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Abstract

The distribution of repetitive sequences, or microsatellites, formed by either one or two base pairs and longer than eight units,
has been studied in almost 1 Mb of the sequenced Arabidopsis thaliana genome. Except for those formed by only G and C
residues, the repetitions are more abundant in the Arabidopsis genome than can be calculated from its nucleotide composition.
They are distributed in proportions higher than expected in introns, and in the intergenic regions both proximal and distal to the
coding sequences. In exons, only the TC/GA microsatellite seems to be particularly abundant. The AT/TA microsatellites produce
more length variation between Arabidopsis ecotypes than the A/T repeated sequences. These two classes are more abundant per
kilobase than coding sequences in the Arabidopsis genome. The results indicate not only that the presence of microsatellites is not
an effect of random distribution of nucleotides, but that their resolution as molecular markers may be equivalent to the number
of genes and also that they do not seem to be systematically linked to specific regulatory sequences proximal to genes. © 2000
Elsevier Science Ireland Ltd. All rights reserved.
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Plant genomes are an example of extreme vari-
ability in size among higher organisms. A factor of
1000 exists when comparing the DNA contents of
different species [5] while there is no evidence of a
comparable variability in the number of coding
sequences. Therefore the difference between
genome sizes lies in the length of the intergenic
sequences. The nature of these sequences has been
studied in maize where the analysis of a large
genome section has shown that the intergenic re-
gions in this species are essentially formed by
repetitive DNA produced by the reproduction of
mobile elements, mostly retrotransposons [6].

A. thaliana seems to have the most compact
genome among plants. Extrapolation of the first
sequencing data indicates that around 21 000

1. Introduction

Genome projects are providing the structure of
large portions of genome sequences in different
species. Among eukaryotes, yeast [1] and
Caenorhabditis elegans [2] genomes have already
been completed by sequenced. The first plant
genome to be fully sequenced will be the one from
Arabidopsis thaliana. At the moment chromosome
2 and chromosome 4 have been sequenced [3,4].
The genome sequence provides information on the
complete collection of genes, an important step to
understand the genetic basis of physiology and
development. However, the sequence also provides
information on the structure of genomes

themselves. genes will be coded by approximately 100 Mbp of

DNA coding regions [7]. This leaves little space
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sons [8], retrotransposons [9—12] and MITEs [13].
It may be that the Arabidopsis genome has the
same types of mobile elements as other species but
they have been multiplied to a lower extent.
Microsatellites or simple sequence repeats (SSR)
are the simplest type of repetitive sequence. They
are stretches of a short nucleotide sequence that
can be repeated many times in tandem. The inter-
est in microsatellites lies in their variability. This is
the reason why they are widely used as molecular
markers for genome analysis [14—17] enabling the
characterization of Arabidopsis ecotypes [18-20].
They are also one of the features of the intergenic
regions in the genomes of higher organisms. The
availability of the full sequence of large stretches of
the Arabidopsis genome allows, for the first time,
the use of these data to analyze the presence,
nature and variability of microsatellites in this
model species. This is the aim of the present article.

2. Materials and methods

2.1. Microsatellites searches

The values of the numbers of the different mi-
crosatellites were obtained using the ‘findpatterns’
program available in the UWGCG software pack-
age (Genetics Computer Group, Madison, WI
USA). The search was made for all possible combi-
nations of one and two nucleotides and for a
minimum length of eight repetitions. The expected
values were calculated using the composition
of the corresponding sequence to obtain the fre-
quency of each nucleotide repeat in each sequenced
BAC.

2.2. Coding sequences predictions

The schemes of gene predictions were obtained
running first the GENESCAN program [21,22],
then fitting the predictions with the other gene
prediction program X-grail [23,24].

2.3. Microsatellite amplification

Microsatellites were amplified by PCR in four
different Arabidopsis ecotypes, Columbia, Lands-
berg erecta, RLD and WS. Seeds of each ecotype
were grown at 22°C in a greenhouse with 8 h of
light. Genomic DNAs were extracted using the

protocol of Dellaporta [25]. PCR amplifications
were made using external primers (see sequences
below). The PCR amplifications were performed
with: 20 ng of genomic DNA, 20 pmol of each
primer, 2 mM MgCl,, 0.2 mM of each dNTP, with
a total volume of 50 pl. Annealing temperature and
extension time were optimized in function of the
primer pair and the ecotype, and ranged between
52 and 57°C. The PCR products were tested
in 2% agarose gels and were checked for length

polymorphism by
electrophoresis.

2.4. Primer sequences

6%  polyacrylamide gel

The external primers were chosen to be as close
as possible to the repeat fragment in order to
obtain a product with a length ranging between 62

and 250 bp.

