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Abstract Tandem repeats often confound large genome
assemblies. A survey of tandemly arrayed repetitive
sequences was carried out in whole genome sequences of
the green alga Chlamydomonas reinhardtii, the moss
Physcomitrella patens, the monocots rice and sorghum, and
the dicots Arabidopsis thaliana, poplar, grapevine, and
papaya, in order to test how these assemblies deal with this
fraction of DNA. Our results suggest that plant genome
assemblies preferentially include tandem repeats composed
of shorter monomeric units (especially dinucleotide and 9-
30-bp repeats), while higher repetitive units pose more
difficulties to assemble. Nevertheless, notwithstanding that
currently available sequencing technologies struggle with
higher arrays of repeated DNA, major well-known repeti-
tive elements including centromeric and telomeric repeats
as well as high copy-number genes, were found to be
reasonably well represented. A database including all tan-
dem repeat sequences characterized here was created to
benefit future comparative genomic analyses.

Keywords Tandem repeats - Whole genome assemblies

Introduction

Plant genomes contain large quantities of repetitive DNA
sequences, reaching in some cases up to 97% of total
nuclear DNA content (Flavell et al. 1974; Murray et al.
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1981). Due to technical difficulties this portion is often not
fully reflected or even largely ignored in genomic assem-
blies. Although the cost of generating a genomic sequence
continues to decrease, refining that sequence by the process
of “sequence finishing” remains expensive. Near-perfect
finished sequence is an appropriate goal for a small set of
reference genomes; however, such a high-quality product
cannot be cost-justified for large numbers of additional
genomes, at least for the foreseeable future (Blakesley et al.
2004). Also in many cases, coding regions are specifically
sequenced to the detriment of the repetitive fraction, as is
the case in 454 technology projects (Margulies et al. 2005)
or because the large amount of repetitive DNA complicates
assembly. In some cases, genome-filtration techniques are
used in order to avoid repetitive DNA and to enrich gene
sequences in genomic libraries. These methods have been
suggested to provide a low-cost alternative to whole gen-
ome sequencing for complex genomes such as maize
(Okagaki and Phillips 2004) and many others (Peterson
et al. 2002). Here, by analyzing the genomes of eight
representative plants, we aim to test how different
sequencing and assembly approaches affect the represen-
tation of TR sequences in large genomic datasets.

The vast majority of the plant repeatome is comprised of
transposable elements, mainly LTR retrotransposons
(Bennetzen 2002; Bergman and Quesneville 2007) that
constitute a high percentage of total genome size, as in
maize (58%, Messing et al. 2004), papaya (52%, Nagarajan
et al. 2008), rice (35%, International Rice Genome
Sequencing Project 2005) or Arabidopsis thaliana (14%,
Arabidopsis thaliana Genome Initiative 2001). However,
despite the predominance of transposable sequences, the
portion of the repetitive fraction that poses more problems
to assemble is by far tandemly arrayed repeats (TR). TR
are normally categorized into micro-, mini- or satellite-DNA
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sequences and appear preferentially in the centromeric,
telomeric, and subtelomeric regions of many eukaryotes,
comprising hundreds or thousands of repeats (Kubis et al.
1998; Ugarkovi¢ and Plohl 2002). These sequences are also
found at interspersed positions and may play an important
role in sex-chromosome (Navajas-Pérez et al. 2006) and B-
chromosome evolution (Camacho et al. 2000), as major
constituents of heterochromatin (Elder and Turner 1995).
Also, significant proportions of plant protein coding genes
occur in tandem arrays (e.g. A. thaliana, 16%, Rizzon
et al. 2006; O. sativa, 14%, International Rice Genome
Sequencing Project 2005; P. trichocarpa, 11%, Tuskan
et al. 20006).

