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Abstract
In recent decades, reduced antimicrobial effectiveness, increased bacterial infection,

and newly emerged microbial resistance have become global public issues, leading to

an urgent need to find effective strategies to counteract these problems. Strategies tar-

geting bacterial virulence factors rather than bacterial survival have attracted increas-

ing interest, since the modulation of virulence factors may prevent the development

of drug resistance in bacteria. Spices are promising natural sources of antivirulence

compounds owing to their wide availability, diverse antivirulence phytochemical con-

stituents, and generally favorable safety profiles. Essential oils are the predominant

and most important antivirulence components of spices. This review addresses the

recent efforts of using spice essential oils to inhibit main bacterial virulence traits,

including the quorum sensing system, biofilm formation, motility, and toxin produc-

tion, with an intensive discussion of related mechanisms. We hope that this review can

provide a better understanding of the antivirulence properties of spice essential oils,

which have the potential to be used as antibiotic alternatives by targeting bacterial

virulence.
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1 INTRODUCTION

Antibiotics are one of the greatest discoveries of the 20th cen-

tury. They have long been used to prevent and treat infec-

tious diseases, and are applied as growth promoters in ani-

mal feeds (Allen, Levine, Looft, Bandrick, & Casey, 2013;

Seal, Lillehoj, Donovan, & Gay, 2013). However, the emer-

gence of drug-resistant bacteria, which is predicted to cause

more deaths than cancer by the year 2050, makes it more

difficult to treat microbial infections and ensure food safety,

posing great threats to public health (Kraker, Stewardson, &

Harbarth, 2016). In recent decades, more attention has been

paid to “antivirulence drugs,” which are considered to be

potential alternatives or adjuvants to antibiotics (Dickey, Che-

ung, & Otto, 2017). Virulence is described as the ability of a

pathogen to infect and cause disease in a host, and bacterial

virulence factors, such as toxins, enzymes, as well as the fac-

tors involved in biofilm formation, can facilitate the infection

of host organisms by bacteria. The expression of virulence

genes is mainly regulated by quorum sensing (QS) (Sharma

et al., 2017; Vestergaard & Ingmer, 2019). The antivirulence

strategy aims at neutralizing or suppressing the production of

virulence factors that are essential for bacterial pathogenic-

ity rather than for their survival, thus imposing much less

pressure for bacteria to develop drug resistance (Lee, Lee,

Kim, Cho, & Lee, 2014). Additionally, the antivirulence strat-

egy avoids long-term and unwanted side effects of traditional

antibiotics, such as killing commensal bacteria in the gut that

play important roles in human health, promoting immune sys-

tem development, and resisting colonization by pathogenic

bacteria. Due to the lack of virulence factors, especially bac-

terial toxins, gut commensal bacteria are not generally vulner-

able to antivirulence drugs (Dickey et al., 2017).

Plants are important natural resources for the develop-

ment of antivirulence drugs, and over 80% of people in the

world use plant-derived drugs to treat various health problems

(Stanojevic et al., 2017). Additionally, potentially carcino-

genic and acute toxicological properties of synthetic antimi-

crobials have prompted increasing attention to natural prod-

ucts (Kumara, Sayeed, & Rani, 2016). Essential oils, also

called volatile oils, are aromatic oily liquids obtained from

the flowers, leaves, stems, roots, or fruits of plants by steam

distillation, extrusion, cold-soaking, or solvent extraction, and

may contain the most pharmacologically active and effec-

tive components in such plants (Solorzano-Santos & Miranda-

Novales, 2012). Spice essential oils have been widely used as

flavoring agents and antimicrobial agents due to their multi-

ple terpenoid and phenolic constituents, and their antibacte-

rial, antifungal, and antiviral abilities have been well studied

and reviewed (Liu et al., 2017; Tajkarimi, Ibrahim, & Cliver,

2010). In recent years, the antivirulence properties of spice

essential oils and their major compounds (Figure 1) have been

increasingly investigated. To provide a better understanding of

the antivirulence properties of spice essential oils, this review

is written mainly based on Web of Science Core Collection

Publications from 2010 to 2019. We first summarize the major

spice essential oils and their components, and then review the

research progress on the use of spice essential oils to sup-

press bacterial virulence factors, including toxins, QS, bac-

terial biofilms, and motility. Intensive discussion on related

mechanisms of action is integrated into the review. We hope

that this review can stimulate further research and utilization

of the antivirulence properties of spice essential oils, by high-

lighting the role of spices as a promising natural reservoir of

antibiotic alternatives.

2 SPICE ESSENTIAL OILS AND
THEIR MAJOR COMPONENTS

Most commercial spices belong to the families Apiaceae,

Lamiaceae, Myrtaceae, Rutaceae, Rosaceae, and Zingiber-
aceae. The most well-known species are from the genera Thy-
mus, Origanum, and Ocimum, and all of these belong to the

family Lamiaceae. These spices are most commonly used for

processing into essential oils, wherein the variable chemi-

cal constituents can be mainly divided into several groups,

that is, terpenes and their oxygenated derivatives (terpenoids),

phenylpropanoids, aldehydes, ketones, alcohols, esters, phe-

nols, ethers, and other small molecules. Usually, two or three

of these constituents account for a relatively high proportion

(20% to 70%), while many other constituents may exist in

trace amounts (Mirzahosseini, Noori, Amanzadeh, Javid, &

Howyzeh, 2017). Due to their specific fragrance, antioxidant,

and antibacterial properties, spices have long been recognized

as food flavorings, preservatives, cosmetic additives, and air

fresheners (Abdel-Hameed, Salman, Fadl, Elkhateeb, & Has-

san, 2018; Toker, Gölükcü, & Tokgöz, 2017). Moreover, some

are classified as generally recognized as safe (GRAS) by the

U.S. Food and Drug Administration (FDA), such as cinna-

mon, oregano, clove, and ginger oils (Campana & Baffone,

2018; Cui, Li, Li, Vittayapadung, & Lin, 2016). Although

spice essential oils are generally safe when used in moderate

amounts, some of these highly concentrated oils may irritate

skin and mucous membranes, induce epilepsy, or show toxic

effects in excessive dosages, especially in children who are

particularly susceptible (Halicioglu, Astarcioglu, Yaprak, &

Aydinlioglu, 2011; Vigan, 2010). The pharmacological bene-

fits of spice essential oils gain more and more attention, such

as their antiinfective, anticancer, antipyretic, and carminative

effects (Hosseini, Nadjafi, Asareh, & Rezadoost, 2018; Koch

et al., 2017). These characteristics of essential oils are strongly

related to the bioactive phytochemical composition, and this

composition is an important parameter for evaluating the qual-

ity of essential oils and potential application prospects. There-

fore, we summarize the main chemical composition of major



1020 ANTIVIRULENCE SPICE ESSENTIAL OILS…

F I G U R E 1 The chemical structures of spice essential oil constituents with antivirulence activities mentioned in the context: No. 1, Thymol;

No. 2, Carvacrol; No. 3, Linalool; No. 4, Eugenol; No. 5, Cinnamaldehyde; No. 6, Curcumin; No. 7, Allicin; No. 8, Piperine; No. 9, Geraniol; No.

10, Citronellol; No. 11, 6-Gingerol; No. 12, 6-Shogaol; No. 13, Zingerone; No. 14, Limonene; No. 15, Isoeugenol; No. 16, Carvone; No. 17,

Hexanal; No. 18, Citral; No. 19, Salicylic acid; No. 20, Menthol

spice essential oils in Table 1. The oil content and main bioac-

tive compounds are influenced by various factors, including

geographical origin, varieties, harvesting stages, climatic con-

ditions, and distillation techniques. In addition, the essential

oils of spices such as thyme, oregano, coriander, cloves, cin-

namon, turmeric, garlic, and black pepper are characterized

by high concentrations of thymol, carvacrol, linalool, eugenol,

cinnamaldehyde, curcumin, allicin, and piperine, respectively.

Among them, terpenoids such as thymol, carvacrol, linalool,

geraniol, and phenylpropenes, such as eugenol, cinnamalde-

hyde, and curcumin, are effective antibacterial agents (Got-

tardi, Bukvicki, Prasad, & Tyagi, 2016; Sandeep et al., 2017).

