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ABSTRACT Staphylococcus aureus infection poses a serious threat to public health,
and antibiotic resistance has complicated the clinical treatment and limited the solu-
tions available to solve this problem. Cold atmospheric plasma (CAP) is a promising
strategy for microorganism inactivation. However, the mechanisms of microbial inac-
tivation or resistance remain unclear. In this study, we treated S. aureus strains with
a self-assembled CAP device and found that CAP can kill S. aureus in an exposure
time-dependent manner. In addition, the liquid environment can influence the sur-
vival rate of S. aureus post-CAP treatment. The S. aureus cells can be completely in-
activated in normal saline and phosphate-buffered saline but not in tryptic soy broth
culture medium. Scanning and transmission electron microscopy revealed that the
CAP-treated S. aureus cells maintained integrated morphological structures, similar to
the wild-type strain. Importantly, the CAP-treated S. aureus cells exhibited a reduced
pigment phenotype. Deletion of the staphyloxanthin biosynthetic genes crtM and
crtN deprived the pigmentation ability of S. aureus Newman. Both the Newman-
ΔcrtM and Newman-ΔcrtN mutants presented high sensitivity to CAP treatment,
whereas Newman-ΔcrtO exhibited a survival rate comparable to wild-type Newman
after CAP treatment. Our data demonstrated that the yellow pigment intermediates
of the staphyloxanthin biosynthetic pathway are responsible for the protection of S.
aureus from CAP inactivation. The key enzymes, such as CrtM and CrtN, of the golden
staphyloxanthin biosynthetic pathway could be important targets for the design of
novel sterilization strategies against S. aureus infections.

IMPORTANCE Staphylococcus aureus is an important pathogen that can be widely
distributed in the community and clinical settings. The emergence of S. aureus with
multiple-antibiotic resistance has complicated staphylococcal infection control. The
development of alternative strategies with powerful bactericidal effects is urgently
needed. Cold atmospheric plasma (CAP) is a promising strategy for microorganism
inactivation. Nevertheless, the underlying mechanisms of microbial inactivation or re-
sistance are not completely illustrated. In this study, we validated the bactericidal ef-
fects of CAP on S. aureus, including antibiotic-resistant strains. We also found that
the golden staphyloxanthin, as well as its yellow pigment intermediates, protected S.
aureus against CAP, and blocking the staphyloxanthin synthesis pathway at the early
steps could strengthen the sensitivity of S. aureus to CAP treatment. These data pro-
vide insights into the germicidal mechanism of CAP from the aspect of bacteria and
suggest new targets against S. aureus infections.
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Staphylococcus aureus infection and the corresponding infectious diseases pose a
serious threat to public health (1–3). The chief strategy used to deal with S. aureus

infections is antibiotic application. Nevertheless, the emergence and prevalence of
drug-resistant S. aureus, such as methicillin-resistant S. aureus (MRSA) and vancomycin-
intermediate S. aureus (VISA), have increased the difficulty of S. aureus infection control
(4, 5). One reasonable solution to cope with this concern is the development of new
drugs, but this developmental process is expensive and time- and labor-consuming.
Furthermore, bacteria can rapidly develop resistance to a certain antibiotic. For in-
stance, penicillin-resistant S. aureus was isolated only 2 years after the clinical introduc-
tion of penicillin in 1942 (6, 7), and MRSA emerged only 1 year after the first usage of
methicillin in 1959 (8). Therefore, the development of alternative strategies as a
complement of antibiotic treatments to conquer clinical infections is urgently needed.

