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Abstract: Antimicrobial resistance is recognized as one of the major global health challenges of the
21st century. Synergistic combinations for antimicrobial therapies can be a good strategy for the
treatment of multidrug resistant infections. We examined the ability of a group of 29 plant essential
oils as substances which enhance the antibiotic activity. We used a modified well diffusion method
to establish a high-throughput screening method for easy and rapid identification of high-level
enhancement combinations against bacteria. We found that 25 essential oils possessed antibacterial
activity against Escherichia Coli ATCC 25922 and methicillin-resistant Staphylococcus aureus (MRSA)
43300 with MICs that ranged from 0.01% to 2.5% v/v. We examined 319 (11 × 29) combinations in a
checkerboard assay with E. Coli ATCC 25922 and MRSA 43300, and the result showed that high-level
enhancement combinations were 48 and 44, low-level enhancement combinations were 214 and 211,
and no effects combinations were 57 and 64, respectively. For further verification we randomly chose
six combinations that included orange and Petitgrain essential oils in a standard time-killing assay.
The results are in great agreement with those of the well diffusion assays. Therefore, the modified
diffusion method was a rapid and effective method to screen high-level enhancement combinations
of antibiotics and essential oils.

Keywords: essential oils; antibiotic adjuvant; modified well diffusion method; combination therapy

1. Introduction

Bacterial resistance to antibiotics is primarily spread by horizontal transfer of drug
resistance genes or through mutation [1]. Clinical bacterial isolates are commonly multiple
drug resistant (MDR) and these have increased in the past decade [2]. The latter is especially
concerning for the human pathogenic bacteria in the ESKAPE group; Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter. Infections by these pathogens can result in treatment failure, increased
mortality, as well as high therapy costs [3]. However, treatment options are becoming
limited and new treatment strategies or therapeutic agents are needed to combat MDR
bacteria. One option for improving antibiotic effectiveness is combination therapy [4]. The
use of plant essential oils as an antimicrobial adjuvant has been successful in improving
the effectiveness of drugs already in clinical use [5,6].

Essential oils or volatile oils are produced by secondary metabolism in a group of
aromatic plants and display a variety of biological properties and possess antimicrobial,
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antiviral, anti-inflammatory, and antioxidant activities [7]. These oils are complex mixtures
that consist of 20–60 components at different concentrations. In general, 2–3 components
predominate and represent 20–70% of the total [8]. Additionally, the use of essential oils as
antimicrobial compounds has advantages including minimal side effects, good tolerance,
biodegradability, and low cost [9]. In addition, essential oils are safe and can be used as
substances which enhance antibiotic activity [10,11]. Numerous studies have demonstrated
that essential oils administered with conventional antibiotics can increase the effectiveness
and reverse bacterial resistance and clear MDR bacteria from infections. Coriander essential
oil showed synergy with antibiotics against methicillin-resistant Staphylococcus aureus
(MRSA) and other Gram-positive bacteria (methicillin-susceptible S. aureus, S. epidermidis),
but also Gram-negative bacteria (P. aeruginosa, E. coli) [12].

Currently, there is no standardized method to screen the antibacterial activities of
essential oils. The methods in current use are the disk diffusion test, agar dilution test, well
diffusion test, and broth microdilution [13]. The checkerboard method and time-kill tests
are also recommended to detecting interactive effects among antibiotics. These methods
are important but time-consuming, and the number of tested drug combinations can be
limited [14]. In addition, due to the different test assays, inoculum size, growth media,
culture conditions, and cut-off determinations, it is difficult to compare between studies.
In the current study, we established a standard well diffusion method for rapid screening
of combinations of essential oils and antibiotics, and time-kill assay was performed to
verify some combinations and screen out effective antimicrobial substances which enhance
antibiotic activity.

2. Results
2.1. MIC Values of Essential Oils and Antimicrobial Agents

We initially examined the activity of a collection of essential oils for their antibacterial
activity against E. coli ATCC 25922. We found strong antibacterial activity for compounds
2 (lemongrass), 12 (sweet scented geranium), 19 (Chinese cinnamon), 20 (cinnamon leaf),
25 (true cinnamon tree), and 27 (caraway) with MIC values that ranged from 0.01% to
0.078% for E. coli ATCC 25922. In contrast, essential oils derived from turmeric (16),
Indian frankincense (22), carrot seeds (23), and anise (26) were not biologically active at
the maximum concentration (MIC values > 5%). Additionally, the antibacterial activity of
essential oils against MRSA 43300 was also examined to discover the effects of essential
oils on Gram-positive bacteria. We found strong antibacterial activity for compounds
2 (lemongrass), 6 (orange), 10 (abies alba), 12 (sweet scented geranium), 13 (tea tree),
19 (Chinese cinnamon), 20 (cinnamon leaf), 24 (cinnamon bark), and 27 (caraway) with MIC
values that ranged from 0.01% to 0.078%, and compound 11 (fennel seed) and compound
18 (grapefruit pink) were not biologically active at the maximum concentration with MIC
values > 5%. The other essential oils showed different antibacterial activities against the
tested bacteria, with MIC values ranging from 0.15 to 2.5% (Table 1). The validity of these
MIC tests was confirmed with the quality control standards based on CLSI guidelines
(Table 2).