Repeat fragment with
19 T/A:

Repeat fragment with
24 TA/AT:

Repeat fragment with
21 T/A:

Repeat fragment with
28 T/A:

Repeat fragment with
32 TA/AT:

Repeat fragment with
45 AT/TA:

Repeat fragment with
23 A/T:

Repeat fragment with
50 T/A:

5-GGGTTGTTTCAGT
CATTCTC-3' |
5-GGTGATATTACCT
ATTGATTTTG-3".
5-GTAGACGAAACAT
ATAAGTAG-3' |
5-TGCGTTAGTCCAT
AGCC-3'.

5" TGGTTATGGATGG
GTTCTTTG-3' |
5-GATATCGATCACC
TTTGC-3".
5-GAAGGATCATCTG
CCTTATTTG-3' |
5-GTCTAATCAAGCA
TCGAGTCTC-3'.
5-GAGACTCTGGCTG
TTAGGTCTTG-3' |
5-GCCTGTTCATCTCA
AACGC-3..
5-GACTCCATGCACA
TATGTGAAC-3' |
5'-CCAAGTCTCTCAT
CCTCACAC-3..
5'CTTAGGATGAACT
GGTGTAA-3 |
5-GAAGCTCTTAGTG
TGATTATCC-3".
5-GAATGATGTCTCC
TTTGTAC-3
/5-GGACATGGTTAA
ACTTTTGGTC - 3.



E. Casacuberta et al. / Plant Science 157 (2000) 97—104 99

3. Results

3.1. Relative frequency of different types of
microsatellites

Microsatellite sequences have been used in
plants as molecular markers [15-17,26,27] and in
A. thaliana in order to characterize different eco-
types [14,18—20]. The scope of the present work is
to use the availability of large stretches of genomic
sequence of Arabidopsis in order to analyze the
frequency of these repeated sequences and their
location in relation to the predicted gene se-
quences within the genome. The sequences of eight
BACs from four different chromosomes
(I, II, IV, V) were used, which represent 0.87
Mbp of the Arabidopsis genome. At the beginning

Table 1
Analysis of mononucleotide microsatellites®

of this project no genomic sequences for
chromosome III were available. The presence
of microsatellites in these sequences was
measured. For the purpose of this work a mi-
crosatellite was defined as a stretch of at least
eight repetitions of a mononucleotide or dinucle-
otide sequence.

In Tables 1 and 2 the frequency of the different
repetitions of one nucleotide (Table 1) and two
nucleotides (Table 2) is shown compared with the
values that can be expected from the nucleotide
composition of the different BACs analyzed. It
can be seen that, except for repeats formed only
by C or G nucleotides, all the repetitions appear at
frequencies higher than those expected in all BACs
analyzed. And this is always the case if the whole
set of sequences is considered. The total observed

Name A/T (observed) A/T (expected) C/G (observed) C/G (expected)
Bac19p19 64 22 1 0
AC000107 71 24 1 0
AC000104 89 24 0 0
AF007271 70 25 0 0
AC00300 103 21 0 0
797337 164 46 0 0
797344 72 25 0 0
U78721 79 26 0 0
Total 712 213 2 0

2 Observed values were searched using the findpatterns program with a minimum length of eight nucleotides. Expected values
were calculated using the frequency of each nucleotide considering the composition of each BAC sequence.

Table 2
Analysis of dinucleotide microsatellite®
Name TA TA TC/GA TC/GA TG /CA TG/CA CG CG
(observed)  (expected) (observed) (expected) (observed) (expected) (observed) (expected)
Bacl9p19 17 11 4 2 4 2 0 0
AC000107 29 12 13 1 9 2 0 0
AC000104 38 11 26 2 10 2 0 0
AF007271 20 12 18 2 5 2 0 0
AC00300 25 10 14 2 5 2 0 0
797337 53 23 44 4 9 4 0 0
797344 43 12 17 2 9 2 0 0
U78721 20 13 28 2 9 2 0 0
total 245 104 166 17 60 18 - -

2 Observed values were searched using the findpatterns program with a minimum length of eight nucleotides. Expected values
were calculated using the frequency of each nucleotide considering the composition of each BAC sequence.
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Fig. 1. Polymorphism analyses of mononucleotide microsatel-
lites. Ecotypes used: Columbia (col), Landberg erecta (ler),
RLD (rid), WS (ws). The size of genomic sequence is referred
to Arabidopsis thaliana Columbia ecotype. Molecular weight
marker 4 digested with Pstl. PCR products checked in a 6%
polyacrilamide gel and stained with ethidium bromide solu-
tion. (A) 19 T/A nucleotides; (B) 23 T/A nucleotides.
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Fig. 2. Polymorphism analyses of dinucleotide microsatellites.
Ecotypes used: Columbia (col), Landberg erecta (ler), RLD
(rld), WS (ws). The size of genomic sequence is referred to
Arabidopsis thaliana Columbia ecotype. Molecular weight
marker /4 digested with Pstl. PCR products checked in a 6%
polyacrilamide gel and stained with ethidium bromide solu-
tion. (A) 32 TA/AT nucleotides, (B) 50 TA/AT nucleotides.

