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ABSTRACT

There is growing concern of antimicrobial resistance which is due to the misuse
and overuse of available chemotherapeutic antimicrobial agents. Efforts to
identify drug targets that reduce the possibility of drug resistance are currently
underway. Consequently, disruption of bacterial quorum sensing (QS) has
been identified as a possible target to combat microbial infections. Quorum
sensing is a form of bacterial cell-to-cell communication that plays an important
role in the pathogenicity of bacteria. Microbial agents that disrupt quorum
sensing alter microbial pathogenicity with little effect on the survival of the
pathogens and hence a good option to investigate. The aim of this study was to
investigate the antiquorum sensing potential of some commercially important
essential oils (EOs) with known antimicrobial activity, against Chromobacterium
violaceum.

In this study, the antimicrobial activity of 107 EOs was assessed against six
microbial pathogens representing Gram-positive, Gram-negative and fungal
pathogens. The agar well diffusion assay and the microplate broth dilution
assay were used to determine the zones of inhibition (ZOI) and minimum
inhibitory concentrations (MICs), respectively. Qualitative determination of AQS
activity of the EOs was performed against Chromobacterium violaceum using
the agar well diffusion assay to determine zones of turbidity (ZOT). The
minimum quorum sensing inhibitory concentrations (MQSIC) of the oils were
determined using the microdilution broth assay. Quantitative AQS activity was
determined spectrophotometrically and expressed as percentage inhibition of
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violacein production. In order to identify and correlate EO constituents to AQS
activity, the chemical composition of the EOs was determined using gas
chromatography flame ionization detector coupled to mass spectrometry (GCFID-MS) and two dimensional chromatography time-of-flight coupled to mass
spectrometry (GCXGC-ToF-MS).

Both the chromatographic and bioactivity

data for the EOs were imported into SIMCA P+13.0 chemometrics software for
multivariate data analysis. Orthogonal projections to latent structures
discriminant analysis (OPLS-DA) was used to filter out putative biomarker
compounds with observed antimicrobial and AQS activities.

Out of all the 107 EOs, good antimicrobial activity was observed for Citrus
limon (5.25 ± 0.35 mm zone of inhibition). Satureja hortensis, Cinnamomum
zeylanicum, Amyris balsamifera and Origanum compactum had broadspectrum antimicrobial activity. Cymbopogon species exhibited broad-spectrum
antimicrobial activity (active against a wide range of pathogenic fungi and
bacteria) and notable AQS effects. The overall results demonstrate that there is
no obvious correlation between AQS and antimicrobial activity of the
investigated essential oils. Geraniol and geranial were found to be good
antimicrobial and AQS activity biomarkers.
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND OF THE STUDY
Microbial resistance to chemotherapeutic agents is increasingly becoming a
concern worldwide due to increasing treatment failures. The devastating
outcome is that pathogens become more virulent, standard treatments become
less effective and infections persist leading to disability and sometimes death
(Oldfield and Feng, 2014). Although antimicrobial resistance usually develops
naturally due to genetic factors, among others, the process is exacerbated by
the misuse and overuse of antimicrobial agents. Over-prescription of
antimicrobial agents such as the use for non-bacterial infections has been
identified as a major contributor. Furthermore the use of antimicrobials as
growth promoters in animal husbandry has contributed significantly to
antimicrobial resistance. Researchers have therefore been prompted to identify
alternatives that can be used to complement currently available therapies.

1.1.1 Natural products as antimicrobial agents
The use of natural products of plant origin in the treatment of various infections
has been common practise for many years. To date, most third world countries
use medicinal plants as part of their primary healthcare. Indigenous traditional
systems use plants in the form of decoctions, infusions and inhalations to treat
a wide range of infections. These systems have been adopted as extracts (nonvolatile fraction) and essential oils (volatile fraction) that are now extensively
researched to provide scientific basis for their traditional use. Due to the surge
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in drug resistance, efforts have been channelled to identifying plants that are
used to treat infections. Some of the commonly used natural products in the
treatment of infections include; Essential oils usage as antibacterial, antiinflammatory, antiparasitic, antiviral, mucolytic and expectorants (Moussaoui
and Alaoui, 2016) and Cinnamomum zeylanicum in the treatment of urinary
tract

infections

and

antiseptic

(Aumeeruddy-Elalfi,

Gurib-Fakim

and

Mahomoodally, 2016).

Aromatic plants make a significant contribution in the treatment of infections
due to the presence of highly active essential oils (EOs). Essential oils are an
important component in this practise exhibiting numerous biological effects that
include; antimicrobial, anti-oxidant and repellence, among others. Essential oils
have found wide spread application in food preservation, perfumery,
aromatherapy and pharmaceutical industries (Piaru et al., 2012). Of interest in
this study is the application of EOs as traditional therapies for the treatment of
infections.

1.1.2 Essential oils as antimicrobial agents
The antimicrobial potential of EOs is observed through their proven use or
application as bactericidal, antibiofilm and anti-adhesive properties against
Salmonella typhimurium (Miladi et al., 2016). Through literature searches,
several oils have been reported for use in the treatment of microbial infections.
The potential application of EOs as natural antimicrobial agents has been
documented through several researches on this topic. The modes of action of
these EOs have not been thoroughly elucidated with several hypothesis been
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outlined but only few being scientifically validated. Inhibition of quorum sensing
among bacteria has been postulated as one of the many MOAs of essential oils
however, there is little evidence in the scientific domain to verify this hypothesis
(Vasavi, Arun and Rekha, 2013). Although the studies have yielded promising
results, the ability of micro-organisms to form biofilms as a resistance
mechanism became a subject of concern. In order to establish possible
solutions for combating resistance, research has evolved to focus more on
investigating the effects on resistant forms of bacteria.

Ongoing research has identified disruption of biofilms as a potential research
strategy which could go a long way in fighting bacterial resistance. On the other
hand,

quorum

sensing,

commonly

known

as

bacterial

cell-to-cell

communication, has been reported to play a key role in the overall
pathogenicity of micro-organisms (Krishnan, Yin and Chan, 2012). In summary
QS involves both the synthesis, release and detection of signalling molecules
called auto-inducers which then regulate QS controlled gene expression once
the critical concentration i.e. threshold population is attained (Martín-Rodríguez
et al., 2015). In general QS regulates gene expression and responses which
can either be intra-species and or interspecies related (Jahid et al., 2015).
Therefore antimicrobial agents that disrupt QS in bacteria have the potential to
advance the fight against antimicrobial resistance.

The study firstly screened EOs for both antimicrobial and AQS activity against
selected microbial pathogens. The key benefit of carrying out both assays was
to get a broad insight and clear understanding of the modes of action due to
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possibility of varying targets in microbial cells (Yap et al., 2014). The overall
results will enable a solid conclusion on the correlation between antimicrobial
and AQS activities of the EOs. This will also raise more research questions and
potential framework for other researchers who may have an interest in AQS
activities of medicinal plants.

Previous research has reported synergy between extracts as well as
antibiotics. Such results demonstrated that crude plant extracts and /or
combinations of compounds were more potent antimicrobials compared to
individual compounds. In this manner it is much more complex to interpret
herbal research outcomes and so comprehensive specialty fields must come
into play (Mundy L., Pendry B. & Rahman M., 2016). Ghabraie et al. (2015)
also highlighted that even though good activity can be linked to biomarkers, it is
still a complex generalization for results interpretation since these biological
effects may be due to synergism between EO constituents at varying
concentrations. In addition, previous studies have also shown the contrasting
results to the general theory suggesting that biological effects such as
antimicrobial activities of EOs are due to interactions of all constituent
compounds rather than individual constituents. Moreover the complexity of
results was exhibited by the findings in which sufficient inhibition of biofilm
formation was achieved by individual constituents (Kerekes et al., 2013).

1.1.2.1 Essential oils as quorum sensing disruptors
Inhibition of quorum sensing has been proposed as a viable approach to
combat microbial resistance because antiquorum sensing (AQS) agents would
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interfere with biochemical processes which are essential for pathogenesis and
not survival (Roy, Adams and Bentley, 2011). The compound zingerone was
reported as a potent anti-biofilm and antivirulent agent by interrupting quorum
sensing in Pseudomonas aeruginosa and was proven to be more effective than
vanillin, a known quorum sensing inhibitor (Kumar et al., 2015). Constituents of
Zingiber officinale Roscoe such as 6-gingerol and zingerone were also reported
to

inhibit

quorum

sensing

in

both

Pseudomonas

aeruginosa

and

Chromobacterium violaceum (Kumar et al., 2014). Lately interference with
bacterial quorum sensing has been attributed to several positive effects of
essential oils (Venkadesaperumal et al., 2015). However, most work on plant
products for example EOs has so far focused less on their AQS activities (Khan
and Ahmad, 2012). A gap in information has therefore been identified where
EOs as potential AQS agents has not been investigated and yet their
antimicrobial activity is widely reported. Due to the complex nature of natural
products, majority of research focused on identifying active plant extracts or
essential oils and little was done to correlate the activity to the chemical
composition so as to identify biomarker compounds. The introduction of
metabolomics has however paved the way for this essential step to be
performed in order to identify biomarkers that can be developed further into
therapeutic agents.

1.2 METABOLOMICS IN IDENTIFYING PLANT BIOMARKERS
Metabolomics is a discipline that involves qualitative and quantitative analysis
of ‘all’ metabolites within a biological system (Dettmer, Aronov and Hammok,
2007). It is a detailed analysis which aims to obtain as much information as
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possible of all metabolites in a biological system using a holistic approach. For
targeted metabolomics, specific predetermined and known metabolites are
analysed thus resulting in good accuracy and simple data sets with a narrow
scope of analysis. The untargeted approach is comprehensive and nonselective as it gives broader profiling of the metabolites in the biological system
without having to identify them prior to analysis. The approach has several
advantages when compared to the traditional drug discovery and development
approach which follows a time consuming and expensive reductionist approach
consisting of extensive processes of isolation coupled with the identification
(Maree et al., 2014).

Analytical techniques used in metabolomics to generate chemical data include:
spectroscopy (infrared and nuclear magnetic resonance), chromatography (gas
and liquid chromatography) and other separation techniques. In order to
correlate the chemical profiles of these plant products to the biological activity,
chemometric algorithms are employed. These algorithms search for signals in
the chemical data that are responsible for observed activities and enable
biomarker determination. Biomarkers can be major or minor compounds that
would not normally be easily associated with activity in a complex chemical
matrix. Several studies on metabolomics have attempted to correlate biological
activity

and

chemistry

yielding

promising

results.

The

correlation

of

antimicrobial activities of EOs to their chemical composition was done and
reported by Maree et al. (2014).
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In this study, an untargeted metabolomics approach was used where
chromatographic data together with biological activity data of EOs was
analysed using chemometrics inorder to identify bioactive molecules in EOS.
The approach does not require chemical characterization and identification of
compounds in the investigated oils as the objective is holistic analysis of
chemical profiles without prior knowledge of constituents. This allows for
inclusion of major and minor constituents as well as unknown compounds in
the analysis. Gas chromatography was used to profile the EOs and provide
chromatograms that would be used in metabolomics analysis. Chemical
characterisation and peak assignment were performed on the data prior to
chemometric analysis.

1.3 RESEARCH PROBLEM
The increasing resistance to existing antimicrobial agents by pathogens has
evolved to a global health concern (Suzuki, Horinouchi and Furusawa, 2015)
hence there is an urgent need to search for new antimicrobial agents for the
treatment of infectious diseases. The development of drugs that inhibit QS in
bacteria serves as a promising target since QS is directly responsible for
virulence of bacteria yet avoiding pressure of microbes to develop resistance
(Yong et al., 2015). There is substantial evidence of antimicrobial effects of
EOs against planktonic bacteria however there is less information on their
potential as AQS agents (Hossain et al., 2015). This study therefore seeks to
unveil the potential of EOs to disrupt QS and possibly identify the active
constituents that can be further investigated as potent drug candidates.
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1.4 HYPOTHESIS
Essential oils of commercial significance have the potential to disrupt quorum
sensing (QS) in micro-organisms as a mechanism of reducing pathogenicity
and combating microbial resistance. Multivariate data analysis techniques are
able to correlate essential oil chemistry to AQS activity thereby identifying
active compounds in the active oils.

1.5 GENERAL AIM
The aim of this study was to investigate the antimicrobial activity of
commercially important essential oils and investigate their potential to disrupt
quorum sensing in pathogenic micro-organisms. Additionally, a correlation
between the observed biological activity and chemical profiles of the EOs would
be established to identify biomarkers responsible for both the antimicrobial and
antiquorum sensing activities. The significance of investigating both biological
activities is not get insight into relationships of biomarkers to be determined for
both antimicrobial and AQS activities.

1.5.1 Specific objectives
The specific objectives of the study were to;


determine the minimum inhibitory concentrations (MICs) of selected
essential oils against selected Gram-positive, Gram-negative and fungal
pathogens,



qualitatively determine the antiquorum sensing properties of essential
oils against Chromobacterium violaceum using a modified agar diffusion
method,
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determine the extent of antiquorum sensing by quantifying violacein
production using spectrophotometry,



determine the chemical composition of the essential oils using both one
dimensional

and

two

dimensional

gas

chromatography-mass

spectrometry so that the data can be used for chemometric
determination of biomarkers (i.e. not full chemical characterization
approach),


investigate groupings, trends and chemical variations in the essential
oils by performing PCA on the chemical data,



investigate the correlation between the gas chromatography data and
bioactivity results using orthogonal projections to latent structuresdiscriminant analysis and identify biomarkers, and



perform combination (potential synergy) studies on the identified
biomarker molecules for potential AQS activity.
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CHAPTER 2
LITERATURE REVIEW

2.1 MICROBIAL RESISTANCE TO CHEMOTHERAPEUTIC AGENTS
Microbial resistance is a state in which pathogenic microbes are no longer
susceptible to antimicrobial drugs resulting in treatment failures, prolonged
illnesses and increased risk of deaths (Hollis and Ahmed, 2014; Oldfield and
Feng, 2014). Resistance to clinically used antibiotics has become a worldwide
concern due to increased treatment failures (Suzuki, Horinouchi and Furusawa,
2015). Microbial pathogenesis mechanisms are complex and include
production of extracellular substances to promote virulence in the host such as
invasion enzymes enabling tissue binding, adhesion to the cells and cell
invasion (Sun et al., 2015). The most significant part is the ability of pathogenic
bacteria to overcome or interrupt the immune system and defence mechanisms
of the host predisposing it to bacterial infections (Mendes, 2008).

