
ACTA MICROBIOLOGICA BULGARICA Volume 38 / 3 (2022)

163

Volume 37 / 1 (2021)

* Corresponding author: meghnavr@gmail.com

Review

Antibacterial Mechanisms of Plant Essential Oils and Conditions 
Influencing Their Variability
Meghna Ravishankar Valakatte*, Ramaiah Venkatachalapati Kavitha
Department of Biotechnology, People’s Education Society University, 100 Feet Ring Road, Banashankari 
Stage III, Dwaraka Nagar, Banashankari, Bengaluru, Karnataka India
Abstract

Plant extracts, especially essential oils, are known to have antimicrobial properties. When microbes 
are subjected to essential oils, a broad spectrum of changes pertaining to their cellular components and 
metabolic processes is seen. This review talks about the various factors influencing the activity of essential 
oils, including growth and harvesting conditions, extraction conditions, and experimental variables. It also 
speculates the mechanisms of action employed by the major constituents of essential oils, based on their 
structures, as well as their observed effects on bacteria. These include cell membrane disruption, leakage 
of cell components, inhibition of motility, the release of reactive oxygen species, and altered protein ex-
pression, amongst others. Examples of some plant sources have also been taken to solidify our analysis of 
these topics. Finally, the synergy shown by essential oils with other essential oils and antibiotics has been 
briefly discussed, highlighting their ability to inhibit the growth of both antibiotic-resistant and susceptible 
organisms.
Keywords: antimicrobial activity, bacteria, essential oils, mechanism, resistance, synergy
Резюме

Известно е, че растителните екстракти, особено етеричните масла, имат антимикробни свойства. 
Когато микробите са подложени на действието на етерични масла, се наблюдава широк спектър от 
промени, отнасящи се до техните клетъчни компоненти и метаболитни процеси. Настоящият обзор 
разглежда различните фактори, влияещи върху активността на етеричните масла, включително 
условията на растеж и прибиране на реколтата, условията на екстракция и експерименталните про-
менливи величини. Обсъждат се механизмите на действие на основните съставки на етеричните 
масла, въз основа на техните структури, както и на наблюдаваните ефекти върху бактериите. Те 
включват разрушаване на клетъчната мембрана, изтичане на клетъчните компоненти, инхибиране на 
подвижността, генериране на реактивни кислородни видове, променени в експресията на протеините 
и други. За да потвърждение на представените анализи са използвани примери и от някои други 
растителни източници. В заключение, синергията, показана от етеричните масла с други етерични 
масла и антибиотици е обсъдена накратко, подчертавайки способността им да инхибират растежа 
както на резистентни, така и на чувствителни към антибиотици организми.

Introduction
The discovery of antibiotics is a milestone in 

the history of medicine, having been our ultimate 
weapon against bacterial and fungal infections. 
However, bacteria evolve rapidly, which means 
that several strains have already developed mod-
ifications to resist antibiotic mechanisms. At this 
rate, classical antibiotics will cease to work. Hence, 
there is a lookout for alternative antimicrobial 

agents, such as bacteriophages, antimicrobial pep-
tides, bacteriocins, and nanomaterials, amongst 
others. Another plausible solution is the use of plant 
essential oils (Joerger, 2003; Hemeg, 2017).

Plants contain a variety of phytochemicals. 
Out of these, secondary metabolites like terpenes, 
phenolics, alkaloids, and glycosides possess medic-
inal properties. Phenolics and terpenes, along with 
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their derivatives, can be extracted in the form of 
plant essential oils (EOs). EOs are volatile, aro-
matic, colourless, lipophilic, low-density sub-
stances, which can have a number of components 
with 2 or 3 being present in maximum concentra-
tions (20-70%) and others in smaller quantities. 
They can be acquired from every part of a plant 
– flowers, bark, stems, leaves, buds, seeds, fruits, 
and roots, via steam or hydro-distillation, CO2 
Extraction, Maceration, Solvent Extraction, Cold 
Press Extraction, or Enfleurage.

Generally known for their antioxidant, an-
tiseptic and anticancer properties, EOs exhibit 
inhibitory behaviour against bacteria, fungi, and 
viruses, amongst others (Swamy et al., 2016). 
The oils of thyme, clove, basil, eucalyptus, orega-
no, and peppermint are some common examples. 
Many EOs can also work on bacteria that are re-
sistant to other antibiotics. It has been observed 
that EOs can work synergistically with antibiotics 
to inactivate bacterial mechanisms of resistance 
and increase susceptibility (Si et al., 2008).  With 
the help of these, it might be possible to reverse 
antibiotic resistance and reuse discarded antibiot-
ics. As a result, EOs are said to have the charac-
teristics of effective resistance modifying agents. 

Apart from this, they display synergistic an-
tibacterial activity with nanoparticles, probiotics, 
and even other EOs. Compared to most antibiot-
ics, EOs are naturally present, easy to obtain and 
impart fewer side effects. It has been observed 
that the components of EOs target various parts of 
the cells, and affect the cell morphology, energy 
and enzyme production, gene expression, repro-
duction, motility, and biofilm formation, causing 
a chain of events leading to the destruction of the 
cell. On this basis, feasible mechanisms of ac-
tion have been proposed but a lack of precision 
in experimental results leaves us unable to make 
clinical use of EOs right away. Thus, a more de-
tailed study of the chemical behaviour and mutual 
relationship of EO constituents is required. This 
must be done while considering the influence of 
variables like the source, extraction, and dose of 
EO taken, a solvent used, concentration of each 
constituent, temperature, time of exposure, and 
evolutionary history of the microbial strain. This 
review aims to discuss the influence of all these 
aspects on the antibacterial mechanisms of EOs, 
to get more clarity on the big picture of EO-bac-
terial interactions. This will pave the way for the 
development of EOs into efficient antibacterial 
agents.

