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ABSTRACT

Despite the recent advances in antifungal development, fungi remain a highly destructive
threat to human health and compromise food viability. Though chemical fungicides today
provide the primary means of postharvest pathogenic fungal control, their continuous use
is faced with two major complications - increasing concern regarding their
bioaccumulation in the human system and increasing resistance among the pathogen
populations. There is a need for alternative strategies for fungal control. Recently, the use
of natural product plant extracts and essential oils for postharvest cure and protection is
an increasing trend. In this study, antifungal properties of various Costa Rican,
Australian, and South African plant-based natural products are presented. Antifungal
activity is tested against three pathogenic fungi, Botrytis cinerea, Aspergillus niger and
Rhizipus stolonifer, responsible for both agricultural and human afflictions. Studies using
broth microdilution, disk diffusion and confocal microscopy have been performed.
Multiple natural product extracts and essential oils were found to have MIC values less
than 100 ppm, having the potential to replace synthetic antifungals. Confocal microscopy
was used to better characterize inhibition. GC-MS analysis of Blue Mountain Sage oil, a
potential biofugicide had δ-3-carene, limonene, (E)-caryophyllene, guiaol, α-bisabolol,
manool as its main constituents. Also the carbohydrate binding protein, Scytovirin was
shown to exhibit inhibitory effects against Botrytis cinerea.
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CHAPTER 1
INTRODUCTION
1.1 Agricultural Plant Pathogens
According to the United Nations, the human race welcomed its 7 billionth member in
2011. At the current rate of population growth, it is projected that the human population
will reach more than 9 billion by 2050 (Singh, Khedun et al. 2014). A great challenge for
this exploding population is feeding everyone. To attain food security, it is necessary to
increase the current food production and to improve agricultural crop management and
crop protection. A significant barrier to overcome is the multitude of plant pathogens and
never ending disease conditions, combined with the increased resistance to previously
effective remedies of crop protection. Disease causing plant pathogens significantly
reduce crop yield, and plant diseases cause billions of dollars in direct and indirect
agricultural losses every year (Narayanasamy 2011). A majority of the plant pathogens
belong to the kingdom Fungi (Agrios 2012) therefore protection against three
phylogenitically significant and distinct fungi: Botrytis cinerea, Aspergillus niger and
Rhizopus stolonifer has been explored in this study.
Crop protection is the science and practice of managing pests, plant diseases, and
other organisms that damage our agricultural produce. Crop protection involves the use
of various pesticides such as insecticides and fungicides. Today, 80% of crop protection
is attained by the use of synthetic pesticides (Arthur Grube 2011). Rampant use of
synthetic chemical pesticides and fungicides during crop management is responsible for
increased costs, handling hazards, and a growing concern about pesticide residue in the
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food we consume. Because of the awareness people today have about the risks and
challenges synthetic chemical pesticides and fungicides pose, there is a need for
improved, safer, and natural alternatives.
1.2 Botrytis cinerea
B. cinerea is a necrotrophic plant fungus generally referred to as Grey mold. It is
found throughout the world and affects approximately 200 plant species (Dean, Van Kan
et al. 2012) including agriculturally important plants such as grapes, strawberries,
tomatoes, onions, various bulb crops similar to onions, and ornamentals such as roses and
geraniums (Figure 1). B. cinerea affects various parts of the plants including the leaves,
stems, flowers and fruits during different stages of agriculture. The losses occur due to
damages from seed to storage and range from 10 to 100 billion dollars a year world-wide.
Costs to control B. cinerea were recorded at 780 million dollars in 2002 (Zhao and Tan
2009) which equates to about 10% of the world fungicide market (Moser, Pertot et al.
2008). Fungicidal resistance is a global problem and today a large number of the Botrytis
strains have developed resistance to fungicides. In recent years, there have been
numerous attempts to overcome fungicidal resistance by using biological means. In spite
of the increasing trend towards biofungicides, synthetic fungicides remain prevalent
(Moser, Pertot et al. 2008).
Grey mold also presents a risk in humans and is a potential allergen. Some people
experience hay fever, asthma or Winegrower’s lung (Choquer, 2007). B. cinerea is also
associated with rare cases of keratomycosis (Elad, Williamson et al. 2004)

2

Figure 1: Effects of B. cinerea on common crops including grapes (A), geranium (B),
raspberries (C), tomatoes (D), roses (E), and strawberries (F).
3

1.3 Aspergillus niger
A. niger is a common pest and causes black mold on certain fruits and vegetables.
Spores of A. niger (Figure 2) are also a common food and laboratory contaminant. A.
niger can cause rotting of numerous fruits, vegetables, and other food products, thus
causing substantial economic losses due to spoilage. Black rot of onions associated with
A. niger is responsible for serious loss of onion bulbs in the field and in storage. There
are also reports of A. niger-induced spoilage of mangos (Prakash and Raoof 1988),
grapes (Sharma and Vir 1986) and tomatoes (Sinha and Saxena 1987). Storing of A.
niger-infected seeds under specific hot, humid growth conditions can result in crown rot
of peanuts (Jackson 1962).

A. niger has been isolated from 37 genera of plants (Farr, Bills et al. 1989) and
produces mycotoxins, namely oxalic acid, malformin A, and malformin C, that have been
shown to cause significant growth effects such as root curling and top deformation in
plants (Anderegg 1976).

A. niger in humans is associated with significant morbidity and mortality. It is a major
contributor to a serious lung disease, Aspergillosis. This disease is particularly prevalent
in horticultural workers (Spencer 1962). A. niger is the most common cause of
otomycosis, which can cause hearing loss. A.niger has recently been associated with a lot
of invasive pulmonary infections (Person, Chudgar et al. 2010).

4

A

B

Figure 2: Confocal microscopic images of A. niger showing the spores (A) at 63x and
mycelia (B) at 10x.