The study of repetitive sequence elements has been
essential to our understanding of the nature and conse-
quences of genome size variation between different
species, and for studying the large-scale organization and
evolution of plant genomes. In this context, the present
paper describes a survey of TR performed in eight plant
genome sequences, broadly sampling the plant evolution-
ary tree (green alga Chlamydomonas reinhardtii, moss
Physcomytrella patens, monocots rice and sorghum, and
dicots Arabidopsis thaliana, poplar, grapevine and
papaya). For this task, we have used common computing
tools (Tandem Repeats Finder, BLAST, CD-HIT, PlantSat
database) in order to clarify the impact of different whole
genome project approaches on TR characterization and
possible underlying biological reasons and technical issues,
as well as to test their usability for the study of this par-
ticular region of the genome.

Materials and methods
Tandem repeat detection

Eight completed plant whole genome sequences, including
large main scaffolds or pseudo-chromosomes when possi-
ble (Table 1) were explored for TR by using the Tandem
Repeats Finder software (Benson 1999), according to the
following parameters: 2, 7, 7, 80, 10, 50, 2,000 match,
mismatch, indels, matching probability, indel probability,
minimum alignment score, maximum period size. Repeats
were classified into micro- (1-6 bp), mini- (7-100 bp) and
satellite (>100 bp) tandemly arrayed sequences. The pro-
gram cd-hit-est, as implemented in the package CD-HIT
(Li and Godzik 2006), was used to construct non-redundant
sets of sequences at 85% of identity and 5 of word-length.
For annotation, sequences were BLASTed using BLASTn
against the CDS sequences of A. thaliana (TAIR 7 release,
Poole 2007) and the hits classified according to the MIPS
functional catalogue database (http://mips.gsf.de), and
against PlantSat DB (http://w3lamc.umbr.cas.cz/PlantSat/—
February 2008 version—Macas et al. 2002) to investigate
the presence of satellite-DNA families. Best hits at 0.01 e-
value cutoff were considered.

Data access and retrieval
The TR sequences described in this paper are available at

http://www.plantgenome.uga.edu/tandemrepeats/. Redundant
and non-redundant databases are available in multi-fasta

Table 1 List of genomes analyzed, tandem repeat composition, and AT content

Species Affiliation Size References Microsatellites Minisatellites Satellites Total AT content
(Mb) (%) (%) (%) (%) (%)
Arabidopsis Magnoliopsida, 120 Arabidopsis thaliana 0.18 0.98 0.56 1.72 70.14
thaliana Brassicales, dicot Genome Initiative (2001)
Carica papaya Magnoliopsida, 372 Ming et al. (2008) 0.19 0.68 0.43 13 72
Brassicales, dicot
Populus Magnoliopsida, 550 Tuskan et al. (2006) 0.16 0.71 0.35 1.22  76.5
trichocarpa Malpighiales,
dicot
Vitis vinifera Magnoliopsida, 475-505 Jaillon et al. (2007) 0.19 0.93 0.45 1.57 76
Vitales, dicot
Oryza sativa Liliopsida, Poales, 420 International Rice Genome 0.21 1.57 0.53 2.31 5845
monocot Sequencing Project
(2005)
Sorghum bicolor  Liliopsida, Poales, 735 Paterson et al. (2009) 0.19 0.87 2.66 3.72 592
monocot
Physcomitrella Bryopsida, 454 Rensing et al. (2008) 0.67 1.32 0.08 2.07 78.37
patens Funariales, moss
Chlamydomonas  Chlorophyceae, 100 Merchant et al. (2007) 1.76 2.27 0.45 448 313
reinhardtii Volvocales, green

alga
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files, a format convenient for use with RepeatMasker.
Further details can be found in the README file accom-
panying the database.

Results

The genomes of six angiosperms (2 monocots and 4
dicots), a moss and a green alga (see Table 1), were
scanned for tandemly repetitive elements using the Tandem
Repeats Finder software (Benson 1999). TR amount was
variable among the species analyzed, ranging from an
average of 1.45 and 3% in dicots and monocots, respec-
tively, to 2.07 and 4.48% of the moss and the green alga
(Table 1). The average AT richness was high in dicots and
moss (~74 and 78.4%, respectively). Monocots and the
green alga showed a lower AT content, with an average of
~59 and 31.3%, respectively (Table 1).