Conditions influencing antimicrobial activity 
of essential oils
Growth and harvesting conditions 

Glandular trichomes play a significant role 
in secondary metabolite secretion (Muravnik and 
Shavarda, 2012). Variation in gene regulation due 
to factors like the age of leaves or trichomes can in-
fluence the type of EO produced (Deschamps and 
Simon, 2010). The density of these structures on a 
particular plant sample can also be vital in deter-
mining the quantity and quality of EO obtained. Jia 
et al. (2013) explained that the maximum yield of 
Thymus quinquecostatus EO is obtained when the 
plant is in its vegetative growth period, as opposed 
to the flowering and withering period, probably 
due to the presence of more glandular trichomes. 
Sellami et al. (2009) demonstrated similar results 
for Origanum majorana, however, Bendiabdellah 
et al. (2013) obtained a maximum yield of Daucus 
crinitus oil at the full flowering stage. The compo-
sition of EOs also varies during different growth 
stages, as shown by Bendiabdellah et al. (2013).  
Additionally, the soil type, fertilizer application, 
and interactions between minerals can affect the 
synthesis pathways of EO components (El-Alam 
et al., 2019; Walia and Kumar, 2021; Burneo et 
al., 2021). For instance, high rates of foliar nitro-
gen application can increase volatile oil content 
in sweet basil (Nurzyńska-Wierdak, 2013). All of 
these aspects make it difficult to draw definitive 
conclusions about the relationship between the de-
velopmental stages of plants and the correspond-
ing EO quality. 

EOs of the same species derived from differ-
ent regions can have different compositions (Joshi, 
2014).  Due to variations in temperature, light and 
wind intensity, ozone, and other gaseous levels, 
altitude can exert an influence on EO content and 
composition. In many cases, the total EO yield 
was found to be boosted by greater altitudes. This 
may be associated with the fact that higher eleva-
tions and decreasing annual temperature cause an 
increase in glandular trichome density (Wu et al., 
2021). It was seen that there was a rise in the quan-
tity of some EO components while others were re-
duced or unaffected. For instance, EO derived from 
fresh fruits of Kundmannia anatolica grown at low 
altitude was dominated by monoterpenoids, while 
the high-altitude sample contained more sesquiter-
penes, a few of which were absent in the former 
extract (Şanli and Karadoğan, 2016). Since each 
component plays its role in the antimicrobial activ-
ity, it is inconclusive whether greater altitudes are 
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beneficial or not, in this context. 
It has been seen that higher humidity and an-

nual rainfall increase the total EO content, maybe 
due to an increase in the number or storage capaci-
ty of glandular trichomes (Martínez-Natarén et al., 
2011; Fernández-Sestelo and Carrillo, 2020). In a 
three-year study on Lavandula latifolia samples ob-
tained from 34 Spanish regions, the highest yield 
and best quality were obtained during the year with 
the highest rainfall, with good levels of its most ef-
fective component linalool. However, this sample 
belonged to the region with the least rainfall. This 
discrepancy leads us to believe that there are oth-
er factors at play (Fernández-Sestelo and Carrillo, 
2020).

Dehsheikh et al. (2019) showed that Arabian 
lilac gave high oil content in spring and autumn, 
with maximum amounts of β-caryophyllene and 
sabinene. This is probably due to stress caused by 
sudden weather changes at the onset of these sea-
sons. On the other hand, the other seasons showed 
increased production of antioxidant phenolics such 
as flavonoids in summer and anthocyanins in win-
ter. Similarly, Lebanese Origanum ehrenbergii har-
vested from March to October (spring to autumn) 
contained high levels of carvacrol with good an-
timicrobial activity (Zgheib et al., 2019). Hence, 
growth location and conditions, as well as harvest-
ing time and methods must be selected to accom-
modate the maximum quantity of the desired com-
ponents and to improve the quality and yield of the 
oil.
Extraction conditions 

Benbelaid et al. (2013) stated that the EO 
yield as well as the antimicrobial activity decreased 
on drying. However, Haloui et al. (2015) reported 
a slight increase after drying for the first 7 days, 
subsequently followed by a decrease in the yield. 
The different drying temperatures and methods 
may increase or decrease the levels of existing EO 
constituents, or even lead to the formation of new 
compounds (Pirbalouti et al., 2017; Tewari et al., 
2019). The nature and size of the plant particles, 
the volume ratio of sample to solvent, degree of 
polymerization, and biochemical interactions affect 
the solvent extraction process (Trujillo-Echeverria 
et al., 2020). Small particle size can enhance sol-
vent penetration and increase solute diffusion but 
creating extremely fine particles will cause exces-
sive absorption and make filtration difficult (Zhang 
et al., 2018). Higher solvent-solid ratios increase 
extraction yield, but very high ratios may result in 
the creation of dilute extracts (Zhang et al., 2018).

The process of extraction can largely affect 
the yield, composition, properties, and hence the 
effectivity of EOs (Boutebouhart et al., 2019). In 
some cases, there may be a difference in the num-
ber of components extracted by different methods. 
For instance, in a study conducted by Yamini et al. 
(2008), the extraction of Salvia mirzayanii EO by 
hydro-distillation (HD) gave 2.2% (w/w) EO, but 
supercritical fluid extraction (SFE) gave up to 9.7 
% yield. However, the total number of components 
extracted by HD was 34 while SFE gave only around 
20, with 3 components taking up 63% of the oil. In 
another case, the major components of Origanum 
glandulosum EO were the same when extracted by 
HD, solvent-free microwave extraction (SFME), 
and microwave-assisted extraction (MAE), with 
only a difference in their contents (Bendahou et 
al., 2008). Okoh et al. (2010) have shown that Ros-
marinus officinalis EO obtained by SFME shows 
greater antimicrobial property than HD extracted 
EO, owing to the higher quantity of oxygenated 
monoterpenes (SFME (28.6 %) > HD (26.9 %)), 
such as verbenone and camphor. This is probably 
because SFME uses less water, time, and energy 
than HD, thus reducing the thermal and hydrolytic 
side effects on EOs (Kusuma et al., 2016). Thus, 
different extraction methods can be chosen based 
on the requirements of specific EO compounds, or 
the nature of the plant material. For instance, cold 
pressing (CP) can be used on tough substances like 
citrus peel, where the oil glands must be ruptured 
using pressure to access the trapped oil (Reyes-Ju-
rado et al., 2015). Recently, it has been found that 
cellulase pre-treatment on orange and grapefruit 
peels can increase the CP yield by 2-6-fold, and 
ultrasound-assisted extraction (UAE) can help rup-
ture Japanese Citrus peels to give 44% more oil 
(Mahato et al., 2019).