Fungal pathogenesis such as Candida albicans infections on the other hand
are mainly associated with diminished immune system capacity of an individual
i.e. they act as opportunistic pathogens that may at times be less responsive to
treatments or have higher incidences of recurrences due to biofilm formation
(Xie et al., 2015). Among other clinical factors which lead to development of
resistance to therapeutic agents is the usage of antibiotics prophylactically
(Kantele, 2015) poor sanitation, antibiotic usage in animal husbandry and
environmental factors (Fitchett, 2015). There are several mechanisms through
which microbes develop resistance to antimicrobial agents and these include;
10

chemical modification of the antibiotics by the microbe through enzymatic
degradation and efflux removal from the microbial cell (Pál, Papp and Lázár,
2015) and modification of the antibiotic target site or site of activity on the
microbe such as thickening of cell walls of Staphylococcus aureus hindering
vancomycin activity (Stegmann et al., 2015). It was also discovered that
plasmids mostly play a key role in the development of antibiotic resistance by
encoding genes that enable transmission among Gram-negative bacteria; A/C
plasmids as an example were characterised (Harmer and Hall, 2015) and these
bring about the physiological and biochemical changes that lead to resistance
(Milewska, Węgrzyn and Szalewska-Pałasz, 2015).

Various modes of antimicrobial resistance have been documented where
inherent antimicrobial resistance is of natural origin where microbes possess
structures that can hinder antibiotic effects or otherwise lack antibiotic binding
sites. Acquired modes of bacterial resistance are due to altered gene function,
mutations or transfer of resistance DNA between bacteria (Piras et al., 2015;
Al-Haroni, 2008). Transfer of resistance DNA between bacteria can either be
vertical or horizontal.

In vertical transfer, resistance genes are transferred

directly to bacteria during replication of DNA from parental strains to progeny
(Brown-Jaque, Calero-Cáceres and Muniesa, 2015). In horizontal transfer,
resistance genes move between individual bacteria of the same species or
different species with the involvement of plasmids (Cheng et al., 2015; AlHaroni, 2008).
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Horizontal gene transfer can be due to i) transduction in which genetic material
is received from the environment, ii) conjugation which is similar to bacterial
mating or iii) transformation which is the uptake of free lying extracellular DNA
into bacterial cells in the vicinity (Al-Haroni, 2008). These microbial resistance
mechanisms need to be counteracted in order to win the fight against
resistance. Several hypotheses have been put forward in order to identify
strategies to combat microbial infections. Inbition of bacterial quorum sensing
(QS) has been identified as a potential drug target that alters bacterial
pathogenicity with minimal risk of triggering resistance.

2.2 BACTERIAL QUORUM SENSING
Bacteria have been observed to communicate with each other to achieve group
behaviour (Yong et al., 2015). This cell-to-cell bacterial signal transduction is
termed quorum sensing (Siddiqui et al., 2015). It was discovered that a
bacterial population is capable of accomplishing more complex physiological
functions than an individual bacterium due to this communication (Yong et al.,
2015). This communication involves synthesis, release and detection of
signalling molecules called auto-inducers which then regulate QS mediated
gene expression once the critical concentration or threshold population is
reached (Martín-Rodríguez et al., 2015). In general QS regulates gene
expression and finally responses which can either be intra-species and or
interspecies related (Jahid et al., 2015). Quorum sensing plays a significant
role in the formation and maturation of biofilms as well as regulating virulence
in these cell communities. This is also the result of gene expression which is
QS dependant and hence allowing bacteria to display a unified behaviour to the
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benefit of their population. This can be due to the enhanced assimilation of
nutrients as well as resistance to environmental stress or competition with other
types of bacteria. Biofilms have unique structural formation and consist of a
complex matrix of bio-molecules on the surface. This network of cells then
interact as one living unit thus exist as cellular complexes that can adhere to a
surface or one another forming communities. This pheneomenon explains why
biofilms are more resistant to antimicrobial agents such as antibiotics and
biocides than planktonic bacteria (Annous, Fratamico & Smith, 2009). There is
a unique QS pathway for both Gram-negative and Gram-positive bacteria and
there are some similarities which enable inter-species communication (Carter,
Valdes and Bentley, 2012).

2.2.1 Quorum sensing pathway in Gram-negative bacteria
In Gram-negative bacteria, signal synthesis is carried out by LuxI, an
intracellular protein that produces acyl homoserine lactone (AHL) as an
autoinducer unique for each bacterial species (Galloway et al., 2012). Once the
AHL corresponding to the bacterial cell concentration increases and reaches a
critical threshold level, the target gene expression is initiated resulting in
physiological responses such as antibiotic production or pigment formation as
an example (Morohoshi et al., 2013). There is a reserved homoserine lactone
portion for all autoinducers with species specific carbon-hydrogen (acyl side)
chains which are unique for each species of Gram-negative bacteria hence
enabling species specific QS (Hansen et al., 2015). The binding of AHLs to
their receptor proteins (LuxR i.e. response regulator) follows the diffusion of
AHL back into the bacterial cytoplasm where it binds to its receptors termed
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Lux R, and then the complex shifts to bind onto the promoter region
responsible QS mediated responses (Defoirdt, Brackman and Coenye, 2013).

2.2.2 Quorum sensing pathway in Gram-positive bacteria
In Gram-positive bacteria, the QS pathway follows similar key steps as in
Gram-negative bacteria with the following modifications; the autoinducers are
cyclic autoinducer peptides (AIP) which bind to trans-membrane histidine
kinase (HK) receptors (Galloway et al., 2012). It was observed that each
bacteria produces and senses two different types of autoinducers namely type I
(AHL in case of Gram-negative bacteria) and type II which then act through
binding to other cytoplasmic protein found down-stream of the QS cascade
(Bai, Leeson and Higgins, 2015).

2.2.3 The inter-species quorum sensing pathway in bacteria
In addition to intra-species QS, it was observed that all bacterial species and
classes have a second QS channel as exemplified by QS signalling pathway of
Vibrio cholera which have the additional AI-2 which mediate inter-species QS
(Figure 2.1). LuxS synthesise AI-2 which is then released into the extracellular
matrix. At higher cell density, the AI-2-bind to protein LuxP thus interacts with
the LuxQ sensor phosphatase. This leads to removal of a phosphate group
from the LuxO protein. At this high AI concentration, LuxPQ complex switch
from kinases to phosphatases enabling removal of phosphate from LuxO which
leads to expression of the QS-regulated genes responsible for virulence and
biofilm formation (Martín-Rodríguez et al., 2015; Ramsey, Korgaonkar and
Whiteley, 2014).
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This QS system is dominant in Gram-positive and Gram-negative species thus
enabling inter-species communication as mediated by autoinducer-2. This is
assisted by the luxS-encoding enzyme which is central to biotransformation of
S-adenosyl-methionine (SAM) by converting S-ribosyl-homocysteine (SRH) into
homocysteine and 4, 5-dihydroxy-2, 3-pentanedione (DPD). It was noted that
DPD is very unstable hence it reacts with water resulting in several furanones
then subsequently AI-2 (Mandabi, Ganin and Meijler, 2015; Kozlova et al.,
2008).

Figure 2.1: The inter-species quorum sensing pathway in Vibrio cholera
bacteria (Adopted from Ramsey, Korgaonkar and Whiteley, 2014)
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2.2.4 Antiquorum sensing agents
The identification and characterization of AQS drug targets as a new research
and development goal has been advocated as a way of addressing global
antibacterial drug resistance and introduction of potent antipathogenic drugs
(Adonizio et al., 2006). Antiquorum sensing agents interfere with biochemical
processes of bacteria which are significant for their pathogenesis but are not
essential for the survival of the micro-organisms (Roy, Adams and Bentley,
2011). This leads to postulations that, blocking QS presents opportunities for
antipathogenic agents rather than antimicrobial drugs which gains more interest
based on existence of multi-drug antibiotics (El-Gohary and Shaaban, 2013).
The possible means of designing antipathogenic therapeutic agents can involve
interfering with either intra-species QS or inter-species QS thus inhibiting
subsequent virulence (Steenackers et al., 2010). The key advantage presented
by quorum sensing inhibitors is the direct antipathogenicity effect, which may
provide a solution to the worldwide challenges of continually emerging and
worsening microbial drug resistance since they do not inhibit survival of
microbes (Packiavathy et al., 2014). The development of drugs that inhibit QS
in bacteria is a promising approach since QS is directly responsible for
virulence and also necessary to enact resistance mechanisms, thus QS
inhibition is less likely to lead to resistance.

The QS inhibitors (antipathogenic drugs) fall into several categories which can
include but not limited to; agents that block synthesis of the QS signal or can
degrade the autoinducer molecules (Truchado et al., 2012) (narrow or broad
spectrum), agents that block release of QS signal (narrow or broad spectrum),
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agents that block QS receptors (Koh and Tham, 2011) (narrow or broad
spectrum) and agents that block inter-species QS communication (broad
spectrum QS inhibitors) (Ni et al., 2008; Chaudhari et al., 2014). Therefore this
can be a good start for identification and discovery of potent antimicrobial
agents

and

more

successfully

through

the

extensive

discovery

of

antipathogenic drugs which are basically AQS agents (Rath and Padhy, 2014;
El-Gohary and Shaaban, 2013).

2.3 NATURAL PRODUCTS AS ANTIQUORUM SENSING AGENTS
Most people use medicinal plants prior to seeking professional medical
assistance or as complimentary remedies to assist in treating several medical
conditions (Sultana et al., 2015). In South Africa around 80.00% of the
population use traditional medicines in a primary health care setting (Street &
Prinsloo, 2013). The usage of plants to treat various diseases has been
reported since ancient times (Ahmad et al., 2015) and even nowadays
medicinal plants are still forming a major part of primary health care systems
among African communities as an example (Ngaruiya, 2015). Essential oils
being plant-derived are no exception to this as they still have continual
applications in complimentary remedies and to treat various ailments (Boukhris
et al., 2015). Potent antitumor activity of essential oil has been reported by
Dahham et al. (2016), where both cell migration and colony formation were
obstructed significantly.

The exploration of the scientific explanation for the traditional uses of essential
oils in the treatment of infectious diseases has been attempted and in a case of
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Eucalyptus camaldulensis very good antibacterial activity was noted and a
synergistic effect with potent antimicrobial agents such as ciprofloxacin have
been reported (Knezevic et al., 2016). In addition, De Rapper et al. (2013), and
Lambert et al. (2001), have also reported that these diverse applications of
essential oils are mainly due to the potent antimicrobial activities they exhibit
against a wide range of pathogenic bacteria and yeasts. Essential oils have
therefore been identified as potential natural antimicrobial agents that may
assist in combating microbial resistance.

2.3.1 Essential oils
Essential oils, also refered to as volatile oils, are mostly compounds with
characteristic odour and are present in about 10.00% of total plant kingdom in
which they are concentrated in specialised organs such as glands, secretary
hairs, ducts and cavities among other sources. Essential oils are obtained from
several plant parts that include; fruits, gums, flowers, leaves, roots, rhizomes,
stem, bark, wood and seeds (Akthar, Denga and Azan, 2014). They are
obtained through hydro-distillation and are generally hydrophobic and less
dense than water (Djilani and Dicko, 2012). Essential oils are readily volatile
when exposed to heat and are liquids at room temperature and pressure
(Ghabraie et al., 2015). They are generally soluble in alcohol and in organic
solvents such as ether or chloroform (Asbahani et al., 2015) and have a high
refractive index (Ali et al., 2015). The chemical composition of essential oils
vary depending on the location of the parent plant, time of harvest, method of
harvesting and extraction processes among other factors (Sortoratto et al.,
2004).
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Essential oils contain various classes of compounds including mono-, di- and
sesqui- terpenes (Dambolena et al., 2008; Pavela, 2015). Terpenes are derived
from isoprene units, five carbon-containing compounds (C5) (Pavela, 2015).
Essential oils and their chemical constituents were observed to undergo
hydrolysis reactions whereby some of the chemical constituents react with
water to form alcohols and acids (Memarzadeh, Pirbalouti and AdibNejad,
2015) and they are unstable when exposed to light and heat (Li, Chen and
Cao,

2015).

Extraction

methods

are

therefore

selected

taking

the

aforementioned into consideration. The different categories of EO compounds
are summarised in Table 2.1.

