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ABSTRACT  

  

Essential oils (EOs), derived from aromatic plants, have been widely studied and used as 

antimicrobials due to their broad-spectrum activity. This offers a potential resolution to the 

worldwide concern of antimicrobial resistance. However, little is known about the impact EOs 

will have on resistance emergence due to exposure in relation to resistance mechanisms. This 

study aimed to investigate resistance mechanisms and the potential induction of resistance 

against a selection of EOs. The research objectives encompassed four methods comprising of 

an initial antimicrobial screening of 23 EOs, followed by anti-quorum sensing (anti-QS) 

activity, biofilm inhibition, and resistance induction assays against five oils.  

 

The broth microdilution assay was carried out on 23 EOs, to screen the minimum inhibitory 

concentrations (MICs) against the ESKAPE (Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter aerogenes) pathogens. This included reference, susceptible and resistant clinical 

strains. Based on the minimum inhibitory activity results, five EOs, Thymus vulgaris Willk. 

(0.92 mg/mL), Origanum vulgare L. (0.72 mg/mL), Carum carvi L. (1.62 mg/mL), 

Commiphora myrrha Engl. (3.04 mg/mL), and Matricaria recutita L. (3.36 mg/mL), 

representing a variety of inhibitory activity (noteworthy - poor) were selected for further 

investigation into resistance mechanisms.   

 

The anti-QS activity was evaluated, using Chromobacterium violaceum (ATCC 12472) as the 

biomonitor strain. The results revealed that all five EOs exhibited noteworthy (≥ 70.00%) 

quorum sensing (QS) inhibition at concentrations ranging from 0.02 - 1.00 mg/mL. Essential 

oils with noteworthy and moderate inhibitory activities had comparable minimum quorum 

sensing inhibitory concentrations (MQSICs). For instance, C. carvi and O. vulgare both 

exhibited a MQSIC ranging from 0.03 to 0.06 mg/mL; though, O. vulgare displayed a 3.01% 

higher inhibition of QS compared to C. carvi. 

 

For the biofilm inhibition assay, the crystal violet method was used to quantify the biofilm 

inhibition percentage. The five EOs were tested against S. aureus ATCC 6538. At a 

concentration of 0.05 mg/mL, O. vulgare and T. vulgaris inhibited biofilm formation most 

notably (≥ 70.00%). Matricaria recutita and C. myrrha inhibited more than 70.00% biofilm 
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formation starting at 2.00 mg/mL, while C. carvi only demonstrated notable inhibition (≥ 

70.00%) at the highest concentration (4.00 mg/mL) tested.  

 

The resistance induction assay involved exposure of S. aureus ATCC 6538, to the five EOs, 

over a total of 20 passages. Origanum vulgare and T. vulgaris maintained their noteworthy 

minimum inhibitory activity over the 20 passages with minor inconsistencies in the MIC (SD 

± 0.22 and ± 0.32 respectively). Carum carvi had the most variation in the MIC reported, 

however, no occurrences of resistance were detected. Commiphora myrrha and M. recutita 

both had a sudden declivity in their MIC at passage 16, with the MIC difference being more 

than two serial dilutions lower. There were changes in the growth kinetics of S. aureus as a 

result of exposure, which was observed in passages 16, 17, and 18. The exponential phase, 

when resistance is most likely to occur, shifted from 3 to 11 hrs, between passages 16 and 17. 

Staphylococcus aureus ATCC 6538 displayed heteroresistance patterns to the antibiotics after 

the exposure of the culture to EOs at certain passages. The exposure of S. aureus to O. vulgare 

resulted in the most variation in the MIC of the antibiotics, with T. vulgaris being the second.  

 

This study revealed that O. vulgare and T. vulgaris exhibited noteworthy activity in the 

minimum inhibition, anti-QS, and biofilm inhibition assays, within a concentration range of 

0.03 - 1.00 mg/mL and 0.02 - 1.00 mg/mL respectively, highlighting these oils as promising 

antimicrobials to combat resistance. The induction of resistance assay gave key insight into the 

relationship between minimum inhibitory activity and the ability to detect resistance through 

repeated exposure. In its entirety, the study affirms the dissertation title by demonstrating that 

EOs can effectively contribute to combating AMR, contingent upon meticulous selection and 

a thorough understanding of the role each EO plays in various resistance mechanisms. 

 

 

 

 

 

 

 

 

 

 



vi 

 

ACKNOWLEDGEMENTS  

 

To my supervisors Professor Sandy van Vuuren and Doctor Ané Orchard, I am thankful for 

your continuous guidance and compassion throughout this journey, particularly during the 

challenging times towards the end. I truly appreciate the chance to pursue my passion under 

your supervision, igniting a stronger desire to expand my knowledge through research. Thank 

you, Prof, for your consistent concern about my well-being. Thank you, Doctor Orchard, for 

all your pep talks, which helped me through my anxiety. 

 

'Matha, Pitha, Guru, Daivam,' translates to 'Mother, Father, Teacher, God', highlighting the 

important role that each has in the growth of the individual. Thank you, Dear Bhagawan Sri 

Sathya Sai Baba, He who is omniscient, omnipresent, and omnipotent, for providing me with 

guidance and offering calmness during times of adversity through your teachings, always. 

 

To my loving boyfriend, Reon Naidoo, you bring so much joy and light into my life. Thank 

you for being my rock and my source of endless love and support. Thank you for standing by 

my side from the very start, taking me to campus at all odd hours of the night to remove my 

culture from the incubators, reading my results with me and uplifting me during moments of 

doubt and discouragement. Thank you for listening and trying to understand all the assays I 

was doing, so I could explain the problems I had in the laboratory with you. You are one in 

eight billion. 

 

To the best brother, Yaashlin Naidoo, life would be so boring and glum without you, no matter 

what I am going through or how bad my day was, you always make me laugh and make me 

feel better. Thank you for always sharing your great insights with me, for my betterment. I 

know I can always depend on you. Having a brother like you is one of life's greatest blessings. 

 

To my fur baby, Qaira Naidoo, thank you for the immense joy, love and entertainment you 

bring to our family, you are truly one of a kind.  

 

To my fellow master's colleague, Mr Shivar Simbu, “my third supervisor”, I express my sincere 

gratitude for your wealth of knowledge and invaluable advice throughout this journey. Your 

support has been instrumental in reaching this significant milestone, and I am truly grateful to 



vii 

 

have done my master’s alongside such a dedicated individual like you. Thank you for 

consistently engaging in brainstorming sessions with me and for sharing relevant research 

papers that greatly benefited my work. 

 

To Phumzile Moerane, our lab technician, thank you for your consistent support and guidance. 

I deeply appreciate your invaluable contributions to the smooth operation of the laboratory, 

which allowed me to carry out my work optimally. Thank you for answering my calls even 

after hours when I desperately needed to know where something was. 

 

To Tama Mwale and Muneebah Laher, my fellow interns, thank you for your company and 

understanding through the most difficult year, I thoroughly enjoyed learning new methods with 

you, it made the whole process that more exciting. Thank you sincerely, for your continuous 

words of encouragement. 

 

To my family, thank you for your love, laughter, support, and encouragement throughout my 

master's journey. Thank you for being there to lend a listening ear, and simply inviting me over 

for a meal, it was a much-needed break to rejuvenate before returning to the laboratory.  

 

To Dr. Teena Thomas from NHLS Infection Control and Microbiology Laboratory, thank you 

for generously supplying the clinical strains used in this study. 

 

The Faculty Research Committee (FRC) is thanked for financial assistance.  

 

National Research Foundation (NRF) is thanked for the Thuthuka grant funding (129672), on 

behalf of Dr Orchard.  

 

The University of Witwatersrand is thanked for the facilities and equipment provided for my 

research. 

 

 

 

         



viii 

 

 DISSERTATION STRUCTURE  

 

A dissertation by publication was undertaken and comprises of the following;  

• Chapter one presents the study and elucidates its design.  

• Chapter two presents a review of the literature.  

• Chapter three presents the publication titled " Unveiling the Potential of Essential Oils 

against Bacterial Resistance”. 

• Chapter four provides an overview and concludes the study. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

 

Antimicrobial resistance (AMR) presents a substantial challenge to global health as it 

decreases the effectiveness of antibiotics and other antimicrobial agents that have traditionally 

been successful in treating various types of infections caused by bacteria, viruses, fungi, and 

parasites (Murray et al., 2022). This problem is exacerbated by the overuse and inappropriate 

use of antimicrobials in human medicine, agriculture, and veterinary practices, leading to the 

emergence of multi-drug resistant (MDR) strains and prolonged illnesses with higher mortality 

rates. The World Health Organization (WHO) has estimated that around 4.95 million deaths 

every year are linked to AMR (WHO, 2023). A study in 2022 by the Lancet discovered that in 

2019, 1.27 million deaths occurred due to drug-resistant bacterial infections, with 860,000 of 

these deaths occurring in Africa (Murray et al., 2022). Studies are also showing that the 

COVID-19 pandemic increased the use of antimicrobials considerably, which potentiated 

resistance against antibiotics (Sokolović et al. 2022, Avershina et al. 2023, Massarine et al. 

2023). In fact, Taleb et al. (2023) compared the AMR profiles of bacterial pathogens pre- and 

post-COVID and found that there was a notable increase in resistance to several antibiotics 

(cephalexin, co-trimoxazole, erythromycin, cloxacillin and amoxicillin/clavulanic acid).  

 

Neglecting the challenge of AMR not only puts individual patients at risk but also poses 

a threat to public health by diminishing the ability to control infectious diseases. Addressing 

this issue necessitates a comprehensive approach that emphasizes the judicious use of 

antimicrobials, global collaboration in surveillance and regulation, and the exploration of 

innovative alternatives to conventional antibiotics (Yap et al. 2014). An exceedingly popular 

natural alternative approach is the use of essential oils (EOs). 

 

1.2 Essential oils 

 

Essential oils are complex mixtures of volatile compounds distilled from various parts 

of aromatic plants, including flowers, leaves, stems, roots, and fruits (Aelenei et al. 2016). 

These oils are characterized by their intense aroma and are primarily comprised of terpenes, 

phenolics, and other organic compounds. Essential oils are composed of hundreds of 
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compounds, each with its unique biological properties, thereby exhibiting a variety of 

pharmacological effects (Jini 2023). The use of these oils can be traced back to ancient 

civilizations, where they were highly valued for their therapeutic benefits (Elshafie and Camele 

2017). In recent years, there has been a significant increase in the utilization of EOs across 

various fields such as medicine, aromatherapy, and cosmetology (Naeem et al. 2018). Essential 

oils exhibit a diverse array of therapeutic effects and have been utilized in the treatment of 

conditions including cancer, respiratory tract disorders, cardiovascular ailments, obesity, and 

diabetes (Chouhan et al. 2017). One particularly valuable characteristic of EOs, that has 

become increasingly appealing, is their broad-spectrum antimicrobial activity against MDR 

pathogens (Nazzaro et al. 2013, Patterson et al. 2019). 

 

1.3 Antimicrobial resistance 

 

Antimicrobial resistance is defined as the ability of micro-organisms to acquire 

resistance to counteract the effects of antibiotics. This resistance is attributed to genetic 

alterations, alterations to the antimicrobial molecule, hindering antimicrobial compounds from 

reaching their target, modifying or bypassing target sites, and resistance caused by overall 

cellular adaptation processes in the micro-organisms, resulting in lowered or complete 

ineffectiveness of these antibiotics (Munita and Arias 2016). These genetic alterations may 

occur naturally over time, however, the improper and excessive use of antimicrobial agents 

hastened the development of resistance. The emergence of AMR presents a substantial 

challenge to the medical field as it impedes the efficacy of antibiotics in treating infections 

caused by resistant pathogens (WHO 2023, Sartorius et al. 2024). 

 

The era of antibiotics commenced with the discovery of penicillin by Sir Alexander 

Fleming in 1928 (Piddock 2012). Since then, antibiotics have had a transformative impact on 

modern medicine and have been responsible for saving countless lives (Gould and Bal 2013). 

The prescribing of antibiotics for the treatment of severe infections began in the 1940s 

(Sengupta et al. 2013). However, the emergence of resistance to penicillin soon became a 

significant clinical challenge, thereby jeopardizing the progress made in the previous decade 

(Ventola 2015). In response, new beta-lactam antibiotics were found, developed, and utilized, 

which led to the restoration of confidence against infectious diseases (Spellberg and Gilbert 

2014, Ventola 2015). Nonetheless, the first instance of methicillin-resistant Staphylococcus 

aureus (MRSA) was identified during the same decade, with occurrences in the United 
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Kingdom in 1962 and the United States in 1968 (Sengupta et al. 2013). Unfortunately, soon 

after an antibiotic was introduced, resistance was detected (Ventola 2015). The pharmaceutical 

industry developed many new antibiotics between the late 1960s through the early 1980s to 

curb the problem of resistance, however, after this period the rate of AMR emergence increased, 

and fewer new drugs were able to keep up with increasing resistance patterns (Spellberg and 

Gilbert 2014). 

 

1.3.2 ESKAPE pathogens 

 

The acronym "ESKAPE" refers to a group of bacterial pathogens that have developed 

significant resistance to antimicrobial agents and are well-known for "escaping" the effects of 

conventional treatments (Panda et al. 2022). These pathogens include Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa, and Enterobacter species (Ma et al. 2020). They are accountable for a diverse 

range of hospital-acquired infections, such as systemic infections, pneumonia, post-surgical 

infections and urinary tract infections. It is imperative to prioritize efforts in combating 

ESKAPE pathogens due to their capacity to cause severe illnesses, their inclination to spread 

in healthcare environments, and the limited treatment options available owing to their multi-

drug resistance profiles (Mulani et al. 2019, Li et al. 2021). Addressing the challenge posed by 

ESKAPE pathogens requires the development of novel antimicrobial agents, that can withstand 

resistance development (Panda et al. 2022). 

 

1.3.3 Quorum sensing 

 

Bacterial communication, also known as quorum sensing (QS), is a cell-to-cell 

communication system that plays a vital role in regulating numerous microbial mechanisms 

and virulence factors (Taga and Bassler 2003). This complex communication system involves 

the production and detection of signalling molecules called auto-inducers (Zhao et al. 2020). 

These auto-inducers allow bacteria to monitor the presence and density of other bacteria in 

their environment, leading to co-ordinated responses among bacterial populations. This 

communication system not only affects bacterial behaviours such as biofilm formation, 

antibiotic resistance, and virulence expression, but it also contributes to the emergence of multi-

drug resistance in the ESKAPE pathogens (Taga and Bassler 2003). 
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1.3.4 Planktonic versus sessile inhibition 

 

Planktonic and sessile bacterial growth represent the two different modes in which 

bacteria proliferate. Planktonic growth takes place when bacteria are suspended in a liquid 

medium, whereas sessile growth occurs when bacteria adhere to surfaces and create biofilms. 

Both methods of proliferation can result in the emergence of resistance to antibiotics (Al-

Ouqaili 2018, Hjort et al. 2022). It is crucial to examine both planktonic and sessile bacterial 

growth when investigating new antimicrobials because biofilms have been observed to exhibit 

higher levels of antibiotic resistance compared to planktonic bacteria (Jafri et al. 2019). 

Biofilms offer a protective layer for bacteria, enabling them to circumvent the effects of 

antibiotics, thus leading to treatment failures (Rodríguez-Lázaro et al. 2018). Through 

comprehensive investigation into both forms of growth, researchers can enhance their 

understanding of antibiotic resistance mechanisms and devise more effective approaches for 

addressing infections associated with biofilms (Vázquez-Sánchez et al. 2015, Pekmezovic et 

al. 2016). 

 

1.3.5 Sub-inhibitory exposure to essential oils 

 

Another area that is of importance when investigating new antimicrobials, such as EOs 

is understanding how exposure to sub-inhibitory concentrations of these EOs could affect 

resistance development (Benkwitz-Bedford et al. 2021). Studies have shown that exposure to 

sub-inhibitory minimum inhibitory concentrations (MICs) of antibiotics can result in the 

expression of resistance genes and the survival of resistant bacteria through the process of 

natural selection (Chakraborty et al. 2022, Sanchez-Cid et al. 2022). This is significant because 

it demonstrates that even low concentrations of antibiotics in the environment can contribute 

to the spread of resistance, potentially leading to greater levels of resistance. Furthermore, sub-

inhibitory concentrations of antibiotics can induce physiological effects in bacteria, such as 

biofilm formation, which can enhance their ability to survive and persist (Andersson et al. 

2019). Thus, in addition to the urgent requirement for alternative antimicrobial agents to curb 

the AMR crisis, it is crucial to assess how repeated exposure to sub-inhibitory concentrations 

of EOs impacts the development of resistance. For further consideration, currently, EOs are 

commonly incorporated at low concentrations into numerous skincare and household products 

that form a part of individuals’ daily routines, leading to repeated exposure of sub-inhibitory 

concentrations to skin micro-organisms. 



5 

 

1.4 Problem statement 

 

Antimicrobial resistance poses a growing global concern, impacting millions of 

individuals annually. Essential oils have been recognized as a natural alternative that offers 

potential solutions due to their broad-spectrum antimicrobial properties. However, there is 

limited research exploring the impact of EOs in inducing resistance within the medical field. 

Furthermore, little investigation has been done to connect EOs with varying inhibitory activity 

and resistance mechanisms, such as QS and biofilm formation, as well as induction of 

resistance. Therefore, this study aimed to elucidate the impact of EOs on AMR by highlighting 

relationships between inhibition, anti-QS activity, biofilm inhibition, and the induction of 

resistance. This investigation contributes to a more comprehensive understanding of EOs' 

potential as a viable solution in combating AMR. Moreover, it can contribute to the 

development of strategies and steer forthcoming research in the AMR area, centring on EOs. 

 

1.5 Essential oils selected  

 

For this study, 23 EOs were selected primarily based on the antimicrobial activities 

previously reported (Orchard et al. 2017). These EOs were selected for having noteworthy 

inhibitory activity against one or more of the ESKAPE pathogens. The GC-MS main 

constituents and suppliers for each EO are specified in Table 1.5. 

 

Table 1.5. Essential oil selection for this study is based on reported antimicrobial activity 

against the ESKAPE pathogens.  

Essential oil Common name  GC-MS main constituents Supplier 

Allium sativum L. Garlic Dially sulfide 57.10% 

Diallyl trisulfide 19.50% 

Escentia 

Carum carvi L. Caraway Carvone 64.10% 

Limonene 34.00% 

Prana Monde 

Cinnamomum verum J.Presl Cinnamon E-cinnamaldehyde 56.97% 

Eugenyl acetate 8.96%  

Linalool 3.17%  

Limonene 2.80% 
 

Prana Monde 

Cinnamomum zeylanicum 

Blume 

Cinnamon Eugenol 71.98%  

Eugenyl acetate 4.70%  

Scatters 
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Essential oil Common name  GC-MS main constituents Supplier 

β-caryophyllene 3.31% 

Commiphora myrrha Engl. Myrrh Furanoeudesma-1,3 diene 46.38% 

Curzerene 21.99% 

Lindestrene 4.99%  

Acetyl-8,12-epoxygermacra-1,4-

7-11-tetraene 4.61% 

Prana Monde 

Cymbopogon citratus Stapf Lemongrass Geranial 36.99%  

Neral 29.67% 

Acetate de geranyl 7.48% 

Geraniol 7.31% 

Prana Monde 

Cymbopogon martinii Stapf Palmarosa Geraniol 77.80% 

Acetate de deranyle 9.60%  

Linalol 3.02% 

β-caryophyllene 2.13% 

Prana Monde 

Ferula galbaniflua Boiss. & 

Buhse 

Galbanum β-Pinene 54.30% Prana Monde 

Foeniculum dulce Mill. Fennel (E)-anethole 82%  

β-caryophyllene 12.4%  

 1,8 cineole 19.4% 

Prana Monde 

Laurus nobilis L. Bay 1,8-cineole 54.10% 

Acetate de terphenyl 7.50%  

Sabinene 5.45%  

 α-pinene 5.32% 

Prana Monde 

Lavandula angustifolia 

Bubani 

Lavender Acetate de linalyl 38.14%  

Linalol 32.99% 

β-caryophyllene 3.90%  

Cis- β ocimene 2.99%  

Trans- β ocinnene 2.50%  

1,8 cineole 0.80% 

Prana Monde 

Litsea cubeba Pers. May chang Geraniol 34.10%  

Neral 32.79%  

Limonene 14.27% 

Scatters 

Matricaria recutita L. German 

chamomile 

e-trans- β -farnesene 45.73% 

α-bisabolol 9.56% 

Prana Monde 
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Essential oil Common name  GC-MS main constituents Supplier 

Oxyde D' α-bisabolol 5.22% 

Melaleuca alternifolia Cheel Tea tree Terpinen-4-ol 44.60%  

γ-Terpinene 16.60% 

 p-Cymene 9.60% 

Locally distilled 

Ocinum tenuiflorum L. Holy basil Eugenol 30.2%  

β-caryophyllene 27.9%  

β-elemene 18.7% 

Subtle Energies 

Origanum vulgare L. Oregano Carvacrol 62.73%  

δ -terpinene 9.89% 

Thymol 5.36% 

p-cymene 4.97% 

Prana Monde 

Pelargonium graveolens 

L'Hér 

Rose geranium Citronellol 27.76%  

Geraniol 14.09% 

Citronellyl formate 10.32% 

Isomethane 7.82% 

Geranyl formate 4.66% 

Scatters 

Pogostemon patchouli Benth. Patchouli Patchouli alcohol 30.80% 

Detta-guai-ene 18.04%  

α-guai-ene 14.98%  

α -patchoulene 7.42% 

Prana Monde 

Rosa damascena Mill. Rose otto Citronellol 34.06% 

Geraniol 14.29% 

Nonadecane C19 8.28% 

Nerol 6.72% 

Prana Monde 

Santalum austrocaledonicum Sandalwood 2- α trans bergamotol 42.26% 

z- β santalol 17.21% 

Lanceol 10.08% 

Epi- β santalol 3.52% 

Prana Monde 

Syzgium aromaticum (L.) 

Merr. & L.M.Perry 

Clove Eugenol 70.67%  

Eugenol acetate 19.21% 

Caryophyllene 8.13% 

Scatters 

Thymus vulgaris Willk. Thyme Thymol 46.61% 

p-cymene 17.38%  

y-terpinene 9.58%  

Prana Monde 
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Essential oil Common name  GC-MS main constituents Supplier 

Carvacrol 5.16% 

Linalol 4.36% 

Vetiveria zizanioides Stapf Vetiver Acide khusenique 15.87% 

Khusimol 7.93% 

Isovalencenol 7.39%  

α-vetivone 3.73% 

β -vetivone 2.67% 

Prana Monde 

 

1.6 Aims and objectives 

 

This study aimed to investigate how micro-organisms respond to a selection of EOs, 

and to further investigate what impact these EOs have on inducing resistance. The specific 

objectives for this study include; 

 

1. To determine the minimum inhibitory activity of 23 EOs against reference, resistant 

and susceptible clinical strains of ESKAPE pathogens using the broth microdilution 

method. 

