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Aim. To use a novel computational approach, Key-string Algorithm (KSA), for the identification and analysis of arbi-
trarily large repetitive sequences and higher-order repeats (HORs) in noncoding DNA. This approach is based on the
use of key string that plays a role of an arbitrarily constructed “computer enzyme”.

Method. A cluster of novel KSA-related methods was introduced and developed on the basis of a combination of com-
putations on a very modest scale, by eye inspection and graphical display of results of analysis. Sequence analysis soft-
ware was developed, containing seven programs for KSA-related analyses. This approach was demonstrated in the
case study of alpha satellites and HORs in the human genetic sequence AC017075.8 (193277 bp) from the
centromeric region of human chromosome 7. The KSA segmentation method was applied by using DCCGTTT, GTA,
and TTTC key strings.

Results. Fifty-five copies of 2734-bp 16mer HORs were identified and investigated, and a start-string TTTTTTAAAAA
was identified. The HOR-matrix was constructed and employed for graphical display of mutations. KSA identification
of HORs in AC017075.8 was compared with that of RepeatMasker and Tandem Repeat Finder, which identified alpha
monomers in AC017075.8, but not the HORs. On the basis of KSA study, the centromere folding was described as an
effect of HORs and super-HORs (3×2734 bp) in AC017075.8. The following novel computational KSA-based meth-
ods, easy-to-use and intended for computational “pedestrians”, were demonstrated: color-HOR diagram, KSA-diver-
gence method, 171-bp subsequence-convergence diagram, and total frequency distribution of the key-string
subsequence lengths. The results were supplemented by Fast Fourier Transform, employing a novel mapping of sym-
bolic genomic sequence into a numerical sequence.

Conclusion. The KSA approach offers a simple and robust framework for a wide range of investigations of large repeti-
tive sequences and HORs, involving a very modest scope of computations that can be carried out by using a PC. As the
KSA method is HOR-oriented, the identification of HORs is even easier than the identification of underlying alpha
monomer itself. This approach provides an easy identification of point mutations, insertions, and deletions, with re-
spect to consensus. This may be useful in a wide range of investigations and applied in forensic medicine, medical
diagnosis of malignant diseases, biological evolution, and paleontology.
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The centromere is a specific structure present in
chromosomes of all eukaryotes. It is essential for pro-
per segregation of chromosomes during mitosis and
meiosis. It is also crucial for the transfer of genetic in-
formation between cell and organismal generations
(1). The centromere is the primary site of the forma-
tion of functional kinetochores, specialized DNA-pro-
tein complexes, which interact with spindle microtu-
bules. Its essential function is to provide the point of
attachment of the chromosome to the spindle micro-
tubules and to ensure that the sister chromatides are

held together until the end of the metaphase and that
they efficiently segregate at anaphase.

The centromeric DNA of several lower eukary-
otes has been completely defined. However, much
less is known about the centromeric DNA of higher
eukaryotes. There are two classes of localized centro-
meres: point and regional centromeres (2). The point
centromere is characteristic for yeast chromosomes
(S. cerevisiae) and contains 125 base pairs (bp), which
corresponds with the diameter of a microtubule, indi-
cating that only one microtubule attaches to each
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centromere during mitosis or meiosis in that yeast cell
(3,4).

The regional centromere is characteristic for all
other eukaryotic organisms and encompasses DNA
range in size from a few hundred kilobase pairs (kbp)
to several megabase pairs (mbp) that anchor more
microtubules (5,6). It is composed of arrays of hetero-
chromatic, centromere-specific repeated DNA se-
quences. These arrays vary in number and relative po-
sition across different chromosomes and strains. In
such a way, centromeres in multicellular eukaryotes
are embedded in large heterochromatic blocks and
need a specific DNA structure for proper function.

Human Alpha Satellite Family

Satellite DNAs are highly repetitive sequences
with tandem arrangement located primarily in the
centromeric heterochromatin (7). They were recog-
nized through their differential buoyant density after
centrifugation of genomic DNA in CsSO4, which re-
sulted in the formation of I, II, and III “satellite bands”
in addition to the main band. Each satellite DNA fam-
ily, consisting of a heterogeneous population of repet-
itive DNA sequences, is characterized by the length
and primary structure of the basic repeat unit, called
monomer. Alpha satellite DNA is tandemly repeated
DNA family found at the centromeres of all examined
primate chromosomes (8). The fundamental repeat
units of alpha satellite DNA are divergent monomers
of approximately 171-bp (169-172 bp), often orga-
nized in chromosome-specific higher-order-repeat
(HOR) units (8-11).

The human alpha satellite family based on the
approximately 171-bp monomer unit is the only satel-
lite DNA family present in the centromeric regions of
all human chromosomes (9-11).

Satellite families, including alpha satellite, are
not homogenous but contain monomer variants that
differ from the consensus sequence up to 40%. They
are often organized into different tandem arrays,
which constitute clearly definable HOR structures or
alphoid subfamilies. At least 33 different alphoid
subfamilies have been identified (12). Some of these
subfamilies are specific for a single chromosome,
whereas others are common to a small group of chro-
mosomes. Certain chromosomes seem to have a sin-
gle HOR within their centromeres, whereas others
may contain several different HORs.

The human centromere DNA makes 3-5% of
each chromosome and accordingly contains repeat-
ing monomeric units of approximately 171 bp. In hu-
man chromosome 7 a 2.7-kbp HOR unit consisting of
16 monomers was found previously (13). The centro-
meric DNA analysis of chromosome 7 is interesting
because a change in a copy number of chromosome 7
(aneuploidy or polysomy) is commonly observed in
solid tumors (prostate cancer, renal tumors, and blad-
der cancer) and hematological disorders (myelodis-
plastic syndrome and acute myeloid leukemia)
(12,14).

Biochemical Analysis of Centromeric DNA

The physical maps of the centromeric regions
have been made by using biochemical long range re-
striction analysis and Southern hybridization (13,15-
18). Due to the large size of multiple blocks of distinct
satellite DNAs, breakpoints close to the centromeres
cannot always be obtained, and the activity of
centromeres can be altered when they are removed
from their natural context. They do not always indi-
cate a precise order and might be inaccurate in some
size estimates. Enzymes used in these studies are the
so-called “frequent cutters”, which digest frequently
non-satellite DNA in flanking regions while leaving
tandem arrays intact because of the lack of recogni-
tion sites within satellite sequences. A more precise
biochemical method is the ultra-high resolution fluo-
rescence in situ hybridization (FISH) (19,20).

Novel Segmentation Key-string Algorithm –
Case Study of Genomic Sequence
AC017075.8

In spite of many available algorithms for compu-
tational analyses of genomic sequences, there has
been no efficient method to identify HORs and find
mutations, insertions, and deletions in their structure.

We introduced and exemplified a new computa-
tional algorithm for the identification of repeats in
genomic sequences, convenient for identification of
both alpha satellites and HORs. This method, named
key-string algorithm (KSA) (21), was used to scan the
recent GenBank complete data for the human clone
AC017075.8 (22) consisting of 193277 bp from the
centromeric region of chromosome 7. This method
combines computation and visual inspection of com-
puted results, providing a high degree of robustness in
the identification of the alpha satellite and HOR
patterns or coexisting subdivisions of genomic se-
quence.

The KSA method is equally sensitive in the iden-
tification of repetitions of subsequences with small
number of nucleotides as well as very large subse-
quences consisting of thousands of nucleotides, like
HORs, or even of tens of thousands of nucleotides.

In the centromeric region of the human chromo-
some 7, the 2.7-kbp HOR region consisting of 16 al-
pha monomers was first determined by restriction en-
zymes (23-29). The principle of the computational
KSA is analogical to the principle of restriction en-
zyme method: the computational KSA procedure can
“cut” genomic sequence into alpha monomers or into
HORs, depending on the proper choice of the key
string, which could be considered analogous to a
computationally simulated “enzyme”. The KSA
method is organized in 5 steps, as follows:

1. Selection of a short string of nucleotides (three
to six), referred to as the key string.

2. Computational segmentation of a given geno-
mic sequence into subsequences, referred to as
key-string subsequences, each starting with the key
string.
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3. Formation of an array of lengths of key-string
subsequences (length-array) in the order of appear-
ance.

4. If present, periodic HORs repetitions can eas-
ily be identified by naked-eye inspection of the
length-array formed in the third step.

5. Deviations from periodic repetitions in the
length-array are used for an easy and robust direct
identification of insertions, deletions, and point muta-
tions, with respect to an ideal HOR structure.

