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Introduction

ABSTRACT Staphylococcus aureus (S. aureus) is a pathogen responsible for
various infections, including skin and soft tissue infections (SSTI) and bloodstream
infections. Methicillin-resistant S. aureus (MRSA) presents treatment challenges
due to antibiotic resistance. To investigate the genetic diversity, pangenome
structure, and the role of the agr operon in S. aureus using whole-genome analyses.
A total of 460 complete S. aureus genomes were retrieved from the NCBI
database. Whole-genome average nucleotide identity (ANI) and genome-to-
genome distance were computed using FASTANI and GGDC, respectively.
Metadata, including isolation host, country, and antibiotic resistance, were
extracted. Genomes were annotated using Prokka. Pangenome analysis was
conducted with Roary, categorizing genes into core, soft core, shell, and cloud.
Recombination detection and phylogenetic analysis were performed using Gubbins
and FastTree. Agr operon genes were analyzed using in-house scripts for local
BLAST searches. The pangenome comprised 6,159 genes, with 2,093 core genes
and 3,275 cloud genes. Pangenome analysis revealed an open pangenome. Core
genome phylogeny identified significant genetic diversity and distinct population
structures. Agr-typing showed dominance of agrl (59.47%) followed by agrll
(25.27%) and agrlll (12.85%). One genome lacked the agr operon. The distribution
of clonal complexes (CCs) varied, with CC8 being prominent in MRSA genomes.
MRSA strains were dominant, especially within CC8, reflecting high methicillin
resistance. The study highlights the genetic diversity and adaptability of S. aureus.
The agr operon plays a critical role in virulence regulation. The absence of the agr
operon in one strain suggests possible niche adaptation. Continuous surveillance
and molecular typing are essential to monitor resistant strain’s evolution and
spread.

KEYWORDS Staphylococcus, Antimicrobial resistance, Genome Reduction,
Evolution, Agr typing

unexpected risk variables (Sano et al, 2022). New medical
treatments for MRSA strains are being discovered (Motallebi
et al, 2021; Rimi et al, 2024). Previous research shows that

Staphylococcus aureus is an opportunistic pathogen that
causes primarily skin and soft tissue infections in humans
(Lai et al, 2024). Methicillin-resistant S. aureus (MRSA) is a
multi-drug-resistant strain of S. aureus. The healthcare
industry faces operational challenges from Methicillin-
resistant S. aureus (MRSA) which represents multi-drug-
resistant variants of S. aureus. Healthcare institutions and
common environments both serve as locations where people
acquire MRSA infections. Community-acquired strains have
emerged as a specific threat due to their ability to infect with

different antibiotic treatments effectively stop MRSA
colonies from growing. MRSA infection rates found across
various patient groups. Hospital-based age-specific testing on
S. aureus shows elderly people aged above 50 who
experience the most infections (Cavalcante et al, 2020).
Majority of these elderly patients are reported to be infected
with  MRSA. Healthcare providers should use risk
identification and therapy development with infection control
practices to reduce MRSA burden thereby improving patient
outcomes.
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Previous studies demonstrated that the accessory gene
regulators (agr) control S. aureus bacterial functions such as
biofilm development, antibiotic defensiveness, and tissue
damage potential (Javdan et al, 2019; Raghuram et al, 2022;
Rimi et al, 2024). Staphylococcus aureus depends on the agr
operon to manage its virulence factors along with controlling
its quorum sensing processes (Raghuram et al, 2022).
Extensive examination of this operon occurred across various
clinical environments specifically human chronic infections
(Tan et al, 2018; Javdan et al, 2019; Mossop et al, 2023).
Four genes such as agrA, agrB, agrC and agrD constitute the
agr operon which determines S. aureus strain adaptations
across different environments (Giulieri et al, 2022).
Furthermore, interspecies regulation between S. caprae and S.
aureus suggests a complex network of interactions that may
impact the pathogenicity of these bacteria (Ogura et al, 2022).
Studies have shown that different strains of S. aureus can be
characterized using comparison of agr operon sequence types.
Existence of Agr-typing shows evolution from common
ancestor and variation in virulence. Agr-types include agrl,
agrll, agrlll, and agrlV that are further linked with clinically
important phenotypes (Raghuram et al, 2022). These agr-
types are often linked with particular niche environments
such as chronic wounds etc. Agr typing play a critical role in
understanding the pathogenesis and evolution of S. aureus in
chronic human infections.

