Screening and evaluation of bacteria for the biological control of Botrytis

cinerea on Vitis vinifera

UNIVERSITY of the
WESTERN CAPE

By
Malikah Abrahams
A thesis submitted in fulfilment of the requirements for the degree of Magister Scientiae
In the
Department of Biotechnology
University of the Western Cape
Bellville

Supervisor: Dr Arina Hitzeroth

Co-supervisor: Prof Evodia Setati

December 2024



DECLARATION

I, Malikah Abrahams, declare that “Screening and evaluation of bacteria for the biological
control of Botrytis cinerea on Vitis vinifera” is my own work, that it has not been submitted
for any degree or examination in any other tertiary institution, and that all the sources | have

used or quoted have been indicated and acknowledged by complete references.
Full name: Malikah Abrahams

Date: 10.12.2024

Signature: /@-—/ :



ABSTRACT

Agriculture plays a significant role in food security and the economic sector. However, the
agriculture industry is threatened by plant pathogenic microorganisms, with fungi accounting
for 42% of plant diseases. Botrytis cinerea is the most notable of all plant pathogenic fungi.
B. cinerea is notoriously known to cause grey mould or grey rot in grapevine (Vitis vinifera),
which threatens viticulture. Chemical fungicides have been used to control it for many years,
however, chemical fungicides have negative effects on the environment and human health.
In addition, excessive use of chemical fungicides and the polycyclic nature of B. cinerea led to
the development of resistant strains, making it difficult to control. Alternative methods have
been investigated to control B. cinerea, such as using microorganisms as biological control
agents (BCAs). Therefore, researchers have been searching for BCAs that can control
B. cinerea. This study aimed to test bacterial isolates for antifungal activity against B. cinerea

and investigate their modes of action, which can aid in preventing grey mould in grapes.

The dual-culture assay was used as a preliminary screening method to test antifungal activity
against three B. cinerea strains (IWBT FF1, IWBT FF2, and B05.10). The bacterial isolates were
identified using 16S rRNA gene sequencing. Various experiments assessed the modes of action
behind the inhibitory activity, including testing for cell wall degrading enzymes (glucanases,
proteases, chitinases), evaluating competition for space and nutrients via siderophore
production on chrome-azurol S agar, and conducting an in vivo assay on wounded grape
berries. Antibiosis was evaluated by assessing the effect of the cell-free supernatant on the
development of B. cinerea strains. Additionally, polymerase chain reaction (PCR) was used to
detect genes related to cyclic lipopeptide (CLP) synthesis, and liquid chromatography-mass

spectrometry was used to determine if CLPs were expressed.

The bacterial isolates T1, T4, T7, T6, H1, ST2, and CFS50 showed antifungal activity against all
B. cinerea strains in the dual-culture assay and were found to belong to the genus Bacillus.
No bacterial isolates displayed chitinase activity. CFS50, T1, T4, T7, and H1 displayed both
glucanase and protease activity. T1, T4, T7, T6, H1, ST2, and CFS50 displayed siderophore
activity. In the in vivo grape assay, CFS50 had the lowest grey rot severity score of one when
tested against B05.10, which means there were no signs of infection upon visual inspection

of the grape berry. In the experiment to evaluate the effect of the cell-free supernatant on



the development of B. cinerea, the highest mycelium inhibition percentage against IWBT FF2
(67%) and B05.10 (70%) was detected for H1. The highest mycelium inhibition percentage
against IWBT FF1 (74%) was displayed for T4. Contrastingly, the cell-free supernatant of CFS50
could not inhibit the development of mycelium of the B. cinerea strains. We found that T1,
T4, T6, and ST2 contained all the CLP genes tested in this study: bacillomycin, iturin, fengycin,
surfactin, and bacylisin. T4, T7, and H1 underwent LCMS analysis. T4 and H1 expressed

bacillomycin, while T4, T7, and H1 all expressed surfactin.

Based on the antifungal activity and the various modes of action utilised by the bacterial
isolates to inhibit or suppress the development of B. cinerea, T1, T4, T6,T7, H1, ST2, and CFS50

have the potential to be developed and used as BCAs to control B. cinerea in grapevine.

Keywords: Botrytis cinerea, biological control agent, cyclic lipopeptides, antifungal

activity, and antibiosis.
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CHAPTER 1: LITERATURE REVIEW

1.1 Introduction

Agriculture is one of the major human activities in the economic sector and plays a significant
role in food security (Pawlak and Kotfodziejczak, 2020). However, plant pathogenic
microorganisms greatly threaten the agricultural industry (Bonaterra et al., 2022). Pathogenic
infections are estimated to cause at least 20-40% of crop losses, resulting in global losses of
USD 40 billion yearly (Roca-Couso et al., 2021). It was found that approximately 42% of plant
diseases are caused by fungi, and 27% are caused by bacteria (Roca-Couso et al., 2021).
Therefore, fungal pathogens are a major concern for the agricultural industry, affecting the

quality and yield of crops (Shukla et al., 2022).

Botrytis cinerea is the most notable of all plant pathogenic fungi, causing economic losses
ranging from USD 10 billion to 100 billion globally, especially for spoilage of fresh fruit and
vegetables (Hua et al., 2018). B. cinerea is a necrotrophic fungal pathogen, meaning that it
obtains nutrients from dead cells after penetrating the host (Bika et al., 2020; Roca-Couso et
al., 2021). Unlike most fungal post-harvest pathogens, B. cinerea has a broad host range. B.
cinerea infects shoots, leaves, flowers, fruits, tubers, and other plant organs in over 1400
ornamental and agricultural crop species across 586 genera (Droby and Lichter, 2007; Hatem
et al., 2023). B. cinerea has many modes of action (MOAs), can produce large numbers of
conidia on many inoculum sources, and has a wide range of environmental conditions under
which infection can occur (Altieri et al., 2023; Bika et al., 2020; Gonzalez-Dominguez et al.,
2015). Therefore, B. cinerea is responsible for a major global decline in the yield and quality

of field production as well as postharvest storage (Haidar et al., 2016b).

Viticulture is one of the most common forms of fruit crop cultivation in the world, which
significantly impacts human nutrition (Simone et al., 2020). Over the past ten years, 31.5
million tonnes of grapes were produced globally (Torres-Palazzolo et al., 2024). However, grey
mould (disease caused by B. cinerea) severely affects grape quality and production, resulting
in extensive economic losses (Maluleke et al., 2022). B. cinerea can infect a variety of grape
organs, such as rachides, leaves, flowers, green shoots, bunch trash (such as dead stamens,

tendrils, calyptras, aborted flowers, and berries), and ripening berries, as a parasite,



saprophyte, or necrotroph (Altieri et al., 2023). Grey mould results in rotting, shrivelling, and
biochemical changes in grapes that could reduce the quality of wine (Abbey et al., 2018).

Using chemical fungicides has been the primary method to control B. cinerea at pre- and post-
harvest for many years; however, its continued use comes with major challenges (Daugaard,
1999; Orozco-Mosqueda et al., 2023). Chemical fungicides threaten the environment and
human health because they produce residual waste, contaminating groundwater and soil
(Toral et al., 2018). The excessive use of chemical fungicides and the polycyclic nature of
B. cinerea led to the development of resistant strains, making B. cinerea difficult to control
(Abbey et al., 2018). Therefore, alternative techniques have been investigated to control
B. cinerea, such as the utilisation of non-pathogenic microorganisms as biological control
agents (BCAs), like yeasts, filamentous fungi, and bacteria, to reduce the incidence or severity
of crop diseases (Altieri et al., 2023; ElImer and Reglinski, 2006; Haidar et al., 2016b). BCAs are
effective in suppressing B. cinerea through a variety of mechanisms, including induction of
host plant resistance, parasitism, competition for nutrients and space, production of cell wall
degrading enzymes (CWDEs), and production of inhibitory metabolites such as lipopeptides
and volatile organic compounds (Fedele et al., 2020; Poveda et al., 2020). It is important to
know how bacterial isolates perform using different MOAs against B. cinerea to develop
sustainable and successful BCAs that are effective against B. cinerea on Vitis vinifera

(grapevine).

This literature review will aim to (i) understand the epidemiology and ecological background
of B. cinerea, (ii) discuss the spoilage potential of B. cinerea, focusing on the spoilage of
V. vinifera, (iii) highlight strategies used to control B. cinerea, and (iv) understand the MOAs

of a successful BCA.

1.2 Background of Botrytis cinerea as a fungal pathogen

B. cinerea belongs to the family Sclerotiniaceae, a well-researched and ancient fungal taxon
(Bi et al., 2023). Recent taxonomic evaluations have identified more than 35 Botrytis species,
with B. cinerea being the most well-known and extensively studied (Bi et al., 2023; Poveda et
al., 2020). Unlike most fungal post-harvest pathogens, B. cinerea has a broad host range.
B. cinerea infects shoots, leaves, flowers, fruits, tubers, and other plant organs in over 1400
ornamental and agricultural crop species across 586 genera (Droby and Lichter, 2007; Hatem

etal., 2023).



It primarily damages the mature or senescent tissue of dicotyledonous hosts, but it typically
enters these tissues much earlier in crop development and stays dormant before causing
tissue rot when the environment is favourable, and the host physiology changes (Williamson
et al., 2007). As a result, harvesting seemingly healthy crops and then transporting them to
markets causes significant economic losses (Petrasch et al.,, 2019; Williamson et al., 2007).
B. cinerea poses a significant risk to fruit and vegetables during cold storage and
transportation because it can grow effectively at refrigeration temperatures (Droby and
Lichter, 2007). Low temperatures and high humidity facilitate the rapid spreading of B. cinerea
(Droby and Lichter, 2007). B. cinerea mainly infects berries, grapes, and stored vegetables,
resulting in a disease called grey mould or grey rot (Hatem et al., 2023; Orozco-Mosqueda et
al., 2023). Grey mould is responsible for various symptoms that differ depending on the host
and will differ depending on the part of the host plant that is affected, as highlighted in Table
1.1 (Poveda et al., 2020). However, the most typical symptoms of grey mould include the
development of grey to brown-coloured masses on the surface of the host, which are clusters

of conidia (Poveda et al., 2020).

B. cinerea is challenging to control because of its ability to survive as conidia, mycelia, or
sclerotia in crop debris for extended periods; it has a variety of hosts as inoculum sources,
and B. cinerea has multiple attack modes (Bi et al., 2023; Williamson et al., 2007). The high
melanin and B-glucan content of sclerotia protect them from drying, UV radiation, and other
harmful environmental factors while starting new infection cycles (Hatem et al., 2023).
Although B. cinerea is a necrotrophic pathogen, it still requires exogenous nutrients to
colonise and invade the host (Bika et al., 2020; Roca-Couso et al., 2021). Exogenous nutrients
are essential for spore germination, germ-tube growth, and mycelium development
(Hamdache et al., 2019). Therefore, B. cinerea is highly vulnerable to competition (Williamson
et al., 2007). According to Elad and Freeman (2002), disease suppression can be achieved by
reducing the pathogen’s capacity to disseminate its spores, decreasing the induced resistance

in the host plant or virulence, and decreasing its saprophytic ability.



Table 1.1 Symptoms of spoilage caused by B. cinerea in various hosts.

Host

Symptoms

Reference(s)

Ornamental flowers

Raspberries

Flower blight: small water-soaked, brown
lesions on all parts (stems, petals, and leaves) of
the flower. Followed by necrosis and rotting of

petals, causing petals to drop.

Flower stalks, fruit, petals, and fruit caps are
affected: colour changes to light brown and
texture becomes soft. Berries dry up and
become covered with B. cinerea conidia that

look like grey, dusty powder.

(Bika et al., 2020)

(Carisse et al., 2017)



Tomatoes

Kiwifruit

Strawberries

Spore masses cover the infected area, which
looks like grey to brown furry mould. If the
stems become infected, it can cause girdling and
finally, wilting. Ghost rings or halos may form on

the tomato.

Infection starts at the stem, affects the pericarp,
and, ultimately the whole fruit, resulting in soft,
watery decay that is light to dark brown. Fungal
growth is visible, which is grey to white in
colour, if the kiwifruit is stored at room

temperature.

