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ABSTRACT
Coagulase-positive Staphylococci (CoPS) can exist as commensals in humans, companion
and food-producing animals, but can cause severe or even lethal diseases. Exchange of
these bacteria between humans and animals has been described. Special attention has been
focused on Methicillin-Resistant Staphylococcus aureus, but other CoPS can also represent an
important threat. In addition to significant antimicrobial resistance, these bacteria may carry
a plethora of virulence factors - molecules that allow bacteria to establish on or within a
host and increase their ability to cause disease. These virulence factors have been widely
described in S. aureus but information about other species of CoPS is scarce. The aim of this
paper is to review the recent literature about the virulence factors of non-aureus CoPS of
animal origin. Their possible effects on human health are also described. The role and preva-
lence of different virulence factors including leukocidins, hemolysins, adhesins, enterotoxins,
exfoliative and toxic shock syndrome toxins as well as superantigen-like proteins are
addressed. The effect of these virulence factors on human health is also described. The pos-
sibility of misdiagnosis of species of CoPS has been demonstrated in human clinical samples.
Prevalence of zoonotic infections could be higher than thought and medical laboratories
should be aware of these other staphylococcal species. In keeping with the ‘One Health’
approach to animal and human disease, medical professionals, veterinarians and health
workers should be aware of the risks derived from exposure to these bacteria in people in
close contact with animals, including pet owners, farmers and veterinarians themselves.
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1. Introduction

Staphylococcus is a bacterial genus composed of
non-motile facultative anaerobic Gram positive cocci
that appear as clusters under microscopic examin-
ation and are, with some exceptions, catalase posi-
tive. Staphylococci are usually differentiated into two
groups using the coagulase test. It is assumed that
coagulase positive staphylococci (CoPS) are usually
pathogenic, even when in some cases they can
cause asymptomatic colonization in healthy individu-
als, and coagulase negative (CoNS) are saprophytic
or cause opportunistic infections. In veterinary bac-
teriology, nine species of CoPS are generally recog-
nized: Staphylococcus aureus (including subsp.
anaerobius) (De La Fuente et al. 1985),
Staphylococcus intermedius (Hajek 1976),
Staphylococcus pseudintermedius (Devriese et al.
2005), Staphylococcus delphini (Varaldo et al. 1988),
Staphylococcus hyicus (Devriese et al. 1978),
Staphylococcus schleiferi subsp. coagulans (Igimi et al.

1990), Staphylococcus lutrae (Foster et al. 1997),
Staphylococcus agnetis (Taponen et al. 2012) and
Staphylococcus cornubiensis (Murray et al. 2018).
Some species, like S. hyicus and S. agnetis are
defined as coagulase variable (meaning that some
strains can be coagulase positive and some coagu-
lase negative).

The application of molecular typing tools has
changed the taxonomy of the Staphylococcus genus
allowing the differentiation of species previously
indistinguishable using phenotypic tests (Sasaki et al.
2007; Blaiotta et al. 2010; Sasaki et al. 2010;
Decristophoris et al. 2011) and leading to a reclassifi-
cation of most S. intermedius canine isolates that
were renamed as S. pseudintermedius (Ross Fitzgerald
2009; Bond and Loeffler 2012). S. intermedius, S. del-
phini and S. cornubiensis constitute the so-called
Staphylococcus intermedius group (SIG) (Sasaki et al.
2007; Bannoehr et al. 2007; Murray et al. 2018). For
routine diagnostic microbiology purposes,
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phenotypic tests, combined with information about
the host (due to high host specificity) are likely to
be sufficient, but for research applications, precise
identification to species level is needed.

Our review focuses on virulence factors in coagu-
lase positive Staphylococci isolated from animals. S.
aureus is not discussed in this paper due to the
existence of a number of recent review articles cov-
ering this species; see for example (Zecconi and Scali
2013; Scali et al. 2015; Mutters et al. 2016;
Ballhausen et al. 2017; Aires-de-Sousa 2017; Rainard
et al. 2018).

Knowledge about virulence factors and the path-
ways that regulate their production could help to
design new therapeutic or vaccination approaches
(Scali et al. 2015; Kong et al. 2016).

2. Main virulence factors described in
different species of Staphylococci

Staphylococci can have a wide variety of virulence
factors that allow the bacteria to avoid the immune
system and contribute to increased severity of infec-
tions. Most of these factors have been initially
described in S. aureus and include surface proteins
(Protein A, clumping factor, fibronectin binding pro-
teins or iron regulated surface determinants), capsu-
lar polysaccharides, molecules involved in biofilm
formation (for example polysaccharide intercellular
adhesin) or toxins (pore-forming toxins, toxins that
act as superantigens). Cell wall adhesins that recog-
nize extracellular matrix proteins are also called
MSCRAMMS (microbial surface components recogniz-
ing adhesive matrix molecules). Some enzymes
(coagulase, staphylokinase and proteases) also con-
tribute to immune evasion and host tissue penetra-
tion (Zecconi and Scali 2013; Scali et al. 2015;
Ballhausen et al. 2017; Seilie and Bubeck
Wardenburg 2017).

Surface proteins are involved in adhesion, tissue
invasion and evasion of immune defense. Among
the virulence factors that contribute to evade
immune response, staphylococcal protein A has a
key role. Almost all S. aureus isolates synthetize this
protein, which binds immunoglobulins, inhibits
opsonization and phagocytosis, and acts as a super-
antigen (Balachandran et al. 2018). Clumping factors
A and B are also important for adhesion and
immune defenses evasion. They bind to fibrinogen
facilitating host tissues invasion. Fibronectin binding
proteins are able to bind fibronectin and elastin pre-
sent in the extracellular matrix, promoting invasion
of host tissues. Iron regulated surface determinants
are involved in staphylococcal iron uptake systems
(Scali et al. 2015).