During the process of extraction, the proper-
ties of the used solvent exert a huge influence on 
the composition and yield of essential oils (Eljazi et 
al., 2018). Different plants may show a preference 
for different solvents even while using the same 
extraction technique. Tsegaye-Fekadu et al. (2019) 
showed that the usage of n-hexane during Soxhlet 
extraction can yield more EO from orange peels 
when compared to methanol and petroleum ether. 
As opposed to these observations, Hassim et al. 
(2015) obtained a greater yield extract of Polygo-
num minus EO with methanol than with both water 
and n-hexane during Soxhlet extraction. However, 
they also stated that water can yield more P. minus 
EO than methanol during maceration. This implies 
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that the method of extraction plays a role in deter-
mining which solvent is most suitable, due to factors 
like temperature differences intrinsic to the proce-
dure. Several studies (Hassim et al., 2015; Chutr-
tong and Kularbphettong, 2019; Onyebuchi and 
Kavaz, 2020) infer that methanol is a potent solvent 
for EO extraction, probably because its small mo-
lecular size and high polarity help it infiltrate plant 
tissues easily and dissolve the required compounds 
within. The methanolic extracts of Ecballium elate-
rium EO were seen to have higher phenolic content 
than acetone and diethyl ether extracts (Dielectric 
constants are 32.7 > 20.7 > 4.3, respectively) (Felhi 
et al., 2017). This is explained by the reasoning that 
polar organic solvents mixed with water can dis-
solve high amounts of compounds soluble in both 
aqueous and organic phases (Do et al., 2014). Has-
sim et al. (2014) obtained more EO content and an-
tibacterial activity while using 70% methanol as the 
extraction solvent, than 50% and 100% methanol. 
This indicates that the magnitude of solvent – water 
dilution also has some significance in this context.

Changes in temperature and pressure can fa-
vour the rupture of plant cell walls and also interfere 
with solubility and solute volatility. During SFE, a 
moderate rise in pressure increases solvent densi-
ty and higher temperatures increase solute vapour 
pressure. Either of these can enhance plant compo-
nent solubility in less time. But a drastic increase in 
pressure decreases solvent diffusivity, hence low-
ering extract yield (Khaw et al., 2017). While us-
ing highly efficient methods like SFE, adding small 
amounts of polar cosolvents to non-polar solvents 
like CO2 can help improve the yield even further 
(Capuzzo et al., 2013).
Experimental variables

The behaviour of essential oils is owed to the 
components present in them. If solvents are used, it 
is necessary to choose those which facilitate the ac-
tivity of EO components (Pandey et al., 2011). The 
structure of the components and presence of func-
tional groups are directly responsible for the mech-
anism of action. For instance, terpenoids cause 
changes in membrane potential and permeability, 
which is stimulated by their hydroxyl groups and 
delocalized electrons. The presence of EOs can also 
enhance the working of other EOs (García-Díez et 
al., 2017).  When EO components are used in their 
pure forms, a combination of two or more of these 
has been seen to be synergistic in many cases (Pei 
et al., 2009). This implies that inter-compound re-
lationships can have an impact on EO effectivity. 
However, the consolidation of EO constituents may 

not always function better than the individual com-
pounds and can even be a hindrance. In fact, Cox et 
al. (2001a) observed pure terpinen-4-ol to be more 
effective than tea tree (Melaleuca alternifolia) EO, 
of which it was the principal component. This may 
be due to the lowering of water solubility of terpin-
en-4-ol by non-oxygenated terpenes.

The behaviour of EOs varies across different 
micro-organisms. Many of them show lesser inhi-
bition towards the growth of gram-negative bacte-
ria than towards gram-positive ones. It is also to 
be noted that the response of bacteria towards EOs 
is not consistent across each experiment. For ex-
ample, in one study, when eugenol was tested on 
Pseudomonas aeruginosa, Staphylococcus aureus, 
and Escherichia coli, S. aureus was reported to be 
the least sensitive (Nuñez and D’Aquino, 2012). 
However, it showed maximum sensitivity in anoth-
er experiment (Mahmoud et al., 2016). An EO can 
also behave differently toward two strains of the 
same bacterial species (Vasconcelos et al., 2017). 
These variations may be attributed to the features 
acquired during the evolution of bacteria. The inac-
tivation kinetics of EOs are temperature-dependent 
(Nuñez and D’Aquino, 2012). Conditions like con-
centration of EO used and time of exposure largely 
affect its activity. Inouye et al. (2001) have stated 
that the subjection of bacteria to high vapour con-
centrations of EOs for a short duration is the most 
effective. The various cellular metabolites have dif-
ferent responses to increasing EO concentrations 
(Nazzaro et al., 2013).
Effects of EOs observed on microbes

As explained earlier, there are too many fac-
tors that come into play when we try to understand 
how EOs work. A slight change in even one of these 
variables can affect the behaviour of EOs drasti-
cally and give rise to a different outcome. This is 
why we see many irregularities when we compare 
the inferences of different experiments, leaving us 
unable to generalize the exact chemical activity of 
EOs. However, observing the changes induced in 
various microbes may help us speculate the mecha-
nism behind the working of EO components.