1.4 Rhizopus stolonifer
R. stolonifer (Figure 3) is commonly called the black bread mold, responsible for
the contamination of stored food and has a wide host range. Some susceptible genera
include: Allium, Ananas, Brassica, Cucumis, Cucurbita, Fragaria, Lycopersicon,
Phaseolus, Pisum, Solanum. A number of postharvest plant diseases, collectively known
as storage rot, are caused by R. stolonifer (Buckley, Sommer et al. 1968). In warm
conditions, this fungus can affect the soft tissues of harvested fruits, often causing a water
leakage and rendering them inedible. Leak disease in strawberries and tomatoes, soft rot
and ring rot in sweet potatoes, pole rot in tobacco leaves, and fruit rot in papayas and
stone fruits are all storage rot diseases caused by these Rhizopus species (Agrios 2005).
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R. stolonifer in humans causes mucormycosis (also called zygomycosis), which is
a rare and serious disease in burn victims, individuals suffering from severe malnutrition,
patients with diabetic ketoacidosis, or immunocompromised individuals, such as those
with HIV/AIDS or certain cancers (Roden, Zaoutis et al. 2005). The infection invades
blood vessels in humans and other animals and can progress to other areas of the body,
including the brain and the lungs. The disease has an overall mortality rate of 50 percent,
outcomes can vary widely and are strongly affected by preexisting conditions.

Figure 3: Differential Interference Contrast (DIC) images of R. stolonifer obtained using
Confocal Laser Scanning Microscopy.
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1.5 Fungal Lifecycle
B. cinerea can infect as a broad spectrum pathogen and has a necrotrophic life cycle.
The lifecycle of B. cinerea is like that of a typical Ascomycota (Williamson, Tudzynski
et al. 2007). The asexual reproduction is the dominant part of the lifecycle and is
responsible for the fast growth and rapid propagation of the fungus. It occurs through the
conidia, which are the vegetative spores. The lifecycle shown in Figure 4 starts with the
conidia of the previous generation which attack plant parts, such as the seedling, flowers,
withering petals, leaves, and any wounded tissues. Once attached to the host tissue, the
conidium begins to germinate, penetrating and invading the host tissue. Following
germination, surrounding host cells begin to collapse and disintegrate, causing the
invaded tissue to become soft and to rot. Conidiophores are formed in this stage and
supply conidia for further infection
Alternatively, the germinated conidia are carried into the plant parts like fruits and
flowers where they form a bed of mycelium. This mycelium produces conidiophores that
bear the conidia.
As another ascomycote, A. niger has a very similar life cycle to that of B. cinerea with
mycelia, conidiophores and conidia. Additionally, the sexual stage contains the
ascospores.
Rhizopus stolonifer, a member of the phylum Zygomycota reproduces asexually. Its
hyphae are called the sporangiophores and bear the sporangia.
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Figure 4: The generalized asexual lifecycle of B. cinerea (A), conidiophore (B), conidia
(C), plant parts life flowers and leaves (D), fruits (E), mycelial bed on the fruit (F), fresh
mycelium bearing the sporangiophores (McFeeters and McFeeters 2012).
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1.6 Natural Product Plant Extracts
Natural products, in a broad sense, include all substances produced by life. A more
narrow definition restricts natural products to the secondary metabolites produced by
organisms. Secondary metabolites do not necessarily facilitate the support mechanisms
for life; indeed they have been evolutionarily developed to fight against predators, prey,
and competing organisms. Some natural products have therapeutic properties and can be
beneficial for treating disease conditions. Many traditional medicines use natural
products for their active properties. In fact, the oldest clay tablets dating back to 2100 BC
describe a simple batch method for extraction of medicinally important plant extracts
(Holmyard 1957).
Today, a great number of plant species have been reported to possess naturally bioactive
components that are toxic to a wide variety of plant and animal pathogens. Natural
products today are the starting points for drug discovery. A synthetic version of the active
components in natural products could be effectively used for producing large-scale
medicines to treat various disease conditions. Additionally, natural product antifungals
generally have shown low mammalian toxicity, and most are biodegradable and safe for
the environment (E. Fallik 2000) (Tzortzakis and Economakis 2007). However, many
leading and assuring bioactive plant materials have not been screened for their
antimicrobial activity against important pathogenic plant and human fungi like Botrytis
cinerea, Aspergillus niger and Rhizopus stolonifer. This thesis aims to explore the
untapped potential of such natural product plant extracts and essential oils.
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1.7 Natural Product Essential Oils
The history of extraction of natural products dates back to the Mesopotamian and
Egyptian times when essential oils were extracted for perfumes and treatments of disease
conditions. A soxhlet like apparatus, dating back to 3500 BC, was found in
archaeological excavations (Bittel 1960). Essential oils, also known as volatile oils or
ethereal oils, are the concentrated hydrophobic substances having aromatic components
from plants. Essentials oils are extracted using hydrodistillation, soxhelation, expression,
or solvent extraction.
Essential oils, due to their volatile nature, are advantageous to use as biofumigants
and can be used at various stages in agricultural crop protection. Additionally, most of the
essential oils have been exempted from toxicity data requirements by the Environmental
Protection Agency (EPA) due to their favorable safety profile (Tzortzakis and
Economakis 2007) (N. K. Dubey 2010).
A few essential oils today have been found to be very effective against fungicide
resistant pathogens. For example, natural components cinnamaldehyde and
salicylaldehyde were effective against thiabendazole resistant Fusarium sambucinum
(Vaughn and Spencer 1994). Similarly, essential oils from Mentha spicata and Lippia
scaberrima, replacing synthetic fungicides, were used as coatings in the post-harvest
management of citrus fruits (du Plooy, Regnier et al. 2009). Therefore, herein we focus
on the antifungal properties of essential oils from many uncharacterized plants.
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1.8 Scytovirin
Scytovirin (SVN) is a carbohydrate binding protein with potent antiviral activity. The
carbohydrate binding agents show high specificity for mannose carbohydrates of
microbes, for example, specificity for Man4 carbohydrates of the surface of heavily
glycosylated envelop of HIV, Ebola, Influenza and Hepatitis. The protein originates from
the cyanobacterium Scytonema varium, has 95 residues, two carbohydrate binding sites,
five structurally important disulphide bonds and the large scale production of this protein
has been enhanced using recombinant methods. (McFeeters, Xiong et al. 2007). There
have been studies carried out indicating to a potential as an anti- HIV early inhibitor
(Huskens and Schols 2012).
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CHAPTER 2
MATERIALS AND METHODS
2.1 Preparation of Plant Extracts
Plant specimens (refer to Table 1) were collected by the members of Natural Products
Drug Discovery group, sponsored by The University of Alabama in Huntsville, from
mature trees, identified by W. A. Haber, located in the Monteverde Cloud Forest Reserve,
Costa Rica. Voucher specimens have been deposited in the herbarium of Missouri
Botanical Garden and in the National Herbarium of Costa Rica. Specimens were also
collected from mature trees, identified by A. K. Irvine, located in the Tropical Rainforests
in North Queensland, Australia. Voucher specimens have been deposited in the CSIRO
herbarium. Plant material was later extracted with solvents. The extract solutions were
concentrated using rotary evaporation to give crude extracts, which were then stored at
-20°C prior to screening. Testing solutions of 1% (w/v) extract in dimethyl sulfoxide
(DMSO) were used for screening.

