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Abstract

Staphylococcus aureus, the most salt-tolerant food-borne pathogen, produces enterotoxins which may
cause symptoms such as vomiting, diarrhea, nausea, and cramps. Since this bacterium has been able
to grow at extremely high osmolarity, its identity in foods with low water activity values such as
salted or dried foods is of great concern. In this study, the growth of S. aureus at high osmolarity
has been studied and the doubling time of S. aureus grown at TSB medium containing 15% NaCl
has been found to be increased to 4~5 hours. The stimulation of proline uptake after exposure of
cells to high concentration of both extracellular KCl and sucrose was not increased. Stimulation of
proline uptake at these environment only occured when 25mM NaCl was present in transport buffer.
In additional experiments, the time required to reach mid-logarithmic phase in defined medium of

high osmolarity found to be reduced by the presence of glycine betaine, proline, and choline.

Key word | Osmoregulation, Staphylococcus aureus, proline uptake.

The present research has been conducted by the Bisa Research Grant of Keimyung University in

1994.

Introduction

Staphylococcal food poisoning has been asso-
ciated with a variety of foods and is one of the
most common causes of reported food-borne ill-
ness'. Staphylococcus aureus is a facultative anae-
robic, Gram-positive, spherical organism(0.5~ 1.0
um in diameter) and is usually arranged in gra-
pelike irregular cluster. This bacterium grows
between 10 and 45C(optimum : 30~37C) and
at pH values between 4.2 and 9.3(optimum : pH
7.0~7.5)%. It has been reported that S. aureus

is able to grow well in media which has water

activity values below 0.86”. Thus, staphylococcal

poisoning is a particular problem within foods

‘of low water activity values.

S. aureus is ubiquitous and produces a variety
of extracellular enzymes and toxins according
to strains. A common type of food poisoning is
caused by heat-resistant enterotoxins which are
also stable to the action of human gut enzymes.
Many strains of S. aureus produce enterotoxins,
which, if ingested via contaminated foods, may
produce flu-like symptoms including abdominal
pains, vomiting, nausea, cramps and diarrhea®.

Outbreaks of staphylococcal food poisoning are
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associated with processed red meats, poultry pro-
ducts, and cream-filled bakery products®. Al-
though S. qureus has represented distinguished
problems from other food-borne pathogens by
its ability to grow at low water activity, little
1s known about the osmoregulation by this orga-
nism. Recent studies have indicated that the com-
patible solutes such as glycine betaine and proline
are accumulated by transport systems of this or-
ganism at high osmolarity’™. However, the effect
of KCl and sucrose at varied concentrations for
the osmoregulation of this organism has never
been reported. This research was carried out
to gain better understanding of the osmoregula-
tory mechanisms utilized by S. aureus for growth
at high osmolarity such as KCl and sucrose.

7
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MaO.eriaIs and Methods

Bacterial strain and culture conditions

S. aureus ATCC 12600 was obtained from the
American Type Culture Collection. This strain
is a proline auxotroph and requires micromolar
concentrations of proline for growth™. Cells were
maintained on 1.5% agar Trypticase Soy Broth
(TSB, BBL Microbiology Systems, Cockeysville,
Maryland) at 5C. Cells were cultured at 37C
either in 250m¢ TSB medium or in 500m¢ defined
medium(DFM) on a rotary shaker(150 rpm).
The composition of basal defined medium is
shown in Table 1. The vitamin and amino acid
solutions were sterilized by passage through 0.22
um-pore GSWPO47 membrane filters(Millipore
Corporation, Bedford, MA). The glucose and salt
solutions were sterilized by autoclaving at 121C
for 25 minutes. The glucose, amino acids, vita-
mins and salts were obtained from Sigma Chemi-
cal Co.(St. Louis, Mo.). Cultures with or without
15% NaCl were incubated at 37C on a gyratory

shaker, and growth was monitored at 650nm

Fol Ao AR IR GRE
using a spectrophotometer(Spectronic 20, Milton
Roy Co., Rochester, N.Y.). Growth rate has been

expressed as doubling time.

Table 1. Composition of basal defined me-

dium ]
Ingredient __ Amount*
Glucose 2.509
Salts
K,HPO, 3.509
KH.PO, 1.00g
Nas-citrate-2H,0O 0.209
MgSO0, 0.059
(NH,).SO, 0.054
Vitamins
Thiamine 1 mg
Niacin 1.2 mg
Biotin 0.005myg
Ca-pantothenate 0.25 my
Amino acids
L-glutamic acid 100my
L-serine 30my
L-methionine 2my
L-tyrosine 50my
L-alanine 60mg
L-lysine 50mg
L.-threonine 30mg
L-phenylalanine 40mg
L-histidine 20mg
L-tryptophan 10my
L-isoleucine 30mg
L-valine 80mg
L-leucine 90my
L-arginine 50mg
L-cystine 20my
Glycine _ 50mg

a : Final concentration per liter.

