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SUMMARY

Small colony variants (SCVs) were first described more than 100
years ago for Staphylococcus aureus and various coagulase-nega-
tive staphylococci. Two decades ago, an association between
chronic staphylococcal infections and the presence of SCVs was
observed. Since then, many clinical studies and observations have
been published which tie recurrent, persistent staphylococcal in-
fections, including device-associated infections, bone and tissue
infections, and airway infections of cystic fibrosis patients, to this
special phenotype. By their intracellular lifestyle, SCV's exhibit so-
called phenotypic (or functional) resistance beyond the classical
resistance mechanisms, and they can often be retrieved from ther-
apy-refractory courses of infection. In this review, the various
clinical infections where SCVs can be expected and isolated, diag-
nostic procedures for optimized species confirmation, and the
pathogenesis of SCVs, including defined underlying molecular
mechanisms and the phenotype switch phenomenon, are pre-
sented. Moreover, relevant animal models and suggested treat-
ment regimens, as well as the requirements for future research
areas, are highlighted.

INTRODUCTION

he recognition that several pheno- or morphotypes exist for

certain bacterial species is much older than our knowledge
about the existence of the genotypic heterogeneity of bacterial
species. However, the amount of current scientific knowledge on
the genesis of phenotypic variants and the mechanisms of switches
between different phenotypes is much smaller than the amount of
data on genomic variations. This holds particularly true for the
phenomenon of the small colony variant (SCV) phenotype, which
is displayed by several staphylococcal and other species and has
been known for more than 100 years.

Only investigations in the past 2 decades have led to a profound
understanding of the importance of the SCV phenotype as a gen-
eral strategy for bacterial survival and, furthermore, as a strategy
for intracellular persistence of the otherwise extracellularly grow-
ing staphylococci. This lifestyle change, which is accompanied
by a profound conversion of the microorganism’s metabolism,
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drastically affects the host-pathogen interplay, with major clin-
ical consequences leading to chronic and relapsing, often ther-
apy-refractory courses as a main feature of SCV-caused infec-
tions. Moreover, with its reduced expression of virulence factors
important for acute infection, the SCV lifestyle fits into a broader
concept of persistence for long-term survival of pathogens within
their hosts.

Early Reports and Concepts on the SCV Phenomenon

The first reports on the so-called “Zwergkolonieen” (old German
spelling for “dwarf colonies”) of staphylococci could already be
found in microbiological textbooks published at the beginning of
the 20th century (1). During the following decades, reports on
SCVs designated them as a specific kind of staphylococcal “disso-
ciants” or as “dwarf” and “G” (“gonidial”) colonies (2-7). An
overview of clinical reports on S. aureus SCVs between 1950 and
1980, prior to their definitive association with persistent and re-
lapsing infections, is given by Proctor et al. (8). S. aureus SCVs are
characterized by their small colony size, slow growth, and down-
regulated virulence genes, while genes important for biofilm for-
mation and adhesion are mostly upregulated (9). Regarding their
nature and medical impact, early speculations hypothesized SCVs
to have a position in the life cycle of the microorganism or to
represent a state of temporarily decreased metabolism; both hy-
potheses are surprisingly close to our present state of knowledge
(10-13). Soon, it was discovered that SCVs may have specific
growth requirements and may reveal CO, dependence to restore
the normal phenotype (14-16).

However, the association of staphylococcal SCVs with chronic
and relapsing courses of infection based on an intracellular life-
style has been recognized only in more recent years. The first pa-
pers which described a distinct SCV-associated clinical syndrome
were published by Proctor et al. in 1994 and 1995, and they fo-
cused on relapsing Staphylococcus aureus infections with a broad
spectrum of different manifestations, including bacteremia, puru-
lent sinusitis, osteomyelitis, and septic arthritis, and the culture of
SCVs despite intensive treatment (8, 17).
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OCCURRENCE OF CLINICAL SCVs IN STAPHYLOCOCCAL
SPECIES

Most reports and clinical studies on staphylococcal SCVs describe
their occurrence in the human-adapted, coagulase-positive spe-
cies S. aureus subsp. aureus, and details are given in the following
sections. Concerning other coagulase-positive species, known to
be primarily animal associated, a human-derived mecA-positive S.
pseudintermedius SCV isolate was recently described (18). Unusu-
ally for the staphylococcal SCV phenotype, this stable SCV was
strongly adherent to solid agar media, similar to sticky colonies
formed by Rothia mucilaginosa (Stomatococcus mucilaginosus).
Some SCV observations have been described for coagulase-nega-
tive staphylococcal (CoNS) species, particularly for S. epidermidis,
S. capitis, and S. warneri, mostly in association with foreign body-
related infections (3, 19-24). Also, for S. lugdunensis, a coagulase-
negative species with a unique status almost resembling S. aureus
in some aspects (25), SCVs have been reported for pacemaker-
related and prosthetic joint infections (PJIs) (20, 26).

OCCURRENCE OF CLINICAL SCVs IN NONSTAPHYLOCOCCAL
SPECIES

The phenomenon of the generation of a slower-growing pheno-
type resulting in smaller colonies on solid agar media is not re-
stricted to members of the Staphylococcus genus. As described for
staphylococcal SCVs, the first reports were published at the begin-
ning of the 20th century, e.g., for Salmonella enterica serovar Ty-
phi (“Eberthella typhosa”) and other Salmonella serovars, Serratia
marcescens, Vibrio cholerae, and Shigella species (for a summary of
those early descriptions, see reference 12). Mostly, case reports are
documented for certain Gram-positive and Gram-negative spe-
cies (Table 1).

CLINICAL INFECTIONS

Staphylococcus aureus has long been known as a versatile human
pathogen which causes a variety of community- and hospital-ac-
quired infections, which range from local and harmless skin infec-
tions, such as furuncles and abscesses, to severe systemic infec-
tions, such as osteomyelitis, pneumonia, endocarditis, or sepsis
(27). One special feature of S. aureus infections is their chronic
and recurrent nature despite appropriate antibiotic treatment
(17). Within the last 20 years, many reports have described the
association of such recurrent infections with the occurrence of
SCVs of S. aureus, a special phenotype with attenuated virulence,
thereby facilitating intracellular survival and evasion of the im-
mune system (9).

Although SCVs have been described to occur during the nor-
mal growth cycle in in vitro studies (28), their occurrence during
acute S. aureus infections has not been described. However, SCVs
have been reported to be cultured from patients with chronic re-
current infections, indicating their selection and optimized fitness
compared to the normal S. aureus phenotype during persistent
infections and antibiotic therapy (Table 2). Many SCVs have been
characterized in terms of their underlying auxotrophism, mean-
ing that specific substrates, such as hemin, menadione, or thymi-
dine, support the growth of these SCVs or give enhanced growth
(CO,) (9).

Based on which antibiotics are used to treat patients, SCVs with
particular genetic mutations can be expected. While aminoglyco-
side therapy is associated with the emergence of menadione- or
hemin-dependent SCVs (29), trimethoprim-sulfamethoxazole
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TABLE 2 Reports on staphylococcal SCVs recovered from human and animal clinical specimens since 2000

SCV-associated colonization, infection, or

syndrome™” Species Clinical details Reference®
Circulatory system infections
Pacemaker-related bloodstream infection S. aureus Recurrent (7 mo) bloodstream infection due to infected cardiac 34
pacemaker electrode
Sepsis S. epidermidis Fatal case in a neutropenic patient suffering from acute myeloid 19
leukemia despite catheter removal
Pacemaker-related bloodstream infection S. lugdunensis Recurrent (10 mo) bloodstream infection due to infected 26
ventricular pacemaker lead
Bacteremia S. aureus Recurrent cardiac pacemaker-related bacteremia in a 201
hemodialysis patient
Bacteremia, spinal process S. aureus MRSA-SCV with rifampin resistance and reduced linezolid 149
susceptibility from a spinal aspirate; SCV phenotype as a
result of permanent activation of the bacterial stringent
response
Endocarditis S. aureus Isolation from blood from a child with subaortic ventricular 208
septal defect
Bacteremia S. aureus No further clinical details 159
Prosthetic valve and pacemaker S. aureus Thymidine-dependent SCVs isolated from blood culture and 38
endocarditis with left ventricular assist left ventricular assist device infection
device infection
Integumentary system infections
Recurring purulent skin infections S. aureus Isolation from skin specimens from a patient with Darier’s 89
disease (keratosis follicularis) over a period of 28 mo
Chronic fistulous wound infection with S. aureus Isolation from wound swabs during the course of Lichtenstein 209
abscess repair of an inguinal hernia after explantation of a synthetic
mesh
Nasal colonization S. aureus Isolation from nasal swabs of 3/125 AIDS patients 93
Nasal colonization S. aureus Hemodialysis patient with thymidine-dependent MRSA-SCV's 202
who was treated with trimethoprim-sulfamethoxazole due to
pulmonary infection with Stenotrophomonas maltophilia
Mastitis (bovine) S. aureus Isolation from foremilk samples from 1/11 chronically infected 210
cows
Exit site infection S. aureus Peritoneal dialysis patient with persistent and recurrent exit site 211
infection
Nasal colonization S. pseudintermedius Isolation from nasal swabs during pre-bone marrow 18
transplantation screening in a leukemic patient with no
rhinosinusitis or animal contact
Chronic rhinosinusitis S. aureus Isolation from sinonasal biopsy specimens 101
Diabetic foot ulcers S. aureus SCV detection in 4/47 S. aureus-positive samples; all SCV 187
isolates were MRSA
Skeletal system infections
Chronic osteomyelitis S. aureus Combination with osteopetrosis, femoral instability, and 103
fracture of the femoral neck
Hip prosthesis-associated infections S. aureus Five cases with treatment failures prior to SCV isolation despite 39
several surgical revisions and up to 22 mo of administration
of antibiotics
Prosthetic joint infection S. epidermidis Isolation from explanted prosthetic joints; 9/11 isolates were 42
mecA positive, and 5/11 showed aminoglycoside resistance;
no auxotrophisms for hemin, menadione, or thymidine, but
3 CO,-auxotrophic SCVs
S. aureus SCV recovery from sonicate fluid culture 105
S. epidermidis, S. aureus, SCV detection in fluid samples from 38/113 patients 20
S. lugdunensis,
S. capitis/S. caprae
Prosthetic joint infection and aseptic S. epidermidis, S. Isolation from synovial fluid and explanted prosthetic 24

loosening

warneri

components from 6/31 culture-positive patients with
revision of total hip prosthesis
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TABLE 2 (Continued)

S. aureus and CoNS SCVs in Persistent Infections

SCV-associated colonization, infection, or

syndrome™” Species Clinical details Reference®
Nervous system infections
Brain abscess S. aureus Isolation from pus and tissue specimens from a patient with 212
facial paresis and a 3-mo history of seizures 10 yr after
neurosurgical operation for subarachnoid hemorrhage with
febrile episode
Ventriculoperitoneal shunt-related S. aureus Isolation of MRSA-SCVs from cerebrospinal fluid and the 188
meningitis shunt tip during the course of recurrent (>5 mo) episodes of
meningitis
Multifocal and other infections, untargeted
studies
Multiorgan infection S. aureus Isolation from subcutaneous abscess in the left lower leg 213
followed 3 mo later by multifocal pyomyositis and
osteomyelitis with spinal epidural abscess and acute
acalculous cholecystitis
Soft tissue infection, tympanitis, S. aureus Culture of thymidine-dependent SCVs from 5 patients with 214
bronchitis, peritonitis, sepsis various underlying chronic infections
Catheter-related bacteremia, S. aureus Isolation from clinical specimens from 14 patients during a 3-yr 123
endocarditis, mediastinitis, period, including two SCVs from nasal colonization
spondylodiscitis, wound infections,
respiratory infections
Osteomyelitis, abscess, bacteremia S. aureus No further clinical details 138
Irritable bowel syndrome Staphylococcus sp. Isolation from brush samples from the duodenum 215

“ Not including SCVs recovered from airways of cystic fibrosis patients.
b Human infections, if not otherwise stated.

¢ Publications since 2000. For older reports, see the reviews of Proctor et al. (9) and von Eiff and Becker (104).

(SXT) therapy is strongly associated with the emergence of thymi-
dine-dependent (TD) SCVs (30-32). However, for many SCVs,
such an association of treatment and auxotrophism is still not
clear. For example, it is not known if a special antibiotic regimen
induces and selects for CO,-dependent SCVs or as yet uncharac-
terized SCVs. Recent experimental research suggests that addi-
tional antimicrobial compounds, such as moxifloxacin and clin-
damycin, promote the formation of SCVs (33).