Biofilms are bacterial populations enclosed in an
organic matrix. They promote adhesion to surfaces
and provide protection against antibiotic and
immune defenses (Zecconi and Scali 2013).

Pore forming toxins (PFTs) have been widely
studied in S. aureus. Their main activity is to disrupt
eukaryotic membranes, causing cell lysis. Based on
the transmembrane components structure, these tox-
ins have been divided into two groups: a-PFTs and
b-PFTs. In S. aureus, seven b-PFTs have been
described (one a-hemolysin and six bicomponent
leukocidins) (Seilie and Bubeck Wardenburg 2017).
They have different host cell targets (monocytes,
neutrophils, platelets, erythrocytes and epithelial
cells). Panton-Valentine leukocidin (PVL) has been
reported to be almost 100 times more potent than
the other staphylococcal leukocidins (Kong
et al. 2016).

Among the toxins that act as superantigens, we
include pyrogenic toxins (staphylococcal enterotox-
ins (SEs) and toxic shock syndrome toxin (TSST))
(Kong et al. 2016; Ballhausen et al. 2017). More than
20 SEs have been identified to date, and are one of
the most frequent causes of food-borne disease.
TSST-1 causes a serious illness with high mortality.
Both, SEs and TSST-1, act as superantigens triggering
T-cell activation and proliferation, and activating
cytokine release and cell death.

Exfoliative toxins (ETs) cause staphylococcal
scalded skin syndrome characterized by destruction
of desmosomal cell attachments (desmoglein-1)
resulting in detachment of the epidermis.

In other Staphylococcus species, information about
virulence factors and their regulation is
much sparser.

3. Virulence factors described in different
species of coagulase positive staphylococci

3.1. Staphylococcus intermedius group

As mentioned before, four species are included: S.
intermedius, S. pseudintermedius, S. delphini and S.
cornubiensis. Sasaki et al. (2007) and Bannoehr et al.
(2007) analyzed collections of strains of “S. inter-
medius” from Japan and Europe. They found that all
the isolates from human beings, dogs and cats were
S. pseudintermedius meanwhile most isolates from
feral pigeons were S. intermedius and most strains
isolated from horses and domestic pigeons were S.
delphini. Some authors describe virulence factors in
canine isolates of S. intermedius that, following the
revised taxonomy, can be considered as belonging
to S. pseudintermedius (Futagawa-Saito et al. 2006;
Schmidt et al. 2009). Futagawa-Saito et al. (2006)
describe isolates from pigeons that were clearly dif-
ferent from canine isolates, so due to host specificity
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we could assume they were truly S. intermedius or S.
delphini. On the other hand, a recent publication
(Vel�azquez-Guadarrama et al. 2017) describes results
that clearly contradict this hypothesis, reporting 86%
S. intermedius and 14% S. pseudintermedius CoPS iso-
lates among dogs. Strains were identified using 16S
rRNA sequencing, but these proportions could be
biased because they only tested mannitol-positive
isolates and, in S. pseudintermedius acid production
from mannitol is weak and delayed (Devriese et al.
2005). This fact does not affect the description of
virulence factors because identification was
appropriate.

Several authors have described virulence factors
related to adhesion and tissue invasion in isolates of
SIG. In a study, using S. pseudintermedius isolated
from healthy dogs and dogs suffering atopic derma-
titis, no statistical differences in adherence between
isolates from atopic or healthy skin were found. This
suggests that host factors, rather than bacterial viru-
lence, are the cause of increased bacterial adherence
to the atopic canine skin (Schmidt et al. 2009).
Bannoehr et al. (2012) characterized two surface pro-
teins of S. pseudintermedius (SpsD and SpsO) that
mediate adherence to canine keratinocytes contribu-
ting to skin colonization and infection. They found
that the SpsO mediated adherence took place with
keratinocytes of all dogs used in the study but SpsD
mediated adherence was more variable, suggesting
variability of presence of receptors for Sps-D in dif-
ferent animals. Invasion of canine keratinocytes is
promoted by two fibronectin binding proteins, SpsD
and SpsL, anchored in the bacterial wall (Pietrocola
et al. 2015).

Bannoehr et al. (2011) showed that the protein
SpsQ found in S. pseudintermedius was analogous to
protein A in S. aureus. In addition, they found that
the protein SpsP had 73% homology to SpsQ at
amino acid level. Balachandran et al. (2018) observed
that isolates of S. pseudintermedius harbor and
express genes analogous to those that code for pro-
tein A in S. aureus and, demonstrated that canine
IgG recognizes and binds to protein A on S. pseudin-
termedius, predominantly via its Fc region. The activ-
ity of this protein as a superantigen has not been
studied and its toxic effect on B-cells are yet to
be determined.

Futagawa-Saito et al. (2006) studied S. intermedius
isolates obtained from pigeons and from dogs.
Clumping factor and Protein A were not detected in
any S. intermedius isolated from pigeons. Protein A
and clumping factor were detected in 54.5% of
canine isolates, almost all considered now S.
pseudintermedius.

