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ABSTRACT Staphylococcus aureus is a major human pathogen that secretes several toxins
associated with the pathogenesis of sepsis and pneumonia. Its antibiotic resistance is notori-
ous, and its biofilms play a critical role in antibiotic tolerance. We hypothesized fatty acids
might inhibit S. aureus biofilm formation and the expressions of its virulence factors. Initially,
the antibiofilm activities of 27 fatty acids against a methicillin-sensitive S. aureus strain were
investigated. Of the fatty acids tested, three C18 unsaturated fatty acids, that is, petroselinic,
vaccenic, and oleic acids at 100 mg/mL, inhibited S. aureus biofilm formation by more than
65% without affecting its planktonic cell growth (MICs were all . 400 mg/mL). Notably,
petroselinic acid significantly inhibited biofilm formation of two methicillin-resistant S. aureus
strains and two methicillin-sensitive S. aureus strains. In addition, petroselinic acid signifi-
cantly suppressed the production of three virulence factors, namely, staphyloxanthin, lipase,
and a-hemolysin. Transcriptional analysis showed that petroselinic acid repressed the gene
expressions of quorum sensing regulator agrA, effector of quorum sensing RNAIII, a-he-
molysin hla, nucleases nuc1 and nuc2, and the virulence regulator saeR. Furthermore,
petroselinic acid dose-dependently inhibited S. aureus biofilm formation on abiotic surfaces
and porcine skin. These findings suggest that fatty acids, particularly petroselinic acid, are
potentially useful for controlling biofilm formation by S. aureus.

IMPORTANCE Fatty acids with a long carbon chain have recently attracted attention because
of their antibiofilm activities against microbes. Here, we report the antibiofilm activities of 27
fatty acids against S. aureus. Of the fatty acids tested, three C18 unsaturated fatty acids
(petroselinic, vaccenic, and oleic acids) significantly inhibited biofilm formation by S. aureus.
Furthermore, petroselinic acid inhibited the production of several virulence factors in S. aur-
eus. The study also reveals that the action mechanism of petroselinic acid involves repression
of quorum-sensing-related and virulence regulator genes. These findings show that natural
and nontoxic petroselinic acid has potential use as a treatment for S. aureus infections,
including infections by methicillin-resistant S. aureus strains, and in food processing facilities.
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S taphylococcus aureus infections are common in community and hospital settings, and
the bacterium produces various virulence factors that cause diverse life-threatening infec-

tions in mammalian hosts (1). Furthermore, the development of multidrug-resistant strains,
such as methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. aureus, poses a seri-
ous threat to human health. Moreover, S. aureus biofilms play a central role in antibiotic toler-
ance (2) and the determination of disease severity and postoperative course (3).

S. aureus readily forms biofilms on many biotic and abiotic surfaces, including host cells
and medical implants. Various factors such as environmental cues, quorum sensing, c-di-GMP,
protease, DNase, and hemolysins contribute to biofilm formation by S. aureus (4), and thus the
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identification of antibiofilm and antivirulence agents that are capable of inhibiting the produc-
tion of biofilms and virulence factors without allowing the bacterium to develop drug resist-
ance has been widely studied (5, 6); more importantly, in vivo studies should be linked to in
vitro studies. In this study, we sought to find novel, nontoxic agents that inhibit biofilm forma-
tion and the virulence characteristics of S. aureuswithout killing the bacterium.

The antibacterial activities of high doses of fatty acids have been widely investigated (7, 8),
and several recent studies have reported that a few fatty acids at subinhibitory concentrations
exhibit antibiofilm and antivirulence activities (9). For example, eicosenoic, eicosadienoic, lino-
leic/linolenic, myristoleic, and oleic acids exhibited antibiofilm activity against S. aureus biofilms
(10–14). However, no study has been attempted to analyze the antibiofilm characteristics of
large numbers of fatty acids against S. aureus.