2. To determine the anti-QS activity of five EOs using the broth macrodilution method. 

3. To determine the biofilm inhibitory activity of five EOs against S. aureus ATCC 

6538, using the microtiter plate method. 

4. To investigate whether exposure to sub-inhibitory concentrations of five EOs 

induces resistance in S. aureus ATCC 6538. 

5. To compare the minimum inhibitory activity of EOs against conventional 

antibiotics, after repeated exposure to the EO. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 The planktonic inhibitory effect of essential oils on the ESKAPE pathogens 

 

A review conducted by Ghosh et al. (2022) provides an in-depth overview of the 

calamitous nature and the crucial importance of directing attention towards the ESKAPE 

pathogens. Given the emphasis placed on these ESKAPE pathogens by the WHO, it is vital to 

supplement existing research into the potential of EOs against this group of pathogens. Through 

reviewing the literature, it was evident that minimum inhibitory studies of EOs against E. 

faecium and E. aerogenes are scarce, making the addition of these two pathogens necessary to 

existing literature (Negreiros et al. 2016, Zhan et al. 2022). Thus, of the many EOs investigated 

for antimicrobial activity against one or more of the ESKAPE pathogens, 23 have been selected 

for this study. Studies investigating the minimum inhibitory activity of EOs are evident, 

particularly when considering antimicrobial-resistant bacteria (Sakkas et al. 2016, Orchard et 

al. 2017, Bučková et al. 2018, Orchard et al. 2018). However, there is a significantly smaller 

body of literature on EOs specifically targeting the ESKAPE pathogens compared to the 

broader research on EOs' antimicrobial properties in general (Yu et al. 2020, Panda et al. 2022, 

Roman et al. 2023).  

 

Table 2.1 summarizes the reviewed literature around the 23 EOs selected for this study. 

There are several assays employed to quantify inhibition, namely disc diffusion, well diffusion, 

broth or agar dilution. Only studies utilizing the broth microdilution assay were reviewed in 

Table 2.1, as it is the most standardized method, to accurately reflect the inhibitory effect of an 

antimicrobial on bacterial strains (Kowalska-Krochmal and Dudek-Wicher, 2021). This also 

enables a more precise comparison of MICs (inhibitory activity) between existing literature 

and the findings that will come from this study. 

 

The EOs identified across studies to have the lowest MIC values against one or more 

of the ESKAPE pathogens were Allium sativum, Cinnamomum verum, Foeniculum dulce, 

Melaleuca alternifolia, Origanum vulgare, Syzgium aromaticum, Thymus vulgaris and 

Vetiveria zizanioides. Origanum vulgare and T. vulgaris had the most noteworthy broad-

spectrum minimum inhibitory activity against the ESKAPE pathogens in the studies reviewed, 

as well as the two most investigated EOs in AMR research (Boskovic et al. 2015, dos Santos 
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Rodrigues et al. 2017, Leyva-López et al. 2017, Ebani et al. 2023). Origanum vulgare had the 

most data on P. aeruginosa, while the most research on T. vulgaris focused on S. aureus. 

 

Pelargonium graveolens was considered to have strong minimum inhibitory activity 

against K. pneumoniae and P. aeruginosa, with a MIC value of 12.80 mg/mL (Prabuseenivasan 

et al. 2006). However, recent studies support the classification of minimum inhibitory activities 

of EOs as mentioned by Orchard et al. (2017), which identifies noteworthy inhibition at MIC 

values of ≤ 1.00 mg/mL (Chaftar et al. 2016, Amin et al. 2023). Despite these findings, 

discrepancies in the classification of EOs MIC values persist between journals. These 

inconsistencies underscore the need to take into account various research results and 

approaches when assessing the effectiveness of EOs in inhibiting growth. It also emphasizes 

the need to standardize testing procedures and ensure uniformity in reporting MIC values 

across studies for more reliable comparisons and conclusions. 

 

Essential oils have demonstrated their ability to inhibit the growth of MDR pathogenic 

bacteria, indicating their potential as viable alternatives to conventional antibacterial drugs 

(Nazzaro et al. 2013). Iseppi et al. (2020) reported that M. alternifolia (0.02 mg/mL) and T. 

vulgaris (0.03 mg/mL) exhibited notable minimum inhibitory activity against extended-

spectrum β-lactamase (ESBL)-producing K. pneumoniae, which is associated with severe 

infections. Fimbres-García et al. (2022) mentioned specific genes that mutate leading to the 

increased resistance found in A. baumannii. It was found that O. vulgare was able to withstand 

these resistant genes and showed superior results when combined with colistin (16x lower than 

the MIC) (Fimbres-García et al. 2022). This evidence demonstrates the extensive scope of EOs 

in addressing multi-drug resistance and showcases their potential for synergistic effects. 

Moreover, EOs demonstrated effectiveness in combatting specific genetic mutations, thus 

implying their ability to target mechanisms that are typically resistant to conventional 

antibiotics. These findings suggest that future research should prioritize in vivo and clinical 

studies utilizing EOs in AMR. 
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Table 2.1. Minimum inhibitory concentrations of 23 essential oils against the ESKAPE 

pathogens. 

Essential oils  Main compounds 
Previous inhibitory activity 

Pathogen MIC value Reference 

Allium sativum L. 

(garlic) 

Not specified 

P. aeruginosa susceptible 

clinical strain 
0.02 mg/mL 

Tsao and Yin (2001) 
P. aeruginosa resistant clinical 

strain 

0.01 - 0.02 

mg/mL  

K. pneumoniae resistant clinical 

strain 
0.03 mg/mL 

Diallyl sulfide (57.10%)  

Diallyl trisulfide (19.50%) 
P. aeruginosa (ATCC 27853) 0.13 mg/mL Orchard et al. (2017) 

Carum carvi L. 

(caraway) 

Limonene (34.00%)  

Carvone (64.10%) 
Resistant K. pneumoniae 1.00 mg/mL Singh (2022) 

Cinnamomum verum 

J.Presl 

(cinnamon leaf) 

  Cinnamaldehyde (61.50%)                      

β-Caryophyllene (6.80%)                              

Cinnamyl acetate (6.50%)                             

Eugenol (3.70%)                                            

β-Phellandene (3.70%) 

GMRSA (ATCC 33592) 0.13 mg/mL 

Orchard et al. (2017) P. aeruginosa (ATCC 27853) 0.50 mg/mL 

S. aureus (ATCC 25923) 0.25 mg/mL 

MRSA (ATCC 43300) 0.50 mg/mL Orchard et al. (2018) 

Cinnamomum 

zeylanicum Blume 

(cinnamon bark)  

Eugenol (78.40%)   

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Eugenol (84.70%)  

β-Caryophyllene (6.80%) 
Resistant K. pneumoniae 0.50 mg/mL Singh (2022) 

Cinnamaldehyde (52.40%) 

Benzaldehyde (12.31%) 

Benzoic acid (8.20%) 

Benzyl alcohol (2.23%) 

K. pneumoniae (ATCC 15380) 3.20 mg/mL 

Prabuseenivasan et al. 

(2006) 
P. aeruginosa (ATCC 27853) > 0.80 mg/mL 

S. aureus (ATCC 25923) 3.20 mg/mL 

*(E)cinnamaldehyde 

Cinnamoyl  

(E)-acetate 

 Eugenol 

P. aeruginosa (ATCC 27853) 0.50 mg/mL 

Firmino et al. (2018) 

S. aureus (ATCC 6538) 0.50 mg/mL 

Commiphora myrrha 

Engl. (myrrh) 

Furanoeusdema-1,3-diene 

(52.90%)  

Lindestrene (15.80%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

Cymbopogon citratus 

Stapf (lemongrass) 

Limonene (11.70%)  

Neral (28.90%)  

Geranial (42.70%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 
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Essential oils  Main compounds 
Previous inhibitory activity 

Pathogen MIC value Reference 

GMRSA (ATCC 33592) 0.75 mg/mL 

β-myrcene (57.52%)  

Carveol (13.80%) 

Citral (12.34%) 

 6-methyl-5-hepten-2-one 

(8.08%)  

α-pinene (2.65%) 

  3-penten-2-Ol (2.27%) 

K. pneumoniae KKU-CRS1 

isolated from patients with 

chronic rhinosinusitus 

0.10% v/v 

Khosakueng et al. 

(2024) P. aeruginosa KKU-CRS2 

isolated from patients with 

chronic rhinosinusitus 

 3.20% v/v 

Cymbopogon martinii 

(palmarosa) 
Geraniol (80.70%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) S. aureus (ATCC 25923) 0.50 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Ferula galbaniflua Boiss. 

& Buhse 

(galbanum) 

α -Pinene (8.30%)  

β-Pinene (54.30%)  

d-3-Carene (7.80%) 

P. aeruginosa (ATCC 27853) 0.66 mg/mL Orchard et al. (2017) 

Foeniculum dulce Mill. 

(fennel) 

trans-Anethol (80.73%)  
GMRSA (ATCC 33592) 1.00 mg/mL 

Orchard et al. (2018) 
P. aeruginosa (ATCC 27853) 1.00 mg/mL 

trans-Anethol (80.73%) K. pneumoniae (ATCC 13883) 0.01 mg/mL 
Leigh‐de Rapper and 

van Vuuren (2020) 

Laurus nobilis L. 

(bay) 

1,8-cineole (up to 30.80%) 

Methyl eugenol (15.20 - 

15.60%)  

α-terpinyl acetate (up to 

14.50%) 

S. aureus (ATCC 6538) 31.25 mg/mL Merghni et al. (2016) 

Eugenol (54.40%)  

Myrcene (18.50%)  

Chavicol (11.50%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Lavandula angustifolia 

Bubani 

(lavender) 

 

Not specified 

P. aeruginosa (ATCC 27853) 1.60% v/v  

 

Özfenerci et al. 

(2022) 

 

 

K. pneumoniae (ATCC 700603) 0.40% v/v 

S. aureus (ATCC 29213) 0.40% v/v 

 Linalool (38.74%) S. aureus CIP 483 0.36 mg/mL Lahkimi et al. (2020) 

Litsea cubeba Pers. 

(may chang) 

α-Citral (38.28) 

β-Citral (29.29) 

Cinene (16.53) 

A. baumannii (with β-lactam 

resistance genes, sulfa resistance 

genes and tetracycline resistance 

genes) 

1.08 mg/mL  Yang et al. (2021) 

Geranial (44.60%)  

Neral (28.80%)  

S. aureus (ATCC 25923) 1.00 mg/mL 

Orchard et al. (2017) MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.50 mg/mL 

Melaleuca alternifolia 

Cheel 

(tea tree) 

Terpinen-4-ol (43.29%) 

γ-terpinene (20.16%) 

α-terpinene (8.89%) 

S. aureus (clinical isolate 

resistant to methicillin) 
8.00 µg/mL 

(Iseppi et al. 2023) 
E. faecium (clinical isolate 

resistant to vancomycin) 
64.00 µg/mL 

 Not specified MDR P. aeruginosa 0.01 to 0.50% w/v Bučková et al. (2018) 

*Terpinen-4-ol  

p-cymene 
A. baumannii 0.12 - 0.25% v/v Sakkas et al. (2016) 

1,8-Cineole (5.20%) 

γ-Terpinene (19.50%) 
S. aureus (ATCC 25923) 0.05 mg/mL 

Noumi et al. (2018) 

 



13 

 

Essential oils  Main compounds 
Previous inhibitory activity 

Pathogen MIC value Reference 

Terpinen-4-ol (40.40%) 
MRSA (ATCC 43300) 0.05 mg/mL 

 Not specified 
Metallo-beta-lactamase (MBL)-

producing P. aeruginosa 
16.00 μg/mL 

Iseppi et al. (2020) 

 
 Not specified 

Extended-spectrum β-lactamase 

(ESBL)-producing K. 

pneumoniae 

16.00 μg/mL 

*Terpinen-4-ol  

α-terpinene 

 p-cymene  

(tested 10 different oils from 

different suppliers) 

GMRSA (ATCC 33592) 
0.50 - 2.50 

mg/mL 

Brun et al. (2019) 
P. aeruginosa (ATCC BAA-

2108) 

0.25 - 2.00 

mg/mL 

Not specified 

A. baumannii (ATCC 19606) 0.80% v/v 
Özfenerci et al. 

(2022) 
K. pneumoniae (ATCC 700603) 0.80% v/v 

S. aureus (ATCC 29213) 0.40% v/v 

Matricaria recutita L. 

(german chamomile) 

  

Terpinen-4-ol (44.60%)  

γ-Terpinene (16.60%) 

 p-Cymene (9.60%)  

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. (2018) GMRSA (ATCC 33592) 0.25 mg/mL 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Ocinum tenuiflorum L. 

(holy basil) 

Not specified 

K. pneumoniae KKU-CRS1  0.20 - 0.80% v/v 
Khosakueng et al. 

(2024) 
P. aeruginosa KKU-CRS2  > 3.20% v/v 

  

  

Linalool (55.20%) 

Eugenol (10.40%)  

  

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. (2018)  

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Origanum vulgare L. 

(oregano) 

Thymol (78.21%)  MDR Enterobacter 
0.31 ± 0.0 to 

5 ± 0.0 μL/mL 

Benameur et al. 

(2022) 

 Not specified 

MDR P. aeruginosa 0.01 to 0.50% w/v 

Bučková et al. (2018) P. aeruginosa 0.03% w/v 

E. cloacae 0.01% w/v 

Guaiacol–ρ-vinil (68.67%) 

p-Cymene (4.60%) 

β-ionol (3.16%) 

P. aeruginosa PA01 0.05 mg/mL 
Merghni et al. (2022) 

S. aureus (ATCC 6538) 0.05 mg/mL 

*Carvacrol  

Thymol 
A. baumannii 0.25 - 0.37% v/v Sakkas et al. (2016) 

Pelargonium graveolens 

L'Hér 

(rose geranium) 

Not specified 
A. baumannii clinical isolates 

(XDR-A) 

5.00 - 20.00 

μl/mL 
Kafa et al. (2022) 

Not specified 

K. pneumoniae (ATCC 15380) 12.80 mg/mL 

Prabuseenivasan et al. 

(2006) 
P. aeruginosa (ATCC 27853) > 12.80 mg/mL 

S. aureus (ATCC 25923) > 12.80 mg/mL 

Citronellol (26.70%) 

Eudesmol (12.50%) 

Citronellyl formate (11.50%) 

Menthone (7.80%) 

S. aureus (ATCC 25923) 1.00 mg/mL 
Orchard et al. (2018)  

GMRSA (ATCC 33592) 0.25 mg/mL 
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Essential oils  Main compounds 
Previous inhibitory activity 

Pathogen MIC value Reference 

Linalool (7.20%)  P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Pogostemon patchouli 

Benth. (patchouli) 

β -Patchoulene (38.30%)  

α -Bulnesene (13.00%)  

α -Guaiene (11.90%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) 
S. aureus (ATCC 25923) 0.50 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

Orchard et al. (2018)  
P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Rosa damascena Mill. 

(rose otto) 

Not specified P. aeruginosa PA01 0.013 - 0.10% v/v Bali et al. (2021) 

  

  Phenyl ethyl alcohol (63.90%) 

Citronellol (14.60%) 

Nerol (6.80%) 

Geraniol (7.90%) 

  

S. aureus (ATCC 25923) 1.00 mg/mL 

Orchard et al. (2018)  

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 0.50 mg/mL 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Santalum 

austrocaledonicum 

Merr. & L.M.Perry 

(sandalwood) 

α -Santalol (32.10%)  

cis- α -Santalol (11.30%)  

4,5,9 ,10-

Dehydroisolongifolene 

(12.30%) 

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. (2017) MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

Syzgium aromaticum L. 

(clove) 

Not specified Clinical strains of S. aureus 0.80 - 1.60 μg/mL Jafri et al. (2014) 

 Not specified E. cloacae 0.05% w/v Bučková et al. (2018) 

Eugenol (81.90%)  

Isoeugenol (13.10%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) 
S. aureus (ATCC 25923) 0.88 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Thymus vulgaris Willk. 

(thyme) 

Thymol (18.90%)  

c-Terpinene (7.20%)  

p-Cymene (41.00%) 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

Orchard et al. (2017) 
S. aureus (ATCC 25923) 1.00 mg/mL 

*Thymol  

p-cymene 

Linalool 

A. baumannii 0.25 - 0.5% v/v Sakkas et al. (2016) 

Thymol (37.00-55.00%) 

Carvacrol (0.50-5.50%)  

Linalool (1.50-6.50%)  

Terpinen-4-ol (0.10-2.50%) 

A. baumannii 0.50 mg/mL 
Frydrysiak et al. 

(2021) 

Thymol (18.90%)  

c-Terpinene (7.20%)  

p-Cymene (41.00%) 

GMRSA (ATCC 33592) 1.00 mg/mL Orchard et al. (2017) 

 Not specified E. cloacae 0.03% w/v Bučková et al. (2018) 

Thymol (18.90%) 

γ-Terpinene (7.20%)   

p-Cymene (41.00%) 

Resistant K. pneumoniae 0.50 mg/mL Singh (2022) 

Not specified 

A. baumannii (ATCC 19606) 0.04% v/v 

Özfenerci et al., 2022 K. pneumoniae (ATCC 700603) 0.08% v/v 

S. aureus (ATCC 29213) 0.04% v/v 
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Essential oils  Main compounds 
Previous inhibitory activity 

Pathogen MIC value Reference 

Not specified MBL-producing P. aeruginosa 4.00 μg/mL 

Iseppi et al. (2020) 
Not specified 

Extended-spectrum β-lactamase 

(ESBL)-producing K. 

pneumoniae 

32.00 μg/mL 

Vetiveria zizanioides 

Stapf (vetiver) 

β -Vetirenene (8.80%)  

Zizanol (12.80%) 

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. (2018)  
MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.13 mg/mL 

P. aeruginosa (ATCC 27853) 1.00 mg/mL 

* Indicates where percentages of the specific compounds were not provided. 

 

There are several factors that influence the overall MIC value of an EO, namely 

chemical composition, source of plant material, method of distillation, and growth 

environments of the plant prior to distillation (Burt 2004). A study investigating the MIC 

activity of C. verum EO from three different suppliers found that the MIC value against S. 

aureus ATCC 43300 varied between < 0.09, 0.19 and 6.25 μl/mL. When comparing the 

inhibitory activity of P. graveolens in two different studies against the same strain of P. 

aeruginosa ATCC 27853, it was found that the MIC value differed by approximately 11.80 

mg/mL (Prabuseenivasan et al. 2006, Orchard et al. 2017). The reason for this variation could 

not definitively be linked to differences in chemical composition, as the earlier study did not 

detail this information.  

 

A main contributing factor to the minimum inhibitory activity of EOs comes down to 

their chemical composition. This was also considered when differences in the MIC values of 

EOs against the same pathogens were observed. Two highly effective antimicrobial compounds 

are carvacrol and thymol. Therefore, EOs containing significant percentages of these 

compounds exhibit notable minimum inhibitory activity (Moshrefi Zenoozi et al., 2022). 

Origanum vulgare is an example of an oil abundant in carvacrol, while T. vulgaris is rich in 

thymol. However, what also needs to be considered is that the minor compounds may be a 

critical part of the EOs’ activity, by acting synergistically with the major compounds (Burt, 

2004). There is evidence to support this claim and was found to be true in the case of certain 

species of Thymus and Origanum (Paster et al., 1995). This study focused on neat EOs instead 

of compounds. While numerous studies have reported the minimum inhibitory activity of EOs 

(Table 2.1), it was necessary to confirm MIC values due to possible chemotypic variation.  
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The MICs of conventional antibiotics used to treat infections caused by ESKAPE 

pathogens are often nearly 1000 times lower than the MICs of EOs, regardless of whether the 

strain being tested is resistant or susceptible to the conventional antibiotic (Van et al. 2022). 

However, studies have reported instances where EOs exhibit lower MICs than conventional 

antibiotics (Ghavam et al. 2022). Furthermore, it is generally not recommended to directly 

compare MICs between different types of antimicrobials due to several reasons, such as 

differences in their mechanisms of action (single-targeted versus multi-targeted effects), the 

complexity of EO compositions, and factors related to clinical relevance (pharmacokinetic 

parameters, bioavailability, etc.), as well as variations in testing method (Yap et al. 2014). Thus, 

the concentrations that are considered to be noteworthy in EOs are different to what is 

considered noteworthy in conventional antibiotics. 

 

There are several reviews summarizing the minimum inhibitory activity of EOs, their 

constituent compounds, as well as various combinations of compounds or EOs (Burt 2004, 

Lang and Buchbauer 2012, Yap et al. 2014, Orchard et al. 2017, Khameneh et al. 2019, Tariq 

et al. 2019). A recent review by Panda et al. (2022), aligned with the focus of this study, which 

centres on exploring the efficacy of EOs against ESKAPE pathogens. Research on EOs and 

their effectiveness against foodborne pathogens is more prevalent compared to studies on the 

use of EOs in addressing resistance mechanisms, especially induction of resistance, in the 

medical field (Alvarez et al. 2012, Camele et al. 2019). This area warrants further investigation 

as understanding the impact of EOs on bacterial resistance mechanisms is of paramount 

importance in the advancement of novel antimicrobial strategies within the medical domain 

(Zsuzsanna et al. 2010). 

 

2.2 Essential oil's ability to overcome the emergence of bacterial resistance 

 

Numerous studies have explored the prospect of using EOs to combat resistance in 

various micro-organisms. Reviews by Lang and Buchbauer (2012), Valdivieso-Ugarte et al. 

(2019), and Ma et al. (2020), highlight the broad-spectrum antimicrobial properties of EOs 

which would possibly address the issue of resistance. Chao et al. (2000) further supports this, 

demonstrating the inhibitory effects of EOs on a variety of micro-organisms (fungi, bacteria, 

and viruses). Yap (2014) takes this a step further, discussing the potential of EOs to modify 

resistance in combination with conventional antibiotics. These studies collectively suggest the 
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vast potential of EOs as an alternative in the crisis of AMR. Research has highlighted the 

potential of EOs to enhance the efficacy of antibiotics and inhibit the growth of drug-resistant 

bacteria (Aelenei et al. 2016, Tariq et al. 2019).  Aelenei et al. (2016), specifically discusses the 

role of EOs in reversing drug resistance in Gram-negative bacteria, which could resolve many 

issues currently faced in the fight against AMR. 

 

Bacteria, in their constant drive to withstand the effects of antimicrobial agents, actively 

incorporate multiple mechanisms of resistance. Among these, biofilm formation and QS 

activity, both of which have garnered significant attention in AMR research (Reichling 2020). 