Cold atmospheric plasma (CAP) is a new concept of disinfection that presents
promising results for inactivation of microorganisms (9, 10). CAP, as ionized gas, is
mainly generated by high-energy electrons colliding with atmospheric molecules under
low temperature and consists of various particles, including UV photons, charged
particles, reactive oxygen species (ROS), and reactive nitrogen species (RNS) (11). Given
its rich and diverse components, CAP is considered an ideal tool with promising application
prospects and has been applied in various fields, such as food production (9, 12),
wound therapy (13), and oncotherapy (14). However, the mechanism underlying bac-
terial inactivation or resistance remains unclear because of the complex ingredients in
CAP. Han et al. demonstrated that CAP kills Gram-negative and Gram-positive bacteria
via different mechanisms (15). Escherichia coli strains are mainly killed by cell leakage,
whereas S. aureus is chiefly inactivated by intracellular DNA damage after CAP treat-
ment (15–18). Other studies proposed that the ROS of CAP play pivotal roles in bacterial
inactivation (19–21). However, accurate targets within the bacterial cells have yet to be
reported.

Staphyloxanthin, the golden carotenoid pigment synthesized by S. aureus, is an
important virulence factor owing to its antioxidant property (22, 23). It can react with
and thus deactivate ROS and help bacteria evade host neutrophil-based killing. Liu et
al. reported that S. aureus mutants with disrupted carotenoid biosynthesis are suscep-
tible to oxidant killing (24). Nevertheless, whether the staphyloxanthin biosynthetic
pathway can promote resistance to CAP-derived reactive species remains unclear.
Herein, we present the bactericidal effects of a self-assembled small portable CAP
device on S. aureus. The CAP-treated S. aureus exhibited negligible changes in cell
integrity and internal structure but reduced pigmentation. The biosynthesis genes of
staphyloxanthin are organized in the crtOPQMN operon. Gene deletion increased the
susceptibility of S. aureus Newman-ΔcrtM and Newman-ΔcrtN to CAP treatment,
whereas Newman-ΔcrtO presented comparable sensitivity to the wild-type Newman
upon CAP exposure. These data illustrate that the yellow pigment intermediates of the
staphyloxanthin biosynthetic pathway are sufficient and responsible for the protection
of S. aureus from CAP inactivation. The CrtM and CrtN enzymes could be important
targets for the design of novel sterilization strategies against S. aureus infections.

RESULTS
Survival of S. aureus strains after CAP treatment. To evaluate the antibacterial

efficacy of a self-assembled CAP device, we selected different S. aureus strains, including
Newman, XN108, and ATCC 6538, for CAP treatment. After a preliminary 2-min treat-
ment, the survival of all three S. aureus strains in sterilized normal saline (NS) solution
was significantly reduced compared with that of the untreated strains (Fig. 1A).
However, the survival rate of S. aureus after CAP treatment was strain dependent. The
S. aureus Newman was more sensitive to CAP treatment, followed by XN108 (a VISA
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strain), whereas S. aureus ATCC 6538, a typical Gram-positive strain commonly used for
disinfection evaluation (25), was relatively resistant to the 2-min CAP treatment (see Fig.
S1 in the supplemental material). When the CAP treatment time for ATCC 6538 was
prolonged, the number of surviving cells decreased gradually. The ATCC 6538 cells
were completely killed after 4 min of CAP treatment (Fig. 1B). In addition, the S. aureus
Newman in NS and phosphate-buffered saline (PBS) was effectively killed, whereas the
common S. aureus culture medium tryptic soy broth (TSB) protected S. aureus from CAP
killing (Fig. 1C). However, the underlying mechanism remains unclear and needs further
investigation.

The CAP treatment did not affect the morphological characteristics of S. aureus
but impaired the golden pigment phenotype. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were performed to determine whether
CAP treatment affects the morphology of S. aureus. The SEM observation revealed that
the surface structure of the CAP-treated Newman was similar to that of untreated S.
aureus (Fig. 2A and B). Further TEM observation demonstrated that most CAP-treated

FIG 1 Evaluation of the antibacterial efficacy of CAP treatment. (A) Different S. aureus strains resuspended in NS
were exposed to CAP for 2 min. The surviving cells were counted using the plate dilution method. (B) The S. aureus
strain ATCC 6538 was resuspended in NS and was exposed to CAP for up to 5 min. The surviving cells were counted
using the plate dilution method. (C) The S. aureus strain Newman was diluted in NS, TSB, or PBS, and then the
mixtures were exposed to CAP for 2 min. The surviving cells were counted using the plate dilution method. The
solid symbols in panels A and B represent bacterial samples treated by CAP for different lengths of time. The hollow
symbols in panel C represent CAP-treated or -untreated bacterial samples. All experiments were repeated four or
five times. The numbers of surviving cells are presented as mean � SD. One-way ANOVA was used for testing
multiple groups. ns, no statistical significance; *, P � 0.05; ***, P � 0.001.