Flowers, leaves, and fruit are affected.
Symptoms include the development of light
grey to brown lesions near the stem. Spores will
cover the now dark brown lesions and will look
like fuzzy, grey masses. Leaves and blossoms

turn brown.

(Fiume and Fiume, 2006; Wakeham et al., 2016)

(Elfar et al., 2017)

(Chen et al., 2018; Vinson et al., 2021)



Grapes

Infected grapes are usually covered with spores
that look like powder that is grey to brown.
Characteristics of stem infection are brown
spots and berry shrivelling. Infected leaves have
dull green spots that turn brown and eventually

necrotic.

(Alajrami and Abu-Naser, 2019; Smith, 2019)




1.3 Life cycle of B. cinerea

A thorough understanding of the epidemiology of B. cinerea in vineyards is essential for the

effective application of biocontrol techniques (EImer and Regliriski, 2006).

The infection cycle of B. cinerea can be separated into different stages, which include: (i)
attachment of the conidia; (ii) germination; (iii) formation of appressoria and penetration of
host tissues; (iv) killing the host plant; (v) development of primary lesions and avoiding host
plant defences; (vi) disease progression and tissue maceration (Orozco-Mosqueda et al.,

2023). Important steps of the grey mould disease cycle caused by B. cinerea are shown in
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Figure 1.1 Overview of the infection cycle of B. cinerea starting from sources of inoculum and how it
produces conidia to the attachment, germination, penetration, and killing of the host, resulting in grey
mould. Conidiophores produce conidia on infected tissues, which serve as inoculum to restart the
infection cycle. Adapted from Boine (2012). (Created with BioRender.com).

1.3.1 Attachment of conidia

B. cinerea can survive as sclerotia and over-wintering as mycelium in grape debris (dead
leaves, mummified berries, canes, and tendrils) in vineyards (Gonzalez-Dominguez et al.,
2015). Conidia are produced from these sources, which is an important step in the grape
infection process because conidia are the most important form of inoculum for B. cinerea

(Gonzalez-Dominguez et al., 2015). Conidia are transported by air and attach themselves to



the host surface through physical surface interactions (Roca-Couso et al., 2021). A weak
attachment is initially formed through hydrophobic interactions between the host and
conidial surfaces (Roca-Couso et al., 2021). In addition, a matrix of B. cinerea enzymes forms
(lipases, plant CWDEs, cutinases, and proteases) that aid in preventing the hyphae of B.
cinerea from drying out and avoiding early host plant defences (Bi et al., 2023; Orozco-
Mosqueda et al., 2023). Strong histological evidence indicates that conidia primarily infect the
flower receptacle in grapes, with smaller infections of the stigma and styles (Williamson et
al., 2007). In addition to conidia being distributed by the air, they can also be distributed by

insects, wind, and rainfall (Dalmais et al., 2011).

1.3.2 Germination

When the conidia germinate, structures called germ tubes are formed, which firmly bind the
pathogen to the host (in this case, B. cinerea will be firmly bound to the grape) (Khadiri et al.,
2023). The extracellular matrix of the germ tubes acts as an adhesive to the host surface
(Roca-Couso et al., 2021). Conidia germination is dependent on several factors, such as
relative humidity (must be more than 93%), nutrient availability, and free surface water
availability (influences germ tube length) (Spada et al., 2024). Gases like ethylene can also

promote germination and hyphal growth and weaken the host (Spada et al., 2024).

1.3.3 Formation of appressoria and penetration of host tissues

Early-season infections are prevented from spreading by the host’s chemical and physical
defences, and the pathogen goes into a dormant or latent phase within the host tissue (Elmer
and Reglinski, 2006). However, when the host's defences naturally start to weaken, B. cinerea
resumes its pathogenic development in berries, having lain dormant until the post-véraison
period (colour change and berry ripening) (Elmer and Reglinski, 2006). When B. cinerea
invades the host, it must first get past the plant cell wall, which acts as the host’s first line of
defence (Hua et al., 2018). B. cinerea makes use of structures called appressoria, which
differentiates from the germ tube (Spada et al., 2024). At the host’s surface, an appressorium
forms a penetration peg that can crack the host cuticle (Spada et al., 2024). Appressoria are
essentially hyphal tips that facilitate breaching the plant cell wall (Talbot, 2019). However,
B. cinerea also secretes CWDEs to break down components of the cell wall (such as
polysaccharides and proteins) because the appressorium is not strong enough to invade hosts

(Huaetal., 2018). The CWDEs produced by B. cinerea are endopolygalacturonases that cleave



the bonds between bp-galacturonic acid residues in homogalacturonan, which is a cell wall
polysaccharide found in higher levels after fruit ripening. Hence, CWDEs can cause tissue
maceration, and, in turn, soft rot symptoms appear. These endopolygalacturonases are
encoded by the genes Bcpgl and Bcpg2. Bcpgl and Bcpg2 are crucial for the virulence of
B. cinerea (Cettul et al., 2008).

1.3.4 Killing the host plant

There are various methods that B. cinerea uses to kill the host plant (Rossi et al., 2011). The
first mechanism is the production of phytotoxic metabolites. Botcinic acid and sesquiterpene
botrydial are two categories of nonspecific phytotoxins identified for the full virulence of
B. cinerea (Rossi et al., 2011). Botcinic acid and botrydial have been shown to induce chlorosis
(Dalmais et al., 2011). Botrydial is also important for the cell collapse of the host plant, and
botcinic acid is key in necrotising the host tissue (Dalmais et al., 2011). Secondly, B. cinerea
produces many cell-death-inducing proteins (CDIPs), which are phytotoxic proteins that
manipulate plant-regulated cell death (Ullah et al., 2024). Lastly, B. cinerea modulates the pH
of host tissue, which is crucial for B. cinerea virulence (Bi et al., 2023). It was found that at pH
4, B. cinerea produced proteins that are linked to proteolysis, and at pH 6, CWDEs were
produced. This suggested that B. cinerea acidifies the host tissue as the infection progresses

(Bietal., 2023).

1.3.5 Development of primary lesions and avoiding host plant defences

Once B. cinerea has penetrated the plant's outer layers, such as the cuticle and cell wall, it
must deal with naturally occurring plant antimicrobial compounds called phytoalexins,
which significantly impact disease development (Bulasag et al.,, 2023). B. cinerea has

developed defence mechanisms against these mycotoxic plant metabolites (Bi et al., 2023).

During the infection process, B. cinerea triggers host plant responses, such as producing
reactive oxygen species (ROS) (Orozco-Mosqueda et al., 2023). However, B. cinerea can utilise
the ROS and produce its own ROS to increase pathogenicity. B. cinerea generates ROS as
metabolic byproducts or major products of NADPH oxidase known as NOX. NOX consists of
two catalytic subunits called BcNoxA and BcNoxB (Hua et al., 2018). BcNoxB is responsible for
the production of ROS, ascospore germination, and penetration of host tissues, whereas
BcNoxA is responsible for cellulose degradation, conidial anastomosis, fruiting body

development, and sclerotia formation (Marschall et al., 2016). Sclerotia form within dying
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host tissues and are an important survival mechanism for B. cinerea. Sclerotia are protected
from desiccation, UV radiation, and microbial attack by their melanised rind and the B-glucans
covering the internal mycelium for extended periods (Williamson et al., 2007). This allows B.
cinerea to survive under unfavourable environmental conditions (Hua et al., 2018). In
temperate regions, sclerotia begin to grow in early spring to produce conidiophores and
multinucleate conidia, which are used as the main source of inoculum in crops (Williamson et

al., 2007).

1.3.6 Disease progression and tissue maceration

At this point, the hyphae of B. cinerea grow invasively and decompose the plant tissues quickly
(Dalmais et al., 2011). Mycelium may survive in infected dead host tissues that are left behind
as crop waste and in certain seeds, where it can act as inoculum (Williamson et al., 2007).
Masses of mycelium can be found in dead leaves, flowers, and mummified grapes, where

conidia can be produced to start the infection process again (Williamson et al., 2007).

1.4 Spoilage of V. vinifera by B. cinerea

Viticulture is one of the most common forms of fruit crop cultivation in the world, which has
a significant impact on human nutrition (Simone et al., 2020). Over the past ten years, 31.5
million tonnes of grapes were produced globally (Torres-Palazzolo et al., 2024). Grapes are
used to make various products like juice, grape juice concentrate, wine, and raisins and are
used as fresh fruit (table grapes) (Alston and Sambucci, 2019).

Table grapes exhibit low physiological activity and are not climacteric (Ahmed et al., 2018).
Mature table grapes are abundant in carbohydrates, minerals, various antioxidants, and
vitamins (Torres-Palazzolo et al., 2024). During postharvest handling, cold storage, and
distribution, table grapes are susceptible to significant water loss and softening, potentially
leading to issues like wilting, berry shattering, berry shrivelling, and stem browning (Ahmed
et al., 2018). The perishable nature of grapes also contributes to a decrease in grape quality
postharvest (Sharma, 2018). As a result, more studies have focused on determining how to
extend the shelf life of table grapes, especially during export, while maintaining the general
quality of the product (Simone et al., 2020). In addition to the intrinsic properties and physical
handling of grapes, grape spoilage is mainly caused by microbial spoilage, more specifically,
fungal spoilage (Sharma, 2018; Tournas and Katsoudas, 2005). The microorganisms

responsible for grape rot include Alternaria alternata, Cladosporium, Rhizopus species,
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Penicillium species, Aspergillus, and B. cinerea (Maluleke et al., 2022; Tournas and Katsoudas,
2005). B. cinerea is the main causative agent of table grape spoilage, due to grey rot or grey
mould, as seen in Figure 1.2 (Maluleke et al., 2022).

B. cinerea can damage all parts of grapevines, but it causes the most harm to ripening berries
(Fedele et al., 2020). As the berries ripen, they become more susceptible to infection due to
physiological changes and environmental conditions (Fedele et al., 2020). Infections in mature
grape berries are more likely to occur between 15-25°C and with increased exposure to high
relative humidity. Furthermore, infections are more likely to occur in wounded berries than
in unwounded berries (Gonzalez-Dominguez et al., 2015). When B. cinerea infects grapes, the
most striking sign of infection is the appearance of a powder that is grey to brown, which is
spores covering the grape berry (Alajrami and Abu-Naser, 2019). Characteristics of stem
infection include brown spots and berry shrivelling (Smith, 2019). B. cinerea often spreads
from decayed fruit to adjacent healthy fruit, promoting the infection's proliferation and
leading to a cluster of spoiled berries, resulting in considerable crop loss (Ahmed et al., 2018).
The fruit's stem end, rich in nutrient exudates, allows the fungus to penetrate and infect fresh

fruit. The infection then extends throughout the fruit, inflicting damage (Ahmed et al., 2018).

Figure 1.2 Grey rot or grey mould caused by B. cinerea on ltalia grapes. Taken from Ahmed et al.
(2018).

Conversely, the spoilage of grapes by B. cinerea can be beneficial for the wine industry at
times, particularly when wanting noble rot. (Danké et al., 2021). Noble rot refers to a
distinctive fungal infection by B. cinerea on grapes (Dankd et al.,, 2021). Contrary to the
common and destructive Botrytis infection called bunch rot or grey rot, noble rot enhances
the quality of grapes, enabling the creation of sweet wines with intense aromas (Magyar,

2011). Botrytised grapes develop under specific environmental conditions, characterised by
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cold, humid nights and sunny, dry days (Li et al., 2021). The skin of the grapes becomes
permeable, and water evaporates due to the infection process (Vannini and Chilosi, 2013).
This causes the berries to shrivel and increases the concentration of acids, metabolites, and
glucose (Vannini and Chilosi, 2013). The wounded epidermis of the grapes allows
microorganisms to enter the grape and consume its nutrients easily (Li et al., 2021). Rich and
complex flavours are produced in grape berries due to the natural fermentation of nutrients
caused by the utilisation of nutrients by different microorganisms like bacteria and yeasts (Li

etal., 2021).

