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ABSTRACT

This research aims to develop a high-throughput, standardised methodology for the extraction, isolation
and identification of antifungal compounds from plants, using a bottom-up approach. The method
development began with screening strains of non-pathogenic fungi Saccharomyces cerevisiae spp., and
Komagataella phaffii, against solvent extractions from 22 different plants from various families in the
classic 96-well microtitre Minimum Inhibitory Concentration (MIC) test. Plant extracts which displayed
activity in the MIC test were then analysed with HPLC and HPLC-MS. One plant tested (Corema album)
displayed significant activity against Candida albicans and Candida auris. This method identified three
potential compounds, pinocembrin, 2,4-dihydroxychalcone and 7-hydroxyflavone. Pinocembrin gave an
IC50 of 31.25 µg/ml against C. auris and should be considered for further pharmacological assessment.
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1.0 Introduction
Approximately 1.2 billion people around the world suffer from fungal diseases, 1.5-2 million people die
from a fungal infection every year (Denning and Bromley, 2015). Since the 1990’s antifungal drug
development has largely stopped, with only 5 main classes of antifungals available; echinocandins,
azoles, nucleoside analogues, polyenes, and allylamines. Many fungi possess intrinsic resistance to
antifungals, namely Candida krusei to fluconazole, Aspergillus terreus to amphotericin B and
Cryptococcus spp. to echinocandins to name a few (Denning and Bromley, 2015). The second most
isolated Candida spp. (C. glabrata) has shown high levels of resistance to azoles, echinocandins and 5flucytosine (Biswas et al., 2017).
Antifungal drugs have been under-investigated for years. Most antifungals available are either too
expensive, cause side effects for patients, or resistance. To combat the rising resistance, there is a need
for the development of novel pharmaceuticals. This is inherently more difficult when working with
pathogens that are closely related to the host, for example, Saccharomyces cerevisiae is used as a
model eukaryotic organism because it shares many fundamental biological and biochemical processes
(Roemer and Krysan, 2014). As a result, most small molecules that are toxic to yeast are also toxic to
humans. Because of this, three of the five major classes of antifungal drugs target fungi-specific
processes such as ergosterol biosynthesis. There are several barriers to increasing the antifungal
pipeline (further to the homology between yeast and host) such as the scientific discovery of antifungal
compounds, economic limitations and regulations (Roemer and Krysan, 2014).
Natural product discovery has seen a resurgence in research interest, partly due to the improved isolation
and identification techniques like Mass spectrometry, NMR and other analytical techniques. Estimations
say 25% of commonly used medicines contain compounds isolated from plants (Murtaza et al., 2015).
Several studies describe the use of essential oils as antifungal, namely compounds from Mentha spicata,
Allium sativum, Thymus vulgaris, to name a few (see section 1.0 Plants).
Several of drug discovery approaches use the top-down approach (finding, isolating, activity testing)
which is expensive, time-consuming and labour intensive, however, the project described in this report
uses a bottom-up approach (activity screening, isolating and identifying, (Demain and Sanchez, 2009;
Butler, 2004).
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This research will be using S. cerevisiae, S. cerevisiae PP9Q (a drug-sensitive strain with efflux pumps
deleted), Komagataella phaffii (previously known as Pichia pastoris) first as screening strains because
they are easy to maintain and use. The fungal screen strains are containment level 1 so do not require
special laboratory equipment or storage, a drug-sensitive strain has also been used in case the
compounds from the plants are not present in high enough concentrations in the solvent extractions. The
solvent extraction that displays activity is then tested against the pathogenic Candida auris and Candida
albicans (see section 1.1.2).
This research aims to develop a high-throughput, standardised methodology for the extraction, isolation
and identification of antifungal compounds from plants. The objective of this research is to identify
antifungal compounds from 22 different plant species.

1.1 Current Antifungal Drugs
There have not been any approved new drug classes of antifungals since 2006, and the current classes
of drugs available have poor pharmacokinetics, undesirable side effects and major drug interactions
(Denning and Bromley, 2015). All antifungal drugs except 5-flucytosine, target cellular integrity, each
class have different selective targets, reducing the likelihood of cross-resistance developing. Polyenes
increase cell permeability, causing leakage of cell contents, azoles inhibit lanosterol conversion to
ergosterol thus impairing cell membrane synthesis, echinocandins inhibit β-Glucan synthesis (inhibiting
cell wall synthesis), nucleoside analogues interfere with the fungal nucleus and allylamines inhibit
squalene epoxidase, which is required for ergosterol synthesis (Denning and Bromley, 2015). Two of the
three major antifungal classes (polyenes and azoles) became clinically available in the 1980s since then
only one other class (echinocandins, clinically available 2004) has been approved for clinical use
(Roemer and Krysan, 2014). Medically important fungal infections have been classified into two
categories; superficial and invasive. Superficial infections mainly affect the skin, skin structures and
mucosa examples include dermatophyte infections such as athletes’ foot (Tinea pedis), thrush
(candidiasis) and ringworm (Trichophyton). Invasive infections occur when pathogenic fungi invade the
body and affect normal bodily functions (Roemer and Krysan, 2014).

Antifungal drug resistance is rapidly developing to become a global problem. For example, azole
resistance has evolved in several independent opportunistic fungal strains due to its use in human and
2

animal care, as well as crop protection, antifouling coatings and timber preservation (Fisher et al., 2018).
There have also been increased infections from intrinsically resistant Candida spp. (C. auris, C. glabrata,
C. krusei) as well as infections from cryptococcosis (Cryptococcus neoformans, C. gattii) which is now at
1 million individuals infected annually, which can rarely be successfully treated with azoles or
echinocandins. In immunocompromised patients, Aspergillus fumigatus is a major cause for concern as it
is not easily treated with a 100% mortality rate if left untreated. Resistance has been reported in all these
strains (Robbins et al., 2017).
Currently, major US and UK funding agencies invest about 2% of their infectious disease budgets in
fungal research (Brown et al., 2012). Unfortunately, antifungal drug development is inherently difficult due
to the fundamental biochemical cell processes between fungi and the host are conserved, meaning that
mainly small molecules that are toxic to fungi are also toxic to humans (Roemer and Krysan, 2014).
There has been a steady decline in antimicrobial resistance (AMR) drug development since the 1990s,
this is due to several reasons, but the one predominantly mentioned in the media is that ‘Big Pharma’
(Aventis, Britol-Myers Squibb, Glaxo SmithKline, Astra Zenica, Proctor and Gamble, etc.) is no longer
investing in AMR drug discovery, however, the situation is more complicated. Modern-day political, social,
economic and regulatory climate means that there is a little monetary incentive for research into to shortterm intensive treatments, with a focus shift onto long-term chronic conditions, which provide far higher
income to the companies. With a lack of incentive or other initiatives, there is little funding available for
the development, testing and clinical trials (Projan, 2003; Brown et al., 2012).

1.1.2 Microorganism Strains
Two strains, P. pastoris (K. phaffii) and S. cerevisiae were selected for the initial antifungal screening due
to being fast-growing, easy to maintain, not containment level 2, and not pathogenic.
Pichia pastoris GS115 is a methylotroph, meaning it can utilise methyl groups as a source of carbon for
growth, making it an ideal yeast for protein production. Following phylogenetic analysis, P. pastoris
typically used in biotechnology for fermentation and protein expression has been reclassified as
Komagataella phaffii, which is also responsible for food spoilage (Kurtzman, 2009).
Saccharomyces cerevisiae BY4741 (Euroscarf, sequenced, key model strain) is an auxotroph- meaning it
requires added amino acid supplementation to survive, in this strain leucine, uracil, histidine and
methionine are the amino acids required (Cohen and Engelberg, 2007). Saccharomyces cerevisiae PP9Q
3

is a yeast strain which has had its efflux pumps mutated out, making the strain sensitive to drugs (Millson
et al., 2010).
Candida spp. were selected for testing because they are clinically significant and have high mortality
rates.
C. albicans is an opportunistic pathogenic yeast commonly found in the human gut, but it only becomes
pathogenic in immunocompromised patients, resulting in candidiasis and a mortality rate of 40% (Pfaller
and Diekema, 2007). Candida auris was first described in 2009 and is another strain which causes
candidiasis, often invasive affecting internal organs and the central nervous system, however C. auris has
become more clinically significant since developing broad-spectrum azole-resistance, and high mortality
rates in immunocompromised patients (Chatterjee et al., 2015). Once a plant extraction has displayed
antifungal activity against the screening strains, MIC testing will be performed using pathogenic strains of
fungi C. albicans NCPF3153 and C. auris NCPF8977.

1.1.3 Bottom-up Approach
The current methodology for the identification of pharmaceutically interesting compounds traditionally
begins with mass screening, firstly extracting compounds in a mixture of solvents, followed by
identification of the compounds and then ending with activity testing. This ignores the potential synergy of
multiple active fractions. It is also incredibly time-consuming and costly to test multitudes of extracted and
isolated compounds before even knowing what activity the compounds have. There is also a need for the
standardisation of extractions to ensure the pharmaceutical quality of any compounds found, although it
would be more efficient to adjust the extraction protocol to the compound extracted (Pandey and Tripathi,
2014).
Historically, the most commonly used approach for antifungal drug discovery is to perform a screen from
large libraries of small molecules, although more recent methods focus on the chemical characteristics of
the molecules within the library to identify potential drug-like properties (Roemer and Krysan, 2014). More
recently the use of high-throughput screens has emerged as a way forward for drug discovery and drug
development screens (Roemer and Krysan, 2014). Some current methodology revolves around the
random screening of ethnopharmacological plants as a tool for drug discovery. Several studies have
focussed on using one or two solvents for extraction, usually, ethanol or methanol, followed by bio-
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autographic thin layer chromatography (TLC) assays to visually localise anti-microbial compounds, and
using the chromatogram to isolate the compounds (Perumal Samy and Gopalakrishnakone, 2010).

1.2 Plants
Plants are a potential source of novel antifungal agents, with even such commonly eaten plants as
broccoli having been reported to have anti-fungi activity against C. albicans which was potentially caused
by a chitinase inhibitor (Li et al., 2018). A 2006 study on over 50 plants from a wide variety of plant
families were investigated for their potential antifungal activity. The study found that several different
plants from several families displayed activity against many different Aspergillus strains (Satish et al.,
2006). It is thought that secondary metabolites found in plants are responsible for the antifungal activity
and is considered to be a historically under-explored avenue for the potential harvest and development of
novel antimicrobials (Chandra et al., 2017). This is particularly true for Thymus species, which have been
recently been investigated and used as a source of antifungals (Leal et al., 2017).
Compounds extracted from plants such as hops are already being investigated as antifungal ingredients
for reducing food spoilage, making plants a highly attractive source of novel anti-fungal compounds
(Nionelli et al., 2018). The 22 plants used for this study were selected through an extensive literature
search of plants with antimicrobial properties to use in the development of high-throughput methodology.

