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Abstract 

Bacteria of the Staphylococcus genus colonize a variety of environments and are a 
causative agent of human and animal infections. Recently, many coagulase-negative 
members of this genus have been described. They are primarily commensals that can 
become pathogens under the appropriate conditions. Persons with compromised 
immune system or inserted foreign bodies are particularly at risk. However, the main 
significance of coagulase-negative staphylococci for the health care system lies in their 
large reservoir of antimicrobial resistance determinants, which can disseminate to 
pathogenic species by horizontal gene transfer. 

This thesis investigates isolates from different phylogenetic branches of the 
genus Staphylococcus and its related genus Macrococcus, which were collected from 
clinical, animal and soil samples. These strains were studied using phenotypic, 
chemotaxonomic and genotypic methods including whole genome sequencing. This led 
to the description of six novel species of staphylococci and three novel species of 
macrococci. Also, the information about species found in Antarctica was expanded. 
Detailed characterization of plasmids, prophages, transposons, and other mobile 
elements encoding antibiotic resistance has been emphasized. A unique genomic 
island, closely related to the staphylococcal chromosomal cassette mediating the 
transmission of methicillin resistance, was found in the genome of Staphylococcus 
brunensis. Comparative genomics has shown that this genomic island also has the 
potential to accumulate virulence and resistance genes. These results have improved 

the diagnosis of coagulase-negative staphylococci and provided insights into their 
phylogeny and the evolution of antibiotic resistance. 
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Anotace 

Bakterie z rodu Staphylococcus kolonizují různá prostředí a jsou původci infekcí lidí 
i zvířat. Nedávno bylo popsáno mnoho koaguláza negativních zástupců toho rodu. Jsou 
to především komenzálové, kteří se za vhodných podmínek mohou stát patogeny. 
Ohrožené jsou jimi zejména osoby s oslabeným imunitním systémem nebo cizími 
tělesy v těle. Hlavní význam koaguláza negativních stafylokoků pro zdravotnictví ale 
spočívá v jejich rozsáhlém rezervoáru rezistence k antimikrobiálním látkám, které se 
mohou šířit do patogenních druhů horizontálním genovým přenosem. 

Tato práce se zabývá izoláty z různých fylogenetických větví rodu 

Staphylococcus a také jemu příbuzného rodu Macrococcus, které byly odebrány 
z klinických, zvířecích i půdních vzorků. Tyto kmeny byly zkoumány pomocí 
fenotypových, chemotaxonomických a genotypových metod včetně celogenomového 
sekvenování. Díky tomu bylo nově popsáno šest druhů stafylokoků a tři druhy 
makrokoků. Rozšířeny byly i poznatky o druzích vyskytujících se v Antarktidě. Důraz 
byl dán na detailní charakterizaci plazmidů, profágů, transponzonů a jiných mobilních 
elementů kódujících rezistence k antibiotikům. V genomu Staphylococcus brunensis byl 
nalezený jedinečný genomový ostrov blízce příbuzný stafylokokové chromozomové 
kazetě, která je zodpovědná za přenos rezistence k methicilinu. Srovnávací genomikou 
bylo zjištěno, že i tento genomový ostrov má potencionál akumulovat geny virulence a 
rezistence. Získané výsledky zlepšily diagnostiku koaguláza negativních stafylokoků a 
přinesly vhled do jejich fylogeneze a evoluce rezistence k antibiotikům. 
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1 Introduction to Genus Staphylococcus 

1.1 Early years of clinical research 

In the late 19th century, the Scottish surgeon Alexander Ogston investigated the 
presence of microorganisms in pus isolated from acute abscesses and whether they 
caused blood poisoning. He observed the presence of micrococci in such samples and 
was the first to succeed in obtaining pure cultures by cultivating them in 
eggs. However, it was found that their virulence varied considerably and that 

micrococci grew better under anaerobic conditions (Ogston, 1881). Some of these 
micrococci formed distinct grape-like clusters, as seen in Fig. 1, which gave a name to 
the genus Staphylococcus, in contrast to the streptococci, which formed long chains. 
Although the name was first proposed by Ogston in 1883, the formal description of the 
genus Staphylococcus was given by Rosenbach initially as Staphylococcus pyogenes var. 
aureus and Staphylococcus pyogenes var. albus named for their color (Rosenbach, 
1884). At that time, staphylococci were known to colonize the skin and cause 
abscesses, acne, osteomyelitis, endocarditis, conjunctivitis, and septicemia. The 
increasing number of isolates made classification difficult. Seemingly even in pure 
cultures, a considerable variation in phenotype and virulence was observed after 
several passages (Winslow and Winslow, 1908). This led to several nomenclature 
proposals in the following years. Eventually, it was agreed that the pathogenic yellow 

pigment producing strains would be assigned Staphylococcus aureus and the others 
forming white colonies as Staphylococcus epidermidis (Evans, 1916).  However, 
S. epidermidis was known to be occasionally pathogenic, so the pigmentation does not 
indicate pathogenicity, which depends on the production of toxins (Panton, 1937). The 
hemolytic and coagulase activities were found to be suitable markers to distinguish 
virulent strains. However, the coagulase test (Loeb, 1903) is easier to perform and was 
proposed as a routine classification criterion for staphylococci. The pathogenic strains 
were further characterized by serology or phage typing (Fairbrother, 1940). On the 
contrary, pus production characteristic of staphylococci infections is not necessary for 
virulence (Blair, 1939). Coagulase-negative strains (CoNS) were generally considered 
saprophytic. However, sporadic evidence of severe endocarditis caused by coagulase-
negative S. epidermidis indiscernible from commensal skin strains has suggested that 

CoNS should not be dismissed as a contaminant only (Cunliffe et al., 1943). This was 
later reinforced when a third species was recognized, Staphylococcus saprophyticus, 
which causes urinary tract infections and is resistant to novobiocin (Fairbrother, 1940; 
Mitchell and Baird-Parker, 1967; Maskell, 1974). 

Since the 1920s, staphylococcal infections have been extensively studied, and 
soon several staphylococcal toxins were isolated, such as exotoxin, enterotoxin, and 
fibrinolysin (Blair, 1939).  In addition, two types of hemotoxins were recognized. 
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α-hemotoxin, which coagulates rabbit and human blood, and β-hemolysin, active only 
on sheep erythrocytes (Morgan and Graydon, 1936). Another important cytotoxin was 
recognized as a causative virulence factor and named Panton-Valentine leucocidin 
(Panton et al., 1932), although it had been discovered earlier (Van de Velde, 1894) and 
many years later described to be encoded by a prophage (Kaneko et al., 1997). These 
virulence factors enabled S. aureus to cause outbreaks and food poisoning. However, 
pathogenicity was not always expressed. Under the right circumstances, primary 
pathogenesis proved rapid and lethal, as demonstrated in the Bundaberg outbreak, 
where twelve of twenty-one children died within hours after being injected with a 
contaminated diphtheria vaccine (Kellaway et al., 1928). 

 
Fig. 1: Ogston's original drawing of cocci 

Drawing of grape–shaped groups of micrococci in pus, magnification 2600x (Ogston, 1881, modified)  
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1.2 The Era of Antibiotics 

The severity of staphylococcal infections demanded the search for an effective 
treatment. Early staphylococcal infections were unsuccessfully treated with 
sulfonamides such as sulfanilamide or dimethyl sulfanilamide (Mellon et al., 1937). 
Bacteriophage therapy has been partially successful, with 75–80 % of patients 
reportedly cured (Larkum, 1929; Sulakvelidze et al., 2001). Although the benefit of 
bacteriophages is virtually no toxicity to the host, the disadvantage is high phage 
specificity, which limits their use to a few bacterial strains (Larkum, 1929). 

In 1943, the mass production of benzylpenicillin, also known as penicillin G, 

began. This first widely available antibiotic nearly solved the problem of 
staphylococcal infections. By the 1940s, most staphylococci were susceptible to 
penicillin (Brumfitt and Hamilton-Miller, 1989). However, failure of antibiotic therapy 
and resistant strains were also known to occur (Rammelkamp and Maxon, 1942). In 
1947, it was reported that 12.5 % of Staphylococcus cultures were resistant to 
penicillin. It was observed that the resistant strains were more prevalent in 
hospitalized compared to newly admitted patients. The cause is the selection of 
resistant strains by penicillin usage. The incidental evidence was provided by a patient 
with a resistant strain present in an abscess before the treatment (Barber, 1947). 

The declining efficacy of penicillin G did not initially cause alarm; infections could 
usually be treated with semisynthetic derivatives of penicillin such as methicillin or 
some of the newly discovered antibiotics such as erythromycin, streptomycin, 

tetracycline, or cephalosporins (Brumfitt and Hamilton-Miller, 1989). However, new 
methicillin-resistant strains of S. aureus (MRSA) soon emerged. The MRSA strains 
constituted a subpopulation of S. aureus and could be obtained from hospital or 
community isolates or by selection in repeated passages in low antibiotic concertation. 
Staphylococcus aureus had only a limited ability to acquire resistance in vitro. In 
contrast, the CoNS acquired resistance more readily. In addition, MRSA is cross-
resistant to other beta-lactam antibiotics (Stewart, 1961). Methicillin was used 
sparingly, yet the prevalence of MRSA continued to increase. The distribution of 
resistant strains was mainly localized and did not depend on using methicillin (Parker 
and Jevons, 1964). An example of an early MRSA outbreak occurred in March 1961 at 
Queen Mary's Hospital for Children, Carshalton, Surrey. Methicillin, first used in the 
second half of 1959 during routine screening, detected MRSA strain in a pediatric 

patient by application of topical chlorhexidine, neomycin, and bacitracin. Immediately 
afterward, 25 patient and staff samples were taken. MRSA was detected in another 
patient; three additional cases were reported a month later. At that moment, it was 
decided to close the ward and administer preventive topical applications of antibiotics. 
During the following year, a total of 71 MRSA strains were isolated from 37 persons, 
which were also resistant to streptomycin and tetracycline. Most were not serious, 
except one infant died after a   surgical wound infection (Stewart and Holt, 1963). 
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Several more outbreaks followed. Two-thirds were in intensive care units, and 
MRSA remained an endemic pathogen in over 85 % of hospitals. The initial goal was 
the eradication of MRSA, but this was ultimately not feasible (Thompson et al., 1982). 
Nevertheless, even minimal measures to control MRSA are sufficient to lower 
mortality. Another less apparent benefit is that suppressing MRSA also reduces the 
usage of vancomycin, which is the drug of choice to treat MRSA infections (Chambers, 
1988), and therefore lowers the incidence of vancomycin-resistant S. aureus strains 
(VRSA) (Marshall et al., 2004). Vancomycin is a glycopeptide antibiotic; resistance is 
based on thicker cell wall (Pereira et al., 2007). Because of that, the VRSA strains are 
growing slowly and have low potential to cause outbreaks (Lindsay, 2010). The 
situation became serious when it became apparent that MRSA and VRSA are 

multiresistant, and in some cases, this made nosocomial infections untreatable (C. Liu 
and Chambers, 2003). To control these infections, it is necessary to combine many 
procedures that are partially effective. Preventive treatment can include mupirocin 
decolonization and the use of disinfectants and gloves by healthcare workers. These 
approaches have been used by the Netherlands and the Nordic countries in rather 
aggressive polices, successfully reducing the incidence of MRSA (Vos et al., 2009).  

The national preventive strategy should emphasize the effective use of 
antibiotics in primary care (Livermore, 2009; Marshall et al., 2004). Current Food and 
Drug Administration guidelines recommend five antibiotics for treating MRSA 
infections; vancomycin, daptomycin, tigecycline, telavancin, and cefazoline 
(Maddiboyina et al., 2023). Meta-analysis showed that innate neutrophile immunity is 

sufficient in healthy persons and low-risk patients to defend organism against 
S. aureus, and antibiotic therapy has negligible effect. Another important point is that 
only 4–5 % of patients treated empirically with antibiotics are infected with MRSA. 
Ideally, the antibiotics should be reserved for use in high-risk immunocompromised 
patients or in cases where the skin barrier has been penetrated; neutrophile 
deficiency, septic shock, surgical wounds, and catheter-associated infections (Carey et 
al., 2023; Grundmann et al., 2006). Even the most effective antibiotics can fail in cases 
of co-infection with multiple strains with different genetic backgrounds and resistance 
profiles, which is common in cystic fibrosis (Long et al., 2021), or in the presence of 
small colony variants, which are present in 10–40 % cases of osteomyelitis. 
Staphylococcus aureus also evades antibiotics via intracellular replication (Zelmer et 
al., 2022). Another issue with antibiotic therapy is that a resistant strain is expected to 

eventually appear against every antibiotic because there are only a handful of new 
antibiotics, most of which are just derivatives of previous compounds. Thus, current 
research is focused on alternatives based on antibiotic–antibody conjugates, 
bacteriophages, and bacteriotherapy with Staphylococcus hominis (Douglas et al., 
2023) or Staphylococcus lugdunensis (Zipperer et al., 2016). A new therapeutic 
approach focuses on indirect therapy based on imunnometabolics to suppress 
cytokine storm and antivirulence to act directly on toxins (Howden et al., 2023).  
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1.3 Staphylococcus aureus Clonal Expansion 

The molecular basis for methicillin resistance is the mecA gene (Matsuhashi et al., 
1986), which produces alternative penicillin-binding protein PBP2' (Ubukata et al., 
1985). When the vicinity of the mecA gene was sequenced for the first time in S. aureus 
N315, it was determined that the gene is part of a larger 51.7 kb genomic island 
inserted into the orfX locus. The element bordered by complex repeats also harbored 
extra insertion sequence (IS) and the integrated plasmid. However, the region did not 
match transposon nor prophages, which were known then and was initially designated 
simply mec DNA (Ito et al., 1999). Later it was recognized as a unique mobile genetic 

element (MGE), which is mobilized with its ccr recombinases and called staphylococcal 
chromosome cassette (SCC). The exact mechanism of SCCmec transmission between 
strains is still unknown and subject to undergoing research (Uehara, 2022) and the 
most recent addition is the discovery of new alleles of ccr recombinases in distinct 
genomic islands related to SCC (Xiao et al., 2023; Kovařovic et al., 2023). 

