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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 kolonizuji rtizna prostredi a jsou ptivodci infekci lidi
i zvirat. Nedavno bylo popsano mnoho koagulaza negativnich zastupct toho rodu. Jsou
to predevsim komenzalové, kteri se za vhodnych podminek mohou stat patogeny.
OhroZené jsou jimi zejména osoby s oslabenym imunitnim systémem nebo cizimi
télesy v téle. Hlavni vyznam koagulaza negativnich stafylokokt pro zdravotnictvi ale
spociva v jejich rozsahlém rezervoaru rezistence k antimikrobidlnim latkam, které se
mohou $itit do patogennich druhii horizontalnim genovym prenosem.

Tato prace se zabyva izolaty z riznych fylogenetickych vétvi rodu
Staphylococcus a také jemu pribuzného rodu Macrococcus, které byly odebrany
z Klinickych, zvifecich i pldnich vzorki. Tyto kmeny byly zkoumany pomoci
fenotypovych, chemotaxonomickych a genotypovych metod vcetné celogenomového
sekvenovani. Diky tomu bylo nové popsano Sest druhl stafylokokd a tfi druhy
makrokokd. Rozsiteny byly i poznatky o druzich vyskytujicich se v Antarktidé. Dlraz
byl dan na detailni charakterizaci plazmidi, profagi, transponzont a jinych mobilnich
elementl kddujicich rezistence k antibiotikiim. V genomu Staphylococcus brunensis byl
nalezeny jedineCny genomovy ostrov blizce pribuzny stafylokokové chromozomové
kazeté, ktera je zodpovédna za prenos rezistence k methicilinu. Srovnavaci genomikou
bylo zjiSténo, Ze i tento genomovy ostrov ma potencional akumulovat geny virulence a
rezistence. Ziskané vysledky zlepsily diagnostiku koaguladza negativnich stafylokoki a
prinesly vhled do jejich fylogeneze a evoluce rezistence k antibiotikiim.
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INTRODUCTION TO GENUS STAPHYLOCOCCUS

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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a-hemotoxin, which coagulates rabbit and human blood, and 3-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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INTRODUCTION TO GENUS STAPHYLOCOCCUS

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).

17



INTRODUCTION TO GENUS STAPHYLOCOCCUS

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; Kovarovic 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 (Garcia-Alvarez
et al, 2011), and mecD present on resistance island McRImec» in genomes of
Macrococcus but not in staphylococci (Schwendener et al, 2017; Maslaniova et al,
2018). Itis important to note that environmental MRSA exists independently of clinical
antibiotic usage (Pantticek 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 (Enstrom et al,, 2018).
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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
Smal 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
etal, 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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The structure of currently known SCCmec types I-XV. The alignment of mec and ccr complexes is
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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
etal, 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
(Beckeretal,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).

24



INTRODUCTION TO GENUS STAPHYLOCOCCUS

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 (Gonzalez-Martin 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 (Gonzalez-Martin 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 (Panticek 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
etal, 2021; Bartlett et al, 2022).

Isolation Clinical

Group Cluster Species (Coagulase) sources significance GenBank  Publication
Human ear
Auricularis Auricularis S. auricularis (-) canal; human Human, BSI (rare) 17 (Kloos and Schleifer,
and animal 1983)
skin (rare)
S. argenteus (+) Human blood Human 360 (Tong et al., 2015)
Human and
S. aureus (+) animal skin Human 89665 (Rosenbach, 1884)
and blood
S. roterodami (+) Human skin Human, BSI 4 (Schutte et al., 2021)
and blood
Aureus Animal
S. schweitzeri (+) (monkey) Human and animal 9 (Tong et al., 2015)
nares
Animal
S. simiae (+) (monkey) Not documented 9 (Panticek et al., 2005)
faeces
S. singaporensis (+) Human blood Human, BSI 6 (Chew et al., 2021)
Epidermidis-
Aureus S. capitis () ;irl:?:;i;;?lp Human, FBRI, 232 (Kloos and Schleifer,
-cap okin BSI in neonates 1975)
Human and
S. caprae (-) Animal skin animal, FBRI 23 (Devriese et al., 1983)
Epidermidis (occasional)
p Human and Human; FBRI, (Winslow and
S. epidermidis (-) animal skin; NVIE, BSl in 4645 -
Winslow, 1908)
food neonates
Human and ) «
) s ; ’ . (Kilpper-Béalz and
S. saccharolyticus (-) animal skin Human; FBRI, BSI 20 Schieifer, 1981)
and plasma
S. borealis (-) Human skin Human 14 (Pain et al., 2020)
. and blood
Haemolyticus Human ear
S. brunensis (-) Putative human 5 (Kovarovic et al., 2023)

canal
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Group Cluster Species (Coagulase) Isolation C_I|n|_c_al GenBank  Publication
sources significance
S. caledonicus (-) Animal skin Not documented 1 (Newstead et al., 2021)
S. croceilyticus (-) CH;r:g?n ear Human putative 2 (Madhaiyan et al., 2020)
. . Animal skin, . .
S. devriesei (-) food: milk Animal 13 (Supré et al., 2010)
Human and Human; FBRI, .
S. haemolyticus (-) animal skin; NVIE, BSlin 625 (159‘:72|)e|fer and Kloos,
Haemolyticus food; milk neonates
L Human and Human; FBRI, (Kloos and Schleifer,
S. hominis () animal skin BSlin neonates 287 1975)
Epidermidis- S. petrasi (-) Human skin Human; BSI 8 (Panttcek et al., 2013)
Aureus S. pragensis (-) Human skin Human, BSI, and 2 (Madhaiyan et al., 2020)
wounds
S. taiwanensis (-) Human blood Human, BSI 1 (Lin et al., 2022)
Human;
. . Human and NVIE/PVIE, FBRI,
Lugdunensis S. lugdunensis (-) animal skin ssl, wound 127 (Freney et al., 1988)
infection
Human and .
S. pasteuri (-) animal skin; Human; FBRI 43 (Chesneau et al., 1993)
] food (rare), BSI
Warneri Human (rare)
uman (rare Human, FBRI (Schleifer and Kloos,
S. xylosus (-) and animal ional 88 197
skin: food (occasional) 975)
S. agnetis (var) 'g‘qw?al skin; 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)
Hyicus
S. hyicus (var) Animal skin Human and animal 27 (Devriese et al., 1978)
S. chromogenes (-) 'g‘qw?al skin; Human and animal 165 (Hajek et al., 1986)
S. ratti (-) Animal nares Not documented 1 (Kovarovic et al., 2022)
S. coagulans (-) ?grglal ear 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)
Hyicus-
Intermedius Intermedius S. lutrae (+) Animal skin Animal 2 (Foster et al., 1997)
S. pseudintermedius Human and
(+.)p animal skin, Human and animal 4871 (Devriese et al., 2005)
animal lung
Human and .
S. schleiferi (-) animal skin Human; FBRI, 68 (Freney et al., 1988)
wound (rare)
and blood
S. ursi (-) Animal nares Not documented 1 (Perreten et al., 2020)
S. americanisciuri (-) Animal faeces Not documented 1 (Volokhov et al., 2023)
Animal skin
S. microti (-) and nares; Animal 3 (Novakova et al., 2010)
milk
Muscae S. muscae (-) Animal skin Not documented 4 (Hajek et al., 1992)
S. muscae-like Animal skin Not documented 7 (Akarsu et al., 2022)
) Animal skin (Riesen and Perreten,
S. rostri (-) and nares Not documented 3 2010)
. " Animal skin; .
Saprophyticus  Arlettae-Kloosii  S. arlettae (-) h Not documented 49 (Schleifer et al., 1984)
environmental
Saprophyticus  Arlettae-Kloosii  S. durrellii (-) Animal nares Not documented 1 (Fountain et al., 2019)
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Group Cluster Species (Coagulase) Isolation C_I|n|_c_al GenBank  Publication
sources significance
Human and
S. kloosii (-) Animal skin animal; FBRI 12 (Schleifer et al., 1984)
(rare)
" Animal skin .
S. lloydii (-) and mouth Not documented 4 (Fountain et al., 2019)
" Human and . (Schleifer and Kloos,
S. cohnii (-) animal skin Human; FBRI, BSI 96 1975)
Cohnii- Animal skin
Nepalensis S. nepalensis (-) and faeces; Human 29 (Spergser, 2003)
P human urine
S. ureilyticus (-) Human and Human 16 (Madhaiyan et al., 2020)
animal skin
S. argensis (-) Environmental Not documented 9 (HeR and Gallert, 2015)
S. marylandisciuri (-) Animal faeces Not documented 1 (Volokhov et al., 2023)
Pettenkoferi-
Massiliensis  S. massiliensis (-) Human skin Human putative 6 (Zglll\g)asalma etal,
Human and
S. pettenkoferi (-) animal skin Human; FBRI 56 (Trilzsch et al., 2007)
and blood
. ) (MacFadyen, Drigo, et
S. caeli (-) Environmental Not documented 2 al.,, 2019)
Fermented
S. casei (-) food; animal Not documented 2 (Madhaiyan et al., 2020)
skin
S. edaphicus (-) Environmental Not documented 2 (Pantlicek et al., 2018)
S. equorum (-) ﬁ;rggwal skin; Human 111 (Schleifer et al., 1984)
S. gallinarum (-) Animal skin I(:;rrz)an; FBRI 44 (Devriese et al., 1983)
Saprophyticus S. pseudoxylosus (-) Animal skin Human and animal 26 (al;/lagongglen, Leroy, et
. Human and Human; UTI, .
S. saprophyticus (-) animal skin FBRI, NVIE 475 (Fairbrother, 1940)
S. shinii (-) Plant Not documented 15 (Cho et al., 2022)
Environmental,
S. succinus (-) animal skin; Human, BSI (rare) 26 (Lambert et al., 1998)
food
S. xylosus () ;':g]:r?irg;re) Human, FBRI 88 (Schleifer and Kloos,
Xy o (occasional) 1975)
skin; food
Food; animal (Schleifer and Fischer,
S. carnosus (-) skin Not documented 23 1982)
S. condimenti (-) Food I(:::;?n; FBRI 11 (Probst et al., 1998)
. Animal skin; .
Simulans Simulans- S. debuckii (-) milk Animal 1 (Naushad et al., 2019)
C .
amosus S. piscifermentans (-) Food Not documented 3 (l'ge;r;z)isupawat etal.,
. Human and Human; FBRI (Kloos and Schleifer,
S. simulans (-) animal skin (rare) 104 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).

- .
* No other infection? |
* Presence of two or more isolates of the [
same species?
. H 1 H ?
iz el !n ar]aeroblc izl % * Symptoms ameliorated after therapy? M
* Fully susceptible isolate? « Presence of a foreign body? i
* Only one out of many samples positive? | + Time to positivity <16h? ol
* No clinical and/or laboratory signs of ol « Resistance against antibiotics? !
infection?

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 (Franga, 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 Mardh,
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
Sdrl 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).

2. Accumulation 4. Detachment

and
3. Maturation

dispersal

1. Initial
attachment

Adherence to abiotic Adherence to host factor- Intercellular adherence (2) \_

surfaces (1A) coated surfaces and production/release of Metastatic seeding (4)

= Unspecific electrostatic (.conditioning film") (1B) extracellular biopolymers & Embolic compiications
and hydrophobic = Specific interactions ® septic thrombophlebitis
interactions + MSCRAMMS: SdrG/Fbe, + Polysaccharides: PINPNAG « Extracellular enzymes:

« AUE (6DNA), CIpP SdrF, SesC, Aap + Proteins: Aap, Bap, Bhp, glycosyl hydrolases,

+ Bap, Bhp * AME, Aae, Embp, GehD Embp proteases, nucleases

+ Wallteichoic acid + Wall teichoic acid * eDNA:AtE . PSMs

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, [llumina, 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).
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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).
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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 vSaa. 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 1S1272, 1SShal, and 1S256 (Takeuchi et al, 2005). The 1S256 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 1S256
provides a promoter for the increased production of antibiotic resistance
determinants (Conlon et al, 2004; Couto et al,, 2003). The 1S257/1S431 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 1S257/1S431 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 1S257/1S431, 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
etal, 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 Salint-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
(Kahankova et al, 2010). Furthermore, only cluster B phages carry virulence
determinants. A notable outlier is the SP3-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
SrRIccmoozs (Kovarovic 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 1S257/1S431, 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
pGO1levolj, which is integrated into the phage-inducible island SaPIbov2. This results
in an element with integrative, conjugative, and transduction capabilities (Humphrey
etal, 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; FiSarova 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 (Casadesus and Low, 2006). In S. aureus, the RM classes
[ and IV are the most studied; however, they usually consist only of the restriction
endonuclease subunit (Xu et al, 2011), and the RM classes Il and III are rare or
nonfunctional (M. ]. Jones et al,, 2015; Sadykov, 2016).
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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-Mufoz 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, eg.,
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; Guptaetal, 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 erm(C, 1S256, 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
etal, 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 etal, 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 (Mdlder 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 (Kovarovic et al, 2023) and, in the previous version, also for
Staphylococcus ratti (Kovarovic 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 (Kovarovic et al., 2023)
and S. ratti (Kovarovic et al., 2022). The blue highlighted boxes are part of an automated pipeline for
assembly and annotation (Kovarovic, 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:

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

Panttcek, R, Sedlacek, I., Indrakova, A., Vrbovska, V., Maslatiov4, 1., Kovarovic, V., Svec, P.,
Kralovj, S., Kristofova, L., Keklakova, ]., Petras, P., Doskar, ., 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

Maslatiova, I., Wertheimer, Z., Sedlacek, L, Svec, P., Indrakové, A., Kovarovic, V., Schumann, P.,
Sproer, C., Kralova, S., Sedo, 0., Kristofova, L., Vrbovska, V., Fiizik, T., Petras, P., Zdrahal,
Z., Ruzickova, V., Doskar, J., Pantucek, 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

Vrbovsk3, V., Kovatovic, V., Maglatiov4, 1., Indrakova, A., Petras, P., Sedo, 0., Svec, P., Fiarov4,
L., Siborova, M., Mikulasek, K., Sedlacek, 1., Doskar, J., Panttiéek, 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

Vrbovska, V., Sedlacek, 1., Zeman, M., Svec, P., Kovarovic, V., Sedo, 0., Laichmanovéa, M.,
Doskar, ., Panticek, 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

Kovarovic, V., Sedlacek, 1., Petras, P., Kralova, S., Ma$latiova, L, Svec, P., Neumann-Schaal, M.,
Botka, T., Gelbicova, T., Stanikovj, E., Doskar, ]., Pantlcek, R, 2022. Staphylococcus ratti
sp. nov. Isolated from a Lab Rat. Pathogens 11, 51.
https://doi.org/10.3390/pathogens11010051

Kovarovic, V., Finstrlova, A, Sedlacek, 1., Petras, P., Svec, P., Maslatiov, 1., Neumann-Schaal,
M., Sedo, 0., Botka, T., Statikov4, E., Dogkat, J., Panticek, R., 2023. Staphylococcus
brunensis sp. nov. isolated from human clinical specimens with a staphylococcal cassette
chromosome-related genomic island outside of the rImH gene bearing the ccrDE
recombinase gene complex. Microbiology Spectrum 11, 01342-23.
https://doi.org/10.1128/spectrum.01342-23
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RESULTS AND DISCUSSION

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 lonTorrent 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 PSCCmecrsoss 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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Staphylococcus edaphicus sp. nov., Isolated in Antarctica,
Harbors the mecC Gene and Genomic Islands with a
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ABSTRACT Two Gram-stain-positive, coagulase-negative staphylococcal strains were
isolated from abiotic sources comprising stone fragments and sandy soil in James
Ross Island, Antarctica. Here, we describe properties of a novel species of the genus
Staphylococcus that has a 16S rRNA gene sequence nearly identical to that of Staph-
ylococcus saprophyticus. However, compared to S. saprophyticus and the next closest
relatives, the new species demonstrates considerable phylogenetic distance at the
whole-genome level, with an average nucleotide identity of <85% and inferred
DNA-DNA hybridization of <30%. It forms a separate branch in the S. saprophyticus
phylogenetic clade as confirmed by multilocus sequence analysis of six housekeep-
ing genes, rpoB, hsp60, tuf, dnaJ, gap, and sod. Matrix-assisted laser desorption ion-
ization-time of flight mass spectrometry (MALDI-TOF MS) and key biochemical charac-
teristics allowed these bacteria to be distinguished from their nearest phylogenetic
neighbors. In contrast to S. saprophyticus subsp. saprophyticus, the novel strains are
pyrrolidonyl arylamidase and B-glucuronidase positive and B-galactosidase negative,
nitrate is reduced, and acid produced aerobically from p-mannose. Whole-genome
sequencing of the 2.69-Mb large chromosome revealed the presence of a number of
mobile genetic elements, including the 27-kb pseudo-staphylococcus cassette chro-
mosome mec of strain P5085" (ySCCmecpsogs), harboring the mecC gene, two com-
posite phage-inducible chromosomal islands probably essential to adaptation to ex-
treme environments, and one complete and one defective prophage. Both strains
are resistant to penicillin G, ampicillin, ceftazidime, methicillin, cefoxitin, and fosfo-
mycin. We hypothesize that antibiotic resistance might represent an evolutionary ad-
vantage against beta-lactam producers, which are common in a polar environment.
Based on these results, a novel species of the genus Staphylococcus is described and
named Staphylococcus edaphicus sp. nov. The type strain is P5085T (= CCM 87307 =
DSM 1044417).

IMPORTANCE The description of Staphylococcus edaphicus sp. nov. enables the
comparison of multidrug-resistant staphylococci from human and veterinary sources
evolved in the globalized world to their geographically distant relative from the ex-
treme Antarctic environment. Although this new species was not exposed to the
pressure of antibiotic treatment in human or veterinary practice, mobile genetic ele-
ments carrying antimicrobial resistance genes were found in the genome. The
genomic characteristics presented here elucidate the evolutionary relationships in
the Staphylococcus genus with a special focus on antimicrobial resistance, pathoge-
nicity, and survival traits. Genes encoded on mobile genetic elements were arranged
in unique combinations but retained conserved locations for the integration of mo-
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bile genetic elements. These findings point to enormous plasticity of the staphylo-
coccal pangenome, shaped by horizontal gene transfer. Thus, S. edaphicus can act
not only as a reservoir of antibiotic resistance in a natural environment but also as a
mediator for the spread and evolution of resistance genes.

KEYWORDS coagulase-negative staphylococci, methicillin resistance, genomics,
polyphasic taxonomy, pathogenicity islands, drug resistance evolution, beta-lactams,
chromosomal islands, mobile genetic elements, penicillin-binding proteins,
phylogenetic analysis

embers of the genus Staphylococcus are widespread in nature and occupy a
Mvariety of niches (1). As a result of their ubiquity and adaptability, staphylococci
are a major group of bacteria inhabiting the skin, skin glands, and mucous membranes
of humans, other mammals, and birds. Most environmental sources also contain small,
transient populations of staphylococci, many of which are probably contaminants
disseminated by human, other mammal, or bird host carriers (2, 3). Moreover, Staph-
ylococcus succinus subsp. succinus was isolated from plant and soil inclusions in
Dominican amber (4). Recently, Staphylococcus argensis was isolated from river sedi-
ments (5). A small number of species, such as Staphylococcus xylosus and Staphylococ-
cus sciuri, have occasionally been isolated from soil, beach sand, and natural waters
and also from plants (1, 6, 7). They can grow in habitats containing only an inorganic
nitrogen source and, thus, might be capable of a free-living existence.

The ubiquity of S. xylosus might be explained by its ability to adapt to different
environments. Its capacity to colonize biotic and abiotic surfaces is probably due to its
ability to form a biofilm (8) and to genes implicated in ecological fitness (9). It has been
considered a nonpathogenic commensal organism (10) and has rarely been reported to
be associated with infections (11). On the other hand, Staphylococcus saprophyticus, the
closest phylogenetic relative of S. xylosus, is an important opportunistic pathogen,
causing human urinary tract infections, wound infections, and septicemia (12). The host
range of S. saprophyticus varies from humans to lower mammals and birds (6, 13). It has
been isolated from the gastrointestinal tract of both humans and animals, as well as
from meat and cheese products, vegetables, and the environment (14).

The aim of this study was to investigate the genomic properties and clarify the
taxonomic position of two coagulase-negative staphylococcal isolates belonging to the
S. saprophyticus phylogenetic clade that could not be identified to the species level by
common diagnostic techniques. The isolates are notable due to their origin from the
Antarctic environment and resistance to beta-lactam antibiotics encoded by a novel
pseudo-staphylococcus cassette chromosome mec (SCCmec) element.

TAXONOMY

Staphylococcus edaphicus (e.da’phi.cus. Gr. n. edaphos, soil; N. L. masc. adj. edaphi-
cus, belonging to soil).

Its cells are Gram stain-positive, spherical or irregular cocci, 880 = 60 nm in
diameter, occurring predominantly in clusters, non-spore forming. Colonies on P agar
after 24 h are circular with whole margins, slightly convex, smooth, shiny, whitish, 2 mm
in diameter and aerobic. Weak hemolytic activity (production of 6-hemolysin) on blood
agar. Good growth at 10°C, 42°C, and in the presence of 11% NaCl; weak growth in the
presence of 12% NaCl or at 5°C. No growth at 0 or 45°C. No growth in M9 minimal agar.
No growth in thioglycolate medium or in the presence of 14% NaCl on a tryptic soy
agar (TSA) plate. Catalase, urease, pyrrolidonyl arylamidase, Voges-Proskauer test (ace-
toin), nitrate reduction, and hydrolysis of Tween 80 positive. Coagulase, clumping
factor, hyaluronidase, thermonuclease, oxidase, arginine dihydrolase, ornithine decar-
boxylase, and arginine arylamidase negative. Susceptible to polymyxin B (300 IU) and
furazolidone (100 wg), but resistant to bacitracin (0.2 IU) and novobiocin (5 ng).
Susceptible to lysostaphin (200 mg liter— ') and resistant to lysozyme (400 mg liter—").
Hydrolysis of esculin, DNA, and gelatin negative. Butyrate esterase, caprylate esterase,
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myristate lipase (weak), B-glucuronidase, acid phosphatase (weak), alkaline phosphatase,
and naphthol-AS-Bl-phosphohydrolase (7-bromo-3-hydroxy-2-naphthoic-o-anisidide) activ-
ities are present, but not leucine arylamidase, valine arylamidase, cystine arylamidase,
trypsin, a-chymotrypsin, a-galactosidase, pB-galactosidase, a-glucosidase, B-glucosidase,
N-acetyl-B-glucosaminidase, a-mannosidase, and a-fucosidase activities. Acid is produced
from glycerol, ribose, galactose, p-glucose, fructose, mannose, mannitol, sorbitol (weak),
N-acetylglucosamine, salicin, maltose sucrose, trehalose, and B-gentiobiose, but not from
erythritol, p-arabinose, L-arabinose, p-xylose, L-xylose, adonitol, B-methyl-p-xyloside, sor-
bose, rhamnose, dulcitol, inositol, a-methyl-o-mannoside, a-methyl-o-glucoside, amygda-
line, arbutine, cellobiose, lactose, melibiose, inulin, melezitose, p-raffinose, glycogen, xylitol,
turanose, p-lyxose, p-tagatose, p-fucose, L-fucose, p-arabitol, L-arabitol, gluconate, 2 keto-
gluconate, or 5 keto-gluconate. The test result was strain dependent for acid production
from starch (CCM 87307 positive). S. edaphicus had the ability to utilize the following carbon
sources via respiration as determined by the Biolog GEN Ill MicroPlate test panel: dextrin,
p-maltose, o-trehalose, gentiobiose, sucrose, p-turanose, B-methyl-o-glucoside, p-salicin,
N-acetyl-B-p-mannosamine, N-acetyl neuraminic acid, a-p-glucose, mannose, b-fructose, -
galactose, inosine, b-mannitol, p-arabitol, glycerol, glycyl-L-proline, L-alanine, L-arginine,
L-aspartic acid, L-glutamic acid, L-histidine, L-serine, pectin, p-gluconic acid, p-glucuronic
acid, glucuronamide, L-lactic acid, Tween 40, acetoacetic acid, acetic acid, and
formic acid. The negative utilization tests were p-cellobiose, stachyose, p-raffinose,
a-D-lactose, p-melibiose, N-acetyl-p-galactosamine, 3-methyl glucose, L-fucose, p-sorbitol,
myo-inositol, b-glucose-6-phosphate, p-aspartic acid, p-serine, gelatin, L-pyroglutamic acid,
p-galacturonic acid, p-galactonic acid lactone, mucic acid, quinic acid, p-saccharic
acid, p-hydroxy phenylacetic acid, o-malic acid, bromo-succinic acid, y-amino-butyric
acid, a-hydroxy-butyric acid, B-hydroxy-p,.-butyric acid, a-keto butyric acid, and
propionic acid. The strain-dependent tests were N-acetyl-p-glucosamine, L-rhamnose,
p-serine, p-fructose-6-phosphate, rifamycin SV, quanidine HCl, methyl pyruvate, o-lactic
acid methyl ester, citric acid, a-keto glutaric acid, and L-malic acid (CCM 87307 positive
in all tests), and p-fucose (CCM 8730" negative). Chemical sensitivity assays, performed
with the Biolog GEN Il MicroPlate test panel, exhibited positive growth at pH 6 and in
the presence of 1% NaCl, 4% NacCl, 8% NaCl, 1% sodium lactate, nalidixic acid, lithium
chloride, potassium tellurite, aztreonam, and sodium butyrate. Negative growth was
exhibited at pH 5 and in the presence of fusidic acid, troleandomycin, minocycline,
lincomycin, Niaproof 4, vancomycin, tetrazolium violet, tetrazolium blue, and sodium
bromate. The tested strains were susceptible to cephalothin, ciprofloxacin, clindamycin,
erythromycin, gentamicin, chloramphenicol, imipenem, kanamycin, neomycin, co-
trimoxazole, tetracycline, and vancomycin and resistant to penicillin G, ampicillin,
ceftazidime, methicillin, cefoxitin, and fosfomycin.

The type strain CCM 87307 (= P5085" = DSM 1044417) was retrieved in January
2013 from fragments of black porous stone at a hill above Cape Lachman, James Ross
Island, Antarctica. It had G+C content of 33.3 mol% calculated from whole genomic
sequence. The majority of the characteristics of the type strain are in agreement with
the general species description; in addition, the CCM 87307 strain produces acid from
starch.

RESULTS AND DISCUSSION

Two isolates were obtained as a by-product in the framework of a project monitor-
ing psychrotolerant bacteria of the phylum Bacteroidetes from abiotic sources in James
Ross Island, Antarctica (CzechPolar2 project). Gram staining and phase-contrast and
transmission electron microscopy showed that the cells are Gram-positive spherical
cocci with the typical appearance of staphylococci, without flagella (Fig. 1). Strain
P5085T (= CCM 8730") was isolated from stone fragments sampled from a hill above
Cape Lachman (GPS coordinates 63°46'58"S 57°47'11"W), and strain P5191 (= CCM
8731) was isolated from sandy soil in the Panorama Pass locality (GPS coordinates
63°48'51"S 57°50'45"W). The phenotypic characteristics of the new isolates are sum-
marized in the species description above.
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FIG 1 Transmission electron microscopy of type strain Staphylococcus edaphicus CCM 87307, performed
with Morgagni 268D Philips (FEI Company, USA) electron microscope. Negative staining with 2%
ammonium molybdate. Bar represents 500 nm (original magnification, X10,000).

The preliminary identification by sequencing of the 16S rRNA gene assigned both
isolates to the Staphylococcus saprophyticus species group defined by Takahashi et al.
(15). The whole genomic sequence of the S. saprophyticus type strain (16) even
exhibited indistinguishability from that of the strain CCM 87307 16S rRNA gene in two
rrn operons, but there was a 1-residue difference in each of the three other rrn operons
(positions 190, 278, and 457). However, the phenotypic results obtained, which are
listed in the species description given above, did not allow for the classification of
isolates into any known staphylococcal species. The key characteristics differentiating
the novel taxon represented by strain CCM 8730" from the phylogenetically closely
related species are shown in Table 1.

The strains were analyzed by matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) and yielded profiles containing signals in the
mass range of 2 to 15 kDa. They did not exhibit significant similarity (BioTyper log score
of >1.7) to any of the reference entries belonging to Staphylococcus species with valid
names included in BioTyper database version 5989 (Bruker Daltonics) and proved S.
saprophyticus to be the closest relative (see Fig. S1 in the supplemental material).

Three DNA fingerprinting techniques were used to show the differences between
the isolates and similarities to related taxa. Repetitive sequence-based PCR (rep-PCR)

TABLE 1 Differentiation of Staphylococcus edaphicus sp. nov. from the phylogenetically closest Staphylococcus spp.

Applied and Environmental Microbiology

Result obtained for indicated type strain in this study/from species description:
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aSpecies description data are from Schleifer and Bell (17). +, positive reaction; W, weakly positive reaction; —, negative reaction; D, variable reaction; NT, not tested.
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FIG 2 Circular display of Staphylococcus edaphicus CCM 8730T genome (GenBank accession number MRZN00000000) compared to the
Staphylococcus saprophyticus ATCC 153057 (GenBank accession number NC_007350) and Staphylococcus xylosus CCM 2738" (GenBank accession
number MRZO00000000) genomes. The picture shows (from inner to outer circle) GC skew, mol% G+C, unique regions in CCM 8730" genome
based on BLASTn analysis, and orthologous regions in S. saprophyticus ATCC 15305 genome and S. xylosus CCM 2738 genome based on BLASTn
analysis. Outer circle depicts locations of accessory elements in S. edaphicus CCM 8730T genome.

fingerprinting using the (GTG)s primer (Fig. S2) and automated ribotyping with the
EcoRl restriction enzyme (Fig. S3) showed high genetic similarity between strains CCM
87307 and CCM 8731, because they gave visually identical fingerprints. At the same
time, both DNA fingerprinting techniques also clearly differentiated the strains ana-
lyzed from the type strains representing the phylogenetically close Staphylococcus spp.
Strains CCM 8730T and CCM 8731 were also undistinguishable by Smal macrorestriction
analysis resolved by pulsed-field gel electrophoresis (Fig. S4).

The fatty acid content of strain CCM 87307 corresponded with those of phyloge-
netically related species (Table S1). The fatty acid compositions of strains CCM 87307
and CCM 8731 were found to be very similar. The major fatty acids (>10%) were C, .,
anteiso (51.4%), C, s, 150 (13.3%), and C,,. anteiso (12.9%). C, s, and C, ., anteiso were
found to be major fatty acids in all members of the S. saprophyticus species group. The
amount of C,,., anteiso differed slightly between members of this group, only reaching
the highest value of 10% in strains CCM 87307 and CCM 8731 and both subspecies of
S. saprophyticus. The overall content of other fatty acids was found to be comparable
in this clade, with the exception of the S. succinus subsp. succinus type strain, where
C,3, is0 and C, 5, anteiso were found to be predominant as well (4).

The genome of strain CCM 87307 was shotgun sequenced, and the contigs were
compared with S. saprophyticus ATCC 153057 and S. xylosus CCM 2738™ whole-genome
sequences (Fig. 2). The size of the draft genome of CCM 87307 is 2.69 Mb, comprised
of 45 contigs of >500 bp (N5, = 99,210 bp; 309X mean coverage) with an average
G+C content of 33.3 mol%. The sequencing and assembly statistics are shown in Table
S2. A total of 2,645 genes were predicted. Comparative analysis of the genes with the
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FIG 3 Venn diagram showing orthologous gene clusters for strain Staphylococcus edaphicus CCM 87307
(GenBank accession number MRZN00000000), Staphylococcus saprophyticus ATCC 153057 (GenBank
accession number NC_007350), and Staphylococcus xylosus CCM 27387 (GenBank accession number
MRZ000000000). The number of singletons specific for each genome is shown in parentheses.

closest relatives identified 2,280 gene clusters and 328 singletons. The majority of the
clusters, up to 2,264, are orthologous and shared with either S. xylosus or S. saprophyti-
cus (Fig. 3). There are 16 unique gene clusters, including 39 open reading frames (ORFs)
and 328 singletons specific to the CCM 87307 strain, localized mainly on variable
genetic elements, such as the pseudo-Staphylococcus cassette chromosome mec
(ySCCmec), two composite phage-inducible chromosomal islands (PICIs), and one
complete and one defective prophage (Fig. 2). High heterogeneity in the gene com-
position compared to those of related species was detected in the region following the
SCCmec. Genes for a type Il restriction modification system similar to Sau3Al were
found, as well as a thiamine biosynthesis operon, two predicted protein-coding genes
with an LPXTG motif, and genes for a putative Pls cell antiadhesin and cardiolipin
synthase. The pls gene has been associated with virulence (18), and it has been found
adjacent to SCCs present in other staphylococci (19). Cardiolipin synthesis can enhance
cell survival under acid or salinity stress conditions (20, 21), and mutations in this gene
enhance resistance to daptomycin (22).

The 27,158-bp /SCCmec element of strain CCM 87307 (SCCMecysygs), bordered by
imperfectly matched 27-bp direct repeats, CCGCATCACTTGTGATA(C/T)GCTTC(C/T)CCC,
was identified inserted between the rImH gene, encoding rRNA-methyltransferase, and
the gene for putative threonyl-tRNA synthetase. This )SCCmec contains mec gene
complex class E (blaZ-mecC-mecR1-mecl), reflecting the corresponding International
Working Group on the Staphylococcal Cassette Chromosome elements (IWG-SCC)
designation (23), and it lacks recombinase genes (ccr) or their homologues (Fig. 4). The
mecC gene shares 99% nucleotide identity with that of Staphylococcus aureus strain
LGA251 (24) and 93% nucleotide identity with the mecC71 gene of S. xylosus strain
S04009 (25) and with the mecC2 of S. saprophyticus strain 210 (26). Apart from human
and livestock staphylococcal isolates (24), the mecC gene was previously identified in
isolates from wildlife, including birds and mammals (27-29), and in waste and river
waters (30, 31), but to our knowledge, this is the first time the mecC gene was identified
in an isolate from soil.

Besides the mecC gene, very few genes were conserved among (SCCmecysyg5 and
related SCCs; these were localized mainly in the mec gene complex (Fig. 4). This implies
that SCC elements might serve for foreign DNA integration and exchange, as suggested
for other genomic islands. Downstream from the mec gene complex of )SCCmecysogs,
there are 28 predicted ORFs encoding kinase, hydrolase, oxidoreductase, transcriptional
regulator, and several hypothetical proteins, whose homologs were identified predom-
inantly in coagulase-negative staphylococcal species. Furthermore, in SCCmecepsogs,
one truncated and other, intact Ip/ genes coding for tandem lipoprotein-like proteins
with amino acid similarities of over 89% to those of S. epidermidis were identified.
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Lipoprotein-like proteins are usually encoded by vSaa genomic islands (32), and under
certain nutrient limitations and environmental conditions, they may be crucial for ion
and nutrient transport, allowing growth and survival (33).

Noticeably lower G+C content, below 29 mol%, clearly leads to the identification of
two genomic islands (Fig. 2). The genomic analysis revealed a high resemblance of both
islands to the Staphylococcus aureus pathogenicity islands (SaPls), the prototypical
members of the PICls (34). The islands of strain CCM 87307 carry genes necessary for the
transfer and autonomous replication of the element, namely, integrase, primase, small
subunit of the phage terminase complex, and transcriptional regulators, and were thus
classified as PICls. However, the two genomic islands are much longer than SaPls. The
first genomic island, designated SedCIP5085-1 and found in CCM 87307, is approxi-
mately 45 kb long with more than 70 predicted ORFs. The island is integrated into the
transfer-messenger RNA (tmRNA) gene within the attachment sequence site TCCCGC
CGTCTCCA(T/C)TATAGAGTCTGCAACC(C/-)AT(T/-)GTGGTTGTGGGCTTTTTATTTTTG that
corresponds to the attachment site of SaPIm/vSa3 (35). Two additional copies of the att
site were found in this island, thus dividing the element into three parts. The first part
is 17.9 kb long and resembles canonical SaPl (¥Sa3) in its gene composition (36). It
encodes integrase and contains genes necessary for the transfer, the fosB fosfomycin
resistance gene homologue (91% amino acid identity with the fosfomycin resistance
protein family of S. saprophyticus), and several ORFs of unknown function. So far only
plasmid-borne fosfomycin resistance genes have been detected in Staphylococcus spp.,
though the possible localization of fosB on other mobile genetic elements has been
discussed (37). The second part of SedCIP5085-1, 15.4 kb long, is comprised of phage-
and SaPl (vSa2)-related genes, but no integrase has been found. It also carries a
remnant of the fosB gene and other genes of unknown function. The last part of
SedCIP5085-1 is 11.7 kb with an indistinct left border, because the bracketing sequence
of the att site is absent. This part consists of putative genes encoding resistance to
arsenic, cadmium, and bleomycin, hypothetical proteins, and a few phage-related
genes, such as a transcriptional regulator from the Cro/cl family, which is known to
control the switch between the lytic and lysogenic cycle of bacteriophages. The mosaic
organization of islands suggests that more than one integration event occurred in the
locus.

The second genomic island, designated SedCIP5085-2, is about 30 kb and
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contains more than 45 predicted ORFs. The attachment site TATATTATTCCCACT
CGAT of SedCIP5085-2 is located within the glutamine-hydrolyzing GMP synthase
gene, which matches the attachment site for SaPlbov1/vSa2 (35, 38). This genomic
island probably enhances the resistance and endurance of the host, because it codes
for transporters and transcriptional regulators involved in antibiotic resistance, oxida-
tive stress responses, and the synthesis of virulence factors. It also contains an addi-
tional copy of the ¢cspC gene, coding for cold shock protein C, which has been found
to be expressed strongly after antibiotic, arsenate, and peroxide induction (39). In
addition, many insertion sequences from the /S3 and /51182 families were found in this
genomic island.

A prophage designated ¢SED1 (vB_SedS-P5085-1), located downstream from the
tRNAteu gene, was identified. The prophage is 44,424 bp long with an average G+C
content of 33.36 mol%, which is comparable to the G+C content of the CCM 87307
strain. The direct repeats of the phage att site ATCCCGACCACCGGTAT flank 67 ORFs
encoding essential phage genes, which cluster together into functional modules
corresponding to those in staphylococcal Siphoviridae (40). The lysogeny module starts
with phage integrase, which has a tyrosine recombinase XerD domain, AP2-like DNA
binding domain, and N-terminal S-adenosylmethionine (SAM)-like domain. There are
genes in the DNA replication and transcription regulation modules encoding a DNA
primase, helicase, HNH endonuclease domain protein, and putative single-stranded
binding protein. The DNA packaging and head and tail morphogenesis modules share
78% nucleotide identity with those of an StB20 phage infecting Staphylococcus capitis
(41). The holin and amidase from the lysis module exhibit high amino acid identities to
S. saprophyticus prophage holins and amidases, 95 to 99% and 77 to 85%, respectively.
The last gene downstream from the lysis module encodes a glycosyltransferase family
2 protein. The prophage does not carry any genes encoding tRNA or virulence factors.
However, another, incomplete ¢SED2 prophage, 9,241 bp long, bordered by TAGTGT
CCTGGGAGG direct repeats, was found in the CCM 8730T genome. This prophage has
an average G+C content of 30.73 mol%, lower than that of its host.

Although the strain CCM 87307 comes from a geographically isolated polar envi-
ronment, it carries genes for a surprisingly high number of antimicrobial resistance
factors. Resistance to beta-lactam antibiotics is determined by the class E mec complex,
coding for a beta-lactamase and alternative penicillin-binding MecC protein that is
more stable and active at lower temperatures than the MecA protein (42). This might
represent an evolutionary advantage against beta-lactam producers, which are com-
mon in a polar environment. McRae et al. (43) documented that penicillia are major
decomposers and represent an important element of the terrestrial nutrient cycle of
Antarctica, particularly since a limited range of other microbial taxa can tolerate the
harsh Antarctic climate. Penicillia producing beta-lactams, such as Penicillium chryso-
genum, have been isolated from sediments of ponds (44), permafrost (45), subglacial ice
(46), and oligotrophic and ornithogenic soil in Antarctica (43, 47). Several studies tested
for extrolite production and confirmed the antibacterial activity of Penicillium species
strains isolated in Antarctica (44, 46, 48). This is consistent with the fact that both
localities where the strains were isolated are apical parts of the landscape often visited
by skua birds in austral summer, and there is a high probability they are colonized by
fungi.