1.5 Controlling B. cinerea

Using chemical fungicides has been the key approach to control B. cinerea at pre- and post-
harvest for many years; however, its continued use comes with major challenges (Daugaard
1999; Orozco-Mosqueda et al., 2023). Chemical fungicides threaten the environment and
human health by producing residual waste and contaminating groundwater and soil (Toral et
al., 2018). Restrictions have been placed on the use of fungicides during the ripening process
to reduce or eliminate chemical residues found in grapes and wines (Fedele et al., 2020). The
excessive use of chemical fungicides and the polycyclic nature of B. cinerea led to the
emergence of resistant strains, making B. cinerea difficult to control (Abbey et al., 2018). As a
result, various strategies using natural compounds (essential oils and edible coatings),
physical technologies (ultrasound and hot water treatments), and microorganisms (yeast,
fungi, and bacteria) have been developed as alternatives for the integrated management of
grey mould in grapes (Simone et al., 2020). These alternative strategies are important in the
context of organic or agroecological table grapes (Torres-Palazzolo et al., 2024). The growing
consumer demand for safer, higher-quality, and healthier foods has contributed to the

widespread adoption of organic viticulture (Torres-Palazzolo et al., 2024).

One promising alternative is the use of microorganisms as BCAs (Fedele et al., 2020). In recent
years, BCAs have gained recognition for their favourable characteristics, including higher
selectivity and lower manufacturing costs (Roca-Couso et al., 2021). Environmentally, they
are more efficient as they do not release toxic compounds; they reduce the negative effects
of plant pathogens and promote positive plant responses (Roca-Couso et al., 2021). BCAs
prevent plant diseases by using various MOAs, which is an important characteristic to possess

because B. cinerea tends to develop resistant strains (Kohl et al.,, 2019; Poveda et al., 2020).
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Many studies have documented the isolation of antagonistic microorganisms and made use
of their potential to suppress or control plant diseases caused by pathogenic microorganisms
like B. cinerea (Cordero-Bueso et al., 2017; Haidar et al., 2016b; Mian et al., 2024; Qessaoui

et al., 2024).

Yeasts, fungi, and bacteria can be used as BCAs and have been found to be effective as active
ingredients in commercial biofungicides (Jacometti et al., 2009; Junaid et al., 2013). These
BCAs can utilise various MOAs to control grey mould, highlighted in Figure 1.3 (Boro et al.,
2022). Although filamentous fungi (such as Trichoderma) and yeast-like fungi (such as
Aureobasidium pullulans) are widely studied and used as BCAs, there are also several bacteria
that have been shown to use multiple MOAs required to limit disease development
(Bonaterra et al., 2022; Poveda et al., 2020). Pseudomonas fluorescens, Bacillus spp., Bacillus
circulans, Brevibacillus, Bacillus subtilis, and Serratia liquefaciens are among the bacterial

BCAs that are active against B. cinerea on grapes (ElImer and Reglinski, 2006).
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Figure 1.3 Modes of action utilised by biological control agents to inhibit B. cinerea, thereby,
preventing the development of grey mould on grapes. Adapted from Alamoudi (2023) and Roca-Couso
et al. (2021). (Created using Biorender.com).
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Some biofungicides are composed of bacteria and their metabolites as active ingredients that
have been tested and commercialised to control grey mould (Jacometti et al., 2009; Junaid et
al., 2013). Examples of these biofungicides include KODIAK® HB and Serenade® ASO, which
use B. subtilis as an active ingredient, and Bio-Save®, which uses Pseudomonas syringae as an
active ingredient (Hyun-Ju et al.,, 2007; Sweany et al., 2019). Even though there have been
numerous reports of B. cinerea being successfully controlled by BCAs in laboratory settings,
very few of these have shown field efficacy, and even fewer have been turned into
commercial products (Alkilayh et al., 2024). Many factors could affect the efficacy of BCAs,
such as abiotic and biotic factors, and the formulation and combination of the BCA, which are
highlighted in Figure 1.4. (Boro et al., 2022). For example, the temperature requirements of
B. cinerea and BCAs present a significant challenge when it comes to creating an effective BCA
(Tut et al., 2021). It was found that B. cinerea thrives across a broad temperature range, with
an optimal range of 15-20°C (Bell et al., 2021). However, most Bacillus species, commonly
utilised for controlling B. cinerea, have an optimal temperature range of 20-25°C (Abbey et
al., 2018). Considering B. cinerea's rapid colony expansion and conidia production, there is a
high probability of space colonisation by B. cinerea at temperatures below 20°C in practical
field applications. This scenario can greatly compromise the effectiveness of BCAs, particularly
those whose mechanisms of action involve competing for space and nutrients (Abbey et al.,

2018).
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Figure 1.4 Factors affecting the efficacy of biological control agents. Adapted from Boro et al. (2022)
(Created using BioRender.com).

1.6 Biological control agents’ modes of action

B. cinerea is one of the primary plant pathogens that is very difficult to control. B. cinerea can
survive and even thrive under unfavourable conditions for long periods, infect various hosts,
and have many mechanisms of action (Bi et al., 2023; Bika et al.,, 2020). Given these
complexities and the negative effects of the existing chemical fungicides used to control
B. cinerea, it is important to isolate and investigate BCAs with multiple MOAs as an
alternative to control B. cinerea (Abbey et al., 2018; Bonaterra et al., 2022). BCAs are effective
in suppressing B. cinerea through a variety of mechanisms, including competition for nutrients
and space, production of CWDEs, and production of inhibitory metabolites like cyclic

lipopeptides (Fedele et al., 2020; Poveda, 2020).

1.6.1 Competition for space and nutrients

Competition occurs when microorganisms in the same environment compete for the available
nutrients and space; in this case, it would be the BCA competing with B. cinerea for required

resources (Haidar et al., 2016b). Although B. cinerea is a necrotrophic pathogen, meaning that
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it obtains nutrients from dead cells after penetrating the host, it still requires exogenous
nutrients to colonise and invade the host (Bika et al., 2020; Roca-Couso et al., 2021).
Exogenous nutrients are essential for spore germination, germ-tube growth, and mycelium
development (Hamdache et al.,, 2019). It has been noted that post-harvest BCAs that can
rapidly colonise fruit wounds before B. cinerea play an important role in reducing grey rot
severity in fruit (Haidar et al., 2016b). BCAs with this characteristic are mostly found in yeast

because they can grow rapidly and form biofilms (Haidar et al., 2016b).

Bioassays can be performed by using seedlings, wounded fruit, or necrotic host tissues as a
means of screening the efficacy of competitive antagonists (Kéhl et al., 2019). Cordero-Bueso
et al. (2017) conducted a study to test the inhibitory effect of yeast antagonists on wounded
grapes and found that strains of Pichia kluyveri could effectively inhibit the growth of B.
cinerea. Compared to the inhibitory effect of a commercial fungicide, P. kluyveri was more
effective in inhibiting the growth of B. cinerea. Competition for nutrients was the main MOA
whereby the strain Pseudomonas syringae strain L-59-66 could inhibit the growth of B. cinerea

on pears (Mari et al., 1996).

An attractive characteristic for BCAs to possess is the ability to compete for rare, essential
micronutrients such as iron (Junaid et al.,, 2013). The uptake of iron takes place via iron-
binding ligands called siderophores (Junaid et al., 2013). Siderophores are produced by many
yeasts, bacteria, and fungi in response to a shortage of iron. Siderophores are a group of
secondary metabolites with molecular weights ranging from 500 to 1500 Da (Deb and Tatung,
2024). Siderophores function by sequestering iron from pathogens (Prema and Selvarani,
2012). This means that if the BCA produces siderophores, it could solubilise, capture, and take
the inorganic iron to the cells until the iron is completely depleted from the environment,
making it unavailable to the pathogen, resulting in pathogen inhibition (Deb and Tatung,

2024; Santos-Villalobos et al., 2012).

Rhodotorula species, Pseudomonas species, and Bacillus species have been documented to
produce siderophores, which played an important role in controlling the growth of B. cinerea
(Bolivar-Anillo et al., 2021; Convertini et al., 2015; Qessaoui et al., 2024). In the studies
conducted by Bolivar-Anillo et al. (2021), Convertini et al. (2015), and Qessaoui et al. (2024),
Chrome-azurol S (CAS) was a common reagent used in experiments to detect the production
of siderophores. The CAS plate assay can be used as a semi-quantitative method to detect
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siderophore production. Yellow to orange halos around the area of inoculation are an
indication of siderophore production (Gamit and Tank, 2014; Prema and Selvarani, 2012). The
principle behind the colour change from blue to yellow or orange is that the siderophores
scavenge iron from a Fe-CAS-hexadecyltrimethylammonium bromide complex, resulting in

the release of the CAS dye (Himpsl and Mobley, 2019).

1.6.2 Production of cell wall degrading enzymes

Some microorganisms can produce CWDEs, which are attractive characteristics for BCAs
because CWDEs can interfere with the growth and metabolic activities of fungal pathogens
like B. cinerea (Haidar et al., 2016b). These enzymes include glucanases, proteases, and
chitinases (Haidar et al., 2016b). Most fungal cell walls, including B. cinerea, have a layered
structure that consists of glucans (a- and B-glucans), chitin, and proteins, which are
represented in Figure 1.5A (Oztekin and Karbancioglu-Guler, 2024; Roca- Couso et al., 2021).
The cell wall of B. cinerea is responsible for many functions, such as protecting B. cinerea from
the environment, maintaining the cell shape of B. cinerea, surface attachment, maintaining
the mechanical rigidity of the hyphae, spore germination, appressoria and germ tube
formation, and promoting mycelial growth (Ajuna et al., 2023; Chardonnet et al., 1999). As
seen in Figure 1.5B, employing enzymes that can hydrolyse cell wall components could change
the physiology and morphology of the fungal cell wall, which could result in decreasing the

pathogenicity of B. cinerea.
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Figure 1.5 Representation of the fungal cell wall. The yellow and purple vertical chains represent the
B-glucan layer, the horizontal green chain represents the chitin layer, and the horizontal blue chain
represents the protein layer. A: fungal cell wall fully intact before being subjected to cell wall
degrading enzymes (chitinases, proteases, p-1,3-glucanase, and B-1,6-glucanase). B: degraded fungal
cell wall after being subjected to cell wall degrading enzymes (chitinases, proteases, B-1,3-glucanase,
and B-1,6-glucanase). Adapted from Ajuna et al. (2023).
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A simple and cost-effective method to screen for CWDEs is by supplementing nutrient agar
with the appropriate substrates. Media supplemented with chitin azure can be used to screen
for chitinases (Howard et al., 2003). Chitin consists of repeating N-acetyl-D-glucosamine
(GIcNAC) units and is a monomer of fungal cell walls (Howard et al., 2003). Chitin azure is
chitin covalently linked with the dye Remazol Brilliant Violet 5R (Shen et al., 2010). Chitinases,
which are glycosyl hydrolases, can hydrolyse chitin by cleaving the B-1,4 linkage of GIcNAc
(Thakur et al., 2023). Chitinase activity was indicated by a clear zone around the potential
BCA, as shown in Figure 1.6A (Howard et al., 2003). Maluleke et al. (2022) screened for B-1,3-
glucanases by performing a dual culture assay on media supplemented with laminarin.
Laminarin consists of glucosyl units joined by B-1,3-glycosidic bonds (Herrera and Castellanos,
2019). Exo-B-1,3-glucanase and endo-B-1,3-glucanase are hydrolytic enzymes that can break
down glucan. Endo-B-1,3-glucanase functions by randomly cleaving the glycosidic bonds
along the B-glucan chain, whereas exo-B-1,3-glucanase functions by cutting the non-reducing
end of glucose residues (Wu et al., 2021). A clear zone around the BCA of interest grown on
the media supplemented with laminarin was indicative of glucanase activity as shown in
Figure 1.6B (Maluleke et al., 2022). Skimmed milk agar can be used to detect proteolytic
activity because it contains the protein substrate casein (Aryal, 2022; Chen et al., 2018).
Proteins in the fungal cell wall can be hydrolysed by proteases. Proteases cleave the peptide
bonds to form single amino acids (Kieliszek et al., 2021). A clear zone around the inoculation
area indicates proteolytic activity due to casein degradation as shown in Figure 1.6C (Aryal,

2022).

