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Abstract 
Staphylococcus aureus is a common opportunistic pathogen and a major cause of foodborne 
intoxication worldwide with high ecological plasticity and adaptability to diverse ecological 
niches. Its accessory genome, contains extensive virulence determinants that contribute to strong 
metabolic and physiological flexibility, enables it to persist under complex and adverse conditions 
encountered throughout the food supply chain including during food production and 
preservation. The aim of this study was to investigate the distribution of adhesion-associated 
genes with a particular focus on the fibronectin-binding protein genes (fnbA and fnbB), and their 
potential role in the ecological adaptation of Staphylococcus aureus across the food supply chain. 
Comparative genomic analyses were performed using publicly available isolate genomes and 
metagenome-assembled genomes. A total of 4,503 genomes were analysed and annotated using 
comparative pangenomics, core-genome phylogenetics and phylogeny-aware genome-wide 
association analyses to identify niche associated genomic patterns among 15 adhesion-associated 
virulence determinants with a focus on fibronectin-binding proteins. The samples were unevenly 
distributed among ecological niches and the dataset was biased towards milk-associated samples. 
Nevertheless, the pangenome contained approximately 80% accessory genes with a Heap’s law α 
value of 0.87, supporting an accessory-rich open pangenome. Significant associations were 
identified between different ecological niches and several adhesion-associated genes, including 
sdrC, sdrD, sdrE, icaA, icaD, icaR, ebpS, clfA clfB, fnbA and fnbB. These results provide evidence for 
possible candidate niche-associated genomic patterns. However, the broad distribution of fnbA 
and fnbB suggests that these genes are biologically important but cannot be considered simple 
niche-specific markers or direct markers of transmission routes.  Overall, the findings suggest that 
adhesion association genes may contribute to the ecological flexibility of S. aureus across the food 
supply chain, although they do not confirm direct transmission, functional adaptation or causality. 
Further studies are required to validate these associations and to evaluate the potential role of 
fibronectin-binding proteins in the persistence and adaptation of S. aureus in food-associated 
environments. 



 
 

 Popular scientific summary 

One of the fundamentals of all living animals including humans is food and water. However, food 
itself can harm human health if it is contaminated with hazards such as toxic chemicals, harmful 
physical objects, as well as germs and their by-products.  Some germs can survive on different 
environments and even on the bodies of animals without causing harm, but they can still cause 
diseases when the host animal becomes weak. Staphylococcus aureus (S. aureus) is also a 
bacterium that lives on healthy humans and animals but still can cause disease. Foods can become 
unsafe when S. aureus contaminates them with their toxins, resulting in food poisoning.  This 
pathogen has the ability to live in different environments and on different animals, even in harsh 
conditions providing it with the opportunity to survive on farm animals, food processing 
equipment, food handlers with inadequate hygiene practices and even during  food processing 
steps. 

S. aureus has gained this ability to survive in multiple environments due to its diverse genetic 
composition, with many traits that enable to withstand harsh environments and chemicals such 
as antimicrobial agents. One of the interesting traits of S. aureus is its mechanism of attaching to 
and invading host cells using different proteins. Our study focused on identifying these different 
traits of S. aureus across different stages of the food supply chain, from farm to folk, and across 
different geographical locations, focusing on different genetic factors used by S. aureus to attach 
to host cells in different environments. 

Bacteria gain new genetic materials from other members in addition to inheriting genetic material 
from parent cells, thus analyzing a large number of bacterial populations provides a more 
comprehensive understanding of a bacterial species rather than analyzing only a few individual 
bacteria. Therefore, we collected genetic composition details of thousands of S. auresus bacteria 
and their genetic variations were computationally analysed across the population. 

We identified and compared the genetic characteristics of more than four thousand S. aureus 
strains from farm animals, farm utensils, food handlers, food processing equipment and foods. 
Then we examined genetic variations across all different S. aureus groups and tried to identify 
relationships between genetic traits  of S. aureus across different stages of the food supply chain. 
We understood that S. aureus contained a very diverse pool of genetic traits and identified certain 
patterns of traits that may link to specific environments as well as, potential relationships 
between genetic factors, different stages of the food supply chain and different geographical areas. 
However, our results cannot exactly confirm these relationships as definitive indicators but 
instead suggest that these traits may contribute to general survival of this pathogen in different 
environments. 

The findings of this research help to improve our understanding of how S. aureus persists  in foods 
and food associated environments. They also highlighted the important of further studying 
microbial adaptation across the food supply chain in order to improve food safety.  
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Introduction 
The relationship between human diseases and the consumption of food was observed in the 
distant past and it was first reported in the 5th century BC by Hippocrates, who described the 
association between diet and illnesses; to date, more than 200 foodborne diseases have been 
identified (Bintsis, 2017). Foodborne pathogens are referred to as biological organisms that cause 
foodborne diseases, including viruses, bacteria, fungi and parasites transmitted through 
contaminated food or water (Farrukh et al., 2025; Lee et al., 2014). Foodborne diseases, which are 
a major global public health concern, are often caused by bacterial pathogens including Salmonella 
species, Escherichia coli, Listeria monocytogenes, Campylobacter species and Staphylococcus 
aureus (S. aureus)  that are responsible for most of reported deaths caused by bacterial pathogens 
globally (Abebe et al., 2020; Nascimento et al., 2025; Phan et al., 2025). S. aureus, which is capable 
of causing food intoxication, is considered one of the most common foodborne pathogens that can 
colonize and infect a broad range of  hosts, including humans and animals (Nascimento et al., 
2025; Zeaki et al., 2019).  

Introduction to S. aureus and its importance as a foodborne pathogen 
The term Staphylococcus, meaning “bunch of grapes,” was given to describe this group of coccoid 
bacteria that form grape-like clusters and cause inflammation and suppuration. To date, 45 
staphylococcal species and 24 subspecies have been identified within the genus Staphylococcus in 
the family Staphylococcaceae and members of this genus have a DNA G+C content ranging from 
33% to 40% (Pinho et al., 2025). Staphylococci normally colonize the skin and mucosal surfaces 
of their hosts without causing disease and are commonly found as harmless commensals on 
different parts of the human body, but under certain conditions such as distruption of the 
cutaneous barrier, alterations in the host microenvironment or compromised host immune 
defense,  some Staphylococcal species may opportunistically cause infections (Chang et al., 2025; 
Gill et al., 2005).  

S. aureus is a Gram-positive, catalase and coagulase-positive coccoid bacterium, facultatively 
anaerobic and producing the golden pigment staphyloxanthin (Pinho et al., 2025). The genome of 
S. aureus with 2.8 - 3.2 Mbp and encoding approximately 2,500 - 3,000 proteins on a single 
conserved circular chromosome, often accompanied by one or more plasmids carrying accessory 
genes, which occurrs only in some strains, whereas, core genes are frequently distributed among 
almost all strains and are essential for their survival (Malachowa & DeLeo, 2010; Pinho et al., 
2025). Approximately 15 - 20% of S. aureus genome consists of the accessory genes, that are found 
in pathogenicity islands (SaPIs), plasmids, transposons, cassette chromosomes and 
bacteriophage-derived genomic regions (John et al., 2019). The G+C content of accessory genes 
differs from core genes, reflecting their origin from heterologous bacterial species (Malachowa & 
DeLeo, 2010). 

Pathogenicity of S. aureus 
S. aureus, that is considered as an opportunistic pathogen, can establish both intracellular and 
extracellular infections, causing a broad spectrum of infections, ranging from minor skin and soft 
tissue infections to severe, potentially lethal diseases and exotoxin-mediated syndromes(Chang 
et al., 2025). This include bloodstream infections, central nervous system infections, endocarditis, 
bone infections, lung infections including pneumonia, urinary tract infections, chronic respiratory 
infections in patients with cystic fibrosis as well as scalded skin syndrome and toxic shock 
syndrome (Gill et al., 2005; Guérillot et al., 2019).  

S. aureus is capable of shifting between different observable phenotypic forms, while these 
changes produce subgroups within an infecting population that exhibit heteroresistance to 
antibiotics and other adaptive alternatives that enhance survival in the host; and one of the well 
observed variants is the small colony variant, which grows slowly, shows reduced hemolytic 
activity, exhibits increased resistance to antibiotics, thus can survive inside host cells (Guérillot et 
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al., 2019). And also, S. aureus can rapidly shift from an extracellular to an intracellular due to its 
strong metabolic and physiological flexibility that allow the bacterium to adapt to varying nutrient 
conditions, withstand different levels of oxidative stress and activate protective mechanism such 
as biofilm formation (Chang et al., 2025). As well as, strain specific variation in S. aureus has been 
observed among isolates originating from food samples, clinical cases of staphylococcal food 
poisoning (SFP) and laboratory strains with notable differences in enterotoxin production and 
pathogenic potential (Schelin et al., 2017).  

S. aureus as a foodborne pathogen 
Foodborne outbreaks related to S. aureus are broadly reported worldwide, making it one of the 
most commonly reported bacterial pathogens and leading cause of global foodborne intoxications 
(Fetsch & Johler, 2018; Zeaki et al., 2019). S. aureus is capable of causing the foodborne illness 
known as SFP through the contaminated food with preformed staphylococcal enterotoxins (SE), 
which are heat-stable, small, globular exotoxins that tolerate a wide pH range (Cieza et al., 2024; 
Pexara et al., 2018; Zeaki et al., 2019). Therefore, SEs cannot be effectively destroyed during food 
processing, making toxin formation a key concern for managing consumer food poisoning risks 
(Schelin et al., 2017). Additionally, the resistance of SEs to proteolytic enzymes allows the toxins 
to remain active in the digestive tract, further increasing the risk of illness (Zeaki et al., 2019). In 
addition, contamination of food by S. aureus and its preformed SEs may occur during food 
preparation, processing or post-production due to contaminated raw materials, inadequate 
hygiene practices among food handlers or insufficiently sanitized food processing equipment 
(Zeaki et al., 2019). One quarter of foodborne S. aureus isolates exhibit resistance to at least one 
commonly used antimicrobial agent, and these antibiotic-resistant S. aureus strains have been 
isolated from meat, dairy-based products, and ready-to-eat foods (Zeaki et al., 2019; Zhao et al., 
2025). 