Additionally, a highly fundamental characteristic lies in the induction of resistance following 

exposure to EOs. The consequences resulting from the excessive and improper utilization of 

conventional antibiotics have given rise to bacterial adaptation, enabling them to withstand the 

inhibitory impact of these therapies (Stenger et al. 2021). When bacteria are repeatedly exposed 

to an antimicrobial the outcome could result in adaptation and emergence of resistance against 

such an antimicrobial agent (Melo et al. 2015). Thus, this study necessitates investigating the 

effects of exposure to sub-inhibitory concentrations of EOs to identify whether resistance 

occurs. Sionov and Steinberg (2022) advocate for research to focus on mechanisms such as QS 

and biofilms as a means of finding a solution to the AMR crisis.  

 

2.2.1 Anti-quorum sensing 

2.2.1.1 The role of quorum sensing on pathogenicity 

 

Quorum sensing regulates the expression of genes involved in antibiotic resistance 

mechanisms, such as biofilm formation, allowing bacteria to adapt and survive in the presence 

of antimicrobial agents (Li and Tian 2012). This phenomenon is extensively responsible for the 

resistance observed in the ESKAPE pathogens, as well as facilitating inter-species 

dissemination of resistance among bacterial strains. It is established that the existence of AMR 

results from the survival of bacteria in the presence of antimicrobial agents, which subsequently 

undergo evolutionary adaptations to withstand the same mechanisms employed by these 

agents. Subsequently, the acquired knowledge is shared with other bacterial species, enabling 

them to confront and withstand the antimicrobial agents, thereby augmenting resistance even 

further (Sionov and Steinberg 2022). Ultimately, the goal is to identify EOs that possess not 

only noteworthy broad-spectrum antimicrobial activity but also can hinder QS signalling. The 
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various mechanisms to encumber QS signalling are demonstrated in Figure 2.1 (Ghosh et al. 

2022).  

 

Essential oils present a diverse strategy for reducing bacterial pathogenicity by 

interfering with QS, an important mechanism for bacterial communication and co-ordination 

(Ghosh et al. 2022). Essential oils hinder the activation of genes responsible for producing 

toxins, adhesion molecules, and biofilm formation proteins through various methods such as 

disrupting autoinducer production, inhibiting QS receptors, and lowering the expression of 

virulence genes (Kaufmann et al. 2008, Jaramillo-Colorado et al. 2012). This interference also 

affects the control of biofilm formation, which is crucial for bacterial persistence and virulence. 

Essential oils either disrupt QS signals or directly interfere with biofilm formation (Adeyemo 

et al. 2022). As a result, this increases bacteria's vulnerability to these potential antimicrobial 

agents and host immune defences. Moreover, EOs impact bacterial behaviour by influencing 

motility, growth, and other physiological processes that impair their ability to cause infections 

and contribute to pathogenicity (Ahmad et al. 2015). 

 

 

Figure 2.1. Quorum sensing pathways leading to resistance development in the ESKAPE 

pathogens (Ghosh et al. 2022). Permission to use image granted by the corresponding author. 
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2.2.1.2 Anti-quorum sensing activity of essential oils 

 

Several studies have reported on the anti-QS activities of the 23 EOs, which are the 

primary focus of this investigation (Table 2.2) (Bai and Vittal 2014, Cáceres et al. 2020, 

Čobanović et al. 2023). Carum carvi, T. vulgaris and O. vulgare were previously classified as 

EOs with anti-QS properties, and this was owing to their chemical composition (Raal et al. 

2012, Elshafie et al. 2015, Al-Haidari et al. 2016). It was concluded by Alibi et al. (2020), that 

C. verum, O. majorana, S. aromaticum and T. vulgaris had substantial antimicrobial, anti-QS, 

and biofilm inhibition activities against Gram-negative MDR bacteria. A review reported 

several EOs, namely C. zeylanicum, C. verum, O. vulgare, T. vulgaris, M. alternifolia, and S. 

aromaticum, with anti-QS properties (Reichling 2020). A study investigating the anti-QS of A. 

sativum, fed mice garlic which resulted in decreased QS signalling of P. aeruginosa (Harjai et 

al. 2010). Some EOs were tested at high concentrations with very low anti-QS activity 

(violacein inhibition) (Table 2.2). This was observed for C. carvi and M. alternifolia, which 

were both tested at 10.00 mg/mL with < 70.00% violacein inhibition (Noumi et al. 2018, 

Ghannay et al. 2022). Ten EOs had no data on anti-QS activity regarding violacein inhibition 

(Table 2.2).  

 

In a comprehensive review, Wu et al. (2024) delved into the necessity of inhibiting QS 

in order to prevent the formation and regulation mechanisms of biofilms for S. aureus. The 

authors advocated for the use of EO as a prospective antimicrobial tool, emphasizing its 

potential in combating AMR, by targeting QS. The review also discussed how the utilization 

of EOs can overcome resistance on account of their multi-component structure and ability to 

inhibit efflux pumps. The inhibition of efflux pumps prevents antibiotics from being expelled, 

thereby “reversing” resistance and reintroducing susceptibility of previously resistant 

antibiotics (Álvarez-Martínez et al. 2021). Overall EOs targeting QS pathways offer the 

potential to develop innovative antimicrobial strategies against bacterial infections (Ghosh et 

al. 2022). 

 

There is abundant literature linking QS and biofilm mechanisms, however, many 

studies only focus on one of the methods (Harjai et al. 2010, Jaramillo-Colorado et al. 2012, 

Olivero-Verbel et al. 2014, Ahmad et al. 2015, Al-Haidari et al. 2016, Poli et al. 2018, Wang et 

al. 2019). Fewer studies, however, did incorporate both methods (Li and Tian 2012, Alibi et al. 
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2020, Adeyemo et al. 2022, Merghni et al. 2022, D'Aquila et al. 2023). Numerous 

methodologies exist for exploring anti-QS activities, such as the assessment of violacein 

production, pyocyanin production, elastase activity, swarming motility and specific genes that 

control QS activity. However, this review specifically concentrated on anti-QS investigations 

centred on violacein inhibition, due to its relevance to the current study. Investigation into 

violacein inhibition is a widely utilized method for determining the anti-QS activity of EOs 

and is closely linked to biofilm formation (Mahumane 2016, Batista et al. 2017, Sionov and 

Steinberg 2022). 

 

2.2.2 Biofilm inhibition 

2.2.2.1 The role of biofilm inhibition on pathogenicity 

 

Micro-organisms within a biofilm have the potential to develop resistance to antibiotics 

that is significantly greater by a factor of up to 1000, in comparison to planktonic bacteria that 

exist in a free-living state (Oppenheimer-Shaanan et al. 2013). Furthermore, these micro-  

organisms possess a remarkable ability to effectively avoid detection and neutralization by the 

immune system. The emergence of the MRSA strain is largely attributed to the formation of 

biofilms, which inherently renders it resistant to nearly all β-lactam antibiotics, the largest and 

most frequently utilized class of antibiotics (Craft et al. 2019). In this context, investigating the 

potential of EOs as biofilm inhibitors holds great significance in the evaluation of their 

potential contribution to the development of resistance (Cáceres et al. 2020).  

 

Essential oils are antimicrobials with the ability to change the biofilm matrix which 

inhibits and prevents its formation (Tariq et al. 2019). Nazzaro et al. (2013) brought up an 

interesting argument that EOs have a greater effect on preformed biofilms because of how 

easily they can penetrate them due to the nature of their non-polar components. It was 

highlighted several times in the previously mentioned review (Nazzaro et al. 2013) that O. 

vulgare has not only proven to be a potent anti-QS agent, but it was also able to prevent and 

eradicate biofilms. The same argument is made as previously mentioned by Sionov and 

Steinberg (2022), that hindering QS, which controls biofilm formation, will affect virulence 

factors leading to resistance. 
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2.2.2.2 Biofilm inhibitory potential of essential oils 

 

In recent years there have been several reviews that have conducted thorough analyses 

of natural products, specifically EOs, that possess notable biofilm inhibitory properties which 

are highlighted in Table 2.3 (Ćirić et al. 2019, Mulani et al. 2019, Tariq et al. 2019, Cáceres et 

al. 2020, Yu et al. 2020, El-Tarabily et al. 2021). A review by Reichling (2020), also assessed 

biofilm inhibition of many EOs, and found that C. zeylanicum, C. verum, O. vulgare, T. 

vulgaris, M. alternifolia, S. aromaticum, C. martini, C. citratus, and L. angustifolia were all 

able to inhibit biofilm formation. dos Santos Rodrigues et al. (2017), found that the MIC value 

of O. vulgare EO against a strong biofilm-forming S. aureus strain was lower against sessile 

bacteria than planktonic bacteria.  

 

The potential biofilm inhibitory activity of EOs is thought to be associated with their unique 

bio-active constituents (Tapia-Rodriguez et al. 2023). The synergism between compounds, 

including those present in smaller quantities, exhibits an effect that results in an overall robust 

antimicrobial activity (Kim et al. 2016). This trend also holds true for the inhibition of biofilm 

formation, as the synergistic behaviour yields a more effective inhibition of biofilm compared 

to the individual compounds when tested against pathogenic bacteria (Burt 2004, Masyita et 

al. 2022). In some cases, the individual compounds may not exhibit optimal performance and 

may cause damage to the microbial cell membrane, which proves to be less effective in terms 

of biofilm inhibition (Ghosh et al. 2022). Both EOs and EO compounds offer valuable avenues 

for research, typically dictated by research objectives, availability of resources, target micro-

organisms, and the desired specificity or potency of biofilm inhibitory effects. The limitations 

of several antibiotics in preventing or eradicating biofilms are attributed to their single-cell 

targeted action, as highlighted by Ali Mohammed et al. 2013.  

 

2.2.3 Induction of resistance 

2.2.3.1 Mechanisms bacteria use to induce resistance 

 

Bacteria have the ability to develop resistance to antimicrobial agents through a range 

of methods, such as genetic changes, horizontal gene transfer, and adaptive reactions to 

environmental pressures (Munita and Arias 2016). In addition to these, bacteria also utilize QS 

and biofilm formation as tactics to bolster their resistance capabilities (Händel et al. 2014). 
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Table 2.2. Anti-quorum sensing studies on the 23 essential oils investigated in this study. 

Essential oil Biosensor strain Results Concentration Method Reference 

Allium sativum (garlic) No studies found* 

Carum carvi (caraway) C. violaceum 47.57% 10.00 mg/mL Microtiter plate Ghannay et al. (2022) 

Cinnamomum verum (cinnamon 

leaf) 

C. violaceum 91.68% 1.00 mg/mL Macrodilution Alibi et al. (2020) 

C. violaceum 
0.01% there was QS 

inhibition 
0.01% Microdilution Kim et al. (2015) 

Cinnamomum zeylanicum 

(cinnamon bark) 
No studies found* 

Commiphora myrrha (myrrh) No studies found* 

Cymbopogon citratus (lemongrass) C. violaceum 91.40% 0.0013% v/v 

Microdilution method, 

quantifying violacein 

production 

Khosakueng et al. (2024) 

Cymbopogon martinii (palmarosa) No studies found* 

Ferula galbaniflua (galbanum) No studies found* 

Foeniculum dulce (fennel) No studies found* 

Laurus nobilis (bay) C. violaceum 
No inhibition 

(qualitative) 
0.01% v/v 

Disc diffusion, screening 

assay 
Eris and Ulusoy (2013) 

Lavandula angustifolia (lavender) 

C. violaceum Potent QS inhibitor Not specified 
Not specified: quantified 

violacein production 
Szabó et al. (2010) 

C. violaceum ATCC 12472 99.20% 0.04% v/v Violacein production Özfenerci et al. (2022) 

C. violaceum 
Very low inhibition 

(qualitative) 
0.01% v/v 

Disc diffusion, screening 

assay 
Eris and Ulusoy (2013) 

Litsea cubeba (may chang) No studies found* 

Melaleuca alternifolia (tea tree) 
C. violaceum ATCC 12472 69.30% 10.00 mg/mL Microtiter plate Noumi et al. (2018) 

C. violaceum ATCC 12472 99.38% 0.04% v/v Violacein production Özfenerci et al. (2022) 
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Essential oil Biosensor strain Results Concentration Method Reference 

C. violaceum ATCC 12472 100.00% 2.00 mg/mL Microtiter plate Alfred Ngenge et al. (2021) 

Matricaria recutita (german 

chamomile) 

C. violaceum (different 

strains) 
32.00 - 75.00% 0.0025% v/v Flask incubation assay Eris and Ulusoy (2013) 

C. violaceum Ineffective Not specified 
Not specified: quantified 

violacein production 
Szabó et al. (2010) 

Ocimum tenuiflorum (holy basil)  No studies found* 

Origanum vulgare (oregano) 
C. violaceum ATCC 12472 72.70% 0.048 mg/mL Violacein production Merghni et al. (2022) 

C. violaceum CV026 59.31% 0.04 mg/mL Violacein production Singh and Agarwal (2021) 

Pelargonium graveolens (rose 

geranium) 
C. violaceum ATCC 12472 Potent QS inhibitor Not specified 

Not specified: quantified 

violacein production 
Szabó et al. (2010) 

Pogostemon patchouli (patchouli) C. violaceum 12472 94.37% 1.25% v/v 
Not specified: quantified 

violacein production 
Mansuri et al. (2022) 

Rosa damascena (rose otto)  

C. violaceum 98.04% sub-MIC: 0.01% v/v 
Not specified: quantified 

violacein production 
Bali et al. (2021) 

C. violaceum (different 

strains) 
43.00 - 80.00% 0.0025% v/v Flask incubation assay Eris and Ulusoy (2013) 

Santalum austrocaledonicum 

(sandalwood) 
No studies found* 

Syzgium aromaticum (clove) 

C. violaceum 84.13% 1.00 mg/mL Macrodilution Alibi et al. (2020) 

C. violaceum 92.30% 0.16% v/v Serial dilution Khan et al. (2009) 

C. violaceum (different 

strains) 
39.00 - 80.00% 0.0025% v/v Flask incubation assay Eris and Ulusoy (2013) 

Thymus vulgaris (thyme) 
C. violaceum 99.41% 1.00 mg/mL Macrodilution Alibi et al. (2020) 

C. violaceum ATCC 12472 92.28% 0.04% v/v Violacein production Özfenerci et al. (2022) 

Vetiveria zizanioides (vetiver) No studies found* 

*No studies specifically looking at violacein inhibition, however, studies are evident on extracts, varying methods or in vivo investigations.
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Table 2.3. Known biofilm inhibition studies on essential oils from this study. 

Essential oils Pathogen Results Concentration Reference 

Allium sativum  

(garlic) 

MDR Salmonella typhimurium isolates Optical density = 1.67-1.74,  0.49 μL/mL 
Hakimi Alni et al. 

(2020) 

A. baumannii ATCC 19606 18.59 - 57.34% 10 - 20 µL/mL 
Nazzaro et al. (2022) 

S. aureus ATCC 25923 16.70 - 63.18% 10 - 20 µL/mL 

S. aureus ATCC 6538 -1.00% 0.01% v/v Lee et al. (2014) 

Carum carvi L. 

(caraway) 

P. aeruginosa PA01 60.00 - 72.00% 1.00% v/v Fekry et al. (2022) 

MRSA ATCC 43300 100.00% 1.28% Liu et al. (2023) 

Vibrio spp. Strains < 50.00% 0.02 - 0.18 mg/mL 
Ghannay et al. 

(2022) 

S. aureus ATCC 6538 -15.00% 0.01% v/v Lee et al. (2014) 

Cinnamomum verum 

(cinnamon leaf)  

K. pneumoniae clinical isolates 95.32 - 98.00% MIC/2 

Alibi et al. (2020)  
A. baumannii clinical isolates 93.85 - 98.67% MIC/2 

P. aeruginosa clinical isolates 97.78 - 99.36% MIC/2 

S. aureus clinical isolates 97.30 - 99.51% MIC/2 

P. aeruginosa PAO1 96.00%  0.05% Kim et al. (2015) 

Cinnamomum 

zeylanicum  

(cinnamon bark) 

E. coli ATCC  8739 65.73 - 72.38% 0.05 - 2.00 mg/mL 
Singh (2022) 

K. pneumoniae ATCC 13883 47.98 - 53.59% 0.05 - 2.00 mg/mL 

S. aureus 45.30 - 74.70% 0.11 mg/mL Budri et al. (2015) 

Escherichia coli ATCC 25922 92.00% 1.92% (v/v) Millezi et al. (2019) 

Commiphora myrrha 

(myrrh) 
S. aureus ATCC 6538 89.00% 0.01% v/v Lee et al. (2014) 

Cymbopogon citratus 

(lemongrass) 

S. aureus ATCC 6538 54.00% 0.01% v/v Lee et al. (2014) 

K. pneumoniae KKU-CRS1  77.00% MIC/2 (MIC = 0.10% v/v) Khosakueng et al. 

(2024) P. aeruginosa KKU-CRS2  91.10% MIC/2 (MIC = 3.20% v/v) 

Cymbopogon 24artini 

(palmarosa) 
S. aureus ATCC 6538 93.00% 0.01% v/v Lee et al. (2014) 

Ferula galbaniflua 

(galbanum) 
No studies found 
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Essential oils Pathogen Results Concentration Reference 

Foeniculum dulce 

(fennel) 
No studies found 

Laurus nobilis  

(bay) 

S. aureus ATCC 6538 95.38- 96.40% 31.25 mg/mL Merghni et al. 

(2016) S. aureus clinical isolates 78.92 - 93.00% 31.25 mg/mL 

P. aeruginosa ATCC 9027 48.00% 125 µg/mL Bektas et al. (2023) 

Lavandula angustifolia 

(lavender) 

P. aeruginosa ATCC 27853 21.80% 0.01 - 0.10% v/v 

Özfenerci et al. 

(2022)  

 P. aeruginosa PAO1  65.50% 0.01 - 0.10% v/v 

A. baumannii ATCC 19606 33.00% 0.01 - 0.10% v/v 

S. aureus ATCC 29213 61.30% 0.01 - 0.10% v/v 

 K. pneumoniae ATCC 700603 40.00% 0.01 - 0.10% v/v 

S. aureus ATCC 6538 56.00% 0.01% v/v Lee et al. (2014) 

Litsea cubeba  

(may chang) 

S. aureus ATCC 6538 26.00% 0.01% v/v Lee et al. (2014) 

Vibrio parahaemolyticus 64.75% 1024.00 µg/mL Li et al. (2022) 

A. baumannii (with β-lactam resistance genes, sulfa 

resistance genes and tetracycline resistance genes) 
Great biofilm inhibition 

1/64 to 1/2 MIC (MIC = 1.08 

mg/mL) 
Yang et al. (2021) 

H. pylori Great biofilm inhibition (0.50 x MIC) - (0.75 x MIC Hung et al. (2023) 

Melaleuca alternifolia 

(tea tree) 

S. aureus ATCC 6538 55.00% 0.01% v/v Lee et al. (2014) 

S. aureus (clinical isolate resistant to methicillin) 40.82% 8.00 µg/mL Iseppi et al. (2023) 

P. aeruginosa ATCC 27853 20.80% 0.01 - 0.10% v/v 

Özfenerci et al. 

(2022)  

 P. aeruginosa PAO1  58.10% 0.01 - 0.10% v/v 

A. baumannii ATCC 19606 28.02% 0.01 - 0.10% v/v 

S. aureus ATCC 29213 61.30% 0.10% v/v 

 K. pneumoniae ATCC 700603 20.03% 0.01 - 0.10% v/v 

Matricaria recutita 

(german chamomile) 
P. aeruginosa PA01 58.00% 0.01% v/v 

Eris and Ulusoy 

(2013) 

Ocimum tenuiflorum 

(holy basil)  
C. albicans ATCC 10231 approximately 40.00% 1.25 µl/mL Piras et al. (2018) 

Origanum vulgare 

(oregano) 

S. aureus ATCC 6538 77.00% 0.01% v/v Lee et al. (2014) 

S. aureus ATCC 6538 > 60.00% 0.006 - 0.018 mg/mL* 
Merghni et al. 

(2022) 
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Essential oils Pathogen Results Concentration Reference 

S. aureus clinical isolates 78.00% 0.10% v/v 
Kryvtsova et al. 

(2020) 

MRSA   95.71% 0.09 mg/mL Ersanli et al. (2023) 

Pelargonium 

graveolens 

 (rose geranium) 

Acinetobacter baumannii clinical isolates (XDR-A) 48.00 - 90.00% < 20.00 μl/mL Kafa et al. (2022) 

Pogostemon patchouli 

(patchouli) 

S. aureus ATCC 6538 75.00% 0.01% v/v Lee et al. (2014) 

P. aeruginosa PA01 88.13% 1.25% v/v 
Mansuri et al. 

(2022) 

Xyllela fastidiosa 50.00% 250 and 125 µg/mL 
Brentini Santiago et 

al. (2018) 

Rosa damascena  

(rose otto)  

P. aeruginosa PA01 93.07% sub-MIC: 0.2% v/v Bali et al. (2021) 

P. aeruginosa PA01 53.00% 0.0025% v/v 
Eris and Ulusoy 

(2013) 

Santalum 

austrocaledonicum 

(sandalwood) 

S. aureus ATCC 6538 Santalum album = 94.00% 0.01% v/v Lee et al. (2014) 

E. coli ATCC  8739 39.59 - 45.62% 0.05 - 2.00 mg/mL 
Singh (2022) 

K. pneumoniae ATCC 13883 29.36 - 45.27% 0.05 - 2.00 mg/mL 

Syzgium aromaticum 

(clove) 

K. pneumoniae clinical isolates 77.13 - 92.63% MIC/2 

Alibi et al. (2020)  
A. baumannii clinical isolates 88.01 - 91.88% MIC/2 

P. aeruginosa clinical isolates 92.71 - 96.97% MIC/2 

S. aureus clinical isolates 90.89 - 96.47% MIC/2 

E. coli ATCC  8739 72.27 - 74.81% 0.05 - 2.00 mg/mL 
Singh (2022) 

K. pneumoniae ATCC 13883 43.86 - 54.57% 0.05 - 2.00 mg/mL 

P. aeruginosa PA01 53.00% 0.0025% v/v 
Eris and Ulusoy 

(2013) 

S. aureus ATCC 6538 74.00% 0.01% v/v Lee et al. (2014) 

Thymus vulgaris 

(thyme) 

K. pneumoniae clinical isolates 80.44 - 93.68% MIC/2 

Alibi et al. (2020)  
A. baumannii clinical isolates 81.28 - 92.33% MIC/2 

P. aeruginosa clinical isolates 91.17 - 92.94% MIC/2 

S. aureus clinical isolates 89.66 - 93.59% MIC/2 

S. aureus ATCC 6538 78.00% 0.01% v/v Lee et al. (2014) 

E. coli ATCC  8739 73.63 - 80.47% 0.05 - 2.00 mg/mL 
Singh (2022)  

K. pneumoniae ATCC 13883 61.12 - 64.71% 0.05 - 2.00 mg/mL 
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Essential oils Pathogen Results Concentration Reference 

P. aeruginosa ATCC 27853 67.67% 0.01 - 0.10% v/v 

Özfenerci et al. 