Three homologues of mecA genes are known; a mecB found at plasmids 
(Tsubakishita et al., 2010), mecC, that is common in livestock isolates (García-Álvarez 
et al., 2011), and mecD present on resistance island McRImecD in genomes of 
Macrococcus but not in staphylococci (Schwendener et al., 2017; Mašlaňová et al., 
2018). It is important to note that environmental MRSA exists independently of clinical 
antibiotic usage (Pantůček et al., 2018), and the origin of SCCmec itself is likely from a 
different genus, as native mecA genes were found in Mammaliicoccus genomes 

(Schwendener and Perreten, 2022). The research of S. aureus strains isolated from 
hedgehogs hinted at the transmission route of the mecC gene. Sequence analysis has 
shown a surprisingly high percentage of MRSA strains with the mecC allele. The 
possible selection advantage is that hedgehogs are frequently colonized by the fungal 
dermatophyte Trichophyton erinaceid, which produces penicillin (Larsen et al., 2022).  

The success of S. aureus as a pathogen is mainly due to its ability to acquire 
SCCmec and other mobile genetic elements (MGE) by horizontal gene transfer (HGT), 
which together account for up to 10–20 % of the genome and are the source of 
virulence and resistance factors (Lindsay and Holden, 2004; Miyamoto et al., 2020). 
This means that the total gene pool is much larger than the number of genes in a single 
cell, a characteristic of an open pangenome (Argemi et al., 2019). As a result, the 
evolution of S. aureus strains is shaped by the propagation of clonal lineages. Each 

clonal lineage is distinguished by its accessory genome, adapted to different 
environments and hosts (Lindsay, 2019). Comparative genomics revealed that human 
clinical isolates are enriched for MGE related genes such as ISs, transposases, and 
recombinases. More prevalent are also aminoglycoside, beta-lactam, macrolide 
resistances, and enterotoxins. Environmental isolates are more likely to contain 
prophages, adhesins, leucocidin, and other toxins and resist streptomycin phenicol, 
phosphomycin, and the ermC gene (Rocha et al., 2023).  
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Staphylococcus aureus outbreaks are typically caused by a single clonal lineage 
that can evolve over time. One such successful clone is the well-known USA300 MRSA 
strain, which originated in the United States of America in the late 1990s. Although it 
was initially a community-associated strain, it quickly spread and became a dominant 
clone in hospitals in North America and later globally. Staphylococcus aureus USA300 
lineages later acquired both chromosomal and plasmid-based resistances to multiple 
antibiotics. Cases of resistance to vancomycin and daptomycin, the main antibiotics 
against MRSA, are especially concerning (Enström et al., 2018).  

 

 
Fig. 2: Global distribution of MRSA clones 

The global prevalence of MRSA sequence types and clonal complexes reported in selected studies in 

Africa, Asia, Australia, Europe, the Middle East, North America, and South America (Turner et al., 2019) 

In order to fully grasp the epidemiology of S. aureus, it is crucial to trace lineages 
and analyze associated characteristics. Initially, phage typing was used to track 
outbreaks. However, more accurate methods with better resolution have replaced it, 

such as pulse field electrophoresis (PFGE), where genomic DNA is cleaved with the 
SmaI restriction enzyme (Bannerman et al., 1995). Other typing methods include 
plasmid profile analysis, Southern blotting, and rep-PCR (Trindade et al., 2003).Whole-
genome sequencing combined with single nucleotide polymorphisms (SNP) is the most 
accurate method, enabling the detection of mutations in individual patients as well as 
tracking outbreaks in real time. However, it is too expensive for routine use (Lindsay, 
2014). A solution is to sequence only a subset of representative genes. The current 
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standard classification is based on multilocus sequence typing (MLST), relying on 
seven locuses of housekeeping genes with numbered alleles; arcC, aroE, glpF, gmk, pta, 
pti, and yqiL. A unique combination of all seven alleles defines a specific sequence type 
(ST). If only five or six alleles match, the strains are considered part of the same clonal 
complex (CC) (Fountain et al., 2019). Often, only one locus is sufficient, a repetitive 
region of the spa gene. The spa type is then determined by repeat type and its count 
(Koreen et al., 2004). More than 920,000 MLST alleles and 8,500 ST are currently 
deposited in the PubMLST database, although only ten clonal complexes are common 
(Jolley et al., 2018). Some clonal complexes are clearly more capable than others and 
were already prevalent as methicillin-susceptible S. aureus (MSSA) before SCCmec was 
acquired. It is possible that some CCs cannot stably incorporate the SCCmec cassette. 

The first MRSA isolates belonged to CC8 with SCCmec type I (Harkins et al., 2017). The 
MLST correlates well with the whole genome typing methods (Petit and Read, 2018), 
and many sequence types are host-specific (Fitzgerald, 2012). Human MRSA is 
typically from clonal complexes CC1, CC5, CC8, CC30, CC22, and CC45 (Feil et al., 2003; 
Gomes et al., 2006; Park and Ronholm, 2021); livestock-associated MRSA are then 
predominantly CC9 or ST398 (Lindsay, 2019). The global prevalence of MRSA types 
reported by hospitals is shown in Fig. 2. Staphylococcus aureus clonal lineages are in 
constant competition with each other. If a particular clone proves successful, it can 
quickly replace others. For instance, from 1970 to 2000, the ST239 with type III 
SCCmec was the most common type in Singapore hospitals. Later, epidemic clone 
MRSA-15 emerged in the United Kingdom after it acquired resistance to 

fluoroquinolones and exhibited fast growth. With these properties, the clone spread 
quickly and was introduced to Singapore as ST22, which became dominant. However, 
the ST239 clonal lineage did not disappear completely and became more diverse (Hsu 
et al., 2015).  

MRSA nomenclature additionally reflects the SCCmec class. So far, fifteen SCCmec 
types and twenty-three subtypes were described, as shown in Fig. 3. The different 
types are determined by the alleles of ccr recombinases and the mec gene complex. 
There are two terminologies currently used to describe each type. The first uses 
Roman numerals I to XV for each type. The other way refers to ccr genes by the 
numbers 1 to 9 and mec complexes by the letters A to E. The SCCmec subtypes are 
determined by additional gene content, primarily in the J1 region and are typically 
designated by a lowercase letter or number based on the order of their discovery. It is 

common for many cassettes to be untypeable. This can occur when either mec or ccr 
genes are missing, or the SCCmec comprises several elements (Uehara, 2022). 
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Fig. 3: SCCmec types I–XV 

The structure of currently known SCCmec types I–XV. The alignment of mec and ccr complexes is 

highlighted (IWG SCC, 2009; Baig et al., 2018; Urushibara et al., 2020; Wang et al., 2022).  
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1.4 Current Taxonomy of the Genus Staphylococcus 

Much of the research effort in past decades was focused on S. aureus, which is indeed 
the most significant pathogen in the clinical setting, and other species were often 
considered unimportant contaminants. To study the variation of staphylococcal 
species, chemotaxonomic methods were used; the composition of cell wall teichoic 
acids (Baddiley et al., 1962), the presence of menaquinone types (Jeffries et al., 1968), 
or fatty acid branches (Morrison et al., 1971). Schleifer and Kloos in 1975 analyzed cell 
wall composition and phenotype of CoNS obtained from the skin of healthy people and 
discovered several new species;  Staphylococcus capitis, Staphylococcus cohnii, 

Staphylococcus haemolyticus, Staphylococcus hominis, Staphylococcus simulans, 
Staphylococcus warneri and Staphylococcus xylosus (Kloos and Schleifer, 1975; 
Schleifer and Kloos, 1975). In the following years, other staphylococcus species were 
described, and evaluating relationships based on DNA became the norm such as 
cytosine-guanine (CG) content (Rosypal et al., 1966), the DNA–DNA hybridization 
(DDH) (Wayne et al., 1987) and partial 16S rRNA sequence (Woese and Fox, 1977) 
allowed for delineation of closely related Macrococcus (Kloos et al., 1998). 

As molecular biology advanced and improved diagnostic methods, the clinical 
significance of CoNS was gradually recognized. The number of staphylococcal species 
continued to grow (Becker et al., 2014). The widespread use of next-generation 
sequencing expanded the current list of validly recognized species in standing 
nomenclature to sixty-six. Since 2019, at least one new species has been described each 

year (Parte, 2014). The availability of complete genomes allowed for a more accurate 
assessment of relationships with whole genome metrics such as average nucleotide 
identity (ANI). Based on multilocus phylogeny, the Staphylococcus genus was divided 
into five main branches and fourteen clusters, as depicted in Fig. 4 and Tab. 1 (Lamers 
et al., 2012). 

Among the staphylococcal species, only eleven are coagulase-positive, and they 
are part of either the S. aureus or Staphylococcus intermedius cluster, while 
Staphylococcus hyicus and Staphylococcus agnetis are coagulase variable. Most other 
species are coagulase-negative, with S. lugdunensis, S. epidermidis, and S. haemolyticus 
from the Epidermidis-Aureus group being the most clinically significant (Becker et al., 
2014; Pinheiro-Hubinger et al., 2021).  S. lugdunensis stands out among CoNS for its 
high virulence, similar to S. aureus, and an unusually closed pangenome with fewer 

MGE (Argemi et al., 2018). Staphylococcus haemolyticus and S. epidermidis are common 
commensals but can sometimes cause mild infections as opportunistic pathogens 
(Becker et al., 2014). Their genome also has fewer virulence factors, but they have open 
pangenomes that contain a rich pool of resistance determinants (Ikhimiukor et al., 
2023). Both species exhibit clonal characteristics like S. aureus, although the 
S. haemolyticus is to a lesser extent (Pinheiro-Hubinger et al., 2021). 
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Fig. 4: Multilocus phylogenetic tree of the genus Staphylococcus 

The maximum likelihood tree of validly recognized Staphylococcus species, S. brunensis, S. ursi, 

S. muscae-like, and S. simulans-like was constructed with the Tamura-Nei model and 500 bootstrap 

replicates and M. caseolyticus as an outgroup using MEGA software (Tamura et al., 2021). Color coding 

reflects grouping and clustering, according to Lamers. The bar represents 0.05 substitutions per 

position. The tree is based on concatenated sequences of dnaJ, gap, groEL, rpoB, sodA, tuf from RefSeq 

reference genomes (O’Leary et al., 2016) extracted with Abricate (Seemann, 2014b) and aligned with 

MUSCLE (Edgar, 2004).  
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Several new species related to S. haemolyticus have been discovered recently, such as 
Staphylococcus caledonicus isolated from dog skin, Staphylococcus taiwanensis, and 
Staphylococcus borealis found in human blood and skin.While S. taiwanensis and 
S. caledonicus exhibit phenotypic differences (Newstead et al., 2021; Lin et al., 2022), 
S. borealis is almost indistinguishable from S. haemolyticus regarding phenotype, 16S 
rRNA sequence, and MALDI-TOF-MS profile. A polyphasic approach is necessary to 
differentiate between the two, involving the analysis of genotype, biochemistry, and 
fatty acid composition (Pain et al., 2020). 

The insufficient discriminatory power of 16S rRNA sequencing also applies to 
other members of the genus Staphylococcus (Hassler et al., 2022), particularly several 
closely related coagulase-positive species from the S. intermedius group (SIG); 

Staphylococcus cornubiensis, Staphylococcus pseudintermedius, and Staphylococcus 
delphini are challenging to differentiate (González-Martín et al., 2020). Although these 
species are animal pathogens, just like other members of the Hyicus-Agnetis group, 
they can be transmitted to humans. Studies suggest that the prevalence of 
S. pseudintermedius, which is frequently found in domestic dogs, in human infections 
might be higher than previously reported because it is often misidentified as S. aureus, 
as laboratories often test only coagulase positivity (González-Martín et al., 2020; Moses 
et al., 2023; Glajzner et al., 2023). 

