
A Word Recurrence Based Algorithm 
To Extract Genomic Dictionaries

Vincenzo Bonnici, Giuditta Franco, Vincenzo Manca

Department of Computer Science,

University of Verona, Italy

vincenzo.bonnici@univr.it

A Word Recurrence Based Algorithm To Extract Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy

The Thirteenth International Conference on Bioinformatics, 

Biocomputational Systems and Biotechnologies

BIOTECHNO 2021

May 30, 2021 to June 03, 2021 - Valencia, Spain



A Word Recurrence Based Algorithm To Extract Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy

Vincenzo Bonnici
Department of Computer Science, University of Verona, Italy
vincenzo.bonnici@univr.it

Vincenzo Bonnici is Temporary Assistant Professor at the Department of Computer Science of the University of
Verona (Italy). He received the bachelor’s degree and the master’s degree in Computer Science from the
University of Catania (Italy) in 2008 and 2011, respectively. He received the Ph.D. in Computer Science from the
University of Verona in 2015. In 2013-2014 he ha been Visiting Researcher Scholar at the Institute for Genomics
and Bioinformatics (IGB), University of California, Irvine, and in 2017 he has done an internship at the Fondazione
per la Ricerca e la Cura dei Linfomi del Ticino, Istituto Oncologico della Svizzera Italiana, Bellinzona. From 2015 to
2019 he has been research associate at the University of Verona .

Bioinformatics, Computational Biology, Algorithms and data structures, Graph Theory and Parallel computing are
the main research interests of Vincenzo Bonnici. He has worked on the search of substructures within biomedical
graphs, since his master’s degree period. He has extended such topic to the creation, integration, and creation of
biological networks. His research topics also include computational genomics by developing innovative methods
based on Information Theory for the analysis of genomic sequences. Phylogenomic and pangenomics are also
among his research interests in which he studies computational methods for computing homology among
biological sequences. He has also worked in the System Biology field by studying the physical and functional
relations of non-coding RNAs. Parallel computing is a cross-cutting theme for his research studies, and he has
developed parallel solutions on top of different architectures, from SMPs to GP-GPUs. As a result of his research
activities, he has published several papers in relevant scientific journals (Bioinformatics, BMC, IEEE/ACM TCBB,
Nature – Scientific Reports), he won the international contest on graph matching within the 2014 ICPR conference
and a best poster award at the Jacob T. Schwartz International School for Scientific Research, and he has been
speaker at 12 international scientific conferences.



A Word Recurrence Based Algorithm To Extract Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy

InfoGenomics

The InfoGenomics project aims at providing a systematic approach from an informational 
point of view by making use of informational analysis and well-characterized genomic 
features: indices, distributions, representations (and visualizations).

The ENCODE project created an encyclopedia of DNA elements by annotating the human genome in terms of bio-
chemical function.  It provided evidence that 80% of the human genome, first considered junk regions, is covered by 
functional elements.

This scenario has an informational basis linked to DNA 
fragments related to such functional elements. 
An integration between biochemical and 
informational analysis could provide
new possibilities for interpreting data and to discover 
principles of genome organization and functions.

Manca, V.: Infobiotics: information in biotic systems. Springer (2013)
Castellini, A., Franco, G., Manca, V.: A dictionary based informational genome analysis. BMC Genomics, 13, 485 (2012)
Bonnici, V., Manca, V. (2016). Informational laws of genome structures. Scientific reports, 6(1), 1-10.
The Encode Project Consortium: An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57–72 (2012)

Maths in action
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Extraction of Genomic Dictionaries

Goal: to extract a set (dictionary) of factors from a genomic sequence G that are evaluated 
according to the following aspects:
❑ length of words
❑ (sequence and positional) coverage over G

Mini-max criteria are the methods for the evaluation:

i.e. extract a set of words minimizing their lengths and maximizing their sequence 
coverage.
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Evaluation criteria

Let W to be the resultant dictionary output from an elongation procedure
We apply the following measurements:

❑ Word Length Distribution of words in W

❑ Coverage of W in G
❑ A position p in G is said covered if there exists at least one word w in W such that G[i,j] is an 

occurrence of w and i≤p≤j

❑ The sequence coverage cov(G,W) is defined as ratio between the number of covered 
positions of G by the words in W, and the total number of positions in G
❑ Since real genomes may contains N, the total number of positions in G is intended 

without considering the positions where G[i]=N

❑ A position p of G can be covered by several words in W, or multiple times by the same word
❑ The position coverage cov(G,W,p) is defined as the total number of times that p is 

involved in an occurrence of a word in W
❑ We calculate the average (Avg) and the standard-deviation (SD) of cov(G,W,p) for p 

belonging to the set of covered positions
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Extraction of Genomic Dictionaries
State of the art (come examples)

Genome assembly is still an open problem
❑ Salzberg, S. L., Phillippy, A. M., Zimin, A., Puiu, D., Magoc, T., Koren, S., ... & Yorke, J. A. (2012). GAGE: A critical evaluation of genome assemblies and 

assembly algorithms. Genome Research, 22(3), 557-567.
❑ Treangen, T. J., & Salzberg, S. L. (2011). Repetitive DNA and next-generation sequencing: computational challenges and solutions. 
❑ Nature Reviews Genetics, 13(1), 36-46.

Special factors and sequence reconstructability: the dictionary is composed by the minimal hapaxes 
(ShUS, shortest unique substring) of the sequence .

❑ Carpi, A., & De Luca, A. (2001). Words and special factors. Theoretical Computer Science, 259(1), 145-182.
❑ Mignosi, F., Restivo, A., & Sciortino, M. (2002). Words and forbidden factors. Theoretical Computer Science, 273(1), 99-117.
❑ Mignosi, F., Restivo, A., & Sciortino, M. (2002, January). Forbidden factors and fragment assembly. In Developments in Language Theory (pp. 349-358). 

Springer Berlin Heidelberg.
❑ Dudıḱ, M., & Schulman, L. J. (2003). Reconstruction from subsequences. Journal of Combinatorial Theory, Series A, 103(2), 337-348.
❑ Fici, G., Mignosi, F., Restivo, A., & Sciortino, M. (2006). Word assembly through minimal forbidden words. Theoretical computer science, 359(1), 214-

230.
❑ Piña, C., & Uzcátegui, C. (2008). Reconstruction of a word from a multiset of its factors. Theoretical Computer Science, 400(1), 70-83.

Some well-known genomic elements are clustered along the genome sequence.
❑ Extract words by looking at their clustering coefficient: based on a comparison between RDD

and an empirical geometric distribution.
❑ Select top k-mers

❑ Hackenberg M., Rueda A., Carpena P., Bernaola-Galvan P.,́ Barturen G., and Oliver J. L.. Clustering of dna words and biological function: A proof 
of principle. Journal of theoretical biology, 297:127–136, 2012.

❑ Elongate words from seeds
❑ Carpena P., Bernaola-Galv an P., Hackenberg M.,  Coronado AV., and Oliver JL. Level statistics of words: Finding keywords in literary texts and 

symbolic sequences. Physical Review E, 79(3):035102, 2009.
❑ Carpena P., Bernaola-Galvan P., and Ivanov PC. New class of level a statistics in correlated disordered chains. Physical review letters, 

93(17):176804, 2004.
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Recurrence Distance Distribution (RDD)

❑ Let α є Dk(G)
❑ Recurrence (p1,p2) : p1 , p2 є pos(α,G)

❑ Minimal recurrence (p1,p2) : ∄ p' :   p1 < p' < p2     AND   p' є pos(α,G)

❑ The recurrence distance is given by p2- p1

❑ Given a word α, the distribution assigns to any distance n, going from 1 to some maximum value, 
the number of times it occurs at distance n from its previous occurrence

●Achuth Sankar S Nair and T Mahalakshmi. Visualization of genomic data using inter-nucleotide distance signals. Proceedings of IEEE Genomic Signal Processing, 408, 2005.
●Vera Afreixo, et. al. Genome analysis with inter-nucleotide distances. Bioinformatics, 25(23):3064–3070, 2009.

αα
p1 p2G α

p3

RDD of ATG in chromosome 22 of Homo sapiens
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Recurrence Distance Distribution (RDD)

❑ If we suppose a sequence as generated by a Bernoullian process
❑ the occurrences of words within the sequences can be considered independent and the occurrence of 

k of them follows a Poisson distribution

❑ It does not describe where such occurrences are, neither the distances between them.