Identification of Higher-order Repeats in
AC017075.8 by Using CCGTTT Key String
To illustrate quick identification of HORs in the

genomic sequence AC017075.8, let us select the
CCGTTT key string. On average, this key string ap-
pears about once per one kbp in the genomic se-
quence AC017075.8, ie, the frequency of its appear-
ance is 190/193277.

The array of lengths of the CCGTTT key-string
subsequences is shown in Table 1. In the front do-
main (about 30 kbp at the beginning of AC017075.8)
and in the back domain (about 15 kbp at the end of
AC017075.8), there is obviously no periodicity in the
length array. In the central domain (from the position
of about 31 kbp to about 178 kbp in AC017075.8),
we can see the periodicity, with a periodic cell of
three subsequences of 171 bp, 2393 bp, and 170 bp
in length, respectively, starting at the position 31081
bp. This periodic pattern corresponds to the HOR of
the following length:

171 bp + 2393 bp + 170 bp = 2734 bp.
This periodic repetition of the key-string sub-

sequence lengths can be graphically presented in the
form of a map, referred to as KSA length-map (Fig. 1).

Deviations from the periodicity in the central do-
main can be easily explained.

For example, the CCGTTT subsequence starting
at the position 33986 bp has the length of 2905 bp, in-
stead of the periodic value 2393 bp, whereas the fol-
lowing expected 170-bp periodic subsequence is
missing. This can be easily explained by observing
that the 2905-bp subsequence can be segmented as
follows:

2905 bp = 2393 bp + 2×171 bp + 170 bp.

In other words, the periodic pattern is modified
by insertion of a 2×171-bp subsequence between the

2393-bp and 170-bp subsequences in the ideal peri-
odic pattern.

171 bp, 2393 bp, and 170 bp.

We conclude that, at the position 33986, instead
of the ideal periodic array, there is a 2905-bp sub-
sequence obtained by fusion of subsequences

2393 bp, 171 bp, 171 bp, and 170 bp.

The ideal periodic segment differs from the mod-
ified 2905-bp subsequence by an insertion of the two
171-bp subsequences and their fusion.

Another example of deviation from periodicity,
ie, from the ideal HOR, is the length of subsequence
starting at the position 174613 bp. Its length is 2394
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Table 1. Array of lengths of CCGTTT key-string subsequenc-
es in AC017075.8, with start position of the subsequence
and the length of the subsequence

CCGTTT key-string subsequences
position (bp) length (bp)
14604 342
14946 13841
28787 683
29470 759
30229 852
31081 171
31252 2393
33645 170
33815 171
33986 2905
36891 171
37062 2393
39455 170
39625 171
39796 2393
42189 170
42359 171
42530 2392
44922 170
45092 171
45263 2393
47656 170
47826 171
47997 2393
50390 170
50560 171
50731 2393
53124 170
53294 171
53465 2393
55858 170
56028 171
56199 60
56259 2333
58592 170
58762 171
58933 2393
. . . . . . . . . .
174442 171
174613 2394
177007 170
177177 171
177348 3761
181109 341
181450 682
. . . . . . . . . .
191088 342
191430 340
191770 170
191940 342
192282 170
192452 171
192623 342
192965 171
193136 142

Figure 1. Graphical presentation of the CCGTTT key-string
subsequence lengths for the higher-order repeat (HOR) seg-
ment of genomic sequence AC017075.8 in the interval
from 45092 bp to 50730 bp.



bp instead of 2393 bp. This indicates a point addition
in the ideal periodic pattern.

Deviations from periodicity in the length-array
also appear in subsequences starting at the position
56199 bp. The lengths of these subsequences are 60
bp and 2333 bp, instead of the 2393 bp, as of
subsequence in the ideal periodic pattern. In this
case, an additional CCGTTT key string was formed by
a point mutation, segmenting the 2393-bp subseq-
uence into two subsequences as follows:

2393 bp = 60 bp + 2333 bp.
By inspecting the array of lengths of key-string

subsequences, we can immediately see that the
2734-bp HORs (16mer) are present in the central do-
main of the sequence AC017075.8, whereas the
front- and back-domains are HORs-free.

Identification of Higher-order Repeats and
Exact Determination of Insertions, Deletions,
and Point Mutations by Using Key-string GTA

KSA approach reveals deviations from the ideal
periodic pattern in the length-array of the central do-
main of AC017075.8. These deviations can be recog-
nized as insertions, deletions, or point mutations,
with respect to the ideal periodic pattern, ie, HOR
consensus (21). For more precise identifications and
positioning of these deviations, it is more convenient
to use a key string with higher frequency of appear-
ance. As an illustration, let us consider the GTA key
string, with the frequency of appearance 1119/
193277. This key string appears once per 0.2 kbp on
average.

At the start of the genomic sequence AC017
075.8, the GTA subsequence lengths form an irregu-
lar-length array (in bp) as follows: 429, 103, 51, 721,
171, 34, 49, 292, 38, 419, 947, 248, 634, 731, 34,
72, and so on. The first KSA subsequence of 429 bp
starts at the position of 11 bp. The absence of periodic
regularity reflects the absence of HORs.

The first subsequence in the KSA length-array
showing periodicity is an 8-bp subsequence GTAA
GGTT starting at the position 31336 bp. It is followed
by a 154-bp subsequence GTACTTTGTT AGTTG
AATGC ACCCATCAAA…, starting at 31344 bp posi-
tion, which is followed by a 28-bp subsequence
GTATCAGAAG GAAATTTCAA CTATGTGA starting
at 31498 bp position.

The KSA length-array map in the central domain
of AC017075.8 shows periodicity (Fig. 2). The peri-
odic cell corresponding to the GTA key string is (in
bp) 8, 154, 28, 21, 552, 280, 152, 26, 164, 264, 250,
143, 49, 96, 133, and 414. The sum of these lengths
of the periodic cell is 2734 bp. This represents a con-
sensus KSA length-array of the 2734-bp HOR when
the GTA key string is used.

The KSA length-maps in Figures 1 and 2 repre-
sent two different segmentations of the 2734-bp
HOR, corresponding to two different key strings,
CCGTTT and GTA, respectively. The GTA key string
has a sizably higher frequency than CCGTTT, and
therefore leads to the segmentation of the genomic se-
quence AC017075.8 into shorter subsequences. This
allows a more precise location of insertions, dele-

tions, and point mutations with respect to consensus
HOR (Fig. 3).

Identification of Alpha Satellites and Higher-
order Repeats with TTTC Key String

The key strings we have used so far led to a
straightforward identification of HORs and revealed
deviations from their regular pattern. Let us now use
the KSA method for the segmentation of AC017075.8
into alpha monomers, ie, into approximately 171-bp
subsequences. It is possible to segment a sequence
into alpha monomers in various ways by assigning
different initial positions of alpha monomers. In the
KSA method, this corresponds to the choice of differ-
ent key strings. The key strings play the role of “com-
puter enzymes” that cut the sequence at different po-
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Figure 2. Graphical presentation of the GTA key-string
subsequence lengths for the higher-order repeat (HOR) seg-
ment of AC017075.8 in the interval from 45347 bp to
53548 bp. For the sake of clarity, subsequences are not
drawn to scale.

Figure 3. Graphical presentation of the GTA key-string sub-
sequence lengths for some higher-order repeat (HOR) cop-
ies of AC017075.8 with deviations from the ideal 2734-bp
HOR pattern. A. HOR segment starting at the position
139327 bp. All GTA-lengths are the same as for the ideal
HOR in Fig. 2, except for the subsequence starting at
141418 bp, which has a length of 95 bp instead of 96 bp, ie,
this length differs by one point deletion with respect to the
ideal HOR sequence. This is indicated by a closed circle in
the map. B. HOR segment starting at the position 144794
bp. In the subsequence starting at the position 145782 an
additional GTA string is present due to point mutation with
respect to the ideal GTA subsequence pattern, leading to a
segmentation of the 280-bp subsequence into 225 bp + 55
bp subsequences. C. HOR segment starting at the position
152996 bp. We find by visual inspection three deviations
from the ideal KSA length-array. The 154-bp and 28-bp sub-
sequences are fused into one subsequence with a length of
154 bp + 28 bp = 182 bp. The 250-bp subsequence length
is segmented into 126 bp + 124 bp subsequences due to
point mutation in the 250-bp subsequence of the ideal KSA
length-array. Another case is a segmentation of the 280-bp
subsequence into 230 bp + 50 bp subsequences. A 170-bp
insertion is at the position 154039 bp, between the 230-bp
and 152-bp subsequences of the ideal length-array.



sitions. In our previous study (21), we presented the
segmentation of the AC017075.8 genomic sequence
into alpha monomers in two different ways: using the
AAAC and the GTTTCT key string. In the first case,
each HOR was segmented into nine 171-bp, five
170-bp, one 172-bp, and one 173-bp alpha mono-
mers in particular order. In the second case, the same
HOR pattern was segmented into ten 171-bp, four
170-bp, and two 172-bp alpha monomers (21).