1.2.1 Allium sativum
A. sativum is commonly known as garlic from the Amaryllidaceae family. It is a perennial herb described
as a subterranean bulb with segments, flat leaves, small white flowers in a sheath-like bract. Traditionally,
the bulb can be used in any form (essential oil, powder or fresh) for its lipid-lowering effects, antiviral and
antimicrobial properties. Garlic is predominantly made up of sulphoxides (alliin, converted to allicin as a
wound response). Garlic is non-toxic but has been reported to interfere with warfarin (Van Wyk and Wink,
2015).
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In this study, garlic has been used as a known positive control to ensure the extraction protocol is
effective for the extraction of antifungal compounds due to the substantial amount of research into its
antimicrobial properties. While the exact antifungal mechanism of garlic is still being determined, many
studies have suggested that the active principle is a compound
called Allicin (Fig. 1; Dixit and Chaudhary, 2014). Allicin readily
permeates across cell membranes and organelles membranes,
including mitochondria. An RNA sequencing analysis showed

Figure 1 Structure of allicin, the main
active principle of Allium sativum.

that garlic oil interfered with the expression of several genes
clustered in 19 KEGG pathways (regulation of key cell processes) leading to cell death (Zhao et al.,
2016). Allicin is formed when alliin comes into contact with alliinase in the presence of the cofactor (PLP),
which breaks alliin into its components (allylsulphenic acid and pyruvic acid), and then through a
dehydration reaction, two allylsulphenic acids become one allicin (Fig. 2; Chandra et al., 2017; Zandi et
al., 2017; Park et al., 2006).

Figure 2 Process of alliin to allicin- the main active principle in garlic transformation.
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1.2.2 Chamaemelum nobile
Roman chamomile is the common name for Chamaemelum nobile and is a member of the Asteraceae
family. It is a perennial herb with solid flowerheads with white florets and is widely cultivated across
Europe. Some compounds found within C. nobile include; sesquiterpenoids (α-bisabolene and nobilin),
flavones, organic acids and azulenes in the volatile oils. Traditionally used for its sedative, antispasmodic,
antimicrobial and anti-inflammatory activity (Van Wyk and
Wink, 2015). Some studies have suggested the compounds
responsible for the antimicrobial properties were 2methylbutyl 2-methylbutyrate (Fig. 3), 2-methylbutyl acetate
and prenyl acetate. However, the volatile oil of C. nobile
showed antifungal activity against Aspergillus fumigatus but

Figure 3 Chemical structure of 2-methylbutyl
2-methylbutyrate - and active component of
C. nobile, thought to be antifungal.

not Candida albicans (Al-Snafi, 2016). Other studies have indicated that roman chamomile displayed
antifungal, antibacterial and bacteriophage inhibitory activity (Chao et al., 2000). Another study supports
2- methylbutyl 2-methylbutyrate as a major component, partly responsible for the antifungal properties of
Roman chamomile (Bail et al., 2009).

1.2.3 Codium tomentosum
Codium tomentosum is a green seaweed commonly known as velvet horn or sponge weed belonging to
the Codiaceae family. The anchor or holdfast of C. tomentosum is comprised of closely woven strands to
form a saucer-shape. The frond (thallus) has many dichotomous branches that can grow up to 30 cm, the
branches have a spongy texture, and colourless hairs which are visible when submerged. The seaweed
is generally found in the Atlantic Ocean, south of Britain to Cape Verde. Codium tomentosum is an
effective antioxidant against both reactive oxygen species and reactive nitrogen species in a
concentration-dependent manner (Valentão et al., 2010). The plant has also been shown to display
antimicrobial activity against Gram-positive and Gram-negative bacteria, as well as showing antifungal
activity (Poosarla et al., 2013). There has been limited research into the isolation of the active compounds
of C. tomentosum.
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1.2.4 Corema album
Corema album is more commonly known as Portuguese crowberry, it belongs to the Ericaceae family and
is dioecious, small shrub. The shrub has small red flowers that become white berries. The plant is not
self-fertile. C. album leaves are rich in phytochemicals, particularly flavonol derivatives including
myricetin, epicatechin, and proanthocyanidins. Mass spectrometry data from previous studies suggest
late-eluting stilbene derivatives (Macedo et al., 2015; León-González et al., 2013).
The literature suggests that extracts of C. album reduces the aggregation of α-synuclein, and reduces
oxidative stress, both hallmarks of degenerative diseases. Polyphenol rich extracts from C. album leaf
showed a cytoprotective capability, as well as autophagy impairment (Macedo et al., 2015; LeónGonzález et al., 2012).
Studies have shown that flavonoid extractions from C. album
contain pinocembrin (Fig. 4) and 2’,4’-dihydroxychalcone. The
extraction was tested against colon cancer cell lines HCT116
and HT29, with IC50 values of 7.2 ± 0.7 and 6.8 ± 1.2 µg/ml,
respectively. Flow cytometry showed the cytotoxicity of the

Figure 4 Chemical structure of
pinocembrin, a flavonoid from C. album

fractions was mediated in part by inducing apoptosis and G2/M
cell cycle arrest (León-González et al., 2014a).

1.2.5 Coriandrum sativum
Coriandrum sativum (coriander) is a common culinary herb originating from the Eastern Mediterranean
and Western Asia, belonging to the Apiaceae family. The annual herb was traditionally used to treat loss
of appetite, digestive aid and as a counterirritant on painful joints. It contains linalool, coumarins and
triterpenoids, it is considered to have spasmolytic, antimicrobial and carminative actions (Van Wyk and
Wink, 2015). Coriander essential oil contains high quantities of antioxidants, which have been
investigated for use as preservatives and as antifungal agents, this study isolated the most abundant
compounds within coriander essential oil; camphor, cyclohexanol acetate, limonene, and, α-pinene,
however, it is not clear if these compounds are
antifungal (Darughe et al., 2012). A further study on
the antifungal (Candida spp.) and cytotoxicity of

Figure 5 chemical structure of a main component
of coriander essential oil (2-decen-1-ol).
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coriander isolated decanal, trans-2-decenal, 2-decen-1-ol (Fig. 5) and cyclodecane from the essential oil,
which displayed antifungal activity through ergosterol binding, increasing cell permeability and leading to
cell death. The study also showed that coriander essential oil inhibited biofilm adherence and inhibited the
proteolytic activity of C. albicans hyphae, thus interfering with the spread and subsequent pathogenicity of
Candida spp., and because of this suggested mechanism of action, it has low human cell cytotoxicity
(Freires et al., 2014). A study from 2011 indicated that coriander essential oil had potential synergism with
amphotericin B through a similar mechanism as described above (Silva et al., 2011).

1.2.7 Ficus carica
Ficus carica is known as common fig and is an Asian member of the mulberry family. Biologically active
constituents have been previously identified from various
parts of the fig plant, including leaf, bark and fruit. Common
Fig has been shown to have a laxative effect, and contain
flavonoids, polyphenols, arabinose, β-amyrins, β-carotines,
glycosides, β-sitosterol and xanthotoxol (Joseph and Justin
Raj, 2011; Konyalιoğlu et al., 2005).

Figure 6 Chemical structure of xanthotoxol, a
furanocoumarin found in common fig.

Traditionally, F. carica has been used in the treatment of ulcerative inflammation and eruption, as well as
a digestion promotor. Antibacterial properties of a methanol extract of the leaves have been reported
through MIC (Minimum Inhibitory Concentration) testing at 0.15 to 5 mg/ml. It has also been shown to be
synergistic when combined with ampicillin or gentamicin (Jeong et al., 2009).
Xanthotoxol (Fig. 6) has been shown to have neuroprotective properties through several possible
mechanisms; inhibition of neutrophil infiltration, decrease in the expression of intercellular adhesion
molecule-1 (ICAM-1), and E-selectin. Xanthotoxol treatment of 5-10 mg/kg in male Sprague-Dawley rats
resulted in significantly attenuated blood-brain barrier disruption, reduced IL-1β, TNF-α, IL-8 and NO
level. Rats that had treatment were prevented from the ischemia/reperfusion-induced increase of protein
expression of iNOS, COX-2 and nuclear NF-κB p65 – thereby indicating that the neuroprotection is a
result of the attenuate the expression of pro-inflammatory mediators and thus suppressing the
inflammatory response (He et al., 2013).
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While F. carica methanol extract has the potential for antifungal activity, any active constituent would
have to be separated from irritant compounds present in fig leaves, such as calotropenyl acetate, methyl
maslinate and lupeol acetate (Saeed and Sabir, 2002).

1.2.8 Foeniculum vulgare
A perennial herb belonging to the Apiaceae family, F. vulgare (fennel) has feathery leaves and yellow
flowers. The herb originated from the Mediterranean region of Europe, where it has been traditionally
used to treat coughs, dyspepsia, dysmenorrhea, flatulence and digestive discomfort. Fennel syrups are
used to relieve symptoms of coughs and extracts can be used topically for eye and skin disorders. The
herb is a popular spice in China and has been used in Traditional Chinese Medicine for the treatment of
rheumatism and dyspepsia. Commonly found compounds are flavonoids, furanocoumarins, estragole,
trans-anethole (toxic in high doses), and fenchone (Van Wyk and Wink, 2015; He and Huang, 2011).
Fennel seed essential oil has shown anti-dermatophyte activity
against Trichophyton spp., and Microsporum spp. The activity of
the essential oil has shown to be more effective than fluconazole
and amphotericin B. The proposed mechanism for this antifungal
activity (from flow cytometry and transmission electron

Figure 7 chemical structure of an
antimicrobial compound scopoletin found
in F. vulgare.

microscopy) is that the essential oil damaged the plasma membrane and intracellular organelles, as well
as the inhibition of mitochondrial enzyme activities (Zeng et al., 2015). Previous studies show the
chloroform soluble fraction of fennel displayed antimicrobial activity against Bacillus spp., Aspergillus
spp., and Cladosporium spp. With possible active constituents identified as scopoletin (Fig. 7), bergapten,
and psoralen (He and Huang, 2011).
Scopoletin is a phytoalexin hydroxycoumarin that has shown antimicrobial activity against plant
pathogens such as Fusarium spp. (Gnonlonfin et al., 2012). Virtual screening procedures using in silico
filtering experiments have identified scopoletin as a potential acetylcholinesterase inhibitor. Once
extracted the compound was tested in an enzyme assay using Ellman’s reagent. The tests showed a
moderate, dose-dependent and long-lasting inhibitory activity. Tests in rat brain models showed an
increase in extracellular acetylcholine the same or greater extent than galanthamine, indicating that
coumarins do affect brain acetylcholine (Rollinger et al., 2004).
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1.2.9 Galanthus nivalis
Galanthus nivalis is also known as snowdrop and belongs to the Amaryllidaceae family. It is a perennial,
herbaceous plant that flowers in early spring (January- May), it is widely grown in gardens, but is native to
most of Europe, brought to the UK and naturalised around the start of the 16th century. The plant grows
from bulbs, with each lobe producing two linear, greyish-green leaves, the solitary flower is pendulous,
bell-shaped and white (Van Wyk and Wink, 2015).
Snowdrops contain a lectin that is known to be insecticidal, researchers are suggesting the introduction of
GM crops with the lectin to increase crop resistance to insects (Gautam et al., 2018). Snowdrop contains
galanthamine (galantamine) (Fig. 8), an alkaloid which has been
approved for use in Alzheimer’s disease management (Nakano et al.,
2015). Snowdrops are also thought to have been traditionally used as an
abortifacient due to its emmenagogue properties (Mills and Bone, 2005).
Snowdrop lectin (Galanthus nivalis agglutinin) is also under investigation
for its potential anti-HIV activity (Akkouh et al., 2015).
Snowdrops, although mainly linked to degenerative diseases like

Figure 8 Chemical structure of
galanthamine from G. nivalis

Alzheimer’s have been investigated for antifungal activity, with research revealing that isoquinoline
alkaloids display antifungal activity against 50 fungal species with a MIC as low as 4 µg/ml (Nair and van
Staden, 2018).

