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Following a pressure treatment of a clonal Staphylococcus aureus culture with 400 MPa for 30 min, piezo-
tolerant variants were isolated. Among 21 randomly selected survivors, 9 were piezotolerant and all formed
small colonies on several agar media. The majority of the isolates showed increased thermotolerance, impaired
growth, and reduced antibiotic resistance compared to the wild type. However, several nonpiezotolerant
isolates also demonstrated impaired growth and the small-colony phenotype. In agglutination tests for the
detection of protein A and fibrinogen, the piezotolerant variants showed weaker agglutination reactions than
the wild type and the other isolates. All variants also showed defective production of the typical S. aureus golden
color, a characteristic which has previously been linked with virulence. They were also less able to invade
intestinal epithelial cells than the wild type. These S. aureus variants showed phenotypic similarities to
previously isolated Listeria monocytogenes piezotolerant mutants that contained mutations in ctsR. Because of
these similarities, possible alterations in the ctsR hypermutable regions of the S. aureus variants were inves-
tigated through amplified fragment length polymorphism analysis. No mutations were identified, and subse-
quently we sequenced the ctsR and hrcA genes of three representative variants, finding no mutations. This work
demonstrates that S. aureus probably possesses a strategy resulting in an abundance of multiple-stress-
resistant variants within clonal populations. This strategy, however, seems to involve genes and regulatory
mechanisms different from those previously reported for L. monocytogenes. We are in the process of identifying
these mechanisms.

Staphylococcus aureus is a gram-positive, facultatively anaer-
obic, cluster-forming, nonmotile coccus that is implicated in
conditions such as toxic shock syndrome and nosocomial in-
fections, of which it is the leading cause (1, 2a, 28, 33). Ap-
proximately 20% of healthy individuals almost always carry
one strain, while a large proportion of the population (�60%)
harbors S. aureus intermittently. A minority of people (�20%)
almost never carry S. aureus (20). This bacterium can easily
infect a host through an open wound and cause a possibly fatal
opportunistic infection. Another problem related to S. aureus
is the production of toxins in foods linked with enterotoxicosis
in humans (21). This disease is usually the result of improper
food-handling techniques. In addition, lately S. aureus has been
found to be able to invade and colonize the intestinal tract,
which may act as a reservoir and may protect the bacterial cells
from antibiotic treatments (13).

Efficient inactivation of the bacterium in foods is usually
achieved by conventional heat inactivation procedures such as
pasteurization. During the last decade, increased consumer
demand for minimally processed products has led to the de-

velopment of new methods of food preservation. High-hydro-
static-pressure (HHP) treatment is one such nonthermal pres-
ervation process, in which pressures between 200 and 700 MPa
are used to inactivate vegetative cells of microorganisms in-
cluding pathogens like S. aureus. However, inactivation of bac-
terial spores requires higher pressures of around 1,000 MPa
(11, 12).

As HHP has been used commercially only in the last decade,
there is still much work to be done in identifying the mecha-
nisms through which microorganisms respond to this stress.
Although tailing in inactivation curves suggests the existence of
piezotolerant strains of several microorganisms, only a few of
them have been isolated. Hauben et al. reported the isolation
of piezotolerant mutants of Escherichia coli after numerous
repeated selective HHP cycles (11), while Fujii et al. reported
the isolation of a piezotolerant strain of Saccharomyces cerevi-
siae (10). Most of the mechanisms involved in piezotolerance
are not pressure specific and seem to play a role in resistance
to other stresses, like heat. For E. coli, it has been demon-
strated that proteins like Lon, ClpX, and DnaK play a role in
piezotolerance (2). Genes corresponding to the above-men-
tioned proteins are also present in gram-positive bacteria like
S. aureus, and they are under the control of regulatory proteins
like HrcA and CtsR. In previous work, Karatzas and Bennik
were able to isolate piezotolerant mutants of Listeria monocy-
togenes and identify the mechanism related to their phenotype.
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These mutants demonstrated reduced virulence, impaired
growth, small colony size, loss of motility, and multiple-stress
resistance compared to the wild type (18). For the majority of
mutants, a hypermutable short sequence repeat region in the
ctsR gene of L. monocytogenes was responsible for their in-
creased piezotolerance (17, 19). Interestingly, this region has
been selected by evolution as part of a strategy for the devel-
opment of an abundance of stress-resistant mutants within a
few hours of growth of a pure culture, which would ensure the
survival of the population under unfavorable conditions (17). It
is possible that this mechanism of strategically located hyper-
mutable regions for the generation of population variability is
widespread among several species of bacteria. It has been
reported that short sequence repeats are overrepresented in
stress genes, resulting in mutants with high stress resistance
(29). Short sequence repeats are known to play a very impor-
tant role in fitness, survival, and pathogenicity in Haemophilus
influenzae and Neisseria meningitidis, as contingency loci are
located in genes encoding evasins, lipopolysaccharide biosyn-
thesis proteins, adhesins, iron acquisition proteins, and restric-
tion modification systems (24, 31, 32).