In 15 isolates of S. intermedius, obtained from
cases of caprine subclinical mastitis, the most

frequent genes encoding surface proteins involved
in adhesion were laminin, elastin and fibrinogen
binding proteins, in addition to one for fibronectin
binding protein A (Salaberry et al. 2015). Genes
encoding collagen binding protein and fibronectin
binding protein B were not detected, and the bap
gene, encoding biofilm-associated proteins was
observed in only 13% of isolates. However, it is
necessary to point out the lack of precision of the
method used in this work, for the identification of
species belonging to SIG, so these results should be
assumed with caution.

Biofilm formation has been described as signifi-
cantly higher in S. pseudintermedius than in S. inter-
medius isolates (Futagawa-Saito et al. 2006;
Vel�azquez-Guadarrama et al. 2017). Few studies on
genes and mechanisms involved in biofilm produc-
tion have been found. Casagrande et al. (Casagrande
Proietti et al. 2015) studied biofilm-forming ability in
60 S. pseudintermedius isolates from dogs with pyo-
derma. Genes icaA and icaD, that code a polysac-
charide intercellular adhesion molecule (PIA) were
detected in 91% of isolates and all isolates contained
either both genes or had neither of them.
Phenotypic tests used were Congo Red Agar test
(CRA), tube adherence test and Microtiter plate test
(MtP) with the results demonstrating good agree-
ment between methods. Three of the strains harbor-
ing the genes were non-biofilm producers according
to the three phenotypic methods. Four strains were
found to be biofilm producers by MtP and tube
adherence test but they did not possess icaA and
icaD genes, suggesting that they could form biofilms
without polysaccharide intercellular adhesion mole-
cules. In a previous study (Singh et al. 2013), a simi-
lar proportion of biofilm producer strains was
observed but some isolates with only icaA or icaD
genes were detected and more variability between
phenotypic and genotypic methods was obtained.

Comparing the presence of some virulence factors
on S. pseudintermedius obtained from healthy and
diseased dogs could help to understand their patho-
genic role. Garbacz et al. (2013) compared their pres-
ence in 71 isolates from healthy dogs and 120 from
diseased dogs and found that production of Protein
A was more frequent in infected dogs. This was the
only factor that showed a statistically significant dif-
ference. No differences between both groups were
found for biofilm formation, coagulase, clumping fac-
tor, DNase and lipase.

Comparisons have also been made between
Methicillin-susceptible (MSSP) and Methicillin-resist-
ant S. pseudintermedius (MRSP) in order to determine
if their virulence factor profiles are different. In
another study (Couto et al. 2016), twenty one MRSP
and twenty one MSSP, obtained from 18
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asymptomatic carriers and 24 diseased dogs and
cats were included. MRSP seemed to upregulate sur-
face proteins, increasing the adherence of isolates to
keratinocytes. MRSP and MSSP have the capacity to
form biofilms, but MSSP showed an increased ability
to produce biofilm under acidic conditions. No differ-
ences in biofilm formation were found between clin-
ical isolates and isolates from carriers.

Using multi-locus sequence typing (MLST) for S.
pseudintermedius, Bergot et al. (2018) determined
that the sequence types (ST) 71, ST258 and ST496
are the most prevalent in France. Each of them pos-
sesses a specific pattern of virulence genes. All MLST
types shared a core virulence profile that includes
the biofilm-associated ica operon and sps surface
proteins. The cell wall associated genes spsI were
detected only in isolates belonging to ST496.

Diribe et al. (2015) compared virulence gene pro-
files between multidrug resistant (MDRSP) and multi-
drug susceptible S. pseudintermedius associated with
postoperative surgical canine infections. Biofilm pro-
duction was assayed using microtiter plate technique
and all isolates formed biofilms in different quanti-
ties, but no significant difference between MDRSP
and non-MDRSP were found.

Arginine catabolic mobile element (ACME) is a
mobile element described in S. aureus that contains
the arc gene. This gene encodes an arginine deami-
nase system that facilitates colonization of human
skin. Until the study of Yang et al. (2017), ACME had
not been reported in S. pseudintermedius. Among
Methicillin-resistant and Methicillin-susceptible S.
pseudintermedius isolates from dogs and cats, a simi-
lar prevalence (70%) of carriage of ACME-arcA was
found. ACME-arcA positive isolates were obtained
more frequently from skin samples than from other
body sites, suggesting that it could provide an
advantage for colonization of animal skin.

Staphylococcal Pore-forming toxins include hemo-
lysins and leukocidins. Futagawa-Saito et al. (2006)
reported that all S. intermedius isolates from pigeons
were hemolytic on sheep red blood cells (RBCs), but
only 17.7% showed hemolytic activity on rabbit RBCs
or possessed protease activity. Almost all their
canine isolates, considered now S. pseudintermedius,
caused hemolysis of sheep and rabbit RBCs. No dif-
ferences on b-hemolysin production between
healthy and diseased dogs were noticed (Garbacz
et al. 2013).

The pathogenic role of several virulence factors of
S. pseudintermedius was studied by Garbacz et al.
(2013) comparing their presence in 71 isolates from
healthy dogs and 120 from diseased dogs.
Surprisingly, all the strains included in Garbacz et al.
(2013) study, from healthy and infected dogs, pos-
sessed leukotoxin genes lukS/F. Virulence factor

profiles of 196 MRSP isolated from healthy dogs
(G�omez-Sanz et al. 2011) showed that all of them,
independent of their genetic background, carried
lukS/F-I. In a later study (G�omez-Sanz et al. 2013), it
was shown that all isolates of MSSP (n¼ 16) also car-
ried lukS/F-I. The Luk-I gene was detected in 29% iso-
lates of S. pseudintermedius obtained from diseased
dogs in Lithuania (Ruzauskas et al. 2016) and in
more than 90% isolates of clinical samples from
domestic animals in Brazil (Pitchenin et al. 2018).