1.2.10 Helichrysum stoechas
Helichrysum stoechas is commonly known as shrubby everlasting and is a member of the Asteraceae
family. It is a perennial shrub, growing up to 50 cm tall and 1 m wide, which flowers from July to August.
The flowers are yellow, and the leaves are present all year round. The species are hermaphroditic and is
pollinated by insects. The plant has been investigated for its use as an antioxidant in cosmetic products,
antioxidant activity has been linked to phenolic compounds 3,5,-O- dicaffeoylquinicic acid and myricetin
O-acetylhexoside (Barroso et al., 2014).
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Aqueous extractions of H. stoechas have displayed high anti-acetylcholinesterase activity with IC50 values
of 260-654.8 µg/ml, the bioactivity was maintained after
digestion. The active compounds attributed with the antiacetylcholinesterase are chlorogenic acid, cynarin and arzanol
(Fig. 9), which have been shown to fit into the active site
channel (Silva et al., 2017). Arzanol has antiviral, antioxidant
and anti-inflammatory activity, it has been investigated for its

Figure 9 Chemical structure of arzanol, a
compound commonly extracted from
Helichrysum spp.

ability to selectively reduce the viability in cancer cell lines (HeLa, Caco-2, and B16G10; (Rosa et al.,
2017). Helichrysum species extracts have shown potent antibacterial activity against Gram positives, with
mild activity against Gram-negatives with an antibacterial range between 8 and 32 µg/ml. The antifungal
MIC is 8 µg/ml (C. albicans) with similar modes of actions to antifungal drugs currently in clinical use,
extracts were used at non-toxic levels (Kutluk et al., 2018).

1.2.11 Hyacinthus orientalis
Hyacinthus orientalis is more commonly known as hyacinth, it belongs to the Asparagaceae family. It is a
native plant of southwest Asia, first brought to Europe in the 16th century and has been widely cultivated
since. Hyacinth is a bulbous plant, with succulent strap-shaped leaves produced in a basal whorl, the
stem and flowering head are a raceme bearing 2-50 fragrant flowers in a range of colours (blues, whites,
pinks, yellows and purples). They flower in early spring. The bulb is the most toxic part of the plant that
contains alkaloids that could cause colic or diarrhoea, the bulb also contains a compound that causes
contact dermatitis (Ng et al., 2019).
Hyacinthus orientalis volatile oils have been shown to contain
eugenol (Fig. 10) and cinnamaldehyde (Boulogne et al., 2012).
Eugenol has shown antibacterial activity against various Grampositive and Gram-negative strains, used in conjunction with
clinical antibiotics it can help reduce the likelihood of developing
resistance. Eugenol derivatives have displayed antifungal activity
against Candida spp., (Charan et al., 2015).

Figure 10 Chemical structure of
eugenol.

Used traditionally in Turkish and Eastern medicine, hyacinth has been used as a whole plant as a
haemostatic, with the leaves and scape being used in prostate disease, the bulb has been used as a
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wound healer and the leaves were used to treat haemorrhoids (Demirci Kayıran and Eroğlu Özkan,
2017).

1.2.12 Lavandula angustifolia
Lavender is the common name of L. angustifolia, it is a member of the Lamiaceae family, originating from
the Western Mediterranean and has been widely cultivated. It is an aromatic shrublet with silvery-green
leaves with purple flowers. Traditionally used to treat a variety of issues including nervous conditions and
digestive ailments, as well as being used as a cholagogue, sedative, antiseptic and wound healing
(topical). The main compounds found in lavender essential oil
are linalyl acetate and linalool (Fig. 11) which are toxic when
ingested (Van Wyk and Wink, 2015).
Lavender essential oil has been traditionally to treat stress and
anxiety, recent research has indicated this activity is through an

Figure 11 Chemical structure of linalool,
one of the main constituents found in
lavender essential oil.

affinity for the glutamate NMDA-receptor with an IC50 value of
0.04 µl/ml in a dose-dependent manner (in vitro). Lavender and the main constituent (linalool) were also
shown to bind the serotonin transporter. These published findings suggest that lavender essential oil
anxiolytic properties occur through the modulation of the NMDA receptor and the serotonin transporter
(López et al., 2017).
The essential oil has displayed significant antifungal activity against Candida albicans, in in vitro studies it
has outperformed clotrimazole (Behmanesh et al., 2015). The essential oil mainly consists of (R)-linalool
and (R)-linalyl acetate, although abundance varies between lavender species (Landmann et al., 2007).

1.2.13 Lycopersicon esculentum ‘Gardeners delight’
Lycopersicon esculentum is commonly known as tomato, the cultivar tested here was Gardeners delight
tomato, tomatoes belong to the Solanaceae family. Lycopersicon esculentum leaves have been shown to
have antimicrobial properties, due to the higher levels of flavonoids, carotenoids and total phenolic
contents, with MIC values of 12.5 to 3.125 mg/ml against E. coli, Salmonella typhimurium, S. aureus and
Listeria ivanovii (Silva-Beltrán et al., 2015).
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This species has been found to contain eugenol,
cinnamaldehyde and tomatine (Fig. 12; (Boulogne et al.,
2012). Tomatine is a saponin, and a preformed defence
compound thought to disrupt liposome membranes
containing 3β-hydroxy sterol (Steel and Drysdale, 1988).
More recent studies have shown efficacy against Fusarium
spp. its proposed mechanism is that it induces cell death by
activating phosphotyrosine kinase and monomeric G-protein
signalling pathways, leading to increased Ca2+ and reactive
oxygen species, thereby bursting the Fusarium cells (Ito et

Figure 12 Chemical structure of tomatine, a
compound present in L. esculentum.

al., 2007). α-tomatine has displayed activity against human
prostate cancer cells (PC-3), through inhibiting growth and inducing apoptosis in a concentrationdependent manner (Huang et al., 2015).

1.2.14 Myrtus communis
Myrtus communis is a member of the Myrtaceae family and commonly known as myrtle. An evergreen
shrub native to southern Europe, North Africa, western Asia and the Indian Subcontinent, M. communis
contains a compound called caryophyllene oxide that is both insecticidal and fungicidal (Boulogne et al.,
2012). Myrtle leaf and flower are a rich source of essential oils, the leaves have high phenolic content and
mainly comprise of α-pinene and gallotannins, essential oils did not display as high antioxidant activity as
the methanol extracts of the plant parts (Aidi Wannes et al., 2010).
Myrtle essential oil also contains several other
compounds such as linalool, eugenol and
terpineol, with MIC values ranging from 0.18-5.88
mg/ml for linalool. α-pinene has reportedly
displayed activity against M. tuberculosis strains,
as well as a compound called myrtucommulone A
(Fig. 13) displaying significant activity against S.

Figure 13 Chemical structure of myrtucmmulone A, a
compound isolated and concentrated from M. communis.

aureus with MIC values of 0.5-2 µg/ml, which is
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due to concentration of the pure compounds (Aleksic and Knezevic, 2014). Myrtle has also displayed
antifungal activity against Candida spp. (Shahidi Bonjar et al., 2004).

1.2.15 Narcissus pseudonarcissus
Narcissus spp. (Amaryllidaceae) are commonly known as daffodils, they are a perennial bulbous plant,
with green strap-shaped leaves and yellow flowers. In traditional Roman and Japanese medicine,
daffodils were used as emollients to treat wounds. Compounds commonly found are isoquinoline
alkaloids such as lycorine (LD50 41 mg/kg) and galanthamine (also present in snowdrops, Fig. 8; Van Wyk
and Wink, 2015).
Narcissus pseudonarcissus lectin has exhibited antiviral activity and high-mannose binding ability
(N. pseudonarcissus agglutinin), which would be targeted at the virus-cell fusion process. The lectin has
specificity toward α-linked mannose and can be used in the
characterisation of the early stages of apoptosis and has shown
mitogenic activity against human lymphocytes. The ability of the
mannose agglutinins display anti-HIV activity (Akkouh et al., 2015)
Daffodil alkaloids have been examined for their acetylcholinesterase
activity, with sanguinine (Fig. 14) displaying higher activity than
galanthamine (López et al., 2002). However, sanguinine has cytotoxic

Figure 14 chemical structure of
sanguinine, an alkaloid found in N.
pseudonarcissus.

properties against fibroblast cell lines (Cole et al., 2019).

1.2.16 Ocimum basilicum
Ocimum basilicum is the Latin name for basil, belonging
to the Lamiaceae family. It is a culinary herb used
globally and is native to tropical areas such as central
Africa and Southeast Asia. Basil contains essential oils
with high concentrations of linalool and methyl chavicol
(as well as cineole, eugenol and myrcene). It has been
used as a medicinal herb in Traditional Chinese Medicine
and Ayurvedic practices (Chiang et al., 2005).

Figure 15 chemical structure or ursolic acid, a
compound found in O. basilicum.
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Pure extracts of basil, namely ursolic acid (Fig. 15), have shown antiviral activity against coxsackievirus
B1 and enterovirus 71, through interacting with the infection process and replication phase (Chiang et al.,
2005).
There has been some research that suggests basil essential oils display antifungal activity against
phytopathogens (Oxenham et al., 2005; Zhang et al., 2009), and against 183 clinical isolates of C.
albicans and C. glabrata, with the modal MIC of 0.313% and 0.005%, respectively (Gucwa et al., 2018).

1.2.17 Petroselinum crispum
Petroselinum crispum is a biennial herb with yellow-green dissected leaves and small yellow flowers and
is commonly known as parsley, it belongs to the Apiaceae family. Parsley has been traditionally used to
treat gastrointestinal disorders and dysmenorrhea, as a demulcent and abortifacient. Compounds found
in the essential oil are phenylpropanoids (apiol and myristicin), and flavonoids (apiin) and trace amounts
of coumarins (Van Wyk and Wink, 2015).
The essential oil of parsley has been tested for its antifungal
activity. It is mainly comprised of apiol (Fig. 16), myristicin and βphellandrene. The essential oil was tested against opportunistic
pathogenic fungi and displayed a fungistatic effect at lower
concentrations than ketoconazole, and fungicidal activity at higher
concentrations (Linde et al., 2016), the MIC against C. albicans was

Figure 16 Chemical structure of apiol,
a component of the essential oil of P.
crispum

72 µg/ml (Haghighi et al., 2011).

