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Abstract

Staphylococcus aureus exhibits a microsatellite-rich genomic architecture that can induce functional asymmetries and
helical chirality biases. We analyzed four genomes reported in the NCBI database and quantified ATAT, ACAC, and
AGAG repetitive motifs in all genes using the MFind tool and surface plots. Reproducible differences in peak and
valley topography between genomes were revealed, with a consistent pattern of similarity in Gn2–Gn4 and a mar-
ked deviation in Gn1. While ATAT predominated in Gn2–Gn4, Gn1 showed an atypical enrichment of ACAC. This
change in the dominant motif, together with the displacement of maxima between genomes, suggests variation in the
local arrangement of repeats compatible with chiral effects (asymmetries between strands, inverted repeats, and pos-
sible transitions between mirror patterns). Such configurations are plausible modulators of regulatory directionality,
secondary structure formation, and recombination propensity. Methodologically, we highlight that the length of the
regions and genes analyzed can influence the metric used. In the analysis of three motifs in four genomes, the observed
patterns offer an initial comparative map of chiral dimension in the repetitive architecture of S. aureus and motiva-
te mechanistic analyses that integrate structural and functional evidence to quantify the contribution of chirality to
genomic variation between lineages. Genomes, microsatellite quantification tables, and calculations of the proposed
chirality change trend index are available at https://www.usegalaxy.org/u/rioswillars/h/s-aureus-microsatellite.
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Resumen

Staphylococcus aureus presenta una distribución genómica rica en microsatélites, lo que puede inducir asimetrías fun-
cionales y sesgos de quiralidad helicoidal. Se analizaron cuatro genomas reportados en la base de datos NCBI y se
cuantificaron los motivos repetitivos ATAT, ACAC y AGAG en todos los genes mediante la herramienta MFind y
los gráficos de superficie. Se observaron diferencias reproducibles en la topografía de picos y valles entre genomas,
con un patrón consistente de similitud en Gn2–Gn4 y un marcado desvío en Gn1. Mientras que ATAT predominó
en Gn2–Gn4, Gn1 mostró un enriquecimiento atípico de ACAC. Este cambio en el motivo dominante, junto con el
desplazamiento de máximos entre genomas, sugiere una variación en la disposición local de las repeticiones com-
patible con efectos quirales (asimetrías entre hebras, repeticiones invertidas y posibles transiciones entre patrones en
espejo). Tales configuraciones son plausibles moduladoras de la direccionalidad regulatoria, de la formación de es-
tructuras secundarias y de la propensión a la recombinación. Metodológicamente, se destaca que la métrica empleada
puede verse influida por la longitud de las regiones y de los genes analizados. En el análisis de tres motivos en cua-
tro genomas, los patrones observados ofrecen un mapa comparativo inicial de la dimensión quiral en la arquitectura
repetitiva de S. aureus y motivan análisis mecanísticos que integren evidencia estructural y funcional para cuantifi-
car la contribución de la quiralidad a la variación genómica entre linajes. Se ponen a disposición los genomas, las
tablas de cuantificación de microsatélites y los cálculos del índice propuesto de tendencia al cambio de quiralidad:
https://www.usegalaxy.org/u/rioswillars/h/s-aureus-microsatellite.
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1 Introduction

