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Thymol and carvacrol induce autolysis, 
stress, growth inhibition and reduce the biofilm 
formation by Streptococcus mutans
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Abstract 

Organic compounds from plants are an attractive alternative to conventional antimicrobial agents. Therefore, two 
compounds namely M‑1 and M‑2 were purified from Origanum vulgare L. and were identified as carvacrol and thymol, 
respectively. Antimicrobial and antibiofilm activities of these compounds along with chlorhexidine digluconate using 
various assays was determined against dental caries causing bacteria Streptococcus mutans. The IC50 values of carvac‑
rol (M‑1) and thymol (M‑2) against S. mutans were 65 and 54 µg/ml, respectively. Live and dead staining and the MTT 
assays reveal that a concentration of 100 µg/ml of these compounds reduced the viability and the metabolic activity 
of S. mutans by more than 50%. Biofilm formation on the surface of polystyrene plates was significantly reduced by 
M‑1 and M‑2 at 100 µg/ml as observed under scanning electron microscope and by colorimetric assay. These results 
were in agreement with RT‑PCR studies. Wherein exposure to 25 µg/ml of M‑1 and M‑2 showed a 2.2 and 2.4‑fold 
increase in Autolysin gene (AtlE) expression level, respectively. While an increase of 1.3 and 1.4 fold was observed 
in the super oxide dismutase gene (sodA) activity with the same concentrations of M‑1 and M‑2, respectively. An 
increase in the ymcA gene and a decrease in the gtfB gene expression levels was observed following the treatment 
with M‑1 and M‑2. These results strongly suggest that carvacrol and thymol isolated from O. vulgare L. exhibit good 
bactericidal and antibiofilm activity against S. mutans and can be used as a green alternative to control dental caries.
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Introduction
The oral cavity is a complex microbial environment host-
ing around 600 different bacterial species and many of 
these bacteria are now being associated with oral diseases 
(Dewhirst et  al. 2010; Moore and Moore 1994; Wade 
2013). Dental diseases incur substantial economic losses 
globally accounting to 298 billion US dollar per year 
which is 4.6% of the total global health expenditure (Listl 
et  al. 2015). The evidence is also now available that the 
recurring infections of these oral microorganisms result 
in a number of systemic diseases further adding to the 

economic losses and loss of life (Khan et al. 2015; Li et al. 
2000). One of the most important etiological agents of 
dental caries is Streptococcus mutans (Loesche 1986). In 
addition to being classically associated with dental caries, 
this bacterium also causes other systemic diseases such 
as ulcerative colitis, endocarditis and septicemia (Kojima 
et al. 2012; Nobbs 2016; Robbins et al. 1977; Tunkel and 
Sepkowitz 2002). The biofilm formation by S. mutans and 
its ability to promote the biofilm formation by other oral 
bacteria also makes it more difficult to treat the infec-
tions of S. mutans (Ahn et  al. 2008; Klein et  al. 2015; 
Krzyściak et al. 2014). Therefore, for a good oral hygiene, 
it is very important to control the growth of S. mutans 
in the oral cavity. Furthermore, the unwarranted and 
overuse of the antibiotics in dentistry has resulted in the 
drug resistance among commensal as well as pathogenic 
bacteria of the oral cavity including S. mutans (Leistevuo 
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et al. 2000; Sweeney et al. 2004). Therefore, alternatives to 
conventional antimicrobial agents are highly and urgently 
required. Among, the alternative antimicrobials are engi-
neered nanomaterials, plant-based materials, bacterioc-
ins and phage-based therapies (Allen et  al. 2014; Khan 
et al. 2016b, c; Rose et al. 2014).