FIG 2 The CAP treatment did not influence the morphological phenotypes of S. aureus. The S. aureus
strain Newman was exposed to CAP for 2 min. The untreated Newman strain served as a negative control.
Then, the S. aureus cells were harvested and observed under SEM (A, B) and TEM (C, D). The magnification
is indicated in each panel.
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Newman cells presented normal internal structures, although a few ruptured cells were
found in the CAP-treated samples. The difference in morphological characteristics
between the CAP-treated and untreated S. aureus cells was negligible (Fig. 2C and D).

The CAP treatment significantly weakened the color of the S. aureus Newman
suspension and cell pellets (Fig. 3A and B). The golden carotenoid pigment staphylox-
anthin is the eponymous feature of the human pathogen S. aureus and is recognized
as a potent antioxidant because of its free radical-scavenging properties (24). We then
extracted staphyloxanthin from the CAP-treated Newman with methanol. Spectropho-
tometric results revealed that the optical density at 462 nm (OD462) value of the
CAP-processed Newman-derived solution notably declined compared with that of the
untreated control (Fig. 3C).

Similar results were achieved when S. aureus strain ATCC 6538 was used (Fig. S2).
Taken together, these data indicate that CAP treatment kills S. aureus via a cell
damage-independent pathway, and the golden pigment staphyloxanthin of S. aureus
might be an important target for CAP killing.

Biosynthetic pathway of staphyloxanthin involved in the protection of S.
aureus from CAP treatment. The biosynthesis of golden carotenoid staphyloxanthin in
S. aureus is directly controlled by the crtOPQMN operon, which encodes five enzymes
to gradually complete the whole process (26, 27). The first step in staphyloxanthin
biosynthesis is the head-to-head condensation of two farnesyl diphosphate molecules
to form colorless dehydrosqualene (4,4=-diapophytoene), catalyzed by the synthase
CrtM (Fig. 4A). Then, the desaturase CrtN dehydrogenates dehydrosqualene to form the
deep-yellow pigment intermediate 4,4=-diaponeurosporene. The CrtP enzyme catalyzes
the oxidation of the terminal methyl group of 4,4=-diaponeurosporene to yield 4,4=-
diaponeurosporenic acid. Then, the CrtQ enzyme esterifies glucose at the C-1= position
with the carboxyl group of 4,4=-diaponeurosporenic acid to produce glycosyl-4,4=-
diaponeurosporenoate. Finally, the orange-pigmented acyl compound staphyloxanthin
is formed by esterification of glucose at the C-6= position, catalyzed by the acyltrans-
ferase CrtO (28).

To identify which pigment intermediates are responsible for the resistance of S.
aureus to CAP treatment, we subjected certain enzyme deletion mutants, including
Newman-ΔcrtM, Newman-ΔcrtN, and Newman-ΔcrtO, to CAP-treated evaluation. Phe-
notypically, Newman-ΔcrtM and Newman-ΔcrtN were colorless, while Newman-ΔcrtO
was yellow pigmented compared with wild-type Newman (Fig. 4B). A pigment extrac-
tion assay showed that all three mutants exhibited lower pigmentation than wild-type
Newman (Fig. 4C). Upon exposure to CAP treatment, the colorless Newman-ΔcrtM and
Newman-ΔcrtN were completely killed after 180 s of CAP treatment, whereas the
yellow-pigmented Newman-ΔcrtO presented CAP resistance capability similar to New-
man (Fig. 4D). These data suggest that the yellow pigment intermediates, not only the
golden compound staphyloxanthin, are responsible for the protection of S. aureus from
CAP treatment.

