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Eugenol, an essential oil component in plants, has been demonstrated to possess activity against both
Gram-positive and Gram-negative bacteria. This study examined the influence that subinhibitory concentra-
tions of eugenol may have on the expression of the major exotoxins produced by Staphylococcus aureus. The
results from a tumor necrosis factor (TNF) release assay and a hemolysin assay indicated that S. aureus
cultured with graded subinhibitory concentrations of eugenol (16 to 128 png/ml) dose dependently decreased the
TNF-inducing and hemolytic activities of culture supernatants. Western blot analysis showed that eugenol
significantly reduced the production of staphylococcal enterotoxin A (SEA), SEB, and toxic shock syndrome
toxin 1 (the key exotoxins to induce TNF release), as well as the expression of a-hemolysin (the major
hemolysin to cause hemolysis). In addition, this suppression was also evaluated at the transcriptional level via
real-time reverse transcription (RT)-PCR analysis. The transcriptional analysis indicated that 128 pg/ml of
eugenol remarkably repressed the transcription of the S. aureus sea, seb, tst, and hla genes. According to these
results, eugenol has the potential to be rationally applied on food products as a novel food antimicrobial agent

both to inhibit the growth of bacteria and to suppress the production of exotoxins by S. aureus.

Staphylococcus aureus is a major nosocomial pathogen. This
species is capable of causing a wide range of diseases and is
often associated with high morbidity and mortality rates. The
disease spectrum includes food-borne illness, cutaneous infec-
tions, endocarditis, pneumonia, septic arthritis, and osteomy-
elitis (24, 36). The diversity is, in part, dependent on the se-
cretion of a broad spectrum of soluble extracellular proteins.
These proteins include enterotoxins, hemolysins, toxic shock
syndrome toxin 1 (TSST-1), and others (20). S. aureus infec-
tions are difficult to control due to a combination of toxin-
mediated virulence, invasiveness, and antibiotic resistance.
Therefore, there is a continuing need to discover new and
improved antimicrobial agents to treat S. aureus illnesses, with
potential benefits for both the food and pharmaceutical indus-
tries (35).

Enterotoxins, TSST-1, and a-hemolysin are among the ma-
jor exotoxins secreted by S. aureus. Staphylococcal enterotox-
ins (SEs) are a group of major serological heat-stable entero-
toxins (SEA to SEE and SEG to SEJ) (3). These toxins cause
staphylococcal gastroenteritis, food poisoning, toxic shock-like
syndromes, and several allergic and autoimmune diseases (3,
22, 35). TSST-1 is the key causative toxin of toxic shock syn-
drome (TSS), which is an acute-onset and potentially life-
threatening staphylococcal syndrome (23). Furthermore, SEs
and TSST-1 are also known to be pyrogenic toxin superanti-
gens (PTSAgs) that stimulate the proliferation of T lympho-
cytes and the release of T-cell-derived cytokines (12). a-He-
molysin is a 33-kDa pore-forming soluble protein that has
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hemolytic, cytolytic, and dermonecrotic activities. Several types
of human cells are affected by a-hemolysin, including erythro-
cytes, lymphocytes, monocytes, macrophages, and epithelial
cells. Similar to the majority of proteins secreted by S. aureus,
SEs, TSST-1, and a-hemolysin are produced primarily during
the postexponential phase of growth and their expression lev-
els are regulated by a network of interacting regulators. These
include the SarA protein family (30) and many two-component
regulatory systems, such as the agr (31) and sae (15) systems.
The agr two-component system is one of the best-studied reg-
ulatory loci. Expression of agr is activated when bacterial cul-
tures enter the postexponential growth phase in a cell density-
dependent manner (34). Induction of agr expression results in
RNAIII production, which leads to a reduced production of
several surface proteins and facilitates the production of nu-
merous extracellular proteins (29).

Eugenol (4-allyl-2-methoxyphenol) is a major component of
clove oil and used primarily as a flavoring agent in food and
cosmetic products. Studies have shown that eugenol possesses
various biological abilities, including antimicrobial, antioxi-
dant, anti-inflammatory, anticarminative, and antispasmodic
activities (14, 16, 25, 27). It has long been known that certain
antibiotics can influence the expression of staphylococcal exo-
toxins. Therefore, the goal of this study was to assess the
impact of subinhibitory eugenol concentrations on the produc-
tion of TSST-1, the major enterotoxins, i.e., SEA and SEB, and
alpha-hemolysin by methicillin-sensitive S. aureus (MSSA) and
methicillin-resistant S. aureus (MRSA).