Plant based materials, especially from edible plants, are 
an effective alternative antimicrobials especially those 
classified as GRAS (generally recognized as safe) (Bur-
dock and Carabin 2004). Two such commonly used edi-
ble plants in traditional medicine since ancient times are 
Origanum and Thymus (Craig 1999; Nostro and Papalia 
2012). Essential oils from these plants have been shown 
to exhibit significant antimicrobial activities and their 
antimicrobial activity against food-borne pathogens have 
been already tested (Chorianopoulos et  al. 2004). The 
major components in the essential oils of Origanum and 
Thymus are the phenolic monoterpene carvacrol and 
its isomeric form Thymol (Chorianopoulos et  al. 2004; 
Fachini-Queiroz et  al. 2012). Both Carvacrol and Thy-
mol have been classified as GRAS and their use in food 
has been approved by European Parliament and Council 
(Hyldgaard et al. 2012). The antimicrobial activity of thy-
mol and carvacrol have been reported against foodborne 
pathogens such as Clostridium perfringens, Escheri-
chia coli O157:H7 and Listeria innocua (Du et  al. 2015; 
Guarda et al. 2011). The mechanism behind this antibac-
terial activity includes permeabilization and depolariza-
tion of the cytoplasmic membrane, by reducing the pH 
gradient across the cytoplasmic membrane. This reduc-
tion in pH gradient also adversely affects the proton 
motive force leading to the depletion of the intracellular 
ATP subsequently leading to cell death (Ultee et al. 2002; 
Xu et al. 2008). It is also concluded in the same study that 
the phenolic hydroxyl group of thymol and carvacrol 
plays an important role in its antimicrobial activity (Ultee 
et al. 2002).

In this paper, we report a detailed study on antimicro-
bial and antibiofilm activities of two natural compounds 
M-1 and M-2 isolated from O. vulgare L. Moreover, 
comparison of antimicrobial and antibiofilm activities of 
these two compounds with chlorhexidine digluconate a 
commercially used antiplaque compound and clove oil is 
also discussed in detail in this study.

Materials and methods
Plant material and isolation of essential oils
The aerial parts of O. vulager L. grown in two different 
agro-climatic conditions were collected from Saudi Ara-
bia and Jordan in the month of March 2014 and identified 
by Dr. Jacob Thomas Pandalayil (a botanical taxonomist 
from the Herbarium Division, College of Science, King 
Saud University, Riyadh, KSA). Stems of O. vulgare L. 

aerial parts from Saudi Arabia and Jordan were sepa-
rated and subjected to hydro-distillation separately in a 
conventional Clevenger-type apparatus for 3  h accord-
ing to the methods described previously (2016) to give 
light yellow colour oils with oil yield of 0.40 and 0.24% 
respectively.

Bacterial strains and culture media
The culture of Streptococcus mutans ATCC 25175 was 
purchased from American Type Culture Collection 
(ATCC). Brain heart infusion broth (BHI; Mast Group, 
Bootle, UK) with 2% sucrose was used for routine cul-
ture. For longer preservation and storage, the strain was 
stored at −80 °C in 20% glycerol.

Antimicrobial activity of M‑1 and M‑2 against S. mutans
The antimicrobial activity of M-1 and M-2 were deter-
mined by two methods namely microdilution method 
and plate count method. For microdilution method, 90 µl 
of BHI broth with 2% sucrose was added to each well in a 
96 well plate. M-1, M-2, and clove oil were added to final 
concentrations of 1000, 500, 250, 125, 62.5, 31.25, 15.6 
and 0  µg/ml. While, as a positive control chlorhexidine 
digluconate was added to final concentrations of 10.0, 
5.0, 2.5, 0.125, 0.0625, 0.031, 0.015 and 0 µg/ml. To these 
wells 10  µl of S. mutans ATCC 25175 cultures grown 
overnight in BHI broth were added. And the 96 well plate 
was incubated at 37 °C for 24 h.

For plate count assays M-1, M-2 and clove oil were 
added to tubes containing 5  ml BHI broth with 2% 
sucrose to final concentrations of 200, 100, 50 and 25 µg/
ml. Aliquots of 500  µl from the cultures of S. mutans 
ATCC 25175 grown to log phase were added to these 
tubes. Chlorhexidine digluconate was added to final con-
centrations of 10.0, 5.0 and 0 µg/ml as a positive control. 
Tubes without any test compound were used as a control. 
The cultures were incubated at 37  °C on a shaker with 
150 rpm for 12 h. Following incubation, appropriate dilu-
tions of treated and untreated cells were spread on BHI 
agar plates. The plates were incubated at 37  °C for 3 d. 
Finally, colony-forming units (CFUs) were counted and 
recorded.