The 16S rRNA analysis had limited discriminatory power for identifying the staph-
ylococcal isolates examined, and therefore, their phylogenetic position was assessed
using the concatenated multilocus sequence data of six housekeeping genes, rpoB,
hsp60, dnaJ, tuf, gap and sod, that are commonly used in phylogenetic studies of
Staphylococcus, as well as the amino acid sequences of their protein products. The
neighbor-joining and maximum-likelihood phylogenetic trees for the six housekeeping
genes were very similar and confirmed that the isolates under study represented a
well-delineated group within the S. saprophyticus phylogenetic clade, clearly separated
from known species (Fig. 5).

To evaluate the intergenomic distances between the genome sequences of strain

January 2018 Volume 84 Issue 2 e01746-17

Applied and Environmental Microbiology

aem.asm.org 8

59



RESULTS AND DISCUSSION

A Methicillin-Resistant Staphylococcus from Antarctica

A " S. saprophyticus ATCC 15305"
0034 S. edaphi CCM 87307
S. xylosus CCM 2783"
6ol 07 - S. succinus DSM 14617"
0.014 . 0052 S. equorum UMC-CNS-924
’_T S. gallinarum DSM 20610"

S. aureus subsp. aureus DSM 20231"

S. saprophyticus ATCC 15305"
5 S. edaphicus CCM 8730
S. xylosus CCM 2783’
o S. equorum UMC-CNS-924
TTPTF] 5070 S. succinus DSM 14617"
5077 S gallinarum DSM 20610"
S. aureus subsp. aureus DSM 20231

0.058
0.010

FIG 5 Unrooted maximum-likelihood trees based on concatenated sequences from six multiple loci
showing the phylogenetic position of Staphylococcus edaphicus sp. nov. The sections of gene sequences
used and their protein products correspond to the following gene coordinates of Staphylococcus aureus
subsp. aureus NCTC 8325: 949 to 2748 for rpoB, 16 to 1573 for hsp60, 1 to 1136 for dnaJ, 1 to 1185 for
tuf, 4 to 1004 for gap, and 1 to 597 for the sod gene. Bootstrap probability values (percentages of 500
tree replications) greater than 70% are shown at branch points. The evolutionary distances are given as
the number of substitutions per site (below the branches). Filled circles indicate that the corresponding
nodes are also obtained in the neighbor-joining tree. (A) Evolutionary history inferred from nucleotide
sequences by using the maximume-likelihood method based on the Tamura-Nei model. There were a total
of 7,175 positions in the final data set. (B) Evolutionary history inferred from amino acid sequences by
using the maximum-likelihood method based on the Poisson correction model. There were a total of
2,391 positions in the final data set.

CCM 8730" and reference type strains belonging to the phylogenetically closest
Staphylococcus spp., the average nucleotide identity (ANI) and digital DNA-DNA hy-
bridization (dDDH) values were determined (Table S3). The calculated ANI and dDDH
values are well below the thresholds of 95 to 96% and 70%, respectively, for species
delineation (49). This confirms that strain CCM 87307 represents a distinct Staphylococ-
cus species.

The data from this study demonstrate that although they are highly similar to S.
saprophyticus, the two isolates represented by strain CCM 87307 belong to a new taxon
that can be distinguished both genotypically and phenotypically from established
species of the genus Staphylococcus. We suggest classifying these isolates as a novel
species for which the name Staphylococcus edaphicus is proposed, with the strain
P5085T (= CCM 8730T = DSM 1044417) as the type strain.

MATERIALS AND METHODS

Sampling and cultivation. Sampling was carried out by dispersing approximately 1 g of stone
fragments or soil in 5 ml of sterile saline solution; 100 ul of the suspension was spread on an R2A
agar plate (Oxoid) and cultivated at 15°C for 5 days. Subsequently, individual morphologically
diverse colonies were picked up and purified by repeated streaking on R2A medium at 15°C, and the
resulting pure cultures were maintained at —70°C until analyzed. Two Gram stain-positive isolates
were obtained. Additional cultivation of these isolates for biotyping and genotyping was performed
with cells growing on TSA (Oxoid). The type strains of the closely related staphylococcal taxa were
obtained from the Czech Collection of Microorganisms (www.sci.muni.cz/ccm) and were simultane-
ously investigated in all tests.

Phenotypic characterization. Extensive phenotypic characterization using the commercial kits API
50CH, API ID 32 Staph, and API ZYM (bioMérieux), phenotypic fingerprinting using the Biolog system with
the identification test panel GEN IIl MicroPlate (Biolog), and conventional biochemical, physiological, and
growth tests relevant for the genus Staphylococcus were done as described previously (50, 51). All
phenotypic data presented were from two replicates using commercial kits and three replicates using
conventional tests.

Transmission electron microscopy. The surface of the plate containing the bacterial culture was
washed off and the bacteria resuspended in distilled water. A 200-mesh Formvar-coated grid was placed
on a drop of the suspension for 20 min. Bacterial cells located on the grid were negative stained with 2%
ammonium molybdate and treated with UV light. A Morgagni 268D Philips (FEI Company) transmission
electron microscope was used to visualize bacterial cells.
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Antimicrobial susceptibility tests. The antibiotic resistance pattern was tested by the disc diffusion
method on Mueller-Hinton agar (Oxoid). Commercially prepared plates were dried at 35°C for 15 min
before use. The direct colony suspension method was used to make a suspension of the organism in
saline to the density of a McFarland 0.5 turbidity standard. The antibiotic discs were applied by a disc
dispenser (Oxoid) within 15 min of inoculation. Sixteen discs generally used for Gram-positive cocci were
applied: ampicillin (10 pg), ceftazidime (10 ug), cefoxitin (30 pg), cephalothin (30 pg), ciprofloxacin
(5 ng), clindamycin (2 ng), erythromycin (15 pg), fosfomycin (50 1g), gentamicin (10 pg), chloramphen-
icol (30 ng), imipenem (10 ug), kanamycin (30 ng), neomycin (10 ug), novobiocin (5 ng), oxacillin (1 ug),
penicillin G (1 1U), co-trimoxazole (25 pg), tetracycline (30 ng), and vancomycin (30 png). The incubation
conditions were 16 to 20 h at 36°C in air. The inhibition zone diameters were measured with a caliper.
EUCAST/CLSI standards for reading the inhibition zone diameter and interpreting susceptibility to
antibiotics were strictly followed (52, 53).

MALDI-TOF MS. For matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS), cultures were grown on Columbia blood agar (Oxoid) and transferred with a bamboo
toothpick onto an MSP 96 polished steel target plate (Bruker Daltonics). The samples were covered with
1 pl of matrix solution, comprised of a saturated solution of a-cyano-4-hydroxy-cinnamic acid (Bruker) in
50% acetonitrile (Sigma-Aldrich) and 2.5% trifluoroacetic acid (VWR). Each strain was spotted in 10
replicates. Samples were processed using a MALDI-TOF mass spectrometer (Microflex LT; Bruker Daltonics).
The mass range of spectra analyzed was 2,000 to 20,000 m/z. Each spectrum was obtained after 300 shots in
an automatic acquisition mode. Mass spectra were processed using the software Flex Analysis (version 3.4;
Bruker Daltonics). The MALDI-TOF MS-based dendrogram was generated using the software BioTyper (version
3.0; Bruker Daltonics). Signals present in at least 70% of analyses for one sample were transformed into main
spectrum projections (MSPs). Afterwards, Pearson coefficients based on the MSPs’ similarities were calculated
and the dendrogram was generated using the unweighted average linkage algorithm.

FAME analysis. The fatty acid methyl ester (FAME) analysis was performed with cells growing on BBL
Trypticase soy agar plates (Becton Dickinson) at 28°C = 1°C for 24 h. The extraction of fatty acid methyl
esters was performed according to the standard protocol of the Sherlock Microbial Identification System
(54). Bacterial biomass was harvested from the third sector of growth on agar plates, where the cultures
reached the late-exponential stage of growth according to the four-quadrant streak method (54). Cellular
fatty acid extracts were analyzed with an Agilent 7890B gas chromatograph using the rapid Sherlock
microbial identification system (MIS) (version 6.2B, MIDI database RTSBA 6.21; MIDI Inc.). The quantities
of individual fatty acids are given as percentages of all named fatty acids. Strains CCM 87307 and CCM
87317 and the reference strains were tested three times to evaluate the reproducibility of the method.

Genotypic analysis by fingerprinting techniques. Rep-PCR fingerprinting with the (GTG), primer
was performed as described previously (55). The automatic ribotyping was performed using a RiboPrinter
microbial characterization system (DuPont Qualicon) in accordance with the manufacturer’s instructions.
Numerical analysis of the fingerprints obtained and dendrogram construction were done using the
software BioNumerics 7.6 (Applied Maths). The ribotype patterns were imported into the software
BioNumerics using the load samples import script provided by the manufacturer. Pulsed-field gel
electrophoresis (PFGE) using Smal macrorestriction pattern analysis was performed as previously de-
scribed (56).

Py

q ing and bi matics analysis. Genomic DNA was extracted using a high pure
PCR template preparation kit (Roche) according to the manufacturer's recommendations. The concen-
tration of extracted DNA was estimated with a Qubit 2.0 fluorometer using a Qubit double-stranded DNA
(dsDNA) broad-range (BR) assay kit (Invitrogen). The partial 16S rRNA gene was sequenced as described
previously (57). Whole-genome shotgun (WGS) sequencing was performed using an lon Torrent Personal
Genome Machine (PGM). The purified genomic DNA was used for preparing a 400-bp sequencing library
with an lon plus fragment library kit (Thermo Fisher Scientific). The sample was loaded onto an lon 316
chip, version 2, and sequenced using an lon PGM Hi-Q view sequencing kit (Thermo Fisher Scientific).
Quality trimming of the reads was performed with the lon Torrent Suite software (version 5.0.4) with
default settings. The assembly computation and error correction were performed using Assembler
SPAdes 3.9 (58) with default parameters for lon Torrent data and k-mer settings of 21, 33, 55, 77, 99, and
127. Contigs were then reordered according to the S. saprophyticus ATCC 153057 reference genome
(GenBank accession number NC_007350) (16) using MauveContigMover (59). Ordering was evaluated
using the assembly graph visualized in Bandage (60).

Sequences were manipulated and inspected in the cross-platform bioinformatics software Ugene version
1.23.1 (61). For primary analysis, the genome was annotated using RAST (62). Gene content was further
examined by BLASTp (63), ISFinder (64), InterProScan (65), CD-Search (66), and OrthoVenn (67). The complete
16S rRNA gene sequence was extracted from WGS data using RNAmmer version 1.2 (68). Phylogenetic
analysis from multilocus sequence data was performed using the software MEGA version 7 (69).

DNA homology studies. To calculate the ANI value, the OrthoANI algorithm implemented on the
EzBioCloud server (http://www.ezbiocloud.net/tools/ani) was used (70). The dDDH values were calculated
using the web-based genome-to-genome distance calculator (GGDC) version 2.1 (71), and the recom-
mended formula 2 was taken into account to interpret the results. Whole-genome sequences of related
staphylococcal species were obtained from the NCBI database (72-75).

Accession number(s). The GenBank accession number for the 165 rRNA genes of isolate CCM 87307
is KY315825. The data from WGS of strains Staphylococcus edaphicus CCM 87307 and Staphylococcus
xylosus CCM 27387 were recorded in the GenBank WGS project under the accession numbers
MRZN00000000 and MRZO00000000.
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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 79277, CCM 7928, P862, P865, CCM 4927T,
CCM 7099T, CCM 70997, 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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The genus Macrococcus is a close relative of the genus Staphylococcus. Whilst
staphylococci are widespread as human pathogens, macrococci have not yet been
reported from human clinical specimens. Here we investigated Gram-positive and
catalase-positive cocci recovered from human clinical material and identified as
Macrococcus sp. by a polyphasic taxonomic approach and by comparative genomics.
Relevant phenotypic, genotypic and chemotaxonomic methods divided the analyzed
strains into two separate clusters within the genus Macrococcus. Comparative genomics
of four representative strains revealed enormous genome structural plasticity among the
studied isolates. We hypothesize that high genomic variability is due to the presence
of a com operon, which plays a key role in the natural transformation of bacilli and
streptococci. The possible uptake of exogenous DNA by macrococci can contribute
to a different mechanism of evolution from staphylococci, where phage-mediated
horizontal gene transfer predominates. The described macrococcal genomes harbor
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novel plasmids, genomic islands and islets, as well as prophages. Capsule gene
clusters, intracellular protease, and a fibronectin-binding protein enabling opportunistic
pathogenesis were found in all four strains. Furthermore, the presence of a CRISPR-Cas
system with 90 spacers in one of the sequenced genomes corresponds with the need
to limit the burden of foreign DNA. The highly dynamic genomes could serve as a
platform for the exchange of virulence and resistance factors, as was described for
the methicillin resistance gene, which was found on the novel composite SCCmec-like
element containing a unique mec gene complex that is considered to be one of
the missing links in SCC evolution. The phenotypic, genotypic, chemotaxonomic and
genomic results demonstrated that the analyzed strains represent one novel subspecies
and three novel species of the genus Macrococcus, for which the names Macrococcus
caseolyticus subsp. hominis subsp. nov. (type strain CCM 79277 = DSM 1036827),
Macrococcus goetzii sp. nov. (type strain CCM 49277 = DSM 103683"), Macrococcus
epidermidis sp. nov. (type strain CCM 7099" = DSM 1036817), and Macrococcus
bohemicus sp. nov. (type strain CCM 7100T = DSM 103680") are proposed. Moreover,
a formal description of Macrococcus caseolyticus subsp. caseolyticus subsp. nov. and

an emended description of the genus Macrococcus are provided.

Keywords: Macrococcus, Gram-positive pathogens, prokaryotic transformation, methicillin resistance,
Staphylococcal Cassette Chromosome (SCC), CRISPR-Cas, bacteriophage, plasmids

INTRODUCTION

The genus Macrococcus, the closest relative of staphylococci, is
currently comprised of eight species (Parte, 2014) which are
commonly isolated from animal skin (ponies, horses, cows,
llamas, and dogs), from milk or meat products (Kloos et al.,
1998; Mannerova et al., 2003; Gobeli Brawand et al., 2017).
The phylogenetic relationship to the genus Staphylococcus was
proven by a genomic study that shows that almost 65% of the
predicted genes of Macrococcus caseolyticus have the highest
homology with genes of staphylococci, and the two genera share
many metabolic pathways (Baba et al., 2009). Phylogenetically
and genotypically, macrococci are similar to oxidase-positive,
novobiocin resistant staphylococci from the Staphylococcus sciuri
complex (Gotz et al., 2006; Svec et al., 2016; Christo-Foroux et al.,
2017).

Although none of the species of the genus Macrococcus
are thought to be human pathogens, there are reports of
macrococci associated with animal infections (Gomez-Sanz et al.,
2015; Hansen et al., 2015; Cotting et al., 2017). These findings
suggest the possible pathogenicity of macrococci. Furthermore,
the identification of methicillin-resistant strains of macrococci
carrying the staphylococcal cassette chromosome (SCC) in their
genome reveals a potential broad host-range dissemination of
this resistance element between the genera Macrococcus and
Staphylococcus (Baba et al., 2009; Rubin and Chirino-Trejo, 2010;
Tsubakishita et al., 2010; Cicconi-Hogan et al., 2014; Gémez-Sanz
et al., 2015; Micheel et al., 2015).

SCC carrying a mec complex with mecA or mecC genes
has been described in staphylococci (Paterson et al, 2014;
Pantucek et al., 2017). The methicillin resistance of macrococci
has been associated with the presence of the mecB gene, a
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distantly related mecA homolog. Tsubakishita et al. (2010)
identified the mec complex (mecI-mecRI-mecB-blaZ) to be part
of transposon 1716045 integrated downstream of the orfX gene
on the chromosome of M. caseolyticus JCSC7096. The adjacent
chromosome cassette recombinase (ccr) complex co-excises
together with the mec complex to form an extrachromosomal
SCCmec element. The potential for horizontal gene transfer
(HGT) is also supported by the identification of the mec complex-
carrying transposon Tn6045 on plasmid pMCCL2 (Baba et al,,
2009). Similar elements were described in other M. caseolyticus
strains (Tsubakishita et al, 2010) and an SCCmec element
independent of Tn6045 was identified in a chromosome of the
recently described Macrococcus canis (Gémez-Sanz et al., 2015;
Gobeli Brawand et al., 2018).

A new allele of the mec gene (mecD) conferring resistance
to all B-lactam antibiotics, including cephalosporins that are
used to treat MRSA infections, was recently discovered in a
methicillin-resistant veterinary strain M. caseolyticus IMDO0819
(Schwendener et al., 2017). The mecD gene was localized on
a genomic resistance island, whose structure resembles the
Staphylococcus aureus resistance island. The genomic island
contains an integrase gene that shares a close common ancestor
with integrases of the genus Bacillus. This might indicate
possible HGT between species of the families Bacillaceae and
Staphylococcaceae (Schwendener et al., 2017).

Despite the evidence that macrococci take part in HGT
and might serve as a reservoir of resistance and virulence
determinants for veterinary pathogenic bacteria, very little is
known about their genome plasticity and mobile genetic elements
(MGE). So far no macrococci from human clinical specimens
have been described. In this study, a polyphasic taxonomic
approach using phenotypic and genotypic methods has been
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used to clarify the taxonomic position of seven Macrococcus
sp. isolates originating from human clinical material. In four
strains, the whole genome sequences were obtained and analyzed
with a focus on various MGE and possible virulence factors.
In addition, this work contributes to our understanding of the
evolutionary relationships of bacterial pathogens in the family
Staphylococcaceae.

MATERIALS AND METHODS

Bacterial Strains

Seven Gram-stain positive, catalase-positive cocci isolated from
human clinical material in different routine clinical laboratories
(Table 1) were sent to the Reference Laboratory for Staphylococci
(Prague, Czech Republic) for identification. Cells grown on
TSA agar (Oxoid) were used for biotyping and genotyping
analyses. All isolates were maintained on glass beads at —70°C
in BHI broth supplemented with 15% glycerol (v/v). Type
strains representing known Macrococcus species and reference
M. caseolyticus strains CCM 8657, CCM 8658, P262, and P885
were obtained from the Czech Collection of Microorganisms
(Masaryk University, Brno). Macrococcus canis DSM 101690"
(= KM450137) was obtained from the Leibniz-Institut DSMZ-
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (DSMZ) and deposited in the Czech Collection of
Microorganisms under strain number CCM 8748" in this
work.

Phenotypic Characterization

Extensive phenotypic characterization using API 50CH, API
ID 32 Staph and API ZYM (bioMérieux) commercial Kits,
phenotypic fingerprinting using the Biolog system with the GP2
MicroPlate identification test panel (Biolog) and conventional
biochemical, physiological and growth tests relevant for the
genus Staphylococcus were done as described previously
(Mannerovi et al., 2003; Pantucek et al., 2005, 2013). Haemolysis
was examined on Columbia blood agar (Oxoid) supplemented
with 7% sheep blood at 37°C (pH 7.2) after 24 h of incubation
in a synergy test with the P-haemolysin-producing strain

TABLE 1 | Source of human Macrococcus spp. strains characterized in this study.

Compatarive Genomics of Macrococci From Humans

Staphylococcus pseudintermedius CCM 4710. The antibiotic
resistance pattern was tested by the disc diffusion method on
Mueller-Hinton agar (Oxoid). Antimicrobial susceptibility disks
generally used for Gram-positive cocci were applied: ampicillin
(10 pg), cefoxitin (30 pg), ceftazidime (10 pg), cephalothin (30
ng), ciprofloxacin (5 pg), clindamycin (2 pg), erythromycin (15
jLg), gentamicin (10 pg), chloramphenicol (30 jig), imipenem
(10 pg), kanamycin (30 jg), neomycin (10 pg), novobiocin
(5 pg), oxacillin (1 pg), penicillin G (1 IU), cotrimoxazole (25
ng), tetracycline (30 pg), vancomycin (30 g). EUCAST/CLSI
standards were strictly followed for cultivation and inhibition
zone diameter readings (CLSI, 2015; EUCAST, 2017).

Transmission Electron Microscopy

The surface of plates containing bacterial cultures were washed
off and resuspended in distilled water. A 200-mesh formvar-
coated grid was placed on the drop of suspension for 20 min.
Bacterial cells located on the grid were negatively-stained with 2%
ammonium molybdate and treated with UV light. A T Morgagni
268D Philips (FEI Company) transmission electron microscope
was used to visualize bacterial cells.

Phage lysate obtained after UV-light induction was
centrifuged at 4,500 xg for 30 min at 4°C and filtered through
0.45pum pore-sized polyethersulfone syringe filters (Techno
Plastic Products) to remove bacterial debris. Phages were
pelleted by centrifugation at 54,000 xg for 2.5h at 4°C in a
JA-30.50 Ti rotor (Beckman). Phage pellet resuspended in phage
buffer (50mM Tris.Cl pH 8.0, 10mM CaCl,, 10mM NaCl)
was overlaid onto a preformed CsCl (Sigma) density gradient
(I mL of each 1.45 g/mL 1.50 g/mL, 1.70 g/mL of CsCl in phage
buffer) and centrifuged at 194,000 xg for 4h at 12°C using
a SW 55 Ti rotor (Beckman). The fraction containing phages
was collected and dialyzed against an excess of phage buffer at
4°C. For electron microscopy the sample was 10x concentrated
by centrifugation, fixed by 2.5% (w/v) glutaraldehyde and
deposited for 2min on carbon-coated 400 mesh copper grids.
The grids were washed twice on a drop of deionized water for
10s and stained with 2% (w/v) uranyl acetate. The samples

Species/subspecies Strain number Year of Locality in the Czech Specimen Patients’ age Diagnosis
isolation Republic range (years)

M. caseolyticus subsp. ccMm 79277 2003 Pribram Vaginal smear 40-45 Acute vaginitis

‘hominis subsp. nov.

M. caseolyticus subsp. CCM 7928 2003 Pribram Wound smear 30-35 A wound from

‘hominis subsp. nov. surgery after ankle
fracture

M. caseolyticus subsp. P862 2003 Pribram Vaginal smear 40-45 Chronic vulvitis

‘hominis subsp. nov.

M. caseolyticus subsp. P865 2003 Pribram Urine 66-70 Cervicitis

‘hominis subsp. nov.

M. goetzii sp. nov. CCM 49277 2000 Ceské Budeéjovice Nail feet smear 30-35 Mycose

M. epidermidis sp. nov. CCM 70997 2001 Ceské Budéjovice Skin smear 66-70 Mycose

M. bohemicus sp. nov. CcCM 71007 2003 Strakonice Knee wound 80-85 A traumatic wound

Frontiers in Microbiology | www.frontiersin.org
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were analyzed by Tecnai F20 (Thermo Scientific) transmission
electron microscope operated at 120 kV.

Phylogenetic Analysis Using 16S rRNA and
Housekeeping Genes

The extraction of genomic DNA by phenol-chloroform from
cells treated with mutanolysin (Sigma-Aldrich), lysostaphin
(Ambi Products LLC), and achromopeptidase (Sigma-Aldrich)
was done as described previously (Gevers et al., 2001). Initial
16S rRNA gene amplification by PCR and partial 16S rRNA
gene sequencing was performed as described previously by
Mannerovi et al. (2003). The complete 16S rRNA gene sequence
was subsequently extracted from whole-genome shotgun (WGS)
data using RNAmmer version 1.2 (Lagesen et al, 2007) and
compared with those of other taxa of the genus Macrococcus,
available in the GenBank database. Pairwise sequence alignment
and calculation of similarity values was carried out by a global
alignment algorithm, implemented at the EzBioCloud database
(Yoon et al, 2017). The evolutionary history was inferred
by the neighbor-joining and maximum likelihood methods
using bootstrap values based on 1,000 replications with the
software MEGA version 7 (Kumar et al., 2016). In addition,
phylogenetic analysis was carried out using concatenated partial
gene sequences and the corresponding proteins of the hsp60,
rpoB, tuf, dnaj, gap, and sod genes extracted from whole-
genome sequencing data of representative strains analyzed in this
study and reference sequences of M. canis CCM 8748" (Gobeli
Brawand et al, 2018) and S. sciuri DSM 203457 (GenBank
accession no. LEOS01000000).

MALDI-TOF MS Analysis

The samples were prepared by the standard extraction protocol
described in detail by Freiwald and Sauer (2009). Approximately
5-10mg of each culture was treated with 1.2 ml of 75% ethanol.
After centrifugation and removal of the supernatant, cells were
extracted with 25 pl of 70% formic acid followed by the
addition of 25 pl of acetonitrile and vortexing at 2,000 rpm
for 1 min. The supernatant after centrifugation was deposited
in three positions (wells) of the sample plate in volumes
of 0.3 ul and, after drying at room temperature, overlaid
with 0.3 pl of the MALDI matrix solution. For identification
purposes, alpha-cyano-4-hydroxycinnamic acid (CHCA) in
water:acetonitrile:TFA (47.5:50:2.5, v/v) mixture was used as a
MALDI matrix. For obtaining signals used for cluster analysis,
the matrix solution was composed of 12.5mg/ml ferulic acid
in water:acetonitrile:formic acid (50:33:17, v/v), as proposed by
Madonna et al. (2000). MALDI-TOF mass spectra were obtained
using an Ultraflextreme instrument (Bruker Daltonics) operated
in linear positive mode under FlexControl version 3.4 software.
Nine independent mass spectra were acquired per sample (three
mass spectra per well). Signals present in at least seven out of
the nine mass spectra were taken into account. Mass spectra were
processed using FlexAnalysis (version 3.4; Bruker Daltonics) and
BioTyper software (version 3.1; Bruker Daltonics) supplemented
with a database of 6903 reference entries (version 7.0.0.0). The
mutual similarity between individual mass spectra of the strains
and the BioTyper database entries were expressed in the form of
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log(scores) obtained using the default settings of the BioTyper
software. A MALDI-TOF mass spectra-based dendrogram was
constructed using the Pearson’s product moment coefficient as
a measure of similarity and the unweighted pair group average
linked method (UPGMA) as a grouping method.

Whole Cell Protein Fingerprinting

A comparison of whole-cell protein profiles was carried out
using an Agilent 2100 Bioanalyzer system with a Protein 230 kit
(Agilent Technologies) and numerical analysis of the obtained
fingerprints with the software BioNumerics version 7.6 (Applied
Maths) was performed as described previously (Svec et al., 2015).

Genotypic Analysis by Fingerprinting
Techniques

Rep-PCR fingerprinting with the (GTG)s primer was performed
as described previously (Svec et al, 2010). The automatic
ribotyping with the EcoRI restriction endonuclease was
performed using the RiboPrinter Microbial Characterization
System  (DuPont Qualicon) in accordance with the
manufacturer’s instructions. Numerical analysis of obtained
fingerprints and dendrograms construction was done using the
software BioNumerics version 7.6. The ribotype patterns were
imported into BioNumerics using the load samples import script
provided by the manufacturer. Pulsed-field gel electrophoresis
(PFGE) using Smal macrorestriction pattern analysis was
performed as described by Pantucek et al. (1996).

Chemotaxonomic Analyses

The fatty acids methyl esters analysis (FAME) was performed
with cells growing on BBL Tryptone Soya Agar (TSA) plates
(Becton, Dickinson and Company) at 37°C for 24 hrs. The
extraction of fatty acid methyl esters was performed according to
the standard protocol (Sasser, 1990). Cellular fatty acid extracts
were analyzed with an Agilent 7890B gas chromatograph by using
the Sherlock Identification System (MIS, version 6.2B, MIDI
database: RTSBA 6.21, MIDI Inc.).

Biomass and freeze-dried cells for chemotaxonomic studies
were obtained after growing on TSA (Oxoid) at 36.5°C
for 24h. Peptidoglycan was isolated and its structure was
analyzed according to published protocols (Schumann, 2011).
Menaquinones were extracted from lyophilized cells according
to the method of Collins et al. (1977) and analyzed by HPLC
(Shimadzu LC 20A) as reported earlier (Groth et al., 1996).

Genome Sequencing and Bioinformatics

Analysis

The concentration of extracted DNA was estimated with
a Qubit 2.0 Fluorometer using a Qubit dsDNA BR assay
kit (Invitrogen). WGS sequencing was performed using an
Ton Torrent'™ Personal Genome Machine (Thermo Fisher
Scientific). The purified genomic DNA was used for preparing
a 400-bp sequencing library with an Ion Plus Fragment Library
Kit (Thermo Fisher Scientific). The sample was loaded onto
a 316v2 chip and sequenced using an Ion PGM Hi-Q View
sequencing kit (Thermo Fisher Scientific). Quality trimming of
the reads was performed with the Ion Torrent Suite Software
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version 5.0.4 with default settings. The assembly computation
and error correction was performed using the Assembler SPAdes
version 3.11.1 pipeline (Nurk et al., 2013) with recommended
parameters for Ion Torrent data. Contigs were then re-ordered
according to the reference genome M. canis CCM 8748" (Gobeli
Brawand et al., 2018) using MauveContigMover (Rissman et al.,
2009). Ordering was evaluated using assembly graph visualized in
Bandage (Wick et al., 2015). The plasmid contigs were extracted
from WGS data based on higher coverage and content of typical
plasmid-borne genes. The plasmid DNA was extracted using
the NucleoSpin© Plasmid Kit (Macherey-Nagel) according to
the manufacturer’s protocol with the modification that bacteria
were lysed with lysostaphin (30 ug/ml, Ambi Products LLC)
and with 4U of mutanolysin (Sigma-Aldrich) at 37°C. The
complete plasmid sequencing was achieved by a primer-walking
approach. Sequences were manipulated and inspected in the
cross-platform bioinformatics software Ugene version 1.28.0
(Okonechnikov et al., 2012). For primal analysis, the genome
was annotated using RAST (Aziz et al., 2008). Gene content was
further examined by Protein BLAST (https://blast.ncbi.nlm.nih.
gov), ISfinder (Siguier et al., 2006), IslandViewer 4 (Dhillon et al.,
2015), and InterProScan (Jones et al., 2014). Protein sequences
predicted by RAST annotation were clustered using web-based
OrthoVenn with a default cutoff e-value of 1e™> and inflation
value of 1.5 (Wang et al., 2015), and were searched against the
virulence factors database VFDB using an e-value of le™* (Chen
et al., 2016). The presence of CRISPR-Cas systems were tested
using CRISPRone (Zhang and Ye, 2017).

DNA Homology Studies

Cells were disrupted by using a Constant Systems TS 0.75
KW (IUL Instruments) and the DNA in the crude lysate was
purified by chromatography on hydroxyapatite as described by
Cashion et al. (1977). DNA-DNA hybridization (DDH) was
carried out as described by De Ley et al. (1970) taking into
account the modifications described by Huss et al. (1983) using a
model Cary 100 Bio UV/VIS-spectrophotometer equipped with a
Peltier-thermostatted 6 x 6 multicell changer and a temperature
controller with in-situ temperature probe (Varian). To evaluate
the genomic similarity among type strains, an average nucleotide
identity (ANI) and a digital DDH (dDDH) were determined.
The dDDH values were calculated using web-based genome-to-
genome distance calculator (GGDC) version 2.1 (Meier-Kolthoff
etal., 2013). Cluster analysis based on ANI values and a heat-map
of ANI identity were obtained using the Python module PYANI
script (Pritchard et al., 2016).

Bacteriophage Analyses

The prophages were identified from WGS data by PHASTER
(Arndt et al, 2016). Phage induction by UV-irradiation
and/or mitomycin C, vertical one-dimensional SDS-PAGE and
LC-MS/MS identification of capsid proteins were performed
according to Zeman et al. (2017).

GenBank Accession Numbers
The GenBank accession numbers for the 16S rRNA genes of
isolates CCM 79277, CCM 7928, P862, P865, CCM 49277, CCM
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70997, and CCM 71007 are MH044686-MH044692. The data
from Whole Genome Shotgun projects of strains CCM 35407,
CCM 7927%, CCM 49277, CCM 70997, and CCM 7100" have
been deposited at DDBJ/ENA/GenBank under the accession
numbers:  PZJF00000000, MJBI00000000, M]JBJ00000000,
PZJH00000000, and PZJG00000000, respectively, and annotated
by the NCBI Prokaryotic Genome Annotation Pipeline.

RESULTS AND DISCUSSION

Phenotypic Characterization

All seven isolates originating from human clinical specimens
(Table 1) were observed to be spherical or slightly irregular
cocci, occurring predominantly in pairs and clusters, non-spore
forming and non-motile. The measured values of their cell size
ranged from 1.02 to 1.14 um in diameter based on transmission
electron microscopy (TEM) (Figure S1), i.e., cells that are
larger than those of staphylococci. Microscopic and macroscopic
morphology and the results of key biochemical and physiological
tests relevant for Gram-positive cocci, namely positive catalase
and oxidase activity and growth in the presence of 7% NaCl,
resistance to bacitracin and novobiocin, but susceptibility to
furazolidone and negative growth in the presence of 10% NaCl
presumptively identified all seven isolates as Macrococcus sp.

Phylogenetic Analyses

The obtained 16S rRNA gene sequences (FigurelA) and
multilocus sequence analyses (MLSA) based on 6 concatenated
housekeeping genes, hsp60, rpoB, tuf, gap, sodA, and dna]
(Figure 1B), and their protein products (Figure 1C) confirmed
the phylogenetic position of the isolates within the genus
Macrococcus and divided the strains into two separate groups.
The phylogenetically closest known related species of both
groups were strains from a phylogenetic clade including
M. caseolyticus and M. canis (Figure 1). Strains CCM 79277,
CCM 7928, P862, and P865 representing group 1 had 100%
reciprocal identity and 99.8% identity with the 16S rRNA
sequence of M. caseolyticus CCM 35407 and M. canis CCM
8748". Group 2 formed a separate branch in the MLSA and
included isolates CCM 49277 and CCM 7099", which have
identical 16S rRNA gene sequences and are closely related
to strain CCM 7100%, with 99.9% 168 rRNA gene sequence
similarity. The next closest relatives of the group 2 strains
were strain CCM 79277 (99.1%), M. caseolyticus CCM 3540"
(99.0%) and M. canis CCM 8748" (98.9%). Despite the high 16S
rRNA gene sequence similarities, the MLSA data unambiguously
confirmed the differentiation of the new isolates from the
phylogenetically closely related known species M. caseolyticus
and M. canis and differentiated all strains of group 2 from each
other (Figures 1B,C).

MALDI-TOF MS Identification and Whole
Cell Protein Profiling

The analyzed strains and reference type strains of all validly
named Macrococcus spp. were subjected to a standard MALDI-
TOF MS identification procedure including protein extraction,
sample deposition with CHCA as the MALDI matrix, and
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FIGURE 1 | Phylogenetic trees showing the position of human macrococci
within the genus Macrococcus based on (A) 16S rRNA gene sequence;

(B) concatenated housekeeping genes hsp60, rpoB, dnaJ, tuf, gap, and
sodA; and (C) concatenated housekeeping gene protein products. The
sections of the gene sequences and their protein products correspond to the
following gene coordinates of Staphylococcus aureus subsp. aureus NCTC
8325 (GenBank accession number NC_007795): 14 to 1608 for hsp60, 82 to
3552 for rpoB, 1 to 1116 for dnadJ, 7 to 1200 for tuf, 15 to 1026 for gap, and 2
to 599 for the sodA gene. The evolutionary history was inferred using the
Maximum Likelihood method based on the Tamura-Nei model. The tree with
the highest log likelihood is shown. Bootstrap probability values (percentages
of 1,000 tree replications) greater than 50% are indicated at branch points. Bar
indicates number of substitutions per nucleotide position. Staphylococcus
sciuri type strain was used as an outgroup.

comparison with a commercially available database (BioTyper,
version 7.0.0.0; currently, from Macrococcus spp., only entries of
M. caseolyticus exist in the database). Only strain CCM 35407
yielded a log(score) greater than 2.000, indicating M. caseolyticus
species identification with a high confidence. All group 1 strains
produced scores between 1.700 and 1.999, which correspond to
M. caseolyticus species identification with low confidence. The
remaining strains did not yield mass spectra with significant
similarity to any of the BioTyper database entries [log(scores)
lower than 1.699]. The outputs of the cluster analysis based on
signals obtained by MALDI-TOF MS analysis using ferulic acid
as the MALDI matrix correlate with the other cluster analyses
performed (Figure S2); group 1 strains formed a tight cluster with
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the M. caseolyticus CCM 35407 strain and M. canis CCM 87487
as the next closest relative, while group 2 strains formed another
well-resolved group clearly distinguished from the reference type
strains of Macrococcus spp.

Whole-cell protein fingerprinting also confirmed the separate
position of the closely related group 1 strains and showed
their relationship to M. caseolyticus strains. The three group
2 strains CCM 49277, CCM 70997, and CCM 7100" were
placed in a separate cluster, but these three strains exhibited
more heterogeneous profiles. The closest profile to the group 2
strains was that of M. canis CCM 8748, All the analyzed strains
were clearly differentiated from all remaining representatives of
known Macrococcus spp. (Figure S3).

DNA Fingerprinting Analyses

The genomic relatedness among isolated strains and their
clonal origin was studied by three DNA fingerprinting
techniques, namely automated ribotyping (Figure S4), rep-
PCR fingerprinting (Figure S5), and Smal macrorestriction
analysis determined by PFGE (Figure S6). Numerical analysis of
the obtained fingerprints clearly separated group 1 strains from
the remaining macrococci and showed genetic homogeneity
within these four strains, revealing visually identical fingerprints
by each of these techniques. The group 2 strains CCM 49277,
CCM 7099", and CCM 71007 were clearly differentiated from
the remaining macrococci included in the analysis as well as
from each other. The macrorestriction analysis of the strains
showed diversity between group 1 and group 2 in their PEGE
banding patterns. Group 1 strains exhibited fragments of similar
lengths (from 5kb to 190kb) to M. caseolyticus, in contrast with
the macrorestriction patterns of group 2 isolates, for which no
significant similarity was found and which were ~20kb to
> 600kb in size, resembling staphylococci (Figure S6).

Chemotaxonomic Analyses

All  chemotaxonomic analyses of the isolates showed
characteristics corresponding to those of the other species
of the genus Macrococcus. FAME analysis (Table S1) showed that
group 1 strains have a unique fatty acid composition compared
to M. caseolyticus CCM 3540T and M. canis CCM 8748". The
major fatty acids displayed by group 1 were identified as Cj4.0
(27.1%), Cyg:0 N alcohol (13.6%), Cig:1 wllc (11.5%), Cie:0
(9.7%) and Cig:1 w9c (22.9%). The group 1 strains contained
lower amounts of Ciyg. iso (1.1%) and Cigq wllc (11.5%)
compared to M. caseolyticus CCM 35407 (7.9% and 29.5%,
respectively); moreover, members of group 1 differed by a higher
amount of Cjy4.9 (27.1%), C 16:0 (9.7%) and Cig.3 w6¢ (6,9,12)
(6.7%) compared to M. caseolyticus CCM 35407 (16.5%, 6.6%
and 0%, respectively), confirming their divergence from this type
strain.