Identifying S. saprophyticus is also tricky because most labs use the novobiocin 
test without standard methods (Raz et al., 2005). Staphylococcus saprophyticus is the 
leading cause of urinary tract infections in young women. Its nasal isolates do not 

cluster, but the urinary tract isolates are highly clonal (Pinheiro-Hubinger et al., 2021). 
The other members of the Saprophyticus group are isolated from mixed environments, 
such as recently Staphylococcus shinii from cavies (Cho et al., 2022), Staphylococcus 
caeli from air in rabbit enclosures (MacFadyen, Drigo, et al., 2019) or Staphylococcus 
edaphicus from Antarctic soil (Pantůček et al., 2018). The next Auricularis group 
contains only a few species, mostly rare finds and includes the latest addition to the 
genus Staphylococcus: Staphylococcus marylandisciuri from the Pettenkoferi-
Massiliensis cluster. Together with S. marylandisciuri, the species Staphylococcus 
americanisciuri was isolated and described from squirrels, but it belongs to the Hyicus-
Intermedius group (Volokhov et al., 2023). The last major branch is the Simulans 
group. Although the S. simulans itself is known to be a human pathogen, the other 
species are associated with fermented food (Becker et al., 2020). 

The phylogenetic relationships are complex, and opinions change frequently. For 
instance, some authors disagree with the Massiliensis-Pettenkoferi cluster, according 
to Lamers, a part of the Saprophyticus group. The alternative phylogeny states that 
Staphylococcus massiliensis should form its own branch instead, and 
Staphylococcus pettenkoferi and Staphylococcus argensis are grouped with 
Staphylococcus auricularis (Smith and Andam, 2021), as shown in Fig. 4. Recently, 
several major changes have been accepted, notably the reclassification of the 
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Staphylococcus sciuri group as a separate genus Mammaliicoccus and updated 
description species, which were previously considered a subspecies; Staphylococcus 
ureilyticus, Staphylococcus coagulans, Staphylococcus casei, Staphylococcus pragensis, 
Staphylococcus croceilyticus (Madhaiyan et al., 2020). However, the validity of 
S. coagulans has been questioned (Kania, 2022). Other suggested amendments include 
a proposal of not yet valid species, Staphylococcus ursi, from SIG (Perreten et al., 2020), 
description of several possible new species Staphylococcus muscae-like and 
Staphylococcus simulans-like found in camels (Akarsu et al., 2022) or a merging species 
from S. aureus group, predominantly isolated from wounds in tropical countries; 
Staphylococcus schweitzeri, Staphylococcus singaporensis and Staphylococcus 
roterodami as clonal variants of single species (Monecke et al., 2022). 

 

Tab. 1: List of validly recognized species of the genus Staphylococcus 

List of validly recognized species of genus Staphylococcus and S. brunensis, S. ursi, S. muscae-like, 

S. intermedius-like grouped according to Lamers classification. The most important human pathogens 

are highlighted. Coagulase reaction, type strain isolation sources, clinical significance with infection type 

bloodstream (BSI), foreign body related (FBRI), native valve endocarditis (NVIE), urinary tract infection 

(UTI), surgical site infection (SSI), number of genomes available in the GenBank database by end of 2023 

(Benson et al., 2013), and effective publication or last emendation is shown (Becker et al., 2020; Michels 

et al., 2021; Bartlett et al., 2022). 

Group  Cluster Species (Coagulase) 
Isolation 
sources 

Clinical 
significance 

GenBank Publication 

Auricularis Auricularis S. auricularis (-) 

Human ear 
canal; human 
and animal 
skin (rare) 

Human, BSI (rare) 17 
(Kloos and Schleifer, 
1983) 

Epidermidis-
Aureus 

Aureus 

S. argenteus (+) Human blood Human 360 (Tong et al., 2015) 

S. aureus (+) 
Human and 
animal skin 
and blood 

Human 89665 (Rosenbach, 1884) 

S. roterodami (+) 
Human skin 
and blood 

Human, BSI 4 (Schutte et al., 2021) 

S. schweitzeri (+) 
Animal 
(monkey) 
nares 

Human and animal 9 (Tong et al., 2015) 

S. simiae (+) 
Animal 
(monkey) 
faeces 

Not documented 9 (Pantůček et al., 2005) 

S. singaporensis (+) Human blood Human, BSI 6 (Chew et al., 2021) 

Epidermidis 

S. capitis (-) 
Human scalp 
and animal 
skin 

Human, FBRI, 
BSI in neonates 

232 
(Kloos and Schleifer, 
1975) 

S. caprae (-) Animal skin 
Human and 
animal, FBRI 
(occasional) 

23 (Devriese et al., 1983) 

S. epidermidis (-) 
Human and 
animal skin; 
food 

Human; FBRI, 
NVIE, BSI in 
neonates 

4645 
(Winslow and 
Winslow, 1908) 

S. saccharolyticus (-) 
Human and 
animal skin 
and plasma 

Human; FBRI, BSI 20 
(Kilpper-Bälz and 
Schleifer, 1981) 

Haemolyticus 

S. borealis (-) 
Human skin 
and blood 

Human 14 (Pain et al., 2020) 

S. brunensis (-) 
Human ear 
canal 

Putative human 5 (Kovařovic et al., 2023) 
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Group  Cluster Species (Coagulase) 
Isolation 
sources 

Clinical 
significance 

GenBank Publication 

Epidermidis-
Aureus 

Haemolyticus 

S. caledonicus (-) Animal skin Not documented 1 (Newstead et al., 2021) 

S. croceilyticus (-) 
Human ear 
canal 

Human putative 2 (Madhaiyan et al., 2020) 

S. devriesei (-) 
Animal skin, 
food; milk 

Animal 13 ( upré et al., 2010) 

S. haemolyticus (-) 
Human and 
animal skin; 
food; milk 

Human; FBRI, 
NVIE, BSI in 
neonates 

625 
(Schleifer and Kloos, 
1975) 

S. hominis (-) 
Human and 
animal skin 

Human; FBRI, 
BSI in neonates 

287 
(Kloos and Schleifer, 
1975) 

S. petrasi (-) Human skin Human; BSI 8 (Pantůček et al., 2013) 

S. pragensis (-) Human skin 
Human, BSI, and 
wounds 

2 (Madhaiyan et al., 2020) 

S. taiwanensis (-) Human blood Human, BSI 1 (Lin et al., 2022) 

Lugdunensis S. lugdunensis (-) 
Human and 
animal skin 

Human; 
NVIE/PVIE, FBRI, 
SSI, wound 
infection 

127 (Freney et al., 1988) 

Warneri 

S. pasteuri (-) 
Human and 
animal skin; 
food 

Human; FBRI 
(rare), BSI 

43 (Chesneau et al., 1993) 

S. xylosus (-) 
Human (rare) 
and animal 
skin; food 

Human, FBRI 
(occasional) 

88 
(Schleifer and Kloos, 
1975) 

Hyicus-
Intermedius 

Hyicus 

S. agnetis (var) 
Animal skin; 
milk 

Animal 62 (Taponen et al., 2012) 

S. canis (-) Animal skin Not documented 1 (Newstead et al., 2021) 

S. felis (-) Animal skin Animal 42 (Igimi et al., 1989) 

S. hyicus (var) Animal skin Human and animal 27 (Devriese et al., 1978) 

S. chromogenes (-) 
Animal skin; 
milk 

Human and animal 165 (Hájek et al., 1986) 

S. ratti (-) Animal nares Not documented 1 (Kovařovic et al., 2022) 

Intermedius 

S. coagulans (-) 
Animal ear 
canal 

Human and animal 187 (Madhaiyan et al., 2020) 

S. cornubiensis (+) Human skin Human; skin 1 (Murray et al., 2018) 

S. delphini (+) Animal skin Animal putative 76 (Varaldo et al., 1988) 

S. intermedius (+) Animal nares Human 8 (Hajek, 1976) 

S. lutrae (+) Animal skin Animal 2 (Foster et al., 1997) 

S. pseudintermedius 
(+) 

Human and 
animal skin, 
animal lung 

Human and animal 4871 (Devriese et al., 2005) 

S. schleiferi (-) 
Human and 
animal skin 
and blood 

Human; FBRI, 
wound (rare) 

68 (Freney et al., 1988) 

S. ursi (-) Animal nares Not documented 1 (Perreten et al., 2020) 

Muscae 

S. americanisciuri (-) Animal faeces Not documented 1 (Volokhov et al., 2023) 

S. microti (-) 
Animal skin 
and nares; 

milk 

Animal 3 (Nováková et al., 2010) 

S. muscae (-) Animal skin Not documented 4 (Hajek et al., 1992) 

S. muscae-like Animal skin Not documented 7 (Akarsu et al., 2022) 

S. rostri (-) 
Animal skin 
and nares 

Not documented 3 
(Riesen and Perreten, 
2010) 

Saprophyticus Arlettae-Kloosii S. arlettae (-) 
Animal skin; 
environmental 

Not documented 49 (Schleifer et al., 1984) 

Saprophyticus Arlettae-Kloosii S. durrellii (-) Animal nares Not documented 1 (Fountain et al., 2019) 
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Group  Cluster Species (Coagulase) 
Isolation 
sources 

Clinical 
significance 

GenBank Publication 

S. kloosii (-) Animal skin 
Human and 
animal; FBRI 
(rare) 

12 (Schleifer et al., 1984) 

S. lloydii (-) 
Animal skin 
and mouth 

Not documented 4 (Fountain et al., 2019) 

Cohnii-
Nepalensis 

S. cohnii (-) 
Human and 
animal skin 

Human; FBRI, BSI 96 
(Schleifer and Kloos, 
1975) 

S. nepalensis (-) 
Animal skin 
and faeces; 
human urine 

Human 29 (Spergser, 2003) 

S. ureilyticus (-) 
Human and 
animal skin 

Human 16 (Madhaiyan et al., 2020) 

Pettenkoferi-
Massiliensis 

S. argensis (-) Environmental Not documented 9 (Heß and  allert, 2 1 ) 

S. marylandisciuri (-) Animal faeces Not documented 1 (Volokhov et al., 2023) 

S. massiliensis (-) Human skin Human putative 6 
(Al Masalma et al., 
2010) 

S. pettenkoferi (-) 
Human and 
animal skin 
and blood 

Human; FBRI 56 (Trülzsch et al., 2007) 

Saprophyticus 

S. caeli (-) Environmental Not documented 2 
(MacFadyen, Drigo, et 
al., 2019) 

S. casei (-) 
Fermented 
food; animal 
skin 

Not documented 2 (Madhaiyan et al., 2020) 

S. edaphicus (-) Environmental Not documented 2 (Pantůček et al., 2018) 

S. equorum (-) 
Animal skin; 
food 

Human 111 (Schleifer et al., 1984) 

S. gallinarum (-) Animal skin 
Human; FBRI 
(rare) 

44 (Devriese et al., 1983) 

S. pseudoxylosus (-) Animal skin Human and animal 26 
(MacFadyen, Leroy, et 
al., 2019) 

S. saprophyticus (-) 
Human and 
animal skin 

Human; UTI, 
FBRI, NVIE 

475 (Fairbrother, 1940) 

S. shinii (-) Plant Not documented 15 (Cho et al., 2022) 

S. succinus (-) 
Environmental; 
animal skin; 
food 

Human, BSI (rare) 26 (Lambert et al., 1998) 

S. xylosus (-) 
Human (rare) 
and animal 
skin; food 

Human, FBRI 
(occasional) 

88 
(Schleifer and Kloos, 
1975) 

Simulans 
Simulans-
Carnosus 

S. carnosus (-) 
Food; animal 
skin 

Not documented 23 
(Schleifer and Fischer, 
1982) 

S. condimenti (-) Food 
Human; FBRI 
(rare) 

11 (Probst et al., 1998) 

S. debuckii (-) 
Animal skin; 
milk 

Animal 1 (Naushad et al., 2019) 

S. piscifermentans (-) Food Not documented 3 
(Tanasupawat et al., 
1992) 

S. simulans (-) 
Human and 
animal skin 

Human; FBRI 
(rare) 

104 
(Kloos and Schleifer, 
1975) 

S. simulans-like (?) Animal skin Not documented 2 (Akarsu et al., 2022) 
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1.5 Epidemiology of Coagulase-Negative Staphylococci  

Nasal swab screenings have shown that almost everyone carries at least one type of 
CoNS. The dominant species is S. epidermidis, which colonizes 39–90 % of people. 
Other common commensals include S. haemolyticus, S. capitis, S. hominis, S. warneri, 
S. lugdunensis, S. saprophyticus, S. simulans, and Staphylococcus pasteuri, present in  
25–44 % of individuals. Other species were isolated in single cases, although they may 
be more prevalent in other areas of the body (Becker et al., 2006; Kaspar et al., 2016; 
Pinheiro-Hubinger et al., 2021). The same species are also clinically significant 
(Lindsay, 2019); however, the widespread distribution of CoNS as commensals also 

means they are common contaminants. As most species are also opportunist 
pathogens, it is challenging to determine their clinical relevance. The colony growth 
speed measured as time to positivity under 16 hours is a good predictor for 
bacteriemia when combined with speciation with MALDI-TOF-MS. Clinical relevance 
can be further assessed using other factors, such as the presence of foreign bodies or 
reaction to therapy, as shown in Fig. 5 (Asai et al., 2021; Michels et al., 2021). Using 
those criteria, it has been found that S. epidermidis, S. haemolyticus, and S. lugdunensis 
were true pathogens in 60–80 %, and other CoNS isolates were clinically relevant in 
20–80 % of cases. Staphylococcus capitis, Staphylococcus caprae, and S. hominis were 
more often contaminants (Asai et al., 2021). Proper diagnosis and speciation of CoNS 
infection is crucial as it is the third most frequent cause of nosocomial infection, 
following Escherichia coli and S. aureus (Verway et al., 2022), and is responsible for a 

third of nosocomial bacteremia cases (Wisplinghoff et al., 2004; Ott et al., 2013; 
Rosenthal et al., 2021). 

