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A B S T R A C T   

Staphylococcus aureus is the main etiological agent of mastitis in small ruminants worldwide. This disease has a 
difficult cure and possible relapse, leading to significant economic losses in production, milk quality and live-
stock. This study performed comparative genomic analyses between 73 S. aureus genomes from different hosts 
(human, bovine, pig and others). This work isolated and sequenced 12 of these genomes from ovine. This study 
contributes to the knowledge of genomic specialization and the role of specific genes in establishing infection in 
ovine mastitis-associated S. aureus. The genomes of S. aureus isolated from sheep maintained a higher repre-
sentation when grouped with clonal complexes 130 and 133. The genomes showed high genetic similarity, the 
species pan-genome consisting of 4200 genes (central = 2008, accessory = 1559 and unique = 634). Among 
these, 277 unique genes were related to the genomes isolated from sheep, with 39.6 % as hypothetical proteins, 
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6.4 % as phages, 6.4 % as toxins, 2.9 % as transporters, and 44.7 % as related to other proteins. Furthermore, at 
the pathogen level, they showed 80 genes associated with virulence factors and 19 with antibiotic resistance 
shared in almost all isolates. Although S. aureus isolated from ovine showed susceptibility to antimicrobials in 
vitro, ten genes were predicted to be associated with antibiotic inactivation and efflux pump, suggesting resis-
tance to gentamicin and penicillin. This work may contribute to identifying genes acquired by horizontal transfer 
and their role in host adaptation, virulence, bacterial resistance, and characterization of strains affecting ovine.   

1. Introduction 

Mastitis is an inflammation of the mammary gland, most often due to 
a bacterial infection, responsible for substantial economic losses in milk 
production worldwide (Halasa et al., 2009; Ruegg, 2017). That disease 
may vary from subclinical to clinical and can become chronic in some 
cases. Occasionally, mastitis can also become systemic. This infection 
can be caused by different bacterial species, among which Staphylo-
coccus aureus is one of the most prevalent (Oviedo-Boyso et al., 2007; Le 
Maréchal, Hernandez, et al., 2011; Haag, Fitzgerald and Penadés, 
2019a). However, antibiotics are often inefficient in curing the infection 
caused by S. aureus; in addition, their disease is prone to resurgence, as 
bacteria may remain viable inside the epithelial cells of the mammary 
gland (Haag, Fitzgerald and Penadés, 2019a; Oget, Tosser-Klopp and 
Rupp, 2019; Astrup, Pedersen and Farre, 2022). Additionally, some 
differences between the ovine and bovine epithelium lead to different 
interactions during treatment, such as the distribution of serotonin re-
ceptor subtypes in the mammary gland (Suárez-Trujillo et al., 2019; 
Hughes, 2020). 

S. aureus strains are commonly categorized into clonal complexes 
(CCs) according to Multi-locus Sequence Typing (MLST). The MLST 
method has extensively been used to characterize S. aureus isolates and 
showed host-specificity within CCs, such as CC133 for ovine isolates 
(Smith et al., 2005; Aires-de-Sousa et al., 2007a; Zakour and Loir, 2007; 
Smyth et al., 2009; Merz, Stephan and Johler, 2016; Hoekstra et al., 
2019). In addition, previous studies also showed host-specific variations 
in terms of genome content (mobile genetic elements) and differential 
expression of regulatory genes in the S. aureus species (Alves et al., 2009; 
Guinane, ben Zakour, et al., 2010; Richardson et al., 2018). 

Comparative genomic analyses are conducted to understand better 
the basis of intraspecific evolution and pathogenesis of microorganisms 
since bacteria can have specific genetic characteristics of strains such as 
single nucleotide polymorphism (SNP) and mobile genetic elements (e. 
g., islands of pathogenicity, bacteriophages, plasmids, transposons, and 
integrative elements) (Dobrindt, 2001; ben Zakour et al., 2008). The 
mobile elements can carry copies of genes that confer additional char-
acteristics in the recipient genome, such as resistance to antibiotics, 
heavy metals, or greater pathogenicity. The comparison allows the 
identification of specificities in hosts, as the seh gene was identified only 
in cow isolates. The cap8 genotype is present in almost any type of host 
in a study involving isolates of mastitis S. aureus in cattle and goats 
(Acosta et al., 2018; Sheppard, Guttman and Fitzgerald, 2018; Oget, 
Tosser-Klopp and Rupp, 2019). 

At the genomic sequence level, although the number of complete 
S. aureus genomes deposited in the NCBI genome database has increased 
considerably in recent years, most are related to human isolates. More 
recently, only three ovine strains (ED133, NCTC1803, and NCTC9555) 
have been isolated from mastitis (Guinane, ben Zakour, et al., 2010). 
The information about peculiarities of the genome of small ruminant 
isolates is rare, and there is no knowledge of the genomic characteristics 
that may be involved in the onset of mastitis in sheep (Aires-de-Sousa 
et al., 2007b; Peton et al., 2014; Bosi et al., 2016a; Oget, Tosser-Klopp 
and Rupp, 2019). 

This study contributes to the knowledge of genomic specialization 
and the role of specific genes in establishing infection in ovine mastitis- 
associated S. aureus. Comparative genomic analyses were performed 
among 73 S. aureus genomes from different hosts (human, bovine, ovine, 

pig and others). In addition, this works isolated and sequenced 12 of 
these genomes collected in France in cases of ovine mastitis. 

2. Material and methods 

2.1. Ovine S. aureus strains and genomic DNA extraction 

Twelve S. aureus strains were isolated on a Luria Bertani (LB) agar 
plate from different forms of mastitis in flocks of French sheep (Table 1). 
The genomic DNA was extracted after cultivating the strain on 30 mL of 
LB broth at 37 ◦C for 12 h. Every culture was centrifuged for bacterial 
pellet formation, and the supernatant was discarded. The pellet was 
suspended in 600 μL of solution (Tris-HCI pH 7.0, 0.5 M EDTA pH 8.0, 
NaCl 5 M, and distilled H2O sufficient to obtain 50 mL) and transferred 
to a tube of 2 mL containing glass beads (VK01) (Bertin Technologies). 
Next, 3 μL of RNase A solution (20 mg/mL) was added before subjecting 
the bacteria to mechanical lysis. Two homogenization cycles of 15 sec 
each, at 6,500 rpm, were performed using Precellys 24 (Bertin Tech-
nologies). Subsequently, 1 mL of phenol/chloroform/isoamyl alcohol 
(25:24:1) solution was added to the tube, and the mixture was homog-
enized and centrifuged at 13,000 rpm 7 min. Next, the upper aqueous 
phase of the mixture was transferred to a new tube, and the second 
round of phenol/chloroform/isoamyl alcohol purification was per-
formed. Next, the upper aqueous phase was recovered and mixed with 1 
mL of chloroform. Following centrifugation at 13,000 rpm for 7 min, the 
upper aqueous phase was transferred to a new tube. Next, 1 mL of ethyl 
alcohol, 40 μL of 3 M NaAc, and 4 μL of 20 mg/mL glycogen were added. 
The mixture was placed at −20 ◦C overnight following gentle inversion 
for DNA precipitation. Following centrifugation at 13,000 rpm, for 15 
min, the supernatant was discarded. Next, 1 mL of 70 % ethyl alcohol 
was added to rehydrate the DNA pellet. The second round of 70 % ethyl 
alcohol wash was performed using centrifugation at 13,000 rpm for 15 
min. Then, the DNA pellet was dried at 60 ◦C. Finally, the DNA pre-
cipitate was suspended in 50 μL of sterilized ultra-pure water. DNA 
quantity and quality assessments were conducted using NanoDropTM 
2000 (Thermo ScientificTM), Qubit Fluorometer (Thermo ScientificTM), 
and 1 % agarose gel electrophoresis. 

Table 1 
S. aureus strains isolated from ovine mastitis sequenced for the present study.  

Strain Mastitis range Isolation Year Locality isolation (France) 
O268 Clinical 1998 Pyrénées-Atlantiques 
O17 Clinical 2003 Alpes Maritime 
O322 Clinical 2008 Alpes de Haute-Provence 
O326 Clinical 2008 Alpes de Haute-Provence 
O217 Chronic 2002 Aveyron 
O11* Gangrenous 2002 Southeast of France 
O408 Gangrenous 2010 Alpes de Haute-Provence 
O46* Subclinical 2002 Southeast of France 
O82 Subclinical 2002 Unspecified 
O267 Subclinical 1998 Pyrénées-Atlantiques 
O331 Subclinical 2008 Alpes de Haute-Provence 
O55 Subclinical 2002 Unspecified 

* The O11 and O46 strains were not considered in the DNA extraction, since 
their genomes were previously sequenced. 
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2.2. Sequencing, assembly, and annotation of the ovine S. Aureus 
genomes 

Sequencing of all total DNA the strains were performed using Hiseq 
2500 platform, 150 bp, paired end (Illumina, San Diego, CA, USA). The 
two genomes previously sequenced (O11 and 046) was obtained with 
using an Illumina Genome Analyzer GAII (Le Maréchal, Hernandez, 
et al., 2011). The reads quality was checked with FastQC (https://www. 
bioinformatics.babraham.ac.uk/projects/fastqc/). 

SPAdes, version 3.9.1 (Bankevich et al., 2012), was used for the ab 
initio assembly of all genomes, including O46 and O11. CONTIGuator 
version 2.7 (Galardini et al., 2011) generated scaffolding. The gaps 
resulting from assemblies were manually filled using the CLC Genomics 
Workbench software, version 7.0 (https://www.qiagenbioinformatics. 
com/products/clc-genomics-workbench). Reads were mapped against 
the reference genome to generate the consensus sequences for gap 
filling. All genomes were submitted to an automatic annotation using 
the PROKKA version 3.0 (Seemann, 2014). 

2.3. Genome average nucleotide identity analysis in the selected S. aureus 
strains 

To determine the genome similarity among the ovine strains and the 
strains isolated from various hosts, we used the Average Nucleotide 
Identity (ANI) analysis, specifically ANIm, based on MUMmer calcula-
tions (Konstantinidis, Ramette and Tiedje, 2006; Kim et al., 2014a). 
JSpeciesWS Online Service Taxonomic Thresholds (available at jspecies. 
ribohost.com/jspeciesws/) (Richter et al., 2016) were used with BLASTn 
(Altschul et al., 1990). This analysis method performs pairwise com-
parisons through the identity and similarity values implemented (Goris 
et al., 2007). The similarity heatmap was screened using Morpheus 
software (available at https://software.broadinstitute.org/morpheus/). 

3. Molecular typing and phylogenetic analysis of the selected 
S. aureus strains 

To determine the Sequence Type (ST) of each selected S. aureus 
strain, the allelic prediction was performed using MLST (Multi-locus 
sequence typing) server version 1.8 (Larsen et al., 2012). The sequence 
typing of S. aureus is routinely performed with allelic variants of seven 
housekeeping genes (arcC, aroE, glpF, gmk, pta, tpi, and yqiL) (Enright 
et al., 2000a), and the combination of these variants defines a specific 
sequence type. It compares allelic diversity based on approximately 500 
bp internal gene fragments (available at cge.CBS.dtu.dk//servic 
es/MLST). PHYLOViZ, version 1.1 (Francisco et al., 2012), was used to 
form a minimum spanning tree (MST) through the goeBURST algorithm 
(Francisco et al., 2009) and clonal complex (CC) formation (available at 
https://online.phyloviz.net/index). 

3.1. Phylogenomic analyses of the selected S. aureus strains 

The phylogenomic tree was generated based on the nucleotide 
alignment of the core genome from seventy-three Staphylococcus aureus 
strains predicted by the Roary pangenome pipeline (Page et al., 2015). 
FastTree (Price, Dehal and Arkin, 2010) and iTOL version 3 (https://itol. 
embl.de/) were used to construct the maximum likelihood tree. 

3.2. Pangenome analysis of ovine mastitis-associated S. Aureus genes and 
proteins 

Bacterial Pan Genome Analysis Tool (BPGA) version 1.3 (Chaudhari, 
Gupta and Dutta, 2016a) determines the ovine’s core, accessory, and 
singleton genes. In addition, a group of complete genomes isolated from 
other hosts was added to the dataset for comparative purposes of the 
presence and absence of genes between hosts. This work considered two 
groups of genomes for pangenome analysis. The first group comprised 

twelve ovine strains (isolated from ovine, sequenced and assembled 
from herds in France), and three more ovine strains (ED133, NCTC1803, 
and NCTC9555) genomes sequences were downloaded from NCBI for 
the analysis. Moreover, genomes sequences of fifty-eight strains of 
S. aureus isolated from different hosts were retrieved from the NCBI 
database. In total this work, seventy-three genomes were considered for 
comparative genomic analyses. These strains were selected based on the 
diversity of hosts and the availability of complete and high-quality ge-
nomes, thus seeking their greatest population representability 
(Table S1). 