Strains belonging to group 2 were found to have similar, but
not identical fatty acid profiles. Common major fatty acids to all
of them were Cys.¢ anteiso (12.3-17.5%), Ci6:0 (8.8-14.9%) and
Cig:1 @9¢ (20.2-31.5%). Strain CCM 49277 differs by the presence
of two additional major fatty acids, namely Cj4,9 (11.8%) and
Cig:1 @9¢ (11.8%). Strain CCM 71007 was distinguishable by
an additional major fatty acid Cy¢:0 (14.9%). Strain CCM 70997
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differs by an additional major fatty acid Cys.9 (12.7%) and by a
low amount of Cy4.9 (3.6%) compared to the two other species
in group 2. Members of group 2 were distinguishable from group
1, M. caseolyticus CCM 3540T and M. canis CCM 8748" based
on the presence of Cjs. anteiso. Overall, the fatty acid profile of
each member of group 2 exhibited a unique fatty acid pattern that
represents an important distinctive feature.

The major menaquinone type obtained from the isolates was
MK-6, which is in agreement with the data of Gobeli Brawand
et al. (2017). The menaquinone profiles of representative strains
were found to be as follows: CCM 79277 [MK-6 and MK-
7 (97:0.6)], CCM 49277 [MK-6, MK-5, and MK-7 (98:1:0.1)],
CCM 7099" [MK-6 and MK-7 (96:0.5)],and CCM 7100" [MK-6,
MK-5, and MK-7 (97:2:0.3)].

The peptidoglycan type of the cell wall of strains CCM 79277
and CCM 7099" was determined to be A3a Lys-Glys-Ser and so
resembled the peptidoglycan type of majority Macrococcus spp.
members (Schleifer, 2015), while the peptidoglycan type A3o L-
Lys-Gly; _, identified in strains CCM 4927 and CCM 7100T was
different.

Genome Homology Studies

Both wet-lab DNA-DNA hybridization (DDH) and whole-
genome sequencing to compare genome-to-genome distances
were performed in order to precisely clarify the taxonomic
position of the analyzed human macrococcal isolates (Figure S7).
After considering the recommendations of a threshold value of
70% DNA-DNA similarity for the definition of bacterial species
by the ad hoc committee (Wayne et al, 1987) and 95-96%
threshold ANI value (Richter and Rossell6-Mora, 2009; Meier-
Kolthoff et al., 2013), the results showed that strain CCM 79277
representing group 1 belongs to the species M. caseolyticus. In
contrast, strains CCM 49277 , CCM 70997, and cCM 71007
were shown to be representatives of three distinct species, clearly
differentiated from strains CCM 7927T and M. caseolyticus CCM
35407

Proposal of the New Macrococcal Taxa
Based on the above results of overall genome relatedness, a
novel subspecies within M. caseolyticus and three novel species
within the genus Macrococcus are proposed. Group 1 strains
CCM 79277, CCM 7928, P862, and P865, originating from
various human clinical materials, formed a coherent cluster for
which the name M. caseolyticus subsp. hominis subsp. nov. is
proposed. In accordance with Rule 40d (formerly Rule 46) of
the Prokaryotic Code (De Vos and Triiper, 2000; Parker et al.,
2015) the remaining strains of M. caseolyticus represented by the
type strain CCM 35407 are reclassified as M. caseolyticus subsp.
caseolyticus subsp. nov. Group 2 strains CCM 49277, CCM 7099"
and CCM 71007 represents three distinct species for which the
names Macrococcus goetzii sp. nov. (type strain CCM 49277)
and Macrococcus epidermidis sp. nov. (type strain CCM 70997),
both inhabiting human skin, and Macrococcus bohemicus sp.
nov. (type strain CCM 71007), isolated from a knee wound, are
proposed. The detailed protologues describing these four taxa are
given below.
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Genome Characteristics

Genomes of the strains CCM 79277, CCM 49277, CCM 7099"
and CCM 71007 were shot-gun sequenced and compared with
the reference genomes of M. caseolyticus subsp. caseolyticus
subsp. nov. CCM 35407, sequenced in this study, and M. canis
CCM 8748T (Gobeli Brawand et al., 2018). The sequencing and
assembly statistics of the whole genome sequences obtained
from the type strains are shown in Table2. Macrococcus
caseolyticus subsp. hominis subsp. nov. CCM 79277 with a 2.1-
Mb chromosome and G+C content of 36.8 mol% is closely
related to the type strain M. caseolyticus subsp. caseolyticus subsp.
nov. CCM 35407, differing mainly in the content of variable
genetic elements. All strains from group 2 exhibited larger
chromosomes than M. caseolyticus, ranging from 2.3 to 2.6 Mb,
with a notably lower G+C content of 34.0 to 34.2 mol% (Table 2).
Their G4+C content values lie below the 38-45 mol% range
defined by Kloos et al. (1998) for the genus Macrococcus using the
thermal denaturation method. A comparison of the G4-C content
in the core genome of the analyzed strains confirmed that this
difference is not caused by the presence of accessory genes. Thus
M. goetzii sp. nov., M. epidermidis sp. nov. and M. bohemicus
sp. nov. have similar G4-C content to the members of the genus
Staphylococcus (Schleifer and Bell, 2009).

Examination of the macrococcal pan-genome showed that five
macrococcal representatives (CCM 35407, CCM 49277, cCM
7927%, CCM 7099", and CCM 7100") share 1678 orthologous
protein clusters (Figure 2). On a pairwise basis, the type strain
M. caseolyticus subsp. caseolyticus subsp. nov. CCM 3540 shares
additional 94 distinctive orthologous groups with M. caseolyticus
subsp. hominis subsp. nov. CCM 79277, All group 2 strains share
282 orthologous groups, which is the largest common gene pool
in the analyzed sample. Strain CCM 4927 shared the most with
CCM 7099", with 164 orthologous groups. Hence these results
support the outcomes of the phylogenetic analysis and shows
that CCM 49277 and CCM 7099" are more related to each other
than to strain CCM 7100T. According to the Gene Ontology
(GO) enrichment analysis among the three group 2 strains, five
enriched pathways were found: quinone binding, ATP synthesis-
coupled electron transport, NADH dehydrogenase (ubiquinone)
activity, calcium ion transmembrane transport, and respiratory
chain complex, and strains CCM 7099 and CCM 49277 had an
over-represented lipid metabolic process.

Comparative genomics of human macrococci discovered huge
genome structure plasticity, which might give them an advantage
in terms of survival in diverse environments (Figure 3). We
hypothesize that such genomic variability, particularly in group
2 strains, is attributed to the presence of com operons. These
operons play a key role in the uptake of exogenous DNA during
the transformation of Streptococcus pneumoniae (Muschiol et al.,
2015) and Bacillus subtilis (Chung and Dubnau, 1995) and
possibly sustain functionality in macrococci. All sequenced
human Macrococcus isolates have been found to contain part of
the putative comG operon (comGA-comGC), the complete comE
(comEA-comEC) operon, and the dprA gene, which is another
key factor in transformations and mediates DNA recombination.
This suggests that transformation may lead to the extensive
genomic variability and larger genome size of group 2 macrococci
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TABLE 2 | Summary of whole genome sequence characteristics of analyzed Macrococcus spp.

Compatarive Genomics of Macrococci From Humans

Genome M. caseolyticus subsp. M. caseolyticus subsp. M. goetzii sp. M. epidermidis sp. M. bohemicus sp.
caseolyticus subsp. hominis subsp. nov. nov. CCM 49277 nov. CCM 70997 nov. CCM 71007
nov. CCM 35407 ccMm 79277
WGS Project no. PZJFO0000000 MJBIO0000000 MJBJ00000000 PZJH00000000 PZJG00000000
Size (Mb) 2.06 2.10 2.59 2.48 2.30
No. of contigs (=200 42 37 33 31 29
bp)
N50 72 809 189 524 459 952 214 089 260 501
Mean Coverage 67 66 313 264 272
G+C content (mol%) 36.56 36.79 33.95 33.97 34.23
G+C content in core 36.77 37.02 34.04 34.08 34.32
genome (mol%)
Coding sequences 2140 2149 2679 2588 2462
No. of prophages 1 1 (9MC1) 2 (HMG1, $MG2) 1 (pME1) 1 (MB1)
SCC-like elements VSCCoomas40 VYSCCoomraor MgCl- MeCl-U'SCCcomro99 MbCI-¥SCCoom7100
WSCCmeccomager
other 1 1 (McRlcemrgzr) - 1 (MeClcemrogo) 2 (MbRI-1¢eomr100:
chromosomal/resistance MbRI-2¢cm7100)
island
PICI (Phage-inducible 3 - 2 - 1 (MbCloemr100)
chromosomal island) (MgCl-1comage7
MgCl-2¢emagar)
No. of plasmids N/A 1 (pZKMH1) 1 (pZKMG1) 1 (pZKME1) 2 (pZKMB1, pZKMB2)
CRISPR - - - - 1 (type II-C)
virulence factors N/A fopAC; veg?; hly-lf; cap’  sdr loc?; PIAP; sdr loci?;PIAP; fopAC; PIAP; fhpAC; veg?;
fbpAC; veg?; veg; hiy-lle; cap’ hly-1Ife;cap’
hiy-1ie; cap';
adsA9

asdr loci are composed of genes sdrB, sarC and sdrD.

bica locus encoding polysacharide intercellular adhesin (PIA).
Cfibronectin binding protein A gene (fbpA).
9biofiim-associated gene (veg).

©hemolysin lll family gene (hly-1li).

fcapsule gene clusters (cap).

9Iputative gene for adenosine synthase A (adsA).

N/A, not analyzed.

-, not detected.

isolates. Conversely the negative lysogenic conversion of the
com@G locus caused by the presence of prophage ¢ MCl in strain
CCM 79277 from group 1 strains could be responsible for the low
accessory genome variability in M. caseolyticus subsp. hominis
subsp. nov. (Figure 4).

The presence of a CRISPR-Cas system and restriction-
modification (R-M) systems in macrococcal genomes
corresponds with the need to limit the burden of foreign
DNA. Strain CCM 79277 carries a Type II R-M system with
methyltransferase and the endonuclease from the DpnlI family.
Strains CCM 49277, CCM 7099T and CCM 71007 contain Type
I R-M systems consisting of three genes (hsdM, hsdS, and hsdR).

Accessory genes that are not essential in all bacterial strains
were identified in the human macrococcal genomes. The highest
number of genome-specific proteins, with 303 singletons, was
found in the CCM 49277 genome followed by CCM 35407,
CCM 7099T, CCM 7100T and CCM 7927T with 246, 208, 195,
and 160 singletons, respectively. While accessory genes localized
outside MGEs constitute 17% of the predicted coding sequences
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of M. caseolyticus CCM 35407 and CCM 79277, for the strains
CCM 4927" and CCM 7099 the accessory genes localized
outside MGEs constitute 31-32%, and for strain CCM 71007
24%. The higher percentage of accessory genes in strains CCM
4927 and CCM 70997 is consistent with their expected ability
to receive foreign DNA via transformation, in contrast to strain
M. caseolyticus subsp. hominis subsp. nov. CCM 79277, where
negative lysogenic conversion of the comG locus was identified.
Although negative lysogenic conversion was not observed in
strain CCM 71007, the lower proportion of accessory genes
outside MGEs might be caused by the presence of the complete
CRISPR-Cas system.

New Variant of Type II-C CRISPR-Cas
System

Clustered, regularly interspaced, short, palindromic repeats
(CRISPR) loci, together with their CRISPR-associated (Cas)
proteins provide the bacteria with adaptive immunity against
the invasion of bacteriophages, plasmids, and other MGE. The
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FIGURE 2 | Venn diagram showing shared orthologous protein clusters
among genomes of human macrococcal isolates and Macrococcus
caseolyticus subsp. caseolyticus subsp. nov. CCM 35407 . The number of
protein clusters predicted by RAST comprised of multiple protein families is
indicated for each genome. The orthologous clusters were identified with the
default parameters, 16~ e-value cutoff for all protein similarity comparisons
and 1.5 inflation value for the generation of orthologous clusters. The number
of singletons specific for each genome is shown in brackets.

CRISPR-Cas system found in M. bohemicus sp. nov. CCM
71007 is demarked by two 36-bp anti-repeats (GAAGCCAT
TCGCTTCATTCTAAAAGATCATAGTTAA; TCATAGTT
CTAAAACACTCGTGCAATCCTACTCTTA). The CRISPR
locus is 5,888 bp long, and contains 90 spacers separated by
36-bp-long repetitive sequences (GTTTCACTTCATTCTA
AAAGATCATAGTTCTAAAAC). Genes for Cas proteins were
found neighboring the CRISPR arrays and were categorized as
Casl, Cas2 and Cas9. Casl exhibited 60% amino acid identity
with the type II CRISPR-associated endonuclease Casl of
S. pseudintermedius (Ben Zakour et al., 2011); and 57% amino
acid identity with the type II CRISPR-associated endonuclease
Casl of Staphylococcus simulans (GenBank accession no.
CP023497). Cas2 exhibits 72% amino acid identity with the
CRISPR-associated endonuclease Cas2 of Staphylococcus
delphini (Verstappen et al, 2017). The whole CRISPR-Cas
locus exhibited high nucleotide identity (68%) to the type II-C
CRISPR-Cas of S. simulans strain FDAARGOS_383 (GenBank
accession no. CP023497), hence this region was classified as
CRISPR-Cas type II-C.

Virulence Factors

The pathogenic potential of bacteria depends on the production
of virulence factors and the presence of antimicrobial resistance
determinants. Human macrococci, as well as closely related
coagulase-negative staphylococci, seem to be a potential reservoir
of virulence and resistance genes for staphylococci (Becker
et al, 2014). Putative genes carrying the motifs associated with
bacterial virulence factors were predicted in analyzed genomes
using the virulence factor database (VFDB) (Table2). The
locus encoding polysaccharide intercellular adhesin (PIA) was
identified in strains CCM 49277, CCM 70997, and CCM 7100"
from group 2. PIA has been described as a factor involved in
staphylococcal biofilm accumulation (Rohde et al., 2010). Highly
heterogenic gene homolog of biofilm synthesis protein poly-
beta-1,6-N-acetyl-D-glucosamine synthase (PNAG) have been
identified not only across the genus Staphylococcus, but also
in Gram-negative human pathogens. A putative macrococcal
PNAG synthase gene homolog shares the highest amino acid
identity (64%) with a protein of Bacillus onubensis (Dominguez-
Moiino et al., 2018).

The biofilm-associated veg gene for a small conserved Veg
protein (87 aa) is present in all sequenced macrococcal genomes.
Veg protein is conserved among the four sequenced strains
and BLAST analysis showed the veg gene to be conserved
not only among the whole genus Macrococcus but also in
coagulase-negative staphylococci and other low-G+C Gram-
positive bacteria from the phylum Firmicutes. The function of
the Veg coding gene has been studied in B. subtillis, where the
transcription of veg was increased during exponential growth and
sporulation, supporting its function as an additional regulatory
protein contributing to the control of matrix production (Lei
etal., 2013).

In all sequenced human macrococcal genomes, the putative
gene fbpA encoding a potential virulence factor, fibronectin
binding protein A (FbpA), was identified. This protein is highly
conserved across the genus Macrococcus with more than 74%
amino acid identity. The FbpA protein of strain CCM 49277
shares 52% amino acid identity and 98% query coverage with the
FbpA of Staphylococcus saprophyticus (GenBank accession no.
WP_061854885) (Mukherjee et al., 2016). The mutual nucleotide
identity of the fbpA of the strain CCM 49277 compared to strain
CCM 7099" and CCM 71007 is 79% and compared to CCM
7927 is 73%. FbpA is one of the most important adhesins for
binding to human fibronectin. Human fibronectin participates
in eukaryotic cellular processes, such as adhesion, migration and
differentiation, and FbpA is important during staphylococcal and
streptococcal infection, since it allows the pathogens to bind to
host epithelial cells, facilitates their internalization (Joh et al.,
1999) and systemic spread within the host (Christie et al., 2002).

The genome analyses revealed putative capsule gene clusters
in all sequenced genomes, composed of putative cap genes,
which are arranged consecutively. Moreover, strain CCM 7099
contains two cap loci (cap-lccmzoss, cap-2ccmzogs) in its
chromosome. Many genes involved in the biosynthesis of
the capsule are similar among the members of the genera
Staphylococcus, Streptococcus, and Bacillus, with similar capsule
gene clusters within the genus Macrococcus. The cap locus
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FIGURE 3 | Whole-genome comparison of human macrococci and Macrococcus caseolyticus subsp. caseolyticus subsp. nov. CCM 35407 and Macrococcus canis
CCM 87487 (GenBank accession number CP021059) with highlighted variable genetic elements. Variable genetic elements are color-coded according to the legend.

is involved in the expression of the capsule and enhances The putative gene for adenosine synthase A (AdsA), which is
virulence by phagocytosis evasion. Most staphylococci express  a critical virulence factor in staphylococci, was found in strains
the serotype 5 or 8 capsular polysaccharides (Watts et al,, 2005).  CCM 49277 and CCM 7099". AdsA is a cell wall-anchored
The staphylococcal cap5 and cap8 loci are comprised of an  enzyme that converts adenosine monophosphate to adenosine
~17.5kb region with 16 closely linked genes (O’Riordan and Lee, ~ (Thammavongsa et al., 2009). Kim et al. (2012) showed that the
2004), which is comparable to the genetic structure of the 15 - staphylococcal synthesis of adenosine enabled by AdsA allows
18 kb macrococcal cap region with 13 to 17 ORFs (Figure 5). The  the pathogen to escape from phagocytic clearance in blood, to
highest similarity (93% nucleotide identity, coverage 89%) of the ~ form organ abscesses, and to block host adaptive immune defense
cap locus was observed between cap-lccmrooe and capccomagz;  mechanisms. AdsA from strain CCM 49277 exhibited 59% amino
from CCM 49277 Both regions exhibit partial homology to the  acid identity and 74% coverage with that described in S. aureus
staphylococcal serotype 5 cap genes (Sau et al., 1997), whereasthe ~ (Thammavongsa et al., 2011). The mutual similarity of AdsA
cap-2cemzoge and capcemzioo from CCM 7100%, and capccMze27  from macrococcal strains CCM 7099T and CCM 71007 is 95%.
from CCM 7927 are homologous to the staphylococcal serotype ; B

8 cap genes (Sau and Lee, 1996). OriC Environ and Staphylococcal Cassette

A key aspect of bacterial virulence lies in the ability to Chromosome-Like Elements

target the host cell membrane with many membrane-damaging A comparison of the sequenced Macrococcus genomes
toxins and peptides. Another putative virulence factor found  revealed a high heterogeneity in the region near 3’ oriC.
in all human Macrococcus genomes is the predicted membrane  This region was found to be distinctive within the genus
channel-forming protein YqfA from the haemolysin IIT family  Staphylococcus (Takeuchi et al., 2005) and correspondingly
(hly-III). Virulence factor hly-III has been described in Bacillus ~ macrococcal genomes are highly diverse in this region
cereus to cause erythrocyte lysis as a result of the formation  (Figure3). All human macrococcal isolates carry a pseudo
of transmembrane pores (Baida and Kuzmin, 1996). In the  Staphylococcus chromosome cassette (YSCC) inserted into
multiple sequence alignment of the macrococcal hly-III genes,  the rimH (orfX) gene in the vicinity of the oriC. Moreover
two clusters corresponding to phylogenetic group 1 and group  f-lactam susceptibility testing revealed that strain CCM 49277
2 were distinguished. However, the haemolysis determined on  is resistant to fB-lactam antibiotics, including oxacillin, thus
Columbia blood agar supplemented with sheep blood was not  pointing to the presence of a mecB gene, which was indeed
observed for human macrococci. Further analysis of the hly genes  identified as part of ySCCmecccmagsns. The mecB gene of
found several single-nucleotide polymorphisms that might result ~ macrococcal origin was recently detected on a plasmid in
in the expression of non-functional haemolysin. MRSA strain UKM4229 (Becker et al, 2018), emphasizing
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FIGURE 4 | Genetic structure of com operon in human macrococci. The picture shows a comparison of the comG and comE operons, which might be functional in
macrococcal strains CCM 49277, CCM 70997, and CCM 71007 . The genes are annotated according to Fageriund et al. (2014); ComGA is a traffic ATPase, ComGB
a polytopic membrane protein and ComGC major component of a pilus ensuring the competence of bacterial cells during transformation. Genes comGD, comGE,
and comGF encodes minor pilin structure. ComEA is a membrane DNA receptor, ComEB a late competence protein, and ComEC a channel for DNA uptake.
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that macrococcal resistance genes could be transferred to
staphylococci, especially when the two species share the same
habitat.

WYSCCmecccmagzy is 12,779 bp long, bordered by imperfect
18-bp direct repeats. This element harbors 14 ORFs (Figure 6),
including the mecB gene, which shares 98% nucleotide identity
with other mecB genes of sequenced macrococci (Gomez-Sanz
et al, 2015). The regulators of the mecB transcription, the
repressor mecl and inducer mecRI, were also present within
the mec gene complex, but this locus as well as the whole
genome, did not contain the blaZ gene, which is associated
with the class E mec complex in other macrococci (Tsubakishita
et al,, 2010). Hence the structure of the complex could be the
missing link between the antecedent form of the class E mec
complex (mecl-mecR-mecA-blaZ) and the descendent class A
mec complex (mecI-mecR-mecA) present in SCCmec type II,
III and VIII, as discussed by Tsubakishita et al. (2010). No
cassette chromosome recombinase (ccr) genes or their homologs
were found in YSCCmecccmagnz, neither transposase genes were
present, so it is uncertain whether this element alone could be
transferred.

Three additional copies of the insertion sequence site (ISS)
were found in the genomic sequence of strain CCM 4927 that
form the boundaries of three adjacent YSCC elements forming a
composite island designated MgCI-ySCCmecccmagzz composed

of YSCCmecccmasaz, WSCCloemaszz, WSCC2cemaz7, and
WSCC3cemagar-

PYSCCleemagyy is 23,281 bp long, carries 24 ORFs and consists
of two separate parts. The first part contains hypothetical genes
from which three ORFs exhibit 92% sequence identity to genes
previously identified as M. caseolyticus JCSC5402 chromosomal
genes MCCL_0033, MCCL_0034, and MCCL_0035 (Baba et al.,
2009). The second part contains a cluster of heavy metal
resistance genes with a cad operon (cadDAC genes), zntA gene,
cop operon (copYZ), histidine kinase hisK gene and multicopper
oxidase cueO. This cluster has a G+C content of 35.86 mol%,
which is considerably higher than the average G4-C content of the
rest of the MgCI-'SCCccma927 and Macrococcus genome. Based
on the gene composition and higher G4-C content, we propose
that this heavy metal resistance gene cluster is a transposon; it
was also found in the SCCs of strains CCM 7100T and CCM
7927". This transposon was probably integrated into the genome
independently before the creation of the ySCC1ccmagz7 element,
which strengthens the hypothesis that SCCs are prone to the
accumulation of MGE and dynamic evolution (Indrdkova et al.,
2016). WSCC2ccma927 is a 6,682-bp element carrying the gene
for an additional threonine-tRNA-ligase and four genes coding
for hypothetical proteins. YySCC3ccmagz7 is 7,899 bp in size and
it contains 11 ORFs, comprised of putative isochorismatase, a
3-ketoacyl reductase paralog, and hypothetical proteins.
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Staphylococcal
serotype 8 cap locus

M. caseolyticus subsp.
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FIGURE 5 | Comparison of genetic structure of putative capsule (cap) gene clusters in sequenced genomes of human macrococci with staphylococcal caps
(GenBank accession number U81973) and cap8 (GenBank accession number U73374) loci.

During the oriC environ analysis of the strain CCM
71007, a composite island MbCI-ySCCccmzi0o of three YSCCs
(USCCleemrion, WSCC2cemzion, and YSCC3cemrion) was
identified (Figure 6). SCClccmyioo has a length of 19,392 bp
and encodes 20 ORFs. Apart from two hypothetical proteins and
putative histone acetyltransferase, the ySCClccmyioo element
includes a heavy metal resistance transposon comparable to the
one found in CCM 49277, The second element inserted into
the rlmH gene of CCM 71007 is 7,162-bp-long WSCC2ccm71005
comprised of 8 ORFs, namely the putative transcriptional
regulator from the XRE family, putative HNH endonuclease,
and hypothetical proteins. The third element in the region is
PYSCC3ccmyi00, which is 8,501 bp long with 12 ORFs coding
for daunorubicin resistance protein, putative dehydrogenases,
putative arsenic efflux pump protein ArsB and arsenic resistance
operon repressor protein ArsR, and several hypothetical proteins.

The chromosome of strain CCM 79277 contained one
PYSCC similar to YSCClcemrioo (Figure 6). The 18,494-bp-
long WSCCccmz9zy carries 20 ORFs and an almost identical
transposon to the one detected in strain CCM 71007

Strain CCM7099T also carries a composite island inserted
into the rlmH gene. The island is made of two SCCs, 31.0-
kb—long \lISCClCCMmgg and 13.8—kb-long l]JSCCZCCMmgg. These
two cassettes are not similar in their gene composition to
any of the above-described {SCCs (Figure 6), and they code
for transcriptional regulators, putative resistance (blasticicdin
S deaminase, bleomycin resistance protein, aminoglycoside
transferase) and virulence factors (sortase and LPXTG motif
containing protein), and other uncharacterized proteins.

Transposons Harboring Heavy Metal

Resistance Genes
The transposon found in MgCI-/SCCmecccmaszy of strain
CCM 49277 and also within the WSCCs of strains CCM 7100"
and CCM 79277 is presumably inserted into the radC gene,
whose remnants were found directly upstream of the transposon
sequence (Figure 6). Notably, other transposons of Firmicutes
exhibit a strong preference for the insertion site within radC
(Miller et al., 2013). The cadDAC operon was followed by the
transposase from the IS30 family (98% amino acid identity to
Tnps from Macrococcus, Enterococcus, and Staphylococcus). A
similar cad resistance region was found in S. pseudintermedius
(Chanchaithong et al., 2016). Inverted repeats delimiting the
transposon or the second part of the radC gene were not found,
so the boundary on the right hand-side was determined by the
presence of the transposase from the IS4 family in the CCM
71007 chromosome (66% amino acid identity to Tnp from
Ureibacillus thermosphaericus and Lysinibacillus macroides) and
given the presence of two different transposases genes, it is thus
possible that the macrococcal transposon is concatenated from
two separate transposons that confer heavy metal resistance.
Apart from the transposons found in the oriC environ of
CCM 4927", CCM 71007, and CCM 79277, another transposon
conferring resistance to heavy metals was identified in the
genomes of the three above-mentioned human Macrococcus
strains. The 7.4-kb-long transposon is bordered by insertion
sequences with two transposase genes from the 1S3 family and
apart from lead-, cadmium- zinc- and mercury/heavy metal-
transporting ATPase genes, also contains a resolvase gene and
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and their orientation in the chromosome.

an ArsR transcriptional regulator gene. Inverted repeats in
the detected transposon are almost identical to a 123-bp-long
sequence in ISI216E from Enterococcus faecium (Arthur et al.,
1997).

Other Chromosomal and Resistance

Islands

The resistance island designated McRIccmye27  encoding
macrolide resistance and harboring a putative gene for
chaperone protein ClpB, which is part of a stress-induced multi-
chaperone system, was found in strain CCM 79277 (Figure 3).
McRIcemyez7 is integrated into the 3’ end of the 30S ribosomal
protein S9 gene (rpsl) localized upstream of the gene for a
hypothetical protein of AAA family ATPase, which is the same
locus as the one used by McRIyecp carrying the mecD gene in
two M. caseolyticus strains described earlier by Schwendener
et al. (2017). McRIccmygzy carries 22 ORFs, including an
integrase. There is a completely different chromosomal island
(MeClcemzoge) in the genome of CCM 70997, sharing only
the same att site and integrase (94% nucleotide similarity) with
McRIcemygz; (Figure 3). MeClcemzoge does not contain any
known resistance or virulence genes. No chromosomal island
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was integrated into the rspl gene of CCM 7100", and even the
gene for AAA family ATPase was missing.

Strain CCM 71007 carries two genomic islands, designated
MbRI'lCCMﬂOO and MbRI'ZCCM7100~ MbRI'ICCMﬂOO is ~19kb
long and carries genes for resistance to heavy metals and copper.
This genomic island is integrated into one of the two copies
of the gene for LSU ribosomal protein L33p. MbRI-2¢ccm7100 is
cca 23 kb long and integrated into the radC homolog encoding
a DNA repair protein (Figure 3). This island harbors the optrA
gene cluster encoding oxazolidinone/phenicol resistance, which
was described in S. sciuri (Li et al, 2016), and type I R-M
system.

Phage-Induced Chromosomal Islands

MGEs designated phage-inducible chromosomal islands
(PICIs) that can contribute to host adaptation and virulence
(Penadés and Christie, 2015) were identified in genomes of
strains CCM 49277 and CCM 71007 (Figure 3). Macrococcal
PICIs have a typical modular structure that facilitates their
integration, replication and excision such as S. aureus
pathogenicity islands (SaPIs), the prototype members of
these elements. Strain CCM 49277 has two putative PICIs
in the genome. The 11-kb-long island MgCI-1ccmag27 is
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integrated between the genes for hypothetical L-lactate
dehydrogenase subunit YkgG and phospatidylethanolamine
N-methyltransferase gene. The 22-bp-long att site of MgCI-
lcemagz7 is TTGTTTTAGATGATAAATAATA. Apart from
many hypothetical genes, no virulence or resistance gene
homologs were identified. The second 15-kb-long island MgCI-
2ccma927 1s integrated between the genes for chorismate synthase
and nucleoside diphosphate kinase. The 24-bp att site of MgCI-
2ccma927 18 TGCCCTTTTTCTGCCCTTTTTTTA, which is the
same att site as for the 15-kb-long island MbCIccmz100 located
in the genome of strain CCM 7100". Although both islands
share the integration site and their integrases have 74% mutual
amino acid identity, their nucleotide sequences are only similar
in 8% of their total length. There is a gene encoding a plasmid
antitoxin from the HigA proteins family at the end of the island
MbClcemzioo. The toxin associated with this antitoxin gene was
identified on the smaller plasmid pZKMS1 from strain CCM
7100,

Prophages

Prophages were identified in all sequenced genomes of
Macrococcus spp. strains (Table 3). The detected prophages in
human macrococci exhibit low similarities to any known phage
or putative prophage in the databases except for pMC1 (CCM
79277). Also, a comparison of all five prophages identified in
human macrococci uncovered a low level of synteny, only the
prophages MG1 (CCM 49277) and pME1 (CCM 7099") exhibit
20% nucleotide identity and have the same integration site in
their host genomes (Figure 7A). Although the prophages have
unique gene compositions, they follow the typical siphoviral
modular structure (Kahankovi et al., 2010).

Comparative analysis showed that the phage ¢MC1 is highly
similar in its major genomic modules, including its integrase and
integration site, to the prophages of M. caseolyticus IMD0819
(Schwendener et al., 2017) and M. canis CCM 87487 (Gobeli
Brawand et al., 2018). $MC1 also exhibits high similarity to
the ¢MCCL2 of M. caseolyticus JCSC5402 (Baba et al., 2009)
(Figure 7B). An important feature of $MC1 is its suspected
lysogenic conversion. The phage ¢MCI is integrated into the
comGC gene of the comG operon, thus causing its negative

Compatarive Genomics of Macrococci From Humans

conversion (Figure4). Two putative immunoglobulin-binding
regulators IbrA and IbrB are encoded by the phage genome.
IbrA and IbrB are hypothesized to be possible virulence factors
in Escherichia coli (Sandt et al., 2002) with 33% amino acid
and 50% amino acid similarity, respectively, to those harbored
in the ¢MCl genome. These regulators activate genes for
immunoglobulin-binding proteins (Eib) (Rubin et al., 2017).
Genes encoding IbrA and IbrB were previously found in the
prophages of different distantly related bacterial species (Castillo
et al., 2014; Laanto et al., 2015).

Phages from all the strains were induced by UV irradiation.
The lysate of M. caseolyticus subsp. hominis subsp. nov.
CCM 79277 contained phage particles detectable by TEM.
Morphological analysis by TEM with negative staining revealed
that this bacteriophage, designated ¢MC1 (VB_McaS_7927),
belongs to the Siphoviridae family. The phage particles consist
of an icosahedral head (Bl morphology) with a flexible, non-
contractile tail ending with a base plate. The diameters of the
phage head are from 66.5 to 69.5 nm, and tail length is ~310 nm
(Figure 8). The structural proteins of the $MC1 phage particles
separated by SDS-PAGE and analyzed by mass spectrometry
matched a prophage sequence identified in the genome of the
monolysogenic host strain CCM 79277,

Plasmids
Extrachromosomal plasmids were identified in all sequenced
genomes of human macrococci (Table 2). All plasmids contain
many hypothetical genes without any homologs in the databases.
The 3,842 bp-long plasmid pZKMH1 was identified in the
genome of CCM 7927T. This plasmid carries a transposable
element with a small multidrug resistance (smr) cassette-like
structure, usually found in small non-conjugative plasmids, such
as staphylococcal pSK41 (Costa et al., 2013). The cassette encodes
two Smr proteins conferring resistance to quaternary cation
compounds and an associated transcription factor from the
ribbon-helix-helix superfamily (Schreiter and Drennan, 2007;
Bay and Turner, 2012). These genes could serve as a defense
mechanism against active oxygen toxicity and could prevent the
oxidative damage of DNA (Demple et al., 1983). The same smr
cassette-like structure was also identified in the chromosomes

TABLE 3 | Prophages identified in genomes of human macrococci and their characteristics.

Strain Phage name Size (bp) G+C (mol%) ORFs Integration site att sequence Similar prophages
Host GenBank
accession no.
ceM 79277 $MC1 50167 34.72 69 comGC CATTTCAATTAAAGT M. caseolyticus AP009484
JCSC5402
CCM 49277 ¢MG1 39954 32.83 58  between TsaD and CGAACACATGTAC Staphylococcus CP009623
ABC transporter TTGTACACAA agnetis 908
dMG2 41282 34.10 60 tRNA-Leu ACCCCGACCGGTGGTACTA M. goetzii sp. nov. this study
CCM 4927 (¢MG1)
CcCcM 70997 SME1 49155 32.71 73 between TsaD and TTGTGTACAAGTACATGTG M. caseolyticus CP021058
ABC transporter TTCGCGTGGATAA IMD0819
ccM 71007 dMB1 32855 33.87 47 tRNA-Arg TTAGCGTCCTGGGAGG M. caseolyticus CP021058
IMD0819
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FIGURE 7 | Comparative genomics of macrococcal bacteriophages. (A) Mutual comparison of highly divergent prophage genomes from human macrococci: ¢MC1
(CCM 79277), ¢ME1 (CCM 70997), ¢MG1 (CCM 49277), ¢MG2 (CCM 49277), and ¢MB1 (CCM 71007). (B) Genome comparison of converting phage ¢MC1 from
Macrococcus caseolyticus subsp. hominis subsp. nov. CCM 79277 with M. caseolyticus JCSC5402 phage ¢MCCL2, phage from M. caseolyticus IMD081D and
phage from M. canis CCM 8748T. Genomes were aligned using the blastn algorithm and similar regions with more than 65% identity are indicated. The positions and
orientations of the coding regions are represented by arrows. Genome modules are color-coded according to the legend.
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of strain CCM 7100" and newly described species Auricoccus
indicus, which is distantly related to macrococci (Prakash et al.,
2017), hence pointing to the intergeneric horizontal transfer of
these resistance genes.

34,802 bp-long pZKMBI1 and 69,509 bp-long pZKMB2, low-
copy number plasmids from strain CCM 71007, encode putative
tra genes, suggesting their conjugative transfer. Nevertheless,
only pZKMBI1 harbors other genes necessary for conjugation.
The conjugative potential of these plasmids has not been tested
due to the absence of suitable selection markers. The conjugation-
essential nick region 5GTGTGTAAGTGCG|CCCTTG3' that
matches the consensus sequence 5'NcgtNtaAgtGCGCcCTta 3'for
the RSF10-0riT (Grohmann et al., 2003) was identified in the
plasmid pZKMB1. The MbA/MobL superfamily domain of the
putative DNA relaxase (TraA) of pZKMBI possesses two out
of three motifs that are typically found in all conjugative DNA
relaxases in Gram-positive bacteria (Zechner et al., 2017); motif I
with a conserved Tyr residue binds the DNA backbone, and motif
I1I with two His residues is involved in nucleophilic attack at the
nick region.

The plasmid pZKMB2 shares short regions with 73%
nucleotide identity with the pMCCL2 plasmid from
M. caseolyticus strain JCSC5402. Unlike pMCCL2 that carries an
unusual form of the mec gene complex (mecB-mecR1y,-meclp-
blaZ,) (Tsubakishita et al., 2010), the pZKMB2 plasmid encodes
the putative stage V sporulation protein B (SpoVB), responsible
for the late stage of spore development (Vasudevan et al., 2009).
In strain CCM 7099", the 11,867 bp-long plasmid pZKME1
encoding 12 ORFs with unknown function was identified. The
small cryptic 1,913-bp-long plasmid pZKMG1 was identified in
strain CCM 49277, pZKMG1 only encodes a replication protein
with 94% amino acid identity to the replication protein of pSTH6
from S. saprophyticus (Heir et al., 1998).

Species Description Protologues
Protologues describing the four aforementioned novel taxa
are given below. Phenotypic tests distinguishing the novel

FIGURE 8 | Transmission electron microscopy image of negatively stained
particle of phage ¢MC1 induced from Macrococcus caseolyticus subsp.
hominis subsp. nov. CCM 79277 by UV-light.

macrococcal taxa from the phylogenetically close species M. canis
and M. caseolyticus are presented in Table4. The ability to
use carbon sources via respiration, determined in Biolog GP2
MicroPlate assays is listed in Table S2.

Description of Macrococcus caseolyticus

subsp. hominis subsp. nov.

Macrococcus caseolyticus subsp. hominis subsp. nov. (ho'mi.nis L.
gen. n. hominis of man, indicating that the strains were isolated
from humans).

Cells are Gram-stain positive spherical cocci, occurring
predominantly in pairs and clusters, non-spore forming
and non-motile. Colonies on TSA agar are circular, whole
margin, flat, smooth, shiny, 1-2mm in diameter, aerobic
and pigmented a yellowish orange. No haemolytic activity.
Grows in the presence of up to 7.5% NaCl, at 15°C (weak) and
48°C but not at 10°C or 50°C. No growth in the presence of
10% or more NaCl and in a thioglycolate medium. Catalase,
oxidase, pyrrolidonyl arylamidase, nitrate reduction and Voges-
Proskauer test (acetoin) positive. Weak hydrolysis of gelatin.
Coagulase, clumping factor, urease, arginine dihydrolase, and
ornithine decarboxylase negative. Susceptible to furazolidon
(100 pg) and resistant to novobiocin (5 pg) and bacitracin
(10 IU). Hydrolysis of esculin and Tween 80 negative. Acid
phosphatase, alkaline phosphatase (weak), esterase (C4),
esterase lipase (C8), chymotrypsin (weak) and naphthol-
AS-Bi-phosphohydrolase  positive. Lipase (C14), leucine
arylamidase, valine arylamidase, cystine arylamidase, trypsin,
a-galactosidase, [B-galactosidase, P-glucosidase, N-acetyl-B-
glucosaminidase, o-mannosidase and a-fucosidase negative.

TABLE 4 | Phenotypic characteristics that differentiate novel macrococci from
phenotypically related Macrococcus caseolyticus subsp. caseolyticus subsp. nov.
and Macrococcus canis.

Test 1* 2 3 4 5 6
Growth at 10°C + - - + 3 +
Growth at 45°C + + - + - -
Growth in thioglycolate “+ - - w w J
Yellow pigmented - + - - - =
Chymotrypsin + + w + = &
Acid from: ribose + + . - = =
galactose + - - o + =
mannitol - + + - = =
lactose + - - o + oE
salicine - - = + e ey
turanose =5 - - + + +
L-arabinose - - - + - -
melezitose - - - + + -

Strains: 1. M. caseolyticus subsp. caseolyticus subsp. nov. CCM 35407; 2.
M. caseolyticus subsp. hominis subsp. nov. CCM 79277, 3. M. canis CCM 8748T; 4.
M. goetzii sp. nov. CCM 49277 ; 5. M. epidermidis sp. nov. CCM 70997 ; 6. M. bohemicus
sp. nov. CCM 71007 .