For this review, 46 clinical studies dealing with SCV's were re-
trieved from the literature, spanning the time frame from 1951 to
2014 (Table 2). These studies describe the occurrence of more
than 700 staphylococcal SCVs, mostly identified in S. aureus and S.
epidermidisbutalsoin S. capitis or S. lugdunensis, in more than 350
patients. Most studies were performed on patients with device-
related infections (n = 15), skin and soft tissue infections (n =

14), prosthetic joint infections (n = 13), osteomyelitis (n = 9), or
cystic fibrosis (CF) (n = 10) (Tables 2 and 3).

Foreign Body-Related Infections

Pacemaker-related infections. Four studies describe SCVs recov-
ered from pacemaker-related infections (21, 22, 26, 34). This type
of infection seems to be especially associated with the culture of
coagulase-negative staphylococci, since only one case with S. au-
reus (34), but two cases with S. epidermidis (21, 22) and one case
each with S. capitis (21) and S. lugdunensis (26), have been pub-
lished. All patients had a long history of having their pacemaker in
place. Infection initiated after manipulation of the systems, with a
change of the battery (26) or replacement of the pacemaker (22),
or after tooth extraction (21). Although all patients initially
responded to antibiotic treatment, all patients presented with

TABLE 3 Reports of S. aureus SCVs recovered from airway specimens from cystic fibrosis patients

No. of investigated No. (%) of patients Study period

Study authors, yr patients with SCVs (mo) Auxotrophism (n)* Reference
Sparham et al., 1978 14 7 (50) 7 Thy (7) 57
Gilligan et al., 1987 200 20 (10) 12 Thy (20) 58
Kahl et al., 1998 78 26 (33) 34 Thy (41), Hem (10), Men (2), Thy+Hem (25) 30
Vergison et al., 2007 627 25 (4) 7 ND 59
Besier et al., 2007 252 20 (8) 12 Thy (15), Thy+Men (1), NI (8) 60
Schneider et al., 2008 98 8 (8) 3 ND 61
Green et al.,, 2011 260 17 (6) 6 ND 62
Yagci et al., 2013 248 20 (8) 11 Thy (5), Thy+Hem (1), NI (42) 63
Wolter et al., 2013 100 24 (24) 24 Thy (57), Hem (4), Men (1), CO, (1) 31
Morelli et al., 2015 222 28 (13) Not known Thy (27) 216

“ Numbers of SCVs with the specified auxotrophisms. Thy, thymidine dependent; Hem, hemin dependent; Men, menadione dependent; Thy+Hem, combined auxotrophisms for
thymidine and hemin; ND, not determined; NI, auxotrophisms were tested but not identified; CO,, CO, dependent.
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recurrent high fever and chills and had to be treated for ex-
tended periods of up to months. Neither transesophageal echo-
cardiography nor blood cultures revealed staphylococcal
growth for all patients. Various combinations of antibiotic reg-
imens including vancomycin, rifampin, ampicillin-sulbactam,
and gentamicin were applied. However, infections caused by
SCVs were resolved only once the device was totally removed,
which in one case required open heart surgery (34). Such sur-
gical interventions are not only necessary in order to eradicate
SCV-related infections but also mostly needed to resolve nor-
mal S. aureus-initiated infections.

Baddour et al. showed that their SCVs were strong biofilm
(slime) formers, indicating that biofilm formation is a special fea-
ture for the pathogenesis of SCVs involved in pacemaker infection
(22). Interestingly, all authors reported the difficulty of species
identification of bacteria grown by conventional methods and the
phenotypic variation of the cultured bacteria. Identification was
mostly performed by 16S rRNA gene sequencing. Today, bacterial
identification would be much easier and faster by means of ma-
trix-assisted laser desorption ionization—time of flight mass spec-
trometry (MALDI-TOF MS) (35). The clonality of isolates with
phenotypic variation was mostly proven by pulsed-field gel elec-
trophoresis (PFGE).

Prosthetic valve infectious endocarditis. Surprisingly, there
are no systematic clinical studies which investigate the prevalence
of staphylococcal SCVs in patients with prosthetic valve infec-
tions. From the literature, we retrieved only one definite report,
which reported the culture of S. aureus SCVs from one patient
with an aortic valve prosthesis infection (36). The patient was
treated with nafcillin because of S. aureus bacteremia and sus-
pected aortic valve prosthesis infection. No further information
on the patient’s clinical condition and treatment was provided.
The SCV reverted to normal growth after a few subcultures. Com-
parison to the normal phenotype revealed that the SCV lacked
a-hemolysin and was significantly less virulent in an intraperito-
neal mouse model (36). Unfortunately, no information about the
prevalence of SCVs was reported in a recent prospective multi-
center study which investigated the impact of early surgery in
patients with S. aureus prosthetic valve infective endocarditis (37).

Heart assist device infection. Maduka-Ezeh et al. described the
case of a 34-year-old woman who received a left ventricular assist
device (LVAD) as a bridge until transplantation after an anterior
wall myocardial infarction (38). Her tricuspid valve was replaced
at the same time. One month after surgery, the patient developed
fever and chills caused by methicillin-resistant S. aureus (MRSA),
which was isolated from the blood culture and was susceptible to
gentamicin, rifampin, linezolid, and SXT. In the following time,
the patient experienced several episodes of fever and chills and was
treated with different antibiotic regimens, one of which included
SXT for several weeks. Despite antibiotic treatment and abscess
drainage around the LVAD generator, the infection persisted,
with intermittent swelling, redness, and swelling around the um-
bilical drive line exit site. The infection could be resolved only by
removal of the device and the tricuspid valve. A thymidine-depen-
dent SCV was cultured from around the LVAD during removal,
which was attributed to the prolonged treatment with SXT. There
are no further publications which report the culture of SCVs from
patients carrying LVADs, although it can be assumed that in this
clinical setting the emergence of SCVs can be expected if patients
are treated with antibiotics for prolonged periods without device
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removal. Whenever possible, device removal is the optimal inter-
vention, not only in order to eradicate SCV-related infections but
also for normal S. aureus-related infections.

PJIs. Persistent and relapsing prosthetic joint infections (PJIs)
caused by staphylococcal SCVs have been the focus of several
studies (8, 39, 40) (Fig. 1). The first case was reported by Proctor et
al., who described a patient with a history of hip prosthesis 5 years
prior to an elective surgery, after which MRSA bacteremia oc-
curred (8). Ten of 12 blood cultures within a 38-day period re-
vealed S. aureus SCVs. At that time, no signs of endocarditis or hip
prosthesis infection were diagnosed. The patient was treated with
vancomycin for 8 weeks. Six months later, the patient was read-
mitted to the hospital with fever, pain, and swelling of the right
hip. A right hip aspirate contained purulent fluid, from which
MRSA and coagulase-negative staphylococci were cultured. The
right hip prosthesis was removed surgically.

Sendi et al. conducted a very thoroughly performed 4-year pro-
spective study, during which they identified 5 of 83 cases (6%) of
PJTassociated with S. aureus SCVs, which were cultured from joint
aspirations or intraoperative tissues (39). The histories of the pa-
tients included the first infection period for all patients, the pri-
mary focus, the presence of bacteremia, the number of surgical
revisions, and the antibiotic therapy in the months prior to the
detection of SCVs. In all cases, staphylococcal infection persisted
or relapse occurred until SCVs were isolated. Importantly, a trans-
mission electron microscopy image of the periprosthetic tissue of
one patient revealed intracellular bacteria residing within fibro-
blasts. Since SCVs from this patient were cultured only from sy-
novial specimens, it is very likely that these intracellular bacteria
represent SCVs. These intracellular bacteria retrieved from an in
vivo tissue support the hypothesis that SCVs hide intracellularly,
where they are protected against host defense and antibiotic ther-
apy and from where they can escape and cause recurrent infection
(9, 41). The authors concluded from their study that in case of
treatment failure of staphylococcal PJI despite appropriate antibi-
otic therapy, SCVs should be actively sought. Moreover, they sug-
gest removing all involved foreign material, with an implant-free
interval of 6 to 8 weeks, combined with antimicrobial treatment
based on MIC testing (39), which is especially required for resolv-
ing infections caused by SCVs but also for infections caused by
bacteria with normal S. aureus phenotypes.

Maduka-Ezeh et al. determined the prevalence of CoNS SCVs
in 31 patients with staphylococcal PJIs (42). They recovered 11
SCVs (35%), all belonging to S. epidermidis, none of which were
auxotrophic for hemin, menadione, or thymidine and only five of
which were resistant to aminoglycosides. Unexpectedly, only two
S. epidermidis SCV's were proficient biofilm formers. The authors
recovered organisms of several different phenotypes with clonal
identity from the same specimen, as assessed by PFGE and differ-
ent susceptibility patterns. They concluded that S. epidermidis
SCVs can frequently be retrieved from PJIs and that these SCVs
differ in characteristics typical for S. aureus SCVs, such as special
auxotrophisms, resistance types, and biofilm formation.

During a 22-month prospective study, Bogut et al. studied
cases of PJI according to the definition of Parvizi et al. (24), which
includes clear infective signs, such as a sinus tract communicating
with the prosthesis, a pathogen isolated from two separate tissue
samples or fluids, and elevated C-reactive protein (CRP) and ele-
vated leukocyte counts in the synovial fluid. Nineteen patients met
the criteria for PJI, and 12 patients met the critera for the diagnosis
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FIG 1 Periprosthetic knee joint infection of a patient with a history of clinical and infectious laboratory parameters for 2 weeks. A two-stage revision was
performed. (A and B) X-rays without specific changes. (C) Clinical presentation 2 to 3 weeks after the first symptoms occurred. Inflamed skin with draining pus
after incision of the skin (black arrow) can be seen. (D) S. aureus colonies grown from a specimen of chronically infected bone tissue. On the Columbia blood agar
plate, a high phenotypic diversity of large (black arrow), small, and very small (white arrow) phenotypes, which represent dynamic SCVs, is visible. (Panels A, B,
and C courtesy of W. Kluge, Hufeland-Klinikum Weimar, Germany; reprinted with permission.)

of aseptic loosening (AL). The authors identified 8 SCVs in 6 pa-
tients, half of them with the diagnosis of AL. All SCVs represented
CoNS, including 7 S. epidermidis and 1 S. warneri isolate; all were
hemin auxotrophs, and one was both hemin and menadione de-
pendent. Since biofilm formation has been suggested to have an
important impact in prosthetic joint infections and other persis-
tent infections due to interference with the host response and
antibiotic therapy, the authors also determined the presence of the
ica operon, which confers biofilm formation, in the cultured
staphylococci (25, 43). Surprisingly, only one S. epidermidis isolate
carried the ica operon. Yet biofilm formation could occur by ica-
independent mechanisms or could result from bacteria with nor-
mal phenotypes, as all SCVs except one were cultured in a mixture
with normal-phenotype bacteria.

Unfortunately, both studies which described the occurrence of
coagulase-negative SCVs in PJIs did not present data about the
clinical history of the patients and prior antibiotic treatment.