In this study, we investigated other four-bp key
strings, searching for a most convenient key string that
segments the genomic sequence into approximately
171-bp monomers (171-bp, 170-bp, and 172-bp).
Our study led to the identification of six convenient
four-bp key strings (Table 2).

The largest number of the 171-bp subsequences
within the AC017075.8 sequence appeared when the
TTTC key string was used. Segmentation of
AC017075.8 with the TTTC key string in the central
domain is characterized by the periodic cell consist-
ing of ten 171-bp, four 170-bp, and two 172-bp
monomers organized into a 16mer, as follows:

170, 171, 171, 170, 171, 170, 171, 171, 171,
172, 171, 171, 171, 172, 171, 170.
The corresponding KSA subsequence array in the

central domain is illustrated in Figure 4.

When we compare the segmentation of HORs
from the central domain into alpha monomers using
different key groups, the KSA subsequence maps co-
incide for the TTTC and CTTC key groups (Fig. 5). The
last segmentation displayed corresponds to the AAAC
key string, which we used in our previous study (21).

On the other hand, in the front and back domains
of AC017075.8, the length-arrays showed no period-
icity, ie, HORs were not present. However, TTTC key

string segmented the AC017075.8 sequence in
non-HOR regions into alpha monomers (Fig. 6).

In the central domain, we identified larger inser-
tions or deletions with respect to the HOR pattern
(21). There is, for example, a 341-bp gap after the po-
sition 111893. The missing segment corresponds to
the sequence at the 109160-109500 positions in the
neighboring regular HOR copy. We found six dis-
torted HORs in the central-domain that accounted for
insertions and deletions (21). For example, in the
HOR-copy No. 33, there is an insertion of the 856-bp
sequence after the position of monomer m13; this in-
sertion consists of an additional inserted 5-mer,
m09+m10 +m11+m12+m13. This distorted HOR
copy contains 21 instead of 16 monomers. We found
that all insertions and deletions appearing in the
AC017075.8 sequence contained only blocks which
consist of monomers.

TTTTTTAAAAA – Higher-order Repeat Key
String

We searched further for a characteristic HOR key
string for segmentation of genomic sequence directly
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Figure 4. Graphical presentation of the TTTC key-string
subsequence lengths for a higher-order repeat (HOR) seg-
ment of AC017075.8 in the interval from 81103 bp to
89305 bp.

Figure 5. Comparison of segmentation of the 2734-bp HOR
are presented for different key strings: TTTC, CTTC, GATA,
TCTG, and AAAC.

Table 2. Frequency of appearance of approximately 171-bp
alpha monomers in AC017075.8 for six choices of the key
string, in order of decreasing frequency of appearance of the
171-bp alpha monomer

Frequency of appearance
Key string 171 bp 170 bp 172 bp 169 bp 173 bp
TTTC 647 245 113 15 2
GTTT 634 232 103 11 1
CTTC 577 177 108 10 0
GATA 574 178 103 4 2
TTCT 535 183 72 15 1
TCTG 522 182 60 13 0

Figure 6. Illustration of segmentation of the front domain of
AC017075.8 by using the TTTC key string.



into HORs. Such a key string is the 11-bp string
TTTTTTAAAAA, referred to as the “beautiful” string.
The beautiful string appears exclusively in the central
domain of the clone, only once in each HOR copy
and always at the same position (Fig. 7). This key
string exhibits the highest degree of robustness, ie, the
number of mutations with respect to genomic se-
quence is the smallest. Segmentation of the clone
AC017075.8 with this key string reveals 55 HORs
with 880 alpha-satellites. The first key string starts at
the position 31981 bp and the last at 178077 bp.
Thus, a more precise positioning of the three domains
identified with the TTTTTTAAAAA key-string analysis
are the front domain (31 kbp), the central domain
(147 kbp), and the back domain (15 kbp).

At the positions 81876, 148182, and 167148,
there is one point mutation in the corresponding key
string, giving the respective modified forms: TATT
TTAAAAA, TTTTTTAAGAA, and TTTTTTAAGAA.
There are two point mutations in two strings at the po-
sitions 111779 and 111782 (giving TTCTTCAAAAA),
and at the positions 120835 and 120836 (giving
TCCTTTAAAAA) (Fig. 7). In the front-domain and in
the back-domain there are 199 alpha monomers that
are not organized into HORs.

Sixteen Variants of Alpha Monomers within
Higher-order Repeat (HOR) and Consensus
HOR in AC017075.8

Sixteen alpha monomers in each HOR are de-
noted as follows: m01, m02...., m16. Divergence in
sequence alignment of any two monomers within the
same HOR copy is about 20% on average. This diver-
gence was illustrated by displaying the alignment of
two neighboring 171 bp sequences (21).

Divergence of monomers within the same HOR
copy can be easily observed by displaying different
variants of alpha monomer one below the other in the
form of HOR-vector:

As an example, we have displayed the variants of
alpha monomer from HORs in this way (Fig. 8).

On the other hand, the sequence alignment be-
tween different 2734-bp HOR copies exhibits much
weaker divergence. Divergence of different HOR
copies with respect to each other is less than 1%.
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Figure 7. Segmentation of genomic sequence AC017075.8 by using the key string TTTC. Only the first 171-bp segment of
each higher-order repeat (HOR) is displayed, one below the other. The “beautiful” string TTTTTTAAAAA is marked. The re-
maining 15 segments of approximately 171-bp, not shown in the figure, do not contain the «beautiful» string. Difference be-
tween the corresponding alpha satellites in the central domain is about 0.7%. This small difference is the key for exact identi-
fication of mutations.* Bases in the HOR-regions show almost perfect regularity, which is disturbed only by mutations. In the
front and back domains, such crystal-like structure is not present.

*Web-extra: Full segmentation of all 55 HORs is available at
www.cmj.hr.
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This pattern is consistent with previous findings
of sizeable differences in nucleotide structure be-
tween the 171-bp monomer variants within each
HOR copy (20-40%), while the differences between
different HOR copies ere much smaller, less than a
few percent (23-29).

Using the GTTTCT key string, with only one ap-
pearance in each alpha monomer, we have compu-
tationally constructed a consensus sequence in the
central-domain of human chromosome 7 (21). Diver-
gence of different HOR copies with respect to HOR
consensus ranges from 0.3% (HOR 26) to 2% (HOR
01), with an average divergence of 0.7%. Thus, the
concept of consensus HOR may serve as a conve-
nient guideline and reference for computational anal-
yses of mutations in satellite DNAs in eukaryotes.

Higher-order Repeat-matrix and Visual
Display of Mutations

Let us define the map of 55 HORs using the KSA
method in the case of AC017075.8. These HORs can
be displayed in the form of the 55×2734 matrix (55
rows and 2734 columns). For example, using a cho-
sen key group, we can display the first HOR in the first
row, the second HOR in the second row, and so on
until the 55th HOR in the 55th row. Such a HOR-ma-
trix has an ordered alpha-monomer structure, with

monomers m01 in the first 171 columns, m02 in the
second 171 columns, and so on. Thus, 55 monomers
m01 from 55 HORs are displayed one below the
other, 55 monomers m02 from 55 HORs are dis-
played one below the other, and so on, as indicated
schematically below in the HOR-matrix:

An example of two vertical segments from the
HOR-matrix for AC017075.8 with TTTC key string is
displayed in Figure 7 (corresponding to the m01-col-
umns of the HOR-matrix) and in Figure 9 (corre-
sponding to the m13-columns of the HOR-matrix).

The HOR-matrix presents a visually regular form
of compact crystal-like structure. Within such a struc-
ture, each point mutation can be readily observed: in
each column of a particular base or a group of bases,
the changed base can be easily identified. Coloring
each type of bases with the same color, the mutations
can be straightforwardly recognized visually. For
larger insertions and deletions, a disturbance of order-
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Figure 8. Segmentation of AC017075.8 into alpha monomers displayed one below the other according to schematic presen-
tation of HOR-vector. The key group is TTTC. The «beautiful» string is marked yellow. Five higher-order repeats (HORs) are
presented (h48-h52). Divergence between alpha satellites within the same HOR is about 20%.The pattern of bases does not
show a crystal-like regularity of the type presented in the Figure 7 and point mutations are not visible like in Figure 7.
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ing of bases is observed. More careful consideration
would allow us to identify and follow all deviations
from the regularity in the sequence.