+, positive; w, weak positive; —, negative; *, data valid for type strain as well as subspecies
description; all data of type strains were taken from this study
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Acid is produced from glycerol, ribose, D-glucose, D-fructose,
mannitol, maltose, sucrose and trehalose. Acid is not produced
from erythritol, D-arabinose, L-arabinose, D-xylose, L-xylose,
adonitol, B-methyl-D-xyloside, galactose, mannose, sorbose,
rhamnose, dulcitol, inositol, sorbitol, a-methyl-D-mannoside,
a-methyl-D-glucoside, N-acetyl glucosamine, amygdalin,
arbutin, salicin, cellobiose, lactose, melibiose, inulin, melezitose,
D-raffinose, starch, glycogen, xylitol, B-gentiobiose, D-turanose,
D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol,
gluconate, 2 keto-gluconate and 5 keto-gluconate. Variable
biochemical reactions were obtained for the hydrolysis of DNA
(1 of 4 positive), p-glucuronidase (2 of 4) and a-glucosidase
(2 of 4). Susceptible to ampicillin, cefoxitin, cephalothin,
ciprofloxacin, clindamycin, gentamicin, chloramphenicol,
imipenem, kanamycin, neomycin, oxacillin, penicillin G,
sulphamethox/trimethoprim (cotrimoxazol), tetracycline and
vancomycin. Resistant to erythromycin. The DNA G+C content
of the type strain is 36.79 mol% (calculated from WGS). The
peptidoglycan type is A3 Lys-Glys-Ser. The major fatty acids
are Ci4:0, C16:0 N alcohol, Ci6:1 @I1cand Cig:1 w9c. The quinone
system contains the major component menaquinone MK-6 and
minor component MK-7.

Isolated from various human clinical materials. The type
strain is CCM 79277 (= DSM 1036827). Sequence accession
no. of 16S rRNA gene for the type strain is MH044686. Most
characteristics of the type strain CCM 79277 are in agreement
with the subspecies description. The strain-dependent test results
are as follows: positive B-glucuronidase and negative hydrolysis
of DNA and a-glucosidase.

Description of Macrococcus caseolyticus

subsp. caseolyticus subsp. nov.

The subspecies name is created automatically with the same
authors as those of Macrococcus caseolyticus subsp. hominis
subsp. nov., in accordance with Rule 40d (formerly Rule
46) of the Prokaryotic Code (De Vos and Triiper, 2000;
Parker et al.,, 2015). The description of M. caseolyticus subsp.
caseolyticus subsp. nov. is based on properties reported
previously (Schleifer et al., 1982; Kloos et al., 1998; Mannerova
et al., 2003; Schleifer, 2015; Gobeli Brawand et al., 2017)
and on phenotypic data determined from the five reference
strains included in this study. All strains are gelatin hydrolysis-
positive and produce esterase (C4), esterase-lipase (C8) and
naphthol-AS-BI-phosphohydrolase. Acid from gluconate,
leucine arylamidase and o-glucosidase is variable. Grows in
presence of up to 12% NaCl, hydrolysis of Tween 80 and esculin,
lipase (C14), valine arylamidase, cysteine arylamidase, trypsin,
a-galactosidase, N-acetyl-B-glucosaminidase, o-mannosidase
and a-fucosidase negative. Acid production from erythritol,
D-arabinose, L-xylose, D-adonitol, B-methyl-D-xyloside, L-
sorbose, L-rhamnose, dulcitol, inositol, a-methyl-D-mannoside,
a-methyl-D-glucoside, N-acetyl glucosamine, amygdaline,
arbutine, D-melibiose, inulin, starch, glycogen, xylitol,
gentiobiose, D-lyxose, D-tagatose, D-fucose, L-fucose, D-
arabitol, L-arabitol, 2 keto-gluconate and 5 keto-gluconate
negative.
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The type strain CCM 35407 (= ATCC 135487 = CCUG
15606T = CIP 1007557 = DSM 205977) was isolated from cow’s
milk (Schleifer et al., 1982).

Description of Macrococcus goetzii sp.

nov.

Macrococcus goetzii sp. nov. (goe’tzi.i N.L. masc. gen. n. goetzii,
of Goetz, named in honor of Prof. Dr. Friedrich Gétz, a
German microbiologist, for his contribution to the microbiology,
physiology, and molecular biology of staphylococci and
macrococci).

Cells are Gram-stain positive irregular spherical cocci,
occurring predominantly singly and in clusters, non-spore
forming and non-motile. Colonies on TSA agar are circular,
with whole margins, slightly convex, smooth, shiny, 1-2mm
in diameter, aerobic and non-pigmented. No haemolytic
activity. Grows in the presence of up to 7.5% NaCl (weak),
at 10°C and 45°C but not at 5°C or 48°C. No growth
in the presence of 10% or more NaCl. Weak growth in
thioglycolate medium. Catalase, oxidase, nitrate reduction,
Voges-Proskauer test (acetoin) and hydrolysis of gelatin positive.
Coagulase, clumping factor, urease, arginine dihydrolase,
ornithine decarboxylase and pyrrolidonyl arylamidase negative.
Susceptible to furazolidon (100 jLg) and resistant to novobiocin
(5 pg) and bacitracin (10 IU). Hydrolysis of esculin, DNA and
Tween 80 negative. Acid phosphatase, alkaline phosphatase,
esterase (C4), esterase lipase (C8) (weak), chymotrypsin (weak),
naphthol-AS-Bi-phosphohydrolase,  -galactosidase  (weak)
and o-glucosidase (weak) positive. Lipase (C14), leucine
arylamidase, valine arylamidase, cystine arylamidase, trypsin,
a-galactosidase, P-glucuronidase, f-glucosidase, N-acetyl-B-
glucosaminidase, a-mannosidase and a-fucosidase negative.
Acid is produced from glycerol, L-arabinose, galactose (weak),
D-glucose, D-fructose, arbutin, salicin, maltose, sucrose,
trehalose, melezitose, B-gentiobiose and D-turanose. Acid is
not produced from erythritol, D-arabinose, ribose, D-xylose,
L-xylose, adonitol, B-methyl-D-xyloside, mannose, sorbose,
rhamnose, dulcitol, inositol, mannitol, sorbitol, a-methyl-
D-mannoside, a-methyl-D-glucoside, N-acetyl glucosamine,
amygdaline, cellobiose, lactose, melibiose, inulin, D-raffinose,
starch, glycogen, xylitol, D-lyxose, D-tagatose, D-fucose, L-
fucose, D-arabitol, L-arabitol, gluconate, 2 keto-gluconate
and 5 keto-gluconate. Susceptible to cefoxitin, cephalothin,
ciprofloxacin, erythromycin, gentamicin, chloramphenicol,
imipenem, kanamycin, neomycin, sulphamethox/trimethoprim
(cotrimoxazol), tetracycline and vancomycin. Resistant to
ampicillin, clindamycin, oxacillin and penicillin G. The DNA
G+C content of the type strain is 33.95 mol% (calculated
from WGS). The peptidoglycan type is A3o L-Lys-Gly;_s.
The major fatty acids are Ci4, Cis:o anteiso, Cig1 wllc,
Ci6:0, and Cyg:1 w9¢c. The quinone system contains the major
component menaquinone MK-6 and minor components MK-5
and MK-7.

The type strain is CCM 49277 (= DSM 103683T). Isolated
from human clinical material (swab, nail, mycosis). Sequence
accession no. of 16S rRNA gene for the type strain is MH044690.
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Description of Macrococcus epidermidis

Sp. nov.

Macrococcus  epidermidis sp. nov. (e.pi.dermidis. N.L. n.
epidermis, outer skin (from Gr. pref. epi and Gr. n. derma, skin;
Gr. n. epidermis, -idos, the outer skin); N.L. gen. n. epidermidis,
of the outer skin).

Cells are Gram-stain positive spherical cocci, occurring
predominantly in pairs and clusters, non-spore forming and
non-motile. Colonies on TSA agar are circular, with whole
margins, convex with condensed centers, lustreless, 1-2 mm in
diameter, aerobic and non-pigmented. No haemolytic activity.
Grows in the presence of up to 7.5% NaCl (weak), at 10 and
42°C but not at 5 or 45°C. No growth in the presence of 10%
or more NaCl. Weak growth in thioglycolate medium. Catalase,
oxidase, nitrate reduction, Voges-Proskauer test (acetoin) and
hydrolysis of gelatin positive. Coagulase, clumping factor, urease,
arginine dihydrolase, ornithine decarboxylase and pyrrolidonyl
arylamidase negative. Susceptible to furazolidon (100 pg) and
resistant to novobiocin (5 jLg) and bacitracin (10 IU). Hydrolysis
of esculin, DNA and Tween 80 negative. Acid phosphatase,
alkaline phosphatase, esterase (C4), esterase lipase (C8) (weak),
a-glucosidase (weak) and naphthol-AS-Bi-phosphohydrolase
positive. Lipase (C14), leucine arylamidase, valine arylamidase,
cystine arylamidase, trypsin, a-galactosidase, B-galactosidase,
B-glucuronidase, B-glucosidase, N-acetyl-B-glucosaminidase,
a-mannosidase and o-fucosidase negative. Acid is produced
from glycerol (weak), galactose, D-glucose, D-fructose, N-acetyl
glucosamine, arbutin, salicin, maltose, lactose, sucrose, trehalose,
melezitose, 3-gentiobiose and D-turanose. Acid is not produced
from erythritol, D-arabinose, L-arabinose, ribose, D-xylose,
L-xylose, adonitol, B-methyl-D-xyloside, mannose, sorbose,
rhamnose, dulcitol, inositol, mannitol, sorbitol, a-methyl-D-
mannoside, «a-methyl-D-glucoside, amygdaline, cellobiose,
melibiose, inulin, D-raffinose, starch, glycogen, xylitol, D-lyxose,
D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate,
2 keto-gluconate and 5 keto-gluconate. Susceptible to ampicillin,
cefoxitin, cephalothin, ciprofloxacin, erythromycin, gentamicin,
chloramphenicol, imipenem, kanamycin, neomycin, oxacillin,
penicillin G, sulphamethox/trimethoprim  (cotrimoxazol),
tetracycline and vancomycin. Resistant to clindamycin. The
DNA G+C content of the type strain is 33.97 mol% (calculated
from WGS). The peptidoglycan type is A3 Lys-Glys-Ser. The
major fatty acids are Cy5. anteiso, Cjg. 1 w9cand Cg. ¢. Quinone
system contains the major component menaquinone MK-6 and
minor component MK-7.

The type strain is CCM 70997 (= DSM 1036817). Isolated
from human clinical material (swab, mycosis). Sequence
accession no. of 16S rRNA gene for the type strain is MH044691.

Description of Macrococcus bohemicus

Sp. nov.
Macrococcus bohemicus sp. nov. (bo.he'mi.cus. N.L. masc. adj.
bohemicus, pertaining to Bohemia, a region of the Czech Republic
where the type strain was isolated).

Cells are Gram-stain positive spherical cocci, occurring
predominantly in pairs and tetrads, non-spore forming and
non-motile. Colonies on TSA agar are circular, with whole
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margins, flat with convex center, lustreless, 1-2 mm in diameter,
aerobic and nonpigmented. No haemolytic activity. Grows in the
presence of 7.5% NaCl, at 10°C and 42°C but not at 5 or 45°C.
Growth in thioglycolate medium. No growth in the presence
of 10% or more NaCl. Catalase, oxidase, nitrate reduction,
Voges-Proskauer test (acetoin) and hydrolysis of gelatin positive.
Coagulase, clumping factor, urease, arginine dihydrolase,
ornithine decarboxylase and pyrrolidonyl arylamidase negative.
Susceptible to furazolidon (100 jg) and resistant to novobiocin
(5 ng) and bacitracin (10 IU). Hydrolysis of esculin, DNA
and Tween 80 negative. Acid phosphatase (weak), esterase
(C4), esterase lipase (C8), chymotrypsin and naphthol-AS-Bi-
phosphohydrolase positive. Lipase (C14), alkaline phosphatase,
leucine arylamidase, valine arylamidase, cystine arylamidase,
trypsin, «-galactosidase, P-galactosidase, B-glucuronidase,
a-glucosidase B-glucosidase, N-acetyl-B-glucosaminidase, o-
mannosidase and o-fucosidase negative. Acid is produced from
glycerol (weak), galactose, D-glucose, D-fructose, N-acetyl
glucosamine, arbutin, salicin, maltose, lactose, sucrose, trehalose,
D-raffinose (weak), B-gentiobiose and D-turanose (weak). Acid
is not produced from erythritol, D-arabinose, L-arabinose,

ribose, D-xylose, L-xylose, adonitol, B-methyl-D-xyloside,
mannose, sorbose, rhamnose, dulcitol, inositol, mannitol,
sorbitol,  a-methyl-D-mannoside,  a-methyl-D-glucoside,

amygdaline, cellobiose, melibiose, inulin, melezitose, starch,
glycogen, xylitol, D-lyxose, D-tagatose, D-fucose, L-fucose,
D-arabitol, L-arabitol, gluconate, 2 keto-gluconate and 5 keto-
gluconate. Susceptible to ampicillin, cefoxitin, cephalothin,

ciprofloxacin, erythromycin, gentamicin, chloramphenicol,
imipenem, kanamycin, neomycin, oxacillin, penicillin G,
sulphamethox/trimethoprim  (cotrimoxazol),  tetracycline

and vancomycin. Resistant to clindamycin. The DNA G+C
content of the type strain is 34.9 mol% (calculated from WGS).
Peptidoglycan type is A3a L-Lys-Gly;—,. Major fatty acids are
Cis:0 anteiso, Cig:9 and Cyg.1 @9c. Quinone system contains
major component menaquinone MK-6 and minor components
MK-5 and MK-7.

The type strain is CCM 7100T (= DSM 1036807). Isolated
from human clinical material (wound, knee). Sequence accession
no. of 165 rRNA gene for the type strain is MH044692.

Emended Description of Genus
Macrococcus Kloos, Ballard, George,
Webster, Hubner, Ludwig, Schleifer, Fiedler
and Schubert 1998

The phenotypic characteristics are identical to those of the
original genus description and additional references (Mannerova
et al,, 2003; Gobeli Brawand et al, 2017) and the above-
mentioned data in subspecies descriptions, except for the
following: DNA G+C content is in the range 34-39 mol%.
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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 84187, CCM 8494T, CCM 8421T, CCM 5829T, and one additional methicillin-
resistant isolate of S. petrasi subsp. jettensis P5404 were sequenced using lon 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 SP{-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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Staphylococcus petrasii is recently described coagulase negative staphylococcal species and an opportunistic
human pathogen, still often misidentified in clinical specimens. Four subspecies are distinguished in S. petrasii by
polyphasic taxonomical analyses, however a comparative study has still not been done on the majority of isolates
and their genome properties have not yet been thoroughly analysed. Here, we describe the phenotypic and
genotypic characteristics of 65 isolates and the results of de novo sequencing, whole genome assembly and
annotation of draft genomes of five strains. The strains were identified by MALDI-TOF mass spectrometry to the
species level and the majority of the strains were identified to the subspecies level by fingerprinting methods,
(GTG)s repetitive PCR and ribotyping. Macrorestriction profiling by pulsed-field gel electrophoresis was con-
firmed to be a suitable strain typing method. Comparative genomics revealed the presence of new mobile genetic
elements carrying antimicrobial resistance factors such as staphylococcal cassette chromosome (SCC) mec,
transposones, phage-inducible genomic islands, and plasmids. Their mosaic structure and similarity across
coagulase-negative staphylococci and Staphylococcus aureus suggest the possible exchange of these elements.
Numerous putative virulence factors such as adhesins, autolysins, exoenzymes, capsule formation genes, im-
munomodulators, the phage-associated sasX gene, and SCC-associated spermidine N-acetyltransferase gene,
pseudouridine and sorbitol utilization operons might explain clinical manifestations of S. petrasii isolates. The
increasing recovery of S. petrasii isolates from human clinical material, the multi-drug resistance including
methicillin resistance of S. petrasii subsp. jettensis strains, and virulence factors homologous to other pathogenic
staphylococci demonstrate the importance of the species in human disease.

1. Introduction Jjettensis, S. petrasii subsp. croceilyticus and S. petrasii subsp. pragensis

were described (De Bel et al., 2014, 2013; Pantucek et al., 2013; Svec

Coagulase-negative staphylococci (CoNS) are considered to be ty-
pical opportunists (Heilmann et al., 2019), having a substantial impact
on human life and health, particularly in immunocompromised patients
(Becker et al., 2014). Antibiotic resistance has been documented to be
more common in CoNS than in S. aureus (Brzychczy-Wloch et al., 2013;
Otto, 2013). Developments in diagnostics have led to the frequent de-
tection of Staphylococcus petrasii in human specimens and suggested
that it is a clinically relevant species. Based on genotypic and pheno-
typic analyses, four subspecies S. petrasii subsp. petrasii, S. petrasii subsp.

et al., 2015). S. petrasii belongs to a phylogenetic clade including Sta-
phylococcus haemolyticus and Staphylococcus hominis (Pantucek et al.,
2013). The well-studied and phylogenetically related S. haemolyticus is
known for its historically early acquisition of resistance to methicillin
and glycopeptide antibiotics (Froggatt et al., 1989). It is possible that S.
haemolyticus played an important role in the diversification of staphy-
lococcal cassette chromosome mec (SCCmec) (Cavanagh et al., 2014;
Zong et al., 2011), which led to an alarming prevalence of methicillin-
resistant S. haemolyticus clinical isolates (Bouchami et al., 2012; Panda

* Corresponding author at: Department of Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic.

E-mail address: pantucek@sci.muni.cz (R. Panttifek).

https://doi.org/10.1016/j.ijmm.2019.151355

Received 5 June 2019; Received in revised form 29 August 2019; Accepted 4 September 2019

1438-4221/ © 2019 Elsevier GmbH. All rights reserved.

89



RESULTS AND DISCUSSION

V. Vrbovskd, et al.

et al., 2016). In contrast, SCC of S. hominis exhibited a limited clonality
and a low genetic diversity (Bouchami et al., 2011). The properties of
both species confirm they are significant opportunistic human patho-
gens (Barros et al., 2012; Chaves et al., 2005).

Although S. petrasii was described 6 years ago (Pantucek et al.,
2013), there is limited knowledge of its pathogenicity, genome struc-
ture, mobile genetic elements (MGE) carrying virulence and drug re-
sistance genes, and systems limiting the spread of these elements. A set
of sixty-five strains originating from human clinical material was ana-
lysed in this study with a focus on improving S. petrasii diagnostics and
the description of the species’ diversity. Whole genomes of type strains
of four S. petrasii subspecies and one additional methicillin-resistant
isolate were sequenced and characterized in detail for a better under-
standing of its pathogenic potential.

2. Materials and methods
2.1. Bacterial strains

S. petrasii strains were collected from a set of CoNS referred by
routine clinical laboratories for identification to the National Reference
Laboratory for Staphylococci, National Institute of Public Health (NRL/
St) (Prague, Czech Republic) as clinically significant agents isolated
from clinical materials and from previous taxonomic studies (Table S1,
Fig. S1) (De Bel et al., 2013; Pantucek et al., 2013; Svec et al., 2015).
The possibility that strains were skin contaminants was excluded by
disinfection before the blood collection and analysis of patients’ skin
microflora. Reference strains are available in the Czech Collection of
Microorganisms (CCM) at Masaryk University (Brno, Czech Republic).
The phenotypic identification of the isolates was done using commer-
cial identification kits STAPHYtest 24 with ErbaExpert software (Erba
Lachema, Brno, Czech Republic) and API Staph (bioMérieux, Marcy
I'Etoile, France) according to the manufacturers’ instructions.

2.2. Matrix-assisted laser-desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) analysis

The samples were prepared by the standard extraction protocol
described in detail by Freiwald and Sauer (Freiwald and Sauer, 2009).
MALDI-TOF mass spectra were obtained using an UltrafleXtreme in-
strument (Bruker Daltonics, Bremen, Germany) operated in linear po-
sitive mode using the software FlexControl version 3.4. Signals present
in at least seven out of nine independent mass spectra acquired per
sample were taken into account. Mass spectra were processed using
FlexAnalysis (version 3.4; Bruker Daltonics) and BioTyper software
(version 3.1; Bruker Daltonics) supplemented with database version
8.0.0.0 (7854 entries). The mutual similarity between individual mass
spectra of the strains and the Biotyper database entries were expressed
in the form of log(scores) obtained using the default settings of the
Biotyper software.

2.3. Genotypic analysis by fingerprinting techniques

Repetitive PCR fingerprinting with the (GTG)s primer ((GTG)s-REP-
PCR) was performed as described previously (Svec et al., 2010). The
automatic ribotyping was performed using the RiboPrinter Microbial
Characterization System (DuPont Qualicon, Wilmington, DE) in ac-
cordance with the manufacturer’s instructions. Numerical analysis of
the obtained fingerprints and dendrogram construction was done using
the software BioNumerics version 7.6 (Applied Maths, Kortrijk, Bel-
gium) and compared to the in-house CCM database of reference strains.
The ribotype patterns were imported into BioNumerics using the load
samples import script provided by the manufacturer.

Macrorestriction analysis with Smal (New England BioLabs,
Ipswich, MA) resolved by pulsed-field gel electrophoresis (PFGE) was
performed as described previously (Pantucek et al., 1996). PFGE was
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done using a CHEF-Mapper system (Biorad, Hercules, CA) with 1.2%
agarose gel (Serva, Heidelberg, Germany) in 1X Tris-acetate-EDTA
(TAE) buffer for 20 h at 14 °C. Pulse times of 2s to 12s for 14h at 5.5V
and 30s to 45s for 6 h at 6 V were used. The strain S. petrasii subsp.
petrasii CCM 8418" was used as a reference every sixth line of each gel.
The gels were stained in 0.3% ethidium bromide for 3h and photo-
graphed under UV light. Digital images were stored electronically as
TIFF files and analyzed with BioNumerics version 7.6 software. Den-
drograms were constructed using the Dice similarity coefficient (with
0.5% tolerance and 0.5% optimization) and the unweighted pair group
method with arithmetic averages (UPGMA) for clustering.

2.4. Antimicrobial susceptibility tests

The antibiotic resistance was tested by the disc diffusion method on
Mueller-Hinton agar (Oxoid, Basingstoke, UK) using seventeen anti-
biotics generally used for Gram-positive cocci (Oxoid): cefoxitin
(30 pug), ciprofloxacin (5 ug), clindamycin (2 pg), erythromycin (15 pg),
co-trimoxazole (25 pg), fusidic acid (10pg), gentamicin (10pg), ri-
fampicin (5pg), tigecycline (15pg), mupirocin (5pg), tetracycline
(30pg), chloramphenicol (30 pg), linezolid (10 pg), benzylpenicillin
(1U), teicoplanin (30 pg), vancomycin (30 pg), and ceftaroline (5 pg).
The incubation conditions were 16-20 h at 36 °C in air. EUCAST/CLSI
standards for reading the inhibition zone diameter and interpreting
susceptibility to antibiotics were strictly followed (CLSI, 2018; EUCAST,
2017). The presence of the methicillin resistance genes mecA, mecB and
mecC was examined by PCR amplification with the primers SA-
MECA165 and SAMECA1482 for mecA (Wu et al, 1998), me-
CArGazs1MultiFP and mecA;gazs;MultiRP for mecC (Stegger et al.,
2012), and mecB-F (GGGACTATAGACGCATCAAC) and mecB-R (CCA
GTAACTACTTTTCTCATGC) designed in this study for mecB gene.

2.5. rpoB gene sequencing

Partial rpoB gene amplification was performed as described pre-
viously (Mellmann et al., 2006). PCR amplicons were sequenced by
Sanger sequencing with the primers 1418F and 1876R in Eurofins
Genomics (Ebersberg, Germany). Phylogenetic analyses were per-
formed with the software MEGA version 7 (Kumar et al., 2016).

2.6. Plasmid profiling

The plasmid DNA was extracted using a NucleoSpin® Plasmid Kit
(Macherey-Nagel, Diiren, Germany) according to the manufacturer’s
protocol with the modification that bacteria were lysed with 30 ug/ml
of lysostaphin (Ambi Products, Lawrence, NY) at 37 °C. Undigested
plasmid DNA was separated by agarose gel electrophoresis as described
previously (Kuntova et al., 2012).

2.7. Genome sequencing and assembly

Genomic DNA was isolated and whole genomic sequencing was
performed using an Ion Torrent™ Personal Genome Machine (Thermo
Fisher Scientific, Carlsbad, CA). The purified genomic DNA was used for
preparing a 400-bp sequencing library with an Ion Plus Fragment
Library Kit (Thermo Fisher Scientific) as described previously
(Pantucek et al., 2018). The sample was loaded onto a 318v2 chip and
sequenced using an Ion PGM Hi-Q sequencing kit (Thermo Fisher Sci-
entific). Quality trimming of the reads were performed with the Ion
Torrent Suite Software version 5.0.4 with default settings. The assembly
computation and error correction was performed using the assembler
SPAdes version 3.11.1 pipeline (Nurk et al., 2013) with parameters
adjusted for Ion Torrent data. Contigs were then re-ordered according
to the reference genome S. haemolyticus JCSC1435 (Takeuchi et al.,
2005) using MauveContigMover (Rissman et al., 2009). Ordering was
evaluated using an assembly graph visualized in Bandage (Wick et al.,
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2015). Plasmid contigs were extracted from WGS data based on higher
coverage and content of typical plasmid-borne genes.

2.8. Bioinformatics analyses

Sequences were manipulated and inspected in the cross-platform
bioinformatics software Ugene version 1.28.0 (Okonechnikov et al.,
2012). For primary analysis, the genome was annotated using RAST
(Aziz et al., 2008). Predicted protein sequences were clustered using
web-based OrthoVenn with a default cutoff e-value of 1e”° and an
inflation value of 1.5 (Wang et al., 2015). Functional genome annota-
tion was further performed using several databases; the NCBI BLAST
service (blast.ncbi.nlm.nih.gov/Blast.cgi) and InterProScan (Jones
et al., 2014). MGE were predicted using IslandViewer 4 (Dhillon et al.,
2015), CRISPRone (Zhang and Ye, 2017), VIRFAM (Lopes et al., 2014)
and ISfinder (Siguier et al., 2006). Antibiotic resistance determinants
were screened with ResFinder (Zankari et al., 2012) and the RGI pre-
diction tool (Jia et al., 2017). Virulence factors were searched against
the databases VFDB (Chen et al., 2016a) and VirulenceFinder (Joensen
et al., 2014), and nucleotide sequences of previously described candi-
date virulence genes of Staphylococcus epidermidis and S. haemolyticus
(Gill et al., 2005; Takeuchi et al., 2005). To calculate the ANI value, the
OrthoANI algorithm implemented on the EzBioCloud server was used
(Lee et al., 2016). The dDDH values were calculated using the web-
based genome-to-genome distance calculator (GGDC) version 2.1
(Meier-Kolthoff et al., 2013).

2.9. Sequence accession numbers

The whole-genome shotgun projects of strains CCM 8418", CCM
84217, CCM 8494", P5404, and CCM 8529" have been deposited at
GenBank under the accession numbers SRJE00000000, SRJF00000000,
SRLF00000000, SRLS00000000, and SRPJO0000000 respectively.
Partial rpoB gene sequences of strains P4324, P6625, P6635 and P6644
have been deposited at GenBank under the accession numbers
MK649779, MK649780, MK649781 and MK649782, respectively.

2.10. Bacteriophage induction and characterization

Prophages were induced from the genome-sequenced strains with
mitomycin C as described previously (Pulverer et al., 1974). Phage
@SPJ1-int3 (Vb_SpeS_5404) from S. petrasii subsp. jettensis strain P5404
was propagated on S. petrasii subsp. jettensis P5402 and further char-
acterized. The phage lysate was purified by zonal centrifugation in a
CsCl gradient as described previously (Maslanova et al., 2013). Pro-
teomic analysis of the purified phage was performed by liquid chro-
matography - mass spectrometry (LC-MS) using an RSLCnano system
(Thermo Fisher Scientific) on-line connected to an Impact II Ultra-High
Resolution Qq-Time-of-Flight mass spectrometer (Bruker) as described
previously (Zeman et al., 2017).

2.11. Electron and cryo-electron microscopy

Negative-stained samples were prepared by staining in 2% uranyl
acetate on copper grids coated with a 12-nm continuous carbon layer.
Cryo samples were prepared by vitrification of the bacteriophage so-
lution (at a concentration of 10’ PFU ml~') on Quantifoil grids by
plunge freezing in liquid ethane using a Thermofisher Scientific
Vitrobot Mark IV. The samples were observed with a Thermofisher
Scientific Tecnai F20 electron microscope operated at 200kV at a
magnification of 29,000 x .

2.12. PCR detection of casl, cas2 and cas9 genes

Conventional singleplex PCR were carried out in 25pl reaction
mixtures (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl,, 200 pM dNTPs),

International Journal of Medical Microbiology 309 (2019) 151355

including 0.2 pM each of primers and 1.5 unit of Taq DNA polymerase
(New England Biolabs), and of 50 ng of purified DNA. Primers cas1F
(ACAGTTGAAGTGGGAYGAAG) and caslR (ACCATCAATTTCAACWC-
GMGCA), cas2F (ATGTTTGATYTRCCTGTAGAAAC) and cas2R (AATG-
CTCTAACATGYCCTTC) or cas9F (AGAGGYGCGCGTAGATTAAA) and
cas9R (AAWGGACTTCCTTCGCCAGG) gave rise to 502 bp, 194 bp or
515 bp products, respectively. Cycling conditions were 5min dena-
turation at 96 °C, followed by 25 cycles at 94 °C for 30s, 55 °C for 30 s
and 72 °C for 30s.

3. Results
3.1. Source and identification of Staphylococcus petrasii

The specimens were recovered from human clinical material,
mainly inpatients and a limited number of outpatients, predominantly
from young children and older patients in which the pathogenesis of
infections was similar as for other CoNS species (Table 1). Over the last
20 years, 3% of CoNS in the NRL/St were retrospectively identified as S.
petrasii (Fig. S1). Since the majority of the strains were originally mis-
identified in routine clinical microbiology laboratories, we proposed
suitable biochemical tests for the differentiation of S. petrasii subspecies
from biochemically similar Staphylococcus warneri, S. haemolyticus and
Staphylococcus auricularis (Fig. 1).

Specifically, the identification of S. petrasii strains was enabled by
establishing MALDI-TOF MS as a microbial diagnostic tool. Of the 65
analyzed strains, 6 strains were identified with high confidence and log
(score) > 2.0, and 37 with low confidence and log(score) 1.7-2.0, both
indicating their assignment as Biotyper database entries Staphylococcus
sp. 10w414721 RLH, Staphylococcus sp. 901400083 LBK, Staphylococcus
sp. 4 PIM and Staphylococcus sp. CS 331_1BRB (all these database
strains were assigned as S. petrasii in the recently released update of the
MBT 8468 MSP Library, version 9.0.0.0). The remaining 22 strains
yielded log(score) < 1.7, indicating no significant similarity to any of
the database entries. Simply extending the Biotyper database with S.
petrasii subsp. petrasii CCM 8418" mass spectra resulted in the correct
identification of 61 strains with log(score) > 2.0, while only four
strains (among them three S. petrasii subsp. pragensis) were identified
with log(score) 1.7-2.0. The MALDI-TOF MS-based cluster analysis
(Fig. S2) revealed distinct clusters of S. petrasii subsp. croceilyticus and S.
petrasii subsp. pragensis strains, while the remaining two subspecies
were unresolved. For subspecies identification, further extension of the
Biotyper database with S. petrasii subsp. croceilyticus CCM 8421" and S.
petrasii subsp. pragensis P6089 resulted in the correct assignment of all
strains to the corresponding subspecies. Type strain S. petrasii subsp.
pragensis CCM 8529" was not found to be a suitable database entry.
However, due to the absence of mass spectral features distinctive for S.
petrasii subsp. petrasii and S. petrasii subsp. jettensis, no database ex-
tension that resulted in the correct identification of these two sub-
species was designable.

Fingerprinting-based techniques (GTG)s-REP-PCR and automated
ribotyping that were previously shown to be effective for subspecies
differentiation in staphylococci (Svec et al., 2010) confirmed strain
identification at the subspecies level, except for strains P4324, P5414,
P6635, P6625, and P6644 (Figs. S3 and S4). Partial rpoB gene se-
quencing was performed in the unassigned isolates and only strain
P6644 was classified as S. petrasii subsp. pragensis (Fig. S5), while the
rest remained unidentified to the subspecies level.

3.2. PFGE typing of Staphylococcus petrasii

S. petrasii isolates exhibited 61 different PFGE patterns of 7-14 Smal
restriction endonuclease fragments (Fig. 2), demonstrating a high
clonal diversity and simultaneously confirming PFGE to be an efficient
typing technique. The isolates were separated into three major clusters
corresponding to S. petrasii subsp. pragensis, S. petrasii subsp.
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Table 1
Origin of Staphylococcus petrasii strains characterized in this study.
Material Patient age Number of strains for S. petrasii subspecies” Diagnoses
group
SPP SPJ unassigned SPC SPR
blood culture 0-10 1 - - - - low birth weight
40-59 6 2 - 1 2 cerebral hemorrhage, abdominal pain, fever, secondary malignant neoplasm of
lymph nodes, acute respiratory failure, gastritis, epilepsy, pancreatitis, sepsis
60-100 6 6 - - - hospitalization at ICU, stroke, fever, asthmatic bronchitis, hematuria,
pneumonia, sepsis, graphite fibrosis of lung
purulence, wound 0-10 1 1 - - - festering wound, low birth weight
11-39 - - - - 1 finger lesion
40-59 1 - - - 3 multiple head trauma, appendicitis, head abscess
60-100 1 i} - - 1 festering wound, cellulitis of torso
skin or cathether swab  70-90 2 2 - - - cellulitis of finger, burn
urine 0-10 1 - - 1 urinary tract infection
40-59 2 - - - - acute cystitis
60-100 - 1 - - 3 malignant neoplasm of breast, malignant neoplasm of kidney, hyperplasia of
prostate
vaginal swab 20-40 2 - - - 1 high-risk pregnancy, acute inflammation of vagina
ejaculate 50-60 - - - - 1 chronic prostatitis
ear swab 0-10 2 - 1 3 - neonatal bacterial sepsis, otitis externa
20-40 - - - 1 - otitis externa
60-100 - 1 - - - otitis externa
eye swab 50-60 - - 1 - - -
biopsy 50-60 - 1 1 - - -
nose swab 20-40 q - - - - carrier
hospital environment - 1 2 - - - -

|

I
—-
|

unknown human origin -

& SPP, S. petrasii subsp. petrasii; SPC, S. petrasii subsp.

+

croceilyticus; SPJ, S. petrasii subsp. jettensis; SPR, S. petrasii subsp. pragensis.

urease -

N

+ pyrrolidonyl aminopeptidase -

N

+ RB-glucuronidase -

S. warneri

+ arginine dihydrolase -

<

+ Voges-Proskauer test -

e N

+ N-acetyl glucosamine -

S. petrasii S. petrasii
subsp. croceilyticus ~ subsp. petrasii

i

S. petrasii S. auricularis

subsp. pragensis

S. haemolyticus

+ N-acetyl glucosamine -

S. haemolyticus

S. petrasii

subsp. jeftensis

Fig. 1. Biochemical differentiation between Staphylococcus petrasii subspecies and phylogenetically related Staphylococcus haemolyticus and phenotypically similar
Staphylococcus auricularis and Staphylococcus warneri, performed using commercially available kits. S. petrasii strains give a positive reaction in pyrrolidonyl ami-
nopeptidase and Voges-Proskauer tests and do not produce acid from N-acetyl glucosamine. The four S. petrasii subspecies are easily differentiated from each other by

urease, -glucuronidase and arginine dihydrolase activity tests.

croceilyticus and a cluster of closely related subspecies S. petrasii subsp.
petrasii and S. petrasii subsp. jettensis at a similarity level of 45%. S.
petrasii subsp. jettensis formed a distinct clade separating at a similarity
level of 65% (Fig. 2). Four pairs of strains isolated in the same hospital
showed indistinguishable PFGE patterns (Fig. 2), but three pairs dif-
fered in their plasmid and antibiotic resistance profiles, indicating that
they were not identical clones.

3.3. Antimicrobial susceptibility

Twenty-three percent of the strains were multi-drug resistant, ex-
hibiting resistance to three or more key therapeutic antibiotics, mostly
in S. petrasii subsp. jettensis isolates (Fig. 2). The most prevalent was
resistance to benzylpenicillin (63%), erythromycin (28%), clindamycin
(22%) and tetracycline (15%). Twenty-eight percent of S. petrasii strains
did not exhibit resistance to any of the tested antibiotics. Nine S. petrasii
subsp. jettensis strains were resistant to cefoxitin and mecA-positive. The
mecA gene was detected only in subspecies S. petrasii subsp. jettensis,
while mecB and mecC genes were not detected in any of the tested
strains. Of the 9 methicillin resistant strains, strain P6318 was resistant
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to anti-MRSA 5% generation cephalosporins when using ceftaroline
disks; additional three strains exhibited intermediate susceptibility.
Plasmid profiling showed variable plasmid content in all strains
(Fig. 2), represented by one to four plasmids classified into 4 classes
according to Novick (Novick, 1990).

3.4. Genome characteristics and comparative genomics

The whole genome sequences of type strains S. petrasii subsp. petrasii
CCM 8418, S. petrasii subsp. croceilyticus CCM 8421", S. petrasii subsp.
jettensis CCM 8494", and S. petrasii subsp. pragensis CCM 8529" and one
additional methicillin-resistant S. petrasii subsp. jettensis P5404 isolate
from a fatal case of bronchopneumonia were annotated and char-
acterized (Table 2). The comparison of S. petrasii with closely related S.
haemolyticus showed that S. petrasii genomes share 78% orthologous
protein clusters, as illustrated by Venn diagram (Fig. 3). The accessory
genome of S. petrasii subsp. jettensis strains is larger than in the other
subspecies (Table 2). Distinctive operons encoding saccharide intake
transporters and various efflux systems were identified in the oriC en-
viron of S. petrasii subspecies. The strain S. petrasii subsp. petrasii CCM
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Fig. 2. Dendrogram representing similarity of PFGE patterns of Smal-digested genomic DNA of 65 Staphylococcus petrasii strains constructed by UPGMA cluster
analysis with Dice similarity coefficients. Antibiotic resistance and plasmid profiles identified in these strains are shown. Plasmids were classified into categories
based on their size (I: 1-4.9 kb, II: 5-8 kb, III: 15-30 kb and IV: > 30 kb) and to subgroups designated by lower-case letters based on the different patterns resolved by
agarose gel electrophoresis. Antibiotics: CIP - ciprofloxacin, CLI - clindamycin, CLI* - possible inducible resistance for clindamycin, CMP - chloramphenicol, CPT -
ceftaroline, CXT - cefoxitin, ERY - erythromycin, FUS - fusidic acid, GEN - gentamicin, MUP - mupirocin, PEN - benzylpenicillin, RIF - rifampicin, TEI - teicoplanin,
TET - tetracycline, and TGC - tigecycline.
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S. petrasii subsp. croceilyticus
CCM 84217

1(85)
S. petrasii subsp. S. petrasii subsp.
petrasii Jettensis
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Fig. 3. Venn diagram representing orthologous protein clusters shared between
genomes of type strains of Staphylococcus petrasii subspecies and Staphylococcus
haemolyticus JCSC1435 (Takeuchi et al., 2005). The number of singletons for
each genome is shown in brackets.