The levels of the oils that maximized the antibacterial effects were determined using
agar well diffusion (Figures A1 and A2). The optimal concentrations of essential oils ranged
from 100% to 0.39% (Table 1). The antimicrobials were optimal when added in a range of
5120 to 20 µg/mL and produced inhibition zones between 11 and 18 mm with the exception
of vancomycin and bacitracin for E. coli ATCC 25922 and erythromycin for MRSA 43300
(Table 2).
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Table 1. Origin of essential oils and MIC values and optimum concentrations against E. coli ATCC 25922 and MRSA 43300.

Number Essential Oils Origin
MIC (v/v%) Optimum Concentrations (v/v%)

E. coli S. aureus E. coli S. aureus

1 Holly Inadia 2.500 5.000 100 100
2 Cymbopogon citratus India 0.078 0.039 3.13 12.50
3 Verbenone France 0.313 0.313 12.50 25
4 Tangerine leaf Italy 0.313 2.500 100 100
5 Tangerine Italy 0.625 1.250 12.50 12.50
6 Orange Italy 1.250 0.039 25 50
7 Lime oil India 0.313 0.625 6.25 12.50
8 Lemon Italy 0.313 0.156 6.25 50
9 Dill Austria 0.313 0.625 100 6.25
10 Abies alba Austria 0.156 0.078 3.13 6.25
11 Fennel France 2.500 >5 100 100
12 Pelargonium graveolens Egypt 0.039 0.039 25 50
13 Tea tree India 0.156 0.078 6.25 6.25
14 Abies sibirica Austria 0.156 0.156 6.25 25
15 Petitgrain France 0.625 1.250 100 50
16 Curcuma longa India >5 2.500 100 100
17 Lavandula spica France 0.156 0.625 12.50 6.25
18 Citrus paradisi Italy 0.625 >5 6.25 100
19 Cinnamomum cassia India <0.01 0.019 0.78 0.39
20 Cinnamon Leaf Sri Lanka 0.019 0.039 0.78 6.25
21 Eucalyptus globulus Australia 0.313 0.313 12.50 1.56
22 Boswellia serrata India >5 2.500 50 100
23 Carrot Seed France >5 0.313 100 100
24 Cinnamomum zeylanicum Sri Lanka <0.01 0.039 0.78 6.25
25 Piper nigrum India 2.500 1.250 100 12.50
26 Pimpinella anisum India >5 5.000 100 100
27 Trachyspermum ammi India 0.019 0.019 0.78 12.50
28 Bergamot India 2.500 1.250 50 6.25
29 Cupressu France 0.313 1.250 6.25 25

Table 2. MIC values and optimum concentrations of conventional antibiotics against E. coli ATCC 25922 and MRSA 43300.
(Inhibition zones refers to optimum concentrations).

Antibiotics Classification
MIC (µg/mL) Optimum

Concentrations (µg/mL) Inhibition Zones (mm)

E. coli S. aureus E. coli S. aureus E. coli S. aureus

Ampicillin Beta-lactam
antibiotic 2 1 1280 640 11 15

Kanamycin Aminoglycosides 4 64 320 5120 14 10
Erythromycin Macrolides 4 >256 2560 5120 6 6

Chloramphenicol Amphenicols 4 2 320 320 14 18
Florfenicol Amphenicols 1 1 2560 160 17 16

Streptomycin Aminoglycosides 8 2 320 320 14.5 14
Amikacin Aminoglycosides 1 0.5 160 640 15 13

Gentamicin Aminoglycosides 0.5 0.25 160 20 16 13
Tetracycline Tetracyclines 1 0.125 160 20 14 13
Bacitracin Polypeptide >256 64 5120 2560 6 14.5

Vancomycin Glycopeptides >256 1 5120 160 6 15

2.2. Effects of Essential Oils and Antibiotic Combinations

The optimal levels for these compounds were then tested in combinations of essential
oils and antibiotic using a modified well diffusion method. We examined 319 (11 × 29)
combinations and in 48/319 the inhibition zone diameters were increased >2 mm over the
single drug alone. Additionally, 214/319 increased from 0–2 mm and in 57/319 the zones of
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inhibition were reduced. These results indicated that there were 48 high-level enhancement
combinations and 47 combinations resulted in inhibition zone diameter increases of 2.5 mm
with exception of Petitgrain combined with tetracycline. In the group of 29 essential oils,
orange (6), Petitgrain (15), and bergamot (28) were high-level enhancement with 6, 8, and
10 antibiotics, respectively. The same test was performed with MRSA 43300, and we found
44/319 the inhibition zone diameters were increased >2 mm, 211/319 increased from
0–2 mm, and in 64/319 the zones of inhibition were reduced (Figure 1). The results showed
44 high-level enhancement combinations were found, and the corresponding inhibition
zone diameter of these combinations increased by 3 mm or more (Figure 1).
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2.3. In Vitro Time-Killing Curves