FIG 3 The CAP treatment impaired the pigment phenotype of S. aureus. S. aureus Newman was exposed
to CAP for 2 min. The pigment phenotypes of bacterial cells in NS solution (A) and in pellets (B) were
observed. (C) The staphyloxanthin in pelleted cells was extracted using methanol, and the OD462 value
was determined. Experiments were repeated in triplicate. Statistical significances were calculated using
Student’s t test. ***, P � 0.001.
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DISCUSSION

Staphylococcus aureus possesses a strong adaptive ability to numerous environ-
ments and can quickly develop resistance to routine antibiotics, which makes the
control of S. aureus infection very complicated (29). CAP is a new type of bactericidal
method composed of various active particles, such as UV photons, energetic ions,
charged particles, and reactive species (ROS and RNS), and each component might
contribute to killing bacteria via an independent or synergetic pathway (30–32). The UV
radiation is clearly elucidated to inactivate bacteria by inducing the dimerization of
thymine bases in DNA strands and thus interrupting DNA replication. Nevertheless, the
actual role of UV in CAP is questionable. Kelly-Wintenberg et al. showed that UV is not
a significant contributor to the bacterial lethality because much UV in CAP is blocked
by the packing of samples (33). Other researchers reported that UV alone produced by
the plasma does not have any bactericidal effect (34). The charged particles in CAP,
including positive and negative ions, are supposed to inactivate bacteria either by
directly bombarding the cell wall to cause lesions and openings in the membranes or
by accumulating charged particles on the cell surface to cause electrostatic stress and
change the tensile strength of the cell membrane (16, 35–37). This type of inactivation
more frequently occurs on Gram-negative bacteria because of their vulnerable cell
walls. Gram-positive bacteria, such as S. aureus, possess thick cell walls. Thus, Gram-
positive bacteria are more likely to be inactivated by intracellular damage caused by
reactive species. Studies have confirmed the existence of intracellular ROS and RNS (18,
20), which could result in DNA damage in S. aureus (38, 39).

Although many efforts have been made to uncover the mechanisms underlying CAP
inactivation of bacteria and determine which component in CAP plays a dominant role,
the actual targets in bacteria during CAP treatment are completely unknown and have
rarely been investigated. In the present study, we showed that a self-assembled CAP
device can inactivate different S. aureus strains, including those strains exhibiting
high-level antibiotic resistance (strain XN108, a VISA strain). In addition, we observed
that CAP disinfection was influenced by the liquid environment. The S. aureus cells
could be inactivated in NS solution and PBS solution but not in TSB medium. A

FIG 4 The biosynthetic pathway of staphyloxanthin was responsible for the protection of S. aureus from
CAP treatment. (A) Biochemical pathway for staphyloxanthin biosynthesis in S. aureus. The colors of
staphyloxanthin and its intermediates are indicated by the background colors. (B) Surface pigmentation of
Newman and its derivatives in S. aureus plaques and pellets. (C) Corresponding carotenoid pigments of S.
aureus Newman and its derivatives were extracted and the OD462 values were determined. Experiments
were repeated in triplicate. Statistical significances were calculated using Student’s t test. ***, P � 0.001. (D)
Survival of strain Newman and its derivatives after different times of CAP treatment. The solid symbols with
different colors represent S. aureus Newman and its derivatives. The experiments were repeated five times.
The numbers of surviving cells in one experiment are presented.
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reasonable explanation is that TSB medium (casein soya bean digest broth) contains
abundant proteins/peptides, some of which may have antioxidant capacity. During CAP
treatment, the produced ROS and RNS might be quickly neutralized by certain com-
ponents in TSB broth, resulting in a reduced oxidative killing effect of CAP treatment on
bacterial cells.