values are two times higher than expected for A/T
and AT/TA microsatellites, but more than two
(three to nine) for TC/GA and TG/CA. The rela-
tive frequency for the different microsatellite se-
quences analyzed is very similar to those observed
for Brassica species [28] and for soybean [15].
The variability of the different types of mi-
crosatellites was also examined using eight differ-
ent specific SSR, having A/T or AT/TA sequences.
Oligonucleotides adjacent to the SSR were de-
signed and the regions were amplified from ge-
nomic DNA extracted from different Arabidopsis

ecotypes. In Fig. 1 the results for two representa-
tive A/T SSR are presented and in Fig. 2 the same
analysis for two representative AT/TA SSR. As
can be seen from the figures, the A/T SSR shows
a light variability within the Arabidopsis ecotypes
while in all the examined cases the AT/TA shows
a significant change in the length of the repeated
sequence. The amplified fragments were sequenced
and it was found that the variability did corre-
spond to the microsatellite sequences and not to
polymorphisms in the adjacent sequences (se-
quences not shown). The TC/GA and TG/CA
SSR shows a similar variability that A/T SSR
(data not shown). This result could be especially
important in order to choose the more useful
microsatellite AT/TA, when a high level of poly-
morphism is required.

3.2. Relation of microsatellites and coding
sequences

In order to test the usefulness of microsatellites
as molecular markers and whether any functional
or structural relation could exist between mi-
crosatellites and coding sequences, it was of inter-
est to compare their frequency with the frequency
of genes that can be predicted in the same se-
quences. This is the result shown in Table 3 (no
results are shown for repetitions of C/G and CG
SSR due to their low number). The calculation has
been done for each specific region analyzed and
for the whole set of regions. The average fre-
quency of predicted coding sequences in these
regions is one gene for every 4.6 kb, a figure
similar to that found in the 1.9 Mb fragment
published [7]. For the four types of microsatellite
sequences analyzed, TA/AT and TC/GA SSR
have frequencies similar to this one, (one every 3.8
and 6.4 kb) while for T/A SSR the average dis-
tance between these repetitive sequences is lower
than that of coding sequences (one every 1.2 kb),
and the opposite holds for the TG/CA SSR (one
every 15.5 kb). With small differences, these values
are very similar within the eight regions of the
Arabidopsis genome analyzed.

As described above, the number of microsatel-
lites per kb is similar to that of coding sequences
in the genomic sequences analyzed. Therefore it
was of interest to study where the microsatellites
were located in relation to the coding sequences.
To do so, the distribution of SSR was calculated
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in relation to their proximity or presence within
coding sequences. Four regions were distinguished:
exons, introns and two intergenic zones
depending on whether the microsatellite is located
within 0.6 kb of the gene or more than 0.6 kb. The
value was chosen taking into account that the
average intergenic region in Arabidopsis is 2.4 kb
long.

As can be seen in Table 4, in the majority of
cases the microsatellite sequences are present in
intergenic regions (more than 60% in all cases)
while they show the lowest proportions in exons.
The only remarkable exception is the TC/GA SSR.

Table 3
Frequency of each type of microsatellite (one per X Kb)*

In this case, more than 15% of the microsatellites
are present in the exon sequences. The comparison
of observed values in front of expected, in relation
of coding sequences features show that the propor-
tion of simple sequence repeats in exons is similar
to the expected values, except for TC/GA (Table
5). The presence of microsatellites in introns seems
to be higher than expected with the exception of
T/A SSR. The proportion of SSR in intergenic
regions ( > 0.6 kb, < 0.6 kb) is significantly higher
that expected values with only one exception, the
TA/AT SSR has the proportion expected of region
within 0.6 kb of the gene.

Name Chromosome Length One predicted gene for X Kb T/A TA/AT TC/GA TG/CA
Bac19p19 v 88 345 5.5 1.4 5.2 14.7 22
AC000107 1 95108 5.2 1.3 3.2 7.3 10.5
AC000104 I 107 526 3.3 1.2 2.8 4.1 10.7
AF007271 Vv 90 000 4.5 1.3 4.5 5 18
AC00300 II 92 624 4.6 0.9 3.7 6.6 18.5
797377 v 202 861 5 1.2 3.8 4.6 22.5
797344 v 81 850 5.1 1.2 1.9 4.8 9
U78721 11 114 144 4 1.4 5.7 4.1 12.7
Total 872425 4.6 1.2 3.8 6.4 15.5