3.3. Genome plasticity analyses in the selected S. aureus strains 

The Genomic (GEIs), Pathogenicity (PAIs), and Symbiosis (SIs) Is-
land predictions were performed using GIPSy (Genomic Island predic-
tion Software), version 1.1.2 (Soares et al., 2016), with the genome of 
Staphylococcus warneri strain 16A (CP031269.1), retrieved from the 
NCBI genome database, used as the reference. BLAST Ring Image 
Generator (BRIG), version 0.95 (Alikhan et al., 2011), was used to 
generate a circular image of all ovine genomes with the predicted pro-
phages, GEIs, and PAIs. Similar to the two clades (CC133 and CC130), 
strains 0268 and 082 were used (Table S1). The PHASTER (Arndt et al., 
2016) was used to predict and annotate prophages in all strains’ ge-
nomes. Considering the S. aureus methicillin resistance presence, we 
tried to identify the cassette chromosome mec (SCCmec) elements 
(Zafalon et al., 2018). A search for SCCmec IV, a cassette chromosome 
carrying the mecA or mecC gene, was performed by SCCmecfinder 
version 1.2 (Kaya et al., 2018). For this analysis, the thresholds of 90 % 
and 60 % for minimum identity and minimum length were used to 
compare the genome against the reference database (Kaya et al., 2018). 

3.4. Resistance genes analysis in the ovine S. aureus strains 

The Abricate (https://github.com/tseemann/abricate) tool was used 
to mass screen the genomes to find resistance: NCBI AMRFinderPlus 
(Feldgarden et al., 2019) CARD (Jia et al., 2017), Resfinder (Feldgarden 
et al., 2019), ARG-NNOT (Gupta et al., 2014) and MEGARES 2.00 
(Doster et al., 2019) and for virulence genes, using the Virulence Factors 
of Pathogenic Bacteria (VFDB) (Chen et al., 2016). 

4. Results 

4.1. Genomic statistics from ovine S. aureus strains 

The chromosomal genomes of the study’s fifteen ovine S. aureus 
strains ranged from 2.7 to 2.8 Mb in size, with approximately 33 % of GC 
content. The PROKKA annotation predicted between 2,465 and 2,755 
gene coding sequences. All genomes showed at least one region associ-
ated with prophages, with a maximum of seven regions on some chro-
mosomes Table 2. 

4.2. Phylogenomic analyses provide better clustering of ovine S. aureus 
strains 

Phylogenomic analyses evaluated the clustering of S. aureus strains 
from different hosts on a genomic scale. The phylogenomic tree built 
showed a bootstrap between 0.9 and 1.0, as shown in Fig. 1, represented 
by the taxon’s internal circles. It is possible to observe the grouping of 
populations by their type of clonal complex. The strains belonging to 
CC130 (O82, O46, O326, O11, and O408) formed a single clade (Fig. 1). 
The phylogenomic tree shows a common ancestor for all lineages proven 
to be ovine. The strains of CC130, CC133, CC425, CC59, and CC30 
comprise five distinct clades. Two ovine clusters were formed from two 
major clonal complexes with similarities ranging from 97 to 100 % 
(CC130 and CC133). The phylogenomic analysis also revealed that these 
clusters did not group three strains from ovine (O217, O55, and O331). 
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However, strain O55 (CC425) was grouped with the strains isolated 
from cattle and humans. The strain O331 (CC59) is isolated from 
humans, and the strain O217 (CC30) forms a single clade with the strains 
from humans and camels. 

4.3. ANI analysis evidence ovine S. aureus genomic relatedness 

ANI predictions were conducted using all selected S. aureus strains to 
understand how the ovine strains genetically correlate with each other 
and with the strains from the other hosts. The genome of ovine S. aureus 

Table 2 
General genomic features of fifteen ovine S. aureus strains analyzed.   

Strain Genomes length (bp) GC content (%) CDS 
Predicted 

Number of Phages NCBI 
Accession Number 

1 B119 2,768,115  32.82 2597 3 CP038460 
2 O11 2,770,352  32.72 2610 3 CP024649 
3 O17 2,772,340  32.89 2598 4 CP032051 
4 O217 2,764,228  32.86 2572 4 CP038461 
5 O267 2,864,632  32.93 2755 6 CP034102 
6 O268 2,841,948  32.91 2707 7 CP038612 
7 O326 2,778,005  32.85 2616 3 CP032481 
8 O331 2,695,389  32.91 2465 1 CP038269 
9 O408 2,778,443  32.85 2618 3 CP038270 
10 O46 279,141  32.80 2644 3 CP025395 
11 O55 2,794,042  32.89 2650 4 CP038268 
12 O82 2,761,328  32.89 2593 3 CP038819 
13 NCTC1803 2,836,670  32.90 2692 5 LR134305 
14 NCTC9555 2,843,795  32.94 2685 6 LR134090 
15 ED133 2,832,478  32.92 2701 6 CP001996  

Fig. 1. Molecular phylogenomic analysis based on the nucleotide alignment of the core Staphylococcus aureus strain genomes. The hosts are in the following colours, 
and each complex clonal (CC) is highlighted with a coloured line. 
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strain ED133 was used as the reference for the ovine sequence. All ge-
nomes presented a high degree of similarity with the genome of the 
reference strain ED133 (ANI > 97 %). Most ovine S. aureus genomes 
were clustered in the highest similarity group (Fig. 2). The genomes 
NCTC9555, B119, O17, O267, O268, NCTC1803, and NCTC7988, pre-
sented the most significant similarities (nearly 100 %) with ED133. 
Interestingly, NCTC7988 was the non-ovine strain with the most 
considerable similarity with the ED133 reference, corroborating the 
previous phylogenomic clustering in this work (Fig. 1). In this analysis, 
all ovine genomes presented more than 98 % similarity regarding the 
ED133 genome, except for O217, which showed a minor similarity 
among sheep strains. In the same way, this strain was not grouped with 
any ovine genomes in MLST analysis. This study showed that it belongs 
to CC30, which is important in human and animal infections, and sug-
gests no-host-specialization by this strain. On the other hand, genomes 
isolated from milk or mastitis in cows (LGA251 and RF122) present a 
similar level of 98 % regarding ED133 (isolated from ovine). 

4.4. Molecular typing and phylogenetic analysis revealed large clonal 
complexes 

The MLST analysis revealed that most of the sheep strains considered 
in this study had a cluster of two large clonal complexes (CC), CC130 and 
CC133. The exceptions are strain O55, which was grouped in CC425, 
together with the strains cattle (LGA251) and human (NCTC13552). The 
strain O217, which comprises CC30 together with the strains isolated 
from humans (ATCC25923, 80wphwpl, SFAARGOS_504, NCTC11965, 
NCTC13277, and NCTC13811), and camel (ILRI_Emoyle1/1). The strain 
O331 shares the clonal complex, only the human strains (SAR475 and 
SHZW450). All alleles predicted in these analyses are shown in 
Table S1. 

Fig. 2. The study investigates the heatmap of pairwise ANIb values of the 73 Staphylococcus aureus genomes. Red a high similarity; Blue a low similarity and light 
colors (blue and red) have an intermediate similarity. The value of similarity level intensity is based on the ANI analysis by JSpeciesWS. Metadata for cluster 
correlation: Sequence type (ST), Clonal complex (CC), Host, Sample, and Isolation locality. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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4.5. Identification of core, accessory, and exclusive genes in selected 
S. aureus strains 

The 73 S. aureus genomes were separated into two groups for the 
comparative genomics analysis. The first group consisted of genomes 
isolated from the ovine host, and the second group was composed of 
genomes isolated from other hosts (Table 2). Using 50 % sequence 
identity as the cutoff value, the BPGA yielded 4200 distinct gene clus-
ters. Out of which 2008 clusters respectively contain at least one gene 
from each genome and thus construct the core genome, 1559 of these 
genes are accessory genes (i.e., genes that are present in at least two 
genomes but not in all the genomes) and 634 unique genes (exclusive 
genes) of S. aureus. The genome statistics, such as the gene family dis-
tribution and new gene distribution of the S. aureus pangenome, are 
shown in Fig. 3. In addition, the number of genes unique or exclusively 
present and absent in each strain of the S. aureus dataset is shown in the 
last two columns of Table S2. 

At the level of functional genome analysis, the genes belonging to 
each group’s core, accessory, and exclusive genomes were categorized 
into cellular processes and functions by Cluster of Orthologous Groups 
(COG) distribution (Fig. 3c). Most of the significant spotted genes were 
associated with cellular metabolism, mainly the transport and meta-
bolism of amino acids and unknown proteins. The accessory and unique 
genes were classified in greater representativeness with the following 
COG functional groups, replication (information storage) and recombi-
nation and repair (processing activities), general function, defense 
mechanisms, transcription, and unknown proteins. Out of 4200 gene 
clusters, BPGA could map 1866 (44.5 %) to KEGG pathways. From a 
perspective, KEGG assignments from BPGA showed an overall higher 
representation of metabolism-related pathways (Fig. 3d) and Fig S4 
(more detailed version). 

The highest values of the number of exclusively absent genes in 

strains SMOK042 (bovine), SATCC_BAA-39 (human), and SM51(pig). 
The first two genomes belong to the CC97 and the third to CC8. When 
compared in this scenario against other hosts, the genomes of the ovine- 
associated strains did not show exclusively absent genes. Among the 634 
unique genes seen, 28 genes were exclusive to ovine-associated strains; 
we highlight the species SO55, SNCTC9555 (18 and 6), and the SB119, 
SO46, SO82, and SO268 strains, with only one exclusive gene in each 
genome in TableS2. When these sequences are characterized in silico 
prediction, primarily hypothetical proteins, phage proteins, and only 
four proteins with related functions, such as DNA binding, cytosolic 
resistance, hyperosmolarity, and centrosome B protein, they are related 
to molecular function, cellular components, and biological processes. 

Therefore, analyzing the inter-host (ovine) in subsets was necessary. 
In the subset analysis conducted, the pangenome profile analysis for 
fifteen ovine hosts and fifty-eight other hosts of the S. aureus dataset may 
help identify host-specific or virulence-specific genes in S. aureus. The 
results achieved for gene family distribution in these two subsets are 
shown in Table S3 and Table S4. We observed the presence of 277 
unique genes in sheep strains. The genomes that presented the most 
exclusive genes were the genes corresponding to the complex clonal 
singletons, the SO55, SO217, and SO331 (72, 54, and 41) exclusive 
genes, respectively. The functional characterization resulted in products 
such as hypothetical proteins (39.6 %), phages (6.4 %), transporter (2.9 
%), toxins (6.4 %), and others (44.7 %). A very high percentage of 
exclusive ovine S. aureus genes encode proteins with unknown func-
tions, evidencing the need for further studies. Also, genes encode pro-
teins involved in different cellular functions, such as iron acquisition 
proteins, transferases, DNA helicases, and coagulases. Interestingly the 
exclusive ovine genes are found in prophages and mobile genetic ele-
ments, suggesting that many of the genetic traits related to the ovine 
host specificity might be horizontally disseminated. 

Fig. 3. Graphical representations of profiles of the genes assessed in the BPGA comparative analysis of all 73 selected S. aureus strains. (a) The gene family frequency 
spectrum. (b) New gene family distribution after sequential addition of each genome to the analysis. (c) COG distribution of core, accessory, and unique genes. (d) 
KEGG distribution of core, accessory, and unique genes. 
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4.6. Virulence genes in the S. aureus strains 

Eighty genes were observed, considered encoders of the virulence 
factors, and 57 to 72 genes were present in all seventy-three genomes. 
All virulence proteins predicted using the VFDB database are listed in 
(Fig. 4a & 4b). 