 
Fig. 5: Diagnostic of CoNS pathogens as the causative agents of diseases 

Diagnostic criteria for differentiating true CoNS infection and contaminants (Michels et al., 2021). 
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Bloodstream CoNS infections affect 1.8 % of intensive care unit patients in the USA 
(Hurley, 2,020), with 19.7 % 30-day mortality (Verway et al., 2022). However, CoNS 
infections are likely underestimated, which may lead to delays in antibiotics 
application and, as a consequence, higher mortality (Taylor et al., 2021). To determine 
the healthcare burden, it is necessary to study the evolution of CoNS and their role as 
virulence and resistance reservoirs (Becker et al., 2020). A retrospective study has 
shown that the reported CoNS normally sterile sites such as blood, bone, joints, or 
cerebrospinal fluid increased from 24 thousand in 2010 to 81 thousand in 2022 due to 
improvements in diagnostics and reporting (Paranthaman et al., 2023). The study also 
confirmed the increased risk in preterm newborns and infants up to one year of age 
(Eichel et al., 2019; Paranthaman et al., 2023). The newborns are particularly 

vulnerable because of the immature immune system with few phagocytes. It is 
hypothesized that disease tolerance in the first few days of life allows the acquisition 
of commensals into the skin microbiome (França, 2023). 

The second main high-risk group is seniors over sixty-five with various 
comorbidities, especially when an indwelling medical device is present. Males are also 
more often susceptible. All CoNS followed the bimodal distribution except for 
Staphylococcus felis, which was not detected in young children (Paranthaman et al., 
2023). Another large study of bloodstream CoNS infections in the Netherlands has 
reached similar conclusions and further emphasized the importance of identifying the 
specific species involved. The proportion of present species seemed stable over time, 
except for newly described species such as S. pettenkoferi (Berends et al., 2022). 

However, certain CoNS species are more commonly associated with specific types of 
infections. For instance, S. epidermidis is the most common species in  CoNS 
endocarditis (Parthasarathy et al., 2020). Staphylococcus haemolyticus is frequently 
found in surgical wound isolates (Pinheiro-Hubinger et al., 2021), while 
S. saprophyticus is often responsible for urinary tract infections (Hovelius and Mårdh, 
1984) and S. lugdunensis,  typically causes soft tissue infections with abscesses, similar 
to S. aureus (Parthasarathy et al., 2020). 

Although the number of speciated CoNS has increased from 11 % to 63.2 % since 
2010 (Paranthaman et al., 2023), the CoNS are still often reported as a single group 
(Michels et al., 2021; Berends et al., 2022). This is a problem because the prevalence of 
antibiotic resistance is high between CoNS, resistance to at least one antibiotic is 
reported in 55–85 % of CoNS bloodstream isolates (Paranthaman et al., 2023). 

However, the resistance is unevenly distributed. For instance, 50 – 80 % of 
S. epidermidis and S. haemolyticus isolates from the bloodstream exhibited resistance 
to teicoplanin and macrolides, which is rare in other CoNS. 
Staphylococcus haemolyticus, S. epidermidis, and S. cohnii also have a higher prevalence 
of resistance to erythromycin, gentamicin, and methicillin (Berends et al., 2022). The 
virulent S. lugdunensis is, on the other hand, more sensitive to beta-lactam antibiotics 
(Petti et al., 2008). The speciation with MALDI-TOF-MS is thus a valuable tool for 
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selecting suitable therapy. However, it should be noted that antibiotic resistance can 
be heterogeneous during CoNS infection (Berends et al., 2022), and treatment can be 
complicated by a selection of isogenic resistant population, often in the form of small 
colony variants (El-Halfawy and Valvano, 2015). In addition to surveillance for CoNS 
in clinical infections, it is helpful to monitor environmental isolates, especially from 
livestock and companion animals, under the One Health approach because of the 
possibility of zoonotic transmission and HGT. Although some species are not 
pathogenic, they can indirectly affect human health by transferring MGE and antibiotic 
resistance, such as SCCmec. This includes other closely related members of the 
Staphylococcaceae family; Mammaliicoccus and Macrococcus (Becker, 2021) or even 
distant taxa such as Lactobacillales or Bacillales (John et al., 2019). Plasmid and 

transposon-mediated beta-lactamases blaZ are widespread in CoNS isolated from food 
(Salamandane et al., 2022) and mammaliicocci from cattle (Lienen et al., 2022). 
However, the native bla genes are found in some staphylococci from the Saprophyticus 
group, although they usually do not confer resistance to penicillin (Schwendener and 
Perreten, 2022). Comparative analysis of 191 animal CoNS strains from the USA has 
revealed large reservoirs of phages, plasmids, and antimicrobial resistance genes, 
allowing the evolution of novel variants with higher virulence, phages, plasmids, and 
antimicrobial resistance genes, allowing the evolution of novel variants with higher 
virulence, as with S. aureus, the most significant risk is the possible selection of 
multidrug-resistant strains (Fitzgerald and Holden, 2016; Glajzner et al., 2023). 

Unlike the antimicrobial resistance, the CoNS virulence is poorly understood. 

Compared to S. aureus, CoNS have fewer virulence factors (Heilmann et al., 2019). The 
specific virulence determinants are often microbial surface components recognizing 
adhesive matrix molecules (MSCRAMM) (Becker et al., 2014). Proteins UafA, Aas, and 
SdrI from this family are responsible for S. saprophyticus affinity to urothelium (Sakinc 
et al., 2006; Mortimer et al., 2017). The adhesins AtlE, Aap, and Bap also help attach 
cells to the surface (Heilmann et al., 1997; Hirschhausen et al., 2012). This is a 
necessary step for biofilm formation, described in Fig. 6. Although not an essential 
virulence factor, CoNS bacteremia and endocarditis are frequently associated with 
biofilm formation on the catheter or implant (Heilmann et al., 2019). Biofilm needs a 
suitable substrate that is rough, hydrophobic, and non-polar. Indwelling medical 
devices are usually first covered by a host matrix to which bacteria adhere (Herrmann 
et al., 1988). The best characterized staphylococcal biofilm formation pathway is the 

ica operon, which produces biofilm based on polysaccharide intracellular adhesin 
(PIA/PNAG). The operon consists of five genes, icaABCDR, responsible for the 
regulation synthesis of PIA/PNAG and its export to the surface (Rohde et al., 2010). 
Extracellular DNA is in staphylococcal biofilms. The fibrin and other host proteins are 
embedded in the biofilm matrix (Kwiecinski et al., 2015) and extracellular DNA (Izano 
et al., 2008). Additional virulence factors such as phenol soluble modulins (PSM) or 
proteases can disrupt the biofilm and release its particles into the bloodstream (Becker 
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et al., 2014). The biofilm composition always results from the interaction of host, 
environment, and other present bacterial species (Donlan, 2002). Because of this, it is 
challenging to study biofilm properties in vitro (Otto, 2018). The fully matured biofilm 
serves as a barrier against the immune system and antibiotics and promotes HGT 
between cells (Donlan, 2002). Despite the use of antibiotics that penetrate biofilm, 
such as rifampicin, the recurring inflammation often requires surgical removal of the 
implant (Zimmerli and Moser, 2012). 

 
 
 

 
Fig. 6: Stages of biofilm formation 

Formation of CoNS biofilm in an intravenous catheter or other foreign body device. In each step, key 

interactions and virulence genes are listed (Becker et al., 2014) 
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2 Analysis of Bacterial Genomes 

2.1 Genome Sequencing and Assembly 

The first complete staphylococcal genomes were two Japanese MRSA strains, S. aureus 
N315 from pharyngeal smear and VRSA S. aureus Mu50, were sequenced in 2001 to 
study mechanism of antibiotic resistance. The ABI PRISM 3,700 genome sequencer 
generated 63,000–64,000 reads from the plasmid library with random 1–2 kb 
fragments (Kuroda et al., 2001). The sequencing reads were assembled by 

Phred/Phrap, which were initially developed for use in the Human Genome Project and 
were the first programs to improve accuracy with quality scores derived from Sanger 
sequencing chromatographs and were able to classify chimeras and remove vector 
sequences (de la Bastide and McCombie, 2007). The gaps were filled by sequencing 
PCR products to obtain the complete genome. The whole genome analysis then 
revealed the presence of MGE, transposon Tn554, SCCmec, bacteriophages, and 
pathogenicity islands harboring toxins. In addition, new candidate virulence factors 
and the duplication of superantigens were detected (Kuroda et al., 2001). However, 
first-generation sequencing was too expensive and labor-intensive for widespread use. 
By 2008, only eighteen staphylococcal genomes had been sequenced, and of these, only 
a few CoNS: two strains of S. epidermidis RP62A and ATCC 12228 (Y.-Q. Zhang et al., 
2003; Gill et al., 2005), S. haemolyticus JCSC 1435 (Takeuchi et al. 2005), and 

S. saprophyticus ATCC 15305 (Kuroda et al., 2005), providing valuable information 
about evolution and virulence factors (Takeuchi et al., 2005; Wei et al., 2006). 

When the second-generation sequencing platforms Roche 454, Illumina, and later 
IonTorrent became available, the number of genomes multiplied. In 2009 alone, forty-
three genomes were deposited into the GenBank database (Benson et al., 2013). The 
new technology, however, produced short reads. The original assembler algorithms 
were based on overlap layout consensus, where each read is represented by a single 
node in the graph with links to other overlapping reads, the longest uninterrupted 
graph path that constitutes a contig. This requires alignment between each read, and 
due to the graph complexity, it does not scale well with a growing number of reads. 
The De Bruijn graph approach was found more suitable for a higher number of short 
sequencing due to lower computing power requirements (Li et al., 2012). The 

De Bruijn algorithms differ in partitioning all reads into sequences of fixed length 
called k-mers and constructing graphs from them. This effectively compresses graph 
size and allows for searching for contigs with the Euler path algorithm, which is easier 
to perform. Because the reads contain errors, some approximation and simplification 
are necessary (Miller et al., 2010). The most critical parameter is the k-mer length 
itself. The optimal value depends on genome complexity as well as error rate. Because 
the ability to resolve repeats is limited by node length, too short a k-mer assembly 
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tends to result in more contigs. On the other hand, long k-mers have a slight overlap, 
which breaks the graph with dead ends (Wick et al., 2017b). De Bruijn graph 
assemblers utilize various strategies to solve this problem. The SPAdes assembler uses 
a consensus of multiple k-mer (Prjibelski et al., 2020), and the Velvet instead uses an 
optimizer with variable k-mer length. The later assembler was used in the Modernising 
Medical Microbiology Consortium project, which aimed to obtain genomes of all 
staphylococcal type strains. In total, sixty four isolates from fifty then valid species 
were sequenced, some for the first time (Cole et al., 2019). As of December 2023, over 
a hundred thousand staphylococcal genomes are available in the GenBank database 
(Sayers et al., 2021), and this number is rapidly increasing, as indicated in Fig. 7. 
However, the database is biased towards clinically important species, with the 

majority being S. aureus. Staphylococcus epidermidis and S. pseudintermedius are also 
present in large numbers, while nine species only have one genome stored in the 
database (Benson et al., 2013). The falling prices of sequencing have enabled large-
scale projects such as 'One Day in Denmark,' where 2009 bacterial isolates from a 
single day in Danish hospitals were sequenced. Of these, 414 belonged to the genus 
Staphylococcus (Rebelo et al., 2022). 

 
Fig. 7: Trend of increase of the Staphylococcus genome count in GenBank 

The graph shows the number of genomes in the GenBank database (Sayers et al., 2021)between 2013–

2023. Only 289 genomes were deposited into the database before 2013, and the total count of all 

genomes is 103,777. Most often, three species are separated and color-coded as described by legend. 

The total genomes deposited in each year are shown in the above column.  
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Filling the gaps between contigs with Sanger sequencing of PCR products is 
time-consuming. Much effort has been put into developing alternative methods such 
as optical mapping (Latreille et al., 2007) or scaffolding using reference genome (Bosi 
et al., 2015). The problem of completing bacterial genomes was finally solved with 
third-generation sequencing. The hybrid assembly combining the error prone long 
reads produced by Oxford Nanopore with short reads from Illumina almost always 
results in a complete genome without manual adjustments (Wick et al., 2017a). Due to 
developments in error correction, the long read only assembly is viable. This has led to 
the return of overlap layout consensus assemblers such as Flye (Kolmogorov et al., 
2019). This has changed the latest approach to hybrid assembly to doing long read 
assembly first, preferably as consensus from several assemblers, and using short reads 

only for polishing to improve quality (Wick et al., 2021). It is still advisable to verify 
the presence of small plasmids in short read-only assembly because they tend to be 
underrepresented in long reads and may be missing from long read-only assembly 
(Wick et al., 2017a). 