In order to illustrate the inactivation of CAP treatment on bacterial cells, the morphol-
ogies and structures of CAP-treated S. aureus cells were observed. The SEM and TEM
revealed limited changes in CAP-treated S. aureus morphology and structure compared
with the wild-type strain, whereas the degradation of DNA increased after CAP expo-
sure (data not shown). Interestingly, we observed that CAP-treated S. aureus cells
exhibited a significantly weakened pigmentation phenotype. The CAP treatment has
been suggested to kill Gram-positive bacteria mainly through ROS and RNS, and the
gold pigment of S. aureus is an important factor that protects bacterial cells from
oxidative sterilization (22–24). Therefore, we supposed that CAP treatment can target
the golden pigment biosynthetic pathway and that the absence of staphyloxanthin or
its synthetic precursors would decrease the survival of S. aureus under CAP exposure.
The biosynthesis of staphyloxanthin in S. aureus is directly controlled by the crtOPQMN
operon, and each gene within this operon gradually contributes to the biosynthesis of
the golden pigment (27, 28). Using S. aureus mutants with deletions of CrtM and CrtN,
which are responsible for the first and second steps of staphyloxanthin biosynthesis, we
found that both Newman-ΔcrtM and Newman-ΔcrtN presented as colorless and be-
came sensitive to CAP treatment. Deletion of crtO, which is in charge of the final step
of staphyloxanthin synthesis, resulted in an attenuated golden pigmentation. However,
Newman-ΔcrtO exhibited comparable sensitivity to wild-type Newman upon CAP
exposure. These data suggest that the golden staphyloxanthin and its corresponding
synthetic intermediates, including the deep-yellow pigments 4,4=-diaponeurosporene,
4,4=-diaponeurosporenic acid, and glycosyl-4,4=-diaponeurosporenoate, play crucial
roles in the protection of S. aureus from CAP treatment. The golden staphyloxanthin
biosynthetic pathway is responsible for S. aureus survival under CAP treatment, and
disruption of pigment biosynthesis enhances the sterilization effects on S. aureus.

In conclusion, the CAP treatment can effectively inactivate Gram-positive S. aureus.
During treatment, the golden pigment acted as a protective factor. Blocking the
staphyloxanthin biosynthesis by deleting the crtM and crtN genes but not the crtO gene
strengthened the sensitivity of S. aureus to the CAP treatment. These data provide
insights into the germicidal mechanism of CAP from the aspect of bacteria and suggest
new targets for the design of novel sterilization strategies against S. aureus infections.

MATERIALS AND METHODS
Bacterial strains. Staphylococcus aureus strains Newman and RN4220, a human clinical isolate and

a standard laboratory strain, respectively, are kept in our laboratory. The S. aureus pigment mutant
strains, Newman-ΔcrtM and Newman-ΔcrtN, were kindly provided by Lefu Lan (Shanghai Institute of
Materia Medica, Chinese Academy of Sciences). The S. aureus XN108 strain is a VISA strain and is kept in
our laboratory. The S. aureus strain ATCC 6538, as an indicator of environment disinfection, was kindly
provided by Jinfeng Tie (Institute of Disease Prevention and Control, Academy of Military Medical
Sciences of the People’s Liberation Army of China). All S. aureus strains were cultured in TSB medium with
shaking at 200 rpm, at 37°C. Escherichia coli DH5� was cultured in Luria-Bertani (LB) medium and used
for recombinant plasmid manipulation. The E. coli-S. aureus shuttle vector pBT2 was a gift from Baolin
Sun (University of Science and Technology of China).

All S. aureus strains in 80% TSB plus 20% glycerol were stored as frozen stocks and kept at – 80°C.
During preparation of the working cultures, S. aureus strains of the stocks were first streaked onto the TSB
agar plates and grown at 37°C overnight. Then, a single colony of each strain was transferred into 3 ml
TSB medium and grown at 37°C with shaking at 200 rpm for 16 h, and the overnight culture was used
in the following experiments. The E. coli DH5� in 80% LB medium plus 20% glycerol was stored at – 80°C,
and the working culture was prepared from the stock as described for S. aureus with LB agar plate or LB
medium.

