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Introduction – types of repetitions

Pathak, D., Ali, S. (2012). Repetitive DNA: A Tool to Explore Animal Genomes/Transcriptomes, Functional
Genomics, Dr. Germana Meroni (Ed.), ISBN: 978-953-51-0727-9, InTech, DOI: 10.5772/48259. 2
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• tandem repeats– repeating pattern of 
nucleotide bases in DNA sequence

• higher order repeats – HOR

Introduction - tandem repeats

Glunčić M., Paar V. Direct mapping of symbolic DNA sequence into frequency domain in 
global repeat map algorithm. Nucleic Acids Research, 2012



What are the roles of tandem repeats?

• gene regulation

• changes in chromatin structure

• protein binding sites

• development of the immune system of cells

• repeat analysis in closely related species

• diseases caused by copy number polymorphism
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Computational methods for tandem repeats detection

Glunčić M., Paar V. Direct mapping of symbolic DNA sequence into frequency domain in
global repeat map algorithm. Nucleic Acids Research, 2012 6
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Global Repeat Map method

• directly maps the DNA symbolic sequence into the frequency 
domain- „GLOBAL MAP”

• uses a complete k-word ensemble (global - local)

• parameter - free

• identifies repetitions of all lengths

• robust to copy deviations from the perfect sample

• identifies higher order repeats (HOR)

• consensus lengths and sequences are simply determined 
from results obtained with GRM

• „good” in combination with BLAST
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• 𝑆𝐾 𝑗 = 𝛼1(𝐾, 𝑗) 𝛼2 𝐾, 𝑗 𝛼3 𝐾, 𝑗 … , 𝑗 = 1,2, … , 4𝐾

• 𝑋𝐾 𝑗 = [𝑋𝐾 𝑗 ] 1, [𝑋𝐾 𝑗 ] 2, … . , 𝑋𝐾 𝑗 𝑛, 𝑋𝐾 𝑗 𝑛+1

• [𝑑𝐾 𝑗 ] 𝑛= [𝑋𝐾 𝑗 ] 𝑛+1− 𝑋𝐾 𝑗 𝑛 → 𝑑𝐾 𝑗 = 𝑑𝐾 𝑗 1, 𝑑𝐾 𝑗 2, …

• 𝑓𝐾 𝑗 = [𝑓𝐾 𝑗 ]1,[𝑓𝐾 𝑗 ]2, … . , 𝑓𝐾 𝑗 

→ 𝑓𝐾 𝐸 = σ𝑗=1
𝑁 [𝑓𝐾 𝑗 ]1, σ𝑗=1

𝑁 [𝑓𝐾 𝑗 ]2, …… , σ𝑗=1
𝑁 [𝑓𝐾 𝑗 ], 𝑁 = 4𝐾

Global Repeat Map method - GRM

Glunčić M., Paar V. Direct mapping of symbolic DNA sequence into
frequency domain in global repeat map algorithm. Nucleic Acids Research, 
2012
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Glunčić M., Paar V. Direct mapping of symbolic DNA sequence into frequency
domain in global repeat map algorithm. Nucleic Acids Research, 2012

GRM steps



Examples - GRM diagrams for human and Neanderthal chromosome 1 
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GRM steps T.castenaum example

Monomer length of range of
type consensus(bp)   copy length

m1                    331          328-332
m2                    362                    362-363
m3                    369                    369
m4                    361                    361-362
m5                    369                    369

m1 m2 m3 m4 m5 m6 m7 m8 m9 m10 m11 m12 m13 m14 m15 m16 m17 m18 m19 m20 m21 m22 m23 m24 m25 m26 m27 m28 m29 m30 m31 m32 m33 m34 m35 m36
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m1 1 0 27 9 26 19 8 26 4 27 4,1 27 19 8,6 27 4,1 27 19 8,3 27 3,6 27 19 7,7 26 3,6 27 19 8,3 27 4,4 28 19 8,5 27 4,1 27

m2 361 0 26 5 25 26 5 26 2 26 2,2 25 26 5,1 25 1,6 24 26 4,9 26 1,4 25 25 4,3 26 2,2 25 26 5,1 26 2,2 25 26 5,1 26 1,6

m3 731 0 26 18 2 26 9 26 9,4 26 18 2,8 26 9,1 26 18 2,5 27 8,8 26 18 2,5 26 8,8 26 19 2,5 27 9,6 27 18 2,5 27 9,4 26