2.3.1.1 Applications of essential oils
Essential oils have been used for various applications including; spiritual,
therapeutics, to mask unpleasant tastes in mouth washes, gums and other
medicinal formulations, flavouring and preservation of food and beverages and
more prominantly in cosmetics and perfumery (Bajpai, Baek and Kang, 2012;
Upadhyay et al., 2014). In the agricultural sector, EOs are emerging as natural
insecticides (biocides) (Kordali et al., 2006). Most EO applications are linked to
their inherent antimicrobial activities (Seo et al., 2015; De Rapper et al., 2013;
Lambert et al., 2001) and these antimicrobial effects are attributed to the
constituent compounds.
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Table 2.1: Categories of constituent compounds found in essential oils
Constituents category
Monoterpenes

Example compounds
Sabinene,
p-cymene, (E)-β-ocimene and
cis-sabinene hydrate
myrcene, limonene, β-pinene
and α-pinene
Germacrene D, β-cubenene
and β-elemene

Reference (s)
Loizzo et al., (2013)
Stupar et al., (2014)

Aldehydes

Geranial, neral and citronellal

Kurekci et al., (2013)

Alcohols

Linalool, thymol, carvacrol
and α-terpineol

Kurekci et al., (2013)
Stupar et al., (2014)

Ketones

Carvone and menthone

Esters

Geranyl acetate, geranyl
formate, neryl acetate and
bornyl acetate

Tiwari (2016)
Mantovan et al., (2013)
Loizzo et al., (2013)
Stupar et al., (2014)

Acids

Myristic acid, lauric acid,
salicylic acid and βHydroxybutyric acid
Eugenol, isoeugenol,

Afoulous et al., (2013)
Loizzo et al., (2013)

Methyleugenol
Linalool oxide, limonene
oxide and caryophyllene
oxide
1,8-cineole (eucalyptol)

Aleksic & Knezevic (2014)
Rota et al., (2008)

Monoterpene hydrocarbons
Sesquiterpenes

Phenols
Phenyl-propanoids
Epoxides

Ether

Meng et al., (2014)
Loizzo et al., (2013)
Gomide et al., (2013)
Loizzo et al., (2013)
Stupar et al., (2014)

Loizzo et al., (2013)

Rota et al., (2008)

2.3.1.2 Biological activities of essential oils
Essential oils have been reported to exhibit a wide range of biological effects
including; antitumor, hypotensive, immune-stimulant (Alimpić et al., 2015),
antimicrobial, antimutagenic and anti-inflammatory affects (Basappa et al.,
2015). Cymbopogon citratus was reported to exhibit antidepressant, antiseptic,
sedative and astringent activities (Poonpaiboonpipat et al., 2013).
Cinnamomum zeylanicum essential oil has also been reported to exhibit
antimicrobial and antifungal effects (Tzortzakis, 2009). These biological effects
may be due to synergism between EO constituents at varying concentrations
(Ghabraie et al., 2015). It was postulated that the antimicrobial activities are
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correlated to interference or inhibition of some of the key steps of biofilm
formation, pathogenesis and survival of microbial pathogens (Khan and
Ahmad, 2012). The interference with bacterial communication and subsequent
gene expression (quorum sensing) has been attributed to the positive effects of
EOs (Venkadesaperumal et al., 2015).

There is abundant literature on the antimicrobial and antibiofilm activity of EOs
and essential oil constituents however, very few reports are available on their
quorum quenching properties as an alternative mechanism through which EOs
exert their antimicrobial activities. Therefore, targeting virulence is becoming a
more valuable approach to new drug discovery and development (Khan and
Ahmad, 2012) and recently the interference with cell-to-cell communication
systems of bacteria termed quorum sensing preferably by inhibiting their
pathogenicity is a new alternative in therapeutics (Vasavi, Arun and Rekha,
2013). In this study, the biosensor strain C. violaceum was chosen as the
model organism to investigate AQS activity (Venkadesaperumal et al., 2015).
Chromobacterium violaceum is a Gram-negative, non-sporing and facultative
anaerobe that forms part of the normal flora of water and soil in tropical as well
as sub-tropical regions (Jehlička et al., 2015). The distinguishing feature of C.
violaceum is that it produces a characteristic purple pigment violacein (Adonizio
et al., 2006) which is reported to display some antitumor, antibiotic and also
antibiotic properties against other microbes (Antonisamy and Ignacimuthu,
2010). Moreover, C. violaceum was discovered in an aquatic enviroment and it
was found to infect humans causing abscesses and bacteraemia (CastilloJuárez et al., 2013) while its pathogenicity is rare in humans it can still be life-
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threatening and coupled with sepsis (Yang, 2011). It is an ideal model
pathogen as the formation of violacein is an indication of quorum sensing and
vice-versa.

2.3.1.3 Identification of active essential oil compounds using metabolomics
Metabolomics is defined as the detailed investigation and characterization of all
chemical compounds in a biological system (Dettmer, Aronov and Hammok,
2007). It is also defined as the quantitative analysis of ‘all metabolites’ available
in a biological system (Bujak et al., 2015). Untargeted metabolomics is when a
full analysis of ‘complete’metabolites is carried out without prior knowledge of
the individual constituents (Wu et al., 2015). Several hyphenated techniques
are used in metabolomics which consist of a separation technique such as
chromatography, combined with identification and detection technique such as
mass spectroscopy. This enables wide spectrum identification of chemical
constituents which possess various physical and chemical properties
(Kordalewska and Markuszewski, 2015). The following hyphenated chemical
profiling techniques are applied; one-dimensional or two-dimensional gas
chromatography coupled with mass spectrometry (GC-MS or GCXGC-MS
respectively) and liquid chromatography coupled with mass spectrometry (LCMS). Comprehensive metabolomic profiling and chemometric analysis have
been used to correlate chemical composition to the biological activities enabling
biomarker compound determination (Maree et al., 2014). This approach allows
for unbiased identification of potentially active compounds which are not
necessarily the major compounds within a system. This is possible through the
use of statistical and mathematical algorithms to extract useful chemical
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information from large datasets, an approach commonly refered to as
chemometrics. Chemometric methods have become useful as they allow for
the visualisation of chemical patterns in the data and the chemical constituents
contributing to the observed patterns.

2.3.1.3.1 Principal component analysis (PCA)
Principal component analysis (PCA) falls under explanatory (pattern
recognition) multivariate data analysis. The PCA is the chemometric data
analysis tool and decomposition method. It enables the visualisation as well as
identification of patterns, trends, groupings and strong outliers in the analysed
data set (Dong et al., 2015; Guo, Ni and Kokot, 2015). The PCA facilitates data
interpretation by reducing the impact of noise and its unsupervised nature for
data exploration (Ballabio, 2015). PCA is the commonly used unsupervised
pattern recognition method (Xu et al., 2015; Cheng et al., 2015).

2.3.1.3.2 Orthogonal projections to latent structures - discriminant analysis
(OPLS-DA)
This is a classification and discriminant analysis method that enables
determination of differences between groups or clusters. OPLS-DA is a suitable
multivariate analytical algorithm because it enables interpretation of defined
groups in data and links such groups to investigated outcome or characteristics
of interests (Gennebäck et al., 2013). Prior to OPLS-DA model construction,
there has to be assigning of categories or classes to observed variables for
example, good activity and poor activity classes (Y-variable) thus predicting
linkages and outcomes are enabled (Dong et al., 2015; Lin, Yang and Kuo,

23

2012). Score plots of OPLS-DA models have been used to analyse the clinical
response for both untreated and treated groups to some medications and clear
understanding was established.

In a separate study, OPLS-DA score scatter plots were constructed to observe
the distribution of essential oils based on their defined activity categories.
Correlation of chemical composition of essential oils with biological activity was
established classifying the oils as good or poorly active. The models allowed
filtering out of essential oil constituents defined as biomarker compounds
correlated to the observed biological activity (Maree et al., 2014). The
biomarker-guided methods appear to be a key in the development of new and
improved drug entities (Lai, Liao and Kim, 2013). In this study, untargeted
metabolomics will be applied to identify bioactive molecules within the;
essential oils and possibly identify potential AQS compounds that can be
further investigated for development into alternative antimicrobial agents. Due
to the increased sensitivity of the hyphenated techniques and complexity of the
large data sets, multivariate data analysis is applied to enable a generalised
and a holistic view of the biological system (Bujak et al., 2015).
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CHAPTER 3
MATERIALS AND METHODOLOGY

3.1 MATERIALS
3.1.1 Essential oil selection and sourcing
The EOs used in this study were selected on the basis of commercial
availability and /or documented antimicrobial activity. All 107 EOs were
purchased from Pranarôm, Belgium and stored at 4 °C prior to analysis. Table
3.1 is a list of all the 107 essential oils investigated in this study.

Table 3.1: A list of the investigated commercial essential oils
Sample ID
(Lot
Number)
OF10586

Species

Species

Abies sibirica Ledeb.

Sample ID
(Lot
Number)
OF9370

OF10453

Amyris balsamifera L.

OF9948

Eugenia caryophyllus Spreng.

OF8420

Anethum graveolens L.

OF10796

Foeniculum vulgare Mill.

OF10105

Artemisia dracunculus L.

OF11051

Gaultheria fragrantissima Wall.

OF10863

Chamaemelum nobile L.

OF11068

Gaultheria procumbens L.

OF9870

Cinarium luzonicum Blume

OF9441

Helichrysum italicum Boiss.

OF11065

Cinnamomum camphora L.

OF11143

Inula graveolens L.

OF10850
& OF1703
OF10400

Cinnamomum zeylanicum Blume (2)

OF10746

Jasminum officinale L.

Citrus aurantifolia Christm.

Juniperus communis L. (2)

OF9600,
OF11395
&
OF10404
OF3114 &
OF11178
OF9436

Citrus aurantium L. (3)

OF10654
& OF4120
OF9732

Citrus limon L. (2)

OF9364

Juniperus virginiana L.

Citrus paradisi Macfad

OF11039

Laurus nobilis L.

OF11106
& OF9239
OF11321

Citrus reticulata Blanco (2)

OF10869

Lavandula angustifolia Mill.

Citrus sinensis L.

OF10007

Lavandula spica L.

OF10996

Copaifera officinalis L.

Lavandula buchii var. tolpidifolia (Svent.)(3)

OF9373

Crithmum maritimum L.

OF6689,
OF10059
& OF10869
OF8760

OF9607

Cuminum cyminum L.

0F10212

Leptospermum petersonii F.M.Bailey

OF10218

Cupressus sempervirens L.

OF9237

Levisticum officinale W.D.J.Koch

OF10881

Cymbopogon citratus (DC.) Stapf

OF11260

Lippia citriodora (Palau) Kunth
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Eucalyptus smithii F.Muell.

Juniperus oxycedrus L.

Ledum groenlandicum Oeder

Sample ID
(Lot
Number)
OF9994

Species

Species

Cymbopogon flexuosus Nees

Sample ID
(Lot
Number)
OF10225

OF9770

Cymbopogon giganteus Chiov.

OF10399

Illicium verum Hook.f.

OF10011

Cymbopogon martini Roxb.

OF10999

Matricaria recutita L.

OF2106

Cymbopogon nardus L.

OF11248

Melaleuca alternifolia Cheel

OF10851

Cymbopogon winterianus Jowitt

OF10662

Melaleuca cajuputi Powell

OF10647

Eucalyptus citriodora Hook.

OF10731

Melaleuca quinquenervia Cav.

OF10872

Eucalyptus dives Schauer

10300

Melissa officinalis L.

OF10646

Eucalyptus globulus Labill.

OF10883

Mentha arvensis L.

OF7937

Eucalyptus radiata A.Cunn.

OF9582

Mentha pulegium L.

OF9449

Mentha citrata Ehrh

OF11046

Salvia lavandulifolia Vahl.

OF10867

Mentha piperita L.

OF10880

Salvia officinalis L.

OF10590

Myristica fragrans Houtt.

OF9454

Salvia sclarea L.

OF9391
& OF9864
OF11047

Myrtus communis L. (2)

OF3340

Satureja hortensis L.

Nardostachys jatamansi D.Don

OF11247

Satureja montana L.

OF11260

Ocimum sanctum L.

OF10723

Solidago canadensis L.

OF10299

Origanum compactum Benth. *

OF10661

Styrax benzoides W.G. Craib

OF10217
&
OF10871
OF9858

Origanum majorana L. (2)

OF11143

Thuja occidentalis L

Pelargonium Asperum

OF9049

Thymus mastichina L.

OF10298

Picea mariana Mill.

OF101056

Thymus saturejoides Coss.

OF9871

Pimenta racemosa Mill.

OF9369

Thymus serpyllum L.

OF11050

Pinus ponderosa Douglas

Thymus vulgaris L. (3)

OF2115

Pinus sylvestris L.

OF9453,
OF112251
& OF11398
OF9050

OF9540

Piper nigrum L.

10287

Tanacetum annuum L

OF9359

Pistacia lentiscus L.

OF9576

Trachyspermum ammi L.

OF10211

Pogostemon cablin Benth.

OF10884

Tsuga canadensis L.

OF9044

Ravensara aromatica Sonn.

OF11595

Valeriana officinalis L.

OF10847

Rosa damascena Herrm.

OF10849

Vanilla fragrans Ames

OF10075
&
OF10655

Rosmarinus officinalis L.(2)

OF9727

Zingiber officinale Roscoe

Litsea citrata Blume

Thymus zygis L.

3.1.2 Microbial strains
Six opportunistic pathogens selected for the antimicrobial study represented
Gram-positive (Enterococcus faecalis ATCC29212 and Staphylococcus aureus
ATCC126000) and Gram-negative bacteria (Escherichia coli ATCC8739 and
Moraxella catarrhalis ATCC23246) bacteria, as well as yeasts (Candida
albicans ATCC10231, Candida tropicalis ATCC201380). For the quorum
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sensing assay, wild type Chromobacterium violaceum ATCC 12472 was used.
The cultures were maintained on Tryptone soya agar (TSA) prior to assaying.