Overview of Other Available Algorithms
for Identification of Repetitive Pattern and
Comparison with Key-string Algorithm for
Higher-order Repeats

Many methods and programs have been devel-
oped for computational analyses of genomic se-
quences, all trying to achieve a compromise between
efficiency and sensitivity requirements, which are dif-
ferent in different applications. However, despite
many efforts and algorithms available, the identifica-
tion of repetitive pattern within a given genomic se-
quence remains a challenge for computational geno-
mics.

There are several algorithms available for identi-
fying tandem repeats with a simple pattern structure,
each having specific limitations (30-42). Repeat iden-
tification is complicated because of imperfect conser-
vation due to substitutions, insertions, and deletions
as well as complex structure of HORs.

Several algorithms for identifying recurrences in
DNA sequences are based on suffix-tree approach
(30-34) and compression-based approach (35-37). A
priori period- and pattern-based algorithms use
straightforward methods for locating tandem repeat

regions. Algorithms were developed to find homolo-
gies between consensus sequences and a given ge-
nomic sequence (38,39). A similar approach is based
on creating a sequence database of a genomic se-
quence and performing a homology search of the se-
quence itself, using tools like FASTA (43) and BLAST
(44).

The problem of alignment has expanded and be-
came substantially more complicated. Whereas the
original alignment problem asked for a comparison of
two short sequences, the current sequences being an-
alyzed often demand robust alignment algorithms
that satisfy many criteria and requirements. Align-
ment programs permit adjustment of numerous pa-
rameters and thresholds. However, it is a tricky busi-
ness to test whether a particular combination of val-
ues is doing a good job (45). Moreover, different
classes of parameters and thresholds might be tested
in different ways. The maxim “It is an order of magni-
tude easier to design two good programs than to tell
which one is better” seems appropriate (45).

Many difficult tasks have to be accomplished be-
fore the problem of aligning genome sequences is ad-
equately solved (46). Also, a sophisticated yet effi-
cient alignment program that combines the best of
both local and global alignment algorithms still needs
to be developed.
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Figure 9. The m13-columns of HOR-matrix for genomic sequence AC017075.8 with the key string TTTC. Centromere protein
CENP-B box (in orange, read from rhs to lhs) as well as each of the CAAA and TTTC strings at three fixed positions are marked
(color). Difference between alpha satellites m13 is about 0.7%. This small difference is the key for exact identification of mu-
tations.
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RepeatMasker is a program that screens DNA se-
quences for interspersed repeats and low complexity
sequences (47). The program provides position and
type of repeats. RepeatMasker is not reliable for accu-
rate annotation of simple repeat sequences for three
reasons. The interspersed repeats are masked before
the simple repeats, hiding many simple repeats con-
tained within an interspersed repeat before these can
be detected. Only dimeric, trimeric, tetrameric and
some pentameric simple repeats are scanned for, and
often regions that are indicated to be a simple repeat
are highly divergent.

Several algorithms find repeats by using the re-
sults from the above tool; for example, Repeat Tan-
dem Toolkit (RPT) identifies families of repeats (48).

MaskerAids masks repeats from sequence data
(49). Unknown period- and pattern-based algorithms
locate tandem repeat regions without prior knowl-
edge of the period or the pattern. One basic algorithm
in this framework tests ever longer constructed pat-
terns by locating substrings and linking them into
trains (50). However, such an algorithm is designed
only for smaller periods (30-40 nucleotide range).

Another algorithm, Tandem Repeats Finder,
looks for k-length substrings a common distance apart
and uses statistical analysis to set thresholds for select-
ing distances that indicate a potential tandem repeat
region (51-53). In this approach, the window length
determines the sensitivity of the algorithm.

Hauth (54,55) used a similar sliding-length win-
dow technique, but the selection of potential tandem
repeat periodicities differed from the Benson’s
(51,52) approach in that a threshold-based approach
looked for clusters of identical distances and identifi-
cation of regions having complex pattern structures
that correlate to multiple periodicities within a tan-
dem repeat region. Instead of a statistical model, a fil-
ter coupled with techniques for the identification of
data sequence differences was used.

It was argued that complications due to imper-
fect conservation and complexity of HORs cannot be
addressed by a single technique (54). Thus, an algo-
rithm was proposed as a collection of algorithmic
techniques, each designed to address a fundamental
issue observed in genomic sequences (55).

When the motifs are known a priori, the dictio-
nary approach provides a more efficient solution to
the problem. This approach uses a dictionary of
known motifs and scans the input sequence, search-
ing for dictionary entries. A more recent program of
that type is Tandem Repeat Occurrence Locator
(TROLL) (56), which uses the dictionary approach to
find tandem repeats of preselected motifs.

Let us now compare RepeatMasker and Tandem
Repeat Finder with the KSA method when applied to
the genomic sequence AC017075.8, which is charac-
terized by HORs.

Although the RepeatMasker does a good job in
masking simple repeats to avoid spurious matches in
database searches, it is not written to find and indicate
all possibly polymorphic simple repeat sequences.

When applied to the sequence AC017075.8, Re-
peat Masker shows that 97.7% of the sequence be-
longs to alpha satellites, but it cannot identify HORs.

The most famous program that lists tandem re-
peats from a genomic sequence is Tandem Repeat
Finder (52), which finds repeats where motif is re-
peated with a certain degree of variation. The sum-
mary table, obtained by program analysis, contains
information about each repeat, including its location,
size, number of copies, and nucleotide content. Tan-
dem Repeat Finder has been the most general and
comprehensive algorithm for identification of tandem
repeats available so far. However, only repeats with
pattern size ranging from 1 to 500 bases can be de-
tected. Thus, Tandem Repeat Finder program cannot
be used to identify HORs in the sequence AC017
075.8. For example, this is shown for the segment
from the position 75396 to 86857, which is built from
HORs, as shown by KSA. Applying the Tandem Re-
peat Finder (52) with parameters 2 7 7 80 10 50 500,
we can see that the program determined only the
repeats of the lengths 171, 341, and 14 in that
segment (Table 3).

Higher-order Repeats and DNA Folding

By analyzing each of the 16 alpha monomers in
the central domain of AC017075.8 with HOR-matrix,
we can see that all monomers are characterized by an
increased A+T content (60-65%). However, with re-
spect to the A+T content, their structure is segmented
into three segments. The middle segment of length
68-69 bp differs from the two lateral segments of
lengths 56-57 bp and 46-47 bp according to the base
composition. The middle segment is dominated by
thymine (40%) and the lateral segments by adenine
(40%). This structure of alpha monomers is in connec-
tion with nucleosomes – arrangements of DNA and
centromere proteins. Centromere protein A (CENP-A)
is a centromere-specific histone H3 homologue, a
central component in kinetochore formation and
centromere function (1,57,58). Centromere protein B
(CENP-B) exists in every other satellite repeat (59).
There is also centromere protein C (CENP-C). These
three CENPs form regular spherical structures of
folded eukaryotic centromere chromatin (1). Namely,
antibodies to kinetochore proteins, such as CENP-A,
localize only to a portion of alpha satellite DNA (1).
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Table 3. Result of identifying repeats using Tandem Repeats
Finder in the interval from the position 75396 to 86857
Indices Period Copy number
75396-80378 171 29.2
76412-81403 341 14.6
76548-81546 171 29.3
77490-82489 171 29.3
82746-82777 14 2.3
78130-83112 171 29.2
78672-83671 171 29.3
79119-84118 341 14.6
79282-84280 171 29.3
80179-85163 341 14.6
80208-85207 171 29.3
80864-85846 171 29.2
81590-86589 171 29.3
81880-86857 341 14.6



On the other hand, CENP-B specifically binds a 17-bp
DNA sequence in alpha satellite named the CENP-B
box, which positions nucleosomes adjacently (59,
60).

We propose that the middle segment of alpha
monomer belongs to a linker, which binds nucleo-
somes, whereas the lateral segments are twice folded
around CENP-A, creating a spherical structure of
nucleosomes. Thus, it follows that the alpha mono-
mer obtained by KSA computer analysis using TTTC
or AAAC key strings binds neighboring nucleosomes
in the following way: one fold from the first nucleo-
some + linker + one fold from the second nucleoso-
me (Fig. 10). This is supported by the fact that we
found the CENP-B box in the m13 of alpha satellites
in HORs of AC017075.8. It was positioned at the end
of linker bordering with the first fold around a nucleo-
some (Fig. 9).