Genome reduction has also been reported in bacterial
infections such as Mycobacterium spp., E. coli spp. In a
longitudinal study conducted on cystic fibrosis patients,
genetic diversification of Mycobacterium abscesses within
patients was observed (Lewin et al, 2021). It is established
that phenotypic and genetic heterogeneity occurs in gram
negative bacteria such as Acinetobacter baumannii strains
during chronic infections, with variations in genome sizes and
nucleotide sequences (Valcek et al, 2023). Variation in niche
such as severe infections can act as selective pressure for S.
aureus which undergoes genome degradation leading to
adaptation (Giulieri et al, 2022). Additionally, S. aureus
small-colony variants have been linked to chronic infections
in human patients (Zhou et al, 2022). The current study was
performed to understand the effects of genome reduction on
agr operon using pangenome approaches and agr typing.

Materials and Methods

Data Collection

All the S. aureus genomes were retrieved from NCBI
database (Awan et al, 2021) comprising of 460 complete
genomes and chromosomes (Supplementary Table 1). All
these genomes were included in whole-genome Average
Nucleotide Identity (ANI) computation; performed by
FASTANI (website and package). It utilizes Mashmap to
calculate the ortholog sequence mappings and alignment
identity. Furthermore, to perform the similar computations
based on genome-to-genome genetic distance, Genome-to-
Genome Distance Calculator (GGDC) was utilized (Meier-
Kolthoff et al, 2013; Meier-Kolthoff et al, 2022).

Metadata isolation

Traits such as isolation host, country of origin, and antibiotic
resistance (MRSA/MSSA) related to S. aureus were
downloaded from NCBI and PATRIC (Gillespie et al, 2011).
As the data in public databases is not complete, in-silico
MLST was performed to find out the MLST groups and
clonal complex groups of this dataset
(https://github.com/tseemann/mist-1). This metadata was
used to associate patterns of gene presence and absence with
phenotypes exhibited by groups of taxa.

Genome annotation

To get the stable design in the dataset, Prokka was utilized to
predict the genes and annotate all the genomes. Prokka
utilizes the Prodigal in gene ORF prediction that further
annotated by databases from UNIPROT and ISfinder
(Seemann, 2014). MInCED package utilized by Prokka
predicted the CRISPR sequences in the genomes
(https://github.com/ctSkennerton/minced).

Pan-genome inference

The pan-genome of S. aureus was inferred with Roary (Page
et al, 2015). The Prokka annotated genomes in gff format
were used as input to Roary. These genomes were grouped by
CD-Hit and gene presence-absence binary matrix was
produced. Additionally, Roary also produced multi-fasta core
gene alignment and first 4000 accessory genes-based tree
using PRANK and FastTree 2 (version 2.1.9) respectively
(Price et al, 2010; Loytynoja, 2014). Roary categorized the
pan-genome into core, soft core, shell, and cloud. For further
simple categorization, Epi Gene package in R was utilized
that categorizes the binary matrix into core, accessory, and
unique genes along with the identification of respective
groups/clusters and genomes (github.com/furqan915/Epi-
gene).

Core genome analysis

Recombination detection is an important step in prediction of
accurate phylogeny. The core genome produced in previous
step was used as input in gubbins package that detected the
recombination sequences in the core genome alignment. The
snp-sites package was utilized to filter the SNPs. This
package  identified  both  the  substitution  and
insertions/deletions. Furthermore, FastTree was used to build
a new tree while all visualizations of phylogenetic trees were
produced with FigTree version 1.4.2 and iTOL version 3.5
(Letunic and Bork, 2021).