1.2.18 Rheum rhabarbarum
Rhubarb is the common name of R. rhabarbarum is a perennial plant from the Polygonaceae family. It
originates from Asia that was transported to other areas through
the silk road. In traditional Chinese medicine, rhubarb root is
prescribed as a laxative (Pohnert, 2009). Rhubarb has displayed
antifungal activity against C. albicans (Canli et al., 2016).
Compounds derived from stilbenes such as desoxyrhapotigenin,
Figure 17 chemical structure of a
stilbene derivative found in rhubarb
called piceatannol.
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piceatannol (Fig. 17) and rhapontigenin have been shown to inhibit 5α-reductase activity (SungKwon,
2000).

1.2.19 Rosmarinus officinalis
The common name for R. officinalis is rosemary, a member of the Lamiaceae family. It is a perennial,
commonly used culinary herb with evergreen leaves, often with blue flowers, originally from the
Mediterranean region. Rosemary has a wide range of compounds, including 24 flavonoids, 24 diterpenes,
5 phenolic acids, 3 lignans and 63 other volatile compounds (Mena et al., 2016).
Rosemary’s high antioxidant content has to lead it to be investigated
as a potential source of Alzheimer’s disease (Habtemariam, 2016). A
study on in vivo research in mice, using the inhalation of rosemary
essential oil (mainly 1,8-cineole (Fig. 18), α-pinene and β-pinene)
showed that it may improve short term memory in Alzheimer’s type
dementia (Satou et al., 2018).
Compounds isolated from rosemary have been investigated for
antimicrobial activity. Isolated compounds such as carnosic acid

Figure 18 chemical structure of 1,8cineole, a component of R. officinalis
essential oil.

carnosol and 12-methoxy-trans-carnosic acid have been shown to have a synergistic effect with known
antibiotics, reducing the MIC of common drugs in resistant bacteria (Oluwatuyi et al., 2004). Rosemary
essential oil has also shown anti-candidal activity with a MIC range of 15.02 to 31.08 µg/ml (Ksouri et al.,
2017).
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1.2.20 Salvia officinalis
Sage or S. offiicinalis is an evergreen, perennial shrub belonging to the Lamiaceae family, native to the
Mediterranean region. Traditionally, it has been used as a haemostatic, diuretic and emmenagogue, as
well as in oral health, to treat insect stings and bites and as an antipyretic (Kintzios, 2003).
Modern research has described the plant having anti-cancer,
anti-inflammatory, antioxidant, antimicrobial, and
neuroprotective properties. The compounds considered
responsible are mainly found in the essential oil or solvent
extraction but only characterised from the essential oil. The
compounds in the essential oil are borneol, camphor, cineol,
humulene, thujone and caryophyllene (Ghorbani and
Esmaeilizadeh, 2017).
Sage extracts have been tested against cancer cell lines

Figure 19 Chemical structure of humulene,
commonly found in the essential oil of S.
officinalis.

(breast cancer MCF-7, HeLa, and several carcinoma cell lines). The extracts tested displayed antimigratory and antiangiogenic effects, while also enhancing TNF-α and nitric oxide release from
macrophages. These effects were shown to be caused primarily by α-humulene (Ghorbani and
Esmaeilizadeh, 2017).
Salvia officinalis essential oil has also displayed antimicrobial activity against both Gram-negative and
Gram-positive strains (bactericidal and bacteriostatic), mainly due to the presence of 1,8-cineole,
camphor, thujone and humulene (Longaray Delamare et al., 2007). Methanol or aqueous extracts
displayed antifungal activity (fungicidal or fungistatic) and worked well as a complement for antifungal
drug treatments (Martins et al., 2015).

1.2.21 Solanum tuberosum
Solanum tuberosum is more commonly known as the potato, it is a perennial plant belonging to the
Solanaceae family. The part tested in this study was the potato tuber, primarily the skin and then the flesh
body, because potatoes are a part of the nightshade family, they contain solanine and other
glycoalkaloids that could damage human health. Traditionally, potatoes have been used in oral medicine
to treat swollen gums (Asowata-Ayodele et al., 2016). Potatoes have been shown to contain phenolics,
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which can have antioxidant properties which act as neuroprotective compounds (Rojas-Padilla et al.,
2018).
Potatoes also contain antimicrobial proteins, which play a physiological role in the plants' defence against
phytopathogens. These antimicrobial proteins and peptides have been isolated and identified, there are
patatins, which inhibit spore germination of Phytophthora infestans and potato protease I and II which
reduced the growth of P. infestans, Rhizoctonia solani and Botrytis cinereal as well as Fusarium spp.
Human pathogens such as E. coli or C. albicans were inhibited by proteins potide-G, AFP-J, potamin-1 or
PG-2 (Bártová et al., 2019).

1.2.22 Thymus vulgaris
Thymus vulgaris is commonly known as thyme (or garden thyme) belonging to the Lamiaceae family,
native to southern Europe. It is a woody-based, evergreen shrub with small blue/ purple/ pink flower
clusters and grey-green leaves. Thyme has been used in traditional medicine for centuries, commonly
prescribed to treat many inflammatory conditions such as rheumatism, swelling and insect bites. Modern
medicine has been investigating the use of thymol (Fig. 20), the main constituent in thyme essential oil,
for its anti-inflammatory, antioxidant and antimicrobial
properties (Hosseinzadeh et al., 2015).
Thyme essential oil components carvacrol and thymol
are the most biologically active compounds (however,
when other terpenes are present, it reduces or
enhances the biological activity). While the essential
oil has been extensively researched, limited attention

Figure 20 Chemical structure of thymol, a main
constituent of thyme essential oil.

has been given to the study of non-volatile extracts, which are primarily comprised of phenolic
compounds (Leal et al., 2017).
Thymus spp. possess phenolic monoterpenes, many of which have displayed antifungal activity, with
thyme essential oil having the broadest spectrum of antifungal activity. Studies have shown that the main
compound responsible for this is thymol, which penetrates and disrupt the fungal cell wall and
cytoplasmic membranes, leading to their permeabilization and causing mitochondrial membrane damage.
There is also research into the synergistic effects of non-antimicrobial compounds such as p-Cymene
(Leal et al., 2017).
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1.2.23 Zingiber officinale
Zingiber officinale is commonly known as ginger and belongs to the Zingiberaceae family, it is a
herbaceous perennial flowering plant, it is the rhizome of the plant which is commonly used spice and in
traditional medicine. It has been used in Chinese, Ayurvedic and Tibb-Unani herbal medicines for a wide
variety of issues; arthritis, rheumatism, muscular complaints, sore throats, cramps, indigestion,
constipation, vomiting, dementia, fever, hypertension and infectious diseases (Ali et al., 2008).
There have been in vitro studies into the medicinal claims, and it is indicated that isolated compounds
from ginger have immune-modulatory, anti-tumorigenic, anti-inflammatory, anti-apoptotic, antihyperglycaemic, anti-lipidemic and anti-emetic actions (Ali et al., 2008).
Ginger essential oil and 6-gingerol (Fig. 21) have
been studied in vivo for their ascribed antirheumatic
and anti-inflammatory properties, the results were
comparable to pharmacologic doses of 17-β
oestradiol, with no effect on oestrogen target organs

Figure 21 Chemical structure of 6-gingerol, a
compound present in ginger root.

(bones or uterus; Funk et al., 2016).
Ginger has been investigated for antifungal properties, mainly 6-gingerol, 8-gingerol, 10-gingerol and 6gingerdiol. The compounds were active at <1 mg/ml against C. albicans, C. neoformans, Alternaria
alternata, Aspergillus fumigatus, Trichophyton mentagrophytes, and Microsporum gypseum (Ficker et al.,
2003).
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2.0 Materials and Methods
2.1 Plants and fungal material
Plants were obtained from a local supermarket or garden centre, so it is unknown how they were grown.
Plants were kept and maintained in the University of Lincoln greenhouse until they were used.
Fungal strains were cultured from freezer stocks or National Collection of Pathogenic Fungi (NCPF).
Pathogenic fungal strains were obtained from NCPF and cultured in the same way as non-pathogenic
fungi. Freezer stocks (S. cerevisiae, K. phaffii and S. cerevisiae PP9Q) were cultured in standard
complete media (2% D-glucose Merck), 0.67% yeast nitrogen base without amino acids, complete
supplement mixture leucine drop out, L-leucine 80 mg, adenine sulphate 80 mg, pH 6.5 (Formedium) for
standard complete agar, add 2% agar (Merck) per litre. Strains were maintained on standard complete
agar plates and single colonies from the plates were used in overnight cultures. YPD agar and media
were also used (2% D-glucose, 1% peptone, 1% yeast extract, and 2% agar, Merck and Formedium) for
stock and strain maintenance over long periods.

2.2 Compound Extraction from plants (Stage 1)
Firstly, the plants were macerated to increase the contact surface with the solvents to facilitate the
extraction of compounds, and to homogenise the parts used. The parts used varied per plant but mainly
consisted of leaves, flowers, and roots all being separated by hand and homogenised using a herb and
coffee grinder (Cookworks Ltd, UK).
The compound extraction from plants is designed to screen the largest number of compounds for
possible antifungal activity. Therefore each solvent from Table 1 (Pandey and Tripathi, 2014) was added
to macerated plant material in a volume: volume ratio. Because the physical properties of the plant alter
the ratio used (for example with particularly ‘woody’ plants like Rosmarinus officinale there needs to be
more solvent added to counteract the absorbance by the plant), usually the most effective ratio for
‘woody’ plants is 1:3 (plant: solvent), although studies have suggested a sample ratio of 1:10 (v/w) plant:
solvent, but that is for the dried plant (Das et al., 2010).
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Table 1 The solvents and extracted compounds used. Many of these compound classes have not been explored
for any antifungal activity (Pandey and Tripathi, 2014).

Water

Ethanol

Methanol

Chloroform

Ether

Acetone

Anthocyanins

Tannins

Anthocyanins

Terpenoids

Alkaloids

Phenol

Starches

Polyphenols

Terpenoids

Flavonoids

Terpenoids

Flavonols

Tannins

Polyacetylenes

Saponins

Coumarins

Saponins

Flavanols

Tannins

Fatty acids

Terpenoids

Terpenoids

Xanthoxllines

Polypeptides

Sterols

Totarol

Lectins

Alkaloids

Quassinoids
Lactones
Flavones
Phenones
Polyphenols

A series of controls were carried out, these included solvent control (100% solvent; ethanol, methanol,
acetone, diethyl ether, and chloroform) as well as 1% DMSO. Drug control was fluconazole at 1 mg/ml
stock concentration. Fluconazole is the current gold standard antifungal and the MIC data from which can
be used to assess the efficacy of the plant extractions through comparison.
After adding the solvents in the corresponding V: V ratio, the macerated plant extractions were placed for
45-60 minutes on a roller at 40-45 RPM, then strained into fresh universals using 20 cm2 cut muslin cloth.
At the start of the research, two different MIC methods were attempted to identify the most time-efficient
and most sensitive to the unknown compounds rather than the solvents. Originally, a MIC with a solvent
extraction concentration of 33% was used and diluted down the plate 1 in 3, this did not account for the
killing ability of the solvent alone, so another starting concentration was determined from the solvent
control MIC. The MIC method was not only changed due to the solvent controls but because after
evaporating off the solvents and resuspending in 1% DMSO, activity remained.
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So that we could be sure that the solvents were not solely responsible for any antifungal activity
observed, the MIC performed on all the plants was performed in a 96-well microtitre plate with a gradient
created by 1:1 serial dilution from 11.2% to 0.00109 % with the last set of wells acting as a control.
The concentration of cells for use in the MIC has been explored, originally starting with a 1 in 10 dilution
of cells from an overnight culture into fresh media (S. cerevisiae BY4741, S. cerevisiae PP9Q and K.
phaffii), this dilution factor resulted in early saturation, so further MICs were performed for each of the
strains at 1 in 100, 1 in 1000 and 1 in 10,000, as part of methodology optimisation. In this instance,
saturation refers to the optical density reached when read with the plate reader at 595 nm.
From this, it was determined that the best cell dilution for the assay was 1 in 1000. The incubation time
was also evaluated as in some cases saturation was reached at 48 hours and others not, particularly if
the plant extract showed fungistatic properties as opposed to fungicidal. To counter this, readings were
taken at 24 and 48 hours.
For some plants, such as hyacinth and daffodil, several parts of the plants were separated and tested,
this included flower, stem, leaves and roots, being tested separately against the screening strains.
Data were collected at 24 hours and 48 hours by resuspending any cells settled at the bottom of the wells
at 1000 RPM for 60 seconds, then a plate reader (Ascent) and accompanying software was used at 595
nm. RStudio was used to create the heatmap shown (R script available on request), IC50s were
calculated on R by creating a ‘ratio’ between the absorbance values in the positive control and each
individual well, this was not corrected for pigmentation from plant extracts (due to a mix of data
availability). The data are shown as a ‘ratio’ of the positive control against each solvent extraction
concentrations used and IC50 was calculated.