Food supply chain and classification of agro-ecological niches 
A food supply chain is an interconnected system that includes primary food production including 
plant-based agriculture, animal-based livestock production, and marine production; related 
material inputs and processing environments such as cleaning, cutting, cooking, and preserving; 
packaging; storage; distribution; retail and food service sectors and ultimately the consumers of 
finished food products (Espinoza et al., 2026; Luo et al., 2022). The food supply chain is impacted 
by several food safety challenges, particularly those associated with foodborne pathogens and 
microbial hazards such as microbial food contamination, cross-contamination events and cross-
border disease transmission (Espinoza et al., 2026). Additinaly, the Food and Agriculture 
Organization of the United Nations (FAO) has described the agro-ecological zones (AEZ) based on 
combination of soil composition, climate conditions and characteristics of landform for 
agricultural purposes, in order to identify uniform environments for crops and agricultural 
products, that is important in defining different ecological niches of food supply chain in a 
scientific way (Food and Agriculture Organization of the United Nations, n.d.).  

S. aureus across the food supply chain 
S. aureus has a broad host range and can move between different species and colonize both 
humans and animals, with high colonization rates ranging from 30% to 80% in humans, 77% in 
cattle and 43% in pigs in some populations (Du et al., 2025; Phan et al., 2025).  In dairy cows, S. 
aureus is a common cause of bovine mastitis where the bacteria have the capability to infect and 
internalize within milk producing epithelial cells (Artursson et al., 2016). As well as S. aureus is 
frequently isolated from milk produced by cows with bovine mastitis (Artursson et al., 2016). 
Zoonotic S. aureus can be transmitted to humans through direct contact with animals or indirectly 
through environmental exposure; as a result, the distinction between livestock-associated and 
non-livestock-associated S. aureus strains is becoming increasingly unclear, even though their  
origins differ (Du et al., 2025).  

The excessive use of antimicrobials in farm animals promotes the development of antimicrobial-
resistant S. aureus in food products, and these antimicrobial-resistant S. aureus strains can serve 
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as reservoirs of antimicrobial resistance in the food supply chain, providing an alternative route 
for the transmission of antimicrobial-resistant bacteria (Zeaki et al., 2019; Zhao et al., 2025). 
Additionaly, S. aureus exhibits considerable adaptability and is capable of persisting in diverse 
food matrices, including under adverse environmental conditions encountered during food 
production and preservation (Schelin et al., 2017). Virulence and antimicrobial resistance genes 
are frequently carried by mobile genetic elements (MGEs) and contribute to bacterial adaptation 
and survival in different niches across the food supply chain (Malachowa & DeLeo, 2010). 

Virulence determinants of S. aureus  
The adaptability of S. aureus from a commensal bacterium to an aggressive opportunistic 
pathogen is mediated by a range of interconnected virulence factors that regulate attachment to 
host tissues, cellular invasion, immune evasion and tissue destruction (Touaitia et al., 2025). S. 
aureus can regulate the expression of its virulence factors in response to environmental 
conditions and invade host cells by avoiding the host immune system, thus, the same bacterial 
strain can exhibit different phenotypes through phenotype switching (Artursson et al., 2016). 

Many key virulence factors are frequently found as accessory genes, whereas conserved 
virulence-associated genes are part of the core genes (Goldie et al., 2025). S. aureus possesses 
remarkable adaptability due to its genetic and phenotypic diversity, as its genome contains a 
broad array of virulence factors whose expression is regulated by complex regulatory systems 
(Guérillot et al., 2019). MGEs play a vital role in shaping the accessory genome by facilitating 
horizontal gene transfer (HGT) in bacteria and enable the sharing of genetic information both 
among and within bacterial species (Malachowa & DeLeo, 2010).  

Approximately 32 virulence determinants with strong experimental evidence are listed in the 
Virulence Factor Database (VFDB, n.d.). The virulence factors of S. aureus are often broadly 
grouped into three major categories: adherence factors, pore-forming toxins and superantigens; 
however, additional determinants including cell-surface virulence factors, cell wall-anchored 
proteins (CWAP), exfoliative toxins and regulatory systems that coordinate virulence expression, 
also contribute significantly to the pathogenicity of S. aureus (Foster et al., 2014; Goldie et al., 
2025; Schlievert, 2016).  

The protein toxins that disrupt the membranes of host cells to create pores that leak ions and 
molecules from cells, eventually causing cell death, are called Pore-Forming Toxins (PFTs); while 
superantigens (SAgs) disrupt host immune system function, and exfoliative toxins compromise 
host barriers, facilitating infection (Di Bella et al., 2025; Schlievert, 2016). To date, 33 SE genes, 
including nine variants, have been identified, of which 24, including the classical enterotoxins, are 
well characterized (Cieza et al., 2024). S. aureus employs adherence factors or adhesins to attach 
to components of the host extracellular matrix and form biofilms, while PFTs disrupt host cell 
membranes and components to cause cell lysis, enhance immune evasion, biofilm development 
(Goldie et al., 2025).  

Adhesion associated virulence determinants 
The cell-surface virulence factors of S. aureus consist of both adhesins, including microbial surface 
components recognizing adhesive matrix molecules (MSCRAMMs) and surface factors that 
provide resistance to oxidative killing (Foster et al., 2014; Schlievert, 2016). The molecular 
structure of almost all MSCRAMMs, which are the largest adhesive class, and non-adhesive 
virulence factors, such as capsules, pigments, polysaccharide intercellular adhesion, has similar 
structural organization and their use enables S. aureus to bind to host ligands and promote 
adhesion (Foster et al., 2014; Schlievert, 2016). Fibronectin-binding protein A and B (FnBPA and 
FnBPB) are multifunctional MSCRAMMs that promote adhesion, invasion, immune evasion and 
biofilm formation by interacting with multiple host ligands under global regulatory control, 
highlighting their central role in S. aureus host interactions (Speziale & Pietrocola, 2020).  
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Fibronectin-binding protein genes co-occur with most MSCRAMMs, including clfA, clfB, cna, sdr 
genes, and sasG particularly in biofilm-forming, highly virulent S. aureus strains during early 
biofilm development (Xu et al., 2024). Additionally, genes encoding virulence associated proteins 
such as leukocidins D and lukM/lukF-P83, clumping factors A and B, Fibrinogen-binding protein 
and toxic shock syndrome toxin-1 (TSST-1) were detected in the same S. aureus mastitis isolates 
that carried fnbA (Artursson et al., 2016).  

Fibronectin-binding proteins (FNBPs) 
FnBA and FnBB play a central role in S. aureus host-tissue interaction through adhesion, surface 
attachment and biofilm formation (Foster et al., 2014; Schlievert, 2016). And FnBPA and FnBPB 
are very closely related MSCRAMMs that are encoded by homologous Fibronectin-binding protein 
A gene and B gene (fnbA and fnbB) (Speziale & Pietrocola, 2020). Most S. aureus strains harbor 
both fnbA and fnbB genes; however, some strains may contain only one Fibronectin-binding gene, 
none of the them, or truncated alleles particularly fnbB (Soltani et al., 2019; Speziale & Pietrocola, 
2020). Their central roles in adhesion, colonization and biofilm formation make FnBPs 
particularly relevant for studying virulence-associated adaptation and transmission of S. aureus 
across the food supply chain (Pinho et al., 2025; Schelin et al., 2017; Speziale & Pietrocola, 2020; 
Zeaki et al., 2019) 

Structure of FnBPs 
The expression of FnBPs is highest during the exponential growth phase under the regulation of 
Sar and Agr, and despite partial degradation during the stationary phase, sufficient fibronectin-
binding activity is retained through a conserved structure (Figure 1), comprising an N-terminal 
ligand-binding A domain, a fibronectin-binding repeat region, and a C-terminal Leu–Pro–X–Thr–
Gly (LPXTG; where X represents any amino acid)–mediated cell wall-anchoring domain (Speziale 
& Pietrocola, 2020; Wolz et al., 2000). Key virulence factors co-occurring with FnBPs, including 
MSCRAMMs, CWAP, PFTs, superantigens, biofilm associated factors and global regulatory genes 
(Appendix A). 

 
Figure 1. The domain organization of FNBPs. Created using BioRender (BioRender.com) and adapted from 
Speziale & Pietrocola (2020) and VFDB (n.d.).  The primary FNBPs contain a signal sequence (S) at the N-
terminus, an A domain with three separately folded subdomains, a repeat region consisting of tandemly 
arranged motifs (11 in FnBPA and 10 in FnBPB), a proline-rich primary ligand-binding domain, a cell wall-
spanning region (W) and a LPXTG motif (M) at the C-terminus. 

The N-terminus of fibronectin-binding proteins contains an A domain that binds multiple host 
ligands, including fibrinogen, elastin, and plasminogen, and also interacts with histones, thereby 
reducing their antimicrobial activity and mediating homophilic interactions that contribute to 
biofilm formation and enhanced platelet aggregation (Speziale & Pietrocola, 2020). Both FnBPA 
and FnBPB promote biofilm formation through this homophilic, anchoring-dependent A-domain 
interactions, where the A-domain interaction of FnBPA is mediated by Zn²⁺ with stable expression 
under anaerobic conditions, while the A-domain interaction of FnBPB is influenced by pH (Xu et 
al., 2024).  The C-terminal region comprises a long, intrinsically disordered sequence with 
multiple fibronectin-binding repeats, consisting of 11 tandemly arranged motifs in FnBPA and 10 
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in FnBPB, that promote invasion of normally non-phagocytic cells through fibronectin-mediated 
interaction with integrin α5β1, and consistent with this shared function, a large region of the 
FnBPB amino acid sequence is highly similar to that of its homolog FnBPA, including a segment 
immediately downstream of the signal peptide that shares approximately 75% sequence identity 
(Speziale & Pietrocola, 2020; Fraser et al., 1991).  

