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Abstract Thymol (2-isopropyl-5-methylphenol) is a natural
ingredient used as flavor or preservative agent in food prod-
ucts. The antibacterial mechanism of thymol against Gram-
positive, Staphylococcus aureuswas investigated in this work.
A total of 15membrane fatty acids were identified in S. aureus
cells by gas chromatography–mass spectrometry. Exposure to
thymol at low concentrations induced obvious alterations
in membrane fatty acid composition, such as decreasing
the proportion of branched 12-methyltetradecanoic acid and
14-methylhexadecanoic acid (from 22.4 and 17.3% to 7.9 and
10.3%, respectively). Membrane permeability assay and
morphological image showed that thymol at higher concen-
trations disrupted S. aureus cell membrane integrity, which
may decrease cell viability. Moreover, the interaction of
thymol with genomic DNA was also investigated using
multi-spectroscopic techniques, docking and atomic force
microscopy. The results indicated that thymol bound to the
minor groove of DNA with binding constant (Ka) value of

(1.22 ± 0.14) × 104 M−1, and this binding interaction induced
a mild destabilization in the DNA secondary structure, and
made DNA molecules to be aggregated.

Keywords Thymol . Staphylococcus aureus . Gas
chromatography–mass spectrometry .Membrane integrity .

Atomic force microscopy

Introduction

Foodborne diseases caused by microorganisms are affecting
people’s health [1–3]. Nearly 30% of people in industrialized
countries suffer from diarrhea, dysentery, and food poisoning,
which were directly caused by food pathogens including
Listeria monocytogenes, Staphylococcus aureus, and
Escherichia coli [4]. The utilization of chemical preservatives
is a traditional method to control undesirable food-related mi-
croorganisms. However, these preservatives may trigger toxic
hazards, leading to serious health problems [5]. Thus, explo-
ration of Bgreen^ or natural means to eliminate pathogenic and
spoilage microorganisms in food is necessary and important.

Essential oils, the constituents extracted from plants or
spices, have recently gained extensive popularity and scientif-
ic interests [6]. They have various bioactivities including an-
tiviral, antiparasitic, antioxidant, and anticancer activities [7,
8]. Additionally, these substances have a strong antimicrobial
activity against human pathogenic microorganisms and been
widely utilized as flavoring and preservation in food industry
[9, 10]. Thymol (2-isopropyl-5-methylphenol) is a phenolic
monoterpene and presents as a major compound in thyme
essential oils [11]. Moreover, it was categorized as Bgenerally
recognized as safe^ (GRAS) by US Food and Drug
Administration [5]. Previous reports showed that thymol has
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broad antimicrobial properties [7, 12], and its antimicrobial
mechanismmay relate to disruption of structural and function-
al properties of the cytoplasmic membrane [13, 14].
Specifically, thymol has the capacity to disturb the lipid bilay-
er of the cell membrane that may cause an increase in mem-
brane permeability [15, 16]. Besides exerting the antimicrobi-
al action by affecting the cytoplasmic membrane of suscepti-
ble bacteria, recent reports indicated this natural antimicrobial
agent probably had intracellular targets [17, 18]. However, to
our knowledge, studies of the underlying antibacterial mech-
anisms of thymol are still limited. Therefore, further studies
are needed for the better understanding of the antibacterial
behaviors of thymol, so that application of thymol to the con-
trol of foodborne pathogens and spoilage microorganisms
may be advanced further.

In this work, the antimicrobial effects of thymol, including
the changes in cell membrane fatty acid composition,
permeability, and destruction of the S. aureus ATCC 43300
cell membrane, were evaluated. Moreover, the direct
binding interaction of thymol to the important intracellular
biomacromolecules, genomic DNA was also investigated.
This study has provided a further understanding of the antimi-
crobial behaviors of thymol on S. aureus.

