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ABSTRACT them. In recent years, the discovery of the trinucleotide repeat
diseases has piqued interest in tandem repeats. These disease:
including fragile-X mental retardatiod){ Huntington’s disease

(2), myotonic dystrophyd), spinal and bulbar muscular atrophy

(4) and Friedreich’s ataxi&), are the result of a dramatic increase

in the number of copies of a trinucleotide pattern. In afflicted
individuals, the copy number has been amplified from the normal
range of tens of copies to hundreds or thousands, resulting in the
disease. It has been suggested that the repeats themselves produc
unusual physical structures in the DNA, causing polymerase
slippage and the resulting amplificatidi 7).

A more salubrious potential role for tandem repeats is gene
regulation, in which the repeats may interact with transcription
factors, alter the structure of the chromatin or act as protein
binding sites §&12). Tandem repeats have an apparent function
in development of immune system cells. Breakpoints for
detect tandem repeats et have ndergone exen- [TLTOSONUN ey halh wieh ecomoaton st
sive mutational change by analyzing four sequen- (13) Becaﬁse thgnumbe?ofco ies\% an ifict dg 9 t‘
ces: the human frataxin gene, the human BT cell Ny I P 1 any Speciiic tandem repea
receptor locus sequence and two yeast chromo- is often polymo.rphl'c in the popu!atlon, tandem repeats have
somes. These sequences range in size from 3 kb up to proven useful in linkage analysis and DNA fingerprinting
700 kb. A World Wide Web server interface at (14,15). Repent studies of allele ‘dlversny at_tar,1dem repeat loci
c3.biomath.mssm.edu/trf.html has been established have provided support for the “Out of Africa” hypothesis of

modern human evolutior §,17).
for automated use of the program. To date, much of the research on tandem repeats has focused or

those with short patterns (2-5 nt), presumably because such
INTRODUCTION repeats are relatively easy to spot by eye in printed sequences.
DNA molecules are subject to a variety of mutational events. Orieepeats with long patterns (sometimes called variable number of
of the less well understood fandem duplicatiorin which a  tandem repeats or VNTRs) are notoriously harder to detect [even
stretch of DNA, which we call theattern is converted into two When the copies are identical, for example see Benspfof the
or morecopies each following the preceding one in a contiguousl01 bp repeatsndetectedn Hellmanet al (19), a paper on the
fashion. For example we could have role of tandem repeats as hot spots for recombination]. Given the
...TCGGA.. .- ... TCGGCGGCGGA. .. importance of known and potential biological roles for tandem
in which the single occurrence of triplet CGG has beernepeats and their usefulness in other biological studies, it seemed
transformed into three identical, adjacent copies. The result ofessential to us to develop efficientandsensitivealgorithm for
tandem duplication event is termethadem repeatOver time,  detecting these repeats so that they may receive further study.
individual copies within a tandem repeat may undergo additional, A number of algorithms already exist which either directly or
uncoordinated mutations so that typically, omlgproximate indirectly detect tandem repeats. All suffer from significant
tandem copies are present. limitations. One group of algorithms is based on computing
Tandem repeats are presumed to occur frequently in genonaiignment matrices?20-22). Their primary limitation is excessive
sequences, comprising perhaps 10% or more of the humamning time. The best algorithm in this grol®)(has time
genome. But, accurate characterization of the properties obmplexityO[n? polylog()] for a sequence of lengttand would
tandem repeats has been limited by the inability to easily detemdt be useful for sequences much longer than several thousand

A tandem repeat in DNA is two or more contiguous,
approximate copies of a pattern of nucleotides. Tandem
repeats have been shown to cause human disease,
may play a variety of regulatory and evolutionary roles
and are important laboratory and analytic tools.
Extensive knowledge about pattern size, copy number,
mutational history, etc. for tandem repeats has been
limited by the inability to easily detect them in genomic
sequence data. In this paper, we present a new
algorithm for finding tandem repeats which works
without the need to specify either the pattern or pattern
size. We model tandem repeats by percent identity and
frequency of indels between adjacent pattern copies
and use statistically based recognition criteria. We
demonstrate the algorithm’s speed and its ability to
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bases. (_Inth|s paper we report on our analysis of sequences upc ST ¢4 CTAGTACACACACTTACACCAGA
700 kb in length.) THHHHHHHTHHT THHHHHHHTHHHHBHHEHET