Comparative genomic approaches for bacterial genome analysis 
Unlike the eukaryotes, the evolution of prokaryotic genomes is shaped by both vertical 
inheritance and HGT, resulting in extensive genomic variations even among strains of the same 
species when genomes of large bacterial populations are analyzed, therefore, pangenomic 
analysis is commonly used to analyze the complete gene repertoire of a bacterial population 
rather than analyzing individual genomes (Tonkin-Hill et al., 2020). The pangenome is described 
as the complete set of genes identified across all analyzed genomes and the core genome is defined 
as the genes that occur in nearly all annotated genome assemblies, whereas the accessory genome 
is described as genes that are variably distributed among analyzed genomes (Brockhurst et al., 
2019; Tonkin-Hill et al., 2020). According to comparative genomic studies, the accessory genome 
is a key contributor to genetic diversity in S. aureus and whole-genome-based approaches provide 
enhanced insight into molecular epidemiology, pathogenicity and host associated differentiation; 
moreover, integrated comparative genomic and phylogenetic analyses enable robust 
characterization of strain diversity and virulence gene distributions across human and livestock 
associated genotypes (Sivakumar et al., 2023).  

Genome-wide association study (GWAS) identifies the relationship between genes and 
phenotypes in genetically diverse populations, including differences such as single nucleotide 
polymorphisms (SNPs) or insertions and deletions (Read & Massey, 2014). GWAS is useful for 
identifying novel loci linked to a particular  phenotypes within a specific population, making it 
useful to investigate potential associations that could not be identified by traditional approaches 
(Read & Massey, 2014). GWAS is widely used in identifying phenotypic associations with the 
accessory genome, particularly virulence determinants in S. aureus (Mehta et al., 2023). Although 
metagenomics offers a top-down, holistic overview of microbial taxonomic composition and 
functional potential, strain level analyses remain essential for understanding ecological and 
pathogenic complexity (Segata, 2018). Ongoing advances in bioinformatics and large-scale meta-
analyses continue to improve the resolution and interpretability of metagenomic data despite 
computational and experimental biases (Nayfach & Pollard, 2016). 
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Aim 
The aim of this research was to investigate the role of adhesion-associated virulence 
determinants, with a focus on fibronectin-binding proteins, in the ecological adaptation of S. 
aureus across the food supply chain. Specifically, the study aimed to determine whether there are 
significant associations between the distribution of adhesion-associated genes, including 
fibronectin-binding protein genes fnbA and fnbB, and specific ecological origins, and whether 
these associations contribute to multiple-niche daptability, persistence and potential 
dissemination of S. aureus in food supply chain-associated niches across different geographical 
regions and climatic contexts globally.  

While previous studies have primarily characterized fibronectin-binding proteins in clinical S. 
aureus isolates, this study extends the analysis to S. aureus strains associated with the food supply 
chain using comparative genomic analysis of publicly available S. aureus genomes from diverse 
ecological niches. Overall, this study aims to enhance understanding of the genomic diversity, 
genomic patterns and ecological adaptations of S. aureus within the food supply chain, which may 
contribute to improved surveillance and control strategies for reducing food safety risks 
associated with S. aureus contamination. 

Objectives 
The overall objective of this study was to investigate the genomic diversity of S. aureus across the 
food supply chain, with a specific focus on adhesion-associated genes and fibronectin-binding 
protein genes (fnbA and fnbB). The specific objectives were; 

Objective 1: To characterize the genomic diversity and population structure of S. aureus across 
different ecological origins. 

This objective was addressed by compiling publicly available S. aureus isolate genomes and 
metagenome-assembled genomes (MAGs), followed by comparative pange nomic analysis and 
core-genome phylogenetic reconstruction. This allowed the identification of major genomic 
differences among strains from food, animals, humans, farm-associated environments, and 
clinical sources. 

Objective 2: To investigate the distribution of adhesion-associated genes across food supply chain. 

This objective focused on the presence and distribution of selected adhesion-associated virulence 
determinants, including MSCRAMM genes and biofilm-associated genes, across different 
ecological niches. The aim was to determine whether specific adhesion gene profiles were 
associated with particular origins or food supply chain environments. 

Objective 3: To assess the ecological and phylogenetic associations of fnbA and fnbB genes. 

This objective specifically examined the distribution of the fibronectin-binding protein genes fnbA 
and fnbB in relation to strain origin, phylogenetic background, and accessory-genome 
composition. Phylogeny-aware association analyses and gene co-occurrence analyses were used 
to evaluate whether these genes showed niche-associated patterns or broader distribution across 
S. aureus lineages. 

Together, these objectives aimed to determine whether adhesion-associated genes, and 
particularly fnbA and fnbB, contribute to identifiable genomic patterns associated with ecological 
adaptation of S. aureus across the food supply chain. 
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Materials and Methods 
Genome retrieval and quality control 
A total of  146,103 publicly available S. aureus genome sequences, including both isolate genomes 
and MAGs, and 119,857 associated BioSample metadata records were retrieved from the National 
Center for Biotechnology Information (NCBI, n.d.) using the NCBI command-line interface (CLI) 
executed on the COSMOS LUNARC high-performance computing cluster at Lund University. The 
computational environment was configured using Anaconda3 with required dependies including 
NCBI-Datasets-CLI, pandas, requests, lxml and tqdm while outputs were exported in JSON Lines 
and tab-separated value (TSV) formats (O’Leary et al., 2024). Custom Python scripts were 
subsequently used to parse and curate the retrieved assembly metadata. 

Low-quality assemblies were filtered out using CheckM (Parks et al., 2015). Following parameters 
were used for filtering quality assemblies: genome completeness (>90%), contamination (<5%), 
genome size (>2.6 Mbp), number of contigs (<70) and contig N50 value (>150 kbp) were 
considered when defining the quality of assemblies (Da Silva Morais et al., 2024).  

A single NCBI BioSample entry could be associated with multiple genome assembly records and 
the same genome assembly could be presented by both GenBank accession numbers starting with 
‘GCA’ and RefSeq accession numbers starting with ‘GCF’ in the NCBI Assembly database; therefore, 
redundant genomes were excluded prioritizing RefSeq assemblies due to their standardized 
annotation and processing pipelines, over GenBank assemblies, to retain a non-redundant dataset 
(Kitts et al., 2016; O’Leary et al., 2024). 

Retrieved high-quality, non-redundant genome assemblies were filtered based on associated 
NCBI BioSample metadata records obtained from NCBI BioSample (NCBI, n.d.). This filtration 
specifically included information on isolation source, host and environmental context, to retain 
only S. aureus strains associated with food-related sources, such as raw agricultural materials and 
animal-derived inputs including mastitis cases; food handlers, processing facilities and 
equipment; packaging; storage and distribution; retail environments and finished food products, 
assigning filtered assemblies into ten sample source categories (Table 1). 

Table 1. Categorization criteria of genome assemblies into Sample source categories  

Sample source 
category Isolation source Host Environment 

broad scale 
Farm animals Farm animal related Farm animals Not applicable 

Farm environment Farm workers/ environment 
related Human/ environment Farm environment 

related 
Mastitis Mastitis cases Farm animals Not applicable 
Raw meat Edible meat Farm animals Not applicable 
Milk (Raw & bulk) Milk / Milk tanks Farm animals Dairy farms  
Processing 
environment 

Food processors/ processing 
environment related 

Human/ Farm 
animals/ environment 

Processing 
environment 

Processed foods and 
processed Milk 

Processed milk / cooked 
foods Not applicable Food processing 

facilities 
Food Poisoning Food poisoning cases Human Not applicable 
Clinical samples Swab samples and stools Human Not applicable 

Missing and unclear Missing/ misleading Missing/ misleading Missing/ 
misleading 

Filtered high-quality, non-redundant genome assemblies were further categorized into Food and 
agriculture organization FAO-AEZ based on geographical location information in NCBI BioSample 
metadata (Table 2). 
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Table 2. Categorization criteria of geographical locations metadata into FAO-AEZ. 

 FAO agro-ecological zones Geographical locations 
Subtropical Humid China, Japan, South Korea, United States, Argentina,Mexico 

Temperate Continental Germany, Poland, Austria, Hungary, Moldova, Serbia, 
Slovenia, Kazakhstan 

Subtropical / Temperate (Oceania) Australia, New Zealand 

Temperate Oceanic United Kingdom, Ireland, Netherlands, Belgium, Denmark, 
France, Switzerland 

Boreal Sweden, Norway, Finland, Canada, Russia 
Missing No information in metadata 
Mediterranean Spain, Italy, Greece, Portugal 

Arid / Semi-Arid Saudi Arabia, United Arab Emirates, Jordan, Iraq, Syria, 
Algeria, Egypt, Turkey, Pakistan 

Mixed (Tropical/Montane) Chile, Ecuador 
Tropical Subhumid / Savanna South Africa, Rwanda 

Tropical Humid Brazil, Thailand, Bangladesh, Nigeria, Ghana, Kenya, 
Somalia, Comoros 

Genome annotation  
A total of 4,503 filtered and validated genome assemblies were annotated using the Bacterial 
Annotation ToolKit (BAKTA) (Schwengers et al., 2021). The annotation workflows were executed 
on the COSMOS LUNARC high-performance computing cluster at Lund University, using a SLURM-
based batch processing environment. The computational environment was configured through 
Anaconda3 and the BAKTA V 1.12.0 was executed within the dedicated Conda environment 
together with its locally installed reference database using retrieved genome assemblies in FASTA 
format in metagenome mode resulting annotation outputs GFF3-formatted genome annotations. 