Bayesian Analysis of Population Structure (BAPS)
analysis and antimicrobial resistance

Core gnome phylogeny was further utilized to estimate
population structure using BAPS algorithm (Tonkin-Hill et
al, 2019). The frequency of all genes in BAPS cluster relative
to the rest of the clades were calculated. AMR genes and
plasmid replicons were detected using ARIBA and the
comprehensive antibiotic resistance database (CARD) and the
Plasmid Finder databases. A similar approach was utilized to
detect virulence factors, using the Virulence Factor Database
(VFDB).
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Agr-operon typing

Agr-operon genes (Agr A, B, C, D) were initially retrieved
from NCBI gene database. Local databases consisting of
these genes and genomes were setup. An in-house script was
developed to run the local BLAST using USEARCH and the
local databases (Edgar, 2010). To determine agr typing, all
the possible agrD sequences were retrieved from NCBI and
UNIPROT. Frequency of the Agr genes and agr-types in the
included genomes was determined along with the existence of
disrupted genes detected using SNIPPY and possible kmers
with MUMers. Furthermore, disrupted agr operon was also
identified.

Results

A total of 460 genomes were included in this study which
were retrieved from NCBI. The distribution of genomes
analyzed in the study showed that the USA contributed the
highest number of genomes, over 100, followed by France
(n=65) (Fig. 1). Spain (n=23), UK (n=20), and Canada (n=25)
also provided notable contributions. Some less developed
countries, such as Mali, Venezuela, and South Korea,
contributed very few genomes, often only one or two. In
brief, a broad geographic distribution of genomes, including
contributions from a wide range of countries across different
continents.
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Fig. 1: Distribution of genome included from different
countries around the world.
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In-silico MLST of genomes revealed wide range of strain
types (n=68). These strain types were further estimated into
different 10 clonal complexes (CCs) as per mentioned
guidelines. The distribution of clonal complexes was related
to methicillin resistance status. Antibiotic resistance
analysis revealed total of 180 methicillin-susceptible
Staphylococcus aureus (MSSA) genomes and 279
methicillin-resistant ~ Staphylococcus aureus (MRSA)
genomes. The total number of isolates is significantly higher
in the MRSA group compared to MSSA. Within both
groups, certain clonal complexes such as CC8 and CC30 are
prominently  represented. Unclassified isolates also
contribute a notable portion in both MSSA and MRSA
categories. Additionally, other clonal complexes like CC5
and CC22 are present but in lower numbers in MSSA. It
was determined that the CC8 complex is particularly
dominant in the MRSA group, suggesting its prevalence in
methicillin resistance among the analysed genomes (Fig. 2).
The distribution of untypeable isolates shows that some
strains could not be classified into specific clonal
complexes, highlighting the genetic diversity within both
MSSA and MRSA populations.
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Fig. 2: Distribution of clonal complexes along with the
methicillin resistance status.
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Pan-genome Analysis

In initial ANl computation and GGDC analyses, one
genome was removed from the initially included genomes.
Further downstream pangenome analyses, remaining
genomes (n=459) were utilized. The pangenome consists of
6,159 total genes, categorized into core, soft core, shell, and
cloud genes based on their presence across strains. Core
genes (99% to 100% genomes) and soft-core genes (95% to
99% genomes) contributed fairly in pangenome (n=2,093, n
=30, respectively). While shell genes (15% to 95% of
genomes) and cloud genes (less than 15% genomes) make
up higher contribution (n =761 and n =3,275, respectively).
This distribution highlights the varying levels of gene
conservation and variability among the strains. A binary
pangenome clustering and dendrogram shows a variation in
presence and absence of genes among all the genomes (Fig.
3a). The varying patterns off-diagonal indicated accessory
genes, reflecting genetic diversity and potential adaptations
among the strains. On the other hand, relationship between
number of genomes and number of genes revealed the
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current pangenome as open pangenome (Fig. 3b). The
divergence between these two highlights the presence of
both conserved and variable genes across the genome
dataset. It underscores the dynamic nature of the

pangenome, with a relatively small core genome and a
large, diverse accessory genome.
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Fig. 3: Pangenome analysis revealed open-pangenome with varying levels of presence or absence of genes. (a) Heatmap
illustrates the binary presence or absence of genes. The heatmap uses blue to indicate the presence of genes and white to indicate
their absence across the genomes. (b) This figure depicts the relationship between the number of genomes and the number of
genes. The solid line represents conserved genes, which remain constant as more genomes are added, indicating the core genome.
The dotted line represents the total number of genes, which increases with the inclusion of additional genomes, reflecting the

expanding pangenome.
Pan-genome and sequence similarity

Another downstream analysis was performed using protein
sequence similarity ranging from 45 % -95% among the
genomes in pangenome (Fig. 4). This analysis highlights the
diversity in gene sequence similarity, indicating both
conserved and divergent genetic regions among the
genomes. This analysis can identify sequence variation
among core, accessory, and unique gene clusters across the
bacterial pangenome.

