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ABSTRACT The Chaos Game Representation (CGR) algorithm and its frequency-based optimization, the
Frequency Chaos Game Representation (FCGR), offer alignment-free methods for analyzing DNA sequences
through fractal geometry. This study investigates the evolutionary relationships of the PRKN gene in primates
using FCGR, exploring his capacity to reveal phylogenetic signals. We applied FCGR to PRKN gene
sequences from 16 primate species, calculating nucleotide frequencies and generating fractal representations.
Phylogenetic relationships were inferred from fractal similarity and compared to established phylogenies and
Shannon entropy was employed to correlate sequence organization with fractal patterns. Results demonstrate
that FCGR effectively captures evolutionary relationships of the PRKN gene, yielding phylogenetic clustering
consistent with conventional methods. The fractal patterns and their relation to Shannon entropy reveal
structural organization within the PRKN gene sequence, independent of sequence length. This alignment-
free, fractal-based approach offers a rapid and informative tool for studying genetic evolution, with potential
applications in understanding primate phylogeny and neurodegenerative disorders linked to PRKN.
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INTRODUCTION

Complex systems science provides a powerful framework for un-
derstanding biological organization across multiple scales, from
molecules to ecosystems Siegenfeld and Bar-Yam (2020). While a
universal definition remains elusive, complex systems are charac-
terized by large ensembles of interacting elements, spontaneous
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self-organization, and emergent non-trivial structures that can-
not be predicted solely from individual components Mitchell and
Newman (2002). Within this paradigm, fractal geometry, the study
of self-similar patterns at different scales, offers a unique lens
for examining biological complexity Retnaningsih (2024). Frac-
tals, characterized by self-similarity, fractional dimensions, and
iterative generation, are observed both geometrically and statisti-
cally in nature Chatterjee and Yilmaz (1992); Kantelhardt (2008),
and increasingly recognized as inherent properties of biological
sequences and evolutionary processes Saeed (2020).

The Chaos Game Representation (CGR) is a prime example
of applying fractal concepts to DNA sequence analysis. CGR
transforms nucleotide sequences into fractal images, notably the
Sierpinski triangle, by iteratively mapping sequence elements to
defined vertices in a geometric space Barnsley (1988). This method,
when applied to DNA, generates a ‘Sierpiriski carpet’-like fractal,
visually encoding sequence-specific patterns Jeffrey (1990). To en-


https://orcid.org/0000-0003-4659-7677
https://orcid.org/0009-0006-8224-3445
https://orcid.org/0009-0004-2578-5868
https://orcid.org/0009-0002-1367-7427
https://orcid.org/0000-0002-1502-4967
https://orcid.org/0000-0003-1668-7671
https://orcid.org/0000-0001-7991-7951

hance the analysis of large DNA sequences, the Frequency Chaos
Game Representation (FCGR) was developed. FCGR utilizes k-mer
frequencies to generate fractals, offering a more generalized and
computationally efficient approach for analyzing long genomic
regions Bai-lin et al. (2000); Deschavanne et al. (1999). These fractal-
based methods offer a graphical representation of global sequence
properties Lochel and Heider (2021) and have proven effective
in phylogenetic analysis without sequence alignment, even for
megabase-sized genomes Jeffrey (1990); Bai-lin et al. (2000); De-
schavanne ef al. (1999). Furthermore, fractal structure can be quan-
titatively linked to Shannon entropy Allen et al. (2009), a measure
of information content or disorder within a sequence. By quan-
tifying entropy, we can assess the information distribution and
identify recurring patterns reflected in fractal formation Allen ef al.
(2009), providing insights into the intrinsic organization of genetic
information as a complex system Mouchet and Mouillot (2010).