Similarly to most bacterial BCAs MOAs, Bacillus and Pseudomonas species are known to
produce CWDEs that contribute to the inhibition of B. cinerea (Roca-Couso et al., 2021).
Essghaier et al. (2009) conducted a study where bacterial strains were evaluated for
the biocontrol activity of grey rot on strawberries. They found that the strains Bacillus pumilus
M3-16, B. subtilis B1-33 and TerriBacillus were positive for protease, glucanase, and chitinase
activity, which contributed to disease incidence reduction and mycelial growth inhibition. In
addition to hydrolysing the components of fungal cell walls for inhibition, bacteria such as
Pseudomonas and Bacillus have been used to induce host plant resistance to stimulate the

host enzymatic activity preventing fungal growth and infection (Mian et al., 2024).
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Figure 1.6 Representation of positive results for enzymatic activities on agar supplemented with
various substrates. A: Chitinase activity is indicated by a clear zone around the area of inoculation on
agar supplemented with chitin. B: Glucanase activity indicated by a clear zone on agar supplemented
with laminarin. Since the dual culture technique was used to test the glucanase activity, the mycelium
inhibition percentage could be calculated. “Weak” meant that the mycelium inhibition percentage
was <50, and “strong” meant that the mycelium inhibition percentage was >50. C: Protease activity is
indicated by a clear zone surrounding the inoculation site on skimmed milk agar. Taken from A:
Rebecca (2013) B: Maluleke et al. (2020). C: Chen et al. (2018).

1.6.3 Production of cyclic lipopeptides

The production of secondary metabolites is a well-known phenomenon that contributes to
the biocontrol activity of many BCAs (Kohl et al., 2019; Nehra et al., 2021). Cyclic lipopeptides
(CLPs) are a class of secondary metabolites (cyclic amphiphilic oligopeptides) that play an
important role in biocontrol. This was demonstrated in numerous Bacillus species, such as
B. subtilis, B. velezensis, B. amyloliquefaciens, and B. pumilus (Rochette et al., 2022; Toral et
al., 2018). CLPs are synthesised by non-ribosomal peptide synthetases (NRPSs), which are
multi-enzyme complexes (Toral et al., 2018). CLPs are low molecular weight molecules with a
hydrophilic protein moiety attached to a hydrophobic lipid tail (Pretorius et al., 2015). There
are three main CLP families: iturin, fengycin, and surfactin (An et al., 2024). The MOAs in which
these CLPs inhibit the growth of fungal pathogens include cell membrane disruption, inducing

host plant resistance, and stimulating biofilm formation (Sreedharan et al., 2023).

Figure 1.7 highlights various methods for detecting CLP synthesis, which can be used to
evaluate the role of CLPs in controlling fungal pathogens like B. cinerea. These include
metabolite analysis using liquid-chromatography coupled with mass spectrometry (LC-MS),
gene expression analysis, and dual culture assays for screening purposes. The dual culture
assay can evaluate the inhibition of hyphal growth or spore germination in vitro using
bacterial supernatants or purified metabolite concentrations (Kohl et al., 2019). These assays

are cost-effective and fast, and results can be easily quantified by measuring colony sizes (Kohl
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et al., 2019). Identifying genes for synthesising antifungal compounds from strains that show
antifungal activity can be linked to CLP synthesis (Santos et al., 2023). This can be done by
performing PCR using primers that target CLP genes and, thereafter, visualising the
corresponding band size on an agarose gel (Bddalo et al., 2023). LC-MS can be used to confirm
the presence of CLPs in a crude extract (Nannan et al., 2021). Most studies on biocontrol use
the acid-precipitation method to extract CLPs and remove low molecular weight impurities
(Rangarajan and Clarke, 2016). Thereafter, the extract is subjected to LC-MS. LC-MS allows for
detecting gene products that encode antifungal compounds (Farzand et al., 2019). LC-MS has
many advantages over techniques with similar functions (like high-performance liquid
chromatography), such as being more accurate and sensitive, and LC-MS has high throughput

(Farzand et al., 2019).

Toral et al. (2018) conducted a study whereby they evaluated the antifungal activity (against
B. cinerea) of CLPs produced by a Bacillus strain. During their study, they performed the dual
culture assay and PCR targeting genes associated with CLP synthesis. It was found that Bacillus
CLPs could inhibit B. cinerea up to 72%, and the genes of three main CLP families were
detected (Toral et al., 2018). Similarly, Cozzolino et al. (2020) found that in the dual culture
assay, the cell-free supernatant inhibited B. cinerea and A. alternata. The three CLP families
were detected via PCR. LCMS analysis revealed CLPs belonging to the fengycin family
contributed to the biocontrol potential of Bacillus isolate SL-6 for controlling diseases caused

by pathogenic fungi like B. cinerea and A. alternata (Cozzolino et al., 2020).
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Figure 1.7 Different methods that could be used to characterise and identify cyclic lipopeptides
produced by biological control agents. Adapted from Ruiz et al. (2024). (Created using
BioRender.com).

1.7 Conclusion

B. cinerea is the most notable of all plant pathogenic fungi, causing huge economic losses.
B. cinerea is challenging to control because it has many modes of action, can produce conidia
on many inoculum sources, has various environmental conditions under which infection can
occur, and has a broad host range. Viticulture is one of the most common forms of fruit crop
cultivation in the world, which significantly impacts human nutrition. However, grey mould
severely affects grape quality and production, which is the disease caused by B. cinerea. Grey
mould results in rotting, shrivelling, and biochemical changes in grapes that could reduce the

quality of wine.

Using chemical fungicides has been the main method to control B. cinerea, however, its
continued use has many negative effects. Therefore, using microorganisms as BCAs is a
promising method to control B. cinerea. This study focuses on utilising bacteria to control B.

cinerea. BCAs are effective in inhibiting B. cinerea through various MOAs, including induction
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of host plant resistance, parasitism, competition for nutrients and space, production of
CWDEs, and production of inhibitory metabolites such as cyclic lipopeptides and volatile
organic compounds. This study focuses on using various techniques to assess the bacterial
isolates’ MOAs against B. cinerea to potentially develop sustainable and successful BCAs that

are effective against B. cinerea on V. vinifera.

1.8 Research Objectives
1.8.1 Problem Statement

Grey mould is a disease caused by B. cinerea, severely affecting grape quality and production.
Chemical fungicides have been the main method of controlling B. cinerea for many years;
however, its continued use comes with major challenges. Chemical fungicides threaten the
environment and human health because they produce residual waste, contaminating
groundwater and soil. The excessive use of fungicides and the polycyclic nature of B. cinerea
led to the development of resistant strains, making B. cinerea difficult to control. Therefore,
alternative techniques should be investigated to control B. cinerea, such as using non-
pathogenic microorganisms as BCAs to reduce the incidence or severity of grey mould in

grapes.

1.8.2 Aims and Objectives

This study aimed to test bacterial isolates from food and vineyard soil for antifungal activity
against Botrytis cinerea, a fungal pathogen of grapevine (Vitis vinifera). This study also aimed
to investigate the modes of action of the bacterial isolates against B. cinerea, which could aid

in preventing grey mould in grapes.
The objectives set out to achieve these aims were:

Using in vitro and in vivo assays to test antifungal activity against B. cinerea.
Detecting the production of fungal cell wall degrading enzymes.

To evaluate antibiosis as a mode of action through experimental investigations.

al A

To evaluate competition for space and nutrients as a mode of action through

experimental investigations.
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CHAPTER 2: MATERIALS AND METHODS

2.1 General Chemicals and Reagents

All culture media, reagents and chemicals used for experiments were supplied by Sigma
Aldrich Chemical Company (Deissenhofen, Germany) and Merck Chemicals and Laboratory
Supplies (Darmstadt, Germany), unless stated otherwise. All the growth media used in this
study are included throughout the experimental procedures. After media preparation, the
media was autoclaved at 121°C for 15 minutes unless a different method was required such

as filter sterilisation and a shorter autoclave time.

2.2 Microbial isolates and culturing conditions

Former students in the laboratory previously isolated bacterial cultures from produce and soil
collected at various locations (Table 2.1). These isolates were part of a culture collection that
had not been characterised and identified, which is why it was chosen for this study. The
isolates were revived from the slants by inoculating each isolate into malt extract broth
(MEB). The isolates were incubated for 48 hours while shaking at 120 rpm (revolutions per
minute) at 28°C. The isolates were streaked on malt extract agar (MEA) to check for pure
cultures and were incubated at 28°C for 48 hours. The pure cultures were maintained on MEA

slants and routinely re-streaked for fresh cultures.

Three strains of Botrytis cinerea (Table 2.1) were obtained from the South African Grape and
Wine Research Institute at Stellenbosch University. Filamentous fungal cultures were revived
by placing a fungal plug face-down on MEA. The plates were stored at 25°C for 10 days in the
dark, followed by five days in the light. Harvesting the fungal spores was done by preparing
spore suspensions of each fungal isolate. Five millilitres of sterile distilled water containing
0.001% (v/v) Tween80 was poured onto the sporulated agar plate. The surface of the agar
was gently scraped with a sterile spoon, and the liquid containing the fungal spores was
filtered through a sterile cheesecloth. For long-term storage, spore suspensions of each fungal

isolate were inoculated into 20% (v/v) glycerol and stored at -80°C.
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Table 2.1 Microbial isolates used in this study, their origin, and sampling location.

Isolate name Origin Sampling location
CFS15 Naartjie
Local street vendor
CFS16 Naartjie
CFsS40 Spinach )
CFs41 Spinach
CFS43 Spinach
CFs45 Spinach = Local fruit and vegetable market
CFs47 Spinach
CFs48 Spinach
CFS50 Spinach
CFS52 Spinach _
T1 Vineyard soil B
T4 Vineyard soil
T6 Vineyard soil — Welgevallen experimental farm
T7 Vineyard soil
H1 Vineyard soil
ST2 Vineyard soil ]
IWBT FF1* Cabernet Sauvignon grapes
IWBT FF2* Cabernet Sauvignon grapes Thelema Mountain vineyard
B0O5.10* Laboratory strain

* Represents the fungal strains B. cinerea

2.3 Cryopreservation

Each bacterial isolate was streaked on MEA slants and incubated at room temperature for ten
days. The bacterial lawn of each isolate was resuspended in MEB supplemented with 5% myo-
inositol. Sterile 5 mm diameter Whatman filter paper discs were inoculated with the
suspension of each isolate and allowed to freeze at -20°C for 24 hours. The frozen filter paper

disks were freeze-dried, transferred to sterile Greiner cryogenic vials, and stored at 4°C.

2.4 Bacterial genomic DNA extraction

The Nucleospin Microbial DNA, RNA, and Protein Purification Kit (Macherey-Nagel) was used

to extract genomic DNA from each bacterial isolate. The manufacturer's protocol was used to
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extract the genomic DNA with the following changes: The cells were agitated for 10 min at
maximum speed and the genomic DNA was eluted using molecular-grade water. A NanoDrop
was used to quantify the genomic DNA. The integrity and purity of the genomic DNA were
determined by electrophoresis on a 1% (w/v) agarose gel at 90 V for 45 min. The genomic

DNA was viewed using the GelDoc Go Gel Imaging System.

2.5 16S rRNA gene amplification

The 16S rRNA gene was amplified using polymerase chain reaction (PCR). The extracted
genomic DNA (obtained in section 2.4) from each isolate was used as the DNA template.
Universal 16S primers, 27F and 1492R were used (Table 2.2) (Mas-ud et al., 2020). The PCR
reactions contained the following reagents added to final concentrations of: 200 uM dNTPs,
1 X One Taq Standard Reaction Buffer, 0.63 units OneTaq DNA Polymerase, 0.2 uM Forward
Primer and 0.2 uM Reverse Primer. The PCR reactions were prepared to a final volume of 25
uL with nuclease-free water. All PCR reagents were purchased from New England Biolabs. The
PCR reactions were amplified using a BIORAD T100 Thermal Cycler. The PCR parameters were
as follows: 94°C for 4 min, 30 cycles of 94°C for 30 sec, 52°C for 30 sec, and 68°C for 1.5 min.