Staphylococcus aureus is a spherical Gram-positive
bacterium that forms grape-like clusters. It is well
known for its ability to cause a wide range of in-
fections in humans, ranging from minor skin infec-
tions to severe diseases such as sepsis and endo-
carditis (Larkin et al., 2009; Gherardi, 2023; Tong
et al., 2015). It has been isolated from wastewater,
water, and contaminated soils (Heaton et al., 2020;
Ramos et al., 2022). The genomic study of this bacte-
rium is important because it supports bioinformatic
approaches aimed at preventing infections in both
animals and humans. In this context, microsatelli-
tes are repeated nucleotide sequences present in
DNA; in bacteria, they occur in lower abundance
than in other organisms because they are generally
subject to mutational pressure that favors their eli-
mination. Nevertheless, they are commonly found
in regions of the bacterial genome where they con-
tribute adaptive capabilities through evolution and
natural selection. Among the main characteristics
of S. aureus are its pathogenicity and virulence, as
it employs a variety of factors, including toxin pro-
duction, to cause infections. These toxins can trigger
severe immune responses, such as fever and shock
(Oliveira et al., 2018; Ahmad-Mansour et al., 2021).
Additionally, S. aureus exhibits antibiotic resistance,
which constitutes one of its most concerning cha-
racteristics. Examples include methicillin-resistant
S. aureus (MRSA) and vancomycin-resistant S. au-
reus (VRSA). This resistance complicates the treat-
ment of infections and represents a growing pro-
blem in hospitals (Archer, 1998; Idrees et al., 2021).
Associated infections: S. aureus is responsible for
infections affecting multiple body systems, inclu-
ding skin infections, osteomyelitis, endocarditis,
pneumonia, and others (Kwiecinski and Horswill,
2020). Furthermore, it is widely present in dust,
feces, surfaces, and bedding on pig and poultry
farms; the levels of staphylococci in air and dust
can be very high near livestock buildings (Peder-
sen et al., 2024; Gladding et al., 2020; George et
al., 2020) or animal housing facilities. In humans,
it is a pathogen commonly associated with diabe-
tic foot infections, contributing significantly to pa-
tient morbidity and mortality. This microorganism
is the pathogen most frequently isolated from dia-
betic foot infections (Shettigar and Murali, 2020).
Among its various toxins and virulence factors are
TSST-1, leukocidins, enterotoxins, and exfoliatins,

which play a crucial role in the colonization and
infection of diabetic foot wounds (Dunyach-Remy
et al., 2016). S. aureus strains isolated from diabetic
foot ulcers can induce a significant inflammatory
response, which is influenced by glucose levels and
their metabolites (Wu et al., 2023). Regarding the re-
lationship between S. aureus infection and wounds,
it is known that this bacterium can induce an al-
tered inflammatory response in the host, thereby
inhibiting wound healing. For example, the induc-
tion of miR-15b-5p by S. aureus can suppress the
inflammatory response and negatively affect hea-
ling (Ramirez et al., 2018). Farm dust may contain
MRSA (methicillin-resistant S. aureus) and disperse
over hundreds of meters, increasing the exposure
of farmers, nearby residents, and their homes to re-
sistant bacteria (Crespo-Piazuelo and Lawlor, 2021;
Wang et al., 2023). Open, moist wounds containing
necrotic tissue, created or enlarged by the screw-
worm, favor colonization by S. aureus and other
pathogenic bacteria (Sayhood et al., 2022).

On the other hand, microsatellites in bacteria
are short tandemly repeated DNA sequences, also
known as simple sequence repeats (SSRs), consis-
ting of nucleotide motifs ranging from one to six
base pairs. These sequences are highly mutable and
are distributed throughout different locations in
the bacterial genome. They are important genetic
markers because their high mutation rate contribu-
tes to genetic variability and the evolution of the
microbial genome (Saeed et al., 2016). In pathoge-
nic bacteria, microsatellite instability can regulate
gene expression through phase variation, a mecha-
nism that enables rapid and reversible changes in
phenotype expression, as observed in other micro-
organisms (Martin et al., 2005). However, bacteria
exhibit a mutational bias toward microsatellite re-
peat contraction, which may lead to their extinction
in the absence of natural selection, unlike eukaryo-
tes, in which microsatellite repeats tend to expand
(Metzgar et al., 2002). In the research conducted in
this study, no studies related to microsatellites in S.
aureus were found; however, in Escherichia coli, bet-
ween 1.75 % and 2.85 % of all microsatellites have
been identified as compound microsatellites, con-
sisting of two or more adjacent repeat motifs. These
compound microsatellites are significantly overre-
presented in bacterial genomes. Although less com-
mon, bacterial microsatellites may play an impor-
tant role in gene regulation and contribute adaptive
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functional variability. This suggests that, although
mutational pressure tends to eliminate them, those
that persist may be maintained by selection because
of their adaptive functions (Srivastava et al., 2019).