MATERIALS AND METHODS

Bacterial strains and reagents. MSSA strain ATCC 29213 was obtained from
the American Type Culture Collection (ATCC). In total, 25 S. aureus isolates (8
MSSA and 17 MRSA) were acquired from clinical samples at the First Hospital
of Jilin University in Changchun, China. Among these, clinical MRSA strains
2985 and 3701, which have the ability to produce TSST-1, a-hemolysin, SEA, and
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SEB, were chosen for further experimentation. Mueller-Hinton broth (MHB)
was purchased from BD Biosciences, Inc. (Sparks, MD), and eugenol was pur-
chased from Sigma-Aldrich (St. Louis, MO). Stock solutions were prepared in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich).

MIC determination. MICs of eugenol for S. aureus were assessed in triplicate
using the microdilution method, as recommended by the Clinical and Laboratory
Standards Institute (11). MICs were defined as the lowest drug concentrations
that inhibited growth.

Growth curves. Bacteria were cultured at 37°C to an optical density at 600 nm
(ODgqp) of 0.3 in MHB, and 100-ml volumes of the respective cultures were
aliquoted into six 250-ml Erlenmeyer flasks. Five of the cultures were supple-
mented with eugenol (dissolved in DMSO) at concentrations of 1/16 X MIC (16
pg/ml), 1/8X MIC (32 pg/ml), 1/4X MIC (64 wg/ml), 1/2X MIC (128 pg/ml), and
1X MIC (256 pg/ml). The final DMSO concentration for all cultures was 1%
(vol/vol). The control culture contained only 1% DMSO. Following the addition
of eugenol (or DMSO), bacteria were grown at 37°C with constant shaking under
aerobic conditions. Cell growth was monitored by measuring the ODg, at
30-min intervals. Bacterial cultures with various concentrations of eugenol were
grown to an ODy, of 2.5, and serial 10-fold dilutions of the samples were spread
onto drug-free Mueller-Hinton agar plates. The number of colonies was deter-
mined after an incubation period of 24 h at 37°C.

TNF release assay. The tumor necrosis factor (TNF) release assay was per-
formed according to a slightly modified method described previously by Ber-
nardo et al. (5). Overnight cultures of MSSA ATCC 29213, MRSA 2985, and
MRSA 3701 that were grown in RPMI 1640 (Invitrogen, CA) were diluted
30-fold into 500 ml of prewarmed RPMI 1640. Following incubation at 37°C for
30 min with aeration, cultures were divided into 100-ml aliquots. Increasing
concentrations of eugenol (1/16X, 1/8X, 1/4X, and 1/2X MIC) were added to the
bacterial suspensions. Following the addition of eugenol, cultures were further
incubated for 4 h. The final DMSO concentration for all cultures was 1%
(vol/vol). The eugenol-free culture was treated with 1% DMSO alone. S. aureus
supernatants without eugenol treatment served as control samples. All superna-
tants collected were filtered via a 0.2-pm filter and immediately analyzed as
described below.

Animal experiments were conducted in accordance with the experimental
practices and standards approved by the Jilin University Animal Welfare and
Research Ethics Committee. Specific-pathogen-free BALB/c mice (male, 6 to 8
weeks old, weighing 18 to 22 g) were supplied by the Jilin University Experi-
mental Animal Center (Changchun, China). Mice were euthanized by cervical
dislocation. Single-spleen-cell suspensions were prepared in RPMI 1640 and
washed and resuspended in complete RPMI 1640 (RPMI 1640 supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 IU/ml penicillin, 100 IU/ml
streptomycin, 15 mM HEPES, and 50 pM 2-mercaptoethanol). A total of 10°
(150 i) cells were seeded into 96-well tissue culture plates. These wells were
then supplemented with 50 pl of S. aureus culture supernatants. After incubation
for 16 h, the supernatants were collected and centrifuged (1,000 X g for 5 min).
The TNF levels from the supernatants were analyzed using the mouse TNF-a
ELISA Max set standard (Biolegend, Inc., San Diego, CA), in accordance with
the manufacturer’s instructions.