In this study, we investigated the existence of stress-resistant
subpopulations within a clonal S. aureus culture. With the use
of high-hydrostatic-pressure technology, we were able to iso-
late multiple-stress-resistant variants. These mutants, like the
L. monocytogenes isolates, demonstrated impaired growth,
small colony size, and increased thermotolerance and piezo-
tolerance compared to the wild type. In addition, they demon-
strated a reduced ability to produce the golden color typical of
wild-type S. aureus as well as reduced invasiveness. Small-
colony variants of S. aureus have been implicated previously in
increased antibiotic resistance (27). Interestingly, the variants
we isolated showed reduced antibiotic tolerance compared to
the wild type. As the ctsR gene of S. aureus contains a short
sequence repeat region in the locus corresponding to that in L.
monocytogenes, we looked for possible mutations by using am-
plified fragment length polymorphism (AFLP) technology and
sequencing of the ctsR and hrcA genes of three piezotolerant
variants. However, no mutations were found, revealing that S.
aureus has an alternative strategy for creating an abundance of
piezotolerant and stress-tolerant variants.

MATERIALS AND METHODS

Bacterial strains and culture conditions. A methicillin-susceptible strain of S.
aureus isolated from ham (National Agricultural Research Foundation, Lycovrissi,
Greece) and L. monocytogenes Scott A (Department of Food Science, Wageningen
Agricultural University, The Netherlands) were used in this study. The methi-
cillin-susceptible S. aureus strain was resistant to ampicillin, amoxicillin, penicil-
lin, nalidixic acid, and sulfonamides. Stock cultures were kept at �80°C in 15%
(vol/vol) glycerol or microbank tubes (Pro-Lab Diagnostics, Neston, Wirral,
United Kingdom), transferred into sterile brain heart infusion (BHI) broth
(Oxoid, Hampshire, England) with or without 5% Tween 80 (ICI Surfactants,
Wilmington, DE), and incubated twice at 37°C overnight (0.3% [vol/vol] inocu-
lum). Cultures were grown with shaking (160 rpm), and Tween 80 was added only
to those that would be subjected to HHP or heat treatment to alleviate the
clumping of bacterial cells.

High-hydrostatic-pressure treatment. Cultures were placed in sterile plastic
stomacher bags (Seward, London, United Kingdom) that were sealed while
avoiding an excess of air bubbles. Pouches were submerged in glycol (Resato,
Roden, The Netherlands), which was the fluid medium through which the pres-
sure was transferred, and subjected to 400 MPa for 30 min or 500 MPa for 15 min
in a high-pressure unit (Resato, Roden, The Netherlands) at 20°C. The viability
of S. aureus cells was determined before and after the pressure treatment.

Decimal dilutions of samples in saline solution (Oxoid, Hampshire, England)
were prepared, followed by plating in triplicate onto BHI agar (1% [wt/vol] agar).
Plates were incubated at 37°C for 5 days.

Selection of piezotolerant isolates. The objective was the isolation of piezo-
tolerant mutants appearing within a short period of time among a population of
wild-type S. aureus cells. We first purified the stock culture on BHI agar plates
and inoculated an individual colony into BHI broth. The culture was subcultured
daily at 37°C to stationary phase for 5 successive days by using a 0.3% (vol/vol)
inoculum of stationary-phase culture from the previous day (�1010 CFU ml�1).
The stationary-phase culture from the fifth day was subjected to pressure treat-
ment with 400 MPa for 30 min. Treated cell suspensions were plated and
numbers of CFU were determined as described above. Importantly, the culture
derived from the isolate showed a level of inactivation by pressurization identical
to that of the initial �80°C wild-type stock culture. Following the HHP treat-
ment, 21 surviving isolates were randomly selected and stored at �80°C in 15%
(vol/vol) glycerol.

Agglutination test. An agglutination test was performed using the Staphylo
Monotec kit (Fluka, Buchs, Switzerland) to confirm the identity of the isolates as
S. aureus. The test reagent consists of monodispersed particles coated with
fibrinogen and immunoglobulin G, which bind to the cell-associated coagulase
and cell wall protein A, respectively. The times needed for agglutination for each
isolate and the wild type were recorded.

Thermotolerance of isolates. BHI broth (100 ml) was inoculated (0.1%, vol/
vol) with overnight cultures of the isolates incubated with shaking (160 rpm) at
37°C. Cultures were grown until mid-exponential phase (optical density at 600
nm [OD600], 0.4 to 0.6), and samples were placed in 7-ml plastic tubes (Sterilin,
Staffordshire, United Kingdom) and incubated in a water bath at 58°C for 20
min. Samples were taken before and after treatment, decimal dilutions in saline
solution were prepared using saline tablets (Oxoid, Hampshire, England), and
viability was determined.

Stability of phenotypes. All 21 individual isolates were assessed for the stability
of the phenotypes. Isolates were subcultured for 10 consecutive days using 0.3%
(vol/vol) inocula in fresh BHI medium. On day 10, cultures were inoculated using
a 0.3% (vol/vol) inoculum in 100 ml of BHI broth, incubated at 37°C with shaking
(160 rpm), and tested for their growth characteristics, colony morphologies, and
piezotolerance as described above.

Colony morphology. Stationary-phase cultures of the wild type and all isolates
were grown as described above and passaged on Baird Parker agar, BHI agar,
Columbia blood agar (COLBA), and plate count agar plates (Oxoid, Hampshire,
England). Plates were incubated at 37°C for 24 h, and colonies were examined
for their size, color, and hemolysis characteristics on COLBA plates.