The study of complex patterns in biology has been explored
across various disciplines, including physiology through chaos
theory Boubaker (2024), as well as in genetic networks exhibiting
chaotic behavior Kozlovska and Sadyrbaev (2024) and in cryp-
tographic applications where dynamic DNA coding based on
chaos enhances image encryption security Patidar and Kaur (2024).
Building upon these principles, this study examines the Parkin
RBR E3 Ubiguitin Protein Ligase (PRKN) gene, a particularly rele-
vant candidate for fractal analysis due to its inherent complexity.
PRKN is the second largest gene in the human genome Tanaka
(2020), conserved across diverse species including primates Marin
et al. (2004), and characterized by a large size ( 1.3 Mbp in primates)
with extensive intronic regions exceeding exon size Munk et al.
(2021). The encoded protein contains multiple conserved domains,
including an N-terminal ubiquitin-like domain and C-terminal
RING/IBR/RING finger motifs Wang et al. (2023), and is involved
in critical cellular processes such as protein ubiquitination and mi-
tophagy Leduc-Gaudet ef al. (2022); Wang ef al. (2023). Dysfunction
of PRKN is strongly implicated in neurodegenerative disorders,
particularly early-onset Parkinson’s disease and autosomal reces-
sive juvenile Parkinsonism Ahmad et al. (2023); Olszewska et al.
(2022). Given its complex structure, conserved evolutionary his-
tory, and functional significance, we hypothesize that the PRKN
gene exhibits a discernible "fractal organization" reflecting its evo-
lutionary trajectory. This fractal organization, visualized through
FCGR and CGR, could provide a novel alignment-free approach
to infer phylogenetic relationships among primates based on the
PRKN gene.

Therefore, this study aims to: (1) calculate nucleotide frequen-
cies and generate fractal representations of the PRKN gene in 16
primate species using FCGR and CGR; (2) construct a phylogeny
based on fractal similarity; (3) explore the relationship between
Shannon entropy and fractal patterns in PRKN sequences; and
(4) compare the fractal-based phylogeny with established primate
phylogenies. We hypothesize that FCGR and CGR will effectively
reveal evolutionary relationships of the PRKN gene in primates,
offering a rapid and alignment-free method for phylogenetic in-
ference and providing insights into the complex organization and
evolution of this critical gene.

METHODS

Database Construction and Nucleotide Frequency Calculation

PRKN Gene Sequence Retrieval PRKN gene sequences from 16 pri-
mate species were retrieved from the ‘Primate PRKN gene database’
Cangrejo-Useda et al. (2025). Species included: Homo sapiens, Go-
rilla gorilla gorilla, Pan paniscus, Pan troglodytes, Pongo abelii, Pongo
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pygmaeus, Macaca fascicularis, Macaca mulatta, Macaca thibetana thi-
betana, Rhinopithecus roxellana, Trachypithecus francoisi, Nomascus
leucogenys, Symphalangus syndactylus, Microcebus murinus, Callithrix
jacchus and Lemur catta. The database was constructed with NCBI
GenBank records. For each species, the longest available sequence
annotated as the complete PRKN gene (including introns and ex-
ons) was selected. Sequence accession numbers are provided in
Cangrejo-Useda et al. (2025).

Sequence Cleaning and Nucleotide Frequency Analysis To ensure
analysis of only nucleotide sequences, identification tags, spaces,
and any non-nucleotide characters were removed from each PRKN
gene sequence using the Code FASTA SEQUENCE CLEANER pro-
gram (GITHUB of the Complexity Science Group: Chaos, Fractals,
Nature Applications (CSFANA) Rodrigo-Gala (2025). This pro-
gram verifies and cleans nucleic acid sequences downloaded from
databases. The Code Nucleotide Relative Frequency Visualizer pro-
gram (NRFV) ((CSFANA) Rodrigo-Gala (2025)) was then used to
calculate the total and relative frequency of each nucleotide (Ade-
nine, Thymine, Guanine, Cytosine) for each PRKN gene sequence.
These frequencies were used for subsequent fractal frequencies
analysis.

Chaos Game Representation (CGR) and Frequency Chaos Game
Representation (FCGR) Fractal Generation

Algorithm Description Sierpiniski Carpet fractals were generated
using the ‘Chaos Game’ algorithm, implemented for PRKN gene
sequences with the DNA Frequency Fractal Generator program
(DFFG) ((CSFANA)(Rodrigo-Gala 2025)). The DFFG program is
based on the work of Allen et al. (2009) and Cabrera-Becerril and
Rayon (2025), and implements the frequency version of CGR as
proposed by Deschavanne et al. (1999), modified from the original
Jeffrey method Jeffrey (1990).