Hemolysin assay. Bacteria were cultured in MHB at 37°C with graded subin-
hibitory concentrations of eugenol until the postexponential growth phase was
reached (ODgy, = 2.5, equivalent to 1.0 X 10° CFU/ml). Hemolytic activities of
bacterial culture supernatants were assessed according to the method of Rowe
and Welch (33). Bacterial cultures were centrifuged (5,500 X g, 4°C, 1 min), the
supernatant was collected, and the residual cells were removed using a 0.2-pm
filter. Prior to the addition of 25 wl of defibrinated rabbit blood, a 0.1-ml volume
of culture supernatant was brought up to a volume of 1 ml through the addition
of phosphate-buffered saline (PBS) buffer. After incubation for 15 min at 37°C,
the unlysed blood cells were pelleted by centrifugation (5,500 X g, room tem-
perature, 1 min). The hemolytic activity of the supernatant was detected by
measuring the optical density at 543 nm. The control culture supernatant served
as the 100% hemolysis control, and the percent hemolysis was calculated by
comparison with the control culture.

Western blot analysis. S. aureus strains were cultured in a method similar to
that described above, which allowed the supernatant samples to be collected in
the same manner as that used for the hemolysin assay. A 25-pl volume of culture
supernatant was loaded onto a 12% sodium dodecyl sulfate-polyacrylamide gel
after boiling in Laemmli sample buffer (21). The Western blot protocol was
performed as described by Qiu et al. (32) and in the product guide for Amersham
ECL Western blotting detection reagents (GE Healthcare, Buckinghamshire,
United Kingdom). Antibodies to SEA, SEB, and a-hemolysin were purchased
from Sigma-Aldrich and diluted to 1:10,000, 1:5,000 and 1:8,000, respectively;
then, a horseradish peroxidase-conjugated anti-rabbit antiserum (Sigma-Al-
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TABLE 1. Primers used for real-time RT-PCR

Location

within

Primer Sequence gene
(nucleotide

positions)
16S rRNA-fw 5'-GCTGCCCTTTGTATTGTC-3’ 287-305
16S rRNA-1v  5'-AGATGTTGGGTTAAGTCCC-3’ 446-465

tst-fw 5'-ACCCCTGTTCCCTTATCATC-3' 73-93
tst-1v 5'-AAAAGCGTCAGACCCACTAC-3’ 159-180
sea-fw 5'-ATGGTGCTTATTATGGTTATC-3’ 335-356
sea-rv 5'-CGTTTCCAAAGGTACTGTATT-3’ 477-498
seb-tw 5'-TGTTCGGGTATTTGAAGATGG-3"  480-501
seb-rv 5'-CGTTTCATAAGGCGAGTTGTT-3' 612-633
hla -fw 5'-TTGGTGCAAATGTTTC-3' 485-501
hla-rv 5'-TCACTTTCCAGCCTACT-3’ 569-586
agrA-fw 5'-TGATAATCCTTATGAGGTGCTT-3" 111-133
agrA-rv 5'-CACTGTGACTCGTAACGAAAA-3"  253-274

drich) diluted to 1:4,000 was used as the secondary antibody. The antibody to
TSST-1 (Santa Cruz Biotechnology, Santa Cruz, CA) was diluted to 1:200 ac-
cording to the manufacturer’s recommendations, and then a horseradish perox-
idase-conjugated anti-mouse antiserum (Sigma-Aldrich) diluted to 1:5,000 was
used as the secondary antibody.

Real-time RT-PCR. Strain ATCC 29213 was grown to the postexponential
growth phase (r = 240 min) in MHB at 37°C either without eugenol or with 128
pg/ml of eugenol. RNA was prepared as described by Qiu et al. (32). Briefly, cells
were harvested by centrifugation (5,000 X g for 5 min at 4°C) and resuspended
into TES buffer (10 mM Tris-Cl, 1 mM EDTA, 0.5% SDS) containing 100 p.g/ml
of lysostaphin (Sigma-Aldrich). Following incubation at 37°C for 10 min, a
Qiagen RNeasy Maxi column was used to isolate total bacterial RNA, which was
in accordance with the manufacturer’s instructions. The contaminating DNA was
removed using the optional on-column RNase-free DNase I step (Qiagen,
Hilden, Germany). RNA concentrations were detected from the OD g, and the
RNA was loaded onto an RNase-free 2% agarose gel to test for generalized
degradation. The primer pairs used in real-time reverse transcription (RT)-PCR
are listed in Table 1. RNA was reverse transcribed into cDNA using the Takara
RNA PCR kit (AMV) version 3.0 (Takara, Kyoto, Japan), according to the
manufacturer’s protocol. The resulting cDNA was stored at —20°C until it was
required. The PCRs were carried out in a 25-pl volume and contained SYBR
Premix Ex Taq (Takara), as recommended by the manufacturer. The reactions
were performed using the model 7000 sequence detection system (Applied Bio-
systems, Courtaboeuf, France). Cycling conditions were as follows: 95°C for 30 s;
40 cycles at 95°C for 5 s, 55°C for 30 s, and 72°C for 40 s; and one dissociation
step of 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s. All samples were analyzed
in triplicate, and the 16S rRNA housekeeping gene served as an internal control
to normalize the expressional levels between samples. The relative expression
levels were analyzed by the AACT method that is described in the Applied
Biosystems user bulletin no. 2 (1).