Analysis of growth kinetics. Growth characteristics of all isolates were assessed
at 37°C with shaking (160 rpm) or at 20°C under static conditions. Five micro-
liters from the culture of each survivor was inoculated into 200 �l of fresh BHI.
Samples were placed onto a Sero-Well microtiter plate (Sterilin, Staffordshire,
United Kingdom), and bacterial growth was assessed by measuring the OD600s of
the samples with a Bio-Rad model 680 microplate reader (Bio-Rad, Hercules,
CA). Growth curves were constructed in triplicate. Doubling times were calcu-
lated based on values obtained from the exponential phase of growth.

Antibiotic disk diffusion test. The antibiotic disk diffusion test was conducted
according to the recommendations of the British Society for Antimicrobial Che-
motherapy (3). Antibiotic disks were provided by Oxoid (Hampshire, England).

Determination of MICs. The MICs of a range of antibiotics and disinfectants
were determined using the broth doubling dilution method according to the
recommendations of the British Society for Antimicrobial Chemotherapy (4).
Kanamycin, gentamicin, and nalidixic acid were purchased from Sigma-Aldrich
(Poole, United Kingdom), while all disinfectants were obtained from Antec
International Ltd. (Sudbury, Suffolk, United Kingdom), except for triclosan,
which was obtained from Ciba Geigy (United Kingdom). Virkon-S is a blend of
an inorganic peroxygen compound, inorganic salts, organic acid, anionic deter-
gent, fragrance, and dye. Farm Fluid-S is a blend of tar acids, organic acids, and
surfactants, and Antec quaternary active sterilizer (AQAS) contains quaternary
ammonium biocide, nonionic surfactant, and excipients.

Gentamicin protection assay. The gentamicin protection assay was performed
for the wild-type strain and all isolates as described previously by Elsinghorst (9).
In brief, Caco-2 human colon adenocarcinoma cells (European Collection of
Cell Cultures number 86010202) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 2 mM glutamine, 1% nonessential amino
acids, and 10% fetal bovine serum. Penicillin or streptomycin (Invitrogen) was
used at a concentration of 100 U ml�1 in DMEM until 3 days before cells were
used for infection studies. The culture medium was changed every 2 to 3 days.
Just before experiments, Caco-2 cells were washed three times with sterile
phosphate-buffered saline (PBS), and subsequently, 2 ml of antibiotic-free
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DMEM was added to each well. The OD600s of stationary-phase cultures of the
S. aureus isolates and the wild type were measured, and all cultures were adjusted
to similar OD600s. We previously confirmed that there was a good correlation
between OD600 measurements and cell numbers for all strains, as assessed by
comparing CFU and OD values. Fifty microliters of the adjusted bacterial sus-
pensions was added to the wells, resulting in �106 CFU per well and yielding an
estimated ratio of bacteria to cells (multiplicity of infection) of �2.5:1. Cells were
incubated for 1 h at 37°C and subsequently washed twice with PBS and sus-
pended in PBS containing 100 �g ml�1 gentamicin. After 2 h at 37°C, cells from
cultures exposed to gentamicin were rinsed twice with sterile PBS and lysed with
2 ml of 1% Triton X-100 (vol/vol) in PBS. Following a brief incubation for 5 min
at 37°C, cell lysates were serially diluted and plated onto COLBA to quantify the
number of intracellular bacteria. As several isolates demonstrated different sus-
ceptibilities to gentamicin, we also performed the assay with each one of the
isolates by suspending the corresponding bacterial cells in fresh DMEM without
Caco-2 cells.

Detection of mutations in the short sequence repeat region of ctsR by AFLP
analysis. In this study, we present a simple method for the detection of L.
monocytogenes piezotolerant mutants containing mutations in the short sequence
repeat region of the ctsR gene. We also applied this method to investigate
whether the S. aureus piezotolerant variants contained similar mutations in the
hypermutable regions of their ctsR genes.

Primers LmctsrglyF and LmctsrglyR (Table 1) were used for the PCR ampli-
fication of the ctsR short sequence repeat region of L. monocytogenes, resulting
in 56- and 53-bp fragments from the wild type and the AK01 strain, respectively.
The technique would also detect all previously described mutations in the short
sequence repeat region (17). Chromosomal DNA was isolated by the method
described by Pospiech and Neumann (26) and used as a template in PCRs. PCR
products were loaded on a 5% agarose gel (Oxoid, Hampshire, England) con-
taining 500 �g ml�1 ethidium bromide (Sigma-Aldrich, Poole, United Kingdom),
followed by electrophoresis at 105 mV.

This technique was employed to detect similar mutations in the ctsR short
sequence repeat region of S. aureus. Primers used in this case were SactsrglyF
and SactsrglyR (Table 1), designed to produce a 53-bp fragment from the
wild-type strain. Primers were designed to result in PCR fragments with lengths
similar to those of the successfully tested L. monocytogenes fragments, as longer
fragments may compromise results. All primers were provided by MWG Biotech
AG, Ebersberg, Germany. All gel images were analyzed with Quantity One
software (Bio-Rad, Hemel Hempstead, United Kingdom).