However, terpenes such as p-cymene and 𝛼-pinene have less

antibacterial effectiveness, mainly due to the presence of reac-

tive functional groups, such as hydroxyl groups and double

bonds, which can improve their water solubility and hydro-

gen binding capability (Alves, Duarte, Sousa, & Domingues,

2016).

3 BACTERIAL TOXINS

3.1 Inhibition of bacterial toxins by spice
essential oils
Many bacteria-mediated illnesses are caused by the ingestion

of preproduced toxins rather than the effect of living bacteria

themselves (Werber et al., 2013). Therefore, toxins are criti-

cal for controlling and treating widespread bacterial diseases

(Rasko & Sperandio, 2010). Recently, increasing reports have

highlighted the possibility of spice essential oils in inhibiting

the production of bacterial toxins in several toxin-producing

bacteria (Table 2) at sub-minimum inhibitory concentrations

(MICs), such as Staphylococcus aureus, Escherichia coli,
Streptococcus (Sc.), Vibrio cholerae, Campylobacter jejuni,
and Pseudomonas aeruginosa. The most studied compounds

in spice essential oils are allicin, carvacrol, thymol, cin-

namaldehyde, eugenol, and menthol.
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T A B L E 2 Inhibitory effects of spice essential oils and their major compounds on bacterial toxins

Spice essential oils Bacteria MIC
Concentrations
used

Inhibitory effects on
toxins References

Anethole and

4-allylanisole

from sweet fennel

seeds

V. cholerae CO533 10 µg/mL (no

growth inhibition)

Inhibit 50% of cholera

toxin production

(Chatterjee et al.,

2016)

50, 100 µg/mL (no

growth inhibition)

Inhibit 92% to 93% of

cholera toxin

production

Allicin MSSA and MRSA 32 to 64

µg/mL

2 to 16 µg/mL Inhibit 𝛼-toxin

production in a

dose-dependent

manner

(Leng et al., 2011)

Sc. pyogenes 0.2 µM Inhibit the hemolytic

activity of SLO

completely

(Arzanlou &

Bohlooli, 2010)

Sc. pneumoniae 3.15 µM/mL 0.61 µM/mL Inhibit the hemolytic

activity of PLY in

bacterial cell lysate

completely

(Arzanlou et al.,

2011)

1.84 µM/mL Inhibit the hemolytic

activity of PLY inside

intact bacterial cell

completely

Carvacrol S. aureus 0.3 µL/mL

(sub-MIC)

Inhibit enterotoxin

production

completely

(Souza, Oliveira,

Stamford,

Conceicao, &

Neto, 2013)

Cinnamaldehyde Ca. jejuni S-8 0.01% (sub-MIC) Inhibit the expression of

toxin related genes

cdtA, cdtB, cdtC

(Upadhyay et al.,

2017)

Cinnamon E. coli O157:H7 0.025% 0.75 MIC Inhibit Stx2 production

to a nondetectable

level

(Sheng et al., 2016)

EHEC 0.01% (v/v) Inhibit >threefold of

Shiga-like toxin gene

(Stx2) expression

(Y.G. Kim, Lee,

Kim, Baek, &

Lee, 2015)

Eugenol 26 strains of S.
aureus

128 to 512

µg/mL

16 to 64 µg/mL Inhibit SEA, SEB,

TSST, and

𝛼-hemolysin

production

significantly

(Qiu et al., 2010a)

Mentha piperita L. 28 clinic strains of S.
aureus

64 to

256 µg/mL

8 to 64 µg/mL Inhibit 𝛼-toxin, TSST-1,

SEA, and SEB

production in a

dose-dependent

manner

(Li et al., 2011)

Menthol S. aureus ACTT

29213, MRSA

strain 2985, 3701

>2 mg/mL 6 to 84 µg/mL Inhibit SEA, SEB,

TSST-1, and 𝛼-

hemolysin production

significantly

(Qiu et al., 2011a)

Origanum vulgare L. S. aureus 0.3 and 0.15 µL/mL

(sub-MICs)

Inhibit enterotoxin

production

completely

(de Souza, de

Barros, de

Oliveira, & da

Conceicao, 2010)

(Continues)
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T A B L E 2 (Continued)

Spice essential oils Bacteria MIC
Concentrations
used

Inhibitory effects on
toxins References

Perilla frutescens L.

Britton

S. aureus ATCC

29213, MRSA

strain 2985,

MRSA strain 3701

0.4 µL/mL 0.0625 MIC to 0.5

MIC

Inhibit 𝛼-toxin, TSST-1,

SEA, and SEB

production in a

dose-dependent

manner

(Qiu et al., 2011b)

Thymol S. aureus 0.15 µL/mL

(sub-MIC)

Inhibit enterotoxin

production

completely

(Souza et al., 2013)

S. aureus ATCC

29213 and MRSA

strain 2985

128 µg/mL 0. 0625 MIC to 0.5

MIC

Inhibit 𝛼-hemolysin,

SEA, and SEB

production in a

dose-dependent

manner

(Qiu et al., 2011a)

Abbreviations: Ca., Campylobacter; E., Escherichia; EHEC, Enterohemorrhagic E. coli; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-

susceptible Staphylococcus aureus; MIC, minimum inhibitory concentration; PLY, pneumolysin; S., Staphylococcus; Sc., Streptococcus; SEA, Staphylococcus aureus
enterotoxin A; SEB, Staphylococcus aureus enterotoxin B; SLO, Streptolysin O; TSST-1, toxic shock syndrome toxin 1; V., Vibrio.

3.2 Mechanisms of inhibition of bacterial
toxins by spice essential oils

Major toxins in S. aureus include 𝛼-toxin (𝛼-hemolysin),

enterotoxin (SEA and SEB), and toxic shock syndrome toxin

1 (TSST-1), and they play key roles in the pathogenesis of

infection (Grumann, Nubel, & Broker, 2014). The produc-

tion levels of these exotoxins are coordinately regulated by

complex networks, including the SarA protein family and

many two-component regulatory systems, such as AgrAC,

SrrAB, and SaeRAS (Leng et al., 2011; Oscarsson, Kanth,

Tegmark-Wisell, & Arvidson, 2006). Some studies find that

essential oils can block global regulators or the transcrip-

tion of genes involved in toxin production of S. aureus.

For instance, 1/2 MIC of thymol can reduce the transcrip-

tional levels of hla, sea, and seb genes by 10.2, 8.6, and 5.2

fold, respectively (Qiu et al., 2010b). Similarly, 16 µg/mL

of allicin can reduce the transcription of hla by 7.4-fold,

accompanied by reduced 𝛼-hemolysin production (Leng et al.,

2011). Thymol and allicin at sub-MICs also decrease the

transcription of agrA locus, which positively regulates the

production of 𝛼-hemolysin, SEB, and TSST-1 (Qiu et al.,

2011b).

Shiga toxin-producing E. coli (enterohaemorrhagic E. coli)
can produce Shiga toxins (Stx1 and Stx2) that are destruc-

tive to blood vessels, causing bloody diarrhea and severe

hemolytic uremic syndrome (HUS) (Etcheverria & Padola,

2013). Shiga toxins are encoded by the stx gene on the

prophage, and remain silent due to the presence of the cI

repressor. Once the lytic cycle of prophage is induced, the

cI protein begins self-cleavage, activating the transcription

and translation of stx gene to produce Shiga toxins (Iversen,

L’Abee-Lund, Aspholm, Arnesen, & Lindback, 2015). Sev-

eral studies report that spice essential oils can inhibit Shiga

toxin-coding gene and block the phage lytic cycle. Applica-

tion of 1/2 and 3/4 MIC of the essential oil from Zataria mul-
fiflora Boiss. reduces the production of Stx2, verified by the

upregulated expression of Stx2A gene (Khatibi et al., 2018).

In addition, oregano essential oil and its main active ingredi-

ent, carvacrol, also significantly downregulate the stx gene at a

very low sub-MIC concentration (0.005%), and the luxS gene

is also significantly downregulated (Mith, Clinquart, Zhiri,

Daube, & Delcenserie, 2015). Moreover, sub-MIC of cinna-

mon reduces the Shiga toxin of E. coli O157:H7 to an unde-

tectable level, which may be due to the decreased amounts of

Stx2-converting phage by blocking phage lytic cycle (Sheng,

Rasco, & Zhu, 2016).