2 Total values observed were divided by the length of each BAC sequence to obtain the frequencies in Kb.

Table 4

Distribution rates of microsatellites in relation to coding sequences®

Type Total Exons (%) Introns (%) <0.6 Kb (%) >0.6 Kb (%)
T/A 709 1.8 25.9 334 38.7
TA/AT 244 2.1 326 212 44.1
TC/GA 164 15.6 21.0 40.3 22
TG/CA 60 6.6 30.0 40.0 233

2 Average of values observed within the regions defined using gene prediction programs.

Table 5

Analyses of microsatellite distribution, in relation to coding sequences®

Type Exons Exons Introns Introns <0.6 <0.6 >0.6 >0.6
observed expected observed expected observed expected observed expected
T/A 13 14 184 197 237 90 275 90
TA/AT 5 7 79 39 52 44 108 44
TC/GA 25 8 35 5.6 67 6.5 37 6.5
TG/CA 4 7 18 7 24 6.5 14 6.5

2 The expected values in exons, introns and intergenic regions were calculated using the values of frequencies of each nucleotide
suggested by Hebsgaard et al. [33]. The average of the observed values are shown in average in Table 4.
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4. Discussion

With the availability of large fragments of ge-
nomic sequences it is possible to analyze the distri-
bution of different types of sequences within a
given genome. The A. thaliana genome, although it
has an extremely compact genome, contains all the
elements of the repetitive intergenic elements that
characterize plant genomes, such as transposons
[8] retrotransposons [9—12] and MITEs [13]. For
this reason it is used as a starting model to analyze
the mechanisms that produce and conserve the
different classes of intergenic regions. Here we
have analyzed the features of microsatellites or
simple sequence repeats (SSR) in this plant
species.

Except for the repeats containing only C or G
residues, one and two nucleotide repetitions are
present at frequencies that seem to be higher than
the expected values, taking into account the base
composition of each region. This result confirms
that SSR are not merely the effect of random
concentration of specific nucleotides but the conse-
quence of specific processes producing them. The
mechanisms involved in the production of SSR
[29,30] are probably responsible for the observed
values being higher than expected and it may be
concluded that these mechanisms are active in
Arabidopsis, as they are in other plant genomes.

The high variability found for TA/AT mi-
crosatellite is in agreement with the study about
dinucleotide repeats made by Innan et al. [20]. In
that study it has been demonstrated that mi-
crosatellite loci in A. thaliana are highly variable
despite the selfing nature of this plant species.
ATHCHIB and ATEATI, which contain TA/AT
microsatellite, are two loci with high variability in
size (number of repeats). As it can be seen in Fig.
2 the AT/TA microsatellite presented in this study
and sequenced shows variation only in the number
of repeats.

The distribution of microsatellites in the eight
regions examined, corresponding to four different
chromosomes, seems relatively homogeneous. No
specific concentration has been found in any given
region. The same effect has previously been ob-
served for coding regions [7]. Telomeric and cen-
tromeric regions of the chromosomes could be the
only exception in this relatively homogeneous dis-
tribution. In the Arabidopsis genome, although
there are regions lacking gene sequences, there do

not seem to exist regions specifically rich in coding
regions or, regions rich in small repetitive se-
quences, except in pericentromeric regions [3.4].

We have also found a relationship between the
distribution of microsatellites and their location
with regard to coding sequences. In exons, where
their numbers seem to be similar to those ex-
pected, only the TC/GA microsatellite seems to be
present at a high number. This may be due to the
amino acid residues encoded by these sequences
(Ser and Leu), that may be easily accepted in
protein sequences, while those encoded, for in-
stance, by T/A (Lys and Phe) may have a greater
effect on the protein structure or function.

Finally, the distribution of SSR appears to be
high in the three intergenic regions considered:
introns, and those proximal and distal to coding
regions. If no specific enrichment is found in any
of these zones, this may suggest that these se-
quences do not take part in general mechanisms of
control of gene expression, although it can not be
excluded that in defined genes this may not be the
case. For instance, it has been shown that in
Drosophila a protein known as the GAGA-factor
interacts with TC/GA sequences and seems to be
important for heat shock gene regulation [31,32].
It is possible that the variability of microsatellites
may either have no effect on the expression of
genes or they may contribute to minor effects in
their control. It is clear that in this case they may
be a factor in the allelic variability within a given
species.

The frequency of SSR is comparable to the
frequency of genes. This is also true for the most
variable SSR: TA/AT. When we consider the vari-
ability of microsatellite sequences found in differ-
ent Arabidopsis ecotypes, and their frequency
comparable to coding regions, it may be con-
cluded that in theory it could be possible, on
average, to have one microsatellite marker for
every gene in Arabidopsis. This result confirms the
high value of SSR as genetic markers and in
particular for the AT/TA ones, at least in
Arabidopsis.
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