Sequencing of ctsR and hrcA genes. We previously demonstrated that a single
codon deletion in a repeat region of ctsR resulted in increased piezotolerance,
tolerance to other stresses, and a loss of motility in L. monocytogenes (19). In this
study, we investigated the involvement of mutations in ctsR in piezotolerance by
analyzing the sequence of ctsR and the region upstream of ctsR (�100 bp) in
three representative, stable, piezotolerant S. aureus mutants, namely, isolates 1,
8, and 21. PCR amplification of the ctsR gene was performed using standard
methods (30). Chromosomal DNA from all stable piezotolerant isolates was
isolated by the method described by Pospiech and Neumann (26) and used as a
template in PCRs. To serve as controls, DNA was isolated from the wild-type
strain. Primers ctsrF and ctsrR were used for PCR amplification and DNA
sequence analysis of the ctsR gene, while hrcaF and hrcaR were used for the hrcA
gene. All primers were provided by MWG Biotech AG (Ebersberg, Germany),
and amplification and sequence analysis were performed in duplicate. All primer
sequences are presented in Table 1.

Statistical analysis. The t test for two samples, assuming equal variances, was
used to determine statistical differences between the means of log reductions in
CFU of each isolate and of the wild type. P values of less than 0.05 were
considered to indicate statistical significance.

RESULTS

Piezotolerance of isolates. To distinguish between piezotol-
erant and wild-type isolates, we arbitrarily classified as piezo-
tolerant any isolate that demonstrated a reduction in CFU of
less than 0.5 log compared to the wild type when challenged at
400 MPa for 30 min. Among 21 isolates, 9 mutants, those
numbered 1, 3, 4, 6, 7, 8, 10, 15, and 21, fulfilled that criterion
and were regarded as piezotolerant (Fig. 1A). Three isolates,

FIG. 1. Piezotolerance of isolates obtained from a wild-type culture
of S. aureus after exposure to 400 MPa for 30 min at 20°C. The
piezotolerance of all isolates was assessed following exposure to 400
MPa for 30 min (A), and that of only the piezotolerant variants was
assessed following exposure to 450 MPa for 15 min (B). The level of
piezotolerance is presented as the log difference in reduction in CFU
between each isolate and the wild type (Wt). Positive values denote
higher resistance than that of the wild type, while negative values
denote higher sensitivity. Dark bars represent small-colony variants,
while light bars represent isolates with normal colony morphologies.
Trendlines at 0.5 and �0.5 represent the threshold above or below
which the isolates were determined to be piezotolerant or piezosensi-
tive, respectively. Reductions in numbers of viable CFU were deter-
mined in triplicate for each isolate, and error bars represent the stan-
dard deviations of the log differences between reductions in CFU of
the wild type and the isolates. Asterisks denote significant differences
between the log reductions in CFU of the isolates and the wild type
(P � 0.05).

TABLE 1. Primers used in this study

Primer name Sequence

LmctsrglyF 5�-ATA TCG TTG AAA GTA AAC GT-3�
LmctsrglyR 5�-TTT CAC TTT AAT AAT CCT AAT ATA TAG-3�
SactsrglyF 5�-TAT GAA ATC GAA AGT AAA CG-3�
SactsrglyR 5�-ATT TTA GTG ATT CGG ATG TA-3�
ctsrF 5�-AAA TGG AAG GGC TAA CAT CA-3�
ctsrR 5�-TTG ATG CCA TGT TTC GTA GC-3�
hrcaF 5�-AAT AAC ATT CTC GTC AGA CG-3�
hrcaR 5�-GAC CAA TCT ATT GAA AGT GTC-3�
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11, 14, and 16, were also more tolerant than the wild type, but
differences were less pronounced with these isolates than with
the other strains (Fig. 1A). The survival of all piezotolerant
variants was also tested at 450 MPa for 15 min (Fig. 1B). All
tolerant variants showed increased piezotolerance, with reduc-
tions in CFU ml�1 being 0.8 to 2.8 log lower than that of the
wild type at this higher pressure. Interestingly, the most piezo-
tolerant isolates at the lower pressure were not always the most
tolerant at the higher pressure, as clearly demonstrated in the
cases of isolates 3 and 7. In addition, other isolates, 13 and 20,
were regarded as piezosensitive, demonstrating a reduction in
CFU ml�1 of more than 0.5 log compared to the wild type.
Isolates 2, 5, 18, and 19 were also more sensitive than the wild
type, although differences were not as great as with other
strains. Isolates 9, 12, and 17 showed a level of piezotolerance
identical to that of the wild type.

Agglutination test. All isolates were identified as S. aureus by
an agglutination test. However, all piezotolerant variants, ex-
cept isolate 1, showed weak agglutination reactions that re-
quired at least 4 s longer to give a positive result than that of
the wild type (data not shown). Also, the coagulation was not
very strong, producing small clumps. In addition, isolate 16
required 12 s longer for agglutination than the wild type, al-
though it did not demonstrate a small-colony-variant pheno-
type and was not highly piezotolerant. The weakest agglutina-
tion reactions occurred with isolates 3, 10, 15, and 21, which
required at least 15 s longer than the wild type.

Thermotolerance of isolates. In general, all piezotolerant
variants apart from isolate 7 were also resistant to heat com-
pared to the wild type, although the magnitude of this resis-
tance varied (Fig. 2). Piezotolerant isolates 6 and 10 showed
differences in reduction of only 0.52 and 0.58 log compared to

the wild type, respectively. In addition, isolates 11 and 20,
although not piezotolerant, appeared to be more thermotoler-
ant than the wild type and had 1.68 and 0.68 log less reduction
than the wild type, respectively, at 58°C after 20 min. Isolates
2, 5, 18, and 19 were thermosensitive, having a difference of
more than 1 log from the wild type, with this difference even
reaching 4 logs for isolate 19.