Materials and methods

Reagents, strains, and growth conditions

Thymol (purity, 99.0%) was obtained from Aladdin
Chemistry Co. (Shanghai, China), and its stock solution
(0.15 M) was prepared by using absolute ethanol under
sterile conditions and stored at 4 °C. The microbial strain,
Gram-positive S. aureus ATCC 43300 obtained from the
Microbiology Laboratory, South China University of
Technology (Guangzhou, China) was stored at −80 °C in
Tryptic Soy broth containing 25% (v/v) glycerol. After activa-
tion of culture, it was carried out by inoculating thawed mi-
crobial stock suspensions onto a plate containing tryptone soy
agar supplemented with 0.6% yeast extract (TSA-YE) and
incubated at 37 °C for 18 to 24 h. Subsequently, one single
colony was inoculated to a sterile Tryptic Soy Broth with
0.6% of Yeast Extract (TSB-YE) and incubated on an orbital
shaker at 37 °C for 12 h.

Growth curves of S. aureus

Previously, the minimum inhibitory concentration (MIC) of
thymol toward S. aureus was reported to be 2.06 mM
(0.31 g/L) [16]. In this work, the effect of thymol on the
growth of S. aureus was evaluated according to a previous
method [19]. Briefly, the precultured S. aureus cells were
transferred to a fresh TSA-YE liquid medium (100 mL,

OD600 ≈ 0.13) and cultivated at 37 °C on a rotary shaker (at
120 rpm) with equal volumes of ethanol (0.52%, control) and
thymol at final concentrations of 1/8, 1/4, and 3/8 MIC.

Extraction and analysis of membrane fatty acid
composition

After cultivation to the mid-stationary phase (OD600 ≈ 1.6),
cultures of S. aureus were centrifuged at 4000×g for 5 min
at 4 °C in a refrigerated centrifuge (JW-3021HR, Anhui Jiaven
Equipment Industry Co., Anqing, China), then the obtained
pellets were washed and used for extraction of membrane
fatty acids.

The extraction and methylation for cell membrane fatty
acids that represent as fatty acid methyl esters were reported
previously [20]. Firstly, some fresh pellets (about 40 mg) were
treated with 1.0 mL saponification solution (4.5 g NaOH,
15.0 mL methanol, and 15.0 mL distilled water) and next
2.0 mL methylation solution (32.5 mL of 6.0 M HCl and
27.5 mL of methanol) in 10 mL tubes with Teflon-lined screw
caps; then 1.25 mL extraction solution (hexane and methyl-
tert-butyl ether, v/v = 1:1) was added and followed by the
addition of 3.0 mL of 0.3 M NaOH. Finally, two thirds
of the organic phase was transferred into a vial for gas
chromatograph-mass spectrometer (GC-MS) analysis.

Fatty acid methyl esters were analyzed using a GC-MS
system (Agilent 7890 gas chromatograph-Agilent MS-
5975C) (Agilent Technologies, Palo Alto, CA, USA)
equipped with capillary column HP-5MS (5% phenyl
methylsiloxane) as described before [20]. The fatty acid meth-
yl esters analysis was carried out by electron ionization mass
in the full scan mode (m/z 50–800) and the injector tempera-
ture, the transfer line, and ion source temperatures were 280,
280, and 250 °C, respectively. The oven programwas given as
follows: initial temperature was started at 70 °C (hold time,
2 min), increased to 200 °C (8 °C/min, hold time, 5 min), and
then increased to 245 °C (3 °C/min, hold time, 3 min), follow-
ed by an increase of 5 °C/min to 290 °C (hold time, 3 min).
Fatty acids were identified by comparing the mass spectra
with available standard library, the National Institute of
Standards and Technology mass spectral library 2011 (simil-
itude index, SI ≥90), and their retention time with bacterial
acid methyl ester mix solution (analytical standard, Sigma-
Supelco, Bellefonte, PA, USA). The proportion of membrane
fatty acids was expressed as relative percentages, which were
calculated as the ratio of the surface area of the considered
peak to the total area of all peaks.