A final extension step at 68°C for 1.5 min was followed by a holding step at 12°C.

Table 2.2 Primers used for 16S rRNA gene amplification.

Primer Sequence
27F- forward primer 5’-AGAGTTTGATCCTGGCTCAG-3’
1492R- reverse primer 5’-GGTTACCTTGTTACGACTT-3’

The PCR products underwent electrophoresis on a 1% agarose gel at 90 V for 45 min to
determine if the PCR was successful. The PCR products were visualised using the GelDoc Go
Gel Imaging System. The NucleoSpin Gel and PCR Cleanup Kit (Macherey-Nagel) was used to
purify the PCR products. The manufacturer’s protocol was used to purify the DNA with the
following changes: The purified PCR product was eluted using molecular-grade water instead

of elution buffer. Thereafter, a NanoDrop was used to quantify the purified PCR products.

2.5.1 16S rRNA sequencing and analysis

The purified PCR products were sequenced using Sanger sequencing at Stellenbosch

University Central Analytical Facility. The sequence data were analysed using Benchling
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(https://www.benchling.com/platform), and the isolates were identified using Ezbiocloud

(https://www.ezbiocloud.net)

2.6 Dual culture assay

The dual culture plate assay was used to screen the bacterial isolates for antifungal activity
against B. cinerea (Chen et al., 2018). Each bacterial isolate was screened against all three
strains of B. cinerea. The bacterial isolates were inoculated separately into 5 mL of MEB and
incubated at 28°C with shaking at 120 rpm. The bacterial cultures were centrifuged at 13000
x g for 5 min. The supernatants were discarded, and the pellet was resuspended in 0.9% (w/v)
NaCl and centrifuged at 13000 x g for 5 min. The cell suspensions were then diluted with 0.9%
NaCl to ODgoo = 0.1 (=10° cells/mL).

A 5 mm x 5 mm fungal plug was placed with the hyphae facing down onto MEA, 3 cm away
from the edge of the petri dish. Twenty microlitres of cell suspension was inoculated 3 cm
away from the fungal plug on the opposite side of the plate (Figure 2.1A). Another 5 mm x 5
mm fungal plug was placed face down onto a separate MEA plate and was used as a negative

control (Figure 2.1B). This experiment was done in triplicate.

A / - 'H\\ B /f -~ \
/ \ / \
[ | [ Il'l
— H— | «— |
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R\ / . E f
- - \‘x -~ /

Figure 2.1 Dual culture assay plate setup. A: Experimental plate containing the fungal plug (purple
square) and bacterial cell suspension (green circle). The fungal plug was placed with the hyphae facing
down onto MEA, 3 cm away from the edge of the petri dish. The bacterial cell suspension was
inoculated 3 cm away from the fungal plug on the opposite side of the plate. B: Negative control plate
containing only the fungal plug (purple square). The fungal plug was placed with the hyphae facing
down onto MEA, 3 cm away from the edge of the petri dish.

The plates were incubated at 25°C for 5 days in a closed, dark container. The plates were

visually inspected for inhibition zones. Mycelium inhibition percentages were calculated for
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plates that had an inhibition zone. Equation 1 was used to calculate the mycelium inhibition

percentage.

Rc—Rexp % 100

. Equation 1

Rc: longest distance of mycelium from the inoculated fungal plug on the control plate.
Rexp: horizontal distance from the fungal plug towards the bacterial colony.

Only the bacterial isolates that displayed antifungal activity against all three strains of

B. cinerea were subjected to subsequent activity screenings.

2.7 Minimum inhibitory concentration

The minimum bacterial cell concentration needed to inhibit the growth of B. cinerea was
determined according to Maluleke et al. (2022). Each bacterial isolate was inoculated
separately into MEB and incubated overnight with shaking at 120 rpm at 28°C. The bacterial
cultures were centrifuged at 13000 x g for 5 min. The supernatants were discarded, and the
pellet was resuspended in 0.9% (w/v) NaCl and centrifuged at 13000 x g for 5 min. The cell
suspensions were then diluted with 0.9% NaCl to ODgoo = 0.1 (=10° cells/mL). Bacterial cell
suspensions were prepared (10* to 10° cells/mL) to a final volume of 2 mL with MEB in 24-
well plates. Spore suspensions of each B. cinerea strain were prepared (=10° spores/mL) as
stated in section 2.2. Ten microlitres of spore suspension were inoculated into the 24-well
plates containing the bacterial cell suspensions. Negative controls were prepared by only
inoculating the fungal spore suspensions into the 24-well plate. The 24-well plates were
incubated in a closed, dark container for 5 days at 25°C. This experiment was performed in

triplicate.

2.8 Determination of cell wall degrading enzyme activity

The ability of the bacterial isolates to produce cell wall degrading enzymes such as chitinases
and B-1,3-glucanases was determined by performing the dual culture assay (as stated in
section 2.6) on agar supplemented with the appropriate substrates. All enzymatic activities

were performed in triplicate.
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2.8.1 Chitinase activity

Luria Bertani agar was supplemented with chitin azure to a final concentration of 0.08% (w/v)
(Howard et al., 2003). The inoculated plates were incubated at 25°C for 5 days in the dark.

The mycelium inhibition percentage was calculated using Equation 1 (refer to section 2.6).

2.8.2 Glucanase activity

The protocol to prepare the media was adapted from Maluleke et al. (2022). MEA was
supplemented with 0.2% (w/v) laminarin and adjusted to pH 4. The inoculated plates were
incubated at 25°C for 5 days in the dark. The laminarin plates were stained with 0.1% (w/v)
Congo Red for 1 hour. Thereafter, the plates were destained using 1M NacCl until a clear zone
was observed around the bacterial colony. The mycelium inhibition percentage was

calculated using Equation 1 (Refer to section 2.6).

2.8.3 Protease activity

Proteolytic activity was determined by streaking a colony from each bacterial isolate onto
skimmed milk agar: 5% skimmed milk (Oxoid™), 12 g/L agar, and 30 g/L tryptic soy broth. The

plates were incubated at 28°C for 5 days.

2.9 In vivo grape bioassay

The inhibitory activity of the bacterial isolates was tested on grape berries according to
Cordero- Bueso et al. (2017) with the following changes. White seedless grapes were bought
from a local grocery store. The grapes’ surface was disinfected by completely submerging the
grapes in 1% (v/v) NaOCl for 5 min. The grapes were rinsed four times with sterile distilled
water and were left to dry before proceeding. The grapes were uniformly wounded with a
sterile needle (<1 mm diameter) and were left to dry again. Bacterial cell suspensions and
fungal spore suspensions were prepared as stated in sections 2.6 and 2.2, respectively.
Twenty microlitres of bacterial cell suspensions (108 cells/mL) were inoculated onto the
surface of the wounded grapes and were incubated at 25°C overnight. Thereafter, the grapes
were inoculated with 20 pL fungal spore suspension (=10°spores/mL). Negative controls were
prepared by inoculating wounded grapes with fungal spore suspensions. The infected grapes
were incubated at 25°C for 10 days in a dark, airtight container containing moist paper towel
to obtain an environment with a high level of humidity. After incubation, the grapes were
visually assessed and assigned disease severity scores of 1-4. Three grape berries were used

for each sample, and the entire experiment was performed in triplicate.
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2.10 Siderophore activity

Siderophore activity was tested by stab inoculating the bacterial isolates into Chrome Azurol
S (CAS) agar plates. The protocol by Alexander and Zuberer (1991) was used to prepare the

media consisting of four solutions.

Solution 1: 10 mL of 1 mM FeCl3z 6H,0 (in 10 mM HCI) was mixed with 50 mL of CAS (1.21
mg/mL), yielding a dark purple mixture. The dark purple mixture was slowly added to the
Hexadecyltrimethylammonium bromide (HDTMA)solution (1.82 mg/mL). At this point, the
solution was blue, which served as the indicator solution. The blue indicator solution was

autoclaved and cooled to 50°C.

Solution 2: A zwitterionic buffer called PIPES (37.8 g/L) was dissolved in a salt solution (0.63
g/L NaCl, 0.38 g/L KH2PO4 and 1.24 g/L NH4Cl) and adjusted to pH 6.8 (with 50% KOH) to a
final volume of 800 mL. Agar (18.75 g/L) was added, and the solution was autoclaved and

cooled to 50°C.

Solution 3: MnSO4. H,0 (0.017 g/L), glucose (28.57 g/L), ZnSO4.7H,0 (0.017 g/L), CaCl(0.16
g/L), mannitol (28.57 g/L), CuSO4.5H20 (0.0006 g/L), H3BOs (0.02 g/L), MgS04.7H,0 (7.04 g/L)
and Na:Mo04.2H,;0 (0.014 g/L) was mixed in a final volume of 70 mL. The solution was

autoclaved and cooled to 50°C.

Solution 4: 10% (w/v) casamino acids were prepared to a final volume of 30 mL and were

filter-sterilised.

Solutions 2, 3, and 4 were mixed, and finally, solution 1 was slowly added while stirring, which

resulted in blue agar plates.

2.11 Inhibitory effect of bacterial supernatants on B. cinerea

2.11.1 In vitro plate assay
The in vitro plate assay was conducted according to Xie et al. (2020) with the following
changes. Each bacterial isolate was inoculated separately into 4 test tubes containing 5 mL of
MEB and incubated overnight at 28°C with shaking at 120 rpm. The bacterial culture was
transferred into 4 flasks containing 45 mL of MEB and incubated for 96 hours at 28°C with
shaking at 120 rpm. Each flask represented a time interval. Ten millilitres of the bacterial

cultures were sampled at the following time intervals: 24, 48, 72, and 96 hours. The bacterial
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cultures were centrifuged at 13000 x g for 20 min. The supernatant was filtered three times
using a 0.22 um syringe filter. The cell-free supernatant and MEA were mixed in a ratio of
1:10. After the plates containing the cell-free supernatant and MEA solidified, B. cinerea spore
suspensions (~10° spores/mL) were inoculated onto the centre of the agar plate. Negative
controls were prepared by inoculating B. cinerea spore suspensions onto MEA. Equation 2
was used to calculate the mycelial inhibition percentage at each sampling period. The
bacterial isolates were tested against all three strains of B. cinerea, and this experiment was

performed in triplicate.

Re-Rexp 100 Equation 2

Rc: diameter of B. cinerea mycelium on the control plate (shown in Figure 2.2A).
Rexp: diameter of B. cinerea mycelium with the cell-free supernatant (shown in Figure 2.2B).

Figure 2.2 Visual representation of the measurements used to calculate the mycelium inhibition
percentage. A: represents how the diameter of B. cinerea mycelium on the control plate was
measured. B: represents how the diameter of B. cinerea mycelium (in the presence of the bacterial
cell-free supernatant) on the experimental plate was measured.

2.11.2 Amplification of genes associated with cyclic lipopeptide synthesis

PCR was performed to detect the following genes: bacylisin, bacillomycin, fengycin, iturin, and
surfactin. The extracted genomic DNA (obtained in section 2.4) from each isolate was used as
the DNA template. The primers in Table 2.3 were used to target the genes associated with
cyclic lipopeptide synthesis. The PCR reactions contained the following reagents added to
final concentrations of: 200 uM dNTPs, 1 X One Taq Standard Reaction Buffer, 1.25 units
OneTaq DNA Polymerase, 0.2 uM Forward Primer and 0.2 uM Reverse Primer. The PCR
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reactions were prepared to a final volume of 50 pL with nuclease-free water. PCR reagents
were purchased from New England Biolabs, except the primers which were purchased from
Inqaba Biotech. The PCR reactions were amplified using a BIORAD T100 Thermal Cycler. The
PCR parameters were as follows: 94°C for 4 min, 40 cycles of 94°C for 1 min, annealing for 1
min, and 72°C for 1 min. A final extension step at 72°C for 10 min was followed by a holding
step at 12°C. The annealing temperature for sfrAA, fenD, ituC, and bacA was set to 58°C. The
annealing temperature for bmyB was set to 55°C (Bddalo et al., 2023). The PCR products
underwent electrophoresis on a 1% agarose gel at 90 V for 45 minutes to determine if the
PCR was successful. The PCR products were visualised using the GelDoc Go Gel Imaging
System.