In a very recent study, Tande et al. identified 38 patients (34%)
among 113 patients with staphylococcal PJI in whom the infection
was associated with SCVs (20). The authors used stored fluid con-
taining bacteria, which was removed by vortexing and sonication
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from arthroplasty components of patients undergoing surgery for
PJI. Comparison of patients with and without SCVs revealed that
patients with SCVs had a longer history of implanted joints, a
longer period since the last surgery, and a longer duration of PJI
symptoms, that there were more of these patients with prior sur-
gery for the PJI, and that more patients with SCVs had received
antibiotics for at least 120 days in the prior 6 months. More than
50% of SCVs represented S. epidermidis (57.9%), followed by S.
aureus (26.3%) and S. capitis/caprae (5.3%) and S. lugdunensis
(7.9%). Remarkably, auxotrophism was identified in only a few
isolates, with auxotrophism for CO, (19%) being the most fre-
quent and with only one isolate each showing a combined auxo-
trophism for CO, and menadione or hemin. Although a larger
number of patients with SCVs had an aminoglycoside in the ce-
ment, no decreased susceptibility toward aminoglycosides in
SCVs was detected by applying categorization as susceptible or
resistant according to CLSI guidelines. However, von Eiff et al.
showed that in all patients with osteomyelitis who were treated
with gentamicin beads, hemin- or menadione-auxotrophic S. au-
reus SCVs were cultured which showed higher MICs of gentami-
cin (up to 32-fold) for the SCVs than for the corresponding pa-
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rental strain, but not necessarily leading to a switch of the
categorization to resistant (44). In their analysis, the authors did
not find differences in treatment failures between patients with
and without SCVs, while they reported that patients with S. aureus
were four times more likely to experience treatment failure. How-
ever, the authors did not report the bacterial phenotypes for pa-
tients with treatment failures, which may have been due to the
emergence of SCVs, especially since antimicrobial-loaded cement
spacers were used. Moreover, the data revealed that patients with
SCVs had a history of prolonged and recurrent infection of their
PJIs, which is the typical characteristic seen for patients with SCVs,
thereby underlining the important the role of SCVs in PJI.
Subacute/chronic bone infections. Staphylococci, including S.
aureus and coagulase-negative staphylococci, are by far the most
frequent pathogens involved in bone and joint infections (40, 45).
In general, osteoarticular infections are difficult to treat and in
most cases require a combined treatment of surgical interventions
and long-term antibiotic regimens (45, 46). Nevertheless, infec-
tions that have apparently been treated successfully have a high
recurrence rate and can relapse even after several years (8, 44). In
most cases, a high phenotypic diversity of infecting pathogens,
including normal, small, and SCV-like phenotypes, is found on
agar plates when tissue samples of chronic bone infections are
plated. The tendency of staphylococci to cause chronic bone and
joint infections is only marginally understood but might originate
in the complex bacterial interaction with bone tissue (46).
Osteomyelitis. The impact of SCV formation in chronic bone
infections was first investigated by Proctor et al., who analyzed five
patients with chronic bone and/or joint infections and recovered
SCVs on agar plates that represented phenotypic variants of a
single bacterial strain which were not genotypically distinct S. au-
reus strains (8). Already for these five patients various percentages
and degrees of stability of SCVs were described, and there were
differences in the auxotrophisms to menadione, hemin, and CO,,
suggesting that SCV formation is not a uniform phenomenon.
The clinical data of these patients revealed that they were poorly
responsive to antibiotic treatment regimens, which might be ex-
plained by the slowly growing bacteria or the intracellular location
(8). In the following years, there were some worldwide reports show-
ing the development of SCVs in different staphylococcal species. In
particular, the reduced susceptibility to aminoglycosides was men-
tioned early and later confirmed in other studies as well (42, 44, 47,
48). With respect to bone infections, for which local gentamicin treat-
ment is frequently used, the recovery of SCVs following placement of
gentamicin beads has been reported (44). These results are in line
with laboratory data demonstrating that SCV's can be generated by in
vitro gentamicin selection (see Pathogenesis).
The exact location of bacteria during chronic osteomyelitis is
still not precisely known, and several options are discussed here.
(i) Adherence to bone matrix. S. aureus is known to express a
multitude of surface proteins with adhesive functions, called ad-
hesins (49). Different adhesins exhibit binding to components of
the extracellular bone matrix, e.g., to collagen, and many different
adhesins reveal redundant functions. Consequently, tight S. au-
reus adhesion to extracellular bone matrix was found to be a gen-
eral characteristic of different S. aureus clinical isolates (50).
Therefore, the bone matrix is a possible location that shelters bac-
teria, in particular in the acute stage of the infection, when bacteria
arrive in the bone tissue and tightly adhere to initiate an infection.
(ii) Intracellular location. Although S. aureus was classically
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considered an extracellular pathogen, it became more and more
clear that this bacterium can efficiently invade different types of
host cells, including fibroblasts and osteoblasts. Hudson et al. and
Ellington et al. demonstrated the uptake of S. aureus into cultured
osteoblasts (51, 52). A comparative analysis with other cell types
revealed that osteoblasts take up many fewer bacteria than, for
example, endothelial cells (53); nevertheless, bacteria within os-
teoblasts are able to persist for several days, while increasingly
forming SCVs (50). Although the bacterial intracellular location is
very difficult to prove within the in vivo situation, cell culture
experiments strongly suggest that intracellular persistence within
osteoblasts may be a source for chronic osteomyelitis.

(iii) Dead bone fragments (sequestra). In chronic forms of os-
teomyelitis, infected bone fragments without a blood supply can
develop. In this case, surgical debridement is urgently required to
clear the infection focus because the bacteria cannot be reached by
antibiotics or the immune system (45, 54). Dead bone fragments
may be an optimal basis for bacterial biofilm formation that pro-
motes SCV development as well (55, 56).

Cystic Fibrosis Airway Infection

During the last 40 years, nine prospective studies dealing with the
culture of S. aureus SCVs from the airways of almost 2,000 cystic
fibrosis (CF) patients (the numbers of patients in the different
studies ranged from 14 to 594) during a period of 3 to 34 months
(mean, 13 months) have been published from 6 countries, includ-
ing the United Kingdom, United States, Germany, Belgium, Swit-
zerland, and Turkey (30, 31, 57-63) (Table 3). This special interest
in SCV occurrence and prevalence in CF is due to some special
characteristics of CF airways, which are explained briefly in the
following paragraph. For a deeper understanding, the reader is
referred to recent reviews (64—68).

Diagnostic implications for the culture of S. aureus SCVs
from CF airways. In almost all of the presented studies, it was
pointed out that it is extremely important to use appropriate cul-
ture conditions which allow the detection of SCVs. Furthermore,
the laboratory should actively search for SCVs. This is especially
important in the case of MRSA-SCVs, which would have been
missed in the study by Wolter et al. (31). MRSA airway infections
in CF have implications not only for hygiene issues but also for
treatment and the impact on the clinical course of the disease. It
has been reported that CF patients with MRSA airway infection
have worse lung function in the group of patients between 8 and
21 years of age and a higher risk of death (69, 70).

CF—ahereditary disease with chronic recurrent bacterial air-
way infections. CF is one of the most common hereditary diseases
in the Caucasian population, with approximately 70,000 affected
people worldwide (71). Although the knowledge about the patho-
genesis of the disease and treatment options increased during the
last decades, with life expectancy today reaching 40.7 years (71),
more than 80% of patients still succumb to lung insufficiency as a
consequence of chronic and recurrent bacterial airway infections
(65). Due to changes caused by the mutated cystic fibrosis trans-
membrane regulator gene, which codes for an ion channel, the
airways of CF patients are characterized by a highly viscous mu-
cous layer which impairs mucociliary clearance, thereby facilitat-
ing colonization and infection by particular microorganisms (66,
67).In CF, there is an age-dependent bacterial infection pattern of
the airways, with S. aureus being one of the first pathogens. Later,
Pseudomonas aeruginosa, which is the most prevalent pathogen in
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CF, replaces S. aureus and infects more than 80% of adult CF
patients (72). Although CF patients are regularly treated with an-
tibiotics directed against the respective pathogens, the same S.
aureus clone persists in the airways for many years (73-75). Such
persistence is even more pronounced for P. aeruginosa, which in
many patients persists lifelong once chronic airway infection has
been established (76). Thus, CF airways provide a unique niche
where bacteria face a hostile environment, with neutrophil influx
(77), hypoxia (78), competition with coinfecting species (79), and
antibiotic selective pressure (80), which lead to various forms of
bacterial adaptation, including the emergence of SCVs (30).

Clinical studies addressing special culture conditions for air-
way specimens. Sparham et al. studied the culture conditions
most suitable for the detection of S. aureus from the complex CF
sputum (57, 81). To enhance the culture of S. aureus from viscous
CF sputum samples, the authors liquefied and sonicated sputa
prior to culture on routine agar plates and selective agar, which
was mannitol salt agar (BBL and Oxoid). Sonication and culture
on BBL mannitol salt agar increased the number of isolates with a
normal S. aureus phenotype and also allowed the culture of thy-
midine-dependent (TD) S. aureus (in 7/14 patients [50%]). TD S.
aureus was later defined as a special subgroup of SCVs, because TD
S. aureus differs in some characteristics from the typical features of
previously described hemin- and menadione-dependent SCVs
with tiny, nonpigmented, nonhemolytic colonies on Columbia
blood agar plates (82). In addition to this phenotype, TD-SCVs
can exhibit various phenotypes, including pinpoint colonies and a
“fried egg” appearance with translucent colonies (83). Sparham et
al. already stated that there was an association of TD S. aureus with
patients with SXT treatment (57). Later, Gilligan et al. determined
the prevalence of TD S. aureus in the airways of 200 CF patients
during a 1-year period (58). TD-SCVs were cultured from 10%
(n = 20) of their patients. Again, the authors determined an asso-
ciation oflong-term SXT treatment (atleast 30.9 months) with the
emergence of TD S. aureus (58). Al'TD S. aureus strains were SXT
resistant and failed to grow on Mueller-Hinton agar.

In 1998, our group published the first study which determined
the prevalence of S. aureus SCVs in CF airways. During a 34-
month period, 26 of 78 CF patients (33%) harbored SCVs, with or
without an isogenic normal S. aureus strain, in their airways (30).
In 19 of 26 patients, SCVs could be isolated for up to 31 months,
indicating the persistence of SCVs (Fig. 2). Most SCVs were thy-
midine dependent (n = 41) or combined hemin-thymidine de-
pendent (n = 25), while 10 SCVs were only hemin dependent and
2 were only menadione dependent. Again, there was an associa-
tion of treatment with SXT and the emergence of TD-SCVs (30).
Furthermore, we showed that SCVs were better able to persist
intracellularly in eukaryotic cells than their isogenic normal S.
aureus strain, supporting the hypothesis that S. aureus and espe-
cially SCVs can hide intracellularly, where they are protected
against the host defense and antibiotic therapy. Yagci et al. re-
ported a prevalence of 8.1% (n = 20) in their 248 CF patients
during an 11-month study (63). Six of 48 SCVs (12.5%) were
thymidine dependent and SXT resistant, and there was a history of
SXT treatment in five patients. Patients with SCV's were older than
patients with only normal S. aureus.

Green et al. conducted a 6-month study of 260 patients, in
which the authors aimed to analyze the emergence of SCVs during
long-term treatment with azithromycin (62). They reported the
presence of SCVs in 4.1% of patients at the beginning, with no
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increase of SCV emergence during the study period. As can be
expected, macrolide-resistant normal S. aureus increased signifi-
cantly in the treatment group. However, 6 months of azithromy-
cin therapy seems to be too short for the emergence of SCVs con-
sidering that prolonged therapy with SXT of more than a year
induces and selects TD-SCVs. Furthermore, so far, no association
of macrolide treatment and SCV emergence has been reported.

Vergison et al. (59) investigated the diagnostic performance of
nine CF centers in Belgium, including 627 patients with a 4%
prevalence of SCVs. The authors stated that obviously only two CF
centers directly searched for SCVs. Therefore, the prevalence of
SCVs in Belgium was underestimated in this study due to subop-
timal culture procedures of laboratories serving CF centers (59).

Besier et al. related, for the first time, the isolation of SCVs
from respiratory specimens to the clinical status of CF patients. In
their 1-year prospective study, a prevalence of 8% of patients with
S. aureus SCVs was determined (20 of 252 CF patients). Patients
with SCVs were older, were more likely to be coinfected with P.
aeruginosa, and had worse lung function (60). SCVs were more
resistant to SXT, gentamicin, ciprofloxacin, and fosfomycin. Us-
ing a logistic regression model, the authors determined lower
weight, advanced age, and prior SXT treatment to be independent
risk factors for the culture of SCVs. Most SCVs were thymidine
dependent (62.5%), while 6 SCVs were unstable and reverted back
to the normal S. aureus phenotype.

Schneider et al. also showed an association between advanced
pulmonary disease and prolonged antibiotic treatment in their
short-term study (3 months) of analyzing data on 98 patients (61).
The prevalence of S. aureus SCVs was approximately 8%. Patients
with S. aureus SCVs were older and had been treated longer with
SXT and aminoglycosides. Unfortunately, the authors did not de-
termine the underlying auxotrophism of the cultured SCVs.

Recently, Wolter et al. published a study of SCV prevalence in
100 CF children during a 2-year study (31). In that study, the preva-
lence of SCV's was 24%, mostly consisting of TD-SCVs (95%), with
7% hemin and 1% (each) menadione and CO, dependencies. Pa-
tients with SCVs had a greater drop in lung function during the study
period. A multivariable regression model suggested that TD-SCVs
were most likely selected by SXT treatment.