Cell membrane permeability assay

Extracellular conductivity of S. aureus cells was determined
using a conductivity meter (DDS-11A, Shanghai Leici
Instrument Inc., Shanghai, China) according to a previous
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method [21]. The cell suspension was diluted to an OD600 of
0.30 and separated into several flasks, and different amounts
of thymol were added. A 10.0-mL sample was removed from
each flask and filtered using 0.22mm syringe filters to remove
bacteria at 0, 0.5, 1, 1.5, 2.5, and 4.5 h. The filtrate was col-
lected to use for the measurement.

Scanning electron microscopy

The mid-stationary phase bacterial suspension was incubated
with different thymol concentrations (0, 0.5, 1.0, and 2.0
MIC) at 37 °C for 4.0 h. Then, S. aureus cells were collected
and fixed in glutaraldehyde (2.5% in 0.01M phosphate buffer,
pH 7.2) overnight at 4 °C. After centrifugation and washing
twice with the buffer, these cells were subjected to serial de-
hydration using 10–100% ethanol solutions in sequence
(20 min each time) and incubated in tertiary-butanol twice
for 30 min. These cell samples were dropped to silver paper
for vacuum freeze-drying, then the dried S. aureus cells were
observed and photographed using a scanning electron micro-
scope (SEM, Zeiss EVO18, Germany) at 10.0 kV.

Interaction between thymol and DNA

The S. aureus cells in mid-stationary phase were collected to
remove the cell wall peptidoglycan by lysozyme (purity
≥98%, Sigma-Aldrich, USA), and then used to extract geno-
mic DNA by a GenElute™ bacterial genomic DNA kit
(Sigma-Aldrich, USA). The extracted genomic DNAwas dis-
solved in TE buffer (10 mM Tris–HCl, 0.1 mM EDTA,
pH 8.0), and its concentration was determined to be
2.55 mM at 260 nm using a molar absorption coefficient
ε260 = 6600 M−1 cm−1 [22]. The extracted DNA purity was
verified to be adequately free from protein due to the UV
absorption A260/A280 >1.80. All fluorescence and UVabsorp-
tion spectra of thymol with DNAwere performed on a Hitachi
Model F-7000 spectrofluorimeter equipped with a 150-W xe-
non lamp and the Shimadzu UV-1800 spectrophotometer,
respectively.

Molecular modeling of thymol with DNA

Themolecular docking was carried out byAutodock 4.2 pack-
age, using the Lamarckian genetic algorithm as stochastic
search algorithms [23, 24]. The 3D structure of thymol was
constructed by TRIPOS Sybyl-x 2.0 (Tripos Inc., St. Louis,
US), and B-DNA (CGCGAATTCGCG)2 was downloaded
from the Protein Data Bank (PDB ID: 453D). In the prepara-
tion of docking running, all water molecules were removed,
and polar hydrogen atoms and Gasteiger charges were added
to the DNA file with aid of theMGL tools 1.5.6rc3 as reported
previously [25].

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) imaging of DNA was per-
formed using A Multimode 8 SPM AFM (Bruker, Karlsruhe,
Germany) equipped with SCANASYST-AIR probes as re-
ported earlier [26]. To ensure the comparability between
height determinations, the peakForce mode was held at a con-
stant value of 2.5 nN for all DNA samples.

Statistical analysis

Statistical analysis was performed using OriginPro 8.0 (Origin
Lab, Northampton, MA, USA). Data were expressed as
means ± SD, and difference was considered statistically sig-
nificant at p < 0.05.

Results

Effect of thymol on the growth of S. aureus

The antibacterial activity of thymol against S. aureus was
showed by plotting corresponding growth curves at various
concentrations. Compared with the control group, thymol sig-
nificantly affected the growth of S. aureus on broth (Fig. 1).
For example, the lag phase of S. aureus cells treated with 1/8
MIC thymol was prolonged to 3 h from nearly 1.5 h (control),
and the time of lag phase was further increase when S. aureus
exposed to increasing concentrations of thymol (1/4, 3/8
MIC). These findings demonstrated that thymol could inhibit
the growth of S. aureus at relatively low concentrations.