To verify whether the high-level enhancement combinations screened by the modified
well diffusion method were effective, we randomly selected 6 high-level enhancement
combinations for further verification using a time-killing assay. These combinations include
easily available and low-cost essential oils like Petitgrain (15) and Orange (6), as well as
clinically common antibiotics like amikacin, tetracycline, and chloramphenicol. We found
that the combination of Petitgrain oil and amikacin or tetracycline at 1× MIC caused 1.19-
and 2.68-log10 CFU/mL reductions as compared with the most active antimicrobial alone
at 24 h, respectively. This demonstrated additive and synergistic effects, respectively. The
combinations of orange oil (6) and amikacin, streptomycin, tetracycline, and chloram-
phenicol displayed rapid decreases in bacterial numbers than with individual drugs. The
reductions were 5.44-, 7.60-, 3.94-, and 3.85-log10 CFU/mL as compared with the most
active antimicrobial alone at 24 h, respectively (Figure 2). These data indicated that the
modified well diffusion method could serve as an effective screen to examine high-level
enhancement combinations of antibiotics and essential oils.

Three other bacterial strains also showed significant synergistic effects with amikacin
and orange oil (6). This combination completely inhibited bacterial growth at 6 h against
Salmonella. typhimurium and K. pneumoniae and caused a 4.63-log10 decrease at 24 h for the
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MRSA strain (Figure 2). The combination of tetracycline and Petitgrain oil (15) completely
inhibited bacterial growth at 3 h against the Gram-negative bacteria S. typhimurium and
K. pneumoniae and caused a 2.25-log10 decrease at 24 h for the Gram-positive bacterium
MRSA (Figure 3).
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3. Discussion

The rapid emergence of MDR bacteria poses a huge threat to global public health
since these dramatically decrease clinical treatment options. Combination therapies are
commonly used in the clinical setting against MDR infections and many have proven to be
effective [15,16]. In particularly, promising substances which enhance antibiotic activity
are essential oils [17].

We examined 29 essential oils in this study and those derived from the cinnamon
plants C. cassia and C. zeylanicum possessed the most robust antibacterial activity against
E. coli with MIC values <0.01%. The primary volatile oil present in these preparations is
cinnamaldehyde [18]. The C. citratus and P. graveolens essential oils also possessed good
antibacterial activities and the primary components of these are citral and citronellol,
respectively [19,20]. The orange and Petitgrain oils possessed significant synergistic ef-
fects with many of the antibiotics we used for this study even though their antibacterial
properties when used alone were not significant.

Orange and Petitgrain are both Citrus aurantium derivatives and are generally recog-
nized as safe for used in foods. Citrus oils have been successfully used as antimicrobials
against S. aureus, E. coli, S. typhimurium and K. pneumoniae [21–23]. The primary components
of orange oil are linalool and decanal and these demonstrated good inhibition of S. aureus
growth [24]. Essential oils may alter drug permeability and allow antibiotic permeation
of the cell [25]. Similarly, some components of essential oils may directly damage the
membrane structure, which could lead to intracellular material leakage and enhance the
action of antibiotics [6].

A variety of laboratory methods can be used to screen synergistic combinations
between essential oils and antibiotics including agar disk diffusion, checkerboard and
time-kill assays [26]. A recent study demonstrated that the combination of Thymus vulgaris
essential oil and cefotaxime was synergistic against blaSHV-12 producing E. coli (FICI 0.28)
using the checkboard method [11]. As regards Thymus vulgaris essential oil, a recent study
found synergistic combinations among essential oil compounds of thyme oil, using the
checkerboard assay [27]. Therefore, future works could be addressed to find synergistic
combinations among essential oil compounds and antibiotics. Another investigation using
disk diffusion demonstrated that basil, clary sage, and rosemary essential oils combined
with antibiotics were synergistic antibacterial combinations [28]. The latter method is
employed most frequently when evaluating antibacterial activity or screening synergistic
combinations [29]. The disc thickness, soaking time, and the volume of test substance
needed are all disadvantages for disc diffusion. The use of the well diffusion method
to evaluate the antibacterial activity of natural products against S. aureus and E. coli has
demonstrated better sensitivity than the disc diffusion method [30]. Another study also
demonstrated a greater sensitivity for well diffusion over disc diffusion using Allium
essential oils against a group of microbial pathogens [31].

In this work, we modified the well diffusion method and established a high-throughput
screening method for easy and rapid identification of synergistic combination of antibi-
otics and essential oils against bacteria. At present, different laboratories use different
screening methods for these types of investigations so it is difficult to compare them. The
use of a common method for selecting essential oils is conducive to data sharing between
researchers and the modified well diffusion method is a good way to do this. We were able
to rapidly test 11 antimicrobial and 29 essential oil combinations and found that orange
essential oil increased the inhibition zones for amikacin, streptomycin, tetracycline, and
chloramphenicol as well as for Petitgrain oil and tetracycline. In addition, we confirmed
these results using the standard time-kill assay and the two results were highly consistent.
The well diffusion method has advantages such as a high-throughput format that can
quantify results with many combinations and bacterial isolates. Previous studies have
used the well method to evaluate the antibacterial activity of lemongrass and eucalyptus
essential oils against four bacterial pathogens [32]. The well diffusion method provided
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a fast, cost effective, low tech and generally reliable method for large-scale screening of
essential oils as substances which enhance antibiotic activity.