3.2 METHODS
3.2.1 Antimicrobial activity (broth microdilution assay)
Prior to antimicrobial analysis, the pathogens were sub-cultured in Tryptone
Soya broth (TSB) and incubated at 37 °C in a non-shaking incubator for 24
hours in the case of bacteria and 48 hours for yeasts. All the consumables
used for the microbial work including; media, tips, eppendorf tubes and
glassware were autoclaved in a laboratory autoclave (Astell Scientific, UK) prior
to use. Sterilisation was performed using the following cycle conditions:
pressure of 10 psi and 125 °C for 15 minutes (Hoh and Berry, 2005; Shi et al.,
2010). Microbial culture transfers and inoculations were performed under a
lamina airflow cabinet (Laboratory & air purification system, RSA) which was
cleaned and sterilized using UV-light for 30 minutes prior to use (Luo et al.,
2014; Mukhopadhyay et al., 2014). Ethanol (70%) was used to disinfect
surfaces and hands between experiments (Sissons, Wong and Cutress, 1996).

The minimum inhibitory concentrations (MICs) of the 107 EOs were determined
using the modified broth microdilution assay of Eloff (1998) in a 96-well
microplate. All 107 EOs were prepared to a stock concentration of 32.0 mg/ml
in 1.0% DMSO. In each well, 100 µl of TSB was added using a multi-channel
pipette. Each test EO (100.00 µl) was added to the first well of each column, in
duplicate, while the positive control (ciprofloxacin, 0.01 mg/ml for bacteria and
amphotericin B, 0.10 mg/ml for yeasts) and negative control (1.0% DMSO)
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were added to the penultimate and last wells, respectively. Serial dilutions were
performed, each time transfering 100 µl to the next well within a column.
Thereafter, 100.00 µl of McFarland standardized cultures of test pathogens
(0.50 OD) were added in each well (Eitel et al., 2015; Panichayupakaranant,
Tewtrakul and Yuenyongsawad, 2010).

The final EO concentration range tested following serial dilutions was 8.0 mg/ml
– 0.06 mg/ml. Media and culture controls were included to confirm the sterility
and viability of the micro-organisms (Ahmad, Viljoen and Chenia, 2015). The
MIC microtitre plates were sealed with a sterile adhesive film to prevent EO
loss due to their inherent volatility (Aguilar-González, Palou and López-Malo,
2015). The plates were incubated without shaking at 37 °C for 24 and 48 hrs for
bacteria and yeasts, respectively (Ahmad, Viljoen and Chenia, 2015). Following
incubation, 0.04 µl of 0.40 mg/ml of p-iodonitrotetrazolium violet solution (INT)
was added to each well. The plates were incubated for 6 hours before
recording the MIC results.

The principle of INT is that viable micro-organisms interact with the solution and
produce a colour change from clear to purple-red, while non-viable organisms
do not produce a colour change. Thus the lowest concentration of EO that does
not show any colour change was considered as the MIC (Figure 3.1). All the
experiments were done in duplicate and the results were recorded and
tabulated for each pathogen.
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Figure 3.1: The 96-well microtitre plate showing how the MIC values were
determined

3.2.2 Antiquorum sensing (AQS) activity
3.2.2.1 Qualitative agar well diffusion assay
To determine AQS activity of the 107 EOs, inhibition of violacein production by
C. violaceum was determined qualitatively using the modified agar well
diffusion method as previously described (Charles & Ramani, 2011). Solidified
nutrient LB agar plates were prepared then overlaid with 5.0 ml soft agar.
Chromobacterium violaceum was grown on Luria-Bertani (LB) (5.0 g yeast
extract, 10.0 g tryptone, 5.0 g NaCl and 1 L water) solidified with 1.5% agar at
30 °C (Ahmad and Viljoen, 2015; Ahmad, Viljoen and Chenia, 2015; Kasote et
al., 2015; Chu et al., 2013). Standardized C. violaceum (100 µl) was inoculated,
spread over the surface of the plate and allowed to dry (El-Gohary and
Shaaban, 2013). Holes were punched in the agar (5.0 mm) at the centre of
each plate using the circular end of a sterilised 200 µl tip. The holes were
sealed at the bottom using a few drops of soft agar. Test EOs (20.0 µl of 1
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mg/ml) were added into individual wells in duplicate. The plates were closed
and incubated at 30 °C for 24 hours in an upright posistion.

Following incubation, the plates were analysed for halo/opaque zones (AQS
effect) around the wells and clear zones (antimicrobial effect) (Figure 3.2) and
the results recorded in mm. Eugenol and 1.0% DMSO were used as the
positive and negative controls, respectively. The experiment was repeated
twice (Ahmad, Viljoen and Chenia, 2015).

Figure 3.2: An opaque halo illustrating AQS activity (a) and clear zone
demonstrating growth inhibition and b) AQS opaque zone (Adopted from Chan
EWC, 2016)

3.2.2.2 Quantification of violacein production
To quantify the AQS activity of the 107 essential oils, the percentage inhibition
of violacein production in relation to the control (untreated culture) was
determined as previously described by Chenia (2013) with some modifications.
The C. violaceum cells were sub-cultured at least twice and grown for 24 hours
at 30 °C on LB-agar plates. The colonies were then sub-cultured in suspension
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media before analysis. To assess the extent of the EOs inhibition of violacein
production, various concentrations of the oils (0.50 mg/ml – 0.13 mg/ml) were
added to 5.00 ml of LB-broth in test tubes and 100.00 μL of C violaceum were
subsequently added to the tubes. The tubes were placed in a shaking incubator
(Labcon, RSA) at 30 °C for 24 hours at 150 rpm.

Following incubation the test tubes were vortexed for uniformity of contents
using a vortex (Scientific Industries Inc, USA) and visual analysis for colour
change was performed (Figure 3.3). The results were interpreted as follows;
purple colour (growth but no AQS and no antimicrobial activity), clear colour
(antimicrobial activity) and opaque denoted AQS activity. The lowest EOs
dilution that exhibited clear colour was regarded as the MIC while the lowest
dilution that exhibited opaque colour was regarded the minimum quorum
sensing inhibitory concentration (MQSIC) against C. violaceum (Ahmad, Viljoen
and Chenia, 2015).

To determine percentage inhibition spectrophotometrically, a fixed volume of
1.00 ml was drawn from each test tube into 1.50 ml eppendorf tubes and
centrifuged to precipitate the insoluble violacein at 8000 rpm for 10 minutes in a
Hermlez-Z100M

micro-centrifuge

(Lasec,

RSA).

The

supernatant

was

discarded and the pellet re-suspended in 1.00 ml of 1.0% DMSO through
vortexing. To remove all the cells, the tubes were centrifuged again as
described above. Following the second centrifugation, the purple supernatant
was collected, pipetted into microplates and the absorbance recorded at OD 585
nm using a Bio-tek ELx800 UV-Vis universal microplate reader.
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Figure 3.3: Antiquorum sensing assay tubes post incubation. Test tube A antiquorum sensing and B - antimicrobial activity

The AQS activity assessed as percentage inhibition of violacein production was
determined for each EO using equation 1.

Percentage inhibition = (Control OD585nm – test OD585nm) X 100..................Eqn.
1
Control OD585nm

Where; OD is absorbance recorded at 585nm; control is untreated culture and
test is investigated EOs, positive and negative controls.

To assess AQS activity of EO constituents in combination, proportions were
selected based on ratio of natural occurrence in a chosen EO. Possible
synergistic interactions were assessed by observing the change in percentage
inhibition values between the pure compounds, different combinations, the
crude EO and the positive control. The denominator (untreated culture) also
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serves as the control for planktonic cells and thus denoting viability of bacterial
culture.

3.3 Chemical analysis of essential oils
To investigate EO chemical profiles, one dimensional (GC-FID-MS) and two
dimensional gas chromatography (GCXGC-ToF-MS) were employed for
analysis. The following section details the analysis conditions for each
technique.

3.3.1 One dimensional gas chromatography analysis
The GC-FID-MS analysis of the EOs was performed on an Angilent 6890N GC
system linked to a 5973 mass spectrometery (Figure 3.4). Essential oils were
diluted to 20% concentration using high grade hexane and 1.00 μl was injected
at a split ratio of 200:1, 24.79 psi and 250 oC inlet temperature. The HPInnowax polyethylene glycol column 60.00 m x 250.00 μm i.d. x 0.25 μm film
thickness was used. The oven temperature was programmed as follows: 60 °C
for the first 10 minutes, rising to 220 °C at a rate of 4 °C/min and held for 10
minutes and then rising to 240 °C at a rate of 1 °C/min. Spectra were obtained
by electron impact at 70 eV, scanning range 35 to 550 m/z. Component
identifications were made by comparing mass spectra and retention indices
using various libraries such as NIST®, Mass Finder® and Flavour® and retention
indices (Kamatou et al., 2010).
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Figure 3.4: GC-FID-MS system used for essential oil profiling

3.3.2 Two dimensional gas chromatography analysis
Two dimensional gas chromatography coupled to time of flight and mass
spectrometry (GCXGC-ToF-MS) was used to determine the composition of the
EOs. Essential oils were diluted to 0.20 % (v/v) in hexane and 1.00 µl of sample
was injected. The 2-D-GC system consisted of an Agilent 7890 A (Agilent
Technologies,

USA) gas chromatograph, Gerstel autosampler as well as

Pegasus 4D ToF-MS (LECO, USA) (Figure 3.5) and inbuilt liquid nitrogen jet
modulator. The first column was a Stabilwax® polyethylene glycol (30.00 m ×
0.25 mm i.d. × 0.25 μm film thickness (Restek, USA), and the second one Rxi ®5Sil MS; 0.79 m × 0.25 mm i.d. × 0.25 μm film thickness (Restek, USA). The
universal press-tight connector linked the two columns which were put in the
main GC oven. Helium was used as the carrier gas at a constant flow rate of
1.5 ml/min and the split injector setup was 1:200. Temperature cycle was as
follows: the main oven temperature was set at 60 °C for 2 min and then
increased to 120 °C at 5 °C/min with a hold for 2 min, thereafter increased to
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260 °C at 20 °C such that a final isothermal period of 2 min at 260 °C was
established. The secondary oven was set up to a 20 °C offset above the
primary oven. The best modulation period was two seconds and the hot pulse
duration was set at 0.60 s. The mass spectrometer acquisition rate of 100
spectra per second was set. A solvent acquisition delay of 120 was used to
protect the MS from excessive solvent exposure. The ion source temperature
and the transfer line to the ToF-MS were set at 200 °C and 280 °C,
respectively. The detector voltage was 1650.00 V and the chromatograms were
obtained on electron impact at 70 ev. The mass spectra were acquired in the
range 30 to 450 m/z and identiﬁcation of peaks was based on NIST ® and
Adams libraries (Gogus et al., 2011; Ralston-Hooper et al., 2008; Özel, Göğüş
and Lewis, 2006).

Figure 3.5: GCXGC-ToF-MS system used for essential oil analysis
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3.4 DATA ANALYSIS
The antimicrobial and AQS data were recorded in duplicate and the means and
SD obtained for each EO in Microsoft Excel®. In addition to observing the
chemical constituents present in the EOs, chemical variation was investigated
by applying multivariate data analysis methods detailed in the following section.

3.4.1 Multivariate data analysis
Holistic analysis of the 1-D and 2-D GC data was performed using multivariate
data analysis tools. Initially the chromatographic data was pre-processed for
spectral alignment, scaling, baseline correction and noise reduction using
MarkerLynx® v 4.1 (Waters Corporation, Milford, MA, USA) and LECO
ChromaTOF® version 4.50 (LECO, USA) for 1-D and 2-D data, respectively.
The pre-processing parameters were set as summarised in Table 3.2 for the
datasets. The pre-processed data were exported to Microsoft Excel® prior to
chemometric data analysis using SIMCA-P+13.0 (Umetrics, Sweden). To
investigate chemical variation between the EOs, pattern recognition techniques
such as PCA was applied on the data.

3.4.1.1 Principal component analysis
Principal component analysis was performed to explore the patterns in the data
matrix and identify similarities or differences among EOs based on the
chromatographic data. This unsupervised method reveals trends, clustering
patterns and outliers in the dataset. In this study, PCA was applied to both 1-D
and 2-D data, separately, and the scores scatter plots were used to observe
chemical relationships between the EOs. To assess the quality of the
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developed models, the cumulative variation of X (R2X) and the predictive ability
of the model (Q2) were evaluated where high R2 and Q2 > 0.5 indicate a good
model.

Table 3.2: Pre-processing method parameters for 1-D data analysis
Property
Function
Analysis type
Initial retention time
Final retention time
Low mass
High mass
XIC window (Da)
Use relative retention time?
Apex Track Peak Parameters
Peak width at 0.5% height (sec)
Peak-to-peak baseline noise
Apply smoothing?
Collection Parameters
Marker intensity threshold (counts)
Mass window
Retention time window
Noise elimination level
Deisotope data?

Value
1
Peak detection
8
45
35
450
0.05
[X] No
[˅] 1.00
[˅] 0.00
[˅] Yes
1 000.00
0.05
0.2
[˅] 6.00
[˅] Yes

3.4.1.2 Orthogonal projections to latent structures-discriminant analysis
In order to achieve the objective of correlating antimicrobial/antiquorum sensing
activity to the chemistry of EOs, OPLS-DA was employed to a dataset
comprising X and Y variables. The X-data matrix comprised of chromatographic
data and a dummy Y-variable was created based on classification of the
observed activities. The EOs were classified as follows; Class 1 (active class)
(% AQS inhibition ≥ 86.00%) and Class 2 (poor activity) (AQS inhibition <
86.00%) for the purpose of this study. The results were visualised in a scores
scatter plot where EOs with high activity would separate from poorly active oils.
The S-plots were used to filter out putative biomarkers (EO constituents)
responsible for the observed activity (Maree et al., 2014). In the case of GC37

MS, retention time-mass pairs are filtered out in the S-plot and compound
identification is subsequently performed using NIST library. Since preprocessing of 2D-GC-MS data automatically pre-assigns identities to all
constituents from the libraries prior to chemometric analysis, S-plots of 2D data
filter out compounds with identities. The chemometric biomarker determination
is therefore not similar to normal chemical characterization through signal
detections and identification of marker compounds. Chemometric software
takes care of the statistical procedures to depict putative biomarkers. These
biomarkers could be investigated further for development into potential AQS
inhibitors for use in combating microbial resistance.