S. petrasii subsp. ‘:
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8418" carries putative phosphotransferase transporter systems (PTSs)
for mannitol and mannose in the oriC environ. In strain S. petrasii subsp.
croceilyticus CCM 8421", pathways for saccharide conversion to pyr-
uvate were predicted, including major facilitator superfamily hexose
transporter or glycoside-pentoside-hexuronide transporter. Strains S.
petrasii subsp. jettensis CCM 8494" and P5404 differ from the other
subspecies in the presence of an operon with predicted glutathione
transporter and gamma-glutamyl transferase gene involved in cysteine
biosynthesis.

Comparative genome analyses revealed the presence of many MGE
as the major source of genome variability (Fig. 4). Plasmids, genomic
islands including SCC, transposones, and a @SPf-like prophage pro-
vided the strains of S. petrasii with resistance genes and genes pro-
moting survival in the environment (Table 3). Additionally, SCC-like
elements and the @SPp-like prophage carry genes enhancing the viru-
lence of the strains (Table 4). Other virulence factors such as global
regulators, exoenzymes and surface proteins promoting biofilm for-
mation and host immune system evasion are mainly found in the core
genome and are similar to the virulence genes of S. haemolyticus.

SCC elements are present in all analysed genomes, inserted in the
rlmH (orfX) gene (Table 2, Fig. 4). S. petrasii subsp. petrasii CCM 8418"
and S. petrasii subsp. pragensis CCM 8529" have a single cassette
(Fig. 5). The SCCccmsars element harbours the ccrA5B3 gene complex,
whereas in the ySCCccmssz2o element the ccr genes are absent. S. petrasii
subsp. croceilyticus CCM 8421" and both S. petrasii subsp. jettensis strains
CCM 8494" and P5404 carry composite chromosomal islands (CIs)
(Fig. 5). SpCI-SCCccmsa21 has a mosaic structure composed of 17.6-kb
SCClcemgazs and 17.7-kb SCC2¢cmgan1, Which harbour the cer gene
complexes ccrA4B4 and ccrC, respectively. The largest Cls are present in
S. petrasii subsp. jettensis and both CIs confer methicillin resistance by
carrying mecA gene complexes. SpCI-SCCmecccmsaos is composed of a

(\
QX

@Q

petrasii
CCM 8418’

S. petrasii subsp.

<

jettensis
CCM 8494

S. petrasu subsp I

* P5404

crocellytlcus

o M\‘\lw
S. petrasu subsp

CCM 8529"

e [ TGN

" JCSC1435

Phage-Inducible
. SCCmec D Chromosomal Island

. Transposon . Prophage

'Y
1 Mop . 100%
T 1

B CRISPR-Cas
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D Chromosomal Island

Fig. 4. Whole-genome comparison of Staphylococcus petrasii subsp. petrasii CCM 8418" (GenBank accession number SRJE00000000), S. petrasii subsp. croceilyticus
CCM 8421" (SRJF00000000), S. petrasii subsp. jettensis CCM 8494" (SRLF00000000) and P5404 (SRLS00000000), S. petrasii subsp. pragensis CCM 8529"
(SRPJ00000000) and Staphylococcus haemolyticus JCSC1435 (AP006716) with a focus on variable genetic elements. Conserved regions with more than 65%

homology are indicated in blue, inversions in yellow as determined by blastn.
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Table 4

International Journal of Medical Microbiology 309 (2019) 151355

Candidate virulence factors found in sequenced Staphylococcus petrasii strains representing homologs with known and previously predicted virulence factors.

Function and role Gene(s) Product Strain and location
CCcM 8418"  cCM 84217 CCM 8494" P5404 CCM 8529"
Global regulation system agrA-D response regulator ch. ch. ch. ch. ch.
accessory gene regulator B ch. ch. ch. ch. ch.
receptor histidine kinase ch. ch. ch. ch. ch.
agrD protein ch. ch. ch. ch. ch.
sarARVZ staphylococcal acessory ch. ch. ch. ch. ch.
regulators
arlRS two component regulatory system  ch. ch. ch. ch. ch.
rot repressor of toxins ch. ch. ch. ch. ch.
sigB alternative sigma factor ch. ch. ch. ch. ch.
Surface adhesins and biofilm fbe fibrinogen binding protein ch. ch. ch. ch. ch.
formation ebpS elastin binding protein ch. ch. ch. ch. ch.
atlE bifunctional alutolysin ch. ch. ch. ch. ch.
sasADH cell wall surface anchors ch. ch. ch. ch. ch.
mntABC transporter ch. ch. ch. ch. ch.
MSCRAMMSs sdrC serine-asparate repeat proteins ch. ch. ch. ch. ch.
sdrH serine-asparate repeat proteins ch. ch. ch. ch. ch.
Exoenzymes hlyIll hemolysin 111 ch. ch. ch. ch. ch.
clpP clp protease, proteolytic subunit  ch. ch. ch. ch. ch.
clpBCX clp protease, ATP binding ch. ch. ch. ch. ch.
subunits
htrA htrA like protease, putative ch. ch. ch. ch. ch.
SplE/splF serine protease ch. ch. ch. ch. ch.
rseP zinc metalloprotease ch. ch. ch. ch. ch.
lysM putative peptidoglycan binding ch. ch. ch. ch. ch.
domain
nanA sialic acid lyase ch. ch. ch. ch. ch.
pldB lysophospholipase ch. ch. ch. ch. ch.
lipA lipase/esterase ch. ch. ch. ch. ch.
aes acetyl sterase ch. ch. ch. ch. ch.
sbcCD exonucleases ch. ch. ch. ch. ch.
Capsule formation capA-P capsule biosynthesis proteins ch. ch. ch. ch. ch.
oatA o-acetyltransferase ch. ch. ch. ch. ch.
cpsE glycosyltransferase ch. ch. ch. ch. ch.
Immunomodulation psmp1p2 phenol-soluble modulins 1 and  ch. ch. ch. ch. ch.
B2
psmy/hld delta toxin ch. ch. ch. ch. ch.
isaAB immunodominant antigens ch. ch. ch. ch. ch.
sceD immunodominant antigen ch. ch. ch. ch. ch.
pls plasmin-sensitive surface protein - - SpCI- SpCI- WSCecemasza
SCCmeccemsasa SCCmecpsaoa
Other virulence and putative sasX surface-anchored protein - - @SPp-like - -
virulence genes abpE flavin transferase - SpCI- - - WSCCecmss20
SCCCCMSMZI
flaR flavin reductase - SpCI- - - WSCCacmsszo
SCCCCMB421
norB nitric oxide reductase - SpCl- - - WSCCoemss2o
SCCCCM842]
speG spermidine N-acetyltransferase SCCcemsa1s  SpClI- - - WSCCccmss2o
SCCCCMB421
yeiMCN pseudouridine utilization - SpCI- SpCI- SpCI- -
pathway SCCcemsa21 SCCmeccemsaon SCCmecpsaoa
srIBEAMRD  sorbitol utilization operon - - - SpCI- -
SCCmecpsaoq
LTTRs LysR-type transcriptional - - - - PVVSR1
regulators
cStABR hydrogen sulphide detoxification - - SpCI- SpCI- -
cluster SCCmeccemsaos SCCmecpsaos

Legend: ch., chromosome.

29.9-kb SCCmecccemsaoa type VIII (4A) and SpCI-SCCmecpsao4 harbours a
38.3-kb SCCmecps4o4 type V (5C2&5). Also, both CIs have almost the
same 39.0-kb SCC element designated SCCpsqos and/or SCCccmsaoa
with recombinases ccrA1B3. SpCI-SCCmecps404 has an additional 25.2-
kb SCCqorbitol-psa04 €lement with ccrA1B1 genes and a sorbitol phos-
photransferase operon. SCCs contain putative virulence genes for
plasmin-sensitive surface proteins (pls) and spermidine N-acetyl-
transferase (speG), a cluster of apbE, flavin reductase, and norB and a

cluster of yeiMNC for the uptake and catabolism of pseudouridine
(Table 4, Fig. 5).

All sequenced genomes except that of S. petrasii subsp. croceilyticus
contain prophages with a typical siphoviral modular structure (Fig. S6).
Three phage integrase types were identified, determining prophage
insertion into tRNA-Arg-TCT (¢SPP-intl), tRNA-Ser-GCT (¢pSPR-int2
and @SPJ-int2) or near the CRISPR locus (¢SPJ-int3) (Fig. 4). Double
lysogenic host strain S. petrasii subsp. jettensis P5404 produced viable
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Fig. 5. Comparative analysis of staphylococcal cassette chromosome (SCC) inserted in rimH gene harboured by Staphylococcus petrasii subspecies. Predicted coding
sequences (ORFs) are depicted in the direction of transcription as arrows. Core genes of the SCC elements, genes for virulence and resistance factors, insertion
sequences and genes for RM system are annotated. Sequences of direct repeats are shown below the ORF maps. Conserved regions with more than 64% homology are
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Siphoviridae phage particles (Fig. 6) and LC-MS analysis of the phage
structural proteins found a match with the prophage @SPJ-int3
(Vb_SpeS_5404). In the S. petrasii subsp. jettensis CCM 8494" genome, a
125-kb-long @SPp-like converting prophage integrated into a gene en-
coding a YeeE/YedE family protein was found (Fig. 4). The prophage
carries aminoglycoside resistance genes and a sasX gene homologue
considered to be a virulence factor.

Six types of phage-inducible chromosomal islands (PICIs) with
lengths of 12-16 kb contributing to host adaptation and virulence were
identified (Table 2, Fig. 4). SpCl-1fyp.comsaos carries the fusidic acid
family resistance determinant fusB. This island has the common att
insertion site AATGACATAA with S. petrasii subsp. petrasii SpCI-
2ccmsars in the groEL gene encoding a heat shock protein. Insertion site
(att) TTGAATACGT in the lactose operon is shared by S. petrasii subsp.
petrasii SpCl-1ccmsars and S. petrasii subsp. pragensis SpCI-1ccmss2o,
which harbour a trkG gene homologue encoding a putative potassium
transporter component. S. petrasii subsp. pragensis SpCI-2ccmss2o and
SpCI-3ccmssz2o are integrated into the tmRNA gene ssrA and glutamine
amidotransferase protein gene guaA, respectively. The novel chromo-
somal island SpCl-4ccmss2o With putative genes for methylation with a
potential role in DNA protection and repair was found in the strain CCM
8529 (Fig. 4, Table 2).

Extrachromosomal plasmids were identified in all the sequenced
genomes (Table 2), encoding antimicrobial resistance genes enabling
survival in adverse environments (Table 3). Small S. petrasii plasmids
pVVSJ1, pVVSJ2, and pVVSC1 encode multidrug efflux system gacC or
erythromycin resistance ermC genes (Table 3). Plasmids pVVSPI,
pVVSJ3, and pVVSRI1 carried a traA relaxase gene homologue that
participates in conjugation. The plasmids pVVSJ3, pVVSJ5, and
PVVSR1 carry the formaldehyde detoxification operon with the ribulose
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monophosphate pathway (RuMP) (Fig. S7). Plasmid pVVSJ3 encode
membrane protein TcaA, whose inactivation may lead to teicoplanin
resistance (McCallum et al., 2007).

Type II-C CRISPR-Cas systems were identified in the genomes of the
strains S. petrasii subsp. jettensis CCM 8494" and P5404 and S. petrasii
subsp. pragensis CCM 8529" (Table 2, Fig. 4). Genes cas1, cas2, and cas9
identified in all S. petrasii subsp. pragensis and S. petrasii subsp. jettensis
strains by PCR screening indicate the prevalence of the CRISPR-Cas
system in these two subspecies. The CRISPR locus of S. petrasii subsp.
Jettensis is 497 bp long, with 7 spacers separated by eight 36-bp-long
repeats GTTTCACTTATACCTAAAATTACAGAGTACTAAAAC that were
identical in both sequenced strains. The CRISPR locus of S. petrasii
subsp. pragensis CCM 8529" is 1684 bp long, with 25 spacers separated
by 26 36-bp-long repeats GTCTCACTTATACCTAAAATTACAGAGTACT
AAAAC. The hsdMSR and mcrBC restriction-modification (RM) systems
present in all strains (Table 2) are another protection mechanism
against DNA uptake. The S. petrasii subspecies share probably new type
IV RM system based on the low homology with known mcrBC genes.

4. Discussion

Since the pathogenic significance and nosocomial spread of CoNS is
increasing (Yu et al., 2017), it is particularly important to analyse the
virulence potential and epidemiology of blood culture isolates and in-
fections associated with the use of medical devices. One third of S.
petrasii isolates originated from such specimens, dominated by S. pet-
rasii subsp. petrasii and S. petrasii subsp. jettensis, indicating their im-
portance in human disease. The precise identification of S. petrasii
subspecies can be a prediction of clinical significance, especially due to
the multiple drug resistance and methicillin resistance of S. petrasii
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Fig. 6. Transmission electron microscopy image of negatively stained particles of phage @SPJ1-int3 (Vb_SpeS_5404) induced from Staphylococcus petrasii subsp.
jettensis strain P5404 with mitomycin C. The phage particles consist of an icosahedral head (B1 morphology) with diameter 60 nm, flexible, non-contractile 335 nm
long and 14 nm wide tail ending with a grape-shaped base plate. The base plate is 40 nm long and 22 nm wide at its upper part.

subsp. jettensis. MALDI-TOF MS, PFGE typing, and genome comparison
concluded that S. petrasii subsp. petrasii and S. petrasii subsp. jettensis are
closely related. However, S. petrasii subsp. jettensis has accumulated
more genes in the accessory genome compared to all other subspecies.
This could be analogous to the relationship between two S. hominis
subspecies, where S. hominis subsp. novobiosepticus exhibits a larger
chromosome (Kloos et al., 1998) and significantly higher number of
antibiotic resistance genes than S. hominis subsp. hominis (Fitzgibbon
et al., 2001). Unambigous distinguishing between S. petrasii subsp.
petrasii and S. petrasii subsp. jettensis is possible through biochemical
tests, ribotyping and (GTG)s-REP-PCR. On the other hand, all the per-
formed analyses demonstrated clear differentiation of S. petrasii subsp.
croceilyticus and S. petrasii subsp. pragensis, both from each other and
from the other subspecies. Both taxa might be reclassified in the future
to different species based on the obtained average nucleotide identity
(ANI) values (Table S2).

The comparative genome analysis enables the assessment of the
pathogenic potential, mechanisms of host adaptation and survival in
the environment, and understanding the evolutionary events associated
with horizontal gene transfer (HGT). The S. petrasii virulence factors
and MGE att sites are similar to S. haemolyticus, reflecting their evolu-
tionary relatedness. Similar to S. haemolyticus, the S. petrasii genomes
lack the ica operon essential for biofilm formation, yet the presence of
genes for phenol-soluble modulins promoting biofilm dissemination
suggests the existence of an ica-independent pathway (Arciola et al.,

11,

2015; Panda and Singh, 2018). Genes in the oriC environ, which was
earlier described as highly variable in staphylococci (Takeuchi et al.,
2005), play a crucial role in pathogenesis and adaptation to various
host environments. The locus contains various saccharide/pentose up-
take systems that enable the utilization of specific substrates. These
systems distinguish one staphylococcal species from another, and can
be considered to be virulence factors (Siebold et al., 2001; Zuniga et al.,
2005). Mannitol-specific PTSs in the oriC environ of S. petrasii subsp.
petrasii CCM 8418" exhibited similarity to that of S. haemolyticus and S.
aureus with 86.5% and 73.6% nucleotide identity, respectively, and this
locus is likely horizontally transferred (Takeuchi et al., 2005; Zuniga
et al., 2005).

SCC elements located in the oriC environ of S. petrasii have an ex-
tensive mosaic structure with regions homologous to SCC elements
from other Staphylococcus species supporting the role of HGT in their
formation. Despite the fact that nowadays mecC is more frequently re-
ported from CoNS (Harrison et al., 2014, 2013; Pantucek et al., 2018)
and mecB was found in staphylococci (Becker et al., 2018), only mecA-
carrying SCCmec were detected in the S. petrasii strains. The SCCccmsga1s
element has a ccr complex similar to S. haemolyticus SH32 (Yu et al.,
2014) and has a similar heavy-metal-resistance gene structure to S.
aureus type IX SCCmec (Li et al., 2011). The major part of SpCI-
SCCccmsazi corresponds to the CI in MRSA isolate M06/0171 (Kinnevey
et al., 2013). Significant similarities in gene organization and the pre-
sence of a sorbitol-specific PTS system were found between the SpCI-
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SCCmecpsq04 and S. aureus SCCmecwa-mrsa-40-Cl (Wilson et al., 2016).
The cluster of SCC-harboured genes apbE, flaR, norB, and speG probably
promote survival in host cells and confer resistance to host-derived
polyamines (Joshi et al., 2011; Morozov et al., 2018; Truong-Bolduc
et al, 2011). Pls genes can promote the immune system evasion
(Werbick et al., 2007) and the genes yeiMNC might be beneficial in
urinal or ocular infections, as was suggested previously (Sadaka et al.,
2014). Most of the S. petrasii SCC elements possessed RM systems or
their remnants similar to other staphylococci, which could stabilize the
SCC elements in the genome (Hanssen and Sollid, 2006; Ito et al.,
2004).

The pathogenic potential of the strains is enhanced by the presence
of additional MGE in the genomes. The ¢SPf-like prophage in S. petrasii
subsp. jettensis CCM 8494" harbouring the sasX gene has almost 99%
nucleotide identity with other SP-like prophages, including that of S.
aureus TW20 (Holden et al., 2010). Li et al. (2012) showed that the sasX
gene, which is a homologue of sesI from S. epidermidis, plays a key role
in colonization and immune evasion. Compared to S. aureus patho-
genicity islands, no virulence factors were predicted on S. petrasii PICIs
that carry many unique ORFs of unknown functions. The only identified
resistance gene was fusB localized on SpCI-1p,5.ccmsaos, €xhibiting a
similar structure to the SeRlp.704 Of S. epidermidis (Chen et al., 2011).
As was found in the S. haemolyticus genome (Takeuchi et al., 2005), the
presence of IS elements leads to frequent genome rearrangements, that
were also observed in strains from the S. petrasii complex before its
valid taxonomic description (Bartell et al., 2008).

Plasmids that were ubiquitously present in the analyzed set of S.
petrasii strains carried genes for antibiotic and heavy metal resistance or
genes for the response to environmental stimuli. Such an association
between heavy metal and antibiotic resistance has been reported ear-
lier, identified mostly in environmental isolates (Baker-Austin et al.,
2006) but also in clinical specimens (Zhai et al., 2016). Large plasmids
exhibited presence of numerous IS6 family elements establishing their
modular structure. Conserved plasmid segments encoding RuMP and its
reverse reaction pathway, which mediate formaldehyde fixation to ri-
bulose-5-phosphate and further metabolization, are proposed to parti-
cipate in the detoxification of formaldehyde generated by the host
metabolism or during heme degradation (Chen et al., 2016b). The same
metabolic pathway was observed in modular plasmids of S. aureus and
other clinically important pathogens (Chen et al., 2016b).

The very high prevalence of CRISPR-Cas systems among S. petrasii
subsp. jettensis and S. petrasii subsp. pragensis strains is unusual in
comparison with CoNS reviewed previously (Rossi et al., 2017). The
CRISPR-Cas system might thus protect the host against foreign DNA.
The spacers in both subspecies target the sequence of Siphoviridae
phages of different CoNS (Deghorain et al., 2012; Liu et al., 2018). This
could be connected with their occurrence in environments with various
bacterial populations in which their bacteriophages participate in HGT.
Phages use as their receptors wall teichoic acids (WTA), which com-
position is crucial for efficient phage mediated HGT (Winstel et al.,
2013). When analysing S. petrasii WTA-encoding genes, similarities of
tagO, mnaA, cluster tagAHGBXD-pbp4-tagF, tagNV and dt/ABCD loci
were found to related CoNS. The highest nucleotide similarity 75-85%
for tag genes and 80-90% for dtl genes was found with their homo-
logues from S. hominis, S. lugdunensis and S. haemolyticus, which have
the WTA composition Gro-GleNAc () or (a+ ) (Endl et al., 1984). The
strain CCM 8529" lacks the tagN gene suggesting difference in glyco-
sylation. We hypothesize that WTA composition does not exclude phage
mediated HGT.

These results provide an insight into the functional organization of
the S. petrasii genomes. The presence of many putative virulence factors
and antimicrobial resistance genes indicates that this species could be
confirmed to be a significant opportunistic pathogen, as occurred with
Staphylococcus lugdunensis (Argemi et al., 2017). The frequent simila-
rities of S. petrasii MGE with other CoNS and S. aureus indicate that HGT
is important in the spread of the elements or their parts. The reliable S.
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petrasii diagnostics proposed here and its genomic characteristics enable
clinical microbiologists to interpret the significance of the species in
clinical samples and obtain surveillance data for studying its epide-
miology.
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RESULTS AND DISCUSSION

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 [llumina 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, SdClsec encoding enterotoxin C SACliuksr-1, ula, SAClserine 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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Abstract: Members of the genus Staphylococcus are widespread in nature and occupy a variety of niches,
however, staphylococcal colonization of animals in the Antarctic environment has not been adequately
studied. Here, we describe the first isolation and characterization of two Staphylococcus intermedius
group (SIG) members, Staphylococcus delphini and Staphylococcus pseudintermedius, in Antarctic wildlife.
Staphylococcus delphini were found exclusively in Adélie penguins. The report of S. pseudintermedius
from Weddell seals confirmed its occurrence in all families of the suborder Caniformia. Partial
RNA polymerase beta-subunit (rpoB) gene sequencing, repetitive PCR fingerprinting with the
(GTG)s5 primer, and matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry gave
consistent identification results and proved to be suitable for identifying SIG members. Comparative
genomics of S. delphini isolates revealed variable genomic elements, including new prophages,
anovel phage-inducible chromosomal island, and numerous putative virulence factors. Surface
and extracellular protein distribution were compared between genomes and showed strain-specific
profiles. The pathogenic potential of S. delphini was enhanced by a novel type of exfoliative toxin,
trypsin-like serine protease cluster, and enterotoxin C. Detailed analysis of phenotypic characteristics
performed on six Antarctic isolates of S. delphini and eight reference strains from different animal
sources enabled us to emend the species description of S. delphini.

Keywords: Staphylococcus delphini; Staphylococcus pseudintermedius; Antarctica; mobile genetic
elements; surface proteins; exfoliative toxin; Adélie penguin; Weddell seal

1. Introduction

Staphylococci are a major group of bacteria inhabiting the skin, skin glands, and mucous
membranes of humans, other mammals, and birds, as well as the environment due to their ubiquity and
adaptability [1]. However, there is very limited information available on staphylococcal isolates from
Antarctica. Researchers have occasionally isolated staphylococcal strains from Antarctic environmental
samples [2-6] and also from several animals obtained during their health evaluation, but they were
mostly only classified to the genus level, such as isolates from whale wound lesions [7], a fish
stomach [8], lesions on two dead Adélie penguins [9], or skin swabs of Weddell seals [10].
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To the best of our knowledge, no member of the Staphylococcus intermedius group (SIG), which
includes important veterinary pathogens, has been reported so far from animals in Antarctica.
Originally, most isolates of SIG were classified as S. intermedius, before their subdivision into SIG
members [11,12] comprised of the following four closely related but distinct coagulase-positive species:
S. intermedius [13], S. pseudintermedius [14], S. delphini [15], and a human-originated S. cornubiensis [16].
The phenotypic and biochemical differentiation between the members of this group is complex and
difficult and can result in unreliable species identification [17]. These species can be interchangeably
misidentified as each other. Since SIG species are very similar to Staphylococcus aureus based on their
clinical manifestations and biochemical characteristics such as coagulase positivity, SIG human clinical
isolates have probably been misidentified as S. aureus in the past [18]. Protein profiling through
matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) seems
to be the most reliable method to differentiate between SIG species [19,20]. Other effective methods
for SIG diagnostics are sequencing of the housekeeping genes nuc [21], sodA, and hsp60 [22], and for
the discrimination of S. pseudintermedius by means of the pta housekeeping gene [23] or multilocus
sequence typing (MLST) [24], as well as whole-genome sequencing [25,26].

SIG members are common colonizers of animal mucosal surfaces and are considered to be
opportunistic pathogens in many infections of different animal hosts. Staphylococcal isolates from
dogs previously identified as S. intermedius belong almost exclusively to the species S. pseudintermedius,
while true S. intermedius are found predominantly in pigeons [11,12]. S. pseudintermedius is recognized
as an important causative agent of pyoderma, dermatitis, and otitis externa in dogs, cats, horses,
and other animals [27]. However, its host range is not restricted only to non-human animals, but
colonization and zoonotic infections of humans are increasingly recognized [28-34]. The taxonomic
description of S. delphini, in 1988 [15], was based on two strains isolated from purulent skin lesions of
two dolphins. Recently, developments in diagnostics have led to the detection of S. delphini in a broad
range of animals [11,12,35] and one reported human case, probably of zoonotic origin [36]. According
to the multilocus sequence analysis of the sodA, hsp60, and nuc genes, S. delphini is divided into two
phylogenetically distinct clades; group A closely related to the S. delphini type strain, and group B
related to the S. pseudintermedius type strain [12]. The large number of different host associations
suggests that multiple ecovars can exist among S. delphini isolates.

The aim of this study was to describe the SIG isolates from mammals and birds on James Ross
and Seymour Islands in Antarctica, with a focus on Staphylococcus delphini. The SIG strains were
characterized in detail by phenotypic and genotypic techniques and based on the results an emended
description of S. delphini was provided.

2. Materials and Methods

2.1. Bacterial Strains and Their Biochemical Characterization

Bacterial strains were collected over the years from 2013 to 2019 on James Ross Island and
Seymour Island, Antarctica (Figure 1). The sampling was a part of the Cultivable Fecal Bacteria
Communities study, which was part of the CzechPolar project. Sampling intensity varied considerably
with geographic location and weather conditions. The key element in the distribution of sampling
intensity was the ice-free coast of James Ross and Seymour Islands. There are no seal colonies
occupying littoral zone of both islands and samples were taken from occasionally found seals sunning
on the coast. Penguin rookeries are in Seymour Island but only the droppings were collected in
this territory for protection of the birds. Additional samples from penguins were taken by random
sampling when penguins occurred on the coast. All samples originated from live animals only and the
sampling procedure was fast to prevent any stress to the animals. The samples from the beak and
cloaca of Adélie penguins (Pygoscelis adeliae) (82 specimens), the fresh droppings of South polar skua
(Stercorarius maccormicki) (14 specimens), and kelp gull (Larus dominicanus) (11 specimens), and the
anus and mouth of Weddell seals (Leptonychotes weddellii) (244 specimens), and Southern elephant
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seals (Mirounga leonina) (12 individuals) were collected using the swab/transport tube system E-Swab
(Dispolab, Brno, Czech Republic) and cultured on Mannitol Salt Agar (HiMedia Laboratories, Mumbai,
India) at 35 °C for several days in the laboratory at J.G. Mendel Base, James Ross Island. Colonies with
suspected staphylococcal morphology were picked daily, kept at 4 °C and transferred to the Czech
Republic for further analyses.
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Figure 1. Sampling localities on James Ross Island and Seymour Island. Red mark, location of sampling
site; asterisk, location of Antarctic base station; dark grey color, unglaciated area.

Type strains of S. delphini CCM 41157, S. intermedius CCM 57397, S. pseudintermedius CCM
73157, and S. cornubiensis CCM 89977 were acquired from the Czech Collection of Microorganisms
(Brno, Czech Republic). Reference strains of S. delphini: Nono (=CCM 4184) /dolphin/, CCM 2618
(=CCUG 51769) /mink/, P12548, P12549, and P12550 (=16-9169-2, 17-7762-1, and 18-3863-5, respectively)
(all from minks/ [37], P12456 (=HT 2030677) /camel/, P12457 and P12458 (=8086 and 9106) /both from
horses/ [11] and CCM 8998 (=MI 18-1587) /human/ [36] were described previously and kindly provided
by the authors.

The phenotypic characterization of SIG strains was performed using the commercial kits API 50
CH and API ZYM (bioMérieux, Craponne, France) and by conventional physiological, biochemical,
and growth tests discriminative for the genus Staphylococcus as described previously [2].

2.2. Partial 16S rRNA and RNA polymerase beta-subunit (rpoB) Gene Sequencing and Phylogenetic Analysis

Partial 165 rRNA gene amplification was performed as described previously [38]. PCR amplicons
were sequenced with primer 553L in Eurofins Genomics sequencing facility (Ebersberg, Germany).
Sequences were identified using the EzZTaxon database [39].

Partial RNA polymerase B-subunit (rpoB) gene amplification was performed as described
previously [40]. PCR amplicons obtained with the primers 1418F and 3554R were sequenced
with primers 1418F and 1876R in Eurofins Genomics. Phylogenetic relationships were computed
with the software MEGA version 10 [41]. Partial rpoB gene sequences were deposited into the
GenBank/ENA/DDB]J database under accession numbers MN729216-MN729246.

2.3. Rep-PCR

Repetitive PCR fingerprinting with the (GTG)5 primer (rep-PCR) was performed as described
previously [42]. Numerical analysis of the fingerprints and dendrogram construction was completed
using the software BioNumerics version 7.6 (Applied Maths, Kortrijk, Belgium) and compared to
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the in-house Czech Collection of Microorganisms rep-PCR database of type and reference strains
representing hitherto described Staphylococcus spp.

2.4. MALDI-TOF MS

Protein fingerprints by MALDI-TOF MS were acquired with an ultrafleXtreme instrument
(Bruker Daltonics, Bremen, Germany) by following the ethanol/formic acid extraction protocol [43]. As
many as nine independent mass spectra were acquired for each sample, and only signals present in the
minimum of seven of these mass spectra were used for the identification and cluster analysis. The mass
spectral data were compared with entries in the latest version of the Biotyper database (version 9.0.0.0,
8468 references) and their mutual similarity was expressed by log(scores), where scores greater than
2.000 correlate to species identification with high confidence, log(score) values between 1.700 and 1.999
correspond to species identification with low confidence, and log(score) values lower than 1.699 result
in no identification. A MALDI-TOF MS-based dendrogram was constructed with the software Biotyper
(version 3.1, Bruker Daltonics) using the Pearson’s product moment similarity coefficient and the
unweighted pair group method with arithmetic average (UPGMA) as a grouping method.

2.5. Whole Genome Sequencing and Bioinformatic Analyses

Genomic DNA was isolated using a High Pure PCR Template Preparation Kit (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s instructions with the modification of adding
20 pL of lysostaphin (0.5 mg mL1) for cell lysis. An Illumina NextSeq sequencing platform was used
for whole-genome shotgun sequencing of the strains P5747, P6456, and P8688. The purified genomic
DNA was used for the preparation of a 500-bp sequencing library with a NEBNext®Ultra™ II DNA
Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA). The samples were sequenced
using a MID output cartridge in a 150-bp paired-end mode (Illumina, San Diego, CA, USA). The
quality of sequencing reads was analyzed with FastQC version 0.11.8 [44]. Bases of lower quality
and adapters were trimmed using the Spades version 3.13 implementation of BayesHammer. The de
novo assembly of trimmed reads was performed with Spades version 3.13 [45], all k-mers 21 to 127
and follow-up mismatch correction. The package BBMap version 38.73 was used to analyze various
statistics of genomes [46]. Contigs of described S. delphini genomes were reordered according to the
reference genome of S. delphini strain NCTC 12225" (GenBank accession no. LR134263, NCTC 3000
Project) by Mauve Contig Mover as a part of Mauve version 2.4 [47]. The sequences of strains P5747,
P6456, and P8688 were annotated by Prokka version 1.13.7 [48]. Subcellular localization of proteins of
strains was predicted using PSORTDb version 3.0 [49]. Proteins assigned to extracellular or cell wall
categories were classified to gene ontology by cell2go [50]. Virulence factors were predicted using the
VFanalyzer tool available at the Virulence Factors Database [51]. OrthoVenn2 [52] was used to cluster
predicted proteins to orthologous groups. Web-based tools PHASTER [53], CRISPR-Cas++ [54], and
GView [55] were employed to find mobile genetic elements and dissimilar regions between analyzed
genomes. Sequences were manipulated and examined in the cross-platform software Ugene version
1.31.1 [56]. The multiple sequence alignment was visualised using EasyFig version 2.3 [57].

Whole genome-based phylogenetic analysis was also carried out in order to check the species
status of SIG isolates. Average nucleotide identity values (ANI) were calculated with OrthoANIu
version 1.2 [58] and digital DNA-DNA hybridization (dDDH) values with the Genome-to-Genome
Distance Calculator (GGDC) version 2.1 using the formula 2 recommended for draft genomes [57].
Up-to-date Bacterial Core Gene set (UBCG) software version 3.0 [59] was used to compare 92 core
genes between S. delphini strains.

Assembly accession numbers of genomes retrieved from NCBI genome database are
as follows: 8086 (GCF_000308115.1) [25], NCTC 122257 (GCF_900636325.1), LMG 222197
(GCF_001792775.2), NCTC 11048" (GCF_900458545.1) [60], NW1T (GCF_900183575.1) [16], 14503309-1
(GCF_002374115.1), 14503313-1 (GCF_002374125.1), 14503318-1 (GCF_002369645.1), and 215100905101-2
(GCF_002369695.1) [26].
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The Whole-Genome Shotgun projects of the S. delphini strains P5747 and P6456, and
S. pseudintermedius P8688 have been deposited in DDBJ/ENA/GenBank under the accession numbers
WNLD00000000, WNLE00000000, and JAACIP000000000, respectively.

3. Results

3.1. Bacterial Strain Collection and Identification of Staphylococci

During the austral summers from 2013 to 2019 on James Ross Island and Seymour Island,
Antarctica, a total of 363 animal-related samples were collected in order to isolate staphylococcal
species. The swabbed seals and penguins exhibited no disease symptoms at the time of sampling.
Pure cultures of Gram-positive, catalase-positive cocci, able to grow in the presence of 12% NaCl,
resistant to bacitracin and susceptible to furazolidone were chosen for partial 16S rRNA gene
sequencing. In total, 150 Staphylococcus spp. strains were identified and most of them classified
to the species level (Table S1). The most prevalent staphylococcal isolates were Staphylococcus
haemolyticus (n = 28, predominantly in seals and droppings of skua), Staphylococcus epidermidis (n = 22,
seals only), Staphylococcus intermedius group (n = 22, seals and penguins), Staphylococcus sciuri
(n = 18, predominantly in penguins and droppings of skua), Staphylococcus aureus/Staphylococcus
argenteus/Staphylococcus schweitzeri complex (n = 14, in all sources), Staphylococcus capitis/Staphylococcus
caprae complex (n = 12, seals only), Staphylococcus saprophyticus/Staphylococcus edaphicus complex (n =9,
predominantly in seals), and Staphylococcus schleiferi subsp. coagulans (n = 6, in all sources).

Twenty-two of the 150 strains were originally identified as members of the Staphylococcus intermedius
group based on partial 16S rRNA gene sequencing. The strains of SIG were further characterized in
detail by genotypic and phenotypic methods and compared with the type strains S. delphini CCM
41157, S. intermedius CCM 57397, S. pseudintermedius CCM 73157, and S. cornubiensis CCM 89977,
as well as with S. delphini reference strains CCM 4184, CCM 2618, P12456, P12457, P12458, P12548,
P12549, P12550, and CCM 8998 isolated previously from various sources.

3.2. rpoB Gene Sequencing

Since 165 rRNA analysis has limited discriminatory power for identifying some staphylococcal
species, the phylogenetic position of SIG strains assigned by the 16S rRNA gene sequencing was
assessed using the sequence data of the partial rpoB gene that was previously shown to be effective for
the species differentiation of staphylococci [40,61]. The computed neighbor-joining phylogenetic tree
based on the partial rpoB gene sequence showed that SIG isolates clustered into two major groups
corresponding to S. delphini and S. pseudintermedius (Figure 2). Strains recovered from Adélie penguins
clustered together with the S. delphini type strain CCM 41157, whereas strains isolated from Weddell
seals created a cluster with S. pseudintermedius type strain CCM 7315T.

3.3. Repetitive Sequence-Based PCR (Rep-PCR) Fingerprinting

The repetitive sequence-based PCR (rep-PCR) fingerprinting technique using the (GTG)s primer
placed the SIG isolates into two clusters corresponding to S. delphini and S. pseudintermedius at the
similarity level of 54% and clearly separated them from S. intermedius and S. cornubiensis type strains
(Figure 3). These results confirmed the rpoB-based identification of these strains. S. delphini strains
exhibited more variable profiles (74% to 100% similarity between strains) than S. pseudintermedius
(80% to 98%). Five S. delphini strains P5747, P5749, P5833, P5835, and P6070 were closely related, while
strain P6456 separated from them and clustered together with the S. delphini P12458 strain recovered
from horse nasal swab.
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Figure 2. Unrooted neighbor-joining tree based on partial RNA polymerase beta-subunit (rpoB) gene
sequence comparison, showing the clustering of Antarctic Staphylococcus intermedius group isolates and
type and reference strains. The percentage of 500 tree replications above 50% in which the associated
strains clustered together is shown next to the branches. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Tajima-Nei method and are in the units of the
number of base substitutions per site. All ambiguous positions were removed for each sequence pair
(pairwise deletion option). There was a total of 845 positions in the final dataset.
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Figure 3. Dendrogram based on cluster analysis of repetitive sequence-based PCR (rep-PCR) fingerprints
obtained with (GTG)5 primer from analyzed isolates and type and reference strains of Staphylococcus
intermedius group. The dendrogram was calculated with Pearson’s correlation coefficients with
unweighted pair group method with arithmetic average (UPGMA) clustering method (r, expressed as
percentage similarity values).
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3.4. MALDI-TOF MS

All SIG isolates and reference strains were analyzed by MALDI-TOF MS fingerprinting. Out
of the S. delphini strains involved in the study, 14 were assigned to S. delphini entries of the Biotyper
database (six with high confidence and eight with low confidence), while two strains, P5747 and P6070,
did not exhibit significant similarity to any of the database entries. All sixteen S. delphini strains shared
several signals (3787, 4111, 4278, 5302, 6241, 6341, 7438, 8032, 8147, 9028, 9649, and 10506 Da; detected
doubly protonated forms of these proteins are not listed), while no peaks characteristic of the strain
origin (isolation source/region) were found.

As for S. pseudintermedius strains, 13 strains were identified accordingly by using the Biotyper
Database (two with high confidence and 11 with low confidence), while the four remaining strains
(P7945, P8807, P9111, and P12464) did not exhibit significant similarity to any of the database entries.
All 17 S. pseudintermedius strains shared several peaks (4278, 5303, 5843, 6241, 6875, 7438, 8032, 8147,
8622, 8649, 9028, 10081, and 10506 Da; detected doubly protonated forms of these proteins are not
listed). Seven signals shared by all strains of S. delphini and S. pseudintermedius (4278, 6241, 7438, 8032,
8147, 9028, and 10506 Da) indicate the close relatedness of these two species. MALDI-TOF MS-based
identification outputs correlated with the dendrogram derived from the protein signals (Figure 4).
In addition, two S. delphini strains, P5747 and P6070, and four S. pseudintermedius strains, P7945, P8807,
P9111, and P12464 unassigned to S. delphini or S. pseudintermedius by the MALDI MS-based scoring
identification workflow and grouped using cluster analysis (Figure 4) in agreement with the rpoB-based
and rep-PCR identification (Figure 3).
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Figure 4. Matrix-assisted laser-desorption/ionization time-of-flight (MALDI-TOF) mass spectra-based
dendrogram of analyzed isolates and type and reference strains of Staphylococcus intermedius group. The
dendrogram was constructed using Pearson’s product moment coefficient as a measure of similarity
and the unweighted pair group average linked method (UPGMA) as a grouping method.

