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Abstract
Plant infections by Botrytis cinerea and Alternaria alternata remain a challenge to horticulture
as they cause the devastating fungal diseases of grey and black mould in many crop plants
worldwide. The emergence of fungicide resistance, concerns of fungicide persistence in soil
and implications for public health due to residues in the environment, have led to the creation
of a demand for alternatives to traditional chemically based fungicides to manage pathogenic
fungi. Research on biological control agents has been carried out extensively as it provides a
potential eco-friendly and effective pathogen suppression tool. Microbial volatile organic
compounds (VOCs) with antifungal properties produced by some of these potential biocontrol
agents have gained substantial interest as alternatives to chemically based fungicides. This is
largely due to perceptions of low toxicity, biodegradability, a reduced possibility of the target
pathogen developing resistance to the VOCs and activity not requiring a physical contact with
the targeted host.
The yeast-like fungus Aureobasidium pullulans occurs naturally on the phyllosphere of many
plant species and is among the microorganisms that could potentially be used as biocontrol
agents for plant disease management. This yeast is known for its antifungal properties against
various plant pathogenic fungi. Production of VOCs with antifungal properties is one of the
multiple mechanisms exhibited by A. pullulans that limit the growth of fungi, including
B. cinerea. Little information is available regarding its antifungal volatilome. Previous research
involving qualitative studies on the A. pullulans volatilome has confirmed the identity of four
antifungal

VOCs:

2-methyl-1-propanol,

2-methyl-1-butanol,

3-methyl-1-butanol

and

2-phenylethanol. However, there is no quantitative information on the chemical composition,
expression of antifungal VOCs in response to abiotic factors or on the antifungal mechanisms
associated with the A. pullulans volatile metabolome, which limit the efficacy of application of
A. pullulans as an antifungal agent utilising its VOCs production. This project was designed to
investigate the volatile metabolome of A. pullulans and determine its antifungal properties and
associated mechanisms against B. cinerea and A. alternata in vitro.
14

A double Petri dish method was deployed to assess the suppression of colony growth and
conidia germination of B. cinerea and A. alternata by A. pullulans culture headspace. A novel
experimental approach that enabled the addition of an internal standard (IS) was devised to
directly extract and quantify VOCs from antagonist-pathogen culture headspace using solidphase microextraction-gas chromatography mass spectrometry (SPME-GC-MS). An
untargeted metabolomics approach followed by chemometric analysis identified fourteen
VOCs

from

A. pullulans

volatilome.

Amongst

these,

3-methyl-1-hexanol,

acetone,

2-heptanone, ethyl butyrate, 3-methylbutyl acetate and 2-methylpropyl acetate were detected
for the first time in the A. pullulans volatile metabolome. Four VOCs: ethanol,
2-methyl-1-propanol, 3-methyl-1-butanol and 2-phenylethanol, were identified by partial least
squares-discriminant analysis models as variables with high explanatory power for
discrimination between A. pullulans headspace from A. pullulans non-inoculated headspace
using variable importance in projection and selectivity ratios. Of these compounds, ethanol
(397-524 mg/L) was the most concentrated VOC in the A. pullulans-pathogen interaction
headspace. The other three alcohols were present in concentrations in the range of
1.0-3.6 mg/L in the A. pullulans-pathogen interaction headspace. These four compounds were
modelled using response surface methodology (RSM) following a Box-Behnken experimental
design, to evaluate the combined effects of VOCs to exert an antifungal activity. The results
suggested that ethanol and 2-phenylethanol are the key inhibitory A. pullulans VOCs against
both B. cinerea and A. alternata.
Production of microbial VOCs is affected by several abiotic factors associated with microbial
growth. A Box-Behnken experimental design followed by RSM was deployed to explore the
combined effect of nutrient uptake with special focus on carbon and nitrogen, along with
temperature, on the production of the four important antifungal VOCs identified from the
A. pullulans volatilome. Design of experiments approach and RSM enabled an efficient
modelling process by drastically reducing the number of experiments required. Response
surface modelling of peak areas of the four VOCs from SPME-GC-MS analysis normalised to
15

IS and A. pullulans biomass, revealed that the initial carbon content exerts the greatest
significant influence on the synthesis of the targeted VOCs including the three higher alcohols:
2-methyl-1-propanol, 3-methyl-1-butanol and 2-phenylethanol. These results suggested a
dominant involvement of an anabolic pathway to produce the targeted A. pullulans VOCs,
where α-keto acids are formed via the de novo biosynthesis of amino acids through
carbohydrate metabolism. Further, isolate dependent response variations to all three
parameters were observed.
The mechanisms behind the antagonistic interactions between A. pullulans VOCs-B. cinerea
or A. alternata were investigated with regards to the accumulation of reactive oxygen species
(ROS) and electrolyte leakage of the two pathogens upon exposure to A. pullulans VOCs. A
mixture of A. pullulans VOCs: ethanol, 2-methyl-1-propanol, 3-methyl-1-butanol and
2-phenylethanol triggered electrolyte leakage from the mycelia of both pathogens.
Fluorescence microscopic analysis indicated an increased accumulation of ROS, particularly
the superoxide radical, in pathogen mycelia when exposed to A. pullulans VOCs. It was
hypothesised that the enzyme complex I of the mitochondrial respiratory chain (MRC) as a
target site for A. pullulans VOCs. To study this, the enzymes of the MRC complex I of
B. cinerea and A. alternata were partially inhibited by pre-treatment with rotenone prior to
exposure to A. pullulans headspace or a mixture of VOCs from A. pullulans. This
pre-treatment reduced fluorescence intensity of mycelia exposed to the VOCs indicating
reduced ROS accumulation in pathogen mycelia and increased fungal growth equivalent to
that of the control samples, suggesting reduced susceptibility of the two pathogens to
A. pullulans VOCs. Scanning electron micrographs revealed altered cell wall structures in
exposed B. cinerea and A. alternata mycelia.
The results of this PhD study suggest that isolates of A. pullulans that produce efficacious
levels of antifungal VOCs, could potentially serve as biocontrol agents against B. cinerea and
A. alternata. This was the first study to introduce a robust quantitative approach for microbial
VOCs for SPME-GC-MS, which can be used for screening microbial isolates for VOCs
16

production. It was also the first study to investigate MRC enzyme complexes as potential target
sites for antifungal microbial VOCs. Insights from this multidisciplinary research provide
knowledge that will assist in quantitative analysis of microbial VOCs in antagonist-pathogen
interaction systems, strain selection, elucidation of antifungal mechanisms of microbial VOCs
and efficient analysis of combined effects of factors affecting microbial VOCs biosynthesis.
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Chapter 1: Introduction and literature review
Introduction
A wide array of microorganisms including fungi, yeasts, bacteria and viruses form the plant's
microbiome, coexisting in mutualistic, commensal, or parasitic interactions. Pathogens
represent one of the most important components of the microbiome, as they negatively impact
plants by causing diseases (O'Keeffe et al., 2017). The most prevalent plant pathogens are
the fungi (Bahraminejad et al., 2015). Botrytis cinerea (Dean et al., 2012, Elad et al., 2004)
and Alternaria alternata (Xu et al., 2018, Estiarte et al., 2016) are two important fungal
pathogens of plants worldwide causing diseases such as grey and black mould. B. cinerea
infections cause yield and quality losses of several agricultural crops such as grapes
(Elad et al., 2004). In addition, infections of grapes, result in deleterious off flavours which
follow through into the wine (Steel et al., 2013). Furthermore, A. alternata, a major hostselective mycotoxin producer by certain strains (Yang & Chung, 2012), raises food safety
concerns in various commodities including wheat, barley and coffee for instance (Jiang et al.,
2021, Castanares et al., 2020, Mujahid et al., 2020), due to its infections. This highlights the
importance of finding promising antifungal agents for these two plant pathogens.
Several strategies ranging from cultural to chemical control practices are currently used to
manage B. cinerea and A. alternata in the field and post-harvest, more often in the context of
integrated pest and disease management (Muniappan & Heinrichs, 2016). These disease
management strategies include breeding resistant crop varieties, maintaining hygiene in the
field and application of synthetic fungicides (O'Brien, 2017). To date, the most common and
reliable practice has been the application of synthetic fungicides at pre- and post-harvest
stages (Feliziani et al., 2013). The emergence of fungicide resistance in target organisms
(Brimner & Boland, 2003), fungicide persistence in the soil (Cornelissen & Melchers, 1993)
and negative implications for public health, however, have resulted in de-registration of many
fungicides (O'Brien, 2017). Application of synthetic fungicides and other disease management
strategies mentioned above have partially reduced pre- and post-harvest infections and host
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susceptibility to pathogens including B. cinerea and A. alternata. Nevertheless, none of the
existing methods has neither completely removed the incidence and pressure of the plant
diseases due to these pathogens nor provided persistent solutions for emerging resistance
against control measures, which remain a challenge for sustainability (He et al., 2019, Zhao
et al., 2019).
As an eco-friendly and effective alternative strategy for pathogen suppression, biological
control has gained attention over the past thirty years (Droby et al., 2016). There is no single
accepted definition for biological control although a suitable generalised definition could be
the suppression or inhibition of the growth of an organism by the application of another
organism (biological control agent (BCA), also referred to as an antagonist) or their metabolic
products. A successful BCA generally applies multiple antagonistic mechanisms and may
have multiple target sites at a particular pathogen (Tilocca et al., 2020). To understand the
variable performance of BCAs/antagonists and to explore novel and more effective methods
of antagonist application, the mechanisms of action of antagonists have been extensively
studied (Spadaro & Droby, 2016a). BCAs exert biocontrol activities through a diverse array of
mechanisms, which include competition for nutrients and niche exclusion, direct parasitism by
lytic enzymes production, antibiosis by the production of antimicrobial compounds or
enzymes, induction of host defences, induction of reactive oxygen species (ROS)
accumulation in the host, siderophore production and synthesis of antimicrobial volatile
organic compounds (VOCs) (Di Francesco et al., 2016, Jamalizadeh et al., 2011, Nunes,
2011).
Among the biocontrol mechanisms exploited by microbial antagonists, the production of VOCs
with antimicrobial properties has gained substantial interest in recent years. As low molecular
weight, biologically originated compounds with a carbon backbone and high vapour pressure,
they have a low risk of toxic residues, biodegradability, inhibitory effects at low concentrations
and activity regardless of physical contact with the targeted host (Qin et al., 2017, Mari et al.,
2016, Spadaro & Droby, 2016b). Previous studies have investigated the antimicrobial
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properties of microbial VOCs as a reliable tool to suppress plant pathogens (Tahir et al., 2017,
Koitabashi, 2005, Stinson et al., 2003). Aureobasidium pullulans is a promising BCA against
several fungal plant pathogens by exhibiting multiple antifungal mechanisms (Madhupani &
Adikaram, 2017, Castoria et al., 2001). This yeast has been discovered to produce VOCs with
antifungal properties that inhibit the growth of a range of fungal species including B. cinerea
(Di Francesco et al., 2015b). Four VOCs: 2-methyl-1-propanol, 2-methyl-1-butanol,
3-methyl-1-butanol and 2-phenylethanol with antifungal properties have been qualitatively
identified in the A. pullulans volatile metabolome (Di Francesco et al., 2015b).
Qualitative analysis of microbial VOCs has been extensively developed using solid phase
micro extraction-gas chromatography-mass spectrometry (SPME-GC-MS) as the main
platform for VOCs identification (Tahir et al., 2017, Morath et al., 2012). GC-MS is widely used
for volatile analysis as it provides a robust, sensitive, selective and reproducible platform with
an excellent separation capability with widely available metabolite databases for identification
purposes (Beale et al., 2018). However, a robust method for quantitative analysis of microbial
VOCs in biocontrol systems is still lacking which could be mainly due to the constraints
associated with the use of internal standards (IS) in microbial cultures, and probable microbial
degradation of chemical standards during analysis (Aizpuru et al., 2001). Lack of robust
quantitative methods limits the ability to accurately formulate volatile cocktails for performance
analysis, strain selection and studies investigating methods to enhance volatile production by
BCA. Consequently, there are large gaps in our understanding of the antifungal mechanisms
of microbial VOCs. Lack of in-depth understanding of specific mechanisms for antifungal
activity of VOCs with regards to specific organisms makes it challenging to speculate efficient
application strategies and implement safety measures in biocontrol programs. The following
review of the literature will discuss these knowledge gaps further.
Phytopathogenic fungi
Fungal pathogens are the predominant causal agents of plant diseases (Bahraminejad et al.,
2015). A successful fungal pathogen ends up winning the biological war with a host plant by
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breaching a series of host defensive lines, resulting in an infection. As the human population
rises and climate change associated threats to arable land continuously increase, these
infections have become important issues to the global economy (Yang et al., 2017, Kamoun
& Zipfel, 2016). Several fungal genera such as Alternaria, Penicillium, Aspergillus and
Fusarium among many other important plant pathogens cause yield losses, as well as a
potential health risk to human health as they produce mycotoxins (Liu et al., 2013). Losses
caused by fungal pathogens occur during both cultivation and post-harvest stages (Schalchli
et al., 2016). Fungal species of the genera of Botrytis, Alternaria, Geotrichum, Monilinia,
Rhizopus, Fusarium, Penicillium, Aspergillus and Mucor are the most prevalent post-harvest
pathogens infecting several commodities (Liu et al., 2013, Dean et al., 2012). Field and
greenhouse crop production are highly affected by Alternaria, Fusarium (Nagrale et al., 2016,
Schiro et al., 2018), Magnaporthe oryzae (Pagliaccia et al., 2018), Aspergillus (Masiello et al.,
2019), Pythium, Rhizoctonia, Botrytis (Paulitz & Bélanger, 2001), Verticillium (van Lenteren,
2000), and Cladosporium (de Wit, 2016) species. Among these pathogens, B. cinerea and A.
alternata are two important fungal pathogens causing grey and black mould on horticultural
crops, generating an enormous impact on the worldwide agro-economy (Islam & Sherif,
2020, Encinas-Basurto et al., 2017).
1.2.1. Botrytis cinerea
B. cinerea is an air-borne, necrotrophic fungus which grows subcuticularly, secreting toxic
metabolites and proteins which leads to the death of epidermal cells (Lo Presti et al., 2015).
The fungus survives and sporulates on dead tissues as a saprophyte and produces sclerotia
during winter for long term survival. It is an important pathogen of several field and orchard
crops, nursery plants, agricultural products (Elad et al., 2004), ornamentals and vegetables of
Cucurbitaceae and Solanaceae (Bahraminejad et al., 2015).
The fungus causes an agro-economically important global disease called grey mould
(Takagaki et al., 2010) in more than 1000 plant species around the world, resulting in
substantial annual economic losses of more than $10 billion (Islam & Sherif, 2020). Infections
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occur in flowers and almost all the green parts of plants (Dik & Elad, 1999) and the disease
symptoms appear after a latent period (Pertot et al., 2017b). In addition to the infections in the
field, the fungus infects through epicarpic wounds caused during harvesting and handling and
the disease progresses with time to cause a fuzzy grey mould during post-harvest storage
(Dal Bello et al., 2008). B. cinerea not only causes yield losses but also affects derived
products of those infected fruits. The production of deleterious off-flavours in affected grape
bunches is a significant issue associated with Botrytis infections of wine grapes (Steel et al.,
2013, Hong et al., 2011). The risk of B. cinerea infection usually increases when the plants
are cultivated in greenhouses (Rodríguez et al., 2014). Almost all major greenhouse crops
such as greenhouse-grown cucumbers (Cucumis sativus L.) and tomatoes (Solanum
lycopersicum) (Dik & Elad, 1999) are affected by grey mould worldwide. This mould is also a
threat to the floriculture industry when flowers are grown in greenhouses (Bennett et al., 2020).
1.2.2. Alternaria alternata
A. alternata is one of the most common necrotrophic fungi, infecting agronomically important
crops (Xu et al., 2018) and is generally saprophytic (Zhang et al., 2015). It infects a wide range
of agricultural products in many areas of the world and has the ability to thrive in many
environments (Troncoso-Rojas & Tiznado-Hernández, 2014). Besides in-field infections, rapid
growth at room and low temperatures favour post-harvest spoilage by A. alternata during
storage and refrigerated transport (Xu et al., 2018). Various pathotypes of A. alternata cause
brown spot disease on citrus leaves and fruits (Yang & Chung, 2012), black mould rot on
tomato fruit (Estiarte et al., 2016), pear black spot (Pan et al., 2019), Alternaria stem canker,
pre-harvest leaf blight and post-harvest diseases in a wide range of hosts belonging to the
families Cucurbitaceae, Brassicaceae and Solanaceae (Malandrakis et al., 2018). Almost all
parts of plants, including fruits, flowers, stems, and leaves have been reported to be infected
by this fungus (Troncoso-Rojas & Tiznado-Hernández, 2014). Production of host-selective
mycotoxins by A. alternata such as alternariol, alternariol monomethyl ether and tenuazonic
acid, raises food safety concerns (Prendes et al., 2018, Yang & Chung, 2012). Significant
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agro-economical losses are attributed to A. alternata infections, however, there is a scarcity
of scientific literature reporting absolute economical values of the crop losses caused
by A. alternata.
Management and control strategies of pathogens
Management of plant pathogens has become a significant cost component in crop production.
Prior to the advent of synthetic fungicides, cultural control methods were the original tools
used in plant disease management, even before the causal agents of diseases were known.
Repeated cultivation of the same crop in a field was recognised to enhance disease incidence.
In the eleventh century, three-field crop rotation was frequently practised in Europe, in order
to reduce the risk of disease pressure (Hahn, 2014). Cover crops, compost and tillage systems
have been promoted as tools to enhance soil quality and health in order to decrease the
population of soil-borne pathogens and the severity of their resultant root diseases (Abawi &
Widmer, 2000). Maintaining field hygiene to avoid the spread of pathogen inocula is also a
primary aspect of cultural control. Infested soil and pathogen-carrying plant materials should
be exclusively removed from the field after one season of a crop (Cornelissen & Melchers,
1993).
Breeding programs aim to develop crop cultivars that are resistant to various plant diseases
and have achieved a certain level of success. However, the selection of progenies with
resistance traits and making crosses and back-crosses associated with conventional breeding
are time consuming, making the process challenging to react adequately upon the evolution
of new virulent fungal traits (Cornelissen & Melchers, 1993). The emergence of modern
genomic and genetic tools has facilitated breeding programs and increased the speed of
cultivar development (Ton et al., 2020). However, associated health and environmental risks,
and ethical concerns over genetic manipulation have increased public concern around
genetically modified organisms and limited the adoption of these tools (Weaver & Morris,
2005).
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The most common, fastest and reliable practice for pathogen suppression is the application of
synthetic fungicides (Feliziani et al., 2013). Global fungicide use was valued at approximately
13.4 billion US dollars in 2018 and forecasted to increase to 15.7 billion US dollars per annum
by 2024 (Statista, 2019), with vineyards accounting for the highest use, with an average of
12-15 sprays per year in some vineyards (Pertot et al., 2017a). However, fungicide persistence
in the environment (Cornelissen & Melchers, 1993), whether genuine or perceived is an issue
of concern to most consumers (Forbes et al., 2009). Of greater concern is the development of
fungicide resistance in plant pathogens which limits chemical control options (Rupp et al.,
2016, Brimner & Boland, 2003). Post-harvest use of fungicides on certain fresh produce has
been completely prohibited in some European countries or restricted to just a small number of
registered chemicals. Even with the limited range, many suppliers and supermarkets are
setting their own standards for chemical residues on harvested commodities (Wisniewski et
al., 2016). Therefore, regulations on fungicide usage are becoming increasingly more
stringent. Moreover, effective chemical treatments are still lacking for several plant pathogens
(Gao et al., 2017).
As B. cinerea and A. alternata infect important Australian crops such as grapes and tomatoes
and cause significant yield losses, low quality of wine and potential risks of mycotoxins
(Sanzani et al., 2019, Steel et al., 2013), management of these pathogens is important. Similar
to many other pathogenic fungi, a variety of methods such as application of fungicides, plant
extracts, BCAs, cultural methods and new resistant varieties are used for reducing the
incidence and managing B. cinerea and A. alternata (Malandrakis et al., 2018, Bahraminejad
et al., 2015, Takagaki et al., 2010). Despite all these methods, none has completely eradicated
these pathogens at the commercial scale. B. cinerea was one of the first fungi which
developed resistance to synthetic fungicides, a few years after the introduction of site-specific
fungicides (Hahn, 2014). According to the pathogen risk list released by the Fungicide
Resistance Action Committee (FRAC) in September 2019, both B. cinerea and A. alternata
were identified as showing a high risk of developing fungicide resistance (FRAC, 2019). At