2.2 Preparation of Essential Oils
The following essential oils were obtained from the company “Still Pure” (Plot 2055,
Kloof Street, Riebeek Kasteel, South Africa, GPS co-ordinates: -33.381067,18.916568):
African sandalwood (Eriocephalus punctulatus), African immortelle (Helichrysum
odoratissimum), African sandalwood (Brachyleana hutchinsii), blue mountain sage
(Salvia stenophelia), cape may (Coleonema album), cape snowbush (Eriocephalus
africanus), lemon verbena (Lippia javanica), mint geranium (Pelargonium tomentosum),
rose geranium (Pelargonium graveolens), lemon grass (Cymbopogon citratus) and tea tree
12

(Melaeuca alterniflora). Their quality and stability were certified by the suppliers. The
remainder of the essential oils were obtained from the Natural Products Drug Discovery
Group.

2.3 Chemicals and Media
The following solvents used for the preparation of plant extracts and testing
solutions were obtained from Fischer Chemical, USA: Acetone, chloroform,
dichloromethane, dimethyl sulphoxide (DMSO), ethanol and methanol. Potato dextrose
agar and potato dextrose broth media were obtained from DIFCO™ Becton, Dickinson
and Company, MD 21152 USA. The antifungals Cyprodinil and Fludioxonil were
obtained from Sigma-Aldrich, MO 63103 USA.

2.4 Broth Microdilution Assay
2.4.1 Fungal Isolates
Fungal isolates of B. cinerea and R. stolonifer were cultured on potato dextrose
agar at 25 ± 2 °C for a period of 7-10 days. A. niger (ATCC 16888) was cultured on malt
extract agar (Blakeslee’s formula, ATCC medium 325) for 4-7 days.
The isolates of R. stolonifer were obtained from an infected strawberry fruit from
the region of Huntsville, Alabama, USA. Five-centimeter plugs of strawberry tissue were
disinfected with 1% sodium hypochlorite and placed at the center of a petri plate
containing PDA. After an incubation period of 7 days, the fungus was sub cultured and
identified according to established procedures explained in section 2.4. Cultures were
13

maintained in respective agar plates at 25 ± 2 °C and later stored at 4 °C for long-term
use.

2.4.1.1 Identification of Rhizopus species
ID 32 C is a standardized system based on carbon assimilation profiles. While commonly
used for identification of yeast and bacterial species, a recent study (Schwarz, Lortholary
et al. 2007) has established their use for the identification of Rhizopus owing to the
striking differences amongst their species for the carbon source utilization. This
identification system consists of a rapid miniaturized system called the API ID 32 C
(BioMérieux, Inc. NC, USA) (Figure 5). The ID 32 C strip consists of 32 capsules, each
containing a dehydrated carbohydrate substrate. A semi-solid, minimal medium (API C)
is inoculated with a suspension of the organism to be tested. This suspension was
previously homogenized to obtain a final spore concentration of 5 x 105 CFU/ml. The
strips were then incubated at 27 ℃ for 72 hours to allow sufficient growth of the fungus
and were later visually analyzed for growth or lack of growth. The strip was compared to
the results in the aforementioned reference (Schwarz, Lortholary et al. 2007) and
identified as Rhizopus stolonifer.
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Figure 5: Identification of Rhizopus species using carbon assimilation profiles.

2.4.2 Preparation of Fungal Inoculum
The inoculum suspensions for A. niger and B. cinerea were prepared by carefully
rubbing the colonies with a sterile loop into malt extract medium broth and into potato
dextrose broth (PDB), respectively, followed by mixing each suspension separately using
a vortex mixer. The inoculum suspension for R. stolonifer was obtained by exhaustively
scraping the surface with a sterile loop into PDB. The suspensions were cleared out of
hyphae by passing through a sterile cheesecloth, producing an inoculum composed of
spores. The inoculum size for all three fungi was adjusted with the respective broth
medium between 1.0 × 106 and 5.0 × 106 spores/ml by maintaining the optical density
(OD) between 0.1 and 0.2 at 625 nm.
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2.4.3 Broth Microdilution Assay
Crude extracts were screened for antifungal activity against B. cinerea, A. niger
and R. stolonifer. Minimum inhibitory concentrations (MICs) were determined using the
broth microdilution assays according to the guidelines of CSLI [previously NCCLS] (13).
MIC is defined as the lowest concentration of the antifungal required to effectively
inhibit the visible growth of the fungus after two days of incubation. The assays were
performed in a 96-well plate (COSTAR 3596) (Figure 6). Dilutions of the crude extracts
and essential oils were prepared in the fungal growth media (malt extract broth for A.
niger and PDB for Rhizopus), beginning with 50 µL of 1% w/w solutions of crude
extracts in DMSO along with 50 µL of the growth media. The plant extract solutions
were serially diluted (1:1) in the growth media using a multichannel pipette. This resulted
in the highest concentration of the extract on the upper wells and the lowest concentration
of the extract in the lower wells of the 96-well plate. Lastly, the prepared inocula were
added (50 µL) to each well. The 96-well plates were incubated at 25 ± 2 °C for 48 to 72
hours, and MIC was determined as the lowest concentration without turbidity.
Combination antifungal cyprodinil-fludioxonil was used as the positive control and
DMSO was used as the negative control.