(2022)  

 P. aeruginosa PAO1  63.40% 0.01 - 0.10% v/v 

A. baumannii ATCC 19606 40.00% 0.01 - 0.10% v/v 

S. aureus ATCC 29213 58.55% 0.01 - 0.10% v/v 

 K. pneumoniae ATCC 700603 47.04% 0.01 - 0.10% v/v 

Vetiveria zizanioides 

(vetiver) 

E. coli ATCC  8739 57.40 - 65.72% 0.05 - 2.00 mg/mL 
Singh (2022)  

K. pneumoniae ATCC 13883 61.38% 2.00 mg/mL 

The microtiter plate assay was used for all studies except those * where biofilm attachment assay was used.
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Bacterial mutations in DNA can lead to resistance against antimicrobial agents, either 

through spontaneous occurrence or as a reaction to selective pressure from exposure to these 

agents (Mutuku et al. 2022). These mutations can affect various cellular components, such as 

enzymes targeted by antibiotics or membrane transport proteins, resulting in reduced 

effectiveness of the antibiotic (Speck et al. 2020). Horizontal gene transfer can occur through 

mechanisms like conjugation, transformation, and transduction, where bacteria are able to 

acquire resistance genes from other bacterial species. These acquired genes may encode 

enzymes that deactivate antibiotics, modify antibiotic targets, or enhance efflux mechanisms 

for expelling antibiotics from the cell (Jiang et al. 2022, Michaelis and Grohmann 2023). Efflux 

pumps actively expel antimicrobial agents from within the cell, decreasing their effectiveness 

by reducing their concentration. Increased expression of efflux pump genes can provide 

resistance against various antimicrobial agents (Agreles et al. 2021).  

 

There has been a noticeable increase in the emergence of resistant pathogens to new 

antibiotics, surpassing the rate witnessed in previous years (Akram et al. 2023). Given the 

notable antimicrobial activity demonstrated by EOs, there is a possibility that they could serve 

as a potential alternative or adjunct to conventional antibiotics. It is crucial to acknowledge the 

potential role of EOs in the development of resistance. As demonstrated in Figure 2.2, 

resistance to conventional antibiotics occurred within a few years after it was introduced 

(Stennett et al. 2022, Helmy et al. 2023). The benefits of the utilization of EOs must outweigh 

the associated risks, such as an increased rate of resistance development against EOs and their 

impact on conventional antibiotics when considering them as a viable long-term solution to the 

prevailing crisis of AMR. While studies on the induction of resistance have been conducted on 

M. alternifolia by Dalio et al. (2020), research is scarce for this subject matter in relation to 

many other EOs. The aforementioned study conducted research against Fusarium wilt in 

bananas and Xanthomonas infection in tomato plants. It is important to understand that 

exposure to EOs repeatedly puts the bacteria under stress, and continuous stress leads to 

adaptations (Conte et al., 2000, Garner et al., 2006, Shaw et al., 2008). 

 

2.2.3.2 Essential oils and induction of bacterial resistance 

 

A study in 2012, investigated the inclination of the clinical isolates of Serratia 

marcescens, to acquire resistance against O. vulgare and C. zeylanicum and various antibiotics 

subsequent to repeated exposure to these EOs (Becerril et al. 2012). It was found that exposure 
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to O. vulgare induced resistance to nalidixic acid, where the MIC value increased from 2.00 

mg/L to 16 mg/L between the original MIC and the 20th passage. Furthermore, increases of one 

to two serial dilutions were seen when the pathogen was exposed to tetracycline, minocycline, 

ciprofloxacin, and chloramphenicol between the original MIC value and the 20th and 50th 

passage. 

 

 

Figure 2.2.  The emergence of resistance after the introduction of the antibiotic from 1935 to 

2017 (Revised from Stennett et al. (2022) and Helmy et al. (2023)). 

 

It was also reported by this study that Proteus mirabilis had increased susceptibility to 

ampicillin due to exposure to O. vulgare between the original MIC and the 20th passage. This 

study used the disc diffusion method through the 50 passages and conducted the microdilution 

assay only at the 20th and 50th passages. This does not give a full account of the changes and 

induction of resistance of O. vulgare on the MIC value of itself and the conventional antibiotics 

over the 50 passages (Becerril et al. 2012). Nevertheless, this study offers significant insights 

into the potential development of resistance and increased susceptibility by pathogens, 

following repeated exposure to EOs. Conducting further research using comprehensive 

methodologies, such as the microdilution assay and gene sequencing, across all passages would 

enhance our understanding of how EOs affect microbial resistance profiles. 
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Another investigation studying the tolerance of E. coli, a parent strain, and a multiple 

antibiotic resistant (MAR) phenotype, to M. alternifolia, found that the differences in the MIC 

were not significant enough to conclude different degrees of resistance between MAR 

phenotypes and the parent strain. The reason for incorporating a MAR phenotype was to 

examine how prior exposure to an antibiotic such as tetracycline and chloramphenicol will 

affect the MIC of M. alternifolia (Gustafson 2001).  

 

Hammer et al. (2008) analysed resistance by evaluating the frequency of mutants and 

concluded that single-step mutations as a result of exposure to M. alternifolia during the late-

exponential phase of growth are unlikely to occur. In other words, resistance is unlikely to 

occur. It was suggested that because several compounds from M. alternifolia possess 

antimicrobial properties with slightly different mechanisms of action, bacteria would have to 

acquire multiple resistance mechanisms simultaneously in order to counter all these processes 

(Hammer et al. 2008).  

 

It is documented that exposure to stress can lead to alteration of genes in bacteria which 

can lead to resistance emergence (Bikels-Goshen et al. 2010). A study tested this, by assessing 

the impact of the Melissa officinalis essential oil on Listeria monocytogenes and the ability to 

tolerate stressful environments. A preliminary treatment with the EO was carried out, followed 

by exposure to challenging conditions such as elevated temperature, low pH, osmotic stress, 

and dehydration. This was followed by determining if there were incidents of cross-resistance 

to the antibiotics tested, due to prior exposure to the EO. The pre-exposure of L. monocytogenes 

to sub-inhibitory levels of the EO (0.125 μL/mL) did not induce high tolerance to stressors or 

cross-resistance in the antibiotics, such as erythromycin, tetracycline, cefotaxime, and 

ampicillin (Carvalho et al. 2023).  

 

When examining the impact of eugenol (an EO-derived compound) from S. aromaticum 

on the resistance development of three conventional antibiotics, it was found that there were 

no changes in the antibiotic susceptibility profiles against four strains of Helicobacter pylori 

(Elbestawy et al. 2023). This indicates that the tested bacterial strains did not develop resistance 

to antibiotics after multiple exposures to eugenol at a sub-inhibitory concentration of 12.00 

μg/mL for 24 hrs (Elbestawy et al. 2023). Another study investigated single and multi-step 

resistance, specifically examining if mutants arise due to exposure to M. alternifolia and one 

of the major compounds, terpinen-4-ol, against S. aureus and E. coli (Hammer et al. 2012). It 
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was reported that there were spikes in the MIC values of vancomycin and mupirocin over the 

6-day experimental period. Furthermore, it was observed that the MIC value of the EO 

increased at days 4 and 5, before returning to the original MIC value (Hammer et al. 2012). 

 

When examining the impact of EOs on resistance, it was noted in the literature that 

there are multiple factors involved in resistance development. These include the frequency of 

mutants, upregulation of specific genes, and whether a single-step or multi-step approach is 

involved. Additionally, several variables can significantly influence the outcomes, such as the 

duration and growth phase during which exposure to EO occurs (Gustafson 2001, Hammer et 

al. 2008, Becerril et al. 2012, Hammer et al. 2012). It is generally thought that continuous 

exposure to an antimicrobial agent may elicit resistance as bacteria adapt by mutating, thereby 

withstanding the effects of the antimicrobial agent (Munita and Arias 2016). In contrast to this 

belief, a study has discovered that exposure to Cinnamomum zeylanicum EO can disrupt 

bacterial gene expression and RNA synthesis, as well as modulate the activity of efflux pumps. 

These findings support the potential of C. zeylanicum to act as an adjunct treatment alongside 

current antibiotic therapies (Coșeriu et al. 2023). Furthermore, it has been documented that the 

modulation of efflux pumps can lead to the reversal of antibiotic resistance (Agreles et al. 

2021). Nelson (2000), investigated the potential of M. alternifolia in eradicating MRSA, 

through exposure to the EO. It was reported that after inducing the methicillin-resistant genes 

in S. aureus the MIC of the EO remained the same on day one and day 90 for three of the five 

strains. However, for two of the S. aureus clinical strains, there was a substantial decrease in 

the MIC value between day one and day 90, suggesting that MRSA may become more 

susceptible to M. alternifolia after repeated exposure. Nelson (2000) suggested that it was 

inevitable for resistance to M. alternifolia to develop. This phenomenon may be apparent in 

other EOs not previously studied. 

 

The phenomenon of AMR not only jeopardizes individual patient outcomes but also 

poses a grave risk to public health by potentially turning once-manageable infections into life-

threatening ones (Ventola 2015, Manyi-Loh et al. 2018). As mentioned in Chapter 1, the 

outbreak of COVID-19 has led to a surge in the utilization of antibiotics, consequently exerting 

selective pressure on bacterial populations (Taleb et al. 2023). This pressure confers a 

competitive advantage to resistant strains, resulting in the elimination of non-resistant bacteria. 

Over time, the surviving resistant bacteria become dominant, rendering antibiotics less 

effective (Tello et al. 2012, Serwecińska 2020).  
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Abstract 

Essential oils (EOs), derived from aromatic plants, have been widely studied and used as 

antimicrobials due to their broad-spectrum activity. However, little is known about the impact 

EOs will have on resistance emergence due to exposure in relation to resistance mechanisms. 

This study aimed to investigate the minimum inhibitory activity of 23 essential oils (EOs) and 

thereafter investigate the resistance development against five EOs, with varying inhibitory 

activities. Anti-quorum sensing (anti-QS) and biofilm inhibition assays were additionally 

performed to investigate resistant mechanisms. In the current study, 12 EOs (± 52.00%) 

exhibited noteworthy (≤ 1.00 mg/mL) inhibition against multi-drug-resistant pathogens via the 

microdilution assay. The percentage inhibition of violacein was assessed to determine anti-QS 

activity. Biofilm inhibition was evaluated using the crystal violet assay. Resistance induction 

studies determined patterns in the MIC values of the five EOs, over 20 passages against S. 

aureus ATCC 6538, due to repeated exposure of the culture to sub-inhibitory concentrations. 

Origanum vulgare and Thymus vulgaris EOs showed notable bacterial inhibition (1.00 

mg/mL), anti-QS, and biofilm inhibition activity (70.00% inhibition). Staphylococcus aureus 

ATCC 6538 exhibited heteroresistance to antibiotics post-EO exposure, however, no long-term 

resistance to EOs was observed; instead, temporary and significant MIC changes (p-value = 

0.00 - 0.02), after which the MIC value reverted in the next passage. These results underscore 

the potential of EOs in combating the ESKAPE pathogens and offer promising solutions in 

addressing the global issue of antimicrobial resistance (AMR). The study substantiates the use 

of EO as an alternative antimicrobial based on its effectiveness against multi-drug resistant 

pathogens. Furthermore, based on the five EOs tested, it was highlighted that EOs exhibiting 

noteworthy inhibitory activity are also associated with anti-QS and biofilm inhibition activities, 

alongside the ability to sustain MICs upon repeated exposure. Thus, contributing to the overall 

understanding of EOs in combatting resistance. 
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Introduction 

Essential oils (EOs), derived from aromatic plants, have a wide range of applications, 

including use in food, cosmetics, and medicine (Naeem et al. 2018). Essential oils have 

demonstrated antimicrobial activity against planktonic bacteria (free-living) in a wide array of 

studies. For many of these oils, the antimicrobial activity is against both Gram-positive and 

Gram-negative planktonic bacteria, thereby exerting a broad-spectrum antimicrobial activity, 

including against the ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter) 

pathogens (de Rapper et al. 2013, Hristova et al. 2013, SAMF 2016, Orchard et al. 2017). The 

ESKAPE pathogens have been highlighted by the World Health Organization (WHO) as being 

the most problematic micro-organisms leading to difficult-to-treat infections. The challenge of 

bacterial resistance to antibiotics is highlighted in several studies and it is well-known that 

drug-resistant pathogens have led to higher mortality rates in recent years (Ahmed et al. 2024, 

Sartorius et al. 2024). Despite the promising antimicrobial effects of EOs, research regarding 

the role of EOs in combating resistance remains largely neglected. This knowledge gap poses 

a significant challenge in leveraging EOs efficiently within the medical field to combat 

resistance. In contrast, the food industry has extensively covered this area, stressing the urgency 

to comprehensively expand research efforts to explain the relationship between EOs and 

resistance. 

Quorum sensing (QS) is a communication mechanism utilised by micro-organisms to 

regulate gene expression based on cell density which impacts the development and spread of 

antimicrobial resistance (AMR) (Yu et al. 2020). Essential oils including Origanum vulgare, 

Foeniculum vulgare, Melaleuca alternifolia, Syzygium aromaticum and Thymus vulgaris have 

been reported to hinder this communication thus exhibiting anti-QS potential (Noumi et al. 
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2018, Cáceres et al. 2020, Moradi et al. 2020, Reichling 2020, D'Aquila et al. 2023). While 

studies focusing on this are evident, it is an area in research that warrants further investigation.  

Biofilms are dense microbial communities encased in a protective matrix, facilitating 

resistance to antimicrobial agents. Micro-organisms in a biofilm can, in fact, be up to 1000-

fold more resistant to antibiotics than planktonic bacteria and can efficiently evade the immune 

system (Oppenheimer-Shaanan et al. 2013). Several studies have demonstrated that EOs have 

the potential to inhibit and eradicate biofilm formation (Bazargani and Rohloff 2016, Cáceres 

et al. 2020, El-Tarabily et al. 2021). The review conducted by El-Tarabily et al. (2021) 

emphasized the potential of EOs as biofilm inhibitors, which could prove beneficial in 

combatting AMR. Biofilms and QS both contribute toward an increase in AMR as this process 

allows populations of micro-organisms to interact and act in a synchronized manner (Greenberg 

2003, Li and Tian 2012, Kerekes et al. 2019). Essential oils have been identified as displaying 

anti-QS and biofilm inhibitory properties, thereby potentially contributing to the reduction of 

resistance development (Mahumane 2016, Oh et al. 2017, Camele et al. 2019, Kerekes et al. 

2019).  

Previous studies demonstrate resistance developed through biofilm formation, to 

sanitizers and other antimicrobial agents as a consequence of repeated exposure to these 

substances (Pekmezovic et al. 2016, Kerekes et al. 2019, Willems et al. 2016). Essential oils 

are widely used in skin products as well as hand sanitizers at low concentrations. The use of 

antimicrobials at sub-inhibitory concentrations promotes the development of resistance 

(Chakraborty et al. 2022, Sanchez-Cid et al. 2022). There is evidence demonstrating EOs' 

potential to withstand resistance, which is said to be due to the multi-compound nature of EOs 

(Fimbres-García et al. 2022, Kong et al. 2022, Panda et al. 2022). This allows for multi-target 

attacks, making it difficult for pathogens to adapt in a manner that prevents antimicrobial 

activity at multiple target sites (Becerril et al. 2012, Yap et al. 2014). However, Bermúdez-
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Capdevila et al. (2022) reported that the repeated exposure of various serotypes of Listeria 

monocytogenes to sub-inhibitory levels of Cinnamomum cassia Blume over three days resulted 

in significant changes (p-value = 0.013) in the minimum inhibitory concentration (MIC) values. 

Over the three days, the concentration of the EO that was exposed to the pathogen was 

increased daily, to mimic an accumulative effect, however, it was still at sub-inhibitory 

concentrations. Furthermore, this repeated exposure caused alterations in antibiotic 

susceptibility profiles, increasing the susceptibility of different serotypes of Listeria 

monocytogenes to three conventional antibiotics (ciprofloxacin, cefepime, and enrofloxacin), 

while it became resistant against cefotaxime and cefepime (Bermúdez-Capdevila et al. 2022).  

These findings highlight the variable effects of antibiotics on bacteria exposed to sub-inhibitory 

concentrations of essential oils. 

The induction of resistance against EOs requires consideration, particularly in light of 

evidence indicating that sub-lethal exposure to M. alternifolia leads to a decreased bacterial 

susceptibility to this oil (Nelson 2000). Furthermore, the sub-lethal exposure to the EO affected 

how the bacteria responded to the antibiotics, where a lowered susceptibility to the 

conventional antibiotics was observed (McMahon et al. 2008, Nelson 2000). Currently, 

available studies on resistance induction to EOs are limited to a few pathogens and EOs, with 

the main focus being on food pathogens (Becerril et al. 2012). Further investigation is needed 

on EOs that have shown notable inhibition against multi-drug resistant pathogens. It is not 

known whether the resistance that occurred may be dependent on the overall antimicrobial 

activity of the EO, thus it is not known whether an EO with stronger antimicrobial activity 

would be better suited to withstanding resistance.  

It is not yet clear whether the induced resistance may be related to resistance pathways 

such as QS and biofilm formation. By incorporating all four assays (MIC, anti-QS, biofilm 

inhibition and induction resistance), a more comprehensive understanding of the relationship 
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between EOs and resistance mechanisms, particularly the induction of resistance, can be 

established. Additionally, it is important to understand whether EO will affect the activity of 

other antimicrobials as previously demonstrated by Bermúdez-Capdevila et al. (2022). This 

becomes even more important when considering the frequent use of products containing low 

concentrations of EOs. Thus, this study aimed to further investigate the effect of five specific 

EOs on resistant mechanisms and their potential to induce resistance due to repeated exposure 

at sub-inhibitory concentrations. 

 

Materials and methods 

Essential oil selection and chemistry 

The selection of EOs was based on previous studies investigating EOs against one or 

more of the ESKAPE pathogens. However, the main focus was given to EOs that reported 

notable antimicrobial activity from our previous study (Orchard et al. 2017) (Supplementary 

Table S1). In total, 23 EOs were selected for the initial antimicrobial screening. The EOs were 

procured from international flavour and fragrance industries such as Prana Monde, Essentia, 

Subtle Energies, and Scatters Oilscc (Gauteng, South Africa). The chemical analysis of several 

EOs was conducted in 2017 by Orchard et al. (2017) using Gas chromatography-mass 

spectrometry (GC-MS) or provided as a certificate of analysis from the supplier, with the main 

constituents listed (Supplementary Table S2). All essential oils were stored at -20°C and sub-

aliquoted into amber bottles for use when needed. All essential oils were used before their 

expiry date. 

 

Preparation of cultures 

All micro-organisms were cultured in Tryptone Soya Broth (TSB) (Oxoid) and on 

Tryptone Soya Agar (TSA) (Oxoid), and incubated at 37°C for 24 hrs. The original stock 
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culture was streaked onto TSA, to ensure purity by uniform colony morphology. All cultures 

were maintained and stored at 4°C. The reference and antibiotic-resistant strains used in this 

study comprise of the American Type Culture Collection (ATCC) strains (Davies Diagnostics 

Johannesburg, South Africa) or Deutsche Summlung von Mikrooganismen (DSM) (Leibniz 

Institute, Braunschweig, Germany). The reference strains included Enterococcus faecium 

ATCC 27270, Staphylococcus aureus ATCC 25923, Klebsiella pneumoniae ATCC 13883, 

Acinetobacter baumannii ATCC 19606, Pseudomonas aeruginosa ATCC 27853, Enterobacter 

aerogenes ATCC 13048. The resistant ATCC strains included S. aureus ATCC 6538, 

methicillin-resistant S. aureus (MRSA) ATCC 43300 and gentamicin and methicillin-resistant 

S. aureus (GMRSA) ATCC 33591. The clinical strains were sourced from the National Health 

Laboratory Service (NHLS) Infection Control and Microbiology Laboratory (University of 

Witwatersrand).  

 

Antimicrobial susceptibility  

Antimicrobial susceptibility testing was performed for all strains against a wide range 

of conventional antibiotics, using the disc diffusion method (CLSI 2020). Antimicrobial 

susceptibility testing is of utmost importance in order to determine the resistant profiles of the 

strains employed in this study, particularly for the purpose of classifying clinical strains as 

either resistant or susceptible. The antibiotics tested cover a range of classes critical for 

combating bacterial infections. They include agents that disrupt bacterial protein synthesis, 

inhibit cell wall synthesis, interfere with DNA replication and repair, and inhibit folic acid 

synthesis. 
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Minimum inhibitory activity 

The broth microdilution method was used to quantify the inhibitory activity of the EOs 

(CLSI 2020). The EOs were diluted to a stock concentration of 32.00 mg/mL using absolute 

acetone (Merck). Positive controls (ciprofloxacin 0.01 mg/mL) and negative controls (water 

diluted with acetone to attain a concentration of 32.00 mg/mL) were included. A culture control 

was included to monitor the viability of each bacterial strain. A two-fold dilution was 

undertaken initially, with the EO (100 μL) and TSB (100 μL), to achieve concentrations ranging 

from 0.06 to 8.00 mg/mL, and the antibiotic concentration ranging from 0.20 to 2.50 μg/mL. 

Culture suspensions (0.50 McFarland turbidity standard) were made and subsequently diluted 

to achieve an approximate concentration of 1 x 106 CFU/mL. This was then added to all the 

wells at a volume of 100 μL. Each microtiter plate was sealed with a sterile adhesive sealing 

film, to prevent loss of the samples due to evaporation. All bacterial strains were incubated at 

37°C for 24 hrs. After the 24-hour incubation, 40 μL p-iodonitrotetrazolium violet solution 

(INT) (0.04 mg/mL) was added as a growth indicator. The results were recorded after six hours, 

and the lowest dilution with no color change was interpreted as the MIC for that EO. A MIC 

value of ≤ 1.00 mg/mL was considered noteworthy for the EOs (Orchard et al. 2017b). The 

classification of these oils for this study was based on the distribution of data obtained from 

Orchard and van Vuuren (2017). Through the screening process, five EOs were selected based 

on their representation of varying inhibitory activity against the ESKAPE pathogens, ranging 

from noteworthy (MIC ≤ 1.00) to moderate (MIC = 1.00 - 3.00 mg/mL) and poor (≥ 3.00 

mg/mL) inhibition. These selected oils were further investigated in the anti-QS, biofilm 

inhibition and induction of resistance studies.  
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Anti-quorum sensing 

The broth macrodilution method, as described by Mahumane (2016), was used to screen 

for anti-QS activity of the five selected essential oils. This method allows for both the 

qualitative (color change) and quantitative (percentage inhibition) determination of the ability 

of the EOs to inhibit QS. Essential oils were added to 5.00 mL of Luria-Bertani (LB) broth 

(Oxoid), resulting in concentrations ranging from 0.03 to 8.00 mg/mL. Chromobacterium 

violaceum (ATCC 12472) suspension (100.00 μl) was added to each test tube and then 

incubated for 24 hrs at 30ºC and agitated at 140 rpm, in an orbital shaker incubator (Labcon). 

