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Abstract The major simple sequence repeats present in 
the Arabidopsis genome were identified by Southern 
hybridizations with 49 oligonucleotide probes matching 
all the possible combinations of motifs up to 4 nucleot- 
ides long. The method used allowed us to perform all the 
hybridizations under the same temperature conditions. 
A good correlation was observed with the data obtained 
from database analysis, indicating that the method can 
be useful for identifying the major classes of microsatel- 
lite loci in species for which few or no sequence data are 
available. AG/CT, AAG/CTT, ATG/CAT and 
GTG/CAC are the major motifs present in the Ara- 
bidopsis genome that can be used as convenient probes 
to isolate microsatellite loci by screening libraries. 
AAG/CTT is the more frequent of these motifs, and its 
relative frequency in Arabidopsis is much higher than 
averagely found in the plant kingdom. About 8 % of the 
cDNA clones from an immature silique library contains 
AG/CT, AAG/CTT or ATG/CAT microsatellite loci. 
Several microsatellite loci were isolated by screening 
genomic and cDNA libraries. Twenty-six tri-nucleotide 
loci were PCR amplified from four different ecotypes, 
and polymorphism was observed for 12 of them; 10 loci 
showing two alleles and 2 loci showing three alleles. 
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Introduction 

Microsatellites (Litt and Luty 1989) are a subclass of 
repeated sequences that consists of stretches of short 
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tandemly repeated nucleotide motifs (1 5 bp) scattered 
throughout the genome of eukaryotes. These sequences 
have also been designated sequence-tagged microsatel- 
lite sites (STMSs) by Beckmann and Soller (1990), Will- 
iamson et al. (1992) and Serikawa et al. (1992), simple 
sequence repeats (SSRs) by Jacob et al. (1991) and short 
tandem repeats (STRs) by Edwards et al. (1991). Vari- 
ations in number of repeated motifs generate extensive 
polymorphism, which makes microsateltite loci very 
useful markers for genetic mapping, DNA typing or 
population genetics studies (Beckmann and Soller 1990; 
Epplen et al. 1992). 

Most of the knowledge concerning microsatellites 
has been obtained from the animal kingdom, mainly 
from mammals. In humans, it has been shown that the 
(AC/GT), repeat, present at about 5- 104 loci per haploid 
genome, is one of the most common motifs (Hamada 
et al. 1984; Moore et al. 1991; Beckmann and Weber 
1992), while all trimeric and tetrameric repeats were 
estimated to account for a total of about 4-105 loci 
(Edwards etal. 1991). Amplification of trinucleotide 
repeats in several loci have been shown to be responsible 
for such human genetic diseases as X fragile syndrome 
(Fu et al. 1991) or myotonic dystrophy (Brook et al. 
1992; Fu et al. 1992). 

In plants, the presence of (AC/GT), and (AG/CT), 
repeats was first reported by Condit and Hubbell (1991), 
although the presence of similar alternating polymers 
had been detected much earlier in wheat and radish 
nuclear DNA by hybridization techniques (Delseny 
et al. 1983). Searches for microsatellites in plant DNA 
sequence databases indicated that the (AC/GT), repeat 
is generally less frequently represented than in mam- 
mals, the most common motifs being (AT/AT), followed 
in decreasing order by (A/T), and (AG/CT),. Trinucleot- 
ide and tetranucleotide repeats are also present in plant 
genomes, the most frequent motifs being (AAG/CTT)n 
and (AAT/ATT), (Akkaya et al. 1992; Lagercrantz et al. 
1993; Morgante and Olivieri 1993; Wang et al. 1994). A 
wide range of variation in the abundance of most of 
these repeats was observed in various species. For 



example, (CCG/CGG), is abundant in rice (Zhao and 
Kochert, 1993) while generally poorly represented in 
other higher plants (Lagercrantz et al. 1993; Wang et al. 
1994). Moderate to high levels of polymorphism were 
reported for several loci in various species: soybean 
(Akkaya et al. 1992; Morgante and Olivieri 1993), Brass- 
ica (Lagercrantz et al. 1993), rice (Zhao and Kochert 
1993, Wu and Tanksley 1993), grapevine (Thomas and 
Scott 1993), maize (Senior and Heun 1993), sunflower 
(Brunel 1994) and Arabidopsis (Bell and Ecker 1994). 
Plant DNA fingerprinting with various oligonucleotide 
probes such as (TCC),, (GTG),, (GATA), and (GACA), 
suggests that these repeats are present in plants in highly 
variable abundances according to species (Weising et al. 
1991; Beyermann etal. 1992; Poulsen and Weising 
1993). 