Another group of algorithms finds tandem repeats indirectly
usmg_metho_ds_ from the field of data comP(eSS|on. An algont,hmFigure 1. Two adjacent copies from a tandem repeat in the hihaoell
by Milosavljevic and Jurka2@) detects ‘simple sequences’, receptor locus sequence (37). H indicates a match, T indicates a mismatch,
i.e. mixtures of fragments that occur elsewhere. Simple sequencassertion or deletion.
may or may not contain tandem repeats and this algorithm makes
no attempt to deduce a repeated pattern. An algorithm by Rivals i i i ,
et al (24) bases the compression on the presence of small The remainder of this paper is organized as follows. In Methods
preselected patterns (all those of size 1-3) and is not readiif Present a probabilistic model of tandem repeats, an algorithm
generalized to longer patterns for which there is an algorithmfgverview and the set of criteria that guide the recognition process.
need. To their credit, both of these methods provide a measuredfthe Discussion we present our analysis of the frataxin
statistical significance based on the amount of compression. (FTiedreich's ataxia) gene sequence, the hungieell receptor
Another collection of algorithms aim more directly at finding!0cuS and two yeast chromosomes. Finally, in the Conclusion we

tandem repeats. Of these, one exact algorittiig limited by ~ describe directions for future research.
its definition of approximate patterns, requiring that two copies
differ either byk or fewer substitutions (Hamming distance) or byMETHODS
k or fewer s_ubstitutit_)ns_ and ind_els (unit cost edit dista_nce robabilistic model of tandem repeats
Besides treating substitutions and indels as equals, the requirement
for a fixed number of differences rather tharpercentage We modeklignmentof two tandem copies of a pattern of length
difference is unsatisfactory. Any fixed number of differences by a sequence okindependent Bernoulli trials (coin tosses).
suitable for small patterns (say five differences for patterns of siZéhe probability of succesB, (head$, which we also calby or
20) would be unreasonably restrictive for larger patterns (fivenatching probability represents thaveragepercent identity
differences for patterns of size 100). Conversely, any fixetletween the copies. Each head in the Bernoulli sequence is
number for large patterns would allow too much variability ininterpreted as a match between aligned nucleotides. Each tail is
small patterns. A heuristic algorithm by Karlat al (26) is ~ amismatch, insertion or deletion. A second probalilityyindel
similarly hampered by the use of matching blocks separated pyobability, specifies the average percentage of insertions and
error blocks of fixed size. The remaining two algorithms in thigleletions between the copies. Figliiustrates the underlying
group require input from the user which limits their usefulnessdea for the model.
An earlier heuristic algorithm by Bensdti finds tandem repeats ~ While Figurel is an interpretation of a particular alignment as
only if they have a pattern size which is specified in advance. Al Bernoulli sequence, we are more generally interested in the
exact algorithm by Myers and Sagas) (limited to patterns with  distribution of Bernoulli sequences and the properties of alignments
size of at most 40 bases) requires that the approximate pattern #as they represent when dealing with a specific pgir ), for
and a range for the number of copies be specified. example |p = 0.80,p; = 0.10). Note that thesmnservation

The algorithm 29) presented in this paper is designed tgparameterserve as atype of extremal bound, i.e. as a quantitative
overcome many of the aforementioned limitations: (i) it uses théescription of thenost divergent copiese hope to detect.
method ofk-tuple matchingto avoid the need for full scale
alignment matrix computations; (ii) it requires @opriori ~ Program outline
knowledge of the pattern, pattern size or number of copies; . .
(iii) there are no restrictions on the size of the repeats that can Py Program hasdetection and analysis components. The
detected; (iv) it uses percentage differences between adjac ffection component uses a set of statistically based criteria to
copies and treats substitutions and indels separately; (v) ind candidatetandem repeats. The analysis component attempts

determines a consensus pattern for the smallest repetitive unnt(?nproduce an alignment for each candidate and if successful

the tandem repeat. The program has already been used AWers a num_ber of statistics aboqt the alignment (perp_ent
preprocessor in a new alignment algorithm where tande entity, percent indels) and the nucleotide sequence (composition,
duplication augments the standard mutation set of insertioﬁptmpy measure).
deletion and substitutiorl ). Detection componeniVe assume that adjacent copies of any
A number of ideas incorporated into this new algorithm havgattern will contain some matching characters in corresponding
been utilized in earlier homology detection progra®ds3(l), yet  positions. Just how many matches and how the distance between
the goals and methods differ. Instead of looking for higheshose matches should vary depend on the fixed valysg afid
scoring homologous regions, the algorithm looks for tandem. In the next section, we develop the statistical criteria to answer
repeats which are often hidden in larger homologous regions thiese questions. Here, we describe how the matches are detectec
which may fall well below the level of significance required for The algorithm looks for matching nucleotides separated by a
other programs to report a match. The detection criteria are basetinmon distancel, which is not specified in advance. For
on a stochastic model of tandem repeats specified by percesasons of efficiency it looks founs of k matchesvhich we call
identity and frequency of insertions and deletions, rather thaatuple matchesA k-tuple is a window ofk consecutive
some minimal alignment score. Finally, the program aligns repeeltaracters from the nucleotide sequence. Matdkingles are
copies against a consensus sequence, revealing patterngwaf windows with identical contents and if aligned in the
common mutations. These patterns yield insight into the histoBernoulli model would produce a run bfheads. Because we
of duplications that produced the tandem repeat, thus providifigit ourselves tk-tuple matches, we wifiotdetect all matching
a potentially valuable tool for phylogenetic research. characters. For example, kif= 6 and two windows contain
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a sliding window of lengtld which keeps track of the positions
of matches and their total.