According to the repeat-unit size, tandem repeats were
assigned to one of three classes: microsatellites (1-6 bp),
minisatellites (7-100 bp), and satellites (>100 bp). Fig-
ure 1 illustrates the sizes and abundance of tandem repeats
in all eight analyzed plant genomes. In general, most rep-
resented families are those with smaller monomeric
repetitive units, especially dinucleotides and repeats rang-
ing from 5 to 7 and 9-30 bp long. In all cases the number
of microsatellite repeats was higher, but due to their greater
monomeric repeat length, mini- and satellite-DNAs com-
prised a higher percentage of the respective genomes
(Table 1). Microsatellites constitute ~0.19% of angio-
sperm assemblies, versus 0.67 and 1.76% of moss and
green alga genomes, respectively. Minisatellites are abun-
dant in general with 0.83, 1.22, 1.32 and 2.27% of average
for dicots, monocots, moss, and green alga, respectively.
Satellites constitute in all cases ~0.5% of the assemblies
except the extreme situations of sorghum and Chlamydo-
monas, 2.66 and 0.08%, respectively (Table 1).
Nevertheless, in all cases except sorghum (Fig. 1f), repeats
with monomeric units >100 bp seem underrepresented
with respect to the other repeats (Fig. 1). As described
below, the predominance of satellite-DNA sequences in
sorghum is mainly due to the large number of copies of a
centromeric 137-bp repeat.

As for microsatellites, in all studied dicots and the moss
Physcomitrella, stretches of (A/T)n were fairly common,
while small quantities of mononucleotide repeats were
detected in monocots and the green alga Chlamydomonas
(Fig. 1). In all species analyzed, dinucleotides were the
most numerous microsatellite class with AT/TA account-
ing in all species for more than 40% of total microsatellite
repeats. (AG/TC/CT/GA)n were also common in papaya,
and (GT/CA/AC/TG)n were predominant in Chlamydo-
monas. The presence of the most common triplets was also

investigated (Fig. 2). Repeats of AAT/TAA/ATT/TAA and
TAT/ATA are abundant in poplar, grapevine and sorghum,
being the former one the most represented in papaya, while
AAG/TTC/CTT/GAA, TCT/AGA and TAC/ATG/GTA/
CAT are commonly found in A. thaliana, and papaya
genomes (Fig. 2). Interestingly, stretches of GGC/CCG/
GCC/CGG and CGC/GCG are well represented in sor-
ghum, rice, and Chlamydomonas, being almost absent in
the other species analyzed. Additionally, Chlamydomonas
has predominance of GCA/CGT/TGC/ACG, GCT/CGA/
AGC/TCG and CAG/GTC/CTG/GAC repeats, found in
low-copy number in the other species. Trinucleotide
repeats are relatively infrequent in Physcomitrella. How-
ever, when they appear they tend to be those most
represented in dicots (Fig. 2).

Mini- and satellite TR were screened by BLAST against
PlantSat DB (Macas et al. 2002), that includes an updated
list of satellite-DNA sequences isolated in plants. When the
species were represented in the PlantSat database, the
detection of all reported satellite-DNA families was pos-
sible (Table 2). This is the case for A. thaliana, for which
we detected the presence of the centromeric Alul, 180 and
AR3 satellites and telomere-like 500 repeat (Simoens et al.
1988), as well as the pericentromeric 1360, and IID2_8
families (Tutois et al. 1999). In poplar we detected the
presence of the centromeric-like 145-bp repeat (Rajagopal
et al. 1999). For rice, the centromeric repeat CentO (Dong
et al. 1998) and the interspersed 150, TrsA and 880 repeats
(Wu and Wu 1987; Wu et al. 1991) were detected. In
sorghum, the centromeric family CEN38 (Miller et al.
1998) was abundant. As for species not represented in the
PlantSat database; in papaya we detected some repeats
showing homology with telomere-like A. thaliana 500
repeat, while the moss Physcomitrella patens repeats
showed homology to telomere-like A. thaliana 500 and
Sinapis arvensis 700 repeats, and also to rDNA-like
Anemone blanda AbS1 family (Hagemann et al. 1993;
Kapila et al. 1996). No significant matches were found
under our experimental conditions for grapevine and the
green alga C. reinhardtii (see Table 2 for details).