Results and conclusions drawn from clinical studies of CF air-
way infections. So far, it is not clear if SCVs on their own are more
virulent than organisms with the normal phenotype or if the cul-
ture of this adaptive phenotype is a marker of advanced airway
disease. There are some important aspects involved in the estima-
tion of the virulence of SCVs. (i) There could be a discrepancy
between the growth of SCVs in vitro on agar plates and the growth
of SCVs in infected airways, where sufficient amounts of thymi-
dine, hemin, menadione, and CO, may be present, which would
allow reversion of SCVs to the normal phenotype. (ii) Moreover, if
SCVs with different mutations occur in the same place, it is pos-
sible that these SCVs exchange metabolites leading to wild-type
virulence (84). (iii) Transcriptional analysis revealed that SCVs
have a less virulent phenotype than that of normal S. aureus (85—
87). However, SCVs are specialized for extracellular and also in-
tracellular persistence due to decreased expression of alpha-toxin,
which easily lyses eukaryotic cells, and increased expression of cell
wall-associated genes, which facilitate colonization to extracellu-
lar matrix proteins and internalization into eukaryotic cells. (iv)
In competition experiments, TD-SCVs had a survival advantage
in vitro and in a chronic murine pneumonia model under SXT
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FIG 2 S. aureus recovered from the airways of a cystic fibrosis patient. (A) Gram staining of a sputum specimen from a CF patient. Gram-positive cocci (black
arrow) representative of S. aureus and numerous neutrophils (white arrow) are visible. (B) Mixture of large (black arrow) and small (white arrow) colonies
cultured from a sputum sample, indicative of a mixture of normal S. aureus and S. aureus SCVs, on Columbia blood agar. (C) Growth of large (black arrow) and
small (white arrow) colonies typical for a mixture of normal S. aureus and S. aureus SCVs on SAID chromogenic agar, used as a selective agar for S. aureus, from
a sputum sample from a CF patient. (D) Pulsed-field gel electrophoresis of normal S. aureus and S. aureus SCVs, which persisted in the airways of an individual
CF patient from 1994 until 2000. n, normal S. aureus; S, SCV; lane 1, marker; lane 2, normal S. aureus (NS) 6/1994; lanes 3 and 4, SCV and NS isolated together
in September 1995; lanes 5 and 6, SCV and NS isolated together in June 1995; lanes 7 and 8, SCV and NS isolated in January 1997; lane 9, SCV from May 1998;

lane 10, SCV from October 1999; lane 11, SCV from January 2000; lane 12, marker.

selective pressure over normal S. aureus, which partly explains the
high prevalence of TD-SCVs during SXT treatment (88).

Infections Involving Skin, Mucous Membranes, Soft Tissues,
and Wounds

Little is known about the occurrence of staphylococcal SCVs as
possible colonizers of the skin or mucous membranes. von Eiff et
al. demonstrated the uptake and persistence of S. aureus SCVs in
cultured human HaCaT keratinocytes (89). In line with this,
Gliser et al. recently showed that skin-derived antimicrobial pep-
tides exhibit less activity against SCVs (90). While the nares of
approximately 10 to 35% of people are permanently colonized
with S. aureus, and almost all are colonized with CoNS (91), SCVs
are rarely isolated from the nasal cavities of healthy people. Since
thymidine-dependent SCVs have been retrieved from the blood
culture of a patient with AIDS (92), von Eiff et al. determined the
presence of SCVs in the anterior nares of AIDS patients as a source
of severe infections (93). However, in only 3 of 125 (2.4%) pa-
tients were the anterior nares positive for S. aureus SCVs, while the
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normal phenotype was identified in 29.6% of patients within that
study (93).

A fatal case of a persistent deep-seated hip abscess in an AIDS
patient (CD4 cell count, 20/pl) was caused by a methicillin-resis-
tant S. aureus (MRSA) SCV (92). Nine months subsequent to a
traffic accident with cerebral trauma resulting in spastic hemipa-
resis and 2 months after intramuscular injection to treat recurrent
hip abscesses, SCVs were recovered from several blood cultures,
the abscess, and a postmortem specimen.

An S. aureus SCV-caused chronic wound infection has been
reported for a patient subsequent to herniotomy (94). Thirteen
months after surgery, a subcutaneous, pus-generating abscess and
chronic fistula with signs of chronic granulomatous inflammation
were observed, and a menadione- and hemin-auxotrophic SCV
isolate was cultivated.

S. aureus SCVs cooccurring with normal-phenotype isolates
were recovered continuously from skin specimens from a Darier’s
(Darier-White) disease patient (89). This genodermatosis, also
known as keratosis follicularis, is characterized by wide variations
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in clinical severity and is often exacerbated by pyogenic infection
(95, 96). Seven genotypically different strains, including those
with methicillin resistance, were isolated subsequently or partly
overlapping for a 28-month period, with times of persistence
reaching 16 months (89).

S. aureus has been linked to the pathogenesis of chronic rhino-
sinusitis with nasal polyps (CRSWNP), and the pathogen has been
demonstrated in the mucosa of CRSWNP patients by peptide nu-
cleic acid-fluorescence in situ hybridization (PNA-FISH) (97, 98).
However, the role of S. aureus SCVsin CRS is unclear. While some
studies failed to detect SCVs in nasal lavage fluid and mucosal
biopsy specimens from CRS patients (99, 100), other groups were
able to cultivate intramucosal SCVs (S. aureus and other species)
from respective sinonasal tissues of CRS patients (101, 102).

DIAGNOSIS

The uncommon physiological, metabolic, and morphological fea-
tures of SCVs are challenging for the routine diagnostic labora-
tory. In fact, in general, they are difficult to recover, to identify,
and to store. Even in the case of cooccurring staphylococcal cells
displaying the normal phenotype, detection and also reporting of
SCVs are of particular importance for the clinician because they
(i) may be an indication of a chronic course of infection and (ii)
may necessitate specific therapeutic considerations.

Choice of Specimens for Culture

Apart from CF diagnostics, there are no systematic studies which
have analyzed the preanalytics and the choice of specimens for
SCV recovery. From a theoretical viewpoint regarding SCV phys-
iology and metabolism, the use of tissue specimens rather than
swabs and rapid transport to the diagnostic laboratory might be
vital to ensure the cultivation of SCVs and to avoid a phenotypic
switch to the normal phenotype due to an early disintegration of
the intracellular location of the SCV cells.

Non-CF-associated infections. So far, there have been no stud-
ies comparing the effectiveness of SCV culture from various hu-
man specimens in PJI and other infections. However, from per-
sonal experiences obtained from respective studies, it seems to be
important to gain access to high-quality material, such as joint
aspirates, intraoperative tissue samples, biopsy specimens, or flu-
ids (44, 89, 103, 104). If devices or bones are being removed, son-
ication of samples improves the culture of SCVs, as reported by
Piffaut et al. (105).

Cystic fibrosis. For CF patients, it is more likely to culture SCVs
from sputum cultures, because the emergence of SCVs is associ-
ated with advanced age of patients, who are more likely to produce
sputum (60, 61). However, SCVs can also be cultured from deep
throat swabs, which allow growth of SCVs if the correct culture
conditions are used (60).

Culture and Presumptive Identification

Since SCVs differ from the wild-type phenotype in their genera-
tion time, growth requirements, colony morphology, and many
metabolic and other physiological characteristics, they are diffi-
cult to detect, often overlooked, or misidentified (Table 4). Due to
an approximately 6-fold-reduced generation time, SCVs often
need more than 24 h (mostly 48 to 72 h) to become visible on solid
media. Their occurrence in mixed cultures with the parental strain
and their instability and tendency to revert to the normal pheno-
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TABLE 4 Key characteristics of SCVs compared to the normal
phenotype

Description”
Characteristic SCv Normal phenotype (NP)
Colony size after 24 Invisible or pinpoint 1-3 mm
h of incubation (1/10 the size of NP)

Unpigmented or colored
gradation of yellow-orange

Weak to strong zone of
beta-hemolysis

Pigmentation Not present or reduced

Hemolysis Not present or reduced

@ Characteristics are species and strain dependent. Those of the most prevalent
staphylococcal species encountered in human specimens are given here; for divergent
features of other staphylococcal species, refer to respective reviews and textbooks

(25, 115).

type further hamper their recovery and identification. Table 4
shows key differences of the phenotypes.

Colony morphology. While the normal staphylococcal pheno-
type is characterized by medium-sized colonies, reaching 1 to 3
mm in diameter within 24 h, SCV colonies have a pinpoint size
that is about 1/10 the size of the parental strain (9). In contrast to
isogenic parental strains of a given species, SCVs are nonpig-
mented or show a strongly reduced pigmentation. In particular,
thymidine-dependent SCVs often exhibit an unusual appearance
of “fried egg”-like colonies, with translucent edges surrounding a
smaller, elevated pigmented center (83). SCVs are also character-
ized by a missing or decreased beta-hemolysis zone. Thus, in the
case of inexperienced examiners, their colonial appearance might
easily be mistaken for slower-growing corynebacteria or nonhe-
molytic streptococci. In addition, primary misidentification as
CoNS species has been reported several times (92, 94). Since they
often occur together with a wild-type S. aureus strain, there might
be the misimpression of a mixed culture.

Culture media and conditions. Apart from the reduced growth,
staphylococcal SCVs can be cultivated on Columbia blood agar
incubated in either air or CO,. They also grow on other solid
media and enrichment broths used for cultivation of Gram-posi-
tive cocci, such as chocolate agar (in 5% CO,). On selective or
chromogenic solid agar media developed for cultivation of staph-
ylococci, most SCV strains do not exhibit a change of color (106).
For example, most SCVs are mannitol salt agar negative. Use of
selective or chromogenic plates should always be accompanied by
the inoculation of blood agar plates.

Note that SCVs are very rapidly overgrown in mixed cultures,
which particularly with enrichment broths. Careful treatment of
the specimens and meticulous examination of the agar plates—
ideally with the aid of a magnifying glass—are prerequisites for
SCV diagnostics.

Species Confirmation

Biochemical procedures. Irrespective of the underlying auxotro-
phies, SCVs show a type of anaerobic metabolism and common
metabolic features in central carbon metabolism characterized by
areduced carbon flux through the citric acid cycle (85, 107, 108).
These metabolic changes and their reduced growth are the main
reasons that SCVs typically show a lack or at least reduction of
biochemical reactions, leading to non- or misidentification in the
classical extensive scheme for fermentation, oxidation, hydrolysis,
and degradation of several substrates originally published by
Kloos and Schleifer (109). The same holds true for the application
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of modern commercial identification systems. Moreover, catalase,
clumping factor, and coagulase reactions or other assays used for
presumptive identification are also delayed positive or even neg-
ative. Thus, all diagnostic approaches based on biochemical pro-
cedures are unreliable in the case of SCVs.

MALDI-TOF MS. So far, systematic studies evaluating the us-
ability of MALDI-TOF MS analysis for staphylococcal SCVs are
missing. However, if the mass range of 2,000 to 20,000 Da usually
applied for diagnostic purposes is used, which represents predom-
inantly ribosomal proteins, the underlying methodological prin-
ciple should yield identification results mostly independent of the
displayed phenotype of a given isolate. Indeed, observations
showed that this approach is reliable for staphylococcal SCV iden-
tification if the amount of colonial material used is equal to the
amount applied for staphylococci displaying the normal pheno-
type (K. Becker, unpublished observation). Interestingly, for En-
terococcus faecium, it was published that an SCV phenotype was
precisely identified by MALDI-TOF MS analysis (110).

PCR and sequencing. Molecular targets that have been proven
for S. aureus identification (e.g., nuc, clfA, eap, coa, and sodM)
(111-116) work well for the identification of S. aureus SCVs. The
same holds true for respective genus-specific targets and those
determined for the detection of other staphylococcal species (25,
117). Note that the Gram-positive nature of the cell wall may
warrant special lysis conditions and that the use of lysostaphin is
recommended if problems occur with the extraction of staphylo-
coccal nucleic acids (118).

As for the normal staphylococcal phenotype, 16S rRNA and, in
particular, rpoB gene sequencing is useful to ultimately determine
the species and subspecies, respectively. However, for the identi-
fication of staphylococcal SCVs, the known limitations of public
sequence databases have to be considered (119, 120).

