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Abstract

with that of the control.

inhibiting purine and pyrimidine metabolism.

Background: This study investigated the effects of terpinen-4-ol on methicillin-resistant Staphylococcus aureus (MRSA)
and its biofilm, and the possible mechanisms governing this effect.

Results: We observed that terpinen-4-ol has good antibacterial activity and inhibits the formation of MRSA biofilm.
The MIC and MBC values for terpinen-4-ol against S. aureus were 0.08% ~0.32%. And terpinen-4-ol at 0.32% could kill
all bacteria and clear all biofilms. Untargeted metabolomic and transcriptomic analyses showed that terpinen-4-ol
strongly inhibited DNA and RNA biosynthesis in MRSA at 2 h after treatment by affecting genes and metabolites
related to purine and pyrimidine metabolic pathways. Some differential genes which play important roles in DNA syn-
thesis and the production of eDNA from biofilm exposed to terpinen-4-ol was also significantly decreased compared

Conclusions: Terpinen-4-ol has good antibacterial activity and significantly inhibits the formation of MRSA biofilm by
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Background

In recent years, essential oils have become widely used
in the biomedical, cosmetics and food industries and
other fields due to their broad antibacterial activity and
few side effects [1]. Numerous essential oils can not only
effectively inhibit the growth of microorganisms but also
clear microbial biofilms; such as TTO [2], litsea cubeba
oil [3], oregano oil [4] and clove oil [5]. TTO is a colorless
to light yellow liquid extracted from the fresh branches
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and leaves of Melaleuca alterniflora in Australia by steam
distillation, with the smell of camphor and cooling sensa-
tion of menthol [6]. TTO is known for its antiseptic, anti-
microbial, and anti-inflammatory properties [7].

Terpinen-4-ol was considered to be the main active
ingredient of TTO [6], and ISO 4730-2017 stipulates that
the content of terpinen-4-ol should not be less than 30%
[8]. But there were few studies about the strong antibi-
ofilm activity [9] of terpinen-4-ol, and its mechanism was
not yet fully understood.

Staphylococcus aureus (S. aureus) is one of the earli-
est described pathogens in humans and one of the most
common causes of infection [10]. Due to the overuse of
antibiotics in treating human and animal diseases, drug
resistance in S. aureus has become increasingly serious
and has led to the MRSA pandemic [11]. MRSA causes
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many diseases and conditions, such as nosocomial infec-
tions, pneumonia, sepsis, and skin infections. Studies
have shown that the formation of MRSA biofilm is a main
factor contributing to the increased drug resistance and
toxicity of this pathogen [12]. Biofilms are communities
of microorganisms formed by many bacteria that allows
them to adhere to a surface, and it can serve as a barrier
for bacteria against host immune cells [13]. The bacteria
in biofilm are reportedly approximately 1000 times more
resistant to antibacterial agents than are planktonic bac-
teria [14]. Currently reported methods for the treatment
of biofilm of S.aureaus include quorum-sensing modula-
tors, Bioactive Molecules Interfering with Staphylococcal
Biofilms and Bacteriophage-Based Antibiofilm Strategies
[15]. Antibiotics, AMP and plant extracts are commonly
used in the treatment of biofilm infection. The anti-
MRSA biofilm activity of terpinene-4-ol was studied in
this paper [16] .

Results and discussion

Antibacterial activity

TTO is a potential anti-bacterial [7, 17] and anti-fungal
product [18, 19], but there were few studies about the
anti-MRSA activity of terpinen-4-ol, a main ingredi-
ent of TTO. Our research focused on the antibacterial
activity of terpinen-4-ol against MRSA. The MIC and
MBC values of terpinen-4-ol against MRSA were 0.16
and 0.32%(v/v) while it against other S. aureus were
0.08% ~0.32% (Table 2), which is similar to Loughlin’s
result (0.25%) [20]. In Table 1, we could see the MBC
value was two times the MIC value, which leads us to
know that terpinen-4-ol exhibited bactericidal proper-
ties against MRSA and other strains in this study [21]. In
addition, a time-kill curve of MRSA exposed to terpinen-
4-ol was generated by performing plate counts (Fig. 1).
We found that 0.32% terpinen-4-ol killed all the bacte-
ria within 2 h and that terpinen-4-ol at 0.16% or 0.08%
could obviously inhibit the growth of MRSA, which also
showed terpinen-4-ol exhibited bactericidal properties
against MRSA.