We also BLASTed mini- and satellite repeats against the
TAIR 7 A. thaliana annotation release, in order to annotate
them when possible. Sequences analyzed fell mainly into
four categories according to the MIPS functional catalogue
database (Table 3). The most represented categories cor-
responded to unclassified proteins, transposable elements,
genes involved in metabolism (especially binding elements
and transcription factors), and defense and virulence rela-
ted processes (Table 3).

Finally, for all angiosperms and the moss P. patens, we
found a moderate number of copies of the plant telomeric
sequence (TTTAGGG)n, while the (TTTTAGGG)n motif
was found in C. reinhardtii. In all cases analyzed, we also
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detected several telomeric-like hexa- and heptameric
variants, which are sufficiently abundant to be discerned as
visible peaks in A. thaliana and sorghum repeat distribu-
tions (Fig. 1a, f).

Discussion

There are many examples in the literature of estimations
for plants TR-DNA. Punctual quantifications of satellite-
DNA sequences reveal families comprising just a few
copies, but more frequently cases in which these sequences
constitute a large portion of the genome; for example, the
centromeric satellites of Brassica rapa encompass about
30% of the total chromosomes (Lim et al. 2005), while
satellite-DNAs comprise up to 20% of citrus plant genome
(Fann et al. 2001). Other estimations reveal that micro- and
minisatellites can be copious; for example, microsatellites
constitute 2% of the soybean genome (Saini et al. 2008),
while the family OPG9-130 made by 15-bp minisatellite
repeats, represents 1.5% of bean genome (Métais et al.
1998). All these data together indicate that TR may be
underrepresented in the assemblies analyzed here (ranging
from 1.22% for poplar to 4.48% for C. reinhardtii,
Table 1). However, we demonstrate that most known
repetitive elements and high copy-number genes are found
to be reasonably well represented and further analyses can
be performed.

In the present paper we have studied microsatellites
belonging to the class I. This class is especially interesting

for our purposes due to their size (>20 bp) and their hy-
pervariability, two factors that may complicate the
assembly. Although previous analyses use slightly different
experimental conditions and datasets, it is possible to draw
some common conclusions by contrasting them with our
results. As for the repeat size, we have found that in all
analyzed species dinucleotide is the most common repeti-
tion unit, trimer being the second one. This has been also
observed by other authors; in rice, 72% of the microsat-
ellites longer than 30 bp were dinucleotides (La Rota et al.
2005). Class-I dinucleotides were also the most common
type in papaya (Nagarajan et al. 2008; Wang et al. 2008).
This is also the general case of Physcomitrella and other
algal and plant genomes (von Stackelberg et al. 2006).
Some monomeric repetitions have been proved to be
more frequent than other. We found AT the most frequent
dinucleotide repetition in the genomes analyzed. Previous
reports have demonstrated the same in rice, Mesostigma,
Ginkgo, Picea, Pinus, Gossypium, Solanum, Allium or
papaya (La Rota et al. 2005; von Stackelberg et al. 2006;
Nagarajan et al. 2008). Figure 2 shows the abundance of
the most common triplets in the analyzed genomes; repeats
of AAT/TAA/ATT/TAA are abundant in poplar, grape-
vine, papaya and sorghum. These repeats are also
predominant in wheat (Song et al. 2002), tomato (Smulders
et al. 1997), soybean (Akkaya et al. 1995) and A. thaliana
(Loridon et al. 1998). AAG/TTC/CTT/GAA, TCT/AGA
and TAC/ATG/GTA/CAT are commonly found in A. tha-
liana and papaya genomes. This was also found by other
authors (Depeiges et al. 1995; Nagarajan et al. 2008).
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Table 2 Mini- and satellite-DNA BLAST hits summary in PlantSat database (Macas et al. 2002)