Cell were harvested at the mid-logarithmic
phase of growth by centrifugation at 9,000Xg
for 10 minutes at 5C. Cells were washed twice
using 50mé of 50mM potassium phosphate buffer
(pH 7.5), resuspended in 5m¢ of the same buffer
containing 40mM glucose, and maintained on ice
for 5 minutes until used in the transport experi-

ments.
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Transport experiments

Transport experiments were performed by
a filtration method. Cells were preincubated at
37C for 5 minutes in transport buffer(50mM K-
HPO,, pH 7.5, 26mM NaCl, 40mM glucose, and
100uy of chloramphenicol per m¢) at a final con-
centration of approximately 250u9 of total cellular
protein per mf. The chloramphenicol was used
in these experiments to detect the activity of
pre-existing proline transport systems, not resul-
ted from de novo synthesis of the transport sys-
tems. Next, [*H]-proline was added to the cellu-
lar suspension. The specific activity of proline
was 1,000cpm/nmol and the final concentration
of proline was 1mM. Upon the addition of [*H]-
proline, cell suspensions were agitated at 37C
at 150rpm. At various time intervals(30, 60, and
90 seconds), 1-ml aliquots were removed and
assayed for proline uptake by filtration as descri-
bed below.

For the filtration experiments, 1-m¢ aliquots
of cell suspensions were rapidly passed through
a 0.22-um-pore GV filter(Millipore Corporation,
Bedford, MA.). The entire filiration was comple-
ted in 2 to 3 seconds. Filters were then washed
twice with 1-m¢ of unlabeled transport buffer.
Next, filters were transferred to scintillation vials
and allowed to dry overnight. Samples were cou-
nted in 5-mé of scintillation solution with a Beck-

man model LS1701 scintillation spectrometer.

Protein determination

The protein concentration in cell suspension
was determined by a modification of the method
of Lowry et al”. Before the Folin reaction, the
cell suspensions were heated at 90C in 1IN NaOH
for 10 minutes in order to obtain complete solubi-
lization. The bovine serum albumin standard was
treated in the same manner since this treatment

reduces the intensity of color development'”.
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Results and Discussion

An elevation of osmolarity of the microbial
environment generally retards microbial growth
rate and metabolic activity'”. This study shows,
Staphylococcus aureus, the most salt-tolerant food
borne pathogen, was capable of growth in TSB
medium supplemented with 15% NaC). Media(50-
mf in side-armed flasks) were inoculated with
5mé of a culture grown overnight at 37C in TSB
medium. As shown in Figure 1, growth of strain
ATCC 12600 in TSB medium was possible even
when the NaCl concentration was 15%. However,
the doubling time of 15% NaCl grown cells was
much longer(approximately 4 to 5 hours) than
that of cells grown in TSB medium containing
no added NaCl. The Staphylococcus aureus grown
at TSB medium had very short doubling time(ap-

proximately 45 minutes).

20

ool
)

0. D. at 650nm

051

. J
.”..,’1 PO ST S R TP T T S P NP B
0 2 4 6 8 1012 14 1618 20 22 24 26 28 30 32

Timethours)

Fig. 1. Growth curve of Staphylococcus au-
reus grown at TSB medium with or
without 15% NaCl.

O~0O 8. aureus grown at TSB me-
dium with no added 15%
NaCl.

® @ S aureus grown at TSB me-
dium supplemented with 15%
NaCl.
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The studies of staphylococcal osmoregulation
by Measures'”, Koujima et al®, and Anderson
and Witter' revealed that proline was a major
organic solute accumulated by S. aureus at high
osmolarity(10% NaCl). Furthermore, these stu-
dies indicated that proline accumulation by the
cell was carried out by transport and not by syn-
thesis. The data presented in Figure 2 were ob-
tained when high concentrations of KCl other
than NaCl was added to the transport media with
or without 25mM NaCl. Cells were incubated
for 30 sec, 60 sec, and 90 seconds in transport
buffer containing KCl concentration varied bet-
ween 0 to 2.0 M. The stimulation of proline up-
take measured after exposure of cells to high
concentrations of extracellular KCI has not been
increased. Interestingly, upon the addition of 25
mM NaCl to the high KCl concentrations, the
levels of proline uptake were elevated. The maxi-
mum proline uptake occurred after cells were
incubated for 90 seconds in transport buffer con-
taining 1M KCl and 25mM NaCl