PCRs were performed to detect lukS, lukF and
Panton-Valentine leukocidin genes, comparing multi-
drug resistant and multidrug susceptible S. pseudin-
termedius associated with postoperative surgical
canine infections (Diribe et al. 2015). No differences
in carriage of these virulence factor genes, between
both groups of S. pseudintermedius, were observed.

Abouelkhair et al. (2018) first characterized a leu-
kocidin (Luk-I), very similar to PVL, from a staphylo-
coccal species other than S. aureus, which had its
main effects against canine neutrophils. Antibodies
produced in dogs against attenuated Luk-I reduced
the cytotoxic activity and could constitute an import-
ant tool in the prevention and control of S. pseudin-
termedius infections (Abouelkhair et al. 2018). Maali
et al. (2018) proposed that S. pseudintermedius viru-
lence could be explained by the selective action of
Luk-I on immune cells expressing specific receptors,
combined with the action of pro-inflammatory and
cytolytic staphylococcal peptide toxins (PSMs).

Garbacz et al. (2013) found exfoliative toxin (ET)
genes in all the strains of S. pseudintermedius
included in their study, obtained from healthy (71
isolates) and diseased dogs (120 isolates). Previously,
Futagawa-Saito et al. (2009) detected a novel exfolia-
tive toxin gene (exi) coding the first exfoliative toxin
in S. pseudintermedius (EXI). Its sequence shares a
significant homology with the ones of other
staphylococcal ET, especially with ETB from S. aureus.
It was found to have a prevalence of 23.3% in iso-
lates from canine pyoderma. Crude supernatant pro-
teins from S. pseudintermedius harboring this gene
caused characteristic skin exfoliation in neonatal
mice 6-8 hours after injection. Iyori et al. (2011) pro-
duced a recombinant EXI by E. coli expression using
an exi gene obtained from S. pseudintermedius iso-
lated from a dog suffering impetigo. When injected
intradermally in healthy dogs, recombinant EXI
caused vesicles or erosion with superficial epidermal
splitting. By immunofluorescence analysis, activity of
EXI on desmoglein-1 of canine skin was demon-
strated. In the Garbacz et al. (2013) study, the
exfoliative toxin gene tested was siet and not exi.
SIET is a toxin, encoded by the siet gene, obtained
from chromosomal DNA of S. intermedius. Iyori et al.
(2011) found that SIET did not induce epidermal
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splitting. From the results of both studies, it can be
suggested that EXI, but not SIET, participates in
canine epidermal splitting. SIET probably has a role
in canine pyoderma and chronic otitis (Yoon et al.
2010; Youn et al. 2011; Bardiau et al. 2013;
Ruzauskas et al. 2016). Almost all the isolates from
otitis and dermatitis in domestic animals included in
a recent study (Pitchenin et al. 2018) produced SIET
toxin and 24% of isolates produced EXI exfoliative
toxin. The possibility that SIET-producing S. pseudin-
termedius can cause ophthalmic disease has also
been suggested (Kang et al. 2014). In a study exam-
ining further exfoliative toxin genes in S. pseudinter-
medius (Iyori et al. 2010), a novel open-reading
frame (ORF) was found in the genome of dogs with
impetigo. The deduced amino acid sequence had
70.4% homology with that of SHTEB exfoliative toxin
from S. hyicus.

Tabatabaei et al. (2019) found that of 19 MRSP
isolated from dogs (12) and cats (7), all of them pos-
sessed siet genes, 15 harbored expA, 6 sea and only
one expB. Other studies found also that almost all
isolates harbor siet genes (G�omez-Sanz et al. 2011;
G�omez-Sanz et al. 2013). In the later work, 15 iso-
lates harbored exfoliative toxin gene expA and only
one of them, expB.

Knowledge about S. pseudintermedius enterotoxins
(SEs) and their possible relation to digestive patholo-
gies is scarce. Many isolates of SIG group harbor SEs
genes (G�omez-Sanz et al. 2011; G�omez-Sanz
et al. 2013).

The role of S. pseudintermedius enterotoxins (SEs)
in the pathogenesis of pyoderma has been investi-
gated (Tanabe et al. 2013) and no differences
between healthy and diseased dogs were detected,
suggesting that these toxins do not participate in
the pathogenesis of this disease. The gene sec was
the only one found in S. pseudintermedius strains iso-
lated from carriers and infected dogs and at a very
low prevalence (1.6%) (Garbacz et al. 2013). When
different S. pseudintermedius isolates from different
clinical samples (mainly canine) were studied, a
much higher prevalence of the enterotoxin genes
sec (57%) and sea (17%) was observed (Pitchenin
et al. 2018). Considering otitis and dermatitis isolates
(39), 24 harbored the sec and 6 the sea genes. The
gene seccanine (canine type C staphylococcal entero-
toxin) is more frequent in isolates from dogs with
cutaneous infections (Yoon et al. 2010), usually clus-
tered with sel.

In 15 S. intermedius isolated from subclinical mas-
titis, all genes encoding enterotoxins (A-E) were
detected, with sec the most frequent (n¼ 7) but only
6% (n¼ 1) each of the others (Salaberry et al. 2015).
Due to their potential to cause vomiting and diar-
rhea, the presence of enterotoxins in non-aureus

staphylococci could also be considered a risk in
food-producing animals. As mentioned before, the
method used for identification may give incorrect
results and, in addition to this, most of the genes
were found in one unique isolate.