Streptolysin O (SLO) and pneumolysin (PLY) are ubiq-

uitous virulence factors found in almost all serotypes of Sc.
pyogenes and clinical isolates of Sc. pneumoniae, respec-

tively. SLO and PLY belong to the family of pore-forming

toxins, which are also known as the thiol-activated toxins,

or the recently mentioned cholesterol-dependent cytolysins

(CDCs) (Chiarot et al., 2013). These toxins are highly active

only in their reduced state, and sulfhydryl-group (-SH) block-

ing agents are capable of inhibiting their activities. Allicin,

a main compound of essential oil from garlic, completely

inhibits the hemolytic activity of PLY at a concentration of

0.61 µM/mL, and it is speculated that allicin has a high affin-

ity to the SH group of cysteine residues via forming a disul-

fide bond between them, hindering the binding of the toxins

to the cells and formation of transmembrane pores (Arzanlou,

Bohlooli, Jannati, & Mirzanejad-Asl, 2011). Another simi-

lar study also shows that 0.2 µM/mL of allicin significantly

inhibits the hemolytic activity of SLO (Arzanlou & Bohlooli,

2010).

The mechanisms of spice essential oils on inhibiting the

production of toxins in toxin-producing bacteria mentioned

above are shown in Figure 2. Overall, spice essential oils

and their compounds can inhibit bacterial toxins mainly by
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F I G U R E 2 The schematic diagrams of the mechanisms of toxin inhibition by spice essential oils in Staphylococcus aureus (a), Escherichia coli
(b), and Streptococcus spp. (c)

disrupting the process of toxin production and its upstream

regulatory systems. Further studies are required to discover

more spice essential oil compounds with potent inhibitory

effects on bacterial toxins, and clarify the related molecular

mechanisms.

3.3 QS and its inhibitors
It is well known that there exists information exchange among

bacteria, and many bacteria can synthesize and release sig-

nal molecules called auto-inducers (AIs), the concentration

of which increases with the bacterial density. Once the sig-

nal accumulates to a certain threshold, it can activate the

expression of related genes to adapt to environmental changes,

resulting in bioluminescence production, biofilm formation,

sporulation, competence, and the secretion of other viru-

lence factors (Grandclement, Tannieres, Morera, Dessaux, &

Faure, 2016; Schuster, Sexton, Diggle, & Greenberg, 2013).

Such a regulatory system of bacterial biological behavior that

depends on the population density of bacteria is defined as

QS (Gokalsin, Aksoydan, Erman, & Sesal, 2017). QS has

been shown to play an important role in the pathogenesis of

pathogenic bacteria, and a number of virulence factors are

under its control (Harjai, Kumar, & Singh, 2010). Thus, it is

a reasonable and innovative strategy to target QS to attenu-

ate infections or other bacterial-induced diseases (S. Kumar,

Kolodkin-Gal, & Engelberg-Kulka, 2013; Reen, Gutierrez-

Barranquero, Parages, & O’Gara, 2018). Unlike traditional

bacteriostatic or bactericidal agents, QS inhibitors (QSIs) usu-

ally act at concentrations below the MIC, avoiding influenc-

ing bacterial growth and selective pressure for the develop-

ment of drug resistance (Defoirdt, 2018). The first described

QSI, halogenated furanones, and other synthetic substances

are limited in real application due to their inherent toxicity and

instability (Abdullah, Asghar, Butt, Shahid, & Huang, 2017).

Therefore, it is necessary to seek natural QSI, which overall

may be safer compared to synthetic ones.

3.4 The QS system in Gram-positive bacteria
The QS system with autoinducer peptides (AIPs) as a signal-

ing molecule is present in a variety of Gram-positive bacte-

ria. One well-studied bacterium is S. aureus, and most of its

virulence factors are regulated by the paradigmatic Agr sys-

tem. In this system, pro-AIPs are first produced by AgrD,

and then transported and processed into mature AIP by AgrB.

Subsequently, mature AIP binds to membrane-bound histi-

dine kinase AgrC, and the formed complex phosphorylates

and passes phosphate to a cognate cytoplasmic response reg-

ulator AgrA. Finally, the phosphorylated AgrA binds to P2

and P3 promoters and regulates the transcription of a series

of downstream virulence genes (Le & Otto, 2015). Moreover,

another QS cascade system, which is exemplified in Bacil-
lus cereus, regulates its virulence factors by AIP-binding tran-

scription factors. In this system, pro-AIP is secreted by PapR

and transferred to the extracellular environment, and then pro-

cessed into mature AIP by the neutral protease B (NprB).

PapR-AIP can be imported back into the cell by the oligopep-

tide permease (Opp) system, and binds to the transcription

factor PlcR, altering its DNA-binding domain and promoting

oligomerization, and finally regulates the transcription of tar-

get genes (Banerjee & Ray, 2017). The QS systems in these

two typical Gram-positive bacteria are illustrated in Figure 3.

3.5 The QS system in Gram-negative bacteria
N-acyl homoserine lactones (AHLs)-mediated LuxI/LuxR-

type QS system is the main QS system in many
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F I G U R E 3 The schematic diagrams of QS systems in Gram-positive bacteria represented by Staphylococcus aureus (a) and Bacillus cereus (b),

as well as in Gram-negative bacteria represented by Pseudomonas aeruginosa (c)

Gram-negative bacterial species (Rutherford & Bassler,

2012). In this system, LuxI homolog catalyzes AHL forma-

tion by forming an amide bond between an acyl side chain

of an acyl-carrier-protein (acyl ACP) and homoserine of

S-adenosylmethionine (Al), and then AHLs bind to LuxR

homolog, forming binary complexes to activate the tran-

scription of downstream genes (Chang et al., 2014). Some

examples are the CviI/CviR in Chromobacterium violaceum
and CqsA/CqsS in V. cholerae (Al-Shabib, Husain, Ahmad,

& Baig, 2017; Martin-Rodriguez et al., 2015). At present,

the QS system (Figure 3) is more deeply understood in

P. aeruginosa, which harbors four types of QS systems,

including two LuxI/LuxR-type (LasI/LasR and RhlI/RhlR)

systems, a pseudomonas quinolone signal (PQS) system,

and an integrating quorum sensing signal (IQS) system,

all of which influence almost 10% of gene expression in P.
aeruginosa, constituting a hierarchical regulatory network

(Shrikant & Chandrajit, 2018). These four types of sys-

tems synthesize N-3-oxododecanyol-L-homoserine lactone

(3OC12HSL), N-butanoyl-L-homoserine lactone (C4-HSL),

2-heptyl-3-hydroxy-4-quinolone (PQS), and IQS as respec-

tive signal molecules to form complexes with corresponding

receptors, and then activate genes encoding virulence factors

such as elastase, proteases, rhamnolipids, hemolysins, toxins,

pyocyanin, and alginate, which usually damage tissues and

organs and interfere with the defense mechanisms of the

human immune system, triggering different types of infection

(Guo et al., 2014; Kitao et al., 2018). Moreover, swarming

motility and biofilm formation are also under the control of

QS system in P. aeruginosa (Rutherford & Bassler, 2012).

3.6 The QS system in both Gram-positive and
Gram-negative bacteria
The LuxS/AI-2 QS system is considered as a way for commu-

nication among interspecies, and a highly homologous luxS

gene is widely distributed in both Gram-positive and negative

bacteria, catalyzing the production of AI-2 molecules with

similar chemical structures (Galloway, Hodgkinson, Bowden,

Welch, & Spring, 2011). The function of LuxS/AI-2 QS sys-

tem varies in different bacteria. LuxS/AI-2 QS system was

first identified in V. harveyi and was found to have the ability

to regulate bioluminescence in this bacterium. AI-2-based QS

system in Vibrio spp. also played important roles in regulat-

ing biofilm formation, stress tolerance (starvation and antibi-

otic treatment), and virulence production, such as pigments

and proteases (Brackma et al., 2008). Other biological pro-

cesses in diverse bacteria, such as biofilm formation in E. coli,
Sc. suis, and Sc. pneumoniae, pathogenicity, and tolerance

toward oxidative stress and heat shock in Haemophilus para-
suis, antibiotic susceptibility in Sc. Anginosus, as well as acid

resistance and transcription of many virulence genes in Sc.
Agalactiae, are also reported to be controlled by AI-2-based

QS, making QS inhibition an interesting antibacterial strategy

(Ma et al., 2017; Wang et al., 2015; Yadav et al., 2018; Zhang

et al., 2019; Zhao, Xue, Shang, Sun, & Sun, 2010). Here,

we take V. harveyi as a typical example to explain this AI-

2-based QS system (Martin-Rodriguez et al., 2015). If only

basal amounts of diffusible signal molecules are produced,

the QS cascade is initiated by the membrane-associated recep-

tors LuxPQ, which is in its active autophosphorylated state,

and can transfer phosphate to LuxO via the phosphotransfer

protein LuxU. The phosphorylated LuxO can then activate

the production of quorum-regulatory sRNAs (Qrr sRNAs),

which can work together with the chaperone protein Hfq,

resulting in the destabilization of mRNA that encodes the

response regulator LuxR. However, at high autoinducer con-

centrations, AI-2 molecules bind to the receptors LuxPQ and

convert them from kinases into phosphatases, causing dephos-

phorylation of LuxO and thereby inhibiting the formation of

Qrr sRNAs. The altered gene expression pattern keeps the
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LuxR mRNA stable and then results in the production of

LuxR.