3.5 ANTIQUORUM SENSING ACTIVITY OF CONSTITUENTS ALONE AND
IN COMBINATIONS
To further assess the potential synergistic effects of EO constituents, one broad
spectrum acting oil had to be selected. The major constituents of the active EO
were then quantified using GC-FID-MS to obtain chemical compostion. The
experiment was carried out in order to assess constituents for their AQS activity
individually and in combination. For the combinations, proportions used were
similar to the ratios of natural occurrence in the EO. Possible synergistic
interactions were assessed by observing the change in percentage inhibition
values between the pure compounds, different combinations, positive control
eugenol and the crude EO.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 ANTIMICROBIAL ACTIVITY
4.1.1 Minimum inhibitory concentrations
The activity of 107 EOs was determined and EOs were shown to have notable
antifungal and antibacterial effects against the tested pathogens. MICs ranged
from 0.06 mg/ml–8.00 mg/ml while the positive controls (ciprofloxacin for
bacteria and amphotericin B for yeasts) had MICs ranging from between 0.06–
0.13 mg/ml. For better interpretation of the results, the activity was categorised
as good (MIC < 2.00 mg/ml), moderate (2.00 ≤ MIC ≤ 4.00 mg/ml) and poor
(MIC > 4.00 mg/ml). Generally, the six Cymbopogon species displayed the best
activity across all pathogens with MICs ≤ 2 mg/ml (Table 4.1). Ten other EOs
including;

Cinnamomum

zeylanicum,

Juniperus

virginiana,

Origanum

compactum, Satureja hortensis, Satureja montana, Thymus vulgaris and
Thymus zygis also recorded noteworthy activity across the tested pathogens.

Fifty three and 44 EOs displayed good antifungal activity (MICs < 2.00 mg/ml)
against C. albicans and C. tropicalis, respectively. Regarding susceptibility to
EOs, fungal pathogens showed the greatest susceptibility and were highly
sensitive to Cymbopogon spp. that recorded very low MICs ranging 0.02–0.13
mg/ml. Other active EOs against fungal pathogens included: Satureja spp.
(MIC range: 0.06–0.50 mg/ml), Cinnamomum spp. (MIC range: 0.06–2.00
mg/ml), Eucalyptus spp. (1.00–2.00 mg/ml), Lavandula spp. (MIC range:1.00–
2.00 mg/ml), Origanum spp. (MIC range: 0.13–2.00 mg/ml), Thymus spp.
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(MICs range: 0.25–2.00 mg/ml), Cinnamomum spp. (MIC range: 0.06 mg/ml),
Mentha spp. (MIC range: 1.00–2.00 mg/ml), Eucalyptus citriodora, Eucalyptus
radiata and Lavandula buchii with MICs of 0.06 mg/ml (Table 4.1). Nzeako, AlKharousi and Al-Mahrooqui (2006) previously reported susceptibility of fungal
pathogens to antimicrobial agents which is in line with the results obtained.

Table 4.1: MIC values of EOs against both pathogenic fungi and bacteria
Essential oil

C.
albicans
< 0.06

C.
tropicalis
0.06

M.
catarrhalis
0.13

E. coli

S. aureus

E. faecalis

0.06

0.13

0.13

A. sibirica

2.00

2.00

4.00

4.00

8.00

2.00

A. balsamifera*

0.50

2.00

0.25

0.25

0.50

0.50

A. graveolens

2.00

1.00

4.00

4.00

8.00

8.00

A. dracunculus

2.00

4.00

4.00

4.00

2.00

2.00

C. nobile

2.00

4.00

4.00

4.00

2.00

8.00

C. luzonicum

2.00

4.00

4.00

4.00

2.00

2.00

C. camphora

2.00

2.00

8.00

4.00

1.00

2.00

C. zeylanicum (1)

0.50

0.50

4.00

4.00

1.00

2.00

C. zeylanicum (2)*

0.06

0.06

2.00

1.00

0.50

0.50

C. aurantifolia

0.50

4.00

4.00

4.00

2.00

2.00

C. aurantium (1)

1.00

4.00

8.00

4.00

2.00

8.00

C. aurantium (2)

0.50

2.00

4.00

4.00

2.00

2.00

C. aurantium (3)

8.00

8.00

8.00

8.00

8.00

8.00

C. limon (1)

4.00

2.00

8.00

4.00

8.00

8.00

C. limon (2)

0.50

1.00

8.00

8.00

8.00

8.00

C. paradisi

1.00

<0.06

8.00

4.00

8.00

8.00

C. reticulata (1)

2.00

0.06

8.00

8.00

2.00

8.00

C. reticulata (2)

1.00

4.00

8.00

4.00

8.00

2.00

C. sinensis

2.00

2.00

8.00

4.00

8.00

8.00

C. officinalis

8.00

2.00

4.00

4.00

8.00

8.00

C. maritimum

2.00

2.00

4.00

4.00

1.00

2.00

C. cyminum

2.00

2.00

4.00

4.00

8.00

8.00

C. sempervirens

2.00

2.00

8.00

4.00

1.00

2.00

C. citratus*

0.03

0.06

0.13

0.13

0.13

0.13

C. flexuosus*

0.06

0.13

0.50

0.50

0.50

0.25

C. giganteus *

0.02

0.02

0.25

0.06

0.50

0.25

C. martini*

0.06

0.25

1.00

1.00

0.13

0.06

C. nardus *

0.06

0.13

0.25

0.13

0.25

0.25

C. winterianus*

0.13

0.13

0.50

1.00

0.13

0.13

E. citriodora

1.00

0.06

4.00

4.00

4.00

4.00

E. dives

2.00

2.00

8.00

4.00

2.00

2.00

Positive control
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Essential oil

C.
albicans
2.00

C.
tropicalis
8.00

M.
catarrhalis
8.00

E. coli

S. aureus

E. faecalis

8.00

8.00

8.00

E. radiata

1.00

0.06

4.00

4.00

8.00

8.00

E. smithii

1.00

2.00

8.00

4.00

1.00

2.00

E. caryophyllus

0.25

0.25

8.00

4.00

1.00

2.00

F. vulgare

2.00

4.00

4.00

4.00

2.00

2.00

G. fragrantissima

2.00

2.00

4.00

4.00

8.00

2.00

G. procumbens

4.00

2.00

8.00

4.00

2.00

8.00

H. italicum

8.00

2.00

8.00

2.00

2.00

2.00

I. graveolens

1.00

2.00

2.00

4.00

2.00

1.00

J. officinale

0.25

2.00

8.00

4.00

8.00

8.00

J. communis (1)

2.00

2.00

8.00

4.00

1.00

2.00

J. communis (2)

2.00

4.00

8.00

4.00

2.00

2.00

J. oxycedrus

8.00

4.00

0.50

0.50

2.00

2.00

J. virginiana *

1.00

<0.06

1.00

0.25

2.00

0.50

L. nobilis

2.00

2.00

4.00

4.00

2.00

2.00

L. angustifolia

1.00

<0.06

4.00

4.00

2.00

4.00

L. spica

2.00

2.00

8.00

8.00

8.00

8.00

L. buchii (1)

1.00

2.00

4.00

4.00

2.00

2.00

L. buchii (2)

2.00

1.00

8.00

8.00

8.00

8.00

L. buchii (3)

1.00

0.06

8.00

8.00

2.00

2.00

L. groenlandicum

1.00

1.00

4.00

4.00

4.00

2.00

L. petersonii

1.00

1.00

4.00

4.00

2.00

2.00

L. officinale

0.50

8.00

8.00

8.00

2.00

1.00

L. citriodora

0.50

2.00

2.00

2.00

4.00

2.00

L. citrata

0.50

0.06

4.00

4.00

2.00

2.00

I. verum

2.00

2.00

4.00

4.00

8.00

8.00

M. recutita

4.00

2.00

4.00

4.00

2.00

2.00

M. alternifolia

1.00

1.00

4.00

4.00

2.00

2.00

M. cajuputi

2.00

4.00

4.00

4.00

8.00

8.00

M. quinquenervia

1.00

4.00

4.00

4.00

1.00

8.00

M. officinalis

8.00

1.00

1.00

1.00

2.00

1.00

M. arvensis

2.00

1.00

8.00

8.00

1.00

2.00

M. pulegium

2.00

1.00

8.00

4.00

8.00

8.00

M. citrata

2.00

2.00

8.00

8.00

8.00

8.00

M. piperata

1.00

1.00

8.00

8.00

8.00

2.00

M. fragrans

1.00

0.25

4.00

8.00

8.00

8.00

M. communis (1)

4.00

4.00

8.00

8.00

2.00

8.00

M. communis (2)

2.00

4.00

8.00

4.00

2.00

8.00

N. jatamansi

8.00

4.00

8.00

4.00

1.00

1.00

O. sanctum

0.50

0.50

1.00

4.00

1.00

2.00

O. compactum*

0.13

0.13

4.00

2.00

1.00

1.00

O. majorana (1)

2.00

4.00

4.00

4.00

2.00

2.00

O. majorana (2)

1.00

2.00

8.00

8.00

8.00

8.00

P. asperum

0.50

0.13

4.00

4.00

2.00

2.00

P. mariana

1.00

4.00

4.00

4.00

2.00

2.00

E. globulus

41

Essential oil

C.
tropicalis
0.25

M.
catarrhalis
4.00

E. coli

S. aureus

E. faecalis

P. racemosa

C.
albicans
0.50

4.00

1.00

1.00

P. ponderosa

2.00

2.00

4.00

4.00

1.00

2.00

P. sylvestris

2.00

2.00

4.00

4.00

1.00

2.00

P. nigrum

2.00

2.00

8.00

4.00

1.00

2.00

P. lentiscus

4.00

2.00

4.00

4.00

1.00

2.00

P. cablin*

1.00

2.00

2.00

0.25

1.00

2.00

R. aromatica

2.00

2.00

4.00

4.00

8.00

2.00

R. damascena

0.50

0.25

4.00

4.00

2.00

2.00

R. officinalis (1)

2.00

1.00

4.00

4.00

8.00

8.00

R. officinalis (2)

2.00

4.00

4.00

4.00

4.00

2.00

S. lavandulifolia

1.00

4.00

4.00

4.00

4.00

2.00

S. officinalis

2.00

4.00

4.00

4.00

8.00

2.00

S. sclarea

2.00

2.00

8.00

4.00

1.00

2.00

S. hortensis*

0.50

1.00

1.00

1.00

1.00

1.00

S. montana*

0.25

<0.06

2.00

2.00

1.00

1.00

S. canadensis

8.00

8.00

8.00

4.00

1.00

8.00

S. benzoides

4.00

2.00

4.00

4.00

1.00

2.00

T. occidentalis

2.00

2.00

4.00

4.00

8.00

2.00

T. mastichina

2.00

4.00

4.00

4.00

8.00

2.00

T. saturejoides

0.25

1.00

4.00

2.00

2.00

1.00

T. serpyllum *

0.25

0.50

1.00

1.00

1.00

1.00

T. vulgaris (1)

0.5

0.50

4.00

4.00

2.00

2.00

T. vulgaris (2)*

0.25

0.13

4.00

2.00

1.00

2.00

T. vulgaris (3)

1.00

1.00

8.00

4.00

2.00

8.00

T. zygis*

0.50

0.50

1.00

2.00

1.00

1.00

T. annuum

1.00

2.00

2.00

4.00

2.00

2.00

T. ammi

0.25

4.00

8.00

2.00

1.00

2.00

T. canadensis

2.00

0.06

4.00

4.00

8.00

2.00

V. officinalis

2.00

2.00

8.00

4.00

1.00

2.00

V. fragrans

4.00

0.13

8.00

8.00

2.00

8.00

Z. officinale

8.00

8.00

4.00

4.00

1.00

2.00

*Oils showed good activity across all pathogens.
- Positive controls were amphotericin B and erythromycin for fungi and bacteria, respectively.

The sensitivity of Gram-negative bacteria varied however, the pathogens were
generally less susceptible to the EOs (MIC range: 1.00–8.00 mg/ml) with the
exception of earlier reported broad spectrum EOs that were highly active. A few
other EOs that demonstrated good activity were; Mentha officinalis (MIC = 1.00
mg/ml), and Juniperus oxycedrus (MIC = 0.50 mg/ml). Moderate activity was
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observed for Lavandula citriodora, Satureja montana, and Helichrysum italicum
against E. coli (MICs = 2.00 mg/ml).
In total, 14 EOs displayed good antibacterial activity with MICs < 2.00 mg/ml.
The results are congruent with the report which stated that Gram-negative
bacteria are less susceptible to EO activity (Maree et al., 2014).

The results for Gram-positive bacteria showed that 20 and 37 EOs had good
antibacterial activity (MIC values < 2.00 mg/ml) against E. faecalis and S.
aureas, respectively. Cymbopogon spp., Cymbopogon martini and Thymus
serpyllum displayed very good activity with MICs < 1.00 mg/ml and similar
results were reported by Ahmad & Viljoen (2015). For S. aureas, good activity
was noted for Eucalyptus smithii, Piper nigrum, Salvia sclarea, and Zingiber
officinale with MICs < 1.00 mg/ml. Enterococcus faecalis on the other hand
showed greater susceptibility to Pimenta racemosa, Satureja species,
Origanum compactum, and Levisticum officinale with MICs < 1.00 mg/ml.
Overall, the antimicrobial assay results proved that the majority of the
commercial EOs tested exhibit good antimicrobial activity towards a range of
pathogens.