Antibiofilm activity

The antibiofilm activity of terpinen-4-ol was also
assessed by the crystal violet staining. As shown in
Fig. 2A., there was almost no MRSA biofilm forma-
tion under treatment with terpinene-4-ol at concen-
trations of 0.64 and 0.32%. Terpinene-4-ol at 0.16%
also had a significant effect on the formation of MRSA
biofilm, and the inhibition rates at 24h and 48h were
48.09% +0.97% (P <0.01) and 31.20% +2.13% (P<0.01).
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Table 1 Antimicrobial activities of terpinen-4ol against 13S5.
aureus strains

Bacteria MIC(v/v) MBC(v/v)
ATCC 43300 0.16% 0.32%
S-1 0.08% 0.16%
S-2 0.08% 0.16%
S-3 0.16% 0.32%
S-4 0.08% 0.16%
S5 0.32% 0.32%
S-6 0.08% 0.16%
S-7 0.16% 0.16%
S-8 0.08% 0.16%
S-9 0.16% 0.16%
S-10 0.32% 0.32%
S-1 0.16% 0.32%
S-12 0.16% 0.32%

It can be seen that higher concentrations of terpinen-
4-ol effectively inhibited the formation of biofilm.

In this study, terpinen-4-ol behaved its inhibition
in MRSA biofilm formation. It also confirmed other
authors’ results that terpinen-4-ol could destroy the
biofilm of many oral pathogens such as, Streptococcus
mutans, and Lactobacillus acidophilus [22] Porphy-
romonas gingivalis, Fusobacterium nucleatum [23]. We
could see that terpinen-4-ol could inhibit biofilm for-
mation of MRSA in a concentration-dependent manner.
With the decrease of concentration of terpinen-4-ol,
the inhibition rates gradually down.

The destruction of biofilms by terpinen-4-ol was also
evaluated. As shown in Fig. 2B, 0.16% terpinene-4-ol
achieved a clearance rate of 93.90% =+ 3.33% (P <0.01) for
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Fig. 1 Time-killing curves of terpinen-4-ol against MRSA
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Fig. 2 Effect of terpinen-4-ol on MRSA biofilms, A Effect of terpinen-4-ol on the formation of MRSA biofilms, the ordinate represents the relative
content of MRSA biofilms. B Effect of terpinen-4-ol at various concentrations on the mature biofilm of MRSA, the ordinate represents the removal
rate of terpinen-4-ol on MRSA biofilms. **: Compare with blank control group, P<0.01, t test
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Fig. 3 CLSM image of LIVE/DEAD stained MRSA biofilm grown on cell slide. Green (viable cells) and red (dead cells). A Control cells (no treated). B
Cells treated with terpinen-4-ol (0.04%). C Cells treated with terpinen-4-ol (0.08%). D Cells treated with terpinen-4-ol (0.16%)
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MRSA mature biofilm. As the concentration of terpinen-
4-ol decreased, the clearance rate gradually decreased.
The viability of the preformed MRSA biofilm exposed
to terpinen-4-ol was also verified by CLSM analysis. As
shown in Fig. 3, as the concentration of terpinen-4-ol
increased, the amount of red fluorescence (indicating
dead bacteria) increased while that of green fluorescence
(indicating live bacteria) decreased.

Terpinen-4-ol showed its activity in clearing MRSA
biofilm. Generally, it is more difficult to remove mature
biofilm than to inhibit its formation. Thus, terpinen-
4-ol could consider to be a potential antibiofilm agent,
for it can not only inhibit the formation of biofilms, but
also destroy mature biofilm. Therefore, it is necessary
to further study the anti-biofilm activity of terpinene-
4-ol and explain its mechanism of action.