Subsequently, pangenome analysis was performed using the resulting “.gff” annotation files with 
Panaroo V1.5.0, applying a 95% of core genome threshold (Tonkin-Hill et al., 2020). This workflow 
also was executed on the COSMOS LUNARC high-performance computing cluster at Lund 
University, through a SLURM-based batch processing environment with a strict cleaning mode. 

In parallel, a curated presence-absence matrix of high-confidence adhesion associated gene 
candidates was constructed from the resulting “.tsv” annotation files generated by BAKTA, with 
pseudogenes filtered out prior to downstream analysis. The list of adhesion-associated genes was 
obtained from the Virulence Factor Database (VFDB, n.d.). Putative full-length adhesion-
associated gene candidates were screened based on gene annotation and expected coding 
sequence (CDS) length. These candidates were further filtered using predefined gene length 
thresholds (Table 3), based on the expected size of the corresponding proteins and their CDS 
lengths obtained from the NCBI Reference Sequence (RefSeq) database (O’Leary et al., 2016). 
Additionally, three broad gene categories were generated: ‘sdr_other’, ‘ica_unspecified’, and 
‘other’; sdr genes other than sdrC, sdrD, and sdrE were assigned to the ‘sdr_other’ group, while ica 
genes other than icaA, icaB, icaC, icaD, and icaR were assigned to the ‘ica_unspecified’ category. 
Annotated genes that did not meet the filtering criteria were assigned to the ‘other’ group.  

The correlation among adhesion associated genes was assessed using Pearson correlation 
coefficients and resulting correlation matrix was visualized as a heatmap, with hierarchical 
clustering performed based on Euclidean distance using the R package pheatmap V 1.0.13 (Kolde, 
2025).  Similarly,  the distribution of identified adhesion-associated genes across all genomes was 
visualized using a hierarchical clustering heatmap in R with the package ComplexHeatmap V 
2.22.0 (Gu et al., 2016). Clustering was performed based on Jaccard distance using gene presence-
absence profiles, and the heatmap was annotated with FAO-AEZs and sample source categories.  
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Table 3. Filtering thresholds used for the identification of high confidence adhesion associated gene hits 
from BAKTA output, based on protein lengths retrieved from NCBI RefSeq (O’Leary et al., 2016) and coding 
sequence lengths obtained from VFDB  (VFDB, n.d.). 

Gene 
name 

Protein product Protein 
length 

CDS 
length 

Filtering 
threshold 

RefSeq 
accession 

clfA Clumping factor A,  
fibrinogen-binding protein 

946 aa 2840 bp <2500 bp WP_001056172 

clfB Clumping factor B,  
adhesin 

907 aa 2723 bp <2400 bp WP_000745817 

eap/map extracellular adherence protein 
Eap/Map 

581 aa 1745 bp <1400 bp WP_001793419 

can collagen adhesin precursor 1183 aa 3551 bp <2600 bp  WP_001039417 
ebpS cell surface elastin binding 

protein 
486 aa 1460 bp <900 bp WP_000069296 

sdrC Ser-Asp rich fibrinogen-binding 
bone sialoprotein-binding protein 

955 aa 2867 bp <2500 bp WP_001060526 

sdrD Ser-Asp rich fibrinogen-binding 
bone sialoprotein-binding protein 

1347 aa 4043 bp <2500 bp WP_000934435 

sdrE Ser-Asp rich fibrinogen-binding 
bone sialoprotein-binding protein 

1141 aa 3425 bp <2500 bp WP_000610231 

fnbA fibronectin-binding protein A 1015 aa 3047 bp <2000 bp  WP_000794648 
fnbB fibronectin-binding protein B 943 aa 2831 bp <2000 bp WP_000841389 
icaA N-acetylglucosaminyltransferase, 

involved in polysaccharide 
intercellular adhesin(PIA) 
synthesis 

412 aa 1238 bp <900 bp WP_001159427 

icaB N-deacetylase, involved in PIA 
synthesis 

290 aa 872 bp <600 bp WP_000877317 

icaC intercellular adhesion protein C, 
involved in PIA synthesis 

350 aa 1052 bp <800 bp  WP_000723836 

icaD intercellular adhesion protein D, 
involved in PIA synthesis 

101 aa 305 bp <200 bp  WP_000240580 

IcaR ica operon transcriptional 
regulator IcaR 

186 aa 560 bp <450 bp WP_000790912.1 

Pangenome analysis 
Pangenome analysis was performed using Panaroo V 1.6.0, using the resulting .gff files generated 
by BAKTA as input files (Tonkin-Hill et al., 2020). This workflow was executed on the COSMOS 
LUNARC high-performance computing cluster at Lund University, using a SLURM-based batch 
processing environment. The computational environment was configured via Anaconda3 and 
Panaroo was executed within a dedicated Conda environment using strict cleaning mode, with 
removal of invalid genes, a core gene threshold of 0.95 and generation of a core genome alignment. 
Default parameters were applied unless otherwise specified. The core gene threshold of 95%, 
widely used in large-scale bacterial pangenome analyses, was selected to mitigate the impact of 
gene absences arising from genome assembly and annotation artefacts while retaining genes that 
are highly conserved across the sampled population (Tonkin-Hill et al., 2020; Vernikos et al., 
2015). 

Pangenome rarefaction curves were generated and visualized in R using Micropan V 2.1(Snipen 
& Liland, 2015), based on orthologous gene clusters inferred from Panaroo analysis. Rarefaction 
curves were constructed using 1,000 random permutations of genome addition order without 
replacement to minimize sampling bias and obtain robust estimation of core and accessory 
genome sizes (Kaas et al., 2014; Tettelin et al., 2005). A total of 4,503 genomes were included in 
the analysis and pangenome expansion was further assessed using Heaps’ law to measure the 
relationship between the number of genomes and the cumulative gene repertoire size using a 
power-law model, with parameters estimated via log-log regression (Tettelin et al., 2005, 2008). 

http://www.ncbi.nlm.nih.gov/protein/WP_000745817
http://www.ncbi.nlm.nih.gov/protein/WP_001793419
http://www.ncbi.nlm.nih.gov/protein/WP_001039417
http://www.ncbi.nlm.nih.gov/protein/WP_000069296
http://www.ncbi.nlm.nih.gov/protein/WP_001060526
http://www.ncbi.nlm.nih.gov/protein/WP_000934435
http://www.ncbi.nlm.nih.gov/protein/WP_000610231
http://www.ncbi.nlm.nih.gov/protein/WP_000794648
http://www.ncbi.nlm.nih.gov/protein/WP_000841389
http://www.ncbi.nlm.nih.gov/protein/WP_001159427
http://www.ncbi.nlm.nih.gov/protein/WP_000877317
http://www.ncbi.nlm.nih.gov/protein/WP_000723836
http://www.ncbi.nlm.nih.gov/protein/WP_000240580
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Phylogenetics and network analysis 
A core-genome SNP alignment of S. aureus isolates was generated from the Panaroo pangenome 
analysis output and stored as “core_snps.aln”. Since the full alignment was large, a reduced 
alignment was generated by randomly selecting 50,000 SNP positions using a fixed random seed 
to ensure reproducibility. A maximum-likelihood phylogenetic tree was then inferred from the 
reduced nucleotide alignment using FastTree (Price et al., 2010) under the generalized time-
reversible nucleotide substitution model with the options “-gtr-nt”. The resulting phylogeny was 
exported in Newick format, which was used for downstream comparative and visualization 
analyses. The resulting tree was used in downstream applications to identify the phylogenetic 
relationships among strains carrying fnbA and fnbB. 

The core genome phylogenetic tree was visualized using R packages ggtree V 4.0.4, phytools V 2.5-
2 and tidyverse V 2.0.0 (Revell, 2024; Wickham et al., 2019; Yu et al., 2016), along with ape V. 5.8.1 
(Paradis & Schliep, 2019) and ggtreeExtra V 2.16.0 (Xu et al., 2021), for tree manipulation, 
midpoint rooting, metadata integration and circular visualization of fnbA and fnbB genes 
presence-absence patterns alongside associated metadata, such as predefined food supply chain 
categories named as “sample source categories” (Table 1) and “FAO-AEZs” (Table 2). 

Comparative genomics and network analysis 
A phylogenetic tree-based GWAS was conducted using R packages treeWAS V 1.0 (Collins & 
Didelot, 2018) and ape V 5.8.1 (Paradis & Schliep, 2019), to identify associations among 
phylogeny, phenotypic traits and genotypic features across different combinations of genotypes 
and phenotypes (Table 4), using the core genome phylogenetic tree inferred by Fasttree (Price et 
al., 2010). 

Since sample source categories were analyzed as individual presence-absence traits, each sample 
source category was individually encoded as a binary phenotype. Strains belonging to a particular 
category were assigned a value of 1 representing the presence of phenotype, and all other strains 
were assigned a value of 0 representing the absence of the particular phenotype. Thus, each 
sample source category was analyzed separately as an individual phenotype (Collins & Didelot, 
2018). Additionally, the sample source categories ‘farm animals’ and ‘mastitis’ were combined 
into a single category, while ‘clinical samples’ and ‘food poisoning’ were combined into another 
category, considering the biological similarities between these sample source categories and to 
reduce the complexity of conducting multiple treeWAS analyses.  

treeWAS identifies suggestive associations by detecting emerging changes of genomes via 
terminal test, independent evolutionary traits via subsequent test and associations between 
phenotype and genotype via simultaneous test (Collins & Didelot, 2018).     

Table 4. Description of treeWAS analysis and their genotype-phenotype combinations for GWAS. 

Analysis Phenotype/s Genotype Purpose of analyses 
Analysis I Sample source 

categories 
Adhesion associated genes 
(presence absence matrix of 
adhesions) of all identified 
strains. 

To identify the associations between 
adhesions and sample source 
categories of total dataset across 
phylogeny. 

Analysis II Sample source 
categories 

Adhesion associated genes 
(presence absence matrix of 
adhesions) of strains from 
subtropical humid AEZ. 