In this study, 27 fatty acids were initially screened for antibiofilm activity against a methicil-
lin-sensitive S. aureus strain (MSSA), and the most potent, petroselinic acid, was further investi-
gated using one other MSSA and two MRSA strains. In addition, scanning electron microscopy
(SEM), confocal laser scanning microscopy (CLSM), quantitative real-time reverse transcription
PCR (qRT-PCR), and staphyloxanthin production, lipase activity, and hemolysis assays were uti-
lized to investigate how petroselinic acid influences biofilm formation by and the virulence of
S. aureus. We also used a porcine skin model to confirm the antibiofilm effects of petroselinic
acid on S. aureus.

RESULTS
Antibiofilm activities of fatty acids against S. aureus. Twenty-seven fatty acids (15 satu-

rated and 12 unsaturated fatty acids) were initially screened at a concentration of 100 mg/
mL to investigate their antibiofilm activities against S. aureus. Several inhibited biofilm for-
mation by S. aureus MSSA 6538 but with widely different efficacies. Detailed information on

TABLE 1 Inhibitory effects of various fatty acids on S. aureus biofilm formation and cell
growtha

No. Fatty acids (100 mg/mL) Biofilm (%) Cell growth (%) MIC (mg/mL)
None 1006 5.6 1006 5.2

1 Butanoic acid (4:0) 1016 5.3 1036 3.8 .400
2 Pentanoic acid (5:0) 1086 5.9 1026 4.9 .400
3 Hexanoic acid (6:0) 1096 5.9 1166 8.9 .400
4 Heptanoic acid (7:0) 1096 8.5 1326 6.2 .400
5 Octanoic acid (8:0) 1156 4.2 1456 10 .400
6 Nonanoic acid (9:0) 1156 8.1 1326 9.1 .400
7 Decanoic acid (10:0) 666 5.9 856 1.7 .400
8 Undecanoic acid (11:0) 456 11 306 2.1 200
9 Lauric acid (12:0) 706 25 846 18 400
10 Myristic acid (14:0) 876 8.1 1146 9.5 .400
11 Myristoleic acid (14:1 v -5) 146 4.4 7.66 4.0 100
12 Palmitic acid (16:0) 706 6.6 1156 13 .400
13 Palmitoleic acid (16:1 v -7) 936 16 906 6.8 400
14 Heptadecanoic acid (17:0) 796 3.9 946 3.7 .400
15 Stearic acid (18:0) 1046 6.8 956 2.7 .400
16 Vaccenic acid (18:1 v -7) 336 4.1 1306 9.5 .400
17 Oleic acid (18:1 v -9, cis) 276 1.6 1476 20 .400
18 Elaidic acid (18:1 v -9, trans) 1036 9.6 976 7.5 .400
19 Petroselinic acid (18:1 v -12) 216 2.5 1256 15 .400
20 Conjugated linoleic acid (18:2 v -6) 416 6.3 876 5.3 .400
21 a-Linolenic acid (18:3 v -3) 1016 3.2 1526 29 .400
22 g-Linolenic acid (18:3 v -6) 776 23 1456 26 .400
23 Arachidonic acid (20:4 v -6) 526 4.6 1346 16 .400
24 Behenic acid (22:0) 926 6.7 1006 2.9 .400
25 Erucic acid (22:1 v -9) 806 8.3 1446 5.6 .400
26 Tricosanoic acid (23:0) 726 7.4 1246 9.3 .400
27 Nervonic acid (24:1 v -9) 536 9.5 966 3.6 .400
aBiofilm formation and planktonic cell growth by S. aureusMSSA 6538 were measured in 96-well polystyrene
plates without agitation in the presence of each fatty acid at 100mg/mL after incubation for 24 h. MICs of each
fatty acid was measured in 96-well plates after incubation for 24 h at 37°C.
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biofilm inhibition by the fatty acids and their MICs is provided in Table 1. Most of the fatty
acids had MICs of .400 mg/mL, though undecanoic and myristoleic acids had MICs of 200
and 100mg/mL, respectively, after incubation for 24 h at 37°C.