BAPS-core SNP analysis

Population Structure calculated using BAPS algorithm
based on core SNP analysis revealed significant nucleotide
variation and population structure among the strains. The
analysis identified several distinct groups or clusters (n=9),
indicated by horizontal divisions, each displaying unique
patterns of nucleotide variation (Fig. 5). BAPS cluster
number 5 had highest number of strains (n=150) while
cluster number 9 had the least strains (n=3). These patterns
reflected underlying genetic differences among the groups,
with certain regions showing high SNP diversity, indicated
by a mix of colors, while other regions appear more

conserved within specific clusters. The focus on core SNPs
highlights the shared genetic backbone of these genomes
while showcasing the variations that define different
populations.

Agr-Types and Clonal complexes

Agr-typing revealed 5 categories (agrl, agrll, agrlll, agrlV,
and absent). Expectedly, agrl category was found highest
(n=273, 59.47 %) among genomes followed by agrll
(n=116, 25.27%) and agrlll (n=59, 12.85%) showed the
backbone and ancestral sequence of all the agr types. AgrlVV
type was found in few genomes (n=10, 2.18%). Only one
genome was found having no agr type which later revealed
the absence of agr operon (Fig. 6a). Furthermore,
distribution of these agr types across different clonal
complexes (CCs) revealed distinct patterns (Fig. 6b).
Among the agrl type, unclassified isolates and CC8 showed
notable representation. For agrll, CC5 dominated with a
high count, while agrlll type is mainly represented by
CC30. The agrlV type showed minimal representation,
primarily through unclassified strains.
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Fig. 4: Diversity of genome sequence in the pangenome. The heatmap uses a color gradient, with red representing lower

similarity (50%) and blue representing higher similarity (90%). The dendrogram on the left clusters the genomes based on their
gene sequence similarities.
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Fig. 5: BAPS Population structure based on core genome phylogeny. The heatmap visualizes this variation, with the x-axis
representing SNP positions and the y-axis showing individual genomes. Distinct nucleotide bases are color-coded: blue for
adenine (A), yellow for cytosine (C), red for guanine (G), green for thymine (T), and white for indels (insertions or deletions).
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Fig. 6: Agr typing frequency and distribution of clonal
complexes in the pangenome. (a) Pie chart showcasing the
contribution of agr types. (b) Distribution of CCs and agr

types.
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Core genome with agr types

Core genome phylogeny revealed clustering of common
origins and agr types. Phylogenetic tree illustrated the
distribution of agr types across different branches suggests
independent evolutionary events leading to the variation
among these types. It also explains the genetic diversity and
adaptability of S. aureus in response to environmental
pressures and host interactions (Fig. 7). Majority of the
strains belong to human origin followed by animal origin
strains. Meta-data of few strains lack the origin related
information. Most of the human origin strains were
clustered together in the phylogeny while animal origin
strains were clustered together. Similarly, agrl type was
found clustered as mostly human origin strains were
clustered. But in majority, agr typing showed no or little
correlation with origin.

A comparative analysis reveals one genome lacking this agr
operon. This absence of agrA and agrB genes in this strain
may have significant implications for the regulatory
capabilities of the agr system, potentially affecting quorum
sensing and virulence. This strain belonged to human origin
but clustered among agrl and agr 11 types.

Fig .7: The circular phylogenetic tree illustrates the genetic relationships among 459 S. aureus genomes, highlighting

variations in the agr operon.
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Agr operon-lacking strain

A single genome (strain name = MS4, Genbank
ID=GCA _001456215.1) found to be having no agr A and
agr B genes when compared with reference strain genome
(strain name = NCTC 8325, Genbank
ID=GCA _000013425.1) (Fig. 8). Metadata of this strain
showed that this strain was isolated from 76 years old

agrA
agrB

agrA
agrB

patient of broken bone residing in Shenzhen, China (Fig. 8).
This strain was found methicillin resistant and belonged to
SCC-mec type Vb (5C2&5). It could be the special case of
chronic disease leading to genome reduction. This
comparison emphasizes the genetic divergence between the
strains, particularly in the agr operon, which plays a crucial
role in quorum sensing and virulence regulation.
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Fig. 8: Ring diagram showed the comparison of reference genome and MS4 strain which revealed the variation in agr
operon and other genes. The circular genome comparison highlights the genetic differences between two Staphylococcus aureus

strains.