4.2 QUALITATIVE ANTIQUORUM SENSING ACTIVITY
4.2.1 Zones of inhibition and turbidity
To investigate AQS activity of the EOs, the zones of turbidity (ZOT) were
determined alongside zones of inhibition (ZOI) and the results are presented in
Table 4.2. Antimicrobial ZOI values ranged between 0.25 - 7.75 mm while ZOT
values were in the lower range of 0.00 - 5.50 mm. Interpretation of antimicrobial
results was based on previous reports where ZOI ≥ 5.50 mm was considered to
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be good antimicrobial activity (Dussault, Vu and Lacroix 2014). The positive
control, eugenol displayed good antimicrobial activity (ZOI of 9.50 ± 0.35 mm)
and much higher AQS activity (ZOT = 12.00 ± 0.00 mm) against C. violaceum.
Thirteen of the tested EOs demonstrated good antimicrobial activity and
examples were: Cinnamomun zeylanicum (5.00 ± 0.00 mm), Citrus limon (5.00
± 0.35 mm), Eucalytus globulus (7.25 ± 0.35 mm), Juniperus oxycedrus (6.25 ±
1.06 mm), Lavandula buchii (1) (7.75 ± 0.35 mm), Lippia citriodora (6.50 ± 0.71
mm), Mentha pulegium (5.25 ± 0.35 mm), Origanum majorana (6.50 ± 0.71
mm), and Thymus zygis (5.25 ± 0.35 mm).

The sensitivity of C. violaceum to EOs of the same genus varied with some
exhibiting good activity while others recorded poor activity. This was particularly
true for Cinnamomum spp., Citrus spp., Cymbopogon spp., Eucalyptus spp.,
Juniperus spp., Mentha spp., Origanum spp. and Thymus spp. Zones of
turbidity results revealed that it was difficult to inhibit QS than bacterial growth
in C. violaceum. The results also led to the deduction that inhibition of bacterial
growth can not be directly correlated to AQS activity and vice versa.

This is evident from our results where a number of EOs that displayed good
antimicrobial activity have poor AQS activity with ZOT values < 5.00 mm and
much lower than the positive control (Table 4.2). Citrus limon was the only oil
with noteworthy AQS activity (ZOT = 5.50 ± 1.14 mm), however, this was lower
than the positive control. Qualitatively, the EOs did not demonstrate the ability
to inhibit quorum sensing to a greater extent using the disc diffusion assay.
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Table 4.2: Antimicrobial and antiquorum sensing activity against C. violaceum
(agar-well diffusion assay)
Essential oil

ZOI (mm)

ZOT(mm)

MIC
(mg/ml)
0.13

MQSIC
(mg/ml)
0.09

Eugenol (positive control)

9.50 ± 0.35

12.00 ± 0.00

A. sibirica

2.25 ± 0.35

A. balsamifera

2.25 ± 1.06

0.00

0.50

Nd

0.00

> 0.50

Nd

A. graveolens

3.75 ± 0.35

2.50 ± 0.00

0.50

0.25

A. dracunculus

4.75 ± 0.35

0.50 ± 0.71

0.13

0.63

C. nobile

0.50 ± 0.71

4.25 ± 0.35

> 0.50

0.50

C. luzonicum

4.50 ± 0.71

0.00

> 0.50

Nd

C. camphora

2.25 ± 0.35

1.50 ± 0.00

0.25

0.13

C. zeylanicum (1)

3.75 ± 0.35

0.50 ± 0.00

> 0.50

0.13

C. zeylanicum (2)

5.0 ± 0.00

0.75 ± 0.35

> 0.50

Nd

C. aurantifolia

4.75 ± 0.35

1.00 ± 0.00

> 0.50

0.50

C. aurantium (1)

4.25 ± 0.35

0.50 ± 0.00

0.25

0.13

C. aurantium (2)

4.00 ± 0.71

0.50 ± 0.00

> 0.50

0.50

C. aurantium (3)

2.25 ± 0.71

0.00

0.50

Nd

C. limon (1)

1.25 ± 1.06

5.50 ± 1.14

0.25

0.13

C. limon (2)

5.25 ± 0.35

1.00 ± 0.00

0.25

0.13

C. paradise

4.75 ± 0.35

0.00

> 0.50

Nd

C. reticulata (1)

1.50 ± 0.71

4.00 ± 0.00

0.25

0.13

C. reticulata (2)

0.75 ± 0.35

3.25 ± 0.35

> 0.50

0.50

C. sinensis

1.25 ± 1.06

3.25 ± 0.35

0.50

0.25

C. officinalis

2.00 ± 0.71

0.00

> 0.50

Nd

C. maritimum

3.75 ± 1.06

1.50 ± 0.71

> 0.50

0.50

C. cyminum

0.25±0.35

2.50 ± 0.00

0.25

0.13

C. sempervirens

4.25 ± 0.35

2.50 ± 0.00

> 0.50

Nd

C. citrates

0.75 ± 1.06

3.00 ± 0.71

0.13

0.06

C. flexuosus

0.25 ± 0.35

3.25 ± 0.35

0.13

0.06

C. giganteus

3.50 ± 1.41

2.00 ± 0.71

0.50

0.13

C. martini

0.75 ± 0.35

3.50 ± 1.41

0.25

0.13

C. nardus

3.75 ± 0.35

1.25 ± 1.06

0.25

0.13

C. winterianus

1.00 ± 0.71

2.25 ± 1.06

0.25

0.06

E. citriodora

2.00 ± 0.71

2.75 ± 1.06

0.25

0.13

E. dives

2.50 ± 0.00

3.00 ± 0.71

0.25

0.13

E. globules

7.25 ± 0.35

1.00 ± 0.71

0.50

0.13

E. radiate

0.75 ± 0.35

1.75 ± 0.35

0.25

0.13

E. smithii

0.25 ± 0.35

0.00

0.50

Nd

E. caryophyllus

0.50 ± 0.71

3.25 ± 0.35

> 0.50

Nd

F. vulgare

1.75 ± 1.06

0.00

0.25

Nd

G. fragrantissima.

4.75 ± 1.06

0.00

0.25

Nd

G. procumbens

0.50 ± 0.71

3.00 ± 1.41

0.13

0.06

H. italicum

1.25 ± 0.35

2.75 ± 0.35

> 0.50

0.50

I. graveolens

0.25 ± 0.35

3.25 ± 1.06

>0.50

0.50
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Essential oil

ZOI (mm)

ZOT(mm)
1.00 ± 0.71

MIC
(mg/ml)
> 0.50

MQSIC
(mg/ml)
Nd

J. officinale

3.25 ± 0.35

J. communis (1)

3.25 ± 0.35

1.25 ± 1.06

0.50

0.25

J. communis (2)

2.25 ± 0.35

3.00 ± 0.71

0.50

0.25

J. oxycedrus

6.25 ± 1.06

0.00

> 0.50

Nd

J. virginiana

4.75 ± 0.35

0.00

0.50

Nd

L. nobilis

0.25 ± 0.35

2.00 ± 0.00

0.25

0.13

L. angustifolia

2.75 ± 0.35

1.50 ± 0.71

0.25

0.13

L. spica

2.00 ± 0.00

2.75 ± 0.35

0.50

0.25

L. buchii (1)

7.75 ± 0.35

0.00

0.50

Nd

L. buchii (2)

5.75 ± 0.35

1.00 ± 0.00

0.50

0.13

L. buchii (3)

0.25 ± 0.35

0.50 ± 0.00

0.25

0.13

L. groenlandicum

6.75 ± 0.35

0.00

0.50

Nd

L. petersonii

1.75 ± 0.35

0.00

0.25

Nd

L. officinale

1.25 ± 0.35

2.25 ± 0.35

> 0.50

0.50

L. citriodora

6.50 ± 0.71

0.50 ± 0.00

> 0.50

0.50

L. citrata

1.75 ± 0.35

1.50 ± 0.71

0.25

0.13

I. verum

1.25 ± 0.35

0.75 ± 0.35

0.25

0.13

M. recutita

3.00 ± 0.71

0.00

> 0.50

Nd

M. alternifolia

2.00 ± 0.71

1.75 ± 1.06

0.25

0.13

M. cajuputi

0.25 ± 0.35

0.00

0.50

Nd

M. quinquenervia

3.25 ± 0.35

1.75 ± 0.35

> 0.50

0.50

M. officinalis

3.25 ± 1.06

0.00

0.50

Nd

M. arvensis

0.50 ± 0.71

1.00 ± 0.71

0.13

0.06

M. pulegium

5.25 ± 0.35

2.25 ± 0.35

0.25

0.13

M. citrata

2.75 ± 0.35

4.00 ± 0.71

0.50

0.50

M. piperata

3.75 ± 0.35

1.00 ± 0.00

0.50

0.25

M. fragrans

0.50 ± 0.00

2.25 ± 0.71

0.50

0.13

M. communis (1)

0.50 ± 0.71

4.00 ± 1.41

0.25

0.13

M. communis (2)

2.50 ± 0.71

1.75 ± 0.35

0.50

0.25

N. jatamansi

7.00 ± 0.71

1.25 ± 0.35

> 0.50

Nd

O. sanctum

0.75 ± 1.06

0.00

0.50

Nd

O. compactum

0.25 ± 0.35

2.50± 0.00

0.13

0.06

O. majorana (1)

6.50 ± 0.71

0.50 ± 0.00

> 0.50

0.50

O. majorana (2)

4.50 ± 0.71

0.75 ± 0.35

0.13

0.06

P. asperum

2.25 ± 0.35

2.00 ± 0.71

> 0.50

0.13

P. mariana

2.75 ± 0.35

2.00 ± 0.71

> 0.50

Nd

P. racemosa

1.25 ± 0.35

1.75 ± 0.35

0.50

0.25

P. ponderosa

1.25 ± 0.35

3.00 ± 0.00

0.25

0.12

P. sylvestris

1.50 ± 0.00

2.25 ± 0.35

> 0.50

Nd

P. nigrum

1.00 ± 0.00

0.00

> 0.50

Nd

P. lentiscus

3.25 ± 0.35

1.75 ± 0.35

0.50

0.25

P. cablin

1.25 ± 0.35

0.75 ± 0.35

> 0.50

0.50

R. aromatic

2.75 ± 1.06

1.50 ± 0.71

0.25

0.13

R. damascene

1.75 ± 0.35

1.50 ± 0.00

0.25

0.06

R. officinalis (1)

2.25 ± 0.35

1.50 ± 0.71

> 0.50

0.25
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Essential oil

ZOI (mm)

ZOT(mm)
0.50 ± 0.00

MIC
(mg/ml)
> 0.50

MQSIC
(mg/ml)
0.50

R. officinalis (2)

6.00 ± 0.71

S. lavandulifolia

1.75 ± 0.35

1.00 ± 0.71

> 0.50

0.50

S. officinalis

2.25 ± 0.35

1.75 ± 1.06

> 0.50

0.50

S. sclarea

0.25 ± 0.35

2.50 ± 0.00

0.50

0.25

S. hortensis

1.25 ± 0.35

1.50 ± 0.00

0.25

0.13

S. Montana

0.25 ± 0.35

2.25 ± 0.35

0.13

0.06

S. canadensis

3.50 ± 0.71

0.00

> 0.50

Nd

S. benzoides

0.75 ± 0.35

3.50 ± 0.71

> 0.50

Nd

T. occidentalis

3.75 ± 0.35

0.00

0.50

Nd

T. mastichina

3.00 ± 0.71

1.50 ± 1.41

> 0.50

0.50

T. saturejoides

2.75 ± 0.35

2.75 ± 0.35

0.50

0.25

T. serpyllum

4.25 ± 0.35

0.00

0.25

Nd

T. vulgaris (1)

3.25 ± 0.35

2.25 ± 1.06

0.13

0.06

T. vulgaris (2)

0.00

2.25 ± 0.00

0.13

0.06

T. vulgaris (3)

1.75 ± 0.35

2.00 ± 0.00

0.25

0.13

T. zygis

5.25 ± 0.35

0.50 ± 0.00

> 0.50

Nd

T. annuum

1.75 ± 0.35

1.00 ± 0.00

> 0.50

Nd

T. ammi

1.75 ± 0.35

1.75 ± 0.35

> 0.50

Nd

T. canadensis

1.75 ± 0.35

2.00 ± 0.00

> 0.50

Nd

V. officinalis

1.25 ± 0.35

0.00

> 0.50

Nd

V. fragrans

2.25 ± 0.35

1.50 ± 0.00

> 0.50

Nd

Z. officinale

1.75 ± 0.35

1.75 ± 0.35

0.50

0.25

-nd denotes that MQSIC value was not detected within the concentration ranges tested

4.2.2 Minimum quorum sensing inhibitory concentrations
The MQSICs of the EOs were determined by observing colour changes
(indicating violacein production) in the test tubes. Interpretation of the colour
changes was as follows: purple colour - growth and no AQS activity; clear
colour - no growth but antimicrobial activity; turbid colour - AQS activity. The
minimum concentration that showed no microbial growth was recorded as the
MIC of the EO while the concentration that showed turbid colour was noted as
the lowest EO concentration that is required to inhibit virulence of the microbe
(MQSIC) (Ahmad, Viljoen and Chenia, 2014). Generally C. violaceum was
susceptible to the bactericidal effects of the EOs as observed from the
relatively low MIC values ≤ 0.5 mg/ml. MICs were however generally higher
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than MQSICs since AQS effect is best observed when the bacteria are active.
In most cases the MIC value was double MQSIC for each EO. Nine of the
tested EOs displayed the best antibacterial and AQS activities with MICs and
MQSICs as low as 0.25 mg/ml and 0.13 mg/ml, respectively. These oils were;
Cymbopon citratus, Cymbopogon flexuosus, Mentha arvensis, Origanum
majorana, Satureja montana and Thymus vulgaris (1 and 2). Cymbopogon
species had the lowest MQSICs (0.06–013 mg/ml) and best MICs (0.03–0.25
mg/ml) which is in line with the observed results for antimicrobial susceptibly on
a range of pathogens. The observed activity for C. citratus is also in agreement
with the agar well diffusion assay as well as MIC results against six microbial
pathogens previously discussed. Citrus species displayed varying MICs and
MQSICs with both Citrus aurantium and Citrus paradisi having MIC values
greater than 0.50 mg/ml and no observable AQS activity even though previous
studies showed that Citrus limon and Citrus sinensis have poor or no
observable antimicrobial effects (Espina et al., 2011).