To identify the environmental effect 
on adhesions in niche adaptability. 

Analysis III Sample source 
categories 

FnBP genes (presence 
absence matrix) of strains 
from subtropical humid 
AEZ. 

To identify associations between 
FnBP genes and niche adaptability 
across food supply chain in a 
particular AEZ. 
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Computational environment 
All computational analyses were conducted on the COSMOS LUNARC high-performance 
computing cluster at Lund University (LUNARC, n.d), and all statistical analyses and data 
visualizations were performed using R V 4.4.1 (R Core Team, 2024). 
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Results 
Genome retrieval and quality control 
There were 146,103 whole genome sequences (WGS) and 119,857 associated biosamples 
retrieved from NCBI corresponding to S. aureus isolates. The median total sequence length was 
2,847 kbp with an interquartile range (IQR) of 125 kbp , and the mean was 2,857 kbp, whereas 
the mean and median of the number of contigs were 66.4 and 47.0, respectively with an IQR of 36. 
Similarly, the mean  and median contig N50 values were 318 kbp and 171 kbp, respectively with 
an IQR of 175 kbp. The distribution of quality parameters of 146,103 retrieved S. aureus genome 
assemblies and details of associated metadata are presented (Appendix B). 

A total of 6,682 assemblies were retained following quality screening, and 4,674 non-redundant 
assemblies were identified for downstream analysis. The distribution of filtered samples across  
the food supply chain niches (Figure 2A) as well as across FAO-AEZs (Figure 2B) was analysed. 

 
A 

 
B 

Figure 2. Distribution of identified S. aureus genome assemblies across (A) the food supply chain niches 
and (B) across FAO-AEZ. 
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The identified 4,674 S. aureus genome assemblies were classified into ten sample source 
categories (Table 1), representing niches across the food supply chain (Figure 2A). More than one-
third of samples were milk-associated (34%), followed by clinical associated samples (21%), 
processed milk and food-associated samples (16%) and farm animal-associated samples (10%). 
The remaining sample source categories collectively comprised less than 20% of the total dataset 
(Figure 2A). Sample source categories including, ‘farm animals’, ‘farm environment’ and ‘mastitis’ 
represent the primary production and associated environments across the food supply chain. 
Sample source categories such as ‘raw meat’, ‘raw milk’ and ‘processing environment’ represent 
the food processing associated niches within the food supply chain, while, sample source 
categories such as ‘processed foods’ and ‘processed milk’ represent food product associated 
niches within the food supply chain. Human infection and disease are represented by the ‘food 
poisoning’ and ‘clinical samples’ categories. Further breakdown of each sample source category is 
presented (Appendix C). 

 S. aureus genome assemblies categorized as ‘missing and unclear’ were excluded from the dataset, 
retaining 4,503 samples, which were classified into FAO-AEZ categories based on their 
geographical sampling location (Table 2). The distribution of S. aureus genome across FAO-AEZs 
was analysed (Figure 2B), indicating an uneven sample distribution across FAO-AEZs. A large 
portion of samples (47%) were isolated from subtropical humid AEZ, while 19%  were from 
subtropical/temperate AEZ and 10% were  from temperate ocenica zone. Each of the remaining 
FAO AEZs accounted for less than 3% of samples individually, except for temperate continental 
and Mediterranean zone, which each accounted for 7% (Figure 2B).  

Genome annotation  
A total of 4,503 filtered S. aureus genomes were successfully annotated using BAKTA, with an 
average of 2817.34 ± 83.22 predicted coding sequences per genome. A curated presence-absence 
matrix of putative adhesion associated genes (Table 5) was generated for 15 pre-identified 
adhesion-associated genes (Table 3), using BAKTA results.  

Table 5. Summary of putative adhesion associated gene presence-absence profiles across the analyzed S. 
aureus genomes  

Adhesion 
gene 

Number of genomes 
with true predicted 
genes 

Number of genomes 
without true predicted 
genes 

Presence of true 
predicted gene among 
sample (%) 

clfA            3260 1243 72.40 
clfB            3431 1070 76.23 
cna           553 3950 12.28 
ebpS          4502 1 99.98 
eap_map         3340 1163 74.17 
sdrC        3313 1190 73.57 
sdrD        3197 1306 71.00 
sdrE        3511 992 77.97 

icaA       3887 616 86.32 

icaB        4275 228 94.94 

icaC        4443 60 98.67 
icaD        3912 591 86.88 
icaR        4464 39 99.13 
fnbA       3611 892 80.19 
fnbB       3291 1212 73.08 

 
Adhesion-associated genes such as ebpS and icaR occur in almost all analyzed S. aureus genomes, 
whereas icaB and icaC are present in approximately 95% of the analyzed S. aureus genomes. Most 
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other adhesion-associated genes occur in approximately 70% to 87% of the analyzed S. aureus 
genomes, except for can, which occur in only 12% of the analyzed S. aureus genomes (Table 5). 

The hierarchical clustering of adhesion-associated gene presence-absence profiles across the 
analyzed S. aureus genomes is presented as a heatmap (Figure 3A). The distribution of adhesion-
associated gene prevalence across the analyzed S. aureus genomes was further visualized in 
relation to FAO-AEZs and food supply chain niches (Figure 3B), illustrating patterns of gene 
occurrence across ecological niches and sample source categories. 

 

 
A 

 
B 

Figure 3. Visualization of adhesion-associated gene relationships and presence-absence patterns across 
analyzed S. aureus genomes. (A) Correlation heatmap generated using Pearson correlation coefficients and 
hierarchical clustering based on Euclidean distance. (B) Presence-absence clustering heatmap generated 
using Jaccard distance, annotated with FAO-AEZs and sample source categories. 
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Pangenome analysis 
A total of 10,051 gene clusters were identified across the analyzed S. aureus genomes through 
Panaroo-based pangenome analysis. According to the Panaroo results, 2,058 genes (20.5%) were 
classified as core genes, present in more than 99% of genomes, while 68 genes (0.7%) present in 
95% to 99% of genomes were classified as the soft-core genome.  The shell genome contained 908 
genes (9%), present in 15% to 95% of genomes, whereas 7,017 genes (69.8%) were present in 
less than 15% of genomes and were classified as cloud genes. Approximately 80% of the 
pangenome of food supply chain-associated S. aureus, consisted of accessory genes, including shell 
and cloud genes, indicating an accessory-rich pangenome. 

Pangenome rarefaction curves were successfully generated using the R package micropan (Figure 
4). A total of 846 genes were identified as core genes, which were defined by the micropan strict 
threshold of 100% occurrence across all genomes, while 2,125 genes were identified as soft-core 
genes, which were present in more than 95% of genomes, whereas 9,204 genes were identified as 
accessory genes.  

Pangenome expansion was evaluated using Heaps’ law and the intercept of the fitted model was 
559.95, while the exponent (α) value was 0.87. 

 

Figure 4. Pangenome rarefaction curves generated using the micropan V 2.1 package based on 1,000 
random permutations. 
 

Phylogenetics and network analysis 
A core genome phylogenetic tree was successfully reconstructed from the pangenome core 
alignment of 4,503 number of S. aureus genomes generated using Panaroo.  The annotated circular 
phylogenetic tree was midpoint-rooted in R, and the distribution of fnbA and fnbB was analysed 
alongside the core genome phylogeny across sample source categories (Figure 5A) and FAO-AEZs 
(Figure 5B). 
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B 

Figure 5. Annotated circular phylogenetic tree illustrating the distribution of fnbA and fnbB across (A) 
sample source categories and (B) across FAO-AEZs. 
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Comparative genomics and network analysis  
A phylogeny-based GWAS was successfully performed using treeWAS to identify associations 
between adhesion-associated genes, including FnBP genes and sample source categories in food 
supply chain-associated S. aureus strains representing multiple agro-ecological zones. 

The final results of the Analysis I (Table 4), which was intended to identify the association 
between adhesion genes and sample source categories of the total dataset across phylogeny. 
Significant adhesion genes were identified across sample source categories with a significant 
threshold of 99.94%. No significant loci were identified in the ‘farm animals and mastitis’ sample 
source category, while, five significantly associated loci, including, ebpS, icaR, ica_unspecified, 
sdr_other, other, were identified in the ‘farm environment’ category; four significantly associated 
loci including, sdrD, sdrE, icaA, icaD were identified in ‘milk’; five significantly associated loci 
including, ebpS, icaR, ica_unspecified, sdr_other, other, were identified in both ‘raw meat’ and 
‘processing environment’; two significantly associated loci including, clfA and clfB, were identified 
in ‘processed foods and processed milk’; and two significantly associated loci including, sdrC and 
sdrD were identified in the ‘clinical and food poisoning’ sample source categories. The results of 
Analysis I were summarized (Table D4) and significant loci were tabulated (Table D1).  

Subsequently, Analysis II was intended to identify the association between adhesion genes and 
sample source categories across the phylogeny, restricted to the subtropical humid AEZ, in order 
to assess environmental effects on adhesions in niche adaptability (Table 4). Significant adhesion-
associated genes were identified using a 99.94% threshold. Similar to Analysis I, no significant loci 
were identified in the ‘farm animal and mastitis’ sample source category, in contrast, seven 
significantly associated loci (clfA, ebpS, icaC, icaR, ica_unspecified, sdr_other, other) were identified 
in the ‘farm environment’ category. No significant loci were identified in both ‘raw meat’ and ‘milk’ 
sample source categories. Six significantly associated loci (ebpS, icaC, icaR, ica_unspecified, 
sdr_other, other) were identified in the ‘processing environment’; and only one significantly 
associated locus (sdrD) was identified in the ‘clinical and food poisoning’ sample source category 
when the analysis was restricted to subtropical humid AEZ.  Two significantly associated loci (clfA 
and clfB) were identified in ‘processed foods and processed milk’ consistent with Analysis I. 
Addidionaly, results of Analysis II were summarized (Table D5) and significant loci were tabulated 
(Table D2). 