The work reported in the present paper was initiated 
in order to search for microsatellite repeats present in 
the genome of Arabidopsis thaliana but not in the yeast 
Saccharomyces cerevisiae. Such repeats would be useful 
for identifying overlapping clones in an Arabidopsis 
YAC library by fingerprinting the clones, as has been 
reported by D. Cohen's group for a human YAC library, 
using LINE 1 and Alu families as probes (Bellann6- 
Chantelot et al. 1992). Southern hybridizations with 
oligonucleotide probes allowed us to detect the main 
repeats present in Arabidopsis and in yeast and revealed 
that every repeat detected in Arabidopsis is also present 
in the yeast genome. In Arabidopsis, a good correlation 
was observed between the hybridization data and the 
main classes of repeats found in databases. AG/CT, 
AAG/CTT, ATG/CAT and GTG/CAC are the major 
motifs present in the Arabidopsis genome that can be 
used as convenient probes to isolate microsatellite loci 
by screening libraries. The tri-nucleotide AAG/CTT is 
more represented in Arabidopsis than in most other 
plants. Several Arabidopsis microsatellite loci contain- 
ing tri-nucleotide repeats were polymerase chain reac- 
tion (PCR)-amplified, and an inter-ecotype polymor- 
phism was detected for about half of them. 

Table 1 List of the 49 oligonucleotide probes 
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(A) 18 (AAT) 6 (AAAT) 4.5 (AACC) 4.5 (AGGC) 4.5 
(C) 18 (AAG) 6 (AAAG) 4.5 (GATA) 4.5 (AGCT) 4.5 

(AAC) 6 (AAAC) 4.5 (ATAC) 4.5 (AGCG) 4.5 
(AT) 9 (ATG) 6 (AATT) 4,5 (GGAT) 4.5 (AGCC) 4.5 
(AG) 9 (Aar)  6 (AATG) 4.5 (ATGC) 4.5 (ACGT) 4.5 
(AC) 9 (TCC) 6 (AATC) 4.5 (ATCG) 4.5 (ACGG) 4.5 
(GC) 9 (AGe) 6 (AAGT) 4.5 (GACA) 4.5 (ACGC) 4.5 

(ACG) 6 (AAGG) 4.5 (AGTG) 4.5 (ACCG) 4.5 
(GTG) 6 (Aaac)  4.5 (AGTC) 4.5 (ACCC) 4.5 
( a c e )  6 (AACT) 4.5 (AGGT) 4.5 (GaGe)  4.5 

(AACG) 4.5 (AGGG) 4.5 (GGCC) 4.5 

pmoles of oligonucleotide-labeled probe. Three 10-min non-stringent 
washings were done at room temperature in 3M tetra-methyl-am- 
monium-chloride (TMA), 2 mM EDTA, 50 mM Tins pH 8.0, fol- 
lowed by a 5-min stringent washing in the same buffer at 4~ ~ 
below melting temperature (Tm). The use of TMA strengthens the 
interaction of A-T base pairs, which then becomes similar to that of 
the G-C base pairs. Consequently, the Tm value does not depend on 
the G + C content but only on oligonucleotide size (Wood et al. 1985). 
This allows the use of a single temperature for all the hybridization 
experiments involving oligonucleotides of the same length. Since only 
18 mers have been used in this study (Table 1), the Tm value is 57.5 ~ 
according to Wood et al. (1985). 

Detection of labeled probes was achieved using the digoxigenin 
chemiluminescent kit supplied by Boehringer Mannheim. For every 
probe, the films were exposed for 5 h. When only very weak or no 
signals were detected, a new reaction was performed followed by a 
16-h exposure. All positive signals were confirmed by a second 
independent hybridization experiment. 

Search in the GenBank database 

The BISANCE software package (Dessen et al. 1990) was used to 
search the 2335 Arabidopsis DNA sequences of the GenBank 
database (version October 1993) for the presence of mono-, di-, tri-, 
and tetranucleotide repeats. The STRING 2 program was run to 
identify sequences corresponding to or complementary to the motifs 
present in the 49 oligonucleotide probes and carrying a minimum 
number of n repeats, with n = 15 for mononucleotides, n = 8 for 
dinucleotides, n = 5 for trinucleotides and n = 4 for tetranucleotides. 
No mismatch was allowed. The results were manually checked in 
order to eliminate redundant sequences, mitochondrial and chloro- 
plastic sequences, rDNA-repeated units and poly(A) tails of cDNA 
sequences. 

Materials and methods 

Hybridization with oligonucleotide probes 

Arabidopsis thaliana DNA (ecotype C24) was extracted from 4- 
week-old plants by the CTAB method (Towner 1991) and purified by 
CsC1 density gradient centrifugation. Yeast DNA (Saccharomyces 
cerevisiae, YNN295) was purchased from Clontech. Digestions by 
EcoRI and HindIII were performed at 37 ~ for 2 h in buffers supplied 
by the manufacturer. Samples of about 1 gg of DNA were digested by 
one or both enzymes, electrophoresed in 1% agarose gels for 16 h at 
3 V/cm in TBE buffer and transferred onto Hybound N nylon 
membranes. 