24

present B. cinerea resistance has been reported worldwide for the site-specific fungicide
classes such as methyl benzimidazole carbamates, N-phenylcarbamates, succinate
dehydrogenase inhibitors, quinone outside inhibitors (QoI), anilinopyrimidines, phenylpyrroles,
dicarboximides,

aromatic

hydrocarbons

such

as

chlorophenyls,

nitroanilines

and

heteroaromatics, demethylation Inhibitors (SBI Class 1), hydroxyanilides (SBI class III) and
several multi-site target fungicides including dithiocarbamates and relatives, phthalimides,
chloronitriles (phthalonitriles) and sulfamides (FRAC, 2020). Resistance to methyl
benzimidazole

carbamates,

succinate

dehydrogenase

inhibitors,

QoI

fungicides,

dicarboximides and polyoxins has also been reported in A. alternata (FRAC, 2020). Therefore,
promising alternative antifungal agents that can help avoid the sole dependence on synthetic
fungicides and are widely accepted and commercially viable, are required to reduce
agronomical impacts of these pathogens.
Biological control
Researchers have dedicated much effort over the past three decades to find safer and
effective alternatives to synthetic fungicides to combat plant pathogens (Wisniewski et al.,
2016, Brimner & Boland, 2003). In this context, biological control has been recognised as an
effective alternative to chemical control (Droby et al., 2016, Heydari & Pessarakli, 2010) both
in field and greenhouse (Brimner & Boland, 2003). BCAs can be used either in combination
with other methods or alone to minimise the excessive usage of synthetic chemicals
(Torres et al., 2017).
A biological agent naturally primed for the battle with a pathogen is a BCA or an antagonist.
An antagonist mediated suppression of pathogens is known as biological control. Different
species of yeasts, fungi, and bacteria have been identified as promising microbial antagonists
against key fungal pathogens, in several scientific studies over the years (Table 1.1).
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Table 1.1: Some examples of successful microbial antagonists used against fungal pathogens
of various crop plants.
Antagonist

Pathogen

Disease
and/or crop
plant

Reference

Penicillium simplicissimum,
Leptosphaeria sp.

Verticillium dahliae

verticillium wilt
of cotton

Yuan et al.
(2017)

Trichoderma viride

Fusarium oxysporum f. sp.
Adzuki, Pythium
arrhenomanes

soybean

John et al.
(2010)

Bacillus amyloliquefaciens

common bean

Torres et al.
(2017)

Bacillus altitudinis

Aspergillus spp.,
Penicillium spp.,
Rhizopus spp., Fusarium
solani, Sclerotinia
sclerotiorum Sacc.
Phytophthora sojae

soybean

Lu et al.
(2017)

Bacillus subtilis

Setophoma terrestris

onion

Albarracín
Orio et al.
(2016)

Bacillus subtilis

Phytophthora nicotianae

tobacco black
shank

Han et al.
(2016)

Aureobasidium pullulans

Lasiodiplodia theobromae,
Botrytis cinerea, Penicillium
expansum

avocado
stem-end rot,
grey and blue
mould of
apple

Debaryomyces hansenii

Monilinia fructigena,
Monilinia fructicola

brown rot of
stone fruits

Madhupani
and
Adikaram
(2017),
Ippolito et
al. (2000)
Grzegorczy
k et al.
(2017)

Wickerhamomyces
anomalus

Monilinia fructigena,
Monilinia fructicola

brown rot of
stone fruits

Grzegorczy
k et al.
(2017)

Metschnikowia pulcherrima

Alternaria alternata, Botrytis
cinerea, Penicillium
expansum, Monilinia sp.

apple

Saccharomyces cerevisiae

Botrytis cinerea

bunch rot of
table grapes

(Spadaro et
al., 2002,
Saravanaku
mar et al.,
2008)
Parafati et
al. (2015)
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Given the importance of A. alternata and B. cinerea as fungal pathogens of a range of crops,
the efficacy of antagonists in the suppression of the two pathogens has also been previously
assessed. Successful control of B. cinerea has been achieved by Trichoderma harzianum,
A. pullulans (Dik & Elad, 1999), Bacillus subtilis (Kilani-Feki et al., 2016), Rhodotorula
mucilaginosa (Li et al., 2011), Saccharomyces cerevisiae, and Wickerhamomyces anomalus
(Parafati et al., 2015) on various crops such as tomato, cucumber, apple and table grapes
respectively. Rhodosporidium paludigenum (Wang et al., 2008) and Metschnikowia
pulcherrima (Saravanakumar et al., 2008) are antagonistic to A. alternata on cherry tomato
and apples respectively. In vitro studies using T. harzianum also inhibited a tobacco isolate of
A. alternata (Gveroska & Ziberoski, 2012).
Although, BCAs provide an ecofriendly alternative to synthetic fungicides, the potential risk of
pathogen resistance development towards BCAs cannot be discarded. Resistance in fungal
pathogens develop against BCAs through several mechanisms such as making alterations to
the biochemical target site of the pathogen, by metabolically breaking down the fungicide,
developing an alternative metabolic pathway which bypasses the target site, increasing
production of the target protein, or exclusion or expulsion of the fungicide through ATP-ase
dependent transporter proteins (Brent & Hollomon, 1995). The most common mechanism so
far appears to be an alteration of the biochemical target site in the pathogen (Brent &
Hollomon, 1995). It is believed that the development of resistance is not an issue with biofungicides (Keinath & DuBose, 2012), due to their multiple modes of action (Ouellet, 2017).
However, a review by Siegwart et al. (2015) reported the resistance of at least 27 species of
insects to Bacillus thuringiensis toxins which are bioinsecticides. Siegwart et al. (2015) also
mentioned that the resistance mechanisms are at least as diverse as those involved in
resistance to chemical insecticides. Moreover, some of them being common to bioinsecticides and chemical insecticides (Siegwart et al., 2015). Thus, continuous screening of
isolates of microorganisms as potential BCAs and creation of large libraries of potential BCAs
are required to maintain sustainability over the years.
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Several attempts have been made in recent years to develop antagonists as commercial
biocontrol products to combat a wide range of phytopathogenic fungi including B. cinerea
(Table 1.2), although none has been reported for A. alternata.
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Table 1.2: Products commercialised as biopesticides against fungal phytopathogens
(Australian Pesticides and Veterinary Medicines Authority, 2017, Spadaro & Droby, 2016a,
Berg, 2009, Droby et al., 2009, Fravel, 2005).
Biocontrol
agent

Year
registered

Target
organism/Disease

Crops

Commercial
name/Product

Bacillus
licheniformis
strain SB3080

2003

foliar pathogens and
blights

ornamental
plants

Ecoguard

Aspergilus
flavus
NRRL21,882

2004

Aspergilus flavus

peanut

Afla-guard

Bacillus subtilis
GBO3

1992

Rhizoctonia sp.,
Fusarium sp.,
Aspergilus sp.

crop seeds
including
peanut, cotton,
beans etc.

Kodiak

Candida
oleophila I-182

NF

post-harvest
pathogens

various fruit,
vegetables and
flowers

Aspire™

Gliocladium
catenulatum
J1446

1998

soil-borne pathogens

vegetables,
herbs,
ornamentals,
seedlings

Primastop

Trichoderma
harzianum strain
T-39

1996

Botrytis cinerea

most food
crops

Trichodex

Pseudomonas
syringae strain
ESC-10

1995

post-harvest
diseases

apple, pear,
orange, lemon,
grape etc.

Bio-Save 10-LP

Aureobasidium
pullulans

NF

wound pathogens

pome fruits

BoniProtect™

2017

Botrytis cinerea

grape

Botector

Aspergilus
flavus strain
AF36

2003

Aspergilus flavus

cotton

Aspergilus
flavus AF36

Metschnikowia
fructicola

NF

storage diseases

sweet potato
and carrot

Shemer™

Candida sake

NF

NF

pome fruit and
grapevine

Candifruit™

NF- Not Found
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Among these products, some of them such as Aspire™ and Yieldplus™ have been withdrawn
from the market while some have had limited use (e.g. Avogreen™) (Spadaro & Droby,
2016a). The major constraint associated with the limited success of some BCAs is their low
and inconsistent efficacy under commercial conditions (Spadaro & Droby, 2016a). Low
profitability, difficulties in market penetration and perception of the customers/industry are
other frequently recorded reasons (Droby et al., 2009).
The successful performance of a microbial antagonist is not dependant upon its sole inhibitory
activity. Instead, it is the result of complex interactions among three major components:
antagonist, pathogen and host, as well as with the environment and other resident microflora.
Hence, a thorough understanding of the mechanisms by which BCAs interact with the above
components is essential to improve their efficacy against pathogens and develop effective
commercial formulations of these biocontrol products (Spadaro & Droby, 2016a). This is also
one of the essential requirements to fulfil the process of patent and registration of a BCA as a
biopesticide (Nunes, 2011).
Modes of action of antagonists
Plants and fresh produce are always exposed to infection-prone environments. Introduction of
an antagonist may take place in a stressful situation where pathogenic microbes try to
establish on the host while the host tries to eliminate the invading species by using a plant's
immune system. Hence, a diverse array of mechanisms need to be exerted by antagonists to
supress the growth and development of a fungal pathogen, while being confronted with abiotic
effects, the host-plant defence system and interactions with resident microbiota.
Once an antagonist is introduced to a potential host plant at a sufficient inoculum level, a
number of defence responses are elicited in the host in response to the antagonist (Tahir et
al., 2017). In order to ensure an establishment of the antagonist, immediate action to
overcome these defences is imperative. Conquering the host defences such as oxidative
response and production of defensive proteins are crucial to the survival of an antagonist (Gust
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et al., 2017, Ippolito et al., 2000). Once the antagonist has established a presence and
commences to occupy the host surface, a competition with the pathogen begins. A wide array
of mechanisms including competition for nutrients and niche exclusion, direct parasitism and
lytic enzymes production, antibiosis and induction of host defences determine the success of
an antagonist to inhibit a particular pathogen (Jamalizadeh et al., 2011, Nunes, 2011).
Induction of ROS formation in the host, iron sequestration through siderophore formation and
synthesis of antimicrobial VOCs are other mechanisms that have been suggested (Tilocca et
al., 2020, Di Francesco et al., 2016) although presently under further investigation in this
scenario.
The viability and hence the efficacy of antagonists are also influenced by a number of
environmental and other factors including temperature, pH, water activity and oxidative stress
(Liu et al., 2013, Liu et al., 2012). The resident microflora usually associated with the host also
play a pivotal role in the process of successful colonisation of an antagonist, involving either
beneficial or harmful interactions (Sylla et al., 2013). Among these complex interactions, the
antagonistic mechanisms use to suppress pathogens have gained a lot more attention
compared to interactions among other components. Often, multiple mechanisms occur
simultaneously making it quite difficult to relate a particular mechanism to a specific antifungal
action (Di Francesco et al., 2016).
1.5.1. Competition for nutrients and niche exclusion
The ability to compete effectively for the available nutrients in an ecological niche is an
important attribute of a potential antagonist. Aside from supporting efficient colonisation this
can exclude the pathogen from the niche (Samsudin et al., 2016). The population of the
antagonist should outweigh that of the pathogen since this will fascilitate better establishment
of the competing organism (Spadaro & Droby, 2016a, Droby et al., 2009). Adaptations to
efficiently utilise available nutrients or resources and to cope with various environmental
conditions are an added advantage (Jamalizadeh et al., 2011, Sharma et al., 2009). Certain
yeasts and bacteria such as A. pullulans and Pseudomonas spp. possess an extracellular
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polysaccharide capsule that facilitates adhesion to the host surface and forms biofilms,
enabling rapid growth and thereby an establishment in its niche (Klein & Kupper, 2018, Weller,
1988). Often this is mediated by specific cell wall adhesives consisting of glycophosphatidyl
inositol-anchored proteins (Pu et al., 2014).
Identification of the differences in nutrient utilisation patterns between the antagonist and
pathogen is important. Efficient utilisation of a range of nutrients by an antagonist compared
to the pathogen will provide a competitive advantage for colonisation and growth.
Kwasiborski et al. (2014) reported that when Pichia anomala is co-inoculated with B. cinerea,
the pentose phosphate pathway of P. anomala seems to be enhanced during the exponential
growth phase. The oxidative portion of the pentose phosphate pathway generates ribose for
nucleic acid formation and NADP for energy generation, thereby allowing competitive
colonisation of P. anomala on the apple wound. Studies on nutrient uptake have focused on
the utilisation patterns of carbohydrate and nitrogen. Production of fumonisin B1 by Fusarium
verticillioides was sucessfully inhibited by the antagonist Clonostachys rosea. The differences
in the utilisation of some individual amino acids and carbohydrates in the two organisms made
C. rosea more competitive than F. verticillioides (Samsudin et al., 2016). Nitrogen is likely to
be the limiting nutrient in a carbon-rich environment thus determining the successful
development of certain antagonists. The population of the antagonistic saprophytic strain of
Pseudomonas syringae (strain L-59-66) in wounds of mature apple fruit was enhanced by two
amino acids, L-asparagine and L-proline, more than tenfold during the first 24 h of culture at
room temperature and first month of storage at 1 °C, resulting in reduction of blue mold decay
from 50% to 0% (Janisiewicz et al., 1992). Not only are macronutrients important, but the
addition of certain micronutrients: boric acid, cobalt chloride and ammonium molybdate also
favoured the biofilm formation of A. pullulans and thereby its antagonistic action (Klein &
Kupper, 2018).
On the other hand, supplementation of external nutrients at high concentrations can result in
an increase in the germination rate of fungal pathogen conidia while decreasing the efficacy
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of antagonists. This could be due to the opportunity of pathogens to overcome the competition
exerted by antagonists when both organisms share the same nutrient utilisation patterns. For
instance, Di Francesco et al. (2017) compared the conidial germination of Monilinia laxa in the
presence of L1 and L8 strains of A. pullulans in water, 0.5% peach juice and 5% peach juice.
The lowest level of inhibition was observed for both A. pullulans strains in 5% peach juice, a
richer medium, with inhibition of 12.6% and 13.9% by L1 and L8 respectively while inhibition
was higher than 35% in water for both strains. A high juice concentration also reduced the
antagonistic effect on germ tube elongation.
Competition exerted by the antagonist becomes successful when the antagonist is present in
sufficient quantities at the correct location and time, in fact when the host plant is most
susceptible for attack and/or pathogen infections initiation (Spadaro & Droby, 2016b). Rapid
colonisation during the first 24 h essentially determines the success of an antagonist by
drastically reducing the available nutrients on the colonisation surface (Liu et al., 2013). This
reduces germination and growth of a pathogen due to a lack of sufficient nutrients, which will
consequently slow down the initiation of the infection process (Nunes, 2011).
A quantitative relationship between the concentration of an antagonist at the host wound site
and the efficacy of an antagonist has been reported. According to Mari et al. (2012), the
efficacy of two strains of A. pullulans (L1 and L8) to control B. cinerea, Colletotrichum
acutatum and Penicillium expansum on wounded apples positively correlated with cell
concentration, where the highest cell concentration (108 CFU mL−1) of L1 and L8 led to the
best control of target pathogens.
1.5.2. Mycoparasitism and synthesis of lytic enzymes
Mycoparasitism involves a series of events including recognition between antagonist and
pathogen, attachment, penetration and active development of an antagonist on the fungal
pathogen, leading to the destruction of the pathogen (Di Francesco et al., 2016). According to
El-Ghaouth et al. (1998), scanning electron micrographs revealed cells of an antagonist,
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Candida saitoana attached to each other and embedded in the B. cinerea hyphal walls causing
severe cellular damage such as convolution and swelling of cell walls, extensive vacuolation
and cytoplasm degeneration. More often than not the complete destruction of the fungal cell
wall was observed.
The disruption of cell walls of fungal structures and propagules requires an involvement of
various lytic enzymes (glucanases, chitinases, and proteinases) (Spadaro & Droby, 2016a,
Sharma et al., 2009). Fungal cell walls are composed of a chitin backbone, β-1,3-glucan as a
filling material and proteins comprising 20-30% of the cell wall material (Spadaro & Droby,
2016a). The breakdown of chitin is mediated by a number of chitinolytic enzymes, including
lytic polysaccharide monooxygenases, chitinases, and N-acetyl glucosaminidases (Langner
& Göhre, 2016). Glucanases hydrolyse glucan by two mechanisms where exo-1,3-glucanases
sequentially cleave glucose residues from the non-reducing end and endo-1,3-glucanases
cleave linkages at random sites of the chain, releasing smaller oligosaccharides. Disruption of
β-1,6-glucanase encoding gene Tvbgn3 in Trichoderma virens remarkably reduced
mycoparasitic efficiency against the Oomycete Pythium ultimum (Djonovic et al., 2006b). In
addition, proteases hydrolyse proteins in the fungal cell wall (Jadhav et al., 2017).
Two genes encoding signal transduction proteins: G-protein and mitogen activated protein
kinase (MAPK), have been confirmed to be involved in mycoparasitism exerted by several
antagonists (Reithner et al., 2007, Reithner et al., 2005, Zeilinger et al., 2005). For instance,
transcriptome analysis of C. rosea, identified two unigenes encoding the G-protein alpha
subunit and MAPK, whose expressions were upregulated under association with Sclerotinia
sclerotiorum, speculating the possible involvement of both proteins in regulating the activities
of key enzymes in mycoparasitism or the formation of parasitic structures (Sun et al., 2015).
Mycoparasites have demonstrated resistance responses to toxic metabolites secreted by
pathogens. It is known that ATP-binding cassette (ABC) transporters can play an important
role in antagonism as they mediate the active efflux of natural and synthetic toxins secreted
by pathogens. Upregulation of abcG5, an ABC transporter-encoding gene of Candida rosea
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genome, was previously reported to be involved in cell protection by detoxifying the Fusarium
mycotoxin zearalenone and other fungicides, thereby enhancing C. rosea's xenobiotic
tolerance (Dubey et al., 2014). C. rosea has been reported to also possess a resistance
response to toxic metabolites secreted by S. sclerotiorum by inducing the expression of a
gene encoding an ABC transporter in the presence of live sclerotia (Sun et al., 2015). Further,
the induction of Taabc2, which is also one of the ABC transporter-encoding genes, has been
observed in the detoxification process of the mycoparasitic fungus Trichoderma atroviride
when in the presence of pathogenic fungi (Ruocco et al., 2009).
1.5.3. Induction of host defences
Plants elicit a range of defence mechanisms to resist attack from pathogenic microbes
including lignification of cell walls, accumulation of ROS, activation of MAPKs, rapid influx of
Ca2+ ions and extensive transcriptional reprogramming of the host leading to an accumulation
of antimicrobial compounds such as proteinases, chitinases and glucanases (Macho & Zipfel,
2014, Giraldo & Valent, 2013, Jamalizadeh et al., 2011, Dodds & Rathjen, 2010, Chisholm et
al., 2006). A similar type of defence elicitation takes place upon the introduction of biological,
chemical or physical elicitors which induce three main types of natural defence pathways
in planta. These defence pathways include local acquired resistance, systemic acquired
resistance (SAR) or rhizosphere inhabitants mediated induced systemic resistance (ISR)
(Castoria & Wright, 2009, Terry & Joyce, 2004). Local and systemic induction of defences take
place as a host immune response to elicitor molecules released by microbial antagonists and
act against various pathogenic microbes (Castoria & Wright, 2009).
Local induction of a range of biochemical defence responses reported in A. pullulans treated
apple wounds include a short-term increase in β-1,3-glucanase, chitinase and peroxidase
activities at wound sites (Ippolito et al., 2000). Western immunoblotting analysis indicated
similar responses in Candida oleophila treated grapefruit peels (Droby et al., 2002).
Additionally, increased ethylene biosynthesis, phenylalanine ammonia lyase activity and
phytoalexin accumulation were also reported (Droby et al., 2002). Scanning electron
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micrographs supported the evidence which shows a significant inhibition of spore germination
and germ tube growth of Penicillium digitatum at wounds of Candida-treated sites (Droby et
al., 2002). Pseudomonas fluorescens PTA-CT2 colonisation in grapevine roots appear to
upregulate a series of defence related genes against B. cinerea, which seemed to be
associated with localised and systemic cell death. The transient expression of the HSR gene,
a known marker for hypersensitive response related cell death was noted at local sites (Gruau
et al., 2015).
SAR is typically characterised by the increased expression of pathogenesis related (PR)
genes which result in the accumulation of a number of PR proteins such as chitinase (PR-3)
and β-1,3-glucanase (PR-2) (El Ghaouth et al., 2003). Salicylic acid acts as the signal
molecule and the isochorismate pathway is considered as the major source of salicylic acid
during SAR. Salicylic acid regulates the movement of positive regulator protein NPR1 (Nonexpresser of PR genes1) to the nucleus where it interacts with TGA transcription factors
(family of basic leucine zipper transcription factors of eukaryotes) to induce defence gene
expression, thus activating SAR (Durrant & Dong, 2004). Conversely, ISR is mediated by
jasmonic acid and ethylene which involves the elicitation of ROS generation on host tissues
and phenylpropanoid pathway, increased levels of phenolic compounds and lignification at the
infection sites (Romanazzi et al., 2016). In contrast to SAR, the function of NPR1 in ISR
appears to be cytosolic (Pieterse et al., 2014, Spoel, 2003). Although ISR is typically triggered
against necrotrophs and SAR against biotrophs and hemibiotrophs, a crosstalk between
salicylic acid and jasmonic acid pathways in response to biotic stress has sometimes been
observed. The crosstalk can be either mutually antagonistic or synergistic (Zhang et al., 2017,
Salas-Marina et al., 2015, Mur et al., 2006) and is modulated through a function of NPR1 in
the cytosol (Spoel, 2003).
Foliar applications of Bacillus mycoides induced SAR on three wheat cultivars: Hank, Knudson
and Volt, and reduced the severity of Fusarium crown rot disease (Moya-Elizondo & Jacobsen,
2016). In general, ISR activation relates to plant growth-promoting rhizobacteria. Application
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of B. subtilis elicited the ISR pathway in tomato plants to provide protection from Fusarium wilt
disease (Akram et al., 2013). Trichoderma, another group of root-colonisers, seems to trigger
the ISR pathway in plants such as cucumber, cotton and maise by its hydrolytic enzymes
(Djonovic et al., 2007, Djonovic et al., 2006a, Shoresh et al., 2005). The activation of the
transcription factor Tc6 upon the interaction of T. harzianum with maise root positively
regulates the expression of the Trichoderma cellulase genes Tph1 and Tph2 which protects
the maise plant against Curvularia leaf spot (Saravanakumar et al., 2016).
Application of antagonists triggers systemic defence responses not only in intact plants but
also in post-harvest plant tissues. Protection of harvested grapefruit from P. digitatum by
C. oleophila (Droby et al., 2002) and partial protection of apples from B. cinerea by induced
PR proteins (El Ghaouth et al., 2003) are some examples. The previous understanding was,
in contrast to intact plants, systemic defence responses induced by antagonists in harvested
commodities do not exactly conform to SAR and ISR. The involvement of salicylic or jasmonic
acid was not clear either (Castoria & Wright, 2009). However, transcriptomic analysis of a
recent study revealed that the signal transduction pathways of ethylene, jasmonic and salicylic
acids were triggered in post-harvest peaches inoculated with Pichia membranefaciens (Zhang
et al., 2020).
Induced host defence responses not only affect pathogenic cells, but also challenges the
population of antagonists. For instance, host defence mechanisms activated in response to
Metschnikowia fructicola elicitors, regulated yeast population density through changes in pH
and production of oxidative compounds (Hershkovitz et al., 2012). In such situations,
extracellular polysaccharides of antagonists beneficially supports the antagonist by acting as
a shield to protect from host challenges and assist to withstand desiccation (Rendueles et al.,
2017).