Table 2.3 Primers used to amplify and identify genes associated with cyclic lipopeptide
synthesis. Adapted from Bddalo et al. (2023).

Primer Sequence (5’-> 3’) Product size Can detect the gene
(bp)

SRFAF TCGGGACAGGAAGACATCAT 500 SfrAA (surfactin)

SRFAR CCACTCAAACGGATAATCCTGA

FENDF GGCCCGTTCTCTAAATCCAT 270 fenD (fengycin)

FENDR GTCATGCTGACGAGAGCAAA

BMBYF GAATCCCGTTGTTCTCCAAA bmyB (bacillomycin)
370

BMYBR GCGGGTATTGAATGCTTGTT

ITUCF GGCTGCTGCAGATGCTTTAT 123 ituC (iturin)

ITUCR TCGCAGATAATCGCAGTGAG

BACF CAGCTCATGGGAATGCTTTT 00 bacA (bacylisin)
5

BACR CTCGGTCCTGAAGGGACAAG
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2.11.3 Extraction of cyclic lipopeptides

Bacterial isolates that displayed high mycelium inhibition percentages in the in vitro plate
assay (section 2.11.1) were selected to extract cyclic lipopeptides (CLPs) using the acid
precipitation method. Colonies from the selected isolates were each inoculated into 50 mL of
MEB. The cultures were incubated at 28°C with shaking at 120 rpm for three days. Bacterial
cultures were centrifuged at 16000 x g at 4°C for 30 min. The supernatant was adjusted to pH
2 with 6 M HCl and was left to precipitate overnight at 4°C. The precipitates were collected
by centrifugation at 10000 x g at 4°C for 20 min. The pellet was dissolved in 50 mL methanal,
adjusted to pH 7 with 1 M NaOH, and filtered using a 0.22 um syringe filter to remove

impurities. The CLPs were concentrated using the following method:
1) The filtrate was incubated in a fume hood overnight to evaporate the methanol.

2) The precipitate was resuspended in 50 mL methanol and centrifuged at 5000 x g at 4°C for

30 min.
3) The supernatant was incubated in a fume hood overnight to evaporate the methanol.

Steps 2 and 3 were repeated twice. The cell-free supernatant was resuspended in 1 mL of 70%

(w/v) acetonitrile and filtered using a 0.22 um syringe filter.

2.11.4 Liquid chromatography-mass spectrometry analysis

The samples were analysed by LC-MS at Stellenbosch University Central Analytical Facility and

the data were processed using MassLynx.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 16S rRNA gene sequencing analysis
The 16S rRNA gene was sequenced to identify the bacterial isolates. The 16S rRNA gene was

targeted for identification because the gene function is highly conserved, it is present in all
bacteria, and it is 1500 bp, making the gene large enough for informatic analysis (Janda and
Abbott, 2007). Table 3.1 shows the Ezbiocloud similarity results for each bacterial isolate. The
percentage similarity determines how similar the query sequence is compared to the subject
of the aligned sequences while also taking the mismatches into account (Chalita et al., 2024).
The isolates CFS40, CFS41, CFS47, and T6 had a percentage similarity of <97% and a
completeness percentage of >98%, indicating that these isolates belong to a different species
(Chalita et al.,, 2024). Although the isolates CFS43, CFS45, and CFS50 had a similarity
percentage <97% they cannot be identified to belong to a different species because the
completeness percentage was <98%. Therefore, further investigation needs to be done
because the length and quality of the sequences were not up to standard (Wheeler and

Bhagwat, 2022).

CFS48, CFS50, T1, T4, T6, T7, H1, and ST2 were found to belong to the genus Bacillus (Table
3.1). Bacillus species have many ecological niches, such as freshwater, marine water, plants,
food sources, and soil (Li et al., 2023; Mandic-Mulec et al., 2015). However, Bacillus species
are predominantly found in soil which, coincides with the results of this study (Amarouchi et
al., 2021; Foysal and Lisa, 2018). Most of the isolates that were identified as Bacillus species
(T1,T4,T6,T7, H1, and ST2) were isolated from vineyard soil (Table 2.1), whereas only two of
the isolates (CFS48 and CFS50) were isolated from food sources like spinach (Table 2.1). It is
also important to note that Bacillus species are closely related; hence the isolates could not
be identified to a species level only using the primers in this study (27F and 1492R) (Xu and
Kovacs, 2024). Additional primers like RecA, rpoB, UP1, and UP2 were used in addition to the
16S rRNA primers to identify the isolates to a species level and accurately distinguish between
the different species (Medeiros et al., 2018; Mohkam et al., 2016). However, due to time

constraints, the PCR conditions could not be optimised for successful amplification.
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The isolates CFS40, CFS45, and CFS52 were found to belong to the genus Pseudomonas (Table
3.1). Similarly to members of the Bacillus genus, Pseudomonas species can be found in many
environments like plant tissue, water, soil, decomposed organic matter, and food sources
(Andreani and Fasolato, 2016). Spinach is prone to inhabit Gram-negative bacteria like

Pseudomonas, which is generally responsible for its spoilage (Wechter et al., 2023).

CFS43 and CFS41 have been identified to belong to the Pantoea and Erwinia genera,
respectively (Table 3.1). Members of Pantoea have been isolated from the following sources:
water, soil, animals, plants, and food (Cooney et al., 2014). Whereas Erwinia is normally found
in plants as plant pathogenic bacteria (Amin et al., 2010). In this study, these Pantoea and
Erwinia species were isolated from spinach leaves (Table 2.1). A study done by Liu et al. (2020)
also isolated Pantoea and Erwinia species from spinach leaves, but in their case, the spinach

leaves had white leaf spots on them.

CFS47 was found to belong to the genus Priestia. Members of the Priestia genus can be found
in diverse environments like sea sediment, soil, raw meat, plants, wine, and tissues of cotton
plants (Biedendieck et al., 2021; Magome et al., 2024). It is also important to note that the
genus Priestia was reclassified from the genus Bacillus (Magome et al., 2024). Priestia species
have previously been isolated from fruits and vegetables like pineapple, pawpaw, cabbage,
carrot, lettuce, apple, and potato (Adio et al., 2024; Liu et al., 2023). However, there are no

studies where Priestia species were isolated from spinach as in this study.

The isolates CFS15 and CFS16 were found to belong to the genus Chryseobacterium (Table
3.1). Chryseobacterium species have been isolated from a wide range of environments such
as biofilms, food, soil, plant rhizospheres, seawater, freshwater, insects, and hospital
environments (Hugo et al.,, 2019). In this study, both isolates that were identified as
Chryseobacterium species were isolated from naartjie (Table 2.1). This could be because

Chryseobacterium is known as a food spoilage microorganism (Mwanza et al., 2022).
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Table 3.1 16S rRNA gene sequencing analysis of the bacterial isolates using Ezbiocloud.

Strain name

| P
Isolate Taxon name Comp(;t)eness Sei::\‘ielgtiatie Accession number
(1)
Chryseobacterium DSM 16778(T) .

CES15 indoltheticum 100 99.78 jgi.1096611
Chryseobacterium mulctrae CAL0(T) 100 98.48 MK896290
Chryseobacterium DCY 63(T) 98.5 98.26 IN852949
ginsengisoli ' '

Chryseobacterium DSM 16778(T) .

CFS16 indoltheticum 100 99.78 jgi.1096611
Chryseobacterium mulctrae CAL0(T) 100 98.47 MK896290
Chryseobacterium DCY 63(T) 98.5 98.95 IN852949
ginsengisoli ' '

Pseudomonas lactis DSM 29167(T) 100 100 JYLO01000038

CFS40
Pseudomonas salmasensis SWRI126(T) 100 100 JABWQJ010000063
Pseudomonas azotoformans  pgm 18862(T) 100 99.93 MNPV01000020

CFS41 Erwinia rhapontici ATCC 29283(T) 98.5 92.62 u80206
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CFS43

CFS45

CFsS47

Erwinia persicina

Erwinia aphidicola

Pantoea eucalypti

Pantoea hericii

Pantoea vagans

Pseudomonas
bananamidigenes

Pseudomonas moorei

Pseudomonas palmensis

Priestia megaterium

Priestia aryabhattai

Priestia flexa

NBRC 102418(T)

JCM 21238(T)

LMG 24198(T)

JZB 2120024(T)

LMG 24199(T)

BW11P2(T)

RW10(T)

BBBOO1(T)

NBRC 15308(T)

B8W22(T)

NBRC 15715(T)

100

100

92.1

97.9

95.7

96.7

100

100

100

100

100

92.42

92.26

96.98

96.86

96.54

95.83

95.06

94.99

92.51

92.51

92.01

BCTNO1000053

JACXBP010000023

EF688009

KU189725

EF688012

LRUNO1000115

AM293566

MWO009702

JJMH01000057

EF114313

BCVD01000224
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1433(T)

CFS48 Bacillus zanthoxyli 97.3 97.61 KX865140
Priestia aryabhattai B8W22(T) 100 97.14 EF114313
Priestia megaterium NBRC 15308(T) 100 97 JJMH01000057
CFS50 Bacillus velezensis CR-502(T) 95.4 93.84 AY603658
Bacillus tequilensis KCTC 13622(T) 100 92.91 AYTO01000043
Bacillus mojavensis RO-H-1(T) 100 92.84 JH600280
CFS52 Pseudomonas iranensis SWRISA(T) 100 99.09 JABWQU010000041
Pseudomonas atacamensis M7D1(T) 100 99.01 SSBS01000008
Pseudomonas koreensis Ps 9-14(T) 99.7 98.94 AF468452
T Bacillus velezensis CR-502(T) 95.4 98.99 AY603658
Bacillus rugosus SPB7(T) 100 98.61 JABUX0010000041



T4

T6

T7

H1

Bacillus tequilensis

Bacillus velezensis

Bacillus nematocida

Bacillus subtilis

Bacillus subtilis

Bacillus velezensis

Bacillus tequilensis

Bacillus nakamurai

Bacillus halotolerans

Bacillus cabrialesii

Bacillus velezensis

KCTC 13622(T)

CR-502(T)

B-16(T)

NCIB 3610(T)

NCIB 3610(T)

CR-502(T)

KCTC 13622(T)

NRRL B-41091(T)

ATCC 25096(T)

TE3(T)

CR-502(T)

100

95.4

100

100

100

95.4

100

100

100

100

95.4

98.54

97.04

96.57

96.50

95.27

95.22

95.20

97.28

97.07

97.07

97.46

AYTO01000043

AY603658

AY820954

ABQL01000001

ABQL01000001

AY603658

AYTO01000043

LSAZ01000028

LPVF01000003

MK462260

AY603658
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ST2

Bacillus siamensis

Bacillus nakamurai

Bacillus velezensis

Bacillus tequilensis

Bacillus cabrialesii

KCTC 13613(T)

NRRL B-41091(T)

CR-502(T)

KCTC 13622(T)

TE3(T)

100

100

95.4

100

100

97.05

96.77

97.82

97.25

97.25

AJVF01000043

LSAZ01000028

AY603658

AYTO01000043

MK462260
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3.2 Dual culture assay

The dual culture assay was used to screen bacterial isolates for activity against B. cinerea. The
dual culture assay allows the bacterial isolate and fungi to interact, which allows for the
determination of an antagonistic relationship by assessing the zone of inhibition between the

bacterial isolate and the fungi on the agar surface (Nysanth, 2022).