The 49 oligonucleotide probes that were used (Table 1) match all 
the 316 possible different combinations of repeated motifs of 1, 2, 3 or 
4 nucleotides long. Oligonucleotides were Y-end-digoxigenin-labeled 
according to the instructions of the Boehringer Mannheim's DIG 
oligonucleotide l a beling kit. Hybridizations were performed in 15 ml 
of 5 x SSPE, 0.5% SDS, 0.1% lauroyl-sarcosinate, 2% blocking 
reagent (Boehringer), 50 mM Tvds pH 8.0, for 1 h at 37 ~ using 100 

Cloning of microsatellite loci 

Genomic DNA was digested to completion by MboI and ligated with 
T4 DNA ligase to the BamHI site of the Bluescript SK plasmid vector 
(Stratagene). After transformation into E. Coli DH5e cells, about 
2000 recombinant colonies were screened using various oligonucleot- 
ide probes. After purification of some positive clones, the nucleotide 
sequences of the inserts were determined using the dideoxychain 
termination method (Sanger et al. 1980). 

Search of microsatellites in a cDNA library 

A cDNA library derived from immature silique mRNAs (Giraudat 
et al. 1992) was used for this screening. It was prepared in the Lambda 
ZAP II vector. An aliquot of this library was in vivo excised and 
plated. One thousand colonies were picked at random, ordered in 
microtiter plates and replicated on nylon Hybond N filters. These 
filters were hybridized under the same conditions with the oligonuc- 
leotide probes as mentioned above. Positive clones were sequenced 
either manually or using an ABI 373 machine. The nucleotide se- 
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quences were translated into amino acid sequences, and the Fasta 
program (Pearson and Lipman 1988) was used for homology search 
in databases in an attempt to identify the corresponding proteins. 

PCR conditions 

Primer sequences were designed manually with the aim of producing 
well-matched primers, 15-20 nucleotides long, thereby avoiding ob- 
vious repeated sequences, with a G or C in the 3'-most position and 
with a Tm of 58 ~ • 3 ~ Primers were synthesized by Eurogentec. 
The specificity of each primer pair was optimized by the use of 
different annealing temperatures and in some cases by the addition of 
2.5% formamide in the reaction solution. PCR reactions were per- 
formed in a volume of 25 gl containing 50 ng of genomic DNA, 2 mM 
MgSO4, 10 mM KCI, 10 mM (NH4)2SO4, 20 mM TRIS HC1 (pH 8.8), 
0.1% Triton X100, 1 ~tM of each primer, 0 .2mM of each dNTP 
including [35S]dATP (400 mM) and 0.25 U Vent DNA polymerase 
(Biolabs). After an initial denaturation step of 2 rain at 94 ~ 25 cycles 
of 30 s at 94 ~ 30 s at the optimized annealing temperature and 30 s 
at 72 ~ were carried out followed by a final extension of 4 min at 
72~ in a Techne PHC-3 thermocycler. One volume of a stop 
solution (deionized 98% formamide, 10 mM EDTA, 0.1% Xylene 
cyanol, 0.1% Bromophenol blue) was then added to the amplification 
products, and 4 gl of each reaction was analyzed on a 6% polyac- 
rylamide denaturing gel containing 8.3 M urea. For sizing, a DNA 
sequencing ladder prepared from a template of a known sequence was  
run adjacent to the PCR product. 

Results 

Hybridizations with oligonucleotide probes 

Both Arabidopsis and yeast genomic DNAs were hy- 
bridized with oligonucleotide probes corresponding to 
all possible repeated motifs 1, 2, 3 and 4 bp long, using a 
standardized method. Arabidopsis DNA cut by EcoRI, 
HindIII and EcoRI + HindIII and yeast DNA cut by 
EcoRI and EcoRI + HindIII were electrophoresed and 
transfered onto nylon membranes. Twelve identical 
membranes were prepared, each being successively hy- 
bridized with 4-6 of the oligonucleotide probes listed in 
Table 1. Most of the probes did not reveal any signal or 
only a few faint bands (see Fig. 1 the (GATA)4.s probe as 
an example), suggesting that the complementary repeats 
are either absent or present only in a very low amount  in 
the genome. Only 9 probes revealed clear fingerprint 
patterns with at least one of the species (Fig. 1); 6 probes 
gave multiple band fingerprints in both species, with 
variable signal intensities: (A)18, (ATG)6, (AAG) 6, 
(GTG)6, (GGAT)4.s and (AAAC)4.s. In the Arabidopsis 
genome, in addition to the fingerprint pattern, the (A)I 8 
probe revealed one band with a higher signal intensity at 
the top of the gel. Since its mobility was not affected by 
EcoRI or HindIII digestion, this band did not corre- 
spond to a microsatellite locus but more likely to large 
clusters of tandemly repeated sequences carrying poly-A 
stretches but lacking the enzyme recognition sites. The 
same explanation can account for the presence of a 
second major band in the HindIII-digested sample only, 
except that the repeated sequences have to carry a 
EcoRI recognition site. The (AG)9 probe also gave 

Fig. 1 Hybridization of Arabidopsis and yeast DNA with 18-mer 
oligonucleotide probes carrying the repeated motifs shown above 
each bloc. Lanes 1 and 2 yeast DNA cut with EcoRI (1) or 
EcoRI + HindIII (2) Lanes 3-5 Arabidopsis DNA cut with EcoRI (3), 
HindIII (4) or both (5). All the pictures correspond to film exposures 
of 16 h, except for hybridizations with (A)I 8 and (AG)9 probes, which 
correspond to a 5-h exposure 

signals in both species but only a few bands were 
revealed in yeast, suggesting that the repeat, largely 
present in the Arabidopsis genome, is less represented in 
yeast. (TG)9 and (AAC)6 probes revealed very clear 
fingerprints in yeast but only faint bands in Arabidopsis 
(visible on the film), indicating that the repeats are 
poorly represented in this species. 