In healthy dogs, high prevalence of nasal carriage
of virulent S. pseudintermedius has been observed
(Gharsa et al. 2013). Fifty-five isolates were tested for
35 virulence genes, including genes encoding for
staphylococcal enterotoxins, leukocidins, hemolysins,
exfoliative toxins (siet, expA, eta, etb and etd) and the
tst gene encoding for the toxic shock syndrome
toxin. A large number and variety of virulence fac-
tors were detected in this study and no relation with
genetic background or resistance patterns was
observed. This result is in line with others (G�omez-
Sanz et al. 2013) that reported the presence of these
virulence factors in healthy dogs and their owners.

Studies on virulence factors of S. delphini are
scarce. Sudagidan and Aydin (2012) studied 18 iso-
lates of S. delphini obtained from domestic pigeons;
50% of them were biofilm producers but none were
found to harbor the virulence genes analyzed (enter-
otoxins, TSST, leukocidins, PVL, hemolysins, exfolia-
tive toxins). S. aureus-specific primers were used, so
lack of sufficient sequence similarity could be an
explanation for these results. In Tunisia, 19% of
healthy donkeys were reported to carry S. delphini
(Gharsa et al. 2015) and lukS-I and siet genes were
detected in all 19 isolates. The gene se-int was
detected in 17 isolates, seccanine in four isolates and
expA in one. LukF was not observed in any of the
isolates. In 12 isolates from wild birds, Ruiz-Ripa
et al. (2019) found similar results; all of them pre-
sented genes lukS-I, siet and se-int but two of them
also contained the leukocidin gene, lukF-I.

Due to the low number of isolates included in all
these studies, it is not possible to determine if the
absence of some virulence factors like lukF-I is a
characteristic of this species or could vary depending
on geographical region or animal species.

3.2. Staphylococcus hyicus

S. hyicus is the causative agent of exudative epider-
mitis in pigs, a disease with a worldwide distribution
and it has been reported to cause mastitis in cattle.
Two groups of S. hyicus can be considered based on
the ability to cause disease. Isolates obtained from
diseased pigs produce different exfoliative toxins
(Exh) (Andresen et al. 1997), that have been desig-
nated as SHETA and SHETB (Sato et al. 2000) and
ExhA, B, C and D (Ahrens and Andresen 2004).
Exfoliative toxins of S. hyicus are serine proteases tar-
geting desmoglein-1 protein, thereby causing
destruction of desmosomal cell attachments and
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detachment of the epidermis (Nishifuji et al. 2008).
SHETB also contains a serine-protease like sequence
(Watanabe et al. 2000), absent in SHETA, but their
effect on desmoglein-1 has not been tested (Nishifuji
et al. 2008).

The prevalence of genes encoding exfoliative tox-
ins in S. hyicus isolates from various countries have
been studied (Sato et al. 2000; Ahrens and Andresen
2004; Futagawa-Saito et al. 2007; Kanbar et al. 2008)
and it seems that the carriage of these genes varies
depending on the geographic area. The carriage of
exfoliative toxins genes appears to be significantly
higher in isolates from diseased pigs (86.6%) than in
those from healthy animals (19.6%) (Futagawa-Saito
et al. 2007).

SHETA is encoded chromosomally but SEHTB is
encoded on a plasmid (Sato et al. 2000). A genomic
island harboring toxin-encoding genes has been
described in S. hyicus ATCC11249 strain (Calcutt
et al. 2015). In addition to a cluster of five genes
encoding ExhA toxin, an ORF with a 64% identity to
the epidermal cell differentiation inhibitor toxin
(EDIN) of S. aureus was found. A delta hemolysin, a
type VII secretion system and a putative gas vesicle
protein gene cluster were found in other genomic
locations. When a genome comparison among toxi-
genic and non-toxigenic S. hyicus strains was made
(Leekitcharoenphon et al. 2016), two genomic
regions that are predicted to encode virulence fac-
tors related with exudative epidermitis (including
ExhA and EDIN genes) were predominantly observed
in toxigenic strains.

A protein with similar characteristics to S. aureus
protein A has been described in S. hyicus type strain
CCUG 15602/ATCC 11249 (Rosander et al. 2011). This
protein had four IgG binding domains (instead of
the five described in S. aureus protein A). In clinical
isolates of S. hyicus the spa gene had either three or
four domains, independent of their origin.

3.3. Staphylococcus agnetis

After the isolation of the new species S. agnetis from
mastitic milk in Finland (Taponen et al. 2012), geno-
typic analyses indicated a close relation with S. hyi-
cus, raising the possibility that some S. hyicus
isolates may have been S. agnetis. Calcutt et al.
(2014) determined a draft genome sequence of an S.
agnetis isolate from mastitic milk in Canada. Some
ORFs related to potential virulence factors were
found, two with a significant similarity to staphylo-
coagulase and one with a significant similarity to
beta toxin of S. aureus. In addition to this, three clus-
tered genes encoding putative superantigens and
one gene encoding a putative hyaluronidase were
detected, the latter significant, because among

staphylococci, hyaluronidase genes have only been
described previously in S. aureus. Two isolates of
coagulase-negative S. agnetis obtained from milk
samples of mastitic cows were studied to determine
the presence of several virulence genes. The exfolia-
tive toxin gene etd was observed in one isolate and
c-hemolysin in two (Mahato et al. 2017). The pres-
ence of genes encoding for enterotoxins seb and sec,
and for toxic shock syndrome toxin tst1, in an isolate
of S. agnetis obtained from milk has also been
described (Rahmdel et al. 2018).