Statistical analysis. SPSS 12.0 statistical software was applied to analyze the
experimental data. The data are presented as the mean values * standard
deviations (SD). An independent Student’s ¢ test was used to determine statis-
tical differences, and a P value of <0.05 was considered to be statistically signif-
icant.

RESULTS

Influence of eugenol on S. aureus growth. The eugenol MIC
for each of the 26 S. aureus strains examined was assessed. The
values obtained ranged from 128 to 512 pg/ml. The MIC values
of eugenol against S. aureus ATCC 29213, MRSA 2985, and
MRSA 3701 were 256 wg/ml. These data indicate that the
eugenol structure could be used as a basic structure for the
development of novel and more potent drugs to treat S. aureus
infections.

To examine the effect of subinhibitory eugenol concentra-
tions on the production of bacterial virulence factors, we ini-
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FIG. 1. Growth curves for S. aureus ATCC 29213 cultured in MHB
with various concentrations of eugenol. Symbols: [], eugenol-free S.
aureus; @, S. aureus supplemented with 16 wg/ml eugenol; *, S. aureus
supplemented with 32 pg/ml eugenol; A, S. aureus supplemented with
64 pg/ml eugenol; O, S. aureus supplemented with 128 pg/ml eugenol;
+, S. aureus supplemented with 256 pg/ml eugenol (1 X MIC). These
curves represent the results of one of three reproducible experiments.

tially investigated the influence of graded sublethal concentra-
tions of eugenol on the growth of S. aureus. To do this, a
growth curve assay was performed. As shown in Fig. 1, eugenol
concentrations from 1/16X MIC to 1/2X MIC had no signifi-
cant effects on the growth of S. aureus. However, when cul-
tured with 1X MIC of eugenol, the growth rate was signifi-
cantly decreased: after 30, 210, and 420 min of eugenol
treatment, the ODy,, values of S. aureus ATCC 29213 cultured
in MHB were 58.1%, 49.2%, and 55.6%, respectively, those of
cultures receiving no treatment or lower concentrations of
eugenol. Although the growth kinetics can vary greatly be-
tween strains, the growth of MRSA 2985 and MRSA 3701
were affected by these concentrations of eugenol in a similar
manner. In other words, MRSA 2985 and MRSA 3701 supple-
mented with 1/16X, 1/8X, 1/4X, and 1/2X MIC of eugenol had
no significant influence on growth (data not shown).

In addition, we further investigated the relationship between
the OD values and number of CFU. The results obtained
indicate that the levels of bacteria in the control culture and
the eugenol-treated (1/16X, 1/8X, 1/4X, and 1/2X MIC) cul-
tures were approximately 1.0 X 10° CFU/ml when grown to an
ODy, value of 2.5.

Eugenol represses TNF-inducing and hemolytic activities of
S. aureus culture supernatants. It is well known that secreted
proteins in S. aureus have the ability to stimulate T lympho-
cytes to release proinflammatory cytokines (e.g., TNF-o),
while hemolysins produced by S. aureus cause hemolysis of
rabbit erythrocytes. Therefore, TNF release and hemolysin
assays were carried out to investigate the influence of eugenol
on the TNF-inducing and hemolytic activities of S. aureus cul-
ture supernatants.

As shown in Fig. 2, the culture supernatants of S. aureus
grown in the presence of graded subinhibitory concentrations
of eugenol elicited much lower levels of spleen cell TNF-a
production. A 1X MIC of eugenol dissolved in RPMI 1640
alone did not directly induce or reduce TNF release at (data
not shown). Of importance, eugenol diminished the TNF-in-
ducing activity of S. aureus supernatants in a dose-dependent
manner.
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FIG. 2. Release of TNF-a from splenocytes that were stimulated
with RPMI 1640-grown S. aureus culture supernatants in the presence
of graded subinhibitory eugenol concentrations. Values are averages
for three independent experiments. The error bars represent *1 stan-
dard deviation. #, P < 0.05; #*, P < 0.01.