2.3 Compound Isolation (Stage 2)
This stage was only performed on the plant/solvent extractions that displayed antifungal activity against
the screen strains (S. cerevisiae spp., and K. phaffii). Antifungal activity threshold meant that any activity,
even mild was carried forward, the screen described above is considered a ‘yes/no’ assay, thus only one
replicate per strain per solvent was used to maintain the high-throughput aim. Plant extractions that were
retested due to high activity were done in triplicate.
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The extractions showing the most activity were run through HPLC (Shimadzu Prominence system)
Hyperclone 3 µm ODS (C18) LC column (150 x 4.6 mm) (Phenomenex) running a gradient from 99%
water to 99% acetonitrile and 1% formic acid for 20 minutes, after an initial sample of 250 µl, the fractions
were collected every 30 seconds, with a flow rate of 1 ml/min, the detectors were set at 220 nm and 350
nm. Fractions were subsequently placed in a vacuum centrifuge at 4xg for 6 hours to remove the
supernatant with any residue resuspended in 1% DMSO. This method was shown to be ineffective and
was not used.
Each fraction was MIC tested against the screen strains for activity. Fractions that displayed activity after
the MIC testing were selected for HPLC-MS. Should the HPLC chromatogram shows maximum
absorbance for most of the run, then further extraction steps are necessary. For example, the Narcissus
extraction required further extraction protocols to reduce the amount of contamination and background on
the HPLC chromatogram. The four different processes included (each process was performed on a fresh
sample);
•

Heating the extraction at 50 °C for 60 minutes (to remove any protein contamination),

•

Ultrasound water bath for 10 minutes (to loosen any bonds),

•

5kDa spin column (20 minutes at 5-minute intervals at 10,000 RPM) (to remove any large
debris),

•

Using α-amylase (100 ng/ml) at 1% of the extraction, for 2 hours at room temperature,
followed by 10 minutes in 50 °C heat block to denature the enzyme (to break down and
remove any excess polysaccharides that could be giving hits on the HPLC).

Thin-layer chromatography-direct bioautography (TLC-DB) was attempted with all extractions from plants
displaying activity as a cheap and quick preliminary step before HPLC. Several papers describe using
TLC-DB for high-throughput screens for antimicrobial compounds from plants, before moving on to mass
spectrometry (Jóźwiak et al., 2016; Jesionek et al., 2013; Kagan and Flythe, 2014; Dissanayake et al.,
2015; Wedge and Nagle, 2000).
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The TLC-DB was performed on a 20 cm2 glass-backed silica gel G60 plate (Merck), with fluconazole as a
control (2 µl, at a 10 mg/ml concentration), in a mobile phase of chloroform, diethyl ether and methanol in
a 30:10:1 ratio. The extractions were dotted on to a pencil line 2 cm from the bottom of the plate 2 µl at a
time until 30 µl was dotted on to the plate. The mobile phase ran for 60 minutes. The plate was then dried
for 30 minutes and placed in a sterile box.
For direct-bioautography, YPD agar could cool to 46°C
before adding a 10 ml overnight culture of S.
cerevisiae and poured directly on to the developed
TLC plate until the meniscus reached the edge of the
plate (~2 mm thickness). The plate was incubated at
28°C for 24 hours. Post incubation, 0.2% MTT was
sprayed on to the TLC plate and returned to the
incubator for a further 2 hours (Fig. 22). MTT is
metabolised to a purple by living cells so is ideal for
bioautography, 0.2% was selected based on

Figure 22 Developed TLC with solvent extractions of
N. pseudonarcissus with fluconazole as a control
(plate 1)

manufacturer recommendations. This method was
ineffective because the fungi have no media on which to grow and further protocol development was
required.
To establish the best protocol for TLC-DB, two control plates were developed. Plate 2 (Fig. 23) S.
cerevisiae BY4741 inoculated YPD agar poured (agar was just about to set) on to an unused plate with a
fluconazole dot (15 µl of fluconazole 1 mg/ml), Incubated at 28°C for 24 hours, then sprayed with 0.2%
MTT and incubated at 28°C for 0.5-2 hours. The method changes gave the expected results, indicating
that the growth media from the previous attempt should be changed to YPD agar.
On plate 3 (control plate), 10 µl of 1 mg/ml fluconazole was dotted onto the TLC plate then developed for
30 minutes (a half run) in chloroform, diethyl ether and methanol in a ratio of 30:10:1. After allowing the
solvents on the plate evaporate for 10 minutes, a fluconazole dot was plated directly on to the plate on
the non-solvent half before S. cerevisiae BY4741 inoculated YPD agar was poured on to plate with a
fluconazole dot added on top of the poured agar to ensure that the transfer of the active compounds
could take place, the plate was then incubated at 28°C for 24 hours. After incubation, it was sprayed with

25

0.2% MTT and incubated at 28°C for 0.5- 2 hours, which resulted in the plates shown in Figures 23 and
24.

2.4 Stage 3 (Identification)
Fractions that displayed activity after HPLC and MIC testing were further analysed by an analytical
chemist (with assistance) using a separation of both ethanol and methanol extractions and inactive
fractions as controls, collecting 500 µl samples every 30 seconds. The HPLC eluent was monitored with
UV absorbance (280 nm). HPLC/MS data were collected and uploaded to XCMS online. This software
allows automated processing of multiple data files, to identify significant features, particularly to
distinguish between compounds from the active fractions which are not present in the inactive fractions.
Once the software has finished processing, it produces a principle component plot (as seen in the results
section) and produces information on the various features of the compounds detected. HPLC-MS
characterisation of active and inactive fractions was carried out by use of an Endura QqQ mass
spectrometer (Thermo Scientific) prefaced by a Dionex Ultimate 3000 series UPLC system (Thermo
Scientific). Samples of 20 µl volume were injected onto a Luna Omega Polar C18 column (1.6 um bead
size, 100 Angstrom pore size, 2.1 i.d., 100 mm length, Phenomenex). The column was washed with 98 %
(v/v) HPLC A (water with 0.1 % (v/v) formic acid) with 2 % (v/v) HPLC B (acetonitrile with 0.1 % (v/v)
formic acid) at a flow rate of 200 µl/min. Bound components were eluted by a linear gradient to 98: 2,
HPLC B:A over 30 minutes. The eluent was monitored by UV absorbance at 214, 260, 280 and 350 nm
before the eluent was passed to the electrospray source of the mass spectrometer (ESI voltage 3.5kV).
The MS was operated initially in full scan, positive ion MS-only mode (m/z 150-1200), with a scan speed
of 1000 Da/sec and a resolution of 0.7 FWHM. Selected ions were subjected to MS/MS analysis, during
which the sample was introduced by direct infusion. MS/MS spectra were acquired using a gas cell
pressure of 2.5 x 10-3 mTorr and variable collision energy that produced optimal fragmentation. MS2 was
scanned from m/z 50-300 and the resulting MS/MS spectra were searched against the NIST database by
the integral library search functionality of the Thermo software. For feature analysis, LC-MS
chromatograms were converted to XML files by MZConvert and analysed by XCMS-online
(https://xcmsonline.scripps.edu/landing_page.php?pgcontent=mainPage) using the multi-group analysis
function. Any compounds identified were bought in from sigma-Aldrich and MIC tested against Candida
spp.
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3.0 Results
3.1 TLC-DB plates
Several attempts were made to determine the
correct method for TLC-DB. The first attempt is
shown in Figure 23 This method differs from the
method described above by spraying S. cerevisiae
BY4741 inoculated liquid YPD media directly on to
the plate, incubated for 24 hours at 28°C, before
spraying with a 0.2% MTT and incubating for a
further 2 hours. There were at least two possible
explanations behind why this method did not work;
solvent mobile phase killed the fungi as it contacted

Figure 23 Unused TLC plate with S. cerevisiae
inoculated YPD agar and 15 µl fluconazole dots at 1
mg/ml (plate 2)

the plate or there was not enough growth media for
the fungi to grow on.

After adaptions to the method, a control plate was
necessary to confirm that the solvents used in the
mobile phase were not affecting the growth of the
fungi on the plate (plate 3; Fig. 24). This plate
showed that the solvents from the mobile phase did
not affect the growth of the organism.
Figure 24 Plate 3 a developed TLC-DB control plate,
with S. cerevisiae inoculated YPD agar and 10 µl
fluconazole dots at 1mg/ml.
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3.2 Controls
Controls were performed in all MIC methods. Solvent controls against screen strains did not include
sterile dH2O but did include 1% DMSO (dimethyl sulphoxide), solvent controls against pathogenic strains
did include sterile dH2O, but not 1% DMSO (due to its inefficacy in the test strains no further testing was
performed). A control was also performed on fluconazole for comparison with any activity found from the

Figure 25 TOP LEFT: Solvent controls against C. albicans (starting concentration 11.2%)
MIDDLE LEFT: Solvent controls against C. auris (starting concentration 11.2%),
BOTTOM LEFT: Solvent controls against S. cerevisiae (starting concentration 11.2%).The graph shows an
80% growth inhibition for ethanol, methanol and acetone, a 60% growth inhibition for chloroform, and 20%
growth inhibition for diethyl ether, with no inhibition for 1% DMSO.
TOP RIGHT: Solvent controls against S. cerevisiae PP9Q (starting concentration 11.2%). The graph shows an
85% growth inhibition for ethanol, methanol and acetone, with a 70% growth inhibition for chloroform and 20%
growth inhibition for diethyl ether, with no inhibition for 1% DMSO.
MIDDLE RIGHT: Solvent controls against K. phaffii (starting concentration 11.2%). The graph shows an 85%
growth inhibition for ethanol and methanol at 11.2%, 75% inhibition for acetone and chloroform, and a 20%
inhibition for diethyl ether and no inhibition for 1% DMSO.
BOTTOM RIGHT: Fluconazole (8 µg/ml) MIC controls against all test strains and pathogenic strains. Graph
shows C. auris was only 35% inhibition. C. albicans is as affected as the screening strains with 95% growth
inhibition at 0.5 µg/ml, and an IC50 of 0.9 µg/ml.
Data recorded using the Ascent plate reader at 595 nm, after 48 hours incubation at 28°C, and percentage
growth calculated on Excel.
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plant extracts. 100% growth is the positive control which contained no solvent or inhibitor, using this
percentage growth was calculated from each solvent extraction concentration.

