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A clustering method for repeat analysis in DNA sequences
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Abstract

Background: A computational system for analysis of the repetitive structure of genomic
sequences is described. The method uses suffix trees to organize and search the input sequences;
this data structure has been used previously for efficient computation of exact and degenerate
repeats.

Results: The resulting software tool collects all repeat classes and outputs summary statistics as
well as a file containing multiple sequences (multi fasta), that can be used as the target of searches.
Its use is demonstrated here on several complete microbial genomes, the entire Arabidopsis
thaliana genome, and a large collection of rice bacterial artificial chromosome end sequences.

Conclusions: We propose a new clustering method for analysis of the repeat data captured in suffix
trees. This method has been incorporated into a system that can find repeats in individual genome
sequences or sets of sequences, and that can organize those repeats into classes. It quickly and
accurately creates repeat databases from small and large genomes. The associated software
(RepeatFinder), should prove helpful in the analysis of repeat structure for both complete and partial
genome sequences.
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Figure 1
Exact repeats. An example sequence of 180 bp and graphical depiction of exact repeats, using minimal repeat length 6 bp. This
example shows forward and reverse complemented repeats. In the repeat graph [12], both of the horizontal lines correspond
to the example sequence, and diagonal lines connect the two occurrences of each repeat. REPuter includes a visualization
tool to provide similar graphics.

>example.seq

GGCGGTCATTGCGGTTCTTTTGACTGTTGGATCGAACCTGAAGACCGTCTTCAGCTATGT
CGGTAGCAATCTCACGACGTAATTGGTTGCCCGGCCAGGCATAGGCGCGTTTACTACGTA
AAAACTCTTTTACAGATTAACAGTGAAACGACCAATCTTTGTTGTCATCGCACTCACCTG

1 180 (bp)

Figure 2
Definition of repeats. (a) Exact repeats, labeled as A1 and A2. (b,c) Merging repeats. (b) Merging with gaps; (c) merging with
overlap. The nucleotide sequence is shown as a purple bar. Top, red, blue and yellow lines show the locations of the repeat
sequences. Pairs A1 and A2, B1 and B2, and C1 and C2 are initial repeat pairs. Bottom, green bars labeled M1, M2, M3 and M4
indicate the location of merging repeats. 

A1 A2

GAAAGCTACATGCTATATGTATTGTACCCCTGCTGACCCCGT…TACTCTGTAGCTACATGCTATATGTATTGTAT

A1 Gap C1 C2 Gap A2

B1 B2

M1 M2 M3 M4

A1 Overlap A2

B1 B2

M1 M2 M3

(a)

(b)

(c)
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Figure 3
Pre-processing procedure. The table on the left shows repeat
pairs that were found by REPuter in the 180 bp example
sequence shown in Figure 1 using a minimum repeat length of
6 bp. Repeats are represented by type: forward (F) or reverse
complement (RC), first coordinates (A1, A2) and length (lA).
Reverse complement repeats with A1= A2 are omitted. The
table on the right contains a list of partition points. Arrows
show the correspondence between the repeat (67,153,6) and
the two partition points (67,153,6) and (153,67,6).

Repeats Partition points

type A1 A2 lA A
1

A
2

lA

16 126 6

23 139 6

38 47 8

47 38 8

77 116 6

82 151 6

116 77 6

118 128 6

126 16 6

128 118 6

139 23 6

151 82 6

F 16 126 6

RC 23 139 6

RC 38 47 8

F

F 77 116 6

RC 82 151 6

RC 118 128 6

67
67 153 6

153 67 6

153 6

Figure 4
Merging procedure. The start coordinates of merging
repeats are shown in dark gray. Horizontal lines divide sets
of exact repeats that were merged into a single merging
repeat. The arrow shows the connection between a group
of two short exact repeats and the corresponding 11 bp
merging repeat starting at position 77.

Merging procedure

A1 A2 lA

Repeat map

M lM nM R1 R2 R3

16 126 6

23 139 6

38 47 8

47 38 8

67 153 6

77 116 6

82 151 6

116 77 6

118 128 6

126 16 6

128 118 6

139 23 6

151 82 6

153 67 6

16 6 1 16

23 6 1 23

38 8 1 38

47 8 1 38 47

67 6 1 67

77 11 2 77

116 8 2 77 116

126 8 2 16 116 126

139 6 1 23 139

151 8 2 67 77 151
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Repeat analysis of microbial genomes
?�� ����� �� ��1���� #� ����������������"� ���������� ��
����

#�"1�����"�#�����������"��0������ (�� ""�������������1���

�������� 	��� ����!�
����
��"��
�#
�
�
� ����"�� 8(,9�  ����

�6����		������#� ��������#�������0������� ����������6���#�������

�����;�#����1���������������������������1����������	�6���"������

��1����� ���� 	�6��� #������0� ��� ����� ���6�� ��6� ��� #���� ���

������	�������1�������#��������������5 ������
����1���#������

����� "�����	���1����#�����������6� �������;1�#���0

<�����"����#�"1�������
�� ��1�������������6��#����� ��
��

��		������"�#�����������"���� �����(.������1�����@�1A�������

"���"����;�#����1���� ���������������6����������������(.��1

��1�	�������"�������1��#�� ��0������ =����6��������� ����	��

����������"��0� ���1�������� ����� "�����	�"���������1�����

���� � "���� �	� ��1���� #�������� ���� �������� ������� "������

��1�������������� "�����	�#�������#����������"����������6�

"�"����0�������6���������������������#�������#�"1��������

',3(.J� �	� ���� ��1���� #�������� ����#������ ����� "���� ��1���

�1���������"1���� 1��#������0��"����������� 1��#����������


����"�7������## ����������"������� ������������������6����

����� =0� ����1�#� ��� ��
�������� ���6����6� ��1���� �������

#��� 5 �#��� 1��
���� ��� �
������ 1�#� ��� �	� ��6� ��1�����
�� �

����"�� ��G� ��� ���������� ���� �������� �;���#��� ���� ��1����

���"���
���	���	 �������������0

Defining the prototype for a repeat class
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Figure 5
One step of the classification procedure. The gray rectangle in the repeat map table shows the merging repeat with its length,
the number of exact repeats it includes, and references to the repeats it contains. The highlighted repeat will be added to
existing classes. It contains references to class 1 (16) and class 5 (116), marked by gray in the first classification table. On the
next classification step, these two classes are merged and the rest of their references are added to the new class 1. Arrows
show the directions of class merging.

Repeat map Classification

M lM nM R1 R2 R3

16 6 1 16

23 6 1 23

38 8 1 38

47 8 1 38 47

67 6 1 67

77 11 2 77

116 8 2 77 116

126 8 2 16 116 126

Class 1

139 6 1 23 139

151 8 2 67 77 151

16

Class 2 23

Class 3 38 47

Class 4 67

Class 5 77 116

Class 1 16 77 116 126

Final classification

Class 1 16 67 77 116 126 151

Class 2 23 139

Class 3 38 47

Class 2 23

Class 3 38 47

Class 4 67

Table 1

Final classification

Class Coordinate Length Copies Sequence

1 16 6 1 TCTTTT

1 67 6 1 CAATCT

1 77 11 2 ACGTAATTGGT

1 116 8 2 ACGTAAAA

1 126 8 2 TCTTTTAC

1 151 8 2 ACCAATCT

2 23 6 1 ACTGTT

2 139 6 1 AACAGT

3 38 8 1 CTGAAGAC

3 47 8 1 GTCTTCAG
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Table 2

Sensitivity of the clustering method to different merging parameters

Minimal exact repeat 25 bp    Minimal exact repeat 50 bp

G (bp) op (%) Number of merging repeats Number of classes Number of merging repeats Number of classes

50 1031 122 655 63

25 1155 162 741 77

5 1394 218 843 92

50 2328 357 1305 165

95 3748 510 1892 234

100 4564 550 2322 242

The length of the Neisseria meningitidis genome is 2,272,351 bp [20].

Table 3

Repeat structure of microbial genomes

Genome Reference Length (bp) Number of The longest merging Number of classes Number of classes
merging repeats repeat (bp) with more than

two elements

Treponema pallidum [16] 1,138,006 87 3283 31 4

Chlamydia pneumoniae [18] 1,229,853 74 2519 25 3

Methanococaus jannaschii [15] 1,664,976 557 4929 113 23

Helicobacter pylori [19] 1,667,867 297 2317 95 21

Thermotoga maritima [17] 1,860,725 218 1697 43 8

Neisseria meningitidis [20] 2,272,351 1155 9900 162 38

Caulobacter crescentus [21] 4,016,917 1114 4206 216 50
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Table 4

Summary of repeat analysis of Arabidopsis genome and rice BAC end sequences

Class size 3 4 5 6-10 11-50 51-600 30,975 128,570

Number of classes in Arabidopsis 2,792 970 420 662 336 32 1 0

Number of classes in rice data 3,532 1,606 875 1,509 561 34 0 1
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Table 5

Prototype repeat sequences ( Arabidopsis thaliana genome) that matched genes or annotated AtRepBase repeats

Class number Class size Genes Repeats

1 30,975 Hypothetical protein ATR0081 minisatellite 1 from 63767 to 63826 

12639 202 AC002534 ATR0058 

56 164 Hypothetical protein

42 135 ATR0087 

284 135 Pseudogene

6 133 Hypothetical protein

20 111 Putative O-methyltransferase 1

54 111 Putative reverse transcriptase

62 107 Hypothetical protein

95 85 Hypothetical protein

1389 85 Putative receptor kinase

269 81 Putative receptor kinase

58 78 Putative retroelement pol polyprotein

236 71 Putative disease resistance protein

18068 67 Putative Ser/Thr kinase

5 64 Pseudogene

29 64 Hypothetical protein

400 57 Hypothetical protein

12310 56 Hypothetical protein U65470 ATR0043 

187 55 Hypothetical protein

38 50 Putative NBS/LRR disease resistance protein

47 48 Putative phenylalanine ammonia-lyase

104 46 M65137 ATR0025 

345 45 Pseudogene

12594 45 Putative reverse transcriptase

735 45 Hypothetical protein

240 43 Putative disease-resistance protein

167 42 Pseudogene

60 41 Hypothetical protein

211 41

81 39 Hypothetical protein

124 38 Hypothetical protein

411 38 Putative disease-resistance protein

324 37 X93607 ATR0046 

170 37 ATR0084 repeat 5 from 102144 to 105991

421 37 AF024504 ATR0056 

293 36 Hypothetical protein repeat01 ATR0090 

357 35 Pseudogene

426 34 CHP-rich zinc finger protein-like

22466 32 Hypothetical protein

64 32 Hypothetical protein

242 32 Hypothetical protein

249 31 Putative cytochrome P450

18597 31 Putative transposon protein

256 31 Putative serine carboxypeptidase

202 30 Hypothetical protein

290 30 Pseudogene

18166 29 Putative CHP-rich zinc finger protein

12400 29 Hypothetical protein

297 29 Mutator-like transposase ATR0089 
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