3.5. Biochemical Identification

The physiological and biochemical properties of SIG Antarctic isolates and 13 strains isolated from
other sources were examined (Table 1). Antarctic isolates of both S. delphini and S. pseudintermedius
phenotypically do not correspond to previously described profiles of the species and did not allow
their correct classification. Contrary to the original description, all the studied S. delphini strains were
gelatinase positive, but lecithinase negative and produced acid from trehalose. Coagulase, arginine
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dihydrolase, urease, hydrolysis of Tween 80, acid production from glycerol, mannitol, -gentiobiose, or
turanose were strain-dependent for S. delphini (Table 1). Similarly, S. pseudintermedius from seals differs
from the valid description by negative acetoin production and gave variable results for coagulase,
arginine dihydrolase, and growth at 45 °C and acid production from mannitol, a-methyl-D-glucoside,
and turanose (Table 1). Species from SIG are closely related and phenotypic classification to the species
level remains insufficient due to the already reported lack of distinguishable biochemical tests for
correct and reliable identification [11,12]. Phenotypic tests applicable for the presumptive species
identification of SIG members based on our study, especially for S. delphini and S. pseudintermedius, are
summarized in Table 2.

All strains were positive for the following conventional tests: production of catalase,
growth in 12% NaCl, bacitracin resistance, furazolidone and novobiocin susceptibility, production
of DNase, pyrrolidonyl arylamidase, nitrate reduction, and growth at 37 °C. Negative for
production of oxidase, starch hydrolysis, and growth at 20 °C and 48 °C, production of ornithine
decarboxylases, and Voges-Proskauer (acetoin). With the API ZYM kit, positive reactions
were obtained for the enzymatic activity of alkaline phosphatase, acid phosphatase, esterase
(C4), esterase-lipase (C8), leucine arylamidase and B-galactosidase; and negative reactions for
the enzymes lipase (C14), valine arylamidase, cystine arylamidase, trypsin, «-chymotrypsin,
naphthol-AS-Bl-phosphohydrolase, x-galactosidase, 3-glucuronidase, x-glucosidase, 3-glucosidase,
N-acetyl-f-glucosaminidase, x-mannosidase, and a-fucosidase. In the API 50 CH tests, all strains
gave positive reactions for acid production from glycerol, ribose, galactose, glucose, fructose,
mannose, N-acetyl-glucosamine, maltose, lactose, and sucrose. Negative acid production from
erythritol, D-arabinose, L-arabinose, D-xylose, L-xylose adonitol, 3-methyl-D-xyloside, sorbose,
rhamnose, dulcitol, inositol, sorbitol, x-methyl-D-mannoside, amygdalin, arbutin, salicin, celobiose,
melibiose, inulin, melezitose, raffinose, starch, glycogen, xylitol, D-lyxose, D-tagatose, D-fucose,
L-fucose, D-arabitol, L-arabitol, D-gluconate, 2-keto-gluconate, and 5-keto-gluconate; and negative
esculin hydrolysis.

3.6. Comparative Genomic Analysis of Staphylococcus delphini Isolates

Two genomes of S. delphini Antarctic strains that differed from each other in several characteristics
were shotgun sequenced and annotated. Strain P5747 was not successfully identified by the MALDI-TOF
MS scoring algorithm, was urease negative, and did not produce acid from lactose; strain P6456 formed
a distant cluster in the rep-PCR based dendrogram and rpoB gene phylogenetic tree and did not produce
acid from mannitol. The size of the draft genomes of strains P5747 and P6456 was 2.54 and 2.65 Mb,
comprised of 47 and 104 contigs, with an average G+C content of 38.2 and 38.1 mol%, respectively
(Table S2). The genome assemblies were compared to whole-genome sequences of S. delphini type strain
NCTC 122257 and horse isolates S. delphini 8086 [25] and S. delphini 215100905101-2 [26] (Figure 5).
Comparative genomic analysis of predicted genes in the above five genomes identified 2460 gene
clusters and 596 singletons. The majority of the orthologous clusters (up to 1899) were shared by all
the analyzed strains. Fifty-six clusters were unique for Antarctic strains and responsible for plasmid
maintenance, phage DNA replication, and a response to phosphate starvation. All non-Antarctic
S. delphini strains have additional genes for biofilm formation, the regulation of L-carnitine utilization,
and a phosphoenolpyruvate-dependent sugar phosphotransferase system. Antarctic S. delphini lack the
presence of the genes that confer resistance to fosfomycin as compared with the strains of equine origin.
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Table 1. Variable phenotypic reactions of Staphylococcus intermedius group strains under study.

. . % Conventional Test Results API 50 CH API ZYM
Species Strain Source  Locality
COA ARG URE TWE GEL Cas EY C45 GLY MAN SOR ARB MDG LAC TRE GEN TUR N-PH «-FU

S. delphini CCM 41157 dolphin  Ttaly + + + - - - + + w + - - - + - = w = -
S CCM 4184 dolphin  Ttaly + w + - - - + + w + - - - + . - w < =
S. P5747 penguin  Antarctica w - - w + + - + - w - - - - + - w - -
S. P5749 penguin  Antarctica w w + + + + - + w w = - - + + - w e =
S. P5833 penguin  Antarctica w - + + + + - + w + - - - + + - w E =
S P5835 penguin  Antarctica - - + + + + - + w + = = - + + - w & S
S P6070 penguin  Antarctica - - - + + + - + - + 2 g - + + - w % &
S. delphini P6456 penguin  Antarctica w & + 2 + + & w w - - - - w + - - - Z
S. delphini P12456 camel France w w + = + + = - + + ~ w = + + + w + -
S. delphini P12457 horse UK + w + = + + = = w + + = = w + + w w w
S. delphini P12458 horse UK w w + + + + - + w w - - - + + - - w -
S. delphini CCM 2618  mink Czechia + - + + + + - + + + - - - + + - w - w
S. delphini P12548 mink Denmark w - + - + + - + w - - - - + + - w = w
S. delphini P12549 mink Denmark w - + + + + + + w + - - - + + - w - -
S. delphini P12550 mink Denmark w w + + + + - + w + - - - + + - w - w
S. delphini CCM 8998 human  USA + + + + + - - + w + = = - - + - + E %
S. pseudintermedius CCM 73157 cat Belgium + + + - + - - + + + - - w + + - + - -
S. pseudintermedius P7945 seal Antarctica w w + - + + - - w - - - - + + - = - -
S P8480 seal Antarctica + - + - + + - + + - = = w + + - w - =
S, P8688 seal Antarctica + - + - + + - - w - - - - + + - - w -
S. pseudintermedius P8720 seal Antarctica w + + - + + - - w - - - - + + w = 5 -
S. pseudintermedius P8807 seal Antarctica + + + - + + - w + - - - w + + - w - -
S. pseudintermedius P9111 seal Antarctica * w + - + + - w + + - - w + + - w - -
S. pseudintermedius P12459 seal Antarctica w - + - + + - + w - - - w + + - - - -
S. pseudintermedius P12460 seal Antarctica - w + - + + - + w + - - w + + - + - -
S. pseudintermedius P12461 seal Antarctica w w + - + + - + + - - - w + + - + - -
S. pseudintermer P12462 seal Antarctica - - + - + + - + + + - - w + + - + - -
S. pseudintermedius P12463 seal Antarctica - w + - + + - + + - - - w + + - + - -
S. pseudintermedius P12464 seal Antarctica - \ + - + + - + + + = - w + + - + = -
S. pseudintermedius P12465 seal Antarctica w w + - + + - + + - - - - + + - + - -
S. pseudintermedius P12466 seal Antarctica w w + - + + - w + + - - w + + s + = =
S. pseudintermedius P12467 seal Antarctica + w + - + + - + + - = s w + oE ® % z -
S. pseudintermedius P10574 seal Antarctica - + + - * + - - w - - - = + + = = = &
S. intermedius CCM 57397 pigeon  Czechia w - + - + + - + w + - - w + + + w - -
S. cornubiensis CCM 8997T  human UK + + + + + + A + + + - - - o + - + - -

Legend: COA, coagulase; ARG, arginine dihydrolase; URE, urease; TWE, hydrolysis of Tween 80; GEL, hydrolysis of gelatin; Cas, hydrolysis of casein; E-Y, egg-yolk reaction (lecithinase);
C45, growth at 45 °C; GLY, acid from glycerol; MAN, acid from mannitol; SOR, acid from sorbitol; ARB, acid from arbutin; MDG, acid from «-methyl-D-glucoside; LAC, acid from lactose;
TRE, acid from trehalose; GEN, acid from B-gentiobiose; TUR, acid from turanose; N-PH, naphthol-AS-BI-phosphohydrolase; x-FU, «-fucosidase; +, positive; -, negative; w, weak.

112



“yeam ‘m ‘aanedau ‘- faanisod ‘+ faseprsoony-v ‘N 4-v ‘asejorpAyoydsoyd-ig-gy-joypydeu ‘L J-N ‘osourin) woiy pe Y 1 so1qonuad-¢g woiy pe ‘N 2S0[eyaI) Woy poe ‘gL
£3s0300] WOy poe ‘Y] Dp1sodn(S-q-[AYIaw-x woly poe ‘DA UNNgIe Woij pe ‘Y y [0}IGI0s WOy PIde YOS [OIUuLW Woij poe ‘N YA {0104]8 woiy poe ‘K10 D, 6F 18 yimoid ‘65D
‘(aseunyyay) uonoear N[0A-38a ‘X-7 ‘Urased Jo SISA[0IpAY ‘se) ‘une[ad Jo SISAOIPAY “TH0) 0§ UM, JO SISA[0IPAY ‘M L ‘oseain gy ‘dse[orpAyrp aururdre ‘O y ‘asem8eod ‘'yOD) puaday

113

RESULTS AND DISCUSSION

P + + + + + + MO uewny /668 INDD SISUAIQNILLOD °S
M + + M + M + - + + - + - Y enpaz)  uoadid 6646 INDD snipautidjul *§
- i + = - M = = + + - + + - eoRIRIUY Teas F£S01d smipauLijuipnasd °§
= s * M = + + - + + - + M + eonRIRIUY [eas 29¥T1d snipauLidjuipnasd -
+ + + M o+ + M - + + - + M M edndIRIUY [eas 99¥Z1d snipautiajuipnasd -§
+ + + - - + + - + + - + m M ednRIRIUY [eas SOPTLd snipauiuipnasd *g
+ + + m + + + - + + - + M - ed1OIRIUY eas $9PCLd snipauLiuipnasd °§
+ + + M - § % - + + - + M - eO1OIRIUY Teas COFZLd snipauLiduipnasd °§
+ + + M + + + - + + - + - - ednOIRIUY Teas 9%C1d smpautiguIpnasd '§
+ + + M - + + - + + - + m m ednOIRIUY Teas 19%¢1d snipauLiguIpnasd -§
+ i + M + m + = + + - + M - eOIRIRIUY Teas 09%21d snipautiguipnasd °§
= i + M - M + - + + - + - m edTRIRIUY Teas 6SFTId snipautiaupnasd '
M + 4+ m + + M - + + - + M + ednRIRIUY [eas I116d smipauLjuipnasd °§
M & o M = + M . + + - + + + ednRIRIUY [eas £088d smpauLuipnasd °§
p " 4 = = M S - + + - + + m eOIRIRIUY Teas 0248d smpauLjuipnasd '§
" a4 g % - M - - + + - T - + eoRRIRIUY [eas 8898 smipautiauipnasd °g
o s + M ) + + - + + - + - + eORIRIUY Teas 08F8d snpauLijuipnasd '§
z + + = 2 M % - + + g + M M eonRIRY Teas Sh6Ld snipautiaupnasd °g
+ + + M + + + - - + - + + + wmnidpg 3 GIELINDD snipautiaurpnasd °g
+ + + - + M + - - + + + + o vsn  uewny 8668 INDD S
M + + - + M + " + 4 + + M M Jrewrus g Suru 0SSZLd 6!
M + + - + m + + 0 + + + - M Srewrua( Sunu 6FSTld 2
M + + - - M + - + + & + £ m Srewusq uru 8¥STId 'S
m + + - + + + - + + + + = + BIYIZD) Jurr - 8192 NDD S
- + + - m M + - + + + + M M AN as10y 8S¥CLd s
M + M - + M - - + + - - »M + MO esioy L5¥TLd 'S
m + + - + + - - + + = + M M adueL] [puwred 9StTld S
- g M - - M M - + + - + - M eonprejuy  umsuad 9519d S
M + + - + - + - + + + - - - eopprejuy  umSuad 0£09d S
M + + - 3 M + - + + + + - - edprejuy  umSuad Ge86d S
Mm + + - + M + - + + + + - M eopprejuy  um3uad €€86d S
M + + - m M + - + + + + M M eonprejuy  umsuad 6bL5d mpydpap g
m 4 2 = M - + - + ¥ M - - m eonprejuy  umSuad LFLSd wydjap °g
M - + - ¢ M + + - - - + om0 4 Ao umydop  $81F NDD nuydjap g
M - + - + M + + - - - + + + Aoy umydiop (STTF DD muydpap g

Hd-N ¥dNL NID HIL OV OAdN dIV J0S NV X1D S#O A-d se)  T49 IML JIN DIV V0D

Ayeooy  2damog ureng sapadg
HO 0S IdV S}[NSIY 1SI], [UOTJUIAUOD)

*Apnys 1opun surens dnoad snipautiajur snaoosojhydpys jo suonoear srd£jousyd sqerrep T apqer



RESULTS AND DISCUSSION

Microorganisms 2020, 8, 204 10 of 18

Table 2. Proposal of phenotypic traits suitable for differentiation of Staphylococcus intermedius
group species.

Species Strains TWE E-Y MAN MDG
S. delphini 16 strains d (63%) - (6%) + (88%) - (0%)
S. pseudintermedius 17 strains - (0%) - (0%) (-) (29%) (+) (71%)
S. intermedius CCM 57397 - - + w
S. cornubiensis CCM 89977 + + + 7

Legend: TWE, hydrolysis of Tween 80; E-Y, egg-yolk reaction (lecithinase); MAN, acid from mannitol; MDG, acid
from x-methyl-D-glucoside; +, 85% to 100%; (+), 70% to 84%; d, 31% to 69%; (-), 15% to 29%; -, 0% to 14%; w, weak.
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Figure 5. Whole-genome comparison of Staphylococcus delphini penguin isolates P5747 (GenBank
accession no. WNLD00000000) and P6456 (WNLE00000000) with horse strains 8086 (CAIA00000000),
215100905101-2 (MWUT00000000), and type strain NCTC 12225" from a dolphin (LR134263). Genomic
regions with major differences between neighboring genomes and significant mobile genetic elements
are highlighted in rectangles and are color-coded according to the legend. Prophage genomes
8086-1, 8086-2, and P6456-1 were located on different contigs, and therefore are not complete in the
whole-genome comparison. Conserved regions with more than 65% homology are indicated with
different shades of grey as determined by blastn.

Variability in S. delphini genome structure is mostly associated with mobile genetic elements and
numerous genomic islets (Table S2 and Figure 5). The genomes of S. delphini strains P5747 and P6456
contain predicted plasmid contigs, prophages, a novel S. delphini phage-inducible chromosomal island
(PICI) designated SAPICI-1 inserted between the chaperone GroEL and glucosamine-6-phosphate
N-acetyltransferase genes, and genomic island designated SAdCIggc encoding staphylococcal enterotoxin
C (SEC) and putative proteins involved in its transfer. Staphylococcus delphini strain P5747 harbours
CRISPR type IIIA, a distinctive gene cluster for purine metabolism, genes encoding sphingomyelinase
C, sialidase B, putative genes for capsular polysaccharide synthesis located near the oriC region, and
trypsin-like serine protease gene cluster. A genomic island containing bi-component leukocidin locus
[ukSF-I and the L-ascorbate transport and utilization (ula) operon was observed in all the analyzed
genomes. The genome of S. delphini strain P6456 contains a gene for a novel exfoliative toxin (locus tag:
FMF08_11915) in the oriC environ, gene clusters for the intake and metabolism of saccharides and
oligopeptides, and a composite transposon for arsenic and chromate resistance.

The genes for virulence factors, surface and extracellular proteins are dispersed throughout S.
delphini genomes. Majority of these proteins have similar distribution to other SIG members (Table S3).
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The comparative analysis showed three major differences in those proteins from S. delphini strains
and representative SIG members originating from different hosts as follows: (i) variability of serine
proteases including exfoliative toxin-like proteins, (ii) different polysaccharide capsule synthesis
proteins, and (iii) extensive variability of putative proteins with unknown function containing a LPXTG
motif anchoring to cell wall peptidoglycan (Table S3).

To evaluate the intergenomic distances between the S. delphini genomes, ANI and dDDH values
were determined (Table 3). The calculated ANI values among analyzed S. delphini genomes ranged
from 96.28% to 98.66%, and unambiguously confirmed the position of both strains P5747 and P6456
as S. delphini species and at the same time showed that S. pseudintermedius and S. intermedius type
strains are well below the thresholds of 95% to 96% for species delineation [62]. The calculated dDDH
values among S. delphini were relatively low and indicated an extensive variability that could represent
specialization to specific hosts. As a further extension to genome-based phylogeny the Up-to-date
Bacterial Core Gene (UBCG) tool was used to compare 92 core genes among analyzed S. delphini
genomes (Figure 6). This analysis confirmed that the strains do not divide to distinctive lineages
according to their animal host.

Table 3. Intergenomic distances between the genomes of Staphylococcus intermedius group strains in
percent, represented by average nucleotide identity (ANI) and digitally derived genome-to-genome
distances (GGD) emulating DNA-DNA hybridization values.

NCTC NCTC
Straiii P5747 P6456 122257 215100905101-2 8086 110487

GGD ANI GGD ANI GGD ANI GGD ANI GGD ANI GGD ANI GGD ANI GGD ANI

LMG 222197  Nw1T

S. delphini P5747 - - 702 963 705 965 774 976 856 984 358 886 551 939 335 874
S. delphini P6456 702 963 - - 875 987 695 963 690 963 355 884 513 931 332 8§72
S. delphini NCTC 122257 705 965 875 987 - - 704 966 701 964 359 886 512 931 335 874
S. delphini 2151009051012 774 976 695 963 704 966 - - 784 976 357 886 547 937 336 878
S. delphini 8086 856 984 690 963 701 964 784 976 - - 356 886 549 939 336 875
S. intermedius NCTC 11048 358 886 355 884 359 886 357 886 356 887 - - 349 880 362 886
S. pseudintermedius LMG 222197~ 551 939 513 931 512 931 547 937 549 939 349 880 - - 329 8§72
S. cornubiensis NW1T 335 874 332 872 335 874 336 878 336 876 362 886 329 8§72 - -

Staphylococcus cornubiensis NW1"
Staphylococcus intermedius NCTC 11048"

Staphylococcus pseudintermedius LMG 22219"
Staphylococcus delphini 8086

68 48 Staphylococcus delphini P5747
65 Staphylococcus delphini 215100905101-2
47 Staphylococcus delphini P6456

44 Staphylococcus delphini NCTC 12225"

0.020

Figure 6. Core gene set phylogenetic tree of Staphylococcus delphini strains from different animals
(penguin isolates P5747 and P6456, horse strains 8086 and 215100905101-2, and a dolphin strain NCTC
12225T). The phylogenetic tree was constructed using Up-to-date bacterial core gene set (UBCG)
concatenated alignment of 92 core genes. A total of 86,031 nucleotide positions were used. Maximum
likelihood phylogenetic tree was inferred using Fasttree version 2.1.10 using GTR + CAT model. Gene
support indices are given at branching points (maximal possible value is 92). Bar, 0.1 substitution
per position.

4. Discussion

The analyzed SIG strains were collected in several consecutive years at three different locations.
Species identification based on previously evaluated 16S ribosomal DNA-based identification [63]
showed the presence of 16 staphylococcal taxa. Some of the recently described staphylococcal
species shared high similarity in their 165 rRNA sequence and were distinguished on the basis of
whole-genome sequencing, therefore they are identified as species complexes. Among the most
prevalent staphylococcal species isolated from Antarctic wildlife were S. haemolyticus, S. epidermidis,
and S. sciuri, which have been previously collected in Antarctic environmental samples [4-6,64].
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In this study, several strains of S. aureus were also collected, which corresponds with the findings
of Van Elk et al. [65], who recovered an S. aureus isolate from Antarctic southern elephant seal and
suggested that it could be a host species-specific and coevolved variant which is not closely related to
S. aureus strains from terrestrial species, based on MLST analysis.

To the best of our knowledge, this is the first report of the isolation and characterization of S. delphini
and S. pseudintermedius from Antarctic animals, penguins and seals. SIG species, thus, seem to be
ubiquitous and the most common coagulase-positive staphylococci recovered from non-human animals,
in which they can act as opportunistic pathogens and cause a variety of infections. Staphylococcus
delphini has been previously isolated from a broad range of phylogenetically unrelated mammals
(dolphins, cows, horses, camels, and mustelids). The isolation of S. delphini from the Antarctic Adélie
penguin is the only report from birds except for rare isolates from pigeons [12]. S. pseudintermedius is a
predominant opportunistic pathogen of canine hosts, and the clonal diversity and broad geographic
distribution of S. pseudintermedius suggests that it has coevolved with the suborder Caniformia
("dog-like" carnivorans) for a long time in evolutionary terms [11,66,67]. Aarestrup [67] isolated SIG
strains from the skin of healthy members of six phylogenetic groups within Caniformia, but not
successfully from the seal family (Phocidae). The report of the occurrence of S. pseudintermedius in
Weddell seals supports the theory of S. pseudintermedius coevolution with Caniformia, and it is evident
that the bacteria can coexist with their hosts in the extreme polar environment. It is likely that SIG
species shared a common ancestor and evolved with their specific host adaptation, analogously to the
relationship between S. aureus and its sister primate-associated species Staphylococcus simiae [68,69] or
Staphylococcus schweitzeri [70]. In addition, this study concluded that members of SIG are distributed
worldwide and inhabit an even wider range of hosts than was previously thought.

Differentiating between species belonging to SIG is problematic. In addition, some strains
previously described as S. intermedius have been reassigned to other species within SIG [12,71].
Identification based on conventional biochemical, physiological, and growth tests in a routine
microbiology laboratory is difficult, since SIG members share many phenotypic characteristics,
the expression of many biochemical properties is variable, and taxonomic descriptions were done with
various identification sets utilizing different reaction substrates. We evaluated the performance of
molecular-based and phenotype-based techniques for the ability to differentiate and identify members of
SIG, including Antarctic isolates. The study demonstrated that rpoB gene sequencing and rep-PCR gave
consistent results and differentiated the isolates into distinctive clusters corresponding to individual
species within SIG. Cluster analysis based on MALDI-TOF MS protein data was able to separate the
S. pseudintermedius and S. delphini Antarctic isolates, place them together with corresponding type
strains, and create separate clusters from S. intermedius and S. cornubiensis type strains. Unlike a recent
report [72], mass spectrometry was unable to identify two Antarctic isolates of S. delphini using a
MALDI-TOF MS-based scoring identification workflow.

The Antarctic S. delphini and S. pseudintermedius isolates phenotypically differ from both the type
and used reference strains. The type strain of S. delphini is described as negative for trehalose and
thermonuclease. Because the species description of S. delphini was based on only two strains, in
our study we tested a set of Antarctic isolates supplemented with S. delphini reference strains from
different animals, including a human isolate. All Antarctic S. delphini strains were positive for acid
production from trehalose, similarly to Sasaki et al. [12] who also reported some S. delphini strains to
be positive for trehalose and thermonuclease. Moreover, in our study we found positive gelatinase
activity among S. delphini isolates and reference strains, which contradicted their species description,
as well as lecithinase production, which was positive for the type strain but negative for the tested
strains. It is possible that strains from diverse animals represent distinctive ecotypes with specific
ecological adaptations. Variation in phenotype, borderline dDDH values between strains (Table 3),
and previously reported polymorphisms in housekeeping genes [12] suggest that more subspecies
exists within S. delphini species.
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Similar to S. aureus [73,74], the major differences in the S. delphini genomes are due to variable
genetic elements. Various prophages with low similarity to known phage sequences in available
databases were found in all strains. Two different types of wall teichoic acids synthesis loci were found
in the analyzed genomes. Since wall teichoic acids serve as receptors for bacteriophage adsorption [74]
and the phage adsorption is sufficient for efficient transduction [75] we hypothesize that differences
in phage receptors can drive the diversification of S. delphini genomes. The staphylococcal cassette
chromosome mec, which was described in methicillin-resistant S. pseudintermedius [76], was not detected
in any of the analyzed S. delphini genomes. The presence of CRISPR/Cas and the type of cas genes was
not related to the animal source of the isolation, thus the loci could have been acquired independently.
Staphylococcus aureus pathogenicity islands (SaPI) are well described representatives of PICI and
contribute to horizontal gene transfer [77]. In contrast to SaPl, S. delphini PICI SAPICI-1 was only
observed in strains isolated from penguins and contained genes for phage-related head structural
proteins and both terminase subunits, which has been observed in some PICIs of Gram-negative
bacteria [78]. The finding of genomic island harboring leukocidin encoding genes IukFS-I among all
analyzed strains confirms its ancient origin [25] and also its preservation among S. delphini strains
in the polar environment. Virulence potential of all analyzed S. delphini strains is enhanced by the
presence of SEC encoding genes, which have been previously detected in S. pseudintermedius isolates
and associated with canine pyoderma [79,80]. Distribution of other toxin genes is variable among
the strains (Table S3). Putative exfoliative toxin from P6456 strain has 53% amino acid identity with
S. pseudintermedius exfoliative toxins EXI and ExpB [81,82]. Furthermore, an island with multiple
paralog genes encoding trypsin-like serine proteases related to exfoliative toxins [83] was found in
strain P5747 (Figure 5 and Table S3), being a possible virulence factor.

Staphylococcus delphini genomes of the type strain, the strains representing two different
phylogenetic branches of equine origin and the selected genomes of SIG isolates from other animals,
were used for the comparative genomic analysis with focus on virulence, cell wall anchored proteins,
and extracellular proteins (Table S3). These proteins most likely play a role in adaptation to the host
and in a defence against host immunity. Homologs of S. delphini surface proteins were found in other
SIG species, but many proteins were strain-specific, suggesting specific adaptation and virulence.
However, there was no distinctive pattern of surface proteins corresponding to individual animal
hosts. The location of these genes for surface proteins was predominantly on the chromosomes and
not on the mobile genetic elements indicating both common ancestry and differential gene loss among
strains as well as gene gain via horizontal transfer events. Despite numerous putative virulence factors
found in analyzed genomes of S. delphini, further studies are needed to consider their role in animal
pathogenesis or the possible risk of zoonotic infection to humans.

5. Emended Description of Staphylococcus delphini (Varaldo et al., 1988)

The description is based on the original description and observations of six isolates from penguins
and eight reference strains from animals and human (Table 1). The morphological, biochemical, and
physiological characteristics are generally those of the S. delphini description [15] with the exception of
gelatin and lecithin hydrolysis and trehalose acidification, which were strain dependent. In contrast to
type strain CCM 41157 and reference strain CCM 4184, both from dolphins [15], all the studied S. delphini
strains were gelatinase positive, but lecithinase negative and produced acid from trehalose. Below are
the mentioned emended positive and negative test results not included in the original description.

Acid is produced from glycerol, ribose, galactose, and N-acetyl-glucosamine (API 50 CH). Esterase
(C4), esterase-lipase (C8), acid phosphatase, pyrrolidonyl arylamidase, leucine arylamidase, and
f-galactosidase positive (API ZYM). Resistant to bacitracin (0.04 U) and susceptible to furazolidone
(100 pg). Negative oxidase, ornithine decarboxylase, esculin and starch hydrolysis, and growth at 20 °C.
Acid production is negative from erythritol, D-arabinose, D-xylose, adonitol, -methyl-D-xyloside,
sorbose, rhamnose, dulcitol, inositol, sorbitol, a-methyl-D-mannoside, a-methyl-D-glucoside,
amygdalin, arbutin, salicine, cellobiose, melibiose, inulin, melezitose, raffinose, starch, glycogen,
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D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, and
5-keto-gluconate (API 50 CH). No enzymatic activity found for lipase (C14), valine arylamidase, cystine
arylamidase, trypsin, a-chymotrypsin, «-galactosidase, -glucuronidase, x-glucosidase, 3-glucosidase,
N-acetyl-p-glucosaminidase, and x-mannosidase (API ZYM). Variable reactions are shown in Table 1.
Isolated from mucous membranes of different animals, occasionally humans. G + C content of 38 mol%
calculated from whole genomic sequence.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/2/204/s1:
Table S1: Staphylococcus spp. strains identified in animal-related samples from James Ross Island and Seymour
Island, Antarctica, Table S2: Comparison of selected genomic features of Staphylococcus delphini strains P5747 and
P6456 from penguins, and S. delphini strains from other hosts, Table S3: Distribution of virulence factors, surface
and extracellular proteins among the Staphylococcus delphini strains from different hosts and from the reference
and type strains of other SIG species.
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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 [llumina 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, SrRlccmoozs, is particularly interesting. It
harbors virulence factor virE and composite transposon derived from the 1S3 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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Abstract: Staphylococci from the Staphylococcus intermedius-Staphylococcus hyicus species group in-
clude numerous animal pathogens and are an important reservoir of virulence and antimicrobial
resistance determinants. Due to their pathogenic potential, they are possible causative agents of
zoonoses in humans; therefore, it is important to address the properties of these strains. Here we
used a polyphasic taxonomic approach to characterize the coagulase-negative staphylococcal strain
NRL/St 03/464T, isolated from the nostrils of a healthy laboratory rat during a microbiological
screening of laboratory animals. The 165 rRNA sequence, MALDI-TOF mass spectrometry and
positive urea hydrolysis and beta-glucuronidase tests clearly distinguished it from closely related
Staphylococcus spp. All analyses have consistently shown that the closest relative is Staphylococcus
chromogenes; however, values of digital DNA-DNA hybridization <35.3% and an average nucleotide
identity <81.4% confirmed that the analyzed strain is a distinct Staphylococcus species. Whole-genome
sequencing and expert annotation of the genome revealed the presence of novel variable genetic
elements, including two plasmids named pSR9025A and pSR9025B, prophages, genomic islands and
a composite transposon that may confer selective advantages to other bacteria and enhance their
survival. Based on phenotypic, phylogenetic and genomic data obtained in this study, the strain
NRL/St 03/4647 (= CCM 9025T = LMG 318737 = DSM 111348") represents a novel species with the
suggested name Staphylococcus ratti sp. nov.

Keywords: laboratory rat; Staphylococcus; Hyicus-Intermedius species group; taxonomy; whole
genome sequencing; variable genetic element; genomic island

1. Introduction

Staphylococci are opportunistic pathogens widespread in nature; they are mainly
isolated from the skin, skin glands, and mucous membranes of various animals [1], and
less often from the blood of diseased animals [2]. The nasal cavity of many mammalian
species is inhabited by distinctive staphylococcal species. Studies of Staphylococcus spp.
distribution in wild rodents have shown the presence of predominantly coagulase-negative
staphylococci, including Staphylococcus xylosus, Staphylococcus equorum, Staphylococcus succi-
nus, Staphylococcus saprophyticus and Mammaliicoccus spp. [3,4]. The species composition
of staphylococcal populations in wild and laboratory rats is largely unknown. The pre-
dominant species in laboratory rats is S. xylosus, followed by Staphylococcus aureus and
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Staphylococcus cohnii [5]. Recent studies have shown that rats are reservoir of various S. au-
reus clonal lineages, including methicillin-resistant strains [6]. On the other hand, murine S.
aureus isolates exhibit host adaptation [7]. Both mice and rats are an animal infection model
for studying S. aureus pathogenicity [8,9]. In wound infections, rats eliminated bacteria
faster and more rapidly organized the inflammatory response than other rodents [10].

Similarly to the main pathogen S. aureus, some species in the Staphylococcus inter-
medius-Staphylococcus hyicus phylogenetic complex can also catalyze the polymerization of
fibrinogen to fibrin through the enzyme coagulase, thereby contributing to the appearance
of purulent foci—abscesses [11]. Besides coagulase, they also have other virulence factors,
such as staphylococcal -hemolysin (sphingomyelinase), a typical product of the species
Staphylococcus pseudintermedius [12]. Staphylococcal species belonging to this complex are
opportunistic pathogens of various animal species. S. pseudintermedius, Staphylococcus coag-
ulans, and Staphylococcus canis occur as carriers in dogs and other carnivores [13-16], and
when skin integrity is disrupted, they can cause skin and soft tissue infections or external
ear otitis. Staphylococcus ursi was isolated from healthy black bears [17]. Staphylococcus felis
is a common cat commensal and a potential urinary pathogen [18]. However, they can
also be zoonotic pathogens, causing skin problems in humans; a typical example is a septic
wound after a dog bite or cat scratch [19,20].

Staphylococcus hyicus forms a separate phylogenetic clade together with Staphylococcus
agnetis and Staphylococcus chromogenes. S. hyicus causes exudative epidermitis in pigs,
known as greasy pig disease, due to the expression of exfoliative toxins that selectively
digest porcine desmoglein 1 [21]. Zoonotic infections of the bloodstream have been reported
to be caused by S. hyiicus, as has spondylodiscitis in animal keepers [22,23]. S. agnetis was
primarily isolated from cows with mastitis [24], but recent findings demonstrate that
S. agnetis may be associated with diseases and mortality in broiler chickens [25,26]. S.
chromogenes is globally the most common cause of intramammary infections of dairy
cows [27] and has also been reported in both healthy and diseased pigs [28], goats [29]
and poultry [5]. There are also reports of nasal carriers of S. chromogenes among farm
workers [30].

The prevalence of human infections caused by species of the S. intermedius/S. hyicus
complex is low; however, due to their phenotypic similarity, the capture of some species
may be underestimated in studies that did not use molecular techniques. In this work we
provide a polyphasic characterization of an isolate of Staphylococcus sp. NRL/St 03 /464T
that was cultured during a microbiological examination of nasal swabs from healthy rats
before a biological experiment at the Unit for Biomedicine and Welfare of Laboratory
Animals, National Institute of Public Health (Prague, Czech Republic).

2. Results and Discussion
2.1. Phylogenetic Analyses

The isolate CCM 9025T (= NRL/St 03/464T) was assigned by a partial sequencing of
the 165 rRNA gene to the Staphylococcus genus and previously defined Hyicus-Intermedius
species group [31]; however, its biochemical profile, MALDI-TOF MS pattern and partial
RNA polymerase subunit beta (rpoB) gene sequence did not allow for its classification into
any known staphylococcal species. Therefore, a polyphasic taxonomic study was conducted
which was focused on a detailed characterization of a new Staphylococcus species.

The obtained complete 165 rRNA gene sequence of strain CCM 90257 was compared
to those of other taxa from the Hyicus-Intermedius species group of the Staphylococcus
genus. The closest relatives were S. chromogenes (99.3% similarity), S. agnetis (99.2%) and
S. hyicus (99.1%); other species were below 98% similarity. The topology of the maximum
likelihood phylogenetic tree constructed with 165 rRNA gene sequences was similar to that
of the neighbor-joining tree (Figure 1a).
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Figure 1. Evolutionary analyses of S. hyicus-S. intermedius phylogenetic complex including 5. ratti sp.
nov. (a) Unrooted phylogenetic tree based on complete 165 rRNA gene sequences extracted from
whole-genomic sequencing data (GenBank accession numbers are in parentheses). The evolutionary
history was inferred by using the maximum likelihood method and Tamura-Nei model. Filled
circles indicate that the corresponding nodes were also obtained in the tree constructed by the
neighbor-joining method. The percentage of 500 tree replications above 50% in which the associated
taxa clustered together is shown next to the branches. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. There were a total of 1551 positions in
the final dataset. (b) Unrooted maximum likelihood tree based on multilocus sequence analysis of
concatenated nucleotide sequences from six loci, rpoB, hsp60, dna], tufA, gap and sodA, extracted from
whole genome assemblies (accession numbers are in parentheses). There were a total of 3972 positions
in the final dataset. Bootstrap probability values (percentages of 500 tree replications) greater than
50% are shown at branch points. The evolutionary distances are given as the number of substitutions
per site. (¢) Nucleotide core gene set phylogenetic tree of S. ratti sp. nov. and phylogenetically
related species. (d) Protein sequence-based phylogenetic tree of the core gene set of 5. ratti sp. nov.
and phylogenetically related species. Trees (c) and (d) were constructed using up-to-date bacterial
core gene set (UBCG; concatenated alignment of 92 core genes). The maximum likelihood tree was
inferred using RAXML software and set to 100 replicates. Gene support indices are given at branching
points (maximal possible value is 92). Bar, 0.1 substitution per position.
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Because the 165 rRNA analysis has limited discriminatory power for the identification
of some staphylococcal species, the phylogenetic position of the new isolates was also as-
sessed using the concatenated multilocus sequence data of six routinely used housekeeping
genes (Figure 1b). The maximum likelihood phylogenetic trees for the housekeeping genes
including the closest relatives had a very similar topology which corresponded to that of
the 16S rRNA gene tree, clearly separated the novel isolate CCM 90257 from the estab-
lished species and which confirmed S. chromogenes as the closest relative. The significant
phylogenetic distance from the related staphylococcal species at the whole-genome level,
with an average nucleotide identity (ANI) of <81.4% and digital DNA-DNA hybridization
(dDDH) of <35.3%, were below the species delineation thresholds, which are 95-96% and
70%, respectively [32]. This confirmed that strain CCM 90257 represents a distinct Staphy-
lococcus species named Staphylococcus ratti sp. nov. It forms a separate branch in the S.
hyicus phylogenetic clade, as also shown by protein coding core genome analysis using the
up-to-date bacterial core gene (UBCG) (Figure 1c,d).

2.2. Phenotypic, Genotypic and Chemotaxonomic Characteristics

Cells of strain CCM 90257 are irregular spherical cocci with diameter 705 + 55 nm
(n = 100) (Figure 2). The strain grew well on common media for staphylococci and was
mesophilic and moderately halophilic, with the ability to hydrolyze biomacromolecules
(gelatin, DNA). Carbohydrates seldom served as the source of carbon. The detailed pheno-
type data are subsequently mentioned in the species description in the text; here we only
specify several notable results. Interestingly, the hyaluronidase test result was positive for
CCM 90257, which is a rare feature for coagulase-negative staphylococcal species. During
biotyping, a few contradictory results depending on the tested conditions were found.
Firstly, the Voges—Proskauer test (acetoin) was negative in a standard tube test, but positive
with a commercial VPtest strip containing pyruvic acid instead of glucose. The second
inconsistency was related to an enzymatic 3-glucuronidase test included in the commercial
kits, when B-glucuronidase was positive for CCM 90257 in STAPHYtest 24, but negative in
API ZYM, probably due to different substrates being used for enzyme detection.

Length. 72584 nm

Length. 710.38 nm

Figure 2. Transmission electron microscopy image of type strain Staphylococcus ratti sp. nov. CCM
9025T negatively stained with ammonium molybdate. Bar represents 500 nm (original magnification
x 10,000).

The tests distinguishing novel species from closely related staphylococci of the S.
hyicus group are shown in Table 1, and these tests enable the correct identification of CCM
90257 at the species level.

Profiling analysis by matrix-assisted laser desorption/ionization—time-of-flight mass
spectrometry (MALDI-TOF MS) is routinely used for bacterial identification. A distinct
MALDI-TOF MS pattern is therefore a useful phenotypic feature in describing new species.
Strain CCM 90257 generated a consistent MALDI-TOF MS profile containing signals in
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the mass range of 2-10 kDa, which was not related to any of those Staphylococcus species
already represented in the commercial database at the time of testing. After the manual
inclusion of profiles from 24 analyses of the strain CCM 90257 to the in-house database,
the strain was re-analyzed and matched the new pattern with a score of 2.6, whereas the
next closest species was S. schleiferi with a score of 1.2, which is far below the species
identification threshold.

Table 1. Phenotypic differentiation of Staphylococcus ratti sp. nov. from closely related Staphylococcus
spp. type strains.

Feature S. ratti sp. nov. S. agnetis S. hyicus S. chromogenes
CCM 90257 CCM 88697 CCM 23687 CCM 33877
Pigment white white white orange
Growth at 15 °C — — + +
Growth in 15% NaCl + + + _
Hemolysis + — — —
Voges-Proskauer test ! - + — —
Acid from trehalose + — + +
Tween 80 hydrolysis - + + _
Alkaline phosphatase + - + +
B-glucuronidase 2 + w + —
Urease + — — +
1

+, positive; w, weakly positive; —, negative; all data were taken from this study. ! Tube test; > STAPH Ytest 24 kit.