m4 1094 0 25 26 1 25 4 25 5,2 25 26 2,2 25 4,6 25 26 0,8 25 4,3 25 25 0,8 25 5,2 25 26 1,6 26 5,1 25 26 1,6 26 4,6

m5 1463 0 17 25 17 25 17 26 1,5 18 25 17 26 2,7 17 25 17 25 2,1 17 25 17 26 3,3 17 25 18 26 0,9 18 25 18 26

m6 1792 0 26 8 25 8,3 26 17 0,6 26 7,7 26 17 0,3 26 7,7 25 17 0,8 25 7,7 26 18 0,3 26 8,6 26 17 0,6 26 8,3 26

m7 2154 0 25 4 25 5,7 25 26 1,1 25 5,2 25 26 0,3 25 4,9 25 25 0,8 25 5,7 25 26 0,5 26 5,7 25 26 0,5 26 5,2

m8 2523 0 25 1,7 25 18 8,8 25 1,7 26 17 8,6 26 0,6 25 18 8 25 1,1 25 18 8,6 26 0,8 26 17 8,8 26 0,6 26

m9 2884 0 25 2,4 25 26 3,5 25 1,9 25 26 4,1 25 1,6 25 25 3,5 25 2,4 25 26 4,1 26 2,4 25 26 4,1 26 1,9

m10 3253 0 25 17 8,8 25 2,2 25 17 8,6 26 1,1 25 18 8 25 1,1 25 18 8,6 26 1,9 26 17 8,8 26 1,7 25

m11 3614 0 26 26 5,7 25 1,1 25 26 6 25 0,8 26 25 5,4 25 1,6 26 26 6,2 26 1,6 26 26 6,2 26 1,1

m12 3983 0 18 25 17 25 2,4 17 25 17 25 1,8 17 25 17 25 3 17 26 18 26 0,9 18 25 18 25

m13 4315 0 26 8,3 26 18 0,3 26 8,3 26 18 1,4 26 8,3 26 19 0,3 27 9,1 27 17 0,6 26 8,8 26

m14 4677 0 25 5,2 25 26 1,4 25 4,9 25 25 1,9 25 5,7 25 26 1,1 26 5,7 25 26 1,1 26 5,2

m15 5046 0 25 17 8 25 1,1 25 18 7,5 25 1,7 25 18 8 25 1,9 26 17 8,3 25 1,7 25

m16 5408 0 25 26 5,4 26 0,3 25 25 4,9 26 1,1 26 26 5,7 26 0,5 25 26 5,7 26 0

m17 5777 0 17 25 17 25 1,2 17 24 17 25 2,4 17 25 18 26 2,1 18 25 18 25

m18 6108 0 26 8 26 17 1,1 26 8 26 18 0 26 8,8 26 17 0,3 26 8,6 26

m19 6470 0 26 5,2 25 25 1,1 26 6 26 26 0,8 26 6 25 26 0,8 26 5,4

m20 6839 0 25 18 7,5 25 0,6 25 18 8 26 0,8 26 17 8,3 26 0,6 26

m21 7200 0 25 25 4,6 25 0,8 26 26 5,4 26 0,8 25 26 5,4 26 0,3

m22 7569 0 17 25 18 25 1,8 17 25 18 26 1,5 18 25 18 25

m23 7900 0 25 7,5 25 18 1,1 26 8,3 26 17 1,4 25 8 25

m24 8262 0 25 5,4 25 26 1,4 26 5,4 25 26 1,4 26 4,9

m25 8631 0 25 18 8 26 1,4 26 17 8,3 26 1,1 26

m26 8992 0 26 26 6,2 26 1,6 25 26 6,2 26 1,1

m27 9361 0 18 26 19 26 2,7 18 25 18 26

m28 9689 0 26 8,8 26 17 0,3 26 8,6 26

m29 10051 0 26 6,2 25 27 0,5 26 5,7

m30 10420 0 27 18 9,1 26 0,8 26

m31 10781 0 26 27 6,2 27 0,5

m32 11150 0 17 25 18 25

m33 11481 0 26 8,8 26

m34 11844 0 26 5,7

m35 12213 0 26

m36 12574 0

h1 360 370
h2 363 369
h3 329 362 369 361 369
h4 361 369
h5 332 362 369 362 369
h6 331 362 369 361 369
h7 331 362 369 361 369
h8 328 362 369 361 369
h9 331 363 369 361 368

0                    500                 1000                   1500

Consensus length



Types of HOR 
structures
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Vlahović I., Glunčić M., Rosandić M.,Ugarković Đ., Paar V.. Regular Higher Order Repeat
Structures in Bettle Tribolium castaneum Genome. Genome Biol.Evol., 2016. A.) Regular HOR. 
B) complex HOR.