The bacterial genome consists of double-
stranded right-handed B-DNA; this is the funda-
mental chemical chirality shared with other living
organisms (Winogradoff et al., 2021; Yu et al., 2025).
The right-handed double helix determines the for-
mation of DNA crossovers between DNA segments
and the stabilization of positive and negative su-
percoils (Timsit and Várnai, 2010). The chirality of
right-handed versus left-handed crossovers modu-
lates the physical stability of DNA and may have in-
fluenced the evolutionary selection that maintains
predominantly negatively supercoiled genomes in
mesophilic bacteria. At the enzymatic level, topo-
isomerases, such as DNA gyrase, recognize and
capture DNA crossovers of a specific chirality in
order to introduce or relax supercoils (Vayssières et
al., 2024).

Finally, microsatellites can alter the three-
dimensional architecture of DNA because, although
they do not change its chemical chirality, they in-
duce torsional stress, which may favor structural
features such as A-DNA (compact, more tightly
wound), Z-DNA (left-handed helix, opposite chira-
lity), hairpin loops, cruciform structures, and strand
slippage (Gadgil et al., 2020; Bagshaw, 2017). This
does not alter the chemical chirality, but it does mo-
dify the helical conformation, causing certain DNA
regions to behave differently because of their geo-
metry, flexibility, or torsional properties (Bacolla et
al., 2008). For example, the ATAT microsatellite is
extremely flexible and therefore adopts slight cur-
vatures, whereas ACAC and CGCG are more rigid,
favoring an alternating geometry (Song et al., 2021).

In pathogens such as S. aureus, the spatial and
structural instability of microsatellites is not merely
a genomic artifact but rather acts as contingency lo-
ci that drive phase variation (Brooks and Jefferson,
2014). Conformational changes derived from chira-
lity and torsional stress, such as the formation of
loop structures or minidumbbells in tetranucleo-
tide repeats such as ACAC, increase the rate of
strand slippage during DNA replication (Harhay
et al., 2019). This architectural reconfiguration fa-
cilitates reversible mutations (insertions/deletions)

that rapidly switch gene expression on or off. Bio-
logically, these structural differences enable human
strains such as MRSA to adapt their virulence by
controlling key processes such as biofilm forma-
tion (through the ica operon) to evade antibiotics
or by modulating the regulatory system to survi-
ve as a “Trojan horse” within host macrophages
(Gor et al., 2021). Therefore, the term “atypical ca-
se” in the context of microsatellite analysis refers
to genomic arrangements that, by deviating from
their standard chirality and geometry, confer grea-
ter phenotypic plasticity in terms of resistance and
infectivity to certain lineages.

In this context, this research investigates the mi-
crosatellites identified in Staphylococcus aureus geno-
mes reported in the NCBI database (Sayers et al.,
2025) over different years. Subsequently, this infor-
mation is used to estimate changes in genome chi-
rality.

2 Materials and Methods

Four S. aureus genomes were downloaded, herein
referred to as Gn1, Gn2, Gn3, and Gn4. General in-
formation on these genomes is provided below.

The Gn1 genome (strain MRSA_TCH60) is re-
gistered in the NCBI database by Baylor Colle-
ge of Medicine from a human skin sample (Homo
sapiens). Clinically, TCH60 is a reference genome
representative of the CC30-ST30-IV lineage. This
clonal complex (CC30/ST30) has epidemiological
importance because it descends from the pande-
mic phage 80/81 strain and has evolved into the
“Southwest Pacific clone,” a highly virulent and
globally distributed community-associated MRSA
variant responsible for severe invasive infections
(Essien et al., 2022; Guillén et al., 2024). Bioin-
formatically, the assembly and validation of this
strain were performed using Clusterflock (Nare-
chania et al., 2016). A size of 2.8 megabases and
two chromosomes are reported. It has a GC con-
tent of 33 %, as well as 2790 genes, of which 2700
are identified as protein-coding. It was sequenced
using Illumina 454 GS FLX technology. The anno-
tation details were registered on August 28, 2013.
This record is accessible through the following
link: https ://www .ncbi .nlm .nih .gov/datasets/
genome/GCA_000159535.2/
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The genome designated Gn2 (strain MRSA252)
is described below. It is a 2.9-megabase genome
with a GC content of 33 %. Clinically, this strain
is representative of the hospital epidemic clone
EMRSA-16 (sequence type ST36) and was originally
isolated from a case of fatal septicemia. Whole-
genome analysis demonstrated that it is a highly
divergent lineage characterized by rapid evolution
toward virulence and multidrug resistance driven
by the acquisition of mobile genetic elements, such
as the type II SCCmec chromosomal cassette and
multiple prophages (Holden et al., 2004). In the
NCBI database, based on metadata from an animal-
associated habitat, it is reported as corresponding
to an original collection from 1998. In this case, 2746
genes were identified, of which 2656 were conside-
red protein-coding. This record is publicly availa-
ble at: https://www.ncbi .nlm.nih.gov/datasets/
genome/GCA_000011505.1/

