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ABSTRACT Among the emerging pathogens, Staphylococcus aureus has
ability to secrete virulence factors solely depends upon the Quorum Sensing
(QS) system especially Accessory gene regulating (agr) operon. If agr-operon is
disrupted, they are no longer virulent to establish the disease. This study aims to
understand the disruptions in the agr-operon. A total of 460 complete genomes
of S. aureus were downloaded from NCBI and analyzed using ANI and in-
silico MLST. For downstream analyses, 459 genomes were selected and
pangenome was estimated along with core genome phylogeny and
recombination identification. It was revealed that these genomes were mainly
isolated from humans (n=308) and animals (n=54) while isolation history of 98
genomes was unknown. There was also significant difference in distribution of
genomes association with clonal complexes. Pan-genome studies revealed
higher percentage of accessory genes as compared to core and unique genes. On
the other hand, agr-defects were present in 30 (6.5%) strains of the pangenome.
Except agrD, other agr genes i.e. agrA, agrB and agrC were found defective.
AgrB defects have not been previously reported. Frame shift mutations or small
indels could be major causes of these defects. This could be a possible outcome
of genome reduction, facilitating prolonged infection in chronic cases,
antibiotic-resistant strains, elderly individuals, and immuno-compromised
cases.
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Introduction

Staphylococcus aureus, especially Methicillin Resistant S.
aureus (MRSA), is one of the emerging pathogens associated
with nosocomial and community-acquired infections. The
ability of this pathogen to secrete virulence factors solely
depends upon the Quorum Sensing (QS) system (Vinodhini
and Kavitha, 2024). The Accessory gene regulating (agr)
operon, LuxS, and RAP-TRAP are the prevailing QS
mechanisms in S. aureus (Schlievert et al, 2023). Briefly, agr
system is primarily comprised of agr-operon that in turn
composed of 4 genes such as agrB, agrD, agrC and agrA. The
histidine kinase agrC senses the auto-inducing protein signals
(AIP) produced by agrD and transported by agrB channels
(Osbourn and  Field, 2009; Omer et al, 2024).
Phosphorilization of agrC activates the agrA that transcribes
the RNAIII and RNAIIL. RNAIII transcription results in the
expression of multiple virulence genes. On the other hand,
expression of agrA inhibits the biofilm production by
upregulating the proteases and down-regulating the surface

proteins production and decreased dispersion of mature
biofilm (Inagaki et al, 2024). As agr-operon is associated
with regulating bacterial pathogenesis and virulence, agr-
operon is a clinically important target (Inagaki et al, 2024). If
agr-operon is disrupted, these strains are no longer virulent to
establish the disease.

Agr-defective strains are increasingly gaining importance
among staphylococcus aureus isolates.  Genetically
engineered mutants of Staphylococcus aureus with defective
agr have substantially reduced virulence (Wright et al, 2005).
Several studies reported the benefits of agr dysfunction to
bacteria such as survival advantage under vancomycin
selection pressure and association with persistent bacteremia
(Fowler et al, 2004; Tsuji et al, 2007). Moreover, it is also
important in the suppression of biofilm production. Such agr-
defective strains demonstrate less virulence with high biofilm
production and are extremely important in device-related
infections.

Genetic variations due to gene disruptions caused by insertion
sequences (IS) or integrated prophages affect gene
expressions (Osbourn and Field, 2009; Greenrod et al, 2023).
Additionally, small insertions and deletions can introduce
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frameshifts and stop codons which will also affect the gene
function, microevolution, and host adaptation (Tenaillon et al,
2016). Recent studies have mentioned that agr-disrupted
strains are often associated with chronic infections which
shows the prolonged survival and persistence of bacteria in
the host (Bezar et al, 2019). Previously, presence of insertion
sequence (1s256) and mutational defects in agrC and agrA are
reported respectively. But agrB and agrD are never studied
for this kind of disruptions. The study of such mutations is
important for understanding the mechanisms of protein
sequence evolution.

Materials and Methods

Data Collection

All the Staphylococcus 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 Staphylococcus aureus
were downloaded from NCBI and PATRIC. 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. 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.
MiInCED package utilized by Prokka predicted the CRISPR
sequences in the genomes
(https://github.com/ctSkennerton/minced).

Pan-genome inference

The pan-genome of Staphylococcus aureus was inferred with
Roary. 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. 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.

Core genome analysis and Recombination detection

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 that filtered 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.

Agr-operon and agr-defects identification

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. Frequency of the Agr genes in the included
genomes was determined along with the existence of
disrupted genes.