Assessing bacterial viability by MTT assay
The change in bacterial viability after treatment with 
test compounds was determined using MTT assay as 
described by Mshana et  al. (1998) S. mutans ATCC 
25175 was grown in BHI broth containing 25, 50, 100 and 
200 µg/ml of M-1, M-2, and clove oil for 4–6 h at 37 °C. 
Cells grown with various concentrations of chlorhex-
idine digluconate (2.5, 5, 10 and 20 µg/ml) were taken as 
positive control. An aliquot of 40 µl from this culture was 
transferred to wells in 96 well plates in triplicates. Ten 
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microliters of the MTT (Sigma, USA) solution in PBS 
(5 mg/ml, pH 7.0) was then added to each well contain-
ing bacterial cells. Plates were incubated at 37 °C for 4 h. 
Following incubation 50 µl of a lysis buffer (20% sodium 
dodecyl sulfate in 50% N, N-dimethylformamide; pH 4.7) 
was added to the wells and the plates were further incu-
bated at 37  °C for overnight. Finally, the mixture in the 
wells was mixed by pipetting and Absorbance at 570 nm 
was measured using Multiskan microtitre plate reader 
(Multiskan Ascent, Labsystems, Finland).

Live and dead staining
Streptococcus mutans ATCC 25175 was grown either 
with 25 µg/ml of M-1, M-2, and clove oil or with 2.5 µg/
ml of chlorhexidine digluconate for 8  h at 37  °C on a 
shaker. Following treatment with test compounds, cells 
were harvested by centrifugation at 900×g and were 
washed with PBS buffer once, and finally suspended again 
in sterile PBS buffer (pH 7.5). Live and dead staining was 
performed using LIVE/DEAD® BacLight™ Bacterial Via-
bility Kit (Molecular Probes, Life technologies, USA) fol-
lowing the instructions of the manufacturer. Cells stained 
as above were observed under a fluorescence microscope 
(Nikon Eclipse 80i; Nikon Co., Japan) and cells appearing 
red and green in colour were recorded as dead and total 
cells, respectively. Ten fields were counted for each treat-
ment and the percentage of dead cells was calculated by 
comparing the population of dead cells to total cells in 
the same field.

Quantitative assessment of biofilm formation
The standard protocol of Burton et  al. (2007) was used 
to quantitate the inhibition of biofilm formation on 48 
well polystyrene plates (Nunc, Denmark) in the presence 
of the test compounds. In each well 900 µl of sterile BHI 
medium and 100 µl of exponentially growing cells of S. 
mutans ATCC 25175 were added. M-1, M-2, and clove 
oil were added to final concentrations of 200, 100, 50 and 
25  µg/ml. As a positive control chlorhexidine digluco-
nate was added to a final concentration of 10, 5, 2.5 and 
1.2  µg/ml. Cultures without any test compounds were 
taken as control. Plates were then incubated for 24  h 
at 37  °C. Following incubation medium and the float-
ing cells were gently and completely removed using a 
micropipette. The biofilm at the bottom of the wells was 
gently washed with PBS buffer (pH 7.4) three times. Bio-
films were stained with 0.4% crystal violet (500  µl) dye 
for 15 min at room temperature. Wells were washed gen-
tly 3 times with PBS buffer to remove unbound dye. The 
crystal violet retained by the biofilm was solubilized in 
500 µl of 33% acetic acid. Finally, absorption was deter-
mined at 620 nm using a microtitre plate reader (Multi-
skan, Finland).

Scanning electron microscopy of biofilm inhibition
Biofilms on the surface of polystyrene plates were grown 
in the presence of test compounds as detailed above. 
For biofilm formation assay S. mutans was grown with 
100  µg/ml of clove oil, M-1, and M-2. Culture medium 
was removed with the help of a micropipette and the 
biofilm was washed gently with PBS as described above. 
The biofilms were stained with the fumes of 1% OsO4 at 
room temperature for 3  h and were rinsed three times 
with milli-Q. Samples were completely dehydrated with 
series of ethanol (30, 50, 70, 80, 90, 95 and 100%) and 
these dehydrated samples were sputter coated with plati-
num using an SPI-Module line of modular sputter coater. 
Samples were then observed under Scanning electron 
microscope (JSM-6380; JEOL), at an accelerating voltage 
of 10-KV and a magnification of 10,000×. Ten fields for 
each sample were recorded and compared.