Search in the GenBank database 

A search was conducted to identify microsatellite loci in 
the Arabidopsis genome. As shown in Table 2, 169 loci 
were identified that consist of perfect repeats of at least 
15 mononucleotide, 8 dinucleotide, 5 trinucleotide and 4 
tetranucleotide motifs. Only 7 motifs were found in 
more than 5 % of the identified loci, and together these 7 
motifs account for 85% of the loci. The most represented 
in the database sequences were by far AAG/CTT, found 
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Table2 Number of microsatellite loci found in the Genbank 
database. (Only loci with a minimum number of repeated motifs were 
considered. The minimum number of repeats is 15 for mononucleo- 
tides, 8 for dinucleotides, 5 for trinucleotides and 4 for tetranucleo- 
tides. Numbers between parentheses are relative frequencies. 
Searches for all the tetranucleotide motifs not mentioned in the table 
did not reveal any loci) 

0 T 

15 20 25 30 35 40 45 50 55 

A/T 

I 

75 

i 

A/T 23 (0 .136)  AAT/ATT 0 
G/C 0 AAG/CTT 60 (0.355) 
AT/AT 9 (0 .053)  AAC/GTT 9 (0.053) 
AG/CT 18 (0 .106)  ATG/CAT 16 (0.095) 
AC/GT 3 (0 .018)  AGT/ACT 2 (0.012) 
GC/GC 0 TCC/GGA 6 (0.035) 
AAAG/CTTT 2 (0 .012)  AGe/OCT 4 (0.024) 
AAAC/GTTT 1 (0 .006 )  ACG/CGT 2 (0.012) 
AAGG/CCTT 1 (0.006) GTG/CAC 10 (0.059) 
GATA/TATC 1 (0 .006)  GGC/GCC 2 (0.012) 

5il 
o ~ ]  I~ NH 1 

I I I I ) I I [ I I I 
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in 35.5% of the identified loci, followed by A/T (13.6%), 
AG/CT (10.6%), ATG/CAT (9.5%), GTG/CAC (5.9%), 
AT/AT (5.3 %) and AAC/GTT (5.3 %). The 42 remaining 
motifs either were found in only a few loci (9 motifs) or 
not found at all (33 motifs). 

Figure 2 shows the size distribution of the identified 
microsatellite loci. Most of the 169 loci consist of less 
than 20 bp of perfectly repeated motifs. Among the 111 
loci carrying trinucleotide motifs, only 14 display 7 
repeats or more, the longest harboring a GTG/CAC 
cluster of 11 repeats. In the same way, the five loci 
carrying tetranucleotide motifs display 4 repeats (3 loci), 
5 repeats (1 locus) and 6 repeats (1 locus). The distribu- 
tions of the 30 loci carrying dinucleotide repeats are 
more heterogeneous. Among the 18 AG/CT loci, only 4 
show more than 10 repeats while among the 9 AT/AT 
loci, 6 show more than 10 repeats, the longest harboring 
a 25-repeat cluster. The distribution of the 23 A/T loci is 
different from the others in that it is clearly bi-modal: 17 
loci carry a poly A/T stretch shorter than 21 bp, while 
the 6 remaining loci have stretches of 35 bp or more, the 
longest reaching 79 bp. 

Sequences of microsatellite loci 

4~ i 
15 

10 

AAG/CTT I 
ATG/CAT r-~ 
GTG / CAC aN 
AAC/GTT 
Other tri NI 

I I I I I I 

5 6 7 8 9 10 11 12 

Number of repeated motifs 

Fig. 2 SizedistributionofArabidopsismicrosatellitelocifoundinthe 
GenBank database. The X axis indicates the number of repeated 
motifs at each locus. The Yaxis indicates the number ofloci. Other tri 
gives the pooled data obtained with the 6 remaining trinucleotide 
motifs. The 5 loci carrying tetranucleotide repeats are not shown 

25 and 12 bp, respectively, pATag2 carries two clusters 
separated by more than 102 bp, one of them being linked 
to a (TO)6 cluster. 