Staphylococci are easily differentiated from other Gram-positive cocci at the genus
level by cellular fatty acid analysis, which is also one of the recommended tests at the
species level. The cellular fatty acid profile of strain CCM 90257 revealed 4 major fatty acids
(FAs) (=10%), is0-C15.9 (35.0%), anteiso-Cqs.g (24.1%), is0-Cq7.9 (10.8%) and anteiso-Ci7.
(10.2%), similar to other validly named Staphylococcus spp. [33]. Comparison to the closest
related Staphylococcus spp. showed qualitatively similar profiles of FAs with quantitative
differences between the compared type strains (Table 2). Qualitative differences in iso-Cys,
is0-Cy7.9 and Cpg clearly distinguish strain CCM 90257 from S. chromogenes CCM 33877,
and lower amounts of anteiso-Cy7. are specific for S. agnetis CCM 88697. S. hyicus CCM
23687 has the most similar FA profile to CCM 90257, but can be distinguished by lower
amounts of branched Cy7 FAs and a higher amount of iso-Cys,.

Table 2. Cellular fatty acid composition (as a percentage of the total) of S. rafti sp. nov. CCM 90257, &,
chromogenes CCM 33877 5. agnetis CCM 88697 and S. hyicus CCM 23687, Values of less than 1% are
not shown.

. S. ratti sp. nov. 8. chromogenes S. agnetis S. hyicus

Fatty Acid CCM 90257 oM 3387 CCM 88657 CCM 23687
i50-Cia TR 1.0 TR TR
Cuao TR TR 1.0 1.0
is0-C150 35.0 16.5 43.9 33.7
anteiso-Cys; 241 36.4 25.1 325
i50-C1s0 15 15 TR 12
Ciso 15 15 24 27
is0-Ci7 10.8 6.0 9.2 74
anteiso-Cq70 10.2 13.4 4.8 6.9
Cigo 26 55 29 40
is0-Ciop 4.4 3.2 2.1 21
anteiso-Cro 23 29 TR 1.0
Cang 58 10.4 6.1 6.2

TR, trace amounts < 1%. Cultivation on TSBA medium for 24 h at 37 °C.

The major respiratory quinone in strain CCM 9025 was MK-7 (95.7%). Menaquinones
MK-6 and MK-8 were also detected as minor components of the electron transport system.
The identification of MK-7 as the major component of the quinone system is in accordance
with the genus characteristics, as members of the genus Staphylococcus reveal the presence
of unsaturated menaquinones, typically with six, seven or eight isoprene units [33,34].
Analysis of the peptidoglycan structure revealed a cross-linkage type A structure of A3a
L-Lys-Glys.4 similar to the type A11.2 structure [35], with the molar amino acid ratio 2.0
Ala:3.4 Gly:1.0 Glu:0.8 Lys. The type Al11.2 peptidoglycan structure was also identified
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in the closest related species S. chromogenes, S. agnetis and S. hyicus, as described by Schu-
mann [35]. Unlike CCM 90257 and S. agnetis, 5. chronogenes and S. hyicus were found to also
contain minor amounts of serine, likely substituting for some glycine in the interpeptide
bridge [24,33,36].

A DNA fingerprinting technique using repetitive sequence-based PCR (rep-PCR)
fingerprinting with the (GTG)s primer, previously shown to be suitable for the simultaneous
detection and differentiation of Staphylococcus spp., was used to demonstrate the difference
of strain CCM 90257 from related taxa. The rep-PCR clearly distinguished the analyzed
strain from the type strains representing the phylogenetically close Staphylococcus spp.
(Figure 3).

Similarity (%)
20 40 60 80 100
S. chromogenes CCM 3387"
S. rostri CCM 7761"
S. pseudintermedius CCM 7315"
S. lutrae CCM 46817
S. delphini CCM 41157
S. intermedius CCM 5739"
S. muscae CCM 41757
S. microti CCM 4903"
" | S. comubiensis CCM 8997
S. aureus CCM 885’
S. ratti sp. nov. CCM 9025"
~ S. agnetis CCM 8869
S. canis CCM 9193’
S. hyicus CCM 2368'
1 S. felis CCM 4196
S. coagulans CCM 4313'
S. schleiferi CCM 4070"

Molecular Size Marker

4000

1500 =~
1000 ==
500
300
(bp)

Figure 3. Distinct DNA banding patterns obtained in identification of Staphylococcus ratti sp. nov.
and the type strains of related species based on repetitive PCR fingerprinting with (GTG)s primer.
The dendrogram based on cluster analysis of rep-PCR fingerprints was calculated with Pearson’s
correlation coefficients with an unweighted pair group method with arithmetic average (UPGMA)
clustering method (r, expressed as percentage similarity values).

2.3. Whole Genome Characterization of Staphylococcus ratti sp. nov.

The genome of S. ratti sp. nov. type strain CCM 9025" was sequenced using Illumina
and Oxford Nanopore platforms. The size of the complete chromosome assembly is 2.3 Mb
with a mean coverage of 500-fold. Based on the NCBI automated annotation pipeline, a total
of 2198 CDSs were identified in the genome, of which 2150 were protein-encoding genes. A
total of 82 genes for RNAs were identified in the genome, including 59 tRNAs, 19 rRNAs
including 7 (5S), 6 (16S) and 6 (23S), and 4 ncRNAs. Two plasmid sequences named
PSR9025A (3311 bp) and pSR9025B (2455 bp) were assembled and annotated as separate
extrachromosomal replicons. Plasmid pSR9025A encodes the gene for the Rep protein,
which shares 100% amino acid identity with the Rep protein gene in p908 of S. agnetis [37]
and a gsiB (glucose starvation-inducible protein B) gene homologue which is involved in
a stress response. Further short similar regions were identified in the plasmids of many
other coagulase-negative staphylococci. The plasmid pSR9025B is a cryptic plasmid similar
(75.5% identity and 27% coverage) to the pLNU9 plasmid of S. chromogenes [38]. This is an
indication of interspecies transfer of these types of variable genetic elements (VGEs).

Comparative genomic analysis of S. ratti with the two type strains S. chromogenes NCTC
105307 and S. hyicus ATCC 11249" revealed the presence of additional VGESs, including
insertion sequence elements, a composite transposon, one prophage, and a genomic island
(Figure 4).
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Figure 4. Whole-genome alignment of Staphylococcus chromogenes NCTC 10530 (assembly accession
no. GCA_900458195.1), Staphylococcus ratti sp. nov. CCM 90257 (GCA_020883535.1) and Staphylococcus
hyicus ATCC 112497 (GCA_000816085.1) chromosomes. Blast map shows nucleotide sequence identity
above 60%. The location of variable genetic elements is color coded as in the legend.

Type I restriction-modification (RM) system genes were found downstream of orfX,
but no evidence of staphylococcal cassette chromosome (SCC) integration was found. Type
II RM system genes are localized near a cap operon. The clustered, regularly interspaced,
short, palindromic repeats (CRISPR)/CRISPR-associated gene (Cas) system was identified
in the same location in both the S. ratti and S. hyicus genomes. The genes for predicted
virulence factors, surface and extracellular proteins found in S. ratti CCM 9025% genome
are shown in Table 3.

Table 3. Candidate virulence factors predicted in Staphylococcus ratti sp. nov. Locus tags in the
genome representing homologs with known and previously predicted virulence factors are shown.

PP T
Function and Role Virulence Factors Related Genes Prediction in CCM 9025

Genome
Clumping factor B cIfB LNO051_01230
Adherence Fibronectin binding proteins fubA LNO051_04265
Ser-Asp rich ﬁbnpogen—bmdmg sdrC LN051_00305
proteins
Cysteine protease sspB LN051_01195
Enzymes Hyaluronate lyase hysA LNO051_02175
¥ Lipase geh LNO051_01425
Thermonuclease nuc LN051_06665
esaA LNO051_10885; LN051_10890
. . esaB LN051_10875
Secretion system Type VII secretion system essC LNO51 10865
esxA LNO051_10895
) ) Lipoprotein diacylglyceryl gt LNO51_09220
Surface protein anchoring transferase
Llpopmtem:speaﬁc signal IspA LNO051_07315
peptidase II
. . LN051_02355;
Immune evasion Capsule Undetermined LN051_03230; LNO51_07970
Toxin B-hemolysin hib LNO051_01075

The accessory genome is often associated with virulence and antimicrobial resistance
and has an important role in the ability of species to colonize particular hosts or persist in
the environment. To determine the genomic diversity within all Hyicus-Intermedius species
group representatives, the pangenome was analyzed. Type strains within the group have
shown an extensive accessory genome whose profile correlates well with the phylogenetic
relationship of individual species (Figure 5). The comparison indicates a distinct accessory
genes group which is shared with S. hyicus, S. chromogenes and S. agnetis species (Figure 5).
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Figure 5. Pangenome analysis of the Hyicus-Intermedius species group showing genomic diversity
within the type strains. Gene clusters (n = 6056) distinguished at 70% blastp identity were grouped
by Roary. The pangenome matrix including 992 core genes present in <16 genomes, 2360 shell genes
present in 2-15 genomes and 2704 cloud genes present in <2 genomes where the genes were either
present or absent is visualized by the Roary plot on the right. The evolutionary insights between
species based on the pangenome is shown by the tree on the left.

The genome harbors various types of insertion sequences (ISs) from the IS200/15605,
1S3 and IS6 families. In addition to the above ISs, a 9.1-kb composite transposon with 28.3%
G+C content is integrated into the genome and flanked by two elements from the IS3 family
(Figure 4). The transposon encodes a gene for the radical S-adenosyl-L-methionine (SAM)
enzyme (LN051_08115), which is involved in a number of metabolic processes, including
post-transcriptional and post-translational modifications, and a gene encoding a YcaO-like
protein (LN051_08100) which is responsible for the synthesis of thiazole/oxazole-modified
microcin antibiotics [39]. The SagB/ThcOx family dehydrogenase gene (LN051_08090) for
a membrane-associated N-acetylglucosaminidase that cleaves polymerized glycan strands
to their physiological length and a major facilitator superfamily (MFS) transporter gene
(LN051_08095), are also part of the transposon. Since these genes are linked to modulating
antibiotic resistance in methicillin-resistant S. aureus [40], we hypothesize that these genes
may be responsible for the penicillin resistance of this strain.

One prophage designated vB_SraS_LR1 with a typical siphoviral modular structure
is integrated at the 13-bp-long putative att site 5’ AAAATCAACYTTT 3’ adjacent to the
tRNAAS gene (locus tag LN051_09185) and exhibits 75.9% identity and 43% coverage with
the S. hyicus phage EW (= RG = NCTC 9856) [41], which was previously misclassified
according to its genomic sequence [42] as an S. aureus bacteriophage belonging to the
Phietavirus genus [43]. Moderate similarity was found (77.3% identity and 30% coverage)
to the S. hyicus phage PMBTO9 from the Siphoviridae family [44].

A 15-kb long phage-inducible chromosomal island designated SrRIccamopzs was iden-
tified in the genome of CCM 90257 (Figure 4). It has 30.1% G+C content and harbours
a site-specific integrase (LN051_02785), IS6 family transposase (LN051_02790), the gene
virE encoding virulence-associated E family protein (LN051_02795), and new putative
phosphotransferase genes which may be related to antimicrobial resistance. SrRIccmooos
exhibits partial sequence similarity to the Macrococcus island McRI,;s, [45] in the proteins for
integration and replication but otherwise demonstrates a distinct gene structure (Figure 6).
It is integrated adjacent to the lacA, lacB, lacD, lacG genes and genes for lactose/cellobiose-
specific phosphotransferase system genes, which are required for galactose 6-phosphate
isomerase activity, described as part of the S. aureus lactose operon lacABCDFEG [46].
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Figure 6. Structure comparison of the phage-inducible chromosomal island SrRIccng2s from Staphy-
lococcus ratti CCM 90257, the partial sequence of McRIms-like island from Macrococcus canis KM0218
and the homologous genomic region from Macrococcus caseolyticus 19Msa0687. GenBank accession
numbers and depicted regions are indicated below the species designation. The Blast map shows
protein identities above 30%. The genes are color coded by their function as in the legend.

Despite the fact that mobile elements were found in the genome, the identification
of the CRISPR/Cas system in the S. ratti CCM 90257 genome is consistent with the need
to limit the uptake of foreign DNA. Strain CCM 90257 carries a 431-bp-long CRISPR loci
with 6 spacers flanked by 36-bp-long direct repeats (DR: GTTTTAGTACTCTGTAATTT-
TAGTATAAGGTATTC) and putative cas genes encoding CRISPR-associated endonuclease
Cas9 and the proteins Casl, Cas2 and Csnl typical for CRISPR system type II-A. Cas9
exhibited 79% amino acid identity to the type II CRISPR-associated Cas9 of S. agnetis
(WP_107390356) [47] and S. chromogenes (WP_145399953), and 74% amino acid identity
to Cas9 of S. hyicus ATCC 112497 (WP_167696241) [48]. Spacers target bacteriophage-
related sequences, but no significant similarity to staphylococcal phage genomes was
found, indicating a gap in the knowledge of phages infecting this host.

2.4. Description of Staphylococcus ratti sp. nov.

Staphylococcus ratti (rat’ti. L. gen. n. ratti of the rat) cells are Gram-stain-positive
spherical cocci occurring predominantly in pairs and clusters. They are non-spore-forming
and non-motile. Colonies on tryptic soy agar (TSA) are circular with a whole margin
and are flat, smooth, shiny, 1-2 mm in diameter, aerobic and white. They demonstrate
positive hemolytic activity on blood agar. Growth occurs in the presence of 15% NaCl
at 20 °C and 45 °C, but not at 15 °C or 48 °C. Cells contain catalase, arginine dihydro-
lase, urease, 3-glucuronidase, and hyaluronidase, and demonstrate nitrate reduction and
hydrolysis of gelatin and DNA. Hydrolysis of esculin and Tween 80 is negative. Cells
demonstrate weak anaerobic growth in thioglycolate medium and are coagulase-, ther-
mostable nuclease-, oxidase-, pyrrolidonyl arylamidase-, Voges—Proskauer test (acetoin)-
and ornithine decarboxylase-negative. Cells are susceptible to furazolidone (100 pg) and
resistant to bacitracin (10 IU). Cells are acid phosphatase-, alkaline phosphatase-, esterase
(C4)-, esterase lipase (C8)- and «-chymotrypsin (weak)-positive in the API ZYM kit. Cells
are lipase (C14)-, leucine arylamidase-, valine arylamidase-, cystine arylamidase-, trypsin-,
naphthol-AS-Bi-phosphohydrolase-, x-galactosidase-, 3-galactosidase-, x-glucosidase-,
3-glucosidase-, N-acetyl-B-glucosaminidase-, x-mannosidase- and a-fucosidase-negative
with the API ZYM kit. Acid is produced from glycerol, ribose, galactose (weak), D-glucose,
D-fructose, mannose, N-acetyl glucosamine, lactose, sucrose, and trehalose. Acid is not pro-
duced from erythritol, D-arabinose, L-arabinose, D-xylose, L-xylose, adonitol, 3-methyl-D-
xyloside, sorbose, rhamnose, dulcitol, inositol, mannitol, sorbitol, a-methyl-D-mannoside,
a-methyl-D-glucoside, amygdaline, arbutine, salicin, cellobiose, maltose, melibiose, in-
ulin, melezitose, D-raffinose, starch, glycogen, xylitol, 3-gentiobiose, D-turanose, D-lyxose,
D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2 keto-gluconate, and 5
keto-gluconate. Cells are susceptible to ceftazidin, cephalothin, erythromycin, gentamicin,
chloramphenicol, imipenem, kanamycin, neomycin, novobiocin, oxacillin, trimethoprim,
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sulphamethoxazole/trimethoprim (cotrimoxazole), tetracycline rifampicin, vancomycin
and fusidic acid. Cells are resistant to ampicillin, clindamycin, penicillin G, and polymyxin
B. Ciprofloxacin resistance is intermediate. Cells are susceptible to lysostaphin but resistant
to lysozyme.

Utilisation of D-trehalose, sucrose, B-methyl-D-glucoside, N-acetyl-D-glucosamine,
N-acetyl neuraminic acid, a-D-glucose, D-mannose, D-fructose, glycerol, D-glucose-6-
POy, L-histidine, L-serine, pectin and acetic acid is positive, and utilisation of D-turanose
is borderline with Biolog MicroPlate GEN III, protocol A. There is negative utilisation
of dextrin, D-maltose, D-cellobiose, gentiobiose, stachyose, D-raffinose, a-D-lactose, D-
melibiose, D-salicin, N-acetyl-3-D-mannosamine, N-acetyl-D-galactosamine, D-galactose,
3-methyl glucose, D-fucose, L-fucose, L-rhamnose, inosine, D-sorbitol, D-mannitol, D-
arabitol, myo-inositol, D-fructose-6-POy, D-aspartic acid, D-serine, gelatin, glycyl-L-proline,
L-alanine, L-arginine, L-aspartic acid, L-glutamic acid, L-pyroglutamic acid, D-galacturonic
acid, D-galactonic acid lactone, D-gluconic acid, D-glucuronic acid, glucuronamide, mucic
acid, quinic acid, D-saccharic acid, p-hydroxy phenylacetic acid, methyl pyruvate, D-lactic
acid methyl ester, L-lactic acid, citric acid, «-keto glutaric acid, D-malic acid, L-malic acid,
bromo-succinic acid, tween 40, y-amino-butyric acid, a-hydroxy-butyric acid, -hydroxy-
D,L-butyric acid, a-keto butyric acid, acetoacetic acid, propionic acid and formic acid.

The peptidoglycan is of the type A3x L-Lys—Glys_4, MK-7 is the major menaquinone,
and the major fatty acids are iso-Cis., anteiso-Cisy, is0-Ci7,9 and anteiso-Cq7,.

The type strain is NRL/St 03/464T (= CCM 90257 = LMG 31873T = DSM 111348T),
isolated in 2003 from a swab from the nostrils of a healthy laboratory rat. The DNA G+C
content of the type strain is 36.1 mol%, calculated from the whole genomic sequence. The
GenBank/ENA /DDBJ accession number for the 16S rRNA gene is OL352091. The complete
genome sequence is available under GenBank accession number CP086654.

3. Materials and Methods
3.1. Bacterial Strains and Cultivation

The isolate NRL St 03/464" was isolated from a single animal and maintained as
glycerol stock at —70 °C until analyzed. Reference strains of the phylogenetic relatives S.
agnetis CCM 88697, S. hyicus CCM 23687, and S. chromogenes CCM 33877 were obtained
from the Czech Collection of Microorganisms (Brno, Czech Republic). All cultivations were
performed at 30 °C for 24 h unless stated otherwise in the test specifications. Type strain
Staphylococcus ratti NRL/St 03/464 has been deposited as publicly accessible in the Czech
Collection of Microorganisms (CCM), the German Collection of Microorganisms and Cell
Cultures (DSMZ), and the BCCM /LMG Bacteria collection.

3.2. Phenotypic Characterization

Extensive phenotypic characterization using the commercial kits STAPHYtest 24 (Erba
Lachema, Brno, Czechia) and API ZYM (bioMérieux, Marcy 1'Etoile, France), phenotypic
fingerprinting using the Biolog system with the identification test panel GEN III MicroPlate
(Biolog, Hayward, CA, USA), and conventional biochemical, physiological, and growth
tests relevant for the genus Staphylococcus were done as described previously [49-51]. The
antibiotic resistance pattern was tested by the disc diffusion method on Mueller-Hinton
agar (Oxoid, Basingstoke, UK). A set of discs (Oxoid) generally used for Gram-positive
cocci were applied: ampicillin (10 pg), oxacillin (1 ug), ceftazidime (30 pg), cephalothin
(30 pg), ciprofloxacin (5 pg), clindamycin (2 pg), erythromycin (15 pg), gentamicin (10 pg),
chloramphenicol (30 pg), imipenem (10 pg), kanamycin (30 ug), neomycin (10 pg), novo-
biocin (5 pg), penicillin G (1 IU), rifampicin (5 pg), trimethoprim (5 ug), cotrimoxazole
(25 pug), tetracycline (30 pg), vancomycin (30 pg), fusidic acid (10 pg) and polymyxin B
(300 U). EUCAST standards and manufacturer’s recommendations (Oxoid) were strictly
followed for cultivation and inhibition zone diameter measurement [52].
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3.3. Transmission Electron Microscopy

A 200-mesh carbon/formvar-coated grid was placed on a drop of suspension of
bacteria in water for 20 min. Bacterial cells located on the grid were negatively stained
with 2% ammonium molybdate and treated with UV light. A Morgagni 268D Philips
(ThermoFisher Scientific, Amsterdam, The Netherlands) transmission electron microscope
was used to visualize bacterial cells.

3.4. Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS) Analysis

MALDI-TOF MS was performed in automatic acquisition mode as described previ-
ously [53] in a Microflex LT MALDI-TOF spectrometer (Bruker Daltonics, Bremen, Ger-
many) by using MBT Compass 4.1 software (Bruker Daltonics). Identification was made
using the Bruker’s database MBT Compass Library Revision L 2020 (9607 MSP).

3.5. Chemotaxonomic Analyses

Cellular fatty acids (FAs) were extracted from all compared Staphylococcus strains
grown on the Trypticase soy broth agar (TSBA) plates under the same cultivation conditions
with a cultivation temperature of 37 °C for 24 h to reach the late-exponential stage of
growth according to the four-quadrant streak method. The extraction of cellular FAs
was performed according to the standard protocol recommended by the MIDI Microbial
Identification System [54]. Extracted FAs were identified using an Agilent 7890B gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA) according to the Standard
Protocol of the Sherlock Identification System (MIDI Sherlock version 6.2, MIDI database
RTSBA version 6.21).

Isolation and structure analyses of the peptidoglycan were performed according to
published protocols and some modifications [35,55,56]. In brief, the amino acid composition
of total hydrolysate (4 N HCI at 100 °C for 16 h) of the peptidoglycan was analyzed
by gas chromatography/mass spectrometry (protocol 10 [35]). The partial hydrolysate
(4 N HCl, 100 °C, 45 min) of the peptidoglycan was analyzed by high-resolution liquid
chromatography mass spectrometry (LC-MS) as described in [35,55]. Enantiomeric analysis
was performed by liquid chromatography as described recently [56].

Respiratory quinones were extracted and analyzed as described previously [57]. Their
identity was confirmed by mass spectrometry as described previously [55].

3.6. Genotypic Analysis by (GTG)5-PCR Fingerprinting

Rep-PCR fingerprinting using the (GTG)s primer was carried out according to Svec
et al. [58]. Numerical analysis of the (GTG)s-PCR fingerprints was done using BioNumerics
version 7.6 (Applied Maths, Kortrijk, Belgium).

3.7. Phylogenetic Analysis Based on 16S rRNA, Housekeeping Genes and Core Genome

The 165 rRNA gene sequences were amplified from crude boiled cell extracts and se-
quenced by Sanger sequencing in the Eurofins MWG Operon sequencing facility (Ebersberg,
Germany) with previously described primers [59]. The partial rpoB gene was sequenced as
described previously [60]. Initial identification of the strain to the genus level was based on
pairwise sequence alignment and calculation of similarity values with the algorithm used
in the EzBioCloud database v.2021.07.07 [61]. 16S rRNA gene sequences obtained from
PCR products were aligned with those extracted from WGS data using RNAmmer version
1.2 [62]. The multilocus sequence data of six housekeeping genes that are commonly used
in phylogenetic studies of the Staphylococcus genus were extracted from whole-genome
sequence assemblies of type strains available in the NCBI Assembly resource [63], including
the NCTC 3000 project (https:/ /www.sanger.ac.uk/resources/downloads/bacteria/nctc/
accessed on 27 October 2021) and FDA-ARGOS project [64]. The partial gene sequences
used correspond to the following gene coordinates of S. aureus: 1420..1974 for rpoB, 270..826
for groEL, 23..911 for dna], 49..929 for gap, 383..1032 for fufA, and 50..480 for the sodA gene.
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The phylogenetic analyses were performed with the software MEGA X [65]. Genetic dis-
tances were corrected using the Tamura—Nei model [66], and the evolutionary history was
inferred using the maximum likelihood (ML) and neighbor-joining (NJ) methods using a
bootstrap test based on 500 replications [67]. The up-to-date bacterial core gene (UBCG)
pipeline version 3.0 was used for whole-genome phylogenetic analysis based on core gene
sequences [68].

The ANI and dDDH values were calculated using the web-based genome-to-genome
distance calculator (GGDC) version 3.0 [69] and FastANI [70], respectively.

3.8. Genome Sequencing and Bioinformatics Analyses

Total genomic DNA was extracted using a GenElute Bacterial Genomic DNA kit
(Sigma-Aldrich, St. Louis, MO, USA) from pure culture colonies cultivated on Colombia
sheep blood agar (Oxoid). The preparation of DNA libraries with a Nextera XT DNA
Library Preparation Kit (Illumina, San Diego, CA, USA) and whole-genome sequencing on
the Illumina platform were conducted externally (LGC Genomics, Berlin, Germany) using
2 x 150 bp paired-end reads on the NextSeq sequencing platform (Illumina).

For sequencing using the Oxford Nanopore platform, bacterial DNA was isolated
as described previously [71]. The library was prepared using the SQK-RBK004 rapid
barcoding kit (Oxford Nanopore Technologies, Oxford, UK) according to the manufacturer’s
instructions. Libraries were sequenced with FLO-MIN106 flow cells (R9.4.1) in a MinION
device (Oxford Nanopore Technologies, Oxford, UK). The device was controlled with the
software MinKNOW version 4.1.2 (Oxford Nanopore Technologies, Oxford, UK).

Basecalling, demultiplexing and barcode trimming were performed using stand-
alone ONT Guppy software version 5.0.11 using the config file dna_r9.4.1_450bps_sup.cfg
with the default minimum q-score threshold, i.e,, 10. The MinlON reads were sub-
sequently filtered by mapping to Illumina reads using Filtlong version 0.2.1 (https://
github.com/rrwick/Filtlong accessed on 20 September 2021) with a minimum length
of 1500 bp and quality threshold set to 95%. Only data that exceeded these thresholds
was used in the assembly. The quality of reads was assessed with FastQC version 0.11.9
(http:/ /www.bioinformatics babraham.ac.uk/projects /fastqc accessed on 20 September
2021) and NanoStat [72]. Complete bacterial genome sequences were obtained using a
hybrid assembly with Unicycler version 0.4.9 [73] using SPAdes version 3.12.0 [74], and the
parameters chosen were bold mode and k-mers 21,55,77,99,127. The resulting assembly
was polished with Pilon version 1.24 [75].

For pangenome analysis, the complete genomes were initially annotated with Prokka
version 1.14.6 [76] and clustered with Roary [77]; the results were then visualized with the
script roary_plots.py, which is provided in the Roary package. Further, the genome was
annotated using the NCBI Prokaryotic Genome Annotation Pipeline [78]. Sequences were
manipulated and inspected in the cross-platform bioinformatics software Ugene version
38.1[79]. The multiple sequence alignment was visualised using EasyFig version 2.2.5 [80].
Gene content was further examined manually with NCBI BLAST (https:/ /blast.ncbi.nlm.
nih.gov accessed on 4 November 2021), and VGEs were identified with PHASTER [81],
PhiSpy version 3.4 [82], IslandViewer 4 [83], and ISFinder [84]. The CRISPR/Cas system
was characterized with CRISPRCasTyper [85]. Virulence factors were predicted using the
VFanalyzer tool available at the Virulence Factors Database [86].
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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 rImH 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 YSCC, prophages, plasmids, transposons, insertion
elements and a unique genomic island SbCiccrpr, 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 SbCiccrp 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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Staphylococcus brunensis sp. nov. isolated from human clinical
specimens with a staphylococcal cassette chromosome-related
genomic island outside of the rImH gene bearing the ccrDE

recombinase gene complex

v 3

Vojtéch Kovarovic,' Adéla Finstrlova,’ Ivo Sedlacek,? Petr Petras,* Pavel Svec,? lvana Maslariova,

Sedo,’ Tibor Botka,' Eva Starikova,? Jifi DoskaF,' Roman Panttcek’

AUTHOR AFFILIATIONS See affiliation liston p. 17.

ABSTRACT Novel species of coagulase-negative staphylococci, which could serve as
reservoirs of virulence and antimicrobial resistance factors for opportunistic pathogens
from the genus Staphylococcus, are recognized in human and animal specimens due to
advances in diagnostic techniques. Here, we used whole-genome sequencing, extensive
biotyping, MALDI-TOF mass spectrometry, and chemotaxonomy to characterize five
coagulase-negative strains from the Staphylococcus haemolyticus phylogenetic clade
obtained from human ear swabs, wounds, and bile. Based on the results of polyphasic
taxonomy, we propose the species Staphylococcus brunensis sp. nov. (type strain NRL/St
16/872" = CCM 9024" = LMG 31872" = DSM 111349"). The genomic analysis revealed
numerous variable genomic elements, including staphylococcal cassette chromosome
(SCC), prophages, plasmids, and a unique 18.8 kb-long genomic island SbClc.pe
integrated into the ribosomal protein L7 serine acetyltransferase gene rimL. SbCl¢.pg has
a cassette chromosome recombinase (ccr) gene complex with a typical structure found
in SCCs. Based on nucleotide and amino acid identity to other known ccr genes and
the distinct integration site that differs from the canonical methyltransferase gene rimH
exploited by SCCs, we classified the ccr genes as novel variants, ccrDE. The comparative
genomic analysis of SbCl.,pr with related islands shows that they can accumulate
virulence and antimicrobial resistance factors creating novel resistance elements, which
reflects the evolution of SCC. The spread of these resistance islands into established
pathogens such as Staphylococcus aureus would pose a great threat to the healthcare
system.

IMPORTANCE The coagulase-negative staphylococci are important opportunistic
human pathogens, which cause bloodstream and foreign body infections, mainly
in immunocompromised patients. The mobile elements, primarily the staphylococcal
cassette chromosome mec, which confers resistance to methicillin, are the key to the
successful dissemination of staphylococci into healthcare and community settings. Here,
we present a novel species of the Staphylococcus genus isolated from human clinical
material. The detailed analysis of its genome revealed a previously undescribed genomic
island, which is closely related to the staphylococcal cassette chromosome and has the
potential to accumulate and spread virulence and resistance determinants. The island
harbors a set of conserved genes required for its mobilization, which we recognized
as novel cassette chromosome recombinase genes ccrDE. Similar islands were revealed
not only in the genomes of coagulase-negative staphylococci but also in S. aureus.
The comparative genomic study contributes substantially to the understanding of the
evolution and pathogenesis of staphylococci.
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S taphylococci, mainly coagulase-positive Staphylococcus aureus, are the leading cause
of a broad spectrum of diseases in humans and animals. Over the last three decades,
coagulase-negative staphylococcal species (CoNS), with the most significant being
Staphylococcus epidermidis, Staphylococcus haemolyticus, and Staphylococcus hominis,
have been recognized as opportunistic pathogens, especially in immunocompromised
patients. CoNS are a frequent cause of nosocomial infections related to catheters or
medical devices aided by their ability to form a biofilm (1). Additionally, the gene pool
of substrate utilization pathways and resistance determinants enables CoNS to occupy
various niches, providing favorable conditions for the emergence of multidrug-resistant
CoNS and their subsequent spread in healthcare environments (2).

The adaptation of S. haemolyticus strains to diverse environments is facilitated by
frequent recombination among numerous insertion sequences (ISSha7) (3). Therefore,
the standard microbial and molecular diagnostic tools have limited discriminatory
power to reliably distinguish species closely related to S. haemolyticus (4). Only recently,
molecular diagnostics approaches, mainly in-depth whole-genome characterization,
have assigned atypical S. haemolyticus strains isolated from clinical specimens into the
new species Staphylococcus borealis (5) and Staphylococcus taiwanensis (6). The core
genome phylogeny also led to the reclassification of the S. petrasii phylogenetic complex
(7, 8), which now consists of three species—S. petrasii, S. croceilyticus, and S. pragensis
(9). All these species were isolated from various human biological samples, mainly from
wounds, eye and ear infections, urinary infections, and blood samples (10).

The versatility of CoNS is associated with a significant reservoir of mobile genetic
elements (MGEs). Notably, the methicillin resistance encoded by the staphylococcal
chromosomal cassette (SCC) mec (SCCmec) significantly complicates healthcare and
increases the need to use second-line antimicrobial drugs to treat staphylococcal
infections (11). Apart from mec genes responsible for methicillin resistance, SCCmec
carries numerous genes for virulence, such as phenol-soluble modulins (PSM-mec),
plasmin, or heavy-metal and other resistance genes contributing to the survival of these
strains in an environment (12-14). It is suspected that the SCCmec originates from CoNS
species (15), but the natural mechanism of SCC transmission is still unknown. It can be
transferred intra- and even interspecies by transduction (16), conjugation (17), or natural
competence (18). The transfer of SCCmec is mediated by ccr chromosome cassette genes
of the serine recombinase family. Three phylogenetically distinct ccr genes, namely
ccrA, ccrB, and ccrC, have been delineated with nucleotide identities below 50%. These
recombinases recognize a specific att site in the bacterial r/mH gene for ribosomal
RNA large-subunit methyltransferase H (19). The recombinases CcrA and CcrB function
together as a heterotetramer in the specific excision of the SCC (20), whereas the CcrC
recombinase enables mobilization of the element without another recombinase (21).

The recent increase in the association of CoNS with nosocomial infections and
improvements in diagnostic approaches make it possible to recognize other often
overlooked species of this group related to human diseases. Investigation of these CoNS
as a pool of genes for antimicrobial resistance and virulence can reveal the molecular
mechanisms that lead to these opportunistic pathogens’ evolution, adaptation, and
success. This article reports the polyphasic characterization of five Staphylococcus sp.
isolates from human clinical material to delineate a novel species. Whole-genome
sequence analyses of the strains revealed a remarkable non-SCC genomic island
harboring ccrDE cassette chromosome recombinase types.

September/October 2023 Volume 11  Issue 5

142

Microbiology Spectrum

10.1128/spectrum.01342-23 2



RESULTS AND DISCUSSION

Research Article Microbiology Spectrum

RESULTS
Phylogenetic relationship of the strains

Five unidentified Staphylococcus sp. strains were collected from various human clinical
specimens from both mixed culture and monoculture between 2016 and 2022 (Table
1) and transferred to the National Reference Laboratory for Staphylococci (National
Institute of Public Health, Prague) for long-term storage and further study. The phyloge-
netic analysis of complete 16S rRNA gene sequences consistently placed the five isolates
in S. haemolyticus cluster group defined previously (22). The closest relatives were
Staphylococcus petrasii, Staphylococcus croceilyticus, and Staphylococcus pragensis, with
16S rRNA gene sequence similarities ranging from 99.80 to 99.59%, while other species
were below 99.4% similarity. The topology of the neighbor-joining (NJ) phylogenetic
tree constructed with 16S rRNA gene sequences was similar to that of the maximum
likelihood (ML) tree (Fig. 1A). Because the 16S rRNA analysis has limited discriminatory
power in the genus Staphylococcus (5, 6, 23), the phylogenetic position of the new
isolates was also assessed using the concatenated multilocus sequence data of six
routinely used conserved housekeeping genes: rpoB, hsp60, dnaJ, tufA, gap, and sodA
for discrimination of staphylococcal species (Fig. 1B). The ML phylogenetic tree for the
housekeeping genes had a very similar topology to that of the 16S rRNA gene tree and to
the additional phylogenetic trees constructed using the up-to-date bacterial core gene
(UBCG) at the nucleotide and protein level (Fig. 1C and D).

The whole-genome phylogenetic distance from the related staphylococcal taxa with
an ANl value of <92.3% (Table S3) and digital DNA-DNA hybridization (dDDH) of <45.6%
determined the closest species S. petrasii; however, the values were below the species
delineation thresholds, which are 95-96% and 70%, respectively (24). The whole-genome
phylogeny thus confirmed that the five isolates represent a distinct Staphylococcus
species designated Staphylococcus brunensis sp. nov.

Growth, morphological, biochemical, and chemotaxonomical characteriza-
tion of analyzed isolates

All five isolates exhibited Gram-positive stain, irregular cells ranging in diameter from 433
nm to 1,210 nm (Fig. S1) arranged in pairs, tetrads, and clusters. They grew very well on

TABLE 1 Origin of the strains of Staphylococcus brunensis sp. nov. characterized in this study

Strain Date of isolation Locality Specimen Sex Age Diagnosis Other microflora
NRL/St* 16/872" Oct 2016 Karlovy Vary ~ Swab of ear M 3y Acute otitis externa Monoculture
=CCM®9024"
=LMG*31,872"
=DSM’111349"
NRL/St"19/737 = Jul 2019 Prague Wound pus M 32y Surgical wound S.aureus
CCM® 9023 infection
NRL/St?18/288 = Mar 2018 Lyon Wound pus M 51y Leg wound infection NA®
P12563
NRL/St?21/187 = Jul 2021 Karlovy Vary  Bile M 83y Cholelithiasis and  E. coli, Klebsiella
P13332 cholecystitis pneumoniae,

Citrobacter
freundii, and

Enterococcus
faecalis

NRL/St?22/194= Apr 2022 Prague Swab of ear M 6m Acute otitis media  Monoculture

P13326

“NRL/St, National Reference Laboratory for Staphylococci, National Institute for Public Health, Prague.

“CCM, Czech Collection of Microorganisms.

‘LMG, Bacteria Collection at the Laboratorium voor Microbiologie Universiteit Gent.

9DSM, German Collection of Microorganisms and Cell Cultures.

“NA, not analyzed.
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FIG 1 Evolutionary analyses of Staphylococcus brunensis sp. nov. and its closest relatives. GenBank accession numbers of used sequences are listed in Table S1.
(A) Evolutionary history inferred using neighbor-joining (NJ) method based on complete 165 rRNA gene sequences extracted from whole-genome assemblies.
Filled circles indicate that the corresponding nodes were also identified from analysis by the maximum likelihood (ML) method. The percentage of replicate trees

above 50% in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches for the NJ and ML methods. S.
aureus DSM 20231" was used as an outgroup. The evolutionary distances are in the units of the number of base substitutions per site. All ambiguous positions
were removed for each sequence pair. There were a total of 1,552 positions in the final data set. (B) Unrooted ML tree based on multilocus sequence analysis

of concatenated nucleotide sequences from six loci—rpoB, hsp60, dnaJ, tufA, gap, and sodA—were extracted from whole-genome assemblies. Filled circles
indicate that the corresponding nodes were also identified from analysis by the NJ method. There were a total of 3,952 positions in the final data set. Bootstrap

probability values (percentages of 500 tree replications) greater than 50% are shown at

branch points. The evolutionary distances are given as the number

of substitutions per site. (C) Nucleotide sequence-based and (D) protein sequence-based phylogenetic tree of the concatenated alignment of 92 core genes

constructed using up-to-date bacterial core gene (UBCG) set. The ML tree was inferred using RAXML software and 100 replicates. The threshold for the gene

support index was set to 94% for the nucleotide and 80% for the protein-based tree. Gene support indices are given at branching points (the maximal possible

value is 92). The bar indicates the number of substitutions per position.

tryptone soy agar (TSA), Columbia agar with blood, plate count agar, P agar, and nutrient
agar, and did not grow in a thioglycollate medium. The Congo red agar method showed
negativity in the production of polysaccharide intercellular adhesin (PIA) associated
with biofilm formation. Phenotypic identification based on bacitracin resistance and
sensitivity to furazolidone, positive catalase test, growth in the presence of NaCl above
10%, and microscopic morphology assigned five isolates as Staphylococcus sp. In contrast
to the main characteristics of staphylococci, isolate NRL/St 19/737 exhibited atypical
negative catalase activity. Test-dependent results were also observed for the Voges-Pros-
kauer (VP) test (acetoin) and for B-glucuronidase. With detection of acetoin production,
we only obtained positive results in all five strains when pyruvic acid served as substrate
using the commercial VP test (Erba Lachema) instead of glucose as substrate for the
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TABLE 2 Differentiation of Staphylococcus brunensis sp. nov. from closely related staphylococci occurring in human clinical material

Test? Result obtained for indicated type strain“/result from species description
S.brunensis sp.  S.petrasii  S.croceilyticus  S.pragensis  S.haemolyticus  S.borealis S. taiwanensis
nov.’ CCM8418"  CCM 84217 CCM8529"  CCM2737" CCM9145" CCM 9267"

Arginine dihydrolase + +/+ +/+ =/- +/+ +/+ +/+

Voges-Proskauer test + +/+ +/+ +/+ w/+ —/- +/+

Urease - +/d +/+ —/- —/- +/+ +/+

B-Glucuronidase® + —/- +/+ /- +/d +/d /-

DNA hydrolysis = w/d e +/+ +/d w/— /-

Acid from: lactose + -/d /- ~/- —/d ~/- /-
Galactose + —/d /- /= +/d —/nt ==
Mannose - +/+ /- e /- -/d /-

Ribose = —/w w/w /- —/d +/+ +/+
D-arabinose = = +/+ eff =f— == B
N-Acetylglucosamine - -/- -/~ -/~ +/+ +/d -/~
Pale yellow pigment = =/~ +/+ =f- 3= +/+ =/~

“All data were taken from this study (in two replications).