List Dg is updated every time a match at distashisedetected.
Positioni of the match is stored on the list and the total is
increased. The right end of the window is séttiad matches that
occurred beforg=i —d are dropped from the list and subtracted
from the total. Lists for other nearby distances are also updated at
this time (Random Walk Distribution in the next section), but only
to reset their right ends tand remove matches that have been
passed by the advancing windows. Information in the updated
distance lists is used for the sum of heads and apparent size criteria
tests as described in the next section. If both tests are passed, the
program moves on to the analysis component.

Statistical criteria The statistical criteria are based on runs of
heads in Bernoulli sequences, corresponding to matches detected

with thek-tuples and stored in the distance lists. The criteria are
based on four distributions which depend upon: (i) the pattern
length, d; (i) the matching probabilitypy; (iii) the indel
probability, pj; (iv) the tuple sizek. For each distribution, we
either calculate it with a formula or estimate it using simulation.
Then, we select a cut-off value that serves as our criterion. Below
we describe the distributions and criteria in more detail.

Possible tandem repeats:

i—j1=dy

< dy = d;

Sum of heads distributioithis distribution indicates how many
matches are required. Let the random variBglepm = the total
number of heads in head runs of lengtbr longer in an iid
Bernoulli sequence of lengthwith success probabiligy. The
distribution of Ry kpm is well approximated by the normal
distribution and we have previously shown that its exact mean
and variance can be calculated in constant t#fe For thesum
of heads criteriopwe use the normal distribution to determine the
largest numberx, such that 95% of the tim&y k pm = X. For
example, ifop = 0.75k =5 andd = 100, then the criterion is 26.
Put another way, if a pattern has length 100 and aligned copies are
expected to match in 75 positions, then by counting only matches
that fill a window of length 5, we expect to count at least 26
Figure 2. Tandem repeats are detected by scanning the sequence with a smgthatches 95% of the time.
window, determining the distance between exact matches and testing the
statistical criteria. Random walk distributianThis distribution describes how
distances between matches may vary due to indels. Because
indels change the distance between matckituples (Fig.3),

TCATGT and TCTTGT we will not know that there are 5 there will be situations where the pattern has dizget the
matching characters because the window contents are mlistance between matchikguples isd + 1,d £ 2, etc. In order
identical. Put in terms of the Bernoulli model, the alignedo test the sum of heads criterion, we count the match®g.ifg,
windows would be represented by the sequence HHTHHHr Ad =0, 1, ... Admaxfor someAdmax In our model, indels are
which isnot a run of 6 heads. single nucleotide events occurring with probabilityinsertions

The basic operation of the detection component is illustrated and deletions are considered equally likely and we treat the
Figure2. LetSbe a nucleotide sequence. We select a small integeistance change as a problem of random walks. Let the random
k for the tuple or window sizé € 5 for example) and keep a list variableWy p = the maximum displacement from the origin of a
of all possiblek length strings (there aré for the DNA alphabet  one-dimensional random walk with expected number of steps
A,C,G,T) which we call thprobes By sliding the window across equal top;-d. It can be shown3@) that 95% of the timey p
the sequence, we determine the probe at each pasiti@For  ranges betweet?.3 /p|—d . We sef\dmax=12.3 \/pl—d |. For
each probe, we maintain distory list H, of the positions at  jexample ifp, = 0.1 andd = 100, them\dnax = 7.
which p occurs.

When a position is added tdH,, we scarH,, for all earlier

Test Criteria <=——— | Dy,

Apparent size distributioT his distribution is used to distinguish
occurrences gb. Let one earlier occurrence beg.abincei and  between tandem repeats and non-tandem direct repeatd)(Fig.

j are the indices of matchingtuples, the distancg=i —jisa For tandem repeats, the leading tuples in matdiingles will
possible pattern sider a tandem repeat. For the criteria tests, wée distributed throughout the interval frgnto i, whereas for

need information about othletuple matches at the same distancenon-tandem repeats, they should be concentrated on the right side
dwhere the leading tuple occurs in the sequence befve@ein  of the interval near. Let the random variabl& k pm = the

A distance list [3 stores this information. It can be thought of asdistance between the first and last runkofieads in an iid
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Alignment:

X

- g1 —>

Figure 3.Insertions and deletions change the distance between exact matches. The inserted character X causes one péirtofriestthbeseparated by distance
d + 1 while another pair is separated only by distahce

Alignments:

Copy 1

Copy 2

Copy 1

Copy 2

Figure 4. We must distinguish betweea) @ tandem repeat (leading tuplesdituple matches spread over the interval betwesmnlj) and b) a non-tandem, direct
repeat (leading tuples concentrated on the right). Matéhingles are indicated by the shaded boweis. the distance between the first and last leading tuple.