In conclusion, species-specific PCR assays and sequencing of
selected universal phylogenetic marker genes are the most specific
approaches to identify and verify the species affiliation of SCV
isolates.

Phenotypic Switch and Determination of the SCV
Phenotype

Determination of SCV auxotrophies helps us to understand the
underlying mechanisms leading to the generation of this distinct
phenotype. However, phenotypic instability is a common phe-
nomenon observed for clinical SCV isolates and was already de-
scribed in very early reports as having “always been sudden and
spontaneous” (121). Independently of the use of solid or broth
media, this phenotype reversion may occur after only overnight
incubation or after days or weeks of incubation (Fig. 3). Mostly,
only some SCV cells switch back to the normal phenotype, but the
whole culture may revert. This instability hinders diagnostics and
analysis of this phenotype.

Determination of auxotrophies. Auxotrophies (also desig-
nated auxotrophisms) for hemin, menadione, and thymidine can
be tested by the application of disks to the top of a solid agar plate
inoculated with the test isolate, as done in principle for conven-
tional agar disk diffusion assays (30). Auxotrophy can be catego-
rized as positive if a zone of growth surrounds the impregnated
disks after an incubation period of 18 h or longer. In this case,
disks will be impregnated with solutions (15 wl) of hemin at 1
pg/ml, menadione at 10 pg/ml, and thymidine at 100 pg/liter
(89). For some of these compounds, standard disks are also com-
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FIG 3 Scheme of dynamic SCV development in the course from acute to
chronic infection. During acute infection, bacteria show high-level expression
of agr and regulated toxins causing inflammatory and cytotoxic reactions. In
the chronic course of the infection, bacteria apply adaptation mechanisms to
resist cellular degradation that involve formation of dynamic SCV-like pheno-
types, downregulation of agr, and upregulation of SigB. When leaving the
intracellular shelter, the SCVs can rapidly revert back to the fully aggressive
wild-type phenotype, which can cause a new episode of infection.

mercially available. Combined auxotrophies are detectable by im-
pregnation of the disks with several compounds. Since conven-
tional agar media may contain hemin, menadione, or thymidine,
test isolates should be inoculated on chemically defined medium
(CDM) agar (122). The exact composition of the CDM agar is a
prerequisite for auxotrophy determination; even traces of auxot-
rophy-determining substances must be strictly avoided.

CO, dependence of SCVs can be detected by the use of biocar-
bonate solutions by applying 100 ml of a 1% or 1.5% aqueous
solution of NaHCOj to the bottom of a jar with inoculated CDM
agar plates, resulting in approximately 0.75% free CO, at 37°C
(16). To generate an anaerobic atmosphere, other systems, e.g.,
commercially available systems, are also useful (123).

Growth curve analysis and spectroscopic approach. At some
expense, growth curve analysis can be used to demonstrate and
keep track of the low cell division rate of clinical and mutant SCV's
compared to that of the normal phenotype, which is a prerequisite
for experimental approaches to study the nature of SCVs (85, 108,
124-126). Typically, SCVs have been measured by determining
the optical density (OD) at 578 nm over 12 h or longer. In nutri-
ent-rich complex media, rapidly growing staphylococcal cells of
the normal phenotype display—after a short lag phase—an expo-
nential growth phase characterized by high cell division rates and
high metabolic activity starting about 1 h after inoculation and
lasting over a period of approximately 8 to 10 h, with a maximum
OD of 14 to 15. The highest cell division rates can be observed 2 to
6 h after inoculation. This phase is followed by the stationary
phase, which shows a conspicuously reduced or discontinued rate
of staphylococcal cell division (OD of 9 to 10 after 24 h) (125). In
contrast, SCV phenotypes reveal distinct growth characteristics.
Strikingly, no clearly distinguishable growth phases are observ-
able, because the SCVs grow constantly in a linear manner, with
drastically reduced cell division rates not reaching the exponential
phase. This was shown for defined mutants displaying the SCV
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phenotype, for gentamicin-induced SCVs, and for naturally oc-
curring SCVs (125, 126). Extended lag phases may occur. Often,
SCVs are not able to reach ODs above 1 to 3, even after incubation
for more than 24 h (125, 126).

Instability of clinical SCV isolates, i.e., reversion of a subpop-
ulation back to the normal phenotype, is relatively easy to perceive
by the naked eye on solid agar media. However, this switch is hard
to trace in broth media and rapidly leads to overgrowth of the SCV
population. Aberrant growth curve courses might be indicative of
those events but are coupled with waste of time and experimental
efforts. To overcome these drawbacks, Fourier transform infrared
(FTIR) spectroscopy was shown to offer a real-time readout tool
to study the nature of SCVs under liquid culture conditions (127).
Analysis of FTIR-generated spectra of SCVs and their parental
strains resulted in a clear discrimination between both pheno-
types; thus, it is possible to ensure and monitor the SCV pheno-
type by a fast, direct, and noninvasive approach.

Susceptibility Testing

All time- and density-influenced methods of susceptibility testing
are altered by the changed physiology and metabolism of the SCV
phenotype (104, 128). Since these alterations are nonuniform,
standardization of respective assays is difficult. For determination
of the methicillin resistance of SCV isolates, the detection of the
mecA (or mecC) gene by PCR or other molecular methods and the
modified use of an anti-PBP2a slide latex agglutination assay with
a drastically increased number of colonies should be applied
(129).

Conventional testing. Due to the low growth rate and reduced
metabolism of SCVs, all kinds of routine methods to test suscep-
tibility against antibiotics are difficult or impossible to perform, as
these methods were developed for rapidly growing bacteria. Con-
sequently, MIC data should be evaluated with caution. Even
though some reports for specific strains suggest that MICs are, in
general, similar for SCVs and their wild-type phenotype counter-
parts, pharmacodynamic studies indicate that the effects of several
antibiotics against SCVs are markedly reduced. Results on this
subject were recently summarized in a review (130).

A conventional method that can provide indications on the
susceptibility of SCVs to antibiotics is the agar diffusion method
or the use of Etests that are based on the bacterial growth on agar
plates. In applying these methods to test SCVs, the bacteria have to
grow for several days on agar plates. Incubation with CO, can
support the bacterial growth. Nevertheless, the readout of the
plates is often difficult and sometimes does not provide clear re-
sults for all antimicrobial compounds tested.

Intracellular testing in monocytes and nonprofessional
phagocytes. Several studies have demonstrated that SCVs are in-
duced/selected within the intracellular environment and that they
can persist intracellularly in larger bacterial numbers than those of
bacteria with wild-type phenotypes (41, 89, 131, 132). Conse-
quently, analysis of antibiotic activity against persisting SCVs
within the intracellular milieu is of particular importance. Some
in vitro models have been developed that investigate the intracel-
lular antibiotic activity against stable SCVs (mainly hemB and
menD mutants). A frequently used model was established in
mouse macrophages that take up bacteria but also cell remnants
from red blood cells (133, 134). Therefore, hemin-auxotrophic
SCVs are supplemented within the host cells and exhibit normal
growth and virulence, like those of wild-type strains, whereas thy-
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midine- and menadione-dependent strains grow slowly or fail to
grow intracellularly. In a systematic overview, the activities of var-
ious antibiotics of different classes were tested to compare the
intracellular activity with the activity in culture medium. Al-
though maximal intracellular activities remained lower than ex-
tracellular activities (irrespective of the level of drug accumula-
tion), some compounds (oxacillin, levofloxacin, garenoxacin,
moxifloxacin, and oritavancin) exhibited intracellular bacteri-
cidal effects (134). In the next step, antimicrobial activity was
tested in this model when macrophages were infected with a stable
SCV strain in comparison with the normal phenotype. Most an-
tibiotics tested caused a reduction of bacterial counts, whereas all
drugs showed higher intracellular activity against normal than
against SCV strains (133). The authors also used their infection
model to test antibiotic combinations with rifampin or oritavan-
cin against intracellular SCVs, and they achieved a further de-
crease of the intracellular bacterial growth (135). Finally, concen-
tration-dependent testing revealed that maximal efficacies of
antibiotics were similar against wild-type and SCV strains, despite
their different modes of infection (136).

Taken together, these complex cell culture infection models
indicate that SCVs exhibit more tolerance against treatment while
located within host cells. Yet some questions remain open, such as
the influence of the different formation mechanism of SCVs and
the development of resistance/tolerance during intracellular long-
term persistence.

Animal Models for Studying the Formation and Persistence
of SCVs

Data from in vivo studies. Different animal models have been
established to test the ability of SCVs to infect the host, to spread
an infection, and to persist within host tissues for long periods.
The different published animal models are summarized in a recent
review (130) and highlight the following aspects. (i) Hemin-de-
pendent mutants often show reversion within the host organisms,
as they can easily be supplemented with heme provided during the
infection course, e.g., endocarditis. As a result, virulence and
treatment did not differ from those for bacteria with wild-type
phenotypes (137). Consequently, hemin-dependent mutants are
most likely not representative of the SCVs that cause chronic tis-
sue infections in vivo. In support of these findings, a menadione
biosynthetic mutant persisted in the kidneys, whereas a hemin
biosynthetic mutant did not persist (137). (ii) Gentamicin treat-
ment as monotherapy easily selected for SCVs. Although these
SCVs were less virulent than the parent strain, they caused persis-
tent infection and were able to colonize different organs (48). (iii)
Animal models show that different types of stable SCVs colonize
host tissue and persist, although they cause less inflammation and
fewer symptoms (138-140). These findings indicate that although
SCVs represent a heterogeneous bacterial population, they are all
characterized by an increased ability to persist. (iv) SCVs may
account for bacterial persistence under antibiotic pressure. In a
murine mastitis model, cephalosporin treatment was much less
effective at reducing the amount of bacterial hemB mutant SCVs
than reducing the number of bacteria with the wild-type pheno-
type, although both strains tested as being equally susceptible in
vitro (141). (v) Chronic animal infection models revealed that
SCVs develop in a dynamic manner during the infection course
(131). When animals were infected with a fully virulent organism
with a wild-type phenotype and developed a septic stage, the bac-
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teria disseminated to various organs. In particular, in bone tissue,
bacterial persistence was observed for up to 2 months and was
accompanied by a high rate of SCV formation (142). Antibiotic
treatment with different compounds was always less effective in
the chronic than in the acute stage of the infection (33). (vi) In
contrast to systemic treatment, local treatment with high levels of
antibiotics over a prolonged time was successfully tested in a
chronic osteomyelitis model in rabbits (143). These results suggest
that high antibiotic doses are required to eliminate persisting bac-
teria, such as SCVs.

Chronic osteomyelitis model. To analyze the development of
SCVs within the whole host organism, a chronic infection model
in which the bacteria persist in tissue for long periods (e.g., several
weeks) is required. One type of infection that has a high tendency
to develop to chronicity is osteomyelitis (45). There are several
osteomyelitis models published, but rarely has the development of
SCVs been documented or investigated; in some models, stable
SCVs have been used (143). Only recently was a hematogenous
osteomyelitis model in mice established that develops from an
acute septic infection into a chronic stage in which the bacteria
persist within the bone tissue for long periods (142). During a time
course of 2 months, the mice did not resolve the inflammation
within bones, which increased in volume up to 5-fold. The histo-
pathological findings closely resembled the findings for patients
suffering from chronic osteomyelitis, e.g., osteoclast activity and
formation of bone sequestra. The analysis of the persisting bacte-
ria revealed that a high percentage of bacteria with SCV-like phe-
notypes that still had the capacity to revert back to the fully viru-
lent phenotype had formed in the bone tissue. Nevertheless, the
systemic inflammatory parameters in the mice returned to control
levels, although there were still persisting bacteria and inflamma-
tion in bone tissues (142). This model is suited for the study of
dynamic bacterial adaptation processes and alterations in the im-
mune system that fail to completely clear the infection.

Chronic lung infection model. To study the impact of SCVs on
the pathogenesis of lung infections in CF, it would be necessary to
use a chronic lung infection model which mimics CF airway dis-
ease. Recently, a model was initiated which uses bacteria imple-
mented into agar beads, which are placed directly via incision into
the trachea (75). The authors of that study followed airway infec-
tion for 2 weeks. In their model, S. aureus efficiently colonized the
lungs of the mice and caused chronic pneumonia with high bac-
terial loads in the lungs without killing too many mice. Such a
model would be suitable for studying the emergence of SCVs, but
it should go on for at least some months.