Stability of phenotypes. All variants showed stable pheno-
types following sequential growth in BHI for 10 days. Pheno-
types were assessed by measuring colony size and piezotoler-
ance.

Colony morphology. All piezotolerant variants showed col-
ony sizes decreased by two to threefold on all different solid
growth media used. Isolates 11 and 14 were also small-colony
variants without being piezotolerant (Fig. 1A). All other iso-
lates showed colony morphologies similar to that of the wild
type. When grown on plate count agar, all piezotolerant iso-
lates showed defective production of the typical S. aureus
golden color compared to all other strains. On COLBA, all
piezotolerant isolates formed colonies with very well-defined
shapes and a vivid white color, in contrast to the less well-
defined and more transparent pale white colonies of the other
isolates and the wild type. However, all isolates showed the
same level of hemolysis as the wild type.

Analysis of growth kinetics. At 37°C with shaking, all isolates
grew similarly (data not shown). However, differences were
observed when growth occurred under static conditions at 20°C
(Table 2). All piezotolerant variants with the exception of

FIG. 2. Thermotolerance of isolates expressed as the log difference
in reductions in CFU between each isolate and the wild type (Wt).
Positive values denote higher resistance than that of the wild type,
while negative values denote higher sensitivity. Dark bars represent
small-colony variants, while light bars represent isolates with normal
colony morphologies. Experiments were performed on cells in the
exponential phase which were exposed to 58°C for 30 min. Reductions
in numbers of viable CFU were determined in triplicate for each
isolate, and error bars represent standard deviations of the log differ-
ences between reductions in CFU of the wild type and the isolates.
Asterisks denote significant differences between the log reductions in
CFU of the isolates and the wild type (P � 0.05).

TABLE 2. Doubling times of isolates and OD600s at
stationary phasea

Strain Doubling
time (h)

OD600 at
stationary phase

Piezotolerant strains
1 0.98 1.11
3 1.19 1.33
4 0.75 1.48*
6 1.03 1.33
7 1.12 1.34
8 1.61 0.93
10 1.03 1.46
15 0.99 1.16
21 1.42 0.949

Wild-type-like strains
Wild type 0.77 1.37
2 0.95 1.32
5 0.71 1.24
9 0.86 1.45
11 0.71 1.17
12 1.05 1.33
14 1.05 1.43
16 0.93 1.39
17 0.88 1.44
18 1.10 1.32
19 0.97 1.33

Piezosensitive strains
13 1.07 1.6*
20 0.84 1.35

a Bold numbers represent a difference of more than �0.2 for doubling times
and more than �0.1 for OD600s at stationary phase compared to the values for
the wild type. Asterisks denote values significantly higher than those of the wild
type that exceed the positive thresholds mentioned in the text.
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isolate 4 showed increased doubling times, and several also had
reduced OD600s in stationary phase, denoting impaired growth.
Most nonpiezotolerant isolates showed growth patterns similar to
that of the wild type. A few isolates demonstrated increased
doubling times or reduced OD600s at stationary phase but
never both characteristics together. Piezosensitive variant 13
had a reduced doubling time, and it and isolate 4 were the only
strains that reached significantly higher OD600s at stationary
phase than the wild type.

Antibiotic disk diffusion test. The antibiotic susceptibilities
of several isolates were different from those of the wild type. In
general, the piezotolerant variants were more susceptible than
the wild type to the antibiotics tested (Table 3). Specifically,
isolates 1, 3, 4, 6, 7, 9, 10, 11, 14, 15, and 19 showed interme-
diate resistance to amikacin, isolates 8 and 21 were sensitive
to amikacin, and the remaining isolates were as resistant as
the wild type. Isolates 1, 3, 4, 6, 7, 8, 10, 11, 14, 15, 20, and
21 were sensitive to kanamycin, while the remainder showed
intermediate resistance similar to that of the wild type.
Isolate 5 was resistant to oxacillin, while all other isolates
were sensitive. The isolates sensitive to neomycin were 3, 6,
10, 14, 19, and 21, while the rest of the isolates and the wild
type were resistant. All piezotolerant variants, including 11

and 14, were susceptible to gentamicin, and all other isolates
were resistant (Table 3).

Determination of MICs. We tested whether the differences
found by the disk diffusion test were reflecting differences in
the MICs. Isolates 6, 8, and 21 and the wild type were exam-
ined to determine the MICs of several antibiotics and disin-
fectants for these strains. Indeed, the 4- to 5-mm difference in
the diameters of growth inhibition zones detected by the disk
diffusion method for kanamycin corresponded to a lower MIC
of this drug (12.5 to 25 �g ml�1) than the 50 to 100 �g ml�1 for
the wild type (Table 4). Similarly, the differences between
these isolates and the wild type found with the disk diffusion
method for gentamicin and nalidixic acid reflected differences
in the MICs. No major differences in the MICs of the disin-
fectants AQAS and Virkon-S for the wild type and the three
isolates were detected. However, there were significant differ-
ences in the MICs of Farm Fluid-S and triclosan (Table 4).