37

1.5.4. Antibiosis
A hostile environment created on an organism due to the excretion of one or several
metabolites by another organism is generally defined as antibiosis (Haas & Defago, 2005).
Although the inhibitory effects of volatiles, siderophores, lytic enzymes and bacteriosins are
also classified under antibiosis in some of the early literature (Fravel, 1988), antibiosis usually
refers only to antibiotic mediated biological control (Quecine et al., 2015, Kilian et al., 2000,
Leifert et al., 1995). For the purpose of this review, the term antibiosis has been used to only
refer to antibiotic mediated biological control and other aspects are described separately as
different mechanisms in line with recent understanding.
Purified lipopeptide fractions from B. subtilis were found to exert antifungal activity towards
Podosphaera fusca. These antifungal properties were found to be due to the antibiotics:
bacillomycin, fengycin, and iturin A (Romero et al., 2007). In-situ detection of these
lipopeptides in Bacillus-treated melon leaves provided more evidence for their putative
involvement in antagonistic activity (Romero et al., 2007). Phenazines are another well-known
group of antibiotics produced by species of Pseudomonas which are antagonistic to
Gaeumannomyces graminis var. tritici (Fravel, 1988), Rhizoctonia solani (Jaaffar et al., 2017)
and Fusarium oxysporum (Mazurier et al., 2009), specifically the phenazine-1-carboxylic acid.
The antagonistic mechanism seems to vary between different antibiotics. Mazurier et al.
(2009) suggested that the suppression of F. oxysporum by bacterial phenazine-1-carboxylic
acid may have been due to the ability of antagonistic bacteria to produce these redox-active
phenazines. This may have contributed to iron mobilisation in soils thus giving antagonistic
bacteria a competitive advantage under the iron-limiting conditions in the experimental soils.
Microscopic and time-lapse imaging analyses by Gong et al. (2015), revealed that iturin A
produced by Bacillus amyloliquefaciens S76-3, caused substantial condensation and
conglobation along hyphae together with severe restriction of branch formation of Fusarium
graminearum, whereas plipastatin A from the same antagonist mainly caused vacuolation and
conglobation on young hyphae and branch tips of the same pathogen. Fengycin, a lipopeptide
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produced by B. subtilis also acts at the membrane level. At low concentrations it causes the
formation and aggregation of pores in membranes which lead to permeability changes, and at
high concentrations it acts as a detergent by solubilising membranes (Deleu et al., 2005).
A build-up of pathogen resistance towards antibiotics has been observed lately. There is also
a possibility that they may be toxic to humans through consumption of those antibiotics treated
crop products (Di Francesco et al., 2016, Jamalizadeh et al., 2011). Resistance develops
through degradation of antibiotic metabolites and active efflux and interference with
biosynthetic pathways of antibiotics (Bardin et al., 2015). Due to their toxicity to humans, it is
essential to consider safety levels of antibiotics upon usage.
1.5.5. Production of reactive oxygen species in host tissues
ROS are the reduced and chemically reactive forms of oxygen containing molecules that
includes the superoxide anion (O2·-), hydrogen peroxide (H2O2), hydroxyl radical (OH·) and
hydroperoxyl radical (HO2·), collectively affecting the redox homeostasis of the cell (Lehmann
et al., 2015, Perrone et al., 2008). O2•− is the main type of ROS generated in cells during
aerobic respiration (Sun et al., 2017). Although it is not strongly reactive, it can still react
directly with some proteins. H2O2 is produced mainly by the detoxification of O2•− which is
catalysed by superoxide dismutase. H2O2 can cross most of the biological membranes but is
relatively less reactive compared to the hydroxyl radical. The combined action of H2O2 and
O2•− forms the hydroxyl radical via the Fenton and Haber-Weiss reactions, which is the most
reactive type of ROS (Perrone et al., 2008). This reaction is catalysed by transition metal ions
such as Fe2+ (Halliwell & Aruoma, 1991). The hydroxyl radical reacts with most biological
molecules, often causing deleterious effects in the cells (Perrone et al., 2008). These reactive
species are usually in balance with antioxidant enzymes within biological systems (Halliwell,
2006). Rather than acting as direct antimicrobial molecules, ROS are more likely to be
cofactors in redox reactions and be involved in various roles in plant defences (Lehmann et
al., 2015). ROS signals mediate several other signalling pathways, directly or indirectly, such
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as nitric oxide, salicylic acid, jasmonic acid and ethylene. The interaction and balance of these
pathways determine the survival of the cell (Overmyer et al., 2003).
Production of ROS by a plant species occurs as an initial response to both pathogenic and
non-pathogenic microorganisms (Bolwell et al., 2002). Incompatible reactions between
pathogens and host plants usually stimulate production of ROS in host tissues which results
in an oxidative burst as an initial host defensive line towards pathogen attack. A similar
interaction has been suggested for the colonisation of antagonists on fruit surfaces or wounds
which can have a role in the elicitation of host defensive mechanisms by induced ROS
(Spadaro & Droby, 2016a). Macarisin et al. (2010) reported that the application of two yeast
strains, M. fructicola and C. oleophila led to higher H2O2 concentrations in apple and citrus
fruit wound tissues. Further, they demonstrated the generation of greater levels of O2·- by these
yeast antagonists on fruit tissues, hypothesising yeast-generated O2·- might have a role in the
stimulation of host H2O2 accumulation. However, in-depth investigations in this area are still
underway.
1.5.6. Siderophore production
Siderophores are small organic compounds with low molecular masses, produced by
microorganisms under iron deficit conditions (Ahmed & Holmstrom, 2014). Iron exists in the
form of Fe3+ in the environment, which is insoluble and thus inaccessible to microorganisms.
Iron binds to siderophores and forms a siderophore-Fe3+ complex (Lugtenberg et al., 2017).
These siderophore-Fe3+ complexes are transported to the cytosol, reducing Fe3+ to Fe2+
which then becomes available to microorganisms (Saha et al., 2016). The biosynthesis and
secretion of siderophores is influenced by environmental factors such as temperature, pH,
iron concentration, carbon, nitrogen and phosphate (Bendale et al., 2009).
Fungal growth and pathogenesis are essentially modulated by the availability of iron, and
competition for iron is a significant mode of biological control of pathogenic microbes (Spadaro
& Droby, 2016b). Siderophores exert a competition by binding with Fe 3+ and reducing the
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bioavailability of iron for pathogens, thus challenging the survival of phytopathogens
(Beneduzi et al., 2012).
Several studies have demonstrated the role of siderophores in biological control. Chaiharn
et al. (2009) evaluated the antagonistic potential of several bacterial strains on rice fungal
pathogens. Strains of Streptomyces spp., Pseudomonas spp., Bacillus firmus, Kocuria
rhizophil inhibited fungal pathogens such as Alternaria spp., Pyricularia oryzae and
Sclerotium spp. by producing siderophores. Likewise, the yeast M. pulcherrima outcompeted
apple post-harvest pathogens: B. cinerea, P. expansum and A. alternata under iron depleted
conditions by producing siderophores (Saravanakumar et al., 2008). Siderophores produced
by B. subtilis have also been shown to play a pivotal role in the biological control of the
pepper Fusarium wilt pathogen, F. oxysporum (Yu et al., 2011).
1.5.7. Production of antifungal VOCs
VOCs are low molecular weight compounds with a carbon backbone and high vapour pressure
(Arrarte et al., 2017). Approximately 800 VOCs of microbial origin have been reported
comprising 671 bacterial and 335 fungal volatiles (Effmert et al., 2012). These compounds are
chemically grouped into alcohols, nitrogen compounds, halogenated compounds, aldehydes,
ketones, alkanes, olefins, phenols, acids, esters, and ethers amongst others (Caulier et al.,
2019, Gao et al., 2017, Fernando et al., 2005). Microbial VOCs have a range of functions in
living systems. Some act as signalling and quorum sensing compounds, mediating
relationships and interactions between organisms (Arrarte et al., 2017, Hung et al., 2015).
These compounds modulate plant growth (Blom et al., 2011), act as allelochemicals often
against insect pests (Holighaus & Rohlfs, 2016), exert antimicrobial activity (Parafati et al.,
2017, Raza et al., 2016b) and sometimes induce resistance in plants (Tahir et al., 2017, Lee
et al., 2012, Ryu et al., 2004).
The antimicrobial properties of some of the VOCs produced by microorganisms have been
investigated for their potential to suppress the growth of fungal and bacterial pathogens in vitro
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and in vivo under relatively airtight conditions to manage post-harvest decay in fresh produce
(Di Francesco et al., 2015b), as soil applications to control soil borne plant pathogens (Tahir
et al., 2017, Stinson et al., 2003) and in greenhouses to control foliar plant pathogens
(Koitabashi, 2005). Many of the microbial VOCs are biodegradable. Combined with the fact
that they are also volatilised and, in some cases, hydrolysed, the risk of toxic residues on plant
surfaces is relatively low (Qin et al., 2017).
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Table 1.3: Microbial VOCs produced by some yeasts, bacteria and fungi with antifungal
properties against pathogenic fungal species.
Major headspace VOCs
with antifungal activity

Ref.

Aureobasidium
Penicillium expansum,
pullulans (strains L1 Botrytis cinerea,
Colletotrichum acutatum,
and L8)
Penicillium digitatum,
Penicillium italicum

2-Methyl-1-butanol,
3-Methyl-1-butanol,
2-Methyl-1-propanol,
2-Phenylethanol

(Di
Frances
co et al.,
2015b)

Wickerhamomyces
anomalus,
Metschnikowia
pulcherrima,
Saccharomyces
cerevisiae

Botrytis cinerea,
Monilinia fructicola,
Alternaria alternata,
Aspergillus carbonarius,
Penicillium digitatum,
Cladosporium spp.,
Colletotrichum spp.

Acetaldehyde, Ethyl acetate,
Ethyl butyrate, 3-Methylbutyl
acetate, Ethyl hexanoate,
Phenylethyl acetate,
2-Phenylethanol, 2-Methyl-1propanol, 1-Pentanol,
3-Methyl-1-butanol

(Oro et
al.,
2018).