Analysis III was intended to identify the association between FnBP genes and sample source 
categories across the phylogeny, restricted to the subtropical humid AEZ, in order to investigate 
whether FnBPs can be used as direct marker genes to infer transmission (Table 4). All sample 
source categories showed a significant association with fnbA at a significant threshold of 99.5%, 
where fnbB showed a significant association across all sample source categories except ‘processed 
foods and processed milk’. The results of Analysis III were summarized (Table D6) and significant 
loci were tabulated (Table D3). 

All three analyses used the same core-genome phylogenetic tree. The significant loci described 
above were identified by integrating results from all three tests in the treeWAS analysis. A 
summary of the analyses, including additional details of the terminal, subsequent and 
simultaneous tests of treeWAS for all three analyses, is presented (Appendix D). 
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Discussion 
The results of comparative pangenomic analysis, core-genome phylogenetics and phylogeny-
aware association analyses, should be interpreted catiously due to uneven source distribution and 
sampling bias. The analysed S. aureus population had an accessory-rich and open pangenome, 
with a non-random distribution of adhesion genes across sources. Although the treeWAS  and 
gene distribution patterns suggest potential genomic signatures associated with niches across 
food supply chain but they do not establish direct evidence of transmission, causality, gene 
expression or functional adaptation. 

A large dataset with important dairy, cow and agro-ecological biases 
This study analysed 4,503 quality-filtered S. aureus genome assemblies selected from 146,103 
WGS datasets. One of the main assets of this study is the large number of S. aureus genomes which 
were retrieved from publicaly available repositories followed by systematic quality control and 
metadata curation (Nayfach & Pollard, 2016). However, these highly diversify bacterial genomes 
available in public repositories where it does not exist standard epidemiological sampling 
frameworks, introduced inherent limitation to this study as the available data had been 
sequenced, annotated and submitted to public repositories by using different techniques and 
approaches which can introduce biases related to host origin, geographic origin, sequencing 
quality and metadata completeness (Lapierre et al., 2016; Nayfach & Pollard, 2016).  

The dataset was specifically influenced by the samples associated with milk, since approximately 
one third of analyzed S. aureus assemblies were obtained from milk associated samples (Figure 
2A). Many farm environment samples were linked to dairy farms (60%) (Figure C2) and a large 
portion of farm animals associated entries were originated from cows (43%) (Figure C1). 
Therefore, the genomic patterns interpreted as being associated with the food supply chain, may 
reflect the genomic characteristics of milk associated S. aureus populations rather than the full 
diversity of the complete food supply chain. The notable representation of pig associated samples 
(45%) among farm animal category (Figure C1), may differ the livestock associated lineage from 
human or food associated lineages since both gene content and population structure is different 
(Lapierre et al., 2016).  

The dataset exhibited uneven distribution across AEZs as well with almost half of the analysed 
assemblies being assigned to the subtropical humid AEZ (Figure 2B) suggesting the impact of 
correlated factors such as geography, host species, climate, food production systems and sampling 
effort resulting a lineage-specific enrichment within a particular AEZ due to overrepresentation 
of a particular lineage as a result of lineage structure, geographic sampling or both (Liao et al., 
2021; Pan et al., 2023). Therefore, the dataset should not be interpreted as an unbiased 
representation of S. aureus populations within the comprehensive food supply chain (Collins & 
Didelot, 2018; Pan et al., 2023). 

Therefore, the filtering and curation steps, that included removal of low-quality assemblies, 
redundant genomes, and records with incomplete or ambiguous metadata reduced analytical 
noise, were essential to improve the data reliability but preprocessing alone cannot eliminate the 
fundamental sampling structure inherent to public databases (Lapierre et al., 2016; Nayfach & 
Pollard, 2016). However these limitations are critical for interpreting the downstream 
phylogenetic and treeWAS analyses results as apparent considering the ecological or sample 
source associations of observed milk, cow and agro-ecological sampling biases  (Collins & Didelot, 
2018; Price et al., 2010). 

An accessory-rich and open pangenome supports the ecological flexibility of food-
chain associated S. aureus 
The pangenome analysis indicated that S. aureus associated with food supply chain possesses a 
large accessory genome. Panaroo is a graph-based pangenome pipeline that identifies orthologous 
gene clusters and corrects assembly and annotation errors, including fragmented genes, 
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misannotations and incorrect splitting of gene families (Tonkin-Hill et al., 2020). According to the 
results of Panaroo analysis, a substantial majority of gene clusters were classified as shell genes, 
comprising 9% of total pangenome, and cloud genes comprising 69.8% of total pangenome, 
whereas approximately 21% of the pangenome constituted the core genome, including 20.5% 
strict core-genes and 0.7% soft core genes, demonstrating extensive gene-content variability 
across the dataset. The results of Micropan rarefaction analysis (Figure 4), together with an α 
value of 0.87  from Heaps’ law, further supported an open, or at least weakly open pangenome, as 
the estimated Heaps’ law exponent, which is below one indicates that additional genomes would 
likely continue to contribute new genes to the pangenome (Tettelin et al., 2005, 2008).  

Biologically, this accessory-rich pangenome is consistent with the ecological flexibility of S. aureus 
which can colonize both humans and animals, persist in the environments associated with foods, 
and cause disease in across multiple hosts (Pan et al., 2023). Such ecological adaptability may be 
supported by variable gene content, enrich in MGEs including plasmids, prophages, pathogenicity 
islands and transposons that can transmit virulence determinants, antimicrobial resistance genes 
and niche-associated functions, thereby contributing to different hosts and environmental 
adaptations (Malachowa & DeLeo, 2010).  

However, the pangenome result should be interpreted carefully as an open pangenome alone 
neither identify specific genes of candidate niche-associated patterns, nor demonstrate that gene 
acquisition drives adaptation to food-associated environments; rather, it suggests broad genomic 
diversity and a considerable reservoir of variable genes (Brockhurst et al., 2019; Tonkin-Hill et 
al., 2020). Therefore, a gene-level investigation, phylogenetic context and preferably independent 
experimental validation are required for functional and ecological interpretation; and in this 
study, adhesion gene profiling, phylogenetic reconstruction and results of treeWAS analyses 
provide such candidate-level information, but these remain correlative (Collins & Didelot, 2018; 
Price et al., 2010). 

The open pangenome observed in this study was also consistent with patterns reported in other 
host-associated and foodborne bacterial species, where variatons of accessory genome linked to 
ecological differentiation and niche specialization (Tettelin et al., 2005). However, the accessory 
diversity may mask and inflate part of the observed diversity in the dataset, which is biased 
toward milk- and livestock-associated genomes, reflecting differences among milk, farm animals, 
and clinical lineages rather than general food supply chain adaptation alone (Liao et al., 2021). 
Therefore, it is important to consider these differences while interpreting the results. 

Adhesion genes are widely distributed across analysed S. aureus genomes but their 
occurrence may suggest niche-associated patterns 
putative full length adhesion gene candidates were screened based on gene annotation and 
expected CDS length. For example a threshold of 2000 bp was applied as a conservative 
operational lower-bound to distinguish near-complete fnbA and fnbB genes from short partial 
matches. The corresponding FnBPA and FnBPB proteins are approximately 900-1000 amino acids 
in length with coding sequences typically ranging from approximately 2.7-3.0 kbp; thus, BAKTA 
annotated hits shorter than 2000 bp were treated as fragmented genes, partial domain matches 
or incomplete genome assemblies rather than relable full-length adhesion gene candidates 
(Salzberg, 2019). Fifteen adhesion-associated genes were detected following this approach and 
their distribution was analyzed across the studied S.aureus genomes (Table 5). 

Several adhesion-associated genes such as ebpS, icaR and icaC were observed in almost all studied 
genomes in the curated adhesion gene matrix proving them common in the dataset (Table 5), 
while some other adhesion genes including  fnbA, fnbB, clfA, clfB, sdrC, sdrD, sdrE, icaA and icaD 
were also prevalent but cna was not frequent (Table 5). The distribution pattern of these 
adhesions (Figure 3A) is biologically plausible as they perform central role of host-tissue 
interaction of S. aureus biology via adhesion, surface attachment, biofilm formation (Foster et al., 
2014; Schlievert, 2016). The identified adhesion associated gene patterns suggested that function 
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of adhesions are broadly advantageous across diverse environments rather than restricting them 
to a single environment (Figure 3B). For example, surface binding genes or biofilm formation 
genes may advantageous in host tissues, milk, meat products, farm environments and surfaces of 
processing environments (Xu et al., 2024). However, the identified patterns of adhesion-
associated genes (Figure 3B) indicate the general ability of S. aureus to colonise and persist in 
hosts as well as environmental surfaces, rather than as an evidence of niche specific adaptation. 

Nevertheless, neither all adhesion-associated genes are evenly distributed nor co-occure in the 
same way throughout the analysed genomes indicating these clustering patterns varring across 
genome subsets.  For example, clustering patterns involving genes from the ica family and sample 
source category or AEZ associated patterns involving genes such as icaA, icaD, clfA and clfB (Figure 
3), may reflect potential niche associated selection, shared regulation, lineage structure, co-
localisation with accessory genes, or technical biases related to  gene detection and annotation 
(Brůna et al., 2026; Schwengers et al., 2021).  