Antibiofilm mechanism

Transcriptomics

To understand the changes in MRSA due to treatment
with terpinen-4-ol, we measured the transcriptome of

MRSA exposed to terpinen-4-ol and screened 304 DEGs
as defined by FC>2 and Q<0.05. Among these DEGs, 159
genes were downregulated and 145 genes were upregu-
lated in terpinen-4-ol-treated relative to control (Fig. 4).
The RNA-seq data were submitted to Gene Expression
Omnibus (GEO) under accession number GSE157638.
KEGG pathway analysis was used to obtain insights
into the biological functions of the DEGs (Fig. 5). Com-
pared with the control group, there were some path-
ways different, including valine, leucine, and isoleucine
(branched chain amino acids, BCAAs) biosynthesis.
Nitrogen metabolism, ABC transporters, 2-oxocarbox-
ylic acid metabolism and etc., were significantly enriched
(P<0.05) in terpinen-4-ol-treated group. Some of those
pathways related to the formation of MRSA biofilm.
For example, BCAAs, synthesized by 2-oxocarboxylic
acid, regulate the biosynthesis of bacterial amino acids
[24] and nucleotide metabolism [25] by combining with
CodY, and they can also regulate the biofilm of S.aureus
[26-28]. There were 9 genes related to 2-oxocarbox-
ylic acid and BCAAs have been down in MRSA treated
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Fig. 5 Bubble chart of KEGG enrichment results of transcriptome
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with terpinen-4-ol, which showed us the BCAA meta-
bolic pathway of MRSA may be affected by terpinen-4-ol.
Fig. 4.

Furthermore, there were other pathways that warrant
our attention, such as purine metabolism, quorum sens-
ing (QS), and B-Lactam resistance. Most of these path-
ways are related to the synthesis of nucleic acids or ATP,
which are important to biofilm formation of MRSA. We
then used metabolomics to verify the results of the tran-
scriptomics analysis.

Metabolomics

Twelve sets of data from the six biological replicates
were analyzed to determine the changes in metabo-
lites that occur in MRSA following treatment with
terpinen-4-ol. PCA analysis (Fig. 6) showed that the
quality of data was high. Two hundred fifteen differ-
ential metabolites were screened based on FC>1.5 or
FC<0.67, P<0.05, and VIP value >1.0. Among these
differential metabolites, 125 were upregulated and 90
were downregulated in terpinen-4-ol-treated MRSA
relative to control MRSA (Fig. 7). Eighteenenriched
pathways (Fig. 8) were identified by KEGG enrichment

analysis, including caffeine metabolism (P <0.05). Caf-
feine can be converted to purine, and we found that
many intermediate products of purine metabolism and
the contents of its constituents have decreased, includ-
ing xanthine and xanthosin, which are intermediate
products of purine metabolism, guanosine, and aden-
osine, which are components of purine metabolism,
2’-deoxyadenosine, and deoxyadenosine, which are
components of DNA.

In addition, there were also some metabolites related to
pyrimidine metabolism have decreased. The content of
these substances is closely related to DNA synthesis, and
the reduction of their content may lead to a reduction in
the amount of bacterial DNA. Thus, we conjectured that
terpinen-4-ol achieves its anti-MRSA activity by inhibit-
ing the synthesis of DNA.

eDNA quantification

eDNA an important component of the EPS released
by the lysis of some bacteria during the formation of
the biofilm [29], and it plays a vital role in all stages of
biofilm formation, including initial bacterial adhesion,
aggregation, microcolony formation, and determining
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the structure of biofilm [30]. The amount of eDNA
in the medium of the biofilm was measured by spec-
trophotometer and reported as the eDNA per rela-
tive biomass to account for the number of bacteria in
the biofilm. The production of eDNA from biofilm
exposed to terpinen-4-ol was significantly decreased
compared with that of the control (Fig. 9). In particu-
lar, the eDNA content of the biofilm treated with 0.16%
terpinen-4-ol was decreased relative to the control
content by 61.88% +0.58%. The decrease in the con-
tent of eDNA reduces the adhesion ability between
bacteria, leading to the destruction of the integrity of
its biofilm. Thus, we inferred terpinen-4-ol inhibited
biofilm formation of MRSA by inhibiting its release of
eDNA.