Principal component analysis of cell fatty acid data

A total of 15 fatty acids were identified in the cell membrane of
S. aureus using GC-MS. In order to obtain the visual overview
of fatty acids with the differences between untreated and
thymol-treated S. aureus cells, principal component analysis

Fig. 1 Effect of thymol on cell growth of S. aureus by monitoring in
terms of the optical density at 600 nm (OD600). Each value represents the
average of three reproducible experiments
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(PCA) was used to analyze the GC-MS data using the
Unscrambler® 10.1 (CAMOAS, Oslo, Norway) via mean cen-
tering and scaling to unit variance methods [27, 28]. As shown
in Fig. 2, the first two principal components revealed 97.0% of
the total variance of S. aureus cell membrane, which 93.0% of
variances were explained by the first component (PC1) and
4.0% by the second one (PC2), respectively. Distinct clustering
was found in different groups (Fig. 2a), indicating that thymol
resulted in systematic changes in the membrane fatty acid com-
position of this bacterium. Figure 2b shows the fatty acids
hexadecanoic acid (C16:0), stearic acid (C18:0) and
nonadecanoic acid (C19:0), 12-Methyltetradecanoic acid
(anteiso C15:0), 14-methylhexadecanoic acid (anteiso C17:0),
and 13-methyltetradecanoic acid (iso C15:0) were distributed
on the PC1 and/or PC2 space, suggesting that they are crucial
fatty acyl chains in the membrane, and their proportions may be
significantly affected when S. aureus cells were exposed to
thymol at various concentrations. Other fatty acids were close
together to form a cluster that mapped the center of PC1 and
PC2 space, implying that the levels of these fatty acids may be
low in S. aureus cell membrane or their levels may not signif-
icantly change after S. aureus cells were exposed to different
concentrations of thymol.

Effect of thymol on fatty acid profiles of S. aureus

As shown in Fig. 3a, b, all identified fatty acids were
divided into branched chain fatty acids (BCFAs) and straight
chain fatty acids (SCFAs). The BCFAs were dominated,
representing up to 59.1% of the total fatty acids in the absence
of thymol, and the proportion of BCFAs decreased from 59.1
to 29.9% with increasing concentrations of thymol (from 0 to
3/8 MIC). This change was mainly attributed to the reduction
of branched 13-methyltetradecanoic acid (iso C15:0), 12-
methyltetradecanoic acid (anteiso C15:0), and 14-
methylhexadecanoic acid (anteiso C17:0). For example, the
relative proportions of branched anteiso C15:0 and anteiso
C17:0 decreased from 22.4 and 17.3% to 13.2 and 14.5%,
respectively, when S. aureus cells were exposed to thymol at
1/8 MIC. Their levels further decreased to 7.9 and 10.3% with
an increase in the concentration of thymol to 3/8 MIC, respec-
tively. Conversely, SCFAs mainly contains lauric acid
(C12:0), tetradecanoic acid (C14:0), hexadecanoic acid
(C16:0), stearic acid (C18:0), and nonadecanoic acid
(C19:0), significantly increasing from 39.6 to 68.5% with in-
creasing thymol concentrations (0 to 3/8 MIC).

S. aureus cell membrane integrity

The extracellular conductivity in S. aureus cells treated with
thymol at various concentrations was investigated. As shown
in Fig. 3d, a significant increase in extracellular conductivity
was observed with increasing concentrations of thymol or
treatment time. In order to investigate whether thymol changed
cell membrane structure, SEM was used to observe S. aureus
cell surface and assess morphological alteration after exposed
to thymol (0.5, 1.0, and 2.0 MIC) for 4.0 h. The untreated
bacteria possessed a relatively intact cytoarchitecture, namely
smooth cell wall or plasma membrane envelope (Fig. 4a).
However, cell structure was changed to rough, wrinkles, and
sunken surfaces after being treated with thymol. Clearly, cells
treated with thymol at 0.5MIC became rough and crumpled in
shape (Fig. 4b), distorted and even collapsed (1.0 MIC), and
appeared to a high degree of cells lysis after being treated with
thymol at 2.0 MIC (Fig. 4c, d).