Discussion

Current study has revealed essential findings relating to
both S. aureus evolutionary adaptations and genetic
variation. Pangenome analysis determined the estimation of
an open pangenome. Previous studies examining S. aureus
pangenomes observed these genomic collections to be open
pangenomes (John et al, 2019). The ability of S. aureus to
demonstrate genetic flexibility and adaptability becomes
evident through examinations of core genes and shell or
cloud genes analysis (Park et al, 2022). The pathogen
requires this genetic variability to effectively adjust itself
both to numerous hosts and ecological spaces especially
during prolonged infections (Park et al, 2022; Sivakumar et

al, 2023). The extensive accessory genome contains genetic
sequences which belong specifically to particular growth
environments. Accessory genes confer beneficial traits to
pathogen survival while providing advantageous traits
(Giulieri et al, 2022). The pathogens genetic components
specifically enable persistent infections by affecting their
ability to infect elderly patients with ongoing medical
conditions.

The present study demonstrated significant differences
regarding both clonal complex group distributions and
methicillin resistance detection patterns. The major role of
MRSA strains indicates that clinical isolates resist
methicillin and its related antibiotics very commonly. The
data from this study supports previous studies showing CC8
MRSA represents the primary lineage linked to hospital-
acquired infections (Smith et al, 2021; Khatoon et al,
2024). The research uncovered untypeable microorganisms
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that existed inside both MSSA and MRSA classifications
while showing genetic variability indicating possible
generation of novel ancestral groups. Monitoring resistant
strain evolution requires ongoing surveillance with
molecular testing because these findings demonstrate
resistance evaluation needs must continue (Syed et al,
2021).

Recently developed technique known as Agr-typing allows
scientists to track different evolutionary S. aureus strains.
The agrl group dominated the studied DNA sequences
followed by agrll and agrlll types whereas agrlVV group
represented the rarest genomes based on Agr typing results.
The observed distribution indicates the relevance of agr
types to virulence control (Tan et al, 2018). Studied
evidence showed that a single bacterium did not contain an
agr operon which suggests both possible niche-developing
traits and genetic simplification (Giulieri et al, 2022). A
strain lacking the agr operon might reveal significant
consequences for both quorum sensing and virulence.
Research needs to explore how S. aureus strains perform
clinically without the agr operon during disease
maintenance.

The core genome phylogenetic analysis together with
BAPS produced understanding of genetic diversity and
population division between S. aureus strains. The analysis
revealed clusters with distinct patterns of single nucleotide
polymorphisms that demonstrated hidden genetic
variations. Previous studies have utilized distinctive
patterns to conduct epidemiological investigations (Piper et
al, 2024). The pathogenic characteristics along with
antibiotic response of multiple strains depend on genetic
variations within their lineages (Gostev et al, 2021).
Population structures of S. aureus need to be
comprehensively understood to create effective targeted
treatments in healthcare environments.

Numerous questions emerge from the identification of this
agr operon-deficient strain discovered in a long-term illness
elderly patient. The organisms' genome has probably
become smaller because they evolved to succeed in
permanent infectious conditions. When virulence decreases,
the bacteria typically succeed in surviving inside the body
to create persistent infections which become chronic.
Previous study by (Giulieri et al, 2022) demonstrated how
S. aureus utilizes evolutionary adaptations as strategies for
remaining in host environments. Further research is needed
to evaluate how lack of agr operon functions affects
infection outcomes during clinical conditions.

In conclusion, the results demonstrate why pangenome
analyses combined with agr typing play essential roles in
estimating the evolutionary patterns of S. aureus. The
emphasis in future research should be directed towards
understanding how genetic variations function biologically.
The obtained results may help understand infection control
complications and their relevant therapeutic approaches.
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