Q-RT-PCR

To verify our results, we also performed qRT-PCR
verification of some of the differential genes, which
play important roles in DNA synthesis (Table 2). In

terpinen-4-ol-treated MRSA relative to control MRSA,
the expression of deoD was upregulated by 12.378 +0.541
times, and the expression of pyrB was downregulated by
3.049 +0.147 times. Those results were largely consistent
with the transcriptome results that terpinen-4-ol inhibit
purine and pyrimidine metabolism.

Conjoint analysis

The differential genes identified from the transcriptom-
ics analysis and the differential metabolites identified
from metabolomics analysis were represented in the
KEGG pathway database (Fig. 10). After the enriched
pathways were identified for the differential genes and
metabolites separately, it was found that the differen-
tial genes and metabolites were mainly involved in the
synthesis of MRSA nucleic acid. In the transcriptome
results, 16 genes related to nucleic acid synthesis were
altered, including nrdF, arcC, deoD, pyrF, pyrB and carB.
In the metabolome results, the contents of 11 metabo-
lites related to nucleic acid synthesis, including xanthine,
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Fig. 7 Volcano plot of different metabolites in MRSA treated with terpinen-4-ol

2'-deoxyadenosine, inosine, cytosine, thymidine, and
deoxyadenosine, were significantly reduced in terpinen-
4-ol-treated MRSA relative to control MRSA.

ATP is composed of adenine, ribose and 3 phosphate
molecules, and is the most direct source of energy in liv-
ing organisms [31]. The reduction of purine and pyrimi-
dine synthesis materials in terpinen-4-ol-treated MRSA
affects its ATP synthesis, resulting in different degrees of
inhibition of energy metabolism and membrane trans-
port systems. In transcriptome and metabolome analysis,
we found that many ATP-related genes and small mol-
ecule metabolites were affected by terpinen-4-ol treat-
ment to varying degrees, especially ABC transporters
and energy metabolism related genes. ABC transporter
is the main transporter of MRSA efflux pump, which is
closely related to the formation of MRSA biofilm and
the quorum sensing system [32, 33]. The decrease of
efflux pump activity can inhibit the formation of bacte-
rial biofilm [34]. The ABC transporter is also involved in
one of the main mechanisms of MRSA drug resistance.

A study has shown that the combination of terpene-4-ol
and B-lactam antibiotics has a significant synergistic inhi-
bition effect on MRSA. In addition, TTO can inhibit the
growth of Botrytis cinerea by inhibiting its energy metab-
olism [35]. Therefore, we speculate that terpinen-4-ol can
inhibit the growth of PMRSA by inhibiting the synthesis
of purines and pyrimidines.

The biosynthesis of pyrimidine nucleotides can affect
biofilm by influencing the expression of the genes
¢sgDEFG [36]. The interplay between the rescue synthe-
sis pathway of nucleotides and Curli amyloid fibers’ gen-
eration may be closely related to cellulose and other EPS
responses to environmental pressure [37-39]. pyrB and
carB are the key enzymes of the nucleotide rescue pathway,
being very important for the rescue synthesis of nucleo-
tides. In our research, the expression of these two genes
was inhibited by terpinen-4-ol treatment. Furthermore,
the levels of four nucleotides, the raw material for UMP
synthesis, declined significantly after terpinen-4-ol treat-
ment, indicating that the salvage synthesis of pyrimidine
nucleotides was inhibited by terpinen-4-ol. The inhibition
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of pyrimidine nucleotides might block the production of
modified nucleotides acting as signal molecules for biofilm
formation, such as c-di-GMP [40], which is an important
signal molecule in biofilm regulation. In addition, the inhi-
bition of pyrimidine nucleotides biosynthesis might lead to
the inhibition of eDNA synthesis, which could lead to the
destruction of biofilm. The observed decrease in eDNA
production in terpinene-4-ol-treated MRSA relative to
control MRSA supports this possibility. Therefore, we
hypothesized that terpinene-4-ol may inhibit the forma-
tion of MRSA biofilm by inhibiting the pyrimidine metab-
olism of MRSA, but this needs to be further verified.