The exciting thing is the sharing of genes related to the type of clonal 
complex, regardless of its type of host. However, there are some signa-
tures regarding the suborder, as in the case of ruminants and small ru-
minants (Fig. 4b). When analyzed at the ovine subgroup level, we 
observed 59 to 70 virulence genes. CC130 and CC133 (large ovine 
clusters) have a repertoire of similar genes compared with singletons: 
CC30, CC59, and CC425. Some genes will be clustered according to the 
CC (twenty-nine genes), genes related to enzymes, chp (chemotaxis 
inhibitory protein of Staphylococcus - CHIPS) and sak (staphylokinase), 
and toxins such as the lukS-PV gene (Panton-Valentine leukocidin), at 
the level of clonal complexes shared with ovines, are seen only in strains 
isolated from humans. Some of these genes share only an ovine strain, 
such as the cna (collagen-binding protein) and the scn (staphylococcal 
complement inhibitor) genes, in the SO217 and SO331 strains, respec-
tively. Three genes involved in the secretion system, Type VII, esaC, essC, 
and esxB relationship, were predicted only in CC130 and CC133 
compared to other complexes shared with them. The overall comparison 
level (n = 73) had a significant presence and absence when comparing 
the genes associated with the secretion system (Fig. 4b). 

Toxin. 
Stress protein Secretion system Iron uptake Immune evasion. 
Enzyme Capsular Adherence. 
Pig. 

4.7. Resistance genes in the ovine S. Aureus strains 

The analysis of the presence and absence of resistance genes was 
performed via ABRicate with the support of the five databases and other 
relevant data available in PATRIC, such as AMR phenotypes for ge-
nomes, AMR genes, and AMR regions, aimed at predicting resistance to 
some antibiotic (Fig. 5 and Fig. 6). ABRicate predicted 37 genes related 

to some antimicrobial resistance for the 73 genomes. PATRIC is classi-
fied into eight classes of antibiotic drugs (ciprofloxacin, clindamycin, 
erythromycin, gentamicin, methicillin, penicillin, tetracycline, and 
trimethoprim-sulfamethoxazole) from a database containing 97 antibi-
otics. Analyzing the repertoire of resistance-related genes for ovines, 
each database yielded different predictions, with some of these genes 
varying in nomenclature. MEGARES 2.00 (18), CARD (10) ARG-NNOT 
(8), NCBI AMRFinderPlus (5) and Resfinder (2). All ovine strains did 
not show the presence of the chromosomal cassette SCCmec, referring to 
phenotypic resistance to methicillin; however, some genomes showed 
resistance to penicillin and gentamicin in silico analysis (Fig. 5). The bla 
operon genes (blaI, blaR, and blaZ) were predicted only in isolates SO217 
(CC30) and SO55 (CC425). The fosB gene was present only in B119, 
ED133, NCTC1803, NCTC9555, O17, O267, O268, O217, and O55. 
Eight genomes showed the same nucleotide variations in the GlpT 
(A100V) and murA (E291D and T396N) genes, and both mutations 
confer resistance to fosfomycin. Only the SO217 genome showed spe-
cific variations in GlpT (A100V and V213I) and murA (D278E and 
E291D) (Table 3). 

4.8. Prophages 

In this study, in the 73 bacteria of S. aureus species, 299 phage-like 
elements were detected; 114 were classified as intact prophages, 133 
as incomplete, and 52 were questionable using the PHASTER tool. The 
distribution of completeness among hosts can be visualized in Fig. 7 and 
Table S5. All genomes had at least one predicted prophage in the 
chromosomal region and were considered lysogenic bacteria (bacteria 
containing the integrated prophage) or poly-lysogenic bacteria (bacteria 
containing more than one integrated prophage). Table S5 can see more 
details about these regions, such as the number of predicted regions in 
each genome, totally predicted proteins, region position, most common 
phage, and GC% content. Of the prophages considered intact or com-
plete (114), the smallest was found in S. aureus O408_B115 (ovine) with 
17.8 kb, and the largest was in M48 (pig) with 134.2 kb. In the 52 
considered questionable, the lowest was found in NCTC13811, 8 kb, and 
the highest in O46 (ovine), 61.4.5 kb. For the prophages considered 

Fig. 4. Visualization of core virulome genes of the S. aureus strains according to the VFDB prediction (a) Graphical representations of virulence factor classes of these 
genes. (b) Heatmap with presence and absence associated with virulence factors that S. aureus correlates to strains and hosts. 
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incomplete (degenerate prophages), the smallest size was M48 (pig) 
with 5.8 Kb and the largest MOK063 (bovine) 45.5 Kb. At the ruminant 
level, ovine showed approximately twice as many prophages classified 
as intact (33), while in bovine, only 12 can be observed as a percent in 
Fig. 7. All ovine genomes showed regions referring to prophages, and 68 
regions were identified (intact = 33, incomplete = 28 and questionable 
= 7). Each isolate showed at least three to seven regions; only strain 
O331_B114 showed one region (PHAGE_Staphy_PT1028_NC_007045), 
and even then, with questionable completeness. The most common 
phages (20 types) were identified as bacteriophage sequences for 
Staphylococcus phage (16) and other types such as Paenibacillus phage (1) 
Clostridium phage (1), Streptococcus prophage (1) and Thermus phage (1). 
Only PHAGE_Staphy_PT1028_NC_007045 was predicted in all ovine 
isolates and PHAGE_Staphy_phiPV83_NC_002486 in almost all except 

O217, O331_B114 and O55_B118. 
All prophages had their ORFs predicted for virulence factors (128 

genes) using the VFDB; 349 genes were identified in 67 genomes, and 
only six strains (CFSAN018750, K17, LGA251, K18, 08S00974, ED98, 
NCTC13552) did not identify virulence factors in their prophage se-
quences Table S6. In ruminants (ovine and bovine), virulence genes 
associated with a toxin (32 and 30), immune evasion (13 and 3), and 
enzyme (12 and 24), respectively, were identified. It is noted that there 
was an absence of genes related to adherence and secretion system 
carried by prophages in these hosts in Fig. 8. The complete list of viru-
lence genes predicted in prophage-related sequences can be seen in 
Table S6. 

In the circular comparative genome mapping representation (Figs. 9 
and 10), it is possible to visualize the regions related to prophages and 

Fig. 5. Visualizing antimicrobial resistance (antibiotic) of the S. aureus strains according to the PATRIC prediction. Heatmap with presence (blue) and absence 
associated with resistance genes that S. aureus correlates to strains, hosts, and complex clones (CC). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. Visualization of core resistome genes of the S. aureus strains according to the CARD prediction. Heatmap with presence (blue) and absence associated with 
resistance genes that S. aureus correlates to strains and hosts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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predicted virulence genes positioned along the genomes. 

5. Discussion 

S. aureus is an important pathogen of ovine mastitis (Le Maréchal 
et al., 2011; Smith et al., 2014). This infection is difficult to control since 
S. aureus can spread within the herd and become resistant to antibiotic 
treatment (Oviedo-Boyso et al., 2007). In addition, the number of ovine- 
associated S. aureus genomes available in the NCBI database and 
genomic studies involving these strains are scarce. Therefore, more in-
formation about S. aureus genomic characteristics is necessary to effi-
ciently develop new strategies to control infection (Peton et al., 2014). 

The isolates from France are of different herds, cities, and years, yet 
they share a high similarity. For example, the strains SAR475 and O331 
are grouped in the MLST analysis. Considering that SAR475 was isolated 
from humans and O331 from ovine mastitis, this result shows that these 
two strains are closely related. Additionally, LGA251 and O55 are once 
more grouped, reinforcing the close phylogenetic relationship between 
these two strains isolated from different hosts and countries. These two 
strains present mammary gland tropism since LGA251 was isolated from 
a cow’s bulk milk and O55 from ovine mastitis. In turn, the grouping of 
O217, IRLI_Emoyle1/1, and ATCC25923 is not supported in the phylo-
genomic approach, in contrast to the result provided by the MLST 
analysis. This result suggests that although these three strains belong to 
the same clonal complex (CC30), they do not share an extremely high 
level of similarities in their proteomes. Two ovine clusters were formed 
in the phylogenomic analysis with similarities ranging from 97 to 100 %. 
It is possible to observe clonal behavior among them compared with 
strains from the other hosts. However, these clusters did not group three 
strains (O217, O55, and O331) from ovine. O217 was grouped with 
genomes isolated from humans, agreeing with the CC formation. The 
same clustering agreement is observed for O55, which belongs to the 
same clonal complex of LGA251. 

The ANI method is another way to measure evolutionary relatedness 
among closely related bacterial strains through the identity and simi-
larity values of the total genome sequence (Konstantinidis, Ramette and 
Tiedje, 2006; Kim et al., 2014b). In this analysis, all ovine genomes 
presented more than 98 % similarity regarding the ED133 genome, 
except for O217, which showed a minor similarity among sheep strains. 
In the same way, this strain was not grouped with any ovine genomes in 
MLST analysis. This study showed that it belongs to CC30, which is 
important in human and animal infections, and suggests no-host- 
specialization by this strain. On the other hand, genomes isolated from 

Table 3 
Resistance genes identified by in silico prediction against ABRIcate of fifteen ovine S. aureus strains.  

AMR Gene SNP Detection 
Criteria 

AMR Gene Family Drug Class Resistance 
Mechanism 

mepA           

protein homolog 
model 

multidrug and toxic compound 
extrusion (MATE)  
transporter  

glycylcycline, tetracycline antibiotic        

antibiotic efflux 

mepR 

arlR      

major facilitator superfamily (MFS) 
antibiotic efflux pump  

fluoroquinolone antibiotic, acridine dye arlS 
Staphylococcus aureus 

norA 
fluoroquinolone antibiotic  

Staphylococcus 
aureus 
LmrS 

macrolide antibiotic, aminoglycoside antibiotic, 
oxazolidinone antibiotic, 
diaminopyrimidine antibiotic, phenicol antibiotic 

tet (38) tetracycline 
PC1 beta-lactamase 

(blaZ) 
blaZ beta-lactamase penam  

antibiotic 
inactivation Staphylococcus aureus 

FosB 
fosfomycin thiol transferase   

fosfomycin GlpT* A100V  
protein variant 
model 

antibiotic-resistant GlpT  
antibiotic target 
alteration 

murA* E291D, 
T396N 

antibiotic-resistant murA transferase 

* Staphylococcus aureus GlpT /murA with mutation conferring resistance to fosfomycin. 

Fig. 7. . Distribution of the prophage-like elements within S. aureus in a 
different host. The values of the number of features found (n) are shown below 
each host’s name. Completeness is divided into three stages represented by 
different colours (intact = grey, questionable = light blue and incomplete =
dark blue). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 8. Distribution of virulence class predicted with VFDB tool in prophage 
sequences in ruminants. Axis × is composed of the number of predicted genes. 
Axis y is categorized into all predicted virulence classes. The small ruminant 
(ovine) is the blue bar, while the orange bar represents the large ruminant 
(bovine). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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milk or mastitis in cows (LGA251 and RF122) present a similar level of 
98 % regarding ED133 (isolated from ovine). Previous studies reported 
that some CCs originated from humans and acquired genetic adaptation 

to infect ruminants (Guinane, Ben Zakour, et al., 2010; Sakwinska et al., 
2011). Furthermore, the evolutionary separation of some ovine and 
bovine strains is unclear in the present study. 

Fig. 9. Comparative circular genome maps the representation of the BRIG software with 28 genomes of Staphylococcus aureus isolates of ovines and other hosts. The 
O82 strain was the reference in the central position, with the first three inner rings showing its size, GC content, and GC skew, mapping all prophages, genes 
associated with resistance, virulence, and pathogenic islands found in the O82 strain. 