On the other hand, Mentha arvensis and Mentha pulegium had the best
antibacterial as well as AQS activities when compared to the other moderately
active species and the results support previous observation using the agar well
diffusion assay. Thymus vulgaris species displayed good AQS and antibacterial
activities which are in line with previous studies that showed best antimicrobial
activity for T. vulgaris against E. coli and S. aureus (Zantar et al., 2015).
Generally, the AQS activity was variable between species of the same genus
as observed for Thymus, Cymbopogon, Mentha and Stagmomantis. The use of
MQSICs in this section to determine AQS activity further enriches the agar well
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diffusion assay and provides more information on the concentrations that
provide the desired effects. Possible shortfalls of the method might be the use
of colour change as an indicator of activity especially because EOs have
various colours that may influence the end point.

4.3 QUANTITATIVE ANTIQUORUM SENSING ACTIVITY
The percentage inhibition of violacein production was assessed using
spectrophotometry at four different concentrations (0.50; 0.25; 0.13 and 0.06
mg/ml) based on MQSIC results. For discussion purposes, AQS activity was
classified as good (≥ 90.00%), moderate (50.00 to 89.00%) and poor (< 50.00).
Out of the 107 oils investigated 34 showed good activities (≥ 90.00% AQS
inhibition) at 0.5 mg/ml (Figure 4.1a). Mentha species demonstrated moderate
to good AQS activity with Mentha piperata displaying the best activity (97.00%
inhibition) which was higher than the positive control, eugenol (95.00%).
Cinnamomum camphora also showed good activity of 94.48% which was
comparable to the positive control, eugenol. Other Cinnamomum spp. also
showed moderate to good AQS activities and all Citrus species had moderate
to good AQS activity with C. aurantium having the best AQS activity (92.00%).
Out of the six Cymbopogon species, five displayed good AQS activity with over
92.00% inhibition and only Cymbopon nardus had moderate AQS activity
(84.00%).

Eucalyptus species displayed moderate to good AQS activity with E. smithii
showing the lowest AQS activity out of five species being investigated. Luís et
al. (2016) reported that Eucalyptus radiata had over 50% inhibition of QS even
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at lower concentrations. Good AQS activity was observed for Gaultheria
species while Juniperus oxycedrus promoted QS in comparison to the other
three species that showed moderate to good AQS activity. Lavandula species
had moderate to good AQS activity and Lavandula spica showed the best
activity out of the five species. The highest percentage reduction in violacein
production (100.00%) was reported by Chaudhari et al. (2014) using
streptomycin as a positive control and quorum sensing enhancement was
observed for ethanolic and methanolic extracts of Manilkara hexandra and
Pyrus pyrifolia in the same study.
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Figure 4.1: Bar chart showing percentage inhibition of violacein production at (a) 0.50 mg/ml and (b) 0.25 mg/ml of selected
oils

1

Figure 4.2: Bar chart showing percentage inhibition of violacein production at (a) 0.13 mg/ml and (b) 0.06 mg/ml of selected
oils

2

Percentage inhibition was also investigated at a lower concentration of 0.25
mg/ml for the EOs and the results are presented in Figure 4.1b. Generally,
fewer EOs were able to show noteworthy inhibition of violacein production at
this concentration. A total of 21 EOs had good QS inhibition ≥ 90%.
Cymbopogon species were highly active against C. violaceum with five of the
six species displaying high AQS activity (92.00–95.00% inhibition) comparable
to the positive control. Eucalytus dives showed good AQS activity (95.00%)
again while the other four species showed moderate AQS activities.
Interestingly Gaultheria procumbens (92.00%) showed good AQS activity while
G. fragrantissima exhibited moderate activity (87.00%). Once again, Juniperus
oxycedrus promoted QS.

For the lowest two concentrations investigated (0.13 and 0.06 mg/ml) the
positive control eugenol displayed moderate AQS activity of 89.00% and
70.00% respectively (Figure 4.2). Only 54 oils displayed good and moderate
QS inhibitory effects, respectively at 0.13 mg/ml (Figure 4.2a). At 0.06 mg/ml,
none of the EOs displayed good activity despite T. ammi and G. procumbens
with good QS inhibitory effects (Figure 4.2b). Despite the fact that no AQS
activity of C. citratus leaves was observed by Adonizio et al., (2006) in this
study both C. citratus and C. flexuous had good AQS activity at 0.13 mg/ml of
EO. A few more species were observed to promote AQS at the lowest
concentration of 0.06 mg/ml and these were; J. Oxycedrus, L. angustifolia, M.
Communis and T. mastichina. Quorum sensing promoting effects could be due
to the presence of some compounds in the oils that cushion the bacteria
allowing greater release of QS molecules.
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Therefore, there were varying degrees of QS inhibition which decreased mostly
as the EO concentrations were reduced. Good AQS inhibition was observed at
higher EOs concentration than lower concentration for example, at 0.06 mg/ml
only two EOs displayed AQS activity over 90.00% namely (Table 4.3); G.
procumbens and T. ammi (which also displayed a best AQS across the range
of tested concentrations). At any selected concentration, there was variation in
the extent of QS inhibition with a few oils exhibiting very good or very poor
activity however majority showed action.

The following EOs demonstrated the best (≥ 90.00%) activity for at least three
different concentrations (0.13 mg/ml to 0.50 mg/ml); T. zygis, E. caryophyllus,
C. citratus and C. flexuous. Conversely, P. mariana, N. jatamansi, M. recutita,
J. oxycedrus, I. graveolens, A. balsamifera and A. sibrica displayed poor AQS
effect, no AQS activity or promotion of QS for majority of concentrations
investigated. Some EOs had an enhancement effect on QS which was
observed as negative percentage inhibition. The oils included: S. canadensis,
P. mariana, and J. oxycedrus and P. mariana.

Overall results demonstrated that there is no generalisation to suggest that
good antimicrobial activity implies good AQS activity. Antiquorum sensing
activity of natural products on C. violaceum was reported and documented that
a product may exhibit different effects depending on the concentration used
(Sheng et al., 2015).
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4.4 MULTIVARIATE DATA ANALYSIS
4.4.1 Variation in essential oil chemistry
Principal component analysis was performed to observe patterns in the
chemistry of the essential oils. As expected, the investigated oils demonstrated
diverse chemical profiles as evidenced by the absence of patterns, trends or
clusters in the PCA score plot based on GC-FID-MS data (Figure 4.5a). There
were however, a few species of the same genus; (Citrus and Thymus) that
were closely associated implying close chemical similarities.
The model statistics showed that 5.9% variation was modelled along PC1 (R 2X
= 0.05) and 4.9% along PC2 (R2X = 0.05) which contributed to the separation
observed. Minimal chemical information separates these essential oils as can
be deduced from the statistical data.

In order to assess the resolving power of GCXGC-ToF-MS in separating
chemical information in the oils, PCA was applied on the data and the results
are presented in Figure 4.5b. The modelled chemical variation along PC1 (R2X
= 0.17) and PC2 (R2X = 0.07) was higher than observed with 1-D GC however
separation of EOs did not yield clear cut differences. A few species of
Cymbopogon and Mentha showed some association due to some conserved
chemistry between species.

Overall, the oils showed variation in the chemical profiles that could be used to
investigate the relationship between chemistry and biological activity.
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Table 4.3: Summary table showing best acting EOs (% inhibition> 90 %)
Varying EO concentrations

Active Essential oils (Overlaping EOs shaded greyish)

>90.00% AQS
at 0.50 mg/ml (n=34)

C. aurantium, C. camphora, C. citratus, C. limon, C. sinensis,
C. flexuosus, C. giganteus, C. maritimum, C. martini, C. winterianus,
E. dives, J. communis, E. caryophyllus, G. fragrantissima,
G. procumbens, E. globulus, J. communis (2), L. buchii (2), L. spica,
L. citrate,
M. pulegium, M. piperita, M. fragrans, M. communis (1),
P. asperum, P. racemosa, M. communis (2), P. ponderosa,
P. lentiscus, S. sclarea, T. vulgaris (3), T. zygis, T. ammi,
Z. officinale

>90.00% AQS
at 0.25 mg/ml (n=22)

C. aurantium (1), C. camphora, C. giganteus, C. limon (2), C. citratus,
C. martini, C. winterianus, C. flexuosus, E. dives, E. caryophyllus,
G. procumbens, M. communis (1), M. pulegium, M. piperita,
M. fragrans, L. citrata, P. asperum, S. sclarea, P. ponderosa,T.
vulgaris (3), T. zygis, T. ammi

>90.00% AQS
at 0.13 mg/ml (n=7)

C. flexuosus, C. citratus, T. zygis, C. martini, E. caryophyllus, T. ammi,
G. procumbens

>90.00% AQS
at 0.06 mg/ml (n=2)

T. ammi, G. Procumbens

4.4.2 Correlating GC-FID-MS essential oil profiles to antimicrobial activity
In order to correlate antimicrobial activity to chemical composition and
subsequently determine biomarkers responsible for activity, OPLS-DA models
were constructed. This was done by assigning EOs to two classes based on
the level of activity observed against each pathogen. Class 1 denoted good
activity (MIC ≤ 1 mg/ml) and Class 2 denoted poor activity (MIC > 1 mg/ml). For
each microbial pathogen, two OPLS-DA models were constructed to correlate;
1) GC-FID-MS profiles to activity and 2) GCXGC-ToF-MS data to activity. Due
to the similarities in the plots generated for the pathogens, a few results are
graphically presented (Figure 4.6) and the statistical results for all pathogens
are presented in the Table 4.4 and 4.5.
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The variation contributing to the separation displayed was 2.5% (R 2Xp =
0.025). To identify the marker compounds filtered out of the chemical data and
correlated to activity, an S-plot of the variables was constructed. The S-plot
shows variables (compounds) correlated to high antimicrobial activity in blue
and low antimicrobial activity in red. This correlation is determined by observing
the position of the variables on the S-plot where variables on the extreme ends
of the ‘S’ are highly reliable in discriminating the two groups. The biomarkers
for the highly active EOs against C. albicans were identified as borneol and
geraniol, based on the retention times and m/z values are listed in Table 4.4.
For the two Candida species, p-cymene, E-β-ocimene, limonene oxide and
geranyl formate were identified as biomarkers in the active EOs (Table 4.4).

The discriminant models were constructed for the Gram-positive pathogens
and Figure 4.6 is the OPLS-DA score plot showing separation of the highly
active (blue) and the poorly active EOs against S. aureus. Although the EOs
are clearly separated along the predictive component (Pp1), the modelled
variation describing the two classes was 2.1% (R2Xp = 0.021). The
corresponding S-plot filtered out putative biomarker compounds and geranyl
butyrate was identified as a biomarker for highly active EOs. Table 4.4 shows
p-cymene and borneol as active markers in EOs active against E. faecalis
demonstrating that the active EOs against the two pathogens had different
chemical profiles.
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Figure 4.5: PCA scores scatter plot showing chemical variation of the essential
oils based on (a) GC-FID-MS and (b) GCXGC-ToF-MS data.

The results obtained for the Gram-negative bacteria, E. coli, are presented in
Figure 4.6 and the scores plot (Figure 4.6c) demonstrates clear separation
between the highly active (blue) and the poorly active essential oils with some
active Cymbopogon species showing activity against E. coli as observed
against Candida species. However, less EOs were highly active against E. coli
than observed for C. albicans. The variation along the predictive component
(Pp1) was 2.9% (R2Xp = 0.029).
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The corresponding S-plot filtered out biomarker compounds in the active EOs
as geranial and geranyl formate among other compounds.
Other OPLS-DA SIMCA models’ statistics and biomarkers are summarised in
Table 4.4).

Figure 4.6) OPLS-DA scores plots (left) showing separation of highly active
and poorly active EOs and the corresponding S-plots (right) displaying
variables highly correlated to separation of the EOs for C. albicans (a-b), E. coli
(c-d) and S. aureus (e-f).
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4.4.3 Correlating GCxGC-ToF-MS essential oil profiles to antimicrobial
activity
The same approach was used for the GCxGC-ToF-MS data and the score plot
and corresponding S-plot were constructed (Appendix 1- 4). Once again a clear
separation between the active and the poorly active EOs was observed. The
variation along the predictive component was 9% (R2Xp = 0.09). Using the Splot it was possible to identify limonene oxide as the active marker compound
in EOs (Appendix 1) active against both Candida species (Table 4.5). Two
dimensional GC-FID-MS plots modelled higher variation in the predictive
component (R2X = 0.14) and from the S-plot the active biomarker molecule for
active EOs was geranyl acetate for both pathogens (Table 4.5).

Two dimensional (GCxGC-ToF-MS) models demonstrated higher variation
along the predictive component (R2Xp = 0.16) and geranyl acetate and
sabinene were identified as the biomarker compounds for S. aureus (Appendix
3). The results for correlating antimicrobial activity with EO chemistry
successfully identified active marker molecules in the EOs and a few
biomarkers were consistently filtered out within a class of pathogens (Table
4.5).