The genome designated Gn3 (strain CC239-
MRSA-III var) corresponds to an isolate from a
human host (Homo sapiens) in Trinidad and Toba-
go. Clinically, this lineage belongs to Clonal Com-
plex 239 (CC239), one of the most widely distri-
buted hospital epidemic clones worldwide and
highly prevalent in clinical samples from the Ca-
ribbean islands. Its genome was sequenced and re-
gistered by the Leibniz Institute of Photonic Tech-
nology (Monecke et al., 2023). Oxford Nanopore
MinION sequencing technology was used on Ju-
ne 5, 2023. A total of 3152 genes are reported, of
which 2940 were identified as protein-coding. The
GC content is 32.5 %, and the genome size is 3.1
megabases. This record is accessible through the
following link: https://www .ncbi .nlm .nih .gov/
datasets/genome/GCA_030252755.1/

Finally, the genome designated Gn4 (strain
HP20814-043) was analyzed. It has a size of 2.9 me-
gabases and a GC content of 33 %. Clinically, it re-
presents a linezolid-resistant isolate obtained from
a patient with cystic fibrosis (Homo sapiens) at the
University of Iowa Hospitals and Clinics, United
States. Evolutionary analysis of this strain reveals
profound adaptation under antibiotic stress, and
the deletion of the DNA repair genes (mutS and
mutL), which confers a hypermutable phenotype
suitable for studying tandem-repeat variation. Its
bioinformatic validation was processed according

to RefSeq database representation strategies (Tatu-
sova et al., 2015). A total of 2860 genes were repor-
ted in this genome, of which 2631 were identified
as protein-coding. This genome is available at the
following link: https://www .ncbi .nlm .nih .gov/
datasets/genome/GCF_030409015.1

The exclusive selection of the tetranucleoti-
de motifs ATAT, AGAG, and ACAC is based on
thermodynamic considerations associated with the
phase-variation mechanism. Microsatellites invol-
ved in strand-slippage events have been documen-
ted to be rich in adenine and thymine (A/T), which
facilitates the local “melting” of the DNA double
helix and produces hypermutability (Zhou et al.,
2014). Unlike sequences composed exclusively of
guanine and cytosine, such as CGCG, which exhibit
high thermal stability that severely restricts their
local opening, the ATAT, AGAG, and ACAC mo-
tifs combine the requirements necessary to permit
this melting with a diversity of topological beha-
viors. Repetitions of these microsatellites act as a
key evolutionary driver of the rapid adaptation and
survival of pathogenic bacteria (Saeed et al., 2016);
therefore, this specific selection of A/T-rich motifs
is ecologically representative and consistent with
the low GC content, approximately 33 %, characte-
ristic of the S. aureus genome.

The processing method used for microsatelli-
te analysis consisted of applying the MFind tool
(Rios-Willars and Chirinos-Arias, 2024). Unlike ge-
neric methods based on multiple sequence align-
ment (MSA), MFind employs a parallel-processing
“sliding window” algorithm that performs an exact
count of motifs independently of their position. Ad-
ditionally, its selection was based on the fact that it
is a freely available tool with a simple graphical
interface, whose computational efficiency allows
complete genomes to be explored on conventio-
nal computer equipment without requiring su-
percomputing infrastructure. The MFind softwa-
re is available in the author’s GitHub repository:
https://github.com/riosew/Mfind

Given the problem, a sequence PS in length ρ
containing the subsequences (SP ) to be searched is
provided. SP = {SP1 . . . SPn} and the set of se-
quences is S = {1 . . . N} where N is the number
of sequences in the set. Given an SPx of size k, the
problem size TP is defined as:
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TP = (ρ− k)N (1)