Fig. 10. Comparative circular genome maps the representation of the BRIG software with 28 genomes of Staphylococcus aureus isolates of ovines and other hosts. The 
O268 strain was the reference in the central position, with the first three inner rings showing its size, GC content, and GC skew, mapping all prophages, genes 
associated with resistance and virulence, and pathogenic islands found in the O268 strain. 
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Additionally, three of the selected ovine strains belonged to the CC30 
(STs 30 and 243). Studies have associated these STs with human, bovine, 
and ovine infections in Europe and Asia (Rabello et al., 2007; Monecke, 
Slickers and Ehricht, 2008; Smith et al., 2014; Haag, Fitzgerald and 
Penadés, 2019b). The strains ED133, O268, O17, O322, and O267 
present the same ST and belong to the CC133, which is associated with 
intramammary infections in ovine (Smyth et al., 2009; Smith et al., 
2014). Interestingly, only strain O331 presents the ST59. S. aureus ST59 
has already been isolated from bovine milk (Hata et al., 2010; 
Richardson et al., 2018) and dairy goat mastitis (Chu et al., 2012). 
Therefore, the strain O331 is likely an atypical clone among the ovine 
strains considered in this study. Studies have shown that ST59 isolates 
originated in the United States and have spread to Asia. Furthermore, 
ST59 S. aureus has been isolated in Oceania and northern Europe 
(Tristan et al., 2007; Mediavilla et al., 2012; Smith et al., 2014). Further 
studies are necessary to track the origin of the ST59 isolates in France. A 
previous study suggested that the Multilocus Sequence Analysis (MLSA) 
can accurately determine the evolutionary relationships among the 
strains of Flavobacterium columnare (Kayansamruaj et al., 2017). How-
ever, a comparative genomics approach can provide a much higher 
strain typing resolution than the MLST analysis since more genes are 
considered (Hall, Ehrlich and Hu, 2010). In the MLST-based phyloge-
netic tree generated, the group of CC130 is divided into two different 
clades, one formed by the STs 2490 (O46) and 2011 (O82) and the other 
formed by ST700 (Fig. 1). In turn, the phylogenomic analysis based on 
the amino acid variation in the proteomes of the S. aureus strains 
resulted in the grouping of all strains belonging to the CC130, with a 
bootstrap value of 1. However, the phylogenomic analysis also rein-
forced that STs 2490 and 2011 are more closely related than ST700. This 
result indicates that the determination of phylogeny benefitted from a 
proteome-scale analysis compared to the limited number of gene loci 
considered in the MLST-based phylogenetic analysis. 

A very conserved synteny level is observed on the ovine S. aureus 
strains. However, a few regions of DNA inversion were found. Differ-
ences caused by gene acquisition from phages and DNA recombination 
events likely explain the size variation among the ovine strains’ ge-
nomes. One example involves PHAGE_Staphy_phiPV83_NC_002486, 
which was absent only in the O217, O331_B114 and O55_B118 genomes 
(Figs. 9 and 10). To evaluate the clonal relationship of the ovine 
S. aureus strains, MLST analysis was conducted. If at least 5 out of the 
seven alleles (arcC, aroE, glpF, gmk, pta, tpi, and yqiL) in the different loci 
are shared between two S. aureus isolates, these isolates form a single 
clonal complex (Maiden et al., 1998; Enright et al., 2000b; Tettelin et al., 
2005). The CC130, which had already been associated with ovine 
mastitis (Guinane, Ben Zakour, et al., 2010; Smith et al., 2014 Haag, 
Fitzgerald and Penadés, 2019b), encompassed 5 of the ovine strains 
considered in this study (STs 2411, 2490, and 700). 

The genomic diversity of multiple strains can be uncovered by 
determining the core, accessory, and single genomes (Bosi et al., 2016b; 
Chaudhari, Gupta and Dutta, 2016b). The pangenome curve almost 
reached a plateau, indicating that it is open, and the S. aureus pan-
genome will probably close soon (Fig. S1). All strains used in this 
comparative analysis have an average of resulting genes predicted by the 
PATRIC server. The analysis of proteins exclusively shared among ge-
nomes of S. aureus involved in a single form of mastitis resulted in 
predicting hypothetical and phage-related proteins. However, exclusive 
genes are shared by at least two mastitis group strains and not by all 
strains (Table S4). Therefore, further studies are necessary to elucidate 
the molecular basis of S. aureus virulence that might lead to the devel-
opment of different forms of mastitis. Additionally, specific traits such as 
susceptibility to ovine and interference with the environment and in-
testinal microbiota dysbiosis could contribute to developing a deter-
mined form of mastitis caused by S. aureus (Vonaesch, Anderson and 
Sansonetti, 2018; Oikonomou, Addis, Chassard, Nader-Macias, Grant, 
Delbès, Bogni, le Loir, et al., 2020). 

The comparative genomics performed using BPGA software yielded 

4200 genes. In turn, the core genome is formed by 2008 genes among all 
strains. It represents 48 % of the S. aureus genes average predicted in this 
study and a core genome 1,7-fold proportionally higher than a previous 
study of comparative genomic analysis in 64 S. aureus strains, which 
resulted in a core genome of 56 % on average of the predicted genes 
(Bosi et al., 2016b). The core genome analysis was also performed 
among ovine and other host strains, resulting in 2149 and 2119 genes, 
respectively. It represents 79 % (ovine strains) and 81 % (other hosts) of 
the average genes predicted by the PATRIC server. This study’s number 
of core genes suggests low diversification in the core genome of S. aureus 
strains used for comparison. The functions of core genes were classified 
by COG categories, playing a role in amino acid transport and meta-
bolism. These data are expected because the core genome belongs to the 
group of housekeeping functions (Tettelin et al., 2005 Medini et al., 
2005). 

The accessory genes predicted in this present study (n = 1559) are 
primarily involved in replication, recombination, and repair. These 
genes play a role in lateral gene transfer events from mobile genetic 
elements, such as transposons and bacteriophages (Tettelin et al., 
2005Bosi et al., 2016b). Of the exclusive genes found in ovine genomes 
(n = 277), the central part consists of hypothetical proteins (39.6 %), 
which are proteins of unknown function, and can contribute to many 
activities in the genome. For instance, a functional assignment of hy-
pothetical proteins in the S. aureus study predicted these as binding 
proteins, helicases, transporters, and virulence factors (Prava, G and 
Pan, 2018). Mobile genetic elements represent 25 % of the exclusive 
ovine genes. They are essential in bacterial diversity due to their ca-
pacity to transduce host genes and confer novel genetic information for 
bacteria, such as genes involved in virulence (Kwan et al., 2005). Some 
genes are predicted to play a role in virulence and are carried by phage, 
entB (Staphylococcal enterotoxin B), selk (Staphylococcal enterotoxin 
K), and vWpb (Secreted von Willebrand factor-binding protein precur-
sor). Genes encoding cell wall proteins represent 3 % of the genes found 
in all ovine genomes. These proteins are essential for adherence (Sil-
havy, Kahne and Walker, 2010) and antibiotic resistance (Assis, 
Nedeljković and Dessen, 2017). 

Staphylococci are significant causes of drug-resistant infections, and 
phages that infect and destroy these organisms have enormous thera-
peutic potential (Nayeemul Bari and Hatoum-Aslan, 2019). The five 
prophages (intact = 1 and incomplete = 4) were found in only ovine 
strains, not in strains from other host groups. The PHAG-
E_Staphy_42E_NC_007052, present only in NCTC9555, was predicted to 
be an intact phage with a PHASTER score of 150 and produces 69 pro-
teins. The phage gene set is functionally classified into integrase, tail, 
portal, head and capsule. Of note, (Kwan et al., 2005) showed that gene 
transfer between S. aureus phages is more prevalent than between 
S. aureus and other species. However, four incomplete regions were 
found only in ovine, more commonly in other species different from 
S. aureus. The PHAGE_Strept_EJ_1_NC_005294 (O217) in the Myoviridae 
morphology family and found an atypical Streptococcus pneumoniae 
(Romero, López and Garcıá, 2004), the PHAG-
E_Thermu_OH2_NC_021784 (O268), in Geobacillus kaustophilus (Doi 
et al., 2013) and the PHAGE_Clostr_phiMMP03_NC_028959 (NCTC9555) 
in Clostridioides difficile (Rashid et al., 2016). The protocols described in 
Nayeemul Bari and Hatoum-Aslan, 2019, hoped to advance the basic 
understanding of Staphylococcus phages while allowing the development 
of more powerful phage-based antimicrobials. Likewise, 32 genes were 
predicted to be toxins precursors in phage regions. Toxins have an 
essential role in pathogenicity; in this context, S. aureus exotoxins are a 
leading cause of gastroenteritis in humans from the consumption of 
contaminated food, principally raw milk and raw milk cheese, which can 
infect animals(Balaban and Rasooly, 2000; Le Loir, Baron and Gautier, 
2003; Oikonomou, Addis, Chassard, Nader-Macias, Grant, Delbès, 
Bogni, le Loir, et al., 2020; van den Brom et al., 2020). Additionally, 
exfoliative toxins were found in S. aureus isolated from cows, and these 
proteins are an agent of a scalded-skin syndrome in humans (Vautor 
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et al., 2009; Que and Moreillon, 2014). In addition, the exclusive ovine 
genes were compared to the VFDB database through BLASTp. They 
resulted from 14 predicted proteins, such as the coagulase (coa), 
secreted by S. aureus and causes clotting in the host’s plasma. As a result 
of mechanisms of escape from the immune system (Salaberry et al., 
2015; Javid et al., 2018), hyaluronate lyase precursor (hysA) plays a role 
in subcutaneous infection (Makris et al., 2004; Ibberson et al., 2014) and 
toxins (Le Maréchal, Seyffert, et al., 2011; Monistero et al., 2018). It was 
previously reported that different levels of iron metabolism, transcrip-
tional regulators, and exoprotein production could contribute to ovine 
mastitis severity, and different levels of toxin expression were related to 
the pathogenic potential of genomes isolated from bovine mastitis (ben 
Zakour et al., 2008; Le Maréchal et al., 2011). 

These strains were predicted to be sensitive to methicillin. However, 
the horizontal acquisition of resistance genes could increase the rele-
vance of ovine mastitis in human infection with methicillin-resistant 
S. aureus. Although the SCCmec chromosome cassette was not found 
in the genomes of the ovine strains considered in this study, these ge-
nomes present multiple chromosomal factors that can contribute to the 
methicillin resistance phenotype, such as the fmtB gene (Komatsuzawa 
et al., 1997). It has already been shown that the fmtB gene indirectly 
affects methicillin resistance, but further biochemical studies are 
necessary to elucidate the role of fmtB in this resistance mechanism 
(Komatsuzawa et al., 2000). 

6. Conclusion 

The comparative genomics among the ovine and other host- 
associated isolates of S. aureus showed genetic differences. Our results 
suggest that the accessory genes encoding virulence factors and un-
known proteins that might be essential in establishing infection are 
exclusively found in the ovine genomes. Although it is possible to 
observe that the S. aureus genomes are very similar at the genomic level, 
independent of the host, clonal complexes CC130 and CC133, CC425, 
CC59, and CC30 are associated with small ruminants, where CC130 and 
CC133 are considered representative of the host, ovine. As for the in-
vasion and permanence of the bacteria in the cell, it showed a vast 
repertoire of virulence-associated genes. All strains showed genes 
related to antimicrobial resistance. However, at the level of antibiotic 
resistance, some highly resistant representatives were found predicted in 
silico, as observed in the genomes isolated from swine. The cassette 
chromosome mec was not detected in strains isolated from the ovine. 
However, it showed genes associated with resistance in specific ge-
nomes, which may be associated with the reservoir of resistance genes 
for other hosts. This work shows new evidence of genomic specialization 
in S. aureus associated with ovine mastitis. 

Funding 
This research received no external funding. 
Data availability statement 
Genome sequences are available in the NCBI database. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We thank the agencies Coordination for the Improvement of Higher 
Education Personnel (CAPES),CNPq (Conselho Nacional de Desenvol-
vimento Científico e Tecnológico) and Minas Gerais Research Funding 

Foundation (FAPEMIG). Our thanks to the Institut National de recherche 
pour l’agriculture, l’alimentation et l’environnement (INRAE), Post 
Graduate Program in Genetics and Post Graduate Program in Bioinfor-
matics at the Federal University of Minas Gerais, and the Omics Science 
Network (RECOM). 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gene.2022.147131. 

References 
Acosta, A.C. et al., 2018. ‘Frequency of Staphylococcus aureus virulence genes in milk of 

cows and goats with mastitis’, Pesquisa Veterinária Brasileira, 38(11), pp. 
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mastitis in sheep. Pesquisa Veterinária Brasileira 38 (4), 579–585. Available at: 
10.1590/1678-5150-pvb-4984.  

Zakour, N. Ben, Loir, Y., 2007. ‘Designing primers for whole genome PCR scanning using 
the software package GenoFrag’. 348–368. Available at: 10.1007/978-1-59745-528- 
2_18. 