Notably, six fatty acids, namely, undecanoic acid (11:0), myristoleic acid (14:1), vaccenic
acid (18:1 v -7), oleic acid (18:1 v -9, cis), petroselinic acid (18:1 v -12), and conjugated lino-
leic acid (18:2 v -6), at a concentration of 100 mg/mL inhibited S. aureus biofilm formation
by.50%, which concurs with reports that linoleic acid (12), oleic acid (10, 15), and myristo-
leic acid (13) inhibit biofilm formation by S. aureus. Interestingly, unlike two fatty acids,
undecanoic acid (11:0) and myristoleic acid (14:1), four C18 fatty acids, vaccenic acid (18:1
v -7), oleic acid (18:1 v -9, cis), petroselinic acid (18:1 v -12), and conjugated linoleic acid
(18:2 v -6), at 100mg/mL did not inhibit planktonic cell growth. Here, we report for the first
time that petroselinic acid (18:1 v -12) potently reduces biofilm formation without adversely
affecting planktonic cell growth.

Antibiofilm activity of petroselinic acid against MSSA and MRSA. Crystal violet biofilm
assays showed petroselinic acid dose-dependently inhibited MSSA 6538 biofilm formation
in polystyrene plates (Fig. 1B), and petroselinic acid at concentrations up to 200 mg/mL did
not inhibit the planktonic cell growth of S. aureus (Fig. 1C). Biofilm inhibition was further ana-
lyzed by CLSM. While S. aureus MSSA 6538 formed dense biofilms (thickness .20 mm and
almost total surface coverage) in nontreated controls, petroselinic acid at 20 mg/mL dramati-
cally reduced biofilm densities and thicknesses (Fig. 1A). Notably, the MIC of petroselinic acid
(.400 mg/mL) was 20 times higher than the concentration required for antibiofilm activity
(20mg/mL). Biofilm reduction by petroselinic acid was confirmed by COMSTAT analysis, which
showed that at 20mg/mL, it remarkably reduced biofilm biomass, average thickness, and sub-
strate coverage by 95, 96, and 90% as compared with untreated controls (Fig. 1D to F).

Biofilm assays were also performed on three other S. aureus strains (MSSA 25923, MRSA
MW2, and MRSA 33591). In the absence of petroselinic acid, MSSA 25923 and MRSA MW2
formed strong biofilms, while MRSA 33591 was less effective (Fig. 2A to C). Interestingly, pet-
roselinic acid dose-dependently inhibited biofilm development by all three S. aureus strains
with MICs of .400 mg/mL, and more specifically, at 20 mg/mL decreased biofilm formation
by all three S. aureus strains by$50%. Bright-field microscopy using 2-D and 3-D LUT mesh
plots showed that petroselinic acid at 10–100mg/mL dose-dependently reduced biofilm for-
mation on the bottom of polystyrene plates (Fig. 2D to F), and SEM confirmed that petrose-
linic acid dose-dependently decreased S. aureus cell densities in biofilms (Fig. 3). However, at
concentrations up to 100 mg/mL, petroselinic acid had minimal effects on cell morphology,
indicating it had no antibacterial activity at these concentrations.

Petroselinic acid suppressed the production of virulence factors. Since S. aureus
produces several virulence factors, such as staphyloxanthin, hemolysins, and lipase, we investi-
gated the effects of petroselinic acid on their production. Petroselinic acid dose-dependently

FIG 1 Antibiofilm activity of petroselinic acid against S. aureus. Biofilm formation by S. aureus MSSA 6538 in the presence of petroselinic
acid (A, CLSM; B, Crystal violet assay). Planktonic cell growth in the presence of petroselinic acid (C) was assessed for 24 h and COMSTAT
analysis was performed based on CLSM results (D–F). Scale bars represent 100 mm.
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reduced staphyloxanthin production without affecting cell morphology and growth (Fig. 4A).
For example, petroselinic acid at 50 mg/mL inhibited staphyloxanthin production by more
than 50%, and dose-dependently inhibited lipase production (e.g., by more than 60% at
50mg/mL) (Fig. 4B) and human red blood cell hemolytic activity (e.g., by more than 90%
at 50mg/mL) (Fig. 4C).