Bernoulli sequence of lengtth with success probabilitpy.  decreases the chance of noticing approximate copies because they
Su.k,pMm is the apparent size of the repeat when usituples to  may not contain a long, unbroken run of matches. Let the random
find the matches and will usually be shorter than the pattern sizariable Ty pv = the number of iid Bernoulli trials with success

d. We estimate the distribution &f x pm by simulation because probability py until the first occurrence of a run kuccesses.

we make it conditional on first meeting the sum of heads criterioiiy p\ follows thegeometric distribution of order. K we letp = py,

For givend, k andpy, random Bernoulli sequences are generatedndq = 1 —p then the exact probabili(Tk pm = X) for x> 0 is
usingpm. For every sequence that meets or exceeds the sumgbfen by the recursive formul&4)

heads criteria, the distance between the first and last run of heads 0 forx < k
of lengthk or larger is recorded. From the distribution, we pK forx = k
determine the maximum numbgrsuch that 95% of the time P(Typn = X) = et

SukpM>Y. We usey as oumpparent size criteriarFor example, QD“[l—Zi _ o P(Mgpm =1} forx >k

if pm = 0.75k =5 andd = 100, then the criterion is 56. In order LS _ )

to test the apparent size criterion, we compute the distanE&" €xample, ipy =0.75 andk= 5 then we need at least 31 trials
between the first and last tuple on Dy If the distance between (coin tosses) to have a 95% chance of seeing a run of 5 heads. Fol
the tuples is smaller than the criterion, we assume the repeat is Rgfténs_smaller than 31 characters, we need to use a smaller

tandem or that we have not yet seen enough of it to be convinc&gupPle- The waiting time distribution allows us to balance the
running time and sensitivity of our algorithm by picking a set of

Waiting time distributionThis distribution is used to pick tuple tuple sizesgach applying to a different range of pattern sifée

sizes. Tuple size has a significant inverse effect on the runnipgogram processes the sequence once, simultaneously checking
time of the program because increasing tuple size causes tABse different tuple sizes. We require that the smallest pattern for
exponential decrease in the expected number of tuple matchesulle sizek have a sum of heads criterion of at léastl. Table

the nucleotides occur with equal frequency, then increasing theshows the range of tuple sizes and the corresponding pattern
tuple size byAkincreases the average distance between randomijzes currently used by the program.

matching tuples by a factor of If k = 5, the average distance

between random matches(i& kb, but ifk = 7, the average Analysis componenif the information in the distance list passes
distance i$116 kb. Thus, by using a larger tuple size, we keep ththe criteria tests, a candidate pattern consisting of posijtiots
history lists short. On the other hand, increasing the tuple size.i is selected from the nucleotide sequence and aligned with the
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surrounding sequence using wraparound dynamic programming the four nucleotides; (ix) entropy measure based on percent
(WDP) (35,36). If at least two copies of the pattern are aligneccomposition.

with the sequence, the tandem repeat is reported. Several

implementation details of the analysis component are describggESULTS

below.
To demonstrate the capabilities of our program, we used it to

Table 1.Tuple sizes and the range of pattern sizes each is used to detectan§-|yze. four sequences, the human frataxin gene sequence
(Friedreich’s ataxia) &), the humanB T cell receptor locus

Tuple|  Pattern Sizes sequenced?) and two yeast chromosomes (I and VIII). [The
S‘ges ”Ml _:2'975 Py = .8 frataxin gene sequence and the hufharell receptor sequences
4 | 30-43 | 1-29 were obtained from GenBank. The yeast chromosomes sequences
5 | 44-159 | 30 - 159 were obtained via ftp from ftp.ebi.ac.uk directory pub/databases/
7 1160 -500 | 160 - 500 yeast in files chri_230209.ascii and chrviii_562638.ascii. Indexing

in this paper is relative to the sequences in these files. Data file

) . : . accession numbers for these sequences are: frataxin gene
Multiple reporting of repeat at different pattern sizééhen & =, omoter and intron 1, U43748; human T cell receptor, L36092;
single tandem repeat contains many copies, several pattern sizeS«t chromosome 1. U12980. L20125. LO5146 L22015.
are possible. For example, if the basic pattern size is 26, then 920; yeast chromosome 8. U11583. U11582. U11581
repeat may be reported at sizes 26, 52, 78, etc. We limit thig 5555 (J10400, U10399, U00062, UO0061, U10556, UOOOGO,

redundancy in the OUtpUt to, at most, three pal'tel’n sizes. Note tt\ﬁjoosg U10398. U10397. U00027. U00028. U00030. UD0029 ]
we do not automatically limit the output to the smallest period sizg, o, aﬁalysis we searched for all pattern sizes between 1 and
because a much better alignment may come from a larger size (f9jp pases (the implementation’s current upper size limit, to be

example Tabl&, indices 410172-410459). extended in subsequent versions). We used one of two sets of