16

Figure 6: Example of a 96-well plate broth microdilution assay.
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2.5 Disk Diffusion Assay

The biological activity of the extracts and essential oils was also determined by
employing the agar disk diffusion method (Hamza, van den Bout-van den Beukel et al.
2006). R. stolonifer and B. cinerea were grown on potato dextrose agar (PDA) medium
and A. niger on malt extract medium agar for a period of 7-10 days for sporulation onto
the petri dishes. Inocula were prepared as described above. Next, 100 µl of inoculum
suspension was spread across a 9 cm diameter agar petri dish using a glass spreader. The
plant extracts and essential oils were impregnated onto 6 mm sterile filter paper disks and
were placed in the center of the inoculated agar petri dish. On another petri plate a
combination antifungal of cyprodinil-fludioxonil was used as the positive control and
DMSO was used as the negative control. The inoculated plates were incubated at 25 ± 2
°C for 5 days. At the end of the incubation period, antifungal activity was evaluated by
measuring the susceptibility to the antimicrobial as a zone diameter of inhibition (ZDI).
All of the assays were performed in triplicate for statistical analysis.
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2.6 Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) is a technique for obtaining highresolution optical images with depth selectivity. The key feature of CLSM is the ability to
obtain sharp images of thick specimens at various depths. This is known as optical
sectioning. Here, images were obtained point-by-point and then reconstructed, allowing
us to view topologically complex structures.. The Confocal Laser Scanning Microscope
used in this study was Carl Zeiss LSM 700 and the ZEN 2009 software was used to
control the laser scanning microscope.
Confocal microscopic studies were performed on B. cinerea samples to
understand the vapor phase effects of Blue Mountain Sage oil and Lemongrass oil. In A.
niger, contact phase effects in the presence of Green tea extract were examined. For
determination of vapor phase effects, petri plates (90 x 20mm, with 80 ml air space after
addition of 20ml agar) were used (Soylu, Kurt et al. 2010). Fungal inoculum was evenly
spread on the PDA plates and a 6 mm filter paper disk was placed in the center of the
petri dish lid with pure essential oils impregnated into it to reach final concentrations
ranging from 0.05 to 0.4 µm/ml air. For determination of contact phase effects in A.
niger, the plant extract was mixed with the malt extract medium right before emptying
into the petri plate (90 x 20 mm) to reach a final concentration range of 0.4 to 25.6 µg/ml.
The petri plates were sealed immediately with parafilm and incubated at 24 ºC for 7 days
at which point the results were analyzed.
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2.7 Gas Chromatography – Mass Spectral (GC-MS) Analysis
The Blue Mountain Sage (Salvia stenophylla) essential oil was analyzed by GCMS using an Agilent 6890 GC with an Agilent 5973 mass selective detector [MSD,
operated in the EI mode (electron energy = 70 eV, scan range = 45-400 amu, and scan
rate = 3.99 scans/sec)], and an Agilent ChemStation data system. The GC column was a
HP-5ms fused silica capillary with a 5% phenyl-polymethylsiloxane stationary phase, a
film thickness of 0.25 μm, a length of 30 m, and an internal diameter of 0.25 mm. The
carrier gas was helium with a column head pressure of 48.7 kPa and a flow rate of 1.0
mL/min. The injector temperature was 200 °C, and the detector temperature was 280°C.
The GC oven temperature program was used as follows: 40°C initial temperature, held
for 10 minutes; increased at 3 °C/min to 200 °C; increased 2°/min to 220 °C. A 1 % w/v
solution of the sample in CH2Cl2 was prepared, and 1 μL was injected using a splitless
injection technique.
Identification of the oil components was based on their retention indices, which
were determined by reference to a homologous series of n-alkanes and by comparison of
their mass spectral fragmentation patterns with those reported in the literature (RP 2007)
and stored on the MS library [NIST database (G1036A, revision D.01.00)/ChemStation
data system (G1701CA, version C.00.01.080)]. The percentages of each component are
reported as raw percentages based on the total ion current without standardization.
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CHAPTER 3
RESULTS
The general strategy of this study starts with performing the screening of all natural
product plant extracts and essential oils against the three fungi using broth microdilution
assay. This assay yields the MIC, the extent of inhibitory action. The lower the MIC
value, the greater is the inhibitory action of the natural product against a fungus. The
MIC values help in narrowing down suitable natural product plant extract or essential oil
candidates for disk diffusion assay and confocal microscopic studies. Finally, performing
the GC-MS analysis gives a clear picture of the individual candidate’s constituents
responsible for the antifungal action. This strategy is summarized in the following
(Figure 7).

Broth
Microdilution

Confocal
Microscopy

Disk Diffusion

GC-MS
analysis

Figure 7: Basic protocol/outline of the study.

3.1 Broth Microdilution Assay
Screening results for the antifungal effects of 54 natural product plant extracts and 21
essential oils is summarized in below (Table 1 and Table 1.1).
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Table 1: List of plant extracts used in the study

Testing
Solution plant

Plant
Part

MIC

MIC

MIC

R. stolonifer

B. cinerea

A. niger

(ppm)

(ppm)

(ppm)

Primary
Solvent

Ardisia
Bark

Acetone

312.5

312.5

78

Leaf

Chloroform

312.5

312.5

312.5

Bark

Ethanol

625

312.5

312.5

Resin

-

625

312.5

1250

Flower

-

625

312.5

625

Leaf

Ethanol

625

312.5

1250

Bark

Chloroform

625

625

625

Bark

Ethanol

625

312.5

1250

revoluta
Ardisia
solomonii
Archidendron
vaillantii
Agathis
atropurpurea
resin
Albizia
julibrissin
Amphitecna
haberi
Byrsonima
crassifolia
Balanops
australiana
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Beilschmiedia
sp. "choncho