Importantly, to the best of our knowledge, this is the first study demonstrating high-
level enhancement effects between orange essential oil with amikacin, streptomycin, tetra-
cycline, and chloramphenicol and Petitgrain essential oil and tetracycline against E. coli.
Interestingly, the combinations orange oil/amikacin and Petitgrain oil/tetracycline were
also synergistic against MRSA, S. typhimurium and K. pneumoniae using the time-kill assay.
The mechanism of action for these combinations is not yet clear but may include increased
membrane permeability, reduced membrane potential, alterations of proton and ion chan-
nels, a disruption of protein metabolism, and disruption of cellular components [33].

4. Materials and Methods
4.1. Antimicrobials and Essential Oils

Bacitracin (BCR), ampicillin (AMP), gentamicin (GEN), kanamycin (KAN), tetracycline
(TET), erythromycin (ERY), chloramphenicol (CHL), florfenicol (FFC), streptomycin (STR),
amikacin (AMK), and vancomycin (VAN) were selected for our studies based on their
mechanisms of action. All study antimicrobial agents were purchased from Guangzhou
Xiang Bo Biological Technology Co. Ltd. (Guangzhou, China). Antibiotic stocks solutions
(5120 µg/mL) were prepared with suitable solvents according to the manufacturer’s recom-
mendations. Twenty-nine different essential oils used in this study were both purchased
from FRANCINE CHICARD Co. Ltd. (Guangzhou, China) (Table 1). All essential oils were
directly used in the original solution (100%) and diluted with 1% dimethylsulfoxide in
the experiment.

4.2. Bacterial Strains and Growth Conditions

E. coli ATCC 25922, S. typhimurium ATCC 14028, K. pneumoniae ATCC 700603 and
methicillin –resistant S. aureus ATCC 43300 (MRSA) were used in this study. The bacterial
strains except MRSA were grown on MacConkey agar (MHA; Oxoid, Cambridge, UK),
MRSA were grown on Manitol salt agar (MSA; Oxoid, Cambridge, UK). Single colonies
were selected and incubated in Mueller-Hinton broth (MHB, Oxoid) at 37 ◦C with shaking
at 200 rpm until an optical density equal to 0.5 McFarland units was reached.

4.3. Determination of Minimum Inhibitory Concentration (MIC)

The MICs of antimicrobials and essential oils were conducted in triplicate by broth
microdilution method as recommended by the Clinical and Laboratory Standards Institute
guidelines (CLSI, 2018). Simultaneously, the MICs of essential oils were determined using
MHB supplemented agar (0.15% w/v). The essential oils were two-fold serially diluted
from 5% to 0.0098% (v/v) in a 96-well microplate in 100 µL volumes. Then 100 µL of
each bacterial suspension in MHB was added to microplates so that the final cellular
concentration was 5 × 105 CFU/mL. Plates were incubated at 37 ◦C for 16 h. At this time,
10 µL resazurin aqueous solutions (0.1 mg/mL) were added to each well and the plates
were incubated for 2 h at 37 ◦C. The MIC was then determined as the lowest concentration
that prevented the blue color change into pink [34].

4.4. Screening for Synergistic Effects of Essential Oils with Antibiotics Using Modified
Well Diffusion

Total of 20 mL tempered MH agar medium was poured into 90 mm bacteriological
Petri dishes. Samples of 100 µL overnight cultures (0.5 McFarland) of E. coli ATCC 25922
were spread onto the agar plate surface. After hardening, 7 mm × 6 mm holes were made
in the plates and its bottom was sealed. Then, a drop of heated liquid MH agar was added
to the bottom of the hole to ensure that antibiotics or essential oils do not flow from the
bottom. Finally, the test compounds were applied [35]. The same protocol was performed
with MRSA 43300.
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The essential oils and antibiotics were two-fold serially diluted ranging from 100% to
0.39% and 5120 to 20 µg/mL, respectively. The test compounds were added to the well
in 10 µL volumes and to test for synergistic effects, antimicrobials and essential oils were
added together at the same volume. The plates were then incubated at 37 ◦C for 18 h.
The inhibition zone diameter (mm) was measured using a Vernier caliper. The optimum
concentration of antibiotics is defined as a concentration that produces the inhibition zone
diameter 12 to 17 mm, except for antibiotics that have no antibacterial activity against E. coli
or S. aureus, such as vancomycin and bacitracin. The optimum concentration of essential
oils is defined as the first concentration that does not produce the inhibition zone. All tests
were performed in triplicate. There was a linear relationship between the diameter of the
inhibition zone and the antibiotic concentrations in a certain range when the antibacterial
activity of antibiotics was evaluated by well diffusion method [36]. Among the antibiotics
involved in this study, when the inhibition zone diameter is in the range of 12–17 mm, the
antibiotic concentration usually needs to increase by at least 50% for every 2 mm increase
in the inhibition zone diameter, so 2 mm is used as the cut-off value. The following criteria
were used to evaluate interaction of antibiotics and essential oil: compared with antibiotic
alone, diameter of combination group inhibition zone in the increased >2 mm high-level
enhancement; 0–2 mm low-level enhancement; <0 no effects.