3.7 Interference with QS system by spice
essential oils
Recent studies have reported that essential oils derived from

natural spices are ideal QSIs due to their wide availability and

environmental friendliness. The effects of spice essential oils

on the inhibition of QS are usually evaluated by the produc-

tion of a purple pigment violacein in C. violaceum and vir-

ulence factors in P. aeruginosa, such as pyocyanin, elastase,

rhamnolipids, EPS production, and biofilm formation, as well

as the bioluminescence production of Vibrio spp. (Alvarez

et al., 2014; Husain et al., 2015). The inhibitory effects of

spice essential oils and their major components on the QS

system are summarized in Table 3. Generally, spice essen-

tial oils inhibit QS at sub-MICs and attenuate a variety of

QS indicators in a concentration-dependent manner. Impor-

tantly, essential oils at sub-MICs have no influence on the

bacterial growth, suggesting that the reduction of QS indi-

cators by essential oils is not likely due to decreased bac-

terial density. Overall, the diversity in the anti-QS potential

of spice essential oils can be related to their different chem-

ical structures, and the compounds such as cinnamaldehyde,

eugenol, citronellol, and carvacrol seem more effective for QS

inhibition.

3.8 Mechanisms of QS inhibition by spice
essential oils
Two mechanisms, which are shown in Figure 4, have been

proposed to explain the anti-QS activity of spice essential

oils, including inhibition of the synthesis of QS signaling

molecules and the inactivation of cognate receptors, which,

in turn, inactivate the expression of virulence genes necessary

for cooperative behaviors.

The generation and accumulation of signal molecules is

the premise of activating the QS system, so suppressing the

production of signals can be relatively effective. Thymus vul-
gare essential oil and its major bioactive compounds like car-

vacrol and thymol can inhibit the production of AHLs in

P. fluorescens KM121 by 78% to 90% at sub-MIC, measured

by an indicator strain of C. violaceum CVO26 and verified by

LC-MS (Myszka et al., 2016). From the molecular level, sub-

MICs of carvacrol reduce the expression of AHL synthase-

encoding gene cviI in C. violaceum in a dose-dependent

way (Burt, Ojo-Fakunle, Woertman, & Veldhuizen, 2014).

In other research, molecular docking assay is used to reveal

that carvacrol forms 𝜋–𝜋 interaction with Phe123 and Phe102

residues in ExpI (LuxI homologue), resulting in reduced accu-

mulation of AHLs in Pectobacterium species (Joshi et al.,

2016). Curcumin at 1 µg/mL inhibits the formation of sig-

naling molecules in P. aeruginosa PAO1, causing a 25%

decrease of 3OC12HSL and more than 2% decrease of C4-

HSL (Rudrappa & Bais, 2008). Besides, cinnamaldehyde sig-

nificantly reduces the production of AHLs in P. aeruginosa,

and the decrease might be caused by hydrophobic interac-

tion and hydrogen bonding between cinnamaldehyde and LasI

(Chang et al., 2014). In Sc. pyogenes, cinnamaldehyde binds

efficiently with a homologous protein of LuxS, resulting in

the reduction of AI-2 production (Shafreen, Selvaraj, Singh,

& Pandian, 2014).

In addition, many spice essential oil components have been

reported to share similar chemical structures with signals

and can compete for binding with corresponding LuxR-type

receptors, resulting in the inactivation of QS signal recep-

tors and inhibition of QS-dependent virulence factors (Miller

et al., 2015). Spice essential oil constituents with diverse

chemical structures have wide inhibitory spectra against the

different lengths of AHLs produced by bacteria (Ahmad,

Viljoen, & Chenia, 2015). Molecular docking analysis reveals

that cinnamaldehyde can form hydrogen bonds with residues

Lys58 and Pro57 in the LuxR-type protein model, interfer-

ing with the formation of AHL-LuxR complexes of P. fluo-
rescens (Li et al., 2018). Another study shows that the puta-

tive conserved ligand-binding sites of LuxR homologs in V.
cholerae are composed of polar amino acid side chains and

hydrophobic residues, and the amphiphilic cinnamaldehyde

may irreversibly conjugate with LuxR via its nucleophilic

amino acid side chains and electrophilic acyl group, react-

ing as Michael-type addition reaction, thereby changing the

LuxR conformation and consequently decreasing the binding

of LuxR to its promoter DNA (Brackman et al., 2011). In

addition, 6-gingerol, a pungent oil derived from fresh ginger,

can bind with QS receptor LasR through hydrogen bonding

with Trp60, Arg61, and Tyr93, as well as hydrophobic inter-

actions with Leu40, Tyr47, Ala50, Ala70, Val76, and Ala127

in P. aeruginosa (J.S. Kim, Lee, Byun, & Park, 2015). 6-

Shogaol and zingerone are another two phenolic compounds

in ginger with strong QSI activity. Phenolic hydroxyl group of

zingerone can form hydrogen bonds with the residue Ser129

in LasR from P. aeruginosa, and the 𝜋–𝜋 interaction between

aromatic group and Tyr56 strengthens the overall binding

ability (L. Kumar, Chhibber, Kumar, Kumar, & Harjai, 2015;

N.V. Kumar, Murthy, Manjunatha, & Bettadaiah, 2014), indi-

cating that other phenolic substances such as eugenol, car-

vacrol, and thymol sharing similar chemical structures can

exert a similar anti-QS mechanism via binding with QS recep-

tors. This above hypothesis is supported by the study of

Jayalekshmi et al. (2016), who demonstrate that the aro-

matic hydroxyl and methoxy groups on eugenol can form

hydrogen bonds with critical amino acids Arg61 and Tyr47

of LasR, inhibiting the activation of LasR and downstream

genes. Besides, the length of the alkyl side chain and the

hetero linkage introduced between the phenolic moiety and
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F I G U R E 4 The schematic diagrams of the mechanisms of QS inhibition (left) and biofilm inhibition (right) effects by spice essential oils

long alkyl side chain may significantly affect the QSI activity

of these phenolic compounds (Jaramillo-Colorado, Olivero-

Verbel, Stashenko, Wagner-Dobler, & Kunze, 2012). For

instance, zingerone with shorter side chains has much lower

anti-QS ability than the other two compounds (6-gingerol and

shogaol) with longer side chains (N.V. Kumar et al., 2014).

Overall, spice essential oils can mainly block the QS sys-

tem by inhibiting the synthesis of QS signaling molecules and

inactivating QS signal receptors. However, the analogs of sig-

nal molecule AIP are mainly obtained through chemical syn-

thesis or microbial metabolites, and QSIs derived from spice

essential oils are limited (Daly et al., 2015; Simonetti et al.,

2016). Therefore, it is of great significance to discover novel

hyperactive and safe QSIs from spice essential oils or other

plant sources.