Quantitative real‑time PCR
For quantitative real-time PCR six genes involved in 
cell death, oxidative stress and biofilm formation were 
used to assess the change in their expression level fol-
lowing the exposure to the test compounds. Genes tar-
geted in this study include autolysin gene AtlA and AtlE 
like autolysin gene, involved in cell wall remodeling and 
cell autolysis (Ahn and Burne 2006; Ajdić et  al. 2002). 
Other genes targeted in this study include general stress 
response genes, biofilm formation genes, Polyribonu-
cleotide nucleotidyl transferase (PnpA), superoxide dis-
mutase (SOD), ymcA and gtfB gene (Carabetta et  al. 
2013; Yamamoto et  al. 2000). Primers used to target 
these genes are listed in Table 1. The effectiveness of the 
primers was checked by PCR amplification of the genes 
using the genomic DNA from S. mutans. Furthermore, 
the PCR products obtained from these primers were 
sequenced using the same primers to confirm the specific 
amplification of the target genes. Cells were grown in the 
presence of 15 µg/ml of clove oil, M-1 and M-2 for 12 h 
at 37  °C. While, S. mutans cells grown with 1  µg/ml of 
chlorhexidine digluconate was taken as positive control. 
Instructions of manufacturer was followed for the extrac-
tion of total RNA from treated and untreated cells using 
RNeasy protect bacteria mini Kit (catalogue no.74524, 
Qiagen,). The concentration of the extracted RNA was 
determined using Nanodrop 8000 spectrophotometer 
(Thermo-Scientific, USA). While, the integrity of the 
prepared RNA was visualized on 1% agarose gel using 
BioRads gel documentation system (Universal Hood II, 
BioRad). The synthesis of first strand cDNA was carried 
out from 1  µg of total RNA by using Ready-To-GoTM 
RT-PCR beads (GE Healthcare, UK) and the manufactur-
er’s protocol. For Real-time quantitative PCR (RT-PCRq) 
SYBR Green I Master (Roche Diagnostics, Switzerland) 
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and Light Cycler® 480 (Roche Diagnostics, Switzerland) 
were used. Two microliters of the synthesized template 
cDNA was added to a final volume of 20 µl reaction mix-
ture. The thermal regime used for Real-time PCR cycle 
included 10 min at 95 °C followed by 40 cycles involving 
denaturation at 95 °C for 15 s, annealing at 60 °C for 20 s 
and elongation at 72 °C for 20 s.

Statistical analysis
All the tests were performed in triplicate and the data 
were expressed as the mean ± standard error of at least 
three independent experiments. A unpaired t test of 
GraphPad software was used to calculate p values. p val-
ues that were considered significant for different tests are 
provided in the figure captions.

Results
Isolation and identification of major compounds M‑1 
and M‑2 from essential oils
Essential oils obtained from the stems of O. vulgare L. 
grown in Saudi Arabia and Jordon were analyzed using 
NMR, GC–MS and GC–FID techniques (results to be 
published elsewhere) revealed that the composition of 
the two oils differed significantly. Saudi origanum oil 
was found to be carvacrol chemotype where carvacrol 
content was about 80% of the total oil composition. On 
the other hand, Jordanian origanum oil was identified as 
thymol chemotype in which the content of thymol was 
about 69% of the total oil composition. In order to isolate 
major components, essential oils of Saudi origanum and 
Jordanian origanum were subjected to preparative thin 
layer chromatography (pTLC) using chloroform (100%) 
as developing solvent to give pure compounds M-1 and 
M-2 from oils of Saudi origanum and Jordanian origanum 

respectively. The chemical structures of purified com-
pounds M-1 and M-2 were identified as carvacrol and 
thymol, respectively on the basis of their GC–MS, GC-
FID, 1H and 13C NMR analysis and by comparison of their 
spectral data with those of related compounds (Fig. 1).

Antimicrobial activity of test compounds by microdilution 
method
Antimicrobial activity was determined by using micro-
dilution method. S. mutans was grown with 1000, 500, 
250, 125, 62.5, 31, and 15 and µg/ml of clove oil, M-1, 
and M-2. Highest antimicrobial activity against S. mutans 
ATCC 25175 was observed with thymol (M-2), where 
almost no growth was observed with 125 µg/ml of M-2 
or thymol. While for M-1or carvacrol complete inhibi-
tion of growth was observed with 250  µg/ml. Clove oil 
appeared to be the least effective in inhibiting the growth 
of S. mutans wherein even with 1000 µg/ml of concentra-
tion complete inhibition of the growth was not observed. 
Chlorhexidine digluconate which was used as a positive 
control inhibited the growth of S. mutans completely at 
a concentration of 10 µg/ml and was found to be almost 
twenty times more effective than carvacrol and thymol.