Transcriptional changes induced by petroselinic acid in S. aureus. To understand
the mechanisms underlying the antibiofilm and antivirulence effects of petroselinic
acid against S. aureus, we investigated its effects on the expressions of selected biofilm,
virulence, and regulatory genes in S. aureus MSSA 6538 cells by qRT-PCR. Petroselinic
acid downregulated the expression of quorum sensing regulator agrA, quorum sensing
regulatory RNAIII, a-hemolysin hla, nuclease nuc1 and nuc2, and the virulence regulator
saeR, whereas the other genes tested were relatively unaffected (Fig. 5). Notably, petroselinic
acid downregulated the expressions of agrA and hla by 4.7- and 13-fold, respectively.

Petroselinic acid inhibited S. aureus adhesion to porcine skin. Since S. aureus is
an inhabitant of animal skin, we used SEM to assess the ability of petroselinic acid to
prevent S. aureus adhesion to porcine skin (Fig. 6). Nontreated S. aureus MSSA 6538 control
formed dense biofilm on porcine skin, whereas petroselinic dose-dependently inhibited cell
adhesion and biofilm development. Notably, at a sub-MIC of 100 mg/mL, petroselinic acid
almost prevented cell attachment.

DISCUSSION

Fatty acids are ubiquitously present in nature, and recently, their antibiofilm and

FIG 2 Antibiofilm activity of petroselinic acid against three other S. aureus strains, MSSA 25923 (A), MRSA MW2 (B), and MRSA 33591
(C). Color-coded 3-D images of S. aureus biofilms were generated in the presence of petroselinic acid (D–F).
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antivirulence activities have been considered as possible alternatives to conventional antimi-
crobials (9). Here, we report the biofilm inhibitory abilities of a series of fatty acids against S.
aureus (Table 1). Petroselinic acid, the most active of the fatty acids examined, occurs natu-
rally in several animals and plants such as Apiaceae, Araliaceae, Griselinia, Garryaceae, corian-
der (Coriandrum sativum), parsley (Petroselinum crispum), and carrots (Daucus carota) (16),
and in the present study at low doses significantly inhibited biofilm formation by two MSSA
and two MRSA strains without adversely affecting planktonic cell growth (Fig. 1 and 2).
Furthermore, petroselinic acid suppressed the expressions of the virulence factors staphylox-
anthin, lipase, and a-hemolysin by S. aureus (Fig. 4) and inhibited biofilm formation on nylon
membranes and porcine skin without affecting cell morphology (Fig. 3 and 6). Most remark-
ably, petroselinic acid repressed the gene expressions of quorum sensing-related agrA and
RNAIII, a-hemolysin (hla), and the virulence regulator SaeR (Fig. 5).

Several fatty acids have been previously reported to exhibit antibiofilm activity against
S. aureus at low concentrations. Reported examples include oleic acid (18:1 v -9, cis) at
100 mg/mL (10), linoleic acid (18:2 v -6) at 20 mg/mL (17), cis-11-eicosenoic acid (20:1 v -9)
and cis-11,14-eicosadienoic acid (20:2 v -9) at 10 mg/mL (11), docosahexaenoic acid (DHA;
C22:6, v -3), and eicosapentaenoic acid (EPA; C20:5, v -3) at 20mg/mL (12), and myristoleic
acid (14:1, v -5) at 2 mg/mL inhibited S. aureus biofilm formation (13). In the present study,
three C18 unsaturated fatty acids, namely vaccenic (18:1 v -7), oleic (18:1 v -9, cis), and petrose-
linic (18:1 v -12) acids at 10–100 mg/mL, significantly inhibited S. aureus biofilm formation
(Table 1 and Fig. 1), whereas other C18 fatty acids, such as steric (18:0) and elaidic (18:1 v -9,
trans) acids, failed to do so (Fig. 7A). These results suggest that carbon chain length, number
of unsaturations, and positions and configurations of double bonds influence antibiofilm activ-
ity against S. aureus. Interestingly, previous transcriptomic results showed that docosahexae-
noic and eicosapentaenoic acids inhibited the gene expressions of RNAIII and hla but not
those of agrA, nuc1, and saeR (12), which is comparable to the current qRT-PCR results.