Genomic DNA binding

The binding of thymol with genomic DNA of S. aureus cells
was determined by fluorescence technique. As shown in
Fig. 5a, thymol had a strong fluorescence emission peak at
305 nm after being excited at a wavelength of 275 nm, and
increase of DNA to thymol resulted in a significant reduction
in the fluorescence intensity. Due to existence of UV absorp-
tion for DNA under the conditions of the excitation and emis-
sion spectra of thymol, the possible re-absorption and inner
filter effect arising from UV absorption of DNA were

a

b

Fig. 2 Principal component analysis ofmembrane fatty acid composition
of S. aureus cells. a Scores plot of fatty acid composition using the first
two principal component analysis in relation to ethanol (0.52%) and
different concentrations of thymol. b Loadings plot of fatty acid
composition in the different concentrations of thymol defined by the
first two principal components
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corrected according to the method by Zhang et al. [29].
Modified Stern-Volmer equation was used to quantitatively
determine the binding constant (Ka):

F0

F0−F
¼ 1

f aKa

1

DNA½ � þ
1

f a

where F0 and F denote the fluorescence intensities of free
thymol in the absence and presence of DNA; fa is the fraction
of accessible fluorescence, and [DNA] is the concentration
of genomic DNA. The binding constant, Ka (1.22
± 0.14 × 104 M−1, R2 = 0.9950), was calculated by the ratio
of intercept to the slope (Fig. 5b).

UV absorption spectroscopy can effective identify the in-
teraction modes of ligand with DNA. Figure 5c shows the
difference of absorption spectra of thymol after interaction
with DNA, which were obtained by subtracting the corre-
sponding absorption spectra of free DNA from those of

thymol−DNA complex. Thymol has a strong absorption peak
at 274 nm and to be mildly decreased without shift upon the
addition of increasing concentrations of DNA.

Molecular modeling of thymol–DNA interaction

As an important approach to predicting the ligand receptor
interactions, molecular docking was often used to offer the
visual purpose for the binding mode of small ligands with
DNA. After successful running of 100 docking, a total of
26 energy clusters were formed and ranked according to
empirical scoring function with the various docking free
energy. Cluster analysis and corresponding binding energy
of the distributed conformation using an rmsd tolerance of
2.0 Å are shown in Fig. 6a. The lowest energy cluster
contained 5 of the 100 analyzed conformations and pos-
sessed the binding energy of −5.54 kcal M−1. However,

a b

c d

Fig. 3 a The relative proportions of different fatty acids; C12:0, lauric
acid; C14:0, tetradecanoic acid; C14:0-2OH, 2-hydroxytetradecanoic
acid; C14:0-3OH, 3-hydroxytetradecanoic acid; iso C15:0, 13-
methyltetradecanoic acid; anteiso C15:0, 12-methyltetradecanoic acid;
C16:1ω9, palmitoleic acid; C16:0, hexadecanoic acid; C16:0-2OH, 2-
hydroxyhexadecanoic acid; anteiso C17:0, 14-methylhexadecanoic acid;
C17:0, heptadecanoic acid; C18:1ω9, oleic acid; C18:0, stearic

acid; C19:0△9,10, cis-9,10-methyleneoctadecanoic acid; C19:0,
nonadecanoic acid. b Total BCFAs and SCFAs proportions and c
ratios of SCFAs to BCFAs in the cytoplasmic membrane of S. aureus
grown in the medium with different concentrations of thymol,
c(thymol) = 0, 1/8, 1/4, and 3/8 MIC. d Effects of thymol on the
extracellular conductivity of S. aureus. c(thymol) = 0, 0.5, 1.0, 2.0, and
4.0 MIC
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this cluster contained less analyzed conformations and was
not favorable for binding probability. The cluster with the
energy −5.34 kcal M−1 (blue histogram) contained the
highest number of the analyzed conformations (27 out of
100), which means thymol may have the most frequent
occurrence in this region. Consequently, the highest popu-
lated cluster was used for binding orientation analysis and
the best energy ranking in this binding site was chosen to
predict the possible interaction between thymol and DNA
(Fig. 6b).