A. Lima et al.                                                                                                                                                                                                                                    



5.1. Artigo 1 56

5.1.2 Supplementary material









nº Genome name Strain Host
1 Staphylococcus aureus strain O217 O217* Ovine
2 Staphylococcus aureus strain O331 strain B114 O331 B114* Ovine
3 Staphylococcus aureus O11 O11* Ovine
4 Staphylococcus aureus strain O326 O326* Ovine
5 Staphylococcus aureus strain O408 strain B115 O408 B115* Ovine
6 Staphylococcus aureus O46 O46* Ovine
7 Staphylococcus aureus strain O82 O82* Ovine
8 Staphylococcus aureus strain B119 B119* Ovine
9 Staphylococcus aureus strain NCTC1803 NCTC1803 Ovine
10 Staphylococcus aureus strain NCTC9555 NCTC9555 Ovine
11 Staphylococcus aureus strain O17 O17* Ovine
12 Staphylococcus aureus strain O267 O267* Ovine
13 Staphylococcus aureus strain O268 O268* Ovine
14 Staphylococcus aureus subsp. aureus ED133 ED133 Ovine
15 Staphylococcus aureus strain O55 strain B118 O55 B118* Ovine
16 Staphylococcus aureus strain CFSAN018750 CFSAN018750 Bovine
17 Staphylococcus aureus strain PMB 64-1 PMB 64-1 Bovine
18 Staphylococcus aureus strain PMB 81-4 PMB 81-4 Bovine
19 Staphylococcus aureus strain K5 K5 Bovine
20 Staphylococcus aureus strain K17 K17 Bovine
21 Staphylococcus aureus strain 2030RH1 2030RH1 Bovine
22 Staphylococcus aureus strain MOK042 MOK042 Bovine
23 Staphylococcus aureus strain MOK063 MOK063 Bovine
24 Staphylococcus aureus subsp. aureus LGA251 LGA251 Bovine
25 Staphylococcus aureus strain NCTC7485 NCTC7485 Bovine
26 Staphylococcus aureus RF122 RF122 Cattle
27 Staphylococcus aureus strain K18 K18 Buffalo
28 Staphylococcus aureus strain ILRI_Eymole1/1 ILRI_Eymole1 Camel
29 Staphylococcus aureus strain NX-T55 NX-T55 Pig
30 Staphylococcus aureus strain QD-CD9 QD-CD9 Pig
31 Staphylococcus aureus strain S57 S57 Pig
32 Staphylococcus aureus strain ISU935 ISU935 Pig
33 Staphylococcus aureus strain M48 M48 Pig
34 Staphylococcus aureus strain M51 M51 Pig
35 Staphylococcus aureus strain 08S00974 08S00974 Pig
36 Staphylococcus aureus  subsp. aureus  strain ISU926 ISU926 Pig
37 Staphylococcus aureus strain PTDrAP2 PTDrAP2 Pig
38 Staphylococcus aureus strain PCFA-221 PCFA-221 Pig
39 Staphylococcus aureus strain ch21 ch21 Chicken
40 Staphylococcus aureus strain ch22 ch22 Chicken
41 Staphylococcus aureus subsp. aureus ED98 ED98 Chicken
42 Staphylococcus aureus strain SA112 SA112 Dog

Table S1: Staphylococcus aureus  strains isolated from different hosts used in this study (dataset).



43 Staphylococcus aureus strain NCTC7988 NCTC7988 Cat
44 Staphylococcus aureus strain 27 27 Human
45 Staphylococcus aureus strain 128 128 Human
46 Staphylococcus aureus strain 24117-SCV 24117-SCV Human
47 Staphylococcus aureus strain ST20130938 12803371 Human
48 Staphylococcus aureus strain 1549-WT 1549-WT Human
49 Staphylococcus aureus subsp. aureus strain 80wphwpl 80wphwpl Human
50 Staphylococcus aureus strain AR_475 AR475 Human
51 Staphylococcus aureus subsp. aureus strain ATCC 25923 ATCC_25923 Human
52 Staphylococcus aureus strain ATCC BAA-39 ATCC_BAA-39 Human
53 Staphylococcus aureus strain CFSAN064037 CFSAN064037 Human
54 Staphylococcus aureus subsp. aureus COL COL Human
55 Staphylococcus aureus strain FDAARGOS_504 FAARGOS_504 Human
56 Staphylococcus aureus strain FORC_061 FORC_061 Human
57 Staphylococcus aureus strain FORC59 FORC59 Human
58 Staphylococcus aureus strain GD5 GD5 Human
59 Staphylococcus aureus strain GN1 GN1 Human
60 Staphylococcus aureus strain HZW450 HZW450 Human
61 Staphylococcus aureus strain 466 466 Human
62 Staphylococcus aureus strain NCTC11965 NCTC11965 Human
63 Staphylococcus aureus strain JP080 strain JP02758 JP02758_JP02758 Human
64 Staphylococcus aureus strain NCTC13277 NCTC13277 Human
65 Staphylococcus aureus strain NCTC13435 NCTC13435 Human
66 Staphylococcus aureus strain NCTC13552 NCTC13552 Human
67 Staphylococcus aureus strain NCTC13811 NCTC13811 Human
68 Staphylococcus aureus strain NCTC5660 NCTC5660 Human
69 Staphylococcus aureus strain NCTC5663 NCTC5663 Human

70 Staphylococcus aureus subsp. aureus NCTC8325 strain NCTC8325 NCTC8325 Human

71 Staphylococcus aureus strain NRS153 NRS153 Human
72 Staphylococcus aureus subsp. aureus USA300_FPR3757 USA300_FPR3757 Human
73 Staphylococcus aureus strain XQ XQ Human

*contribution of this study



ST CC Sample Isolation locality
30 30 mastitis France
59 59 mastitis France
700 130 mastitis France
700 130 mastitis France
700 130 mastitis France
2490 130 mastitis France
2011 130 mastitis France
133 133 mastitis France
133 133 mastitis NA
133 133 NA NA
133 133 mastitis France
133 133 mastitis France
133 133 mastitis France
133 133 mastitis France
425 425 mastitis France
9 1 NA Denmark
1 1 breast South Korea
1 1 breast South Korea
2454 8 milk India
2454 8 milk India
464 97 milk Brazil
71 97 milk Ireland
97 97 milk Ireland
425 425 bulk milk England
351 NA milk NA
151 151 mastitis Ireland
2454 8 milk India
30 30 nasal swab Kenya
9 1 nasal swab China
9 1 nasal swab China
9 1 raw meat (slaughter) China
5 5 nasal swab United States
239 8 NA China
1516 8 NA China
398 398 fatting pig at farm Germany
398 398 nasal swab United States
398 398 pig nares Australia
541 NA nasal cavity South Korea
5 5 deep wounds and lesions Poland
5 5 deep wounds and lesions Poland
5 5 broiler chicken Northern Ireland
5 5 NA Brazil



133 133 skin England
121 121 NA Germany
121 121 skin China
15 15 Nasal swab Canada
121 121 Human physical South Africa

45 Throat Suriname
30 30 Nose from military trainee United States
87 59 NA NA
243 30 Purulent abscess from military United States
464 97 blood Germany
4307 130 biological fluid-human Denmark
250 8 NA NA
30 30 NA Germany
72 8 NA Germany
188 1 NA Germany
398 398 NA Germany
50 50 NA Germany
59 59 Perineum Suriname
45 45 wound fluid Brazil
30 30 wound Canada

NA NA NA
36 30 NA NA
80 NA NA Canada: Calgary
425 425 Bulk Milk Tank United Kingdom
30 30 hospitals Pakistan

NA NA Australia:
350 NA NA Sweden

121 121 vancomycin treatment NA

8 8 blood South Korea
8 8 NA NA
121 121 blood Korea



Genbank Accession
CP038461
CP038269
CP0246491
CP032481
CP038270
CP0253951
CP038819
CP038460
LR134305
LR134090
CP032051
CP034102
CP038612
CP001996
CP038268
CP028189
CP034486
CP034441
CP020656
CP0207131
CP039848
CP029627, CP029628
CP029629
FR821779, FR821780
LS483300
AJ938182
CP0207141
LN626917
CP031839, CP031840
CP031838
CP030136
CP017090
CP030138
CP030137
CP020019

CP017091
CP029172, CP029168, CP029169, CP029170,CP029171
CP035003, CP035004
CP017804, CP017805, CP017806
CP017807, CP017808, CP017809
CP001781, CP001783, CP001784, CP001782
CP020553



LR134271
CP021907, CP021908
CP019563, CP019564, CP019565, CP019566, CP019567
CP015447
CP010952
CP014423, CP014424, CP014425
CP016855, CP016853, CP016854
CP030323, CP030324
CP016858, CP016857, CP016859
CP022903
CP028165
CP000046, CP000045
LT992464
LT992463
LT992465
LT992469
LT992472
CP014362, CP014363, CP014364
CP027486 ... CP027494
CP020956
CP033865
LS483484
CP020960
LR134084
CP039160, CP039161
LR134088
LS483317

CP000736, CP000737

CP029198, CP029199
CP000255, CP000256, CP000257, CP000258
CP013957, CP013958



Organism name No. of core genes No. of accessory genes No. of unique genes
S08S00974 2008 424 0
S27 2008 444 0
S80wphwpl 2008 331 0
S128 2008 455 0
S1280.3371 2008 472 13
S1549-WT 2008 390 3
S2030RH1 2008 403 0
S24117-SCV 2008 340 6
SAR_475 2008 408 10
SAR466 2008 455 8
SATCC_25923 2008 433 0
SATCC_BAA-39 2008 403 27
SB119 2008 418 1
SCFSAN018750 2008 329 0
SCFSAN064037 2008 395 1
Sch21 2008 467 1
Sch22 2008 470 6
SCOL 2008 428 7
SED98 2008 473 0
SED133 2008 465 0
SFDAARGOS504 2008 513 10
SFORC_061 2008 359 7
SFORC59 2008 345 14
SGD5 2008 363 1
SGN1 2008 391 8
SHZW450 2008 425 6
SILRI_Eymole1 2008 491 9
SISU926 2008 466 1
SISU935 2008 453 13
SJP080 2008 366 49
SK5 2008 402 0
SK17 2008 413 0
SK18 2008 415 2
SLGA251 2008 387 0
SM48 2008 519 164
SM51 2008 421 4
SMOK042 2008 503 35
SMOK063 2008 438 0
SNCTC_8325 2008 467 2
SNCTC1803 2008 427 0
SNCTC5660 2008 353 13
SNCTC5663 2008 427 17

Table S2: Distribution of core, accessory, unique, and exclusively absent genes among all 73 S. aureus  strains using USEARCH clustering tool.



SNCTC7485 2008 343 0
SNCTC7988 2008 484 3
SNCTC9555 2008 469 6
SNCTC11965 2008 433 2
SNCTC13277 2008 520 2
SNCTC13435 2008 427 11
SNCTC13552 2008 383 7
SNCTC13811 2008 534 6
SNRS153 2008 511 6
SNX-T55 2008 472 2
SO11 2008 421 0
SO17 2008 418 0
SO46 2008 410 1
SO55 B118 2008 428 18
SO82 2008 408 1
SO217 2008 387 0
SO267 2008 496 0
SO268 2008 475 1
SO326 2008 417 0
SO331 B114 2008 307 0
SO408 B115 2008 420 0
SPCFA-221 2008 352 15
SPMB_64-1 2008 316 10
SPMB_81-4 2008 468 8
SPTDrAP2 2008 435 26
SQD-CD9 2008 482 2
SRF122 2008 401 2
SS57 2008 480 3
SSA112 2008 479 16
SUSA300_FPR3757 2008 483 46
SXQ 2008 458 2



No. of exclusively absent genes
1
0
0
1
8
0
0
0
0
0
0

20
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
1
0
1
0
0
0
2

17
22

1
1
0
9
0

 strains using USEARCH clustering tool.