Three strains of B. cinerea were used in this investigation, namely IWBT FF1, IWBT FF2, and
B05.10. According to Table 3.2, CFS50, T1, T4, T6, T7, H1, and ST2 displayed antifungal activity
against all three strains of B. cinerea. All the isolates that displayed antifungal activity (except
CFS50) were isolated from vineyard soil (Table 2.1), which suggests that isolates from the
same environment as the target pathogens may have better potential as BCAs (Amarouchi et
al., 2021). It is evident from Table 3.2 that bacterial isolates (CFS15, CFS16, CFS40, CFS41,
CFS43, CFS45, CFS47, CFS48, CFS52) isolated from other food sources (such as naartjie and
spinach) did not perform as well as the isolates isolated from vineyard soil, which means that
these isolates only displayed antifungal activity against one B. cinerea strain or none at all.
This could be because microorganisms isolated from vineyard soil may have already been
exposed to B. cinerea and adapted to the vineyard’s environment, providing better control of

grey mould (Kasfi et al., 2018).

All the bacterial isolates that showed activity against all three B. cinerea belong to the genus
Bacillus (Table 3.2) which is common for biocontrol of B. cinerea (Bu et al., 2021). Moreover,
T1 and CFS50 potentially belong to the B. subtilis species complex, while T4, T6, T7, and H1
potentially belong to the operational group B. amyloliquefaciens (Wang et al., 2022; Yi et al.,
2013). Similarly, in literature, most bacteria that have been used as BCAs to control B. cinerea,
have been identified to belong to members of the B. subtilis species complex and operational
group B. amyloliquefaciens (Elmer and Reglinski, 2006; Qi et al., 2023; Rochette et al., 2022;
Zhao et al., 2022). Although CFS40, CFS43, CFS47, and CFS52 displayed activity against the
strain IWBT FF1, it was not considered since it did not display antifungal activity against all
three B. cinerea strains. B. cinerea is difficult to control because of the complex and
intraspecific variability between the strains (Meng et al., 2020). Variability manifests in its
pathogenicity, DNA polymorphism, morphology, and phenotype (Plesken et al., 2021).
Therefore, the bacterial isolates that could inhibit all three fungal strains would potentially be

more effective as BCAs to control B. cinerea (Meng et al., 2020). The mycelium inhibition
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percentage was calculated for the bacterial isolates (T1, T4, T6, T7, ST2, H1, and CFS50) that
showed antifungal activity against the three B. cinerea strains. The results are displayed in
Figure 3.1. The results differed between the B. cinerea strains for each bacterial isolate. Figure
3.1 showed that T6 had the highest mycelium inhibition percentage of 86% when screened
against IWBT FF2 (which is the highest inhibition percentage compared to all bacterial isolates
for all three B. cinerea strains). ST2 had the highest mycelium inhibition rate of 82% when
screened against B05.10 (Figure 3.1). CFS50 had the highest mycelium inhibition rate of 47%
when screened against IWBT FF1 (Figure 3.1). The fact that the bacterial isolates T6, ST2, and
CFS50 had the highest mycelium inhibition percentages for their respective B. cinerea strains
suggests that these isolates could be the most effective in slowing down the occurrence of B.
cinerea infection cycle since mycelia acts as inoculum to initiate new infection (Cheung et al.,

2020, Williamson et al., 2007).

Although the dual culture assay serves as an initial or preliminary antifungal screening, it
suggests that the isolates displaying activity could produce compounds or secrete secondary
metabolites, or compete for space and nutrients, therefore having the potential to inhibit the
growth of B. cinerea (Koutb and Ali, 2010; Singh, 2022). It is important to note that from here
on experiments were carried out on T1, T4, T6, T7, ST2, H1 and CFS50 because they displayed

activity against all three strains of B. cinerea.
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Table 3.2 Screening bacterial isolates for antifungal activity against B. cinerea strains using the dual
culture assay.

s aepe Source of B05. 10 IWBT FF1 IWBT FF2
Scientific name . .
isolation

Chryseobacterium Naartjie - - -
CFS15  ¢p,

Chryseobacterium Naartjie - - -
CFS16  sp.

Pseudomonas Spinach - + -

CFS40  gzotoformans
CEsa1 Erwinia rhapontisi Spinach - - )
CFS43 Pantoea sp. Spinach - + )

Pseudomonas Spinach - - -
CFS45  gessardii

CFS47 Priestia megaterium  Spinach - + -
CFS48 Bacillus sp. Spinach - - -
CES50 Bacillus sp. Spinach + + +

Pseudomonas Spinach - + -

CFS52  pgetica

T1 Bacillus sp. \S/Ln”eyard + .\ ,
T4 Bacillus sp. \S/Ln”eyard + .\ ,
T6 Bacillus sp. \;i)f;;aya rd + N .
T7 Bacillus sp. \;i)f;;aya rd + N .
H1 Bacillus sp. \S/Ln”eyard + .\ ,
ST2 Bacillus sp. \s{;rilleya rd + N .

+ means that the bacterial isolate displayed antifungal activity indicated by an inhibition zone on the
agar plate. — means that the bacterial isolates did not display antifungal activity indicated by no
inhibition zone on the agar plate).
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Figure 3.1 Mycelium inhibition percentages of the bacterial isolates (T1, T4, T6, T7, H1, ST2, and CFS50)
displaying antifungal activity against the B. cinerea strains IWBT FF1, IWBT FF2, and B05.10 in the dual
culture assay. IWBT FF2 is represented by the blue bars, B05.10 by the orange bars, and IWBT FF1 by
the green bars. The bars represent the average inhibition percentages of three replicates with
standard deviation.

3.3 Minimum inhibitory concentration

Minimum inhibitory concentrations (MICs) are the lowest antimicrobial agent concentrations
that will inhibit a microorganism's visible growth (Andrews, 2001; Tudela et al., 2003). In this
case, it is the lowest concentration of the BCA that will inhibit the visible growth of B. cinerea.
MICs were determined by performing serial dilutions of the bacterial isolates and inoculating
them with the strains of B. cinerea in a 24-well microtiter plate. This information could be
beneficial because inoculum concentrations are one of the factors that affect the efficacy of

a BCA in product development (Fenta and Mekonnen, 2024).

T7 exhibited the lowest MIC of 102 cells/ml for IWBT FF1, followed by ST2 (for B05.10 and
IWBT FF1) at 103 cells/ml, H1 and ST2 (for B05.10 and IWBT FF2 respectively) at 10* cells/ml
and H1 (for IWBT FF2) at 10° cells/ml (Table 3.3). However, an MIC of 10°cells/m| was noted
for most of the bacterial strains (Table 3.3). IWBT FF1 was found to be the hypervirulent
strain, meaning that it is more infectious than B05.10 (wild-type strain) and IWBT FF2 (isolated

from mummified Cabernet Sauvignon grapes from Thelema Mountain vineyards) (Joubert et
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al., 2006; Yakob et al., 2015; Zhang et al., 2023). An MIC of 102 cells/ml for T7 (Table 3.3)
suggests that it is the most potent since the lowest concentration was needed to inhibit the
hypervirulent strain IWBT FF1; however, to support this assumption, further experiments are

required to evaluate the MIC values in field conditions (Cordero- Bueso et al., 2017).

As shown in Table 3.3, the isolates T1 and T7, where the MIC could not be determined, suggest
that a higher concentration was needed to inhibit their respective B. cinerea strains. In future,
this experiment could be conducted with a broader range of MICs to accommodate these
bacterial isolates. Interestingly, the MIC for CFS50 against IWBT FF1 indicated that CFS50
could not inhibit IWBT FF1 (Table 3.3). However, in the dual culture assay, CFS50 was the most
potent against IWBT FF1 (Figure 3.1). The MIC assay was done in liquid cultures, whereas the
dual culture assay was a plate assay. This suggests that the antifungal activity of the bacterial

isolates varied between culture conditions (Maluleke et al., 2022).

Table 3.3 Minimum inhibitory concentrations of bacterial isolates against B. cinerea strains.

B. cinerea strain
Bacterial isolate B05.10 IWBT FF1 IWBT FF2
Bacterial (cells/mL) Bacterial (cells/mL) Bacterial (cells/mL)
CFS50 108 108 10°
T1 108 ND 10°
T7 ND 102 10°
H1 104 108 10°
T6 106 10° 106
T4 108 108 10°
ST2 103 103 104

ND: means that the minimum inhibiting concentration could not be determined.
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3.4 Production of cell wall degrading enzymes

Fungal cell walls are primarily composed of chitin (approximately 20%), glucans (50-60%), and
proteins (20-30%) (Roca-Couso et al., 2021). Hence, the bacterial isolates were tested for the
enzymatic activity of chitinases, glucanases, and proteases because these enzymes are
associated with breaking down the components of cell walls, thereby inhibiting B. cinerea

(Haidar et al., 2016b).

The bacterial isolates were tested for glucanolytic activity by conducting a dual culture assay
for each bacterial isolate with B. cinerea strain IWBT FF1, on media supplemented with
laminarin. Only IWBT FF1 was used in this experiment because, as mentioned before, IWBT
FF1 is the hypervirulent B. cinerea strain (Joubert et al., 2006). Testing the enzymatic activity
in the presence of B. cinerea is crucial as it enables the assessment of whether the enzymatic
activity contributes to the antagonistic properties of the BCA (Maluleke et al., 2022). It was
found that all isolates, except T6 and ST2, displayed strong glucanolytic activity (Table 3.4).
This implies that CFS50, T1, T4, T7, and H1 could cleave the glycosidic bonds in the laminarin,
resulting in a clear zone of inhibition (Wu et al., 2021). The bacterial isolates were tested for
chitinolytic activity by conducting a dual culture assay for each bacterial isolate with B. cinerea
strain IWBT FF1 on media supplemented with chitin azure. No bacterial isolates displayed
chitinolytic activity (Table 3.4). This suggests that these isolates could not cleave the B-1,4
linkage of N-acetyl-D-glucosamine (GIcNAc), resulting in no clear zone around the area of

inoculation (Howard et al., 2003).

Proteolytic activity was tested by streaking the bacterial isolates onto skimmed milk agar.
Proteolytic activity was displayed for all the bacterial isolates (Table 3.4), which meant the
proteases produced by these isolates could cleave the peptide bonds in the skimmed milk

agar, resulting in a clear zone surrounding the inoculation point (Kieliszek et al., 2021).

Since CFS50, T1, T4, T7, and H1 displayed glucanase and protease activity, it suggests that
these isolates could contribute to cell wall degradation of B. cinerea, leading to the loss of
functional and protective properties of the cell wall (Cheung et al., 2020). Examples of these
properties include turgor-driven cell expansion, selective permeability, and tensile strength,
which is essential for B. cinerea growth and host infection (Ajuna et al., 2023). In addition,
CFS50, T1, T4, T7, and H1 were found to be Bacillus species (Table 3.1), which makes these

isolates favourable, especially for field applications (Miljakovi¢ et al., 2020). This is because
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Bacillus species can produce spores which allow them to survive under adverse
environmental conditions, as is the case for B. cinerea (Zhang et al., 2020). Spore production
by Bacillus species also allows for biocontrol products to be produced and distributed in spore
form (Ajuna et al., 2023). In turn, the BCA can easily germinate, reproduce, and secrete the
CWDEs upon inoculation (Ajuna et al., 2023). Bacillus species in another study were also found
to display glucanase and protease activity, which contributed to disease incidence reduction

and mycelial growth inhibition of B. cinerea (Essghaier et al., 2009).

Contrastingly, it was noted that T6 and ST2 did not display chitinolytic or glucanolytic activity
(Table 3.4), which is an essential part of CWDEs as a MOA to control B. cinerea (Magnin-Robert
etal., 2007). However, these isolates performed well in the dual culture assay, which suggests
that they use other MOAs contributing to their antifungal activity, such as competition for
space and nutrients or the production of cyclic lipopeptides (CLPs) (Fedele et al., 2020;
Poveda, 2020).
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Table 3.4. Cell wall degrading enzymatic activity displayed by the bacterial isolates.