EOs have a number of targets within a bacte-
rial cell. They cause changes in the cell morphology 
of bacteria, especially the cytoplasmic membrane. 
This implies that EOs have a hand in the rearrange-
ment or modification of the lipid constitution (Gui-
marães et al., 2019). Treatment with EOs also caus-
es cells to shrivel up, due to leakage of contents 
like proteins, sugars, nucleic acids, ATP, and ions, 
which may be achieved by altering the membrane 
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permeability (Zhang et al., 2017). Trombetta et al. 
(2005) have observed gram-negative bacteria to be 
more resistant to EOs than gram-positive bacteria. 
This might be due to their structural differences. 
Gram-positive bacteria have a uniform but thick 
layer of peptidoglycan in their cell wall, whereas 
gram-negative bacteria have a more complex cell 
wall with an outer membrane of phospholipids 
linked to the inner membrane by tightly packed li-
popolysaccharides (LPS). These hydrophilic com-
ponents may restrict the interactions of lipophilic 
EOs with the cell membrane. Although these bacte-
ria have surface proteins like porin channels, drugs 
with heavy and lipophilic components have diffi-
culty crossing them. However, Khan et al. (2017) 
showed that small and light EO constituents like 
carvacrol can kill Gram-negative bacteria such as 
E. coli, or even stimulate them to produce reactive 
oxygen species (ROS). EOs can inhibit biofilm 
synthesis in both gram-negative and gram-posi-
tive bacteria (Hu et al., 2018). Certain EO-bacteria 
combinations also displayed changes in intracel-
lular ATP pool and pH homeostasis (Ultee et al., 
2002). Inside the cell, EOs can directly affect the 
synthesis and expression of essential biomolecules 
like DNA and protein, which has an impact on met-
abolic processes (Xu et al., 2016). In some bacteria, 
the formation of flagella is also affected (Burt et 
al., 2007). Some EOs stimulate bacteria to release 
their membrane proteins (Leja et al., 2019). When 
these ion/protein channels fail to function effec-
tively, transportation of substances is hindered, and 
cell-environment communication is blocked.

Despite the existence of physiological differ-
ences, the effects of EOs on fungi appear similar 
to those seen in bacteria. Chen et al. (2018) stated 
that EOs can disrupt cell membrane integrity. This 
may be explained by the fact that the synthesis of 
ergosterol (the cholesterol equivalent in fungal cell 
membranes) is visibly inhibited. It is also observed 
that EOs can cause mitochondrial hyperpolariza-
tion and inhibition of enzymes like mitochondrial 
dehydrogenases. These occurrences directly hinder 
cellular respiration. Mitochondrial dysfunctions 
also trigger the intracellular release of ROS, which 
may lead to apoptosis. Apart from this, EOs hinder 
mycelium growth, as well as spore formation and 
germination (Sharma and Tripathi, 2008).  They 
can inhibit biofilm synthesis and destroy existing 
biofilms (Kumari et al., 2017).

Comparatively less information is known re-
garding the effects of EOs on viruses. When viruses 
are tested with most EOs, disruption or destruction 

of the viral envelope occurs (Astani et al., 2011). 
However, Pourghanbari et al. (2016) observed that 
subjecting the avian influenza virus (H9N2) to lem-
on balm EO caused interference with its surface 
proteins, which are responsible for binding to host 
cell receptors. Additionally, inhibition of protein 
biosynthesis was seen in the same study. Non-en-
veloped viruses lack a lipid membrane on their 
capsids. EOs can modify or destroy viral capsids, 
and it is often seen that the genetic material present 
inside becomes inactive. However, it is not clearly 
understood whether the virus has been destroyed or 
is only in a temporary state of inactivity (Gilling et 
al., 2014).
Components of EOs and their proposed action 
mechanisms

Essential oils are essentially composed of 
several aromatic and aliphatic components with 
low molecular weight (Swamy et al., 2016). These 
generally belong to the families of terpenes, terpe-
noids, and phenylpropenes. Since EOs are mixtures 
containing constituents with comparable physical 
properties, the presence of hydrocarbon chains, or 
compounds with sulfur and nitrogen is not uncom-
mon. These various constituents contribute in their 
ways to form the overall antimicrobial activity of 
the EO. 

The structures of some compounds common-
ly present in EOs have been depicted in Table 1, in 
order to get a better idea about their implications 
on the unique antibacterial mechanisms of different 
constituents.
Terpenes

Terpenes are composed of much isoprene 
(C5H8) units combined, which may be acyclic or ar-
ranged into cyclic rings (Swamy et al., 2016). EOs 
generally contain higher proportions of monoterpe-
nes and sesquiterpenes, as well as their respective 
terpenoids, than diterpenes and triterpenes (Hyld-
gaard et al., 2012). Monoterpenes (C10H16) such as 
p-cymene have been observed to show involvement 
in various antibacterial activities (Marchese et al., 
2017). Limonene, γ-terpinene, sabinene, and pinene 
are other monoterpenes commonly present in EOs, 
while examples of sesquiterpenes include β-cary-
ophyllene, germacrene and elemene (Lenardão et 
al., 2016) The structures of some common terpenes 
are given in Table 1. 

Being pure hydrocarbon rings, terpenes are 
strongly lipophilic and have a high membrane par-
tition coefficient. This allows small and lightweight 
terpenes like p-cymene to quickly accumulate with-
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Table 1. Structures of a few compounds commonly present in essential oils



169

in cell membranes in large quantities, thereby caus-
ing membrane expansion and leakage of ions out 
of the cell, which leads to a reduction in membrane 
potential (Ultee et al., 2002). This is also support-
ed by the fact that p-cymene decreases the melting 
temperature and enthalpy changes of the membrane 
by behaving like a substitutional impurity (Cris-
tani et al., 2007). Highly lipophilic terpenes such 
as limonene, myrcene, sabinene, and elemene can 
inhibit the mechanisms of mycobacterial resistance 
and increase the activity of antibiotics (Sieniawska 
et al., 2017). In a study conducted by Choi (2006), 
limonene showed lipolytic behaviour, especially in 
the presence of γ-terpinene and p-cymene. It was 
also observed that monoterpenes with one or two 
double bonds show greater lipolytic activity than 
those with three double bonds. Thus, the magnitude 
of the antibacterial activity of these compounds 
may depend on the number and positioning of dou-
ble bonds, as well as the presence of other terpenes. 