The observed downregulation of the agrA, hla, nuc1, nuc2, RNAIII, and saeR genes by petro-

FIG 3 Inhibition of S. aureus biofilm formation by petroselinic acid on an abiotic surface. SEM images
of S. aureus MSSA 6538 biofilms formed in the presence or absence of petroselinic acid on nylon membranes.
Yellow and green scale bars represent 10 and 1.5 mm, respectively.

FIG 4 Effect of petroselinic acid on the production of staphyloxanthin (A), lipase (B), and hemolysin (C) in S. aureus MSSA 6538.
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selinic acid provide clues of the mechanism involved (Fig. 5). Previous reports indicate biofilm
formation by S. aureus involves quorum sensing, proteases, nucleases, surface proteins, and
other global regulators (4, 18). The S. aureus quorum-sensing system is encoded by the acces-
sory gene regulator (agr) locus, which modulates the expression of virulence factors (19). Also,
the agr system contributes to S. aureus virulence via biofilm development (20, 21). RNAIII is a
regulatory RNA molecule of the agr locus (22), which stimulates the expression of several viru-
lence factors such as d -hemolysin hld, a-hemolysin hla, lipase, and exoprotease (23, 24). The
biosynthesis of staphyloxanthin regulated by agr has been reported to occur in a RNAIII-inde-
pendent manner. (23). Also, the virulence regulator saeR was reported to directly affect hla
transcription (25), which concurs in part with the current result (Fig. 5). Overall, it appears that
petroselinic acid diminished the virulence traits via repressing agrA and RNAIII and also that
hla repression is due to the downregulation of RNAIII and saeR (Fig. 7). Since the protein struc-
tures of AgrA (26) and RNAIII (27) were revealed, it would be interesting to perform molecular
docking studies between these QS regulators and fatty acids to find possible targets.

a-Hemolysin (Hla) plays an important role in S. aureus biofilm formation (28–30), and
positive correlations between biofilm formation and a-hemolysin levels have been reported
in studies on alizarin (31), azithromycin (32), flavonoids (33), norlichexanthone (34), stilbenoids
(35), omega fatty acids (12), and lauric acid and myristic acid (36). Hence, our findings provide
confirmatory evidence that petroselinic acid inhibits S. aureus biofilm formation by repressing
the expression of a-hemolysin (Fig. 4 and 5). In addition, S. aureus lipases were found to pro-
mote biofilm formation (37), which is also in line with our results (Fig. 4).

The agr system contributes to S. aureus biofilm development (20) and biofilm dispersal
(18). However, our results show that petroselinic acid inhibits S. aureus biofilm formation
and represses the agrA and RNAIII system (Fig. 5), and petroselinic acid up to 500 mg/mL

FIG 5 Relative transcriptional profiles of S. aureus cells treated with petroselinic acid at 100 mg/mL
for 6 h. Transcriptional profiles were acquired by qRT-PCR. Fold changes delineate changes in the gene
transcriptions of treated versus non-treated S. aureus MSSA 6538 as determined by qRT-PCR. P , 0.05
versus nontreated cells (None).

FIG 6 Antibiofilm effect of petroselinic acid on porcine skin. SEM images of S. aureus MSSA 6538 biofilms
formed on porcine skin over 24 h. The blank shows the result obtained without bacterial treatment, and
None indicates no treatment with fatty acid. Scale bars represent 10 mm.
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could not disperse established S. aureus ATCC 6538 biofilms (data not shown). In addition, it
has been reported that extracellular DNA promoted S. aureus biofilm formation (4) and that
extracellular nucleases perturb S. aureus biofilm formation (38). Our qRT-PCR results showed
that petroselinic acid repressed the expressions of nuc1 and nuc2 (nuclease genes) in S. aur-
eus (Fig. 5). These results indicate that biofilm inhibition by petroselinic acid is less associated
with the agr dispersal system and nuclease activities.

The antioxidant, anti-inflammatory, and antiaging properties of petroselinic acid
suggest its use in skin cosmetics (39). It was reported that petroselinic acid up to 1,000mg/mL
was not toxic to human peripheral blood mononuclear cells in an MTT assay (40). The results
of the present study indicate that its potential use could be expanded to topical treatments
for S. aureus infections, including MRSA infections, and the surface treatment of foods in proc-
essing facilities.