Conclusion

Terpinen-4-ol has good antibacterial activity and signifi-
cantly inhibits the formation of MRSA biofilm. It dem-
onstrated the excellent potential in anti-biofilm drug.
The results of the transcriptomics and metabolomics
analyses suggest that terpinen-4-ol inhibits the growth of
MRSA by inhibiting purine and pyrimidine metabolism.
According to the decrease of eDNA in MRSA biofilm,

it is further speculated that the mechanism of terpinen-
4-ol inhibiting the formation of MRSA biofilm may also
inhibit the synthesis of purines and pyrimidines. These
findings provide new insights into the antibacterial
mechanisms of terpinen-4-ol and may promote the study
of the pharmacological activity of terpinen-4-ol as a natu-
ral antibacterial product.

Materials and methods

Materials

MRSA (ATCC 43300) was obtained from Beina Biotech-
nology (Beijing, China). Twelve isolates of S. aureus were
obtained from the manure of the dairy farm in Gansu
China, and were labeled S-1 through S-12. MHA and
MHB were obtained from Aobox Biotechnology (Beijing,
China). TSB and BHI were obtained from Oxoid (Fisher,
UK), and terpinen-4-ol was obtained from Sigma Aldrich
(Shanghai, China).
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Table 2 Selected MRSA genes that displayed altered expression after terpinene-4-ol treatment of biofilm as determined by RNA-seq

and real-time RT-PCR

Gene Description Fold Change + SD

qRT-PCR RNA-seq
carB carbamoyl phosphate synthase large subunit —2.054 £0.304 —6.36
arcC carbamate kinase +2.371+£0051 338
deoD purine nucleoside phosphorylase +12.378 £ 0.541 24.723
pyrF orotidine 5’-phosphate decarboxylase —1.297 £0.697 —5.07
pyrB aspartate carbamoyltransferase catalytic subunit —3.049 £0.147 —545

Testing the susceptibility of planktonic Bacteria

The MIC of terpinen-4-ol was determined according to
the Clinical and Laboratory Standard Institute (CLSI)
guidelines. One standard strain and 12 clinical strains of
S. aureus were tested in this study.

Time-kill curve

Time-kill curve of terpinen-4-ol against MRSA strain
ATCC 43300 was generated. MRSA was cultivated in
MHB with terpinen-4-ol and incubated at 37°C. The
number of MRSA was measured by the plate counting
method at regular time intervals.

Assays the effect on biofilm
The adhesion of biofilm was measured by crystal violet
staining and CLSM. The crystal violet staining method
was performed according to a previous report and used
to determine the inhibition and clearance of MRSA bio-
film by terpinen-4-ol at different concentrations. For
the effect of terpinen-4-ol on the removal of biofilms, a
mature biofilm is first cultivated, and then different con-
centrations of terpinen-4-ol was added. After a certain
period of time, the amount of biofilm is determined by
crystal violet. The biofilm was cultured and measured fol-
lowing Srdjan Stepanovic’s report [41].

CLSM was performed by staining a pre-established bio-
film with the LIVE/DEAD BacLight Bacterial Viability kit
(Invitrogen Molecular Probes, Carlsbad, USA) according
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Table 3 g-RT-PCR Primers