Antimicrobial activity of test compounds by dilution 
plating method
Cells of S. mutans were grown with 200, 100, 50 and 
25  µg/ml of clove oil, M-1, and M-2 in BHI broth. 
Decrease in colony forming units with the increasing con-
centration of test compounds is shown in Fig. 2. Thymol 
(M-2) was found to be the most effective against S. mutans 
and reduced the population of the bacterium by 93%, at a 
concentration of 200  µg/ml. While carvacrol (M-1) also 
reduced the population of S. mutans by 91% at the same 
concentration. Clove oil was least effective and could only 
reduce the population of test bacterium by 33% with the 
same concentration. The positive control chlorhexidine 
digluconate reduced the population of S. mutans by 100% 
only at a concentration of 10 µg/ml. Clove oil, carvacrol, 

Table 1 Primers used for RT-PCR in this study

S. 
no.

Primer 
name

Seq (5′–3′) Gene Product 
size (~bp)

1 AtlE_F agctggtcccaaaggaaatc AtlE 200

AtlE_R gcctgtgcccaataatcatc

2 AtlA_F ggtttggaggcatcaactgt AtlA 138

AtlA_R agttggttggatatacgcgg

3 Stress_F taagccttacggtgcctttg PnpA 200

Stress_R attaccaacatcgccatcgt

4 GtfB_F gccagccaatgttcatcttt gtfB 160

GtfB_R gaggcatttccccaaatgta

5 YmcA_F gcttttgcaggaacatgaca ymcA 188

YmcA_R tggctcgataatcttggaca

6 SodA39I_F trcaycatgayaarcaccat sodA 400

SodA39J_R arrtartamgcrtgytcccaracrtc

7 16S_895F crcctggggagtrcrg 16S rRNA 200

16S_1100R agggttgcgctcgttg

Fig. 1 Chemical structure of carvacrol (M‑1) and thymol (M‑2) (refer 
to Additional file 1 for raw data)
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and thymol exhibited an IC50 values of 306, 65 and 54 µg/
ml, respectively. While, chlorhexidine digluconate exhib-
ited an IC50 value of only 4.9 µg/ml.

Change in bacterial viability as determined by MTT assay
Streptococcus mutans was grown with 200, 100, 50 and 
25  µg/ml of clove oil, M-1, and M-2 in BHI broth. The 
formazan formed was dissolved using the lysis solution 
and the colour was read using a Multiskan spectropho-
tometer. The change in the viability with different con-
centrations of the test compounds is shown in Fig.  3a. 
Thymol (M-2), carvacrol (M-1) and clove oil decreased 
the cellular activity by 87  ±  6, 74  ±  8 and 47  ±  7%, 
respectively at a concentration of 200  µg/ml (Fig.  3a). 
While, chlorhexidine digluconate decreased the cellular 
activity by 90 ± 7%, at a concentration of 10 µg/ml.

Change in bacterial viability as determined by dead/live 
staining
Live and dead staining was performed after S. mutans 
was grown with 25  µg/ml of carvacrol (M-1), thymol 
(M-2) and clove oil. While cells were also grown with 
2.5 µg/ml of chlorhexidine digluconate as a positive con-
trol. Thymol (M-2), was found to be the most effective 
compound which resulted in the death of 42 ± 4% of the 
cells (Fig. 3b). Carvacrol (M-1) and clove oil resulted in 
the death of 39 ± 4 and 5 ± 2% of the cells at a concentra-
tion of 25 µg/ml. While the positive control chlorhexidine 
digluconate resulted in the death of 37 ± 3% of the cells at 
a concentration of 2.5 µg/ml. Figure 4 shows the BacLight 
staining for live and dead cells after treatment with test 
compounds. It is clear from the figure that in untreated 
controls cells appeared more dispersed and were found 
to be arranged in clusters. Whereas the cells treated with 
thymol, carvacrol and chlorhexidine appeared in short 
chains and show significantly low density.

Quantitative and qualitative assay for biofilm inhibition
Crystal violet assay was used for the detection of the bio-
film inhibition in the presence of test compounds. Biofilm 
decreased by 85 ± 7, 82 ± 6 and 66 ± 5% in the presence 
of 200 µg/ml of thymol (M-2), carvacrol (M-1) and clove 
oil, respectively (Fig. 5). While the positive control chlo-
rhexidine digluconate reduced the biofilm formation by 
87 ± 5% at a very low concentration of 10 µg/ml.

