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Abstract Length variations in simple sequence tandem re-
peats are being given increased attention in plant genetics.
Some short tandem repeats (STRs) from a few plant species,
mainly those at the dinucleotide level, have been demon-
strated to show polymorphisms and Mendelian inheritance.
In the study reported here a search for all of the possible STRs
ranging from mononucleotide up to tetranucleotide repeats
was carried out on EMBL and GenBank DNA sequence
databases of 3026 kb nuclear DNA and 1268 kb organelle
DNA in 54 and 28 plant species (plus algae), respectively. An
extreme rareness of STRs (4 STRs in 1268 kb DNA) was
detected in organelle compared with nuclear DNA sequences.
In nuclear DNA sequences, (AT), sequences were the most
abundant followed by (A), * (T),, (AG),- (CT),, (AAT),"
(ATT),, (AAC), - (GTT), (AGC), - (GCT),, (AAG), - (CTT),
(AATT), - (TTAA),, (AAAT), - (ATTT), and (AC), - (GT), se-
quences. A total of 130 STRs were found, including 49 (AT),
sequences in 31 species, giving an average of 1 STR every 23.3
kband 1(AT), STR every 62 kb. An abundance comparable to
that for the dinucleotide repeat was observed for the tri- and
tetranucleotide repeats together. On average, there was 1 STR
every 64.6 kb DNA in monocotyledons versus 1 every 21.2 kb
DNA in dicotyledons. The fraction of STRs that contained
G-C basepairs increased as the G + C contents went up from
dicotyledons, monocotyledons to algae. While STRs of mono-,
di- and tetranucleotide repeats were all located in non coding
regions, 57% of the trinucleotide STRs containing G-C
basepairs resided in coding regions.
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Introduction

Short tandem repeats (STRs or microsatellites) can be defined
as relatively short runs of tandemly repeated (STR) DNA with
repeat lengths of 6 bp or less. STRs have been proven to be
highly informative and abundant and evenly distributed in
human and other mammalian genomes (Tautz and Renz 1984,
Weber and May 1989). They can also be efficiently analyzed
using the polymerase chain reaction (PCR). Thousands of
mammalian STRs DNA polymorphisms have been developed
and mapped to specific chromosomes (NIH/CEPH Collab-
orative Mapping Group 1992; Weissenbach etal. 1992;
McAleer et al. 1992, Serikawa et al. 1992).

Several initial investigations of plant STRs in chickenpea
(Weisinget al. 1989), barley (Weising et al. 1989), tropical trees
(Condit and Hubbell 1991), soybean (Akkaya etal. 1992;
Morgante and Olivieri 1993) and rice (Zhao and Kochert
1992; Wu and Tanksley 1993) have demonstrated the informa-
tiveness, random distribution and Mendelian inheritance of
STRs in a few plant species. Morgante and Olivieri (1993)
searched the sequences of EMBL and GenBank databases up
to the level of trinucleotide repeats and reported that STRs are
also frequently and widely distributed in most plant species
with one STR every 50 kb (taking di- and trinucleotide repeats
together) (Morgante and Olivieri 1993). It seems that the
application of STRs may be as important in plant genetics as
in mammalian genetics.

However, the above-mentioned searches of genomic librar-
les were all conducted with limited number of repeat motifs of
di- and trinucleotides, and almost all of the STRPs developed
have been only dinucleotide repeats for a few plant species.
Morgante and Olivieri’s findings that (AT), sequences were
the most frequently observed class of STRs with (ATA),
prevailing among trinuclneotides in plant species should serve
as a general guide in the development of plant STRs, but
detailed information on individual species is needed especially
when types of STRs and their frequencies are concerned. In
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addition, information about tetranucleotide repeats in plants
needs to be collected since STRs with a repeat length of 3 bp or
longer may be of particular importance as their PCR artifacts
are reduced compared to those of dinucleotides. Finally, a
separate search or analysis of organelle DNA sequences from
nuclear DNA sequences needs to be done in the interest of
developing genetic markers in linkage mapping since or-
ganelle DNA does not obey Mendel’s laws of inheritance.