The FCGR algorithm operates by assigning each of the four
DNA nucleotides (A, T, G, C) to a vertex of a unit square. For a
given DNA sequence, the algorithm iteratively plots points within
the square. The first point is typically placed at the center of the
square. Subsequent points are generated by the following steps:

1. *Read the next nucleotide** in the DNA sequence. 2. **Iden-
tify the vertex** corresponding to that nucleotide (e.g., A=top-left,
T=top-right, C=bottom-left, G=bottom-right). 3. **Calculate the
midpoint*™ between the current point and the vertex identified in
step 2. 4. **Plot a new point** at this midpoint. 5. **Repeat steps
1-4** for the entire DNA sequence.

In FCGR, instead of plotting each point individually, the algo-
rithm calculates the frequency of k-mers (sequences of length k)
within the DNA sequence. This frequency matrix is then used to
generate a grayscale image representing the fractal. Higher k-mer
frequencies are represented by darker pixels, and lower frequen-
cies by lighter pixels, creating the Sierpiniski carpet fractal pattern.

k-mer Size and Fractal Resolution To determine the appropriate
fractal resolution and pattern complexity, k-mer sizes ranging from
3 to 11 nucleotides were tested. A k-mer size of 7 nucleotides was
chosen for the final analysis as it provided optimal resolution
of recursive patterns and sufficient detail in the fractal images
without excessive image darkening observed at larger k-mer sizes
(< 8). Larger k-mer sizes resulted in overly dense fractals that
obscured pattern visualization, while smaller k-mer sizes lacked
the complexity to effectively differentiate sequences. Furthermore,
the quadrant position in the fractals proposed by Bai-lin e al. (2000)
was used to construct fractals showed in Figure 1.
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(@) K=1—mer (b) K =2 — mer (¢) K =3 — mer

GGG | GGC | GCG | GCC | CGG | CGC | CCG | CCC
GG GC cG cc

GGA | GGT | GCA | GCT | CGA | CGT | CCA | CCT

GAG | GAC | GTG | GTC | CAG | CAC | CTG | CTC
GA GT cA cT

GAA | GAT | GTA | GTT | CAA | CAT | CTA | CTT

AGG | AGC | ACG | ACC | TGG | TGC | TCG | TCC
AG AC TG TC

AGA | AGT | ACA | ACT | TGA | TGT | TCA | TCT

A T

AAG | AAC | ATG | ATC | TAG | TAC | TTG | TTC
AA AT TA T ! !

AAA | AAT | ATA | ATT | TAA | TAT | TTA | TTT

Figure 1 The configuration of string counters for K values ranging from 1 to 3 within squares of identical dimensions.

Quadrant Adjustment for Fractal Symmetry To optimize fractal
symmetry and definition, two quadrant arrangements for nu-
cleotide assignment within the unit square were tested (Figure
2). The default arrangement (Figure 2a) placed Adenine-Thymine
in the upper quadrants and Guanine-Cytosine in the lower quad-
rants. An alternative arrangement (Figure 2b) was tested, swap-
ping to Cytosine-Adenine in the upper and Thymine-Guanine in
the lower quadrants. The arrangement in Figure 2b, with comple-
mentary bases arranged diagonally and chemical groups (purines
and pyrimidines) placed vertically, was chosen for improved visual
symmetry and pattern clarity in the generated fractals.

Analysis of Fractal Images and Matrices

Occurrence frequency and composition of nucleotide k-mers
for PRKN gene fractals in primates. The reading and counting
of combinations for nucleotide k-mers of the PRKN gene from
primates were generated with the DFFG program, to obtain the
nucleotide occurrence frequency of each possible k-mer combina-
tion. The result was visualized in a grouped manner based on the
number of occurrences and in descending order with the K-mer
Frequency-Clustering (KFC) and K-mer Frequency-Rank Plot
(KFRP) programs (CSFANA)(Rodrigo-Gala 2025).

The fractals generated by DFFG were verified using the DNA
Chaos Game Algorithm program (DCGA) (CSFANA)(Rodrigo-
Gala 2025). In this way, the fractal images of the PRKN gene in
primates were verified.