❑ The Waiting Time of a Poisson Distribution is the Exponential Distribution
(or its discrete counterpart that is the geometric distribution)

❑ In our case
❑ x is the distance between two occurrences
❑ P(x) is the number of times two occurrences appear at distance x

where e is the Euler's number 
and λ is the variance (the mean value of the distribution)
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A novel word recurrence based approach 

Approach
❑ Characterize words by the divergence of their RDD (Recurrence Distance Distribution) to a 

theoretical distribution 
❑ The divergence is used as a measure of the information content of a word
❑ Elongate low expressive words until they acquire a reasonable level of significance 

Random deviation of a word  α
1) Extract the RDD of α in G,  Rα

2) Remove distribution noise (peaks)
3) Force Rα to be a probability distribution
4) Estimate an exponential distribution Eα from Rα

5) Force Eα to be a probability distribution
6) Calculate the random deviation as   r(α) = max( KL(Rα,Eα), KL(Eα,Rα) ) 
7)where KL is the entropic divergence (namely the Kullback-Leibler divergence)
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A novel word recurrence based approach 
Ideally, extract α such that: 

r( α[1,|α|-1] ) < r(α) < r(αx),    for x є {A,C,G,T}   

We could scan over Dk(G), for sever values of k, but it would be extremely expensive
Solution: use an elongation procedure in order to elongate seed words up to more expressive words. 
Discard seeds from the resultant dictionary.
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Elongation procedure
Words, factors and roots seed

r(α)

Selected word

ATGCGCGTATGCAT

Basic elongation strategy

Elongate a seed until r(α) increases

ATGCGCGTATGCATGCCCAC

Subword jumping

Use long seeds in order to discover
words that contain smaller words
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Elongation procedure
Words, factors and roots seed

r(α)

Selected word

ATGCGCGTATGCAT

ATGCGCGTATGCAT

Suffix selection bias

Ideally unwanted, however they 
may correspond to some roots

ATGCGCGTATGCAT

Elongation strategy is inversely
inclusive w.r.t. seeds

Elongation from large seeds include what
smaller seed elongate
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Elongation procedure
Words, factors and roots seed

r(α)

Selected word

Proto-word selection

Ideally unwanted.
The proper prefix and the proper suffix
are selected instead of the real word
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Informational analisys pipeline
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Elongation procedure 
Preferred word lengths in WLD

Hg19,  chromosome 22
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Elongation procedure 
Preferred word lengths in WLD

Hg19,  chromosome 1

seed 
length

e
x

tr
a

ct
e

d
 w

o
rd

 l
e

n
g

th



A Word Recurrence Based Algorithm To Extract Genomic Dictionaries
Vincenzo Bonnici, University of Verona, Italy

Elongation procedure 
Preferred word lengths and their  sequence coverage

Hg19,  chromosome 1, sequence coverage
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Elongation procedure 
Preferred word lengths and their  sequence coverage

Hg19,  chromosome 1, positional coverage
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Elongation procedure 
Preferred word lengths and their coverages
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Hg19, chromosome 1

Positional 
coverage

Sequence 
coverage

Word
count

|Wk| cov(G,Wk) avg(cov(G,Wk,p))

Seeds = D5(G)
k

Wk = Dk(W)
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Chromosome clustering by dictionary intersection
Similarity = intersection / union
Seed length = 5, word length = 6

Similari
ty
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Chromosome clustering by dictionary intersection
Similarity = intersection / union
Seed length = 5, word length = 6

Shared 6-mers
(Shared/union)%
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Conclusions

❑ We have described an information theoretical methodology to extract relatively 
small genomic dictionaries, which have good properties in terms of genome 
coverage (both sequence and average positional coverage as close as possible to 
one)

❑ We have shown that preferred seed lengths emerge, from an observation of 
sequence and positional genome coverage that provide a better coverage. 

❑ Moreover, dictionaries of examers were identified to reveal a clear similarity pattern 
for human chromosomes.

❑ This preliminary work has shown that divergence from randomness can be an 
interesting measure in deciphering the genome language.