Although the 16 alpha monomers within each
HOR differ from each other by about 20%, a more
careful analysis shows that despite significant overall
divergence, there are two strings of bases present in
all alpha monomers at the same position: CAAA and
TTTC. While the CAAA strings in our HOR-matrix
scheme are located almost exclusively in DNA seg-
ments folded around CENPs and between the two
folds in the same nucleosome, the TTTC groups are
present in the linker between the two folds just in
front of CAAA. We can see this structure with the be-
ginning of alpha monomer identified by TTTC or
AAAC key string (Fig. 9).

The CAAA string is the most frequent four-nucle-
otide string in AC017075.8, which appears at the fre-
quency of 5258, followed by AAAC (frequency 4144)
and GAAA (frequency 1055). The four-nucleotide
strings with the lowest frequency of appearance in
AC017075.8 are, for example, CCGG (frequency 1),
CGGG (frequency 2), and GCGT (frequency 8), and
so on. Adenine (up to 5-bp strings) and thymine (up to
6-bp strings) cluster in the central HOR domain, while
cytosine and guanine do not appear in strings larger
than 4 bp.

We found the appearance of three to six seg-
ments of almost conserved CAAA motif in each of the
16 monomers within 55 HORs in AC017075.8 (Figs.
7- 9). In four of 16 monomers, some of the CAAA mo-
tifs were replaced by TAAA, GAAA, or GAGA. The
monomer containing TTTTTTAAAAA (the “beautiful
string”) was the only monomer where the string TAAA

replaced twice the CAAA string in robust columns
(Fig. 7). It is particularly significant that in all mono-
mers within HORs, the CAAA motif appeared at three
analog positions, forming three robust chains. The
other three positions of the CAAA string were local-
ized inside most of the alpha monomers at analog po-
sitions, but not in all. According to our computational
scheme of the central domain with HORs, three fixed
positions of CAAA motif were placed at the beginning
and the end of folding around nucleosomes, and
between the two folds.

The next four-nucleotide string at three fixed
identical positions in each of the 16 monomers within
HORs was TTTC. Two positions were in the linker,
and the third between the two folds around nucleo-
somes, immediately before the CAAA string (Fig. 9).
The TTTC motif appeared 39 times in each HOR, and
the variants TTC and TTTTC four times, and TTTTTC
once. Cytosine was always present at the end of the
motif TTTC or its variants.

In the middle segment of each of the 16 mono-
mers within HORs, there was one additional larger
and dominant thymine string consisting of 2-5 thy-
mines (10×TTTTT, 4×TTTT, 1×TTT, 1×TT) in indi-
vidual monomers. A nucleotide before and after the
thymine string in each monomer was variable, and
most often (11/16) guanine came before and adenine
after the thymine string.

A similar structure can be found outside of the
central-domain with HORs, but with less regular pat-
tern.

What can be deduced from the robust identical
strings at fixed positions in each of the 16 monomers
within HORs? If we accept that the alpha-monomer is
a basic unit of folding around nucleosomes (two folds
around CENPs plus a linker), then regardless of
nucleosome sequences in the folding direction and
the number of monomers in one plane, fixed strings
will always appear exactly one below the other. Thus,
regardless of how big the central domain with HORs
in the clone is, these fixed positions of the same string
will present an axis in folding, contributing to the
strength of centromeres. This could be compared to
iron rods in reinforced concrete. The same motifs at
fixed positions within monomers form a crystal-like
structure inside the HORs that additionally lead to
compactness of the centromere/kinetochore con-
struction in the region of the kinetochore microtubu-
les attachments.

New Look at Centromere Folding as Effect of
Higher-order Repeats (HORs) and Super-HOR
in AC017075.8

On the basis of our KSA computational method
in the analysis of alpha-satellites and HOR structure,
we discuss the problem of constructing the centro-
mere folding, starting from the established features:
(a) the centromeric region is built from blocks of al-
pha-satellites, (b) each alpha satellite consists of ap-
proximately 171 bp, which are folded twice around
CENP-A, (c) one plane of rotation involves six nucleo-
somes, and (d) 16 alpha monomers form a HOR with
the 2734-bp consensus.
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Figure 10. Schematic presentation of DNA folding around
centromere proteins (CENPs).

linker



Each of the 16 monomers within HORs has a
specific structure, which is unique for each position
within HORs. Thus, it is not appropriate to consider
the common monomer consensus for all alpha mono-
mers in the HOR. Instead, a consensus monomer
should be determined separately for each of the 16
monomer positions. Consequently, there are 16 con-
sensus alpha monomers associated with 55 HOR se-
quences.Divergence among these consensus alpha
monomers within the same HOR copy is about 20%,
whereas the divergence between the two HORs is
0.7% on average. We would suggest that the asym-
metry, arising from 16 different monomer variants
within HORs, leads to folding.

The CAAA and TTTC motifs, each at three fixed
positions within the same monomer, form a crys-
tal-like structure that additionally contributes to com-
pactness of the centromere/kinetochore construction
(Fig. 11).

Taking into account that six nucleosomes with
CENP-A appear in the same plane (29) (Fig. 12),
which is analogous to folding around histones in
other parts of chromosomes, we studied the folding of
HORs in the centromere region. According to the
mathematical pattern associated with the “perfect”
number six, the starting point of folding is irrelevant
(Fig. 13). Cyclic arrays of three HORs display a new
cycle of folding. Horizontal arrays in our schematic
drawing generate three pairs of columns of the same
group of 16 alpha monomers. Organized in this way,
they simultaneously form three vertical HOR patterns
in the scheme. We can see the specific positions of
each of the 16 alpha monomers, whose cycles are
regularly repeated. Such a doubly intertwined HOR
structure is referred to as a super-HOR (3 � 2734 bp =
8202 bp). In fact, the pattern involving six nucleo-
somes is the only combination that can generate a
super-HOR consisting of three successive HORs. This
basic structure always results in spiral construction
(Fig. 13). In this way, folding is generated by regular
sequences of base pairs, alpha monomers and HORs.

A similar consideration can be expanded to other
chromosomes regardless of the number of monomers
within the HOR.

Such a type of folding reconstruction involves
several levels of organization: double folding around
each nucleosome, folding around nucleosomes ac-
cording to the scheme based on the number six, and
spiral folding generated by HORs in the horizontal
and vertical arrays. We would suggest that such a reg-
ular mosaic organization could enable a unique con-
struction of the centromeric region and a random at-
tachment to the kinetochore microtubules.

Key-string Algorithm Analysis of Other Clones
in the Centromere of Chromosome 7

Using the KSA analysis of other available clones
in the centromeric region of chromosome 7, we iden-
tified arrays of alpha satellites in additional three
clones. Employing the AAAA key string, we found al-
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Figure 12. Schematic presentation of six nucleosomes in
one plane (arrow).

}

Figure 11. Key-string algorithm for the TTTC key string applied to a section of 16mer higher-order repeat (HOR) section of
genomic sequence AC017075.8 in human chromosome 7. A. Genomic sequence corresponds to the odd-numbered alpha
satellite monomers (1, 7, 13, 3, 9, 15, 5, 11) (odd-numbered vertical column in Fig. 13). B. Genomic sequence corresponds to
the even-numbered alpha satellite monomers (6, 12, 2, 8, 14, 4, 10, 16) (even-numbered vertical column in Fig. 13). The
“beautiful“ string is marked yellow, centromere protein CENP-B box orange, TTTC string pink, and CAAA string green.
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pha satellites in the clones AC092383 (137446 bp)
and AC0104789 (142048 bp), and by using the TTTT
key string we found them in the clone AC01906.3
(187282 bp). In the last 10,000 base pairs of the clone
AC01906.3, we identified HOR dimers (171 bp, 169
bp). The other sequences of alpha satellites, inter-
rupted at some positions by irregular shorter seg-
ments, did not exhibit HOR organization.

Novel Color-HOR Diagram for Identification
of HORs

Here we introduce a novel graphical algorithm
for a fast scan and identification of HORs, referred to
as a Color-HOR diagram. This method of a straightfor-
ward visual identification of HORs is based on the
KSA.

Using the KSA method, we formed a length-ar-
ray, ie, an array of lengths of key-string subsequences
in a given genomic sequence. We wanted to deter-
mine computationally the frequencies of subsequen-
ce lengths for a chosen key string and, based on this,
to construct the Color-HOR diagram. Here follows
the illustration of the method for AC017175.8, con-
sisting of several steps.