In order to check that the signals detected by hybridiz- 
ation really reflect microsatellite loci, a MboI genomic 
library was constructed in the Bluescript plasmid vector 
and screened by hybridization with the (AG)9, (AAG)6 
and (ATG)6 oligonucleotide probes. Four positive 
clones were recovered with each of the 3 probes, but 1 
was lost during the purification steps. The library was 
also screened with the (GTG)6 probe, but positive clones 
cannot be detected because the probe hybridized to the 
plasmid vector. The nucleotide sequences of the 11 
positive clones were determined, and their main features 
are presented in Table 3. As shown, every clone carries at 
least one cluster of repeats homologous to the probe. 
This confirms that the observed fingerprints in Fig. 1 
reflect the presence of microsatellite loci. Two clones, 
pATag3 and pATaag4, harbor two clusters separated by 

Screening a cDNA library 

Nine hundred and twenty-seven ordered cDNA clones 
from an immature silique library previously selected for 
partial random sequencing (HGfte et al. 1993) were 
screened for the presence of microsatellites using the 
(ATG)6, (AAG)6 or (AG)9 probes. The results of this 
screening indicated that 49 colonies (5.3 %) hybridized 
to (AAG)6, 18 (1.9%) to (ATG)6 and 10 (1.1%) to (AG)9. 
These values roughly confirm the trend that was ob- 
served by screening the database (Table 2). Several posi- 
tive clones were selected for further characterization by 
partial sequencing. Out of 38 that were analyzed in this 
way, we were able to confirm the presence of the ex- 
pected repeats in 15 of them. The sequences of 8 of them 
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Table 3 Nucleotide sequence of microsatellite loci isolated from a 
Mbo-I genomic library. (Clones pATag, pATaag and pATatg were 
screened with the (AG)9, (AAG)6 and (ATG)6 oligonucleotide probes, 
respectively. Coordinates originate from the Y-end of the 11 se- 
quences deposited in the EMBL database under the accessions 

X79419 to X79421 (PATaag2 to pATaag4); X79422 to X79425 
(pATagl to pATag4); X79426 to X79428 (pATatgl to pATatg3). Only 
coordinates of nucleotides immediately preceding repeated motifs are 
indicated) 

pATagl 
pATag2 
pATag3 
pATag4 

pATaagl 
pATaag2 
pATaag3 
pATaag4 

pATatgl 
pATatg2 
pATatg3 

1--3 (GA)v,--301 
1--141 (TG)6,--162 (TC)8,--279 (TC)6TT(TC)4TT(TC)3,--687 
1--137 (AG)s,--173 (Ga)lo,--400 
1--116 (TC)7,--280 

1--  56 (CTT)7,--349 
1--74 (AAG)6,--231 
GAAGAG(GAA)4,--202 
1--577 (TTC)s, 604 (TTC)s,--821 

1 --95GATGGATGAAT(GAT)4,-- 398 
1--541 (ATG)3GTG(ATG)3GTGATTCTG(ATG)2,-- 749 
1--56 (GAT)7,--236 

Table 4 Nucleotide sequence of the microsatellite loci isolated from sequence is indicated as well as the putative function of the protein 
a cDNA library. (Sequence adjacent to the main cluster of repeats encoded by the cDNA when significant homologies were found 
are given only when some similarity with the repeated motif can between the predicted amino acid sequence and protein sequences in 
be seen. The location of the repeats with regard to the coding the database) 

Clones Pattern of repeats Location Putative function 

ATTS0191 (TGA)7 3'-untranslated Calmodulin 1 
ATTS0359 TGT (TGA) 6 TCT(TGA)GGA 3'-untranslated Cyclophilin 

ATTS2753 (CTT)s Coding 3-keto acyl CoA-thiolase 
ATTS0184 (TCT)~ CCTTCA 3'-untranslated ? 
ATTS0185 CAT (CTT)s CGT Y-untranslated S 13 ribosomal 
ATTS0200 AAA (AAG)5 Y-untranslated 9 
ATTS0262 (GAA)v CAA 3'-untranslated Histone H2A 

ATTS0316 (TC)2 CC(TC)9 GTTTTCG(TC)4 3'-untranslated ? 

ATTS2750 (CAT)6 CAG 3'-untranslated ATP-binding 

with 5 or more repeats are shown in Table 4. A ninth 
cDNA (ATTS0262), previously selected by database 
screening and shown in Table 4, was confirmed in these 
experiments. The remaining 6 have only 4 repeats. Only 
6 of the 38 clones analyzed were entirely sequenced. All 
of them carried the expected repeats. Thus, the most 
likely explanation for our failure to confirm the presence 
of repeats in 23 clones is that they escaped detection 
because they are located in the non-sequenced parts of 
the clones. For all the clones reported in Table 4 we 
could determine whether the repeats are located within 
the coding sequence or in the untranslated flanking 
regions. Only 1 clone had repeats in the coding region, 
and these determined a stretch of five serine residues. 
Two are located in Y-non-coding regions, and the others 
are in the 3' non-coding sequences. An additional repeat, 
(CAT)6, which was not selected by the hybridization 
procedure, was also observed by chance. We have also 
listed the putative function of the corresponding protein 
when it could be determined. 

Detection of polymorphism 

From the data extracted from the database or shown in 
Table 3 and 4, 36 microsatellite loci, which consist of 

tri-nucleotide repeats, were selected for the ability to 
design putatively good primers for PCR amplification. 
For each locus, PCR reactions were performed using 
genomic DNA from four different ecotypes (C24, Land- 
sberg, Columbia and Bensheim) as template. After opti- 
mization of the PCR conditions, amplification products 
were obtained from the four ecotypes for 24 loci. One 
locus amplified only from three ecotypes and 1 only 
from two. The 10 remaining loci did not amplify or gave 
multiple non-specific products. 