Bacillus pumilus,
Bacillus
thuringiensis

Colletotrichum
gloeosporioides

2-Nonanone,
β-Benzeneethanamine,
2-Decanone, Thymol,
2-Methylpyrazine

Zheng et
al.
(2013)

Bacillus velezensis

Alternaria solani,
Botrytis cinerea

2,5-Dimethyl-pyrazine,
Benzothiazole, 4-Chloro-3methyl-phenol, 1,1Dimethylethyl-phenol-2,4-bis

Gao et
al.
(2017)

Muscodor albus

Botrytis cinerea,
Rhizoctonia solani,
Aspergillus fumigatus,
Candida albicans

Octane, Acetone, Methyl
acetate, Ethyl acetate,
Methyl isobutyrate, Ethanol,
Ethyl isobutyrate, Isobutyl
propionate, 2-Methyl-1propanol, Isoamyl acetate,
Isoamyl isobutyrate,
3-Methyl-1-butanol,
2-Pentylfuran, 4-Nonanone,
2-Nonanone, γ-Selinene,
α-Bulnesene, α-Bisabolene,
α-Cedrene,
2-Methylpropanoic acid,
Caryophyllene, β-Cadinene,
β-Chamigrene, δ-Guaijene,
4α-9-Octalin, 2-Phenylethyl
acetate, 2-Phenylethanol

(Strobel
et al.,
2001)

Antagonist

Pathogen
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Several authors suggest that the antifungal effect of VOCs is synergic or additive (Rouissi et
al., 2013, Mercier & Jimenez, 2004, Strobel et al., 2001). Exposure to the culture headspace
and/or the artificial mixture of 20 VOCs of the endophytic fungus, Muscodor albus, killed a
wide range of both plant and animal pathogens in vitro, including Verticillum dahliae, R. solani,
Aspergillus fumigatus and Candida albicans (Strobel et al., 2001). However, none of the
identified compounds was lethal when applied individually, strongly suggesting that they might
act synergistically or additively to cause a lethal effect (Strobel et al., 2001). In addition,
microbial VOCs are normally produced at very low concentrations, probably below their
individual lethal thresholds, which also suggests their effect to be synergistic or additive
(Rouissi et al., 2013, Mercier & Jimenez, 2004). Further investigations are required to confirm
these speculations.
Compounds produced in high amounts by antagonists are not always antagonistic or do not
exert the expected antifungal activity when on their own. Although in vitro studies by Gao et al.
(2017) detected 29 compounds from the bacterial volatilome of Bacillus velezensis, only four
compounds (Table 1.3) had strong antifungal activity against Alternaria solani and B. cinerea
in tomatoes. The main compound identified from B. velezensis volatilome was
2-tetradecanone, which did not exhibit any antifungal activity when tested as a pure
compound. As mentioned above, antifungal activity is one of many functions exerted by
microbial VOCs (Arrarte et al., 2017, Hung et al., 2015, Blom et al., 2011). Therefore, this
implies that those compounds that are produced in high amounts may have other roles than
as antifungal compounds.
There is also evidence that the composition of microbial VOCs may change in the presence
of other microbial organisms including fungal pathogens. VOCs produced by the yeast
Hanseniaspora uvarum significantly inhibited the infection of B. cinerea on strawberry
in planta. In vitro assays also inhibited mycelial growth and spore germination of B. cinerea
(Qin et al., 2017). The authors revealed that four VOCs were present in H. uvarum volatilome
when cultured in the absence of B. cinerea while nine other additional compounds were
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detected when B. cinerea was also present. However, it is not clear whether these additional
compounds originated from B. cinerea or from the antagonist, H. uvarum.
1.5.7.1. Detection, identification and quantitation of microbial VOCs
Identification of individual compounds in the volatilome of BCAs is crucial to understand the
chemical basis behind their antifungal activity as well as for application in biological control.
Gas chromatography-mass spectrometry is a powerful separation and detection platform,
widely used to study microbial VOCs, while selected ion flow tube-mass spectrometry, proton
transfer reaction-mass spectrometry and electronic nose/e-nose have also been used in some
routine studies for screening (Schueuermann et al., 2019, Zareian et al., 2018, Morath et al.,
2012).
At present, GC-MS together with SPME has become the main platform for detecting microbial
VOCs due to its powerful separation and highly sensitive detection capabilities (Tahir et al.,
2017). SPME can also be automated for direct profiling of live fungal cultures which reduces
preparation time by combining extraction, concentration and introduction into one step (Morath
et al., 2012). Detected compounds are then identified using a library or database of mass
spectra and by comparison of retention times and spectra with those of known standards
(Massawe et al., 2018). However, GC-MS alone cannot be used for the identification of novel
compounds (Morath et al., 2012). Nuclear magnetic resonance analysis following compound
extraction is required for the structure elucidation of those new compounds (Nojima et al.,
2011, Saeidnia et al., 2007).
Quantitation of microbial VOCs is important, as it provides the basis to formulate artificial
volatile cocktails, strain selection and studies exploring growth conditions to enhance VOCs
production by BCAs. Considering the literature, a robust automated technique for quantitative
analysis of microbial VOCs is lacking, especially when the antagonist and pathogen are grown
together to assess inhibitory actions. Hence, monitoring the variations in antagonists' VOCs
production in the presence of a pathogen is challenging. Previous studies manually extracted
VOCs from double Petri dish systems and in most cases, have only performed qualitative
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assessments of VOCs production (Di Francesco et al., 2015b, Rouissi et al., 2013). Further,
previous studies on the efficacy of mixtures of microbial VOCs have been based on the
proportions of relative peak areas derived from GC-MS chromatograms rather than on their
proportions derived from actual concentrations (Zheng et al., 2013, Fialho et al., 2009, Strobel
et al., 2001). Alternatively, some studies have investigated apparently random mixtures of
VOCs (Xie et al., 2018). The degradation of SPME fibre sensitivity with repeated injections,
different affinities of different analytes to SPME fibres (Rebiere et al., 2010) and detector
sensitivity to different analytes (Di Francesco et al., 2015b) make the efficacy of the
interpretation of VOCs profiles difficult, and makes the implementation of the SPME technique
in quantitative purpose a concern. Interpretations derived in this manner may confound the
concentration and proportion of compounds in mixtures of VOCs. Even though there are
conventional extraction methods such as purge-and-trap method that are accepted to be much
more appropriate than SPME for volatile quantification, the efforts of translating SPME
technique for a quantitative platform has been an interest due to its feasibility of use as SPME
is a fast, solvent-free, portable and inexpensive technique compared to conventional sampling
methods (Aulakh et al., 2005). The employment of appropriate IS for peak area normalisation
generally overcomes some of these circumstances and is widely practised in areas such as
wine (Schmidtke et al., 2013) and food metabolomics (Fortini et al., 2017). However, it has
rarely been applied in biological control experiments. This could be due to the difficulties of
selecting suitable IS which are non-inhibitory to the test organisms and that can exist in the
culture system throughout the growth period without being absorbed by the mycelia. A
promising method to introduce a suitable IS to a culture system without disturbing its
headspace upon completion of the growth period, which could be used for the direct extraction
of microbial VOCs is required.
1.5.7.2. Environmental parameters and microbial VOCs with biocontrol potential
Environmental conditions can have a huge impact on the composition and quantity of VOCs
produced by microorganisms. In particular, the substrate, duration of incubation, nutrients,
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temperature, pH are some of the influencing parameters (de Boer et al., 2019, Morath et al.,
2012). In most cases, these factors have been studied in relation to the synthesis of VOCs by
microorganisms in wine (Rollero et al., 2015) and beer (Hiralal et al., 2014) or fragrance and
flavour production (Gethins et al., 2015). Comparatively, less attention has been paid to the
influence of abiotic parameters on microbial VOCs synthesis with antimicrobial properties
either in a natural environment or under manipulated conditions.
The effect of growth substrates on microbial VOCs production is often associated with a
microorganism’s capacity to assimilate and ferment carbohydrates. As reported by Fiddaman
and Rossall (1994), the addition of complex carbohydrates, D-glucose and peptones
enhanced the antifungal activity of B. subtilis by the production of VOCs in vitro on nutrient
agar, although the effects on individual compounds were not assessed. Similarly, variations
in the antifungal activity of B. amyloliquefaciens volatilome on M. laxa, Monilinia fructicola and
B. cinerea was observed when using different growth media: nutrient yeast dextrose agar,
nutrient agar supplemented with glucose 20 g/L and triptone soya agar (Gotor-Vila et al.,
2017). Increased complexity of the headspace has been reported for S. cerevisiae, M. albus
and Kluyveromyces marxianus upon higher availability of carbon sources in the medium
(Gethins et al., 2015, Fialho et al., 2009, Ezra & Strobel, 2003).
The relationship between the nitrogen concentration in the medium and production of
antimicrobial VOCs has been less studied than the impact of carbon. The addition of 1-2 %
organic fertiliser composed of amino acid fertiliser and pig manure compost, in sterilised and
natural soil increased the production of antifungal VOCs by a strain of Paenibacillus
polymyxa that increased the growth inhibition of F. oxysporum (Raza et al., 2015). Some of
the wine fermentation studies revealed the enhanced production of alcohols in particular
2-methyl-1-propanol,

3-methyl-1-butanol

and

2-phenylethanol

which

have

known

antimicrobial properties, upon addition of nitrogen in fermentation media (Rollero et al., 2015,
Vilanova et al., 2007).
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Higher alcohols such as 2-methyl-1-propanol, 2-methyl-1-butanol and 3-methyl-1-butanol,
which have antimicrobial properties are produced at higher levels at low fermentation
temperatures (15 ⁰C) during wine fermentation. In contrast, 2-phenylethanol production
increased at a fermentation temperature of 28 ⁰C (Molina et al., 2007). Thus, the effect of
temperature on microbial VOCs production seems diverse even within the same class of
VOCs (Molina et al., 2007, Torija et al., 2003). This indicates that the effect of growth
temperature on a particular volatile producing antagonist would always be unique and required
discrete investigations to make predictions in relation to enhancing biocontrol potential.
The interactive behaviour of several factors should be considered when implementing
biocontrol applications. The combined effect of one or two factors on VOCs production has
been studied for some wine fermenting and flavour producing yeasts (Gethins et al., 2015,
Rollero et al., 2015), sometimes on non-Saccharomyces wine fermenting yeasts such as
M. pulcherrima and Lachancea thermotolerans with particular interest on their wide range of
aroma production compared to non-traditional yeasts (Gobert et al., 2017, Schnierda et al.,
2014). Although these types of studies on enhanced production of antimicrobial VOCs are
scant, they are important, as they provide guidelines for selecting the best media and growth
parameters to enhance antimicrobial volatile production. Careful selection of these parameters
is crucial for the successful implementation of biocontrol organisms in commercial
applications.
1.5.8. Mode of action of antifungal VOCs
Understanding how VOCs exert their antimicrobial effects and what are the target sites of
pathogens for VOCs are crucial aspects of determining the efficacy of volatile producing
antagonists. Compared to non-volatile compounds, the mode of action of VOCs with antifungal
properties has been under-investigated. Microbial VOCs can act either directly on the target
fungal pathogen by a fungistatic (i.e. reversible) or a fungicidal (i.e. non-reversible) effect, or
alternatively may induce host defence mechanisms indirectly suppressing pathogen activity.
Occasionally, both direct and indirect mechanisms can be involved simultaneously.
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1.5.8.1. The indirect action of microbial VOCs
VOCs appear to induce resistance responses in many host plants (Toffano et al., 2017).
Resistance induction occurs regardless of the origin of VOCs that is, either from bacteria,
yeast or fungi (Lee et al., 2017). Ryu et al. (2004) reported that when Arabidopsis seedlings
were exposed to a blend of bacterial VOCs from B. subtilis and B. amyloliquefaciens, disease
severity (symptomatic leaves per seedling) caused by Erwinia carotovora sub sp. carotovora
was significantly reduced. Furthermore, ISR was activated in Arabidopsis after four days of
exposure. Studies involving quantitative-real time-polymerase chain reaction investigations of
the priming of defence-related genes of B. subtilis VOCs revealed stimulation of salicylic and
jasmonic acids-dependent signalling pathways in Arabidopsis (Sharifi & Ryu, 2016) as an
indication of ISR induction. Suppression of B. cinerea infection was also noted (Sharifi & Ryu,
2016). Transcriptomic analysis conducted by Tahir et al. (2017) demonstrated overexpression
of EDS1 and NPR1 genes which are the main components of the salicylic acid signalling
pathway, suggesting an involvement of the salicylic acid pathway in the induction of systemic
resistance in tobacco plant against Ralstonia solanacearum. Microbial VOCs have also
triggered SAR signalling responses in plants when tested in open-field conditions. For
instance, the drench application of 3-pentanol and 2-butanone on cucumber seedlings
consistently triggered SAR signalling responses against P. syringae pv. lachrymans (Song &
Ryu, 2013). Di Francesco et al. (2020a) reported an increased concentration of membrane
proteins and cuticle and wax biosynthesis in stone fruits by VOCs produced by A. pullulans
L1 and L8 strains, which demonstrated the induced host defences against brown rot caused
by Monilinia spp.
1.5.8.2. The direct action of microbial VOCs
Some of the potential ways microbial VOCs directly target fungal pathogens and cause
negative impacts are reviewed below.
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1.5.8.2.1. Interactions with primary targets
The fungal cell envelope consists of a cell wall and a plasma membrane where enzymes and
transport proteins are embedded (Bowman & Free, 2006, Thevissen et al., 2003). The
structure and biosynthesis of a fungal cell wall is unique to the fungi and are mainly comprised
of glucan, chitin and glycoproteins (Bowman & Free, 2006). The fungal plasma membrane is
enriched with diverse lipids where sterols and sphingolipids account for a higher fraction, and
glycerophospholipids make up a small fraction (Alvarez et al., 2007).
The primary targets of VOCs are the fungal cell wall and plasma membrane of spores and
hypha. Alcohols, aldehydes, esters, etc., present in volatile mixtures can transverse cell walls
and interact with the components of cell membranes to different extents, depending on their
hydrophobicity (Tao et al., 2014, Leao & Van Uden, 1984). Lipid solubility, as observed upon
exposure to VOCs, indicate hydrophobic membrane regions as the target sites (Tao et al.,
2014, Leao & Van Uden, 1984). Ergosterol is the principal sterol component of fungal cell
membrane which maintains cell function and integrity (Tian et al., 2012, Khan et al., 2010). A
study investigating the effect of citral (a VOC) on Penicillium italicum, found reduced ergosterol
contents upon citral exposure. This suggests that citral may interfere with ergosterol
biosynthesis and/or accumulation in the fungal plasma membrane (Tao et al., 2014). The
higher aliphatic alcohols (e.g. 3-methyl-1-butanol and 2-methyl-1-butanol) produced by
S. cerevisiae completely inhibited the mycelial growth of P. citricarpa. The presence of a
carbon chain makes these alcohols hydrophobic and increase the affinity towards the
pathogen plasma membrane. Highly reactive hydroxyl groups present in these alcohols then
react with membrane components, causing an antifungal activity (Toffano et al., 2017).
Therefore, the mechanism behind the toxicity of alcohols, including ethanol and larger
alkanols, is likely due to their role in membrane disruption (Alpha et al., 2015).
Exposure to VOCs disrupts the dynamic structure of cell membranes resulting in impaired
membrane permeability and fluidity. Consequently, the overall cell homeostasis is affected,
and the primary functions of the plasma membrane altered; including solute transport,
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maintenance of the energy status of the cell, regulation of the intracellular environment, turgor
pressure and signal transduction (Sikkema et al., 1995). Alterations to the membrane
permeability cause a dissipation of the proton gradient across membranes (Alpha et al., 2015)
and osmotic imbalance leading to plasmolysis, membrane disruption and ultimate cell death.
These changes often appear as excessive vesiculation, thickened cell walls and strong
retraction of the plasma membranes in VOCs fumigated cells and hypha and disintegrated
germ tubes in exposed conidia (Li et al., 2012).
There are differences in sensitivity to VOCs between fungal species (Dao & Dantigny, 2011).
The cell envelope can differ significantly from one organism to another, and also within a
species as a result of physiological adaptation to the environment (Sikkema et al., 1995).
Alternatively, this suggests that inhibitory properties of VOCs might not rely solely on
membrane disruption. There could be other concurrent mechanisms in different strains and
species. In support of this argument, multiple studies have revealed some other consequences
of VOCs, leading to structural deformations and are explained in the following sections.
1.5.8.2.2. Impact on genetic material
VOCs have been reported to interfere with cell function at the transcription level. A study
conducted on M. albus antimicrobial VOCs, provides evidence on the effect of VOCs on
pathogenic fungal deoxyribonucleic acid (DNA). N-methyl-N-nitrosoisobutyramide, is the
dominant compound involved in M. albus toxicity and it was found to act through DNA
methylation in fungi (Hutchings et al 2017), and in Escherichia coli (Alba et al. 2015).
According to these authors, there are at least two mechanisms that explain this DNA damage:
an indirect mechanism whereby M. albus VOCs could interact with cellular compounds or
machinery that in turn causes DNA damage, and direct damage to DNA that can occur as
nicks and breaks methylation (Hutchings et al., 2017).
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1.5.8.2.3. Antifungal VOCs and elevated intracellular ROS accumulation
High intracellular ROS levels can cause deleterious effects on cellular components, resulting
in DNA mutations, protein oxidation, lipid peroxidation and subsequent cell death (Sun et al.,
2017, Fialho et al., 2014). Antioxidant defence enzymes such as superoxide dismutase,
catalase and the tripeptide glutathione play a role in maintaining ROS levels at a basal, nonharmful level to repair cellular damage. When ROS levels exceed the antioxidant capacity of
the cells, oxidative stress occurs resulting in an array of structural and conformational changes
in the cell (Fialho et al., 2014).
A study conducted by Fialho et al. (2014), observed an increased level of lipid peroxidation in
the citrus black spot fungus Guignardia citricarpa, when exposed to S. cerevisiae VOCs. This
indicates disrupted cellular redox homeostasis, and an oxidative stress condition in the fungal
cell, as lipid peroxidation is an indicator of induced ROS. The authors did not explain the
reasons behind increased lipid peroxidation, although the antioxidant enzyme activity was
increased. Interestingly, the level of lipid peroxidation decreased over prolonged exposure to
VOCs, suggesting that the increased antioxidant enzymes may have played a role in partial
counteraction of oxidative stress. This was the first study to report a relationship between
exposure to VOCs and oxidative stress in microorganisms. Although studies reporting lipid
peroxidation in fungi exposed to antifungal VOCs are relatively limited, it is one of the most
important biomarkers of oxidative stress. Some of the consequences of lipid peroxidation are
decreased membrane fluidity, increased permeability to H+ and other ions, and eventual cell
lysis (Fialho et al., 2014). Likewise, Massawe et al. (2018) reported growth inhibition of
S. sclerotiorum and ultrastructural and morphological damage by Bacillus antifungal VOCs
and consequent ROS accumulation in S. sclerotiorum.
A greater body of work exists for bacteria on induced ROS by microbial VOCs. According to
Tahir et al. (2017), scanning electron microscopy and transmission electron microscopy
imaging revealed that fumigation of R. solanacearum with VOCs from six Bacillus species
cause a large number of abnormalities including loosening and rupturing of the cell wall,
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movement of the cytoplasmic content towards the ruptured areas of walls, lack of differentiated
materials in the cytoplasm of some cells and misshapen bacterial cells. In contrast, untreated
cells appeared with apparently intact envelops with evenly distributed electron-dense
cytoplasmic contents. However, the reason behind these changes was not explicitly described
in this study. Raza et al. (2016a) describing the same antagonistic-patho system showed that
downregulation of the antioxidant proteins, thiol peroxidase, catalase and polyphenol oxidase
by proteomics analysis. The authors suspected that the low levels of ROS resulting from the
reduction of metabolic or respiratory activity, or VOCs themselves acting as antioxidant agents
could possibly decreased the antioxidant enzyme production (Raza et al., 2016a). In support
of this argument, proteomic analysis showed that some of the proteins related to metabolism
were downregulated. However, upregulation of the adenosine triphosphate (ATP)-binding
cassette transporter system proteins was reported in this study (Raza et al., 2016a). ATPbinding cassette transporter system proteins usually play a role in osmo-adaptation and
maintenance of cell integrity and survival upon stress conditions (Nagayama et al., 2014). The
increased expression of ATP-binding cassette transporter proteins under oxidative and
osmotic stress in Streptococcus mutans has also been reported before (Nagayama et al.,
2014). This suggests a possible oxidative stress condition that Ralstonia cells may have faced
upon exposure to Bacillus VOCs. Increased levels of ROS in cells may have led to
morphological abnormalities and conformational changes that have been observed in
Ralstonia cells by Tahir et al. (2017).
1.5.9. Mitochondrial respiratory chain and generation of ROS: as a potential target
site for VOCs
ROS are generated during cellular metabolism, mainly by the mitochondrial respiratory chain
(MRC), or by H2O2 generating reactions catalysed by oxidases (Sun et al., 2017). There are
four main large protein complexes located in the conventional MRC. Complex I (NADH:
ubiquinone oxidoreductase), couples the transfer of electrons from NADH to ubiquinone.
Oxidation of succinate, which is produced by the tricarboxylic acid cycle, couples with
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ubiquinone reduction via complex II (succinate-ubiquinone oxidoreductase). Then the
electrons are transferred from the ubiquinone pool through complex III (ubiquinol: cytochrome
C oxidoreductase), cytochrome C, and complex IV (cytochrome C oxidase) to oxygen,
resulting in the generation of water (Joseph-Horne et al., 2001). ATP is generated eventually
at the FoF1-ATP synthase (complex V), using the proton gradient, which results during
electron transfer (Grahl et al., 2012). Alternatively, there is evidence from fungi that the
complex I/alternative oxidase pathway can drive ATP synthesis (Joseph-Horne et al., 2001).
This pathway has been recorded in many fungi, including B. cinerea (Joseph-Horne et al.,
2001). The presence of complex I/alternative oxidase pathway enables continuous ATP
synthesis even when the conventional pathway is inhibited by complex III and IV inhibitors
(Joseph-Horne et al., 2001). During the process of each electron transfer through these protein
complexes of both pathways, a small portion of electrons tends to leak which in turn leads to
the formation of superoxide anion (O2•−) (Perrone et al., 2008).
The important sites of ROS production are localised in the electron transport chain complex I
and complex III (Steinberg et al., 2020, Sun et al., 2017). Considering the fact that, there are
no fungi recorded as lacking complex I (Joseph-Horne et al., 2001) and also the involvement
of complex I in both conventional and alternative respiratory pathways (Joseph-Horne et al.,
2001), complex I may play an important role in the constant generation of the majority of ROS.
If these sites are affected, and the balance of ROS is deregulated, a damage to proteins and
lipids in the inner mitochondrial membrane may occur, triggering apoptotic cell death
(Steinberg et al., 2020). There is growing evidence suggesting that this programmed cell death
pathway exits in fungi (Sharon et al., 2009), making it a promising target for the development
of antifungal agents (Kulkarni et al., 2019).
Previous studies have reported the mechanism behind many antifungal non-volatile
compounds associated with enhanced levels of ROS at the MRC enzyme complexes
(Steinberg et al., 2020, Shekhova et al., 2017, Sun et al., 2017). In all these studies, the
enzyme complex I appears to be frequently affected and contributed the most for an elevated
54