Bark

Ethanol

625

312.5

625

Bark

Acetone

1250

2500

156

Bark

Chloroform

2500

312.5

625

Bark

Acetone

625

2500

312.5

Bark

-

625

625

625

Bark

Ethanol

312.5

312.5

1250

1250

156

625

Acetone

625

312.5

78

Methanol

625

312.5

1250

Ethanol

625

312.5

312.5

blanco”
Bocconia
frutescens
Bursera
ovalifolia
Cestrum
racemosum
Conostegia
xalapensis
Cryptocarya
corrugata
Croton

Dichloro
Bark

monteverdensis

methane

Cedrela
Bark
tonduzii
Conradina
canescens

Aerial
parts

Cestrum
Bark
megalophyllum
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Cedrela
Bark

Acetone

625

312.5

312.5

39

78

312.5

tonduzii
Cupania

Dichloro
Bark

glabra

methane

Drypetes
lasiogyna var.

Bark

Ethanol

2500

625

312.5

Vine

Ethanol

625

625

39

Bark

Ethanol

625

625

156

625

312.5

625

625

312.5

625

625

312.5

1250

2500

312.5

156

625

625

78

australasica
Drymonia
conchocalyx
Diospyros
digyna
Endiandra

Chloroform/
Bark

wolfei

Ethanol

Eugenia
Bark

Acetone

monteverdensis
Erythrina

Dichloro
Bark

lanceolata

methane

Grevilia

Chloroform/
Bark

hilliana

Ethanol

Green tea
(Camellia

Leaves

-

sinensis)
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Galanthamine
Pure

-

2500

156

625

Bark

Methanol

625

625

625

Bark

Acetone

1250

312.5

625

Bark

-

625

156

312.5

1250

312.5

625

0.1mg/ml
Inga sierrae
Lonchocarpus
oliganthus
Lonchocarpus
orotinus
Dichloro
Mauria
Leaf

methane/

heterophylla
Methanol
Mallotus
Bark

Ethanol

625

312.5

625

Bark

Acetone

625

625

2500

1250

156

625

1250

312.5

625

156

156

>2500

paniculatus
Machaerium
biovulatum
Myrcianthes
Dichloro
sp. "black

Bark
methane

fruit"
Myrica sp.
Bark

Acetone

"fuzzy leaf"

Nectandra

Chloroform/
Bark

membranacea

Ethanol

25

Neolitsea
Bark

Ethanol

39

312.5

1250

Bark

Acetone

625

625

312.5

Bark

Acetone

625

312.5

625

625

625

156

1250

625

78

78

2500

2500

dealbeta
Ocotea sp. “los
llanos”
Ocotea
floribunda
Polysoma

Chloroform/
Bark

alangiacea

Ethanol

Psychotria
Bark

Acetone

parviflora
Quercus

Dichlorome
Bark

insignis

thane

Ruyschia
Bark

Ethanol

625

312.5

625

Bark

Chloroform

625

312.5

312.5

312.5

312.5

>2500

156

156

>2500

1250

1250

1250

phylladenia
Salacia sp.
"liana"
Sweitenia

Dichloro
Bark

mahogoni

methane

Styrax

Dichloro
Bark

argenteus

methane

Syzygium
Bark

Ethanol

johnsonii
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Styphnolobium
-

-

625

156

625

1250

312.5

625

monteviridis

Dichloro
Turpinia
Leaf

methane/

occidentalis
Methanol
Tapirira
Bark

Ethanol

1250

625

312.5

-

-

1250

312.5

1250

Bark

-

1250

156

625

Bark

Ethanol

156

312.5

312.5

Bark

Methanol

625

78

1250

mexicana
Melissa
officinalis
Verbesina
turbacensis
Xanthophyllum
octandrum
Zanthoxylum
rhoifolium
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Table 1.1 List of plant essential oils used in the study
MIC
Testing Solution plant

MIC

Essential Oil
R. stolonifer B. cinerea

Essential oil

MIC
A. niger

Scientific Name
(ppm)

(ppm)

(ppm)