When S. aureus strains ATCC 29213, MRSA 2985, and
MRSA 3701 were treated with 1/16X MIC of eugenol, the
hemolysis of culture supernatants from those strains were
41.8%, 51.5%, and 60.4% of their control cultures, respec-
tively. Remarkably, no hemolytic activities were detected when
these strains were cultured with eugenol at concentrations of
1/4X MIC or 1/2X MIC (Table 2). This dose-dependent he-
molysis reduction was observed in all of the investigated
strains. Furthermore, treatment with eugenol at 1X MIC or
2X MIC did not directly cause or inhibit hemolysis of rabbit
erythrocytes. Additionally, there was little influence on the
hemolytic activity of culture supernatants when preincubated
with a 2X MIC of eugenol (data not shown).

Eugenol represses TSST-1, SEA, SEB, and a-hemolysin lev-
els in S. aureus culture supernatants. Among S. aureus se-
creted proteins, TSST-1 and enterotoxins are the most impor-
tant exoproteins that could act as superantigens, stimulating
release of T-cell-derived cytokines by spleen cells. Addition-
ally, a-hemolysin is the major hemolysin that is responsible for
the hemolytic activity of S. aureus culture supernatants. To
determine whether the reduced TNF-inducing and hemolytic
activities of S. aureus culture supernatants in the presence of
various subinhibitory concentrations of eugenol were due to
the diminished production of TSST-1, SEA, SEB (i.e., the
major enterotoxins of S. aureus), and a-hemolysin, the culture
supernatants were subjected to Western blot analysis. S. aureus

TABLE 2. Hemolytic activities of S. aureus culture supernatants
treated with graded subinhibitory concentrations of eugenol

% hemolysis of rabbit erythrocytes by culture supernatant
with eugenol at*:

Strain
0 1/16x MIC 1/8%x MIC 1/4x MIC  1/2x MIC
(16 pg/ml) (32 pg/ml) (64 pg/ml) (128 pg/ml)
ATCC 29213 100 41.8 = 5.8* No No No
MRSA 2985 100 51.5 =4.9* 10.5 = 4.2%* No No
MRSA 3701 100 60.4 +=6.3 253 = 3.8%* No No

“The drug-free culture supernatants served as the 100% hemolysis control.
No, no observed hemolytic activity. Values are the means =+ standard errors of
results of three independent experiments. *, P <0.05; #*, P <0.01, compared to
the results for the corresponding control.
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FIG. 3. Western blot analysis of TSST-1, SEA, SEB, and a-hemolysin produced by S. aureus ATCC 29213 (a), MRSA 2985 (b), and MRSA

3701 (c) grown with increasing concentrations of eugenol.

ATCC 29213, MRSA 2985, and MRSA 3701 were grown with
graded subinhibitory concentrations of eugenol to the postex-
ponential growth phase (an ODg, value of 2.5). As shown in
Fig. 3, treatment with eugenol resulted in a dose-dependent
decrease in the production of TSST-1, SEA, SEB, and a-he-
molysin.

Eugenol represses the transcription of S. aureus tst, sea, seb,
hla, and agrA. As eugenol remarkably decreased the produc-
tion of S. aureus TSST-1, SEA, SEB, and a-hemolysin, we
therefore hypothesized that eugenol could affect the transcrip-
tion of st, sea, seb, and hla. Therefore, real-time RT-PCR was
performed to detect the relative expression levels of fst, sea,
seb, and hla. Additionally, the production of TSST-1, SEB, and
a-hemolysin are positively regulated by the agr two-component
system (30); therefore, the transcription level of agr4 was also
evaluated. As expected, the transcription levels of these genes
were significantly decreased in strain ATCC 29213 upon treat-
ment with eugenol (Table 3). When cultured with a 1/2X MIC
of eugenol, the transcriptional levels of tst, sea, seb, hla, and
agrA were decreased by 10.4-, 6.3-, 12.8, 15.6, and 5.5-fold,
respectively.

DISCUSSION

Similar to that of other Gram-positive bacteria, the patho-
genicity of S. aureus is, to a great extent, dependent upon the
secretion of numerous extracellular virulence factors. Conse-
quently, the clinical performance of antibiotics for the treat-
ment of S. aureus is determined not only by their respective
bactericidal or bacteriostatic activities but also by their effects
on the release of virulence factors (5). In addition, an alterna-
tive strategy for the treatment of S. aureus infections, one that
is now gaining great interest, is targeting bacterial virulence.
This alternative strategy provides promising opportunities to
abate pathogenicity and its consequences without placing an
immediate life-or-death pressure on the target bacterium (8).