First step. We choose a particular key string, for
example GCC. Positions of the GCC key string within
AC017075.8 are illustrated in Fig. 14. We determine
computationally a set of lengths (	) of the correspond-
ing subsequences.

Second step. For each subsequence length 	, the
corresponding frequency N is computed. We display
the length-frequency distribution, N versus 	 (Fig.
15). Each peak corresponds to a frequency N of a cer-
tain length 	. From Figure 15, we identify a restricted
set of lengths (five to ten) appearing with largest
frequences (Fig. 15 and the first column in Table 4).

Third step. To each of most frequent lengths
identified in the second step, we arbitrarily assign a
color (Table 4). If the frequencies of lengths for a
given key string are too scattered, so that a set of 5-10
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Figure 13. Schematic planar presentation of basic folding
structure resulting from aligning alpha monomers and
HORs. There are six monomers in each plane of rotation. A.
Starting with monomer 1 within HOR. B. Starting with
monomers 1 and 2. Three successive HORs (red, blue, and
yellow) form one 2734×3 = 8202-bp super-HOR. In both
presentations the analog HOR structure evolves horizon-
tally (each characterized by one of three colors) and verti-
cally (each encircled). This leads to a third, inclined direc-
tion in the scheme that corresponds to a spiral folding.

Figure 14. Illustration of positions of the key string GCC in the
front section at positions 1-5000 bp of genomic sequence
AC017075.8. Horizontal band displays genomic sequence;
each vertical line displays position of the key string GCC along
genomic sequence.

Figure 15. Graphical presentation of the length-frequency distri-
bution (frequency N versus subsequence length 	) for
genomic sequence AC017075.8 with the key string GCC.

Table 4. Ten most frequent subsequence lenghts in genomic
sequence AC017075.8 for the key string GCC and their as-
signed colors
Length Color
	(bp)
478 black
449 red
340 green
253 blue
196 yellow
193 brown
172 grey
152 violet
148 cyan
11 magenta



lengths with pronounced frequencies does not ap-
pear, the same procedure is repeated for some other
key string, until a convenient key string is found that
generates a set of 5-10 lengths with pronounced fre-
quencies.

Fourth step. Along the horizontal band that dis-
plays the genomic sequence (AC017075.8 in our
case study), we present positions of all key strings
appearing in the genomic sequence by vertical lines.
This corresponds with extension of the band in Fig-
ure 14 to complete length of the genomic sequence
AC017075.8 and its compression. In this way, the
band is segmented into a series of intervals. Each in-
terval in this map displays a KSA subsequence graph-
ically and is colored according to the prescription
chosen in Table 4: each interval of the length 	=152
bp – violet, each interval of the length 	=11 bp –
magenta, each interval of the length 	=196 bp –
yellow, and so on. The intervals with lengths of low
frequencies (not included in Table 4) are left blank.

In this way, we obtain a Color-HOR diagram for
a given genomic sequence, AC017075.8 (Fig. 16).

The interval of alpha monomers not organized
into HORs remains mostly blank in the Color-HOR
diagram, because the lengths there are always very
scattered. The domain with HORs displays a col-
ored motif, which is periodically repeated (with
some irregularities depending on insertions and de-
letions) along the map presenting the genomic se-
quence. We can also observe 53 repetitions of a ba-
sic color-motif, some of them distorted (Fig. 16). This
repetitive color-motif can be seen in the central do-
main of the map, in accordance with the result of di-
rect KSA segmentation. Thus, an easy identification

of repetitive Color-HOR motif provides a simple vi-
sual way to determine the HOR region within a
given genomic sequence.

Novel KSA Divergence Method

Key-string Algorithm Divergence Array,
Divergence Matrix, and Divergence Diagram
Another KSA-based graphical method is the

KSA-divergence method, which allows a simple vi-
sual identification of HORs in a given genomic se-
quence. The method illustrated here for the case
study of AC017075.8 is organized in the following
manner.

First step. A given genomic sequence (AC017
075.8) is segmented into KSA subsequences with a
key-string algorithm that segments the sequence into
alpha monomers, e.g., AAAC (21).

Second step. Key-string subsequences from the
first step are transformed in order of appearance into
modified KSA subsequences as follows:

• If the length of a subsequence is between 168
and 173 bp, the subsequence is left unchanged.

• If the length of a subsequence is larger than
173, the first 171 base pairs in the subsequence are re-
tained, while the rest of the base pairs are deleted.

• If the length of a subsequence is less than 168
base pairs, it is deleted in the case that the following
subsequence, in the order of appearance, is longer
than 167 bp. For example, if a 79-bp subsequence is
followed by a 170-bp subsequence, then the whole
79-bp subsequence is deleted.

• If the length of a subsequence is less than 168
base pairs and if the next subsequence is shorter than
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Figure 16. Color-HOR diagram for AC017075.8 with the key string GCC. The two smaller intervals of the Color-HOR dia-
gram, containing two color-motifs each, are magnified for clarity. The front domain at the beginning and back domain at
the end of the upper band, containing alpha monomers withouth HORs, are blank.

HOR HOR HOR HOR



168 bp, both subsequences are fused into a single
subsequence. After that, only the first 171 base pairs
of the fused sequence are retained, while the rest are
deleted. For example, if a 79-bp subsequence is fol-
lowed by a 150-bp subsequence, they are fused into
one subsequence of 79 bp + 150 bp = 229 bp (79
base pairs of the 79-bp subsequence followed by 150
base pairs of the 150-bp subsequence). In this fused
229-bp subsequence, only the first 171 base pairs are
retained, while the rest are deleted.

In this way, a given genomic sequence (AC0170
75.8 in our case study) is transformed into an array of
approximately 171-bp subsequences, referred to as
KSA divergence-array. For AC017075.8, the KSA di-
vergence-array based on the AAAC key string has the
size of 1061 subsequences of approximately 171 bp.

Let us denote the divergence-array as m1, m2,
m3,… mN, (N=1061 in our case study). Here, mk de-
notes the kth subsequence of approximately 171 bp.

Third step. Now we compute the divergence be-
tween any two subsequences in divergence array.
These results can be displayed by the following ma-
trix, referred to as divergence matrix:

For example, d12 denotes divergence between
the subsequences m1 and m2. In general, dik is diver-
gence between the subsequences mi and mk.

Fourth step. To graphically display divergences
dik, N divergence diagrams are used. In the first dia-
gram (Fig. 17a) we display divergence of the sub-
sequence m1 with respect to all the other subsequenc-
es (m2, m3,… mN). Here we refer to m1 as the referent
subsequence. The horizontal axis displays the enu-
merator k of a subsequence in the array (m2, m3,…
mN) and the vertical axis displays divergence with re-
spect to the referent subsequence (m1). For example,
the closed circle showing divergence at the position k
= 400 in Figure 17A corresponds to divergence be-
tween the referent subsequence m1 and the sub-
sequence m400. Inspection of this diagram shows that
divergence between the referent subsequence m1 and
all the other subsequences is in the range of about
15-75%.

The genomic sequence AC017075.8 can be seg-
mented into three domains (Fig. 17A) in accordance
with previous considerations by using other methods
of analysis, as follows:

1. front domain, characterized by an irregular
pattern, for k
150, ie, corresponding to the front do-
main (�30 kbp) of the genomic sequence;

2. central domain, characterized by a periodic
pattern, for k between �150 and �1018, ie, for the
middle domain of �150 kbp; and

3. back domain, characterized by an irregular
pattern, for k�1018, ie, for the back domain of �15
kbp.

The central domain contains periodically re-
peated HORs of 2734 bp (16mers), investigated by
KSA segmentation in our previous study (21).

The divergence diagram for the referent subsequ-
ence m2 (Fig. 17B) exhibits a qualitatively similar pat-
tern to that in Fig. 17A.

Qualitatively similar behavior, with periodic
central domain at 15% divergence, is found in the ar-
ray of divergence diagrams for referent subsequences
m3, m4, up to divergence diagram for the 152nd sub-
sequence m152 (Fig. 17C). Some divergence diagrams
have a reduced range of divergences, but they also
show a periodic pattern in the central domain, with
divergence larger than 15% (for some referent sub-
sequence, the lower limit of divergence is sizably
higher). This means that for any referent subsequence
from the front domain, the divergences with respect
to all other subsequences are larger than 15%.

The basic change of pattern appears first for the
referent subsequence m153 (Fig. 17D). While the
graph in the front and back domains is similar to pre-
vious cases, with all divergences greater than 15%, in
the central domain every 16th subsequence shows
dramatic drop in divergence to less than 1%. This re-
veals the presence of HORs. A similar pattern persists
for referent subsequences m154, m155, up to the refer-
ent subsequence m1018.