MATERIALS ANDMETHODS
Ethics statement. For hemolysis assays, blood donors provided written consent before blood collec-

tion. The work was followed the instructions distributed by the Ethical Committee of Yeungnam
University (Gyeongsan, South Korea).

Bacterial strains, media, materials, and the growth analysis. Two methicillin-sensitive S. aureus
strains (MSSA; ATCC 6538, and ATCC 25923) and two methicillin-resistant S. aureus strains (MRSA; MW2, and
ATCC 33591) were used in this work. Experiments on ATCC 6538 and ATCC 25923 strains were performed in
Luria-Bertani (LB) broth, and those on ATCC 33591 and MW2 strains in LB liquid broth containing 0.2% glucose
(all at 37°C). The 20 seven fatty acids, namely, butanoic acid (C4:0), pentanoic acid (C5:0), hexanoic acid (C6:0),
heptanoic acid (C7:0), octanoic acid (C8:0), nonanoic acid (C9:0), decanoic acid (C10:0), undecanoic acid (C11:0),
lauric acid (C12:0), myristic acid (C14:0), myristoleic acid (C14:1 v -5), palmitic acid (C16:0), palmitoleic acid (16:1
v -7), heptadecanoic acid (C17:0), stearic acid (C18:0), vaccenic acid (18:1 v -7), oleic acid (18:1 v -9, cis), elaidic
acid (18:1 v -9, trans), petroselinic acid (18:1 v -12), conjugated linoleic acid (18:2 v -6), a-linolenic acid (18:3
v -3),g-linolenic acid (18:3 v -6), arachidonic acid (20:4 v -6), behenic acid (22:0), erucic acid (22:1 v -9), tricosa-
noic acid (C23:0), and nervonic acid (C24:1 v -9) (Table 1) were purchased from MilliporeSigma (Burlington, MA,
USA), Cayman Chemicals (Ann Arbor, MI, USA), or TCI Co. (Tokyo, Japan).

For free-floating cell growth measurements, optical densities were measured at 600 nm (OD600) using a spec-
trophotometer (Optizen 2120UV, Mecasys, Daejeon, Korea). MICs were determined by incubating cells in LB broth
for 24 h in the presence of each fatty acid. To determine the cell growth for determining MIC, freshly grown

FIG 7 Ball and stick models of fatty acids and a schematic of the suggested mode of action of petroselinic acid in S. aureus.
Chemical structures of six fatty acids (A). Putative mechanism for the effects of petroselinic acid in S. aureus (B).
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colonies on agar plates were inoculated into LB broth and incubated for 16 h at 37°C with 250 rpm. After incuba-
tion, cells were diluted at 1:100 in fresh medium, added into each well of 96-well polystyrene plates (SPL Life
Sciences, Pocheon, Korea), then cultivated for 24 h in the presence of each fatty acid. To determine the cell
growth for determining MIC, optical densities were measured at 620 nm (OD620) using a plate reader, Multiskan
SkyHigh Photometer (Thermo Fisher Scientific, Waltham, MA, USA).

Crystal-violet biofilm assay. The four S. aureus strains were conducted to a static biofilm formation
assay by crystal violet staining on 96-well plates as previously described (41). Briefly, cells were inocu-
lated into fresh LB broth at an initial turbidity of 0.05 at 600 nm (40 6 5 � 106 CFU/mL), and fatty acids
(dissolved in DMSO) were added into each well of 96-well plates at various concentrations and culti-
vated for 24 h without agitation at 37°C. To measure biofilm formation, biofilms and free-floating cells
were discarded and washed three times with water, and biofilm cells were stained with 300 mL of 0.1%
crystal violet (dissolved in water) for 20 min. Crystal violet stained biofilm cells were then extracted by
300 mL of 95% ethanol with vigorous shaking for 90 sec. Absorbances were measured at 570 nm (OD570)
using a Multiskan SkyHigh Photometer (Thermo Fisher Scientific). For biofilm dispersion assays, S. aureus
was cultured in 96-well plates for 8 h without shaking at 37°C, and then petroselinic acid at various con-
centrations (50, 100, 200, and 400 mL/mL) was added and incubated for another 16 h. Biofilm formation
results are presented as the averages of three independent cultures of 12 replicate wells.