The presence of anti-QS activity was observed by the presence of a purple pigment. After 

centrifugation, the supernatant was analyzed to determine the violacein content by recording 

the absorbance at OD595 nm, using a FilterMax F5 multimode microplate reader (Molecular 

Devices). The percentage of violacein inhibition was calculated according to Equation 1. 

 

Equation 1: 

Percentage violacein production = 
control Optical density (OD) – OD experimental 

control OD
× 100 

 

The minimum QS inhibitory concentration (MQSIC) is defined as the concentration at 

which the percentage inhibition is ≥ 70.00%. Percentage inhibition of ≥ 70.00% is indicative 

of noteworthy anti-QS activity, based on herd immunity theory (Jansen et al., 2021). The 

minimum quorum sensing bactericidal concentration (MQSBC) is defined as the first 

concentration that prevents the growth of C. violaceum, when streaked out onto an agar plate.  

 

Biofilm inhibition 

The method as described by Singh (2022) was used for the biofilm inhibition studies, 

with additional modifications. Essential oils (100 μL) were added into the wells of a 96-well 
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microtiter plate. A 100 μL of the standardized solution containing approximately 1x106 

CFU/mL of the culture, S. aureus ATCC 6538, was added into the wells and incubated at 37ºC 

for 24 hrs. It was reported that S. aureus ATCC 6538 has strong biofilm-forming properties 

hence it was used in this assay (Abbas et al. 2019, Koçak et al. 2022). Positive controls 

(ciprofloxacin, gentamicin, and erythromycin) and a negative control (water in acetone) were 

included. The crystal violet assay was undertaken. This comprised of washing the incubated 

plates with sterile water, which was done in triplicate, to remove planktonic bacteria. The 

microtiter plates were dried at 50ºC for 30 min, after which the wells were stained with 150 μL 

of 0.10% crystal violet, and kept at room temperature for 15 min, followed by washing with 

sterile water to remove excess dye. To assess biofilm formation, 150 μL of acetic acid (33.00%) 

was added to dissolve the stained biofilm. Absorbance was determined at 595 nm using a 

microplate reader (Universal microplate reader ELX 800). The mean absorbance of the EO was 

determined, and percentage inhibition was calculated using Equation 2.  

 

Equation 2: 

Percentage biofilm inhibition = 
OD culture control − OD experimental) ×100

OD culture control
 

 

Resistance induction 

The method for induction of resistance was taken from Hammer et al. (2012), with 

modifications. The inoculum was prepared to achieve an approximate concentration of 1x106 

CFU/mL of S. aureus ATCC 6538. This specific strain is commonly employed in studies on 

antibiotic susceptibility research on infectious diseases, and as a means of quality control 

(Koçak et al. 2022). The broth microdilution method was used to determine the initial MIC of 

the five EOs against S. aureus (CLSI 2020). Next, the MIC well, two concentrations higher, 

and two concentrations lower was streaked onto agar plates and incubated at 37ºC for 24 hrs. 
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The lowest concentration that exhibited growth was used to subculture the next isolate. These 

isolates were incubated for 3 hrs, before the microdilution method, allowing for the micro-

organism to be exposed to the EO during the exponential phase of growth (Locke et al. 2009, 

Foster 2017). The broth microdilution method was repeated, however, using the new sub-

cultured isolate. With every subsequent broth microdilution, S. aureus ATCC 6538, the 

pathogen was exposed to sub-inhibitory concentrations of the EO. This sequence was repeated 

for a total of 20 passages. Resistance was defined as an increase in the MIC value by more than 

two serial dilutions between two subsequent passages, with this increase in MIC being 

sustained throughout the passages, thereafter. An increase or decrease in the MIC by two serial 

dilutions was considered to be a result of natural biological and methodological variation. 

 

Statistical analysis  

 All assays in this study were performed in duplicate on three different days (therefore 

n=6), this excluded the resistance induction assay. The results from the initial three assays were 

averaged and the standard deviation (SD) was calculated. For the resistance induction assay, 

passages were repeated when changes of more than two serial dilutions in the MIC were 

observed, to verify the results. The SD across all 20 passages was calculated, and a SD of ≥ 

1.00 was considered to be a significant variance. Student T-test was used to determine whether 

there was a statistically significant shift in the MIC for each oil. In all instances, a significance 

threshold of p < 0.05 was established. 

 

Results and Discussion 

Essential oil chemistry 

The chemical composition of each of the oils was analyzed and an abridged set of 

results detailing the identified main compounds is given in Supplementary data Table S2. 
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Although this study does not focus on individual compounds, the composition of EOs 

significantly influences their antimicrobial activity (Burt 2004). Therefore, stating the 

composition is important. The comparison of chemotypes becomes crucial when specific EOs 

are identified as potential antimicrobial agents. 

 

Antibiotic susceptibility of cultures 

The results of the antibiotic susceptibility test revealed that resistant and susceptible 

clinical strains, in addition to the reference strains, were tested in the study (Table 1). The 

primary objective of this assay was to acquire the resistance profiles of each strain for 

comparison with the susceptibility of the EOs. 

 

Minimum inhibitory activity 

Table 2 displays the mean MIC values of 23 EOs tested against each of the 18 bacterial 

ESKAPE strains. Origanum vulgare and T. vulgaris demonstrated notable and broad-spectrum 

inhibitory activity with an average MIC value of 0.78 mg/mL and 0.92 mg/mL respectively. 

Matricaria recutita and C. myrrha, demonstrated the least minimum inhibitory activity against 

the ESKAPE pathogens, with only one and two cases of noteworthy inhibition, both against a 

clinical strain of P. aeruginosa (Resistant Clinical 2) and C. myrrha against S. aureus ATCC 

25923. Santalum austrocaledonicum and Vetiveria zizanioides were the only two EOs that had 

noteworthy inhibitory activity against both strains of E. faecium. Furthermore, both oils 

exhibited the greatest inhibitory activity against the Gram-positive bacteria, E. faecium and S. 

aureus. Ten (± 43.00%) EOs (C. carvi, C. verum, C. zeylanicum, C. martini, F. dulce, O. 

tenuiflorum, O. vulgare, R. damascena, S. aromaticum and T. vulgaris) exhibited noteworthy 

inhibition against the multi-drug resistant strain A. baumannii, which was resistant to all 

antibiotics tested including meropenem (Table 1).  
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            Table 1. Antimicrobial susceptibility testing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             *1Susceptible = Microbe is “susceptible” to the antibiotic and can be used for testing, *2R - Resistant = Microbe is resistant to antibiotics and  

             *3I – Intermediate = Microbe is partially “susceptible” to the antibiotic, but MIC values may exceed breakpoints outlined in CLSI and EUCAST.  

             (CLSI 2020, EUCAST 2022). 
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Amikacin S*1 R S S S R S S S S S S I S S S S S 

Amoxicillin R*2 R S S I R I I R I S R R R R R R R 

Amoxicillin – 

Clavulanic acid 
S R S S I S I S R I S S R R R R R R 

Ampicillin S R S S I R S S R S S R R R R R R R 

Ceftriaxone S R S S S R S S S S S I R R R R S R 

Cephalexin R R S S S R S S S I S R R R R R R R 

Cephalothin R R S S S R S S S S S R R R R R R R 

Chloramphenicol I*3 R S S S R S S S S S S R S R R S R 

Ciprofloxacin S R S S S R S S S S S S R S S S S S 

Clindamycin S R S S S S S S R R R R R R R R R R 

Erythromycin R R S S S S S S R R R R R R R R R R 

Fosfomycin R R S S S I S S R S S I R R R I I S 

Gentamicin S R S I I R I S S S I S R S I I S S 

Meropenem S R S S S S S S S S S S R S S S S S 

Neomycin R R S I S R S S S I I R R R R R R I 

Penicillin R R S S I R I I R R R R R R R R R R 

Pipercillin-

Tazobactam 
S R S S I R S S S S S S R S S S S R 

Sulfamethoxazole-

Trimethoprim  
I R S S S R I S I S S S R S R R I R 

Tetracycline S R S S I R S S S I I S R I R R I R 

Vancomycin S I S I I S S I R R R R R R R R R R 
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Table 2. Minimum inhibitory activity (mg/mL (±SD)) of essential oils (n=3) 
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A. sativum  
>8.00 

(±0.00) 

2.00 

(±0.00) 

3.20 

(±1.10) 

4.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±0.00) 

2.67 

(±1.15) 

2.00 

(±0.00) 

4.00 

(±0.00) 

2.40 

(±2.42) 

2.00 

(±1.22) 

2.00 

(±1.73) 

2.00 

(±0.00) 

0.13 

(±0.00) 

0.25 

(±0.00) 

3.00 

(±1.41) 

3.00 

(±1.41) 
2.41 

C. carvi 
4.00 

(±0.00) 

2.00 

(±0.00) 

1.33 

(±0.52) 

2.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.60 

(±1.10) 

1.50 

(±0.58) 

1.00 

(±0.00) 

1.67 

(±0.52) 

1.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 
1.62 

C. verum  
2.00 

(±0.00) 

2.00 

(±0.00) 

3.20 

(±1.10) 

2.00 

(±0.00) 

0.68 

(±0.31) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.80 

(±0.92) 

0.59 

(±0.35) 

1.00 

(±0.00) 

1.00 

(±0.00) 

3.00 

(±1.41) 

1.00 

(±0.00) 

1.00 

(±0.00) 
1.46 

C. zeylanicum  
2.00 

(±0.00) 

2.00 

(±0.00) 

1.60 

(±0.55) 

2.00 

(±0.00) 

0.64 

(±0.35) 

1.25 

(±0.50) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.13 

(±0.35) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.30 

(±0.63) 

0.58 

(±0.34) 

1.00 

(±0.00) 

1.00 

(±0.38) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 
1.25 

C. myrrha  
>8.00 

(±0.00) 

3.00 

(±1.41) 

1.00 

(±1.64) 

2.00 

(±0.00) 

5.33 

(±2.31) 

3.00 

(±1.41) 

2.00 

(±0.00) 

8.00 

(±0.00) 

2.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

5.20 

(±3.83) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

4.00 

(±0.00) 
3.04 

C. citratus  
2.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.28) 

0.80 

(±0.57) 

2.67 

(±1.15) 

1.00 

(±0.00) 

0.50 

(±0.00) 

0.88 

(±0.25) 

2.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 

1.60 

(±0.55) 

2.00 

(±0.00) 

3.00 

(±1.41) 

1.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 
1.79 

C. martinii  
2.00 

(±0.00) 

2.00 

(±0.00) 

1.60 

(±0.55) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 

1.60 

(±0.55) 

0.80 

(±0.33) 

2.00 

(±0.00) 

1.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 
1.82 

F. galbaniflua  
8.00 

(±0.00) 

4.00 

(±0.00) 

3.50 

(±0.93) 

3.33 

(±1.15) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

4.00 

(±0.00) 

2.00 

(±0.00) 

2.20 

(±1.10) 

3.20 

(±1.10) 

1.33 

(±0.58) 

3.00 

(±1.41) 

1.00 

(±0.00) 

2.00 

(±0.00) 

6.00 

(±2.83) 

4.00 

(±0.00) 
3.09 
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Essential oil 

E. faecium S. aureus K. pneumoniae A. baumannii P. aeruginosa E. aerogenes 
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F. dulce  
4.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.67 

(±1.03) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.60 

(±1.10) 

1.50 

(±0.58) 

1.00 

(±0.00) 

1.67 

(±0.52) 

0.90 

(±0.33) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.25 

(±0.50) 

1.00 

(±0.00) 
1.75 

L. nobilis  
8.00 

(±0.00) 

4.00 

(±0.00) 

3.20 

(±1.10) 

4.00 

(±0.00) 

3.33 

(±1.15) 

2.00 

(±0.00) 

3.00 

(±0.00) 

4.00 

(±0.00) 

5.33 

(±2.31) 

2.40 

(±1.52) 

3.00 

(±1.41) 

3.20 

(±1.10) 

1.42 

(±1.42) 

2.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

6.00 

(±2.83) 
3.33 

L. angustifolia  
8.00 

(±0.00) 

3.00 

(±1.41) 

3.20 

(±1.10) 

4.00 

(±0.00) 

2.67 

(±1.15) 

2.00 

(±0.00) 

2.00 

(±0.00) 

4.00 

(±0.00) 

2.00 

(±0.00) 

2.67 

(±1.15) 

3.00 

(±1.41) 

2.40 

(±0.89) 

2.50 

(±1.00) 

4.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

4.00 

(±0.00) 
3.02 

L. cubeba  
2.00 

(±0.00) 

1.75 

(±0.50) 

1.60 

(±0.55) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.25 

(±0.50) 

0.88 

(±0.00) 

0.88 

(±0.25) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.80 

(±0.45) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

4.00 

(±0.00) 
1.83 

M. recutita  
>8.00 

(±0.00) 

3.00 

(±1.41) 

3.20 

(±1.10) 

4.00 

(±0.00) 

4.00 

(±0.00) 

4.00 

(±0.00) 

4.00 

(±0.00) 

4.00 

(±0.00) 

2.00 

(±0.00) 

3.33 

(±1.15) 

4.00 

(±0.00) 

3.20 

(±1.10) 

4.00 

(±0.00) 

4.00 

(±0.00) 

1.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

4.00 

(±0.00) 
3.36 

M. alternifolia  
>8.00 

(±0.00) 

3.00 

(±1.41) 

2.00 

(±0.00) 

5.33 

(±2.31) 

4.00 

(±0.00) 

3.20 

(±1.10) 

4.00 

(±0.00) 

4.00 

(±0.00) 

3.33 

(±1.15) 

2.40 

(±1.52) 

4.00 

(±0.00) 

2.57 

(±0.98) 

2.50 

(±1.00) 

3.00 

(±1.41) 

1.00 

(±0.00) 

>8.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 
3.08 

O. tenuiflorum  
2.00 

(±0.00) 

2.00 

(±0.00) 

1.75 

(±0.46) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

0.75 

(±0.00) 

0.92 

(±0.20) 

1.40 

(±0.55) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.40 

(±0.82) 

0.88 

(±0.25) 

2.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.25 

(±0.50) 
1.57 

O. vulgare  
1.20 

(±0.45) 

1.00 

(±0.00) 

0.61 

(±0.31) 

0.83 

(±0.25) 

0.67 

(±0.28) 

1.25 

(±0.50) 

0.50 

(±0.00) 

0.50 

(±0.00) 

0.63 

(±0.27) 

0.80 

(±0.27) 

0.63 

(±0.25) 

0.64 

(±0.35) 

0.44 

(±0.13) 

0.44 

(±0.13) 

1.00 

(±0.00) 

1.75 

(±1.50) 

0.64 

(±0.27) 

0.46 

(±0.10) 
0.78 

P. graveolens  
4.00 

(±0.00) 

4.00 

(±0.00) 

1.71 

(±0.93) 

4.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 

1.60 

(±0.55) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

3.00 

(±1.41) 
2.30 

P. patchouli  
2.00 

(±0.00) 

4.00 

(±0.00) 

1.50 

(±0.71) 

2.00 

(±0.00) 

4.00 

(±0.00) 

2.00 

(±0.00) 

0.35 

(±0.00) 

0.59 

(±0.35) 

3.33 

(±1.15) 

2.00 

(±0.00) 

3.00 

(±1.41) 

2.80 

(±1.64) 

2.00 

(±0.00) 

3.00 

(±1.41) 

1.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 
2.14 
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Essential oil 

E. faecium S. aureus K. pneumoniae A. baumannii P. aeruginosa E. aerogenes 
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R. damascena  
2.00 

(±0.00) 

1.50 

(±0.58) 

0.84 

(±0.30) 

1.00 

(±0.00) 

0.50 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

2.00 

(±0.00) 

2.67 

(±1.15) 

2.67 

(±1.15) 

1.33 

(±0.52) 

1.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

2.20 

(±1.10) 

3.00 

(±1.41) 
1.60 

S.austrocaledonicum  
0.31 

(±0.13) 

0.19 

(±0.07) 

0.35 

(±0.19) 

0.20 

(±0.12) 

2.67 

(±1.15) 

0.38 

(±0.14) 

0.13 

(±0.00) 

0.21 

(±0.07) 

2.50 

(±2.61) 

2.00 

(±0.00) 

4.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.25 

(±0.50) 

3.00 

(±1.41) 

2.00 

(±0.00) 
1.45 

S. aromaticum  
3.00 

(±1.41) 

2.00 

(±0.00) 

1.29 

(±0.49) 

2.00 

(±0.00) 

0.83 

(±0.32) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.39) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.14 

(±0.63) 

0.67 

(±0.38) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.00 

(±0.00) 

1.20 

(±0.45) 
1.28 

T. vulgaris  
1.40 

(±0.55) 

1.25 

(±0.50) 

0.90 

(±0.28) 

0.80 

(±0.27) 

1.00 

(±0.00) 

1.00 

(±0.00) 

0.75 

(±0.00) 

0.50 

(±0.00) 

0.90 

(±0.22) 

1.00 

(±0.00) 

1.00 

(±0.00) 

0.86 

(±0.24) 

0.44 

(±0.13) 

0.88 

(±0.25) 

1.00 

(±0.00) 

1.20 

(±0.45) 

1.00 

(±0.00) 

0.63 

(±0.25) 
0.92 

V. zizanioides  
0.50 

(±0.00) 

0.50 

(±0.00) 

0.25 

(±0.38) 

0.40 

(±0.14) 

3.33 

(±1.15) 

0.50 

(±0.00) 

0.13 

(±0.00) 

0.13 

(±0.45) 

2.67 

(±1.15) 

2.67 

(±1.15) 

2.00 

(±0.00) 

1.50 

(±1.24) 

2.00 

(±0.00) 

2.00 

(±0.00) 

1.00 

(±0.00) 

1.20 

(±1.21) 

4.00 

(±0.00) 

1.00 

(±0.00) 
1.43 

Positive    

Control  

(ug/mL) 

2.50 

(±0.00) 

>2.50 

(±0.00) 

0.63 

(±0.00) 

0.31 

(±0.89) 

0.04 

(±0.00) 

0.49 

(±0.17) 

0.50 

(±0.00) 

0.63 

(±0.00) 

0.07 

(±0.02) 

0.04 

(±0.00) 

0.04 

(±0.00) 

0.82 

(±0.44) 

2.50 

(±0.00) 

0.04 

(±0.00) 

0.63 

(±0.00) 

0.40 

(±0.15) 

0.08 

(±0.04) 

1.79 

(±0.67) 
0.68 

Negative  

Control 

6.67 

(±2.31) 

5.33 

(±1.79) 

5.00 

(±2.00) 

4.80 

(±1.79) 

4.00 

(±0.00) 

5.00 

(±2.00) 

5.00 

(±0.00) 

4.00 

(±0.00) 

3.67 

(±0.82) 

3.60 

(±0.89) 

3.20 

(±1.10) 

4.00 

(±0.00) 

2.67 

(±1.03) 

5.33 

(±2.31) 

2.00 

(±0.00) 

2.00 

(±0.00) 

3.33 

(±1.03) 

3.60 

(±0.89) 
4.07 

Culture  

Control 

>8.00 

(±0.00)  

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 

8.00 

(±0.00) 

>8.00 

(±0.00) 

>8.00 

(±0.00) 
>8.00 

 

*bold indicates noteworthy minimum inhibitory activity.
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All 23 EOs had a mean MIC value of 1.00 mg/mL, except for A. sativum (0.13 mg/mL) 

with the lowest MIC value, against a resistant clinical strain of P. aeruginosa (Resistant Clinical 

2). This strain of P. aeruginosa (Resistant Clinical 2) was found to be resistant to the majority of 

the antibiotics tested in the antimicrobial susceptibility studies. Vetiveria zizanioides had a MIC 

value of 0.13 mg/mL against a clinical (Susceptible Clinical strain) and an ATCC-resistant (ATCC 

33592) strain of S. aureus. Santalum austrocaledonicum had the second lowest MIC value recorded 

(0.19 mg/mL) against the clinical strain of E. faecium. The positive control, ciprofloxacin (0.01 

mg/mL), acted as an effective broad-spectrum antibiotic against the ESKAPE pathogens. The 

negative control, water diluted in acetone (32.00 mg/mL), exhibited negligible bacterial inhibition 

against all 18 strains of bacteria. 

The broth microdilution assay (Table 2) was used to screen the 23 EOs and select five to 

undergo further investigation. 

Based on the minimum inhibitory activity, the five EOs comprise two oils (O. vulgare and T. 

vulgaris) that exhibit overall noteworthy activity (≤ 1.00 mg/mL), one (C. carvi) that exhibits 

moderate overall antimicrobial activity (1.00 - 3.00 mg/mL), and two oils (C. myrrha and M. 

recutita) that on average exhibit poor antimicrobial activity (≥ 3.00 mg/mL).  

The reason EOs with varying inhibitory activity were chosen was to establish if there is a 

varied relationship between minimum inhibitory activity and resistance mechanisms. The average 

MIC of O. vulgare, T. vulgaris, C. carvi, C. myrrha and M. recutita were 0.78, 0.92, 1.62, 3.04 and 

3.36 mg/mL respectively.  

There were considerable variations in the MICs reported on the EOs found in this study 

when compared to the literature. This was likely due to the observed differences in the chemical 

composition which largely affects the overall MIC (Burt 2004). However, there were similarities 
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found in the inhibitory activity of S. austrocaledonicum and V. zizanioides in recent studies done 

by Orchard et al. (2017) and Singh (2022), despite differences in their composition. Thus, 

emphasizing there are many factors that could affect minimum inhibitory activity, not limited to 

the chemical composition of EOs.  

For EOs to be considered as a viable solution to combat AMR, it needs to be effective 

against current multi-drug pathogens. Meropenem is a last-line antibiotic reserved for therapeutic 

use against serious infections that are resistant to the primary choice of antibiotic (CDC, 2019). 