312.5

312.5

312.5

2500

312.5

156

Eriocephalus

African chamomile EO
punctulatus
Brachyleana

African sandalwood EO
hutchinsii

Blue mountain sage EO

Salvia stenophelia

156

78

78

Cape may EO

Coleonema album

156

156

2500

Cumin EO

Cuminum Cyminum

625

312.5

1250

78

312.5

625

Eriocephalus

Cape Snowbush EO
africanus

Eucalyptus EO

Eucalyptus Globulus

312.5

156

156

French oak EO

Quercus petraea

625

156

312.5

156

156

625

312.5

312.5

1250

625

625

156

Helichrysum

Immortelle EO
odoratissimum

Juniper Oil

Juniperus virginiana
Nardostachys

Jatamansi Oil
Jatamansi

Kapus Hetanda EO

Kapus Hetanda

156

156

156

Lemon grass EO

Cymbopogo citrates

117

78

78
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Lemon verbena EO

Lippia javanica

1250

156

312.5

156

78

156

Pelargonium

Mint geranium EO
tomentosum

Wild lavender EO

Pteronia incana

625

625

625

Puntjie bessje EO

Puntjie bessje

312.5

312.5

156

-

625

312.5

312.5

312.5

312.5

312.5

Salvia officinalis

625

156

625

Prunus serotina

625

312.5

625

Tajikistan EO

Melissa officinalis

1250

312.5

1250

Tea tree EO

Melaeuca alterniflora

625

312.5

312.5

Verbesina turbaensis

Verbesina
1250

156

625

Root of Raiput(helanda)
EO
Palagonium

Rose garanium EO
graveolens

Sage Oil
Toasted cherry wood
EO

EO

turbaensis

The results show that 33 of the 75 combined natural product plant extracts and essential
oils showed high to medium-high inhibitory activity with MIC values of <100 ppm or
156 ppm. The plant extracts of Ardisia revoluta, Bocconia frutescens, Croton
monteverdensis, Cedrela tonduzii, Cupania glabra, Drymonia conchocalyx, Grevillia
hilliana, Camellia sinensis, Lonchocarpus orotinus, Myrcianthes sp. "black fruit",
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Nectandra membranacea, Polysoma alangiacea, Psychotria parviflora, Quercus
insignis, Styrax argenteus, Styphnolobium monteviridis, Verbesina turbacensis,
Xanthophyllum octandrum and Zanthoxylum rhoifolium showed anti-fungal activity along
with the alkaloid Galanthamine. Similarly, the following plant essential oils exhibited
anti-fungal activity: Brachyleana hutchinsii, Salvia stenophelia, Coleonema album,
Eriocephalus africanus, Quercus petraea, Helichrysum odoratissimum, Kapus Hetanda,
Cymbopogon citratus, Pelargonium tomentosum, Puntjie bessje, Salvia officinalis and
Verbesina turbacensis.
This is to say that 44% of the natural products tested had a high to medium-high
inhibitory activity against any of the three plant pathogenic fungi. Although the plant
extracts vary significantly in their levels of inhibition, 34% of the tested plant extracts
and 33% of the tested plant essential oils showed inhibitory action against A. niger.
Among the tested natural products against R. stolonifer, 20% of the plant extracts and
33% of the tested essential oils showed inhibitory action. Also, 16.6% of the tested plant
extracts and 45.5% of the tested plant essential oils were seen exhibiting inhibitory
antifungal action against B. cinerea.
Broth microdilution assay was also performed with the 95- residue antiviral protein
Scytovirin to check for any anti-fungal activity against B. cinerea. Broth microdilution
was performed with a starting effective protein concentration of 1.1 mM in the A wells
and serially diluting to 5 µM of Scytovirin in the H wells. Although the 96-well plates
used in the assay are generally incubated for a period of 48h – 72h, positive results have
encouraged the assay to last as long as 120h (5 days) (Figure 8).
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Day 2 (48 h) results revealed that a 130 µM Scytovirin could effectively stop the visible
growth of B. cinerea and hence was recorded as the MIC value. At the extended
incubation time of 120 h Scytovirin concentration of 275 µM was required to halt the
complete visible growth on day 5.
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Figure 8: The 96- well plates showing antifungal activity of Scytovirin (SVN) on day 2
and day 5 of the assay.
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3.2 Disk Diffusion Assay
The antimicrobial activities of the natural product plant extracts and essential oils were
assessed based on the presence or absence of inhibition zones and the sizes of ZDI. As
mentioned earlier, candidates with high antifungal activities (MIC <100 ppm) were
selected for the disk diffusion assay. This assay has been used as an aid to further
establish the antifungal property of a natural product.
The selected candidates for disk diffusion assay against R. stolonifer were the crude
extracts of Cupania glabra, Neolitsea dealbeta, Quercus insignis and the essential oil of
Eriocephalus africanus. Similarly, the candidates for testing the activity against B. cinerea

were the crude extracts of Cupania glabra, Zanthoxylum rhoifolium and essential oils of
Salvia stenophelia, Cymbopogo citrates and Pelargonium tomentosum. The natural product

candidates against A. niger were the crude extracts of Ardisia revoluta, Cedrela tonduzzi,
Drymonia conchocalyx, Green tea, Psychotria parviflora and essential oils of Salvia
stenophelia and Cymbopogo citrates. The zone diameters of inhibitions for the different

fungal species have been summarized in Tables 2 - 4.
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Table 2: Disk diffusion results of R. stolonifer
Natural Product Extract/

MIC

Plant Part

Primary Solvent

ZDI

EO

(ppm)

Eriocephalus africanus

78

-

-

12

Cupania glabra

39

Bark

Dichloromethane

14

Neolitsea dealbeta

39

Bark

Ethanol

26

Quercus insignis

78

Bark

Dichloromethane

8.5

(mm)

Table 3: Disk diffusion results of A. niger
Natural Product Extract/

MIC

EO

(ppm)

Ardisia revoluta

78

Salvia stenophelia

Plant Part

Primary

ZDI

Solvent

(mm)

Bark

Acetone

16.5mm

78

-

-

14mm

Drymonia conchocalyx

39

Vine

Ethanol

12mm

Camellia sinensis

78

Leaves

-

17mm

Cymbopogo citrates

78

-

-

12mm

Psychotria parviflora

78

Bark

Acetone

10mm
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Table 4: Disk diffusion results of B. cinerea
Natural Product Extract/

MIC

Plant Part

Primary Solvent

ZDI

EO

(ppm)

Salvia stenophelia

78

-

-

17

Cupania glabra

78

Bark

Dichloromethane

13

Cymbopogo citratus

78

-

-

16

Pelargonium tomentosum

78

-

-

14.5

Zanthoxylum rhoifolium

78

Bark

Methanol

9

(mm)

3.3 Confocal Laser Scanning Microscopy
The primary objective of confocal microscopic studies was to obtain an ultra-structural
level understanding of the fungal lifecycle and the effect natural products have on the
various stages of fungal growth (Figure 9) and inhibition.
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Figure 9: DIC images obtained using confocal microscopy showing various stages of
growth in A. niger (A: Spores of A. niger, B: Spore germination, C: Germ tube elongation
leading to a mycelium, D: Mycelium bed of the fungus).
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In B. cinerea, complete inhibition of conidial germination (Figure 10) due to the
presence of Blue Mountain Sage oil was seen at a concentration of 0.2 µg/ml air.
Confocal microscopic analysis of fungal mycelium from the petri dish at 0.15 µg/ml
showed degradation of the hyphae and also a complete absence of conidiation (Figure
11). Lemongrass oil showed a complete inhibition of conidiospore germination at a
concentration of 0.4 µg/ml air (Figure 12). A. niger showed no presence of spore
germination due to Green tea extract at a concentration of 25.6 µg/ml (Figure 13).