Thereby, these patterns may only identify preliminary candidates where further validations are 
required. This study identifies only the occurrence of adhesions thus it does not assess gene 
expression, alleilic diversity or functionality of adhesion encoded proteins, and the adhesion 
genes, which were detected only by annotation, may differ among strains in domain sequence 
composition, expression level or regulatory context, and also the genes may incorrectly detect or 
classify due to presence of fragmented assemblies, divergent alleles or pseudogenes, particularly 
for large surface proteins and repetitive adhesins which are difficult to annotate and assemble 
consistently (Brůna et al., 2026; Schwengers et al., 2021).  Thus, the heatmap-based visualization 
of adhesion genes (Figure 3) provides an overview of distribution patterns but does not confirm 
functional adhesive capacity in individual strains. 

fnbA and fnbB, which are widely distibuted across multiple categories, are not simple 
markers of specific niche 
fnbA and fnbB are frequent, biologically relevant and statistically associated with multiple 
categories (Figure 5); however, their broad distribution limits their utility as specific source or 
transmission markers. Both fnbA and fnbB genes were frequently observed in the analysed dataset 
with prevalence rates of approximately  80% and 73% (Table 5) respectively confirming the 
broad biological importance of fibronectin-binding proteins, which are multifunctional adhesion 
associated virulence factors, involve in host-cell adhesion, invasion, immune evasion and biofilm 
formation (Speziale & Pietrocola, 2020).  

However, since both genes occur across multiple sample source categories with broad 
distribution, they are improbable to define as simple specific marker gene of a single source, niche 
or transmission route. Even though there are statistically significant associations with almost all 
sample source categories except ‘processed food and processed milk’ category via a series of 
treeWAS analyses at a significant threshold of 99.5% (Table D3), these associations should not be 
used reliably distinguish between categories and should not be interpreted as food-associated, 
farm-associated or clinical-associated isolates only based on FnBPs occurunce.  

Anyway, the ecological significance of fnbA and fnbB genes suggest they should be defined as 
broadly distributed adhesion-associated traits that may depends on additional factors  
determinants including sequence variation, truncations, alleilic diversity, regulatory differences 
and truncations, co-occuring virulence genes, phylogenetic background and MGEs; consequently, 
there may be multiple strains with fnbA gene but vary in alleilic diversity, intergrity of domain 
structure, lineage associations and regulatory mechanisms, which may provide comprehensive 
insights into candidate niche-associated patterns rather than simple presence absence of FnBP 
genes (Burke et al., 2010; Loughman et al., 2008). Therefore, investigations on allele diversity, 
domain architecture, truncations, sequence types and lineage associations of fnbA/fnbB variants, 
are important via further comprehensive studies to understand, whether specific FnBP gene 
variants are associated with particular sample source categories or ecological niches. 
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treeWAS analysis identifies candidate phylogeny-aware associations, but not 
transmission or causality 
The phylogenetically corrected associations between adhesion-associated gene presence-absence 
patterns as well as sample source categories of the S. aureus population, were expected to be 
identified via treeWAS based phylogeny aware association analyses (Collins & Didelot, 2018). The 
phylogenetic correction was important not to produce misleading associations due to clonal 
population structure, because the genomes are not statistically independent due to shared 
ecological metadata and gene content among closely related strains (Farhat et al., 2014; Saber & 
Shapiro, 2020).  

The first treeWAS analysis identified multiple adhesion gene associations across almost all sample 
source categories except the ‘farm animal and mastitis’ category at a significance threshold of 
99.94% (Table D1); suggesting that distribution of adhesion genes are structured across sample 
source categories.  

However, the second treewas analysis of the subtropical humid subset demonstrated the impact 
of agro-ecological zones (Table D2). Certain adhesion gene associations detected for ‘milk’ and 
‘raw meat’ categories were disappeared when the analysis was restricted to the subtropical humid 
AEZ but associations were remained unchanged to clfA and clfB in ‘processed food and processed 
milk’ category, while number of adhesion gene associations were changed in categories including 
‘farm environment’, ‘processing environment’ and ‘clinical and food poisoning’ categories when 
the analysis was restricted to a particular AEZ at a significant  threshold of 99.94% (Table D2). 
These changes in significant loci indicated that the full-dataset associations may be partly 
influenced by either AEZ, sampling structure or lineage composition, confirming that certain 
sample source category-associated patterns may not be stable when a major agro-ecological 
environmental confounder is controlled (Collins & Didelot, 2018; Farhat et al., 2014).  

The fnbA gene was significantly associated with all tested sample source categories, while fnbB 
was associated with all categories except for  ‘processed food and processed milk’ category during 
FnBP focused treeWAS analysis at a significant  threshold of 99.5%, in the subtropical humid 
subset (Table D3) supporting non random distribution. However, FnBPs are better interpreted as 
broadly distributed niche or lineage associated traits rather than a category-specific transmission 
markers, as  fnbA and fnbB genes are frequent and significant across many categories.  

Importantly, treeWAS identifies statistical associations rather than biological mechanisms or 
transmission events, while a significant treeWAS result defines the distribution of a gene is 
associated with a phenotype more strongly than expected under the model used by the method 
(Collins & Didelot, 2018). Significant associations do not establish gene expression, protein 
functionality, adaptation or direct transmission between food supply chain compartments, 
confirming transmission would require additional evidence, such as high-resolution SNP analysis, 
temporal and geographic linkage, epidemiological data or source-attribution modelling (den 
Bakker et al., 2011; Katz et al., 2017). 

Concluding remarks 
This study  highlighted the diversity of S. aureus with extensive accessory-genome and 
widespread adhesion genes in food supply chain, consistent with its ecological adaptability. 
Although treeWAS identified several potential niche-associated patterns, sampling bias and the 
wide distribution of fnbA and fnbB limit their interpretation as niche-specific markers. Thus, the 
observed associations remain preliminary and do not confirm transmission, causality or 
functional adaptation. 
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Ethical aspects, gender perspectives, and impact on the society 
The study used only publicly available S. aureus whole genome sequences and metagenome 
assembled genomes retrieved from established genomic and metagenomic repositories such as 
NCBI. Consequently, no biological samples were collected, and no experimental work involving 
humans, animals, or the environment were conducted as part of this research. Therefore, ethical 
approval from an ethics review committee was not required. Additionally, sex and gender 
perspectives were not applicable to this study as it did not involve animal models or human 
participants. Although the study involved the analysis of adhesion-associated virulence genes, 
including the distribution of  fnbA and fnbB in relation to strain origin, phylogenetic background 
and accessory-genome composition, it did not include any experimental manipulation, functional 
enhancement or synthetic modification of pathogenic traits.  

The thesis work was purely computational and descriptive, consistent with accepted practices in 
comparative genomics and responsible research conduct. The bioinformatics tools and pipelines 
which were used are well established and open source, promoting reproducibility and 
transparency. Furthermore, all genomic data were used in accordance with the terms of use of the 
respective databases and original data generators were acknowledged through appropriate 
citation. Artificial intelligence (AI) based tools were used in this study only for minor language 
refinement, including grammar and spelling correction where necessary. The study design, data 
analysis and interpretation of the results were performed independently without the involvement 
of AI. The reporting and interpretation of results were conducted carefully, as S. aureus is a 
foodborne pathogen. Findings were presented within a public health and food safety context, and 
no conclusions were drawn that could lead to the stigmatization of specific brands, food products, 
or ethnic groups.  

Overall, the ethical considerations of this study were primarily related to responsible data use, 
interpretation, and reporting, rather than experimental or clinical ethics. This study contributes 
to the understanding of the niche adaptability of S. aureus  and the distribution of adhesion-
associated genes, which may support the development of improved monitoring and control 
stratergies for S. aureus contamination in food, ultimately contributing to enhanced food safety 
and public health. 
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Future perspectives 
The study findings including the accessory-rich open pangenome of S. aureus, possible niche-
associated candidate adhesion genes such as fnbA and fnbB, and their patterns across the food 
supply chain, suggest the following directions for future studies. 

Future studies should validate the findings of the current study, including analyses of allele 
diversity, truncations and domain structural variations of fnbA and fnbB (Burke et al., 2010; 
Loughman et al., 2008), rather than relying solely on simple occurrence patterns of fnbA and fnbB 
among S. aureus strains across the food supply chain. Furthermore, other adhesion-associated 
virulence determinants should be identified by integrating MGEs, plasmids, prophages, 
staphylococcal cassette chromosomes and enterotoxin genes into the gene matrix to examine 
associations with broader virulence or accessory-genome backgrounds (Du et al., 2025; 
Malachowa & DeLeo, 2010; Mehta et al., 2023). Additionally, the current dataset was unevenly 
sampled, thus the use of a balanced dataset through independent validation cohorts or 
downsampling is essential to reduce sampling biases towards a particular sampling method, 
sequencing technique, niche or environment. Furthermore, certain S. aureus isolates or 
representative gene variants should be experimentally evaluated for adhesion, invasion, biofilm 
formation and antimicrobial resistance to link observed genomic patterns with functional 
phenotypes (Gries et al., 2020; Xu et al., 2024).  