accumulation of ROS. Due to the evidence of oxidative stress conditions in microorganisms
exposed to microbial VOCs (Massawe et al., 2018, Fialho et al., 2014) and the presence of
complex I in almost all the fungal species (Joseph-Horne et al., 2001), enzyme complex I could
be a potential target for antifungal VOCs to induce programmed cell death in fungi including
B. cinerea and A. alternata.
Aureobasidium pullulans and its antifungal VOCs
A. pullulans was previously classified under the same species complex which was later divided
into four different species namely, A. pullulans, A. melanogenum, A. subglaciale, and A.
namibiae. These four distinct species are substantially different in terms of their genomic and
physiological behaviour such as patterns of melanisation, salt tolerance levels and biofilm
forming capacity. Strains of A. melanogenum are associated with human infections and as
such is excluded from biocontrol and other biotechnological applications (Di Francesco et al.,
2020b).
As a well-known biocontrol agent with a range of mechanisms against several pathogenic
fungal species, A. pullulans has attained popularity in biological control programs over the
years. This yeast-like, saprophytic fungus commonly occurs in the phyllosphere of many crop
plants and on various fruit surfaces (Pertot et al., 2017b). However, it possess the potential to
thrive in extreme environments such as hypersaline water of salterns, glacial ice, polluted
water, frozen and salt-preserved food, household surfaces and house dust, synthetic polymers
and aviation fuel tanks (Di Francesco et al., 2020b). It has a complex life cycle exhibiting
various forms ranging from yeast-like cells through to multi-cellular filaments to
chlamydospores. The transition from one form to another appears to depend on the substrate
and temperature on which it is grown (Slepecky & Starmer, 2009).
A. pullulans has been identified as an effective BCA against several pre- and post-harvest
pathogens including P. expansum (Ippolito et al., 2000), Greeneria uvicola (Rathnayake et al.,
2018), Lasiodiploidea theobromae (Madhupani & Adikaram, 2017), M. laxa (Schena et al.,
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2003) and B. cinerea (Adikaram et al., 2002). Two strains (DSM 14940 and DSM 14941) of
this organism have been commercialised as a biocontrol product named Botector for the
practical management of B. cinerea in Australian grapes and strawberries (Australian
Pesticides and Veterinary Medicines Authority, 2017). The associated antifungal mechanism
of this product is competition for nutrients and space (Australian Pesticides and Veterinary
Medicines Authority, 2017). Boni Protect is another commercial product based on the same
two strains (DSM 14940 and DSM 14941) of A. pullulans for the control of Neofabraea spp.,
P. expansum, Monilinia fructigena and B. cinerea in pome fruits (Wagner et al., 2013). Apart
from the competition for nutrients (Castoria et al., 2001), induction of host defences
(Madhupani & Adikaram, 2017) and production of hydrolytic enzymes (Di Francesco et al.,
2015a) have also been identified as potential mechanisms for A. pullulans biological control.
Production of antifungal VOCs has been recently reported as a potential mode of action for
A. pullulans biocontrol properties (Chen et al., 2018, Di Francesco et al., 2015b). One of these
studies using two A. pullulans isolates (L1 and L8) has confirmed the identity of four VOCs
displaying

antifungal

properties:

2-methyl-1-butanol,

3-methyl-1-butanol, 2-methyl-1-

propanol and 2-phenylethanol (Di Francesco et al., 2015b). These compounds were shown to
suppress conidia germination and mycelium growth of B. cinerea, C. acutatum, P. expansum,
P. digitatum and P. italicum under in vitro and in vivo conditions (Di Francesco et al., 2015b).
2-Phenylethanol was the most active compound amongst these four VOCs for the tested
fungal pathogens and is known to be produced by several other antagonists as well (Rouissi
et al., 2013, Fialho et al., 2011). A similar study identified over 20 VOCs from A. pullulans
volatile metabolome belonging to several chemical classes including alcohols, aldehydes,
ketones and esters (Verginer et al., 2010), although their antifungal properties were not tested
(Verginer et al., 2010).
Overall aim and objectives of the project
The overall aim of this project was to investigate the antifungal potential of A. pullulans VOCs
against B. cinerea and A. alternata. As important fungal pathogens with a risk of developing
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resistance to existing chemical control methods and potentially towards BCAs, alternative
antifungal methods, preferentially with multi-mode of action are required to ensure
sustainability. A. pullulans has become a popular candidate for biological control programs
due to its antifungal activity against several plant pathogens, deploying various antifungal
mechanisms. A previous study which investigated the antifungal VOCs production by two
strains (L1 and L8) of A. pullulans, has provided little information about the A. pullulans
antifungal volatilome in which four VOCs with antifungal properties have been reported
(Di Francesco et al., 2015b). Importantly, the two A. pullulans isolates assessed in this study
(L1 and L8) showed antifungal activity against several pathogens including B. cinerea, the
causative agent of grey mould in many horticultural crops (Di Francesco et al., 2015b). Further
research is warranted to quantitatively identify A. pullulans VOCs with antifungal properties,
screen novel isolates with the ability to produce antifungal VOCs, and determine the existence
of synergistic antifungal effects of these VOCs. Studies on the factors affecting the
biosynthesis of antifungal VOCs and understanding the mode of action of A. pullulans VOCs
are also required. This new knowledge may lead to more efficient biocontrol applications and
integrated pest and disease management programs. Moreover, the antifungal effects of
A. pullulans VOCs have not previously been assessed on A. alternata, one of the important
mycotoxin producers among plant pathogens.
In order to achieve the overall aim and to address the above-mentioned knowledge gaps, this
PhD project has the following objectives:
1. To evaluate the antifungal effect of A. pullulans culture headspace on the growth and
conidia germination of B. cinerea and A. alternata in vitro.
2. To devise a robust automated technique to quantitatively analyse A. pullulans VOCs
by SPME-GC-MS and identify a compound/compounds responsible for this
antagonistic effect and their actual proportions in A. pullulans headspace.
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3. To determine individual and interactive inhibitory properties of A. pullulans VOCs on
B. cinerea and A. alternata in vitro.
4. To determine the individual and interactive effects of carbon and nitrogen content in
the growth medium, and incubation temperature on the biosynthesis of A. pullulans
VOCs using an efficient design of experiments approach that allows simultaneous
analysis of these factors.
5. To elucidate the mechanisms behind the antifungal activity exerted by A. pullulans
VOCs on B. cinerea and A. alternata, focusing on the ability to induce intracellular ROS
accumulation and electrolyte leakage.

58

Chapter 2: Aureobasidium pullulans antifungal volatilome suppressed
Botrytis cinerea and Alternaria alternata in vitro
Introduction
The absence of environmentally friendly and effective control strategies to minimise infections
of B. cinerea and A. alternata as an alternative to synthetic fungicide applications, was
identified as a gap in our knowledge in Chapter 1. As a potential biocontrol agent against a
wide range of pathogenic fungi, the antifungal effects of A. pullulans VOCs against B. cinerea
and A. alternata were investigated and are reported in this chapter which has been published
as a peer-reviewed journal article (Chapter 2.2).
In this work, the degree of inhibition of B. cinerea and A. alternata by the A. pullulans culture
headspace was measured. A. pullulans VOCs were identified using SPME-GC-MS. The
A. pullulans inoculated headspace was differentiated from the non-inoculated headspace by
principal component analysis. The most important variables responsible for this discrimination
between sample groups were determined using selectivity ratios and variable importance in
projection scores from a partial least squares discriminant analysis model, which are
presented in appendix A. Those important VOCs were quantified in the A. pullulans-pathogen
interaction headspace using 4-methyl-2-pentanol as an IS and calibration curves (Table 2.3.).
Prior to this investigation there were no studies available on a robust quantitative identification
method of microbial VOCs. As one of the objectives of this work, a novel robust approach was
proposed to quantify A. pullulans VOCs when both antagonist and pathogen are present in an
interaction system. A response surface methodology (RSM)-based approach was used to
model the antifungal activity and interactions of those VOCs. Concentrations of antifungal
VOCs were optimised to result in minimum growth of B. cinerea and A. alternata.
In addition, preliminary experiments which led to the findings in the article, are also presented
as supplementary materials at the end of Chapter 2. A separate set of data demonstrating the
antifungal effects of A. pullulans VOCs on the mycelium growth and conidia germination of
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B. cinerea and A. alternata are reported as an article submitted for Acta Horticulturae as
proceedings of the Vth International Symposium on Postharvest Pathology, held in Liege,
Belgium in May 2019, and presented in appendix F.
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Research article
Aureobasidium pullulans volatilome identified by a novel, quantitative approach
employing SPME-GC-MS, suppressed Botrytis cinerea and Alternaria alternata in vitro

Yalage Don SM, Schmidtke LM, Gambetta JM and Steel CC. 2020. Scientific reports, 10,
4498.

Submitted to Scientific reports: 15 May 2019

Accepted: 25 February 2020

Published online: 11 March 2020
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Supplementary material
2.3.1. Isolation and identification of A. alternata
Isolation
A. alternata was isolated from a tomato fruit with visible symptoms of black mould disease;
dark, soft, sunken areas. The diseased area of the fruit was cut into small segments (0.5 cm2),
surface sterilised with 1% sodium hypochlorite solution for 1 min, rinsed in sterile distilled water
and placed aseptically on a Petri dish containing PDA. Plates were incubated at 25 °C for
three days. Pure cultures were prepared from the growing mycelium and the organism was
identified to the generic level using cultural and spore morphology.
2.3.1.2. Re-inoculation on tomato fruits
To prove Koch’s postulates, a greenhouse grown, unwounded tomato fruit (cultivar
Grosse-Lisse) at red ripe stage was re-inoculated with A. alternata and compared with original
disease symptoms. Fruits were surface sterilised by soaking in 1% sodium hypochlorite
solution for 3 min, followed by three rinses with sterile-distilled water and then dried in a
laminar flow cabinet for 1 h. A spore suspension of A. alternata (106 spores/mL, 10 µl) was
prepared from a seven-day old culture and mixed with Tween 80 (0.01%) and inoculated at a
few spots around the neck of the fruit and incubated at 25 °C for five days in a moisture
chamber. Control fruits were treated with sterile distilled water with Tween 80 (0.01 %).
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(a)

(b)

Figure 2.1. (a) A black mould infected tomato fruit with dark, sunken, soft lesions. (b) An
unwounded tomato fruit re-inoculated with a spore suspension of A. alternata, showing similar
symptoms after 5 days of incubation in a moisture chamber.
2.3.1.3. DNA extraction for molecular level identification
A. alternata mycelia were harvested from pure cultures grown on PDA at 25 °C in the dark for
three days. The mycelia were suspended in PrepMan Ultra Sample Preparation Reagent
(100 µL). Samples were vortexed for 30 seconds following heating at 100 °C for 10 min in a
heating block. Samples were cooled to room temperature for 2 min and the tubes were spun
in a microcentrifuge for 2 min. The supernatant (50 µL) was transferred into a separate tube
and stored at -20 °C until use for amplification.
2.3.1.4. PCR amplification
The polymerase chain reaction (PCR) was performed using the universal primers internal
transcribed spacer (ITS)1 and 4 to amplify the ITS region of the ribosomal DNA of the
pathogen (Bessadat et al., 2017). PCR amplifications were carried out in a total 25 μL volume,
containing 1X PCR buffer, 1 μL of each primer (ITS1 and ITS4), 1.25 units of MyTaq Red DNA
polymerase, 1 μL of DNA template and deionized water to adjust the volume. PCR was
performed using a thermal cycler (C100 Thermal cycler, Biorad Laboratories, Pty, Ltd., U.S.A.)
programmed as follows: initial denaturation at 95 ºC for 4 min, 35 cycles of denaturation at
94 ºC for 30 s, annealing at 55 ºC for 45 s, extension at 72 ºC for 45 s and a final extension at
72 ºC for 7 min. The PCR product (5 μL) was separated by gel electrophoresis in 1% agarose.
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Gels were stained using 1 × GelRed™ nucleic acid gel stain and visualised under UV using a
Gel Doc XR with imaging system (BIO-RAD Laboratories, Pty, Ltd.).
2.3.1.5. Purification and DNA sequencing
DNA concentrations were determined using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, U.S.A.) and diluted to 50 ng/μL in sterile ultrapure water. Purified PCR
products were sent to Australian Genome Research Facility (AGRF; Sydney, NSW, Australia)
for sequence analyses. The sequences and chromatographs were analysed using
DNAMAN 5.2 (Lynnon Biosoft©) and Chromas Lite 2.1© (Technelysium PTY Ltd). Trimmed
DNA sequences were analysed using similarity-based searches on the Basic Local Alignment
Search Tool (BLAST) in GenBank (https://www.ncbi.nlm.nih.gov/genbank/) to determine the
identity of the species.

PCR band

Figure 2.2. Agarose gel electrophoresis analysis of the PCR product containing the amplified
internal transcribed spacer (ITS) region of the ribosomal DNA of A. alternata, using the
universal primers ITS1 and ITS4.
2.3.2. Selection of the internal standard (IS)
Several compounds belonging to different chemical classes (Table 2.1) were tested as
potential IS for A. pullulans–B. cinerea/A. alternata interaction culture system. Those
compounds either failed to result in relatively consistent peak areas in GC-MS chromatograms
or completely disappeared in the presence of the pathogen, suggesting potential absorption
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by the aerial mycelia of pathogens grown. The addition of some IS resulted in the appearance
of some additional new peaks/compounds in chromatograms that were absent without the
introduced IS, suggesting potential reactions between introduced IS and the microbial
headspace.
Table 2.1: VOCs tested as potential internal standards for A. pullulans-pathogen interaction
culture system and their observed response.
VOC

Fate of IS in the A. pullulans–pathogen interaction culture
system

4-Methyl-2-pentanone

Inconsistent appearance/disappearance in chromatograms

2-Octanol

Largely varying peak heights, appearance of an additional
2-octanone peak

1-Octanol

Inconsistent appearance/disappearance in chromatograms

3-Octanol

Inconsistent appearance/disappearance in chromatograms

Butylated hydroxyanisole

Inconsistent appearance/disappearance in chromatograms

Guaiacol

Inconsistent appearance/disappearance in chromatograms

m-Cresol

Inconsistent appearance/disappearance in chromatograms

Ethyl nonanoate

Inconsistent appearance/disappearance in chromatograms

Damascenone

Inconsistent appearance/disappearance in chromatograms

Ethyl cinnamate

Inconsistent appearance/disappearance in chromatograms

Thymol

Inconsistent appearance/disappearance in chromatograms

2-Methyl-4-pentanol

Chosen IS for VOCs analysis

2.3.3. Optimisation of the timing to add the IS into dual cultures
The possibility of adding the IS into the A. pullulans-pathogen dual culture system at the time
of pathogen inoculation and double Petri dish preparation was investigated. This was done to
minimise any loss of VOCs when opening the setup to add the IS before SPME extraction.
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The effect of the IS on the pathogen colony growth and the appearance of a consistent IS
peak in chromatograms after three days of incubation period were monitored. These initial
optimisations were carried out using the double Petri dish set up. Later the findings were
implemented for the vial setting as indicated in Figure 1, Chapter 2.2.
A. pullulans was inoculated in a single base Petri dish containing PDA as described above in
Chapter 2.2. (Yalage Don et al., 2020a). After 48 h the pathogen was inoculated on the top
Petri dish containing PDA, the IS (4-methyl-2-pentanol, 100 ppm, 25 µL) was added onto a
paper disc glued on a strip of aluminium foil, the disc was inserted in the double Petri dish
setup and the double Petri dishes were prepared. The set up was incubated for three days
until the extraction of VOCs for GC-MS analysis. A control double Petri dish set up was also
maintained without the IS, but with a blank filter paper disc. Colony diameter was measured
after three days of incubation. An independent sample t-test was conducted to determine
significant differences (p<0.05) between samples. SPME-GC-MS analysis was conducted by
following the same extraction and oven ramp conditions mentioned as in the publication in
Chapter 2.2 above.