Four S. agnetis isolates were included in an exten-
sive study of putative virulence factors of staphylo-
cocci causing bovine mastitis (Åvall-J€a€askel€ainen
et al. 2018). Whole genomes were obtained and
compared with the Virulence Factor Database. All
the isolates contained beta-toxin, hemolysin III and 3
out of 4 exfoliative toxin A, with none containing
leukotoxins. Among superantigen and superantigen-
like protein genes, only set7 and one unnumbered
exotoxin gene were detected, both in all the isolates.
Multiple MSCRAMM genes were detected in all iso-
lates: collagen adhesin; elastin, fibrinogen and fibro-
nectin-binding proteins; enolase; protein A; surface
proteins sasF and sasH; and biofilm associated pro-
tein genes. Exoenzyme encoding genes detected in
all four genomes included the ones for catalase,
staphylocoagulase, hyaluronidase, Glyceraldehyde 3-
phosphate dehydrogenase, von Willebrand factor
binding protein, aureolysin and cysteine protein-
ase A.

In 2015, S. agnetis was reported as causative
agent of lameness in chickens (Al-Rubaye et al.
2015). The whole genome was sequenced and com-
pared with the one of other pathogenic
Staphylococci, which revealed that S. agnetis con-
tains a distinct repertoire of virulence determinants.
In agreement with Calcutt et al. (2014) a hyaluroni-
dase gene was detected but five (instead of three)
superantigen like proteins. An exfoliative toxin A
orthologue was found that had not been previously
described in the draft genome of the isolate from
mastitis. The S. agnetis genome also encodes seven
fibronectin-binding proteins. To determine which
genes might mediate infection in chickens, predicted
S. agnetis proteins were compared to the Virulence
Factor Database. Several virulence factors (17 for
host immune evasion, 11 for host adherence, 7 for
toxins biosynthesis and 5 secretion systems)
were identified.

S. agnetis was isolated in pure culture from 16 of
997 broiler breeders found dead (Poulsen et al.
2017), with lesions of endocarditis and septicemia. In
the same flocks, the bacterium was also isolated in
pure culture from the cloacal microbiota of newly
hatched chickens. The whole genome sequence
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from three isolates was obtained to identify possible
virulence genes. Seven fibronectin binding protein-
encoding genes and five enterotoxin-associated
genes were identified.

3.4. Other coagulase positive staphylococci

Information about virulence factors in other species
of CoPS is scarce. Osman et al. (2016) described viru-
lence factors detected in four isolates of S. schleiferi
subsp. coagulans obtained from beef meat. Three of
them were b-hemolytic and one a-hemolytic. In an
assay of cytotoxic activity using VERO cells, all the
isolates caused cell lysis. Three isolates produced
slime and two were biofilm producers.

S. lutrae from otters has been reported to be cata-
lase and coagulase positive; weakly DNase positive
and hemolytic on sheep blood agar. Clumping factor
and hyaluronidase are not produced (Foster
et al. 1997).

4. Human health implications of these
virulence factors

Humans can be affected by staphylococcal virulence
factors in two main ways. Firstly, close contact with
animals can facilitate interspecies transmission and
adaptation of staphylococci from animals to humans.
Secondly, indirect transmission can occur, by foods
of animal origin or by devices contaminated with
animal strains of staphylococci.

Staphylococci belonging to SIG are mainly skin
and mucous membrane commensals of animals,
especially companion animals. They might cause dis-
eases, including otitis or skin infections, mostly when
the immune status is compromised or barriers are
broken. Infections in humans due to S. pseudinterme-
dius have been described but the role of different
virulence factors in human infection is scarcely
studied. In vitro, S. pseudintermedius exhibits similar
behavior to S. aureus towards human cells (Maali
et al. 2018), harboring similar virulence factors, but
human S. pseudintermedius infections are scarce,
probably due to a very low carriage rate. Even in
higher risk population groups (pet owners, veterinary
staff, farmers) carriage of S. pseudintermedius seems
to be uncommon but it is possible that misdiagno-
ses happen. In Sweden, 13 of 101 isolates of S. aur-
eus from human samples of infected dog bite
wounds were found to be in fact S. pseudintermedius.
All isolates carried LukF/S-I, siet and se-int genes; two
isolates carried expA and one, expB and seccanine
(B€orjesson et al. 2015). Similar results were found in
a study of zoonotic transmission of S. pseudinterme-
dius between dogs and healthy dog-owning house-
hold members (G�omez-Sanz et al. 2013). Screening

CoP Staphylococcus nasal carriage in pet-owning
households (G�omez-Sanz et al. 2013) revealed three
owners (4.5%) to be colonized by S. pseudinterme-
dius. One of the strains was identical to the one iso-
lated from the corresponding pet. Two of the strains
isolated from owners carried the exfoliative toxin
gene expA, reinforcing the idea that pet ownership
could be a potential risk factor to acquire viru-
lent bacteria.

A cluster of four cases of infections in a tertiary
hospital caused by the same strain of MRSP was
described (Starlander et al. 2014). Three of the
patients had wound infections and LukF/S-I and siet
genes were detected in the bacterial isolates. The
animal source could not be identified.

S. pseudintermedius carrying exfoliative toxin siet
and LukF/S-I genes was isolated from a husky dog
and its owner suffering from a severe skin infection
(Robb et al. 2017). Somayaji et al. (2016) had previ-
ously reported 24 cases of human infections due to
this bacterial species but no investigation of viru-
lence factors was done in their study.