The long-read sequencing method can also directly detect methylated bases in 
native DNA. In PacBio, the modified bases take longer to react (Clark et al., 2012). The 
Nanopore technology uses slight variations in electric current to detect the presence 
of methylated states (Schatz, 2017). The reliability of detection depends on the base 
modification. PacBio is more accurate with the N4-methylcytosine (4mC) and 
N6-methyladenine (6mA), and was used in various methylome studies of 
Staphylococcus schleiferi (Misic et al., 2015), S. epidermidis (Lee et al., 2019), and 

collection of multiple staphylococci from camels (Akarsu et al., 2022). However, 
Nanopore is better at detecting 5-methylcytosine (5mC) and 6mA and in the future, it 
is expected that the new version of R10 pores will be more accurate and significantly 
cheaper (Nielsen et al., 2023). Lowering the price would enable deep sequencing to 
conduct genetic-wide association studies, whole metagenome studies, and a 
combination of these to understand the relationships between epigenome and 
interaction between host and MGE (Fitzgerald and Holden, 2016; Nielsen et al., 2023). 
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2.2 Evolution of Staphylococcal Genomes 

Staphylococci have low CG content, ranging from 30 % to 37 % (Rosypal et al., 1966). 
Staphylococcus muscae has the smallest genome, with only 2.1 Mb (Cole et al., 2019), 
while the largest is the 3.0 Mb genome of S. shinii (Cho et al., 2022). The staphylococcal 
genome contains approximately 2,500–3,000 open reading frames (ORFs) and RNA 
genes, which are arranged in functionally related operons with a common 
transcription origin (Lindsay, 2019). The core genome of each staphylococcal species 
is defined by approximately 1,500–2,000 genes, which are highly conserved (Méric et 
al., 2015; Chong et al., 2022; K. Zhang et al., 2023). Variation in the core is driven 

primarily by SNPs. An analysis of 122 genomes from Staphylococcaceae and Gemella 
families has revealed seventy-eight distinct SNPs common to Staphylococcus, 
Macrococcus, and Mammaliicoccus. However, only two unique SNPs were found for 
genus Staphylococcus. These two SNPs were deletions in Dyp-type peroxidase and 
signal peptidase I (Bello et al., 2023).  

 
Fig. 8: Genome map of species Staphylococcus ratti described in this work 

Annotated genome map of the S. ratti CCM 9025 chromosome and its plasmids pSR9025A and 

pSR9025B. The MGE, virulence, resistance, and other genes of interest are shown in the outer circle and 

color-coded, as shown in the legend. The switch in CG skew from positive to negative value marks the 

replication origin and terminus. Plasmid sizes are not to scale.  
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Whole genome sequencing of S. aureus outbreaks has shown that epidemic clones are 
closely related if their core genome shares fewer than 40 SNPs. It has also been 
determined that the mutation rate is approximately one SNP per genome every 5–10 
weeks (Harris et al., 2010; Golubchik et al., 2013; Paterson et al., 2015). The circular 
chromosome is divided into two replichores by replication origin and terminus, where 
one replichore is 12% longer, as is seen in Fig. 8. There is considerable bias in gene 
distribution to the leading strand of DNA (Mira and Pushker, 2007). The cause of 
genome imbalance is unclear, and it could be due to differences in replication of the 
lagging strand, large-scale rearrangements, or gene accumulation in the oriC environ 
(Mira and Pushker, 2007; Ziebuhr, 2012). The oriC environ is a prominent region in 
staphylococcal genomes that spans about 500 Mb of chromosome downstream of the 

replication origin. The region was discovered during the comparative analyses of the 
first available S. aureus, S. epidermidis, and S. haemolyticus genomes. It was originally 
defined as a region of contiguous 20 kb windows containing less than 45 % of the ORFs 
common for staphylococci (Takeuchi et al., 2005). This region is a source of variability 
as many accessory genes and mobile genetic elements, including SCCmec, are located 
here (Ziebuhr, 2012).  

Chromosomal rearrangements in S. aureus usually occur by homologous 
recombination, often associated with hotspots such as SCC, conjugative transposon 
ICE6013, and genomic island νSaα. The recombination rate is unevenly distributed 
among the clonal complexes. For instance, ST239 arose from large-scale homologous 
recombination in 20 % of the chromosome, derived from the parental lineages ST30 

and ST8 (Robinson and Enright, 2004). There is evidence for recombination in CC1, 
CC8, and CC25, whereas CC5, CC8, and CC30 lineages are more conservative (Everitt et 
al., 2014). There are three distinct clades in S. epidermidis. Group A has a low 
recombination rate, while group B has almost none. On the other hand, group C is 
highly recombinational and may have originated from a hybridization event between 
groups A and B (Méric et al., 2015). Chromosomal recombination is also prevalent in 
S. capitis (Carter et al., 2018) and S. haemolyticus, where it has played an important role 
in shaping the evolution of pathogenic strains (Takeuchi et al., 2005; Saroha et al., 
2022).  

The frequent genome rearrangements observed in S. haemolyticus are attributed 
to the unusually high number of ISs present in its genome, which serve as sites for 
homologous recombination. These small mobile genetic elements are only 1–2 kb in 

size, encode a single transposase gene, and tend to accumulate in the genomes of CoNS 
(Loessner et al., 2002). The genome of S. haemolyticus JCSC 1435 harbors eighty two 
ISs, including IS1272, ISSha1, and IS256 (Takeuchi et al., 2005). The IS256 is 
particularly prevalent in clinical strains of S. haemolyticus and S. epidermidis 
(Murugesan et al., 2018) due to its incorporation into other MGEs, where the IS256 
provides a promoter for the increased production of antibiotic resistance 
determinants (Conlon et al., 2004; Couto et al., 2003). The IS257/IS431 transposon, a 
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member of the IS26 family, is even more widespread due to its unique role in the 
evolution of SCC, transposons, and plasmids. The IS257/IS431 element is associated 
with resistance to several antibiotics and heavy metals and has significantly influenced 
the dissemination of trimethoprim resistance (Firth et al., 2018). Its distinct replication 
mechanism explains this ability, which involves an unresolved intermediate (Firth and 
Skurray, 2006) or targeted site-specific recombination (Harmer and Hall, 2020). Both 
mechanisms produce two direct copies of IS257/IS431, with inserted fragments 
between them, facilitating the transposition of antibiotic resistance genes (Harmer and 
Hall, 2020). 

 
Staphylococcal genomes contain many mobile genetic elements such as plasmids, 

prophages, transposons, resistance and pathogenicity islands, SCC, and other genomic 
islands, which are horizontally transferred through transformation, transduction, or 
conjugation. However, the bacteria can naturally take up exogenous DNA (Morikawa 
et al., 2012; Maree et al., 2022). The most effective method of horizontal gene transfer 
is transduction, which depends on packaging DNA into phage heads. Phage species 
classification is governed by the International Committee on Taxonomy of Viruses, 
which categorizes phages according to morphology, serology, and genomic 
characteristics.  Olivera et al. (2019) then divided staphylococcal phages by DNA 
sequence into five groups. Clusters A, C, and D are lytic phages from the families of the 
Podoviridae, Myoviridae, and Siphoviridae. Group B contains diverse temperate 
prophages with significant impact on bacterial evolution (Gummalla et al., 2023). 

These prophages are Siphoviridae with genome sizes of 40-50 kb and with either serine 
or one of four families of tyrosine integrases (Oliveira et al., 2019). The prophage 
integrase is also used for detailed classification. In S. aureus there are seven major 
integrases Sa1int–Sa7int, that integrate into their specific att sites (Goerke et al., 2009). 
This typology can be extended by adding representative genes for each phage module; 
integrase, anti-repressor, replication proteins, dUTPase, portal, tail and amidase 
(Kahánková et al., 2010). Furthermore, only cluster B phages carry virulence 
determinants. A notable outlier is the SPβ-like phage, a unique phage that does not 
belong to any known cluster. It possesses a large genome size of 127 kb and harbors a 
number of antibiotic resistance genes (Oliveira et al., 2019). 

 On transduction depends also on phage inducible chromosomal islands (PICI), 
a family of small 12–27 kb elements, which carry packaging mechanisms similar in 

structure to prophages and may be originally derived from them(Novick, 2019). 
Well-known PICIs include SaPI1 and SaPI2 from S. aureus, harboring the toxic shock 
syndrome toxin. Only five integration sites for SaPI have been identified in S. aureus 
(Lindsay et al., 1998). However, CoNS usually carry resistance determinants such as 
SrRICCM9025 (Kovařovic et al., 2022). 

 Another way in which genes can be transferred horizontally is by plasmid 
conjugation. This process relies on the presence of mobilization and transfer genes and 
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an oriT site. Thus, staphylococcal plasmids can be divided into three main groups. The 
first group, small Class I plasmids, are typically up to 8 kb in size and replicate using 
the rolling circle mechanism. The second and third groups consist of larger Class II 
plasmids that are either non-conjugative or replicate, mainly utilizing the theta 
mechanism. The plasmids can be further classified based on their incompatibility 
groups, which do not necessarily reflect their evolutionary relationships (Novick, 
1989). Classification based on the replication gene rep is more reliable. There are seven 
major classes of rep and type plasmids: Rep_trans/pT181, rep1/pC194, rep2/pE194, 
repL/pSN2, rep_3/pSK639, repA_N/pSK41, priCT_1/pCH91. Plasmid size roughly 
correlates with these rep proteins (Kwong et al., 2017). Large plasmids are often 
composed of modules of mobilization genes or resistance to antimicrobials, which are 

flanked by IS257/IS431, which helps the cointegration of smaller plasmids and a 
combination of new ones (Gruss and Ehrlich, 1989; Firth and Skurray, 2006). 
Non-conjugative plasmids can still be mobilized in the presence of conjugative 
plasmids and certain genomic islands called integrative and conjugative elements 
(ICEs). The classification of ICEs can be somewhat unclear because it is not always easy 
to distinguish between conjugative transposons and integrated plasmids. An 
interesting example that demonstrates the possible ancestral origin of ICEs is plasmid 
pGO1evolJ, which is integrated into the phage-inducible island SaPIbov2. This results 
in an element with integrative, conjugative, and transduction capabilities (Humphrey 
et al., 2021). 

It is important to remember that MGEs are independent and selfish. Their 

evolution can be driven by interactions with the host as well as with other MGEs, which 
are often antagonistic (Horne et al., 2023). For example, the replication of ISs and 
transposons is strictly regulated (Twiss et al., 2005), and their mobilization is triggered 
by the arrival of a new plasmid in the cell (Hall et al., 2021; Tansirichaiya et al., 2021). 
The resistance genes translocated to the plasmid are then rapidly selected due to the 
higher gene dosage resulting from the multi-copy plasmid (Yao et al., 2022). Complex 
interactions are observed during transduction, which is also known to transfer 
plasmids. However, the efficiency is enhanced in the presence of PICI (McCarthy et al., 
2014; Fišarová et al., 2021). This mechanism is likely the primary driving force for 
intra- and interspecies plasmid transfer (Humphrey et al., 2021). It significantly affects 
the size distribution of plasmids, resulting in two peaks at approximately 11 kb and 40 
kb, which correspond to the sizes of PICI and prophages (Smillie et al., 2010). It is also 

worth noting that the distribution of antimicrobial resistance determinants in bacterial 
strains reflects their virulome (Colombo et al., 2017). 
Intra-species HGT varies between species and is often directional, probably due to 
barriers to foreign DNA uptake, such as the restriction modification system. Gene flow 
is common between Staphylococcus pseudoxylosus and S. xylosus, which also have 
extensive accessory genomes. Some species, such as S. epidermidis or S. felis, contain a 
small number of highly recombinant strains, which may lead to the unpredictable 
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emergence of new phenotypes (Ikhimiukor et al., 2023). Similar results were observed 
in another study of 1,876 CoNS genomes (Smith and Andam, 2021). The main barrier 
in staphylococcal genomes is the restriction modification (RM) systems, which 
typically consist of methylases that protect bacterial DNA and restriction endonuclease 
that degrades exogenous DNA (Casadesús and Low, 2006). In S. aureus, the RM classes 
I and IV are the most studied; however, they usually consist only of the restriction 
endonuclease subunit (Xu et al., 2011), and the RM classes II and III are rare or 
nonfunctional (M. J. Jones et al., 2015; Sadykov, 2016). 
 

 
 

Fig. 9: Gene flow in genomes of coagulase-negative staphylococci 

Diagram of Intra and inter-species recombination between 191 animal strains of CoNS. The detected 

species are shown in the outer circle, proportionally to number of genomes. Inner chords show HGT 

direction,(Ikhimiukor et al., 2023, modified) 
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In S. aureus, the distribution of RMs is strictly dependent on clonal complexes, 
with the exception of RMs found on SCC elements. In contrast, S. epidermidis exhibits a 
greater diversity of RMs (Lee et al., 2019). Variable RMs are also present in S. xylosus, 
including active class II and III RMs (Schiffer et al., 2023). Targeted CRISPR-Cas 
systems in staphylococci are predominantly types I and II. However, they are 
uncommon in S. aureus, and in CoNS, they seem to play a lesser role than RMs and 
target mainly phage sequences (Moller et al., 2019). Several new bacterial immune 
systems have recently been described, but their mechanisms are not yet well 
understood (Moller et al., 2019; Mayo-Muñoz et al., 2023). It remains to be determined 
whether these systems occur in staphylococci, although Thoeris, Hachiman, Gabija, 
Lamassu, and Kiwa have orthologs in staphylococcal genomes (Doron et al., 2018). 