As shown in Fig. 6b, thymol entered into DNA minor
groove in its adenine (A)–thymine (T) rich regions,
surrounded by the base pairs of A5, A6, T19, and T20. One
hydrogen bond formed as long as 2.123 Å between the oxy-
gen atom O4’ associated with deoxyribose of A6 on chain B
and the hydrogen atom H13 of thymol (green dashed). The
docking results suggested that thymol was prone to binding
with minor groove of DNA, and hydrogen bond forces
may play an important role in the interaction between thymol
and DNA.

Alterations in the secondary structure of DNA

CD spectroscopy can effectively investigate the conforma-
tional change of protein and DNA in vitro [30, 31]. The CD
spectra of DNAwith different amounts of thymol were mea-
sured at 220–320 nm on a Bio-Logic MOS 450 CD spectrom-
eter (Bio-Logic, Claix, France), according to the method re-
ported previously [26]. As shown in Fig. 7, CD spectra of
DNA consist of a positive band around 275 nm and a negative
band around 245 nm, corresponding to base stacking and
right-handed helicity, respectively. With the addition of in-
creasing concentration of thymol (0.5 to 4.0 mM), there was
a gradual decrease in the intensity of negative CD bands of
DNA with mild shift toward shorter wavelengths, while no
obvious change was observed in positive band.

Thymol-induced morphological changes in DNA

To determine the DNA morphological changes induced by
thymol, AFM experiments were performed in different

a b

c d
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Fig. 4 SEM images of S. aureus treated with thymol at different concentrations: a 0, showing a smooth cell membrane of a normal cell; b 0.5MIC, cells
changed and distorted to oval; c 1.0 MIC, distortion and even collapse in cell morphology; and d 2.0 MIC, cell debris due to the bursting of cells



mixing ratios. As shown in Fig. 8a, the DNA molecules
threadlike linear strand in structure with well distribution
and had no marked cross-linking in the absence of thymol.
Themean height of the DNAmolecules adsorbed onmicawas
determined to be approximately 1.8 nm (Fig. 8c). However,
after being treated with thymol (2.0 mM), DNA molecules
were kinked and toroidally aggregated, and appeared to be a
non-regular shape (Fig. 8b), with a mean height of 2.7 nm
(Fig. 8d).

Discussion

A total of 15 fatty acids, including lauric acid (C12:0),
tetradecanoic acid (C14:0), 2-hydroxytetradecanoic acid
(C14:0-2OH), 3-hydroxytetradecanoic acid (C14:0-3OH), 13-
methyltetradecanoic acid (iso C15:0), 12-methyltetradecanoic
acid (anteiso C15:0), palmitoleic acid (C16:1ω9),
hexadecanoic acid (C16:0), 2-hydroxyhexadecanoic acid
(C16:0-2OH), 14-methylhexadecanoic acid (anteiso C17:0),
heptadecanoic acid (C17:0), oleic acid (C18:1ω9), stearic acid
(C18:0), cis-9,10-methyleneoctadecanoic acid (C19:0 △9,10),

a

b

c

Fig. 5 a Effect of DNA on fluorescence spectra of thymol (λex = 275 nm,
λem = 305 nm); c(thymol) = 24.0 μM; and c(DNA) = 0, 8.50, 17.0, 25.5,
34.0, 42.5, 51.0, 59.5, and 68.0 μM, for curves 1→9, respectively; b the
modified Stern–Volmer plots of thymol by DNA at room temperature; c
UV difference spectra [(DNA solution + thymol solution) − DNA
solution] for thymol with various concentrations of DNA in the
wavelength range of 230–300 nm. c(thymol) = 93.0 μM; c(DNA) = 0,
2.55, 5.10, 7.65, 10.20, 12.75, and 15.30 μM corresponding to the
curves from 1→7, respectively

a

b

Fig. 6 a Cluster analyses of the AutoDock docking runs of thymol with
DNA; bmolecular modeling results of the energy-minimized structure of
the thymol–DNA system. The green dashed lines stand for hydrogen
bonds