Microscopic observation of S. aureus biofilm cells. Biofilm formation by S. aureus ATCC 6538 in 96-
well plates (without agitation) in the presence or absence of petroselinic acid (0, 10, 20, 50, or 100mg/mL) was
investigated by live imaging microscopy using the iRiS Digital Cell Imaging System (Logos Biosystems, Anyang,
Korea) and confocal laser scanning microscopy (CLSM, Nikon Eclipse Ti, Tokyo, Japan). After incubation for bio-
film formation in 96-well plates for 24 h without agitation at 37°C, free-floating cells were disposed by washing
three times with water, and biofilms were analyzed at different magnifications. Biofilm images were generated
as color-coded 2D and 3D images using ImageJ (https://imagej.nih.gov/ij/index.html).

For confocal scanning microscopic (CLSM) analysis, only biofilm cells were stained with carboxyfluorescein
diacetate succinimidyl ester (CFSE; Invitrogen, Molecular Probes Inc., Eugene, OR, USA) for 20 min, which stains
viable cells in biofilms after discarding free-floating cells by washing with water, as previously reported (31).
Stained S. aureus biofilms were visualized by CLSM using an Ar laser (excitation wavelength at 488 nm, and
emission wavelength at 500 to 550 nm) and a 20� objective. Color confocal images were generated using
software of NIS-Elements C version 3.2 total imaging solution (Nikon eclipse). For each sample, at least 12 ran-
dom positions in two independent cultures were observed per experiment, and 20 planar images were ana-
lyzed per position. To quantify and measure biofilm formation, COMSTAT biofilm software (42) was used to
investigate biovolumes (mm3/mm2), mean thicknesses (mm), and substratum coverages (%). Same thresholds
were chosen for all image stacks, and at least 4 positions and 20 planar images were analyzed per sample.

SEM was also conducted to evaluate biofilm inhibition by petroselinic acid, as previously described
(43). Briefly, 10 mL of overnight cultured S. aureus ATCC 6538 cells with or without petroselinic acid (0, 10, 20,
50, or 100 mg/mL) were inoculated into fresh 1 mL of LB (40 6 5 � 106 CFU/mL) in 96-well plates, and then a
piece of sterile nylon filter membrane (0.4 � 0.4 mm square) was placed in each well carefully. Cells were then
incubated without agitation for 24 h at 37°C. Biofilms on membranes were then fixed with a 2.5% glutaralde-
hyde/2% formaldehyde mixture for 24 h, post-fixed with OsO4 solution, and dehydrated using an ethanol se-
ries and 99% isoamyl acetate. After critical-point drying (HCP-2, Hitachi, Tokyo, Japan), biofilm cells on filters
were sputter-coated with platinum and observed under an S-4800 scanning electron microscope (Hitachi,
Tokyo, Japan) at magnifications of 3,000 to 20,000� and an accelerating voltage of 15 kV.

Staphyloxanthin production assay. The bright golden color of staphyloxanthin provides assay by
optical observation (44, 45). Briefly, 20mL of overnight cultured S. aureus ATCC 6538 cells were inoculated into
2 mL of fresh LB medium (40 6 5 � 106 CFU/mL) and incubated for 24 h with petroselinic acid (0, 10, 20, 50,
or 100 mg/mL) at 37°C in 14-mL tubes with shaking at 250 rpm. Cells were then collected by centrifugation at
8,000 � g for 10 min, washed with sterile phosphate-buffered saline (PBS), resuspended in absolute ethanol
(to extract the staphyloxanthin), and incubated at 40°C for 20 min. Cells were discarded by centrifugation at
10,000� g for 10 min, and supernatant absorbances were measured at 450 nm (OD450).