The same results were shown when high con-
centrations of sucrose other than NaCl were ad-
ded to the transport buffer to increase the osmo-
larity. Figure 3 shows proline uptake was not
stimulated when cells were incubated in transport
buffer containing sucrose concentations varied
between 0 to 2.0 M. Thus, the stimulation of
proline uptake detected only by the addition of
25mM NaCl. The finding that high concentrations
of both KCI and sucrose did not stimulate the
proline uptake, which has been known as a com-
patible solute for this hacterium. indicates that
the osmoregulation of this extremely osmotole-
rant Gram-positive coccus may not be dependent
on the osmotic strength of medium, but on the
presence of NaCl. This implies the proline trans-
port systems in this bacterium may be Na-depen-
dent as in proline transport in E. coli. The studies
by Stewart et al"’ showed that a 4~5 fold stimu-
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Fig. 2. Proline uptake by S. aureus as a fun-

ction of KCI concentration. Cells were
suspended in transport buffer at a
concentration of 240ug of total cellu-
lar protein per mf. Proline uptake is
expressed as nanomoles per millig-
ram of total cellular protein per each
time. Cells were incubated for 30
sec, 60 sec, and 90 seconds in tran-
sport buffer with or without 25mM
NaCl.
(Symbols © (3 No NaCl, 30 sec, @ No
NaCl, 60 sec, ¥ No NaCl, 90 sec, ¥
25mM NaCl, 30 sec, {7 25mM NaCl,
60 sec, M 25mM NaCl, 90 sec)

lation of proline uptake occurred upon addition
of KCl to E. coli washed and incubated in a so-
dium-containing buffer. When the buffer was rep-
laced with Na -free buffer, the rate of proline
uptake remained very low and was not stimulated
by KCI'". Other studies with halophilic bacteria™
and ruminal bacteria'” also reported that the
amino acid transport into these bacteria was
achieved by a chemical gradient of sodium. The
proline uptake stimulated by sucrose was 2 to
3-fold higher than the proline uptake by KCL

This result seems to be due to the specificity
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of sucrose to the transport system.
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Fig. 3. Proline uptake by S. aureus as a fun-

ction of sucrose concentration. Cells
were suspended in transport buffer
at a concentration of 260ug of total
cellular protein pel mé. Proline uptake
is expressed as nanomoles per milli-
gram of total cellular protein per each
time. Cells were incubated for 30
sec, 60 sec, and 90 seconds in tran-
sport buffer with or without 25mM
NaCl.
(Symbols : & No NaCl, 30 sec, @ No
NaCl, 60 sec, ¥V No NaCl, 90 sec, ¥
25mM NaCl, 30 sec, [[] 25mM NaCl,
60 sec, M 25mM NaCl, 90 sec)

The recent study by Miller et al. showed
that proline and glycine betaine both play impor-
tant roles in the osmoregulation of S. aureus.
This study revealed that both compounds are
accumulated at high concentration(e.g., molar)
within S. aureus when cells were grown at high
osmolarity. Because these compounds were accu-
mulated to high concentrations within cells grown
at high osmolarity, the effects of these compatible
solutes along with choline on the growth rate
of cells cultured in defined medium containing
5% NaCl were examined. As shown in Figure
4, when defined medium containing 5% NaCl
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was supplemented with 5mM proline, 5mM gly-
cine betaine or 5mM choline, the time required
to reach at mid-logarithmic phase was reduced.
The time was substantially shorter when glycine
betaine was added to the growth medium. Also,
reduction of the time by choline shows that the
choline, a precursor of glycine betaine, could be
a new possible compatible solute for this orga-
nism. The pathway for glycine betaine synthesis
via ethanolamine and choline has heen proposed

for spinach and sugar beets™.
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Fig. 4. Growth curve of S. aureus at DFM

medium contalining 5% NaCl. Media
(50m¢ in side-armed flasks) were
inoculated with 5mé of a preculture
grown overnight at 37C in DFM me-
dium. Growth was monitored at 650
nm.
(Symbols : O DFM containing 5%
NaCl and 5uM proline. @ DFM contai-
ning 5% NaCl and 5mM proline. ¥V
DFM containing 5% NaCl, 5uM proline
and 5mM betaine. ¥ DFM containing
5% NaCl, 5uM proline and 5mM cho-
line.)

The dependence of this bacterium on the tra-
nsport of these compatible solutes for its osmore-
gulation implies that these solutes could serve
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as a source of osmoregulator within the natural
environment. Proline and glycine betaine, which
are plant metabolites, could be available in vege-
table foods. Phosphatidylcholine(lecithin) may
serve as an abundant source of choline which
may be released through the action of phospholi-
pase D, an enzyme in plant tissue'. Glycine be-
taine has also been found within animal tissues.
For examples, it is synthesized by kidney cells®'.
Phosphatidyl choline is also abundant in animal
tissue and could also theoretically serve as a
source of glycine betaine within meat products.
Regarding proline, this amino acid may potentia-
lly be released in the free form within protein
rich foods through the action of extracellular pro-
teinases produced by contaminating bacteria®.
Through this understanding, it may be possible
in future studies to develop novel strategies for
the control of this food-borne pathogen within

low water activity foods.
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