Results
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V.Paar, M.Glunčić, M.Rosandić, I.Basar, I.Vlahović ,
Intragene Higher Order Repeats in 
Neuroblastoma BreakPoint Family Genes 
Distinguish Humans from Chimpanzees,
Molecular Biology and Evolution, Volume 28, Issue 
6, June 2011, Pages 1877–1892

Schematic illustrating three NBPF 3mer HOR copies based on 

the ∼1.6-bp monomers in human chromosome 1. (Results

from 2011 -Build 36.3 assembly)

Schematic 

illustrating three 

NBPF 3mer 

HOR copies 

based on the 

∼1.6-bp 

monomers in 

human 

chromosome 1. 

(Results from

2019, Build

hg38 assembly)



Results
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V.Paar, M.Glunčić, M.Rosandić, I.Basar, I.Vlahovi
ć , Intragene Higher Order Repeats in 
Neuroblastoma BreakPoint Family Genes 
Distinguish Humans from Chimpanzees,
Molecular Biology and Evolution, Volume 28, 
Issue 6, June 2011, Pages 1877–1892

Schematic illustrating hierarchical structure of 1,410-bp quartic

HOR. 

Confirmed by V.Romero et al. High Order Formation 
and Evolution of Hornerin in Primates. Genome 
Biology and Evolution, Volume 10, Issue 12, December 
2018, Pages 3167–3175.



HRZZ project – Human-Neanderthal – Chimpanzee -Results

• Goal of the project:

• Creation of the repetition database 
for human, Neanderthal and 
chimpanzee genomes 
(http://genom.hazu.hr)

• Over 2000 records

• ALPHAsub algorithm -extension 14



Results chromosome 21

M. Glunčić, I. Vlahović, V. Paar . Discovery of 33mer in 
chromosome 21 – the largest alpha satellite higher order 
repeat unit among all human somatic chromosomes. 
Scientific Reports volume 9, Article number: 12629 (2019)

Alpha satellite HOR ideogram for linear 
positioning of alpha satellite HOR arrays 
with long repeat units (n ≥ 8).
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Dot-matrix plots 
of 33mer HORs 
in four 
acrocentric 
chromosomes. 
(a) chromosome 
21; (b) 
chromosome 13; 
(c) chromosome 
14; (d) 
chromosome 22. 



Results chromosome Y

Schematic presentation of aligned monomer structure of 45mer alphoid HOR (consensus length 7662 bp) in human 
chromosome Y (Build 37.1). V. Paar , M. Glunčić, I. Basar,   M.Rosandic, P. Paar, M. Cvitković. Large Tandem, Higher 

Order Repeats and Regularly Dispersed Repeat Units Contribute Substantially to Divergence Between 
Human and Chimpanzee Y Chromosomes. 2011, Journal of Molecular Evolution 72(1):34-55 16



Results chromosome Y
GRM diagram and ideogram for human chromosome
Y (Build hg38).

I. Vlahović, M. Glunčić, V. Paar. Rich polymorphic variants of 
alpha satellite 34mer higher order repeats in hg38 assembly 
of human chromosome Y. (submitted paper) 17



What are disadvantages of GRM algorithm?

• main: it depends only on 
DNA sequences, so 
variation in schemas are 
due to different 
assemblies of genomes 
because of tandem repeats 
which are very hard to 
assemble

• solution →new 
sequencing 
technologies able to 
sequence complex region 
of genomes 

Michal Levy-Sakin et al. Genome maps across 26 human 
populations reveal population-specific patterns of 
structural variation. Nature Communications volume 10, 
Article number: 1025 (2019).
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Future work

DNA analysis of some 
diseases:

 autism genomes 
https://research.mss.ng/

 cancer genomes
https://www.cancer.gov/about-
nci/organization/ccg/research/str
uctural-genomics/tcga

• population 
genomics/genetics:

 structural variants in tandem and 
HOR repeats

• differences in repeats between 
close related species (in animals 
and plants) 
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https://research.mss.ng/
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
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