A computer sequence search of 3026 kb nuclear DNA and
1268 kb organelle DNA in 54 plant species (plus algae) was
conducted to detect all of the STRs through to tetranucleotide
repeats within EMBL and GenBank databases. In this article,
relative abundances, lengths and locations relative to the
coding regions of plant STRs are presented. More important-
ly, we report here information on tetranucleotide STRs in
plant species, dramatic differences in the relative abundances
of STRs between organelle and nuclear DNA sequences and
differences in both frequencies and types of STRs among
monocotyledons, dicotyledons and algae.

Materials and methods
Sequence search

Searches were performed using PC/GENE software (Intergenetics) re-
lease 6.7. Sequences of both nuclear and organelle DNA of 54 plant species
(plus algae) found within EMBL database version 31 and UGenBank
72-31 (containing sequences which were not present in EMBL) were first
extracted using the program SELECT. In 28 of the 54 plant species (plus
algae) 1268 kb of organelle DNA sequences were excluded from the
nuclear DNA sequences and carried out in a separate search. The
QSEARCH program was then used to identify all possible mononucleo-
tide through to tetranucleotide STRs with a minimum length of 20 bp (for
example ten dinucleotide or five tetranucleotide repeats) without mis-
match. An independent search was carried out on EMBL database
version 29 as a check of the primary results.

Data processing

To avoid bias in the results, all STRs were counted for each individual
sequence entry. Duplications of specific STRs at one locus within a single
species were removed. Ten (AAC), STRs in wheat for example, all from
sequences associated with gliadin genes, were reduced to a single hit.
Species having 39 or more entries were arbitrarily termed ‘major’ species
and were separated in analysis from “other” species that contain 29 entries
or less.

Results and Discussion
Low frequency of short tandem repeats in organelle DNA

An extremely low frequency of STRs was found in organelle
DNA sequences compared with nuclear DNA sequences.
Only 4 STRs were detected from 1268 kb of organelle DNA
which contains 961 kb chloroplast and 307 kb mitochondrial
DNA in contrast with,the 130 STRs found in 3026 kb nuclear
DNA. This was unexpected considering that organelle DNA
had roughly the same G + C content as the nuclear DNA of
dicotyledons which, in turn, was rich in STRs. All 4 STRs were

found in chloroplast (cp) DNA sequences. The sequences are
(AT), in CHPSGPA1 (pea GPA1 gene for subunit A of
chloroplast glyceraldehyde-3-phosphate  dehydrogenase),
(ATC), in CCPATPC2 (Arabidopsis thaliana chloroplast ATP
synthase Gamma subunit gene), (AAG), in ATGAPAD
(chloroplast Arabidopsis thaliana glyceraldehyde-3-phos-
phate dehydogenase A subunit gene) and (AATT), in
CHCPPSBA (Cyanophora paradoxa cyanelle PSBA gene).
(AT), in CHPSGPALI was found to be located in the coding
region (exon 5) and the other 3 were in noncoding regions.
Below are results from only nuclear DNA sequences.

Pooled results over all plant species

Numbers of STRs classified by repeat motif and species are
displayed in Table 1. Note that each entry in the table includes
all of the permuted and complementary repeats. The AAC
entry for example includes all STRs with AAC, ACA, CAA,
GTT, TGT or TTG repeats. A total of 49 possible different
repeat motifs through to the level of tetranucleotides exist:
2 mononucleotides, 4 dinucleotides, 10 trinucleotides and
33 tetranucleotides. Twenty-three motifs with a minimum
length of 20 bp were found in the plant species on the whole;
26 motifs were absent from this version of the database.