The number of operations Ne indicates the num-
ber of windows in each sequence of S with size k
and is defined as:

Ne =

TP∑
1

OC∑
1

(Ct+ 1) (2)

Where (Ct) is the hit counter and (OC) is the
number of subsequences matching within the sli-
ding window. The search process is executed th-
rough parallel iterations programmed in Java to
maximize the use of hardware resources and redu-
ce execution time. Six simultaneous evaluations are
performed per iteration. This process produces a
database consisting of the microsatellite count for
each gene, which is subsequently used to generate
graphs and conduct statistical analyses with Mi-
nitab 16 software. Subsequently, to quantify the
tendency of a DNA region to adopt alternative
helical conformations, the Chirality Change Pro-
pensity Index (IQZ) was defined. This index inte-
grates three independent sequence-derived compo-
nents: GC content, the presence of alternating puri-
ne–pyrimidine patterns, and the density of repetiti-
ve microsatellites. Each of these factors is associated
with physicochemical and structural properties that
favor the local transition from the B-DNA confor-
mation to alternative states, such as Z-DNA.

The index is expressed as:

IQZ = w1 ·GC_score+w2 ·Alt_score+w3 ·MS_score
(3)

Where:

GC_score =
%GC

100
(4)

This represents the proportion of G and C ba-
ses in the analyzed region. Regions with higher GC
content exhibit greater torsional rigidity and a grea-
ter propensity to stabilize the Z-DNA conformation.

Alt_score is the number of bases forming al-
ternating purine–pyrimidine patterns divided by
the total sequence length, in this case, the gene
being analyzed. This quantifies the proportion of
bases organized into repeated alternating patterns,
for example, ATAT and ACAC, which reduces the
energy required for helicity inversion.

Finally:

MS_score =
Total length of microsatellites

Lmax
(5)

This estimates the torsional effect resulting from
the presence of microsatellites. The variable Lmax
corresponds to the maximum expected size of these
repetitions for normalization purposes; the maxi-
mum number of hits counted by the MFind tool
among the analyzed genes was used.

The coefficients w1, w2 and w3 allow the relati-
ve contribution of each parameter to be adjusted.
In this study, values of w1 = 0.4, w2 = 0.4 and
w3 = 0.2, were used, assigning greater weight to GC
content and purine–pyrimidine alternation, which
are the most relevant predictors of the transition to
Z-DNA. This index provides a normalized measu-
rement between 0 and 1, thereby facilitating com-
parisons among different genomic regions and allo-
wing the identification of segments with a high pro-
pensity to modify their helical architecture.

3 Results and Discussion
The location of microsatellites in the bacterial geno-
me is generally specific to functional regions, sug-
gesting that they have evolved under selection to
perform specific functions. In S. aureus, these fun-
ctions may be related to its ability to cause skin
infections and, consequently, diabetic foot wounds.
The results obtained are described below. Figure 1
illustrates the surface generated from the analysis of
the ATAT, AGAG, and ACAC microsatellites in ge-
nome 1 (Gn1). A peak is observed in the upper-right
corner, corresponding to the highest microsatellite
count values (hits) per gene in the genome.

Likewise, a decline is observed in the lower-left
corner, suggesting that the microsatellites tend to
disappear jointly in this region. Finally, there is a
prominent flat region in the center of the surface,
where it can be observed that, while the AGAG and
ACAC microsatellites increase, the ATAT microsate-
llite remains absent. Regarding the distribution, Fi-
gure 2 shows the box plots of the three variables, in
which outliers are observed for ATAT and ACAC.
These correspond to genes that exhibited an extra-
ordinary number of microsatellites and, at the same
time, constitute the origin of the peak in the surface
plot.
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Figure 1. Surface plot of microsatellites in the Gn1 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

Figure 2. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn1 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.
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In the analysis of Gn2, a surface plot of the
ATAT, ACAC, and AGAG variables was obtained.
Figure 3 shows the surface, in which a peak can
be observed near the right edge. Likewise, another
peak is observed near the central region. This sug-

gests a redistribution of the genome and the corres-
ponding relocation of microsatellites. A valley or
flat region of smaller extent than that observed in
the previous result can also be seen. This also indi-
cates microsatellite dispersion.