Results
ANI and Annotation

FastANI package revealed that only one genome
(GCF_008619595.1) was not related to S. aureus which was
removed and remaining 459 genomes were continued in
downstream analysis. Among all the remaining genomes,
genome-to-genome genetic distance also confirmed the
relation of all the genomes to the same species (data not
shown). These genomes were mainly isolated from humans
(n=308) and animals (n=54) while isolation history of 98
genomes was unknown. Annotation of all the remaining
genomes (n=459) estimated the median number of genes
(n=2954) and proteins (n=2770). After annotation, in-silico
MLST estimation revealed variety of MLST groups. To
better understand those groups, genomes based on the
MLST were assigned the clonal complex (CC) as mentioned
in literature previously. A total of 10 CC groups were
determined with different proportions among the study
genomes. Clonal complex 8 being the highest (h=160) while
the clonal complex 45 was found to be lowest (n=6)
(Fig.1a). Many untypeable and unclassified CC groups were
also determined which shows genomes that have large
variations and are difficult to classify.

Pangenome

Afterwards, pangenome building revealed that the number
of core genes (99% - 100% strains) and soft-core genes
(95% - 99% strains) were 2093 and 30, respectively. While
number of shell genes (15% - 95% strains) and cloud genes
(0% - 15% strains) were revealed to be 761 and 3275,
respectively (Fig. 1b). A total of 6159 gene clusters were
found to be present in this pangenome. It was determined
that low number of core or soft-core genes as compared to
accessory or cloud genes show that there is a proportion of
genes that is conserved and a mechanism is possibly
executed to control the introduction of mutation.
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Fig. 1: Comparison of clonal complexes distribution and pan-genome estimation. a. Distribution of Clonal complexes of
S. aureus genomes after annotation and in-silico MLST analysis. b. Distribution of core genes (all genomes), accessory
genes (not present in all genomes) and unique genes (only in one genome). Another estimation of pangenome revealed that around
1217 core clusters of genes were present in this pangenomes. While dispensable or accessory genome which includes shell gene clusters
contained 10,038 genes. On the other hand, unique genes were found to be 6,781 genes.

Another distribution of genes in pangenome was estimated
showing the similar relationship between core genes and
accessory genes. On the other hand, imbalance between
core-genes and shell/cloud genes or the unique genes and
accessory genes was observed. The number of unique genes
(only in one organism) is relatively low but the accessory
genome is high showing that there is higher number of
genes shared or there may be a common source of origin
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Core genome analysis

To identify the recombination and diversity among the genomes,
core genome analyses was performed (Fig. 2). Core genome
analysis revealed that most animal origin and human origin
genomes were found clustered separately except in few clades.
Mostly animal-origin genomes were found associated with CC-1,
unclassified and untypeable clonal complexes while human origin
genomes were distributed among other clonal complexes.

Fig. 2: Core genome phylogeny and tree visualization in relation to clonal complexes and origin.
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Agr-operon and defects

All the genomes possessed the agr operon (at least one CDS
from all the specified agr operon genes) showing that this
operon is conserved in the studied sequences. BLAST
revealed the various defects in the agr-operons in few
genomes (n=28) (Fig. 3). Disruptions such as frameshift,
non-synonymous mutations, and presence of insertion
sequences (IS-256 and 1S-1181) were found in agrC, agrA
and agrB genes. AgrC genes were disrupted in 20 genomes
while agrA genes were found disrupted in 8 genomes. Only

agrB

one genome was found with disruptions in agrB (FDA209P,
GCA 001548295.1) which has never been reported earlier as
per literature review. There was no single organism
possessing both agrA and agrC truncations. No truncations or
multicopy genes were found in agrD genes. High variability
was observed in the starting region of agrC aligned
sequences. Truncations in the mid and ending parts were
observed. Loss of functionality was observed by finding the
binding sites of the agrC and agrA (Table 1).
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Fig. 3: Variability and disrupted regions among the sequences of agrC, agrA and agrB genes as per literature review
and finding of current study. In agrC, there are parts of protein i.e. (i) Transmembrane Domain (TM) (ii) dimerization and
histidine phosphotransfer (DHp) (iii) Catalytic binding activity (CA). Majority of disruptions found in agrC are in TM as
compared to DHp and CA. Of 1200 bp sequence, 13 disruptions were found in <600 bp while 8 disruption were found in
>600bp. In agrA, protein sequence composed of 800 bp and two parts i.e. Response regulator domain and DNA binding
domain. Majority of the disruptions were found in DNA binding domain. In agrB, 1S1181 transposase family insertion sequence
was found which disrupted this protein. In agrD, no disruption was determined possibly due to small sequence.
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Table 1: List of all the genomes in the pangenome possessing the disruption in agr operon. Origin and antibiotic resistance