Monoterpenes like α-pinene, myrcene, and 
limonene can destabilize the complex cell wall of 
Mycobacterium, causing these cells to elongate 
into thin filaments as a means of dealing with stress 
(Sieniawska et al., 2015) Furthermore, it has been 
seen that limonene can hinder ATP production by 
inhibiting functions of the respiratory chain pro-
teins, including ATPase (Han et al., 2019). Both 
p-cymene and limonene can stimulate bacteria to 
release ROS when used alone, or while being pres-
ent in the EO of Monarda punctata (Li et al., 2014). 
Although p-cymene has not been observed to have 
any effect on flagellin synthesis or HSP 60 produc-
tion, it could still decrease the motility of bacteria. 
(Burt et al., 2007).

Despite all this, terpenes are believed to be 
relatively less antibacterial than other EO constit-
uents, especially terpenoids. Ultee et al. (2002) 
showed that when compared to carvacrol, a high-
er concentration of p-cymene was required to re-
duce the membrane potential by the same extent. 
However, terpenes have the ability to enhance the 
efficacy of other EO components, especially their 
respective terpenoids (Ultee et al., 2000). 
Terpenoids

Terpenes with substituted oxygen atoms and 
displaced or removed methyl groups give terpe-
noids (Nazzaro et al., 2013). These are also un-
saturated and cyclic in structure and make up most 
of the antibacterial activity of EOs. Carvacrol and 
thymol (isomeric derivatives of p-cymene), linal-
ool, geraniol, menthol, 1,8-cineole (eucalyptol), 
carvone, linalyl acetate, terpinene-4-ol, camphor, 

and citral are a few examples of terpenoids (Table 
1). Like terpenes, terpenoids also interfere with 
bacterial cell membranes. Carvacrol takes up too 
much space within the cell membrane and direct-
ly impacts the Van der Waals forces between the 
phospholipid chains, thereby increasing the fluid-
ity of the membrane (Ling, 2004). It has been ob-
served that terpenoids consisting of chains with 
10-12 carbon atoms inflict the best damage to the 
cell membrane (Togashi et al., 2010). However, the 
presence of hydroxyl groups can make terpenoids 
less lipophilic than terpenes. For instance, carvac-
rol causes lesser expansion of cell membrane than 
p-cymene, due to a lower membrane partition co-
efficient owed to its hydroxyl group and system of 
delocalized electrons (Ultee et al., 2002). However, 
these structural differences (Table 1) can actually 
give terpenoids an edge over terpenes. The -OH 
groups of thymol allow it to interact with polar 
heads present in the lipid bilayer and modify the 
length and saturation of fatty acids present in the 
cytoplasmic membrane (Nazzaro et al., 2013).  Un-
like terpenes, many terpenoids like do not reduce 
membrane potential solely by leakage of cell con-
tents. In molecules like those of thymol and carvac-
rol, the presence of delocalized electrons stimulates 
the -OH groups to release H+ into the cell and bring 
K+ out in exchange, causing more drastic reduc-
tions in membrane potential than terpenes (Ultee et 
al., 2002). This activity is independent of the posi-
tion of the -OH group within the molecule making 
thymol and carvacrol equally effective agents (Xu 
et al., 2008). Menthol is less effective in this con-
text because it does not have a delocalized electron 
system (Ultee et al., 2002).

Interference with the H+ content of the cell 
decreases the pH gradient across the cell mem-
brane and in turn, the proton motive force, which 
depletes intracellular ATP. Apart from hampering 
metabolic processes, this lack of cellular energy 
causes decreased activity of flagella, which in turn 
affects the mobility of cells (Manson et al., 1977). 
Terpenoids can interfere with gene expression, as 
well as protein folding and activity, by inducing the 
production of molecular chaperones like HSP60 
(Burt et al., 2007). They can inactivate active sites 
of target enzymes by forming hydrogen bonds with 
them (Guimarães et al., 2019). Carvacrol also de-
creases the expression of flagellar genes in E. coli. 
This causes inhibition of flagellin synthesis, result-
ing in absence of flagella (Burt et al., 2007). Such 
compounds are known to interfere with the quorum 
signaling network of the cell, thereby inhibiting the 
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production of the virulence factors responsible for 
the formation of biofilm (Burt et al., 2014). The 
presence of delocalized electrons also allows terpe-
noids like carvacrol to trigger cells to release ROS, 
which damages the cell greatly (Khan et al., 2017).

One common mechanism of antibiotic resist-
ance shown by bacteria is the use of efflux pumps 
to block or flush out antibiotic components from the 
cell. These pumps generally rely on cellular energy 
for their functioning (Webber and Piddock, 2003). 
Geraniol has been observed to behave as an efflux 
pump inhibitor (EPI) against gram-negative mul-
ti-drug resistant (MDR) bacteria like Enterobacter 
aerogenes (Lorenzi et al., 2009). At present, there 
is a lack of data on this to arrive at a clear con-
clusion regarding the mechanism. It is possible that 
geraniol reduces the proton motive force within the 
cell, resulting in the restriction of tripartite efflux 
pumps like AcrAB-TolC which rely on cellular en-
ergy for their action.
Phenylpropenes

Phenylpropenes have a phenol ring with a 
propene tail, along with other functional groups 
(Hyldgaard et al., 2012). Some examples are euge-
nol, isoeugenol, vanillin, cinnamaldehyde, and 
chavicol (Table 1). The free hydroxyl groups, dou-
ble bonds inside the chain, relative positioning of 
alkyl groups, and presence of functional groups are 
responsible for the antibiotic properties of phenyl-
propenes (Nazzaro et al., 2013). Unlike in terpe-
noids, isomerism in phenylpropene influences the 
degree of effectivity. Isoeugenol is more antibacte-
rial than eugenol (Zhang et al., 2017), probably be-
cause all its double bonds are conjugated, enabling 
better delocalization of electrons. 