Figure 2.3. Double Petri dish setup with a paper disc inserted with the IS through a small cut
open of the set up. The SPME fibre was manually exposed to the headspace through a
previously prepared small hole of the setup.
When the IS was added at the time of pathogen inoculation, and incubated along with the
antagonist and pathogen, the resulting IS peak area largely varied between replicates. This
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indicated that a proportion of the IS could have been absorbed by the PDA medium and/or by
the organisms growing in the double Petri dish setup during incubation. Sometimes the IS
peak completely disappeared from chromatograms, indicating a complete absorption.
Therefore, it was decided to add the IS into the culture system, immediately before SPME
extraction for GC-MS.
The pathogen growth was also negatively affected by the presence of the IS in the double
Petri dish setup, demonstrated by the reduced colony diameters compared to control samples
(Table 2.2).
Table 2.2: Colony diameter of pathogens when incubated together with the Internal standard
Sample

Average colony diameter (cm)

A. pullulans A2 + A. alternata +IS

1.43±0.031a2

A. pullulans A2 + A. alternata -IS

1.79±0.01b

A. pullulans A1 + B. cinerea TN080+IS

1.61±0.10A2

A. pullulans A1 + B. cinerea TN080-IS

2.50±0.15B

Data are the mean of three replicates ± the standard deviation of the means.

1

Means followed by different letters of either lowercase or uppercase are significantly different

2

(p<0.05) according to the test of independent sample t-test.
2.3.4. Preparation of calibration curves for quantitation of A. pullulans VOCs
A vial of target compounds (ethanol, 2-methyl-1-propanol, 3-methyl-1-butanol and
2-phenylethanol) in a water matrix (5 mL) was spiked with IS (2-methyl-4-pentanol, 0.04 mg/L)
and analysed using the SPME-GC-MS conditions described in the article 2.2. At least six
concentrations were used with two replicates for each compound. The normalised peak area
of each calibration standard (peak area/IS peak area) was plotted against the headspace
concentrations of that compound used for calibration and calibration curves were prepared.
The range of headspace concentrations of each calibration standard to prepare calibration
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curves was determined as the normalised peak area of each compound in the antagonistpathogen interaction sample headspaces falls in the range of normalised peak areas of
calibration samples.
Table 2.3: Information for calibration curves prepared for the headspace quantitation of
A. pullulans VOCs.
VOC

Ions used for Equation for calibration curves

R2 value

quantitation
Ethanol

45

Y=0.1715X+3.0611

0.9960

2-Methyl-1-propanol

43

Y=4.8329X+0.9873

0.9909

3-Methyl-1-butanol

55

Y=29.732X+4.2421

0.9951

2-Phenylethanol

91

Y=21.501X-3.6234

0.9910

Using the above calibration curves, concentrations of the four analytes in the
antagonist-pathogen interaction culture headspace were calculated (Table 2 in the article 2.2).
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Chapter 3: Combined effect of carbon, nitrogen, and temperature on the
biosynthesis

of

Aureobasidium

pullulans

antifungal

volatile

organic

compounds
Introduction
The production of VOCs by microbial antagonists is postulated to be one of the ways in which
BCAs function. Investigation of the factors that modulate microbial VOCs production is
important for the application of BCAs. Although genetic engineering to enhance VOCs
synthesis by antagonistic microbes is one option (Park & Hahn, 2019, Kondo et al., 2012),
optimisation of growth factors in growth media or for application of antagonists in planta is a
more cost-effective and simple option to improve their antagonistic potential. On the other
hand, it is important to know the limits of production of VOCs with regards to temperature and
the minimum requirements for growth of BCAs.
Using a design of experiment approach and RSM, the combined effect of three
growth/environmental parameters: carbon, nitrogen and temperature, on the biosynthesis of
four important A. pullulans VOCs: ethanol, 2-methyl-1-propanol, 3-metyl-1-butanol and
2-phenylethanol was investigated in Chapter 3, with the purpose of identifying the most
effective parameters to enhance the synthesis of these antifungal VOCs and to evaluate the
effects of the three parameters and their interactions simultaneously. The unavoidable impact
of temperature that could arise in field applications of antagonists, and the impact of carbon
and nitrogen as major nutrients required for the growth and metabolism of microorganisms,
were considered when selecting study factors for the experiment.
The Chapter is presented as an article published in the journal, Environmental Microbiology
Reports.
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Chapter 4: Investigation of the antifungal mechanism of Aureobasidium
pullulans volatile organic compounds against Botrytis cinerea and Alternaria
alternata
Introduction
The study described in Chapter 2, identified the antifungal properties of A. pullulans VOCs
against B. cinerea and A. alternata. Following this investigation, Chapter 4 explores the
potential of A. pullulans VOCs to induce ROS accumulation, electrolyte leakage and
morphological deformations in B. cinerea and A. alternata mycelia as possible explanations
for the antifungal properties of A. pullulans VOCs. The results of this work are reported here
(Chapter 4.2) as a peer-reviewed journal article.
A range of microscopic techniques and in vitro bioassays were used to explore the impact of
A. pullulans VOCs on fungal mycelia. The findings of Chapter 4 display new antifungal aspects
of the well-known molecules such as ethanol, 2-methyl-1-propanol, 3-methyl-1-butanol and
2-phenylethanol that are contained in the A. pullulans volatilome, against B. cinerea and
A. alternata. In this study, the impact of microbial VOCs on fungal MRC enzyme complex I
was investigated for the first time, as a potential target site to induce ROS accumulation.
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Research article
Volatile organic compounds produced by Aureobasidium pullulans induce electrolyte
loss and oxidative stress in Botrytis cinerea and Alternaria alternata.
Yalage Don SM, Gambetta JM, Steel CC and Schmidtke LM. 2021. Research in
Microbiology, 172(1), 103788..
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Chapter 5: General discussion, overall conclusion and future perspectives
There is a need to discover new antifungal agents with low environmental impacts to protect
crop plants from fungal pathogens. Ideally, the antifungal agents, having multi-modes of action
to prevent the emergence of fungal resistance, and thereby provide sustainable pathogen
control over many years (Steinberg et al., 2020, Kohl et al., 2019). BCAs provide an alternative
choice in this scenario due to their low impact on the environment, the array of antimicrobial
mechanisms exerted by some antagonists (Gajera et al., 2013), and the possibility to combine
several antagonists that use different modes of action (Pertot et al., 2017b). A. pullulans is an
important yeast antagonist, with known antifungal properties against many fungal species by
virtue of multiple antifungal mechanisms, including competition for nutrients (Castoria et al.,
2001), induction of host defences (Madhupani & Adikaram, 2017), production of hydrolytic
enzymes (Di Francesco et al., 2015a) and the production of antifungal VOCs (Di Francesco
et al., 2015b). On the other hand, B. cinerea and A. alternata are destructive plant pathogens
that have developed resistance to an increasing number of existing antifungals, even though
a vast number of fungicides have been developed in response to the plant diseases that they
cause (FRAC, 2020, FRAC, 2019). This project was designed to investigate the volatile
metabolome of the isolates of A. pullulans, which possess suitable antifungal action against
B. cinerea and A. alternata. Insights from this in vitro study herein described advance our
understanding of the chemical composition, and expression of antifungal metabolites from
A. pullulans volatilome in response to important abiotic factors associated with growth.
Furthermore, some of the mechanisms involved in A. pullulans VOCs mediated antifungal
properties were identified. This study identified novel A. pullulans isolates with an ability to
produce antifungal VOCs, reinforced the ability of A. pullulans isolates to act as antifungal
agents against B. cinerea and A. alternata by producing antifungal VOCs and added new
knowledge to its antifungal mechanisms. In this chapter, the overall findings of this research
are discussed along with some avenues for future research and the main conclusions arising
from the experimental work are summarised.
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Chapter 2 contains the findings of in vitro bioassays to evaluate the inhibitory properties of
A. pullulans volatilome against B. cinerea and A. alternata, and untargeted metabolomics
analysis of A. pullulans volatilome, which determines the composition and the most important
VOCs for the suppression of B. cinerea and A. alternata. Confrontation experiments using
double Petri dish assays demonstrated that exposure to A. pullulans volatilome supresses
pathogen colony growth and spore germination. An untargeted SPME-GC-MS analysis of
dual culture headspace of antagonist and pathogen was carried out utilising a novel setup,
which facilitates the growth of both organisms in a non-physical interactive space and
allows the addition of an internal standard. Multivariate curve resolution-alternating least
squares deconvolution of resulted spectra from the SPME-GC-MS analysis revealed
fourteen A. pullulans VOCs (ethanol, 2-methyl-1-propanol, 3-methyl-1-butanol, 2-heptanol,
2-nonanol, 2-phenylethanol, 3-methyl-1-hexanol, acetone, 2-heptanone, 2-nonanone, ethyl
acetate, ethyl butyrate, 3-methylbutyl acetate, 2-methylpropyl acetate) with five newly
identified compounds (acetone, 2-heptanone, ethyl butyrate, 3-methylbutyl acetate and 2methylpropyl acetate) from A. pullulans headspace. Partial least squares discriminant
analysis models using extracted peak areas from SPME-GC-MS profiles were used to
discriminate samples class, and variables importance in projection scores and selectivity
ratios identified important features associated with sample discrimination. Ethanol, 2methyl-1-propanol, 3-methyl-1-butanol and 2-phenylethanol were high in discriminatory
power. Ethanol was the most abundant VOC in A. pullulans headspace. RSM determined
ethanol and 2-phenylethanol with significant (p<0.05) inhibitory effects against both
pathogens.
Prior to the study described in Chapter 2, there were no examples of robust methods available
for the quantitative analysis of microbial VOCs using in vitro cultivation and direct headspace
analysis. The system devised as part of this thesis enabled the quantitative identification of
VOCs even when two organisms (antagonist and pathogen) are present in a single closed
space. The importance of accurate quantitation has been discussed in the research paper
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“Aureobasidium pullulans volatilome identified by a novel, quantitative approach employing
SPME-GC-MS, suppressed Botrytis cinerea and Alternaria alternata in vitro” in Chapter 2.2
(Yalage Don et al., 2020a). This new knowledge is applicable to future headspace analysis of
microbial VOCs from different microbial species. Considerable investigation to identify a
suitable IS was undertaken to provide accurate and reproducible analysis of the VOCs in the
headspace of the dual culture system. As mentioned in Chapter 2, the choice of IS is
influenced by the type of microorganisms grown. Aerial mycelia can potentially absorb certain
compounds and/or generate additional new compounds by reacting with the IS. Initial trials
which test the compatibility of IS with the culture system are required if this method is to be
used for other species in future studies. Once the method is established, precise quantitative
identification of microbial VOCs can be expected.
Application of chemometric analysis tools such as multivariate curve resolution alternating
least squares (MCR-ALS) used for chromatogram deconvolution, simultaneously enabled
compound identification and calculation of peak areas of VOCs. To the best of the author’s
knowledge, the MCR-ALS approach proposed has not been previously applied in biological
control studies even though it is widely practised in industrial processes and wine
metabolomics (Schmidtke et al., 2013, Jaumot et al., 2005). Traditional approaches which
identify compounds one by one in comparison with compound identification libraries and
calculates peak areas in GC-MS chromatograms for quantitation purposes require a
considerable investment of time and effort, and often ignore novel compounds (Massawe et
al., 2018, Chen et al., 2008). Therefore, application of MCR-ALS will be highly beneficial for
the efficient decomposition of complex and information-rich data sets and expedite data
analysis for future research in microbial volatile metabolome analysis. The generated peak
area tables can readily be used in predictive or discriminant models such as partial least
squares and partial least squares discriminant analysis, that enable the identification of
important spectral features contributing to most of the variance and separation in samples
(Chapter 2). Identification of such important features will illuminate the process of biocontrol
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product development, as the most effective compounds out of a pool of compounds will easily
be selected if the mixtures of those VOCs are used in biocontrol products. On the other hand,
the conditions of application to increase the production of those important compounds will be
able to optimise when using the organism in the biocontrol product. Also, untargeted
approaches allow the determination of analytes that may not have been the initial target but
could be important for the microbes in question, allowing the discovery of important novel
compounds (Newman, 2017).
In this study, the splitless injection of SPME-GC-MS technique was used for the trapping and
analysis of VOCs. However, its sensitivity for trapping highly VOCs has sometimes been
questioned. Some studies have proven the potential risk of losing highly VOCs such as
acetaldehyde, acetone and methylene chloride, and causing peak broadening of those
compounds, when using SPME-GC-MS. Thus, SPME-cryotrap-GC-MS method has been
suggested to improve the separation efficiency of such compounds, as a cryotrap by liquid
nitrogen or dry ice will lower the adsorption temperature and let an instantly high-temperature
desorption (Huang et al., 2016). However, this technique was not an option for this study using
the current configuration of the equipment. This can be recommended as a more suitable
approach for future investigations of A. pullulans volatilome for its further analysis.
The combined approach used in this study (Chapter 2) to evaluate interactions of antifungal
VOCs is a highly efficient method which has not been used in previous biocontrol studies.
Most commonly, EC50 values (Di Francesco et al., 2015b) or MIC values (Tahir et al., 2017)
are determined for single pure compounds using a series of experiments and then evaluate
their interactions using every possible combination (Strobel et al., 2008), requiring a vast
number of experiments if several compounds are present. The predictive approach using a
Box-Behnken design (one type of a central composite design) followed by RSM used in this
study (Chapter 2) was an efficient approach that reduced the number of experiments required
to evaluate all possible significant interactions among four A. pullulans antifungal VOCs. The
models further allowed optimisation of VOCs concentrations to obtain the best antifungal
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activity against B. cinerea and A. alternata. The fitted models indicated the antifungal or
growth-stimulating effects of individual compounds by positive and negative signs of the beta
coefficients derived from the response surface models. The concentration of each compound
was then optimised to exert the best antifungal activity when compounds were present in a
mixture. All the above predictions were made using a single set of experiments which explicitly
saved time, effort and resources. The accuracy of the models was supported by model
validation experiments. Further in planta trials are required to investigate the antifungal activity
of these artificial cocktails of VOCs against B. cinerea and A. alternata that were made using
optimised concentrations by predictive models. Previous studies have tested the performance
of individual antifungal VOCs in planta (Tahir et al., 2017, Song & Ryu, 2013). However, none
of these in planta studies have evaluated optimised mixtures of VOCs prepared based on
statistical modelling.
If the volatile cocktails are directly used in biological control, instead of using the antagonist
itself, several factors that can affect their performance need to be considered. The
environment where these volatile cocktails will be applied (open or confined space and the
volume of the space), method of application (drench application or on the plant itself) and time
of application may have huge impacts on the performance of these volatile mixtures, which
may require re-optimisation of concentrations of antifungal VOCs. In this scenario, increased
concentrations of compounds by maintaining the optimised ratios of VOCs may also work. It
can be speculated that the volatile cocktails may efficiently work in confined spaces such as
post-harvest storage systems rather than open-field applications even though the open-field
application of some VOCs have been demonstrated (Song & Ryu, 2013). Further
investigations are necessary to confirm these speculations.
Application of antagonists in open-field conditions may result in efficient biological control
rather than synthetic cocktails of VOCs, as synthetic cocktails continuously evaporate to the
atmosphere and frequent applications may be required for the persistent antifungal effect. In
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contrast, when the antagonist itself is applied, continuous synthesis and release of VOCs may
be expected unless other factors relevant for VOCs biosynthesis are exhausted.
The study described in Chapter 3 of this thesis investigated the combined effects of nutrient
uptake in terms of carbon and nitrogen supplementation, and growth temperature on the
synthesis of four A. pullulans antifungal VOCs under in vitro conditions. The RSM approach
used in this in vitro study predicted that the initial carbon concentration in the growth medium
had a significant impact on the upregulated production of ethanol and other higher alcohols
studied (Yalage Don et al., 2021). Glucose was used as the carbon source in this study as it
is one of the most abundant sugars present in most berry fruits, typically at the stage of harvest
(Muñoz-Robredo et al., 2011, Yamaki, 1984) and evidence from many other previous studies
for glucose as the most widely used carbohydrate to increase microbial VOCs and biomass
production (Zareian et al., 2018). However, the effect of other carbon sources such as fructose
or mixtures of different sugars on the synthesis of A. pullulans VOCs can also be assessed
(Gethins et al., 2015). Based on the results of this in vitro study, it can be speculated that when
A. pullulans is applied in planta, the available carbon content in the host plant part will play a
significant role in its VOCs-based antagonistic performance. However, it is important to
consider that the volatile production and composition may differ in planta rather than in vitro
applications, due to the impact of various other nutritional components and environmental
factors. Also, biotic factors such as the fungal growth on fruit berries directly reduces the fruit’s
sugar content, affecting the fruit quality (Wang et al., 2015). The same scenario could arise
when an antagonist is applied to the plant or berry surface. Widespread colonisation of
A. pullulans isolates in various plant parts including wounds, woods, leaves, and berries of
grapes, have been reported in previous studies (Pinto et al., 2018, Martini et al., 2009).
Therefore, the application of A. pullulans in an external growth medium will be an efficient
approach to utilise its antifungal VOCs production. In this scenario, enhancing VOCs
production by A. pullulans is crucial as it is the only mechanism which does not need direct
contact with the pathogen or host plant to exert antifungal activity.
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The RSM approach that was used in this study to investigate interactions and effects of
different growth factors, could also be used to optimise the values of each factor to yield a
maximum level of antifungal volatile production. It will be useful when the antagonists are
applied in field efficacy trials. The method could fix one or two factors at a certain level and
optimise the rest of the factors to result in a maximum output (Beg et al., 2003). For example,
if the application of an antagonist takes place at 25 C
̊ , the temperature can be kept constant
in the statistical software use for RSM, maximise the response and obtain the optimised values
for other factors to yield that maximised response. This approach, which enables the
optimisation of nutrient levels in external growth substrates and in response to temperature,
would be useful when applying antagonists in different seasons and varying environmental
temperature conditions. Although only three factors affecting microbial VOCs were assessed
in this study, the same approach can be used to evaluate the effect of other important factors
such as pH, availability of oxygen, moisture content and essential micronutrients on the
production of microbial VOCs (Zareian et al., 2018, Morath et al., 2012).
The mechanisms involved in the inhibition of B. cinerea and A. alternata by VOCs exposure
were investigated and reported in Chapter 4 of this thesis. The unravelled mechanisms
demonstrated that fungal mitochondria are one of the targets of A. pullulans antifungal VOCs.
In vitro experimental results suggested an induced ROS accumulation at the MRC enzyme
complex I (NADH-Ubiquinone Oxidoreductase) of B. cinerea and A. alternata as a result of an
impairment caused by A. pullulans VOCs (Chapter 4, Yalage Don et al., 2020b). Mitochondria
are considered as attractive targets for fungicide development (Steinberg et al., 2020) mainly
because the composition and respiratory enzymes of fungal mitochondria differ from their
mammalian counterparts (Wirth et al., 2016, Joseph-Horne et al., 2001). Strobilurins which
are complex III Qo site inhibitors (Wood & Hollomon, 2003) and boscalid (carboxamide
fungicide), a complex II inhibitor (Elad et al., 2004) are some examples of fungicides that target
mitochondria. Therefore, this is an important finding, which shows the ability to use
A. pullulans antifungal VOCs as a natural fungicide, specifically blocking complex I respiration
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activity of B. cinerea and A. alternata cells (Chapter 4). Apart from complex I, complex III and
complex IV are other enzyme complexes associated with oxidation/reduction reactions during
oxidative phosphorylation in mitochondria (Li & Calderone, 2017). Further investigations to
analyse the implications to those enzyme complexes of the MRC upon exposure to
A. pullulans antifungal VOCs are warranted. This knowledge will be important to give insights
into the extent of the fungicidal effect of A. pullulans VOCs. Other consequences due to this
impairment involved increased electrolyte leakage potentially due to the disruptions to
membrane permeability, and structural deformations of fungal cells, including the formation of
outgrowths (Chapter 4, Yalage Don et al., 2020b).
Another important aspect to consider when developing biocontrol strategies is the possibility
of resistance developing towards antifungal VOCs, and in general towards BCAs as natural
antifungals (Siegwart et al., 2015). Based on the mechanism of A. pullulans VOCs observed
in this study; the MRC enzyme complex I of B. cinerea and A. alternata appears to be one of
the target sites for its antifungal activity (Yalage Don et al., 2020b). Similar to synthetic
fungicides such as carboxanilides and QoIs (strobilurins) (Brent & Hollomon, 1995), which
target MRC enzyme complexes, there is a potential risk that the target pathogens may develop
resistance to antifungal VOCs produced by A. pullulans. While this may occur, as a BCA,
A. pullulans appears to have multiple modes of action, so resistance development is less likely
(Yalage Don et al., 2020a, Adikaram et al., 2002, Castoria et al., 2001). Despite this, long-term
assessments are necessary to identify possible risks of resistance development against
A. pullulans antifungal VOCs by B. cinerea and A. alternata.
From the results of the in vitro studies, it is evident that A. pullulans VOCs have a pronounced
antifungal activity on B. cinerea and A. alternata (Chapter 2 and 4). Future work will need to
determine if these antifungal properties also manifest in planta. The findings of the in vitro
studies described in this thesis are important as they provide the basis for further work
in planta. Previous studies involving various antifungal agents reported that the same
antifungal mechanisms occur both in vitro and in planta, against the same pathogens
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(Steinberg et al., 2020, Tahir et al., 2017). Some additional mechanisms such as induced host
defences were also observed under in planta conditions, which collectively accounted for the
final antimicrobial activity (Steinberg et al., 2020, Tahir et al., 2017).
An isolate dependent antifungal activity of A. pullulans VOCs for colony growth inhibition and
conidia germination inhibition of the two pathogens was evident in the in vitro experiments of
this study (Chapter 2, Yalage Don et al., 2020a). The biosynthesis of VOCs for two isolates of
A. pullulans growing under different environmental conditions was also variable (Chapter 3,
Yalage Don et al., 2021). Therefore, one of the future avenues for further research is to screen
a series of A. pullulans isolates for VOCs synthesis, in order to create a database with
information for their differential antifungal activity against different pathogens, under different
environmental conditions, and on different hosts. This will help in the selection of the best
isolate to control the specific pathogen(s) of interest and for the process of developing
commercialised biocontrol products. Moreover, the production of VOCs by the isolates used
in the present commercialised products, Botector and Boni Protect, can also be compared
with other isolates for their efficacy.
Overall, the results from the experiments conducted during this PhD study, together with
previously reported data using different A. pullulans isolates (Di Francesco et al., 2015b)
indicate that the isolates of A. pullulans examined in both studies are capable of producing
VOCs with antifungal properties. A promising antifungal activity for A. pullulans VOCs was
detected against B. cinerea and A. alternata in vitro. The newly devised experimental setup
and the approach described in Chapter 2 identified fourteen VOCs from A. pullulans
headspace and four compounds with high explanatory power in differentiating A. pullulans
headspace from blanks and pathogen inoculated samples. This approach will provide a robust
methodology for quantitative identification of microbial VOCs. According to the findings of this
study, ethanol showed the highest abundance in A. pullulans volatilome. Methodologies based
on the design of experiments and associated data modelling will disclose efficient strategies
for the identification of compound synergies and antifungal effects when using artificial
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cocktails of VOCs. The RSM used in this study revealed that ethanol and 2-phenylethanol as
key inhibitory compounds for both B. cinerea and A. alternata. The approach used in Chapter
3 revealed the combined effects of carbon, nitrogen, and temperature on A. pullulans
antifungal VOCs production and thereby gives insights to the implementation of this strategy
in future in-field applications. The knowledge of “How they work?” and “What are the
limitations?” will be important in improving the efficacy of BCAs, which supports the
development of effective means for application. According to the results of Chapter 3, initial
carbon content in the growth medium had the most significant effect on the upregulated
production of ethanol and other higher alcohols by the isolates of A. pullulans investigated in
the present study. The findings of Chapter 4 concluded that the antifungal activity of
A. pullulans VOCs primarily relies on the dysfunction of MRC complex I and triggering of ROS
accumulation that cause detrimental effects on B. cinerea and A. alternata cells.
Future directions arising from the results are discussed throughout this chapter. In addition,
studies around the antifungal mechanism of A. pullulans VOCs using other ‘omics’ techniques
are highly encouraged for a better understanding of the possible effects on plants and
pathogens at the molecular level. This will shed light on the better understanding of potential
risks associated with volatile fumigation, especially during in planta applications. Genomics,
proteomics and transcriptomics analysis which could elucidate the effects of these VOCs on
fungal and host plant genome and proteome may create a comprehensive picture of the
complete spectrum of A. pullulans volatile based antifungal effects. Future in planta
assessments of A. pullulans VOCs efficacy and validation of mechanisms involved in the
growth suppression of B. cinerea and A. alternata are warranted. As an advantage to
overcome the potential resistance emergence by pathogens, it may also be important to
investigate the occurrence of other modes of action by the isolates of A. pullulans used in this
study. The new knowledge generated from this multi-disciplinary research work contributes to
the global understanding of the overall biocontrol potential of A. pullulans, by producing VOCs
as one of several means to cause an antifungal activity. Considering the fact that many modes
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of action are involved together to generate the final outcome of antifungal activity, the
interaction among different mechanisms, together with the host/environmental natural
microbiome will rather require to be elucidated before practical implementations. This is
important as interaction with biotic and abiotic factors could change the functionality of a
biocontrol agent, and thus its antifungal activity. This information may lead to establishing an
effective and environmentally friendly means to control the destructive grey and black mould
diseases and assist in overcoming emerging disease resistance by B. cinerea and
A. alternata.
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Appendix A: Variable importance in projection scores and selectivity ratios plots
(Chapter 2)