>
Complementary:
A T Co C A
Chemical group: T
Pyrimidines: l
c G yrm&\r_rmes. T G
—_—

Figure 2 Quadrants arrangements to fractals construction. (a) De-
fault parameters, (b) quadrant adjustment.
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Comparative Analysis of Frequency Matrices The DFFG program
also generates a frequency matrix representing the k-mer counts
for each sequence. To analyze differences between these numeri-
cal matrices, the Numerical Matrix Difference Analyzer program
(NMDA) ((CSFANA)(Rodrigo-Gala 2025) was employed. NMDA
calculates the absolute percentage difference between correspond-
ing cells in two matrices. For a set of matrices My, My, ..., My,
the difference matrix A; for each matrix M; compared to all other
matrices M; (j # i) is calculated as:

A ={IM;—M;| | j#i}, for i=12,.,n 1

The average percentage difference across all comparisons was used
as a measure of matrix dissimilarity.

Phylogenetic Analysis and Dendrogram Construction

Phylogenetic Tree ConstructionFor comparison with fractal-
based analyses, a phylogenetic tree of the PRKN gene was con-
structed using standard phylogenetic methods. Gene sequences
were aligned using the Lamassemble program Frith et al. (2021)
with default parameters. Mus musculus PRKN gene sequence was
used as an outgroup to root the tree. Phylogenetic analyses were
performed using the CIPRES Science Gateway online platform
Miller ef al. (2015). Maximum likelihood phylogenetic reconstruc-
tion was performed using IQ-Tree V.2.1.2 Minh et al. (2020) with
branch support assessed by ultra-bootstrap Hoang et al. (2018)
and SH-aLRT Anisimova ef al. (2011) with 1000 replicates each.
The GTR+G substitution model was selected using jModelTest 2
Darriba et al. (2012) based on the corrected Akaike information
criterion (AICc).

Dendrogram Construction from Fractal Matrices To visualize re-
lationships based on fractal matrix similarity, dendrograms were
constructed using the Similarity Dendrogram program (SimDen-
dro) (CSFANA)(Rodrigo-Gala 2025). SimDendro calculates the
Euclidean distance between frequency matrices and generates a
similarity dendrogram. The cophenetic correlation coefficient was
calculated to assess the fit between the dendrogram and the origi-
nal distance matrix.

Shannon Entropy Calculation

Shannon entropy (H (X)) for each PRKN gene sequence was cal-
culated using the Shannon Entropy Calculator and Visualizer pro-
gram (SECV) ((CSFANA)(Rodrigo-Gala 2025)) using the formula:
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H(X) = — Y P(x;) - logy P(x;) @
i=1

where P(x;) is the frequency of each nucleotide (x;) in the sequence,
and n = 4 (for A, T, G, C). SECV calculates Shannon entropy
and generates a ranked list and graph of entropies for all input
sequences.

RESULTS

Primates PRKN gene nucleotide characterization

Consistent with previous reports Cangrejo-Useda et al. (2025), the
PRKN gene exhibited a conserved size of approximately 1,300,000
base pairs across the 16 primate species analyzed. Exceptions were
observed in Microcebus murinus and Lemur catta, which displayed
smaller sequence sizes, potentially due to intron/exon modifica-
tions or deletions (Supplementary Material 1).

The nucleotide composition analysis of the PRKN gene revealed
an enrichment of adenine-thymine (A-T) compared to cytosine-
guanine (C-G) pairs across all species. This pattern aligns with
Chargaff’s principle of base pair complementarity Vischer and
Chargaff (1948) but highlights a specific A-T enrichment in primate
PRKN sequences. While M. murinus and L. catta exhibited similar
overall patterns, the relative nucleotide frequencies were more
balanced in M. murinus, potentially reflecting its reduced gene
size. In contrast, L. catta displayed the highest A-T percentage
among all species (supplementary material 1). These structural
variations participate in the functional characteristics of the PRKN
gene Benisty ef al. (2023) and could be related to the gene expansion
and structure Brovkina et al. (2023). .