Family Hits  Estimated Location Monomeric ~ References
% length (bp)
Arabidopsis thaliana
Arabidopsis_thaliana_180 78 0.8-1.4 Centromeric 178 Simoens et al. (1988)
Arabidopsis_thaliana_AR3 47 0.2-0.4 Unknown 159 Simoens et al. (1988)
Arabidopsis_thaliana_1360 26 Unknown  Pericentromeric 1,364 Tutois et al. (1999)
Arabidopsis_thaliana_IID2_8 7 Unknown  Pericentromeric 675 Tutois et al. (1999)
Arabidopsis_thaliana_500 6 0204 Telomere-like 500 Simoens et al. (1988)
Arabidopsis_arenosa_180 5 0.8-14 Centromeric 178 Kamm et al. (1995)
Arabidopsis_thaliana_Alul 4 Unknown Centromeric 147 Brandes (unpublished)
Zea_mays_MBsC216 1 Unknown  Centromeric 216 Zhang et al. (unpublished)
Grand total 174
Carica papaya
Family
Arabidopsis_thaliana_500 0.2-0.4 Telomere-like 500 Simoens et al. (1988)
Grand total
Populus trichocarpa
Family
Populus_145 132 1.50 Unknown (centromere-like) 145 Rajagopal et al. (1999)
Zea_mays_MBsC216 1 Unknown  Centromeric 216 Zhang et al. (unpublished)
Grand total 133
Vitis vinifera
Hitless
Oryza sativa
Family
Oryza_sativa_CentO 210 Unknown Centromeric 159 Dong et al. (1998)
Oryza_150 22 0.01-1.97  Unknown 150 Liang et al. (unpublished)
Oryza_TrsA 21 Unknown  Interspersed (5S rDNA and tRNA-like) 354 ‘Wu and Wu (1987)
Oryza_sativa_880 5 Unknown  Interspersed 878 Wu et al. (1991)
Hordeum_vulgare_Crep2 2 Unknown  Centromeric 238 Aragon-Alcaide et al. (1996)
Grand total 260
Sorghum bicolor
Family
Sorghum_CEN38_Sau3A10 6829 1.6-1.9 Centromeric 137 Miller et al. (1998)
Saccharum_SCEN 147 0.60 Centromeric 135 Nagaki et al. (1998)
Grand Total 6976
Physcomitrella patens
Family
Anemone_blanda_AbS1 2 2 Interspersed (25S rDNA-like) 1639 Hagemann et al. (1993)
Arabidopsis_thaliana_500 2 0.2-0.4 Telomere-like 500 Simoens et al. (1988)
Sinapis_arvensis_700 1 Unknown  Interspersed (telomere-like) 697 Kapila et al. (1996)
Grand total 5

Chlamydomonas reinhardtii
Hitless

TAT/ATA is almost equally represented in grapevine,
poplar and sorghum. Interestingly, stretches of GGC/CCG/
GCC/CGG and CGC/GCQG are well represented in sorghum,
rice, and Chlamydomonas, being almost absent in the other
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species analyzed. This agrees with previous analyses in
different grasses genomes (Morgante et al. 2002; La Rota
et al. 2005; von Stackelberg et al. 2006). Additionally,
Chlamydomonas has predominance of GCA/CGT, GCT/
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CGA, and CAG/GTC repeats, found in low-copy number in
the other species. In contrast, (AAC/TTG)n and (ACC/
TGG)n that account for 84.5% of eggplant microsatellites
(Nunome et al. 2003), seem to be underrepresented in the
species analyzed here, with only a few copies.