4.5. Time-Kill Assays

Time-kill experiments were conducted to further characterize the synergistic activity of
the essential oil and antibiotic combinations as previously described [37]. In brief, an initial
inoculum of ~106 CFU/mL logarithmic phase cells incubated with antibiotics (1× MIC) in
the presence and absence of essential oils (1× MIC) and time–kill curves were compared
to assess efficacy. Serial samples were obtained at 0, 3, 6, 9, and 24 h after incubation at
37 ◦C. Bacterial counts were determined based on the quantitative cultures on MHA plates.
Synergy was defined as achieving a ≥2 log10 CFU/mL reduction in bacterial growth at
24 h with the combination compared with the most active individual drug concentration
used on its own [26]. Three independent experimental runs were performed.

4.6. Statistical Analysis

Bacterial counts were transformed to log values and the data were analyzed using
Graphpad Prism 7.0 (GraphPad Software, San Diego, CA, USA). One-way analysis of
variance and Student’s t-test were used for the analysis. A p-value of ≤0.05 was consid-
ered significant.

5. Conclusions

In conclusion, we modified the well diffusion method and established a standardized
condition for rapid screening of high-level enhancement combinations of essential oils and
convention antimicrobials. This study identified novel synergistic combinations of orange
essential oil and amikacin, streptomycin, tetracycline, and chloramphenicol as well as
Petitgrain essential oil and tetracycline against E. coli. Moreover, the combination of orange
oil/amikacin and Petitgrain oil/tetracycline had synergistic activity against S. aureus,
S. typhimurium, and K. pneumoniae. Essential oils from citrus alone or in combination with
antibiotics could potentially act as broad-spectrum antibiotics against both Gram-positive
and Gram-negative bacteria. Future studies should confirm the reproducibility of these
results in larger collections of clinical strains and define the molecular mechanisms of
synergistic activities of essential oils (e.g., thymol, cinnamaldehyde, citral, carvacrol).

Author Contributions: Methodology, S.-B.W.; software, H.-L.H.; validation, Z.-H.C. and S.-B.W.;
formal analysis, H.-L.H. and S.-Y.L.; investigation, T.-J.S. and L.-X.F.; resources, X.-P.L.; data curation,
H.-L.H.; writing—original draft preparation, Z.-H.C. and C.-L.D.; writing—review and editing,
Y.-H.L.; project administration, J.S.; funding acquisition, Y.-H.L. and J.S. All authors have read and
agreed to the published version of the manuscript.
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Appendix A

In this study, the optimum concentration of antibiotics is defined as a concentration
that produces the inhibition zone diameter 12 to 17 mm, except for antibiotics with no
antibacterial activity. The optimum concentration was determined by the modified well
diffusion method, and the results showed most of the antibiotics used in the experiment
have different degrees of antibacterial activity against bacteria E. coli ATCC 25922 and
MRSA 43300 (Figures A1 and A2).

Antibiotics 2021, 10, x FOR PEER REVIEW 10 of 12 
 

with the combination compared with the most active individual drug concentration used 
on its own [26]. Three independent experimental runs were performed. 

4.6. Statistical Analysis 
Bacterial counts were transformed to log values and the data were analyzed using 

Graphpad Prism 7.0 (GraphPad Software, San Diego, CA, USA). One-way analysis of var-
iance and Student’s t-test were used for the analysis. A P-value of ≤0.05 was considered 
significant. 

5. Conclusions 
In conclusion, we modified the well diffusion method and established a standardized 

condition for rapid screening of high-level enhancement combinations of essential oils and 
convention antimicrobials. This study identified novel synergistic combinations of orange 
essential oil and amikacin, streptomycin, tetracycline, and chloramphenicol as well as 
Petitgrain essential oil and tetracycline against E. coli. Moreover, the combination of or-
ange oil/amikacin and Petitgrain oil/tetracycline had synergistic activity against S. aureus, 
S. typhimurium, and K. pneumoniae. Essential oils from citrus alone or in combination with 
antibiotics could potentially act as broad-spectrum antibiotics against both Gram-positive 
and Gram-negative bacteria. Future studies should confirm the reproducibility of these 
results in larger collections of clinical strains and define the molecular mechanisms of syn-
ergistic activities of essential oils (e.g., thymol, cinnamaldehyde, citral, carvacrol). 