Chaos Game Representation and Sierpinski Carpet Fractals

Nine fractal images, that corresponded to k-mer sizes from 3 to
11, were generated for each species (Supplementary Material 2).
Recursive patterns emerged only for k-mer sizes of 7 to 11, with
optimal resolution observed at 7 — mers. Larger k-mer sizes (>
8) resulted in image darkening, hindering pattern visualization.
The fractal images for 7 — mers displayed asymmetric, grid-like
patterns dominated by black and navy-blue squares, reflecting

7-mer Quadrant (zoom_Level=4, Quadrant=1)

low k-mer presence, particularly for combinations with high C-G
content (Supplementary Material 2).

Distinct differences in fractal coloration were observed for Cal-
lithrix jacchus, L. catta, and M. murinus. These species exhibited
red-dominated quadrants, indicative of altered k-mer distribution.
The fractals of M. murinus lacked defined patterns, attributed to its
reduced sequence size and balanced nucleotide proportions. Mean-
while, the fractals of L. catta and C. jacchus suggested an influence
of tandem repeats within the PRKN gene on k-mer distribution
Sievers ef al. (2021).

Adjusting the nucleotide arrangement in fractals (e.g., guanine-
adenine and thymine-cytosine quadrants) maintained overall pat-
terns but shifted the location of large squares, further validating
the robustness of the methodology (Fig. 2, Supplementary Material
2).

Frequency and Composition of 7-Mer

Analysis of 7 — mer frequencies revealed a total of 16,384 unique
7 — mer combinations. Across most species, A/T-rich 7 — mers oc-
curred more frequently than G/C-rich 7 — mers. However, Micro-
cebus murinus, Callithrix jacchus, and Lemur catta deviated from this
trend, exhibiting comparable frequencies of GC-rich and AT-rich
7 — mers (Quantitative data provided in Supplementary Material
1 and 2). This suggests a shift in k-mer frequency distribution in
these species.

This k-mer distribution has showed similarities in the presence
of short tandem repeats not only between animals but in the en-
tire eukarya domain, as reported by Sievers et al., (2021), and is
higly related with the presence of transposable elements Farré et al.
(2011); Sievers et al. (2021), structures that may be content in the
PRKN introns and explained: the AT enrichment in the gene and
provides a possible explanation of the gene evolution and growth
Boissinot (2022); Sievers ef al. (2021).

Quantitative Comparison of Fractal Images and Matrices

With the CGR and FCGR methodologies, the fractal images for
the PRKN gene sequences confirmed regions of low and high k-
mer density (Supplementary Material 4 and 5). The observed
patterns were consistent across species, supporting the validity of

er Quadrant (zoom_Level=3, Quadrant=1)

CCCACCC | CCCACCA | CCCACAC | CCCACAA | CCCAACC | CCCAACA | CCCAAAC | CCCAAAA

CCCACCT | CCCACCG | CCCACAT | CCCACAG | CCCAACT | CCCAACG | CCCAAAT | cccamaG

CCCACTC | CCCACTA | CCCACGC | CCCACGA | CCCAATC | CCCAATA | CCCAAGC | CCCAAGA

CCCACTT | CCCACTG | CCCACGT | CCCACGG | CCCAATT | CCCAATG | CCCAAGT | CCCAAGG

CCCATCC | CCCATCA | CCCATAC | CCCATAA | CCCAGCC | CCCAGCA | CCCAGAC | CCCAGAA

CCCATCT | CCCATCG | CCCATAT | CCCATAG | CCCAGCT | CCCAGCG | CCCAGAT | CCCAGAG

CCCATTC | CCCATTA | CCCATGC | CCCATGA | CCCAGTC | CCCAGTA | CCCAGGC | CCCAGGA

CCCATTT | CCCATTG | CCCATGT | CCCATGG | CCCAGTT | CCCAGTG | CCCAGGT | CCCAGGG

(a) zoom level = 4 (b) zoom level= 3

(c) without zoom

Figure 3 Visualization of 7-mers at different zoom levels and quadrants. (a) shows a more detailed area with zoom level = 4, where
the matrix is divided into 16 parts per side, displaying a specific quadrant. (b) has zoom level = 3, dividing the matrix into 8 parts per
side and showing the same quadrant at a larger scale. (c) displays the full matrix without zoom, allowing for structural comparisons at

different scales. (illustrates the composition of the fractal.).
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the analytical approach. Additionally, dendrograms constructed
from Euclidean distance matrices revealed clustering patterns that
aligned closely with established phylogenies based on PRKN gene
sequences and a known primate phylogeny Makova et al. (2024);
Duda and Zrzavy (2013).