4 BACTERIAL BIOFILM

Biofilms can be defined as organized aggregates of homoge-

nous or heterogeneous microbial cells. Many bacteria have

the ability to attach to various biotic and abiotic surfaces, on

which they will proliferate, differentiate, and secrete a series

of extracellular polymeric substances (EPSs) to form a phys-

ical barrier to protect the inner bacteria from external hos-

tile conditions. EPS is a complex matrix that mainly contains

exopolysaccharides, proteins, nucleic acids, metal ions, and

water. Generally, biofilm formation can be divided into four

consecutive stages, including attachment, microcolony forma-

tion, maturation, and dispersion, forming a dynamic and cycli-

cal process (Gupta, Sarkar, Das, Bhattacharjee, & Tribedi,

2016). Biofilms formed in industrial and clinical environ-

ments can cause product contamination and food spoilage,

and cause difficulties in clinical treatment. In developed coun-

tries, biofilm is closely associated with bacterial infections,

which are the second leading cause of human death (Lewis,

2007). Moreover, secondary contamination can be caused by

the release of bacteria, metabolites, and toxins during the

process of biofilm rupture (Espina, Pagan, Lopez, & Garcia-

Gonzalo, 2015).

Once the biofilm is established, eradication of the mature

biofilm becomes difficult and requires mechanical forces

and chemical disruption, since the cells undergo irreversible

attachment and adhesion. The negatively charged EPSs

adhering to the cell surface are conducive to the formation

of stable microbial communities and three-dimensional

structure of biofilm, protecting inner cells from environmen-

tal stress, such as the innate immune defenses, radiation,

antibiotic treatment, and other damaging agents (de Oliveira,

Brugnera, Cardos, Alves, & Piccoli, 2010; Jadhav, Shah,

Bhave, & Palombo, 2013). In addition to the physical barrier,

absorption or mutual reaction may also occur between

antimicrobial agents and intercellular matrix components,

thus neutralizing the activities of these agents. Most of these

events occur at the outer part of biofilm, so the innermost

bacteria cannot be reached and finally survive (Cabarkapa

et al., 2015). Another factor contributing to the difficulty

in preformed biofilm eradication is that most antimicrobial

agents are more effective against actively growing cells. Due

to the lack of nutrients and oxygen, the bacteria embedded in

biofilm are metabolically inactive and nondividing persister

cells, and their tolerance is about 10 to 100 times higher than

planktonic bacteria (Cabarkapa et al., 2015; Miladi et al.,

2017). Gene expression patterns between planktonic and

sessile cells are different. Some genes involved in the upregu-

lation of secondary metabolic pathways, including antibiotic

resistance, have been found in the bacteria embedded within

the biofilm (Jafri, Ansari, & Ahmad, 2019). Therefore,

biofilm is one of the major targets for reducing bacterial

resistance and infective ability. Accordingly, the inhibition
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of biofilm formation and eradication of preformed biofilms

are considered as effective strategies to treat biofilm-related

infections. Spice essential oils show both biofilm inhibition

and biofilm eradication abilities (Table 4).

4.1 Inhibition of biofilm formation by spice
essential oils
Spice essential oils have been reported to interfere with

biofilm formation of different bacteria at sub-MICs under

in vitro conditions, without evidently affecting the growth

and metabolic activities of bacteria. For instance, essential

oils from oregano, clove, thyme, turmeric, garlic, lemon,

and their major bioactive compounds, such as carvacrol,

eugenol, thymol, curcumin, allicin, and limonene, show high

biofilm inhibition activities (Kim et al., 2016). However, few

in vivo studies are conducted to investigate their antibiofilm

activities. Eugenol is found to exhibit a notable activity

against the colonization (decrease 88%) of S. aureus in

the middle ear of rats (Yadav, Chae, Im, Chung, & Song,

2015).

Although the mechanisms of biofilm formation are com-

plicated, several factors still can be targeted for inhibiting

biofilm formation. The prevention of bacterial initial adhe-

sion and the subsequent irreversible maturation process have

been well documented as the major strategies for biofilm

inhibition (Silva, Zimmer, Macedo, & Trentin, 2016). The

schematic diagram is shown in Figure 4. Targeting the ini-

tial adhesion step can be the most promising way to inhibit

biofilm formation, as planktonic bacteria seem more sensi-

tive than biofilm-associated cells, leading to easier inhibition

by the application of certain spice essential oils (Hayat, Sabri,

& McHugh, 2018). Bacterial attachment mainly involves the

interaction between adhesive substances and receptors on the

host surface. Adhesive substances are fimbria and fimbrial

adhesin like surface-associated proteins, which are the main

targets of spice essential oils involved in inhibiting the ini-

tial attachment. For instance, a remarkable downregulation of

sortaseA encoding gene srtA is observed after the treatment

of lemon essential oil at sub-MIC. SortaseA is responsible

for sorting and anchoring surface protein P1 to the cell sur-

face of S. mutans (Sun et al., 2018). Additionally, 400 µg/mL

of limonene downregulates mga by over 80%, a surface

associated-M protein-encoding gene that plays an important

role in Sc. pyogenes adhesion (Subramenium, Vijayakumar, &

Pandian, 2015). Clove oil and eugenol inhibit more than 75%

of biofilm formation in E. coli O157:H7, accompanied by the

downregulated expression of type I fimbriae genes (fimCDH)

and curli genes (csgABDFG), which are important for bacte-

rial attachment (Kim et al., 2016). In addition, 50 µg/mL of

allicin reduces the expression of fimH type I fimbriae gene of

uropathogenic E. coli (UPEC) CFT073 and J96 by 64% and

77%, respectively, possibly due to the hydrogen bonds formed

between allicin and two amino acids (Phe1 and Asn135)

in FimH (Yang et al., 2016). It is worth mentioning that

attachment efficiency can be influenced by the characteristics

of host surfaces, such as physicochemical interaction forces

like hydrophobicity and electrostatic interactions (Gutierrez-

Pacheco et al., 2018; Hayat et al., 2018). A simple isoeugenol

coating inhibits the biofilm formation of S. aureus, L. mono-
cytogenes, and P. fluorescens through changing the hydropho-

bic properties of the surface (Nielsen et al., 2018). Simi-

larly, Sc. pyogenes fails to form biofilm on a limonene-coated

glass, stainless steel, or titanium piece (Subramenium et al.,

2015).

The formation of biofilm is really a complex pro-

cess involving a variety of environmental factors, such

as QS, extracellular polysaccharide, proteases, and other

global regulators (Lee, Kim, Ryu, & Lee, 2016). With

respect to Staphylococci, the most extensively reported genes

involved in biofilm formation are intercellular adhesion genes

icaD/icaA, coexpression of which provokes the synthesis

of viscous polysaccharide intercellular adhesion or poly-N-

acetylglucosamine (PIA/PNAG) (Budri et al., 2015). Some

S. aureus is ica-independent, in which the biofilm-associated

protein (Bap) is important for bacterial accumulation (Yadav

et al., 2015). In addition, the biofilm of Staphylococcus
is under the control of several genetic loci, namely, sarA
(staphylococcal accessory regulator), luxS, and agr QS sys-

tems (Azmi, Qrei, & Abdeen, 2019). Several spice essen-

tial oils and their components have been revealed to show

inhibitory effects on the production of EPS or the in-depth

regulatory genes. For instance, the EPS production in P.
aeruginosa PAO1 is reduced by 97.89% in the presence of

Murraya koenigii oil, accompanied by 39.59% of biofilm

inhibition (Bai & Vittal, 2014). Essential oil compounds,

such as carvone, hexanal, citral, geraniol, salicylic acid, thy-

mol, eugenol, and cinnamaldehyde, reduce EPS production in

P. fluorescens and Erwinia carotovora to different degrees, in

parallel to the reduction of biofilm formation (Zhang et al.,

2018). Moreover, eugenol reduces the expression of icaD
and sarA by 6.1- and 8.8-fold, respectively, in methicillin-

resistant S. aureus (Dhanawade, Kalorey, Srinivasan, Bar-

buddhe, & Kurkure, 2010; Yadav et al., 2015). A further

molecular docking analysis suggests the formation of hydro-

gen bonds and hydrophobic interaction between eugenol and

key residues (L153, K154) in SarA protein (Al-Shabib et al.,

2017).

4.2 Eradication of established biofilm by
spice essential oils
Biofilm eradication can be generally achieved in the presence

of spice essential oils at concentrations higher than MIC

values (Snoussi et al., 2015). Spice essential oils exhibit

better antibiofilm performance than their individual
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components, and the minor compounds, such as ter-

penoids, aldehydes, and ketones, may have a synergistic

effect with major bioactive compounds of essential oils (Oral

et al., 2010). Moreover, increasing concentrations of essen-

tial oils, extending incubation time, as well as modifying

experimental conditions, like increasing temperature and

changing pH, can also help to optimize the ultimate biofilm-

eradicating effects (Rodrigues et al., 2018; Vidács et al.,

2018).