Figure 3. Surface plot of microsatellites in the Gn2 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

Figure 4. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn2 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.

La Granja: Revista de Ciencias de la Vida 44(2) 2026:42-58.
©2026, Universidad Politécnica Salesiana, Ecuador. 49



Special Issue / Edición Especial
Chirality across scales Ríos-Willars, E., Delabra-Salinas, M. and García-Martínez, M.

On the other hand, the box plot in Figure 4, co-
rresponding to the microsatellites in Gn2, illustra-
tes the findings. Outliers can be observed for ATAT,
which in turn generate the peaks observed in the
surface plot. It should be noted that, for AGAG and
ACAC, most points are located near zero, indicating

that most Gn2 genes contain few or no microsatelli-
tes of this type.

Regarding Gn3, a surface plot of the ATAT,
AGAG, and ACAC variables was also obtained. Fi-
gure 5 illustrates this representation.

Figure 5. Surface plot of microsatellites in the Gn3 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

Figure 6. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn3 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.
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Similar features are observed compared with
the previous figure; however, differences indicating
changes in the microsatellites are also present. For
example, the location of the central peaks in the
image. Figure 6 below illustrates this distribution
using a box plot.

Scattered points corresponding to ATAT and
AGAG are observed in the figure. This indicates
that other genes, compared with the previous ge-
nome, contain a greater number of microsatellites.
Finally, for Gn4, Figure 7 shows the surface plot
corresponding to the three microsatellites: ATAT,
AGAG, and ACAC.

Figure 7. Surface plot of microsatellites in the Gn4 genome of S. aureus. The vertical axis represents the frequency of
the ATAT motif as a function of the co-occurrence of the ACAC and AGAG motifs. The peaks indicate genes with an

anomalous joint accumulation of these tetranucleotides.

It is noteworthy that a peak is present on the
right side, although at a location closer to the upper
corner. This suggests new microsatellite arrange-
ments. Likewise, the peak near the upper-left corner
exhibits a greater elevation than that of the previous
genome. On the other hand, Figure 8 shows the box
plot of this genome for microsatellite counts.

The microsatellite count for AGAG remained
practically below those of the other motifs, with no
outliers. The distribution also changed for ACAC.
In addition, ATAT appears to be increasing in abun-
dance compared with the other genomes. Table 1
below presents the descriptive statistics for the
mean, minimum, and maximum values of the three
variables in the Gn1, Gn2, Gn3, and Gn4 genomes.
It is noteworthy that, in all cases, the mean values
of the ATAT variable are higher. This indicates a
greater presence of ATAT microsatellites in all ca-

ses. However, the highest value was observed in the
Gn1 genome for the ACAC variable, with a value of
158.

Regarding the results obtained, a folder contai-
ning the Gn1, Gn2, Gn3, and Gn4 genomes in .fna
format is available for download on the Galaxy
platform. Likewise, the .csv files generated from
the processing performed with the MFind tool for
each microsatellite in the genomes are made avai-
lable. Thus, for example, the files Gn1 ACAC.csv,
Gn1 ATAT.csv, and Gn1 AGAG.csv are available for
download for genome 1. Three .csv files correspon-
ding to each of the remaining genomes are presen-
ted below. The tables corresponding to the calcu-
lation of the IQZ for each genome are also inclu-
ded. Available at: https://www.usegalaxy.org/u/
rioswillars/h/s-aureus-microsatellite.
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Figure 8. Box plot of the frequencies of the ACAC, AGAG, and ATAT motifs in the genes of the Gn4 genome. Individual
points outside the whiskers represent genes that possess an extraordinary number of microsatellites compared with the

central tendency of the genome.

Table 1. Descriptive statistics of the ATAT, AGAG, and ACAC variables in the Gn1, Gn2, Gn3, and Gn4 genomes.