Author Contributions: Methodology, S.-B.W.; software, H.-L.H.; validation, Z.-H.C. and S.-B.W.; 
formal analysis, H.-L.H. and S.-Y.L.; investigation, T.-J.S. and L.-X.F.; resources, X.-P.L.; data cura-
tion, H.-L.H.; writing—original draft preparation, Z.-H.C. and C.-L.D.; writing—review and editing, 
Y.-H.L.; project administration, J.S.; funding acquisition, Y.-H.L. and J.S. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research was funded by the National Key Research and Development Program of 
China (2016YFD0501300), the Program for Innovative Research Team in the University of Ministry 
of Education of China (IRT_17R39), National Natural Science Foundation of China (31972735), the 
111 Project (D20008) and the Efficiency Enhancing and Dose Reducing of Antibiotic in Swine (Shen-
zhen Kondarl Co.,Ltd). 

Data Availability Statement:  Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 
In this study, the optimum concentration of antibiotics is defined as a concentration 

that produces the inhibition zone diameter 12 to 17 mm, except for antibiotics with no 
antibacterial activity. The optimum concentration was determined by the modified well 
diffusion method, and the results showed most of the antibiotics used in the experiment 
have different degrees of antibacterial activity against bacteria E. coli ATCC 25922 and 
MRSA 43300 (Figures A1 and A2). 

 
Figure A1. The optimum concentration of antibiotics against E. coli ATCC 25922 (partial).

Antibiotics 2021, 10, x FOR PEER REVIEW 11 of 12 
 

Figure A1. The optimum concentration of antibiotics against E. coli ATCC 25922 (partial). 

 
Figure A2. The optimum concentration of antibiotics against MRSA 43300 (partial). 

References 
1. Von Wintersdorff, C.J.; Penders, J.; van Niekerk, J.M.; Mills, N.D.; Majumder, S.; van Alphen, L.B.; Savelkoul, P.H.; Wolffs, P.F. 

Dissemination of Antimicrobial Resistance in Microbial Ecosystems through Horizontal Gene Transfer. Front. Microbiol. 2016, 7, 
173, doi:10.3389/fmicb.2016.00173. 

2. Cantón, R.; Morosini, M.I. Emergence and spread of antibiotic resistance following exposure to antibiotics. FEMS Microbiol. Rev. 
2011, 35, 977–991, doi:10.1111/j.1574-6976.2011.00295.x. 

3. Brüssow, H. Infection therapy: The problem of drug resistance–and possible solutions. Microb. Biotechnol. 2017, 10, 1041–1046, 
doi:10.1111/1751-7915.12777. 

4. Brown, E.D.; Wright, G.D. Antibacterial drug discovery in the resistance era. Nature 2016, 529, 336–343, doi:10.1038/nature17042. 
5. Gupta, P.D.; Birdi, T.J. Development of botanicals to combat antibiotic resistance. J. Ayurveda Integr. Med. 2017, 8, 266–275, 

doi:10.1016/j.jaim.2017.05.004. 
6. Owen, L.; Laird, K. Synchronous application of antibiotics and essential oils: Dual mechanisms of action as a potential solution 

to antibiotic resistance. Crit. Rev. Microbiol. 2018, 44, 414–435, doi:10.1080/1040841x.2018.1423616. 
7. Mahizan, N.A.; Yang, S.K.; Moo, C.L.; Song, A.A.; Chong, C.M.; Chong, C.W.; Abushelaibi, A.; Lim, S.E.; Lai, K.S. Terpene De-

rivatives as a Potential Agent against Antimicrobial Resistance (AMR) Pathogens. Molecules 2019, 24, doi:10.3390/mole-
cules24142631. 

8. Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial Activity of Some Essential Oils-Present Status and Future Perspectives. Med-
icines (Basel) 2017, 4, doi:10.3390/medicines4030058. 

9. Yap, P.S.; Yiap, B.C.; Ping, H.C.; Lim, S.H. Essential oils, a new horizon in combating bacterial antibiotic resistance. Open Micro-
biol. J. 2014, 8, 6–14, doi:10.2174/1874285801408010006. 

10. Zhou, Y.; Liu, S.; Wang, T.; Li, H.; Tang, S.; Wang, J.; Wang, Y.; Deng, X. Pterostilbene, a Potential MCR-1 Inhibitor That Enhances 
the Efficacy of Polymyxin, B. Antimicrob. Agents Chemother. 2018, 62, doi:10.1128/aac.02146–17. 

11. Benameur, Q.; Gervasi, T.; Pellizzeri, V.; Pľuchtová, M.; Tali-Maama, H.; Assaous, F.; Guettou, B.; Rahal, K.; Gruľová, D.; Dugo, 
G.; et al. Antibacterial activity of Thymus vulgaris essential oil alone and in combination with cefotaxime against bla(ESBL) 
producing multidrug resistant Enterobacteriaceae isolates. Nat. Prod. Res. 2019, 33, 2647–2654, 
doi:10.1080/14786419.2018.1466124. 

12. Aelenei, P.; Rimbu, C.M.; Guguianu, E.; Dimitriu, G.; Aprotosoaie, A.C.; Brebu, M.; Horhogea, C.E.; Miron, A. Coriander essen-
tial oil and linalool–Interactions with antibiotics against Gram-positive and Gram-negative bacteria. Lett. Appl. Microbiol. 2019, 
68, 156–164, doi:10.1111/lam.13100. 

13. Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016, 6, 
71–79, doi:10.1016/j.jpha.2015.11.005. 