(AT), sequences were the most abundant, with 1 (AT),
every 62 kb, followed by the (A), - (T),, (AG), * (CT),, (AAT), *
(ATT),, (AAC), - (GTT), (AGC), - (GCT),, (AAG), - (CTT),
(AATT), - (TTAA), {AAAT), - (ATTT), and (AC), - (GT), se-
quences (Table 1). The (AT), sequence was the most abundant
not only in total number but also individually in almost all of
the major species (Table 1). In comparison, other types of
STRs occurred in only 6 or fewer major species. Out of a total
of 3026 kb DNA, 130 STRs (> 20 bp in length) were found,
including 49 with (AT), repeats.

Table 2 summarizes the richness of STRs up to the level of
tetranucleotide repeats. Dinucleotide STRs occurred the most
frequently (0.477, as a fraction of the total) while mono- and
tetranucleotide STRs were the least common (0.162 and 0.138,
respectively). There existed 1 STR every 144 kb for mononuc-
leotide repeat motifs, every 49 kb for di-, 104 kb for tri-, every
168 kb for tetranucleotide repeat motifs and every 23.3 kb if all
were combined (Table 2). There was still 1 STR per 27.8 kb
DNA even when mononucleotide STRs were excluded from
the calculations.

Of the plant STRs detected in this survey 64% had total
uninterrupted lengths of 20-29 bp and 82% were 20-39 bp
long (Table 3). The frequencies decreased with the increased
length of STRs of no interruption (Table 3). A similar tendency
has been reported for humans (Beckmann and Weber 1992).

The locations of STRs relative to the coding regions are
also shown in Table 3. STRs of mono-, di- and tetranucleotide
repeats are all located in noncoding regions; STRs of trinu-
cleotide repeats can be categorized into two types on the basis
of whether or not they contained G-C basepairs: 12 out of 21
(57%) of those containing G-C basepairs were found in coding
regions. In contrast, all of the 8 (AAT), - (TTA), repeats were
in noncoding regions.
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Table2 Numbers, relative abundance and distances between adjacent
short tandem repeats (STRs) for mono-, di-, tri- and tetranucleotide STRs

Motifs Number Fraction Distances (kb)
of STRs of total between adjacent
STRs
Mono 21 0.162 144.1
Di 62 0477 48.8
AT 49 0.377 61.8
AG 10 0.077 302.6
AC 3 0.023 1008.7
Tri 29 0.223 104.3
Tetra 18 0.138 168.1
Total 130 23.3(27.8y

* When mono-STRs are excluded from the calculation

Differences among plant species

The data were also analyzed separately for 13 major plant
species (Tables 1 and 4). For 10 out of 13 major species there
was 1 STR from every 11kb (Petunia) to every 25.4 kb (Bras-
sica). Less frequent rates of STRs were found in Arbidopsis
thaliana, Zea mays and Hordeum vulgare, with 1 STR every
42.4, 58.6 and 156 kb DNA, respectively. Notice that when
only di-, tri- and tetranucleotide repeats were considered the
average distance between STRs for most of the dicotyle-
donous plants rose since mononucleotide STRs were found
only in dicotyledonous plants. Rice was most the abundant in
types of STRs (7 motifs detected) among the 31 species in
which STRs were uncovered, while 3—5 STRs were found for
most of the major species, with only the (AT), type of STRs
being found in Hordeum vulgare.

When species were broken down into algae, monocotyle-
dons and dicotyledons, differences could be seen in both
numbers and types of STRs. STRs occurred roughly 3 times
more frequently in dicotyledons than in monocotyledons. On
average, there was 1 STR every 64.6 kb DNA in monocotyle-
dons versus 1 every 21.2 kb DNA in dicotyledons (Table 4).
The frequency (distance between adjacent STRs) of 19.4 kb in
algae was comparable to that of dicotyledon (Table 4). Of the
STRs found in dicotyledons 15% contained G-C basepairs
while as many as 50% STRs with G-C basepairs could be
found in monocotyledons (Table 1). STRs in algae all con-
tained G-C basepairs (Table 1).