According to this survey, AT-rich microsatellites seem
to be frequent in dicots (A. thaliana, papaya, grapevine,
poplar) and Physcomitrella, while GC-rich microsatellites
are more predominant in monocots (i.e. rice/sorghum) and
Chlamydomonas. AT richness has been suggested for
dicots, based on analyses on Arabidopsis, papaya, and
legumes TR (Cardle et al. 2000; Mun et al. 2006; Naga-
rajan et al. 2008). On the other hand, GC-richness has been
suggested for monocots and Chlamydomonas TR (Morg-
ante et al. 2002; von Stackelberg et al. 2006). This GC bias
has been suggested to result from genomic repeat presence,
interspecific genome size variation, chromosome size
evolution, and a long-term cycle of GC-rich retrotranspo-
son proliferation and removal (Delseny 2003).

Interestingly, according to microsatellite data the green
alga Chlamydomonas more closely resembles monocots
while the moss Physcomitrella more closely resembles
dicots. These data do not imply relatedness of the organ-
isms but of the feature analyzed—indeed, species
belonging to related phylogenetic groups did not reveal
consistent clustering according to microsatellite types
(Fig. 2).

For longer tandem repeats (mini- and satellites), infer-
ring relationships with other groups of plants is more
difficult because these sequences are normally specific to a
related group of species (Rajagopal et al. 1999; Navajas-
Pérez et al. 2006) and also undergo rapid evolutionary
changes (Miklos 1985). The massive generation of geno-
mic information for a wide range of taxa is promoting
comparative analyses. By using the PlantSat DB (Macas
et al. 2002), that compiles all existing satellite-DNA
sequences in plants to date, and the Arabidopsis TAIR 7
annotation release (Poole 2007), we have been able to
characterize the TR isolated here.

Generally speaking, there is a tendency in the assem-
blies analyzed to better detect satellite-DNA with shorter
monomeric units (~ 150 bp). Additionally, in all cases,
satellites belonging to the analyzed species or to a related
taxon were detected and detection of centromeric, telo-
meric or rDNA-related sequences is most abundant
(Table 2). In eukaryotes, centromeres and telomeres are
often composed of cytologically distinctive heterochro-
matin and are associated with long arrays of satellite-DNA
(Kipling 1995; Henikoff et al. 2001). This highly repetitive
nature makes centromeres and telomeres difficult for
sequencing and fine-scale genetic mapping. However,
according to our survey and to other authors (Yan and
Jiang 2007), new sequencing projects are succeeding in the

characterization of such regions. In this respect, it is worth
mentioning the sorghum assembly, for which we have
detected here a 137-bp repeat that corresponds to the
centromeric repeat CEN38 (Miller et al. 1998; Table 2).

One additional question we wanted to address was the
ability of genomic assemblies to detect big blocks of het-
erochromatin. For that task, we used the CEN38
centromeric sequences that seem to be massively repre-
sented in the sorghum assembly (Fig. 3). Our 137 bp
sequences together with the CEN38 repeats were compar-
atively mapped onto sorghum chromosomes. Both TR
mapped to the centromeric regions of most chromosomes
except for chromosome I, and interestingly the 137-bp
sequences covered the majority of CEN38 repeats, sug-
gesting that our method is able to detect most of the
sequences of this satellite-DNA (Fig. 3). We also detected
that CEN38 repeats would be constituted by 137 and 274-
bp repeats, as previously suggested (Zwick et al. 2000).
This case contrasts with the other genomes analyzed. The
whole genome shotgun sequence and assembly strategy is
now widely practiced. However, slightly different condi-
tions are used to generate and process the data that could be
reflected in different amount of TR detected. There are
several varying parameters that could explain why the
heterochromatic regions are differentially reflected in the
genomic assemblies studied; (1) differences in hetero-
chromatin content: for example, the papaya genome is
mostly euchromatic (Ming et al. 2008), agreeing with the
inability of our method to detect large blocks of TR in that
species. In fact, TR in papaya are more-or-less randomly
distributed, with their numbers positively correlated with
supercontig length (this paper; Nagarajan et al. 2008). A.
thaliana, whose chromosomes contain roughly 93%
euchromatin (Koornneef et al. 2003), resembles papaya in
the inability of our method to detect large blocks of TR. (2)
Sequencing coverage: sequence finishing is normally
expensive, tedious, and not affordable for many sequencing
projects. Low coverage sequencing normally leads to a
great amount of unassembled shotgun sequences, mainly
comprising highly repetitive genomic DNA. Then, draft-
quality assemblies may largely omit big blocks of hetero-
chromatin. This could be another factor in the inability of
our method to detect large blocks of TR in papaya (Ming
et al. 2008) or P. patens (Rensing et al. 2008). (3)
Sequencing approach: in BAC-based assemblies those
BAGC:s that are rich in repetitive DNA often do not contain a
sufficient number of non-redundant bands to form contigs
by fingerprinting. Therefore, TR may tend to get left out of
BAC-based physical mapping efforts. Other approaches, as
is the case of sorghum (Paterson et al. 2009), could offer a
solution to deal better with TR as our results suggest.