; ; , ; lignment parameters (match, mismatch, gap), either (+2,—7,—7)
Narrow band alignmenflignments are the program’s most time a ' . ! o
intensive calculations. To decrease running time, we limit wpDB' (+2,-5,-7). Only those repeats scoring at least 50 with these

calculations to a narrow diagonal band in the alignment matrix f(ﬂarafrfneterts artc?[ repor ted. (3vcc%5|onally,' ttth%iﬁme repc;aatés reportec
patterns larger than 20 characters. In accordance with the rand8hf"! erer:cl pa grtr:Nsaes. he ave omr|1 €d these redun %r_lf?es. .
walk results, the band radiusfignax The band is periodically € periorme 0 S€arches on each sequence, using ditreren

; : nservation parameter valuegy(= 0.75,p = 0.20) and
recentered around a run of matches in the current best ahgnm%ﬂm = 0.80,p = 0.10). While the first search is slower than the

Consensus pattern and period si&a initial candidate pattefd ~ second, the detected repeats are nearly identical. Zablews

is drawn from the sequence, but this is usually not the best pattépining times of the program and Tables list the tandem
to align with the tandem repeat. To improve the alignment, we&peats found.

determine aconsensus patterdy majority rule from the

alignment of the copies witR The consensus is used to realign Table 2.Running times of program on selected sequences using a Silicon
the sequence and this final alignment is reported in the outpufsraphics 02 RS10000

Period size is defined as the most common matching distan
between corresponding characters in the alignment and may not Running Times
be identical to consensus size.

Sequence Length Py =75 Py = .80
(bases) Pr=.20 Pr=.10
Program usage and output
Yeast Chromosome 1 230,209 1 min 19 sec 7 sec
Input to the program consists of a sequence file and the following Yeast Chromosome § 562,638 | 2min 36 see | 13 sec

parameters: (i) alignment weights for match, mismatch and
indels; (”) oM andp|; (lll) a minimum size for patterns to report; Human 8 T cell receptor locus sequence | 684,973 | 3 min 34 sec 20 sec
(iv) a minimum alignment score to report. We have developed &
Web_based interface for the program. Using _an HTN_”- form a'tTime grows linearly with sequence length. With conservation parameter
c3.biomath.mssm.edul/trf.html , the user provides an input DNAzjues py = 0.75,p; = 0.20) running time i§1L0 times slower than with
sequence file. Defaults can be used for the remaining parametergaiues py = 0.80p, = 0.10) although the detected repeats are nearly identical.
After program execution, two files are returned. The first is a Alignment weights also affect running time. The most liberal weights tested
summary table describing the location and statistical properties oihcrease the times shown herel#p%.

the tandem repeats found. The second contains the alignment of
each repeat with its consensus sequence. The files are Iinkeq_ﬁﬂn
that selecting an entry from the table opens a second browser
window which contains the proper alignment. The summary tableriedreich’s ataxia is one of the triplet repeat diseggedt (is
includes the following information: (i) indices of the repeat in thecaused by copy number expansion of the triplet GAA in the first
sequence; (i) period size; (iii) number of copies aligned with thiatron of the frataxin gene. Tablelists the repeats found in the
consensus pattern; (iv) size of the consensus pattern (may diffaquence. Besides the triplet repeat, our program found two
from the period size); (v) percent of matches between adjacesthers which were apparently unknown, a 44 bp pattern and a
copies overall; (vi) percent of indels between adjacent copidsl bp pattern. Figuré shows the program’s alignment of the
overall; (vii) alignment score; (Viii) percent composition for eachd4 bp repeat.

an frataxin gene (Friedreich’s ataxia), intron 1
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LOCUS HSFRDA1 Table 5. Tandem repeats detected in hurfiah cell receptor locus sequence
DEFINITION Human frataxin (FRDA) gene, promoter region and exon 1.