Construction of the crtO deletion S. aureus mutant. Another pigment mutant strain, Newman-
ΔcrtO, was generated using the allelic replacement strategy as previously described (40). Briefly, PCR was
used to amplify �800 bp upstream of the crtO gene with primers crtO-up-1 (5=-CGCGAATTCGTATACAA
TTGATGCACAAG-3=) and crtO-up-2 (5=-CGCGGTACCGGTTTTCATCTAAATTGAAT-3=), and �800 bp of se-
quence immediately downstream of crtO with primers crtO-down-1 (5=-CGCGGATCCACATATCATCGTTA
TTGGT-3=) and crtO-down-2 (5=-GCGTCGACCACCTAAATGCATCACATATC-3=). The upstream and
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downstream PCR products were then subcloned into the pBT2 plasmid to construct pBT2-crtO with
proper restriction enzymes. The pBT2-crtO plasmid was transformed into S. aureus RN4220 for restriction
modification and then electro-transformed into the Newman strain. After being cultured overnight at
30°C, the plasmid-carried Newman was then cultured at 42°C to induce the integration of the pBT2-crtO
plasmid into the bacterial genome, and the plasmid was then eliminated by culturing strains at 25°C to
achieve crtO gene deletion. The final Newman-ΔcrtO mutant was verified using PCR amplification with
primers within the crtO gene crtO-in-1 (5=-TAGAGACAAAGAGGGCAGAGTTGATTC-3=) and crtO-in-2 (5=-T
GCGTAGTAACTGCGTTAATCTCGG-3=), and primers flanking the crtO gene crtO-out-1 (5=-TCGCTACAGCA
GGACTTGCCACTA-3=) and crtO-out-2 (5=-GATAAATGGTCGGATCATCTGGCAA-3=). The PCR products were
further DNA sequenced.

The CAP device. The CAP device used in this study was specially designed for the test-tube
treatment, which meets the requirement of simplification and flexibility. It was assembled based on the
principle of dielectric barrier discharge (DBD) due to the existence of the nonconducting tube (41) (Fig.
5). This configuration facilitates steady generation of CAP in the test tube and easy plasma treatment in
the laboratory.

The voltage source consists of a direct-current-regulated power supply (Gophert CPS6003), a
zero-voltage switching (ZVS) flyback circuit, and a pulse transformer. It generated a repetitive pulsed high
voltage with a maximum amplitude of 20 kV to break down the air gap between the high-voltage
electrode and the earth electrode, and then plasma was immediately generated inside the test tube. In
order to lower the required high-voltage level, a stainless-steel electrode with a sharp tip was selected
as the high-voltage electrode.

A 20-mm-diameter test tube for holding samples was placed on the CAP device. Since it was
equivalent to a capacitive load in the circuit, several parameters of the tube were carefully chosen as
follows: the volume of liquid samples was kept at 0.5 ml, the gap between the electrode tip and the
liquid surface was approximately 5 mm, and the tube was in good contact with the earth electrode to
minimize possible electrical dispersibility.

During the experiment, the input voltage of the power supply was held at 15 V, and the treatment
time ranged from 0 to 5 min. Plasma generated around the sharp-tip electrode over the sample inside
the test tube could be observed by the naked eye in a dark room. The high-voltage and discharge current
of the CAP device were measured at Tsinghua University but were occasionally monitored during usage
in case a mistake occurred.

The CAP treatment. To detect the bactericidal effect and optimal germicidal condition of the CAP
device, the overnight-cultured S. aureus cells were harvested by centrifugation at 10,000 rpm for 1 min
at 25°C. The pelleted cells were suspended in fresh TSB, sterilized PBS, or sterilized NS. Samples were then
treated using the CAP device for different exposure times (0 to 5 min). The treatment work was
performed in an air-conditioned room with a relative air humidity of 40% � 1% at 6°C. After treatment,
the samples were kept at 25°C for 1 h, and the surviving bacteria were counted via the plate dilution
method. Briefly, the treated samples were 10-fold diluted (approximately to 10�1, 10�2, 10�3, 10�4, 10�5,
and 10�6). Then, 10 �l of each diluted suspension was plated in triplicate on TSB agar plates. After 16 h
of incubation at 37°C, the bacterial colonies on the inoculated plates were counted, and the survival
curves were drawn with GraphPad Prism 5 software.