Some sequence types of S. pseudintermedius,
under in vitro conditions, seems to adhere better to
human keratinocytes. Enhanced adherence of a
human isolate of MRSP ST71 to human keratinocytes
was observed (Latronico et al. 2014) and it has been
suggested that this lineage of S. pseudintermedius
could have a higher zoonotic potential than others.
In Hong Kong, nasal carriage of MRSP ST71 was
demonstrated in a veterinary nurse working with
small animals (Boost et al. 2011).

Using human osteoblasts, Maali et al. (2016) dem-
onstrated that S. pseudintermedius can adhere to
human fibronectin and it has greater internalization
ability, intracellular persistence and cytotoxicity than
S. aureus.

Antibiotic-resistant biofilm formation has been
described in a strain of S. pseudintermedius isolated
from a wound of a human patient with chronic
lymphoblastic leukemia (Pompilio et al. 2015). The
patient had had close contact with a companion
dog as well as cattle. The biofilm was resistant to
many antibiotics, including linezolid, tigecycline
and vancomycin.

Biofilm production, b-hemolysis and cytotoxic
activity to Vero cells have been described in S. hyicus
isolated from beef meat in Egypt (Osman et al.
2016). As previously mentioned, genes encoding
enterotoxins seb and sec, and for toxic shock syn-
drome toxin tst1, in an isolate of S. agnetis obtained
from small ruminant milk were observed (Rahmdel
et al. 2018). In the same study, two strains of S. pseu-
dintermedius, one of them carrying genes sea, seb,
sec, see and tst1 and the other, sec and tst1 were
found. Due to the low number of isolates included
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Table 1. Summary of the main virulence factors described in coagulase positive Staphylococci other than S. aureus.
Virulence factor Method� S. pseudintermedius S. intermedius S. delphini S. hyicus S. agnetis S. schleiferi

Surface protein
Protein A Gene Spa�� þ [63]

Gene SpsA��� þ [13]
Dot-blot þ [30]
Agglutination þ [28]

Protein B and C Gene SpsB, SpsC��� þ [13]
Protein D Gene Sps D�� þ [55][21]

Gene Sps D��� þ [10] [13]
Protein Eto I Gene SpsE to SpsI��� þ [13]
Protein K Gene SpsK��� þ [13]
Protein L Gene Sps L�� þ [55] [21]

Gene Sps��� [13]
Protein M and N Gene SpsM, SpsN��� þ [13]
Protein O Gene Sps O��� þ [10][13]

Gene Sps O�� þ [21]
Protein P Gene Sps P�� þ [9]

Gene Sps P��� þ [13]
Protein Q Gene Sps Q�� þ [7] [9]

Gene SpsQ��� þ [13]
Protein R Gene SpsR�� þ [9]
Elastin

binding protein
Gene ebpS�� þ [67]

Gene ebp��� þ [4]
Laminin

binding protein
Gene eno�� þ [67]

Fibrinogen
binding protein

Gene fib�� þ [67]

Gene fib��� þ [6]
Genes associated��� þ [58]

Clumping factor / Agglutination þ [28]
Fibronectin binding

protein A
Gene fnbA�� þ [67]

Gene fnbA��� þ [4]
Genes associated��� þ [58]

Fibronectin binding
protein B

Gene fnbB��� þ [4]

Genes associated��� þ [58]
Immunoglobulin-

binding
protein (sbi)

Gene sbi��� þ [6]

Von Willebrand factor
binding protein

Gene vwb��� þ [6]

Collagen adhesin Gene can��� þ [4]
Biofilm
Biofilm

formation activity
Absorbance þ

[82][20][74][12][25]
[57]

þ [28][82] þ [77]

Congo red agar þ [20] þ [54] þ [54] þ [54]
Tube adherence test þ [20][21] þ [54] þ [54] þ [54]

Biofilm
associated protein

Gene bap�� þ [67]

Biofilm associated
polysaccharide

Gene icaA�� þ [20][74]

Gene icaA��� þ [13]
Gene icaB��� þ [13]
Gene icaC��� þ [13]
Gene icaD�� þ [20][74]
Operon Ica�� þ [21]

Phenol-Soluble
Modulins PSM

d-toxin Gene hld��� þ [19]
Gene hld�� þ [47]

PSMe Gene psme�� þ [47]
PSM-mec Gene psm-mec��� þ [13]
Hemolysis
Hemolytic activity Microplate method þ [28]
a-hemolysis activity þ [54]
b -hemolysis activity þ [54] þ [54]
c-hemolysin Gene hlg c�� þ [56][35][32] þ [50]
b-hemolysin Gene hlb��� þ [13] þ [6][4]

Genes associated��� þ [18]
a-hemolysin Gene hla�� þ [32][36]
d-hemolysin Gene hld�� þ [36]
Hemolysin III Genes associated��� þ [6]
Enzymes

(continued)
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Table 1. Continued.
Virulence factor Method� S. pseudintermedius S. intermedius S. delphini S. hyicus S. agnetis S. schleiferi

Protease Activity on casein
agar plates

þ [28]

Protease Clp P Gene clpP��� þ [13]
Protease Clp X Gene clpX��� þ [13]
Arginine catabolic

mobile
element (ACME)

Gene arcA�� þ [84]

Nuclease C Gene nuc��� þ [13] þ [6][4]
Surface-associated

glycosidases (NanB)
Gene nan B��� þ [13]

Aromatic aminoacid
decarboxylase
(SadA)

Gene sad A��� þ [13]

Epidermal cell
differentiation
inhibitor toxin
homolog (EDIN)

Genes associated��� þ [19][46]