Three-dimensional tissue model of osteoblasts for orthope-
dic infections. Lee et al. recently established a three-dimensional
tissue model to study orthopedic implant infections. They seeded
osteoblasts in a microfluidic device and infected the cells with
different morphotypes of S. epidermidis to study the impact on
tissue structure development by infecting strains. S. epidermidis
isolates were cultured under different conditions in the microflu-
idic device prior to infection of osteoblasts to yield different mor-
photypes, such as SCVs, which were induced by rifampin, and
sessile bacteria in biofilms (144). Biofilm bacteria and dead cells
did not significantly interfere with tissue-like structures of osteo-
blasts, while SCVs did not affect adherence and spreading of cells
but killed osteoblasts within 2 days. Unfortunately, the authors
did not use a normal S. epidermidis isolate to differentiate effects
caused by SCV or normal S. epidermidis. Furthermore, such a
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model would also be suitable for testing S. aureus SCVs or SCVs of
other species.

PATHOGENESIS

Defined Underlying Mechanisms and Mutations

While there are some common features of SCVs regarding colony
morphology and reduced growth, analyses of the underlying
mechanisms leading to the formation of SCVs suggest that there is
no common metabolic change typical for SCVs, but rather an
array of several more or less understood possibilities of altered
metabolism to reach this phenotype.

Underlying mutations have been identified for hemin-, mena-
dione-, and thymidine-dependent SCVs but not for CO,-depen-
dent SCVs or SCVs with as yet unidentified auxotrophisms (32,
145-148). However, by using whole-genome sequencing, Gao et
al. identified and confirmed a further mechanism for SCVs due to
mutations in relA, with a permanent activation of the stringent
stress response (148, 149). Just recently, Bui et al. studied a stable
SCV induced by host-generated chemical stresses by full genomic
characterization (150, 151). These studies revealed a new type of
stable SCVs, which are characterized by mutations in mgrA and
rsbU (150).

An aggravating circumstance for studying the metabolic
changes is the instability of the vast majority of clinically derived
or in vitro (without genetic engineering)-produced SCVs. Some
stable SCVs have been gained by the use of concentrations of gen-
tamicin that exceed the MIC and the minimal bactericidal concen-
tration (MBC) (152). Serial subcultures of colonies displaying the
SCV morphotype for up to 10 generations enabled selection of
stable variant forms (152). Also, other stable or partially stable
SCVs were generated by passages in media containing aminogly-
cosides, gentamicin, kanamycin, streptomycin, or amikacin (29,
125, 153-156).

To enable targeted analyses of the metabolic changes leading to
the SCV phenotype, several genetically defined mutants display-
ing the SCV phenotype have been constructed in the past. This was
done mainly by interrupting the hemin biosynthetic gene hemB,
encoding the aminolevulinic acid dehydratase (125, 126), or by
disrupting a menaquinone biosynthesis bifunctional protein en-
coded by menD (137) (Fig. 4).

So far, the most advanced model for studying the SCV pheno-
type consists of a clonal strain sextet comprising a clinical wild-
type isolate and its corresponding clinical SCV isolate plus a spon-
taneous in vitro revertant strain with a normal phenotype as well as
a genetically defined hemB mutant plus the complemented hemB
mutant and a gentamicin-induced SCV (125). Applying this sextet
for proteome analysis, it was shown that the physiological varia-
tions between both phenotypes were indeed more complex than
reflected by defined mutants and their complemented counter-
parts. Interestingly, the natural revertant also retained dominant
protein features characteristic of the clinical SCV phenotype
(125).

Alterations in Electron Transport and Their Impact on
Metabolism

For the transfer of electrons, menaquinone, the first electron ac-
ceptor, and heme, which receives electrons from menaquinone
and is used in cytochrome biosynthesis, are required (157). Func-
tional or genetic defects in the biosynthesis of these compounds

April 2016 Volume 29 Number 2


http://cmr.asm.org

S. aureus and CoNS SCVs in Persistent Infections

MenH MenC ] MenE . .
SEPHCHC > SHCHC y 2-Succinyl- 2-Succinyl- —» DHN
benzoate benzoate-CoA
I
Isochorismate <¢———— Chorismate <€--------- Shikimate pathway 2-Demethylmenaquinone
MenG
Protoheme :-----------micmeieeeee e » Cytochromes <€-------------ommmmmmncmanaannn, Menaquinone
(Heme) (Vitamin K2)
Proto- < Proto- HemN Copro- HemE Uro-
porphyrin IX HemY porphyrinogen IX HemF porphyrinogen Ill porphyrinogen Ill
A
dump HemD
D-glucose
ATPase < Hydroxymethylbilane
] CipC TYMK A
\/ ; dTMp — > Thymidine
Acetyl-CoA ) Y (5-methyl-uracil) HemC
y Citrate Aconitase
K \ Porphobilinogen
D-lIsocitrate 0
H TCA
"‘ cycle ICD:LDH Gltx HemL -HemB
\ em
5 o-Keto- — 7 Glytamate —— - ClUtaMyl-_S—r Glutamate-1- _~ " o )\ ol ylinate
. glutarate tRNA semialdehyde

FIG 4 Overview of the menaquinone heme and thymidine pathways. Enzymes encoded by genes known to lead to the SCV phenotype if disabled are shown in
red (knockout-generated SCVs are indicated with rectangular boxes, and naturally occurring or gentamicin-induced SCVs are indicated with ovals). DHN,
1,4-dihydroxy-2-naphthoate; GLDH, glutamate dehydrogenase; GltX, glutamate-tRNA ligase; HemA, glutamyl-tRNA reductase; HemB, 5-aminolevulinic acid
dehydratase (porphobilinogen synthase); HemC, porphobilinogen deaminase; HemD, uroporphyrinogen III synthase; HemE, uroporphyrinogen decarboxyl-
ase; HemF, coproporphyrinogen III oxidase; HemG, protoporphyrinogen oxidase; HemH, protoheme ferrolyase (ferrochelatase); HemL, glutamate-1-semial-
dehyde aminotransferase; HemN, oxygen-independent coproporphyrinogen III oxidase; HemY, oxygen-dependent protoporphyrinogen oxidase; HSDC,
(1R,6R)-6-hydroxy-2-succinylcyclohexa-2,4-diene-1-carboxylate; ICDH, isocitrate dehydrogenase; MenA, 1,4-dihydroxy-2-naphthoate octaprenyltransferase;
MenB, 1,4-dihydroxy-2-naphthoyl-CoA synthase; MenC, o-succinylbenzoate synthase; MenD, SEPHCHC synthase; MenE, 2-succinylbenzoate-CoA ligase;
MenF, isochorismate synthase; MenG, demethylmenaquinone methyltransferase; MenH, SHCHC synthase (SHCHC synthase activity was previously attributed
to MenD); SEPHCHC, 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate; SHCHC, (1R,6R)-2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-car-
boxylate; TYMK, deoxythymidylate kinase; ThyA (TYMS), thymidylate synthase. Pathways are according to the Kyoto Encyclopedia of Genes and Genomes

(KEGG), release 74.0 (http://www.genome.jp/kegg/).

lead to defects in electron transport, and thus the amount of ATP
that is available for cell wall biosynthesis is drastically reduced
(158). Consequently, this electron transport-defective SCV phe-
notype reveals a lower growth rate, decreased pigment formation,
and a reduced membrane potential (AW¥) (9). Supplementation
with these compounds, as described above, results in a switch back
to the normal phenotype.

The first report on SCVs auxotrophic for hemin (an iron-con-
taining porphyrin named protoporphyrin IX [protoheme IX,
heme B]) was given by Jensen and Thofern in 1953 (154). The first
evidence substantiating this observation on a molecular level was
given by knocking out the hemB gene, encoding a porphobilino-
gen synthase (Fig. 4). von Eiff and colleagues generated an SCV in
the S. aureus 8325-4 strain background that displayed typical fea-
tures of clinical SCVs, including a low growth rate, changed bio-
chemical characteristics, decreased pigment formation, reduced
hemolytic activity, and decreased susceptibility to aminoglyco-
sides (126). Later, it was shown that defects in hemH, encoding the
terminal enzyme of the heme biosynthetic pathway, and in hemA
were responsible for the phenotype change in gentamicin-induced
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hemin-auxotrophic SCVs (146). More recently, a hemG frame-
shift mutation resulting in a truncated protoporphyrin oxidase
(HemG) was detected within the course of a whole-genome se-
quencing project for the investigation of a neonatal MRSA out-
break (159).

Similar to heme, a structure called menadione (2-methyl-1,4-
naphthoquinone; provitamin “vitamin K;”), which is used in
menaquinone biosynthesis, is mandatory for aerobic as well as
anaerobic electron transport phosphorylation (Fig. 4). Bacteria
harboring the vitamin K synthesis machinery produce a multitude
of menaquinones (so-called “vitamins K,”). Menadione-auxotro-
phic SCVs recovered from clinical specimens were found to har-
bor mutations in the menB gene, encoding the naphthoate syn-
thase (145). The mutations comprised a 9-bp deletion, a frameshift
mutation that resulted in a premature stop codon, and a point
mutation that caused an amino acid substitution. In the S. aureus
8325-4 background, a mutant of menD was constructed and dis-
played the typical features of staphylococcal SCVs; however, a
higher level of expression of the arc operon than that in the hemB
mutant of the same strain background was found (137, 160). The
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arc operon contains the arcABDC genes, involved in ATP produc-
tion from arginine catabolism under anaerobic conditions (161).
In the presence of arginine, the arginine deiminase pathway allows
staphylococci and other bacteria to grow anaerobically. The elec-
tron transport-defective SCV mutants compensate for the loss of
citric acid cycle utilization and electron transport by stimulation
of this pathway (162).

Also, ctaA mutants exhibit typical characteristics of SCVs due to
blocked biosynthesis of HemA, which is involved in cytochrome
biosynthesis (163).

Since heme and menaquinone are vital for the electron trans-
port to both oxygen and nitrate, the respective auxotrophic SCV
phenotypes show a “reduced” metabolic status (108). Compared
to isolates with a normal S. aureus phenotype, the main common
feature of electron transport-deficient SCVs, mutants, and clini-
cally derived isolates, as well as thymidine-dependent SCVs and
their respective mutants, was the downregulation or absence of
the tricarboxylic acid (TCA) cycle (86, 108, 125). By transcrip-
tional, proteomic, and reporter metabolite analyses as well as iso-
topologue profiling, it was shown that the expression of the acnA
gene, encoding the aconitase catalyzing the second and third TCA
cycle steps via cis-aconitic acid for the synthesis of isocitric acid,
was reduced, thus resulting in a reduced carbon flux via this cycle
(85, 108, 125, 162). However, in contrast to a hemB mutant and
gentamicin-induced SCVs, clinical SCVs showed no prominent
upregulation of glycolytic proteins (125).

Since RNAIII, which acts as the effector molecule of the agr
(accessory gene regulator) locus, encoding the S. aureus quorum
sensing apparatus, is produced in S. aureus during all growth
phases, at least on a basal level (see “Role of the agr quorum sens-
ing system”) (164, 165), it was an astounding observation that
there was no RNAIII production in electron transport-deficient
SCVs (86, 125, 162, 166). This phenomenon is not necessarily the
result of a reduced concentration of the quorum-sensing peptide
due to the reduced growth rate of the SCV (148). We (86) and
Pader et al. (167) showed that exogenous autoinducing peptide
(AIP) is able to trigger RNAIII expresion in TD-SCVs (86) and in
menadione- and hemin-dependent SCVs (167), thereby demon-
strating that synthetic AIP is able to activate Agr in at least some
SCVs. Based on ¢cDNA libraries built from total RNA, which was
collected from different growth phases of an S. aureus strain pair
displaying both the normal and the SCV phenotype, phenotype-
specific expression of non-protein-encoding RNAs (npcRNAs)
was shown (168, 169). This may indicate a probable impact of
npcRNAs for the generation of SCVs and the expression of their
variant features.