ACCESSION  U43748
Human 3 T cell receptor locus sequence — 684,973 bp
Period size: 44 Copynumber: 2.0
Indices Period | Copy |Consensus | Percent { Percent | Score{ A | C | G | T | Entropy
* Size | Number Size Matches | Indels (0-2)
1787 GGATCCCTTCCGAGTGGCT
25 GGATGGCTTCAGAGTGGCT 4627-4657 15 2.1 14 94 5 53 |41]25| 6 |25} 1.79
*12596-13266 60 11.2 58 74 7 495 |28129|10(30| 1.91
* * % 21863-21905 14 2.8 16 86 13 63 |44|13| 6 [34| 1.72
1806 GGTACGCCGCCTGTANTATGGGAGAGGATCCCTTCAGAGTGGCT 48825-48928 | 52 2.0 52 94 0 181 1421 9120127 1.83
84876-84913 17 2.2 17 95 0 67 §26]1310(50 1.73
0 GGTACGCCGCATGTATTAGGGGAGAGGATCCCTTCAGAGTGGCT 9914492485 | & e 5 o . s Lo lirlo szl oes
99921-99961 2 20.56 2 100 0 82 |00 |51(48| 1.00
111227-111251 12 2.1 12 100 0 50 |24|44| 8 |24| 1.80
1850 GGTACGCCGCATGTATTAGGGGAGA 121522-121659 | 65 2.1 65 98 0 267 | 8 |41(18[31| 1.81
124841-124887 2 23.0 2 86 4 67 | 6|0 |46{46| 1.28
0 GGTACGCCGCATGTATTAGGGGAGA 134820-134856 2 18.5 2 91 0 56 (48| 2| 2|45 130
189754-189806 2 26.5 2 92 0 88 | 0|0 {45|54| 0.99
Summary 193027-193059 6 5.5 6 92 0 57 | 0]0([18(81| 0.68
Matches: 40, Mismatches: 4, Indels: 0 216002-216043 | 19 2.2 19 95 0 75 |38|16|23|21] 1.93
91Y% 9% oY, 283516-283544 12 2.4 12 100 0 58 |17117|41(24| 1.90
* * ‘ 344711-344810| 49 2.0 49 100 0 200 |33]26(21|20| 1.97
376278-376322 22 2.0 22 95 0 81 |[24|17|15(42 1.88
Matches are distributed among these distances: 409705-409783 1 " 6 13.5 6 90 5 81 | 0 (67]5 |27 112
44 40 1.00 1410172410459 | 39 7.5 37 79 9 290 [11(37(33 /17| 1.86
410172-410459| 116 2.5 116 86 1 391 |11|37{33 17| 1.86
431581431607 12 2.2 12 100 0 54 (40| 7|0 |51 1.30
ACGTcount: A:0.18, C:0.23, G:0.35, T:0.23 442182442208 | 2 135 2 100 0 54 | 0| 0/(48]51] 1.00
444936444983 2 24.0 2 91 0 78 14714714 |0 1.21
455160455204 18 2.6 18 89 6 67 (53[0 |24|22, 1.46
: i . 465203465246 2 22.0 2 95 0 79 [50(47| 0|2 1.13
Figure 5. The program’s alignment of the 44 bp repeat from the frataxin gene | 470590-470626| 4 9.2 4 100 0 74 |75/ 0|0 [24| 080
intron 1 (Friedreich’s ataxia). This repeat was apparently unknown. The actual | 512990 513055 8 159~20 g }gg 8 ?g gé g 308 500 ‘;33
sequence is on the top; _the consensus sequenlce‘is on the bottom: Each‘pair Dfses193 568164 | 13 31 13 86 6 57 152042 40| 135
lines represents one period. Position of the beginning of the repeat is relative to| 612431-612470 19 2.1 19 90 0 62 |32(10(22|35| 187
the detected pattern when the criteria were met and is therefore arbitrary. | g,4%7 54863 31| 20 u P I ol o] ot T o B
Symbol * indicates a mismatch. Summary refers to matches, mismatches and| ssa213-684417| 30 | 7.0 30 90 7| 332 3795 0 |27 187

indels between adjacent copies in the sequence, not between the sequence and

the consensus pattern. Not shown are all mononucleotide repeats and those repeats already anno-

tated in the GenBank entries (accession nos L36092, U66059, U66060 and
U66061) except for the 60 bp repeat marked with symbol *. Syininali-

cates a pattern which is included even though a longer pattern has a better
scoring alignment.

Table 3.Varying copy numbers in the four similar tandem repeat clusters
found in yeast chromosomes 1 and 8

Period Clust . ™ .
Size c c;lséz o been identified. Tablg lists the new repeats we found. Of the 83
repeats that we found, 38 were previously annotated and most of

2122122133112 those were for patterns of size 5 or smaller. We missecioteted
21 3.2(43| 3.0 |38 . . . .
48 77017l 17 (17 repeats: 4 dinucleotide repeats and 1 tetranucleotide repeat (align-
15 9.19.1| 5.5 [6.3 ment scores were below our cut-off) and 1 repeat with period size
135 07| 13]179]78 10 567 bases (beyond the current implementation’s pattern upper

size limit). Of the 45 unannotated repeats, 13 have short patterns
(26 bp) and may be polymorphic and thus useful for linkage

analysis. Six unannotated repeats have large pattern sizes (116,
65, 52, 49, 34 and 30 bp). The 116 base pattern is also reported
Table 4. Tandem repeats detected in the human frataxin gene intron 1 at size 39 with a lower scoring alignment. The annotated 60 base

See text and Tables 6 and 7 for cluster locations.

sequence pattern repeat (indices 12596-13266) is indicative of the

program’s ability to find repeats with substantial amounts of
Human Frataxin Gene (Friedreich's ataxia) Intron 1 mutation between adjacent copies (74% matching characters and

7% indels overall).

Indices | Period | Copy | Consensus | Percent | Percent |Score | A | C | G | T | Entropy

Size | Number Size Matches | Indels (0-2) YeaSt Chromosomes

822-854 | 14 | 24 14 89 0 | 57 |\6148/42/ 0| 128 Tables6 and 7 list the tandem repeats found for the yeast

1787-1874| 44 2.0 44 90 0 140 |18]2235|22 1.95 . .

2183-2211| 3 | 97 3 100 o | 58 |68 0310 o089 sequences. Of special interest are the clusters of tandem repeats

which show up repeatedly at the ends of the chromosomes,
suggesting recent swapping of the ends. Chromosome 8, in
Human B T cell receptor locus sequence particular, has two different clusters on its right end.