Figure 10: Disk diffusion assay with B. cinerea. Growth of fungal mycelium: (A)
negative control, (B) Blue Mountain Sage oil treated at 0.15 µg/ml, and (C) at 0.2 µg/ml,
24 ºC after 7 days.
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Figure 11: DIC image of conidiophore inhibition and mycelial damage in B. cinerea due
to the presence of Blue Mountain Sage oil.
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Figure 12: DIC image of spore germination inhibition in B. cinerea due to the presence
of Lemon grass oil at 0.4 µg/ml air.
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Figure 13: DIC image of complete spore germination inhibition in A. niger due to the
presence of Green tea extract at 25.6 µg/ml.
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3.4 GC-MS Analysis of Essential Oil
The GC-MS analysis of Blue Mountain Sage essential oil was performed and the
important components have been furnished in Table 5.
Table 5: GC-MS analysis listing the important components
RI

Compound

%

940

α-Pinene

1.1

953

Camphene

1.7

992

Myrcene

Tr

1009

δ-3-Carene

4.8

1024

p-Cymene

0.9

1028

Limonene

4.7

1142

Camphor

5.5

1164

Borneol

0.6

1374

α-Copaene

0.3

1418

(E)-Caryophyllene

6.4

1424

2,5-Dimethoxy-p-cymene

0.1

1437

Aromadendrene

1.4

1453

α-Humulene

0.8

1509

β-Bisabolene

Tr

1514

γ-Cadinene

0.4

1524

-Cadinene

1.5
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1566

(E)-Nerolidol

0.4

1583

Caryophyllene oxide

0.5

1599

Guiaol

4.8

1651

β-Eudesmol

0.3

1654

α-Eudesmol

0.7

1655

α-Bisabolol oxide B

Tr

1686

α-Bisabolol

58.0

2057

Manool

3.5
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CHAPTER 4
DISCUSSION
4.1 Biological Assays
This study has evaluated the antifungal activity of the selected 54 natural product
plant extracts and 21 essential oils against fungi generally associated with agricultural
crop damage and which also pose medical, health related risks. The main objective of this
study was to compare differences in efficacies and subsequently select the most effective
natural products that could be considered as most suitable for the development and use as
alternative biofungicides. Antifungal agents can interfere with any stage of the fungal
asexual life cycle. The identified natural products have the potential to interfere with the
first stage (i.e., spore germination was estimated using the broth microdilution and disk
diffusion assays). As indicated by the experimental results, about 44% of the tested
natural products provided effective growth inhibition among at least one of the fungal
species above.
However, several extraordinarily effective candidates can be selected even among
this group of effective plant extracts and essential. Thanks to the high inhibitory activity
and extremely low MICs, plant extracts from Cupania glabra, Neolitsea dealbata,
Quercus insignis, Drymonia conchocalyx, Green tea, Psychotria parviflora and essential
oils from Eriocephalus africanus, Salvia stenophelia, Cymbopogo citratus can be indicated as
the natural products providing extraordinary antifungal activity against the target fungal
species A. niger, B. cinerea and R. stolonifer.
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The best among the screened candidates to hinder the growth of A. niger were identified
to be:


Acetone bark extract of Ardisia revoluta (78 ppm)



Salvia stenophelia essential oil (78 ppm)



Acetone bark extract of Cedrela tonduzii (78 ppm)



Ethanol vine extract of Drymonia conchocalyx (39 ppm)



Aqueous leaf extract of Camellia sinensis (78 ppm)



Cymbopogo citratus essential oil (78 ppm)



Acetone bark extract of Psychotria parviflora (78 ppm)

The natural products to inhibit the growth of B. cinerea significantly were:


Salvia stenophelia essential oil (78 ppm)



Dichloromethane bark extract of Cupania glabra (78 ppm)



Cymbopogo citratus essential oil (78 ppm)



Pelargonium tomentosum essential oil (78 ppm)



Methanol bark extract of Zanthoxylum rhoifolium (78 ppm)

The natural products to inhibit the growth of R. stolonifer significantly were:


Dichloromethane bark extract of Cupania glabra (39 ppm)



Eriocephalus africanus essential oil (78 ppm)



Ethanol bark extract of Neolitsea dealbata (39 ppm)