For qualitative assessment, biofilms of S. mutans grown 
in 48 well plates in the presence of test compounds or 
without test compounds were observed under a scanning 
electron microscope as described in materials and meth-
ods. Untreated controls show uniform well grown and 
densely arranged bunches of cells (Fig. 6A), almost simi-
lar pattern was observed for the cells treated with clove 
oil (data not shown). On the contrary, the cells treated 
with thymol and carvacrol appeared as short chains with 

Fig. 2 Growth inhibition of S. mutans in the presence of clove oil 
(CO), carvacrol (M‑1; CAR), thymol (M‑2; THY), and chlorhexidine 
digluconate (CHD). The experiment was done in triplicate and 
values are presented as mean ± S.D error. Asterisk represents the p 
value <0.05 (refer to Additional file 1 for raw data)

Fig. 3 The change in the viability of S. mutans when grown with 
clove oil (CO), carvacrol (M‑1; CAR), thymol (M‑2; THY), and chlorhex‑
idine digluconate (CHD). a Shows percent change in the metabolic 
activity of S. mutans using MTT assay with various concentrations of 
test compounds. While b shows the percent population of dead and 
live cells as determined by Live/dead staining when grown with test 
compounds. The experiment was done in triplicate and values are 
presented as mean ± S.D error. Asterisk represents the p value <0.05. 
Dagger the concentration of CHD is 2.5, 5, 10 and 20 µg/ml (refer to 
Additional file 1 for raw data)
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considerably reduced cell density. The cells grown with 
chlorhexidine show the least density of the cells. Moreo-
ver, cells treated with thymol, carvacrol, and chlorhex-
idine digluconate appeared lysed and deformed and are 
marked with arrows in Fig. 6 B, C.

Real‑time PCR analysis of the genes involved in cell death, 
stress and biofilm formation
Change in the expression of six genes namely autolysin 
like genes AtlE (N-acetylmuramoyl-l-alanine amidase 
type), and AtlA like genes, Polyribonucleotide nucle-
otidyl transferase as a marker of general stress (PnpA), 

superoxide dismutase gene (SOD), ymcA and gtfB genes 
was studied to check the cell death, general stress and 
biofilm formation activities. Since it was found that 
two genes PnpA like and AtlA like genes were not suffi-
ciently amplified in PCR assay using genomic DNA from 
S. mutans as template, these two genes were not used in 
RT-PCR studies. Furthermore, the sequence of the PCR 
products amplified using the PCR primers confirms that 
these primers are specifically binding to the target genes 
(Additional file 1).

RT-PCR analysis shows an increase of 2.4, 2.2 and 
1.3 folds in the expression of Autolysin gene AtlE when 

Fig. 4 The change in the viability of S. mutans as determined by Live/dead staining when untreated (a, CONT), treated with 25 µg/ml of clove oil (b, 
CO), carvacrol (d, M-1) and thymol (e, M-2) and 2.5 µg/ml of chlorhexidine digluconate (c, CHD). Orange or red cells represent dead cells while green 
cells represent live cells (refer to Additional file 1 for raw data)
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S. mutans was grown with 15  µg/ml of thymol (M-2), 
carvacrol (M-1) and clove oil, respectively (Fig.  7). This 
increase in the expression of AtlE gene suggests that 
exposure to thymol and carvacrol induces apoptosis-like 
activity. Similarly, when S. mutans was grown with the 
same concentration of thymol (M-2), carvacrol (M-1) and 

clove oil, the expression of ymcA gene was upregulated 
by 2.1, 1.7 and 1.2 folds, respectively. The expression level 
of sodA genes also increased by 1.43, 1.32, and 1.1 when 
grown with 15  µg/ml of thymol (M-2), carvacrol (M-1) 
and clove oil, respectively. An increase in the expression 
of these genes shows that exposure to thymol and carvac-
rol results in an increase in oxidative stress and general 
stress in S. mutans. On the contrary the expression level 
of gtfB decreased by 0.3, 0.3 and 0.1 folds, when grown 
with thymol (M-2), carvacrol (M-1) and clove oil, respec-
tively. This decrease in gtfB gene expression suggests the 
inhibition of biofilm formation which was also observed 
in other experiments. Similar, trend was observed, with 
the positive control chlorhexidine digluconate wherein 
a 2.9, 3.3 and 2.1 folds increase in the expression of 
ymcA, autolysin AtlE, and sodA genes, respectively was 
observed at a concentration of 1 µg/ml. While the expo-
sure to chlorhexidine digluconate resulted in 0.4 folds 
decrease in the expression of the gtfB gene.