Spice essential oils contain various volatile compounds,

which can easily diffuse through the polar polysaccharide

matrix of the biofilm. Although the influence of chemical

structures of spice oil components on their bactericidal effects

is not fully understood, studies have proved that hydroxyl

(-OH), methoxy (-OCH3), and olefinic bonds play quite

important roles, since compounds such as carvacrol, thymol,

cinnamaldehyde, and eugenol possessing these structural

characteristics show prominent bactericidal activities

(Castillo-Lopez, Gutierrez-Grijalva, Leyva-Lopez, Lopez-

Martinez, & Heredia, 2017). Besides, the general hydropho-

bicity feature of essential oil compounds promotes their

specific interaction with the lipid bilayers of cell cytoplasmic

membranes. With the accumulation of compounds, the mem-

branes disintegrate and increase their permeability, causing

the leakage of intracellular components and ultimately lead-

ing to homeostatic imbalance and cell death (Saviuc et al.,

2015). The extent of membrane damage is linked to intrinsic

hydrophobicity of individual compounds in essential oils,

which can be reflected by the log p-value. A compound with

log p-value greater than 3 is defined to have a high membrane

affinity, such as carvacrol and thymol, with log p-values of

3.62 and 3.30, respectively (Nostro et al., 2007). Additionally,

these bioactive compounds can also act as direct bactericidal

agents by disturbing membrane-related proteins, interfering

with DNA synthesis, inhibiting ATPase activities, and block-

ing the electron transfer chains (Budri et al., 2015; Chueca,

Pagan, & Garcia-Gonzalo, 2014). It is generally believed that

lipophilic essential oil compounds show a stronger ability

to eradicate preformed biofilm of Gram-positive bacteria.

However, the hydrophilic lipopolysaccharide structure on

the membrane of Gram-negative bacteria may hinder the

penetration of these compounds.

Treatment of sub-MIC spice essential oils and their com-

pounds can also induce the biofilm dispersal by modulating

a secondary messenger molecule, bis-(3′–5′)-cyclic dimeric

guanosine monophosphate (c-di-GMP). c-di-GMP can trans-

form from the planktonic to the sessile state to establish

biofilm formation and promote the production of other viru-

lence factors (Krasteva, Giglio, & Sondermann, 2012). Treat-

ment with carvacrol at 1.5 mM (0.125 MIC) reduces 47.3%

of preformed biofilm and 66.2% of c-di-GMP expression in

P. aeruginosa PAO1, without evident killing of biofilm

matrix-embedded cells (Topa et al., 2018).

5 BACTERIAL MOTILITY

Flagellae, the main motor organ system of bacteria, and their

motility, the simplest biological behavior, are prerequisites for

adhesion and invasion, playing important roles in the early

stage of infection (Salehi et al., 2017). With the help of flag-

ella, bacteria can enter an advantageous environment and

travel toward the surface of epithelial cells through the vis-

cous mucus barrier (Rivera-Chavez et al., 2013). Flagellae and

their motility also play important roles in biofilm formation

and are closely related to the secretion of other bacterial vir-

ulence factors (Duan et al., 2012). Flagella-regulated motility

is critical for the pathogenesis of several bacteria, including

Proteus mirabilis, P. aeruginosa, Sa. enteritidis, Helicobacter
pylori, L. monocytogenes, and enteropathogenic E. coli (Kao

et al., 2014).

Bacterial motility can be divided into flagella-mediated and

nonflagella-mediated motility. Flagella-mediated movement

includes swimming and swarming. Swimming refers to the

linear or tossing movement of bacteria in a liquid or viscous

environment by the impetus of polar or circumferential flag-

ella (Deditius et al., 2015). Swarming migration refers to a

complex process, in which short and vegetative cells differ-

entiate into swarm cells assembled with flagella, facilitating

the spread from the inoculation point to the periphery on

a semisolid medium (Kearns, 2010). The twitching motion

is a form of flagella-independent bacterial translocation and

is powered by the extension and contraction of type IV pili

located at one or both terminals of the cell (Burrows, 2012;

Murray & Kazmierczak, 2008). The movement of bacteria

toward the target surface is usually mediated by swimming

motility, and subsequent colony adhesion and diffusion are

mainly mediated by swarming and twitching.

5.1 Inhibition of bacterial motility by spice
essential oils
The effective strategies of inhibiting bacterial motility and

subsequent serious infections include the use of spice essential

oils and corresponding effective compounds, and the related

studies are summarized in Table 5. The inhibitory effects of

spice essential oils on motility vary due to the differences

among the diverse compounds in spice essential oils and their

targeted pathogens. Some spice essential oils can affect one or

two forms of motility, and others can obstruct all three kinds

of motility, leading to the inhibition of adhesion and subse-

quent invasion of pathogens in the host.

5.2 Mechanisms of inhibiting bacterial
motility by spice essential oils
The mechanisms by which essential oils inhibit bacte-

rial motility, especially flagella-mediated motility, can be



1044 ANTIVIRULENCE SPICE ESSENTIAL OILS…

T
A

B
L

E
5

In
h
ib

it
o
ry

ef
fe

ct
s

o
f

sp
ic

e
es

se
n
ti

al
o
il

s
an

d
th

ei
r

m
aj

o
r

co
m

p
o
u
n
d
s

o
n

b
ac

te
ri

al
m

o
ti

li
ty

Sp
ic

e
es

se
nt

ia
l

oi
ls

Ba
ct

er
ia

M
IC

Te
st

ed
co

nc
en

tr
at

io
n

M
ot

ili
ty

in
hi

bi
to

ry
ef

fe
ct

s
R

ef
er

en
ce

s
C

ar
v
ac

ro
l

C
a.

je
ju

ni
st

ra
in

s
1
0
8

(1
2
9
1
0
8
,

1
0
8
W

T
)

0
.2

m
M

N
o

m
o
ti

li
ty

o
b

se
rv

ed
u

n
d

er
ti

m
e-

la
p

se

m
ic

ro
sc

o
p
y

In
h
ib

it
4
5
.6

%
o
f

in
v
as

io
n

to
IN

T
-4

0
7

ce
ll

s

(v
an

A
lp

h
en

et
al

.,
2
0
1
2
)

C
a.

je
ju

ni
st

ra
in

s
8
1
1
6

0
.2

5
m

M
N

o
m

o
ti

li
ty

o
b

se
rv

ed
u

n
d

er
ti

m
e-

la
p

se

m
ic

ro
sc

o
p
y

Sa
.t

yp
hi

m
ur

iu
m

D
T

1
0
4

2
m

M
1

m
M

In
h
ib

it
m

o
ti

li
ty

an
d

th
e

in
v
as

io
n

to
p
o
rc

in
e

in
te

st
in

al
ep

it
h

el
ia

l
ce

ll
s

si
g

n
if

ic
an

tl
y

(I
n
am

u
co

et
al

.,
2
0
1
2
)

C
a.

je
ju

ni
S

-8
0
.0

0
1
%

to
0
.0

0
2
%

(n
o

g
ro

w
th

in
h
ib

it
io

n
)

R
ed

u
ce

zo
n
e

o
f

m
o
ti

li
ty

fr
o
m

5
to

<
4

cm
(U

p
ad

h
y
ay

et
al

.,
2
0
1
7
)

L.
m

on
oc

yt
og

en
es

0
.7

5
m

M
0
.5

an
d

0
.6

5
m

M
R

ed
u
ce

zo
n
e

o
f

m
o
ti

li
ty

fr
o
m

6
to

<
2
.5

cm

In
h
ib

it
2
0
%

to
3
0
%

o
f

at
ta

ch
m

en
t

an
d

in
v
as

io
n

to

h
u
m

an
co

lo
n

ad
en

o
ca

rc
in

o
m

a
(C

ac
o
-2

)
an

d

h
u

m
an

b
ra

in
m

ic
ro

v
as

cu
la

r
en

d
o
th

el
ia

l
ce

ll
s

(H
B

M
E

C
s)

(U
p
ad

h
y
ay

et
al

.,
2
0
1
2
)

C
in

n
am

al
d
eh

y
d
e

L.
m

on
oc

yt
og

en
es

0
.9

m
M

0
.5

an
d

0
.7

5
m

M

C
a.