Polymorphisms obtained for 5 microsatellite loci are 
shown in Fig. 3. Each amplified locus displayed a speci- 
fic pattern, including only one major band that corre- 
sponded to the expected size of the fragment. In addi- 
tion, as usually observed in microsatellite PCR amplifi- 
cation products, a ladder of minor bands differing in 
length by one nucleotide was detected. These bands may 
result from both a template independent addition of one 
or several nucleotides to the 3'-end of the product 
strands and an incomplete extension by the polymerase 
(Weber 1990; Litt 1991). Slippage of the polymerase is 
another cause that can generate minor bands differing in 
length by 3 nucleotides (Weber and May 1989). The 
amplification products of loci ATPOSF21 (Fig 3 no. 2) 
and ATTS0262 (Fig. 3 no. 5), display a band with an 
intensity only slightly lower than that of the major one. 



Fig.3 Detection ofpolymorphism at microsatelliteloci. Microsatel- 
lite loci were amplified by PCR from genomic DNA from four 
ecotypes (C* C24, L Landsberg, C Columbia, B Bensheim), and the 
products separated on a 6% denaturing polyacrylamide gel. An 
illustration of the results obtained is given for 5 loci (1 ATHGAPAB, 2 
ATPOSF21, 3 PATaagl, 4 ATTS0392, 5 ATTS0262). For sizing, a 
DNA sequencing ladder was run adjacent to the PCR product 
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This additional band corresponds to a longer fragment 
than expected. In order to check whether these two 
bands reflect the presence of two different alleles, P C R  
amplification products of 15 individual plants from the 
same ecotype were obtained. The observed patterns (not 
shown) were the same for all plants and similar to those 
shown in Fig. 3, suggesting that the longer fragment 
results from a P C R  artefact. 

Table 5 is a summary of the data obtained for 26 
amplified microsatellite loci that generate amplification 
products from at least two ecotypes. Twelve loci show 
polymorphisms after a screening of four Arabidopsis 
ecotypes. Three different alleles were detected at 2 loci 
(ATTS0191 and ATTS0262) and two for the remaining 
10. Loci with variable levels of complexity in the repeat- 
ed motifs were selected in this experiment. The simplest 
carry only one block of perfect repeats flanked by 
unrelated sequences (loci ATTIF4A2,  PATaag2,  
ATTS0392 etc...), while the more complex carry several 
blocks of repeats separated and/or  flanked by closely 
related tri-nucleotide motifs (loci A T H C O L R ,  AT- 
POSF21 etc...). The data of Table 5 show that both types 
detect polymorphism. 

Table 5 Detection of polymorphism between four ecotypes 

Microsatellite Clones a Pattern of repeats 
repeat type 

Allelic distribution b 

C* L C B 

ATTIF4A2 (GAA)9 N N N N 
ATTS0184  ATT(CTT)4CTC (CTT) N N N N 
ATHGAPAB CTC (CTT)TCT (CTT)2 N N Z Z 
pATaagl (CTT)7 (CCT)z N N N Z 
pATaag2 (CTT)6 N N N N 

AAG/CTT ATTS0392 (GAA)7 N Z N Z 
$ 4 5 9 1 0  CCT(TCC)2(TTC)TT(CTT)2 N N Z Z 
ATHTUB9B (CTT) T (CTT)s CTG (CTT)2 CCT (CTT) CTG N N N N 
T04097 (AAG)4 ATG (AAG)3 AGT N .-. Z ... 
ATTS966 (CTT)2 (CAT)3 (CTT)3 N N N N 
ATTS0262 (GAA)TCAA N Z T T 

ATTS0185 CAT (CTT)s CGT N N N N 
ATTS0191 (TGA)7 N Z N T 
ATTS0359 TGT (TGA)6 TCT (TGA) GGA N N N N 

ATG/CAT ATTOP1 CTG (ATG)7 N Z Z N 
ATCAN (CAT)7 GAC (CAT) C (CAT)5 (TAT)2 (CAT) N N N N 
T04805 CAC (CAT)3 (CCT) (CAT)4 (CCT)z (CAT)z N N N N 
pATatg2 (ATG) 3 GTG (ATG)3 GTG (N)s (GAT)2 N N N N 

GTG/CAC ATHCOLR AAC (CAC)2 GTC (CAC) SAC (CAC) CAT (CAC) N N N N 
(CTC)2 (CAC) SAC (CAC)3 GACCTC (CAC)~ 

ATPOSF21 CAG (CAA)8 CAGCAACACCAA (CAG)4 (CAA) N Z Z Z 
CAG (CAA) CAG 

AAC/GTT ATCSR12 (CAA)6 CAT N Z Z Z 
T04156 (GTT)2 ATT (GTT)4 N N N N 

AGG/CCT T04049 (AGG) 6 AGC N N .-- N 
T04351 (CTC)6 N Z Z Z 

AGC/GCT ATTS0487 (GAT)3 GAA (CAG)7 N N N N 
ATHHANKA (AGC) AG (AGC)s AGG N Z N N 

a Clones were named by their database mnemonics, except for clones b The alieIe found in the C24 genotype is arbitrariIy indicated by N. 
originating from the screening of the genomic library (see Table 3) The second allele found is designated by Z and the third by T. 
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Discussion 