Discussion
Essential oils from edible plants especially those clas-
sified as GRAS are one of the safe alternatives to tradi-
tional antibiotics (Kalemba and Kunicka 2003). But the 

Fig. 5 Percent inhibition of the biofilm formation by S. mutans in the 
presence of test compounds. Values are presented are mean ± S.D 
error of three independent experiments. Dagger chlorhexidine 
digluconate was tested at a concentration of 2.5, 5, 10 and 20 µg/ml. 
Asterisk represents the p value <0.05 (refer to Additional file 1 for raw 
data)

Fig. 6 Qualitative assessment of S. mutans biofilms grown in the presence of test compounds. Control biofilms show high density of cells with 
homogeneous shape (A). While, cells treated with chlorhexidine digluconate (B), carvacrol (C) and thymol (D) show short chains of cells with many 
deformed and lysed cells marked by arrows (refer to Additional file 1 for raw data)
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commercialization of these plant-based products is often 
hampered by the inability to purify bioactive compounds 
from these plants. Two such compounds, thymol, and 
carvacrol are the main constituents of O. vulgare L., both 
compounds are known to exhibit antimicrobial activity 
against a number of pathogens (Chorianopoulos et  al. 
2004; Thosar et al. 2013; Ultee et al. 2002). Interestingly, 
an in  vitro study has demonstrated that thymol, and 
carvacrol show selectively higher antimicrobial activity 
against the tested pathogenic bacteria (Escherichia coli, 
Clostridium perfringens, and Salmonella) than the ben-
eficial probiotic bacteria Lactobacillus (Du et  al. 2015). 
When thymol and carvacrol were tested in vivo for their 
efficacy to inhibit C. perfringens in broilers it was found 
that although the population of the pathogen was not 
reduced significantly but the treatment alleviated intes-
tinal lesions caused by these pathogens (Du et al. 2015). 
The same group (Du et  al. 2016) in their in  vivo study 
on broilers has further demonstrated many beneficial 
effects of thymol and carvacrol including an increase in 
feed conversion efficiency, increase in immunity against 
virus and tumor. It has been reviewed earlier also that 
herbs that serve as a primary source of these essential oils 
exhibit anticancer activities (Craig 1999). Hence, thymol 
and carvacrol in addition to possessing desired antimi-
crobial activity also have known health benefits making 
these essential oils a promising alternative antimicrobial 
agent.

Dental caries and periodontal diseases are most preva-
lent microbial diseases and S. mutans is one of the most 
important bacterium involved in dental caries (Loesche 
1986; Selwitz et  al. 2007). To keep a good oral hygiene, 
it is very important to check the growth of S. mutans. 

However, over and unwarranted use of antibiotics has 
also resulted in the development of antibiotic resistance 
in these pathogens (Leistevuo et al. 2000). Since, thymol 
and carvacrol exhibit good antimicrobial activity these 
essential oils were purified from O. vulgare L. and their 
antimicrobial activity against S. mutans was determined. 
Furthermore, the antimicrobial activity of thymol and 
carvacrol was compared with clove oil, a traditionally 
used essential oil in dentistry, and with chlorhexidine 
digluconate a widely used compound in mouthwashes 
(McBain et  al. 2003; Thosar et  al. 2013). To our knowl-
edge, this is the first such detailed report on the antimi-
crobial and antibiofilm activity of thymol and carvacrol 
against S. mutans.

IC50 values of thymol, carvacrol, clove oil and chlo-
rhexidine digluconate were found to be 54, 65, 306 and 
4.9  µg/ml, respectively in this study. These results were 
further confirmed by MTT assay wherein 200  µg/ml of 
thymol and carvacrol reduced the cell viability by 87 ± 6 
and 74 ± 8%, respectively. While, chlorhexidine digluco-
nate resulted in the death of 37 ± 3% of the cells at a very 
low concentration of 2.5  µg/ml. In earlier studies, the 
essential oils from thyme and origanum exhibited high 
MIC values in a range of 256–512  μg/ml against group 
A Streptococci (GAS) (Magi et  al. 2015). While in the 
same study commercially available carvacrol exhibited 
a MIC value in the range of 64–256 µg/ml against GAS 
(Magi et  al. 2015). Decontamination of lettuce using a 
solution of carvacrol and thymol was also reported since 
these essential oils are edible (Bagamboula et  al. 2004). 
In another study, the antimicrobial activity of microen-
capsulated carvacrol and thymol was determined against 
many microorganisms including foodborne pathogens 
Escherichia coli O157:H7, Staphylococcus aureus, and 
Listeria innocua. The MIC of the microencapsulated car-
vacrol and thymol against these organisms were in the 
range of 225–375 ppm (Guarda et al. 2011). The positive 
control chlorhexidine digluconate suppressed the growth 
and viability of S. mutans at much lower concentrations 
as found in earlier studies also (McBain et  al. 2003). 
While, the MIC values of eugenol a main constiuent of 
clove oil against S. mutans were reported to be 100 µg/ml 
(Freires et al. 2015).