Fig. 7 CD spectra of DNA in the presence of increasing amounts of
thymol. c(DNA) = 0.50 mM. The molar ratios of thymol to DNA were
0:1, 1:1, 2:1, and 4:1 for curves 1→4, respectively. c(thymol) = 0.50 mM
(dashed line)

Study of the antibacterial mechanism of thymol against S. aureus 1621



and nonadecanoic acid (C19:0), were identified to be the pri-
mary acids fatty in the S. aureus cells membrane. In the PCA
model, five fatty acids, namely anteiso C15:0, and iso C15:0,
C16:0, anteiso C17:0, C18:0, and C19:0, were well distributed
on the PC1 and PC2 space, indicating that they may be the best
markers for differentiating thymol-treated cells from the control
(Fig. 2b). The relative percentage of each fatty acid was
expressed as the peak area ratio (Fig. 3a). Specifically, the
branched 15 and 17 carbon fatty acids accounted a high pro-
portion (47.1%) in the absence of thymol, which are well con-
sistent with previous reports that Gram-positive bacteria
S. aureus has abundant branched chain, and anteiso or iso 15
and 17 carbon chain is the predominant fatty acids in S. aureus
species [32]. The fluid properties of membrane were reported to
have a correlation with the proportion of membrane fatty acids
or the structure of the lipids. Generally, branched chain fatty
acids has a low melting point that increase a high membrane

fluidity, whereas straight chain fatty acids (high melting point)
are more densely packed and thus decrease membrane fluidity
[33]. Previously, L. monocytogenes cell membranes were found
to be less-fluid as a consequence of an increased level of SCFAs
(C14:0 or C18:0) after addition of weak-acid preservatives in
growth medium [33]. An increase proportion of saturated
SCFAs in the E. coli cells was also reported in the presence of
phenols [34]. In the present study, the proportion of membrane
SCFAs to BCFAs increased accordingly with an increase of
thymol concentration (Fig. 3c), implying that S. aureus cells
reduced the membrane fluidity by synthesizing more SCFAs.
Furthermore, due to the greater packing efficiency of SCFAs,
more proportion of these fatty acids can block the entry of these
molecules across membrane [35]. Such alterations in fatty acid
composition of the plasma membrane was supposed to change
the S. aureus cell membrane permeability and fluidity, which
may be an self-protection to increase thymol tolerance.

a b

c d

Fig. 8 AFM images of two-dimensional and three-dimensional graphs of DNA (a and c), the thymol−DNA complex (b and d), respectively.
c(DNA) = 0.5 mM, c(thymol) = 2.0 mM

1622 L.-H. Wang et al.



It is commonly known that cell plasma membrane was
mainly composed of lipids and proteins with a thickness of
approximately 7.5 nm [36]. As the interface between the ex-
tracellular medium and cytosol, the plasma membrane is often
a primary target by antibacterial agents, through increasing the
non-specific permeability or directly inducing disruption of
cytoplasmic membrane. A significant increase in extracellular
conductivity was observed when the S. aureus cells were
exposed to thymol at varying concentrations (0, 0.5, 1.0, 2.0,
and 4.0 MIC, Fig. 3d). The change in electrical conductivity
was well consistent with the results from SEM, showing that
the surfaces of S. aureus cells became to be rough, wrinkled,
and even collapsed after treatment with increasing concentra-
tions of thymol (Fig. 4). These observations demonstrated that
thymol damaged S. aureus cell membrane integrity in a
concentration-dependent manner, which might decrease cell
viability [37, 38].