The current research shows that the HGT can dominate over vertical inheritance 
in bacterial genomes. The statistical evaluation of biallelic SNPs of S. aureus genomes 
has shown that even the core genome variability is influenced mainly by 
recombination. The authors of this study propose that every locus has independent 
phylogeny, although more than half of the SNPs agree with core phylogeny. The core 
phylogeny does not necessarily show true phylogeny, which would require two 
assumptions: random recombination and sufficiently large core backbone. Instead, the 
apparently stable core phylogeny may reflect a population structure determined by 
distribution of recombination rates. The hypothesis is supported by the fact that the 
core phylogeny is inferred even when only discordant SNPs are used (Sakoparnig et 
al., 2021). The concept of the Tree of Life may shift to a statistical network of life 

(Koonin et al., 2021) with a dynamic pangenome (Medini et al., 2020). Staphylococcal 
pangenomes are often open (Argemi et al., 2019; Chong et al., 2022; Ikhimiukor et al., 
2023), with a large number of accessory genes and, in theory, an unlimited number of 
rare genes. There is a fundamental difference between the statistical properties of core 
and accessory genes, which are relatively stable, and a cloud of rare genes, 
predominantly located on MGE, which are rapidly replaced (Wolf et al., 2016). The 
acquisition of new genes and the expansion of the accessory genome enables bacteria 
to adapt to new niches. However, adverse selection is more potent in larger genomes, 
limiting genome size against unnecessary genes. However, it is important to remember 
that a reliable analysis requires checking data with experimental biology (Koonin et 
al., 2021). Although the whole genome SNPs may not provide meaningful insight into 
the true phylogeny of strains, it is still helpful for clinical management because they 

allow for tracking outbreaks and identifying clusters (Ahrenfeldt et al., 2017). 
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2.3 Detection and Annotation of Mobile Genetic Elements 

Simply having a genome sequence is insufficient to obtain meaningful information. It 
needs to be annotated. This entails analyzing the CG content and identifying the origin, 
terminus, and all genes in their most basic form. In prokaryotic genomes, coding, 
because of the high percentage of coding content and the absence of introns, it is 
relatively easy to generate open reading frames and decide which are coding. However, 
assigning a function to a gene is more complicated and relies on a well curated gene 
database (Salzberg, 2019). Currently, the most popular annotation software is Prokka 
(Seemann, 2014a) and PGAP (Tatusova et al., 2016). Prokka is an easy to use command 

line program whose main advantage is speed, taking only a few minutes per genome 
on a personal computer. However, Prokka is more conservative, assigning a gene 
function when the identity to the database is high. On average, about half of the genes 
are labeled as hypothetical with unknown function (Lobb et al., 2020). This is actually 
desirable behavior because it limits the propagation of errors in the database. PGAP is 
part of the GenBank database, taking advantage of the immense collection of millions 
of genes, and is the de facto standard for new genomes. To ensure quality, it relies on 
high-quality genomes and suppresses questionable annotations. The older genomes 
are also reannotated to ensure consistency of position and name (Tatusova et al., 
2016). The genes can also be further annotated with more detail as protein motifs, 
functional sites (P. Jones et al., 2014; Coudert et al., 2023), or signal peptides (Almagro 
Armenteros et al., 2019) or multiple gene ontologies to determine the overall function 

and interaction between genes (Ashburner et al., 2000; Kanehisa and Goto, 2000; 
Huerta-Cepas et al., 2019). There are also specialized databases such as heavy metal 
resistance (Pal et al., 2014), restriction modification systems, CRISPR-Cas arrays 
(Couvin et al., 2018), and toxin-antitoxin genes (Xie et al., 2018) or S. aureus 
pangenome (Fuchs et al., 2018). They tend to be small, and although well curated, they 
are not updated often, if at all. 

The main concern for clinical strains is the determination of potential virulence 
and resistance factors, which are usually found by BLAST searches against either 
protein or nucleotide-based databases. Since the virulence factors are not well defined 
among CoNS and the virulence databases typically contain only S. aureus sequences, 
the assigned annotation must be interpreted carefully and the gene context, e.g., 
location on MGE, must be considered. This method is partially automated by the 

VFanalyzer, which is part of the VFDB database (B. Liu et al., 2019). Conversely, the 
identification of antimicrobial resistance genes is generally reliable, and more 
databases are available to combine results to improve confidentiality (Zankari et al., 
2012; Gupta et al., 2014; Feldgarden et al., 2019; Doster et al., 2020; Alcock et al., 2023). 
The CARD database also employs a special RGI program, that uses a sequence database 
but also attempts to predict novel resistance genes based on protein motifs (Alcock et 
al., 2023).  
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The precise identification and annotation of MGEs is more complex. Staphylococci 
have a wide array of MGEs, which may be incomplete (Firth et al., 2018). Even intact 
elements often contain extensive repetitions, facilitating misassembly or breaking 
sequences into contigs. A detailed description of MGEs helps to study bacterial 
evolution, as they often carry virulence, resistance factors, and other genes important 
for adaption to the environment (Humphrey et al., 2021). For this purpose, BLAST 
databases are also used, for instance, ISfinder (Siguier et al., 2006), PHASTER (Arndt 
et al., 2019), ICEberg (M. Liu et al., 2019), ACLAME (Leplae et al., 2010). The popular 
actively maintained collection of various databases is a web-based CGE suite, including 
PlasmidFinder, SCCmecFinder, and general MobileElementFinder, which detects and 
provides a classification of MGE (Johansson et al., 2021). The main limitation of 

homology-based database searches is the inability to identify novel types of MGEs. 
Only a handful of programs are capable of performing ab initio identification. The 
Islandviewer4 combines three tools to compare sequences with reference genomes 
and analyze codon and dinucleotide frequencies that differs in MGEs compared to 
horizontally descended  genes (Bertelli et al., 2017). Another software, MGEfinder, 
attempts to improve the accuracy of MGE localization by mapping reads to a closely 
related reference genome, with any additional sequences appearing as gaps in 
coverage (Durrant et al., 2020). None of the current annotation software is perfect. 
Although they are reliable in identifying general MGE regions, determining exact 
borders is difficult and requires manual intervention. In particular complex repeats, 
such as SCCmec, require experience to resolve. The future trend is to use machine 

learning, e.g. for phage detection (Sirén et al., 2021). With the growing number of 
sequenced genomes, it becomes more important to properly prepare the sequence 
data and simplify the submission of relevant databases. Some efforts have already been 
made in this direction. For example, the GenBank database requires metadata to be 
added to each genome, such as the sequencing platform, assembler used, and source 
host (Benson et al., 2013). The antibiotic resistance database CARD recently modified 
records to make them accessible to machine learning (Alcock et al., 2023). An 
ambitious project is the proGenomes3 database, which attempts to consistently 
annotate all available prokaryotes, nearly one million genomes (Fullam et al., 2023). 
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2.4 Phylogeny and Comparative Genomics 

The growing number of annotated genomes requires fast and scalable algorithms to 
compute their relationships. The simplest methods cluster related genomes by 
nucleotide or codon composition. The first such method was laboratory DNA-DNA 
hybridization (DDH). Digital DDH algorithms are complex and sensitive to incomplete 
genomes. Instead, the representation of the ANI of whole genome is more practical. 
The first implementation used the alignments with the BLAST algorithm, which is too 
slow for large-scale analysis. New tools such as fastANI can analyze tens of thousands 
of genomes and show that the distribution of ANI is discrete and with species 

boundaries at 95–96 %. In contrast, interspecies ANI is typically less than 83 % (Jain 
et al., 2018). The composition-based methods, such as pentamer frequency, can also 
infer phylogeny for closely related genomes (Nakano et al., 2023). For the construction 
of the phylogenetic tree, algorithms based on Maximum-Likelihood, which uses a 
substitution model to find the tree topology with the highest probability, are more 
commonly used, such as RAxML (Stamatakis, 2014) and FastTree (Price et al., 2010). 
With these tools, it was possible to construct a phylogenetic tree of ten thousand 
bacterial and archaeal genomes in reasonable time (Zhu et al., 2019). 

As mentioned above, the traditional method for inferring phylogeny is 16S rRNA, 
which is not accurate enough for closely related species (Hassler et al., 2022). To 
examine phylogeny relationships in detail, a set of housekeeping genes is more suitable 
(Gherardi et al., 2018). The tuf gene is more divergent than 16S and clusters 

staphylococci into nine groups: S. epidermidis, S. saprophyticus, S. simulans, 
S.  intermedius, S. hyicus, S. auricularis and Mammaliicoccus sciuri. Similar results are 
obtained for rpoB, hsp60, and sodA. The remaining gene gap forms fewer clusters but 
discriminates very well at the species level (Ghebremedhin et al., 2008). The phylogeny 
tree shown in Fig. 4 was constructed from their concatenated sequences with the 
addition of the dnaJ gene. A similar approach is used by UBCG, which computes a tree 
for each of 81 universally present single-copy genes and concatenates them into the 
single tree (Kim et al., 2021). 

Theoretically, it would be best to use maximum whole genome data with SNPs. 
Practical experiments show that even in a perfect vertical ancestry dataset generated 
with serial passages of a hypermutator strain of E. coli, the inferred phylogenies 
contain only 50–73 % correct branches. The reason is that some algorithms assume 

uniform mutation frequency, which is not always true (Ahrenfeldt et al., 2017). 
However, the assumption of a perfect vertical evolutionary history also does not hold 
(Kapli et al., 2020). Bacterial genomes are significantly influenced by HGT (Nakano et 
al., 2023), which can reach up to 40 % of genes of in Staphylococcus (Hassler et al., 
2022). The recombination rate is also biased towards certain strains and species, as 
shown in Fig. 9 (Smith and Andam, 2021; Ikhimiukor et al., 2023). One possible 
solution is to mask the horizontal gene content to focus on only the core genome. 
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However, the HGT content itself is also worth researching. It usually encompasses MGE 
and is a considerable source of clinically important features. The HGT affected 
sequences can therefore be determined by MGE detection or by composition based 
methods like HGTector (Zhu et al., 2014), DarkHorse (Podell and Gaasterland, 2007), 
or by the distribution of a given gene in the phylogenetic tree, which takes advantage 
of the large number of genomes available in the database. One such tool is APP, which 
marks genes as horizontally transferred if present in less than 30 % of genomes. The 
drawback is that it does not account for gene loss events. To alleviate this problem, 
gene presence is also checked at the family level. In the test data set of eighteen 
genomes, these methods found 45–72 % of the recombinant genes. Each method has 
its strengths and should be used complementarily (Sengupta and Azad, 2023). 

Genes from all strains of a species make up its pangenome, which are usually 
clustered at the protein level. Thus, special care should be taken to annotate all 
genomes with the same tool to ensure consistency. Furthermore, to create a 
non-redundant set of genes, it is necessary to recognize orthologs, which are genes 
related by vertical descent from paralogs, which are present in copies in a single 
genome. Paralogs can be acquired horizontally or as a result of duplication events. The 
web-based OrthoVenn3 distinguishes them based on gene collinearity (Sun et al., 
2023). It can also annotate genes with GO ontology terms to examine functional 
differences between strains (Ashburner et al., 2000). 

The annotated genes can be further mapped to metabolic pathways, e.g., in KEGG 
(Kanehisa and Goto, 2000), making the pangenome an excellent way to compare the 

presence and absence of clinically relevant genes at CoNS. This is especially true for 
virulence genes, which are poorly understood. The pangenome analysis pipeline Roary 
(Page et al., 2015) was therefore used for genome wide association study of a set of 
123 clinical and 46 environmental isolates of S. haemolyticus to detect potential 
virulence factors and MGE and found that sraP and three variants of cap operon, 
plasmid pSHaeB with ermC, IS256, and Tn522, which were predominantly present in 
clinical strains. The isolates resistant to oxacillin and aminoglycosides, that produced 
biofilm, were almost exclusively nosocomial, although no ica operon was found, other 
detected resistance factors are shown in Fig. 10 (Pain et al., 2019). Similar Genome 
wide association studies in S. epidermidis and S. aureus have failed because of data 
heterogeneity. Unlike S. haemolyticus, S. aureus and S. epidermidis do not have 
specialized clinical strains and cause many symptoms (Copin et al., 2018; Pain et al., 

2019). Comparing the presence of MGE is, on the other hand, relatively 
starightforward. A large-scale pangenome study of forty thousand genomes of 
S. aureus has showed that the differences between genomes are mainly phages and 
plasmids, which can be classified into at least 18 types, according to the rep gene. 
Clinically relevant were primarily SCCmec and arginine catabolic mobile element 
(ACME).  
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Fig. 10: Distribution of antibiotic resistance determinants S. haemolyticus  

The presence/absence of antibiotic resistance genes and their antibiotic classes are plotted to the core 

genome SNP genome tree with the major clades highlighted (Pain et al., 2019) 

The results also indicated that small mutations in the global regulators agr and 
rsp were essential for virulence. However, the study was limited by a small proportion 
of reliable complete genomes and database bias towards CC5 and CC8 lineages (Copin 
et al., 2018). Another useful approach is to combine sequence analysis with laboratory 
experiments, for example, the transposon mutagenesis library has been used to test 

MRSA survival in human and porcine blood, resulting in identification of seventy-three 
genes associated with host adaption and virulence (Ba et al., 2023). 