This sequence3()) contains a family of immune recognition 1o (27, 21, 48, 15, 135) cluster

coding elements, the T cell receptor variable, diversity, joining Tt T

and constant gene segments. It was selected for its size arfteFLO1gene and its paralogous pseudogenes in chromosomes
because many tandem repeats within the sequence had alreh@dyd 8 contain a cluster of 5 tandem repeats with pattern sizes 27,
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Table 6. Tandem repeats detected in yeast chromosome 1 Table 7. Tandem repeats detected in yeast chromosome 8 (only the latter
half of the sequence is shown)
Yeast Chromosome I - 230,209 bp
Yeast Chromosome VIII - last 213,000 bp of 562,638 bp
Indices Period | Copy | Consensus | Percent | Percent |Score| A | C |G| T |Entropy
v | Numb i .
Size umber Size Matches | Indels ©-2) Indices Period | Copy | Consensus | Percent | Percent |Score| A | C |G | T |Entropy
Size | Number Size Matches | Indels (0-2)
2-62 2 33.0 2 75 15 | 66 |40]59] 0| 0 | 098 B
11876-11935 | 27 22 27 93 0 | 106 |16[25(25] 33| 1.96
1226071232; 2 P 2 o 0 a7 |2 |i9]26| 51 | 1ol 358657-358602 | 18 2.0 18 88 0 58 380 |27] 33| 157
12470-12830 | 48 77 48 91 0 | 600 |24[11|29| 34| 1.90 365350365474 | 3 387 3 87 0] 113 119135112) 32 | 1.89
13000-13136 | 15 9.1 15 77 0 | 134 |47]6 (32| 13| 168 366894-366919| 9 2.9 9 100 0 52 | 0 (531046 1.00
14791-14821 | 13 | 2.4 13 94 0 | 55 |58 9 (12| 19| 1.62 870544570575 2 | 160 2 86 00| 80 143106150 127
2371423750 | 1 | 46.0 1 7 o | 50 |86j0|0| 13| 056 SrassisTIo) 1| 32 3 81 0 1 69 | 7 |15]28148) 173
24308-24367 | 27 | 22 27 93 0 | 106 |16{25(25| 33 | 1.96 373102-373142| 15 T 5 100 0 | 82 | 1211234141 180
2469024780 | 21 | 43 21 81 0 | 119 |2|16[26] 54| 153 378121878174 g | 90 6 97 0 11011 110]14]83) 073
25165-25301 | 15 | 9.1 15 77 0 | 134 |47] 6 [32] 13| 1.68 386096-386122 | 20 3 100 O | 54 | 03310766 092
25395-27148 | 135 | 13.0 135 91 0 | 2449 (21|14 (32| 31 | 1.93 391810-3019721) 8 | 557 3 76 T 1215512191383 145
3119331152 | o 150 5 b 0 w3 |50l s |0l 46| 118 413555413647 3 31.0 3 67 8 70 |33(3|5]|58] 137
698377060 | 24 29 24 e 0 7o |22l s lsal 71 152 4305514120509 3 19.7 3 75 0 69 | 0 [10|35 54 | 134
1130977546 | 3 150 3 0 0 83 |64 0l35| 0 | oos 422591-422616 | 12 2.2 12 100 0 52 12326050 | 150
71877776008 | 19 25 12 01 0 53 |330a3l13| 101 177 462001462036 | 13 2.8 13 95 0 65 |30 |22/13| 33| 1.93
99945-99976 | 14 | 2.3 14 100 0 | 64 |37]1212| 37| 181 465793-465833| 2 | 200 2 9% 51 73 148210148 114
100371-100414 | 18 2.4 18 88 0 67 |4 (34|22 38| 175 484757-484798) 13 | 3.2 13 ™ 0 56 157 |11128) 2 ) 147
101471-101511| 15 | 2.7 15 88 0 | 61 j24|21]12] 41| 187 508796-508822] 1 21.0 ! 100 0 | 54 1100100 0 | 0.00
112745-112796| 12 | 4.6 12 74 13 | 55 |3|26(32 36| 175 514816514854} 2 19.0 2 89 5 | 62 146121051 114
: " 526204-527280 | 135 | 7.8 135 88 0 |1617|30|28|17| 24| 1.97
113055-113099| 3 15.0 3 90 0 76 [4|0|28) 66| 111 0202 o 4
g - ; od I o 527380527473 | 15 6.3 15 75 0 97 | 11(31|6 |50 | 164
113290-113322| 9 3.7 9 87 0 52 0 [24(33) 42| 155 > 2 ! :
116491116520 9 i 0 o7 0 o7 13007 15a] 20 | 179 527870-527949 | 21 3.8 21 88 0 |11 |55/26/18 0 | 143
530791-539825 | 15 2.3 15 90 0 56 | 8 34|11|45| 171
120163-120189| 5 5.4 5 100 0 54 [0|0[18]81| 069 2
194995124958 9 33 . o 0 53 Is3l33l3 | 10! 151 548600-548820 | 114 | 2.0 114 100 0 | 460 |26 |13|23| 36| 1.92
159552139610 | 19 o 19 7 o 76 |23l4a127| 6 | 179 549758-549794 | 1 37.0 1 100 0 74 | 0 |0|0{100] 0.00
. 556829-356981| 2 80.0 2 73 8 | 15910 |0|61]38| 096
190131-190161| 14 2.2 14 100 0 62 148(38| 6| 6 | 1.55 ° X
192987102392 | 3 7 3 04 5 63 1361300 0 | 33| 138 560412-360836| 96 | 11.8 36 86 0 | 486 |32 35/14] 17| 1.90
163667194030 | 3 913 M oy 0 51 l4s|3 18| 32 | 165 562312-562343 | 10 3.2 10 95 0 57 |21(9(34[34| 186 |
108835108864 | 11 P i o1 0 53 |0 l16l23] 60 | 136 562451-562637| 13 | 14.7 13 | 8 10 245 0 o0j62]37| 096 |
204224-206643| 135 | 17.9 135 89 0 | 2602 (31(31{15] 21| 1.95
206748-206830 | 15 5.5 15 81 5 | 108 [14[32] 4| 48| 1.65 ; ; ; o i
2071327-207288 | 21 20 0 s 0 g0 |soloslia| 0 | 135 Period sizes in bold indicate one of four S|m_|lar c_Iustgrs_ fo_und_ at_the ends of
207614-207702| 27 3.3 27 88 0 136 |33[23|21| 21 | 1.97 chromosomes 1 and 8. ClusByis shown. Period sizes in italics indicate one
219186-219220| 15 23 15 90 0 56 |8 (34|11] 45| 1.71 —
293120993125 | 1 360 | 100 0 72 |ol%] % 00| 000 of three similar clusters found at both ends of chromosome 8 and one end of
229752-229807 | 15 37 15 85 0 84 (23] 5 (14|57 158 chromosome 6.
220047-229977| 11 2.9 11 95 4 | 55 |25 045|290 154
230109-230205| 6 16.2 6 88 1 | 146 [0 063 36| 094
Period sizes in bold indicate similar clusters found at the ends of chromo-
somes 1 and 8. From the top, these are clu€giS; andCs. CONCLUSION