Phylogenetic Relationships from Fractal Analysis and Compari-
son to Known Phylogeny

Dendrograms constructed from Euclidean distances of frequency
matrices (SimDendro) using 7 — mer data (Figure 4db, 4dc, 4dd)
showed phylogenetic clustering largely consistent with established
primate phylogenies Makova et al. (2024); Duda and Zrzavy (2013)
(Supplementary Material 6). Dendrograms without outgroup root-
ing (Figure 4da) clearly separated Hominoidea and Cercopithe-
coidea superfamilies. Inclusion of Mus musculus as an outgroup
(Figure 4db, 4dc) rooted the dendrogram and placed Microcebus
murinus and Lemur catta as distinct outgroups to the main primate
cluster, although the exact placement of Microcebus murinus varied
depending on analysis parameters (Figure 4dc, 4dd). The cophe-
netic correlation coefficient for the dendrograms was consistently
high (> 0.90), indicating a good fit between the dendrogram and
the original distance matrix. Phylogenetic trees constructed us-

Similarity dendrogram of PRKN gene to primate

P.troglodytes
P.paniscus

H. sapiens

G. gorilla
P.pygmaeus
P.abelii

S. syndactylus
N.leucogenys

M.mulatta

M. fascicularis

M.thibetana

T.francoisi

R.roxellana

C. Jacchus

L.catta

M.murinus
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(@ (b)
Similarity dendrogram of PRKN gene to primate 7-MER
P. paniscus
G. gorilla
H. sapiens
P. troglodytes
P. pygmaeus
P. abelii
M. mulatta
M. fascicularis
R. roxellana
M. thibetana
T. francoisi
S. syndactylus
N. leucogenys
C. jacchus
Mus Musculus
L. catta
M. murinus
§
(c) (d)

ing maximum likelihood (IQ-Tree) (Figure 4db, 4dc, 4dd) largely
mirrored the topology of the fractal-based dendrograms, further
supporting the phylogenetic signal captured by FCGR.

These results are consistent with previously reported PRKN Pri-
mate gene phylogeny (Cangrejo-Useda et al. 2025), which showed
similar cluster of species. This suggests that fractal-based anal-
yses capture meaningful evolutionary signals without the need
for alignment. It is noteworthy that those phylogenetical recon-
struction did not represented the evolutionary history of Primate
species, but generates similar patterns, which suggest a strong
conservation in this gene.

However, the inclusion of PRKN sequence of M. musculus in the
dendogram construction, showed a different cluster in primates
species, and suggested M. murinus as outgroup. This could be due
to differences in gene size, which indicates the high influence of
the sequence size in the dendogram construction. Despite this,
the clustering of species without M. musculus, showed similarities
respect to the PRKN phylogeny constructed with the standard
protocol but in a reduced cost in time and computer requeriments,
that reflects de accuracy of the method proposed here.

C.j
——— M. murinus

100 / 100 L catta

T. francoisi
W{: R. roxellana
100/ 100 M. thib
W‘_: M. mulatta
100/ 100 M. fascicularis
100/ 100 ———S. syndactylus
100100 L N. leucogenys
—— P. pygmaeus
1001100 100/ 100 P abelii

100 / 100 G. gorilla
1001100 H. say
100/ 100 P. troglodytes
100/ 100 P. paniscus

M.
r S. syndactyl
b N. leucogenys
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————P. pygmaeus
B —a L

100/ 100 1001100

100/ 100 G. gorilla
100/ 100 H. sap
100/ 100 P. troglodytes
100 / 100 P. paniscus

C. jacch

100/ 100 M. murinus
100/ 100 L. catta

100/ 100 —|: T. francoisi
100 /100 R. roxellana
M.