14. Zusman, O.; Avni, T.; Leibovici, L.; Adler, A.; Friberg, L.; Stergiopoulou, T.; Carmeli, Y.; Paul, M. Systematic review and meta-
analysis of in vitro synergy of polymyxins and carbapenems. Antimicrob. Agents Chemother. 2013, 57, 5104–5111, 
doi:10.1128/aac.01230-13. 

15. Foucquier, J.; Guedj, M. Analysis of drug combinations: Current methodological landscape. Pharmacol. Res. Perspect. 2015, 3, 
00149, doi:10.1002/prp2.149. 

16. Brochado, A.R.; Telzerow, A.; Bobonis, J.; Banzhaf, M.; Mateus, A.; Selkrig, J.; Huth, E.; Bassler, S.; Zamarreño Beas, J.; Zietek, 
M.; et al. Species-specific activity of antibacterial drug combinations. Nature 2018, 559, 259–263, doi:10.1038/s41586-018-0278-9. 

17. Gadisa, E.; Weldearegay, G.; Desta, K.; Tsegaye, G.; Hailu, S.; Jote, K.; Takele, A. Combined antibacterial effect of essential oils 
from three most commonly used Ethiopian traditional medicinal plants on multidrug resistant bacteria. BMC Complement. Al-
tern. Med. 2019, 19, 24, doi:10.1186/s12906-019-2429-4. 

Figure A2. The optimum concentration of antibiotics against MRSA 43300 (partial).

References
1. Von Wintersdorff, C.J.; Penders, J.; van Niekerk, J.M.; Mills, N.D.; Majumder, S.; van Alphen, L.B.; Savelkoul, P.H.; Wolffs, P.F.

Dissemination of Antimicrobial Resistance in Microbial Ecosystems through Horizontal Gene Transfer. Front. Microbiol. 2016,
7, 173. [CrossRef]

2. Cantón, R.; Morosini, M.I. Emergence and spread of antibiotic resistance following exposure to antibiotics. FEMS Microbiol. Rev.
2011, 35, 977–991. [CrossRef] [PubMed]

3. Brüssow, H. Infection therapy: The problem of drug resistance–and possible solutions. Microb. Biotechnol. 2017, 10, 1041–1046.
[CrossRef] [PubMed]

4. Brown, E.D.; Wright, G.D. Antibacterial drug discovery in the resistance era. Nature 2016, 529, 336–343. [CrossRef] [PubMed]
5. Gupta, P.D.; Birdi, T.J. Development of botanicals to combat antibiotic resistance. J. Ayurveda Integr. Med. 2017, 8, 266–275.

[CrossRef]
6. Owen, L.; Laird, K. Synchronous application of antibiotics and essential oils: Dual mechanisms of action as a potential solution to

antibiotic resistance. Crit. Rev. Microbiol. 2018, 44, 414–435. [CrossRef] [PubMed]

http://doi.org/10.3389/fmicb.2016.00173
http://doi.org/10.1111/j.1574-6976.2011.00295.x
http://www.ncbi.nlm.nih.gov/pubmed/21722146
http://doi.org/10.1111/1751-7915.12777
http://www.ncbi.nlm.nih.gov/pubmed/28737021
http://doi.org/10.1038/nature17042
http://www.ncbi.nlm.nih.gov/pubmed/26791724
http://doi.org/10.1016/j.jaim.2017.05.004
http://doi.org/10.1080/1040841X.2018.1423616
http://www.ncbi.nlm.nih.gov/pubmed/29319372


Antibiotics 2021, 10, 463 10 of 11

7. Mahizan, N.A.; Yang, S.K.; Moo, C.L.; Song, A.A.; Chong, C.M.; Chong, C.W.; Abushelaibi, A.; Lim, S.E.; Lai, K.S. Terpene
Derivatives as a Potential Agent against Antimicrobial Resistance (AMR) Pathogens. Molecules 2019, 24, 2631. [CrossRef]

8. Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial Activity of Some Essential Oils-Present Status and Future Perspectives.
Medicines 2017, 4, 58. [CrossRef]

9. Yap, P.S.; Yiap, B.C.; Ping, H.C.; Lim, S.H. Essential oils, a new horizon in combating bacterial antibiotic resistance. Open Microbiol.
J. 2014, 8, 6–14. [CrossRef]

10. Zhou, Y.; Liu, S.; Wang, T.; Li, H.; Tang, S.; Wang, J.; Wang, Y.; Deng, X. Pterostilbene, a Potential MCR-1 Inhibitor That Enhances
the Efficacy of Polymyxin, B. Antimicrob. Agents Chemother. 2018, 62. [CrossRef] [PubMed]

11. Benameur, Q.; Gervasi, T.; Pellizzeri, V.; Pl’uchtová, M.; Tali-Maama, H.; Assaous, F.; Guettou, B.; Rahal, K.; Grul’ová, D.; Dugo,
G.; et al. Antibacterial activity of Thymus vulgaris essential oil alone and in combination with cefotaxime against bla(ESBL)
producing multidrug resistant Enterobacteriaceae isolates. Nat. Prod. Res. 2019, 33, 2647–2654. [CrossRef] [PubMed]