In this paper, we have presented a new algorithm for finding
tandem repeats in DNA sequences without the need to specify
either the pattern or pattern size. The algorithm is based on the
21, 48, 15 and 135. We designate these clu€lerandC,  detection ofk-tuple matches. It uses a probabilisitic model of
(adjacent on the left end of chromosome @3, (right end, tandem repeats and a collection of statistical criteria based on that
opposite strand) ar@ (right end of chromosome 8). The 27, 48model. We have demonstrated the speed and utility of the
and 135 base patterns are not reported in every cluster in Bablesigorithm by analyzing four sequences ranging in size up to
and 7. Subsequent analysis of the surrounding sequence®)0 kb. Several avenues for future research are raised by this
however, revealed that every pattern is present but not necessaityrk, including methods to estimate statistical significance for
as two or more copies (Taldlg For each pattern size, the numbertandem repeats and algorithms to determine plausible mutational
of copies varies among the four clusters. More specifically, nhistories.
cluster is identical in its copy number to any other cluster. This
implies that duplication or excision events (deletion of copiesgatistical issues
have occurred since the separate clusters were incorporated into S
the chromosomes. The sequences around these clusters dohave yetto develop a good statistical significance measure for
reveal close homology. For examplgz and G are nearly tandem repeats. For now, we use a cut-off alignment score based
identical over 18 000 bases anga@d G display homology over on simulations with random sequences. Difficulties include the
15 000 bases. local variation in nucleotide content in real sequences, which is
decidedly non-random, and the problem of accounting for copy
number as well as total repeat length. Estimates of significance
The (13, 10, 36) cluster developed in Benson and Waterm&T)(are too high in this
application because they apply to tandem repeats of one pattern

A cluster of 3 tandem repeats with pattern sizes 13, 10 argre only, rather than the range of sizes considered here.
36 bases appears on both ends of chromosome 8 {)alblee

36 bp pattern also appears on the left end (low index numbers)l\%tational history

chromosome 6 (not shown). For the 36 bp pattern, each occurrence

has a different copy number. The 10 and 13 bp patterns are identidaklyzing the mutational history of tandem repeats requires
in their occurrences. Surrounding sequences comprising 4200 bastizing the pattern of mutations among adjacent copies to
are nearly identical for these three clusters. describe the interwoven progression of substitutions, indels and
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duplication/excision events leading from a single copy of thé3 Du,J., Zhu,Y., Shanmugam,A. and Kenter,A. (199T9leic Acids Res
pattern to the present day sequence. Such histories can sugges#® 3066-3073.

how the boundaries and size of the duplication unit vary and may
reveal details about the duplication mechanism. 15
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