The nuclear DNA contents (Armuganathan and Earle 1991)
and G + C contents are also listed in Tables 1 and 4. G +C
contents were calculated from sequences in this study and
found to be in good agreement (» = 0.87) with previous estima-
tions (Messeguer et al. 1991). Nuclear DNA contents and
G + C contents were investigated for associations with both
frequencies and types of STRs in monocotyledons, dicotyle-
dons and algae. Between monocotyledons and dicotyledons it
seemed, on average, that G + C contents were positively cor-
related with the fraction of STRs containing G + C basepairs
(Table 1) and inversely correlated with the frequencies of STRs
(Table 4). The observation that algae had the highest G + C
content (59.2%) could account for the finding that all of the STRs
found in algae contained G + C basepairs. As to the nuclear
DNA contents there was no associations of genome size with
either frequencies or types of STRs in the plant species.

The above results were confirmed by an independent
search of EMBL database version 29. The only differences
were that 5 rare STRs were missed in that version, GAG,
ACAT, AAAG, AAAC and GCCC (data not shown here),
which can be explained by the fact that 366 entries of version

Table 3  Size (bp), fraction of total and locations relative to coding region for 23 repeat motifs in plant species

Motif Number Size (bp) Fraction Location
20-29 30-39 40-49 >50
AT 49 25 12 9 3 0.3551 Non-coding
A 20 17 2 1 0.1449 Non-coding
AG 10 4 4 L 1 0.0725 Non-coding
ATA 8 2 2 1 3 0.0580 Non-coding
AAC 6 3 2 1 0.0435 4/6 coding
AGC 6 4 1 1 0.0435 3/5 coding
AAG 5 4 1 0.0362 2/5 coding
AATT 4 4 0.0290 Non-coding
AAAT 4 4 0.0290 Non-coding
AC 3 1 1 1 0.0217 Non-coding
ACTC 2 2 0.0145 No information
CGC 2 2 0.0145 Coding
AAAG 1 1 0.0072 No information
AAAC 1 1 0.0072 Non-coding
ATC 1 1 0.0072 Non-coding
AGAT 1 1 0.0072 Non-coding
ACAT 1 1 0.0072 Non-coding
ACCC 1 1 0.0072 Non-coding
ACGC 1 1 0.0072 Non-coding
ACGG 1 1 0.0072 Non-coding
AGG 1 1 0.0072 Coding
GGGC i 1 0.0072 Non-coding
C 1 1 0.0072 Non-coding
Total 130 82 24 14 10
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Table4 Number of STRs and distance between adjacent STRs for some plant species (Mbp/C, number of nucleotides (megabase) per haploid genome)

Species Nuclear DNA content DNA Surveyed STRs®
Mbp/C %G+ C Entries Length(kb) Number Distance (Kb)
Algae 59.2 48 116.7 6 194
Monocotyledonus plants
Hordeum vulgare 4873 48.6 59 156.4 1 156
Oryza sativa 431 459 168 208 9 23
Triticum aestivum 15966 48.0 97 144 7 20.6
Zea mays 2504 48.3 205 410.5 7 586
X{mono) = 47.7 X =646
Dicotyledonous plants
Arabidopsis thaliana 145 59.2 214 424.2 10(6) 42.4(70.7)
Brassica 759 40.0 39 76.1 3 25.4(76.1)
Glycine max 1115 352 101 199.7 13(11) 15.4(18.2)
Lycopersicon esculentum 954 35.2 94 195.3 8(6) 24.4(32.6)
Nicotiana 3960 371 96 203.8 13(12) 15.7(17.0)
Petunia 1274 37.0 46 66 6(5) 11(13.2)
Pisum sativum 4172 355 s1 105.9 6 171
Solanum tuberosum 1730 34.0 85 145.8 8 182
X(diy=39.2 X=212
Other species 309 1287.1 33(25) 39.0(51.5)
Total 1612 3026.2 130(109) 23.3(27.8)

* Number in brackets were obtained when mono-STRs, if any, were removed

31 were absent from version 29. However, caution should be
exercised when using results obtained on different major
species with respect to the relative frequencies and number of
types of STRs: the lengths of DNA sequences surveyed in each
species showed a six-fold variation, from 66 to 424.2 kb, and
this could bring some potential bias in comparisons among
different species.