Dichloromethane bark extract of Quercus insignis (78 ppm)
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A few interesting observations from the broth microdilution results are that Blue
Mountain Sage oil and Lemongrass oil are very effective inhibitors of both A. niger and
B. cinerea. Also Lemon grass oil has medium-high inhibitory action against R. stolonifer
(117ppm). This shows that Lemon grass oil is an effective antifungal for three
phylogenitically distinct fungi. Previous studies also clearly indicate the fungicidal,
morphological damage and anti-aflatoxigenic effects of lemon grass oil against
Aspergillus flavus Link (Paranagama, Abeysekera et al. 2003, Helal, Sarhan et al. 2007).
Studies also point to show the fungal inhibition resulting from stunted growth, decreased
lipid content and morphogenisis in A. niger due to the presence of lemon grass oil (Helal,
Sarhan et al. 2006). Similarly, phytochemical literature study of the Green tea extract
(Camellia sinensis) showed presence of various non-polymeric phenolic and polymeric
tannin constituents like catechins, theaflavins, thearubigins (Chan, Soh et al. 2011).
Green tea is effective against a wide range of microbes including bacteria, fungi and virus
(Bansal, Choudhary et al. 2013).
On another note, the dichloromethane stem bark extract of Cupania glabra is seen to
be very effective in inhibiting the fungus B. cinerea and R. stolonifer. Cupanoside, the
long-chain fatty alcohol glycoside isolated from the bark was previously shown to have
only anti-bacterial properties (Setzer, Vogler et al. 2005).
The initial screening of plant extracts and essential oils with broth microdilution
enabled the faster selection of potential candidates for disk diffusion assay. This method
allowed the inhibition of growth of fungal mycelia exposed to the vapor of the essential
oil along with the contact phase effects to be estimated. All the tested natural products
showed considerable ZDI against the fungi. Plant extract of Neolitsea dealbata can be
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regarded as the strongest inhibitor of R. stolonifer with a ZDI of 26 mm. Despite Cupania
glabra and Neolitsea dealbeta having similar MICs (39 ppm), their ZDIs are significantly
different (26 mm and 14mm). The EO Cape Snowbush shows higher inhibition compared
to Quercus insignis extract with a similar MIC. Previously, the phytochemical
investigation of Neolitsea dealbeta revealed the presence of two common triterpenoids,
taraxerone and taraxerol, as well as three furanogermacranolide sesquiterpenoids,
linderadine, linderalactone, and pseudoneolinderane (Wu, Vogler et al. 2008). However,
literature study does not distinguish taraxerone and taraxerol as major antifungal agents.
Antifungal properties of taraxerone have been established in Candida albicans,
Richophyton mentagrophytes (Ragasa and Cornelio 2013), Colletotrichum and Alternaria
genus (Ghosh, Chakraborty et al. 2011).
The tested natural products had varied inhibitory action against A. niger. While the
vine extract of Drymonia conchocalyx can be regarded as the best inhibitor in MIC
studies, disk diffusion studies do not put it in the first place. Extracts of Green tea,
Ardisia revoluta Blue Mountain Sage EO have better ZDIs (17 mm, 16.5 mm and 14 mm
respectively). Recent studies have also pointed to the antifungal properties of Green tea
extract (Yousef 2002, Taley, Pethe et al. 2012).
Among the five natural products with similar MICs assessed in the disk diffusion
studies against B.cinerea, essential oils clearly stand ahead of the plant extracts. Blue
mountain sage EO and lemon grass EO have ZDI of 17 mm and 16 mm respectively.
Previous studies also establish the effectiveness of Lemon grass oil in controlling postharvest crop losses due to B. cinerea (Tzortzakis and Economakis 2007, Camele, Altieri
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et al. 2012). This research establishes the first use of Blue Mountain Sage oil as a
potential antifungal against B. cinerea and A. niger.
4.2. Microscopic Analysis and GC – MS Analysis
Microscopic analysis was primarily performed on samples of B. cinerea and A. niger. In
B. cinerea, the volatile phase inhibitory action of pure Blue Mountain Sage oil and pure
Lemon grass oil was of particular interest owing to their low MICs and relatively larger
ZDIs in the previous studies. Essential oil was not in direct contact with the growth media
to determine the effects of volatile components only. A series of concentrations of the
essential oils were prepared at 0.1 µg/ml, 0.2 µg/ml and 0.4 µg/ml air. A complete halt of
life cycle in B. cinerea was seen with 0.2 µg/ml of Blue Mountain Sage oil and 0.4 µg/ml
of Lemon grass oil.
It is apparent that in comparison the Blue Mountain Sage oil does more harm to the
fungal life cycle at relatively lower oil concentrations. Important morphological damage
(Figure 14) was discovered in the hyphae exposed to oil compared to the hyphae in the
controls. After the exposure to Blue Mountain sage oil, the hyphae appeared degraded
and large vesicles were seen. Also seen was the disappearance of conidiophores or the
fruiting bodies of the fungus at this concentration. With increased concentration, the
growth of the fungus was completely suppressed (Figure 10).
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Figure 14: Hyphae of B. cinerea as seen in the (A) negative control, (B) positive control
and (C) presence of Blue Mountain Sage oil at 0.15 µg/ml air.
The effect of Lemon grass oil on B. cinerea at 0.15 µg/ml, 0.2 µg/ml of essential oil was
not particularly profound in the sense that there was an overall reduced fungal growth but
the conidial germination was inhibited only at a larger concentration of 0.4 µg/ml air. In
A. niger, Green tea extract reduced the pace of fungal growth and acted as a fungistatic
agent with no signs of mycelial degradation at lower concentrations. However, increasing
the concentration of the plant extract inhibited the process of spore germination and germ
tube elongation at 25.6 µg/ml of agar.
After confirming the fungicidal action of blue mountain sage oil and its ability to disrupt
fungal life cycle at relatively low concentrations of the EO, GC – MS analysis of the oil
was carried out to reveal α-bisabolol, limonene, δ-3-carene, γ-terpinene, p-cymene and
(E)-nerolidol as its important constituents. A very interesting compound of the ones
identified is α-bisabolol. The entire structure of this compound is found as a substructure
in similar form within zymosterol, the compound part of the first step of ergosterol
biosynthesis. Interference in the ergosterol formation could potentially inhibit membrane
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formation in mycelia, spores and vegetative cells of filamentous fungi and pave a path for
development of new antifungal drugs (Pauli 2006).
A review of the other essential oils used in this study like lemongrass oil reveal to be
composed of geranial (40.72%), neral (34.98%) and myrcene (15.69%) as the major
constituents(Mohamed Hanaa, Sallam et al. 2012). Another study of the constituents of
Mint geranium essential oil identifies (-)-isomenthone (61–62%) and (+)-menthone (25–
27%) as the major components.
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CHAPTER 5
CONCLUSIONS
5.1 Summary
Application of synthetic fungicides has been a traditional strategy for crop protection and
management to attain food security. Increasing health hazards and pollution necessitated
the development of an alternate approach to disease control. This present work is a
screening study to investigate the antifungal effects of various plant based extracts and
essential oils against common agricultural pest fungi. This study identifies Blue Mountain
Sage oil, Lemon grass oil, Green tea extract, Drymonia conchocalyx vine extract,
Cupania glabra bark extract and Neolitsea dealbata bark extract that could potentially be
developed into formulations for action against B. cinerea, A. niger and R. stolonifer. A
new breed of biofungicides from natural sources has a great potential to replace synthetic
fungicides.
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5.2 Future Work


To test the synergistic action among the identified antifungals.



To carry out in-depth analysis of the mechanistic action of these inhibitors, paving
a path for better antifungals.



Testing various pre-harvest or post-harvest strategies of antimicrobial application.



Carry out the fractionation studies of the plant extracts or GC-MS of essential oils
to understand the individual constituents.



Develop an industrial scale antifungal formulation using any of the identified
fungal inhibitors.
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