Because the original goal of this work was to search for 
simple sequence repeats present in the Arabidopsis 
thaliana genome but absent in yeast, we conducted a 
systematic search by the hybridization of oligonucleot- 
ide probes on Southern blots. Forty-nine different 
oligonucleotide probes were designed to potentially de- 
tect all the motifs corresponding to the 316 possible 
combinations of 1, 2, 3 and 4 nucleotides. Performing 
hybridizations with multiple oligonucleotide probes 
was made easier following the method originally de- 
scribed by Wood et al. (1985), which allows the stan- 
dardization of experimental conditions by using the 
same Tm for all oligonucleotide probes of the same 
length. The only conspicuous difference between the two 
species was observed with (TG)9 probe, which gives a 
fingerprint pattern in yeast but not in Arabidopsis. The 
lack of visible signal does not mean, however, that the 
AC/GT repeats are completely missing in the genome 
since a few loci were found in the GenBank database. 
Moreover, Bell and Ecker (1994) estimated the number 
of loci carrying AC/GT repeats in Arabidopsis to be 
about 230 (1 every 430 kb). Since the intensity of the 
hybridization signals are dependent on the length of the 
region of homology, the lack of detectable signal with 
the (TG)9 probe very likely means that, under our 
experimental conditions, only microsatellite loci con- 
taining a large number of repeats can be detected on 
Southern blots. 

In Arabidopsis, a good correlation was observed 
between the data from hybridization experiments and 
those from database analysis, for mono-, di- and tri- 
nucleotide repeats. Therefore, the hybridization method 
can be useful for identifying the major microsatellite 
repeats in species in which only a few or no nucleotide 
sequences are available. The five probes, (A)I 8, (AG)9, 
(AAG)6 (ATG)6 and (GTG)6, which reveal clear finger- 
print patterns in the hybridization experiment, corre- 
spond to the 5 more frequent repeats found in the 
GenBank database. The loci found in the database can 
be ordered according to their relative frequencies in the 
following way: AAG/CTT (35,5%), A/T (13,6%), 
AG/CT (10,6%), ATG/CAT (9,5%), GTG/CAC (5,9%), 
AAC/GTT (5,3%) and AT/AT 5,3%), the remaining 
repeats accounting for less than 4% of the total. The 
(AAC)6 probe revealed multiple bands in the Arabidop- 
sis genome (Fig. 1), but the signal intensities were very 
weak compared to those observed in the yeast genome. 
For the reason mentioned before, it can be suggested 
that in Arabidopsis no (AAC/GTT), locus contains 
enough repeats to generate a hybridization signal of 
high intensity in our experimental conditions. The (AT)9 
probe did not reveal any signal. This can probably be 
explained by the self annealing nature of the probe, 
which reduces the efficiency of hybridization to a mem- 
brane-bound target. With respect to the tetranucleotide 
repeats, the number of loci found in the GenBank 

database is too low (5 loci consisting of 4 different 
repeated motifs) to determine whether a correlation with 
the hybridization data exists. 