In most cases, phenylpropenes work similar-
ly to terpenoids. They alter the membrane structure 
and increase its permeability, obstruct transporta-
tion of substances and disrupt cellular metabolic 
processes (Thoroski et al., 1989; Lyu et al., 2017; 
Hu et al., 2018). They also stimulate the release of 
ROS (Das et al., 2016). Phenylpropenes like euge-
nol show inhibition of quorum sensing (Zhou et al., 
2013). They reduce the expression of the genes re-
sponsible for motility and biofilm formation, and 
can also destroy existing biofilms (Hu et al., 2018). 
This behaviour is enhanced when phenylpropenes 
are combined with terpenoids (Yadav et al., 2015). 
For instance, the EO of Cinnamomum tamala con-
tains cinnamaldehyde and linalool in large amounts. 
These inhibit the synthesis of these exopolysaccha-
rides like alginate (Banu et al., 2017), which are es-
sential for the stability of biofilms of Pseudomonas 

(Periasamy et al., 2015). 
It is well known that the mode of action fol-

lowed by EO components largely depends on the 
dosage, and cinnamaldehyde is a good example. 
Hyldgaard et al. (2012) have stated that at low con-
centrations, cinnamaldehyde does not affect ATP 
or the membrane but inhibits enzymes required for 
cytokine reactions. At sub-lethal concentrations, it 
inhibits the activity of ATPase and at lethal con-
centrations, it disrupts the membrane completely. 
When used against Salmonella typhimurium and E. 
coli, it behaves in a manner similar to that of thy-
mol and carvacrol and penetrates the outer mem-
brane of gram-negative bacteria via porin channels 
(Yossa et al., 2012). It can also prevent cells from 
undergoing cytokinesis during division by hinder-
ing the activity of FtsZ, the prokaryotic analogue 
of tubulin protein (Domadia et al., 2007). Vanillin 
interferes with the levels of H+ and K+ in the cell 
and reduces cellular ATP production in pathogens 
(Fitzgerald et al., 2004). This leads to insufficient 
production of energy for cellular processes, which 
leads to death of the organism.
Commonly used essential oils

A wide range of plants contain EOs in their 
extracts and show antimicrobial properties. Many 
of these are used in our everyday lives. Although 
the composition and activity of the EO of a plant 
vary greatly from sample to sample, the most com-
monly observed aspects of a few EOs have been 
given briefly in Table 2. Comparing the activity of 
different EOs can help us identify behavioural pat-
terns that may not be noticed otherwise. 

It is evident that extracts of all types of plant 
parts, such as the aerial structures of basil, the bark 
of cinnamon, and flowers of lavender show anti-
bacterial activity. Most of these have been found to 
contain terpenoids, terpenes, and phenylpropenes, 
like terpinene, pinene, thymol, cineole, and eugen-
ol, to name a few. Disruption of the cellular mem-
brane and leakage of cell components, as well as 
inhibition of biofilms, appears to be the most com-
mon mechanisms of action in the given set of plant 
EOs. 
EOs as resistance modifying agents

Plant extracts have been used as local reme-
dies against microbial infections and diseases since 
historic times (Harrison et al., 2015). The fact that 
they are effective to this date suggests that they can 
emerge as resistance-modifying agents, possibly 
due to the synergy of their constituents. It is to be 
noted that, due to the failure of first-line antibiotics, 
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Table 2. Composition and activity of some commonly used essential oils

Name Source 
of EO Major components of EO Main mechanisms

Basil
Ocimum basilicum
(Joshi, 2014) 

leaf, 
stem, 
flower

linalool, methyl chavicol, 
citral 1,8-cineole, camphor, 
thymol, methyl cinnamate, 
eugenol, methyl eugenol, 
methyl isoeugenol, and ele-
micine

Shows different mechanisms based on the 
composition, including degradation of the cell 
wall and cytoplasmic membrane, leakage of 
ATP, K+ and other cell contents, cytoplasmic 
coagulation, and depletion of proton motive 
force

Black pepper
Piper nigrum
(Zhang et al., 2017)

seeds sabinene, α-pinene, β-pinene, 
limonene, β-caryophyllene

Partitioning of lipids in mitochondria and the 
cell membrane, altering their structures and 
functions, cell component leakage, disruption 
of synthesis of macromolecules, like protein, 
DNA, RNA, or polysaccharides

Cardamom 
Elettaria 
cardomomum 
(Mutlu-Ingok and 
Karbancioglu-Guler, 
2017)

seeds α-terpinyl acetate, 1,8-cineole Increase in membrane permeability and leak-
age of cell contents

Cinnamon
Cinnamomum 
zeylanicum (Nabavi 
et al., 2015; Alizadeh 
Behbahani et al., 
2020)

leaf, 
bark

t-cinnamaldehyde (bark), 
eugenol, and cinnamaldehyde 
(leaf)

Inhibition of ion efflux pump action of 
gram-negative bacteria, alteration of the 
structure of cell membrane by increasing the 
surface area and changing the lipid profile

Clove 
Syzygium 
aromaticum
(Nuñez and D’Aqui-
no, 2012). 

leaf, 
stem 
and 
flower 
buds

eugenol, β-caryophyllene Perturbation of the cell membrane causes an 
increase in non-specific permeability

Coriander
Coriandrum sativum
(Silva et al., 2011).

seeds linalool Disruption of membrane function and po-
tential, inhibition of respiratory activity, and 
efflux pump activity

Cumin
Cuminum cyminum
(Mutlu-Ingok and 
Karbancioglu-Guler, 
2017)

seeds γ-terpinene, β-pinene, ρ-cy-
mene, p-mentha-1,3-dien-7-
al, cumin aldehyde

Increase in permeability of membrane and 
leakage of cell contents

Eucalyptus genus 
(Aldoghaim et al., 
2018).

leaf 1,8-cineole, p-cymene, 
α-pinene, limonene, linalool, 
β- pinene, γ-terpinene

Discharge of liposaccharides from the outer 
membrane of Gram-negative bacteria and 
increase in the membrane permeability

Garlic 
Allium sativum 
(Leontiev et al., 2018)

bulbs allicin and other sulfur-con-
taining compounds

Creation of pores in the cell membrane, in-
activation of thiol-based enzymes by oxidation
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Ginger
Zingiber officinale
(Mostafa, 2018) 

rhizome, 
leaf

methyl cinnamate and mono-
terpenes (leaf), sesquiterpenes 
like zingiberene and farnesene 
(rhizome)