“Presented data are uniform for all isolates of S. brunensis sp. nov.

“STAPHYtest 24 kit.

9+, positive; -, negative; w, weak reaction; d, 11-89% strains positive; nt, not tested.

conventional VP test. Similar results were obtained with the B-glucuronidase test, where
all isolates were positive in the STAPHYtest 24 kit, but negative in the API ZYM kit due
to a different substrate for enzyme detection. The differentiation of novel staphylococcal
isolates from similar and/or closely related staphylococci occurring in human clinical
material is shown in Table 2. The species S. petrasii, S. pragensis, and S. haemolyticus were
phenotypically the most similar taxa to the aforementioned isolates. Strain-dependent
utilization results are specified in Table S4. Complete characteristics of S. brunensis sp.
nov. are stated in the protologue given subsequently.

Antibiotic susceptibility testing showed that all five strains are susceptible to cefoxitin,
clindamycin, gentamicin, chloramphenicol, linezolid, oxacillin, rifampicin, tobramycin,
trimethoprim, sulphamethox/trimethoprim (cotrimoxazole), tetracycline, and fusidic
acid. Susceptibility to ciprofloxacin and levofloxacin was intermediate. Susceptibility to
ampicillin, penicillin G, tigecycline, and erythromycin was strain-dependent (Table S4).

By using cluster analysis of matrix-assisted laser-desorption/ionization-time-of-flight
mass spectrometry (MALDI-TOF MS) protein profiles, all five S. brunensis sp. nov. strains
were separated into a coherent cluster distinguished from phylogenetically related
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FIG 2 Dendrogram based on MALDI-TOF MS profiles of Staphylococcus brunensis sp. nov. and other
phylogenetically related species. The dendrogram was generated using the correlation distance measure
with the average linkage algorithm (UPGMA) settings of the software BioTyper version 3.1 (Bruker

Daltonics).
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Staphylococcus spp., as shown in Fig. 2. All five strains share 35 signals within the m/z
range 2-11 kDa, while five of these signals (m/z = 4130, 6660, 7614, 8258, and 10625)
were found to be specific for S. brunensis sp. nov., being absent in the MALDI-TOF MS
protein profiles of a comprehensive set of 65 S. petrasii, S. croceilyticus, and S. pragensis
strains analyzed previously (10).

The chemotaxonomic analyses of type strain S. brunensis NRL/St 16/872" showed
predominantly menaquinone-7 (MK-7, 95%) and a small amount of MK-6 (4%) and MK-8
(1%). The major fatty acids were C 15.0 anteiso (38:6%) and C 17:0 anteiso (19.6%), followed
by C 190 anteiso (8:3%), C 15:0is0 (6-3%), C 17:0is0 (6.9%), C 18:0 (6.8%), C 19050 (4.4%), and
C 20:0 (3.0%). A small amount of C 149 iso (1.8%), C 160 (1.2%), and C 159 iso (1.6%) fatty
acids were also present. The detected peptidoglycan type is A3a (L-Lys-Glyz-4, A11.2). All
chemotaxonomic data are in-line with previous reported patterns (7).

DNA fingerprinting of S. brunensis sp. nov.

Screening of the investigated bacterial group by rep-PCR fingerprinting with primer
(GTG)5 showed their genotypic coherence. All five isolates had visually similar finger-
prints, which were grouped into a single cluster and separated from the other entries
in the in-house fingerprint database, which includes members of all recognized species
of the genus Staphylococcus, including type strains of phylogenetically closely related
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FIG 3 Cluster analysis of rep-PCR fingerprints and ribotype patterns obtained from Staphylococcus brunensis sp. nov. strains and the type strains of phylogenet-
ically closely related Staphylococcus species. (A) Dendrogram based on (GTG)s-PCR fingerprints. (B) Dendrogram based on cluster analysis of EcoRI ribotype

patterns obtained using a RiboPrinter system. The dendrograms were calculated with Pearson’s correlation coefficients with the UPGMA clustering method (r,

expressed as percentage similarity values).
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species (Fig. 3A). The obtained results also suggest that this rapid and easy-to-perform
method can be used for the identification of S. brunensis sp. nov., similarly to how we
demonstrated for the identification of Staphylococcus spp. in our previous studies (8, 23,
25).

In contrast to the rep-PCR method, automated ribotyping with the restriction enzyme
EcoRl revealed heterogeneity among the five examined strains (Fig. 3B). Three isolates,
NRL/St 16/8727, NRL/St 22/194, and NRL/St 18/288, exhibited unique fingerprint patterns
that allowed differentiation at the strain level and indicated that they were not clonally
related. The remaining two strains, NRL/St 19/737 and NRL/St 21/187, had visually
identical ribotypes, despite being isolated in 2019 and 2021, respectively, at different
locations and were therefore not considered clonally related. These results suggest that
automated ribotyping with EcoRI can separate isolates of S. brunensis sp. nov. at the strain
level, although some strains may have similar ribotype patterns. However, a reliable
assessment of the discriminatory power of this technique for typing S. brunensis sp. nov.
requires the analysis of a more significant number of strains from different localities and
sources.

Genome characterization of S. brunensis sp. nov.

The comparison of sequenced genomes (Table S5) revealed a high degree of similarity
between the isolates (Fig. 4). The S. brunensis sp. nov. genomes were 2.5-2.6 Mb long
with GC content 33.3-33.4% encoding 2,500-2,700 CDS, 61-62 tRNAs, and 19 rRNAs. The
pangenome consists of 2,230 core and 416 accessory, and 569 unique genes in total.
The sequenced genomes differ in variable genomic elements, which constitute 5-8%
of the genome and are associated with virulence and antimicrobial resistance genes,
predominantly located at plasmids. All S. brunensis sp. nov. genomes possess a type
IlU CRISPR-Cas complex with 15-20 variable spacers, some of which target siphoviral
prophages as determined by blastn search. The core gene kat encoding catalase in the
strain NRL/St 19/737 (locus tag MT339_07575) has a 1 bp deletion in homopolymer
polyA, which introduces a premature stop codon at the 3' end of the gene. It is possible
that the catalase-negative phenotype of the strain is associated with the loss of function
of this gene, although a truncated protein without the first 22 amino acids could be
produced.
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TABLE 3 Plasmid contigs of Staphylococcus brunensis sp. nov. grouped by replication gene and gene content

Microbiology Spectrum

Replication genes Strain Size (kb) Antimicrobial resistance Virulence Saccharide Mobilization/toxin-anti-
factors utilization genes  toxin systems
rep39 NRL/St 16/872" 31.2 copZ, csoR, czrB, qacR, gacA  clp - mobA
NRL/St 18/288 219 copZ, csoR, arsM, qacR, qacA, - - fstP
NRL/St 21/187 229 copZ, copA, csoR, arsR, arsM  clp - mobA
rep20 NRL/St 16/872" 27.2 arsR, arsM isaB, essG s mobC, relaxaseP, mobP
NRL/St 19/737 and NRL/St  33.9 arsR, arsM isaB, essG mqo, hxIR, hxIA, hxll mobC, relaxaseP, mobP
18/288
NRL/St 21/187 229 qacR, qacA isaB, essG -
rep39, rep5b, rep21, NRL/St 19/737 320 blaZ, blaR, blal, ermC, cadX, - mobC, relaxaseP, mobP
rep10, rep20 cadA, cadD
rep21 NRL/St 16/872", NRL/St 2.8 cadD, cadX - -
18/288, NRL/St 21/187, and
NRL/St 22/194
rep13 NRL/St 16/872" and NRL/St 2.6 - - -
21/187
rep5b NRL/St 18/288 79 - mobC, relaxase P
repl10 NRL/St 22/194 44.7 ermC

The S. brunensis sp. nov. genomes harbor several large plasmids, which can be
grouped by the presence of either rep39 or rep20 gene. Due to high sequence varia-
bility and mosaicism caused by interspersed [1S4317, it was not possible to determine
a complete consensus sequence for all plasmids. The plasmid contigs comprise beta-
lactam, heavy metal, and disinfectant resistance as well as virulence and saccharide
utilization genes as shown in Table 3. All analyzed strains harbor a small rep27 plasmid
conferring cadmium resistance. The strain NRL/St 22/194 contains an additional rep710
plasmid harboring the ermC gene similar to the pUSA05-1 plasmid from S. aureus (26).
These two small plasmids are integrated into the rep39-type plasmid contig of strain
NRL/St 19/737. Furthermore, two cryptic plasmids, one containing the rep13 gene and
the other containing rep5b gene were identified (Table 3).

The resistance to penicillin in S. brunensis sp. nov. NRL/St 18/288 is encoded by the
blaZ gene located at a 9 kb Tn554-like transposon (Fig. 4) integrated into the chromoso-
mal isaB gene. The chromosomes of S. brunensis sp. nov. harbor several copies of various
full and partial IS elements from the 1S3, IS6, 1S30, IS1182, 1S200/1S605, and IShaT families
(Fig. 4). The 15431 flanked composite transposon localized downstream of the cspC gene
contains the gene for a short-chain dehydrogenase associated with survival in stress
conditions (27). Each strain carries six to eight ISSha7 copies integrated in six conserved
and six variable loci, usually adjacent to rRNA genes. One copy of ISShaT is inserted in the
SCC element of S. brunensis sp. nov. NRL/St 21/287 strain (Fig. 4).

The S. brunensis sp. nov. strains have one or two complete prophages in their
genomes integrated into two different 18 bp att sites. The ®SBR-1 prophage of NRL/St
16/872" is integrated in the att site AATCCCTTACTTCCCGTT, located in the tRNA-Ser(gga)
gene. The other strains encompass one or two CRISPR spacers homologous to the
OSBR-1, and thus are immune to infection by this phage. The same att site is used by
®OSBR-4 in the genome of NRL/St 19/737. Both prophages are 45.4 kb long and share
79.3% nt identity. The next att site, AATCCCTCCGTTTCCGTT in tRNA-Ser(gct), is occupied
by either ®SBR-2 or ®SBR-3. Prophage ®SBR-2, which is 47 kb long, is integrated into
the genomes of strains NRL/St 16/872", NRL/St 19/288, and NRL/St 21/287. The strain
NRL/St 19/737 harbors a 43.5 kb ®SBR-3 prophage, which shares 79% nt identity with
OSBR-2 genome along 57% of its length; the difference is mainly in the morphogenesis
module. Both ®SBR-2 and ®SBR-3 carry a putative accessory virulence factor sialic acid
transporter (28) in the lysis gene module.

Two S. brunensis sp. nov. strains NRL/St 16/872" and NRL/St 21/287 comprise an
approximately 18.2 kb-long genomic island in the rRNA methyltransferase H gene rimH
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(orfX). The genomic island was almost identical in both strains; the only difference is
the presence of an insertion sequence ISShaTl in strain NRL/St 21/287. The island is
bordered by imperfect 18 bp-long direct repeats GAAGC(A/G)TATCATAA(G/A)TGA and
harbor ccrA1B2 genes; thus, according to the rules of the IWG-SCC (29) the element was
designated SCCnRy/st 16/872- The most similar element to SCC nRy/st 16/872 IS @ cOmposite
island in genome of S. hominis C34847 (30), sharing 95.2% nt identity along 75% of their
length. The SCCccmonz4 carries genes for the type | restriction-modification (RM) system,
sharing high homology with genes encoding a restriction (hsdR) and methylation (hsdM)
subunit with the RM system of S. hominis C34847 and S. aureus NTUH-4729 (31).
Interestingly, the putP gene, which encodes a sodium proline symporter, was wedged
between the ccrB2 gene and a set of three short hypothetical genes conserved in the
ccr gene complex, thus disrupting the canonical organization of the complete ccr gene
complex. Similarly, the putP gene and the flanking sequence from the ccr gene complex
were found in SCC elements of various CoNS, S. epidermidis 11PPP121 (GenBank accession
no. MH188479), S. haemolyticus BC05211 (KX181861), S. hominis J6 (LT963442), and S.
hominis J11 (LT963438), and in plasmids of S. warneri 16A (CP031267) and S. pasteuri 3C
(CP031281), pointing to a high degree of recombination occurring in staphylococci.

The strain NRL/St 22/194 also harbors an SCC element inserted into the r/mH gene
bordered by the 21 bp imperfect repeat GG(C/A)GAAGC(A/G)TATCATAA(G/A)GTGA. The
26.6 kb pseudo-SCC element named WSCCnRi/st 22/194-pls has no recombinase genes,
but carries several virulence genes, including the gene encoding plasmin sensitive
protein (pls), poly(glycerol-phosphate) a-glycosyltransferase (tagE), and UDP-N-acetyl-
muramate-L-alanine ligase (murf), which are also found in S. aureus composite island
SCCmeCWAMR5A40 (32).

Novel genomic island harboring cassette chromosome recombinase genes
ccrDE

The strains NRL/St 16/8727, NRL/St 21/187 and NRL/St 22/194 harbor a mobile element of
size 18.8 kb with cassette chromosome recombinase genes, integrated in the rimJ/rimL
gene orthologous to the the ribosomal-protein-serine acetyltransferase gene rimL in
Escherichia coli and ydaF in Bacillus subtilis (UniProt accession no. P13857 and P96579,
respectively). The island designated S. brunensis chromosomal island ccrDE (SbClccrpg)
harbors another homologue of rimL with 70% nt identity to the original rimL; thus, it
may complement the function of the truncated rimL gene. SbCl.p¢ is bordered by the
tetranucleotide motif GAAA. Additionally, the 19 bp direct repeat ATTCCACAATGAAAT-
CCAT was found on the integration site in rimL and inside the rimL homologue on the
island, which suggests a complex recombination event.

SbClepe possesses a cluster of genes homologous to the ccr gene complex from
SCC elements. The core of the ccr complex consists of two ccr genes, similar to SCC
elements type IV or Il. Additional genes in the ccr complex, that is the putative primase
polA, cassette chromosome helicase cch2, three short proteins with the domains SAUGI,
DUF960, and DUF1643, and a hypothetical protein (Fig. 5), were homologous to those
in SCCmec type V, which has only one ccrC gene in the ccr complex. SbClpg ccr
genes share more than 98% DNA sequence identity to ccrA8B9 recombinases (Table S6)
discovered recently in the S. haemolyticus genome (33). The values of nucleotide identity
to currently known ccrA1-7, ccrB1-8, and ccrCi1-2 genes from SCCs range from 38.0 to
53.3% (Table S6). Although it is slightly above the threshold of 50.0% for the definition

DR1
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FIG 5 Annotated map of genes and possible functions in genomic island SbCl.,pg harbored by Staphylococcus brunensis sp. nov. Genes are labeled according
to known or putative function. Sequence of direct repeats DR1, DR2: 5-ATTCCACAATGAAATCCAT-3’; sequence of inverted repeats IR1-IR4: 5-TGGTTCTGTTGC-

AAAGT-3".
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of a gene variant according to the rules of IWG-SCC (29), the amino acid (aa) identity
level of SbCl.,pr recombinases to known CcrA, CcrB, and CcrC reaches a maximum of
39.9%, which is substantially lower than aa identity among Ccr allotypes, which range
from 50.9 to 92.3%. Therefore, based on the borderline nucleotide identities and low
protein identities to CcrA, CcrB, and CcrC allotypes, we propose designating the SbCl¢,
recombinases as new allelic types ccrD and ccrE and reclassifying the described ccrA889
recombinases accordingly (33). The CcrDE recombinases are able to excise the SbCl¢.pg
element from its insertion sequence site, which has been detected by sequence read
alignment and PCR analysis (Fig. S2).

Apart from the ccr gene complex, the island SbCl.,pg carries the 5-methylcytosine-
specific restriction enzyme mcrB and specificity subunit mcrC genes for the putative RM
system (Fig. 5), commonly found on SCC elements, chromosomal islands, and prophages
that help to maintain the mobile element in the genome (34). Approximately 5.8 kbp of
the SbCl¢,pr is occupied by a putative transposon bordered by a perfect 17 bp inverted
repeat of TGGTTCTGTTGCAAAGT. The transposon has one copy of the insertion sequence
from the I1S6 family (sharing 95% nt identity to 1S437 ) and accessory genes encoding
putative membrane protein (yeiH), putative transcriptional regulator (cysL), and malate
chinonine oxidoreductase (mqo) (Fig. 5), which are frequently found on plasmids.

We surveyed the GenBank database for sequences resembling SbClcpe. In addi-
tion to S. haemolyticus BC5211 (33), we found related genomic islands with ccrDE in
the genomes of S. haemolyticus (GenBank accession nos. CP033814 and CP102568), S.
hominis subsp. hominis K1 (CP020618), and S. borealis GDY8P80P (35), and in S. aureus
ER04332 and ER11327 (36), and related clones. The island is consistently inserted in
the rimL gene, in a locus downstream of the conserved metE gene (Fig. 6A), which
is 17-56 kb counterclockwise from the replication origin in CoNS species. However,
in S. aureus strains, the rimL gene is located at the end of the oriC environ due to
large-scale chromosomal inversion. The variable region of the islands comprises genes
for an RM system (Fig. 6A). In S. borealis GDY8P80P, the island harbors many transpo-
sons with resistance genes to beta-lactam antibiotics, tetracycline, aminoglycosides, and
other antimicrobials. The phylogenetic analysis of ccrD and ccrE genes from the related
genomic islands (Fig. 6B) and the pairwise nucleotide identity comparison (Table S6)
clearly distinguished two allotypes designated ccrD1ET, present in the genomes of S.
brunensis sp. nov., S. haemolyticus, and S. aureus, and ccrD2E2, found in the genomes of S.
borealis and S. hominis (Fig. 6B; Table S6).

Taxonomic description of S. brunensis sp. nov.

Staphylococcus brunensis (bru.nensis L. adj. brunensis from Bruna, the Roman name of
the city of Brno, Czech Republic, where this and other staphylococcal species were first
described).

Cells are Gram stain positive cocci, occurring predominantly in pairs and clusters,
non-spore-forming, and nonmotile. Colonies on TSA agar are circular, whole margin,
flat, smooth, shiny, 2 mm in diameter, aerobic, and white. Hemolytic activity on sheep
blood agar, production of delta-hemolysin revealed in synergistic test with a beta-hemo-
lytic producing strain (S. pseudintermedius CCM 4710). Growth in the presence of 12%
Nacl, at 20°C and 45°C, but not at 15°C and 48°C. They are positive for pyrrolidonyl
arylamidase, arginine dihydrolase, and nitrate reduction and negative for coagulase,
clumping factor, oxidase, urease, VP test (acetoin, conventional tube test), hyaluroni-
dase, thermostable nuclease, and ornithine decarboxylase; susceptible to furazolidon
(100 pg) and novobiocin (5 pg), and resistant to bacitracin (10 1U); partially resistant to
lysostaphin (200 mg L") and resistant to lysozyme; negative for hydrolysis of esculin,
gelatine, DNA, and Tween 80; positive on APl ZYM for acid phosphatase, alkaline
phosphatase (weak), esterase (C 4), and esterase lipase (C 8); negative on APl ZYM for
lipase (C14), valine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, naphthol-
AS-Bl-phosphohydrolase, a-galactosidase, B-galactosidase, $-glucuronidase, B-glucosi-
dase, N-acetyl-B-glucosaminidase, a-mannosidase, and a-fucosidase. S. brunensis sp. nov.
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produce acid from glycerol (weak), galactose, D-glucose, D-fructose, maltose, lactose,
sucrose, and trehalose. They do not produce acid from erythritol, D-arabinose, L-ara-
binose, ribose, D-xylose, L-xylose, adonitol, B-methyl-D-xyloside, mannose, sorbose,
rhamnose, dulcitol, inositol, mannitol, sorbitol, a-methyl-D-mannoside, a-methyl-D-glu-
coside, N-acetyl glucosamine, amygdaline, arbutine, salicin, cellobiose, melibiose, inulin,
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melezitose, D-raffinose, starch, glycogen, xylitol, B-gentiobiose, D-turanose, D-lyxose,
D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, and
5-keto-gluconate.

Variable biochemical reactions were obtained for catalase (4 of 5 positive), leucine
arylamidase (2 of 5 positive), a-glucosidase (1 of 5 positive), and growth in 15% NaCl (4 of
5 positive) (Table S4).

Utilization (Biolog MicroPlate GEN llI, protocol A) is positive for D-maltose, D-treha-
lose, D-turanose, a-D-glucose, D-fructose, D-galactose, glycerol, L-alanine, L-arginine,
L-glutamic acid, L-serine, D-gluconic acid, acetic acid, and formic acid. Negative
utilization for D-cellobiose, gentiobiose, stachyose, D-raffinose, D-melibiose, 3-methyl-
D-glucoside, D-salicin, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, N-acetyl
neuraminic acid, 3-methyl glucose, D-fucose, L-fucose, L-rhamnose, inosine, D-sorbitol,
D-mannitol, myo-inositol, D-glucose-6-PO4, D-aspartic acid, D-serine, gelatin, glycyl-L-
proline, L-histidine, D-galacturonic acid, D-galactonic acid lactone, D-glucuronic acid,
glucuronamide, mucic acid, quinic acid, D-saccharic acid, p-hydroxy phenylacetic acid,
D-lactic acid methyl ester, citric acid, a-keto glutaric acid, D-malic acid, bromo-suc-
cinic acid, y-amino-butyric acid, a-hydroxy-butyric acid, B-hydroxy-D,L-butyric acid, and
propionic acid.

The type strain is NRL/St 16/872" (= CCM 9024" = DSM 111349" = LMG 31872"). The
major respiratory quinone is menaquinone-7. The major fatty acids are Cq5.9 anteiso and
C17:0 anteiso- The peptidoglycan type is A3a (A11.2). The DNA G+C content of strain
NRL/St 16/872" is 33.40 mol%, calculated from the whole-genomic sequence. The species
description is based on the characterization of five strains isolated from various human
clinical materials. Most of the characteristics of the type strain NRL/St 16/872" agree with
the species description. The GenBank/ENA/DDBJ accession number for the 16S rRNA
gene is 0Q401401. The complete chromosome sequence of the type strain is available
under GenBank accession number CP119327.

DISCUSSION

The recent molecular diagnostic methods and polyphasic taxonomic approach, including
whole-genome sequencing, allow for more effective species differentiation of CoNS
from various sources. Here, we described S. brunensis sp. nov., which occupies similar
niches to the closely related species from the S. petrasii phylogenetic complex (10).
The available isolates of S. brunensis sp. nov. were associated with the human ear and
wound infections, whereas S. petrasii and S. pragensis predominated in wounds, blood, or
urinary tract infections (Table S7). However, it is challenging for clinicians to determine
whether these CoNS are causative agents of human diseases or suspected contaminants
associated with the occurrence of these commensal bacteria on human skin.

The pathogenic potential of CoNS is related to immune evasion, invasion of host
tissues, and biofilm formation, allowing them to persist on the surfaces of indwelling
medical devices and thus cause chronic infections (1). The intercellular adhesion operon
(ica), biofilm-associated protein (bap/bhp), and fibronectin-binding protein genes (fnbA/
fbe) directly associated with biofilm production in S. epidermidis (37) have not been
identified in either S. brunensis sp. nov. genomes or the other species from S. petrasii
complex. Likewise, the ica operon homologue has not been detected in S. haemolyticus
(3) and may be missing in this phylogenetic clade. Biofilm formation in the initial phase
is influenced by molecules involved in surface adhesion. In staphylococci, these are
microbial surface components recognizing adhesion matrix molecules (MSCRAMMs) (38).
Homologs of cell wall-anchored serine-aspartate repeat-containing protein genes sdrC,
sdrG, and sdrH have been identified in S. petrasii genomes (10) but not in S. brunensis sp.
nov. However, gene homologues for elastin-binding protein (ebp), thermonuclease (nuc),
autolysin E (atlE), and gene clusters (cap5 or cap8) involved in the synthesis of capsular
polysaccharides have been found in genomes of both S. petrasii (10) and S. brunensis sp.
nov.
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A comparison of representative genome sequences revealed that the species S.
brunensis sp. nov., S. croceilyticus, S. petrasii, and S. pragensis differ only marginally in
genomic G+C content, genome size, and the median protein count encoded by the core
genome. The major cause of interspecies differences in the S. petrasii complex is the
accessory genome and variable genetic elements (Fig. S3). The role of these elements
is best described in S. aureus, where HGT contributes to adaptation and evolution into
successful lineages (39-41).

More than 90% of clinical staphylococcal isolates harbor plasmids of various size
that can be classified to small multicopy plasmids or larger plasmids carrying several
resistance determinants. However, only 5% (42) of staphylococcal plasmids are large
multiresistance elements with the ability to mobilize or undergo conjugative transfer.
Strains of S. brunensis sp. nov. harbor several large plasmids that encode genes for
mobilization (mobA, mobC, mobP) and their spread by HGT is possible. The resistance
genes are usually cointegrated between two copies of ISs that promote their spread (43).
An example is 1S4317 previously described in plasmids pSK41 and pGO1 (44), harboring
linezolid and high-level resistance to vancomycin (45). It is probable that IS437, identified
in S. brunensis plasmid sequences, is responsible for the mosaic structure of the elements
and also promotes the spread of resistance genes across the genus Staphylococcus.

The plasmid-borne resistance to antibiotics and disinfectants suggests enhanced
survival in healthcare environments. The resistance to beta-lactam (blaZ) and macrolide
(ermC) antibiotics in S. brunensis sp. nov. strains correlates with resistance genes on
plasmids and the Tn554-like transposon. Resistance to quaternary ammonium com-
pounds (gacA), copper and heavy metals, and the hexulose utilization operon (hx/) in
plasmids of S. brunensis sp. nov. suggests adaptation to various ecological niches similar
to nosocomial and community-associated isolates of S. haemolyticus (46, 47).

The genomes of S. brunensis sp. nov. contain more insertion sequence elements than
the closest relatives from S. petrasii complex (7, 8). The copy number variability of IS
implies their recent capture and propagation and increases the genome plasticity among
the strains. The most abundant ISSha7 elements with 98% similarity to ISShal from
S. haemolyticus (3) are often located near rRNA genes and may contribute to variable
ribotype patterns.

A significant MGE in the genome of S. brunensis sp. nov. is the genomic island
SbClcerpe With unique recombinase genes ccrDTET. Xiao et al. (33) reported the existence
of these recombinases as ccrA8B9 allotypes. Nevertheless, their amino acid sequences
that were highly different from other known ccrAB variants place them among novel
ccrDE alleles. This reclassification also made it possible to distinguish another apparent
variant ccrD2E2, present in S. hominis and S. borealis. The ccrDE genes in all inspec-
ted staphylococcal genomes were present on a genomic island related to SbCl.pr.
Chromosomal islands with ccrDE (Cl.,pes) share gene structure similar to SCCs, such
as conserved ccr complex, presence of variable regions, and flanking by direct repeats.
However, unlike SCCs, which are canonicaly inserted in the rimH (orfX) gene in the oriC
environ (48), Clepes are inserted in the rimL gene. The SCC-like islands with Ccr or
closely related large serine recombinase were inserted in the rImH in other genera of
Gram-positive bacteria, that is the genera Mammaliicoccus and Macrococcus, Enterococ-
cus faecium, Bacillus cereus, Geobacillus vulcani, and Clostridioides difficile (49-52). Hence,
Cleerpes might represent a new class of SCC elements integrated into the rimL gene due
to the altered specificity of the ccrDE recombinases.

The molecular mechanism of the action of ccrAB recombinases requires specific
sequences of around 60-70 bp and the presence of the central dinucleotide GA in the
integration site, which are essential for the integration of the cassettes into the highly
conserved rimH gene (20). However, the ccrAB recombinases also act on non-canonical
less conserved recombination sites (20). Xiao et al. (33) showed that the ccrDE recombi-
nases are functional in excision and transfer of an SCC from rmH, but they do not move
together with the cassette. Here, we proved that the Clcpg bearing the ccrDE genes is
excised from the chromosome. Since Cl¢pe has a similar size as pathogenicity islands
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and possesses a set of genes required for its replication (53), the element would perfectly
fit into the phage capsid to be spread via transduction, which is a common transmission
route of MGE in staphylococci (54, 55). The high sequence conservation of the ccrDE
gene complex in various species corresponds with their spread through horizontal gene
transfer.

The proportion and diversity of Cl.,pr was low in the sequenced genomes deposited
in the public databases, making it extremely difficult to identify the donor of ccrDE
complex responsible for the formation of this element. Since we found ccrD1ET and
ccrD2E2 predominantly in CoNS genomes, it is possible that CoNS species are predis-
posed to forming this element and it can subsequently be transferred to S. aureus.
The variable regions of Clc,pg are highly diverse in gene content, suggesting that the
Cleerpre element evolved only recently in independent acquisition events, which are also
common in the evolution of SCCmec (56) or staphylococcal pathogenicity islands (57).
The benefit of Clpe for the bacterial host might be only marginal, so there is no
selective pressure to maintain established element and disseminate it to more strains.
The only widespread genes identified in all Cl.¢,pgs that help to preserve the element are
the RM system genes that differ in the Clcpgs, suggesting that they come from various
sources similar to canonical SCC elements (30, 31).

With the high selective pressure exerted on staphylococci by the use of antimicro-
bials, this element is a perfect candidate for the acquisition and spread of resistance
and virulence genes. The SCCmec element underlying the successful spread of MRSA
clones originated through joining of ccr gene complex with mec gene complex coming
from multiple sources. The first signs of the accumulation of resistance genes in Clepge
were observed in S. borealis, previously misidentified as S. haemolyticus (35), where the
island comprised several transposons. A similar cluster of drug-resistance genes to that
in Cleerpe of S. borealis was also reported in S. aureus on an SCC element (58) and a
plasmid (59). We conclude that the gene structure of Cl.pg indicates its ability to act as
a primordial element to accumulate virulence and antimicrobial resistance factors. The
spread of the island to established pathogens such as S. aureus would thus represent a
new threat to the healthcare system.

Conclusion

The identification of the new species S. brunensis within the Staphylococcus genus
expands our understanding of the diversity of coagulase-negative staphylococci. The
number of the strains available is still limited, but similar to its closest relative S. petrasii,
it can be expected that more strains will be captured as better diagnostic methods
are developed. Genome analysis of the new isolates has important implications for
studying the role of coagulase-negative staphylococci as a reservoir of transmissible
genes that can facilitate improved survival in the environment, resistance to antibiotic
treatment, or increased virulence following horizontal transfer. Characterization of a
previously unexplored genomic island closely related to the SCC indicates the poten-
tial for its interspecies transfer enabled by unique ccrDE recombinase genes in both
coagulase-negative staphylococci and the more clinically significant S. aureus. Identify-
ing the new type of MGE thus opens up new possibilities for future research of gene
transfer mechanisms in the emergence of multidrug-resistant staphylococcal strains
with implications for clinical practice. These findings deepen our understanding of the
evolution and pathogenesis of staphylococci, shedding light on how these bacteria
acquire and disseminate virulence traits and antibiotic resistance.
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MATERIALS AND METHODS

Bacterial strains, cultivation and phenotypic identification, and antimicrobial
susceptibility testing

Simultaneously analyzed reference strains of Staphylococcus spp. were obtained from the
Czech Collection of Microorganisms (CCM, Masaryk University, Brno). The strains grew
well in a basic set of staphylococcal media at a temperature of 30-37°C. The morpho-
logical, biochemical, and physiological characterization was performed as previously
mentioned (7, 60-62). Antimicrobial susceptibility testing by disc diffusion method
on Mueller-Hinton agar with adherence to EUCAST guidelines (63) was performed as
described previously (60).

Genome sequencing and bioinformatics analyses

The short-read sequencing was conducted for the type strain NRL/St 16/872" (LGC
Genomics, Berlin, Germany). The genomic DNA was isolated with a GenElute Bacte-
rial Genomic DNA kit (Sigma-Aldrich, St. Louis, MO, USA) from pure culture colonies
cultivated on Colombia sheep blood agar (Oxoid). The library was prepared using a
Nextera XT DNA Library Preparation Kit (lllumina, San Diego, CA, USA) and sequenced
externally by LGC Genomics (Berlin, Germany) on the NextSeq platform with 2 X
150 bp reads (lllumina). Genomes of all novel isolates were sequenced by Oxford
Nanopore Technology (ONT). The genomic DNA was extracted as described previously
(64). Sequencing libraries were prepared using an SQK-RAD004 rapid barcoding kit and
sequenced with a FLO-FLGO0O01 cell in a MinION device and MinKnow v21.10.4 software
(Oxford Nanopore Technologies, Oxford, UK).

The software Guppy version 6.0.0 (Oxford Nanopore Technologies) with config
dna_r9.4.1_450bps_sup.cfg and default settings was used for basecalling, demultiplex-
ing, and barcode trimming. The ONT reads were filtered by quality mapping to lllumina
reads using Filtlong version 0.2.1 (https://github.com/rrwick/Filtlong) with a minimum
length of 1,500 bp and quality threshold set to 95% and mapping on Illumina reads
where applicable. The quality of both long and short reads was assessed with FastQC
version 0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and NanoStat
(65). Complete chromosome and partial plasmid sequences were obtained using either
a hybrid assembly with Unicycler version 0.4.9 (66) or a long-read-only assembly with
Trycycler version 0.5.3 (67). The resulting contigs were further polished with Medaka
version 1.6.1 (https://github.com/nanoporetech/medaka) and Polypolish version 0.5.0
(68). Sequences were manipulated and inspected in the cross-platform bioinformat-
ics software Ugene version 38.1 (69). The genomes were annotated using the NCBI
Prokaryotic Genome Annotation Pipeline (70). Nucleotide and protein multiple sequence
aligment was performed with Clustal Omega (71). The multiple sequence alignment
was visualized using EasyFig version 2.2.5 (72) and IslandCompare version 1.0 (73).
Variable genetic content was identified with PhiSpy version 3.4 (74), MobilomeFinder
(75), PlasmidFinder (76), IslandViewer 4 (77), ISFinder (78), and SCCmecFinder (79). The
CRISPR/Cas system was characterized by CRISPRCasTyper (80). Virulence and resistance
genes were predicted using Abricate (https://github.com/tseemann/abricate) with the
CARD (81), Resfinder (82), and VFDB (83) databases.

Phylogenetic and pangenomic analyses

The partial 16S rRNA gene was sequenced by Sanger sequencing in the Eurofins MWG
Operon sequencing facility (Ebersberg, Germany) with previously described primers (84).
Whole-genome sequences of related staphylococcal species were obtained from the
NCBI database (Table S1). The multilocus sequence data of six housekeeping genes (rpoB,
groEL, dnal, tufA, sodA, and gap) that are commonly used in phylogenetic studies of the
Staphylococcaceae were extracted from whole-genome sequence assemblies as follows
(gene coordinates of S. aureus): 1420..1974 for rpoB, 270..826 for hsp60, 23..911 for dnaJ,
49.929 for gap, 383..1032 for tufA, and 50.480 for the sodA gene. The phylogenetic
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analyses were performed with the software MEGA version 11 (85). The UBCG collection
of 92 conservative genes (86), the average nucleotide identity (ANI) (87), and digital
DNA-DNA hybridization (dDDH) values by the d4 formula using the web-based genome-
to-genome distance calculator (GGDC) version 3.0 (88) were used for calculations of
overall genome relatedness indices. The pangenome was calculated with the Ortho-
Venn2 pipeline with proteins clustered at the default threshold (89).

DNA fingerprinting

For genotypic characterization of the investigated bacterial group, fingerprinting by
repetitive sequence-based PCR (rep-PCR) with the primer (GTG)s (90) and automated
ribotyping with the restriction enzyme EcoRl were performed. The isolation of DNA
for rep-PCR fingerprinting, PCR conditions, and fingerprint analysis were performed as
previously described (91). Automated ribotyping was performed using the RiboPrinter
microbial characterization system (DuPont Qualicon) according to the manufacturer’s
instructions. Numerical analysis of rep-PCR fingerprints and EcoRI ribotype patterns
was performed using BioNumerics version 7.6 (Applied Maths, Belgium). The ribotype
patterns were imported into the BioNumerics software using the load samples import
script provided by the manufacturer.

PCR analysis of mobilizable genomic island encoding Ccr recombinases

To determine whether a genomic island is mobilizable, we designed primers spanning
the excision site and primers targeting the key genes present in the genomic island
(Table S2). The PCR reaction was conducted using Quick-Load 2x master mix with
standard buffer (New England Biolabs, Ipswich, MA, USA) and a 200 nM concentration
of each primer. The genomic island product was further analyzed by Sanger sequencing
(Eurofins Genomics, Germany).

Transmission electron microscopy

A 200-mesh carbon/formvar-coated grid was placed on a drop of suspension of bacteria
in water for 20 min. Bacterial cells on the grid were negatively stained with 2% ammo-
nium molybdate and treated with UV light. A Morgagni 268D Philips (ThermoFisher
Scientific, The Netherlands) transmission electron microscope was used to visualize
bacterial cells.

MALDI-TOF MS

Protein fingerprinting by means of MALDI-TOF MS using an Ultraflextreme instrument
(Bruker Daltonics, Germany) was conducted after a standard extraction protocol (92).
MALDI-TOF mass spectra were obtained using an UltrafleXtreme instrument (Bruker
Daltonics) operated in linear positive mode using the software FlexControl version 3.4.
Signals present in at least seven out of nine independent mass spectra acquired per
sample were taken into account. Mass spectra were processed using FlexAnalysis version
3.4 (Bruker Daltonics) and BioTyper version 3.1 software (Bruker Daltonics) supplemented
with database version 10.0.0.0 (9,607 entries).

Chemotaxonomic characterization

Respiratory quinones were extracted and analyzed as previously described (93). Identity
was confirmed by mass spectrometry, as described by Schumann et al. (94). Analysis
of the cellular fatty acid profile was performed using a Microbial Identification Sys-
tem (MIDI, Newark, DE) according to the Standard Protocol of the Sherlock Microbial
Identification System software, version 6.1 (95). The fatty acids were identified using gas
chromatography-mass spectrometry (GC-MS) according to the study of Vieira et al. (93).
Isolation and structural analysis of the peptidoglycan was performed according to
published protocols with some modifications. Briefly, the amino acid composition of the
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total hydrolysate (4 N HCl, 100°C for 16 h) of the peptidoglycan was analyzed by GC/MS
(protocol 10 by Schumann [96]). The partial hydrolysate (4 N HCI, 100°C, 0.75 h) of the
peptidoglycan was analyzed by high-resolution liquid chromatography-mass spectrom-
etry (LC-MS) as described previously (94, 96). Enantiomeric analysis was performed by
liquid chromatography as described by reference 97.
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SUMMARY

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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