Gentamicin protection assay. All piezotolerant variants
demonstrated a reduced ability to invade Caco-2 human colon
adenocarcinoma epithelial cells compared to the wild type and
the rest of the isolates (Fig. 3). The level of invasiveness of the
wild type was significantly higher (between 10- and 3,000-fold)
than that of the piezotolerant variants. In control experiments,

TABLE 3. Diameters of zones of growth inhibition in disk diffusion tests of isolates with several antibioticsa

Isolate
Diam (mm) of zone of growth inhibition on disk with:

Amikacin (30) Kanamycin (30) Oxacillin (1) Neomycin (10) Gentamicin (10)

Wild type 15 (R) 15–16 (I) 16 (R) 13–14 (R) 17 (R)
1 18 (I) 18 21 16 (R) 21
2 15–16 (R) 16 (I) 18 14 (R) 17 (R)
3 18 (I) 20 22–23 17 20
4 18 (I) 20 18 16 (R) 20
5 15 (R) 17 (I) 16 (R) 15 (R) 17 (R)
6 18 (I) 19 19 17–19 21
7 17 (I) 19 18 16 (R) 20
8 20 20–22 24 16 (R) 21
9 16 (I) 17 (I) 22–25 14 (R) 17 (R)
10 18 (I) 19 20 17–18 20
11 17 (I) 16 24 15 (R) 22
12 15 (R) 16 (I) 19 15–16 (R) 17 (R)
13 15 (R) 16 (I) 19 13–15 (R) 17 (R)
14 18 (I) 19 19 17 21
15 16–17 (I) 18 21 16 (R) 20
16 15–16 (R) 16–18 (I) 19 14 (R) 17 (R)
17 15 (R) 16 (I) 18 14 (R) 18 (R)
18 15 (R) 17 (I) 22–26 13–14 (R) 17 (R)
19 16 (I) 17 (I) 23–25 17 17 (R)
20 15 (R) 18–19 18 13 (R) 17 (R)
21 20 20 21 18 21

a R, resistant; I, intermediate. Numbers in parentheses after the names of the antibiotics are concentrations (�g ml�1) on the disk.

TABLE 4. MICs of several antibiotics and disinfectants for the wild type and isolates 6 and 21a

Strain
MIC of:

KAN GENT NAL AQAS FFS VS TRIC

Wild type 50–100 50 400 0.0019–0.0039 0.0156 0.0625 0.05–0.025
6 12.5–25 1.5–3.1 50–100 0.0019–0.001 0.0078–0.0019 0.0625 0.0001–0.0002
8 12.5–25 1.5–3.1 50–100 0.0019–0.001 0.0019–0.001 0.0625 0.0031
21 25 1.5–6.2 50–100 0.001–0.004 0.0156–0.0078 0.0625 0.0031

a MICs of kanamycin (KAN), gentamicin (GENT), nalidixic acid (NAL), and triclosan (TRIC) are presented as micrograms per milliliter, while those of AQAS, Farm
Fluid-S (FFS), and Virkon-S (VS) are presented as percentages.
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none of the strains, including the wild type, were able to survive
the gentamicin assay when no intestinal epithelial cells were
present in the wells. This finding demonstrates that the results
presented were not affected by the different susceptibilities of
the various strains to the antibiotic, and the results thus clearly
represent the invasiveness of each strain.

Detection of mutations in the short sequence repeat region
of ctsR by AFLP analysis. PCR-based AFLP analysis was em-
ployed for the detection of possible mutations in the region of
the ctsR gene coding for the glycine-rich region of CtsR. The
PCR-amplified locus of ctsR was 50 bp in size, and the most
common mutation involves 3-bp deletions. The PCR-based
AFLP technique is able to successfully identify such small
differences in L. monocytogenes and can distinguish between
Scott A (wild type) and strain AK01, which has a 3-bp deletion
(17), as presented in Fig. 4. The above-mentioned observations
were also confirmed following analysis with Quantity One soft-
ware. Using this test, we confirmed that none of the S. aureus
isolates contained a 3-bp deletion in the hypermutable region
of the ctsR gene (Fig. 4).

Sequencing of ctsR and hrcA genes. In S. aureus, as in several
other gram-positive microorganisms, like L. monocytogenes,
ctsR is the first gene of the ctsR-clpC operon. The sequence of
the 461-bp-long ctsR gene was obtained together with �100 bp
upstream and �220 bp downstream. hrcA is the first gene of
the dnaK operon (977 bp), and in addition to the sequence of
this gene we obtained sequences extending �180 bp upstream
and �130 bp downstream. Sequencing of ctsR and hrcA genes
of isolates 1, 8, and 21 revealed no mutations relative to the
wild-type sequences.

DISCUSSION

The existence of piezotolerant variants in pure cultures of S.
aureus was investigated. Following HHP treatment of a sta-
tionary-phase S. aureus culture, a number of piezotolerant
variants were isolated. These variants appeared in the popu-
lation within 5 days of growth on liquid and solid media post-

pressure treatment. Among 21 randomly selected isolates, 9
(42%) were piezotolerant. In general, they demonstrated im-
paired growth at 20°C without shaking, a small-colony pheno-
type, defects in carotenoid production linked with the typical
golden color, possible defects in coagulase and protein A pro-
duction, reduced invasiveness, and increased susceptibility to
several antibiotics compared to the wild type. To our knowl-
edge, this is the first report describing a piezotolerant strain of
S. aureus and the existence of a piezotolerant subfraction in a
pure culture of this organism.