Destruction of biofilm integrity in bacteria.
Inhibition of ergosterol synthesis and toxin 
production in fungi, decrease in cytoplasmic 
content, and disruption of membrane integrity

Lavender
Lavandula 
angustifolia
(Kwiatkowski et al., 
2020)

flower linalool, linalyl acetate, la-
vandulyl acetate, β-ocimene, 
β-caryophyllene, 1,8-cineole, 
terpinene-4-ol, myrcene

Damage to the lipids of the cell membrane 
causing cell component leakage

Lemon grass
Cymbopogon citratus
(De Silva et al., 2017)

leaf 
and 
stem

citral, geraniol Changes in pH, intracellular ATP levels, mem-
brane integrity, and potential

Licorice
Glycyrrhiza glabra 
(Wang et al., 2015)

root triterpenoid saponins like 
glycyrrhizin

Decrease in expression of virulent genes, toxin 
production, and biofilm formation of bacteria. 
Inhibition of gene expression and replication 
and reducing adhesion in viruses.
Also has antifungal properties

Marigold
Calendula officinalis 
(Chaleshtori and 
Kachoie, 2016; Jafari 
and Ahmadizadeh 
2017) 

flower, 
leaf

1,8-cineole, γ−terpenene, 
α-thujene, δ- cadinene, 
α-cadinol, α-muurolol; 
(Varies from sample to sam-
ple)

Inactivation of enzymes, such as DNA gyrase, 
inhibition of cytoplasmic membrane function 
resulting in rupture and cytoplasmic granula-
tion

Neem
Azadirachta indica
(Punitha et al., 2014)

seeds, 
leaf

γ-elemene, germacrene B Inhibition of biofilm formation

Oregano
Origanum vulgare 
(Lu et al., 2018)

leaf carvacrol, γ-terpinene, 
α-pinene, thymol, p-cymene, 

Alteration of biofilm morphology, destruction 
of biofilms

Parsley
Petroselium crispum
(Valdivieso-Ugarte et 
al., 2019)

leaf γ-terpinene, β-phellandrene, 
α-pinene, β-myrcene, 

Inhibition of biofilm formation and eradica-
tion of mature biofilms

Peppermint
Mentha×piperita 
(Kovács et al., 2019) 

leaf menthol, menthone, limo-
nene, pulegone, eucalyptol, 
carvone

Inhibition of biofilm formation and motility, 
downregulation of virulent genes, elongated 
cell morphology

Rosemary 
R. officinalis
(Issabeagloo et al., 
2012; Nieto et al., 
2018)

leaf, 
twigs

carnosol, camphor, camphene, 
1,8-cineole, β-caryophyllene, 
β-pinene, α-pinene, 

Loss of cell membrane structure and function 
due to interaction with membrane proteins, 
changes in genetic material, leakage of cellular 
components, and changes in electron trans-
port and fatty acid production 
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it has become necessary to depend on second- and 
third-line drugs (Prestinaci et al., 2015). These are 
expensive and may also become ineffective even-
tually. On the other hand, secondary plant metabo-
lites such as essential oils are relatively cheaper and 
easier to obtain, although modification may be re-
quired before usage. Also, their effectivity against 
bacteria is comparable to that of classical antibiot-
ics (Silva Leandro et al., 2020). In fact, Artemisia 
kermanensis, Zataria multiflora Boiss, and Lavan-
dula officinalis EOs can show greater inhibition of 
pathogenic bacteria than tetracycline, penicillin, 
and ampicillin (Gavanji et al., 2014). 

Combinations of certain EOs (García-Díez 
et al., 2017) or EO components (Pei et al., 2009) 
have been observed to work well together as effec-
tive antibacterial mixtures. Certain essential oils 
and their mixtures have also shown inhibition of 
antibiotic-resistant bacterial strains. For instance, 
Voravuthikunchai and Mitchell (2008) reported 
Punica granatum and Quercus infectoria extracts 
to have inhibited the growth of 20 strains of mul-
ti-drug resistant Helicobacter pylori by interfering 
with the cell surface hydrophobicity. In a study by 
Gadisa et al. (2019), Lepharis cuspidata, Boswel-

lia ogadensis, and Thymus schimper EOs showed 
significant antibacterial activity against multidrug 
resistant E. coli, Klebsiella pneumoniae, and Me-
thicillin resistant S. aureus (MRSA). Combinations 
of these EOs taken two at a time performed even 
better due to synergy, and these results surpassed 
that of modern antibiotics.

EOs can also show synergy with other anti-
bacterial agents. In fact, Hashem et al. (2019) re-
ported that EOs like those of bitter almond, pep-
permint, clove, thyme, and eucalyptus, can have 
a synergistic effect along with probiotics such as 
Lactobacillus plantarum, L. acidophilus, and L. 
casei while working against intestinal pathogens. 
In another study, the combined usage of trans-cin-
namaldehyde and bacteriophage cocktail BEC8 
could efficiently inhibit the growth of E. coli better 
than the individual agents (Viazis et al., 2011). 

Encapsulation of EOs using suitable carriers, 
like nanogels, nano-emulsions and nanoparticles 
can help in safe administration and storage (Chou-
han et al., 2017). EOs can show synergy with these 
substances as well. Scandorieiro et al. (2016) ob-
served that oregano EO in combination with silver 
nanoparticles caused cell morphology changes like 

Sage
Salvia sclarea
(Cui et al., 2015)

leaf linalyl acetate, linalool, ger-
macrene D 

Damage to the cell membrane, change in 
permeability, leakage of macromolecules like 
ATP and DNA

Tea tree
M. alternifolia
(Cox et al., 2001b)

leaf terpinen-4-ol, α-terpino-
lene, γ-terpinene, α-pinene, 
1,8-cineole, p-cymene and 
limonene 

Reduction in cell viability, leakage of contents, 
inhibition of respiration

Thyme 
T. vulgaris
(Sienkiewicz et al., 
2012)

leaf thymol, p-cymene, γ-ter-
pinene, carvacrol, and linalool 

Degradation of the cell wall and cell mem-
brane, alteration of permeability, cytoplasm 
coagulation 