As illustrated by the examples above, comparative genomics has great potential 
to mine data. However, the relevant metadata is seldom published or available in 
machine accessible form. Accurate annotation and information on disease, symptoms, 
and therapy outcomes would enable the elucidation of the mechanisms of 
pathogenesis (Lindsay, 2014; Copin et al., 2018; Howden et al., 2023).  
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2.5 Automated Workflows 

Bioinformatic analysis of bacterial genomes is a time-consuming process with many 
computationally expensive steps. The current effort is to create a pipeline 
encompassing all partial analyses. However, sequencing technologies and 
bioinformatic algorithms develop so rapidly that any program integrated into such 
workflow is soon obsolete. For instance, the normalizing read depth (Love et al., 2014) 
or scaffolding tools (Bosi et al., 2015) are entirely unnecessary for de novo sequencing 
of bacterial genomes when long read sequencing becomes available. An analogy might 
be the development of genome assemblers, which were initially separate programs to 

assign quality scores, perform error correction, and finally assemble contigs (de la 
Bastide and McCombie, 2007). In contrast, contemporary assemblers integrate all 
steps into a single program. Currently, few pipelines perform complex genome 
analysis, and they are usually designed for a specific purpose, which may limit their 
usage. For instance, pipelines intended for clinicians to rapidly identify virulence and 
resistance factors, such as command line Nullabor (Seemann et al., 2015) or web-based 
PATRIC (Gillespie et al., 2011). Differently focused is TYGS web, which addresses whole 
genome-based taxonomy and is helpful for rapid classification of a new strain and 
determining whether it is a new species and its relationship to other type strains. 

A modular approach is often used to ensure that the analysis stays up to date. 
Instead of a monolithic program, a workflow management system is used to maintain 
various bioinformatics programs. In the pipeline, where the input and output of each 

step are well defined, it is easy to add or change specific tools as needed. One such 
system is Nextflow (Di Tommaso et al., 2017), which is used by Bactopia, a general 
pipeline for the complete analysis of bacterial genomes (Petit and Read, 2020). The 
same authors have also developed The Python-based pipeline Staphopia, which 
specifically designed for the rapid annotation of 42,949 S. aureus genomes (Petit and 
Read, 2018). Another popular workflow manager is web-based Galaxy servers, which 
is easily accessible to people without programming knowledge. However, more 
options are available with the command line Snakemake based on Python. It has the 
advantage of integrated package management systems, that automatically install all 
the necessary programs for analysis. This makes it easy to move the analysis to another 
computer, but it also ensures the reproducibility of the analysis as it keeps the correct 
version of all tools (Mölder et al., 2021). The Fig. 11 presents the workflow scheme 

developed by the author of this thesis for the analysis of the genome of 
Staphylococcus brunensis (Kovařovic et al., 2023) and, in the previous version, also for 
Staphylococcus ratti (Kovařovic et al., 2022).  
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Fig. 11: Snakemake based analysis workflow for preparing expert annotated datasets 

Bacterial genome analysis workflow that was used for annotation of S. brunensis (Kovařovic et al., 2023) 

and S. ratti (Kovařovic et al., 2022). The blue highlighted boxes are part of an automated pipeline for 

assembly and annotation (Kovařovic, 2024). The orange highlighted boxes are web-based services. 
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3 Objectives of the Dissertation Thesis 

Molecular diagnostics has significantly enhanced the fast and efficient screening of 
bacterial isolates from diverse environments. Among these techniques, 
MALDI-TOF-MS has emerged as a powerful tool for routinely typing clinical strains, 
leading to the identification of several atypical Staphylococcus and Macrococcus 
isolates, which differed from known species and were the focus of this work. However, 
validation of new species from such isolates requires a thorough analysis of their 
complete sequences and storage in a database with detailed annotation. The rapid 
development of sequencing technologies, as well as bioinformatic methods over the 

last decade, has made it challenging to establish a standard protocol for bioinformatical 
analysis of bacterial genomes. Although there is no shortage of available programs and 
analyses for this purpose, processing each can be time-consuming. Thus, most 
publications describing new bacterial species are limited to genome assembly and 
initial annotation of genes. Existing bioinformatics pipelines are usually narrowly 
focused on specific purposes. The main intention was, therefore, to develop a modular 
pipeline to facilitate an efficient and comprehensive analysis of staphylococcal 
genomes that provides expert annotated genomes and an integrated overview of 
multiple outputs of multiple analyses.  

Determining the pathogenic potential of CoNS is particularly important due to 
their increasing role in healthcare-associated infections. Genome sequencing allows 
the investigation of disease-related genes, often harbored on mobile genetic elements. 

Identifying the specific genes responsible for antibiotic resistance and virulence 
factors is also necessary to develop targeted treatments for CoNS infections. The most 
significant element found in genomes of genera Staphylococcus, Mammaliicoccus, and 
Macrococcus is the SCCmec, which confers resistance to beta-lactam antibiotics. The 
natural transmission of the SCCmec is not yet understood, and its presence in other 
genomes and evolutionary history is an active area of research. Despite their 
importance, little is known about virulence factors in species other than S. aureus. The 
genomic islands to which SCC belongs were examined in detail in this work, which 
should bring new insights into their evolution. 

 In-depth functional analysis of genes present on mobile elements is crucial to 
identifying the candidate genes responsible for pathogenicity. Additionally, by 

comparing the genomes of clinical and environmental species, we can obtain a better 
understanding of how these bacteria adapt to different environments and how new 
species described in detail in this work acquire antibiotic resistance and virulence 
factors.  
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4 Results and Discussion 

The dissertation is presented as an annotated collection of the following publications 
describing genomes of novel species of Staphylococcus and Macrococcus, which are 
attached in order of publication. The bacterial genome assembly and annotation 
pipeline was also developed during this thesis and is available at Github: 

Kovařovic, V. (2024). Snakestaph. Github. https://github.com/kovavo/snakestaph 

Pantůček, R., Sedláček, I., Indráková, A., Vrbovská, V., Mašlaňová, I., Kovařovic, V., Švec, P., 
Králová, S., Krištofová, L., Kekláková, J., Petráš, P., Doškař, J., 2018. Staphylococcus 
edaphicus sp. nov., Isolated in Antarctica, Harbors the mecC Gene and Genomic Islands 
with a Suspected Role in Adaptation to Extreme Environments. Applied and 
Environmental Microbiology 84, e01746-17.                              
https://doi.org/10.1128/AEM.01746-17 

Mašlaňová, I., Wertheimer, Z., Sedláček, I., Švec, P., Indráková, A., Kovařovic, V., Schumann, P., 
Spröer, C., Králová, S., Šedo, O., Krištofová, L., Vrbovská, V., Füzik, T., Petráš, P., Zdráhal, 
Z., Ružičková, V., Doškař, J., Pantuček, R., 2018. Description and Comparative Genomics 
of Macrococcus caseolyticus subsp. hominis subsp. nov., Macrococcus goetzii sp. nov., 
Macrococcus epidermidis sp. nov., and Macrococcus bohemicus sp. nov., Novel Macrococci 
From Human Clinical Material With Virulence Potential and Suspected Uptake of 

Foreign DNA by Natural Transformation. Frontiers in Microbiology 9, 1178. 
https://doi.org/10.3389/fmicb.2018.01178 

Vrbovská, V., Kovařovic, V., Mašlaňová, I., Indráková, A., Petráš, P., Šedo, O., Švec, P., Fišarová, 
L., Šiborová, M., Mikulášek, K., Sedláček, I., Doškař, J., Pantůček, R., 2019. Staphylococcus 
petrasii diagnostics and its pathogenic potential enhanced by mobile genetic elements. 
International Journal of Medical Microbiology 309, 151355. 
https://doi.org/10.1016/j.ijmm.2019.151355 

Vrbovská, V., Sedláček, I., Zeman, M., Švec, P., Kovařovic, V., Šedo, O., Laichmanová, M., 
Doškař, J., Pantůček, R., 2020. Characterization of Staphylococcus intermedius Group 
Isolates Associated with Animals from Antarctica and Emended Description of 
Staphylococcus delphini. Microorganisms 8, 204. 
https://doi.org/10.3390/microorganisms8020204 

Kovařovic, V., Sedláček, I., Petráš, P., Králová, S., Mašlaňová, I., Švec, P., Neumann-Schaal, M., 
Botka, T., Gelbíčová, T., Staňková, E., Doškař, J., Pantůček, R., 2022. Staphylococcus ratti 
sp. nov. Isolated from a Lab Rat. Pathogens 11, 51. 
https://doi.org/10.3390/pathogens11010051 

Kovařovic, V., Finstrlová, A., Sedláček, I., Petráš, P., Švec, P., Mašlaňová, I., Neumann-Schaal, 
M., Šedo, O., Botka, T., Staňková, E., Doškař, J., Pantůček, R., 2023. Staphylococcus 
brunensis sp. nov. isolated from human clinical specimens with a staphylococcal cassette 
chromosome-related genomic island outside of the rlmH gene bearing the ccrDE 
recombinase gene complex. Microbiology Spectrum 11, 01342-23. 
https://doi.org/10.1128/spectrum.01342-23  
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4.1 Staphylococcus edaphicus sp. nov., Isolated in Antarctica, 

Harbors the mecC Gene and Genomic Islands with a Suspected 

Role in Adaptation to Extreme Environments 

Background and objectives: The Staphylococcus genus is commonly found in various 
niches, including plants and abiotic surfaces. Most populations are small and transient 
and result from contamination by animals. However, the highly adaptable S. xylosus 
from the Saprophyticus group is virtually ubiquitous in soil environments and may be 
able to survive on inorganic compounds only. In January 2013, as part of a monitoring 
project on psychrotolerant bacteria, two coagulase-negative strains were isolated from 

rock and sandy soils on James Ross Island in Antarctica. The preliminary 16S rRNA 
sequencing identified these strains as S. saprophyticus, but their biochemical 
properties differed. Thus, the strains were further investigated to determine genomic 
characteristics and evolutionary relationships, with a focus on antimicrobial 
resistance, pathogenicity, and survival traits.  
 
Material and methods: Phenotype, chemotaxonomy, and phylogenomic properties of 
two strains, CCM 8730T (= P5085T = DSM 104441T) and CCM 8731 (=P5191) were 
characterized. The whole genome sequence was obtained using IonTorrent PGM and 
compared to S. saprophyticus and S. xylosus genomes.  
 
Results and discussion: The genomic analysis revealed that the strains demonstrated 

considerable phylogenetic distance from their closest relatives at the whole-genome 
level. The strains contained several genomic islands conferring antibiotic resistance 
and environmental adaption, including ψSCCmecP5085 harboring mec. This study 
hypothesizes that it may be an evolutionary advantage against beta-lactam producers 
such as Penicillium chrysogenum, common in the polar environment. The findings also 
showed that although the overall genome layout was relatively conserved, the 
pangenome was highly plastic, shaped by horizontal gene transfer. This suggests that 
S. edaphicus can act as a reservoir and mediator for spreading antibiotic resistance.  

 
Conclusion: A novel species, S. edaphicus from Antarctica, has been described, and 
whole genome sequencing was utilized to characterize its mobile genetic elements, 
which surprisingly had a high number of antibiotic resistance genes. 

 
Significance: This is the first description of mecC in a soil isolate. The absence of 
selection pressure from clinical antibiotic usage on S. edaphicus provides insight into 
the evolution of antibiotic resistance. The potential role as a reservoir also highlights 
the need for monitoring antimicrobial resistance genes in environmental bacteria. 
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4.2 Description and Comparative Genomics of Macrococcus 

caseolyticus subsp. hominis subsp. nov., Macrococcus goetzii 

sp. nov., Macrococcus epidermidis sp. nov., and Macrococcus 

bohemicus sp. nov., Novel Macrococci From Human Clinical 

Material With Virulence Potential and Suspected Uptake of 

Foreign DNA by Natural Transformation 

Background and objectives: Macrococcus is a genus closely related to staphylococci 
and the genus Mammaliicoccus. Macrococci are primarily found in animals and are 

known to cause veterinary infections. Like staphylococci, they can carry SCCmec with 
mecB or another genomic island with the mecD gene, conferring resistance to 
beta-lactam antibiotics. This study examines seven strains of Macrococcus sp. that 
were found in human vaginal smears, wounds, urine, skin, and nails in Czech Republic 
hospitals between 2000 and 2003. The objective was to investigate the genus 
Macrococcus genomic properties and determine their pathogenicity potential. 
 
Material and methods: The strains CCM 7927T, CCM 7928, P862, P865, CCM 4927T, 
CCM 7099T, CCM 7099T, and CCM 7100T were examined using relevant phenotypic, 
genotypic, and chemotaxonomic methods. Four types of strains were sequenced on the 
Ion Torrent platform. Additionally, several prophages were induced and analyzed. 
 