100/100 . thi
1001100 M. mulatta
1001100 M. fasciculari

Figure 4 PRKN primates gene dendograms and phylogenies. Dendograms were generated with 7-mers and phylogenies were con-

structed with maximun likelihood aproximation. (a) and (b) corresponded to analisys without outgroup; and (c)-(d) included M. mus-
culus as outgroup and rooted the phylogeny. (b) phylogeny was rooted by default. Numbers in phylogenies represents the bootstraps
values for each node. Colors in branches indicate the species clustering similarities in dendograms respect to phylogenies. Exceptions

were founded in (c) and (d), with diferent clustering to M. murinus.
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Shannon Entropy of PRKN Gene Sequences

Shannon entropy values for PRKN gene sequences ranged from
1.96 (Lemur catta) to 1.99 (Microcebus murinus), with an average
of 1.97 for the other 14 species (Quantitative data provided in
Supplementary Material 5). Lower Shannon entropy in Lemur
catta correlated with more uniform, less complex fractal patterns.
Conversely, higher entropy in Microcebus murinus corresponded
to more diffuse, less defined fractal patterns. Overall, a trend was
observed: species with lower Shannon entropy tended to exhibit
more structured and visually distinct fractal patterns, while higher
entropy correlated with less defined fractal structures, suggesting
an inverse relationship between sequence randomness (entropy)
and fractal pattern organization.

The high entropy in M. murinus could be related with its se-
quence size, however, it is difficult to determined the fidelity of the
sequence, based in the gene physiology, its pattern of expression
and the diffucult to access to genetic information of the species
Ahmad et al. (2023); Tanaka (2020). However, was possible to con-
struct a dendogram similar to the phylogeny stablished to PRKN
gene.

DISCUSSION

This study demonstrates the effectiveness of Frequency Chaos
Game Representation (FCGR) and Chaos Game Representation
(CGR) methods for analyzing evolutionary relationships of the
PRKN gene in primates through fractal geometry. Our results
show that FCGR, an alignment-free approach, successfully cap-
tures phylogenetic signals within PRKN gene sequences, yield-
ing phylogenetic clustering largely congruent with established
primate phylogenies derived from traditional alignment-based
methods Makova et al. (2024); Duda and Zrzavy (2013). This con-
gruence is supported by both visual inspection of fractal patterns,
quantitative analysis of fractal image and matrix differences, and
dendrogram construction based on fractal similarity.

Advantages and Limitations of FCGR for Phylogenetic Analysis

FCGR offers several advantages for phylogenetic analysis, par-
ticularly for long DNA sequences like the PRKN gene. Being
alignment-free, FCGR circumvents the computational cost and po-
tential biases associated with multiple sequence alignment, a signif-
icant bottleneck for large-scale genomic datasets. FCGR provides
a holistic, global view of sequence organization, capturing pat-
terns that might be missed by alignment-based methods focused
on local sequence similarity. The graphical fractal representation
facilitates visual comparison of complex sequence patterns across
species. However, FCGR also has limitations. As an alignment-free
method, it may lack the fine-grained resolution of alignment-based
methods for detecting subtle evolutionary differences at the nu-
cleotide level. The choice of k-mer size is crucial and can influence
the resulting fractal patterns and phylogenetic inference. Further
research is needed to optimize k-mer size selection and explore the
sensitivity of FCGR to different evolutionary scenarios.

Sequence Size Influence and Microcebus murinus Placement

The placement of Microcebus murinus as an outgroup in fractal-
based dendrograms, and its variable positioning depending on
analysis parameters, raises interesting questions. While consistent
with the use of Mus musculus as an outgroup in the phylogenetic
tree, the smaller sequence size of Microcebus murinus PRKN gene
compared to other primates might influence fractal pattern genera-
tion and dendrogram placement. Smaller sequences may generate
less complex or less defined fractal patterns, potentially affecting
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distance calculations and clustering. Future studies could inves-
tigate methods to normalize fractal analysis for sequence length
variations, or explore the use of sliding window FCGR approaches
to analyze sub-regions of the PRKN gene and assess regional vari-
ations in fractal patterns and phylogenetic signal.