Besides targeting the S. aureus cell membrane, thymol can
interact with cellular nucleic acid and may exert its antimicro-
bial action by interfering in the biological functions of this
macromolecule [39]. In this work, the interaction of thymol
with genomic DNA of S. aureuswas analyzed from the aspects
of binding constant, binding mode, and DNA structure. It was
reported that the binding constant (Ka) values for the classical
DNA intercalators, ethidium bromide (2.6 × 106 M−1), and ac-
ridine orange (4.0 × 105M−1) were in the order of 105–106M−1

[40]. In the present study, the obtainedKa value of thymol with
DNA was significantly lower than those of the intercalators,
but was similar to the groove binders of DNA [41, 42], indi-
cating that the binding of thymol with DNA may be through
groove binding. On the other hand, the groove binding mode
of thymol with DNAwas further confirmed by the UVabsorp-
tion spectroscopy. Previously, groove interaction of ligandwith
DNAwas reported to have a little hypochromism and red-shift
in absorption spectroscopic characteristics because the aromat-
ic chromophore of ligand has no a strong stacking interaction
with DNA base pairs [43]. After interaction with genomic
DNA, the absorption spectroscopy of thymol exhibited a mild
decrease (hypochromic effect, Fig. 5c). Similar results has also
been reported for the interaction of a groove binder with DNA
[22], and the hypochromic effect might be caused by the bind-
ing of ligand to the groove of DNA, making the unoccupied
π*-orbital of thymol partially filled by electrons and thus re-
ducing the transition probability [44]. Simultaneously, previ-
ous studies have suggested that intercalation binding of small
molecules to DNA has significant perturbing effects to the
DNA structure of both the base stacking and helicity, and thus
to alter the CD signals. In comparison, groove binding has less
or no perturbation in the base stacking and helicity bands [45].
The intensity of negative CD bands of DNA was decreased
with mild blue-shift, but no obvious change was found in pos-
itive band after interaction with thymol (Fig. 7). This type of
alterations in CD spectra can be also regarded as an additional

evidence for groove mode of thymol with DNA, and this bind-
ing processmade the double helix structure of DNA to become
loose slightly, so that decreased the right-handed helicity sig-
nals [46]. Moreover, DNA can form many intermediates and
finally change to more cross-linking structures such as the
rods, toroids, and nanostructured aggregate after the interaction
with ligands [47]. The results from AFM clearly showed that
thymol bind to the genomic DNA of S. aureus cells and in-
duced DNA molecules to be aggregated (Fig. 8).

The antibacterial activity of thymol have been reported pre-
viously, and the potential mechanisms are mainly about
targeting to the cytoplasmic membrane due to the hydrophobic-
ity of thymol [2, 48]. Based on our results, thymol might exert
its antibacterial effect through destruction of bacterial cell mem-
brane and binding directly to genomic DNA. Potentially, thy-
mol may target to the S. aureus cell membrane and increase its
permeability, which allowed thymol to pass through cytoplas-
mic membrane and enter the bacterial cells. Thymol in the cy-
toplasm further interacted with intracellular biomacromolecules
such as DNA, altering their structure which may interfere gene
expression and protein synthesis, thereby exerting its antimicro-
bial action to cause S. aureus cell death.

Conclusions

This study has demonstrated that thymol had potent antibac-
terial activity, and it exerted antibacterial effect against
S. aureus cells through destruction of cell membrane and bind-
ing directly to genomic DNA. Thymol at low levels evoked an
increase in the level of membrane SCFAs in S. aureus cells,
blocked access of thymol into the inner membrane. Thymol at
relative high concentrations increased the permeability of cell
membrane, which may result in the leakage of cellular mate-
rials and alterations of cell morphologies. Moreover, thymol
can bind to minor groove of genomic DNA, and this binding
process may induce slightly changes in DNA secondary struc-
ture and alter DNA morphology. These results revealed that
thymol may be a good DNA binder and its antibacterial action
may be, at least in part, due to its ability of binding to DNA.
Our findings have suggested that thymol seemed to be a prom-
ising natural preservative and may have wide applications in
agriculture and food industry.
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