The clinical strains of A. baumannii and E. faecium were identified as resistant to the meropenem 

and were further classified as multi-drug resistant. However, three (± 13.00%) EOs displayed 

noteworthy inhibition against E. faecium, while 10 (± 43.00%) EOs demonstrated noteworthy 

inhibition of A. baumannii.  This strengthens the evidence and theoretical implications of EOs as 

potential solutions to combat AMR.  

The minimum inhibitory activity of the selected EOs has been extensively studied in 

scientific papers and has reported noteworthy activity against one or more of the ESKAPE 

pathogens (Singh et al. 2015, Sakkas et al. 2016, Orchard et al. 2017, Bučková et al. 2018, Khalaf 

and Zahra 2020, Frydrysiak et al. 2021, Benameur et al. 2022). In this study EOs were most 

effective against S. aureus, followed by P. aeruginosa and K. pneumoniae, respectively. Essential 

oils had the lowest inhibitory effect on both strains of E. faecium and the reference strain of A. 

baumannii ATCC 19606. The EOs showed the most noteworthy activity against the resistant and 

susceptible clinical strains of the ESKAPE pathogens compared to the reference strains. This trend 

was also observed in previous studies by Sienkiewicz et al. (2012) and Singh (2022), where the 

MIC values of the resistant and clinical strains were lower than the reference strains, however, in 

some pathogens they were comparable. The variability in susceptibility between different strains 
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of the same pathogen accentuates the importance of exploring the inhibitory activity of EOs against 

a range of strains, incorporating reference, resistant, and clinical variants. The scrutiny of clinical 

strains provides a more realistic and informed perspective on the inhibitory characteristics of EOs. 

While reference strains lack prior exposure to antimicrobial agents, clinical strains are expected to 

have encountered such agents previously; it is plausible that the mechanism through which 

pathogens acquire resistance to antibiotics renders them more susceptible to inhibition by EOs. 

 

Anti-quorum sensing 

The anti-QS activity of the five (Thymus vulgaris, O. vulgare, C. carvi, C. myrrha, and M. 

recutita) selected EOs was investigated to consider their ability to prevent signalling responses. 

Percentage inhibition of ≥ 70.00% is indicative of noteworthy anti-QS activity and can be 

explained by the phenomenon of herd immunity (Jansen et al. 2021). Table 3 represents the 

percentage inhibition of violacein production (anti-QS activity), the MQSIC, and the MQSBC for 

the five selected EOs. All five EOs exhibited notable anti-QS activity, with a percentage inhibition 

ranging from 73.33 to 93.08%, when tested at a concentration of ≤ 1.00 mg/mL. The MQSBC was 

conducted to determine whether the observed percentage inhibition resulted from a reduction in 

violacein production (decreased QS signalling) rather than the death of the micro-organism. The 

average MQSBC values for all five EOs have been documented in Table 3.  

Thymus vulgaris exhibited the greatest degree of inhibition (93.08%), signifying the 

highest anti-QS activity, at a concentration of 0.13 mg/mL, when compared to the other EOs that 

were examined. This particular EO had the best ability to inhibit QS which is supported by the 

percentage inhibition being closest to 100% (complete inhibition) at a low concentration. 
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Origanum vulgare exhibited anti-QS activity at an even lower concentration range than T. vulgaris, 

however, the greatest percentage inhibition of violacein was 85.63%. 

 

Table 3. Anti-quorum sensing activity of the five selected essential oils. 

Samples MQSIC (mg/mL) *1 Percentage inhibition (%) MQSBC *2 (mg/mL (± SD)) 

Carum carvi 0.03 - 0.06 74.82 - 82.50 2.69 (± 1.86) 

Commiphora myrrha 0.50 - 1.00 74.47 - 75.04 4.00 (± 0.00) 

Matricaria recutita 1.00 73.33 - 92.73 > 4.00 (± 0.00) 

Origanum vulgare 0.03 - 0.06 77.58 - 85.63 0.25 (± 0.00) 

Thymus vulgaris 0.02 - 0.50 70.14 - 93.08 0.42 (± 0.12) 
*1MQSIC = Minimum quorum sensing inhibitory concentration. *2MQSBC = Minimum quorum sensing bactericidal 

concentration. Positive control in water (0.31 mg/mL) 76.45 - 80.93 %, Positive control in acetone (0.01 - 0.08 mg/mL) 

70.14 - 92.23 % and Culture control (> 8.00 mg/mL) growth at all concentrations. 

 

Carum carvi and O. vulgare displayed similar anti-QS activity, MQSIC values and 

percentage inhibition, however, the MQSBC of C. carvi was considerably higher than the MQSBC 

of O. vulgare. It was also observed that the bactericidal activity of C. carvi was the most 

inconsistent (SD ± 1.86). Although M. recutita has the second highest percentage inhibition 

(92.73%), it was at a higher MQSIC value in comparison to C. carvi, O. vulgare and T. vulgaris. 

Ideally, the EOs should have a low MQSIC value with a high percentage inhibition (Mahumane 

2016a). The MQSIC serves as an indicator of the EO's potency, with oils that exhibit significant 

percentage inhibition (≥ 70.00%) at lower MQSIC values considered more potent. For instance, in 

this study, both T. vulgaris and M. recutita demonstrated notable anti-QS activity at comparable 

percentages with only a minor difference of 0.35%. However, T. vulgaris displayed a lower 

MQSIC range (0.02 to 0.50 mg/mL) compared to M. recutita, which only exhibited substantial 

inhibition at 1.00 mg/mL. This indicates that T. vulgaris was the more potent oil in terms of anti-

QS activity. Moreover, T. vulgaris had a lower MQSBC throughout the study underscoring that 

this oil not only disrupts bacterial communication but also effectively eliminates bacterial growth. 
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The current body of research on the anti-QS activity of the five EOs selected in this study 

is limited (Vattem et al. 2007, Al-Haidari et al. 2016, Alibi et al. 2020, Ghannay et al. 2022). The 

anti-QS activities of the five EOs exhibit a concentration-dependent relationship. However, this 

relationship is not consistently linear, which aligns with the findings from Mahumane (2016) and 

Poli et al. (2018). Additionally, this study found that T. vulgaris, O. vulgare, C. carvi, and M. 

recutita potentiated QS activity at concentrations below the MQSIC values. This finding was 

supported by other studies investigating anti-QS of other EOs (Vattem et al. 2007, Al-Haidari et 

al. 2016, Mahumane 2016, Alibi et al. 2020, Ghannay et al. 2022). The findings from this study, 

along with recent research, emphasizes that QS is highly dependent on concentration. Quorum 

sensing must be meticulously regulated when used as an antimicrobial agent due to its narrow 

effectiveness range as a QS inhibitor. It's crucial to note that concentrations below the MQSIC can 

potentiate QS activity. Unlike microbial inhibition, the inhibitory effect of QS does not follow a 

linear pattern. Al-Haidari et al. (2016) reported that C. carvi did not show any anti-QS activity, 

however, the disc diffusion method was used, which does not accommodate the volatile and 

lipophilic nature of EOs, highlighting that varying methods can lead to different conclusions in the 

results. Carum carvi exhibited a QS inhibition of 47.57% at a concentration of 10.00 mg/mL in a 

recent study (Ghannay et al. 2022). However, these findings contradict the results of the present 

study, which may be due to discrepancies in the methodology where Ghannay et al. (2022) utilized 

a microdilution technique and a different approach to quantifying the inhibition of violacein.  

Origanum vulgare and T. vulgaris both inhibited violacein production in a study conducted 

by Vattem et al. (2007), with O. vulgare exhibiting a percentage inhibition of 75%. This research 

also revealed that T. vulgaris played a role in mediating violacein production, aligning with the 

findings of this study. Alvarez et al. (2014) identified O. vulgare as a powerful QS inhibitor. This 
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finding was supported by Čobanović et al. (2023), which reported anti-QS activity from O. vulgare 

and T. vulgaris at concentrations comparable to those observed in our research.  

 A study reported notable anti-QS activity (66.00% - 100.00%) by C. myrrha at a 

concentration of 1.70 mg/mL when using C. violaceum, which is comparable to the findings in this 

study (Rubegeta et al. 2019). Křížkovská et al. (2023) used Vibrio campbellii as the biosensor 

strain when investigating the anti-QS properties of M. recutita. Their results highlighted the potent 

inhibitory effects demonstrated by this EO, even at remarkably low concentrations. However, it is 

important to acknowledge that the methodologies employed to assess the level of inhibition 

differed from those utilized in the present study, as theirs focused on the response of pathogens to 

autoinducers in the presence of bioluminescent signals. The body of research on the anti-QS 

activity of C. carvi and M. recutita is quite limited compared to the other three EOs.  

 

Biofilm inhibition 

Figure 1 demonstrates the average noteworthy biofilm inhibition (≥ 70.00%) at different 

concentrations of each of the five EOs investigated. Origanum vulgare and T. vulgaris exhibited 

noteworthy biofilm inhibition (≥ 70.00%) at four different concentrations including 0.05 mg/mL, 

the lowest concentration that inhibited biofilm formation (Figure 1). Carum carvi, M. recutita, and 

C. myrrha inhibited ≥ 70.00% of biofilm formation between 2.00 - 4.00 mg/mL. These three oils 

also potentiated biofilm formation between concentrations of 0.13 mg/mL and 1.00 mg/mL, which 

is denoted by a negative percentage (data available on request). In the current study, noteworthy 

biofilm inhibition was reported at 0.31 μg/mL for ciprofloxacin, 0.31 μg/mL for erythromycin, and 

1.25 μg/mL for gentamicin. The culture control produced the desired OD between 0.77 and 1.25, 

concurring that S. aureus ATCC 6538 is a strong biofilm-forming strain (Abbas et al. 2019). The 
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negative control, water in acetone made to a concentration of 32.00 mg/mL, did not notably inhibit 

biofilm formation at any of the concentrations tested (0.13 - 4.00 mg/mL).  

 

 

Figure 1. The biofilm inhibition of five EOs on the S. aureus ATCC 6538 strain (expressed as an 

average percentage inhibition). 

 

Jafri et al. (2014) found that at all concentrations (0.20 - 12.80% v/v) of T. vulgaris inhibited more 

than 70.00% of biofilm formation against clinical strains of S. aureus. A study assessing the biofilm 

inhibitory activity and antimicrobial activity of O. vulgare against three different strains of S. 

aureus (methicillin-sensitive S. aureus, methicillin-resistant S. aureus and S. aureus ATCC 29213) 

concluded that at 0.06 mg/mL, ≥ 93.07% ± 0.37 biofilm formation was inhibited (Ersanli et al. 

2023). These results exhibit increased biofilm inhibition activity at lower concentrations in 

comparison to the findings in this study, likely due to S. aureus ATCC 6538 having greater biofilm-
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forming properties (Koçak et al. 2022). Stojanović-Radić et al. (2021) also corroborated that O. 

vulgare and T. vulgaris were both strong biofilm inhibitors against clinical strains of S. aureus, 

inhibiting up to 96.00% of biofilm formation. 

Liu et al. (2023) reported that C. carvi inhibited the formation of MRSA biofilm completely 

at a concentration of 1.28% (v/v), however, the minimum bactericidal concentration of this strain 

was 0.64%, thus if cidal activity occurred, biofilm inhibition would have not been possible. A study 

in 2014, investigated the anti-biofilm, anti-hemolysis, and anti-virulence activities of 83 EOs, 

which included the five EOs selected in the current study (Lee et al. 2014). Lee et al. (2014) found 

that C. myrrha (89.0% biofilm inhibition), T. vulgaris (78.0% biofilm inhibition), and O. vulgare 

(77.0% biofilm inhibition), demonstrated notable biofilm inhibitory activity against S. aureus 

ATCC 6538. While C. carvi and M. recutita did not show biofilm inhibition and were found to be 

more unstable than the previously three mentioned EOs (Lee et al. 2014). Although the chemistry 

of C. myrrha and M. recutita, could have differed from this study, it does highlight the 

inconsistency across chemotypes, rendering them impractical alternatives due to their erratic 

activity. In addition, to variations in the chemotypes, careful consideration should be exercised 

when comparing biofilm inhibition activity as there are several methods of washing techniques 

used in the biofilm assay which could lead to discrepancies in the outcomes (O'Toole 2011, Xu et 

al. 2016, Shukla and Toleti 2017, Ersanli et al. 2023). 

 

Resistance induction 

A total of 20 passages were completed to assess the effect of the five EOs on the induction 

of resistance of S. aureus ATCC 6538. The MIC values, over the 20 passages, were plotted 

graphically, along with the MIC values of the three conventional antibiotics tested (Figure 2 - 6).   
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Carum carvi is representative of an EO with moderate antimicrobial activity. The results 

calculated for all 20 passages (shown in Figure 2), revealed that its inhibitory activity was 

inconsistent, displaying significant variance (SD ± 1.24, p < 0.05) in the MIC value. At passages 

15 and 16, C. carvi exhibited noteworthy inhibition (1.00 - 1.50 mg/mL), thereafter it returned to 

its original MIC value of 2.00 mg/mL (moderate antimicrobial activity). There was a sudden 

increase in the EOs MIC value at passage 19 (6.00 mg/mL) before reverting to the typical range 

observed during the other passages (2.00 - 4.00 mg/mL). Although significant variance (SD ± 1.24, 

p < 0.05) across the entire study was observed, the significant variations were limited to individual 

passages such as passages 7-9 (p = 0.03), indicating that there was no permanent change in the 

MIC value and thus the absence of any development of long-term resistance. The fluctuations 

observed in the MIC values between passages 14 and 17 were deemed statistically insignificant 

(p-value = 0.43). In addition, the fluctuations between passages 18 and 20 were also not 

statistically significant (p-value = 0.15). This suggests that although no persistent resistance was 

observed, there was a notable yet temporary alteration in the MIC value.  

The sub-inhibitory exposure of C. carvi led to a minor shift in the antibiotic MICs (SD ± 

0.29). Ciprofloxacin exhibited a sudden increase in the MIC value (from 0.20 to 1.25 μg/mL) at 

passage 17, and then dropped thereafter. The antimicrobial activity of erythromycin over the 20 

passages had the least variance (SD ± 0.20) of the three antibiotics tested. There was a sudden dip 

in the MIC of gentamicin at passages 6, 9 and 18, these were denoted as noteworthy as they were 

more than two serial dilutions, however, the overall MIC value was consistent (SD ± 0.39).  

Commiphora myrrha, although classified as an oil with poor antimicrobial efficacy against 

the ESKAPE pathogens, displayed MIC values ranging between 0.25 - 4.00 mg/mL (SD ± 1.18) 

(Figure 3). An intriguing finding was that C. myrrha exhibited an increase in its antimicrobial 
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activity, from 4.00 mg/mL at passage 13 to 0.05 - 0.25 mg/mL between passages 14-16. This was 

followed by a reverse trend at passage 17, where the MIC value increased by four serial dilutions 

from 0.25 to 4.00 mg/mL. These two fluctuations are considered noteworthy as the change was 

more than two serial dilutions. This was further supported by statistical assessment indicating that 

the changes in the MIC value from passages 16 to 20 were significant (p-value = 0.03); however, 

by passage 20, C. myrrha reverted to the standard range observed in preceding passages. The 

overall trend of C. myrrha's antimicrobial activity predominantly aligned with its poor efficacy, 

and there were no consistent alterations observed in the bacterial strain due to repeated exposure 

to the EO.  

For the strain exposed to C. myrrha at sub-inhibitory concentrations, small variations were 

observed for the MICs of the antibiotics. Ciprofloxacin exhibited no sudden significant increases 

or decreases in the MIC value between consecutive passages, and the MIC value ranged between 

0.31 to 1.25 μg/mL (1.25 μg/mL was only reported at passage 7). Erythromycin was the most 

consistent antimicrobial (between C. myrrha and the antibiotics) over the 20 passages (SD ± 0.17), 

the MIC value ranged between 0.16 and 0.63 μg/mL. Gentamicin had a sudden increase in the 

MIC value at passage 7 from 0.16 to 1.25 μg/mL. At passage 17, another spike in the MIC value 

was observed in gentamicin, spiking to 0.94 μg/mL before decreasing to 0.08 μg/mL at passage 

18. 

Matricaria recutita EO demonstrated a MIC value between 2.00 - 4.00 mg/mL throughout 

the majority of the passages, with the exception of passage 16 where the MIC value was 0.75 

mg/mL (SD ± 0.97) (Figure 4). The changes between passages 14 and 17, were determined to be 

not significant (p-value = 0.79). The minimum inhibitory activity of the antibiotics over the 20 

passages of sub-inhibitory exposure of M. recutita was more consistent. The MIC value of 
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ciprofloxacin (SD ± 0.27) and erythromycin (SD ± 0.19) remained stable against S. aureus over 

the 20 passages. A minor increase observed in the MIC value of ciprofloxacin at passage 7 (1.25 

μg/mL), was not statistically significant (p > 0.05). There were sudden significant (p < 0.05) 

increases observed in the MIC value of gentamicin after exposure to M. recutita at passage 7 (from 

0.16 to 0.94 μg/mL). This observation suggests that exposure to M. recutita resulted in a transient 

decrease in the susceptibility of S. aureus to gentamicin.  

Origanum vulgare had the least variation in the MIC values (SD ± 0.21) over the 20 

passages in comparison to all five EOs (Figure 5). The MIC values ranged between 0.50 -1.00 

mg/mL against S. aureus ATCC 6538. The average SD of the antibiotics (SD ± 0.45) was higher 

than that of the EO, O. vulgare (SD ± 0.21). The MIC values of all three antibiotics (ciprofloxacin, 

erythromycin and gentamicin) decreased between passages 7 and 8 from 2.50 μg/mL, 2.50 μg/mL 

and 1.25 μg/mL to 0.31 μg/mL, 0.31 μg/mL and 0.23 μg/mL respectively. This was a decrease of 

more than two serial dilutions and is highlighted as a noteworthy fluctuation in the induction of 

the resistance pattern.  Additionally, an increase in the MIC values of erythromycin from 0.31 

μg/mL at passage 6 to 2.50 μg/mL at passage 7 was observed. Gentamicin exhibited a noteworthy 

increase of two serial dilutions, between passages 17 and 18 (from 0.08 - 0.47 μg/mL). 

Thymus vulgaris had the second least variation in MIC (SD ± 0.32) over the 20 passages 

(Figure 6). The MIC values of T. vulgaris ranged between 0.50 -1.00 mg/mL for the majority of 

the passages, with the exception of passage 18, where a MIC value of 2.00 mg/mL was reported, 

however, it was not statistically significant (p > 0.05). The MIC values of all three antibiotics 

spiked at passage 8 (2.50 μg/mL) before returning to 0.31 μg/mL for ciprofloxacin and 

erythromycin, and 0.23 μg/mL for gentamicin. At passage 19, the MIC of gentamicin increased 

from 0.16 μg/mL to 1.25 μg/mL, which is also a notable increase in the MIC value. 
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Figure 2. The minimum inhibitory concentration of C. carvi and three conventional antibiotics, 

ciprofloxacin, erythromycin, and gentamicin, over 20 passages against S. aureus ATCC 6538. 

 

 

Figure 3. The minimum inhibitory concentration of C. myrrha and three conventional antibiotics, 

ciprofloxacin, erythromycin, and gentamicin, over 20 passages against S. aureus ATCC 6538. 
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Figure 4. The minimum inhibitory concentration of M. recutita and three commonly used 

antibiotics, namely ciprofloxacin, erythromycin, and gentamicin, throughout 20 passages against 

S. aureus ATCC 6538. 

 

 

Figure 5: Minimum inhibitory concentration profiles of O. vulgare and three conventional 

antibiotics (Ciprofloxacin, Erythromycin, Gentamicin) across 20 passages against S. aureus ATCC 

6538. 
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Figure 6. The minimum inhibitory concentration of T. vulgaris and three conventional antibiotics, 

ciprofloxacin, erythromycin, and gentamicin, was over 20 passages against S. aureus ATCC 6538. 

 

Overall, no permanent resistance was detected by S. aureus ATCC 6538 due to the repeated 

exposure to the EOs. The fluctuations in the MIC values of the five EOs were transient in nature. 

A study conducted by Speck et al. (2020), which investigated the induction of resistance in S. 

aureus after exposure to the antimicrobial agent sodium hypochlorite, found that fluctuations were 

also temporary. This suggests occurrences of heterogeneity of the pathogen, S. aureus ATCC 6538, 

caused by repeated exposure to an antimicrobial agent. A study that is most similar to the 

methodology employed in this study for the induction of resistance assay was performed by 

Hammer et al. (2012), focusing on M. alternifolia and one of its major components, terpinen-4-ol. 

It was previously reported that changes in the MIC value of M. alternifolia against S. aureus 

reference strain ATCC 25923, when exposed over a six-day period, were evident yet not 

significant, as they did not increase by more than one doubling dilution which was the threshold 

set by this study (Hammer et al. 2012).  

Typically, resistance is understood to be an inevitable characteristic that arises from either 

the acquisition of resistance genes through horizontal gene transfer or mutations in natural genes 
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(Munita and Arias 2016). However, it is important to note that resistance can also be temporary 

and manifest only in subpopulations, leading to phenotypic variation within the bacterial culture 

(Andersson et al. 2019). This phenomenon, known as heteroresistance, was first described in the 

1940s and involves the presence of subpopulations of cells within a bacterial isolate that 

demonstrate heightened resistance or decreased susceptibility to antibiotics compared to the main 

population (Alexander and Leidy 1947). The data in this study demonstrates patterns of 

heteroresistance against conventional antibiotics, due to repeated exposure to sub-inhibitory 

concentrations of the EOs. Numerous studies, both in vitro and in vivo, have indicated that the 

survival of these small subpopulations of resistant bacteria can occur in infected hosts, contributing 

to a heightened emergence of resistance (Tello et al. 2012, Andersson et al. 2019, Pereira et al. 

2021). Heteroresistance is a common occurrence among various bacterial species and antibiotics, 

and it is often characterized by its inherent instability. This instability manifests as an intermittent 

or temporary expression of resistance, typically in response to stressors like exposure to 

antimicrobials, such as an EO, although not consistently occurring on every occasion. In certain 

instances, the subpopulations displaying resistance can revert to susceptibility after a limited 

number of generations of growth in the absence of antimicrobial pressure (Tello et al. 2012). This 

was also observed in our study, where S. aureus, after being exposed to C. carvi for the 19th time 

and subsequently removed, reverted to its original MIC value for gentamicin. None of the changes 

in the MIC of the antibiotics were permanent, which is a characteristic of heteroresistance. 

Heteroresistance arose due to exposure to sub-inhibitory concentrations of the EOs, which 

highlights a need for caution around the use of essential oils at sub-inhibitory concentrations.  