PRKN Gene Fractal Organization, Entropy, and Evolution

The observed relationship between Shannon entropy and fractal
patterns suggests a link between sequence organization and fractal
structure in the PRKN gene. Lower Shannon entropy, indicative
of less random nucleotide distribution, tended to correlate with
more structured and visually distinct fractal patterns. Conversely,
higher entropy correlated with less defined fractals. This suggests
that regions of lower sequence entropy within the PRKN gene may
contribute disproportionately to the formation of defined fractal
patterns, potentially reflecting functionally important or evolu-
tionarily conserved regions. While this study does not directly
link fractal patterns to specific functional domains of the PRKN
protein, future research could investigate the fractal organization
of exons and introns separately and explore correlations between
fractal patterns, entropy profiles, and known functional elements
within the PRKN gene. Furthermore, investigating how selection
pressures and evolutionary events shape the fractal organization
of genes like PRKN could provide novel insights into the evolution
of gene structure and function.

Limitations and Future Directions

This study provides a preliminary investigation into the applica-
tion of FCGR and CGR for primate PRKN gene phylogeny. Limita-
tions include the use of a single gene (PRKN) and a limited number
of primate species. Further studies should expand the analysis
to include additional genes and a broader taxonomic sampling of
primates and other mammals. Exploring the application of FCGR
to other types of genomic data, such as non-coding regions or
whole genomes, could further demonstrate the versatility of this
approach. Developing more sophisticated quantitative metrics for
characterizing fractal patterns beyond entry-by-entry differences
could also enhance the analytical power of FCGR. Future research
could also explore the biological significance of the observed frac-
tal patterns and their relationship to gene function, regulation, and
evolutionary adaptation.

CONCLUSIONS

The Frequency Chaos Game Representation (FCGR) method, and
its base algorithm CGR, provide a valuable alignment-free ap-
proach for analyzing evolutionary relationships of the PRKN gene
in primates. FCGR effectively captures phylogenetic signals, yield-
ing dendrograms largely congruent with established phylogenies.
The study highlights the potential of fractal geometry and FCGR
as a rapid and informative tool for phylogenetic inference, particu-
larly for long DNA sequences, and provides novel insights into the
complex organization and evolution of the PRKN gene. Further
research is warranted to explore the full potential of fractal-based
methods in genomics and evolutionary biology, and to investigate
the biological significance of fractal patterns in gene sequences.
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Table 1 Programs

Software Name Function

Code Random DNA generator | From a DNA sequence, measure its length and generate a randomly shuffled sequence of the same
(RandDNA) size. Check for nucleotides that match the original sequence and randomly change them.

Take a base DNA sequence and a primary DNA sequence. Measure the length of the primary
sequence and extract a subsequence from the base sequence that matches this length, starting from
the first nucleotide of the base sequence.

Code DNA Subsequence Forward
(DSF)

Take a base DNA sequence and a primary DNA sequence. Measure the length of the primary
Code DNA Subsequence Reverse (DSR) | sequence and extract a subsequence from the base sequence that matches this length, starting from
the last nucleotide and moving backwards.

Take a base DNA sequence and a primary DNA sequence. Measure the length of the primary
sequence and extract a subsequence from the base sequence that matches this length, starting at a

n_n

random point in the base sequence. Repeat this extraction "n" times.

Code DNA Extraction Random (DNAx-
tra)

nn

Select DNA fragments and make "n" random modifications to the nucleotides of each fragment.

This process is repeated "x" times for the same sequence, calculating Shannon Entropy for each
case and obtaining the average. The results are recorded in an Excel file and presented in a graph.

Code Random Mutation Entropy Anal-
ysis (RMEA)

Extract DNA subsequences and perform "n" nucleotide replacements, substituting them with their

complementary counterparts. This procedure is applied "x" times to each sequence, determining
the average Shannon Entropy. The data is stored in an Excel file and accompanied by a graph.

Code Complementary Nucleotide Se-
quence Mutation (CNSMut)

nn

Obtain DNA fragments and replace "n" nucleotides in each fragment with those belonging to the
Code Chemical Swap Entropy Analysis | opposite chemical group. Repeat this procedure "x" times for the same sequence, calculate the
(ChemSwap) Shannon Entropy for each iteration, and average the obtained values. The results are saved in an

Excel file and visualized in a graph.

Code IMAGE GROUPER (IMG) Take a series of images and combine them into a new image.
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