To test the influence of pigment phenotypes on CAP treatment, the overnight-incubated S. aureus
cells were harvested using centrifugation at 10,000 rpm for 1 min at 25°C, washed once and resuspended
in NS, and then adjusted to 0.5 McFarland density (about 2 � 108 CFU/ml). The cell suspensions were
then treated with CAP for different times (0.5 to 3 min) under the conditions described above. After that,
the cell suspensions were held at 25°C for 1 h, and then the bacterial cells were counted using the plate
dilution method as described above.

Detection of S. aureus carotenoids. Equivalent volumes of S. aureus overnight cultures were
collected, and the cells were harvested using centrifugation at 10,000 rpm for 1 min at 25°C. Then the
pelleted cells were washed twice with sterilized water, resuspended in 200 �l of methanol, and heated
for 3 min at 55°C. After being centrifuged for 1 min, the supernatant was transferred to a 96-well plate,

FIG 5 Schematic of the self-assembled small CAP device.
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and the OD462 value was read using a Bio-Tek microplate reader. All experiments were repeated three
times.

Scanning electron microscopy (SEM). The SEM analysis was performed to observe the cell surface
integrity. In brief, the S. aureus samples treated with CAP for 5 min were dropped onto a clean cover
glass, which was then soaked in 2.5% glutaraldehyde solution overnight to fix the bacterial cells. The
fixed cells were washed twice with NS solution, followed by dehydration in gradient ethanol (30%, 50%,
70%, 90%, and 100%), 5 min for each step, and dehydration again in 100% ethanol for 5 min. Then, the
cells were continuously treated with tert-butanol of different concentrations (30%, 50%, 70%, 90%, and
100%) for replacement of ethanol. After that, samples were air-dried at 4°C for no more than 30 min and
sputter-coated with platinum (Pt) for 100 s prior to visualization. The samples were examined using an
S-3400N II electron microscope (Hitachi, Japan). Bacterial cells without CAP treatment served as a
negative control.

Transmission electron microscopy (TEM). The TEM analysis was performed to detect the influence
of CAP treatment on the internal cell structure. The S. aureus cells treated with CAP for 5 min were
subjected to TEM analysis, and the untreated bacteria served as a control. All samples were prepared as
previously described (42). Briefly, bacterial cells were collected using centrifugation at 10,000 rpm for
1 min and washed once with PBS. The pelleted cells were fixed with 2.5% glutaraldehyde solution
overnight at 4°C and then washed three times with PBS (15 min for each). Next, the cells were further
fixed with 1% OsO4 for 2 h and washed with PBS another three times. After that, the cells were
dehydrated in gradient ethanol (50% � 1, 70% � 1, 90% � 1, and 100% � 2) and washed with absolute
acetone twice (10 min for each). The dehydrated samples were embedded in a resin for 4 h at 25°C,
followed by incubation at 65°C for 48 h to polymerize. Samples were sliced with an EM UC7 ultrami-
crotome device (Leica, Germany), stained with uranyl acetate for 20 min, and then stained with alkaline
lead citrate for 10 min. Finally, the prepared samples were observed under a TECNAI 10 transmission
electron microscope (Philips, The Netherlands).

Statistical analysis. Data analysis was performed using GraphPad Prism 5 software. Unpaired
two-tailed Student’s t test was used to compare samples between two groups, and one-way analysis of
covariance (ANOVA) was used for testing multiple groups. Results are presented as the mean � the
standard deviation (SD), and a P value of �0.05 was considered statistically significant.

SUPPLEMENTAL MATERIAL
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