The characterization of piezotolerant food-borne pathogens
has been restricted to a limited number of incidental isolates of
several microorganisms, like E. coli (11), Saccharomyces cer-
evisiae (10), and L. monocytogenes (18). However, in most cases
the isolation of these strains is achieved following many sub-
sequent selective HHP cycles (11) or treatment with mutagenic
substances (16). As we have shown previously with L. mono-
cytogenes, piezotolerant mutants can be abundant within clonal
bacterial populations following a few hours of growth (17). In
this study, piezotolerant variants of S. aureus were isolated by
an HHP treatment of a clonal population of the organism
following 5 days of growth on liquid and solid media.

The differences in piezotolerance levels between the variants
and the wild type were significant, reaching in the case of
isolate 4 even 2.8 log at 450 MPa for 20 min. Most of the
piezotolerant variants isolated in this study were also thermo-
tolerant. Several workers have shown that piezotolerance is
driven not by unique stress resistance mechanisms but by those
involved in resistance to other stresses, like heat (15, 16). In
work done with L. monocytogenes, the upregulation of stress
genes such as those for Clp-ATPases or cold shock proteins
resulted in increased piezotolerance, revealing the similar
mechanisms involved in these processes (19, 35). In addition,
following an HHP treatment with 55 MPa, a total of 55 pro-
teins were upregulated and the majority were stress proteins
(34). In addition, it seems that increased piezotolerance coin-
cides with small-colony morphology and impaired growth (18).
As described previously, piezotolerance is linked to tolerance
to other stresses. Variants of E. coli (25) and Salmonella (our
unpublished results) that are resistant to acid show small-
colony morphologies and impaired growth.

In previous work, Karatzas et al. showed that L. monocyto-

FIG. 3. Results of the gentamicin protection assay for determina-
tion of the invasiveness of the wild-type strain and isolates 1, 3, 4, 6, 7,
8, 9, 10, 13, 15, 20, and 21 in Caco-2 intestinal epithelial cells for 2 h
at 37°C. Dark bars represent small-colony variants, while light bars
represent isolates with normal colony morphologies. Asterisks denote
significant differences between the log CFU ml�1 values of the isolates
and the wild type (P � 0.05).

FIG. 4. Use of AFLP technology for the detection of possible 3-bp
deletions in the hypermutable region of the ctsR gene of S. aureus. The
AFLP technique is able to detect the typical 3-bp deletion contained in
the hypermutable region of ctsR of L. monocytogenes AK01. No dif-
ference between the wild type (WT) and piezotolerant variants was
detected. Results shown are representative of results from at least six
experiments performed.
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genes possesses a hypermutable region in the ctsR gene which,
through mutations, renders CtsR inactive, resulting in the up-
regulation of class III stress genes (clpC and clpP, etc.) and
increased stress resistance in a number of cells within a pop-
ulation (17, 19). As part of a strategy for the development of an
abundance of stress-resistant subpopulations, these mutants
appear within hours in a pure L. monocytogenes culture (17).
Various studies stress the significance of short sequence repeat
regions, but in only a few instances has a role for short se-
quence repeats in specific cellular processes been demon-
strated experimentally (6, 31). The S. aureus piezotolerant
variants in the present study showed similarities to the piezo-
tolerant variants of L. monocytogenes isolated previously,
namely, impaired growth, small colony size, increased thermo-
tolerance, reduced invasiveness, and high abundance within
the population, leading to easy isolation through a single HHP
isolation step. In addition, the ctsR gene of S. aureus contains
four GGT repeats in the hypermutable locus encoding the
glycine-rich region of CtsR, while the corresponding gene in L.
monocytogenes contains only three (Fig. 5). These repeats may
increase the hypermutagenic nature of the region and probably
allow the isolation of a high number of ctsR mutants. By adapt-
ing an AFLP-based method developed for L. monocytogenes,
we proved that the hypermutable regions of all isolates of S.
aureus contained no triplet deletions as observed in the L.
monocytogenes mutants. In addition, we sequenced the ctsR
and hrcA genes of three randomly selected piezotolerant vari-
ants (1, 8, and 21), finding no mutations in these genes. It is
possible that ctsR mutants appear in a population of S. aureus
but may not be as resistant as or are more resistant than the
variants we isolated. This may be the result of a lower impact
of these mutations on the functionality of CtsR as a repressor
or differences between the CtsR regulons of L. monocytogenes
and S. aureus. However, in S. aureus, CtsR possesses a higher
position in the regulatory network of stress proteins than its
counterpart in L. monocytogenes, coregulating with HrcA the
hrcA-dnaK and groESL operons, and a possible mutation
would have a greater impact (7).

In various studies, small-colony variants of S. aureus and
other bacterial species have been found to correlate with in-
creased antibiotic resistance (27). However, in this study the
small-colony variants showed higher susceptibility to several
antibiotics than the wild type. This finding clearly demonstrates
that there are small-colony variants in S. aureus populations
that are not antibiotic resistant and they might be confused
with those described in the other reports. To our knowledge, it
has not been reported before that increased resistance to
stresses like heat and high hydrostatic pressure coincides with
reduced antibiotic resistance. It could be speculated that the
impaired growth of the piezotolerant variants is responsible for
their increased sensitivity to antibiotics. However, antibiotic-
resistant small-colony variants also had impaired growth, with-
out compromising their resistance (27). It is possible that the
overexpression of stress proteins may affect the expression or
the proper function of efflux pumps, resulting in this pheno-
type. Another explanation could be that mutations in the pi-
ezotolerant variants lead to target alteration, resulting in
changes in antibiotic susceptibility. However, this possibility is
unlikely, as changes in susceptibility to two different classes of
antibiotics, namely, aminoglycosides (amikacin, kanamycin,

neomycin, and gentamicin) and �-lactams (oxacillin), which do
not share a common bacterial target, were observed. Challeng-
ing with disinfectants did not reveal major differences in the
MICs for the piezotolerant variants and the wild type, probably
due to the multiplicity of cellular targets. However, in the case
of triclosan, the MICs for the piezotolerant variants were lower
than that for the wild type. This result could be explained by
the possible downregulation of efflux pumps in the piezotoler-
ant variants (23).