Alterations in Thymidine Metabolism and Thymidine
Dependency

TD-SCVs emerge if patients are treated with trimethoprim-sulfa-
methoxazole for extended periods (30, 32, 58-60, 63, 92). These
antibiotics inhibit the synthesis of tetrahydrofolic acid, which
serves as a cofactor for thymidylate synthase (thyA), an essential
protein required for the conversion of thymidine from uracil
(170) (Fig. 4). TD-SCVs depend on external thymidine for their
growth, which is provided in infected tissues via cell degradation
and pus (32). In addition to the small colonies described for all
other SCVs, TD-SCVs can also grow with a “fried egg” colony
appearance on Columbia blood agar plates (83). By light micros-
copy, TD-SCVs are characterized by a heterogeneous appearance,
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with small and large cells (83). Furthermore, TD-SCVs are im-
paired in cell division, as demonstrated by transmission electron
microscopy, with several or even not intact division planes (83).
TD-SCVs carry mutations in thyA, which can occur throughout
the thyA gene (32, 147). A constructed AthyA deletion mutant
displayed the same features as those described for clinical TD-
SCVs, with attenuated infection in an acute mouse pneumonia
model compared to infection with the wild type (140). In compar-
ison to the gene expression in wild-type S. aureus, microarray
analyses revealed downregulation of important regulator (agr,
sarA, and arIRS) and virulence (hla, hlb, sspAB, and geh) genes and
upregulation of virulence genes important for colonization (fnbA,
fnbB, spa, clfB, sdrC, and sdrD) (140), all of which support the
chronic infection type of TD-SCVs.

CO,-Dependent SCVs

Several reports of S. aureus and CoNS SCVs with CO, dependency
have been published (4, 14-16, 20, 42, 123, 171, 172). While all
CO,-dependent SCVs from earlier times were isolated from pa-
tients with skin and soft tissue infections (4, 14-16, 171, 172), in
one of the latest studies, 14 CO,-dependent SCVs were isolated
from 14 individual patients with various infections, including sur-
gical wound infection, respiratory infections, device-related infec-
tions, spondylodiscitis, and skin and soft tissue infection, in a
3-year prospective study conducted in a university hospital in
Spain (123). These isolated SCVs were identified to be CO, depen-
dent by exhibiting typical small colonies without pigmentation
and hemolysis on Columbia blood agar but reversion to normally
sized colonies by growth under 5% CO, (123). In further studies,
CO,-dependent S. epidermidis SCVs were found to be associated
with PJI (20, 42). However, so far, there have been no attempts to
characterize the metabolic changes or the underlying mechanism
of CO, dependence in more detail. It is interesting that for this
kind of SCVs, an irregular cell wall layer and tri- and tetraploid
cells, along with many dividing forms, were also described (172).

Dynamic Phenotype Switching Phenomenon

In the past decades, research on SCVs has largely focused on SCV
mutants, such as hemB or menD mutants, that exhibit a stable SCV
phenotype and can easily be used in infection models (107, 126,
137). These experiments provide results on the interaction of
SCVs with their host cells and on tolerance to antibiotics but leave
the question open regarding the mechanism of formation of SCV's
during infection. However, differences between SCV and normal
phenotypes are more complex than those mirrored by defined
electron transport chain-interrupting mutants (125). In particu-
lar, it remained largely unclear whether SCVs are only a marginal
phenomenon or are an integral part of chronic infections. To in-
vestigate this question, various in vitro and in vivo long-term in-
fection models were established. Cell culture systems or mice were
infected with fully aggressive bacteria with wild-type phenotypes,
and the infecting bacteria were analyzed during the whole infec-
tion course (131, 142). In different types of cell culture models, the
first SCVs appeared after 2 to 3 days of infection, with the percent-
age of SCVs continuously increasing over longer infection times,
reaching almost 90% after 4 weeks. It was very remarkable that the
recovered SCVs were not stable but rapidly reverted back to the
fully aggressive wild-type phenotype after a few subculture steps in
rich medium. From these results, it was concluded that SCVs al-
ways form in a very dynamic manner during host cell infection but
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still keep the ability to rapidly revert to the fully aggressive wild-
type phenotype when leaving their host cells (Fig. 3). This dy-
namic switching phenomenon suggests either that regulatory
mechanisms are involved in the early formation of dynamic SCVs
or that reversible phase variation occurs by insertion or deletion of
tandem repeats, which has been described to occur for mucoid S.
aureus isolates or for Escherichia coli, but so far not for S. aureus
SCVs (173, 174).

Role of the agr Quorum Sensing System

agr is a well-known quorum sensing system that upregulates the
expression of secreted toxins and exoenzymes (165). These factors
contribute to inflammation and cell/tissue destruction (175). In
the acute stage of infection, the agr system is highly upregulated in
infecting bacteria (131, 176, 177). Upregulation of agr and se-
creted virulence factors apparently helps bacteria to defend
against invading immune cells and to destroy and invade tissue to
establish infection in deep tissue structures. After host cell inva-
sion, agr is downregulated, which is characteristic of persisting
SCV-like bacteria. Testing of different mutants for regulatory fac-
tors revealed that agr-related activity needs to be downregulated
for long-term persistence. Yet because agr interacts closely with
other regulatory factors, such as the transcription factor SarA, that
can partly compensate for the lack of agr expression, these factors
need to be silenced as well. Taken together, these results demon-
strate that proinflammatory and cytotoxic activities mediated via
the agr system need to be silenced to enable for bacterial long-term
persistence and SCV formation (53) (Fig. 3). Although the expres-
sion of agr-related virulence genes has been studied in various
SCVs and by different groups, so far there is no information about
the role of superantigen expression in SCVs, which may be an
interesting area for future studies.

Role of SigB during Long-Term Infection

SigB is a stress-related transcription factor that helps bacteria to
cope with different types of stress conditions (178). In addition,
SigB has been described as an important regulator of virulence in
SCVsbecause it promotes biofilm formation and the expression of
adhesins (179, 180). The use of sigB mutants in cell culture infec-
tion models revealed that a defective sigB system resulted in a lack
of persistence and in the bacterial disability to form SCV-like cells.
Furthermore, the expression of SigB and adhesins was upregu-
lated during chronic infection courses (176). Consequently, sigB
can be described as an important regulatory factor that is required
for bacterial long-term persistence within host cells and for the
dynamic formation of SCVs (Fig. 3). Until now, it has been un-
derstood only marginally which intracellular signals are involved
in activating sigB and how these signals are transferred to enhance
SCV formation.

Other Factors That Induce the Formation of SCVs during In
Vivo Infection

Stringent stress response. A new mechanism for the formation of
SCVs was described for SCVs which were isolated from a patient
with chronic MRSA bacteremia, who was treated with various
antibiotics, including vancomycin, linezolid, rifampin, and cipro-
floxacin, leading to antibiotic resistance and the SCV phenotype
(149). In addition to a few other mutations, the authors identified
asingle nucleotide substitution in relA by whole-genome sequenc-
ing. This point mutation resulted in reduced RelA hydrolase ac-
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tivity, with a permanent activation of the stringent stress response
as determined by levels of ppGpp (149). At present, such a mech-
anism has been reported only once, since testing of this mecha-
nism is rather laborious and difficult to perform.

Oxidative stress. Another new mechanism of SCV formation
was reported very recently. In that study, the authors investigated
the impact of reactive oxygen species on SCV formation and per-
sistence by challenging SH1000 with sublethal concentrations of
hydrogen peroxide, which led to the emergence of gentamicin-
resistant SCVs (181). Using whole-genome sequencing, the au-
thors identified mutations in the DNA repair system RexAB, re-
combinase A, and polymerase V. These SCVs were rather stable
and more resistant to H,O,, which was accomplished by increased
expression of catalase. While it is surprising that SCVs emerged
with increased catalase activity, which has been shown to be de-
creased in many other SCVs with other underlying mutations, the
use of the particular wild-type strain (SH1000) and the special
inducing conditions might explain such diverse results (181).

Coculture with other pathogens. S. aureus can often be coiso-
lated with P. aeruginosa from various sites and infections, such as
catheters, endotracheal tubes, skin, eyes, and especially the respi-
ratory tract of CF patients. Several studies which determined the
prevalence of S. aureus SCVs in CF patients revealed that S. aureus
SCVs were associated with increased age, worse lung function, and
coculture with P. aeruginosa (30, 31, 60, 61). Such an association
of S. aureus SCVs and P. aeruginosa is most likely not just an
accident but at least partly due to a survival strategy that S. aureus
uses to overcome the toxic effects of 4-hydroxy-2-heptylquinoline
N-oxide (HQNO) or pyocyanin, which drive the emergence of
respiratory-deficient SCVs (182, 183). Such SCVs are known to be
hemin or menadione dependent and are resistant to aminoglyco-
sides, which are often used to treat P. aeruginosa airway infection
either systemically or by inhalation therapy. Thus, by inducing the
SCV phenotype, P. aeruginosa facilitates survival of these SCVs
during antibiotic therapy.

The intracellular environment and phagosomal escape. The
intracellular environment was already described by the group of
Proctor to induce the formation of SCVs (132). In further work,
the intracellular milieu was increasingly found to be a shelter for
SCVs, since SCVs can persist within host cells in larger numbers
than those of bacteria with wild-type phenotypes (30, 41, 89).
During persistence, SCVs largely avoid activation of the host
immune response or cytotoxic effects, but they persist within
morphologically intact host cells for long periods. This “silent”
persistence can explain why chronic infections often lack clear
inflammatory symptoms. Yet the persisting SCVs can escape
from their intracellular shelter, revert back to the fully aggressive
wild-type phenotype, and be the source for a new acute episode of
an infection (8, 9, 82, 131).

The localization of the intracellularly persisting bacteria is not
precisely known. Recent work showed that staphylococci can es-
cape from their initial phagosomes to the cytoplasm by expressing
delta-toxin and/or the PSM-alpha protein, whereas some strain-
specific differences are possible (184, 185). The location where
bacteria form SCVs and persist for long periods might be the cy-
toplasm, but this is not precisely known. Cell culture experiments
after infection with defined regulatory mutants demonstrated that
an absence of the agr and/or sarA system allowed the mutants to
avoid phagosomal escape and enabled bacteria to persist within
their initial phagosomes in large numbers for long periods (53).
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From these results, it can be concluded that phagosomal escape to
the cytoplasm is a characteristic feature of virulent strains that
express agr- and/or sarA-regulated virulence factors but that wild-
type bacteria can change to SCVs after phagosomal escape within
their host cells.

CURRENT AND FUTURE TREATMENT REGIMENS

Staphylococcal SCVs are challenging in many ways, in terms of (i)
treatment by antibiotic agents and (ii) susceptibility testing. Basi-
cally, a given SCV isolate mirrors the genetically encoded resis-
tance pattern of its parental strain. Thus, B-lactamase-producing
SCVs and mecA-based MRSA-SCVs have been described repeat-
edly (31, 63, 92, 186-188). However, in addition to and beyond
these classical mechanisms of antibiotic resistance described for
staphylococci, the SCV phenotype is viewed as a prime example of
the expression of phenotypic resistance, often also called func-
tional resistance. This means that despite an isolate testing as sus-
ceptible in vitro, a treatment regimen administering respective
antibiotic agents might fail clinically. Moreover, in addition to the
SCV phenotype-generated alterations in antibiotic susceptibili-
ties, the implications of the intracellular lifestyle as well as biofilm-
caused functional resistance due to foreign body-related infec-
tions should be considered. For example, SCVs in biofilms can
become completely resistant to clinically achievable concentra-
tions of antibiotics (128).

In the context of antibiotic treatment of staphylococci in gen-
eral, one should keep in mind that the administration of antibiot-
ics itself may lead to the formation of SCVs (33). Respective phe-
notypic effects of antibiotic agents have been described since the
earliest times of their use (7).

A detailed overview of current in vitro studies as well as animal
and clinical data on the resistance patterns of SCVs was recently
given by Garcia et al. (130).

Effect of SCV Phenotype on Susceptibility Testing

Susceptibility testing is challenging in the case of SCVs because
routinely applied methods have been developed for testing of rap-
idly growing microorganisms but not for slow-growing patho-
gens, such as SCVs. In addition, use of both a disk or gradient
diffusion assay and MIC determination by agar or broth dilution
assays, as well as (semi)automated methods, could lead to invalid
results due to difficulties in detection of growth either by visual
inspection or measured by optical density measurements. Also,
the standard agar media used according to the guidelines are often
suboptimal or unusable for the cultivation of SCVs. Thus, in gen-
eral, the results obtained by testing SCVs by applying disk diffu-
sion assays or methods to determine MICs should be interpreted
cautiously. Mostly, longer incubation times have to be applied
before readable results are gained.