3.2 Antifungal plant screen results
Out of all the plants, there were 20 plants which did not exhibit strong antifungal activity and were not
deemed suitable for further exploration (grey zones in Fig. 26). Plant extractions from rhubarb, sage,
snowdrops, shrubby everlasting, ginger, roman chamomile, garlic and hyacinth should be considered for
further exploration, and would have been investigated had there been enough time as they showed IC50
values >3% solvent extraction (Fig. 26). Differences between the solvents used were also observed with
ethanol, methanol and acetone consistently extracting compounds leading to low IC50 results (Fig. 26).
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Figure 26 Heatmap of IC50 values of the 20 plants from the screen, sorted by fungal species. The grey boxes show that there was no IC50 values for that solvent or plant. The key
on the right is the solvent concentration relative to IC50. The grey zones are where there was no IC50 data available, its separated by plant on the Y axis and by solvent on the X
axis, grouped by fungi.

30

3.3 Narcissus pseudonarcissus
As different parts of plants contain different compounds, several parts were tested of daffodil (stem and
root). Daffodil gave some interesting results with no real fungal growth increase, but an increase in optical
density in some cases which indicated that growth was slowed rather than stopped (Fig. 27 and 28).

Figure 27 TOP: Solvent extraction of N. pseudonarcissus bulbs (starting concentration 11.2%) against S.
cerevisiae. Graph shows 45% growth inhibition at 1% from the dH2O extraction, with 35% inhibition from
ethanol, acetone and methanol at 1%.
MIDDLE: Solvent extraction of N. pseudonarcissus bulbs (starting concentration 11.2%) against S.
cerevisiae PP9Q. Graph shows 70% growth inhibition at 5.2% acetone solvent. The other solvents
(excluding chloroform) also display activity at 5.2%, at 40-50% inhibition. Chloroform shows at 50%
inhibition at 1.25%, however this appears to be anomalous.
BOTTOM: Solvent extraction of N. pseudonarcissus bulbs (starting concentration 11.2%) against K.
phaffii. The graph shows 40% inhibition for all solvent extractions. Incubated for 48 hours at 28°C. Data
recorded using the Ascent plate reader at 595 nm, and percentage growth calculated on Excel.
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Figure 27 shows the daffodil bulb extraction against fungal growth after 48 hours, the middle graph shows
S. cerevisiae PP9Q, which was the only fungal strain to have IC50 values (chloroform 1.5%, acetone 5%,
however, the chloroform IC50 could be anomalous).
Figure 28 shows the aerial parts (leaf and stem) of daffodil after 48 hours incubation. The IC50 values
against S. cerevisiae PP9Q for diethyl ether is 1.2%, chloroform is 1.5%, ethanol, acetone and methanol
are 2%, and deionised water has an IC50 of 2.8%. There was only one IC50 value for S. cerevisiae and it
was methanol at 5%. For K. phaffii deionised water had an IC50 of 1.4%, followed by ethanol and
methanol at 5%.
Some microscopy was used to investigate the increased optical density, no images were taken, but the
observations suggested a compound found in daffodil sap is preventing the yeast cells from budding.
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Figure 28 TOP: Solvent extraction of N. pseudonarcissus aerial parts (starting concentration 11.2%) against S.
cerevisiae PP9Q, incubated for 48 hours at 28°C. Graph shows an 80% growth inhibition at 2.6% for all solvents
except dH2O, which had an inhibition of 55%.
MIDDLE: Solvent extraction of N. pseudonarcissus aerial parts (starting concentration 11.2%) against
S. cerevisiae. Graph shows 70% inhibition at 5.2% methanol extraction, 50% inhibition at 1.25% from dH2O,
chloroform inhibits growth up to 20%, the remaining solvents also display 40-30% inhibition at 5.2%.
BOTTOM: Solvent extraction of N. pseudonarcissus aerial parts (starting concentration 11.2%) against K. phaffii.
Ethanol and methanol show an 80% growth inhibition at 5.6% solvent, dH2O shows a 50% inhibition at 0.3%.
Incubated for 48 hours at 28 °C. Data recorded using the Ascent plate reader at 595 nm, and percentage growth
calculated on Excel.
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3.4 Corema album
Corema album extractions were prepared from dried leaves. After initial screening results (Figs. 29 -30),
HPLC was performed and further MIC testing, for Mass spectrometry. HPLC active fractions were tested
against all test strains. Initial testing started at 11.2% solvent extraction and was serially diluted down to
0.01%. After fungal testing was performed, C. album methanol and ethanol extractions were tested
against pathogenic bacteria to investigate any potential antibacterial properties. Data readings were taken
at 24 hours and 48 hours to show the inhibition of fungal growth. Figures 29 and 31 are results after 24
hours of growth and figure 30 and 32 are results after 48 hours of growth at 28 °C. Figures 29 and 30 had
the solvent extraction concentration starting at 11.2%, figures 31 and 32 have a solvent concentration of
2.5%.
Figure 29 shows C. album leaves against S. cerevisiae (top) IC50 for dH2O, Diethyl ether and chloroform
at 4% solvent extraction, for ethanol at 0.02%, for acetone at 0.06% and methanol at 0.01% after 24
hours growth at 28 °C. The middle graph is S. cerevisiae PP9Q after 24 hours of growth. The IC50 of
0.01% for ethanol, methanol, chloroform, and acetone, 0.02% for diethyl ether and 0.35% for dH2O. The
bottom graph shows K. phaffii. With IC50s at 0.01% for ethanol, 0.02% for methanol, 0.03% for acetone,
3% of dH2O, 4.5% for diethyl ether incubated for 24 hours at 28°C.
Figure 30 shows C. album leaves against S. cerevisiae after 48 hours at 28 °C. The IC50s of 0.84% for
ethanol, 0.1% for methanol, 0.3% for acetone, 2.5% for chloroform, 5.6% for dH2O and 6% for diethyl
ether. The middle graph shows the IC50 against S. cerevisiae PP9Q at 0.01% for ethanol, methanol, and
acetone, at 1% for chloroform, 1.3% for dH2O and 5.5% for diethyl ether. The bottom is against K. phaffii
with IC50s of 0.05% for ethanol, 0.8% for methanol, 0.1% for acetone, 5% for dH2O, and 10% for diethyl
ether and chloroform.

34

MIC Data

Figure 29 TOP: Solvent extraction of C. album leaves (starting concentration 11.2%) against S. cerevisiae. 50%
growth inhibition for dH2O, diethyl ether and chloroform at 4% solvent extraction, for ethanol at 0.02%, for acetone
at 0.06% and for methanol at 0.01% (according to the solvent range of 11.2- 0.01%).
MIDDLE: Solvent extraction of C. album leaves (starting concentration 11.2%) against S. cerevisiae PP9Q. IC50 of

0.01% for ethanol, methanol, chloroform and acetone, 0.02% for diethyl ether and 0.35% for dH2O.
BOTTOM: Solvent extraction of C. album leaves (starting concentration 11.2%) against K. phaffii. 50% growth
inhibition at 0.01% for ethanol, 0.02% for methanol, 0.03% for acetone, 3% of dH2O, 4.5% for diethyl ether.
incubated for 24 hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage growth
calculated on Excel.
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Figure 30 TOP: Solvent extraction of C. album leaves (starting concentration 11.2%) against S. cerevisiae, 50%
growth inhibition at 0.84% for ethanol, 0.1% for methanol, 0.3% for acetone, 2.5% for chloroform, 5.6% for
dH2O and 6% for diethyl ether.
MIDDLE: Solvent extraction of C. album leaves (starting concentration 11.2%) against S. cerevisiae PP9Q 50%
growth inhibition at 0.01% for ethanol, methanol and acetone, at 1% for chloroform, 1.3% for dH2O and at 5.5%
for diethyl ether
BOTTOM; Solvent extraction of C. album leaves (starting concentration 11.2%) against K. phaffii. 50% growth
inhibition at 0.05% for ethanol, 0.8% for methanol, 0.1% for acetone, 5% for dH2O, and 10% for diethyl ether
and chloroform.
Incubated for 48 hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage
growth calculated on Excel.
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Due to the growth inhibition for acetone, methanol and chloroform extractions all being clustered around
the 0.1% solvent mark, it was decided to reduce the starting concentration down to 2.5% for the most
potent solvents (methanol and ethanol, which contain the vast majority of secondary metabolites as
shown in Table 1 (minimum solvent at 0.001%), to determine the full range of activity and allow
calculation of an accurate IC50.

Figure 31 TOP: Solvent extraction of C. album leaves (starting concentration 2.5%) against S. cerevisiae,
incubated for 24 hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage
growth calculated on Excel. 50% growth inhibition at 0.04% for ethanol and 0.1% for methanol.
MIDDLE: Solvent extraction of C. album leaves (starting concentration 2.5%) against
S. cerevisiae PP9Q,.50% growth inhibition at 0.03% for ethanol and 0.01% for methanol
BOTTOM: Solvent extraction of C. album leaves (starting concentration 2.5%) against K. phaffii, incubated
for 24 hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage growth
calculated on Excel. 50% growth inhibition at 0.09% for ethanol and 0.1% for methanol
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Figure 32 shows growth over 24 hours and figure 33 shows growth over 48 hours, this is to indicate if the
activity is fungistatic or fungicidal. Figure 31 shows C. album leaves (starting concentration 2.5%) against
S. cerevisiae, incubated for 24 hours at 28°C. With IC50 of 0.04% for ethanol and 0.1% for methanol. The
middle graph shows S. cerevisiae PP9Q IC50s of 0.03% for ethanol and 0.01% for methanol. The bottom
graph shows K. phaffii, incubated for 24 hours at 28°C with IC50s of 0.09% for ethanol and 0.1% for
methanol.

Figure 32 TOP: Solvent extraction of C. album leaves (starting concentration 2.5%) against
S. cerevisiae, 50% growth inhibition at 0.0016% for ethanol and 0.04% for methanol.
MIDDLE: Solvent extraction of C. album leaves (starting concentration 2.5%) against S. cerevisiae PP9Q,
50% growth inhibition at 0.013% for both ethanol and methanol.
BOTTOM: Solvent extraction of C. album leaves (starting concentration 2.5%) against K. phaffii, 50 %
growth inhibition at 0.003% for both ethanol and methanol. incubated for 48 hours at 28°C. Data recorded
using the Ascent plate reader at 595 nm, and percentage growth calculated on Excel.
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Figure 32 top graph shows C. album against S. cerevisiae, with IC50s of 0.0016% for ethanol and 0.04%
for methanol. The middle graph shows S. cerevisiae PP9Q, with IC50s of 0.013% for both ethanol and
methanol. The bottom graph is against K. phaffii, with IC50s of 0.003% for both ethanol and methanol
incubated for 48 hours at 28°C.
After testing the ethanol and methanol solvent extractions to concentrations as low as 0.0016%, we
moved on to testing the extractions on pathogenic fungi strains C. auris and C. albicans at 5%, between
the 2.5% and 11.2% that had shown to be effective against the screen strains in previous tests.