From a broader perspective, this study can be developed further to analyse niche-specific gene 
expression patterns of virulence determinants by integrating multi-omic data (Chang et al., 2025; 
Zeaki et al., 2019). Finally, the ultimate goal of studies relevant to foodborne pathogens is to 
mitigate food safety risks by understanding pathogen adaptation and the molecular mechanisms 
involved in infection, survival and transmission. Further development of this study could 
contribute to the development of comprehensive AEZ and food supply chain niche-driven genomic 
risk models to control food hazards caused by S.aureus. (Espinoza et al., 2026; Zeaki et al., 2019). 
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Appendix 
Appendix A. Major S. aureus virulence factors co-occurring with FnBPs 
Table 1. Distribution and genomic localization of  S. aureus Virulence Factors that co-occurring with FnBPs 

Gene / 
Locus Protein name 

Virulence 
Category 
/Function 

Genomic 
location References 

fnbpA, 
fnbpB 

Fibronectin-binding protein 
A, Fibronectin-binding 
protein B 

MSCRAMMs: CWAP Chromosome 
Smeltzer et al., 1997; Wolz 
et al., 2000; Soltani et al., 
2019; Xu et al., 2024 

clfA, clfB Clumping factor A, Clumping 
factor B 

MSCRAMMs: CWAP Chromosome 
Artursson et al., 2016; 
Soltani et al., 2019; Wolz et 
al., 2000 

Fib Fibrinogen-binding protein MSCRAMMs: CWAP Chromosome Smeltzer et al., 1997; 
Soltani et al., 2019 

can (cna) Collagen-binding adhesin MSCRAMMs: CWAP Chromosome Xu et al., 2024 

Eno, bbp 
Enolase (laminin binding), 
Bone sialoprotein-binding 
protein 

MSCRAMMs: CWAP Chromosome Soltani et al., 2019 

ebpS Elastin-binding protein MSCRAMMs: CWAP Chromosome Soltani et al., 2019; Speziale 
& Pietrocola, 2020 

sasG Surface protein G Adhesion: CWAP Chromosome Xu et al., 2024 

sdrC, sdrD, 
sdrE 

Serine-aspartate repeat 
protein C, Serine-aspartate 
repeat protein D, Serine-
aspartate repeat protein E 

Adhesion: CWAP Chromosome Lyon et al., 2023 

eap Extracellular adherence 
protein Adhesion: CWAP Chromosome Xu et al., 2024 

plg-binding Plasminogen binding Adhesion / invasion Not specified Speziale & Pietrocola, 2020 
histone-
binding Histone binding Immune evasion Not specified Speziale & Pietrocola, 2020 

hla Alpha-hemolysin PFTs Core genome Wolz et al., 2000; Di Bella et 
al., 2025 

hld Delta-hemolysin Cytolytic toxin Core genome Cerqueira e Costa et al., 
2023 

lukD Leukocidin D PFTs MGE Artursson et al., 2016 
lukM/lukF-
P83 Leukocidin M/F-P83 PFTs MGE Artursson et al., 2016 

tst Toxic shock syndrome toxin-1 Superantigen MGE Artursson et al., 2016 

sea - sez Staphylococcal enterotoxins 
(SEA to SEZ) Superantigens 

Prophages, 
SaPIs, 
plasmids 

Artursson et al., 2016 

icaA PIA biosynthesis protein Biofilm matrix 
synthesis Chromosome Cerqueira e Costa et al., 

2023 

sarA Staphylococcal accessory 
regulator A 

Global 
transcriptional 
regulator 

Chromosome Wolz et al., 2000 

spa Protein A Immune evasion 
protein Chromosome Wolz et al., 2000 

agrB Accessory gene regulator B Quorum sensing 
system Chromosome Cerqueira e Costa et al., 

2023 

saeRS Two-component regulatory 
system Virulence regulation Chromosome Gries et al., 2020 
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Appendix B. Summary of Data retrieval 

Table 1. Distribution and quality parameters of 146,103 number of retrived S. aureus genome assemblies.  

Column names Min Q1 Median (Q2) Mean Q3 Max 
Contig N50 value 206 114185 170585 318259 288689 3118776 
Total sequence length 12366 2788324 2847439 2856694 2913694 9346127 
GC percentage 31.5 32.5 32.5 32.6 33.0 46.0 
Number of contigs 1.0 32.0 47.0 66.4 68.0 52162.0 

 

Table 2. Assembly levels distribution of retrieved S. aureus genomes 

 

Table 3. Distribution of quality parameters for all retrieved 146,103 S. aureus genomes 

 
Table 4. Distribution of quality parameters for filtered genomes associated with food supply chain 

 

 

 

 

 

 

 

 

 

 

 

Assembly levels Complete 
Genome 

Contig Scaffold Chromosome Total number of 
retrieved 
assemblies 

Number of samples 4339 119295 21734 735 146103 

Column names Min Q1 Median (Q2) Mean Q3 Max 

contig_n50 206 114185 170585 318259 288689 3118776 
total_sequence_length 12366 2788324 2847439 2856694 2913694 9346127 
gc_percent 31.5 32.5 32.5 32.6 33.0 46.0 
number_of_contigs 1.0 32.0 47.0 66.4 68.0 52162.0 

Column names Min Q1 Median (Q2) Mean Q3 Max 

contig_n50 466 122760 197466 371301 315038 3050015 
total_sequence_length 1088905 2745236 2782184 2790837 2826556 4502717 
number_of_contigs 1.0 25.0 40.0 66.5 66.0 7974.0 
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Appendix C. Metadata summary of filtered genomes across food supply chain 
 
Table 1. Details of identified metadata attributes, that were used to classify 10,840 S. aureus genomes, 
corresponding to 7612 biosample entries, into sample source categories. 

 

 
Figure 1. Distribution of samples across filtered dataset 

 
Figure 2. Distribution of samples across farm environment 
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Number of biosample entries 

env_broad_scale 645 
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Figure 3. Distribution of samples across milk category 

 
Figure 4. Distribution of samples across raw meat category 

 
Figure 5. Distribution of samples across processing environment 
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Appendix D. Summary of treeWAS analyses 

Table 1. treeWAS results of Analysis I where sample source categories as phenotypes and adhesion gene 
matrix as genotypes of S. aureus strains in all agro-ecological zones 

Positive Phenotype Number of 
significant loci 

Significant loci Significance 
threshold 

Milk (Raw & bulk) 4 "sdrD" "sdrE" "icaA" "icaD 99.94% 
Raw meat 5 "ebpS" "other" "ica_unspecified" 

"sdr_other" "icaR" 
99.94% 

Processed foods and 
processed milk 

2 "clfA" "clfB" 99.94% 

Farm animals & mastitis 0  99.94% 
Farm environment 5 "ebpS" "other" "ica_unspecified" 

"sdr_other" "icaR" 
99.94% 

Processing environment 5 "ebpS" "other" "ica_unspecified" 
"sdr_other" "icaR" 

99.94% 

Clinical and food 
poisoning 

2 "sdrC" "sdrD" 99.94% 

Table 2. treeWAS results of Analysis II where sample source categories as phenotypes and adhesion gene 
matrix as genotypes of S. aureus strains only in subtropical humid AEZ 

Positive Phenotype Number of 
significant loci 

Significant loc Significance 
threshold 

Milk (Raw & bulk) 0  99.94% 
Raw meat 0  99.94% 
Processed foods and 
processed milk 

2 "clfA" "clfB" 99.94% 

Farm animals & 
mastitis 

0  99.94% 

Farm environment 7 "clfA" "ebpS" "other" 
"ica_unspecified" "icaC" "sdr_other" 
"icaR" 

99.94% 

Processing 
environment 

6 "ebpS" "other" "ica_unspecified" 
"icaC" "sdr_other" "icaR" 

99.94% 

Clinical and food 
poisoning 

1 "sdrD" 99.94% 

Table 3. treeWAS results of Analysis III where sample source categories as phenotypes and FnBP gene 
matrix as genotypes of S. aureus strains only in subtropical humid AEZ 

Positive Phenotype Number of 
significant loci 

Significant loci Significance 
threshold 

Milk (Raw & bulk) 2 "fnbA" "fnbB" 99.5% 
Raw meat 2 "fnbA" "fnbB" 99.5% 
Processed foods and 
processed milk 

1 "fnbA" 99.5% 

Farm animals & 
mastitis 

2 "fnbA" "fnbB" 99.5% 

Farm environment 2 "fnbA" "fnbB" 99.5% 
Processing 
environment 

2 "fnbA" "fnbB" 99.5% 

Clinical and food 
poisoning 

2 "fnbA" "fnbB" 99.5% 
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Table 4. Summary of treeWAS analyses and results of terminal test, subsequent test and simultaneous test 
for Analysis I with significance level of 99.94%, where sample source categories as phenotypes and 
adhesion gene matrix as genotypes of S. aureus strains in all agro-ecological zones 

Positive Phenotype Number of 
significant loci 
identified by 
terminal test 

Number of 
significant loci 
identified by 
simultaneous 
test 

Number of 
significant loci 
identified by 
subsequent 
test 

Significance 
threshold 

Milk (Raw & bulk) 2 2 2 99.94% 
Raw meat 4 0 5 99.94% 
Processed foods and 
processed milk 

0 2 0 99.94% 

Farm animals & 
mastitis 

0 0 0 99.94% 

Farm environment 4 0 5 99.94% 
Processing 
environment 

5 5 5 99.94% 

Clinical and food 
poisoning 

0 2 0 99.94% 

 

Table 5. Summary of treeWAS analyses and results of terminal test, subsequent test and simultaneous test 
for Analysis II with significance level of 99.94%, where sample source categories as phenotypes and 
adhesion gene matrix as genotypes of S. aureus strains only in subtropical humid AEZ 

Positive Phenotype Number of 
significant loci 
identified by 
terminal test 

Number of 
significant loci 
identified by 
simultaneous 
test 

Number of 
significant loci 
identified by 
subsequent 
test 

Significance 
threshold 

Milk (Raw & bulk) 0 0 0 99.94% 
Raw meat 0 0 0 99.94% 
Processed foods and 
processed milk 

0 2 0 99.94% 

Farm animals & 
mastitis 

0 0 0 99.94% 

Farm environment 6 1 6 99.94% 
Processing 
environment 

6 0 6 99.94% 

Clinical and food 
poisoning 

0 1 0 99.94% 

 
Table 6. Summary of treeWAS analyses and results of terminal test, subsequent test and simultaneous test 
for Analysis III with significance level of 99.5%, where sample source categories as phenotypes and FnBP 
gene matrix as genotypes of S. aureus strains only in subtropical humid AEZ 

Positive Phenotype Number of 
significant 
loci 
identified by 
terminal test 

Number of 
significant loci 
identified by 
simultaneous 
test 

Number of 
significant loci 
identified by 
subsequent 
test 

Significance 
threshold 

Milk (Raw & bulk) 2 0 2 99.5% 
Raw meat 2 0 2 99.5% 
Processed foods and 
processed milk 

0 0 1 99.5% 
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Farm animals & 
mastitis 

1 0 2 99.5% 

Farm environment 2 0 2 99.5% 
Processing 
environment 

2 0 2 99.5% 

Clinical and food 
poisoning 

2 0 2 99.5% 
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