The susceptibility of S. aureus to the antibiotics penicillin, chloramphenicol, kanamycin, 

vancomycin, and erythromycin was assessed by examining the impact of adaptation to a sub-
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inhibitory concentration of eugenol and citral (EO compounds) (Apolónio et al. 2014). It was 

found that resistance to the conventional antibiotics was not induced due to exposure to the EO 

compounds. This proposes that the compounds of O. vulgare (carvacrol, p-cymene, c-terpinene) 

and T. vulgaris (thymol, γ-terpinene, p-cymene) should be investigated further, to see if their 

compounds could maintain the noteworthy activity whilst reducing the incidence of 

heteroresistance. 

It was observed, in this study, that there was a substantial change in the growth kinetics of 

S. aureus ATCC 6538, specifically the exponential phase of the bacteria shifted from 3 hrs to 11 

hrs between passages 16 and 17 (data available on request). However, after an additional passage, 

the exponential phase reverted. It can be deduced that these changes are a result of repeated 

exposure to the EOs. A study by Vázquez-Sánchez et al. (2015) found that bacteria exposed to sub-

lethal concentrations of T. vulgaris EO triggered cellular adaptations. These adaptations rendered 

the oil ineffective in completely eradicating the biofilm. Furthermore, two additional studies 

corroborated that changes in the duration of the exponential phase could support bacterial survival 

and may promote regrowth once the antimicrobial is removed (Rolfe et al. 2012, Li et al. 2016). 

Therefore, conducting further research on how essential oils impact bacterial growth during 

specific phases would be beneficial in gaining a deeper understanding of their effects on resistance. 

 

Overview of all four assays 

This study illuminated the relationships between EOs with varying inhibitory activity 

against planktonic bacteria and resistance mechanisms as well as induction of resistance capability. 

The noteworthy activity of the five EOs for all four assays is tabulated to highlight the relationship 

observed (Table 4). A trend was observed between the EOs classified by their minimum inhibitory 
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activity as noteworthy, moderate, or poor. Thymus vulgaris and O. vulgare were two EOs with a 

noteworthy inhibitory activity that additionally demonstrated notably broad-spectrum activity in 

all four assays. Furthermore, these two oils were able to sustain their MIC value with little 

deviation over the 20 passages in comparison to M. recutita, C. carvi and C. myrrha, with the latter 

two showing greater variability.  Essential oils with moderate and poor inhibitory activity had 

notable anti-QS and biofilm inhibition activity, however, at higher concentrations and/or at a lower 

percentage of inhibition. After each passage of sub-inhibitory exposure of S. aureus to the EOs, it 

was found that M. recutita, C. carvi and C. myrrha exhibited relatively fewer occurrences of 

heteroresistance. Resulting in a lower impact on the antibiotics' ability to sustain their inhibitory 

activity compared to T. vulgaris and O. vulgare. 

 

Conclusion 

This study investigated the potential use of EOs as antimicrobials to combat AMR, 

especially against current multi-drug resistant pathogens. When examining the inhibitory 

activities, two EOs (O. vulgare and T. vulgaris) demonstrated noteworthy and broad-spectrum 

activity against multi-drug resistant bacterial strains.  

The five EOs studied were able to inhibit resistant mechanisms such as QS and biofilm 

formation. The highest percentage inhibiting QS was 93.08% by T. vulgaris. Furthermore, when 

biofilm studies were undertaken, it was found that EOs with noteworthy minimum inhibitory 

activity demonstrated greater biofilm inhibition than EOs with moderate and poor inhibitory 

activity. Thymus vulgaris and O. vulgare inhibited >80.00% biofilm formation at 0.05 - 4.00 

mg/mL.  
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No significant resistance was detected over the 20 passages in the resistance induction 

assay, however, instances of heteroresistance were observed by S. aureus against conventional 

antibiotics due to exposure to the EOs. It was observed that T. vulgaris and O. vulgare maintained 

their inhibitory activity after each subsequent exposure for a total of 20 passages. Moreover, they 

were able to inhibit QS and biofilm formation at sub-inhibitory concentrations, which was not the 

case for the oils with an overall moderate or poor inhibitory activity. Based on the five EOs under 

investigation, it was concluded that the ability of the EO to sustain their minimum inhibitory 

activity was based on their overall inhibitory activity (average MIC value against the ESKAPE 

pathogens).  

This study demonstrates that EOs present a promising solution to the antimicrobial crisis. 

As more pathogens become multi-drug resistant or pan-resistant to antibiotics, the EOs (O. vulgare 

and T. vulgaris) proved to be effective against the current multi-drug resistant strains tested. These 

findings underscore the potential of EOs studied herein, demonstrating their effectiveness in 

preventing the development of resistance mechanisms against themselves, thereby hindering the 

emergence of resistance. While EOs offer a plausible solution, it is imperative to continue 

investigating their potential contribution to resistance against conventional antibiotics to ensure a 

comprehensive understanding of their therapeutic implications. Ideally, EOs such as T. vulgaris 

and O. vulgare with noteworthy activity in all four assays performed should be investigated in 

future studies to supplement these findings. Further recommendations for research in this area 

should include gene sequencing after each passage. This will provide information on precisely 

what mutations are occurring due to exposure to the EO, this will allow great insight when 

undertaking in vivo studies. 
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Table 4. Overview of noteworthy activities of all five essential oils in all four assays. 
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mg/mL 

Noteworthy, 

moderate or 

poor 

mg/mL % mg/mL % mg/mL ± 0.00 ± 0.00 ± 0.00 ± 0.00 ± 0.00 

Origanum vulgare 

(Oregano) 
0.78 Noteworthy 0.03 - 0.06 77.58 - 85.63 0.50 - 4.00 86.54 - 90.71 0.50 - 1.00 0.21 0.49 0.52 0.36 0.45 

Thymus vulgaris 

(Thyme) 
0.92 Noteworthy 0.02 - 0.50 70.14 - 93.08 0.50 - 4.00 84.45 - 90.48 0.50 - 2.00 0.35 0.48 0.50 0.60 0.53 

Carum carvi 

(Caraway) 
1.62 Moderate 0.03 - 0.06 74.82 - 82.50 4.00 90.61 1.50 - 4.00 1.12 0.28 0.20 0.39 0.29 

Commiphora myrrha 

(Myrrh) 
3.12 Poor 0.50 - 1.00 74.47 - 75.04 2.00 - 4.00 88.92 - 89.02 0.25 - 4.00 1.10 0.27 0.17 0.56 0.33 

Matricaria recutita 

(German chamomile) 
3.36 Poor 1.00 73.33 - 92.73 2.00 - 4.00 72.69 - 88.84 0.75 - 4.00 0.92 0.27 0.19 0.39 0.28 

*SD = standard deviation.
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SUPPLEMENTARY DATA:  

Table S1. Overview of antimicrobial activity of essential oils selected.  

Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

Allium sativum L. 

(garlic) 

Not specified 

P. aeruginosa susceptible 

clinical strain 
0.02 mg/mL 

Tsao and Yin 

(2001) 

 

P. aeruginosa resistant 

clinical strain 

0.01 - 0.02 

mg/mL  

K. pneumoniae resistant 

clinical strain 
0.03 mg/mL 

Diallyl sulfide 

(57.10%) Diallyl 

trisulfide (19.50%) 

P. aeruginosa  

(ATCC 27853) 
0.13 mg/mL 

Orchard et al. 

(2017b) 

Carum carvi L. 

(caraway) 

Limonene (34.00%)  

Carvone (64.10%) 
Resistant K. pneumoniae 1.00 mg/mL Singh (2022) 

Cinnamomum verum 

J.Presl 

 (cinnamon leaf) 

 

 
 

 

 

  Cinnamaldehyde 

(61.50%)                            

β-Caryophyllene 

(6.80%)                              

Cinnamyl acetate 

(6.50%)                             

Eugenol (3.70%)                                            

β-Phellandene (3.70%) 

  

  

GMRSA (ATCC 33592) 0.13 mg/mL 

Orchard et al. 

(2017b) 

P. aeruginosa  

(ATCC 27853) 
0.50 mg/mL 

S. aureus (ATCC 25923) 0.25 mg/mL 

MRSA (ATCC 43300) 0.50 mg/mL 
Orchard et al. 

(2018) 

Cinnamomum 

zeylanicum Blume 

(cinnamon bark)  

Eugenol (78.40%)  

  

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Eugenol (84.70%)  

β-caryophyllene 

(6.80%) 

Resistant K. pneumoniae 0.50 mg/mL Singh (2022) 

Cinnamaldehyde 

(52.40%)  

Benzaldehyde 

(12.31%) 

Benzoic acid (8.20%) 

Benzyl alcohol 

(2.23%) 

K. pneumoniae  

(ATCC 15380) 
3.20 mg/mL 

Prabuseenivasan 

et al. (2006) 

 

P. aeruginosa  

(ATCC 27853) 
> 0.80 mg/mL 

S. aureus (ATCC 25923) 3.20 mg/mL 
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Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

(E)cinnamaldehyde 

Cinnamoyl (E)-acetate 

Eugenol 

P. aeruginosa  

(ATCC 27853) 
0.50 mg/mL 

Firmino et al. 

(2018)  
S. aureus (ATCC 6538) 0.50 mg/mL 

Commiphora myrrha 

Engl. (myrrh) 

Furanoeusdema-1,3-

diene (52.90%) 

Lindestrene (15.80%) 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

Cymbopogon citratus 

Stapf (lemongrass) 

Limonene (11.70%) 

Neral (28.90%)  

Geranial (42.70%) 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 0.75 mg/mL 

β-myrcene (57.52%) 

Carveol (13.80%) 

Citral (12.34%) 

 6-methyl-5-hepten-2-

one (8.08%)  

α-pinene (2.65%) 

  3-penten-2-Ol 

(2.27%) 

K. pneumoniae KKU-

CRS1 isolated from 

patients with chronic 

rhinosinusitus 

0.10% v/v 

Khosakueng et al. 

(2024) 

 P. aeruginosa KKU-CRS2 

isolated from patients with 

chronic rhinosinusitus 

 3.20% v/v 

Cymbopogon martinii 

(palmarosa) 
Geraniol (80.70%) 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) S. aureus (ATCC 25923) 0.50 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Ferula galbaniflua 

Boiss. & Buhse 

(galbanum) 

α -Pinene (8.30%)  

β-Pinene (54.30%)  

d-3-Carene (7.80%) 

P. aeruginosa  

(ATCC 27853) 
0.66 mg/mL 

Orchard et al. 

(2017b) 

Foeniculum dulce Mill. 

(fennel) 

trans-Anethol 

(80.73%) 

GMRSA (ATCC 33592) 1.00 mg/mL 
Orchard et al. 

(2018) 
P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

trans-Anethol 

(80.73%) 

K. pneumoniae  

(ATCC 13883) 
0.01 mg/mL 

Leigh‐de Rapper 

and van Vuuren 

(2020) 

Laurus nobilis L. 

(bay) 

1,8-cineole (up to 

30.80%) 

Methyl eugenol (15.2 - 

15.60%)  

S. aureus (ATCC 6538) 31.25 mg/mL 
Merghni et al. 

(2016) 
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Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

α-terpinyl acetate (up 

to 14.50%) 

Eugenol (54.40%) 

Myrcene (18.50%) 

Chavicol (11.50%) 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 
S. aureus (ATCC 25923) 1.00 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Lavandula angustifolia 

Bubani 

(lavender) 

 

Not specified 

P. aeruginosa  

(ATCC 27853) 
1.60% v/v 

Özfenerci et al. 

(2022) 

 

K. pneumoniae  

(ATCC 700603) 
0.40% v/v 

S. aureus (ATCC 29213) 0.40% v/v 

 Linalool (38.74%) S. aureus CIP 483 0.36 mg/mL 
Lahkimi et al. 

(2020) 

Litsea cubeba Pers. 

(may chang) 

α-Citral (38.28%) 

β-Citral (29.29%) 

Cinene (16.53%) 

A. baumannii (with β-

lactam resistance genes, 

sulfa resistance genes and 

tetracycline resistance 

genes) 

1.08 mg/mL  Yang et al. (2021) 

Geranial (44.60%)  

Neral (28.80%)  

S. aureus (ATCC 25923) 1.00 mg/mL 

Orchard et al. 

(2017b) 

MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.50 mg/mL 

Melaleuca alternifolia 

Cheel 

(tea tree) 

Terpinen-4-ol 

(43.29%) 

γ-terpinene (20.16%) 

α-terpinene (8.89%) 

S. aureus (clinical isolate 

resistant to methicillin) 
8.00 µg/mL Iseppi et al. 

(2023) 

 
E. faecium (clinical isolate 

resistant to vancomycin) 
64.00 µg/mL 

 Not specified MDR P. aeruginosa 0.01 to 0.50% w/v 
Bučková et al. 

(2018) 

Terpinen-4-ol  

p-cymene 
A. baumannii 0.12 - 0.25% v/v 

Sakkas et al. 

(2016) 

1,8-Cineole (5.20%) 

γ-Terpinene (19.50%) 

Terpinen-4-ol 

(40.40%) 

S. aureus (ATCC 25923) 0.05 mg/mL 
Noumi et al. 

(2018) 

 
MRSA (ATCC 43300) 0.05 mg/mL 
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Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

 Not specified 

metallo-beta-lactamase 

(MBL)-producing P. 

aeruginosa 

16.00 μg/mL 
Iseppi et al. 

(2020) 

 
 Not specified 

extended-spectrum β-

lactamase (ESBL)-

producing K. pneumoniae 

16.00 μg/mL 

Terpinen-4-ol  

α-terpinene 

 p-cymene  

(tested against 10 

different oils from 

different suppliers) 

GMRSA (ATCC 33592) 
0.50 - 2.50 

mg/mL 

Brun et al. (2019) 

 P. aeruginosa  

(ATCC BAA-2108) 

0.25 - 2.00 

mg/mL 

Not specified 

A. baumannii (ATCC 

19606) 
0.80% v/v 

Özfenerci et al. 

(2022) 

 

K. pneumoniae  

(ATCC 700603) 
0.80% v/v 

S. aureus (ATCC 29213) 0.40% v/v 

Matricaria recutita L. 

(german chamomile) 

  

Terpinen-4-ol 

(44.60%)  

γ-Terpinene (16.60%) 

 p-Cymene (9.60%)  

  

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. 

(2018) 

GMRSA (ATCC 33592) 0.25 mg/mL 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Ocinum tenuiflorum L. 

(holy basil) 

Not specified 

K. pneumoniae KKU-

CRS1 isolated from 

patients with chronic 

rhinosinusitus 

0.20 - 0.80% v/v 
Khosakueng et al. 

(2024) 

 P. aeruginosa KKU-CRS2 

isolated from patients with 

chronic rhinosinusitus 

> 3.20% v/v 

  

  

Linalool (55.20%) 

Eugenol (10.40%)  

  

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. 

(2018) 

MRSA (ATCC 43300) 1.00 mg/mL 

MRSA (ATCC 33592) 0.25 mg/mL 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Origanum vulgare L. 

(oregano) 
Thymol (78.21%)  MDR Enterobacter 

0.31 ± 0.00 to 

5.00 ± 0.00 μL/mL 

Benameur et al. 

(2022) 
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Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

 Not specified 

MDR P. aeruginosa 0.01 to 0.50% w/v 

Bučková et al. 

(2018) 
P. aeruginosa 0.03% w/v 

E. cloacae 0.01% w/v 

Guaiacol–ρ-vinil 

(68.67%) 

p-Cymene (4.60%) 

β-ionol(3.16%) 

P. aeruginosa PA01 0.05 mg/mL 
Merghni et al. 

(2022) 

 
S. aureus (ATCC 6538) 0.05 mg/mL 

Carvacrol  

Thymol 
A. baumannii 0.25 - 0.37% v/v 

Sakkas et al. 

(2016) 

Pelargonium 

graveolens L'Hér 

(rose geranium) 

Not specified 
A. baumannii clinical 

isolates (XDR-A) 

5.00 - 20.00 

μl/mL 
Kafa et al. (2022) 

Not specified 

K. pneumoniae  

(ATCC 15380) 
12.80 mg/mL 

Prabuseenivasan 

et al. (2006) 

 

P. aeruginosa  

(ATCC 27853) 
> 12.80 mg/mL 

S. aureus (ATCC 25923) > 12.80 mg/mL 

  

Citronellol (26.70%) 

Eudesmol (12.50%) 

Citronellyl formate 

(11.50%) 

Menthone (7.80%) 

Linalool (7.20%)  

S. aureus (ATCC 25923) 1.00 mg/mL 

Orchard et al. 

(2018) 

MRSA (ATCC 33592) 0.25 mg/mL 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Pogostemon patchouli 

Benth. (patchouli) 

β-Patchoulene 

(38.30%)  

α-Bulnesene (13.00%) 

α-Guaiene (11.90%) 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 

S. aureus (ATCC 25923) 0.50 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

MRSA (ATCC 33592) 0.25 mg/mL 
Orchard et al. 

(2018) P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Rosa damascena Mill. 

(rose otto) 

Not specified P. aeruginosa PA01 0.013 - 0.10% v/v Bali et al. (2021) 

  S. aureus (ATCC 25923) 1.00 mg/mL 
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Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

  Phenyl ethyl alcohol 

(63.90%) 

Citronellol (14.60%) 

Nerol (6.80%) 

Geraniol (7.90%) 

  

MRSA (ATCC 43300) 1.00 mg/mL 

Orchard et al. 

(2018) 

MRSA (ATCC 33592) 0.50 mg/mL 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Santalum 

austrocaledonicum 

Merr. & L.M.Perry 

(sandalwood) 

α -Santalol (32.10%) 

cis- α -Santalol 

(11.30%)  

4,5,9,10-

Dehydroisolongifolene 

(12.30%) 

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. 

(2017b) 
MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.25 mg/mL 

Syzgium aromaticum 

L. (clove) 

Not specified 
Clinical strains of S. 

aureus 
0.80 - 1.60 μg/mL Jafri et al. (2014) 

 Not specified E. cloacae 0.05% w/v 
Bučková et al. 

(2018) 

Eugenol (81.90%) 

Isoeugenol (13.10%) 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 

S. aureus (ATCC 25923) 0.88 mg/mL 

MRSA (ATCC 43300) 1.00 mg/mL 

GMRSA (ATCC 33592) 1.00 mg/mL 

Thymus vulgaris Willk. 

(thyme) 

Thymol (18.90%)  

c-Terpinene (7.20%)  

p-Cymene (41.00%)  

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 

Orchard et al. 

(2017b) 
S. aureus (ATCC 25923) 1.00 mg/mL 

Thymol  

p-cymene   

Linalool 

A. baumannii 0.25 - 0.50% v/v 
Sakkas et al. 

(2016) 

Thymol (37.00-

55.00%)  

Carvacrol (0.50-

5.50%)  

Linalool (1.50-6.50%) 

Terpinen-4-ol (0.10-

2.50%)  

Methyl carvacrol ether 

(0.05-1.50%) 

A. baumannii 0.50 mg/mL 
Frydrysiak et al. 

(2021) 
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Essential oil Main components 
Previous antimicrobial activity 

Pathogen MIC Reference 

Thymol (18.90%)  

c-Terpinene (7.20%) 

p-Cymene (41.00%) 

GMRSA (ATCC 33592) 1.00 mg/mL 
Orchard et al. 

(2017b) 

 Not specified E. cloacae 0.03% w/v 
Bučková et al. 

(2018) 

Thymol (18.90%)  

γ-Terpinene (7.20%)  

p-Cymene (41.00%) 

Resistance K. pneumoniae 0.50 mg/mL Singh (2022) 

Not specified 

A. baumannii (ATCC 

19606) 
0.04% v/v 

Özfenerci et al. 

(2022) 

 

K. pneumoniae  

(ATCC 700603) 
0.08% v/v 

S. aureus (ATCC 29213) 0.04% v/v 

Not specified 
MBL-producing P. 

aeruginosa 
4.00 μg/mL 

Iseppi et al. 

(2020) 

 Not specified 

extended-spectrum β-

lactamase (ESBL)-

producing K. pneumoniae 

32.00 μg/mL 

Vetiveria zizanioides 

Stapf (vetiver) 

β -Vetirenene (8.80%) 

Zizanol (12.80%) 

S. aureus (ATCC 25923) 0.50 mg/mL 

Orchard et al. 

(2018) 

MRSA (ATCC 43300) 0.50 mg/mL 

GMRSA (ATCC 33592) 0.13 mg/mL 

P. aeruginosa  

(ATCC 27853) 
1.00 mg/mL 
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Table S2.  Abridged GC-MS for selected essential oils 

 

Essential oil Common name  GC-MS main constituents Supplier 

Allium sativum L. Garlic Dially sulfide 57.10% 

Diallyl trisulfide 19.50% 

Escentia 

Carum carvi L. Caraway Carvone 64.10% 

Limonene 34.00% 

Prana Monde 

Cinnamomum verum J.Presl Cinnamon E-cinnamaldehyde 56.97% 

Eugenyl acetate 8.96%  

Linalool 3.17%  

Limonene 2.80%  

Prana Monde 

Cinnamomum zeylanicum 

Blume 

Cinnamon Eugenol 71.98%  

Eugenyl acetate 4.70%  

β-caryophyllene 3.31% 

Scatters 

Commiphora myrrha Engl. Myrrh Furanoeudesma-1,3 diene 46.38% 

Curzerene 21.99% 

Lindestrene 4.99%  

Acetyl-8,12-epoxygermacra-1,4-

7-11-tetraene 4.61% 

Prana Monde 

Cymbopogon citratus Stapf Lemongrass Geranial 36.99%  

Neral 29.67% 

Acetate de geranyle 7.48% 

Geraniol 7.31% 

Prana Monde 

Cymbopogon martinii Stapf Palmarosa Geraniol 77.80% 

Acetate de deranyle 9.60%  

Linalol 3.02% 

β-caryophyllene 2.13% 

Prana Monde 

Ferula galbaniflua Boiss. & 

Buhse 

Galbanum β-Pinene 54.30% Prana Monde 

Foeniculum dulce Mill. Fennel (E)-anethole 82%  

β-caryophyllene 12.4%  

 1,8 cineole 19.4% 

Prana Monde 

Laurus nobilis L. Bay 1,8-cineole 54.10% 

Acetate de terphenyl 7.50%  

Sabinene 5.45%  

 α-pinene 5.32% 

Prana Monde 

Lavandula angustifolia 

Bubani 

Lavender Acetate de linalyle 38.14% 

Linalol 32.99% 

β-caryophyllene 3.90%  

Cis- β ocimene 2.99%  

Trans- β ocinnene 2.50%  

1,8 cineole 0.80% 

Prana Monde 

Litsea cubeba Pers. May chang Geraniol 34.10%  

Neral 32.79%  

Limonene 14.27% 

Scatters 

Matricaria recutita L. German 

chamomile 

e-trans- β -farnesene 45.73% 

α-bisabolol 9.56% 

Oxyde D' α-bisabolol 5.22% 

Prana Monde 
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Essential oil Common name  GC-MS main constituents Supplier 

Melaleuca alternifolia Cheel Tea tree Terpinen-4-ol 44.60%  

γ-Terpinene 16.60% 

 p-Cymene 9.60% 

Locally distilled 

Ocinum tenuiflorum L. Holy basil Eugenol 30.2%  

β-caryophyllene 27.9%  

β-elemene 18.7% 

Subtle Energies 

Origanum vulgare L. Oregano Carvacrol 62.73%  

δ -terpinene 9.89% 

Thymol 5.36% 

p-cymene 4.97% 

Prana Monde 

Pelargonium graveolens 

L'Hér 

Rose geranium Citronellol 27.76%  

Geraniol 14.09% 

Citronellyl formate 10.32% 

Isomethane 7.82% 

Geranyl formate 4.66% 

Scatters 

Pogostemon patchouli Benth. Patchouli Patchouli alcohol 30.80% 

Detta-guai-ene 18.04%  

α-guai-ene 14.98%  

α -patchoulene 7.42% 

Prana Monde 

Rosa damascena Mill. Rose otto Citronellol 34.06% 

Geraniol 14.29% 

Nonadecane C19 8.28% 

Nerol 6.72% 

Prana Monde 

Santalum austrocaledonicum Sandalwood 2- α trans bergamotol 42.26% 

z- β santalol 17.21% 

Lanceol 10.08% 

Epi- β santalol 3.52% 

Prana Monde 

Syzgium aromaticum (L.) 