Our results support Morgante and Olivieri’s findings that
(AT), sequences are by far the most abundant STRs in plants
and that the dinucleotide STRs detected are all located in
noncoding regions while only some trinucleotide STRs are
found to be located in coding regions. We extend their findings
by showing that all of the STRs of mono-, di- and tetranucleo-
tide repeats are located in noncoding regions; it is only the
trinucleotide STRs containing G-C basepairs that were often
located in coding regions in contrast to noncoding regions of
all (AAT), + (TTA), sequences. One STR every 50 kb (includ-
ing di- and trinucleotide repeats only) was reported in Morga-
nte and Olivieri’s study in which organelle and nuclear DNA
sequences were searched and analyzed together. A separate
search of organelle DNA sequences in this study made it
possible to detect the dramatic difference in abundance of
STRs between organelle and nuclear DNA sequences. Taking
di- and trinucleotide repeats together we found there was 1
STR every 33.2 kb of nuclear DNA sequence versus 1 every
422.7kb of organelle DNA sequence. If organelle and nuclear
DNA are pooled together there will be one STR every 45.7 kb
of DNA sequence, which approximates the 50 kb reported by
Morgante and Olivieri (1993).

The physical distance of 1¢cM in plants ranges roughly
from 150 kb (Arabidopsis), 300 kb (rice), 500 (tomato), 1000 kb
(potato)to 1500 kb (maize). Given the frequency of (AT), every
62 kb, it would be expected to find, on average, at least 2.5
(AT), STRs within 1 ¢cM for as small a genome as that of

Arabidopsis. For a medium-sized genome like in tomato, 8
(AT), STRs would be expected per cM. STRs of di-, tri- and
tetranucleotide repeats should themselves be in sufficient
numbers as to be a reservoir of genetic markers in plants for
linkage mapping and even for STS physical mapping.

An important result of this survey is the finding that STRs
with tri- and tetranucleotide repeats are relatively abundant in
plant genomes. Seven motifs of trinucleotide repeats and 11
motifs of tetranucleotide repeats were uncovered in this sur-
vey. Together, tri- and tetranucleotide STRs were as abundant
as (AT), sequences (Table 2), with 1 STR of a tri- or tetranuc-
leotide level every 62 kb DNA. The apparent strand-slippage
which occurs during PCR amplification of dinucleotide repeat
STRs (Smeets et al. 1989; Luty etal. 1990) is significantly
diminished as the repeat length increases (Economou et al.
1990; Zuliani and Hobbs 1990). The development of STR
markers with repeat lengths > 3 bp which match the informa-
tiveness of dinucleotide repeat markers would represent a
significantimprovement in the utility of these polymorphisms.

Another interesting finding is that 57% of the trinucleotide
repeat STRs that contain G-C basepairs are within coding
regions. The distribution of interspersed repeats close to and
even within genes has brought the trinucleotide repeat poly-
morphisms into the spotlight of human molecular genetics.
The instability of the trinucleotide repeat has been found to be
responsible for several important hereditary human diseases.
In the case of the fragile X syndrome, amplification of the
(CCG), repeat is involved (Kremer etal 1991), while for
myotonic dystrophy and Kennedy’s disease the amplified
repeat is the (AGC), (Brook et al. 1992; Fu et al. 1992). The
instability of the trinucleotide repeat sequence is likely to
provide a new mechanism of mutation.

In summary, the relative abundance of STRs in plants
should be encouraging news for those who are anxious to
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develop highly informative markers in linkage mapping.
Because of their high informativeness and ease of analysis,
STRs in plants, as in humans, could be of great benefit in
linkage mapping. STRs can also provide a new tool for various
studies in plant genetics and breeding, systematics, strain
identification and other germ-plasm-related studies.
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