je
ju

ni
S

-8
0
.0

5
%

to
0
.0

1
%

(n
o

g
ro

w
th

in
h

ib
it

io
n

)

In
h
ib

it
>

7
0

%
o

f
m

o
ti

li
ty

R
ed

u
ce

zo
n
e

o
f

m
o
ti

li
ty

fr
o
m

5
to

<
1

cm

(U
p
ad

h
y
ay

et
al

.,
2
0
1
7
)

F
o
u
r

st
ra

in
s

o
f

Sa
.e

nt
er

ic
a

0
.0

1
%

(n
o

ce
ll

re
d
u
ct

io
n
)

In
h
ib

it
3
.7

%
to

7
.1

5
%

o
f

m
o
ti

li
ty

,
2
8
.8

%
to

4
3
.5

%

o
f

in
v
as

io
n

to
av

ia
n

in
te

st
in

al
ep

it
h
el

ia
l

ce
ll

s

(K
o
ll

an
o
o
r-

Jo
h
n
y

et
al

.,
2
0
1
2
)

T
h
y
m

o
l

L.
m

on
oc

yt
og

en
es

0
.6

m
M

0
.3

3
an

d
0
.5

m
M

R
ed

u
ce

zo
n
e

o
f

m
o
ti

li
ty

fr
o
m

6
to

<
2
.5

cm

In
h
ib

it
2
0
%

to
3
0
%

o
f

at
ta

ch
m

en
t

an
d

in
v
as

io
n

to

h
u
m

an
co

lo
n

ad
en

o
ca

rc
in

o
m

a
(C

ac
o
-2

)
an

d

h
u

m
an

b
ra

in
m

ic
ro

v
as

cu
la

r
en

d
o
th

el
ia

l
ce

ll
s

(H
B

M
E

C
s)

(U
p
ad

h
y
ay

et
al

.,
2
0
1
2
)

E
u
g
en

o
l

F
o
u
r

st
ra

in
s

o
f

Sa
.e

nt
er

ic
a

C
a.

je
ju

ni
S

-8

0
.0

4
%

(n
o

ce
ll

re
d
u
ct

io
n
)

0
.0

0
5
%

to
0
.0

1
%

(n
o

g
ro

w
th

in
h
ib

it
io

n
)

In
h
ib

it
3
.8

%
to

5
.3

%
o
f

m
o
ti

li
ty

,
1
4
.3

%
to

2
7
.8

%

o
f

in
v
as

io
n

to
av

ia
n

in
te

st
in

al
ep

it
h
el

ia
l

ce
ll

s

R
ed

u
ce

zo
n
e

o
f

m
o
ti

li
ty

fr
o
m

5
to

<
3

cm

In
h
ib

it
th

e
at

ta
ch

m
en

t
fr

o
m

4
.2

to
1
-1

.5
lo

g

C
F

U
/m

L

(K
o
ll

an
o
o
r-

Jo
h
n
y

et
al

.,
2
0
1
2
)

(C
o

n
ti

n
u

es
)



ANTIVIRULENCE SPICE ESSENTIAL OILS… 1045

T
A

B
L

E
5

(C
o
n
ti

n
u
ed

)

Sp
ic

e
es

se
nt

ia
l

oi
ls

Ba
ct

er
ia

M
IC

Te
st

ed
co

nc
en

tr
at

io
n

M
ot

ili
ty

in
hi

bi
to

ry
ef

fe
ct

s
R

ef
er

en
ce

s
(U

p
ad

h
y
ay

et
al

.,
2
0
1
7
)

C
in

n
am

ic
ac

id
P.

flu
or

es
ce

ns
0
.1

m
g
/m

L
In

h
ib

it
6
9
.2

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

(N
ai

k
,

W
ah

id
u

ll
ah

,
&

M
ee

n
a,

2
0
1
3
)

C
it

ra
l

Er
.c

ar
ot

ov
or

a
2
.5

m
g
/m

L
0
.1

m
g
/m

L
In

h
ib

it
5
2
.4

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
5
6
.5

%
o
f

sw
im

m
in

g
m

o
ti

li
ty

(Z
h
an

g
et

al
.,

2
0
1
8
)

P.
flu

or
es

ce
ns

5
m

g
/m

L
0
.1

m
g
/m

L
In

h
ib

it
9
2
.3

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
8
0
.8

%
o
f

sw
im

m
in

g
m

o
ti

li
ty

C
r.

sa
ka

za
ki

iA
T

C
C

2
9
5
4
4

0
.0

2
m

g
/m

L
In

h
ib

it
4
1
.7

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
8
.3

%
o
f

sw
im

m
in

g
m

o
ti

li
ty

(S
h
i

et
al

.,
2
0
1
7
)

C
in

na
m

om
um

ze
yl

an
ic

um
R.

so
la

na
ce

ar
um

1
p
p
m

(a
p
p
ro

x
im

at
el

y

1
µ

g
/m

L
)

In
h

ib
it

sw
im

m
in

g
an

d
tw

it
ch

in
g

m
o
ti

li
ty

co
m

p
le

te
ly

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
ar

m
in

g
zo

n
e

fr
o
m

7
8

to
2
0

m
m

(H
o
ss

ei
n
za

d
eh

,
S

h
am

s-
B

ak
h
sh

,

&
H

o
ss

ei
n
za

d
eh

,
2
0
1
3
)

Th
ym

us
vu

lg
ar

is
In

h
ib

it
sw

im
m

in
g

an
d

tw
it

ch
in

g
zo

n
e

co
m

p
le

te
ly

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
ar

m
in

g
zo

n
e

fr
o
m

7
8

to
4

m
m

La
va

nd
ul

a
An

gu
sti

fo
lia

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
im

m
in

g
zo

n
e

fr
o
m

6
4

to
2
8

m
m

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
ar

m
in

g
zo

n
e

fr
o
m

7
8

to
1
1

m
m

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

tw
it

ch
in

g
zo

n
e

fr
o
m

1
2

to
8

m
m

C
lo

v
e

P.
ae

ru
gi

no
sa

P
A

O
1

0
.0

1
%

to
1
%

(n
o

g
ro

w
th

in
h

ib
it

io
n

)

In
h
ib

it
5
9
.5

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
2
4
%

o
f

tw
it

ch
in

g
m

o
ti

li
ty

(J
ay

al
ek

sh
m

i
et

al
.,

2
0
1
6
)

(C
o

n
ti

n
u

es
)



1046 ANTIVIRULENCE SPICE ESSENTIAL OILS…

T
A

B
L

E
5

(C
o
n
ti

n
u
ed

)

Sp
ic

e
es

se
nt

ia
l

oi
ls

Ba
ct

er
ia

M
IC

Te
st

ed
co

nc
en

tr
at

io
n

M
ot

ili
ty

in
hi

bi
to

ry
ef

fe
ct

s
R

ef
er

en
ce

s
C

u
rc

u
m

in
Sa

.e
nt

er
ic

a
2
0

µ
M

(n
o

g
ro

w
th

in
h

ib
it

io
n

)

R
ed

u
ce

6
5
%

to
8
0
%

o
f

th
e

d
ia

m
et

er
o
f

sw
im

an
d

sw
ar

m
co

lo
n
y

(M
ar

at
h
e

et
al

.,
2
0
1
6
)

E.
co

li
1
9
2

µ
g

/m
L

1
0
0

µ
g

/m
L

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
im

m
in

g
zo

n
e

fr
o
m

4
5
.8

to
4
.3

m
m

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
ar

m
in

g
zo

n
e

fr
o
m

2
4

to
5
.9

m
m

(P
ac

k
ia

v
at

h
y

et
al

.,
2
0
1
4
)

P.
ae

ru
gi

no
sa

P
A

O
1

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
im

m
in

g
zo

n
e

fr
o
m

4
6
.1

to
6
.6

m
m

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
ar

m
in

g
zo

n
e

fr
o
m

2
2
.3

to
4
.4

m
m

Pr
.m

ira
bi

lis
R

ed
u
ce

th
e

d
ia

m
et

er
o
f

sw
im

m
in

g
zo

n
e

fr
o
m

4
3
.4

to
2
0
.8

m
m

R
ed

u
ce

th
e

d
ia

m
et

er
o
f

sw
ar

m
in

g
zo

n
e

fr
o
m

4
3
.7

to
7
.8

m
m

Pe
la

rg
on

iu
m

gr
av

eo
le

ns
Pr

.m
ira

bi
lis

8
.9

6
m

g
/m

L
(s

u
b
-M

IC
)

In
h
ib

it
5
0
%

o
f

sw
ar

m
in

g
ab

il
it

y
(M

al
ik

et
al

.,
2
0
1
5
)

P
ip

er
in

e
Py

lo
ri

1
2
5

µ
M

1
0
0

µ
M

In
h
ib

it
4
0
%

o
f

at
ta

ch
m

en
t

(T
h
ar

m
al

in
g
am

et
al

.,
2
0
1
4
)

Ro
se

m
ar

in
us

of
fic

in
al

is
L

.