Turmeric
Curcuma longa
(Chen et al., 2018)

leaf, 
rhizome

curdione, germacrone isocur-
cumenol, curzerene, β-el-
emene, curcumenol, curcum-
in, curcumol 

Inhibition of ergosterol and ATP synthesis, 
respiration

Vanilla 
Vanilla planifolia
(Fitzgerald et al., 
2004)

seeds vanillin Inhibition of respiration and decrease in K+ 
concentration and pH

Yarrow
Achillea millefolium 
(El-Kalamouni et al., 
2017)

aerial 
parts 
of plant

camphor, sabinene, 1,8-cin-
eole, terpinen-4-ol, germac-
rene D, thujone 
(Composition varies with geo-
graphical location)

Damage to the cell membrane



174

surface blebbing, decrease in cell density as well 
as the death of multidrug-resistant bacteria after 6 
hours of treatment. Similarly, water-soluble chi-
tosan nanoparticles of thymol were seen to have 
greater antibacterial efficacy than regular thymol 
(Hu et al., 2009).

The combined use of EOs or their constitu-
ents with synthetic antibiotics shows great prom-
ise for antibiotic resistance modification. Ilić et al. 
(2014) reported that Thymus glabrescens oil and 
its main constituents, geraniol and thymol showed 
good antibacterial activity individually, and could 
also lower the minimum inhibitory concentration 
(MIC) of chloramphenicol. One significant obser-
vation by Magi et al. (2015) is that the synergistic 
mixtures of EOs and antibiotics can inactivate the 
resistance mechanisms of bacteria and make them 
re-susceptible to antibiotics. In their study, several 
combinations of carvacrol and erythromycin could 
inhibit erythromycin-resistant group A Streptococ-
ci. Likewise, the constituents of Rosemary EO can 
increase the susceptibility of S. aureus strains to-
ward erythromycin by inhibiting the bacterial efflux 
mechanisms (Oluwatuyi et al., 2004). Many resist-
ant gram-negative bacteria have a wide range of 
enzymes called extended-spectrum beta-lactamases 
(ESBL) which deactivate penicillin-type antibiotics 
by hydrolyzation. However, Si et al. (2008) have 
shown that the additive combination of oregano EO 
with amoxicillin (a penicillin-type antibiotic) can 
inhibit the growth of ESBL-producing E. coli. In 
another case, lemon grass EO was seen to elevate 
the susceptibility of MRSA to amoxicillin, and the 
combination of the two antibacterial agents result-
ed in membrane damage and leakage of cell com-
ponents (Abd El-Kalek and Mohamed, 2012). A 
similar study showed that Salvia officinalis EO and 
oxacillin can disrupt the cytoplasmic membrane of 
methicillin-resistant S. epidermidis and cause leak-
age of 260 nm absorbing material (Chovanová et 
al., 2013). 

Bacteria resist antibiotics by modifying their 
target of the action, using efflux pumps to drive 
them away, or by releasing enzymes to destroy 
them (Soares et al., 2012). As explained earlier, 
EOs can display mechanisms to counter each of 
these. In addition, they inhibit quorum sensing and 
synthesis of biofilms, which are tactics used by bac-
teria to resist antibiotics (Zhao et al., 2020). This is 
because these mechanisms protect cells from vari-
ous stresses and also allow cells to share resistant 
genes among themselves (Zhao et al., 2020). It is 
possible that synergy at the inter-component, EO-

EO, and EO-antibiotic levels all make use of a wide 
range of cell targets, which broadens the overall 
activity of antimicrobials. This makes it harder for 
microbes to acquire further resistance to the antimi-
crobial agent. The indifference, addition, synergy, 
or antagonism EOs show with other substances, in-
cluding classical antibiotics, depends on their con-
centrations and molecular interactions (Van Vuuren 
et al., 2009). However, the relationships of EOs and 
their constituents with other substances is yet to be 
understood properly, because even the minor com-
ponents play a huge role in determining the overall 
mechanism and it is well known that the compo-
sition and behaviour of an EO are not consistent 
across each sample. Perhaps, this unpredictability 
can be used to our advantage, to make it harder for 
bacteria to develop resistance toward EOs. In this 
way, the additive and synergistic effects between 
EOs and other antimicrobials can be used to devel-
op new methods of tackling antibiotic resistance.
Conclusions

A critical examination of the existing studies 
on EOs has led us to draw several important con-
clusions. Firstly, the source of the oil plays a major 
role in determining its activity. The geographical 
location, climate, and season, as well as the growth 
phase of the plant, will influence the biosynthesis of 
its secondary metabolites. Additionally, the extrac-
tion method, solvent, and other experimental varia-
bles can affect the yield and composition of the EO. 
EOs can have different effects on different bacterial 
species or even strains. They can inhibit both anti-
biotic-susceptible and resistant strains of micro-or-
ganisms, by various mechanisms related to the 
cytoplasmic membrane and cellular components. 
Each EO constituent influences the overall activity 
and can show additive and synergistic effects with 
other compounds. The big picture that arises out of 
these observations is that EOs have tremendous po-
tential as resistance modifying agents, and they can 
be combined with other agents to obtain enhanced 
antibiotic mixtures. 

For clinical use of EOs to become possible, 
further in-vitro and in-vivo experimentation is re-
quired to get a precise understanding of the chemi-
cal interactions of the individual components. A de-
tailed recording of the relationships between these 
compounds in various pathogenic and non-patho-
genic bacterial environments is essential while ex-
perimenting with all the factors that influence their 
activity. It is known that EOs tend to be toxic when 
used in large doses (Nath et al., 2012), but there 
is insufficient information on their specific side ef-
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fects on the human microbiome. For instance, L. 
plantarum displayed increased ATP synthesis when 
subjected to vanillin, but also a loss in pH homeo-
stasis (Fitzgerald et al., 2004). 

It must be noted that EOs are being used 
for various purposes in our everyday life and this 
over-exposure may cause microbes to develop re-
sistance. While the reversal of antibiotic resistance 
is necessary, preventing the emergence of resistant 
organisms to newly created antimicrobials is equal-
ly crucial.
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