Previous studies have shown that the use of many antibiotics
at suboptimal concentrations, which have little or no influence
on cell growth, could substantially affect the expression of
bacterial exotoxins. This mode of suppression has been re-
ported to include the production of proteins such as a- and
v-hemolysin, enterotoxins A and B, coagulase, and TSST-1 (5,
13, 17, 20). These antibiotics are recommended for the treat-
ment of severe staphylococcal illnesses associated with the

secretion of these toxins. In the present study, we have shown
via transcriptional, expressional, and phenotypic analyses that
subinhibitory concentrations of eugenol dose-dependently de-
crease the production of a-hemolysin, TSST-1, SEA, and SEB
in both MSSA and MRSA. These data suggest that the struc-
ture of eugenol could be used as a fundamental structure for
the development of antimicrobial agents aimed at the bacterial
virulence factors.

In the food industry, essential oils (EOs) extracted from
plants have been used primarily for flavoring and fragrance (4).
It has long been known that EOs have antimicrobial activities,
and recent studies have demonstrated that these properties are
attributable to the presence of numerous substituted aromatic
molecules. These molecules include eugenol, cinnamaldehyde,
and carvacrol (18, 19, 26). Currently, there is a trend in food
processing to avoid the application of chemical preservatives
such as NaCl and nitrates. Thus, the use of bioactive com-
pounds derived from EOs as alternative antimicrobial agents is
garnering great interest (14, 37). Eugenol, the major phenolic
compound and antimicrobial component of clove oil, has been
registered by the European Commission for use as a flavoring
ingredient in foodstuffs and is considered to pose no risk to
consumer health (7). Eugenol has been reported to inhibit the
growth of Escherichia coli, Listeria monocytogenes, and S. au-
reus (4, 6). In addition to antibacterial activities, eugenol also
possesses antifungal and antiviral activities (2, 9). Because of
its antimicrobial properties, eugenol has the potential to be
used as a food antimicrobial agent.

Staphylococcal gastroenteritis and food poisoning do not
result from the ingestion of S. aureus itself but rather from
enterotoxins that are preformed within the food (22, 35). More

TABLE 3. Relative expression levels of tst, sea, seb, hla, and agrA
in S. aureus ATCC 29213 after culture with eugenol
at 1/2x MIC (128 pg/ml)

Gene Product Fold change + SD¢
tst Toxic shock syndrome toxin 1 -104 =25
sea Enterotoxin A —63=*15
seb Enterotoxin B -128 1.8
hla a-Hemolysin -15.6 =22
agrA Accessory gene regulator A —55=*038

“ A minus sign indicates a reduction, and the SDs were calculated based on
three independent experiments.
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importantly, SEs are heat-stable enterotoxins that can resist
high temperature without losing their biological activity (3).
Therefore, apart from the inhibition of the growth of vegeta-
tive bacterial cells, food microbiologists are also interested
in the inhibition of toxin expression (7). The findings in our
study that eugenol could substantially inhibit the production of
enterotoxins when used at sublethal concentrations without an
effect on bacterial growth may increase the likelihood for eu-
genol to be used as a novel natural food preservative.

Indeed, many genes encoding virulence factors are coordi-
nately regulated in response to a variety of intracellular and
extracellular signals. It has been shown that subinhibitory con-
centrations of antibiotics may interfere with the translation of
one or more regulatory gene products in S. aureus, which in
turn affects transcription of exoprotein-encoding genes. For
instance, the effect of subinhibitory concentrations of licochal-
cone A on a-hemolysin production may partially depend on
the inhibition of the agr two-component system (32). Further-
more, subinhibitory concentrations of clindamycin differen-
tially repress the transcription of S. aureus exoprotein genes
and act partially through sar (17). Therefore, it is tempting to
speculate that eugenol-induced inhibition of global regulators
might lead to a decrease in the secretion of virulence-related
exoproteins. To address this hypothesis, real-time RT-PCR
was carried out to evaluate the effect of eugenol on the S.
aureus agr locus. Our results indicate that agr4 transcription
was significantly reduced when S. aureus was cultured with a
1/2X MIC of eugenol to the postexponential growth phase.
Nevertheless, the mechanisms by which S. aureus regulates
virulence gene expression are extremely complicated. This reg-
ulation involves an interactive, hierarchical regulatory cascade
among the agr, sar, and other regulatory gene products (10).
Since the expression levels of TSST-1, SEB, and a-hemolysin
are positively controlled by agr (1a, 28), we presume that the
influence of subinhibitory concentrations of eugenol on the
production of these toxins may depend, in part, on eugenol-
induced inhibition of the agr two-component system. The agr
locus has no effect on SEA expression (1a, 28). Therefore, it is
clear that the effect of eugenol on SEA secretion cannot be
mediated through interactions with agr. However, the action of
regulatory genes other than agr on SEA production in S. aureus
remains unclear. Consequently, the regulatory mechanisms in-
volved in the eugenol-induced reduction of SEA remain to be
determined.