As far as the mechanism of the antimicrobial activ-
ity is concerned, it is suggested that these compounds 
are involved in the permeabilization and depolariza-
tion of the cytoplasmic membrane. Which results in 
the reduction of the pH gradient across the cytoplasmic 
membrane. This lowering of pH gradient leads to the 
disturbance in proton motive force subsequently leading 
to the depletion of intracellular ATP level and cell death 
(Ultee et  al. 2002). The increase in the number of dead 
cells following the treatment with thymol and carvacrol 

Fig. 7 RT‑PCR analysis of S. mutans grown with the test compounds 
targeting Autolysin AtlE, gtfB, sodA and ymcA genes. The expression 
of AtlE, sodA and ymcA genes was induced by the test compounds 
while, gtfB gene was downregulated (refer to Additional file 1 for raw 
data)
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was also observed in this study (Figs. 3b, 4) through pro-
pidium iodide staining a dye that can only penetrate into 
the cells having compromised cell wall. Deformed and 
lysed cells as observed under scanning electron micro-
scope further confirms that thymol and carvacrol results 
in the lysis of the cells. The overexpression of autolysin 
genes involved in the restructuring of the cell wall further 
confirms these findings. Our results also show the over 
expression sodA and ymcA genes, suggesting that treat-
ment with thymol and carvacrol induces general and 
oxidative stress in the cells. Chlorhexidine digluconate 
also exhibit its antimicrobial activity primarily through 
membrane disruption (McBain et  al. 2003). Inhibition 
of glycosidic and proteolytic enzymes by chlorhexidine 
digluconate is also reported (Hastings 2000). Although 
carvacrol and thymol also disrupt the cell membrane 
but these essential oils are not water-soluble which may 
adversely affect their penetration into the bacterial cells 
resulting in lower activity. This argument is also sup-
ported by the findings that nano form of thymol exhibit 
better antimicrobial activity than the native form because 
of the improved dispersibility (Shah et al. 2012).

Another important trait of pathogenicity is biofilm 
formation. Biofilms exhibit greater resistance to antimi-
crobial agents and are difficult to treat (Ahn et al. 2008; 
Curtis et  al. 2011). Therefore, the antibiofilm activities 
of carvacrol (M-1) and thymol (M-2) against S. mutans 
was determined. The results of crystal violet assay and 
the qualitative examination of the biofilms under SEM 
(Fig.  6) suggest that the two compounds significantly 
reduce the biofilm formation by S. mutans. In gene 
expression studies also the downregulation of glycosyl 
transferase B (gtfB) gene suggests the inhibition of bio-
film formation. Previously the antibiofilm activity of thy-
mol and carvacrol against Pseudomonas aeruginosa has 
been reported (Ceylan and Ugur 2015). Chlorhexdine 
digluconate also reduced the biofilm formation at a con-
centration of 10 µg/ml. Inhibition of biofilm formation by 
chlorhexidine has been reported in in  vivo studies also 
(Bailón-Sánchez et al. 2014). As far as the antimicrobial 
and antibiofilm activities of clove oil are concerned clove 
oil was found to be least effective.

Results presented in this study strongly suggest that 
thymol and carvacrol exhibit significant antimicrobial 
and antibiofilm activities against S. mutans. Since these 
compounds are derived from edible plants classified as 
GRAS, these essential oils can be used in mouthwashes 
or toothpastes for controlling oral bacteria and for main-
taining good oral hygiene. Furthermore, unlike chlorhex-
idine digluconate, thymol and carvacrol have some health 
benefits in addition to the desired antimicrobial activity. 
Although, chlorhexidine digluconate is widely used and 

do not have any known health hazard but its effect on 
taste buds is well known (Helms et al. 1995).
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