0
0
0
0
0
0
6
0
0
0
0
0
0
0
0
0
0
0
0
0
0
6
5
0
1
0
2
0
0
0
0



Organism strain No. of core genes No. of accessory genes No. of unique genes
SB119 2146 280 1
SED133 2146 325 2
SNCTC1803 2146 289 0
SNCTC9555 2146 320 17
SO11 2146 278 5
SO17 2146 280 0
SO46 2146 271 2
SO55 B118 2146 236 72
SO82 2146 269 2
SO217 2146 195 54
SO267 2146 339 19
SO268 2146 337 1
SO326 2146 279 0
SO331 B114 2146 128 41
SO408 B115 2146 281 1

Table S3: Distribution of core, accessory, unique, and exclusively absent genes among the subset 1 (15 
using the USEARCH clustering tool



No. of exclusively absent genes
0
0
0
2
0
0
1

15
0

15
1
0
0

48
0

 Distribution of core, accessory, unique, and exclusively absent genes among the subset 1 (15 S. aureus  ovines strains) 



Organism strain No. of core genes No. of accessory genes No. of unique genes
S08S00974 2008 424 0
S27 2008 444 0
S80wphwpl 2008 331 0
S128 2008 455 0
S1280.3371 2008 472 13
S1549-WT 2008 390 3
S2030RH1 2008 403 0
S24117-SCV 2008 339 7
SAR_475 2008 408 10
SAR466 2008 455 8
SATCC_25923 2008 433 0
SATCC_BAA-39 2008 403 27
SCFSAN018750 2008 329 0
SCFSAN064037 2008 388 8
Sch21 2008 467 1
Sch22 2008 470 6
SCOL 2008 428 7
SED98 2008 473 0
SFDAARGOS504 2008 513 10
SFORC_061 2008 359 7
SFORC59 2008 345 14
SGD5 2008 363 1
SGN1 2008 391 8
SHZW450 2008 425 6
SILRI_Eymole1 2008 488 12
SISU926 2008 466 1
SISU935 2008 453 13
SJP080 2008 366 49
SK5 2008 402 0
SK17 2008 413 0
SK18 2008 415 2
SLGA251 2008 385 2
SM48 2008 519 164
SM51 2008 421 4
SMOK042 2008 503 35
SMOK063 2008 438 0
SNCTC_8325 2008 467 2
SNCTC5660 2008 351 15
SNCTC5663 2008 427 17
SNCTC7485 2008 343 0
SNCTC7988 2008 476 11
SNCTC11965 2008 433 2

Table S4: Distribution of core, accessory, unique, and exclusively absent genes among subset 2 (58 



SNCTC13277 2008 520 2
SNCTC13435 2008 427 11
SNCTC13552 2008 383 7
SNCTC13811 2008 534 6
SNRS153 2008 511 6
SNX-T55 2008 472 2
SPCFA-221 2008 352 15
SPMB_64-1 2008 316 10
SPMB_81-4 2008 467 9
SPTDrAP2 2008 435 26
SQD-CD9 2008 482 2
SRF122 2008 401 2
SS57 2008 480 3
SSA112 2008 479 16
SUSA300_FPR3757 2008 483 46
SXQ 2008 458 2



No. of exclusively absent genes
1
0
0
1
8
0
0
1
0
0
0

20
0
0
0
0
0
0
0
0
0
0
2
0
0
0
1
0
1
0
0
0
2

17
22
1
1
9
0
0
0
0

 Distribution of core, accessory, unique, and exclusively absent genes among subset 2 (58 S. aureus  different hosts) using 



0
0
6
0
0
0
6
5
0
1
0
2
0
0
0
0



Host Strain Region Region Length Completeness Score
Pig QD-CD9 1 10.4Kb incomplete 20
Pig M48 9 10.5Kb incomplete 50
Bovine NCTC7485 1 10.8Kb incomplete 40
Bovine RF122 1 10.8Kb incomplete 20
Human FAARGOS_504 3 10.8Kb incomplete 60
Human NCTC5660 1 10.8Kb incomplete 50
Human FORC_061 1 11.3Kb incomplete 10

Ovine O46 3 11.4Kb incomplete 10
Human 12803371 3 11.4Kb incomplete 50
Dog SA112 1 13.1Kb incomplete 40
Human HZW450 6 13.3Kb incomplete 40
Human NCTC11965 3 13.3Kb incomplete 60
Pig QD-CD9 5 14.1Kb incomplete 60

Ovine O11 1 14.3Kb incomplete 20
Human 466 4 14.3Kb incomplete 20
Human NCTC13811 7 14.3Kb incomplete 30
Human NRS153 5 14.3Kb incomplete 40
Camel ILRI_Eymole1 3 14.9Kb incomplete 30
Human ATCC_BAA-39 2 15.5Kb incomplete 40
Human 1549-WT 1 15.8Kb incomplete 20

Ovine NCTC1803 4 15.9Kb incomplete 40
Ovine NCTC9555 5 15.9Kb incomplete 40

Cat NCTC7988 5 15.9Kb incomplete 40
Ovine O217 4 16.2Kb incomplete 30

Bovine MOK042 3 16.2Kb incomplete 40
Human 24117-SCV 1 16.2Kb incomplete 40
Human 12803371 2 16.2Kb incomplete 40
Pig PCFA-221 1 16.6Kb incomplete 40

Ovine O217 3 16.7Kb incomplete 50
Ovine O267 2 16.7Kb incomplete 30

Pig NX-T55 4 16.8Kb incomplete 40
Pig QD-CD9 4 16.8Kb incomplete 40
Pig S57 5 16.8Kb incomplete 40

Ovine O326 3 16Kb incomplete 10
Bovine MOK042 7 16Kb incomplete 20
Human FORC59 3 16Kb incomplete 30
Human NCTC11965 2 17.1Kb incomplete 30
Pig 08S00974 1 17.5Kb incomplete 30
Camel ILRI_Eymole1 4 17.6Kb incomplete 30
Human ATCC_25923 5 17.6Kb incomplete 20
Human CFSAN064037 1 17.8Kb incomplete 40

Ovine NCTC1803 2 17Kb incomplete 30
Ovine NCTC9555 2 17Kb incomplete 30
Ovine O268 2 17Kb incomplete 30
Ovine ED133 2 17Kb incomplete 30

Cat NCTC7988 2 17Kb incomplete 30
Bovine MOK063 3 18.3Kb incomplete 20
Chicken ch21 3 18.8Kb incomplete 20
Chicken ch22 3 18.8Kb incomplete 20
Human ATCC_BAA-39 1 19.1Kb incomplete 30



Human 1549-WT 2 19.2Kb incomplete 50
Human 80wphwpl 3 19.5Kb incomplete 50
Bovine 2030RH1 5 19.6Kb incomplete 20
Human NCTC13811 8 19.7Kb incomplete 50
Human USA300_FPR3757 1 20.6Kb incomplete 20
Pig NX-T55 3 21.2Kb incomplete 20
Pig QD-CD9 2 21.2Kb incomplete 20
Pig S57 4 21.2Kb incomplete 20
Bovine MOK042 2 21.3Kb incomplete 20
Bovine MOK063 2 21.3Kb incomplete 20
Bovine MOK042 6 21.6Kb incomplete 50

Ovine O267 5 21.9Kb incomplete 40
Ovine O55 B118 5 21.9Kb incomplete 30
Ovine O267 7 22.2Kb incomplete 30
Ovine O268 7 22.2Kb incomplete 30
Ovine B119 3 22.3Kb incomplete 30
Ovine O17 4 22.3Kb incomplete 30
Ovine ED133 6 22.3Kb incomplete 30
Ovine NCTC1803 6 22.4Kb incomplete 30
Ovine NCTC9555 7 22.4Kb incomplete 30

Cat NCTC7988 7 22.4Kb incomplete 30
Human AR475 4 22Kb incomplete 50
Bovine 2030RH1 3 23.2Kb incomplete 60
Camel ILRI_Eymole1 6 23.4Kb incomplete 50
Human HZW450 2 23.5Kb incomplete 50
Human AR475 2 23.7Kb incomplete 20
Human 1549-WT 4 24.2Kb incomplete 50
Human NCTC11965 5 26.4Kb incomplete 30
Pig M48 5 28.6Kb incomplete 50

Ovine O55 B118 2 28.9Kb incomplete 20
Bovine 2030RH1 2 29.1Kb incomplete 50
Human AR475 1 29.6Kb incomplete 30
Bovine MOK063 4 29.8Kb incomplete 50
Human GN1 3 29Kb incomplete 40
Bovine K5 2 30.5Kb incomplete 40
Pig S57 1 32.2Kb incomplete 60
Bovine CFSAN018750 1 35Kb incomplete 30
Bovine K17 1 36.5Kb incomplete 40
Bovine K5 1 36Kb incomplete 50
Bovine K18 1 36Kb incomplete 40
Bovine MOK042 5 40.3Kb incomplete 60
Bovine MOK063 5 45.5Kb incomplete 60
Pig M48 4 5.8Kb incomplete 50
Pig M51 3 5.8Kb incomplete 50
Human FORC59 2 5.8Kb incomplete 60
Human 80wphwpl 2 5.9Kb incomplete 20
Human ATCC_25923 2 5.9Kb incomplete 20
Human FAARGOS_504 2 5.9Kb incomplete 20
Human HZW450 7 5.9Kb incomplete 40
Pig ISU926 1 6.1Kb incomplete 30
Human GD5 1 6.7Kb incomplete 20
Pig PTDrAP2 2 6.8Kb incomplete 30



Ovine NCTC1803 3 6.9Kb incomplete 40
Ovine NCTC9555 3 6.9Kb incomplete 40
Ovine O268 4 6.9Kb incomplete 20

Cat NCTC7988 4 6.9Kb incomplete 40
Human FORC59 5 7.1Kb incomplete 40
Human 80wphwpl 4 7.3Kb incomplete 40
Bovine PMB 64-1 1 7.4Kb incomplete 40
Human GN1 4 7.5Kb incomplete 50
Human FORC59 1 7.7Kb incomplete 40

Ovine O17 2 7.8Kb incomplete 40
Ovine O267 4 7.8Kb incomplete 20
Ovine ED133 4 7.8Kb incomplete 40

Pig M51 4 7Kb incomplete 50
Human COL 3 7Kb incomplete 30
Human HZW450 4 8.1Kb incomplete 50
Human GN1 1 8.2Kb incomplete 40
Bovine 2030RH1 6 8.3Kb incomplete 50
Bovine MOK063 6 8.3Kb incomplete 50
Pig M48 3 8.3Kb incomplete 30
Pig M51 1 8.3Kb incomplete 50
Human HZW450 1 8.4Kb incomplete 50
Human ATCC_25923 3 8.6Kb incomplete 50
Human GN1 2 8.7Kb incomplete 50
Bovine NCTC7485 3 9.2Kb incomplete 30
Bovine RF122 3 9.2Kb incomplete 30
Human NCTC5660 3 9.2Kb incomplete 30
Bovine MOK042 8 9.6Kb incomplete 40
Camel ILRI_Eymole1 5 9.6Kb incomplete 30
Human FAARGOS_504 6 9.9Kb incomplete 40
Pig NX-T55 1 9Kb incomplete 10
Pig S57 3 9Kb incomplete 10



Total Proteins Region Position
13 916311-926728
13 3033854-3044446
14 311405-322272
13 311933-322800
20 776444-787287
15 309795-320658
12 1820862-1832244
10 1876007-1887453
12 2709786-2721193
19 372560-385713
16 1924393-1937758
22 1333963-1347328
15 2763261-2777369
16 27239-41569
22 2078078-2092411
22 1890968-1905311
19 2640243-2654598
20 423494-438486
26 1315445-1330962
25 295336-311145
10 1555584-1571514
11 1907077-1922989
10 1911608-1927538
15 2027447-2043649
16 421565-437812
16 2259703-2275955
18 1856123-1872374
19 2007478-2024145
20 1868824-1885591
20 447603-464365
19 2352244-2369043
18 2413513-2430312
18 2363601-2380400
18 1862736-1878826
20 2113131-2129215
18 1828764-1844782
16 836932-854067
14 421296-438862
19 754992-772644
24 2038708-2056385
20 585555-603452
18 124158-141195
18 425302-442339
18 431681-448718
20 431632-448668
18 432710-449747
20 717828-736156
22 1883833-1902662
22 2117797-2136611
19 870203-889361



16 846112-865396
26 1822895-1842474
16 2316737-2336422
37 2934948-2954740
20 879301-899940
27 1455673-1476971
27 1476123-1497421
27 1475597-1496895
16 389151-410529
16 402543-423922
25 1945908-1967529
20 1930239-1952229
16 2057565-2079465
14 2118256-2140549
15 2099035-2121329
15 2024522-2046871
15 2028025-2050374
15 2089669-2112018
15 1746903-1769310
15 2098440-2120903
15 2115227-2137633
16 1962839-1984927
32 1475026-1498272
18 1088627-1112097
18 399009-422598
11 1363855-1387592
29 2554481-2578707
22 2084339-2110797
28 1919066-1947722
18 410771-439725
25 838418-867560
13 102704-132335
25 878185-907990
29 744140-773186
16 513979-544508
23 708481-740768
26 284313-319343
50 798885-835418
49 364139-400170
50 163340-199370
65 1362348-1402680
66 1438071-1483636
14 1912256-1918140
14 922343-928227
7 1687958-1693801
9 1098431-1104417
8 1119373-1125359
9 603950-609936

10 2822674-2828626
11 1324108-1330282
11 1306575-1313334
8 1455607-1462442



12 1004099-1011092
12 1613070-1620063
12 1351996-1358989
12 1363454-1370447
11 2694955-2702079
11 2701338-2708638
7 1267691-1275150