Primer Sequence (5’ — 3') Length (bp)
pyrB-F AGGCATGGGCTTGCAGAAGAAAC 23
pyrB-R CTCTATTCACAGGTGCCGGATGC 23
pyrF-FpyrF-F ATGGCGTTGTTTGTTCACCTCTTG 24
pyrF-R CGGTGTCGTAATACGGTGTTGGTC 24
carB-F TTAACGTGCCACAGCCACAAGG 22
carB-R TTCCATTGCGCGACCACCTAATAC 24
arcC-F CATGCGGTGGTGGCGGTATTC 21
arcC-R GGTATCTGCTTCAATCAGCGTTGC 24
deoD-F TTACGCTGGTGTCGAAGCATTAGG 24
deoD-R CCCTTTCCTCAGGTGTTGTTGACG 24
16S-F GCTCGTGTCGTGAGATGTTGG 21
16S-R TTTCGCTGCCCTTTGTATTGT 21

to the manufacturer’s instructions. CLSM images were
captured using an LSM 800 (ZEISS, LSM 800) with a 40x
objective lens. ZEN 2.3 was used to analysis and exporting
images of CLSM.

RNA-seq and enrichment analysis

MRSA was exposed to terpinen-4-ol at a concentration
of 1/2 x MIC (0.08%, v/v) for 2h, and 3 treatment sam-
ples and 3 control samples were analyzed. Total RNA
was extracted from MRSA using an RNAprep Pure Bac-
teria Kit (Tiangen, Beijing, China). The transcriptome
sequencing and analysis were conducted by Novogene
(Tianjin, China) using the Illumina sequencing plat-
form (Illumina NovaSeq). DEGs screening and KEGG
enrichment analysis respectively used Bowtie v2.2.3 and
KOBAS.

Metabolite extraction and analysis

MRSA was exposed to terpinen-4-ol at a concentration of
1/2 x MIC (0.08%, v/v) for 2h, and 6 treatment samples
and 6 control samples were analyzed. MRSA (100 mg)
were individually grounded with liquid nitrogen and
the homogenate was resuspended with prechilled 80%
methanol and 0.1% formic acid by well vortexing. Take
an equal volume sample from each experimental sample
and mix it as a quality control sample for quality control
to ensure the quality of the final collected data. And the
metabolites analysis was carried out to analyze using a
Vanquish UHPLC system coupled with an Orbitrap Q
Exactive series mass spectrometer (Thermo Fisher, USA).
The raw data files generated by UHPLC-MS/MS were
processed using the Compound Discoverer 3.1 (CD3.1,
Thermo Fisher) to perform peak alignment, peak pick-
ing, and uantitation for each metabolite. MetaX software
[42] was used for logarithmic conversion and centralized
formatting of the data, and then PCA analysis is carried
out. The Variable Importance in the Projection (VIP)
value of the first principal component of the PLS-DA
model is used. The VIP value represents the contribution
rate of the difference in metabolites in different groups;
the Fold Change (FC) is for each metabolism The ratio
of the mean value of the repeated quantitative values of
all organisms in the comparison group; combined with
the P value of T-test to find the differentially expressed
metabolites, set the threshold value to VIP > 1.0, and the
multiple of difference FC>1.5 or FC <0.667 and P value
<0.05, screen out the different metabolites.
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eDNA quantification

The extraction of eDNA in MRSA was conducted as
previously reported [43]. First, biofilm was cultured in a
6-well plate, the OD,, was measured by enzyme-labeled
instrument, and the eDNA was extracted. The concentra-
tion of eDNA was measured with an DNA/Protein Ana-
lyzer (Pultton, USA). The relative content of eDNA was
measured in terms of eDNA content per unit of biofilm.

qRT-PCR
The extraction of total RNA was performed using the
Simply P Total RNA Extraction Kit (Bioflux, Hangzhou,
China). The ¢cDNAs were synthesized by the Prime-
Script " RT reagent Kit with gDNA Eraser (Perfect Real
Time) (Takara, Japan). The quantitative real-time poly-
merase chain reaction (QRT-PCR) was conducted using
QuantStudio (Thermo Fisher, USA) with TB Green®
Premix Ex Taq  II (Takara, Japan). The primers and
genes are listed in Table 3.

Statistical analyses

All data except RNA-seq and metabolomics were
reported as means + SD. The significance of differences
was determined by t-test using SPSS 23.0 (SPSS Inc.). A
value of P<0.05 was considered to be significant.
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