Genome Variable Mean SD Min Max
Gn1 ACAC 2.47 4.03 0 158
Gn1 AGAG 1.5688 2.4365 0 43
Gn1 ATAT 8.722 7.286 0 123
Gn2 ACAC 2.3752 2.7245 0 65
Gn2 AGAG 1.5338 2.2454 0 20
Gn2 ATAT 8.705 7.26 0 124
Gn3 ACAC 2.3016 2.6768 0 65
Gn3 AGAG 1.5826 2.348 0 29
Gn3 ATAT 8.618 7.36 0 122
Gn4 ACAC 2.3844 2.7234 0 64
Gn4 AGAG 1.5654 2.2614 0 18
Gn4 ATAT 8.484 7.162 0 131

In this study, we calculated the IQZ composi-
te index for four Staphylococcus aureus genomes
(Gn1–Gn4) using three normalized components:
GC_norm, Alt_Score, and MS_score, weighted at
0.4, 0.4, and 0.2, respectively. This combination in-
tegrates nucleotide composition (GC_norm) with

quantitative metrics derived from hit patterns
(Alt_Score and MS_score), thereby providing a uni-
fied metric for sequence prioritization. The IQZ cal-
culation was applied to all genes in each genome,
and quantification tables were generated. In all ca-
ses, we observed that the highest IQZ values were
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associated with segments that simultaneously exhi-
bited moderate to high GC profiles, together with
a high microsatellite count in terms of both density
and relative prominence. This indicates that IQZ
prioritizes regions in which pattern-based metrics
and GC composition converge.

In Gn1, the sequences with the highest IQZ co-
rrespond to extended regions with high Alt_Score
(a metric of pattern density per unit length) and
high MS_score (a metric of normalized intrageno-
mic prominence). In Gn2 and Gn3, the maximum
IQZ values exhibit similar behavior: the top candi-
dates combine GC_norm values above the average,
a favorable hits-to-length ratio, and remarkable re-
lative prominence within the genome. In Gn4, the
profile of the maximum IQZ values is consistent
with that of Gn2 and Gn3, reinforcing the repro-
ducibility of the composite criterion across diffe-
rent genomic contexts of S. aureus. Comparatively
among genomes, although MS_score is intrinsically
intragenomic (normalized to the maximum value
within each file), the structure of IQZ allows the

qualitative assessment of the robustness of priority
regions in each genome. Furthermore, the stabi-
lity of the IQZ ranking under moderate variations
in GC_norm suggests that the pattern-based me-
trics (Alt_Score and MS_score) adequately capture
both the density and the prominence of the motifs,
thereby avoiding excessive bias due to nucleotide
composition.

For traceability and practical use, Table 2 pre-
sents the lists of the five sequences (genes) with the
highest IQZ values for each genome (Gn1–Gn4).
These lists support the conclusions presented above
and provide a basis for subsequent decisions, such
as experimental validation, probe/primer design,
or annotation prioritization. Additionally, Figure 9
presents a visual representation of the IQZ index for
the sequences of each genome. Overall, IQZ beha-
ves as a synthetic and stable metric for highligh-
ting candidate genomic segments by integrating
GC composition and the quantitative metrics of the
pattern in a balanced manner.

Table 2. List of the five genes with the highest IQZ values in each genome.

Dataset seq num Gene length Total hits ACAC hits AGAG hits ATAT hits IQZ
Gn1 1861 31303 324 158 43 123 0.35334
Gn1 1337 74 1 0 1 0 0.270888
Gn1 1325 76 1 0 1 0 0.269038
Gn1 1336 76 1 0 1 0 0.269038
Gn1 1391 72 2 2 0 0 0.262346
Gn2 1447 32241 195 65 6 124 0.34976
Gn2 172 7176 121 22 13 86 0.277447
Gn2 1967 84 2 2 0 0 0.27348
Gn2 1929 89 3 2 1 0 0.27274
Gn2 1983 74 1 1 0 0 0.271296
Gn3 1519 31266 196 65 9 122 0.349261
Gn3 194 7176 120 22 13 85 0.275793
Gn3 2043 84 2 2 0 0 0.273469
Gn3 2060 74 1 1 0 0 0.271291
Gn3 624 76 1 0 1 0 0.269441
Gn4 1491 31875 205 64 10 131 0.348869
Gn4 1962 84 2 2 0 0 0.27338
Gn4 1914 89 3 2 1 0 0.27259
Gn4 1978 74 1 1 0 0 0.271246
Gn4 174 7176 119 23 15 81 0.270445
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It is noteworthy that the length of the region
is strongly associated with the IQZ (correlation of
0.98, p = 0.00). Longer regions tend to exhibit
higher IQZ values. This is consistent with the fact

that IQZ includes components that depend on both
the number of hits and the sequence length, as well
as the associated normalization procedures.