4.4.4 Correlating antiquorum sensing activity to essential oil chemistry
In order to identify EO compounds that have potential AQS activity, highly
active EOs that demonstrated AQS inhibition ≥ 80% against C. violaceum were
grouped (class 1) and poorly active EOs (AQS< 80%) were grouped (class 2).
The data was modeled using OPLS-DA and the results were shown in Figure
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4.7 and appendix 4. The scores plot displays clear separation of the highly
active (blue) and the poorly active EOs and the variation modeled along the
predictive component R2Xp = 0.028. Geranyl acetate and neral were identified
as active biomarker compounds based on filtered variables on the S-plot. Using
GCXGC-ToF-MS data, 13% variation was modeled along the predictive
component (R2Xp = 0.13). Once again geranyl acetate was filtered out as an
active biomarker and sabinene was also identified in GCXGC-ToF-MS data. It
was interesting to note that the active constituents that displayed high
antimicrobial activity (MICs) against C. violaceum were not necessarily the
same constituents that demonstrated potential AQS activity except for neral
(Table 4.4).

4.4.5 The experimental validation of the determined aqs biomarkers
Noteworthy inhibition of violacein production was shown by geraniol, citral
(neral & geranial) and sabinine (Table 4.6). Espina et al. (2011), outlined that
limonene (more than 50.00%), p-cymene (3.30%) and carvone (1.90%) were
determined to be major constituents of C. limon. Noteworthy AQS activity was
noted for geranyl formate and citral (neral & geranial). Despite poor SIMCA
model parameters as discussed previously, the filtered biomarker compounds
are proven to exhibit noteworthy biological effects experimentally. Ahmad,
Viljoen and Chenia (2015) reported several EOs compounds to possess
stereochemistry related AQS activity and variations per constituent compound.
The positive control eugenol showed good AQS activity in the range of 70.00 to
95.00%. Above all the data suggests that even though the chemometric SIMCA
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models were defined to be of poor quality the biomarker compounds that were
filtered out were experimentaly validated through follow up experiments

Figure 4.7: a) OPLS-DA score scatter plot for C. violaceum showing separation
of highly active and poorly active essential oils, b) The corresponding S-plot
showing variables at the extreme ends of the S-plot correlated to high activity
(blue) and poor activity (red).
Table 4.4: OPLS-DA model statistics and the identified biomarkers for each pathogen
based on GC-FID-MS
Pathogen

R2X

Q2

GC-FID-MS biomarker (s)

C. albicans

0.06

0.04

p-Cymene, E-β-ocimene, geranyl formate, borneol, geraniol

C. tropicalis

0.08

0.25

p-Cymene, E-β-ocimene, geranyl formate

E. coli

0.08

-0.01

Geranial, γ-cadinene, geranyl formate, calamenene

M. catarrhalis

0.06

-0.05

α-humulene

S. aureas

0.08

0.02

Geranyl butyrate

E. faecalis

0.06

-0.10

p -cymene, borneol

C. violaceum
(MICs)
C. violaceum (AQS)

0.06

0.38

Neral, geraniol

0.06

0.38

Neral, geranyl acetate, geranyl butyrate
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Table 4.5: OPLS-DA model statistics and the identified biomarkers for each pathogen
based on GCXGC-ToF-MS
Pathogen

R2X

Q2

GCXGC-ToF-MS biomarker (s)

C. albicans

0.09

-0.15

Limonene oxide

C. tropicalis

0.14

0.20

Limonene oxide

E. coli

0.14

0.08

Geranyl acetate

M. catarrhalis

0.13

0.10

Geranyl acetate

S. aureas

0.01

0.01

Geranyl acetate, sabinene, linalool oxide

E. faecalis

0.12

0.16

Geranyl acetate

C. violaceum
(MICs)
C. violaceum (AQS)

0.13

0.21

Carvacrol

0.13

0.21

Sabinene, sabinene hydrate, geranyl acetate

4.5 COMBINATION AQS EXPERIMENTS FOR CYMBOPOGON MARTINI ’S
MAJOR CONSTITUENTS
To carry out the combination of constituent compounds versus biological
activity one EO was selected. The major constituents mixed according to their
respective ratios and tested for AQS activity. The major constituents of EOs are
mostly attributed to their observed biological activities for example Cymbopon
citratus was reported to have 48.10% of geraniol (Bassolé et al., 2011).
Previous studies have also shown that p-cymene (0.50%), neral (35.50%),
geraniol (4.30%), geranial (39.50%) and geranyl acetate (1.00%) have been
determined in C. citratus (Kpoviessi et al., 2014). Thymus vulguris contains αhumulene (0.40%), p-cymene (20.00%), sabinene (0.70%) and thymol
(49.10%) (Nikolić et al., 2014). The determined chemical composition of best
AQS activity exhibiting EOs and major constituents paved a way into potential
synergistic activity assessment. Based on broad spectrum antimicrobial activity
and good AQS activity C. martini was the EO selected for investigation of
interactions between major constituents using the AQS assay.
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Table 4.6: Percentage inhibition of selected good activity biomarkers from
chemometrics against C. violaceum
EO constituent

0.50 mg/ml

0.25 mg/ml

0.13 mg/ml

0.06 mg/ml

Eugenol (+ control)

95.00

94.00

89.00

70.00

Geranyl acetate

-55.00

-54.00

-49.00

-48.00

Geranyl butyrate

59.00

51.00

12.00

-17.00

Citral (neral and geranial)

98.00

87.00

59.00

52.00

Sabinene

83.00

80.00

65.00

48.00

NB: (-Value) denotes promotion of QS

Cymbopogon martini as the tested example consists of; linalool (3.00%),
geraniol (81.10%) and geranyl acetate (8.30%) i.e. a ratio of approximately
1:27:3 respectively. Other researchers have reported the presence of both
geraniol and geranyl acetate as major compounds and with inversely
proportional manner due to biochemical interconversion mediated by an
esterase (Smitha and Rana, 2015).

The results showed that when mixed according to quantified proportions (Table
4.7), a mixture of linalool, geraniol and geranyl acetate as well as a mixture of
both linalool and geraniol exhibited significant and over 80.00% inhibition
(Abraham et al., 2011) (AQS) values of 93.00% and 91.00% at 0.25 mg/ml
which are both comparable to the crude EO (94.00%) and positive control
eugenol (95.00%). This supports the previous research findings that most of
observable biological activities of EOs are correlated to mostly their major
constituent compounds (Luís et al., 2016). Removal of geranyl acetate from the
mixture of three major constituents did not affect AQS activity significantly
despite its QS promoting effects observed when tested on its own. The results
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however demonstrate a complex interaction between EOs constituents
compounds since geraniol (73.00%) and linalool (70.00%) at 0.25 mg/ml had
slightly lower AQS values when tested alone than crude EO, the mixture of the
two and positive control which validates existence of potential synergistic
effects (enhancement in activity) (Raut and Karuppayil, 2014) between the two
by definition.

Table 4.7: Combination of major constituents of Cymbopogon martini’s AQS
activity (% inhibition of violacein production on C. violaceum)
Name

0.50
mg/ml

0.25
mg/ml

0.13
mg/ml

0.06
mg/ml

C. martini

95.00

94.67

89.34

70.00

Eugenol (+Control)

95.00

95.00

84.00

60.00

A (linalool, geraniol & geranyl acetate)

93.00

93.00

92.00

90.00

B (geraniol & linalool)

92.00

91.00

83.00

61.00

Geraniol

90.00

88.00

83.00

60.00

Geranyl acetate

-55.00

-54.00

-49.00

-48.00

Linalool

95.00

70.00

55.00

53.00

Key:

The letters A and B denote mixtures of main constituents in Cymbopogon martini
(Linalool: 0.40 mg, Geraniol: 17.90 & geranyl acetate: 2.20 mg)/ml as quantified
through GC-FID-MS.

NB: (-Value) denotes promotion of QS
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

For antimicrobial activity determination, essential oils showed more pronounced
antibacterial effects against Gram-positive bacteria than Gram-negative
bacteria and fungal pathogens were even more susceptible to essential oils
than both bacterial classes. Some essential oils have shown dominating good
antimicrobial activity across all investigated pathogens (broad-spectrum
activity) for example, Cymbopogon species, Satureja hortensis, Cinnamomum
zeylanicum and Origanum compactum. Essential oils have exhibited varying
extents of both antimicrobial and antiquorum sensing activities. Qualitative
screening of essential oils for antiquorum sensing activity provided a better
overview of both antimicrobial effects as well as antiquorum sensing effects
against C. violaceum. The final conclusion on the degree of such activity
cannot be made based on that qualitative assay alone.

For the modified agar well diffusion assay, the qualitative screening is directly
linked to or limited to essential oil compounds ability to diffuse across the media
as well as their individual solubility in the chosen vehicle solvent therefore
doing a screening with multiple vehicles with different polarities may be more
discriminant. Even though antiquorum sensing activity was varied, essential oils
have exhibited a concentration dependant inhibition on violacein production
however; there was no direct proportion to concentration changes that could be
generalised across all the investigated quantities of essential oils. Some
essential oils have displayed closely related biological activity even though
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there were observable intra-species variations in noted activity. At a
concentration of 0.13 mg/ml of essential oils, only five oils had percentage
inhibition on violacein production of 90.00% or above meaning that most of
antiquorum activity is dominant at relatively higher concentrations.

Juniperus oxycedrus and Picea mariana promoted quorum sensing across the
four investigated concentrations. Thymus zygis, Eugenia caryophyllus and
Cybopogon citratus exemplified essential oils which showed 90.00% or more of
inhibition at least across three different concentrations being investigated. It
cannot be deduced that good antimicrobial activity of certain essential oils
implies good antiquorum activity against C. violaceum despite minor overlap by
some of the broad-spectrum essential oils. MQSIC determination offered a
better and closer overview of the extent of antiquorum sensing activity against
C. violaceum. There were no strong outliers identified through the PCA plot.
The OPLS-DA score scatter plot was able to separate good activity essential
oils though at the central vertical boarder line of the plot there were overlapping
essential oils from both categories.
Multivariate chemometric analysis was done for both GC-FID-MS and GCXGCToF-MS data using SIMCA. Chemical composition analysis of essential oils
was the key step that enabled biomarker determination through chemometrics.
OPLS-DA S-plot enabled determination of putative biomarker compounds.
Antiquorum sensing compounds and antimicrobial compounds found in
essential oils were identified through multivariate chemometric modelling.
Chemical variation of the essential oils was correlated to the observed
biological activities for example; antiquorum sensing activities.
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Major constituents are more correlated to observable biological activities even
though minor compounds have a significant role to play in the overall activity
and a major constituent can have its sole activity for example, promotion of
quorum sensing by geranyl acetate when tested on its own. Geraniol, geranial
and neral are among biomarkers associated with good activity of essential oils
and varyingly they are found in best acting essential oils such as Litsea citrata
and Cymbopogon citratus. These biomarkers have shown good antiquorum
sensing activity comparable to the positive control eugenol. The biomarkers
determined are statistically significant so a follow up antiquorum sensing
experiment was carried out with selected compounds to investigate their
biological activities as a means of confirming results of the untargeted
approach and it was proved that such biomarker compounds have biological
activity. The other confirmation results of the untargeted approach was
accomplished by major constituent analysis of selected best acting antiquorum
activity essential oils such as Cymbopogon martini which was followed by
combination of major constituents and it was noted that good activity was
related to those major compounds and synergy was observed.
More research work has to be done on; Investigation if the interactions of
individual constituents compounds in relation to biological activity and
determination of extensive mechanisms through which such effects are exerted
and the equilibrium dependency of quorum sensing must be investigated so
that the actual rate-limiting step responsible to shift to and activation of interspecies QS pathway is characterized i.e. the cornerstone for broad-spectrum
antipathogenic chemical entities discovery.
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Future research to establish possible synergistic AQS effects between active
and non-active EOs in combination should be investigated. Similar follow up
studies can also be carried out with regard to individual constituents of the
active essential oils versus poorly active oils to widen the understandings of the
complexity of biological effects of oils in relation to their chemistry.

Following

a

holistic

and

non-targeted

chemometric

approach

and

characterization of possible mechanisms of action (s) when detailed would then
pave a way into new drug discovery process through structural elucidation and
lead compound identification which will then bring about antipathogenic drugs
to the market which will solve global resistance to antimicrobial drugs
challenge. Moreover in the process new categories of antimicrobial drugs must
also be discovered which may be more effective than the current clinically used
medications.
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APPENDICES:

Appendix 1

Note:
GCxGC-ToF-MS OPLS-DA scores plots (top) showing separation of highly
active and poorly active EOs and the corresponding S-plots (bottom) displaying
variables highly correlated to separation of the EOs for C. albicans i.e. High
activity (blue) and poor activity (red).
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Appendix 2

Note:
GCxGC-ToF-MS OPLS-DA scores plots (top) showing separation of highly
active and poorly active EOs and the corresponding S-plots (bottom) displaying
variables highly correlated to separation of the EOs for E. coli i.e. High activity
(blue) and poor activity (red).

84

Appendix 3

Note:
GCxGC-ToF-MS OPLS-DA scores plots (top) showing separation of highly
active and poorly active EOs and the corresponding S-plots (bottom) displaying
variables highly correlated to separation of the EOs for S. aureus i.e. High
activity (blue) and poor activity (red).
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Appendix 4

Note:
GCxGC-ToF-MS OPLS-DA scores plots (top) showing separation of highly
active and poorly active EOs and the corresponding S-plots (bottom) displaying
variables highly correlated to separation of the EOs for C. violaceum i.e. High
activity (blue) and poor activity (red).
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