As for the telomeric sequences, we have found the
motif (TTTAGGG)n in all species analyzed except for
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Table 3 Mini- and satellite-DNA BLAST hits summary in Arabidopsis thaliana TAIR7 release (Poole 2007)

Arabidopsis Papaya Poplar Grapevine Rice Sorghum Physcomitrella Chlamydomonas

Unclassified proteins 4,256 63
Transposable elements, viral and plasmid proteins 1,047 426
Metabolism 283 14
Cell rescue, defense and virulence 180 1
Classification not yet clear-cut 179 1
Protein synthesis 88 0
Cellular transport, transport facilitation and 80 1
transport routes
Transcription 75 7
Cellular communication/signal transduction 58 0
mechanism
Protein fate 51 2
Subcellular localization 50 1
Biogenesis of cellular components 44 2
Cell cycle and DNA processing 13 2
Energy 12 1
Development (systemic) 10 0
Protein with binding function or cofactor 8 0
requirement (structural or catalytic)
Cell fate 8 0
Systemic interaction with the environment 3 0
Interaction with the environment 2 0
Storage protein 1 0
Regulation of metabolism and protein function 1 0
Total 6,449 521

71 56 50 98 60 84
14 9 6 22 3 1
5 16 12 4 0 1
6 3 4 6 3 0
3 6 2 3 0 6
2 8 5 2 0 3
1 2 2 3 0 0
5 2 5
2 1 0 1 0
4 2 3 5 0 0
2 0 3 1 2 0
0 0 0 1 0 1
0 1 1 2 0 0
1 1 0 0 0 3
0 1 0 6 0 6
0 0 2 0 0 2
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 1 0 0 0 0
0 0 0 0 0 0
117 113 98 159 75 111

C. reinhardtii, for which the (TTTTAGGG)n motif was
found. This suggests the predominance of the A. thaliana-
type motif in all embryo plants. The (TTTTAGGG)n motif
was found to be the green-alga-specific telomeric sequence
(Petracek et al. 1990). In all cases, we found hexa- and
heptameric variants of the telomeric motif. The presence of
such derived telomeric motifs has also been reported in
lilies (de la Herran et al. 2005) and may be due to the high
change rate of this type of sequences.

Most TR characterized here showed homology with
unclassified proteins. This fact may be due to the massive
number of hits to pseudogenes, and would suggest TR
involvement in gene disruption and degeneration. However,
additional categories included hits to genes involved in
metabolism (especially binding elements and transcription
factors), and defense and virulence related processes
(Table 3). These types of genes have been found to be highly
duplicated in poplar and A. thaliana (Tuskan et al. 2006), and
then our data would suggest that a small percentage of
detected TR correspond to uncharacterized tandemly
arrayed genes (Table 3). The second most represented cat-
egory corresponds to transposable elements. Forces
governing satellite-DNA appearance and amplification are
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not well understood. The most accepted hypothesis suggests
the continuous evolution of satellites from pre-existing sat-
ellites, through replication slippage and unequal crossing-
over mechanisms (Ugarkovi¢ and Plohl 2002). However, our
data would support the possible origin of TR as transposable
elements. The relation between TR and transposable ele-
ments has been demonstrated by different studies (Batistoni
et al. 1995; Kapitonov et al. 1998; Zhao et al. 1998; Lopez-
Flores et al. 2004). Such TR DNAs may have originated from
interspersed retrotransposons by unequal crossing-over
(Kapitonov et al. 1998), although alternative mechanisms
might be operating.

