DNA an attrac- 
tive choice for the correlation between linkage groups and 
chromosomes through in situ hybridization and mapping 
of SB92 blocks based on their variability. 

Both notions of non-telomeric localization and chromo- 
some specificity of the large blocks of SB92 were corrob- 
orated by in situ hybridization of the same repeat cloned 
and studied in Paul Keim's  laboratory (L. Shi and R Keim, 
personal communication). They find approximately six hy- 
bridization sites per haploid genome. Therefore, SB92 can 
be used for chromosome-specific painting of soybean chro- 
mosomes for in situ studies. 

A detailed comparison between the variability of the 
telomeric repeats and flanking blocks of a satellite repeat 
in tomato was performed by Broun et al. (1992) The diver- 
gence among the telomeric repeats was found to be much 
higher (D=0.92 and 0.65, correspondingly). In our hands, 
soybean telomeres show a relatively low extent of poly- 
morphism (0.34), much lower than that in tomato, while 
the clusters of  SB 92 in soybean are significantly more poly- 
morphic than the subtelomeric repeats of tomato (D=0.87). 
The relative stability of long restriction fragments contain- 
ing soybean telomeres might be determined by their euch- 
romatic nature. 
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