Three computer-assisted searches have recently been 
performed for microsatellite loci in EMBL and Gen- 
Bank higher plants sequences databases (Lagercrantz 
et al. 1993; Morgante and Oliveri 1993; Wang et al. 
1994). In two analysis, concerning loci carrying repeats 
with a total length of 20 bp or more, the different motifs 
were found at the following relative frequencies: AT/AT 
(43-38%), A/T (23-15%), AG/CT (15-8%), AAT/ATT 
(7-6%), AAC/GTT (7-5%), AAG/CTT (7-4%), 
AGC/GCT (4-5%), the frequencies of the remaining 
repeats being 3 % or less of the total (data from Lager- 
crantz et al. 1993 and from Wang et al. 1994, respective- 
ly). Two major differences can be observed between 
these data and our observations on the Arabidopsis 
genome. The first concerns the AT/AT repeat, which is 
by far the most frequent in the bulk of higher plant 
sequences while it ranks only sixth in Arabidopsis, with a 
relative frequency about 8 times lower. However, a large 
part of this variation probably results from the choice of 
the parameter determining the minimum size of the loci, 
which was 20 bp for Lagercrantz et al. and Wang et al. in 
place of the 16 bp for our analysis. As shown in Fig. 2, 7 
AT/AT loci out of the 9 identified (77%) have a total 
length of 20 bp or more, while the 4 major classes of 
repeats, AAG/CTT, A/T, AG/CT and ATG/CAT, give 
an average value of 19.5%. The percentages calculated 
for each of these 4 classes of repeats are not significantly 
different (Z 2 = 2,08, df= 3, 0.5 < P < 0.7). In contrast, 
the value of 77 % observed for the AT/AT repeats differs 
significantly from 19.5% ()~2 _- 15.9, using Yates' correc- 
tion, df= 1, P < 0,001). Therefore, considering only loci 
with a minimum repeat length of 20 bp will greatly 
increase the relative frequency of those carrying the 
AT/AT repeat. The second major difference concerns 
the AAG/CTT repeat, which has a relative frequency 
5-9 times higher in Arabidopsis than the average found 
in higher plants. It is by far the most frequent repeat 
present in the GenBank Arabidopsis sequences. How- 
ever, this observation does not necessarily mean that the 
AAG/CTT motif is more frequent in the Arabidopsis 
genome than the mono- and di-nucleotide motifs A/T 
and AG/CT. It can be argued that differences in relative 
frequencies observed in databases between mono-, di- 
and tri-nucleotide repeats do not exactly reflect the 
situation in the genome because databases are enriched 
in coding sequences that are expected to better tolerate 
the presence of tri-nucleotide repeats than the presence 
ofmono- or di- nucleotide repeats. In order to check this 
point, several assays were made to quantify the amount 
of AG/CT and AAG/CTT loci in the Arabidopsis 
genome by hybridization on a library constructed in 
lambda EMBL3 after MboI partial digestion of genomic 
DNA. Because a large variation in the signal intensity 
was observed, no accurate quantification could be done; 
however, in each assay, the number of estimated loci was 
higher for the AAG/CTT repeats than for the AG/CT 
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repeats. The estimations varied from 180 to 390 loci for 
AG/CT, which is roughly in agreement with the previ- 
ously published estimation of about 400 loci (Bell and 
Ecker, 1994), and from 280 to 700 for AAG/CTT, con- 
firming that AAG/CTT repeats are more frequent than 
AG/CT in the Arabidopsis genome. It is not possible to 
estimate the number of A/T loci by hybridization be- 
cause, as shown in Fig. 1, the probe reveals large bands 
in Southern blots that do not correspond to microsatel- 
lites. Moreover, poly-A sequences are present in the 
intergenic spacer of the ribosomal DNA units (Gruen- 
dler et al. 1991). 

Taken together, our results indicate that (AAG),, 
(AG),, (ATG), and (GTG), are the most convenient 
probes by which to isolate microsatellite loci in Ara- 
bidopsis by screening genomic libraries. (AAC), may also 
be useful even if it is expected to mostly reveal loci with a 
small number of repeats. Probes corresponding to the 
other major repeats present in the genome are less 
suitable for this purpose: (AT),, because it is potentially 
self-annealing; (A),, because non-microsatellite poly-A 
tracks are present in the genome. 

More than 8% of the cDNA clones gave hybridiz- 
ation signals with 1 of the oligonucleotide probes 
(AAG)6 , (ATG)6 or (AG)9. If, as suggested by our results, 
most of them carry a microsatellite locus, it will mean 
that among the 895 non-redundant cDNA clones par- 
tially sequenced in the Expressed Sequence Tag (EST) 
program (H6fte et al. 1993), about 70 carry a cluster of 1 
of the 3 repeated motifs. Because the number of cDNA 
clones analyzed in the French and in the MSU (Michi- 
gan State University) EST programs is rapidly increas- 
ing, an important source of material will become avail- 
able that will allow the identification of several hundred 
microsatellite loci. Some will be directly obtained from 
the partial nucleotide sequences obtained in the course 
of the EST programs, while others will require identifi- 
cation by hybridization with appropriate oligonucleo- 
tide probes and additional sequence analysis. 

In Arabidopsis, Bell and Ecker (1994) reported 
that AG/CT loci are much more polymorphic than 
CA/TG loci and noted a correlation between the lack 
of polymorphism and the level of complexity of the 
loci. AG/CT loci, which mostly show a simple structure, 
are highly polymorphic, since 25 out of 30 revealed 
a polymorphism between the Columbia and Landsberg 
ecotypes. Our data do not reveal any obvious correla- 
tion between the degree of polymorphism of the 
tri-nucleotide loci and the repeat class or the locus 
complexity, but it is clear that the overall level of 
polymorphism is much lower. However, it cannot be 
concluded that (AG), loci are much more polymorphic 
than tri-nucleotide loci. In humans, Weber (1990) re- 
ported that the degree of polymorphism of (AC), and 
(AG), loci tends to increase with the number of repeats. 
If this also applies to tri-nucleotide loci, the difference 
observed in the overall degree of polymorphism may 
just reflect the difference in the total length of repeated 
motifs. The (AG), loci analyzed by Bell and Ecker 

have a total length of perfect repeats varying from 26 
to 62 bp, while the tri-nucleotide analyzed in this 
report show a maximum value of 27 bp. Our data do not 
allow us to establish a clear correlation between the level 
of polymorphism and the total length of repeats. How- 
ever, the proportion of polymorphic loci is higher 
among those carrying a block of 7 perfect repeats or 
more than among those carrying less than 7 repeats: 
8/11 and 4/15, respectively (Z 2=5.41, df=l, 
0.001 < P < 0.05). 
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