Merr. & L.M.Perry 

Clove Eugenol 70.67%  

Eugenal acetate 19.21% 

Caryophyllene 8.13% 

Scatters 

Thymus vulgaris Willk. Thyme Thymol 46.61% 

p-cymene 17.38%  

y-terpinene 9.58%  

Carvacrol 5.16% 

Linalol 4.36% 

Prana Monde 

Vetiveria zizaniodes Stapf Vetiver Acide khusenique 15.87% 

Khusimol 7.93% 

Isovalencenol 7.39%  

α-vetivone 3.73% 

β -vetivone 2.67% 

Prana Monde 
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CHAPTER 4: OVERVIEW AND CONCLUSION 

 

4.1. Study highlights 

 

This study aimed to investigate the response of pathogens to EOs and to further 

investigate what impact EOs have on inducing resistance. The objectives of this study included 

four assays: first, the minimum inhibitory activity assay was done to screen the 23 EOs to select 

five EOs; second, the anti-QS assay quantified the percentage of violacein inhibition, using the 

macrodilution method; third, the biofilm inhibition assay employed the microtiter plate method 

using crystal violet to quantify biofilm inhibition percentage. Finally, the induction of 

resistance assay utilized the microdilution method, exposing the culture to sub-inhibitory 

concentrations of the EO, and determining the MIC after each exposure. Subsequently, the 

lowest concentration supporting growth was sub-cultured for the next passage, repeated over 

20 passages. After each passage, the MIC of three conventional antibiotics was also 

determined. The patterns of the MIC of the EOs and antibiotics over these passages were 

compared, alongside evaluating each of the five oils' overall activity across all four assays.  All 

objectives were completed within the publication (Chapter 3).  

 

4.2. Integration of all four assays 

 

To the best of my knowledge, there has not been a comprehensive investigation into the 

relationship between EOs with varying minimum inhibitory activity and resistance 

mechanisms, including QS, biofilm formation and induction of resistance, prior to this study. 

This association provides a better understanding of which EOs should be focused on in future 

AMR research, based on their likelihood of following the resistance trends highlighted in this 

study. 
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4.2.1 Minimum inhibitory activity and anti-quorum sensing activity 

 

Carum carvi and C. myrrha displayed moderate to poor minimum inhibitory activity, 

however, they exhibited comparable and notable anti-QS (≥ 70.00%) to the other three EOs. 

This demonstrates that despite certain essential oils exhibiting poor minimum inhibitory 

activities, they should not be disregarded, as they could possess notable anti-quorum sensing 

properties, this is supported by Ahmad et al. (2015) and Mahumane (2016). Based on the 

outcomes of this study, irrespective of whether an EO had noteworthy or poor inhibitory 

activity, it still exhibited anti-QS activity. This observation may be attributed to the five specific 

EOs chosen for this study. It would be of interest to further explore whether this pattern holds 

true across different EOs with varying inhibitory activity.  

 

Future research efforts could delve into the potential correlation between anti-QS 

activity and the major compounds within EOs, considering their individual antimicrobial 

properties (Burt 2004, Bakkali et al. 2008). This correlation was proven in a study conducted 

by Alrashidi et al. (2022), who found that the major compound of Pimenta dioica L., eugenol, 

had a greater anti-QS activity than the EO itself when tested against S. aureus ATCC 6538.  

 

Despite no obvious differences in the MQSIC between the EOs with varying minimum 

inhibitory activity, a trend was observed in the MQSBC that followed the same classification 

as the minimum inhibitory activity, with T. vulgaris and O. vulgare having the lowest MQSBC, 

followed by C. carvi with a much greater MQSBC. Both M. recutita and C. myrrha had the 

highest MQSBC, and they were both classified as having overall poor minimum inhibitory 

activity.  

 

The optimal EO is expected to demonstrate concurrent inhibitory and anti-QS activities 

at comparable concentrations. This dual functionality aims to effectively inhibit both 

planktonic and sessile bacteria populations. Nonetheless, in circumstances where this similarity 

is not achieved, it is preferable for the MQSIC to be less than the MIC, T. vulgaris was one 

such oil that demonstrated this. An EO that obstructs QS activity at a higher concentration than 
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the MIC, would not be considered an ideal antimicrobial for combating AMR, since, according 

to principles of pharmacotherapy, the lowest possible concentration should be used to 

counteract bacterial growth (Streit et al. 2016). This concept can also be applied when analysing 

inhibitory activity and biofilm inhibition. All five EOs exhibited MQSIC values lower than the 

averaged MIC values reported in the minimum inhibitory assay, which is corroborated by other 

studies looking at the anti-QS activity of EOs (Khan et al. 2009, Alvarez et al. 2012, Mahumane 

2016). These studies were similar concerning the methodology and the relationship observed 

between the MIC and MQSIC found in this study.  

 

4.2.2 Minimum inhibitory activity and biofilm inhibition 

 

Origanum vulgare and T. vulgaris, being the two oils chosen for their noteworthy 

minimum inhibitory activity, exhibited noteworthy biofilm inhibition (≥ 70.00%) at the lowest 

concentration (≥ 0.05 mg/mL) tested. Furthermore, these two oils demonstrated biofilm 

inhibition at four different concentrations. Carum carvi displayed notable biofilm inhibition 

(90.61%) only at the highest concentration (4.00 mg/mL). The EOs with poor minimum 

inhibitory activity inhibited biofilm formation only at the two highest concentrations tested 

2.00 and 4.00 mg/mL. It can be deduced, based on the findings of this study, that EOs exhibiting 

noteworthy MIC values against planktonic bacteria may also possess the ability to impede 

sessile growth. This effectiveness resulted in the inhibition of biofilm formation at lower 

concentrations and across a wider concentration range compared to EOs with moderate to poor 

MIC values. When comparing the lowest concentration that O. vulgare and T. vulgaris could 

notably inhibit biofilm formation, it was lower than the average MIC value of both these oils 

against S. aureus ATCC 6538 and lower than the average MIC value against all strains of the 

ESKAPE pathogens studied.  

 

Shin et al. (2021) established that erythromycin prevented the growth of planktonic 

micro-organisms and biofilms equally. A different trend was observed in the results of 

ciprofloxacin, that being that the concentration preventing biofilm inhibition was almost four 

to eight times higher than the MIC value against S. aureus ATCC 6538 (concentration 
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preventing planktonic growth) (Shin et al. 2021). However, macrolides (erythromycin) and 

fluoroquinolones (ciprofloxacin) have different mechanisms of antimicrobial action which 

could account for differences in their inhibitory activity against planktonic versus sessile 

bacteria. However, when the biofilm inhibition potential of gentamicin was tested in another 

study, the results concluded that noteworthy activity was detected at four times the MIC of this 

conventional antibiotic (Ersanli et al. 2023). In this study, ciprofloxacin inhibited biofilm 

formation at a concentration equal to the MIC value against S. aureus ATCC 6538, but also 

two concentrations higher than the MIC value. 

 

4.2.3 Anti-quorum sensing and biofilm inhibition 

 

The observed decrease in biofilm formation may imply a potential diminishing effect 

exerted by the EOs on the QS process, likely through the inhibition of receptors and molecules 

crucial to this signalling pathway (D'Aquila et al. 2023). Carum carvi, displayed borderline 

activity in both these assays, as an essential oil with moderate minimum inhibitory activity. 

Consequently, it may not warrant extensive investigation in the context of AMR due to its 

limited potential against these three assays that significantly impact resistance. The 

concentration that produced anti-QS activity was similar to that of O. vulgare and similar to 

the biofilm percentage inhibition of O. vulgare and T. vulgaris. Matricaria recutita and C. 

myrrha, both inhibited QS and biofilm formation at higher concentrations and with relatively 

lower percentage inhibition. A study investigating the effect of several EOs’ on anti-QS and 

biofilm inhibition was used to compare the relationship between these two resistance 

mechanisms (D'Aquila et al. 2023). Foeniculum vulgare and O. vulgare were two oils, found 

to exhibit similar results for both assays. However, the previously mentioned study used C. 

violaceum for both assays, which differs from this study, even though C. violaceum is a 

biomonitor strain. The intention of this study was to use a strain that is known for growing 

strong biofilms and to use the same strain used in the induction of resistance assay. 
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4.2.4 Minimum inhibitory activity and induction of resistance 

 

When analysing the consistency of antimicrobial activity of the EO in relation to the 

three conventional antibiotics a trend was observed, which is demonstrated in Figure 4.1. It 

was found that when S. aureus ATCC 6538 was exposed to the EOs with moderate and poor 

minimum inhibitory activity (C. carvi, C. myrrha and M. recutita), significant variance (SD ± 

1.12, ± 1.10, ± 0.92) was observed in the MIC value of these three oils, over 20 passages of 

exposure. Contrary to these findings, T. vulgaris and O. vulgare had a substantial decrease in 

the variability of their MIC values, implying greater ability to sustain their inhibitory activity 

over subsequent exposure throughout the 20 passages.  

 

Additionally, it was observed that exposure to T. vulgaris and O. vulgare led to 

increased variability in the MIC value of the three conventional antibiotics. Contrary to this, 

inconsistencies in MIC values of the antibiotics, due to exposure to the EOs with moderate to 

poor MIC values, were lower. This suggests that the overall degree of antimicrobial activity 

(MIC values) of EOs against the ESKAPE pathogens, does influence their ability to maintain 

their minimum inhibitory activity. However, it is important to note that this investigation 

focused on five specific EOs, and variations may arise when evaluating additional EOs. 

Furthermore, this relationship extends to influencing the impact of repeated exposure to oils 

with moderate to poor MIC values compared to oils with noteworthy MIC values, affecting 

MIC consistency and the effectiveness of conventional antibiotics. 

 

4.3 Future recommendations regarding antimicrobial resistance studies in essential oil 

research 

 

While anti-QS activity has been studied herein for the five selected EOs, data is lacking 

on many other EOs. In the past, antimicrobial activity was tested without QS being considered, 

however, in recent years both have been done (Camele et al. 2019, Alibi et al. 2020, Adeyemo 

et al. 2022, Alrashidi et al. 2022). Future recommendations should include gene sequencing to 
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understand specific mechanisms of action taking place whilst looking at the upregulation of 

virulent genes. 

 

 

Figure 4.1. The comparison of consistency of the antimicrobial activity between the essential 

oils and the three conventional antibiotics (ciprofloxacin, erythromycin, and gentamicin) over 

20 passages.  

 

Fimbres-García et al. (2022) proposed that future research on new alternatives should 

include co-culture modelling experiments. This concept was introduced by Chan et al. (2018) 

whose findings demonstrated the upregulation of genes in K. pneumoniae and A. baumannii 

genes, including resistant ones, was due to the presence of another bacterial species. 

Consequently, the inclusion of these models in the assessment of essential oils will enable a 

more realistic understanding of the overall impact, given that infections typically comprise a 

multitude of bacterial species rather than a singular one. Although few studies testing this 

theory are evident, further research is warranted. Given the escalating levels of resistance, it is 

of utmost importance to contemplate various approaches, when contemplating the use of EOs, 

as new evidence becomes available on resistance (Kerekes et al. 2019). 
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The understanding of horizontal gene transfer in environmental and clinical contexts is 

primarily based on in vitro studies (Händel et al. 2014, Cen et al. 2020, Jiang et al. 2022, 

Michaelis and Grohmann 2023). A review recently published highlighted that cultivation under 

optimized conditions in liquid or solid media may not accurately reflect natural features, citing 

limitations such as the high cell density and the absence of a three-dimensional architecture 

present in biofilms (Michaelis and Grohmann 2023). In addition, in vitro models lack a host 

immune system found in natural biofilms. Bacterial cultivation on agar plates, while 

resembling biofilm growth to some extent, may exhibit fundamental differences from those 

observed in natural biofilms. These distinctions can arise from factors such as the lack of shear 

stress or variations in nutrient availability (Guzmán-Soto et al. 2021). Future studies on 

biofilms should incorporate the effect of EOs on the multistep biofilm formation process 

(Michaelis and Grohmann 2023). Furthermore, it was also revealed that sub-minimum 

inhibitory antibiotic concentrations can lead to antibiotic-induced stress and potentiate biofilm 

formation (Michaelis and Grohmann 2023). This was supported by two other studies 

investigating sub-inhibitory concentrations of antibiotics on biofilm inhibition (Bernardi et al. 

2021, Mirzaei et al. 2022). This study also found that sub-inhibitory concentrations of the EO, 

potentiated biofilm inhibition. Therefore, this should be investigated further when applied to 

EOs as biofilm inhibitors.  

 

In vivo studies play a crucial role in understanding the safety, efficacy, and pharmacokinetics 

of EOs for human application (Al-Harrasi et al. 2022). These studies help in exploring the 

absorption, distribution, metabolism, and excretion of EOs and their metabolites, providing 

essential insights into their bioavailability and pharmacological properties (Al-Harrasi et al. 

2022). Furthermore, in vivo validation of EOs involves assessing their therapeutic potential, 

confirming their efficacy in treating various infections, and determining their impact on human 

health (Panda et al. 2020). By conducting in vivo studies, researchers can bridge the gap 

between in vitro findings and real-world applications, paving the way for the practical 

utilization of EOs as antimicrobial agents in the pharmaceutical industry (Dupuis et al. 2022, 

Chakraborty et al. 2023). 

 



101 

 

 

 

4.4 Final remarks 

 

In instances where pan-resistant pathogens are present, it is imperative to contemplate 

the necessity for a viable resolution. In such circumstances, the utilization of EOs may 

potentially function as such a solution, as it would minimize the problem of resistance to 

conventional antibiotics. It is hopeful that EOs are uniquely advantaged because of their 

chemical composition, which often includes a number of compounds, some with their own 

antimicrobial activity. This complexity makes it less likely for pathogens to develop resistance 

to EOs, as they would need to overcome a myriad of inhibitory actions. Unlike conventional 

antibiotics that often target specific pathways in bacteria. 

 

The challenges associated with using EOs as alternatives to conventional antibiotics in 

AMR include the variability in composition due to factors like plant species, growth condition 

of plants and extraction methods, which affects consistency and reliability. Thus, 

standardization of variables previously mentioned, and quality control are imperative in future 

EO research. Currently, there is a shortage of robust clinical evidence since most studies are in 

vitro or in vivo rather than involving human participants. In addition to clinical studies, it is 

critical to understand the specific mechanisms of action and investigate potential interactions 

with conventional drugs.   

 

A manual published in 1995 predicted a rise in the use of EOs, attributed to the 

increasing influence of environmentally conscious consumerism. This trend has led to greater 

utilization and development of plant-derived products (De Silva 1995, Nenaah et al. 2023). As 

expected, today EOs are commonly found in everyday items such as soaps, hand creams, 

sanitisers, medicinal ointments, and lip balms. Given the current high level of AMR, it is crucial 

to explore EOs as natural antimicrobial alternatives while prioritising research on their impact 

on resistance development. Therefore, this study was of utmost importance to identify the most 

potent and broad-spectrum antimicrobial EOs and then understand their effect on resistant 

emergence. This study provided compelling evidence supporting the superior inhibitory 

activity against MDR pathogens compared to conventional antibiotics. In particular, several 
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EOs notably inhibited (≤ 1.00 mg/mL) a clinically multi-drug resistant strain of A. baumannii. 

Furthermore, these oils possessed the ability to inhibit resistant mechanisms such as QS and 

biofilm formation even at very low concentrations (sub-MICs). No instances of long-term 

resistance in S. aureus ATCC 6538 following repeated exposure to five essential oils were 

observed, making them a promising solution. Thymus vulgaris and O. vulgare were highlighted 

as highly favourable EOs in hindering multi-drug resistance pathogens, and resistance 

mechanisms (QS and biofilm formation) whilst not inducing resistance. The question imposed 

directly in the title of the thesis “Are essential oils a solution to combat antimicrobial 

resistance?” is affirmed and substantiated by the comprehensive evidence provided within this 

study, which unequivocally supports the notion that EOs indeed offer a viable solution to 

combat AMR. 
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APPENDIX A1 - Abstract for presentation (STHS) 

 

ARE ESSENTIAL OILS A SOLUTION TO COMBAT ANTIMICROBIAL 

RESISTANCE? 

Keruné Naidoo, Sandy van Vuuren and Ané Orchard. 

Department of Pharmacy and Pharmacology, University of the Witwatersrand. 

It is well known that antimicrobial resistance is a global issue. Essential oils (EOs) are often 

studied as alternative antimicrobials due to their ability to exert noteworthy antimicrobial 

activity against a broad range of micro-organisms, including antimicrobial resistant ESKAPE 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species) pathogens. It is assumed that 

EOs can withstand the development of resistance due to them being multi-component 

structures, however, this assumption lacks scientific validation. This study aimed to firstly 

investigate the antimicrobial activity of a selection of EOs and thereafter investigate the 

resistance development against five EOs in comparison to three antibiotics, namely, 

ciprofloxacin, erythromycin, and gentamicin. Anti-quorum sensing assays and Biofilm 

inhibition assays were performed to investigate resistantance mechanisms. Origanum vulgare 

and Thymus vulgaris showed noteworthy results for the antimicrobial (≤ 1.00 mg/mL) and anti-

quorum sensing studies (> 70.00% inhibition). Only O. vulgare exhibited significant biofilm 

inhibition (> 70.00% inhibition). After repeated exposure to the EO at sub-inhibitory 

concentrations, a pattern of heteroresistance to antibiotics was observed in Staphylococcus 

aureus ATCC 6538. Staphylococcus aureus exposed to Matricaria recutita, O. vulgare, and T. 

vulgaris. individually, showed an increase in the minimum inhibitory concentration (MIC) of 

ciprofloxacin, erythromycin, and gentamicin first at passage six and then increasing 

respectively. The MIC of the EOs remained consistent over the passages. These results show 

that, despite continuous exposure to the EOs, resistance to the EOs has not been identified, 

making it a very promising solution to the antimicrobial resistance crisis. 
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APPENDIX A2 - Abstract for presentation (SAAB) 

 

ARE ESSENTIAL OILS A SOLUTION TO COMBAT ANTIMICROBIAL 

RESISTANCE? 

Keruné Naidoo, Sandy van Vuuren and Ané Orchard. 

Department of Pharmacy and Pharmacology, University of the Witwatersrand. 

 

Antimicrobial resistance is a global concern, and essential oils (EOs) are frequently studied as 

potential alternative antimicrobials due to their ability to exhibit significant antimicrobial 

activity against a wide range of microorganisms, including ESKAPE pathogens (Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter species) that are resistant to antimicrobials. While 

it's believed that EOs may resist resistance development due to their complex structures, this 

assumption lacks scientific confirmation. This study aimed to investigate the antimicrobial 

properties of selected EOs and their resistance development compared to three antibiotics 

(ciprofloxacin, erythromycin, and gentamicin). Anti-quorum sensing and biofilm inhibition 

assays were conducted to explore resistance mechanisms. Origanum vulgare and Thymus 

vulgaris showed significant antimicrobial activity (≤ 1.00 mg/mL) and anti-quorum sensing 

effects (> 70.00% inhibition). Only O. vulgare displayed significant biofilm inhibition (> 

70.00% inhibition). Staphylococcus aureus ATCC 6538 exhibited a pattern of heteroresistance 

to antibiotics after repeated exposure to sub-inhibitory concentrations of EOs, while resistance 

to the EOs themselves was not observed, indicating their potential as effective solutions to 

combat antimicrobial resistance. 
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APPENDIX A3 - Abstract for presentation (MBRT) 

 

The Antimicrobial Potential of Essential Oils against the ESKAPE 

Pathogens 

Keruné Naidoo1, Sandy van Vuuren1, Ané Orchard1 

1University of the Witwatersrand, Faculty of Health Sciences, Department of Pharmacy and 

Pharmacology, 7 York Road, Parktown 2193, South Africa 
 

It is widely known that antimicrobial resistance is a global phenomenon. Essential oils (EOs) 

are volatile and multi-component natural products. There is a vast number of studies 

investigating EOs as a potential substitute for antimicrobials due to their ability to effectively 

inhibit pathogen growth, including those that are resistant to antimicrobials, such as the 

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species). It is theorized 

that EOs can resist the development of resistance based on their multi-component structures, 

however, studies to validate this are limited. Thus, this study aimed to investigate the 

antimicrobial activity of 23 EOs and subsequently investigate resistance development to a 

selection based on antimicrobial activity of the EOs in comparison to ciprofloxacin, 

erythromycin, and gentamicin. Anti-quorum sensing assays and biofilm inhibition assays were 

conducted to explore the mechanisms of resistance. Notable results were observed for the 

antimicrobial (1.00 mg/mL), anti-quorum sensing (> 70.00% inhibition), and biofilm inhibition 

studies (> 70.00% inhibition) with Origanum vulgare. Staphylococcus aureus ATCC 6538 

displayed a pattern of heteroresistance to antibiotics after repeated exposure to the EO at sub-

inhibitory concentrations. Staphylococcus aureus exposed to Matricaria recutita, Origanum 

vulgare, and Thymus vulgaris exhibited an increase in the minimum inhibitory concentration 

(MIC) of ciprofloxacin, erythromycin, and gentamicin, first at passage six and more frequently 

against S. aureus exposed to T. vulgaris. The MIC of the EOs remained consistent throughout 

the passages. These findings indicate that, despite continuous exposure to the EOs, resistance 

to them has not been observed, thus presenting a highly promising solution to the antimicrobial 

crisis. 
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