P.
ae

ru
gi

no
sa

5
to

2
5

µ
L

/m
L

(M
IC

9
0
)

S
u
b
-M

IC
s

A
lt

er
tw

it
ch

in
g
,
sw

ar
m

in
g
,

an
d

sw
im

m
in

g
ab

il
it

y
(A

ra
b
y

&
E

l-
T

ab
la

w
y,

2
0
1
6
)

Sy
zy

gi
um

ar
om

at
ic

um
C

a.
je

ju
ni

2
0
0

µ
g

/m
L

5
0

µ
g

/m
L

In
h

ib
it

sw
ar

m
in

g
ab

il
it

y
(K

o
v
ac

s
et

al
.,

2
0
1
6
)

P.
ae

ru
gi

no
sa

A
T

C
C

1
5
6
9
2

1
%

(v
/v

)
In

h
ib

it
5
9
.5

%
o
f

sw
im

m
in

g
m

o
ti

li
ty

,
3
5
%

o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
2

4
%

o
f

tw
it

ch
in

g
m

o
ti

li
ty

(J
ay

al
ek

sh
m

i
et

al
.,

2
0
1
6
)

S
al

ic
y
li

c
ac

id
Er

.c
ar

ot
ov

or
a

0
.1

m
g
/m

L
In

h
ib

it
5
2
.5

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
5
5
.7

%
o
f

sw
im

m
in

g
m

o
ti

li
ty

(L
em

o
s

et
al

.,
2
0
1
4
)

B.
ce

re
us

In
h
ib

it
1
6
.8

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

,
7
2
.8

%
o
f

sw
im

m
in

g
m

o
ti

li
ty

P.
flu

or
es

ce
ns

In
h
ib

it
8
2
.4

%
o
f

sw
ar

m
in

g
m

o
ti

li
ty

A
b
b
re

v
ia

ti
o
n
s:

B.
,
Ba

ci
llu

s;
C

a.
,
C

am
py

lo
ba

ct
er

;
C

r.,
C

ro
no

ba
ct

er
;

E.
,
Es

ch
er

ic
hi

a;
Er

.,
Er

w
in

ia
;

H
.,

H
el

ic
ob

ac
te

r;
L.

,
Li

ste
ri

a;
P.

,
Ps

eu
do

m
on

as
;

Pr
.,

Pr
ot

eu
s;

R.
,
Ra

lst
on

ia
;

Sa
.,

Sa
lm

on
el

la
.



ANTIVIRULENCE SPICE ESSENTIAL OILS… 1047

generally divided into three types, including destroying the

basic function of flagella without affecting their synthesis,

inhibiting the formation of flagella, and degrading the formed

flagella.

Retaining the flagella-mediated motility but interfering

with their normal function is considered the first way to

inhibit the pathogenicity of bacteria. For instance, Ca. jejuni
loses its motility in the presence of 0.2 mM of carvacrol,

associated with the blocking of flagellar function rather than

inhibition of flagellar formation (van Alphen, Burt, Vee-

nendaal, Bleumink-Pluym, & van Putten, 2012). Similarly,

1 mM of carvacrol does not inhibit the bacterial growth of

Sa. typhimurium, but completely inhibits the bacterial motil-

ity, without significant changes in flagellin density (Inamuco

et al., 2012). However, research to date is limited to the

observed phenomena, and the interpretation at the molecular

level, such as through genes and proteins, is not well under-

stood and needs further study.

The synthesis of flagellin requires a large quantity of energy

(Tremblay, Aklujkar, Leang, Nevin, & Lovley, 2012). Once

bacteria are under adverse conditions such as exposure to

essential oils, it is a feasible survival strategy to inhibit flagella

production and to store energy for other physiological func-

tions of cells (Burt et al., 2007). The introduction of 1 mM

of carvacrol inhibits the synthesis of flagella in E. coli at the

early stage of its growth (Burt et al., 2007). The inhibition

of flagella synthesis is primarily caused by inhibiting related

genes. Clove essential oil and piperine, the main compound of

black pepper essential oil, are able to downregulate the expres-

sion of flagellar synthesis genes flhB in Ca. jejuni, and both

flhA and flagellar hook gene flgE in H. pylori at sub-MICs

(Kovacs et al., 2016; Tharmalingam et al., 2014). Besides, the

sub-MIC (0.01%) of trans-cinnamaldehyde and eugenol also

reduce the motility and infection of Sa. enteritidis, and the

expression of motA, a gene that regulates flagellar assembly,

and flhC, a gene that regulates flagellin production, are sig-

nificantly downregulated (Kollanoor-Johny et al., 2012).

Spice essential oils can also induce the degradation of exist-

ing flagella. Marathe et al. (2016) report that 0.2 µM of cur-

cumin decreases the number of flagellated bacteria from 84%

to 59%, without significant change in the expression of flag-

ellin synthesis-related genes, such as flhD, fliC, and fljB. Fluo-

rescence binding and computational analysis predict that cur-

cumin can bind to the conserved amino acid residues in the

core area and the outer surface of flagellar filaments, increas-

ing the torsional stress and making the flagellin fragile enough

to be easily broken into small fragments (Marathe et al., 2016).

In addition, the binding site of curcumin on Sa. typhimurium
flagellin is somewhat conserved among other bacteria, it is

predicted that curcumin can inhibit the bacterial motility in

other pathogenic bacteria.

It must be mentioned that while flagellar degradation can

destroy bacterial motility and reduce corresponding adhesive

and infective abilities, the disappearance of flagella may also

cause undesirable changes. Flagellin contains a pathogen-

associated molecular pattern that initiates a signal transduc-

tion cascade. It activates mitogen-activated protein kinase and

nuclear factors-𝜅B signaling pathway by binding to a toll-like

receptor 5 on epithelial cells, allowing the host to obtain an

adaptive immune response (Yoon et al., 2012). This property

is very important for the host to recognize pathogens. If the

flagella of bacteria degrade in the exposure of essential oils,

this might cause problems for the host immune system to rec-

ognize and remove pathogenic bacteria. Therefore, this issue

should be considered in planning for the use of essential oils.

6 CONCLUSIONS AND
PERSPECTIVES

Virulence properties, including toxins, QS system, biofilm,

and motility, are all important in the pathogenesis of bacteria

in various infections. Spice essential oils can be appealing and

promising to control pathogens by targeting their virulence

factors rather than killing bacteria, leading to reduced selec-

tion pressure and chances of developing drug resistance. Cur-

rent research mainly focuses on some effective spice essen-

tial oils and compounds that have been discovered, such

as thymol, carvacrol, and cinnamaldehyde. Further studies

should be undertaken to discover new antivirulence essential

oil compounds, which can be potential antibiotic alternatives

with promising applications. In addition, although many spice

essential oils have been revealed to exhibit inhibitory effects

on multiple virulence factors, the in-depth validation and

interpretation of the molecular mechanisms for the effective-

ness of the compounds are still limited and need more inves-

tigation. Besides, nanotechnology can be used to improve the

properties of essential oils, such as their solubility, stabil-

ity, odor, and efficacy. For instance, a delivery system can

be used to transfer and release the active compounds at the

site of action directly, thus reducing their loss. EPS degrading

enzymes such as DNase I and dispersin B for biofilm eradica-

tion can be combined with essential oil nanoparticles, improv-

ing the antibiofilm activity of essential oils. Therefore, bet-

ter antivirulence effects of such compounds can be expected,

based on advanced nanotechnology. Moreover, the biological

activity and toxicity studies of spice essential oils are limited

under in vivo conditions and clinical tests; thus, further studies

should be conducted in appropriate animal models and human

to assess the efficacy, therapeutic value, and safety of spice

essential oils.
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