Hyaluronidase Genes associated��� þ [18]
Gene hysA��� þ [6][4]

Phosphatidyl glycerol
lysyl transferase

Gene mprF (fmtC)��� þ [6]

Hemeoxygenases
staphylobilin-
producing

Gene isdl��� þ [6]

Sortases A Gene srtA��� þ [6]
Glyceraldehyde 3-

phosphate
dehydrogenase

Gene
gapA1, gapA2���

þ [6]

Zinc
metalloproteinase
aureolysin

Gene aur��� þ [6]

Staphopain A
(Cysteine
proteinase A)

Gene sspP (scpA)��� þ [6][4]

Enterotoxins
SEA Gene sea�� þ [56][79][78][32][34] þ [67]
SEB Gene seb�� þ [32] þ [67] þ [59]
SEC Gene sec�� þ [56] [79][32] þ [67] þ [59]
SED Gene sed�� þ [32] þ [67]
SEE Gene see�� þ [67]
SEH Gene she�� þ [21][36]
SEI Gene sei�� þ [32]
SEJ Gene sej�� þ [32]
SEK Gene seK�� þ [32]
SEL Gene sell, Gene selq�� þ [79][17][36]

Gene sel�� þ [33][34]
SER Gene ser�� þ [32]
SET Gene set7��� þ [6]

Gene set15,
set16, set34���

þ [4]

SECcanine Gene secc< nine�� þ
[30][85][86][33]
[21][32][34][17][36]

þ [31]

SE-int Gene se-int�� þ [79][35][33] [21]
[32] [34][17][36]

þ [31][65]

Gene se-int��� þ [13]
Enterotoxins,

superantigen
Genes associated��� þ [58]

Toxic shock
syndrome toxin

Gene tst�� þ [30][56][79] þ [59]

Exfoliative toxin
ETA Genes associated��� þ [6][4]
ETD Gene etd�� þ [50]
EXI / ExpA Gene exi/ expA�� þ

[29][39][56]
[33][78][32][34][17]

þ [31]

ExpB Gene expB�� þ [40][33][21][78][17]
SIET Gene siet�� þ [30][12][66]

[85][86][56][42][35]
[33][21][78][25][32]
[34] [17][36][62]

þ [86] þ [31][65]

Gene siet��� þ [13]
SPETA (SHETA) Gene speta,

Gene sheta��
þ [21] þ [41]

Gene speta,
Gene sheta���

þ [13]

Chromatography þ [5]

(continued)
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in these studies, the real importance of these find-
ings is difficult to evaluate.

S. pseudintermedius isolated from a case of endo-
carditis in a human patient following implantation of
a cardioverter-defibrillator device was proposed to
be of canine origin (Riegel et al. 2011). The culture
supernatant of the isolate showed leukotoxin activity
against human neutrophils but it was not neutralized
by anti-PVL antibodies suggesting that leukotoxic
activity could not be attributed to PVL leukotoxin.
Exfoliative toxin was not detected in this isolate.

Recently, the first case of human infection due to S.
delphini has been described (Magleby et al. 2019), but
virulence factors that might be present were not studied.

5. Conclusions

Recent studies on virulence factors in coagulase-posi-
tive Staphylococci of veterinary interest other than S.
aureus are reviewed in this paper and a summary is
presented in Table 1. Most of the literature concerns
S. pseudintermedius, whose virulence factors closely
resemble those of S. aureus. In many cases, virulence
factors observed are the same in isolates from healthy
and diseased animals, reinforcing the idea that some

host factors also play a significant role in the develop-
ment and outcome of the disease.

The effect of these virulence factors on human
health is also described. The possibility of misdiagnosis
of species of CoPS has been demonstrated in human
clinical samples. Prevalence of zoonotic infections
could be higher than thought and medical
claboratories should be aware of these other staphylo-
coccal species. In keeping with the One Health
approach to animal and human disease, medical pro-
fessionals, veterinarians and health workers should be
aware of the risks derived from exposure to these bac-
teria in people in close contact with animals, including
pet owners, farmers and veterinarians themselves.
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Table 1. Continued.
Virulence factor Method� S. pseudintermedius S. intermedius S. delphini S. hyicus S. agnetis S. schleiferi

Western blot, Dot blot
hybridization

þ [70]

SHETB Western blot Dot blot
hybridization

þ [70]

Gene shetb���� þ [83]
ExhA, ExhB, ExhC,

and ExhD
Gene ExhA, ExhB,

ExhC,
and ExhD����

þ [2]

Gene ExhA, ExhB,
ExhC,
and ExhD�����

þ [53]

Gene ExhA, ExhB,
ExhC, and ExhD��

þ [27]

Gene ExhA, ExhB,
ExhC, and ExhD:���

þ [46]

ExhA, Gene ExhA��� þ [19]
Leukocidin
Luk S/F-I or Luk-I Gene lukS-I and/or luk

F-I��
þ [66][56][47][35]

[33][21][32][34]
[17][36][ 62]

þ [31][65]

Gene lukS-I and/or luk
F-I���

þ [13]

Spectrometry þ [1]
Global regulatory

elements
System saeRS

Gene sae S /
Gene saeR���

þ [13]

Gene capA, capB,
capC, capD, capE,
capF, capG, cap8H,
cap8I, cap8J, cap8K,
capL, capM, capP,
capO, cap1A:���

þ [4]

�Method used to detect or to describe virulence factor.��Gene detected by PCR.���Gene detected by Genome Sequence Analysis.����Gene detected by Cloning and expression.�����Review.
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