Figure 1. Variable importance in projection scores and selectivity ratios to identify variables
with the most explanatory power to discriminate A. pullulans headspace from blanks and
pathogens. Peaks with a variable importance in projection score of greater than one and with
high selectivity ratios: ethanol (peak 5), 2-methyl-1-propanol (peak 16), 3-methyl-1-butanol
(peak 24) and 2-phenylethanol (peak 44), showed the greatest explanatory power for the
separation and were considered important target compounds for quantification and interaction
studies.
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Appendix B: Retention indices of sample peaks identified from Aureobasidium
pullulans and their authentic standards (Chapter 2).

Retention time of the

Retention time of the

sample peak

authentic standard

Ethanol

6.551

6.579

2-Methyl-1-propanol

9.394

9.389

3-Methyl-1-butanol

11.627

11.601

2-Heptanol

14.068

14.038

2-Nonanol

18.823

18.625

2-Phenylethanol

27.368

27.546

Acetone

4.933

4.908

2-Heptanone

11.266

11.265

2-Nonanone

16.469

15.975

Ethyl acetate

5.854

5.813

Ethyl butyrate

8.377

8.366

3-Methylbutyl acetate

9.994

10.06

2-Methylpropyl acetate

7.955

7.995

Volatile organic compound
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Appendix C: Colony diameter of A. alternata and B. cinerea in response to the
exposure to volatile organic compound mixtures (Chapter 2)
Table: Colony diameter of A. alternata in response to the exposure to volatile organic
compounds at three concentration levels in the Box-Behnken design.
Experimental
run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Factor 1
Et

Factor 2
3-MB

Factor 3
2-MP

Factor 4
2-PE

-1
0
0
1
1
0
0
1
0
1
-1
0
0
-1
0
0
-1
1
0
-1
0
0
0
0
0
1
-1

0
0
-1
0
0
1
-1
0
-1
0
0
0
1
0
0
0
1
1
0
0
1
1
0
0
-1
-1
-1

-1
0
-1
0
1
0
0
-1
0
0
1
-1
1
0
1
1
0
0
0
0
-1
0
0
-1
1
0
0

0
0
0
1
0
-1
1
0
-1
-1
0
-1
0
-1
1
-1
0
0
0
1
0
1
0
1
0
0
0
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Response
A. alternata
T1 colony
diameter
(mm)
25.50
20.25
21.00
15.25
15.75
20.00
19.00
15.25
22.00
15.75
25.50
20.75
20.00
23.50
19.25
21.50
23.00
14.75
21.00
23.50
19.75
20.75
20.25
18.75
21.25
14.75
24.00

Table: Colony diameter of A. alternata in response to the exposure to volatile organic
compounds at three concentration levels in the Box-Behnken design.
Experimental
run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Factor 1

Factor 2

Factor 3

Factor 4

Et

3-MB

2-MP

2-PE

-1
0
1
-1
-1
-1
0
0
0
1
-1
0
1
1
0
1
0
0
1
0
-1
0
0
0
0
0
0

0
-1
0
1
-1
0
1
0
0
0
0
1
0
1
-1
-1
0
-1
0
0
0
0
0
0
1
1
-1

-1
-1
0
0
0
0
1
1
0
0
1
0
-1
0
1
0
0
0
1
-1
0
-1
0
1
-1
0
0

0
0
1
0
0
-1
0
-1
0
-1
0
1
0
0
0
0
0
-1
0
1
1
-1
0
1
0
-1
1
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Response
1
B. cinerea
TN080
colony
diameter
(mm)
51.00
39.25
17.25
42.75
53.25
49.50
36.00
36.25
34.25
24.25
42.25
33.00
27.00
20.00
33.75
23.75
32.50
39.50
21.25
31.00
41.75
37.50
34.50
32.00
35.25
34.25
34.75

Response
2
B. cinerea
VRU0016
colony
diameter
(mm)
51.50
43.00
11.25
48.75
48.25
51.50
42.50
42.75
43.25
39.50
49.00
33.75
23.00
23.50
43.25
30.50
40.50
44.00
11.25
42.75
47.25
47.50
40.00
28.50
30.75
43.25
26.25

Appendix D: Experimental data for each measured analyte when peak area is
normalised to internal standard and dry biomass (Chapter 3)
Experiment 1: Low concentration range of carbon with both inorganic and organic
nitrogen
Aureobasidium
pullulans
isolates
A1

A3

Factors at three levels
Carbon
0
-1
0
1
-1
0
-1
1
0
0
0
0
1
-1
1
0
-1
0
1
-1
0
-1
1
0
0
0
0
1
-1
1

Nitrogen
0
1
0
0
0
-1
-1
-1
1
1
-1
0
0
0
1
0
1
0
0
0
-1
-1
-1
1
1
-1
0
0
0
1

Temperature
0
0
0
1
-1
1
0
0
-1
1
-1
0
-1
1
0
0
0
0
1
-1
1
0
0
-1
1
-1
0
-1
1
0
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Peak area normalised to internal standard and
dry biomass
Et
2MP
3MB
2PE
12323.5 675.2972 1159.763 1059.071
343.0393 604.8585 871.7611 2846.715
15947.42 1196.862 1486.382 2547.671
7549.806 449.5201 667.5095 1236.323
71.67845 117.3917 208.8281 440.8477
3507.282 488.9793 1005.36
1737.753
329.0307 332.4833 645.5067 6155.386
13059.25 679.2704 1179.448 2249.801
21787.29 1538.694 1275.852 740.3866
14065.13 1270.457 1733.239
7700.42
19151.08 1114.674 740.5699 969.1815
10677.28 712.2293 1262.096 2538.626
19934.37 1938.517 1367.235 1050.738
456.4299 149.9217 388.4027 2248.137
17320.14 906.7012 1414.18
1945.515
38265.82 1705.028 1556.953
3651.37
73.112
321.3777 194.1233 159.3114
34306.92 1630.983 1238.297 5379.172
21506.68 907.4204 1869.458 4150.807
40077.09 2651.137 1784.786
2498.67
37931.43 1762.904 1110.59
3740.526
19906.87 1026.942 422.5959 3673.592
16824.76 864.0795 550.2318 3336.594
42374.07 2082.58 1418.663 3685.444
10499.21 469.1797 452.5844 808.0303
51107.71 3701.473 857.3162
6251.76
23994.14 1011.444 1146.925 2932.196
45274.33 2019.387 1317.265
3110.11
17402.14 778.059 851.8032 1625.243
8296.724 428.8594 265.2564 1052.771

Experiment 2: High concentration range of carbon with both inorganic and organic
nitrogen
Aureobasidium
pullulans
isolates
A1

A3

Factors at three levels

Peak area normalised to internal standard
and dry biomass

Carbon

Nitrogen

Temperature

Et

2MP

3MB

2PE

0

0

0

16240.95

1510.833

1244.728

2636.671

-1

1

0

11718.55

1141.18

1059.667

2090.856

0

0

0

11908.64

1177.26

1294.008

2758.36

1

0

1

16372.41

1838.194

3219.945

2959.477

-1

0

-1

9559.008

1166.153

1053.76

594.7313

0

-1

1

7910.666

803.8997

1949.828

2607.463

-1

-1

0

8957.78

627.3671

1018.35

1593.565

1

-1

0

15188.04

1786.974

2043.653

4213.965

0

1

-1

4325.132

348.002

564.6595

2834.191

0

1

1

7360.568

797.1798

1004.514

655.5265

0

-1

-1

8365.78

1657.774

1528.511

1378.823

0

0

0

16583.17

1692.088

1945.235

3601.015

1

0

-1

14445.51

2363.671

2135.993

886.2537

-1

0

1

10361.3

396.2273

1542.32

856.5524

1

1

0

11252.46

1379.519

1766.899

1790.742

0

0

0

9281.904

1130.28

1302.453

3137.794

-1

1

0

7519.436

595.0333

902.8098

3487.577

0

0

0

12421.4

1258.094

1517.738

4265.12

1

0

1

4520.667

441.6522

708.4526

1196.72

-1

0

-1

14350

1681.691

1445.077

2116.193

0

-1

1

12417.53

1084.053

2144.784

5545.336

-1

-1

0

9683.717

367.9698

1250.983

3685.365

1

-1

0

16625.32

1592.98

2550.444

6254.774

0

1

-1

20396.96

1842.699

2255.643

3109.527

0

1

1

2753.19

132.4686

320.1099

762.6528

0

-1

-1

15529.1

1998.469

1759.456

3149.281

0

0

0

9098.713

1032.225

1276.131

4035.366

1

0

-1

13327.95

2011.898

1607.671

3012.194

-1

0

1

2028.688

58.09467

214.2828

715.5281

1

1

0

15092.07

1476.214

1862.087

4565.964
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Experiment 3: High concentration range of carbon with only amino acids as the
nitrogen source
Aureobasidium
pullulans
isolates
A1

A3

Factors at three levels

Peak area normalised to internal standard
and dry biomass

Carbon

Nitrogen

Temperature

Et

2MP

3MB

2PE

0

0

0

22067.66

1391.948

2376.006

3538.88

-1

1

0

9516.006

837.6242

1110.271

3234.37

0

0

0

15167.84

1602.564

4098.408

9073.427

1

0

1

17975.93

1700.312

5665.929

12713.02

-1

0

-1

7370.098

1034.652

1177.702

3958.235

0

-1

1

9633.993

1500.532

4281.956

7089.562

-1

-1

0

13362

2194.655

5027.439

11815.01

1

-1

0

10378.4

1819.639

4282.284

5771.592

0

1

-1

13035.04

1104.361

1774.674

6575.685

0

1

1

14193.69

1393.863

4066.137

4823.571

0

-1

-1

8651.359

1364.936

2442.502

1588.115

0

0

0
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Appendix E: Response surface and contour plots for non-significant
interactions between growth factors (Chapter 3)
Plots are not available for the Interaction terms which were excluded from the final fitted
models (Table 3).
Experiment 1: Low concentration range of carbon with both inorganic and organic
nitrogen
Isolate A1:
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Isolate A3:
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Experiment 2: High concentration range of carbon with both inorganic and organic
nitrogen:
Isolate A1:

Experiment 3: High concentration range of carbon and only amino acids
Isolate A1:
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Isolate A3:
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Total VOCs pool
Experiment 1: Low concentration range of carbon with both ammonium and amino
acids as the nitrogen source
Isolate A1:
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Isolate A3:
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Experiment 2: High concentration range of carbon with both ammonium and amino
acids as the nitrogen source
Isolate A1:
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Isolate A3:

Experiment 3: High concentration range of carbon with only amino acids as the
nitrogen source
Isolate A1:
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Appendix F: An article submitted to Acta Horticulturae as proceedings of the
Vth International Symposium on Postharvest Pathology, 2019.
Volatile organic compounds produced by Aureobasidium pullulans inhibit the growth
of Botrytis cinerea and Alternaria alternata

S.M. Yalage Don 1, L.M. Schmidtke, J.M. Gambetta and C.C. Steel
School of Agricultural and Wine Sciences, National Wine and Grape Industry Centre,
Charles Sturt University, Locked Bag 588, Wagga Wagga, New South Wales, 2678,
Australia

Abstract
Botrytis cinerea and Alternaria alternata are two necrotrophic fungal pathogens
causing grey and black mould respectively on horticultural crops, leading to
preharvest and post-harvest losses worldwide. Aureobasidium pullulans is a yeast-like
saprophytic fungus which naturally inhabits plant and fruit surfaces and is a potential
biocontrol agent against a wide range of pathogenic fungi. Production of antifungal
volatile organic compounds (VOC) has been postulated as one of the biocontrol
mechanisms of A. pullulans. In this study the efficacy of antifungal VOCs from four
A. pullulans isolates were tested in vitro against the mycelium growth and spore
germination of B. cinerea and A. alternata. Exposure to the headspace of four
A. pullulans isolates caused a 43-74 % reduction of colony diameter of B. cinerea and
35-47% for A. alternata compared to non-fumigated controls after three days of
incubation at 25 °C. A. pullulans VOCs also reduced spore germination of the two
pathogens, resulting in 15-70% germination for B. cinerea and 22-60% of germination
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for A. alternata. Non-fumigated controls resulted in 90% and 85% of spore germination
for B. cinerea and A. alternata respectively. Morphological deformations were also
observed in fumigated spores and growing germ tubes of the two pathogens when
exposed to the headspace of the A. pullulans culture. Further investigations are in
progress to identify A. pullulans VOCs responsible for these inhibitory activities.