status have been shown in this table as well along with type of disruptions

Sr Origin MRSA/
No Strain Name NCBI ID Gene Type of Disruption MSSA
13 | JH9 GCA _000016805.1 AgrC Non-synonymous mutations | Human MRSA
24 T0131 GCA 000204665.1 AgrC 15256 Human MRSA
71 | TCH_ 959 GCA_001018685.2 AgrC Non-synonymous mutations | Human MSSA
115 | HC1335 GCA 001515765.1 AgrC 15256 Human MRSA
116 | FDA209P GCA 001548295.1 AgrB 151181 Human MSSA
156 | USA300-SUR12 GCA _002000625.1 AgrA Frameshift Human MRSA
158 | USA300-SUR15 GCA 002000685.1 AgrA Frameshift Human MRSA
167 | USA300-SUR24 GCA_002000865.1 AgrA Frameshift Human MRSA
185 | Newman_D2C GCA 002310395.1 AgrA Non-synonymous mutations | Human MSSA
203 | MRSA107 GCA _002895385.1 AgrC Frameshift Human MRSA
235 | AR_0469 GCA_003194005.1 AgrC Non-synonymous mutations | Human MRSA
238 | AR 0226 GCA 003203595.1 AgrC Frameshift Human MRSA
246 | AR 474 GCA 003330905.1 AgrC Non-synonymous mutations | Human MRSA
257 | 165 GCA 003354665.1 AgrC 15256 Human MRSA
259 | 61 GCA 003354705.1 AgrA Non-synonymous mutations | Human MRSA
270 | 546 GCA 003354965.1 AgrC 15256 Human MRSA
312 | C3948 GCA 004193875.1 AgrA Frameshift Human MSSA
313 | H489 GCA _004193895.1 AgrC Frameshift Human MSSA
366 | 9 LA 281 GCA 900324265.1 AgrC | Frameshift Human MRSA
396 | BPH2019 GCA 900607255.1 AgrC Frameshift Human MRSA
411 | NCTC4137 GCA 900635305.1 AgrA Frameshift Human MSSA
423 | NMRO08 GCA _002407105.1 AgrC Frameshift Human MRSA
429 | 101110051-1 GCA 003194145.1 AgrC Frameshift Human MSSA
438 | 2030RH1 GCA 005153305.1 AgrC Frameshift LA MSSA
449 | ATCC BAA-39-1 GCA 003827735.1 AgrC Frameshift Human MRSA
450 | ATCC_BAA-39-2 GCA 003827835.1 AgrC Frameshift Human MRSA
454 | NCTC5660 GCA _900635275.1 AgrC Non-synonymous mutations | Human MSSA
455 | NCTC6131 GCA 900636395.1 AgrC Frameshift Human MSSA

Association with isolates and Antibiotic resistance:

Majority of agr-defective genomes were isolated from
human samples (n=27) while only one genome was of
animal origin. On the other hand, most of the agr defective
genomes were also revealed to be MRSA (n=18) while 10
genomes were found to be MSSA.

Discussion

Pan-genome studies are important in comparing and
studying the hundreds of whole genomes (Guimaraes et al,
2015). After such comparisons, the identification of the

gene clusters of interest is relatively easy and more rational.
Based on the core-genome analysis, population structure is
estimated and can be related to undermine the specific
genes that are needed to study. In this study, the number of
unique genes (only in one organism) is relatively low but
the accessory genome is high showing that there is higher
number of gene sharing or there may be common source of
origin. Previously, comparison of core genes and accessory
genes have already been reported in other bacterial
pangenomes (Page et al, 2015; Awan et al, 2018). Such
studies also show agreement to results in current study.

Agr-defects is important in understanding the protein
mechanisms that let the agr operon to disrupt. Agr-operon
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disruption is mainly dependent on agrA and agrC genes
which are important in promoter activations and
transcription (Green et al, 2023). Current study has
determined the presence of another insertion sequence in
AgrB gene which was never reported earlier. Mechanisms
behind the introduction of this IS and disruption of this
gene could reveal many other mechanisms other than
chronic infections (Hu and Ng, 2012; Greenrod et al, 2023).
Chronic infections can introduce such genetic sequences
variations but how S. aureus controls this time-to-time need
remains unknown (Anani et al, 2020; Hachani et al, 2023).
The results, combined with observations from another
study, indicate that this conclusion is supported by previous
studies showing loss of operon function. Frameshift indels
or nonsense variants can influence splicing patterns, leading
to shorter proteins with a possibly maintained partial
function(s) (Lalonde et al, 2017; Vihinen, 2021). Kapahnke
and colleagues determined that CRISPR-Cas9-mediated
frameshift indels can randomly modulate the splicing
pattern of nearby exons, resulting in shorter proteins, or
proteins with new amino acid sequences (Kapahnke et al,
2016).

In conclusion, Agr-defects are present in 30 (6.5%) strains
of the SA pangenome. agrA, agrB and agrC are the genes
found defective. Interestingly, agrB defects have never been
reported. Frame shift mutations or small indels are the
major cause of this defects. This could be a possible
outcome of genome reduction to prolong the infection. This
mechanism could show higher occurrence in chronic cases,
antibiotic-resistance cases, in advanced age and immuno-
compromised cases. These defects can lead to even loss of
this conserved operon of gram-positive bacteria.

Supplementary Materials

Supplementary table 1: All the 460 genomes with the NCBI
provided identifier numbers, strain names that were
included in this study.
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