Figure 9. Comparison of the Chirality Change Propensity Index (IQZ) for the five genes with the highest values in
each genome. The graph illustrates the magnitude of the index grouped by genome, allowing the differences in the

distribution of the maximum values of the Gn1 genome to be observed relative to the remaining lineages.

Finally, the electronic folder on the Galaxy plat-
form mentioned above contains tables showing the
calculations for the MS_score, Alt_score, GC_norm
and IQZ metrics for each of the genes in the Gn1,
Gn2, Gn3 and Gn4 genomes.

4 Conclusions

Microsatellite analysis is a strategy for understan-
ding the evolution and adaptation of organisms of
interest. In this study, four S. aureus genomes were
described in detail by analyzing each of their genes
and identifying and counting the ATAT, AGAG,
and ACAC microsatellites using the MFind tool, a
freely available software package that can be down-
loaded and executed in Java and is available on
GitHub. Among the findings, Gn1 exhibited clear
differences compared with the other three genomes.

Whereas Gn2, Gn3, and Gn4 displayed similarities
that allowed comparable regions to be identified
in the surface plots, the peaks and valleys of the
plots were located at different positions, suggesting
a reorganization of the genetic information. On the
other hand, microsatellite counts were higher for
the ATAT motif in the Gn2, Gn3, and Gn4 genomes,
whereas Gn1 represented an exception, in which
the maximum value was observed for the ACAC
variable, with a value of 158. This indicates an aty-
pical case due to the presence of this number of
microsatellites within a gene of this genome.

Finally, this work provides an overview of mi-
crosatellites in four reported S. aureus genomes, this
bacterium being the species most commonly iden-
tified in studies of wounds in humans and farm
animals. In addition, this study characterizes the
organization of repetitive motifs in the four Staphy-
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lococcus aureus genomes analyzed, focusing on the
chirality of the patterns and their variation among
genomes. The comparative profiles show that Gn1
differs from the behavior observed in Gn2–Gn4,
not only because of the predominant motif but al-
so because of the displacement of peaks and va-
lleys in the density surfaces, suggesting chirally
relevant differences in the local arrangement of the
repeats. In Gn2–Gn4, the ATAT motif predomina-
tes, whereas Gn1 exhibits an atypical enrichment
of the ACAC motif. This asymmetry in the pre-
dominant motif, together with the displacement of
maxima among genomes, is consistent with a recon-
figuration of the repetitive architecture with a chiral
component (differences in relative orientations and
possible transitions between mirror motifs along
the genome). Such patterns may affect genomic di-
rectionality and plasticity, insofar as inverted or
strand-biased repeats modulate properties such as
secondary structure formation or the propensity for
recombination events.

The interpretation of these findings should con-
sider certain limitations: only three motifs (ATAT,
AGAG, and ACAC) were evaluated, the metrics de-
pend on the size of the analyzed region, and the
MFind detection tool was employed. Future stu-
dies should incorporate an index based on three-
dimensional simulations because, unlike the cu-
rrent statistical predictive index (IQZ), which is ba-
sed on a linear (2D) sequence, a 3D simulation
would allow the torsional stress energy to be mea-
sured accurately and confirm whether alternating
chirality induces the folding of secondary struc-
tures in vivo. Such biophysical validation is cru-
cial because these three-dimensional conformatio-
nal changes promote polymerase slippage and acti-
vate the phase-variation switch that regulates viru-
lence and adaptation in S. aureus. Overall, this study
provides a comparative map highlighting the chiral
dimension of S. aureus microsatellites and motivates
mechanistic analyses to quantify their contribution
to genomic variation among lineages. In this regard,
future studies should determine whether these re-
gions occur in specific genomic areas, such as low-
complexity regions, or whether they are distributed
in a delimited manner within them.
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