Figure 33 TOP LEFT: Solvent extraction of C. album leaves (starting concentration 5%) against C. albicans, 50%
growth inhibition at 0.025% for ethanol and 0.04% for methanol. incubated for 24 hours at 28°C. Data recorded using
the Ascent plate reader at 595 nm, and percentage growth calculated on Excel.
BOTTOM LEFT: Solvent extraction of C. album leaves (starting concentration 5%) against C. auris, incubated for 24
hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage growth calculated on Excel.
50% growth inhibition at 0.005% for ethanol and 0.02% for methanol.
TOP RIGHT: Solvent extraction of C. album leaves (starting concentration 5%) against C. albicans, incubated for 48
hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage growth calculated on Excel.
50% growth inhibition at 0.15% for ethanol and 0.2% for methanol.
BOTTOM RIGHT: Solvent extraction of C. album leaves (starting concentration 5%) against C. auris incubated for 48
hours at 28°C. Data recorded using the Ascent plate reader at 595 nm, and percentage growth calculated on Excel.
50% growth inhibition at 0.02% for ethanol and 0.04% for methanol.

Once pathogenic testing had been completed, HPLC was performed on the ethanol and methanol solvent
extractions, with an initial sample of 250 µl, using the same method as described in section 2.2, with a run
time of 30 minutes instead of 20. The fractions were collected every 30 seconds, with a flow rate of 1
ml/min, 60 samples were collected, the first and last being used to prepare and wash the column and
were thus discarded. From this, there were 58 fractions carried forward for MIC testing against the screen
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strains (excluding K. phaffii due to limited amount of extract), which resulted in collected fractions 40 and
41 from both methanol and ethanol showing activity. These fractions (E41, E40, M41 and M40) being
tested against Candida spp. Data were recorded at 48 hours for all tests.

Figure 34 TOP LEFT: HPLC fractions from ethanol and methanol (starting concentration 5.6%) against C. albicans.
IC50 values of 2.5% for E40, and 4% for E41.
BOTTOM LEFT: HPLC fractions from ethanol and methanol (starting concentration 5.6%) against C. auris, IC50
values of 2.5% for E40, 4% for M40 and E41.
TOP LEFT: HPLC fractions from ethanol and methanol (starting concentration 5.6%) against S. cerevisiae. 50%
growth inhibition at 2.5% for E40, 5.6% for M40.
BOTTOM RIGHT: HPLC fractions from ethanol and methanol (starting concentration 5.6%) against S. cerevisiae
PP9Q, IC50 1% for E40, 2% for E41 and 2.5% for M40 and M41. Incubated for 48 hours at 28°C. Data recorded using
the Ascent plate reader at 595 nm, and percentage growth calculated on Excel
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HPLC Data
The MIC data from the C. album fractions E40, E41, M40 and M41 gave interesting results, thus it was
decided to try and identify any possible compounds present within the fractions. The HPLC-MS data of C.
album produced chromatograms using both UV absorbance and the total ion current from the MS scans.
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Figure 35 HPLC-MS chromatograms of analysis of bulk ethanol extract. Top trace is UV absorbance at 280 nm, and
bottom trace is total MS ion current chromatogram.

The data show that both the ethanol and methanol extractions were a complex mixture of chemicals (Fig.
35).
The original HPLC fraction from ethanol and methanol that were taken forward for further testing were
then selected for HPLC-MS to try and identify any active compounds. Of all the fractions tested, only
fractions 35, 40 and 41 from ethanol (Et35, Et40 and Et41) and fractions 40 and 41 from the methanol
extraction (Me40 and Me41) were selected for HPLC-MS. The data from ethanol fraction 41 (Et41) show
a series of HPLC peaks of low abundance and a single peak of high intensity at 21.5 minutes, looking at
the mass spectra of this high abundance peak shows a species with an m/z for the [M+H] + ion of 241.04
(Fig. 36).

41

Manual data processing suggests that there were up to 60 chemical species within the sample with
molecular weights up to 1 kDa or above (eliminating any proteins and leaving small molecules),
consistent with hydrophobic or lipophilic chemical species (Fig. 37).
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Figure 36 HPLC-MS chromatograms of Fraction 41 (ethanol extract). Top trace is UV absorbance at
280nm, bottom trace is MS total ion current.
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Figure 37 Mass spectrum of the species eluting at 21.5 minutes in the analysis of fraction 41 of the ethanol extract
(as shown in figure 36).
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After manual interrogation of all 5 data sets, it was determined that there were many different species in
each of the HPLC-MS traces. The most prevalent traces corresponded to signals at m/z 241, m/z243 and
m/z 257. There were other signals detected that correspond to various other species. The species at m/z
241 and 243 and 257 were further analysed by ms/ms to create fragments and resulting mass spectra
were searched against the NIST library.

Figure 38 Results of library search of the MS/MS data from parent ion at m/z 241, showing the top hit of
hydroxyflavanone

Figure 38 shows the signal at m/z 241 is most likely to be a hydroxyflavone, but it could also be a
dihydroxychalcone (Fig. 39) the difference between these two compounds is the cyclisation of the middle
ring. The NIST search for the parent of m/z 243 did not produce a biologically sensible match, however
the MS/MS spectrum at m/z 257 produced a hit to a flavanone, related to the ones shown in figure 38 and
39 called pinocembrin (Fig. 40), the software found other potential hits that it deems more likely, but these
make less analytical sense than the flavanone.
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Figure 39 results of library search of the MS/MS data from parent ion at m/z 241, showing the second hit of
dihydroxychalcone

Figure 40 MS/MS library search of parent ion at m/z 257

The last step was to use XCMS Online compared the five HPLC-MS data to identify significant features,
particularly those which are found in the active fractions (Et40, Et41, Me40 and Me41) and not in the
inactive fractions (Et35), the software compares each of the fractions tested to look for similarities or
repeated ‘hits’ and show what the possible compounds could be. Figure 41 shows the various analyses
which show close overlap, with fraction Et35 as an outlier (dotted line).
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Figure 41 Overlay of the MS total ion current chromatograms from the 4 active fractions (40 &
41 both extracts) and the inactive fraction (35 from ethanol extract in dashed line).

The principle component plot (Fig. 42) shows a clear separation between the active fractions and the
inactive. Both fraction 41 clusters at the bottom and fractions 40 cluster at the top. The software produces
a table of features detected, containing >1000 individual species.

Figure 42 Principal component analysis of the HPLC-MS data from the 5 fractions showing active fractions
(red) and inactive fraction (blue). The two fraction 41s cluster at the bottom of the trace (002 is ethanol
extract fraction 41, whilst 004 is methanol) and the two fraction 40 analyses cluster at the top of the trace
(003 is ethanol fraction40 whilst 005 Is methanol extract fraction 40).
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The possible active compounds identified from HPLC and MS/MS were pinocembrin, 7-hydroxyflavone or
2’,4’-dihydroxychalcone and pinocembrin. It was not possible to buy in 2’,4’-dihydroxychalcone due to
time and financial constraints, 7-hydroxyflavone and pinocembrin (Sigma Aldrich) were ordered and a
MIC test performed. Pinocembrin MIC starting concentration was 8 times the MIC (working concentration
1000 µg/ml (Ramirez et al., 2013).

Isolated compound MIC
The possible active compounds identified were pinocembrin, 7-hydroxyflavone or 2’,4’-dihydroxychalcone
and pinocembrin. It was not possible to buy in 2’,4’-dihydroxychalcone due to time constraints, however,
7-hydroxyflavone and pinocembrin were ordered, but only pinocembrin arrived within the time frame.
After the HPLC-MS data support what was found in the literature (as described in section 1.2.4).

Figure 43 Pinocembrin (1000 µg /ml) against all strains, incubated for 24 hours at 28°C. Data recorded using
the Ascent plate reader at 595 nm, and percentage growth calculated on Excel. 100% growth inhibition at 62
µg/ml. IC50 for C. auris was 7.8 µg/ml, C. albicans 60 µg/ml, S. cerevisiae 50 µg/ml and S. cerevisiae PP9Q
7.8 µg/ml.
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Figure 44 Pinocembrin (1000 µg /ml) against all strains, incubated for 48 hours at 28°C. Data recorded using
the Ascent plate reader at 595 nm, and percentage growth calculated on Excel. 100% growth inhibition at 125
µg/ml. IC50 for C. auris was 31.25 µg/ml, C. albicans 125 µg/ml, S. cerevisiae 125 µg/ml and S. cerevisiae
PP9Q 15.6 µg/ml.

The isolated compound concentrations cannot be compared to the solvent extraction without knowing
how much of the compound was in the extraction, or even if pinocembrin was the most abundant
compound in the solvent extraction. The working concentration used in these initial MIC assays was 5
times the MIC described in the literature (Ramirez et al., 2013).
Pinocembrin has been previously identified from C. album in other studies, as well as with this method.
This method has also tested pinocembrin tested against four different fungal strains (León-González et
al., 2014b). Unfortunately, µg/ml cannot be compared to a percentage of solvent extraction because there
are an unknown amount of compounds in unknown concentrations found in each solvent extraction, as
well as between different plants of the same species.
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4.0 Discussion
Antifungal drug development has stalled at five classes (echinocandins, azoles, nucleoside analogues,
polyenes and allylamines), despite intrinsic resistance and increased drug-resistant becoming a
prominent issue globally (Denning and Bromley, 2015; Roemer and Krysan, 2014). Natural products
research has been hailed as a potentially rich source of pharmaceutically suitable compounds, although
common drug discovery methods take a top-down approach, which can be expensive, time-consuming
and labour intensive (Demain and Sanchez, 2009; Butler, 2004). The aim of the research described here
was to develop a high-throughput, standardised methodology for the extraction, isolation, and
identification of antifungal compounds from plants.
The main finding of this project has been the development of the high-throughput methodology, it has
been shown to be effective across a wide range of plants from various plant families, and has shown to
lead to the identification of potential antifungal compounds (pinocembrin from C. album).
Using a variety of solvents helped determine the most effective one for the extractive of secondary
metabolites. Figure 25 shows the solvent controls for the screen strains and the pathogenic strains, the
solvents used posed little threat to the pathogenic strains at the concentrations used (11.2% and below).
In the screen strains (S. cerevisiae, S. cerevisiae PP9Q and P. pastoris) however, there was no lethal
dose of solvent, but it did reduce the growth of the screen strains to about 20% growth at ~1.2% which is
something that should be accounted for during the first step of screening by only proceeding with plants
that have a lower IC50 than the controls.
The most efficient solvents, according to Table 1 (Pandey and Tripathi, 2014) were methanol and ethanol
as they extracted the largest range of plant compounds, they also have the most consist inhibition across
the screen strains (Fig. 25), future works could be limited to just ethanol and methanol. These solvents
also extract some pigmentation from the chlorophyll of the plants, so a plate reading should be taken
before the solvents are added to the MIC plate as ‘zero’ reading to avoid a false negative result given
from high absorbance values, of course, this is negated if a lower solvent concentration is added (~2.3%
and below).