ACKNOWLEDGMENTS

This research was supported by the National Key Project of
Scientific and Technical Supporting Programs funded by the Min-
istry of Science & Technology of China (grants 20060BAD31B05 and
2008BAD4B04).

REFERENCES

1. Applied Biosystems. 1997. Relative quantification of gene expression. User
bulletin no. 2. Applied Biosystems, Courtaboeuf, France.

la.Arvidson, S., and K. Tegmark. 2001. Regulation of virulence determinants in
Staphylococcus aureus. Int. J. Food Microbiol. 291:159-170.

2. Astani, A., J. Reichling, and P. Schnitzler. 15 December 2009, posting date.
Screening for antiviral activities of isolated compounds from essential oils.
Evidence-based complement. Alternat. Med. doi:10.1093/ecam/nep187.

3. Balaban, N., and A. Rasooly. 2000. Staphylococcal enterotoxins. Int. J. Food
Microbiol. 61:1-10.

4. Ben Arfa, A, S. Combes, L. Preziosi-Belloy, N. Gontard, and P. Chalier.
2006. Antimicrobial activity of carvacrol related to its chemical structure.
Lett. Appl. Microbiol. 43:149-154.

10.

11.

12.

13.

14.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

APPL. ENVIRON. MICROBIOL.

. Bernardo, K., N. Pakulat, S. Fleer, A. Schnaith, O. Uterméhlen, and O.

Krut. 2004. Subinhibitory concentrations of linezolid reduce Staphylococcus
aureus virulence factor expression. Antimicrob. Agents Chemother. 48:546—
555.

. Blaszyk, M., and R. A. Holley. 1998. Interaction of monolaurin, eugenol and

sodium citrate on growth of common meat spoilage and pathogenic organ-
isms. Int. J. Food Microbiol. 39:175-183.

. Burt, S. 2004. Essential oils: their antibacterial properties and potential

applications in foods—a review. Int. J. Food Microbiol. 94:223-253.

. Cegelski, L., G. R. Marshall, G. R. Eldridge, and S. J. Hultgren. 2008. The

biology and future prospects of antivirulence therapies. Nat. Rev. Microbiol.
6:17-27.

. Chami, N., S. Bennis, F. Chami, A. Aboussekhra, and A. Remmal. 2005.

Study of anticandidal activity of carvacrol and eugenol in vitro and in vivo.
Oral Microbiol. Immunol. 20:106-111.

Chan, P. F., and S. J. Foster. 1998. Role of SarA in virulence determinant
production and environmental signal transduction in Staphylococcus aureus.
J. Bacteriol. 180:6232-6241.

Clinical and Laboratory Standards Institute. 2005. Performance standards
for antimicrobial susceptibility testing; 15th informational supplement.
CLSI/NCCLS document M100-S15. Clinical and Laboratory Standards In-
stitute, Wayne, PA.

Dinges, M. M., P. M. Orwin, and P. M. Schlievert. 2000. Exotoxins of
Staphylococcus aureus. Clin. Microbiol. Rev. 13:16-34.

Edwards-Jones, V., and H. A. Foster. 2002. Effects of silver sulphadiazine on
the production of exoproteins by Staphylococcus aureus. J. Med. Microbiol.
51:50-55.

Gill, A. O., and R. A. Holley. 2004. Mechanisms of bactericidal action of
cinnamaldehyde against Listeria monocytogenes and of eugenol against L.
monocytogenes and Lactobacillus sakei. Appl. Environ. Microbiol. 70:5750-
5755.

. Giraudo, A. T., A. L. Cheung, and R. Nagel. 1997. The sae locus of Staphy-

lococcus aureus controls exoprotein synthesis at the transcriptional level.
Arch. Microbiol. 168:53-58.

Hashimoto, S., K. Uchiyama, M. Maeda, K. Ishitsuka, K. Furumoto, and Y.
Nakamura. 1988. In vivo and in vitro effects of zinc oxide-eugenol (ZOE) on
biosynthesis of cyclo-oxygenase products in rat dental pulp. J. Dent. Res.
67:1092-1096.

Herbert, S., P. Barry, and R. P. Novick. 2001. Subinhibitory clindamycin
differentially inhibits transcription of exoprotein genes in Staphylococcus
aureus. Infect. Immun. 69:2996-3003.