In the remaining diagrams, for referent subse-
quences to the very end of the back domain of
AC017075.8, all divergences are again greater than
15%.

For example, for the referent subsequence m1017

(Fig. 17E), the minimal divergence in the central do-
main is smaller than 1%, whereas for m1019 (Fig. 17F)
the minimal divergence is larger than 15%.

Due to the way (fusing and truncation) used in
forming the divergence array (second step of the pro-
cedure), only the gross structure of HORs can be ana-
lyzed. The finer details can be analyzed by KSA seg-
mentation, as described for the case study for geno-
mic sequence AC017075.8.

Thus, divergences of any referent subsequence
from the central domain with respect to all the other
subsequences in the central domain of AC017075.8
exhibit pronounced periodicity, with very small di-
vergence (1%) with respect to each 16th position in
the central domain. A straightforward visual inspec-
tion of divergence diagrams provides an easy identifi-
cation of that pattern, ie, of the 16mer HOR domain.

The KSA divergence-recipe for identification of
HOR domain can be defined as follows:

First we arbitrarily choose a referent subsequen-
ce and computationally construct the corresponding
divergence diagram (for example, Fig. 17A). In this di-
agram, we visually identify a domain with periodic
pattern. Then we arbitrarily select as a new referent
sequence the one from this periodic domain and
computationally construct the corresponding diver-
gence diagram (for example, Fig. 17D). This diagram
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Figure 17. KSA minimum divergence-diagrams for genetic sequence AC017175.8 with key string AAAC. Referent subse-
quences: A. m1, B. m2, C. m152, D. m153, E. m1017, and F. m1019. D and E: HORs-divergence drops to less than 1%.



exhibits strongly pronounced periodic minima (at di-
vergence less than 1 %) at every nth (16th in our case
study) position in the periodic domain, identifying the
16mer HORs.

KSA Minimum-divergence Diagram
Each divergence diagram for each referent mo-

nomer corresponds to a row in the divergence matrix.
Now we assign to each of N referent subsequences a
minimum value of its divergence with respect to all
other subsequences. We display graphically these
minimum values of divergence along the divergence
array, depending on the enumerator k of referent sub-
sequences. For example, if the minimum value of all
divergences in the divergence diagram for the kth ref-
erent subsequence is d, then the corresponding point
in the KSA minimum-divergence diagram is a point
with the horizontal coordinate k and vertical coordi-
nate d.

Finally, to reduce local fluctuations in the above
diagram, we perform an additional averaging in this
diagram, as follows:

Let us consider a minimum divergence d that
corresponds to the kth referent subsequence mk. We
form an interval of referent subsequences for 10
neighboring integers smaller than k (ie, for k-10, k-9,
... k-1) and for 10 neighboring integers larger than k
(ie, for k+1, k+2, ... k+10) (Fig. 18). If there is at least
one divergence less than 3% in the intervals on both
sides of k, then we assign 0 instead of d to the kth ref-
erent subsequence. Otherwise, the computed value d
is left unchanged. A diagram obtained in this way is
referred to as the KSA minimum-divergence diagram
(Fig. 19). Thus, in the KSA minimum-divergence dia-
gram, the domain of HORs is directly identified as the
interval with a straight horizontal line along the hori-
zontal axis.

171-bp Subsequence Convergence-diagram
for Identification of Higher-order Repeats

Each monomer copy within a given genomic se-
quence diverges from other monomer copies in that
sequence by 20-40%, except for selected alpha mo-
nomers within HORs. Each alpha monomer in one
HOR copy differs from the corresponding alpha
monomer in the other HOR copy by less than 1%: the
first alpha monomers in all HOR copies are conver-
gent to each other, the second monomers in all HOR
copies are convergent to each other… (except for
those having large insertions or deletions). Exploiting
this feature, we have devised the following novel
graphical method to identify HORs in a given ge-
nomic sequence.

First step. An array of 171-bp subsequences is
formed: subsequence No. 1 – from position 1 to 171
in genomic sequence; subsequence No. 2 – from po-
sition 2 to 172 in genomic sequence; subsequence
No. 3 – from position 3 to 173 in genomic sequence;
and thus all the way to the end of the given genomic
sequence. In the case study of AC017075.8, the last
171-bp subsequence is No. 193106 – from the posi-
tion 193106 to 193277. In our case study, we formed
a set of 193106 subsequences: (1-171), (2-172), (3-
173),... (193106-193277), with, for example, (1-171)
denoting the subsequence from the position 1 bp to
the position 171 bp.

Second step. We compute divergence of the No.
1 subsequence with all 171-bp subsequences from
the set. Then we assign to the No. 1 subsequence the
enumerators of those subsequences that diverge from
the No.1 subsequence less than 3%. In our case
study, the No.1 subsequence has a divergence
smaller than 3% only with itself, ie, to the No. 1 we
assign only the No. 1. Thus, to the subsequence No.
1, we assign the pair of numbers (k,l) = (1,1). A simi-
lar situation appears for all 171-bp subsequences
within the front (ie, non-HOR) domain of AC01
7075.8: No. 2 is assigned to No. 2, No. 3 to No. 3,
and so on. Thus, to No. 2 subsequence, we assign the
pair of numbers (k,l) = (2,2), to No. 3 subsequence
we assign (k,l) = (3,3), and so on. First, with the onset
of the HOR-domain, the situation changes; for exam-
ple, to the subsequence No. 34000, we assign subse-
quences No. 34000, 34000 + 2734 = 36734, 34000
+ 2×2734 = 39468, ... In this way, we have the cor-
responding pairs of numbers (k,l) = (34000, 34000),
(34000, 36734), (34000, 39468), and so on. Thus, in
the HOR domain we assign several pairs of numbers
(k,l) = (k,k), (k,k+2734), (k,k+2×2734), and so on,
to each ordering number k.

Third step. Every pair of numbers from the sec-
ond step are displayed graphically: the first number of
the pair is taken as a coordinate on the horizontal axis
and the second as a coordinate on the vertical axis
(Fig. 20). Outside of the HOR domain, we obtain the
points on a single monotonically increasing line,
while in the HOR domain we obtain a series of paral-
lel lines due to convergence between every 16th
monomer. Some irregularities in the pattern of paral-
lel lines reflect larger insertions and deletions in the
HOR sequence.
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Figure 18. Interval for averaging procedure at the position k
bp in a given genomic sequence.

Figure 19. Key-string algorithm minimum-divergence dia-
gram for AC017075.8 with key string AAAC.



Such convergence diagram provides a straight-
forward identification of HOR domain, as demon-
strated in the case study for AC017075.8.

Total Frequency Distribution of the Key-string
Subsequence Lengths

Let us now consider the set of all strings consist-
ing of r bases. For example, for r = 2 there are 42, or
16, strings (AA, AC, AG, AT, CA, CC, CG, CT, GA,
GC, GG, GT, TA, TC, TG, and TT). In general, for any
r there are 4r strings of r base pairs. In the case of equal
probability of each r-bp string within a genomic se-
quence, the average distance between the two equal
strings in a random distribution model is 4r base pairs.
For example, the average distance between the two
equal 2-bp strings under assumption of equal proba-
bility is 42=16 bp. On the basis of computer simula-
tions, we can argue that a convenient referent fre-
quency distribution for a given size of genomic se-
quence can be conveniently described by consider-
ing the set of all r-bp key strings, if the number 4r is
comparable to the HOR size.

For a convenient size r of the key strings, we
compute in a given genomic sequence all KSA-sub-
sequence lengths for all 4r key strings with r basepairs.
By superposing all subsequences, the total length fre-
quencies are computed.

In the case study of the genomic sequence
AC017075.8, a convenient referent size of the set of
key strings for analysis of total length distribution is r
=5. Then, the total number of all r-bp key strings in
the case of equal probability distribution is 45 =
1024. Under the assumption of equal probability dis-
tribution, the expected average total frequency of ap-
pearance of two identical 5-bp strings is 193277/1024
=190. For the realistic genomic sequence AC017
075.8, we will consider those total 5-bp subsequence

lengths with frequency larger than five average fre-
quencies, ie, larger than about 1000. In that case, one
can expect strongly enhanced frequencies associated
with alpha monomers and HORs.