Lipase production assay. To investigate the effect of petroselinic acid on extracellular lipase pro-
duction by S. aureus, 20 mL of overnight cultured S. aureus ATCC 6538 cells were inoculated into 2 mL of LB
(406 5� 106 CFU/mL) and incubated with shaking at under 250 rpm for 20 h at 37°C with or without petrose-
linic acid (0, 10, 20, 50, or 100 mg/mL). Supernatants were then collected by centrifugation at 8,000 � g for
10 min, and 0.1 mL aliquots were mixed with 0.9 mL of substrate buffer (10% [vol/vol] of buffer A having
3 mg/mL of p-nitrophenyl palmitate in isopropyl alcohol and 90% [vol/vol] of buffer B having 1 mg/mL of gum
arabic and 2 mg/mL sodium deoxycholate in Na2PO4 buffer [50 mM, pH 8.0]) and heated at 40°C in the dark
for 30 min. Lipase reactions were then stopped by adding 1 M Na2CO3, and mixtures were centrifuged at
10,000� g for 10 min. Supernatant absorbances were measured at 405 nm (OD405).

Hemolysis assay. The hemolysis of human red blood cells was investigated as described previously
(41). Briefly, 20mL of overnight cultured S. aureusMSSA 6538 cells were diluted in 2 mL of LB broth, incu-
bated with or without petroselinic acid (0, 10, 20, 50, or 100 mg/mL) for 24 h with shaking at 250 rpm.
Separately, human blood was centrifuged at 1,000 � g for 2 min, and cells were washed three times with PBS
and dissolved gently in PBS at 3.3% (vol/vol). S. aureus culture (300 mL) was then added to 1 mL aliquots and
incubated at 250 rpm shaking for 4 h at 37°C. Cells were removed by centrifuging at 16,600 � g for 10 min,
and supernatants were collected and used to measure optical densities at 543 nm.

RNA isolation and qRT-PCR. S. aureus MSSA 6538 cells were inoculated into 15 mL of LB broth at
37°C in 250-mL flat bottom flasks at OD600 of 0.05 and then incubated for 6 h at 250 rpm shaking in the
presence or absence of petroselinic acid (100mg/mL). After incubation, RNase inhibitor (RNAlater, Ambion, TX,
USA) was added before harvesting cells, and cells were immediately chilled in a dry ice bath containing 95%
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ethanol for 30 sec to prevent RNA degradation. To harvest cells, culture was spun down by centrifugation at
16,600 � g for 1 min, and total RNA was then isolated and purified using an RNA isolation/purification kit
(Qiagen RNeasy minikit, Valencia, CA, USA).

qRT-PCR with gene specific primers was used to determine the transcriptional levels of 16 biofilm-
related genes (agrA, arlR, arlS, aur, icaA, hla, nuc1, nuc2, rbf, RNAIII, saeR, sarA, sarZ, seb, sigB, and spa) in
S. aureus MSSA 6538 cells. As the housekeeping control, 16s rRNA was used (Table S1 in the supplemen-
tal material). The qRT-PCR analysis technique was as previously described with some modification (31).
qRT-PCR was assessed using a SYBR Green PCR master mix (Thermo Fisher Scientific, Waltham, MA) and
an ABI StepOne real-time PCR system (Applied Biosystems, Foster City, USA). Gene expression levels
were investigated by two independent experiments, and six reactions per gene were analyzed.

Biofilm inhibition analysis on porcine skin. The assay used was as previously described with some
modification (46). Briefly, fresh quick-frozen porcine skin was obtained from the Korean Federation of
Livestock Cooperatives (Seoul) and stored at 280°C until required. Skin pieces (0.5 � 0.5 cm) were sterilized
before use by sequential immersion in 70% ethanol and 10% bleach solution for 20 min each. Skin pieces were
then washed with sterile water 3 times. S. aureusMSSA 6538 cells in LB were added to the wells of a 12-well plate
containing skin pieces and incubated with or without petroselinic acid (0, 10, 20, 50, or 100 mg/mL) for 24 h at
37°C without agitation. SEM was used to observe biofilm formation on skin pieces, as described above.

Statistical analysis. Data were evaluated by one-way ANOVA followed by Dunnett's test in SPSS ver-
sion 23 (SPSS Inc., Chicago, IL, USA). Results are indicated as averages6 standard deviations, and statisti-
cal significance was acquired for P values, 0.05.
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