. Jay, J. J., and G. M. Rivers. 2007. Antimicrobial activity of some food

flavoring compounds. J. Food Saf. 6:129-139.

Juven, B. J., J. Kanner, F. Schved, and H. Weisslowicz. 1994. Factors that
interact with the antibiotic action of thyme essential oil and its active con-
stituents. J. Appl. Bacteriol. 76:626-631.

Koszczol, C., K. Bernardo, M. Kronke, and O. Krut. 2006. Subinhibitory
quinupristin/dalfopristin attenuates virulence of Staphylococcus aureus. J.
Antimicrob. Chemother. 58:564-574.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680-685.

Le Loir, Y., F. Baron, and M. Gautier. 2003. Staphylococcus aureus and food
poisoning. Genet. Mol. Res. 31:63-76.

Lin, Y. C,, P. M. Schlievert, M. J. Anderson, C. L. Fair, M. M. Schaefers, R.
Muthyala, and M. L. Peterson. 2009. Glycerol monolaurate and dodecyl-
glycerol effects on Staphylococcus aureus and toxic shock syndrome toxin-1 in
vitro and in vivo. PLoS One 9:¢7499.

Lowy, F. D. 1998. Staphylococcus aureus infections. N. Engl. J. Med. 339:
520-532.

Mohammed, M. J., and F. A. Al-Bayati. 2009. Isolation and identification of
antibacterial compounds from Thymus kotschyanus aerial parts and
Dianthus caryophyllus flower buds. Phytomedicine 16:632-637.

Moleyar, V., and P. Narasimham. 1992. Antibacterial activity of essential oil
components. Int. J. Food Microbiol. 16:337-342.

Nagababu, E., and N. Lakshmaiah. 1997. Inhibition of xanthine oxidase-
xanthine-iron mediated lipid peroxidation by eugenol in liposomes. Mol.
Cell. Biochem. 166:65-71.

Novick, R. P. 2003. Autoinduction and signal transduction in the regulation
of staphylococcal virulence. Mol. Microbiol. 48:1429-1449.

Novick, R. P., H. F. Ross, S. J. Projan, J. Kornblum, B. Kreiswirth, and S.
Moghazeh. 1993. Synthesis of staphylococcal virulence factors is controlled
by a regulatory RNA molecule. EMBO J. 12:3967-3975.

Oscarsson, J., A. Kanth, K. Tegmark-Wisell, and S. Arvidson. 2006. SarA is
a repressor of hla (a-hemolysin) transcription in Staphylococcus aureus: its
apparent role as an activator of hla in the prototype strain NCTC 8325
depends on reduced expression of sarS. J. Bacteriol. 188:8526-8533.

Peng, H. L., R. P. Novick, B. Kreiswirth, J. Kornblum, and P. Schlievert.
1988. Cloning, characterization, and sequencing of an accessory gene regu-
lator (agr) in Staphylococcus aureus. J. Bacteriol. 170:4365-4372.

Qiu, J., Y. Jiang, L. Xia, H. Xiang, H. Feng, S. Pu, N. Huang, L. Yu, and X.
Deng. 2010. Subinhibitory concentrations of licochalcone A decrease alpha-



VoL. 76, 2010

33.

34

35.

toxin production in both methicillin-sensitive and methicillin-resistant Staph-
ylococcus aureus isolates. Lett. Appl. Microbiol. 50:223-229.

Rowe, G. E., and R. A. Welch. 1994. Assays of hemolytic toxins. Methods
Enzymol. 235:657-667.

Sambanthamoorthy, K., M. S. Smeltzer, and M. O. Elasri. 2006. Identifica-
tion and characterization of msa (SA1233), a gene involved in expression of
SarA and several virulence factors in Staphylococcus aureus. Microbiology
152:2559-2572.

Smith-Palmer, A., J. Stewart, and L. Fyfe. 2004. Influence of subinhibitory

EUGENOL REDUCES EXOTOXIN PRODUCTION IN S. AUREUS

36.

37.

5851

concentrations of plant essential oils on the production of enterotoxins A
and B and alpha-toxin by Staphylococcus aureus. J. Med. Microbiol. 53:1023—
1027.

Tseng, C. W., and G. C. Stewart. 2005. Rot repression of enterotoxin B
expression in Staphylococcus aureus. J. Bacteriol. 187:5301-5309.
Tsukiyama, R., H. Katsura, N. Tokuriki, and M. Kobayashi. 2002. Antibac-
terial activity of licochalcone A against spore-forming bacteria. Antimicrob.
Agents Chemother. 46:1226-1230.