Let us now investigate segmentations of the
AC017075 using all 5-bp key strings. For each key
string with five base pairs, we determine the corre-
sponding KSA subsequence lengths. In each array of
lengths, we determine computationally the frequency
of appearance of each length. Then we perform sum-
mation of frequency of appearance of each value of
length in subsequence arrays for all possible strings of
five base pairs. Thus we obtain the total frequency dis-
tribution of lengths in all key-string subsequences.
The most frequent length, with frequency of appear-
ance greater than 1000, is 171 bp (frequency 29329),
followed by 170 bp (10773), and 172 bp (5068) (Ta-
ble 5). These three approximately 171-bp frequencies
correspond to the basic alpha monomer.

Several other computed high-frequency lengths
are those that can be segmented into nmers as
follows:

341 (= 171 +170),
342 (= 171 +171),
512 (=170 + 2×171),
343 (= 171 + 172),
685 (= 3×171 + 172),
514 (= 2×171 + 172),
856 (= 4×171 + 172),
853 (= 3×171 + 2×170)...
The length 2734 bp, at high frequency of appear-

ance (7323), corresponds to the 16mer HOR (10×
171 + 4×170 + 2×172).

On the other hand, inspection of shorter KSA
subsequences, which are the segments of alpha mo-
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Figure 20. 171-bp subsequence convergence-diagram for AC017075.8. Horizontal axis: position k of the beginning of the
171-bp subsequence in AC017075.8. Vertical axis: position l assigned to k according to procedure described in text. Parallel
lines are signature of the higher-order repeat domain.



nomer, provide an indication for internal composi-
tion of approximately 171-bp alpha monomer. Short
segments of high frequency presented in Table 5 are
14-bp, 27-bp, 29-bp, 12-bp, and 46-bp. They can be
combined into three sequences of approximately 57
bp:

27 bp + 29 bp = 56 bp,
14 bp + 14 bp + 29 bp = 57 bp, and
12 bp + 46 bp = 58 bp,
which can in turn serve as building blocks for

construction of approximately 171-bp alpha mono-
mer:

171 bp = 56 bp + 57 bp + 58 bp,
170 bp = 56 bp + 56 bp + 58 bp, and
172 bp = 57 bp + 57 bp + 58 bp.
Thus, computed total frequencies of KSA subse-

quences reveal the presence of alpha monomer and
HORs in a straightforward way, as well as a possible
internal structure of alpha monomer.

Fast Fourier Transform Applied to Repetitive
Sequences in Centromeric DNA

Fast Fourier analysis, which can identify repeats
of certain segments of the same length in nucleotide
sequences, was applied to search for hidden perio-
dicities in DNA sequences and in studying long-range
correlations. Previous investigations using Fourier
analyses have been directed to exons and introns,
whereas no specific study of alpha satellite DNA has
been reported (61-65). We applied Fourier analyses
to alpha satellite DNA sequences and investigated the
associated periodicities and correlations. We first
mapped the genomic sequence into a sequence of
numbers by prescription A�4, T�3, C�2, G�1
(66). Our goal was to reveal periodicities in the short-,
medium-, and long-range order, related both to
monomer and higher-order repeats in human alpha
satellite DNA. We wanted to compare Fourier analy-
sis and KSA computational method in determination
of periodicities by including alpha satellites and HOR
in the genomic sequence AC017075.8.

As seen from the power spectrum in Figure 21a
for the central (HOR) domain the prominent peak at
the frequency f16=0.005852 bp-1 corresponds to the
approximately 171-bp length (more precisely 1/ f16

=170.88 bp), which is the alpha satellite monomer.
The lowest frequency f1 (spectral density Sf =2.71)
corresponds to the 2734-bp HOR having the role of
fundamental frequency. We obtain:

A prominent difference of the front- and back-
domain with respect to the central-domain in
AC017075.8 is in the low-frequency region: there are
no prominent peaks below the frequency correspond-
ing to the 171-bp monomer. The peak at the fre-
quency f1 that would correspond to the 16-mer HOR
is absent in the front- and back-domains (Fig. 21b), as
well as those peaks that would correspond to its mul-
tiples nf1 (n=1, 2, 3,... 15) below the frequency of the
171-bp monomer. This shows that the higher-order
repeat is absent in the front- and back-domains, which
is in accordance with results of the KSA method.

On the other hand, the equidistant pattern asso-
ciated with prominent peaks above the frequency f16

(corresponding to the 171-bp monomer) in the front-
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Table 5. Total frequency distribution of key string subsequen-
ce lengths for 5-bp key strings in AC017075.8
Frequency of appearance Length (bp)
29329 171
10773 170
7902 341
7323 2734
5640 342
5068 172
2322 512
2188 14
1866 343
1549 27
1446 29
1433 685
1096 514
1071 12
1070 46
1066 144
1066 856
1055 853

161

16

1
ff 

Figure 21. A. Power spectrum of the central domain of
AC017075.8 obtained by Fast Fourier transform by using
quartic mapping (66). The peak f1 corresponds to the 2734-
higher-order repeat and the peak f16 to the approximately
171-bp monomer. B. Power spectrum of the front- and
back-domain of AC017075.8 obtained by Fast Fourier
transform computation using quartic mapping (66). The
only pronounced peak corresponds to the 171-bp alpha sat-
ellite.

A

B



and back- domains is qualitatively similar to the cen-
tral-domain (66).

On the basis of Fourier spectrum we have subdi-
vided the 171-bp monomer unit into three approxi-
mately 56-bp subrepeats that were further subdivided
into 12-bp, 14-bp, 17-bp, and 13-bp basic subrepeats.
Taking into account segmentations:

13 bp+14 bp=27 bp,
12 bp+17 bp=29 bp,
12 bp+17 bp+17 bp=46 bp,

this is consistent with the former KSA-based consider-
ations.

All mutations, insertions, and deletions imposed
on the ideal HOR structure (consensus HOR) have
only a minor impact on the multiple-frequency pat-
tern. Fourier transform provides a global method for
identification HORs and internal monomer struc-
tures, insensitive to moderate deviations of periodic-
ity. An exact analysis determining in details all muta-
tions, deletions and insertions can be performed us-
ing the KSA method.

Computational Methods – List of Key-string
Algorithm Analysis Software

We developed DNA sequence analysis software
in programming language C, which performs the KSA
analysis of a given genomic sequence for simple and
higher-order repeats of any length. The use of soft-
ware combines computations of small to moderate
extent and straightforward naked-eye inspection. The
software can be downloaded from our website www.
hazu.hr/KSA/, and contains the following programs
introduced, exemplified, and discussed in this paper:
www.hazu.hr/KSA/segmentation,
www.hazu.hr/KSA/HORmatrix,
www.hazu.hr/KSA/colorHOR
www.hazu.hr/KSA/divergence,
www.hazu.hr/KSA/mindivergence,
www.hazu.hr/KSA/subseqconvergence,
www.hazu.hr/KSA/frequency,
www.hazu.hr/KSA/HORFourier.

Conclusion

We introduced a novel algorithm for the analysis
of non-coding genomic sequences, aimed primarily
at identification and exact analysis of long repeats in
anonymous sequences without any prior knowledge
of a period or pattern. This is a simple and powerful
method to identify very long repeats, for example, the
alpha satellite HORs or long interspersed repeats of
the period of tens of thousands of base pairs. Our ba-
sic idea was an effort to construct a computational
method that corresponds to a “computationally
simulated enzyme”.

Thus, our KSA method is a HOR-oriented pro-
gram, which makes it much simpler to identify HORs
than the alpha monomer itself. Namely, almost any
choice of the key string leads to a straightforward
identification of HORs and insertions, deletions, and
point mutations in its structure, while only some se-

lected key strings reveal the underlying alpha mono-
mer structure.

The KSA method exemplified in this case study
of complete genomic sequence AC017075.8 from
the GenBank database gave a full identification of 55
2734-bp HORs and determination of consensus and
respective insertions, deletions, and point mutations.
Furthermore, we showed the advantage of KSA with
respect to the standard repeats-finding programs,
RepeatMasker and Tandem Repeat Finder, as these
standard programs were not able to identify HORs.
However, the KSA is not a fully automated program:
only the combination of modest-scale computation
and visual inspection of computed results, which al-
lows a high degree of flexibility in identification of the
pattern and deviations, providing an efficient inter-
twining of computer calculation and human pattern
recognition. Yet the method is simple and convenient
to be used by “pedestrians” with only a moderate
computational skills. We are in the process of the KSA
analysis of centromeric regions of all human chromo-
somes. In addition, we preliminary identified several
families of interspersed, intertwined very long repeti-
tions (up to hundred thousands bp long) in the chro-
mosome Y.
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