Many of the plants tested did not display enough antifungal activity to be carried forward to the HPLC or
HPLC-MS stages. For the plants to pass the first stage of the screen, they needed to display activity
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against all three screen strains (S. cerevisiae, S. cerevisiae PP9Q, K. phaffii) in 4 of the 6 solvent extracts
tests, to show that the compounds would be potent regardless of the fungal species used and that
potentially the target of the compound could be present in other fungi. The heatmap is shown in figure 26
and displays all the plants tested, which solvent and is organised by screen strain to show the IC50
values of the 20 plants selected for the screen.
In the other plants tested, only two (A. sativum and H. stoechas) displayed potent activity against all the
screen strains, with more time available, these would have been candidates for the next stages to isolate
and identify the active compounds. Several other plant extracts which displayed anti-fungal activity with
IC50 values could have also been taken forward to the next stage, these plants include; snowdrop,
rhubarb, sage, thyme and rosemary, although sage, thyme and rosemary have been well investigated in
the literature. These plants displayed activity against most of the strains to give IC 50 values. Hyacinth and
ginger could also be investigated for activity, despite not showing strong inhibition, if the compound could
be identified and purified the dosage could be increased and then the antifungal activities of the
compound could be enhanced. Figure 26 also shows the difference in drug sensitivity of each of the
strains with P. pastoris being relatively insensitive, compared to the drug-sensitive S. cerevisiae PP9Q.
Daffodil provided an interesting starting point for further analysis after the initial screening procedure,
particularly after 48 hours growth (Fig. 28) as opposed to 24 hours growth (Fig. 27), mainly due to its
inhibitory activity against the drug-sensitive strain S. cerevisiae PP9Q with IC50 values ranging from 1.2%
to 5.6% depending on the solvent used. There was also the microscopy observation of reduced budding
possibly caused by the daffodil sap, which was unfortunately not photographed. This could indicate a
compound, possibly a lectin of some description, present in daffodil sap (Hanks, 2003) which could inhibit
chitin or chitinase in some way leading to the reduced production of daughter cells (Munro and Gow,
2001).

Corema album was a dried plant which displayed significant activity against all the test strains, after only
24 hours growth (Fig. 29) and 48 hours growth (Fig. 30). There was notable activity against the drugsensitive strain S. cerevisiae PP9Q with IC50 values for methanol and ethanol and acetone around 0.01%.
This led to repeating the screen at a lower starting concentration (2.5%) with just two of the solvents
(ethanol and methanol, Figs. 31 and 32). This could have been repeated with lower concentrations, but
that would not have been an efficient use of time, so testing of the pathogenic strains of fungi began with
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a starting concentration of 5% (Fig. 33) which resulted in IC50s between 0.015% and 0.02% for C.
albicans and 0.02% and 0.04% for C. auris, with ethanol extractions showing a lower IC50 than methanol
for both pathogens, which suggests that would be the optimum solvent for the extraction of active
constituents from C. album, which is also supported by the lower IC50s from the HPLC fractions as shown
in Fig. 34.
The HPLC fractions from the ethanol and methanol extractions (which were selected because of their
broad action and low IC50) were tested against the screen strains with IC50 values against Candida spp.,
as low as 2.5%, this is low due to the dilution in the HPLC mobile phase. With the identification of the
potential compounds from MS/MS and MIC tests performed. The IC50 values for pinocembrin after 48
hours growth for C. auris were 31.25 µg/ml, for C. albicans 125 µg/ml (Fig. 44, compared to fluconazole
IC50 C. albicans of 0.9 µg/ml, but fluconazole did not achieve 50% inhibition against C. auris at the
therapeutic doses. This indicates that pinocembrin could be a potential new treatment for C. auris
infections.
Candida auris is emerging as a multidrug-resistant opportunistic fungal pathogen world-wide and is
nosocomial. The first outbreak in western Europe occurred in a London cardio-thoracic centre between
April and July 2016, with 44% of patients developing a C. auris infection, with candidemia rate at 18%
(Schelenz et al., 2016). C. auris has already been shown to be resistant to fluconazole, other -azoles,
amphotericin B, and echinocandins, and in only 7 years has spread across much of the world, causing
many nosocomial infections (Chowdhary et al., 2017). It is routinely misidentified as C. haemulonii and
can only be identified through sequence analysis of the D1/D2 domain of the large ribosomal subunit of
26S rRNA gene and the internal transcribed spacer regions of the nuclear rRNA gene operon. It is often
misidentified as Rhodotorula glutinis by most commonly used bioassay machines, however MALDI-TOF
MS can identify C. auris quickly and correctly (Chowdhary et al., 2017). Epidemiological studies and
genome screens have shown that C. auris is acquiring more resistance and is spreading quickly around
the world at an alarming rate, with susceptible patients being treated with a multi-drug approach for
persistent candidemia, with therapeutic failure leading to patient mortality. The mortality rates for C. auris
candidemia ranges from 30% to 60% (Chowdhary et al., 2017).
An interesting observation that was noticed during the MIC using the pure compound and the extraction,
was how it caused opacity in the first well almost immediately. This was corrected for using OD readings
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before adding either the solvent extraction or the pinocembrin. It is not known why this occurred, but
future work with pinocembrin should take this into account.
Pinocembrin had an IC50 of 31.25 µg/ml and against C. auris. Pharmacological studies have shown that
pinocembrin is metabolised and absorbed after oral administration. In studies on cancer cell lines, it was
suggested that pinocembrin induced apoptosis and cell cycle arrest at S and G2/M phase, as well as the
dissipation of mitochondrial membrane potential (Chen et al., 2013). Other cancer studies have shown
pinocembrin to be relatively nontoxic to human umbilical cord endothelial cells but did induce loss of
mitochondrial membrane potential, followed by the release of cytochrome C and processing of caspase-3
and -9. The initial mitochondrial membrane potential disruption appears to be caused by the translocation
of the cytosolic Bax protein to mitochondria, suggesting that pinocembrin is a classic mitochondrial
apoptosis inducer, however, there is evidence to suggest mitochondrial-independent apoptosis in cancer
cell lines (Kumar et al., 2007).
In anti-phytopathogen tests against P. italicum, pinocembrin inhibited antifungal activity in a dosedependent manner, the hyphae of P. italicum showed low levels of phosphorylated adenosine
nucleotides, with unstable energy charge values. Pinocembrin also seriously damaged the ultrastructure
of hyphae and increased ion leakage and loss of soluble proteins. It is antifungal capabilities attributed to
the interference of energy homeostasis and cell membrane damage (Peng et al., 2012).
With the increasing resistance of C. auris and C. albicans, compounds with bioavailability which are
relatively non-toxic to human cells for the use as antifungal drugs are hard to find. Pinocembrin could be a
potential new drug for the treatment of C. auris fungal infections, and at higher doses could be used to
treat C. albicans infections. With thanks to this method of extraction, isolation and identification there is a
new biological source for the compound, in high abundance. Further in vivo tests are needed to
determine the therapeutic range of pinocembrin and to see if that is within the antifungal range of the
compound.
While the method development for this research does have some limitations, it is suitable as a
standardised bottom-up approach for drug discovery of compounds from plants. With a little adjustment,
the method could be adapted to test for several other pathological conditions by changing the test strains
used, making it ideal for high-throughput screening across microorganisms.
One of the limitations of this study is the that the first screen is essentially a ‘yes/no’ assay, which could
lead to false negatives if the method was automated and could be done by a machine, which would
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reduce human error and allow for multiple replicates in the first screen (which would be ideal for largerscale operations- but for just one researcher it could lead to an increased risk in repetitive strain injuries
and human error). A possible future approach could be to automate this method to increase its application
for industrial settings.
Another limitation of this study is that there was no identifying of the main active constituent, this could be
achieved using further HPLC and MS analysis as well as using NMR to fully elucidate the exact chemical
structure of the main active principle.
Thin-layer chromatography (bioautographic) is a traditional and low-cost way of separation, and the
overlay bioautography assay allows for the quick identification of the groups of compounds which display
activity, before moving on to the more time consuming and expensive HPLC fractionation followed by MIC
testing (Harborne, 1998; Cies̈la et al., 2015). Bioautography is a cost saving way to identify certain
characteristics of the solvent extracts (such as polarity), however if the equipment and funds are
available, it would be more efficient to run HPLC and another screen instead of doing a TLCbioautography.
The preparation of the plants was also affected by how the plant was tested, this method works for fresh
and dried plants. It should be noted that the volatile oils were present in higher quantities for the fresh
plants than the dried. Future testing should use dried plants because secondary metabolites are not as
investigated as the essential oils, they are also likely to be more stable than volatile oils.

Leading on from this research, it is advised to begin with all six solvents for the first screen, and then
remove the solvents without antifungal activity from the screen as the method approaches the second
and third stages as described in section 2.0. These solvents were selected as they (collectively) extract
the widest array of compounds (Table 1) and have the highest likelihood of extracting an active
constituent. The only caveat to this is to ensure the solvent controls are performed to ensure that solvent
used in the drug screens does not contribute to the antifungal capabilities of the plant.

5.0 Conclusions
This method has been designed to be a low-cost, high-throughput, bottom-up approach to the extraction,
isolation and identification of antifungal compounds. The bottom-up method developed successfully
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screened 22 plants against several strains of fungi, and the compound which was identified (pinocembrin)
has been previously described, supporting the efficacy of this method. The data collected suggest that
there are nine plants with moderate to mild antifungal activity requiring further investigation, potentially to
isolate, identify and then concentrate any compound that displayed activity. Corema album and N.
pseudonarcissus require further investigation into their mechanism of action and therapeutic potential.
Pinocembrin, a compound identified from C. album should undergo further in vitro and in vivo testing as a
potential therapeutic agent to combat nosocomial, multidrug-resistant C. auris infections.

6.0 Future work
The future progression of this work would be to concentrate the active principles and elucidate the
therapeutic ranges. This could be achieved using animal models, mammalian cell culture and other
cytotoxicity tests. Before cytotoxicity testing, the next step forward with C. album would be to perform
further analytical tests to elucidate the correct structure of the hydroxyflavone described (it could be 2,4dihydroxychalcone, 7-hydroxyflavone or pinocembrin) using H1 or C13 NMR. The concentrated
compounds could then be taken to clinical trial to help bolster the antifungal pipeline. There is also the
opportunity for more plants to be investigated using this method, for many different microorganisms, the
method is transferable to antibacterial testing, as described. Pinocembrin should go forward for further
therapeutic and pharmacological testing. A potential area for identifying the target of any isolated
compounds, is fishing- anchor the compound to a nanoparticle or magnetic bead, add the desired
microorganism, wash, and the target protein should be bound to the anchored compound.
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