Key words: biological control, bio-fumigation, grey mould, black mould, post-harvest
diseases

INTRODUCTION
Botrytis cinerea and Alternaria alternata are two globally important, destructive fungal
pathogens causing grey mould and black mould respectively in a wide range of horticultural
crops (Williamson et al., 2007; Estiarte et al., 2016). Infections during harvesting and handling,
progresses with time and disease symptoms develop during post-harvest storage. This results
in enormous losses of yield and fruit quality (Dal Bello et al., 2008).
The most common and reliable practice to control pre and post-harvest diseases is the
application of synthetic fungicides (Feliziani et al., 2013). However, long-term persistence of
fungicide residues in the soil (Cornelissen and Melchers, 1993) and development of resistance
or tolerance in target organisms have become serious issues (Brimner and Boland, 2003). As
an alternative strategy, biological control has gained popularity (Droby et al., 2016).
Aureobasidium pullulans is a yeast-like saprophytic fungus, inhabiting plant and fruit
surfaces (Pertot et al., 2017). The yeast has been identified as a potential biocontrol agent
against a wide range of pathogenic fungi, possessing various mechanisms such as
competition for nutrients (Castoria et al., 2001), induction of host defences (Madhupani and
Adikaram, 2017) and production of hydrolytic enzymes (Di Francesco et al., 2015a).
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Production of antifungal volatile organic compounds (VOC) has been investigated as one of
the biocontrol mechanisms of this yeast (Di Francesco et al., 2015b). This study investigates
the antifungal activity of the VOCs produced by four wine grape isolates of A. pullulans against
B. cinerea and A. alternata.

MATERIALS AND METHODS
Microorganisms
Four A. pullulans isolates (A1, A2, A3 and A4) and B. cinerea were obtained from
previously isolated cultures from wine grapes (Rathnayake et al., 2018). A. alternata was
isolated from a black mould infected tomato fruit and confirmed the identity by ITS gene
sequencing (MH931372).

Cell/spore suspensions
Fungal and A. pullulans cultures were sub-cultured on fresh potato dextrose agar (PDA)
plates and grown at 25 °C. Fungal spore suspensions were harvested by washing the agar
plate with 5 mL potato dextrose broth (PDB). Spores were counted using a haemocytometer
and concentrations were adjusted to 106 mL-1 using PDB containing Tween 80 (5% v/v).
Similarly, A. pullulans cell suspensions were prepared from each isolate separately, in sterile
distilled water from two day old cultures. Cells were counted using a haemocytometer and the
concentrations were adjusted to 108 mL-1.

Antifungal activity of A. pullulans VOCs on colony growth inhibition
The effect of VOCs on colony growth was evaluated using a double Petri dish method
as described by Gotor-Vila et al. (2017). A cell suspension of A. pullulans (108 cells mL-1, 100
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µL) as prepared above was spread on to a PDA plate, sealed and incubated at 25 °C for 48
h. A mycelial agar plug (7 mm diameter) from a 7-day-old fungal pathogen culture was placed
at the centre of another PDA base plate. A. pullulans and pathogen base plates were sealed
together with double layers of Parafilm and incubated at 25 °C for three days. The diameter
of the pathogen colony was measured on the third day of incubation. Measurements were
taken at four equally distant points along radial distances (A, B, C, D), around the peripheral
aspects of the colony margin commencing at a randomly chosen point and averaged. Six
replicates were performed for each A. pullulans isolate-pathogen combination and for negative
water controls.

Antifungal activity of A. pullulans VOCs on spore germination
A PDA plate was inoculated with a cell suspension of an A. pullulans isolate and allowed
to grow at 25 °C for 48 h. A spore suspension of either B. cinerea or A. alternata (106 spores
mL-1, 30 µL in PDB) was placed on a glass microscope slide, and placed in a second base
Petri plate lined with a moistened filter paper. A. pullulans inoculated PDA base Petri plate
was placed face-down on the base plate containing the microscope slide with the fungal
pathogen. The two plates were sealed together with double layers of Parafilm and incubated
for 5 h at 25 °C in darkness. A total of 200 spores were assessed for germination and recorded
as a percentage.

Statistical analysis
A mixed model analysis of variance (ANOVA) of the colony diameter was performed
with main effects (point of measurement (A, B, C, D) and treatment) and interaction. Significant
differences between treatments and points of measurement within a treatment were evaluated
using least significant difference (LSD) at a 95% confidence level. Data of the spore
germination assay were subjected to an analysis of variance (ANOVA) with Tukey’s mean
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separation test to evaluate significant differences among treatments at a 95% confidence
level. Analyses were conducted using SPSS ver. 24.0 (IBM SPSS Statistics 24).

RESULTS AND DISCUSSION
VOCs produced by the four A. pullulans isolates significantly reduced (P<0.05) the
colony growth of B. cinerea and A. alternata compared to the controls (Table 1). After three
days of incubation, the four A. pullulans isolates reduced the colony diameter of B. cinerea by
43-74%. The highest inhibition of B. cinerea was observed with A. pullulans A1, restricting the
colony growth to 1.33±0.11 cm. The least amount of inhibition was observed with A. pullulans
A3 resulting in a colony diameter of 2.93±0.16 cm. A. alternata colony diameter was reduced
by 35-47% upon exposure to A. pullulans VOCs. A. pullulans A2 and A3 caused the highest
and least inhibitory effects towards A. alternata resulting in 1.43±0.16 cm and 1.75±0.09 cm
growth respectively.
Colony diameter values are the means of four measurements along radial distance of
the colony. According to the mixed model analysis of variance, no significant effect (P>0.05)
was evident for the interaction between the point of measurement and treatments. Therefore
the observed differences of the colony growth are purely based on different treatments.

Table 1. Reduced colony growth of B. cinerea and A. alternata after three days of exposure to
VOCs produced by isolates of A. pullulans A1, A2, A3 and A4 in comparison with
unexposed controls.
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Treatment

Colony diameter (cm)
B. cinerea

A. alternata

Control

5.13 ± 0.181a

2.68 ± 0.09 a2

A. pullulans A1

1.33 ± 0.11 e

1.58 ± 0.10 cd

A. pullulans A2

1.89 ± 0.12 c

1.43 ± 0.16 d

A. pullulans A3

2.93 ± 0.16 b

1.75 ± 0.09 b

A. pullulans A4

1.57 ± 0.11 d

1.65 ± 0.08 bc

1

Data are the mean of six replicates ± the standard deviation of the means.

2

Means followed by different letters within a column are significantly different (P<0.05)

according to the test of least significant difference (LSD).

A. pullulans VOCs significantly (P<0.05) reduced spore germination of B. cinerea and
A. alternata compared to the untreated controls (Table 2). The four A. pullulans isolates used
in this study differed in their ability to supress spore germination of the two fungal pathogens.
A. pullulans A3 was the least inhibitory to both B. cinerea and A. alternata which resulted in
70% and 60% spore germination respectively. Non-fumigated controls resulted in 90% and
85% spore germination of B. cinerea and A. alternata respectively. The greatest inhibition of
B. cinerea spore germination was observed with A. pullulans A1 which allowed only 15%
spore germination. A. pullulans A2 resulted in only 22% spore germination of A. alternata
which was the greatest inhibitory isolate of the four A. pullulans isolates.
When examined by light microscopy, exposure to A. pullulans VOCs caused disruptions
to the spores and germ tubes in both B. cinerea and A. alternata, further confirming the
antifungal properties of A. pullulans (Figure 3).
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Table 2. Reduced spore germination of B. cinerea and A. alternata upon exposure to VOCs
produced by isolates of A. pullulans A1, A2, A3 and A4 in comparison with unexposed
controls.

Treatment

Spore germination (%)
B. cinerea

A. alternata

Control

90.0 ±1.01 a

85.2 ± 5.0 a2

A. pullulans A1

15.0 ±1.9 e

40.3 ± 2.3 c

A. pullulans A2

37.3 ±2.6 c

21.7 ± 2.5 d

A. pullulans A3

70.2 ±2.0 b

60.0 ± 4.3 b

A. pullulans A4

26.5 ±1.6 d

44.0 ± 2.8 c

1

Data are the mean of three replicates ± the standard deviation of the means.

2

Means followed by different letters within a column are significantly different (P<0.05)
according to the Tukey’s test.
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A

B

C

D

Figure 3. Deformed germ tubes and spores of B. cinerea TN080 (B) and A. alternata (D) upon
exposure to A. pullulans VOCs in comparison with unexposed controls of B. cinerea (A) and
A. alternata (C).

Previously Di Francesco et al. (2015b) demonstrated that VOCs from two strains of
A. pullulans, inhibited the spore germination of five post-harvest pathogens; B. cinerea,
Colletotrichum acutatum, Penicillium expansum, Penicillium digitatum and Penicillium
italicum. In planta infection of apples and oranges by the fungal pathogens studied was also
reduced by A. pullulans VOCs. 2-Phenylethanol, 3-methyl-1-butanol, 2-methyl-1-butanol and
2-methyl-1-propanol were identified from the A. pullulans volatilome by solid phase
microextraction gas chromatography analysis (Di Francesco et al., 2015b). Antifungal activity
of those individual compounds towards the pathogens examined was also confirmed (Di
Francesco et al., 2015b). Similar VOCs could be responsible for the antifungal activities that
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we observed in our study. Potentially there may be other as yet unidentified VOCs. Further
experimental work is therefore warranted to identify the A. pullulans volatilome.

CONCLUSION
The results of the present study show that A. pullulans VOCs were effective in controlling
the growth of B. cinerea and A. alternata in vitro. Hyphal growth and spore germination of both
pathogens were significantly (P<0.05) reduced compared to the non-fumigated controls.
A. pullulans VOCs have the potential to control grey mould and black mould post-harvest
diseases of horticultural crops.
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Appendix G: An abstract submitted to the 50th Australasian Plant Pathology

Society (APPS) Conference
A robust quantitative approach using SPME-GC-MS, identified the volatilome of the biocontrol
agent, Aureobasidium pullulans
Microbial antagonists have been explored as ecofriendly disease management alternatives to
synthetic fungicides. Production of antimicrobial volatile organic compounds (VOCs) has
become popular due to their biodegradability and activity regardless of a physical contact of
the targeted host. Quantitative identification of VOCs is important, as it provides the basis to
formulate artificial volatile cocktails, strain selection and growth condition studies to improve
VOCs production by biocontrol agents. To our knowledge, a robust automated technique for
quantitative analysis of microbial VOCs has not been reported. Aureobasidium pullulans is a
yeast-like fungus and a potential biocontrol agent. Initial experiments of our study
demonstrated a supressed growth of Botrytis cinerea and Alternaria alternata by A. pullulans
VOCs. In this context, we propose a novel approach for the quantitative analysis of A. pullulans
VOCs by automated solid phase microextraction-gas chromatography-mass spectrometry
(SPME-GC-MS), in an antagonist-pathogen interactive system. A. pullulans and either
B. cinerea or A. alternata were grown on two separate PDA layers in a headspace vial. To
facilitate accurate quantitation, an internal standard (2-methyl-4-pentanol in methanol) was
introduced, through the septum of the screw cap, on to a paper disc glued on a strip of
aluminium foil hanging on the wall, before GC-MS analysis. Multivariate Curve ResolutionAlternating Least Squares deconvolution of SPME-GC-MS spectra enabled the identification
of fourteen VOCs from A. pullulans. Acetone, 2-heptanone, ethyl butyrate,3-methylbutyl
acetate and 2-methylpropyl acetate were identified as new VOCs from A. pullulans. The
variables importance in projection scores and selectivity ratio of partial least squares
discriminant analysis models identified four compounds; ethanol, 2-methyl-1-propanol,
3-methyl-1-butanol and 2-phenylethanol, as important VOCs that discriminate between
A. pullulans and pathogens. These four compounds were quantified, and ethanol was the
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highest abundant VOC in A. pullulans headspace. Our findings introduce a novel, robust,
quantitative approach for microbial VOCs analyses in biocontrol studies.
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Appendix H: An abstract submitted to the RACI Natural Products Chemistry

Group Annual Symposium, 2019
A mixture of four volatile organic compounds identified from Aureobasidium pullulans,
suppresses the growth of Botrytis cinerea and Alternaria alternata
The use of microbial volatile organic compounds as natural products with antimicrobial
properties has become extremely popular in different host-pathogen interactions because of
their biodegradability, toxicity at low concentrations and bioactivity regardless of a physical
contact with the targeted host. The volatilome of Aureobasidium pullulans was investigated in
the current study as a potential biocontrol agent against a wide range of fungal
phytopathogens. Initial experiments demonstrated that the growth of Botrytis cinerea and
Alternaria alternata was suppressed after exposure to A. pullulans volatile organic compounds
(VOCs). A solid-phase microextraction-gas chromatography-mass spectrometry (SPME-GCMS) approach was employed for the quantitative identification of A. pullulans VOCs. A novel
setup was devised to grow both antagonist and pathogen without a physical interaction and to
add an internal standard prior to the GC-MS analysis. Multivariate curve resolution-alternating
least squares deconvolution of SPME-GC-MS spectra and subsequent analysis, revealed
fourteen VOCs from A. pullulans culture headspace. Acetone, 2-heptanone, ethyl butyrate,
3-methylbutyl acetate and 2-methylpropyl acetate were identified as new A. pullulans VOCs.
A partial least squares discriminant analysis model was applied to the volatilome of cultures
and variable importance in projection scores and selectivity ratios used to identify four VOCs;
ethanol, 2-methyl-1-propanol, 3-methyl-1-butanol and 2-phenylethanol with high explanatory
power to discriminate the headspace of A. pullulans inoculated samples from pathogens.
Those four compounds were quantified, and ethanol was the VOC with the highest abundance
in A. pullulans culture headspace. A Box-Behnken design with response surface modelling
approach determined the main effects and interactions among those four VOCs to suppress
the growth of targeted pathogens in vitro. The four compounds showed different inhibitory
levels. Ethanol and 2-phenylethanol were identified with significant (p<0.05) inhibitory effects
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against both B. cinerea and A. alternata. Our findings give insights into the potential use of
A. pullulans VOCs to control B. cinerea and A. alternata.
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Appendix I: An abstract submitted to the Vth International Symposium on

Postharvest Pathology
Volatile organic compounds produced by Aureobasidium pullulans inhibit the growth of
Botrytis cinerea and Alternaria alternata
Botrytis cinerea and Alternaria alternata are two necrotrophic fungal pathogens causing grey
and black mould respectively on horticultural crops, including tomatoes and grapes, leading
to enormous preharvest and post-harvest losses worldwide. Aureobasidium pullulans is a
yeast-like saprophytic fungus which naturally inhabits plant and fruit surfaces and is a potential
biocontrol agent against a wide range of pathogenic fungi. Production of antifungal volatile
organic compounds (VOC) has been postulated as one of the biocontrol mechanisms of
A. pullulans. In this study the efficacy of antifungal VOC from four A. pullulans isolates were
tested in vitro against two B. cinerea isolates from tomato and wine grapes and one
A. alternata isolate from tomato using a double Petri dish assay. Two base Petri dishes
containing PDA were stacked open-end to open-end. A. pullulans was inoculated on the upper
dish and the pathogen inoculated on the second (lower). Inhibition of radial growth of the
pathogen colony was measured. In a second experiment a Petri dish containing a glass slide
with a pathogen conidial suspension in PDB was exposed to the A. pullulans inoculated dish
to assess the inhibition of conidia germination. Exposure to the headspace of four A. pullulans
isolates caused a 37- 85 % reduction of colony diameter of B. cinerea and 35-47 % for
A. alternata compared to non-fumigated controls after three days of incubation at 25 °C. A.
pullulans VOC also inhibited conidial germination of the three pathogen isolates, by 29-75%
and 22-83% for the A. alternata and B. cinerea isolates respectively. Morphological
deformations were observed in fumigated conidia and germ tubes of the pathogens when
exposed to the headspace of the A. pullulans culture. To elucidate the nature of the
A. pullulans VOC, the culture headspace was analysed by SPME-GC-MS. Fourteen VOC
were identified that included alcohols, ketones and esters.
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Appendix J: An abstract submitted to the Metabolomics 2021 conference

Untargeted metabolomic analysis of Aureobasidium pullulans volatilome and its mechanistic
investigation for the inhibition of plant pathogenic Botrytis cinerea and Alternaria alternata
Botrytis cinerea and Alternaria alternata are devastating fungal pathogens infecting
horticultural crops worldwide. Microbial antagonists provide ecofriendly disease management
alternatives to synthetic fungicides. Aureobasidium pullulans, a yeast-like fungus, utilises
several antagonistic mechanisms including antifungal VOCs. This study quantitatively
analysed the A. pullulans volatilome and associated antifungal mechanisms against
B. cinerea and A. alternata in vitro to gain insights into potential biocontrol applications.
Confrontation experiments using double Petri dish assays demonstrated that exposure to A.
pullulans volatilome supresses pathogen growth. An untargeted metabolomic analysis of
dual culture headspace utilising a novel setup to grow both antagonist and pathogen in a
non-physical interactive space was undertaken using solid-phase microextraction-gas
chromatography-mass

spectrometry

(SPME-GC-MS).

Multivariate

curve

resolution-

alternating least squares deconvolution of spectra revealed fourteen A. pullulans VOCs with
five newly identified compounds from A. pullulans. Partial least squares discriminant analysis
models using extracted peak areas from SPME-GC-MS profiles were used to discriminate
samples class, and variables importance in projection scores and selectivity ratios identified
important features associated with sample discrimination. Ethanol, 2-methyl-1-propanol, 3methyl-1-butanol and 2-phenylethanol were high in discriminatory power. Ethanol was the
most abundant VOC in A. pullulans headspace. Response surface modelling determined
ethanol and 2-phenylethanol with significant (p<0.05) inhibitory effects against both
pathogens. Fluorescence microscopic analysis using 2’,7’-dichlorofluorescein diacetate and
mitochondrial respiratory chain (MRC) complex I inhibitor rotenone indicated that
A. pullulans VOCs may target MRC complex I, leading to mitochondrial dysfunction and
ROS accumulation in exposed mycelia. Insights from this study will assist in quantitative
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analysis of microbial VOCs in antagonist-pathogen interaction systems, strain selection and
elucidation of antifungal mechanisms of microbial VOCs.

Key words: Biological control, volatilomics, Aureobasidium pullulans, oxidative stress
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