We found a predictable drop in the number of BLAST hits
with phylogenetic distance along the evolutionary line, the
higher number of hits being found in A. thaliana. It is also
reflected in the variety of elements detected; for example in
the transposable elements category, we found that A. thali-
ana repeats are related to several DNA transposons (Athila,
hAT, Mutator), retrotransposons (copia, gypsy), and non-
LTR transposable elements. This would suggest that our
approach could be under-representing some species-specific
sequences. However, this is a valid method for TR annotation
and it will benefit from information and genomic resources
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Fig. 3 Comparative plotting of CEN38 (Miller et al. 1998) and the
137-bp repeats (this analysis) in sorghum genome. Chromosome
number and size (in bp) are shown in X and Y axis, respectively

on their way from many other plant species. To contribute to
that aim, we have created a database with all sequences
characterized in the present paper (http://www.plantgenome.
uga.edu/tandemrepeats/), expecting that it will be a useful
resource for the scientific community.

Finally, we have detected in all species analyzed a bias
in the distribution of repeat-unit sizes. It appears that
sequences between 9 and 30 bp account for a high number
of copies as well as for the maximum number of loci
(Fig. 1). Interestingly, for the 9-30 bp range we also found
the higher number of monomeric variants (Fig. 1). Stephan
(1989) found similar results performing in silico simula-
tions under certain experimental conditions (i.e. low rates
of recombination, unequal crossing-over and replication
slippage). This would be in accordance with the “library
hypothesis”, according to which related species share a
pool of conserved TR; these simple-sequence DNAs would
act as hot spots of recombination and some of them could
be amplified into a major satellite (Mestrovic et al. 1998).
All these evidences together could indicate not only that
tandem repeat units in this range are preferred in plant
genomes, but also that the preservation of longer repetitive
stretches would be somehow related to some features of the
nucleotide sequence. Also, some authors have argued that
structural features such as monomer length, AT content,
short sequence motifs or secondary and tertiary structures
may be important factors for tandem repeat preservation
and evolution (Fitzgerald et al. 1994; Plohl et al. 1998;
Ugarkovi¢ and Plohl 2002). It has been proposed that these
structural constraints could be important for tight packing
of DNA and proteins in heterochromatin, and are conse-
quently under selective pressure (Ugarkovi¢ and Plohl
2002) and this could be an important area for future stud-
ies. However, since large numbers of repeats, especially
those that are long and highly conserved, are particularly

difficult to handle in sequence assembly, this affirmation
should be taken with caution and data from other sources
taken into consideration.

As sequencing technologies advance, large collections
of genomic sequences, EST databases, and whole genome
sequences are becoming increasingly available. Here we
aimed to test if these large-scale DNA sequences are useful
resources for investigating the frequency, distribution, and
organization of TR. According to our data, current genomic
assemblies include the vast majority of the TR fraction,
including micro-, mini-, satellite-DNAs, and tandemly
arrayed genes. However, factors such as the amount of
heterochromatin in the source genomes, depth of sequence
coverage, or parameters used in sequence processing, may
influence the quantity of repeats assembled, and as a con-
sequence most of the analyzed genomes may largely omit
big clusters of heterochromatin. Collectively, these data
demonstrate that although currently available sequencing
technologies can be overwhelmed by megabase-sized
satellite-DNA arrays, high-quality genomic sequences can
be a good source for TR analysis. In this context, we have
generated here a DB containing all the sequences analyzed
with the aim to facilitate future analyses in this field.
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