17 1385980-1393535
17 1282371-1290165
17 1289287-1297178
12 1368695-1376585
15 1351863-1359754
18 1461187-1468208
17 1348415-1355435
20 1340155-1348313
7 244468-252763

13 2700297-2708619
13 2794912-2803233
19 1363103-1371455
14 5566-13889
15 2279-10747
14 1291825-1300486
7 568381-577175
9 849736-859024

10 846053-855330
10 842427-851698
12 2829261-2838944
9 882421-892114

12 2334424-2344334
12 851306-860391
12 916048-925133



Most Common Phage GC %
PHAGE_Staphy_SPbeta_like_NC_029119(3) 27.50%

PHAGE_Bacill_IEBH_NC_011167(2) 32.20%
PHAGE_Staphy_Ipla35_NC_011612(6) 31.87%
PHAGE_Staphy_Ipla35_NC_011612(5) 31.90%
PHAGE_Staphy_SA97_NC_029010(2) 27.03%
PHAGE_Staphy_Ipla35_NC_011612(6) 31.90%
PHAGE_Strept_315.5_NC_004588(1) 26.74%

PHAGE_Staphy_phiPV83_NC_002486(1) 31.04%
PHAGE_Bacill_Waukesha92_NC_025424(1) 32.26%

PHAGE_Staphy_AJ_2017_NC_048644(5) 30.60%
PHAGE_Staphy_StauST398_4_NC_023499(3) 29.50%

PHAGE_Staphy_StB27_NC_019914(2) 27.79%
PHAGE_Staphy_SPbeta_like_NC_029119(7) 32.01%
PHAGE_Staphy_phi7247PVL_NC_048624(2) 29.57%

PHAGE_Staphy_PT1028_NC_007045(10) 32.34%
PHAGE_Staphy_PT1028_NC_007045(10) 32.32%
PHAGE_Staphy_PT1028_NC_007045(4) 30.86%
PHAGE_Staphy_PT1028_NC_007045(10) 33.18%

PHAGE_Staphy_187_NC_007047(4) 30.42%
PHAGE_Staphy_187_NC_007047(4) 29.94%

PHAGE_Staphy_phi2958PVL_NC_011344(2) 29.03%
PHAGE_Bacter_Diva_NC_028788(2) 29.01%
PHAGE_Bacter_Diva_NC_028788(2) 29.04%

PHAGE_Staphy_PT1028_NC_007045(3) 31.25%
PHAGE_Staphy_PT1028_NC_007045(4) 32.02%

PHAGE_Staphy_phi2958PVL_NC_011344(2) 30.14%
PHAGE_Lactob_Lj965_NC_005355(2) 30.13%

PHAGE_Staphy_PT1028_NC_007045(5) 31.88%
PHAGE_Strept_EJ_1_NC_005294(1) 28.97%

PHAGE_Staphy_PT1028_NC_007045(6) 31.49%
PHAGE_Staphy_PT1028_NC_007045(4) 31.71%
PHAGE_Staphy_PT1028_NC_007045(4) 31.71%
PHAGE_Staphy_PT1028_NC_007045(4) 31.70%

PHAGE_Staphy_phi7247PVL_NC_048624(2) 30.31%
PHAGE_Staphy_PT1028_NC_007045(10) 31.87%

PHAGE_Staphy_37_NC_007055(2) 30.48%
PHAGE_Staphy_PT1028_NC_007045(3) 31.16%
PHAGE_Staphy_PT1028_NC_007045(3) 32.71%
PHAGE_Staphy_PT1028_NC_007045(9) 32.36%
PHAGE_Staphy_PT1028_NC_007045(10) 32.03%

PHAGE_Lactob_Lj965_NC_005355(2) 29.81%
PHAGE_Staphy_PT1028_NC_007045(5) 31.50%
PHAGE_Staphy_PT1028_NC_007045(5) 31.52%
PHAGE_Staphy_PT1028_NC_007045(5) 31.51%
PHAGE_Staphy_PT1028_NC_007045(6) 31.52%
PHAGE_Staphy_PT1028_NC_007045(5) 31.51%
PHAGE_Staphy_PT1028_NC_007045(10) 31.33%

PHAGE_Staphy_phi2958PVL_NC_011344(2) 27.65%
PHAGE_Staphy_phiPV83_NC_002486(2) 27.66%
PHAGE_Staphy_PT1028_NC_007045(9) 30.99%



PHAGE_Paenib_Shelly_NC_041909(2) 29.58%
PHAGE_Lactob_BH1_NC_048737(1) 29.24%

PHAGE_Staphy_StB20_like_NC_028821(2) 33.36%
PHAGE_Staphy_phi2958PVL_NC_011344(16) 33.21%

PHAGE_Staphy_PT1028_NC_007045(5) 30.80%
PHAGE_Staphy_187_NC_007047(5) 30.04%
PHAGE_Staphy_187_NC_007047(5) 30.03%
PHAGE_Staphy_187_NC_007047(5) 30.03%

PHAGE_Staphy_StB20_like_NC_028821(2) 32.73%
PHAGE_Staphy_StB20_like_NC_028821(2) 32.72%

PHAGE_Staphy_StauST398_5_NC_023500(2) 29.54%
PHAGE_Staphy_X2_NC_007065(6) 32.53%

PHAGE_Staphy_PT1028_NC_007045(3) 30.44%
PHAGE_Staphy_PT1028_NC_007045(3) 30.37%
PHAGE_Staphy_PT1028_NC_007045(3) 30.34%
PHAGE_Staphy_PT1028_NC_007045(3) 30.43%
PHAGE_Staphy_PT1028_NC_007045(3) 30.43%
PHAGE_Staphy_PT1028_NC_007045(3) 30.40%
PHAGE_Staphy_PT1028_NC_007045(3) 30.47%
PHAGE_Staphy_PT1028_NC_007045(3) 30.51%
PHAGE_Staphy_PT1028_NC_007045(3) 30.45%
PHAGE_Escher_503458_NC_049341(2) 30.77%

PHAGE_Staphy_187_NC_007047(5) 29.92%
PHAGE_Staphy_StB27_NC_019914(2) 28.02%

PHAGE_Staphy_StB20_like_NC_028821(2) 32.54%
PHAGE_Staphy_AJ_2017_NC_048644(4) 30.75%
PHAGE_Staphy_PT1028_NC_007045(10) 30.27%
PHAGE_Staphy_PT1028_NC_007045(10) 31.31%

PHAGE_Lactob_Lj965_NC_005355(2) 28.95%
PHAGE_Staphy_PT1028_NC_007045(5) 32.89%

PHAGE_Staphy_phi2958PVL_NC_011344(2) 29.31%
PHAGE_Entero_fiAA91_ss_NC_022750(2) 32.93%

PHAGE_Staphy_phi2958PVL_NC_011344(2) 29.34%
PHAGE_Staphy_P282_NC_048634(14) 32.91%

PHAGE_Staphy_SPbeta_like_NC_029119(3) 34.73%
PHAGE_Staphy_PT1028_NC_007045(5) 30.45%

PHAGE_Staphy_187_NC_007047(5) 31.17%
PHAGE_Staphy_187_NC_007047(19) 30.40%
PHAGE_Staphy_187_NC_007047(19) 30.46%
PHAGE_Staphy_187_NC_007047(19) 30.46%
PHAGE_Staphy_187_NC_007047(19) 30.07%
PHAGE_Staphy_187_NC_007047(19) 29.96%

PHAGE_Paenib_PBL1c_NC_048689(2) 31.11%
PHAGE_Bacter_Sitara_NC_028854(2) 31.11%
PHAGE_Bacill_SP_10_NC_019487(1) 31.62%

PHAGE_Staphy_phiPV83_NC_002486(2) 28.58%
PHAGE_Staphy_JS01_NC_021773(2) 28.55%
PHAGE_Staphy_JS01_NC_021773(2) 28.65%
PHAGE_Bacill_IEBH_NC_011167(2) 31.72%

PHAGE_Staphy_StauST398_3_NC_021332(2) 25.36%
PHAGE_Staphy_vB_SauS_phi2_NC_028862(1) 25.44%

PHAGE_Staphy_SPbeta_like_NC_029119(3) 27.50%



PHAGE_Staphy_vB_SpsS_QT1_NC_048192(1) 26.34%
PHAGE_Clostr_phiMMP03_NC_028959(1) 26.35%

PHAGE_Thermu_OH2_NC_021784(1) 26.32%
PHAGE_Escher_520873_NC_049344(1) 26.32%

PHAGE_Bacill_IEBH_NC_011167(2) 31.54%
PHAGE_Bacill_IEBH_NC_011167(2) 31.76%

PHAGE_Staphy_SPbeta_like_NC_029119(3) 31.21%
PHAGE_Staphy_StB27_NC_019914(2) 26.60%
PHAGE_Staphy_StB27_NC_019914(2) 26.49%
PHAGE_Staphy_StB27_NC_019914(2) 26.20%

PHAGE_Staphy_StauST398_5_NC_023500(1) 26.18%
PHAGE_Staphy_StB27_NC_019914(2) 26.19%
PHAGE_Aeriba_AP45_NC_048651(1) 26.08%

PHAGE_Staphy_55_NC_007060(1) 26.06%
PHAGE_Staphy_StB27_NC_019914(2) 26.71%
PHAGE_Staphy_Pvl108_NC_008689(1) 32.73%
PHAGE_Plankt_PaV_LD_NC_016564(1) 32.73%
PHAGE_Bacill_SPbeta_NC_001884(1) 32.72%

PHAGE_Staphy_SPbeta_like_NC_029119(3) 27.69%
PHAGE_Vibrio_VBP47_NC_020848(1) 32.71%
PHAGE_Bacill_IEBH_NC_011167(2) 32.87%

PHAGE_Staphy_StB27_NC_019914(2) 26.55%
PHAGE_Staphy_StB27_NC_019914(1) 33.69%

PHAGE_Staphy_phiPV83_NC_002486(4) 31.77%
PHAGE_Staphy_phiPV83_NC_002486(4) 31.80%
PHAGE_Staphy_phiPV83_NC_002486(4) 31.84%
PHAGE_Pseudo_pYD6_A_NC_020849(1) 31.89%

PHAGE_Staphy_SA780ruMSSAST101_NC_048711(3) 32.59%
PHAGE_Bacill_IEBH_NC_011167(2) 32.14%

PHAGE_Staphy_phiSa119_NC_025460(1) 26.23%
PHAGE_Staphy_phiSa119_NC_025460(1) 26.22%



Vfclass Virulence Factors Related genes O217* O331 B114*
349 11 3

Autolysin atl - -
Cell wall associated fibronectin binding 

protein ebh - -

Clumping factor A clfA - -
Clumping factor B clfB - -
Collagen adhesion cna - -

Elastin binding protein ebp - -
Extracellular adherence protein/MHC 

analogous protein eap/map - -

Fibrinogen binding protein efb - -
fnbA - -
fnbB - -
icaA - -
icaB - -
icaC - -
icaD - -
icaR - -
sdrC - -
sdrD - -
sdrE - -
sdrF - -
sdrG - -
sdrH - -

Staphylococcal protein A spa - -
sspB - -
sspC - -

Hyaluronate lyase hysA - -
geh - -
lip - -

Serine V8 protease sspA - -
splA - -
splB - -
splC orf0093 -
splD orf0092 -
splE orf0091 -
splF orf0088 -

Staphylocoagulase coa - -
Staphylokinase sak - -

Thermonuclease nuc - -
AdsA adsA - -
CHIPS chp - -

Capsule Undetermined - -
SCIN scn orf0111 -

Enzyme

Cysteine protease

Lipase

Serine protease

Immune evasion

Adherence
Fibronectin binding proteins

Intercellular adhesin

Ser-Asp rich fibrinogen-binding proteins



Sbi sbi - -
esaA - -
esaB - -
esaD - -
esaE - -
esaG - -
essA - -
essB - -
essC - -
esxA - -
esxB - -
esxC - -
esxD - -

Alpha hemolysin hly/hla - -
Beta hemolysin hlb - -
Delta hemolysin hld - -

Enterotoxin A sea - -
Enterotoxin B seb - orf026
Enterotoxin C sec - -
Enterotoxin D sed - -
Enterotoxin E see - -
Enterotoxin G seg orf0102 -
Enterotoxin H seh - -
Enterotoxin I sei - -
Enterotoxin J sej - -