Since these variants are more thermotolerant and piezotol-
erant, they may survive better in food and eventually colonize
the intestinal tract. This is one of the first reports to investigate
the ability of S. aureus to invade and colonize intestinal epi-
thelial cells, since only recently has this ability been discovered
(13). In addition, we wanted to assess the invasiveness of these
naturally occurring variants as an indication of their virulence.
However, the piezotolerant variants of S. aureus showed re-
duced invasiveness with Caco-2 epithelial cells compared to
the wild type. A possible mechanism may be the overexpres-
sion of stress proteins, which previously has been implicated in
reduced-virulence properties of the L. monocytogenes piezotol-
erant mutants (19). An interesting finding is that the piezotol-
erant variants of S. aureus showed reduced production of the
typical S. aureus golden color compared to the wild type. This
characteristic has been shown previously to play an important
role in virulence, as an S. aureus mutant with disrupted caro-
tenoid biosynthesis had impaired neutrophil survival and was
less pathogenic in a mouse subcutaneous abscess model than
the wild type (22). In addition, the heterologous expression of
the S. aureus carotenoid in the nonpigmented Streptococcus
pyogenes conferred enhanced neutrophil survival and increased
virulence in animals. The mechanism causing the piezotolerant
phenotype is possibly involved in the downregulation of the
surface structure proteins coagulase and protein A, as sug-
gested by weak agglutination reactions with a specific antibody
detecting these two proteins. Protein A has been shown to play
an important role in virulence by inhibiting phagocytosis (14).
It has been a long-held belief that coagulase plays a role in
virulence by protecting cells from phagocytic and immune de-
fenses through clumping. However, experimental data have
not supported this hypothesis (5).

High-hydrostatic-pressure treatment has been linked with
the isolation of piezotolerant and multiple-stress-resistant mu-
tants, which probably are less virulent according to our findings
(19). However, the property of facilitating the isolation of
these variants does not seem to be related to an inability of the
HHP method to kill bacteria effectively. There are high pres-
sures that can kill all life forms, but technological advances are

FIG. 5. Protein sequences and corresponding DNA sequences of
the glycine-rich regions of the ctsR gene products from L. monocyto-
genes and S. aureus. The S. aureus gene contains four repeats instead of
the three in the L. monocytogenes gene.
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needed to deliver such pressures in a cost-effective manner.
The ability of the HHP method to allow the isolation of stress-
resistant mutants is related to the isostatic nature of the HHP
stress (12). Every cell is challenged with the same pressure, and
each cell’s survival depends on its ability to resist this stress,
giving a survival advantage to piezotolerant cells. With stresses
like heat, where the intensity of the stress is not the same
through the mass of the sample, survival depends also on other
factors, like the position of the cell in the sample and the
emergence of protective clumps. These factors may result in
the increased survival of wild-type cells, making it harder to
isolate thermotolerant mutants. In this study, we were unsuc-
cessful in isolating stress-resistant and thermotolerant mutants
through heat treatment, probably due to the reasons described
above (data not shown).

The discovery and characterization of piezotolerant strains
that appear naturally in populations of microorganisms are
essential for the optimization of combined processing and the
successful application of new techniques, like high pressure in
food systems. Importantly, these strains also demonstrate a
multiple-stress-resistant phenotype, and their existence affects
the application of classical food preservation techniques like
heat treatment. Such insights may explain phenomena like
tailing in inactivation curves and help us resolve these prob-
lems by designing processes that would specifically target these
strains. It is important to understand that when we apply a food
process, the real targets are not the typical wild-type strains but
resistant strains that are often present in populations of the
microorganism, as their existence may be part of a strategy for
survival based on genetic phenomena, as has been described
previously for L. monocytogenes and in this work for S. aureus
(17).

This study demonstrates that similar to L. monocytogenes, S.
aureus possesses a strategy, possibly linked with genetic alter-
ation, that results in the generation of piezotolerant and mul-
tiple-stress-resistant mutants within a short period of time.
These variants demonstrated impaired growth, a small-colony
phenotype, defects in carotenoid production linked with the
typical golden color, reduced invasiveness, possible defects in
coagulase and protein A production, and increased suscepti-
bility to several antibiotics compared to the wild type. How-
ever, although S. aureus contains a region similar to the L.
monocytogenes hypermutable short sequence repeat region in
its ctsR gene, these variants contained no 3-bp deletions and
three randomly selected variants contained no mutations in
their ctsR and hrcA genes. We recently obtained evidence that
the deletion of a region including genes involved in regulatory
processes may be responsible for the phenotypes described in
this work. In addition, we are conducting whole-genome mi-
croarrays to determine the changes in gene expression caused
by this specific mutation. These data will be reported in sub-
sequent publications.
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