Apart from growth rate-related limitations, agar or broth dilu-
tion assays show the best practicability and validity for SCV sus-
ceptibility testing. If one is available, testing of a parallel isolated
parental strain exhibiting the normal phenotype may help to de-
termine antibiotic susceptibilities not depending on the pheno-
type. For that purpose, the clonality of both recovered SCV and
wild-type strains should be substantiated, e.g., by PFGE, multilo-
cus sequence typing (MLST), or—in the case of S. aureus—spa

typing.
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Influence of SCV Phenotype on Antibiotic Susceptibilities

For most antibiotics, based on MIC studies, SCVs and their nor-
mal phenotype counterparts show similar categorizations in terms
of resistance; however, in comparing isogenic pairs consisting of
the normal and the SCV phenotype, some SCVs may show re-
duced susceptibilities (130, 186). Aside from this, the altered me-
tabolism of SCVs because of the phenotype switch leads to
changes in susceptibility to distinct antibiotics. The regular loss of
activity of SCVs toward antifolate agents and aminoglycosides is
explicable by the metabolic mechanisms leading to the auxotro-
phism of respective SCV types (189). Negative effects on the
bactericidal activity of antibiotics due to SCV phenotype charac-
teristics have been reported for sessile and planktonic as well as
extra- and intracellularly occurring SCV cells (128, 136, 190).

Keep in mind that the intracellular location of SCVs protects them
from the action of all antibiotics that cannot penetrate the host cell’s
membrane. Thus, only compounds reaching the intracellular milieu
have, in principle, the capacity to act toward intracellularly persisting
SCV cells. Note that the possibility of the cooccurrence of parental
cells with a normal phenotype should be considered.

The decreased growth rate of SCVs may generally affect the efficacy
of antibiotics, particularly those that are active against dividing mi-
croorganisms. Nevertheless, there was no general direct correlation
shown between the growth rates of intracellular SCV mutants and
their susceptibilities to antimicrobial agents (136).

Asknown since the first years of the discovery of penicillin as the
first B-lactam, and possibly due to the low growth rate and there-
fore reduced cell division of SCVs, the activity of cell wall-active
antibiotics may be reduced in the case of SCV's (7, 191-193). How-
ever, intracellular menadione-dependent SCVs were shown to be
hypersusceptible to B-lactams in a cell culture model based on
interoperation of vacuolar acidic pH and oxidant species (194).
For a compound of the novel MRSA-active class of cephalospo-
rins, ceftobiprole, MRSA-SCVs showed equal or slightly increased
MIC values (186). Testing of the in vitro activities of vancomycin,
a compound of another antibiotic class with cell wall activity,
against a hemin-auxotrophic clinical isolate and a genetically de-
fined (AhemB) S. aureus SCV revealed markedly attenuated killing
activities compared to those for the parental isolates (195).

The reduced antibiotic susceptibility of SCVs toward aminogly-
cosides due to a reduction in transmembrane potential, which
impairs aminoglycoside uptake in S. aureus (189, 196), is well
studied. However, despite the increased MICs, gentamicin may
remain highly bactericidal in vitro against SCV mutants (136).
Note that aminoglycosides may induce the formation of the SCV
phenotype, as shown in vitro and in vivo (see Pathogenesis).

Thymidine-dependent SCVs have been shown to be resistant to
trimethoprim-sulfamethoxazole (39, 86). They are not suscepti-
ble to those antifolate agents because they are not capable of con-
verting dUMP to dTMP as a result of mutations in the thyA gene,
encoding the thymidylate synthase (147).

Independent of the SCV auxotrophism, fluoroquinolones in gen-
eral appeared to be highly effective against SCVs, although some
SCVs may exhibit increased MIC values (186). For ciprofloxacin,
MIC values were shown to be higher for SCV strains than for isogenic
wild-type isolates under neutral (pH 7.2) and acidic (pH 5.8) condi-
tions (197). For two other fluoroquinolones included in that study,
i.e., moxifloxacin and levofloxacin, there was no marked difference in
activity against SCVs compared with their parental strains under both
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pH conditions. This also held true for finafloxacin, which exhibits
optimal activity under slightly acidic conditions (197).

Testing of linezolid against isogenic SCV-normal phenotype
pairs, categorized as methicillin-susceptible S. aureus (MSSA) and
MRSA, respectively, the MSSA- and MRSA-SCVs showed pre-
dominantly increased MIC values (186).

While no higher activity of tigecycline was noted against SCV
strains than against strains with normal phenotypes in a model of
human THP-1 macrophages, significantly increased MICs of tige-
cycline compared to those for simultaneously isolated wild-type
strains were reported for a collection of SCVs from patients with
cystic fibrosis (63, 133).

For the cyclic lipopeptide daptomycin, sustained bactericidal
activity against herB mutants displaying the SCV phenotype was
observed, although early killing activity was attenuated (190). Ex-
tracellularly, daptomycin demonstrated similar levels of effective-
ness alone or in combination with gentamicin and/or rifampin
against both parental and SCV strains (47).

Prolonged sublethal exposure to triclosan resulted in survivors re-
sembling SCVs and exhibiting decreased susceptibility to triclosan
(198, 199). Triclosan induction of SCVs resulted in significant in-
creases of susceptibilities to antibiotics in the majority of cases (200).

Contemporary Therapeutic Strategies

Currently, the optimal treatment for infections caused by staphy-
lococcal SCVs is not known. However, in consideration of the
consequences in the context of the SCV phenotype switch, a cho-
sen therapeutic regimen should address (i) the general resistance
characteristics of SCVs according to their auxotrophies, (ii) their
location within host cells, and (iii) the results of susceptibility tests
applied to the parental strain, if available, and/or the results of
testing the SCV isolate itself. Moreover, the pharmacokinetic as-
pects resulting from the respective infected tissue have to be con-
sidered. Thus, the armamentarium applicable for a given SCV
infection is generally much more limited than that for the parental
strain. However, since the cooccurrence of the parental cells
and/or a reversion to the normal phenotype cannot be excluded,
the use of agents active against the normal phenotype should not
be neglected in the treatment of SCV infections, even if normal S.
aureus isolates have not been cultivated. Consequently, an “ideal”
anti-SCV treatment regimen should include antibiotics that are
able to penetrate the SCV-containing host cells and to maintain
their bactericidal activity against this slowly growing phenotype.

For a foreign body-related infection where the removal of the
colonized device is associated with serious clinical risks or is even
impossible, continuous suppressive treatment by antibiotics may
be considered not only for infections caused by the normal S.
aureus phenotype but also in the case of SCVs. In a chronic hemo-
dialysis patient with several episodes of bacteremia due to an S.
aureus SCV-infected pacemaker, which could not be removed,
administration of cefuroxime axetil was able to keep the patient
free of bacteremia relapse for at least 2 years (201).

The only agent with antistaphylococcal activity that fulfills these
requirements is rifampin; however, the rapid emergence of high-
level resistance prohibits its application in monotherapy. Thus, if
an isolate tests as susceptible, a combination with rifampin is im-
portant to include an antistaphylococcal agent with proven intra-
cellular activity. In intracellular models, antibiotic combinations
including rifampin were shown to be particularly effective at erad-
icating intracellular SCVs (47, 133). Independent of phenotype, a
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clinical SCV isolate with high-level rifampin resistance due to an
rpoB mutation has been reported (149). Also, other rifampin-re-
sistant SCVs have been observed (39). In a case series of five pa-
tients with hip prosthetic joint infections due to SCVs, adminis-
tration of a fluoroquinolone (levofloxacin)—if the SCVs tested
susceptible—mostly in combination with rifampin, was associ-
ated with successful outcomes (39). In these cases, antimicrobial
therapy was given for an implant-free interval of 6 to 8 weeks
within a 2-stage exchange, without implantation of a spacer. Note
that therapy became successful only after removal of the implant.

In the case of penicillin-resistant MSSA SCVs, the administration
of staphylococcus-active 3-lactam antibiotics, such as isoxazolyl pen-
icillins or cephalosporins of the first and second generations, has been
recommended. For penicillin-susceptible isolates, the use of penicil-
lin should be considered. In case of doubt of penicillin susceptibility,
penicillin therapy can be supplemented with a 3-lactamase inhibitor;
alternatively, a penicillinase-stable penicillin or a first-generation
cephalosporin should be used for therapy.

In several cases, methicillin-resistant SCVs have been isolated
from infection or colonization, sometimes without response to
the given antibiotics, even if they tested susceptible in vitro (89, 92,
187, 188, 202). If an MRSA-SCV infection has to be treated, the
administration of glycopeptides represents a therapeutic option.
However, vancomycin is not bactericidal against SCVs (136).
Moreover, Lenhard et al. (203) showed recently in mixed-popu-
lation experiments that vancomycin favorably selects for the
growth of the SCV subpopulation. Thus, in cases of persistent
severe MRSA infections with proven or possible SCV occurrence,
a glycopeptide combination regimen or alternative MRSA-active
antibiotics should be considered.

PREVENTIVE STRATEGIES

In general, there are no clear preventive strategies available to avoid
the formation of SCVs and chronic infection development. Because
bacterial persistence mechanisms start early during infection, the
most important strategy is to clear an infection in the acute stage,
before bacterial adaptation with the development of SCVs starts to
emerge. Therefore, the strategy to “hit hard and early” is particularly
true for the prevention of SCVs and chronic infections.

To deliver high levels of antibiotics to the infection focus at an
early stage, local antibiotic applications are available. Particularly in
orthopedic surgery, various antibiotic delivery system vehicles, such
as antibiotic-loaded bone cement, bioabsorbable or biodegradable
material, and coating of prosthetic material, are available. Although
the number of clinical studies is small and consensus guidelines are
lacking, local antibiotic administration for prophylaxis of bacterial
infections is used during many surgical procedures. By far the most
frequently used antibiotic compound for local treatment is gentami-
cin (204, 205). Various methods of local applications and studies on
local antibiotic use for surgical site prophylaxis have been summa-
rized in published reviews (206, 207). Based upon available data,
these reviews draw the conclusion that although some methods ap-
pear to be safe, the efficacy of local antibiotic administration (espe-
cially gentamicin) for the prophylaxis of surgical site infections re-
mains uncertain, as subinhibitory concentrations of gentamicin
induce the formation of SCVs. Nevertheless, the rationale behind the
local antibiotic application is to provide high antibiotic doses at the
site of surgery or infection without systemic exposure of the patient.
In this way, bacterial pathogens can be killed efficiently before they
establish an infection. This might even be applicable for persisting
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SCVs that are found to be susceptible to high antibiotic concentra-
tions (143). Yet if the infecting pathogens are not readily reached by
the high antibiotic concentrations, e.g., in bone sequestra or due to
malperfusion of inflamed or necrotic tissue areas, the bacteria are
exposed only to low or subinhibitory concentrations of antibiotics
that might even favor SCV formation. At least for low doses of gen-
tamicin, an SCV-promoting activity has been reported that could
even promote the development of a chronic infection (29, 44). Due to
these inconsistent possible actions, more systematic clinical studies
are required to work out clear consensus guidelines for the local use of
antibiotics.

CONCLUSIONS

In this review, in juxtaposition to the normal staphylococcal pheno-
type, we summarize the various clinical infection types with emer-
gence of SCVs, different mechanisms of SCV formation, and their
characteristics, virulence, and resistance/tolerance mechanisms
against antibiotics. SCVs represent a very heterogeneous bacterial
population found in different staphylococcal species, with different
formation mechanisms and virulence levels. Nevertheless, a general
characteristic of SCVs is the fact that they are often isolated from
chronic and therapy-refractory infections, most likely due to selec-
tion of these phenotypes during antibiotic therapy. During the course
of infection, different mechanisms of formation of SCVs might take
place in a time-dependent manner. Early after infection, the first
SCVs rapidly form via regulatory mechanisms that enable the bacte-
ria to dynamically react to changing environmental conditions. In
this way, the infecting pathogens can hide within host cells and escape
from the immune response and from antimicrobial treatments.
Within their intracellular shelter, the bacteria are most likely well
protected. Later, if the host defense mechanism and antibiotic treat-
ment do not successfully clear the infection focus, chronically infect-
ing bacteria might apply further strategies to form permanent SCVs,
such as defined mutations in the electron transport system or in thy-
midine synthesis, depending on the infection type and on the selective
antibiotic pressure. For successful management of infections sus-
pected or confirmed to include staphylococcal SCVs, the specific re-
quirements of sample collection, laboratory diagnostics, and treat-
ment should be considered.
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