Enterotoxin Yent1 yent1 - -
Enterotoxin Yent2 yent2 - -
Enterotoxin-like K selk orf0105 orf005
Enterotoxin-like L sell - -
Enterotoxin-like M selm orf0106 -
Enterotoxin-like N seln orf0103 -
Enterotoxin-like O selo orf0107 -
Enterotoxin-like P selp - -
Enterotoxin-like Q selq - orf006
Enterotoxin-like R selr - -
Enterotoxin-like U selu orf0104 -

Exfoliative toxin type A eta - -
Exfoliative toxin type B etb - -
Exfoliative toxin type C etc - -
Exfoliative toxin type D etd - -

set10 - -
set11 - -
set12 - -
set13 - -
set14 - -
set15 - -
set16 - -

Secretion system Type VII secretion system



set17 - -
set18 - -
set19 - -
set1 - -

set20 - -
set21 - -
set22 - -
set23 - -
set24 - -
set25 - -
set26 - -
set2 - -

set30 - -
set31 - -
set32 - -
set33 - -
set34 - -
set35 - -
set36 - -
set37 - -
set38 - -
set39 - -
set3 - -

set40 - -
set4 - -
set5 - -
set6 - -
set7 - -
set8 - -
set9 - -
hlgA - -
hlgB - -
hlgC - -

lukF-like - -
lukM - -

Leukotoxin D lukD - -

Leukotoxin E lukE - -
lukF-PV - -
lukS-PV - -

Toxic shock syndrome toxin tsst - -

Toxin

Exotoxin

Gamma hemolysin

Leukocidin M

Panton-Valentine leukocidin



O11* O326* O408 B115* O46* O82* B119* NCTC1803 NCTC9555 O17* O267*
10 10 3 8 3 3 8 7 3 6
- - - - - - - - - -

- - - - - - - - - -

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

- - - - - - - - - -

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - orf0014 - - -
- - - - - - - - - -
- - - - - - - - - -

orf0010 orf0102 - orf0106 - - - - - -
orf0011; orf0012 orf0100; orf0101 - orf0105 - - - - - -

orf0013 orf0099 - orf0104 - - - - - -
- - - orf0103 - - - - - -

orf0014 orf0098 - - - - - - - -
orf0015 - - - - - - - - -

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- orf0082 orf0079 orf0086 orf0086 orf0134 orf0203 orf0269 orf0152 orf0318

Ovine



- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - orf0098 orf0086 - orf0114
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - orf0099 orf0087 - orf0115
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -



- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

orf0004 orf0108 - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

orf0093 orf0113 orf0092 orf0116 orf0107 orf0060 orf0131 orf0196 orf0080 orf0245

orf0005; orf0092 orf0107; orf0112 orf0091 orf0109; 
 orf0115 orf0106 orf0059

orf0122; 
orf0130

orf0187; 
orf0195 orf0079 orf0244

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - orf0095 orf0083 - orf0111



O268* ED133 O55 B118* CFSAN018750 PMB 64-1 PMB 81-4 K5 K17 2030RH1 MOK042 MOK063
8 8 4 0 2 5 1 0 13 10 10
- - - - - - - - - - -

- - - - - - - - - - -

- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -

- - - - - - - - - - -

- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - orf0108 - orf0140
- orf0011 - - - - - - - orf0003 orf0003
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - orf0096 orf0246 orf0128
- - - - - - - - orf0097 orf0245 orf0129
- - - - - - - - orf0098 orf0244 orf0130
- - - - - - - - orf0099 orf0243 orf0131
- - - - - - - - orf0100 orf0242 orf0132
- - - - - - - - orf0101 orf0241 orf0133
- - - - - - - - - - -
- - - - - orf0115 - - orf0061 - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -

orf0300 orf0271 orf0196 - - orf0117 - - orf0063 orf0103 -

Bovine



- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -

orf0146 orf0163 - - - orf0112 - - - - -
- - - - - - - - - - -

orf0087 orf0100 orf0096 - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - orf0067 - - orf0187 - -

orf0088 orf0101 orf0097 - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - orf0068 - - orf0186 - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -



- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -
- - - - orf003 - - - orf0089 orf0253 orf0121
- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -

orf0214 orf0194 - - - - - - - - -
orf0172; 
 orf0213 orf0193 - - orf002 - - - orf0090 orf0252 orf0122

- - - - - - - - - - -
- - - - - - - - - - -
- - - - - - - - - - -

orf0084 orf0097 orf0093 - - - orf0159 - - - -



Buffalo Camel
LGA251 NCTC7485 RF122 K18 ILRI_Eymole1 NX-T55 QD-CD9 S57 ISU935 M48 M51 08S00974

0 5 11 0 4 8 7 8 14 13 2 0
- - - - - - - - - - - -

- - - - - - - - - - - -

- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - orf0087 - - - - - -

- - - - - - - - - - - -

- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - orf0182 orf0127 - -
- - - - - - - - orf0181 orf0126 - -
- - - - - - - - orf0180 orf0125 - -
- - - - - - - - orf0179 orf0124 - -
- - - - - - - - - orf0123 - -
- - - - - - - - orf0178 orf0122 - -
- - - - - - - - - - - -
- - - - orf0159 - - - - orf0231 orf0064 -
- - - - orf0164 - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - orf0125 orf0123 orf0168 - orf0229 orf0066 -

Pig



- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - orf0001 - - - -
- - - - orf0156 - - - - orf0234 - -
- - - - - - - - - - - -
- orf037 orf0036 - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - orf0050 - - orf0006 orf0007 orf0129 orf0194 - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - orf0197 - - -
- - - - - orf0004 orf0004 orf0127 orf0196 - - -
- - orf0053 - - orf0003 orf0003 orf0126 orf0198 orf0072 - -
- orf038 orf0037 - - - - - - - - -
- - orf0055 - - orf0002 orf0002 orf0125 orf0199 - - -
- - orf0051 - - orf0005 orf0005 orf0128 orf0195 - - -
- - orf0056 - - orf0001 orf0001 orf0124 orf0200 - - -
- - - - - - - - - - - -
- - - - - - - - - orf0073 - -
- - - - - - - - - - - -
- - orf0052 - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -



- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - orf0189 orf0138 - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- orf044 orf0043 - - - - - - - - -

- orf045 orf0044 - - - - - orf0188 orf0137 - -

- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- orf034 orf0033 - orf0149 - - - - - - -



Dog Cat
ISU926 PTDrAP2 PCFA-221 ch21 ch22 ED98 SA112 NCTC7988 27 128 24117-SCV 12803371

2 1 1 12 12 0 3 7 2 2 9 8
- - - - - - - - - - - -

- - - - - - - - - - - -

- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -

orf0015 - - - - - - - - - orf0099 -

- - - - - - - - - - - -

- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -

orf0106 - - - - - - - - - - -
- orf012 - - - - - orf0011 orf0001 - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - orf0122 orf0122 - - - - - orf0009 orf0098
- - - orf0121 orf0121 - - - - - orf0010 orf0097
- - - orf0120 orf0120 - - - - - orf0011 orf0096
- - - - - - - - - - orf0012 orf0095
- - - - - - - - - - orf0013 orf0094
- - - - - - - - - - orf0014 orf0093
- - - - - - - - - - - -
- - - - - - orf0319 - - orf0156 - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - orf0317 - - - - -
- - - - - - - - - - - -
- - orf015 - - - orf0316 - orf0124 orf0154 - -

Chicken



- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - orf0098 - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - orf0134 orf0134 - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - orf0137 orf0137 - - - - - - -
- - - orf0136 orf0136 - - - - - - -
- - - orf0138 orf0138 - - - - - - -
- - - - - - - orf0099 - - - -
- - - orf0139 orf0139 - - - - - - -
- - - orf0135 orf0135 - - - - - - -
- - - orf0140 orf0140 - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -



- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - orf0129 orf0129 - - - - - orf0003 orf0105
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - orf0220 - - - -

- - - orf0128 orf0128 - - orf0211; 
orf0219 - - orf0004 orf0104

- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - - - - - -
- - - - - - - orf0095 - - - -



1549-WT 80wphwpl AR475 ATCC_25923 ATCC_BAA-39 CFSAN064037 COL FAARGOS_504
11 12 9 3 4 7 3 11
- - - - - - - -

- - - - - - - -

- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -

- - - - - - - -

- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - orf0051 - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - orf0008 - -
- - - - - orf0006; orf0007 - -
- orf039 - - - orf0005 - -
- orf038 - - - - - -
- orf036; orf037 - - - - - -
- orf035 - - - orf0004 - -
- - - - - - - -

orf0056 - orf0105 - orf0057 - - orf0132
- - - - - - - -
- - - - - - - -

orf0054 - orf0047; orf0107 - - - - orf0130
- - - - - - - -

orf0053 - orf0048; orf0108 - orf0055 - - orf0129



- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- orf029 - orf0046 - - - orf0030
- - - - - - - -
- - - - - - - -
- - - - - - - orf0135
- - orf0148 - - - orf0095 -

orf0142 - - - - - - -
- - - - - - - -
- - - - - - - -

orf0044 orf051 - - - - - orf0057
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -

orf0046 - - - - - - -
orf0047 orf054 orf0168 - orf0003 - orf0074 orf0060
orf0143 - - - - - - -
orf0048 orf055 - - - - - orf0061
orf0045 orf052 - - - - - orf0058
orf0049 orf056 - - - - - orf0062

- - - - - - - -
- - orf0167 - orf0005 - orf0075 -
- - - - - - - -
- orf053 - - - - - orf0059
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -



- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - orf0014 - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -

- - - - - orf0013 - -

- - - - - - - -
- - - orf0064 - - - -
- - - orf0065 - - - -
- - - - - - - -



FORC_061 FORC59 GD5 GN1 HZW450 466 NCTC11965 JP02758_JP02758 NCTC13277 NCTC13435
10 8 3 6 9 1 5 4 4 5
- - - - - - - - - -

- - - - - - - - - -

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - orf0085 - - - - -

- - - - - - - - - -

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - orf0053 - -
- - - - - - - orf0041 - -
- - - - - - - - - -
- - - - - - - orf0051 - -
- - - - - - - - - -
- - - - - - - orf0050 - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - orf0165 - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- orf031 - - - - - - - -
- orf030 - - - - - - - -
- orf029 - - - - - - - -
- orf028 - - - - - - - -
- orf027 - - - - - - - -
- orf026 - - - - - - - -
- - - - - - - - - -

orf017 - orf016 orf0034 - - orf0091 - orf0155 orf0131
- - - - - - - - - -
- - - - - - - - - orf0001

orf015 - orf014 orf0036 orf0169 - orf0089 - orf0153 -
- - - - - - - - - -

orf014 - orf013 orf0037 orf0168 - orf0088 - orf0152 orf0129

Human



- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - orf0094 - orf0158 -
- - - - orf0062 - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

orf007 - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

orf009 - - - - - - - - -
orf010 - - - orf0043 - - - - -

- - - - - - - - - -
orf011 - - - - - - - - -
orf008 - - - - - - - - -
orf012 - - - - - - - - -

- - - - - - - - - -
- - - - orf0044 - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -



- - - - - - - - - -
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- - - - - - - - - -
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- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

orf001 orf037 - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

- orf036 - - - - - - - -

- - - - - - - - - -
- - - orf0064 orf0094 - - - - orf0049
- - - orf0065 orf0095 - - - - orf0050
- - - - - orf0148 orf0160 - - -



NCTC13552 NCTC13811 NCTC5660 NCTC5663 NCTC8325 NRS153 USA300_FPR3757 XQ
0 4 5 5 3 3 7 9
- - - - - - - -

- - - - - - - -

- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - orf0144 - -

- - - orf0164 - - - -

- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - orf0158
- - - - - - - orf0157
- - - - - - - orf0156
- - - - - - - -
- - - - - - - -
- - - - - - - orf0155
- - - - - - - -
- orf0232 - - orf0177 orf0231 orf0108 orf0172
- - - - - - - -
- - - - - - - -
- - - - orf0175 - orf0106 -
- - - - - - - -
- orf0230 - orf0070; orf0175 orf0174 orf0229 orf0105 orf0170



- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- orf0235 - - - - - -
- - - - - - - orf0269
- - orf039 - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - orf0005 -
- - orf041 - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - orf0006 -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
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- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - - - - - - orf0164
- - - - - - - -
- - - - - - - -
- - - - - - - -
- - orf047 - - - - -

- - orf048 orf0069 - - - orf0163

- - - orf0068 - - - -
- - - - - - orf0029 -
- - - - - - orf0030 -
- orf0292 orf036 - - - - -
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