Results and discussion: Polyphasic analysis consistently divided examined strains 
into two distinct clusters within the genus Macrococcus. The group 1 isolates were 
determined as novel subspecies of M. caseolyticus subsp. hominis. The group 2 strains 
are characterized by their structural plasticity, larger genomes, and the presence of 
several genome islands, including unique SCC-like elements that harbor putative 
virulence and resistance genes. We hypothesize it is due to the presence of comG 
operon and dprA gene, which are associated with natural transformation by exogenous 
DNA. However, the presence of a new variant of the CRISPR-Cas system with an 
unusually high number of 90 spacers suggests that the strain CCM 7100T is also 
capable of limiting the uptake of foreign DNA. 

 
Conclusion: The study identified novel subspecies, M. caseolyticus subsp. hominis, and 

three novel species, M. goetzii, M. epidermidis, and M. bohemicus. Putative virulence and 
resistance factors were identified, but further studies are needed to investigate their 
true role. An amended description of the Macrococcus genus is also provided.  
 
Significance: This is the first report of macrococci isolated from humans. Their highly 
dynamic genome structure suggests the importance of horizontal gene acquisition in 
the evolution of pathogens.   
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4.3 Staphylococcus petrasii diagnostics and its pathogenic potential 

enhanced by mobile genetic elements 

Background and objectives: Coagulase-negative staphylococci cause infections in 
immunocompromised patients with medical devices and are often multidrug resistant. 
The most common being S. haemolyticus and related species, including S. petrasii, 
which was initially thought to have four subspecies S. petrasii subsp. petrasii, S. petrasii 
subsp. jettensis, S. petrasii subsp. croceilyticus and S. petrasii subsp. pragensis. 
However, the latter two were recently reclassified as separate species. Despite the 
importance of the S. petrasi complex, little is known about its virulence and 

epidemiology, as they are frequently misidentified. Therefore, a large set of strains 
isolated from human clinical material, predominantly from young and older patients, 
was analyzed to understand pathogenic potential and improve diagnostic. 
 
Material and methods: A set of sixty-five strains belonging to the S. petrasii complex 
were characterized both genotypically and phenotypically. Four type strains: 
CCM 8418T, CCM 8494T, CCM 8421T, CCM 5829T, and one additional methicillin-
resistant isolate of S. petrasi subsp. jettensis P5404 were sequenced using Ion Torrent 
PGM. Additionally, plasmid profiles and induced prophages were analyzed.  
 
Results and discussion: The phylogenomic methods clearly grouped the strains of 
S. croceyliticus and S. pragenis but failed to differentiate between the subspecies of 

S. petrasi subsp. petrasi and jettensis. Comparative genomics analysis has revealed that 
S. petrasi subsp. jettensis, linked to bloodstream and implant infections, has 
accumulated more genes, including large composite SCCmec elements and SPβ-like 
prophage that carry multiple resistance genes. The situation resembles the S. hominis 
subspecies, where one S. hominins subsp. novobiosepticus has a larger chromosome and 
is often multiresistant. Regarding virulence, the S. petrasii complex is similar to 
S. haemolyticus. Both lack the ica operon but present phenol-soluble modulins, 
suggesting an independent biofilm formation pathway. The analyzed genomes were 
differentially enriched in pathways for saccharide utilization and contained large 
plasmids with antimicrobial resistance genes. Some plasmids were also found in the 
genomes of S. aureus, indicating interspecies transfer. 

 

Conclusion: The phylogenetic relationships among the species of the S. petrasii 
complex have been clarified along with the functional organization of its genomes. The 
MALDI-TOF-MS and PFGE were found to be reliable diagnostic tools. 
 
Significance: This study emphasizes reliable diagnostic of the increasingly reported 
S. petrasii complex to obtain surveillance data, as these species are commonly 
multidrug-resistant and can serve as reservoirs for horizontal gene transfer.   
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4.4 Characterization of Staphylococcus intermedius Group Isolates 

Associated with Animals from Antarctica and Emended 

Description of Staphylococcus delphini 

Background and objectives: The species of the S. intermedius group (SIG) are 
frequent commensals and opportunistic pathogens of animals and occasionally 
humans. The most widespread species is S. pseudintermedius with many hosts. 
However, little is known about the staphylococcal colonization of animals living in the 
harsh Antarctic environment. This is further complicated by variable phenotype and 
makes species identification unreliable. This study analyses 22 SIG isolates collected 

from 2013–2019 from healthy seals and birds on James Ross and Seymour islands as 
part of the Cultivable Fecal Bacteria Communities study in Antarctica. The focus was 
on S. delphini, described in 1988, based on two isolates from dolphins, which were 
later isolated from unrelated animals and humans. 
 
Material and methods: In total, 363 samples were screened to obtain 6 S. delphini and 
16 S. pseudintermedius isolates, which were characterized based on genotype and 
phenotype. Two strains of S. delphini P5747 and P6156 and one strain of 
S. pseudintermedius P8688 were sequenced using Illumina NextSeq. 
 
Results and discussion: Staphylococcus delphini isolates were found exclusively in 
Adélie penguins and S. pseudintermedius in Weddell seals. The phenotypes of both 

species differed from the original description. The colonization of seals by 
S. pseudintermedius confirms its occurrence in all families of the suborder Caniformia 
and supports hypothesized long-term coevolution. The comparative analysis revealed 
differences in extracellular proteins, metabolic pathways, and presence of exfoliative 
toxin among Antarctic strains of S. delphini, which likely play a role in host adaptation 
and immune evasion. Furthermore, several novel genomic islands were characterized: 
SdPICI-1, SdCIsec encoding enterotoxin C SdCIlukSF-1, ula, SdCIserine protease., and composite 
transposon conferring resistance to arsen and chromate.  
 
Conclusion: Staphylococcus pseudintermedius is globally distributed at a broader 
range than presumed. Staphylococcus delphini strains are variable and have pathogenic 
potential due to presence of several toxins. The partial sequencing of rpoB, repPCR, 

and MALDI-TOF-MS consistently and accurately separated SIG species.  
 
Significance: This is the first report of S. delphini and S. pseudiintermedius isolated 
from Antarctica wildlife. However, the predicted virulence. Factors needed to be 
studied to determine the actual function and possible risk of zoonotic infections to 
humans. The emended description of S. delphini is also provided.
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4.5 Staphylococcus ratti sp. nov. Isolated from a Lab Rat 

Background and objectives: Staphylococcus hyicus, S. agnetis, and Staphylococcus 
chromogenes form a clade within the Hyicus-Intermedius group and are important 
pathogens of livestock and poultry and can be transmitted to animal keepers. The 
dominant Staphylococcus species in lab rats are S. xylosus, S. aureus, and S. cohnii. It is 
currently unknown which species colonize the wild rat. In 2003, a strain was isolated 
from a nostril swab of a healthy rat prior to a biological experiment at the Unit for 
Biomedicine and Welfare of Laboratory Animals in Prague, Czech Republic. Although 
assigned to the Hyicus-Intermedius group, the strain's partial rpoB sequence and 

MALDI-TOF MS profile differed from known species. Thus, further investigation of the 
strain was conducted, focusing on detailed chemotaxonomic and genomic 
characterization. 
 
Material and methods: A polyphasic approach was used to describe strain 
NRL/St 03/464T (= CCM 9025T = LMG 31873T = DSM 111348T). The complete genome 
was assembled using a combination of Illumina Nextseq and ONT Minion sequences. 
 
Results and discussion: The NRL/St 03/464T strain belongs to a distinct branch of 
the Hyicus-Agnetis complex, with S. chromogenes being its closest relative. However, 
its genome identity was well below the species threshold. The strain was also reliably 
distinguished by chemotaxonomic and pangenome profiles. Whole genome 

sequencing and annotation identified several novel mobile genetic elements, which 
may provide selective advantages, enhancing their survival and adaptability. The 
presence of phage inducible genomic island, SrRICCM9025, is particularly interesting. It 
harbors virulence factor virE and composite transposon derived from the IS3 family. 
Both elements contain several genes associated with modulating antibiotic resistance. 
We hypothesize that these genes are responsible for beta-lactamase resistance as the 
strain is resistant to penicillin. Other mobile genetic elements include a prophage and 
two small plasmids designated as pSR9025A, which contains a stress response gene 
gsiB, and pSR9025B, whose function is currently unknown. A similar plasmid, pLNU9, 
was found in S. chromogenes, suggesting the possibility of horizontal gene flow. 
 
Conclusion: Staphylococcus ratti, sp. nov. was described based on a single isolate from 

a laboratory rats. Genome analysis has revealed the presence of new genomic islands. 
Further study is needed to verify their suspected role in penicillin resistance.  
 
Significance: The study emphasizes the importance of exploring new staphylococcal 
species in animals and investigating new antibiotic resistance mechanisms. This is 
crucial in species with zoonotic potential or act as gene reservoirs for emerging 
pathogens.
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4.6 Staphylococcus brunensis sp. nov. isolated from human clinical 

specimens with a staphylococcal cassette chromosome-related 

genomic island outside of the rlmH gene bearing the ccrDE 

recombinase gene complex 

Background and objectives: Staphylococcus haemolyticus is a common nosocomial 
pathogen that often causes infections in wounds and the bloodstream. The prevalence 
of its multidrug resistance and pool of diverse mobile genetic elements is of particular 
concern. Primarily studied is the SCCmec encoding resistance to beta-lactams; 
however, its evolutionary history and mechanism of transmission are not yet well 

understood. Due to the widespread usage of MALDI-TOF MS in diagnostics, new 
species related to S. haemolyticus, such as S. taiwanensis and S. borealis, have recently 
been recovered from human clinical material. This study analyzed five unidentified 
strains obtained from human ear swabs, wounds, and bile samples between 2016 and 
2022. 
 
Material and methods: Phylogenomic methods, chemotaxonomy, extensive 
biotyping, sequencing with Illumina Nextseq and ONT Minion were used to 
characterize five strains NRL/St 16/872T (=CCM 9024T), NRL/St 19/737(=CCM 9023), 
NRL/St 18/288(=P1256), NRL/St 21/187(=P13332), NRL/St 22/194(=P13326). 
 
Results and discussion: Phylogenomic analysis revealed that new isolates are closely 

related to the S. petrasii complex. The comparative analysis showed differences in 
mobile genetic elements, including ψSCC, prophages, plasmids, transposons, insertion 
elements and a unique genomic island SbCIccrDE, which contains a core region 
homologous to the ccr recombinase gene complex of SCCmec. Due to the low amino 
acid identity with canonical Ccr recombinases, we propose classification as a new 
allotype ccrDE. A survey conducted in the GenBank database has discovered genomes 
of S. haemolyticus, S. aureus, S. hominis, and S. borealis harbored the same genomic 
island, consistently integrated into the rimL gene, but varied in the presence of RM 
systems, antibiotic resistance genes, and other plasmid-like sequences. 
 
Conclusion: The novel species S. brunensis isolated from clinical material was 

characterized in detail. Three strains harbored a previously undescribed genomic 
island related to SCCmec. 
 
Significance: The description of SbCIccrDE is crucial to understanding the origin and 
evolution of SCC-like elements. It may also represent a primordial element capable of 
accumulating virulence and drug resistance factors, the spread of which into 
established pathogens such as S. aureus would threaten the healthcare system. 
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5 Summary 

Coagulase-negative staphylococci (CoNS) are a diverse group that inhabit a wide range 
of ecological niches. Recent novel taxa were predominantly isolated from bloodstream 
infections. In role of pathogen, they significantly impact human and animal health due 
to their ability to acquire and transmit antimicrobial resistance genes. The intricate 
network of horizontal gene transfer (HGT) among genera Staphylococcus and related 
Macrococcus facilitates the rapid dissemination of the antimicrobial resistance genes. 
This constant evolution of pathogens poses a significant challenge to human and 
animal health, as it necessitates the development of new antimicrobial treatments that 

can effectively combat emerging multidrug-resistant strains. 
As a significant part of a polyphasic taxonomic approach and to overcome 

limitations in traditional phylogenetic and phenotypic methods, whole genome 
sequencing was utilized to characterize strains of CoNS and macrococci originating 
from diverse environments, including Antarctic soil, human clinical materials, and 
animal hosts. As a result, three new species of CoNS were identified, belonging to 
different branches of the Staphylococcus genus. Comparative genomics revealed that 
CoNS strains harbored a diverse range of mobile genetic elements (MGEs). These 
elements play a crucial role in evolution by facilitating the transfer of genes associated 
with virulence, antibiotic resistance, and environmental adaptation. This thesis also 
identified several candidate antibiotic resistance genes in phage-inducible resistance 
islands. The detailed description of present SCC elements and related genomic islands 

have contributed to our understanding of the evolution and mechanism of 
transmission of clinically relevant SCCmec, which is prevalent in many pathogens. 

Reduced sequencing costs lead to an increase in bacterial genomes deposited in 
databases, but user-friendly tools for genomic analyses for microbiologists are lacking. 
This work emphasizes the importance of comprehensive annotation of all MGEs to 
study HGT and evolution, which directly influence pathogenicity, a crucial aspect often 
neglected in deposited sequences. A pipeline was developed to streamline and unify 
the specialized annotation of multiple available tools. This pipeline is envisioned as 
modular, allowing for the seamless integration of emerging bioinformatics methods, 
which will utilize better sequence databases, advanced algorithms, and neural 
networks. However, verifying candidate virulence and resistance genes in follow-up 

laboratory studies remains essential.  
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