12. Aelenei, P.; Rimbu, C.M.; Guguianu, E.; Dimitriu, G.; Aprotosoaie, A.C.; Brebu, M.; Horhogea, C.E.; Miron, A. Coriander essential
oil and linalool–Interactions with antibiotics against Gram-positive and Gram-negative bacteria. Lett. Appl. Microbiol. 2019,
68, 156–164. [CrossRef] [PubMed]

13. Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016,
6, 71–79. [CrossRef] [PubMed]

14. Zusman, O.; Avni, T.; Leibovici, L.; Adler, A.; Friberg, L.; Stergiopoulou, T.; Carmeli, Y.; Paul, M. Systematic review and
meta-analysis of in vitro synergy of polymyxins and carbapenems. Antimicrob. Agents Chemother. 2013, 57, 5104–5111. [CrossRef]
[PubMed]

15. Foucquier, J.; Guedj, M. Analysis of drug combinations: Current methodological landscape. Pharmacol. Res. Perspect. 2015,
3, 00149. [CrossRef]

16. Brochado, A.R.; Telzerow, A.; Bobonis, J.; Banzhaf, M.; Mateus, A.; Selkrig, J.; Huth, E.; Bassler, S.; Zamarreño Beas, J.; Zietek, M.;
et al. Species-specific activity of antibacterial drug combinations. Nature 2018, 559, 259–263. [CrossRef]

17. Gadisa, E.; Weldearegay, G.; Desta, K.; Tsegaye, G.; Hailu, S.; Jote, K.; Takele, A. Combined antibacterial effect of essential oils
from three most commonly used Ethiopian traditional medicinal plants on multidrug resistant bacteria. BMC Complement. Altern.
Med. 2019, 19, 24. [CrossRef] [PubMed]

18. Zhang, Y.B.; Liu, X.Y.; Wang, Y.F.; Jiang, P.P.; Quek, S. Antibacterial activity and mechanism of cinnamon essential oil against
Escherichia coli and Staphylococcus aureus. Food Control 2016, 59, 282–289. [CrossRef]

19. Bassolé, I.H.; Lamien-Meda, A.; Bayala, B.; Obame, L.C.; Ilboudo, A.J.; Franz, C.; Novak, J.; Nebié, R.C.; Dicko, M.H. Chem-
ical composition and antimicrobial activity of Cymbopogon citratus and Cymbopogon giganteus essential oils alone and in
combination. Phytomedicine 2011, 18, 1070–1074. [CrossRef]

20. Boukhris, M.; Simmonds, M.S.; Sayadi, S.; Bouaziz, M. Chemical composition and biological activities of polar extracts and
essential oil of rose-scented geranium, Pelargonium graveolens. Phytother. Res. 2013, 27, 1206–1213. [CrossRef]

21. Mehmood, B.; Dar, K.K.; Ali, S.; Awan, U.A.; Nayyer, A.Q.; Ghous, T.; Andleeb, S. Short communication: In vitro assessment of
antioxidant, antibacterial and phytochemical analysis of peel of Citrus sinensis. Pak. J. Pharm. Sci. 2015, 28, 231–239. [PubMed]

22. Pittman, C.I.; Pendleton, S.; Bisha, B.; O’Bryan, C.A.; Belk, K.E.; Goodridge, L.; Crandall, P.G.; Ricke, S.C. Activity of citrus
essential oils against Escherichia coli O157:H7 and Salmonella spp. and effects on beef subprimal cuts under refrigeration. J. Food
Sci. 2011, 76, M433–M438. [CrossRef] [PubMed]

23. Muthaiyan, A.; Martin, E.M.; Natesan, S.; Crandall, P.G.; Wilkinson, B.J.; Ricke, S.C. Antimicrobial effect and mode of action of
terpeneless cold-pressed Valencia orange essential oil on methicillin-resistant Staphylococcus aureus. J. Appl. Microbiol. 2012,
112, 1020–1033. [CrossRef] [PubMed]

24. Federman, C.; Ma, C.; Biswas, D. Major components of orange oil inhibit Staphylococcus aureus growth and biofilm formation,
and alter its virulence factors. J. Med. Microbiol. 2016, 65, 688–695. [CrossRef] [PubMed]

25. Langeveld, W.T.; Veldhuizen, E.J.; Burt, S.A. Synergy between essential oil components and antibiotics: A review. Crit. Rev.
Microbiol. 2014, 40, 76–94. [CrossRef]

26. Gómara, M.; Ramón-García, S. The FICI paradigm: Correcting flaws in antimicrobial in vitro synergy screens at their inception.
Biochem. Pharmacol. 2019, 163, 299–307. [CrossRef]

27. Pinto, L.; Bonifacio, M.A.; De Giglio, E.; Cometa, S.; Logrieco, A.F.; Baruzzi, F. Unravelling the Antifungal Effect of Red Thyme
Oil (Thymus vulgaris L.) Compounds in Vapor Phase. Molecules 2020, 25, 4761. [CrossRef]
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