Bacterial isolate Enzymatic activity
Chitinase Glucanase Protease

CFS50 - ++ +
T1 - ++ +
T7 - ++ +
H1 - ++ +
T6 - - +
T4 - ++ +
ST2 - - +

++: indicates that the isolate displayed enzymatic activity and had a mycelium inhibition percentage of >50% against IWBT FF1. -: indicates that the isolate
did not display enzymatic activity and had a mycelium inhibition percentage of <50% against IWBT FF1. +: indicates that the isolate displayed enzymatic
activity.
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3.5 In vivo grape assay

An in vivo grape assay was conducted to investigate how the bacterial isolates would perform
as BCAs on grape berries. The in vivo assay was done by inoculating the bacterial cell
suspensions onto wounded grape berries; thereafter, spore suspensions of each B. cinerea
strain was inoculated onto the wounded grape berries. The results were recorded as numbers
that represent disease severity or grey rot severity, as indicated in Table 3.5 In addition, a

visual representation and description of the grey rot severity scores are indicated in Table 3.6.

It was found that five isolates scored a disease severity score less than three when inoculated
with B. cinerea strain B05.10. Four isolates scored a disease severity score less than three
when inoculated with B. cinerea strain IWBT FF2. Two isolates scored a disease severity score
of less than three when inoculated with B. cinerea strain IWBT FF1. This means that more
bacterial isolates could suppress the development of mycelium and sporulation (disease
severity of three and four, respectively) of the B. cinerea strain B05.10, compared to that of
IWBT FF2 and IWBT FF1. Elad and Freeman (2002) also reported that grey rot can be
decreased or prevented by reducing the capacity of B. cinerea to disseminate its spores. In
this aspect, the bacterial isolates that scored disease severity scores of one and two (Table

3.5) could prevent grey rot for the respective B. cinerea strains.

Compared to the other bacterial isolates, CFS50 proved to be the most effective in
suppressing the development of all three strains of B. cinerea on grape berries (Table 3.5).
The result that stood out the most was that the grape berries were completely unaffected
when CFS50 was inoculated with B05.10. The wound on the grape served as the perfect entry
point for B. cinerea and made the host (grape berry) more susceptible to B. cinerea (Abdel-
Aziz et al., 2016). So, the fact that the grape remained unaffected suggested that CFS50 was
able to outcompete B. cinerea on the grape berries (Haidar et al., 2016b; Kohl et al., 2019).
Competition for nutrients is an important MOA for a BCA to possess because B. cinerea
conidial germination, germ-tube growth, and infection are dependent on an adequate supply

of nutrients (Hamdache et al., 2019; Roca-Couso et al., 2021).

It is worth noting that the bacterial isolates exhibited the poorest activity against IWBT FF1
(Table 3.5). This means that most of the bacterial isolates had disease severity scores of three
and four. Hence, the bacterial isolates were least effective in preventing the development of

mycelium and sporulation of mould on grape berries. The reason for this could be that IWBT
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FF1 is a hypervirulent strain, and therefore, the bacterial isolates were not as effective in

competing with IWBT FF1 (Joubert et al., 2006; Nogueira et al., 2019).

T6 had disease severity scores of four for all three B. cinerea strains, and T4 had disease
severity scores of four for strains IWBT FF1 and IWBT FF2 (Table 3.5). However, a different
trend was seen in the dual culture assay, where T6 and T4 had relatively high mycelium
inhibition percentages ranging from 21-86% and 14-65%, respectively (Figure 3.1). This shows
the importance of screening BCAs in vivo since results may be different when using an in vitro
screening assay such as the dual culture assay (Bosco et al., 2024). A study by Haidar et al.
(2016a) also displayed and confirmed inconsistencies in in vivo and in vitro assays used to
screen bacterial strains isolated from vineyards to control B. cinerea. Results between the in
vivo and in vitro screening assays may vary because screening BCAs in vivo accounts for BCAs
that may function using many MOAs, whereas in-vitro assays such, as the dual culture assay
on nutrient agar, could be biased towards BCAs that produce antimicrobial metabolites,
which may not be responsible for antagonism (Kohl et al., 2019).

Table 3.5 In vivo grape assay disease or grey rot severity scores of the bacterial isolates against
B. cinerea strains.

Bacterial isolates and control B. cinerea strains
IWBT FF1 IWBT FF2 BO5.10

CFS50 2 2 1
T1 4 2 2
T4 4 4 2
T6 4 4 4
T7 4 4 4
H1 4 3 2
ST2 3 2 2
Control (B. cinerea only) 4 4 4

Disease or grey rot severity scores are defined in Table 3.6.
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Table 3.6 An in vivo assay was conducted to test the ability of bacterial isolates to inhibit the
growth of B. cinerea on wounded grape berries. This table indicates the description and visual

representation of the symptoms for each grey rot severity score on the grape berries.

Disease severity or grey Description of symptoms Visual representation of

rot severity score

symptoms

Sporulation of mould

Formation of mycelium

Soft rot

No visible symptoms
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3.6 Siderophore production

The bacterial isolates were stab-inoculated into Chrome-Azurol S (CAS) media to detect
siderophore production. All seven bacterial isolates were shown to have siderophore activity,
meaning that the siderophores could chelate the iron from the complex in the CAS media.
This caused a colour change from blue to yellow around the point of inoculation as seen in
Figure 3.2 (Deb and Tatung, 2024; Neilands, 1995). Detecting siderophores in all seven
bacterial isolates suggests that these isolates have the potential to compete with B. cinerea
for essential micronutrients like iron (Junaid et al., 2013). This is important because one of
the factors that B. cinerea relies on colonisation for is the availability of nutrients. This slows
down the growth of B. cinerea germ tubes, preventing host infection, necrosis, and fungal
growth. (Roca-Couso et al., 2021). Members of the Bacillus genus have been described as
siderophore-producing bacteria, as is the case in this study (Timofeeva et al., 2022). Ahmad
et al. (2017) investigated a strain of B. subtilis and found that it could significantly suppress
the growth of B. cinerea and many other fungal pathogens in vitro. Siderophore production
was one of the main reasons this strain performed so well (Ahmad et al., 2017). Hence, the
isolates in this study could be good candidates for the biological control of B. cinerea using

siderophore production as a MOA.

Although all bacterial isolates produced siderophores, it would be helpful to quantify the
siderophore production. This will determine which isolate had the best siderophore
production and would be a more suitable BCA. In future, quantification of siderophores could
be achieved through spectrophotometric estimation using a CAS assay solution (Chaiharn et

al., 2009; Gomes et al., 2024).

Figure 3.2. Representation of siderophore production (indicated by the yellow halo around the
inoculation point) displayed by the bacterial isolates on chrome-azurol S media.

51



3.7 Production of inhibitory secondary metabolites

The production of secondary metabolites is a well-known phenomenon that contributes to
the biocontrol activity of many BCAs (Kohl, 2019; Nehra et al., 2021). In this study, the
production of secondary metabolites was evaluated for inhibiting or suppressing the growth
of B. cinerea in vitro. This was done by testing the effect of the bacterial cell-free supernatants
(sampled over 96 hours) on the growth of B. cinerea. Thereafter, the mycelium inhibition

percentage for each B. cinerea strain was calculated, represented in Figure 3.3.

The highest mycelium inhibition percentage against IWBT FF2 was displayed for H1 sampled
at 48 hours (Figure 3.3B). The highest mycelium inhibition percentages against IWBT FF1 and
B05.10 were observed for T4 and H1, respectively, sampled at 72 hours (Figures 3.3 Aand 3.3
C). This implies that these samples were most effective in producing secondary metabolites
that could inhibit the growth of their respective B. cinerea strains. Furthermore, it could
suggest that the cell-free supernatants of H1 and T4 could be the most effective in inhibiting
hyphal growth, spore germination, and germ tube elongation, which are all critical in the
infection cycle of B. cinerea, thus making it suitable for BCA candidates (Zhao et al., 2022).
The result of this study is supported by Li et al. (2020) who found that the filtrate of a Bacillus
strain could significantly reduce hyphal growth and spore germination, thus making it a

suitable BCA.

Figure 3.3A shows that ST2 only showed activity after 48 hours and T6 after 24 hours. The
same trend was seen for ST2 and T6 in Figure 3.3C. In Figures 3.3 A, B, and C, T6 displayed
activity after 24 hours. This shows the importance of conducting this experiment over 96
hours since the time at which the secondary metabolites were highly produced was different
for the bacterial isolates; moreover, metabolites are usually synthesised in the final growth
stage of the cell cycle, which in this case was unknown (Nair et al., 2022). With an increased
incubation time of the B. cinerea with the cell-free supernatant, it is also more likely that
when B. cinerea is treated with the cell-free supernatant, the hyphae of B. cinerea will become
more distorted (shrivelled, twisted and uneven in thickness) and hence be more effective as

a BCA (Qi et al., 2023).

CFS50 displayed no inhibition against all three B. cinerea strains (Figure 3.3 A, B, and C).
However, in other experiments, such as the siderophore activity assay and the in vivo grape

bioassay, CFS50 produced siderophores and could inhibit the growth of B. cinerea. This
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suggests that the main MOA for CFS50 could be competition for space and nutrients instead

of antibiosis.

To further the understanding of the secondary metabolites produced by the bacterial isolates
in this study and their potential as BCAs against B. cinerea, the potential of producing cyclic
lipopeptides (CLPs) was investigated (Santos et al., 2023). The bacterial isolates were
identified as Bacillus species (Table 3.1), which have been proven to produce secondary
metabolites like CLPs; therefore, the presence of genes associated with CLP synthesis was
tested for (Ahmad et al., 2023; Bonaterra et al., 2022; Islam et al., 2022). Identification of
genes for the synthesis of antifungal compounds from strains that show antifungal activity
can be linked to CLP synthesis (Santos et al., 2023). This was done by amplifying the DNA using
primers that target CLP genes. The corresponding band size was visualised on the agarose gel,

which indicated whether the gene was present.

Fengycin was the most common gene present across all bacterial isolates (Table 3.7). The
presence of the fengycin gene suggests that the bacterial isolates could produce CLP fengycin.
The production of fengycin could contribute to biocontrol by 1) causing cell leakage and lysis
by binding to the fungal cell membrane 2) inducing host plant resistance (Sur et al., 2018).
Toral et al. (2018) found that the Bacillus subtilis strain XT1, significantly inhibited B. cinereaq,
not only on grapes but also on tomatoes and strawberries. Fengycin was one of the CLPs

produced by XT1 owing to this effect.

The surfactin gene was only detected in T1, T4, T6, and ST2 (Table 3.7). Because the gene was
present, it suggests that the isolates T1, T4, T6, and ST2 could produce surfactants. Unlike the
CLP families (iturin and fengycin), surfactants are known more for their potent antimicrobial
activity and surface-active properties than antifungal activity (An et al., 2024). Surfactants are
lipophilic, which allows them to integrate into cell membranes. This could lead to intracellular
leakage and cell death, resulting in the disruption of fungal cell structure and function.
Thereby slowing down the growth and spread of the pathogenic fungus (Hassanisaadi, 2024).
Xiao et al. (2023) conducted a study to demonstrate the potential of surfactin to control grey
mould to improve the quality of winter jujube. It was found that surfactin reduced the growth
of B. cinerea significantly and decreased disease incidence and diameter. Scanning electron
microscopy revealed that the B. cinerea mycelium was completely wrinkled and distorted
when treated with surfactin (Xiao et al., 2023).
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Iturin was detected in all the bacterial isolates except T7, while bacillomycin was detected in
all the bacterial isolates except CFS50(Table 3.7). lturin is one of the three families that have
been reported to have excellent activity against fungal pathogens (Ahmad et al., 2023).
Bacillomycin is a member of the iturin family (An et al., 2024). Bacillomycin is amphipathic,
allowing it to enter the spores and hyphae, causing pores to form in the membrane (Toral et
al., 2018). This suggests that if bacillomycin is expressed, it could result in fungal cell leakage
and organelle degeneration. Finally, disrupting the growth of the fungal pathogen (Toral et

al,, 2018).

The gene encoding bacylisin was detected in all the isolates except CFS50 (Table 3.7). Bacylisin
has a simple structure and an outstanding MOA, which occurs by inhibiting glucosamine 6-
phosphate synthase. This allows bacylisin to be active against a wide range of microorganisms
(Islam et al., 2022; Nannan et al., 2021). If bacylisin were expressed by isolates T1, T4, T6, T7,
H1, and ST2, it suggests that it could affect spore quality and cellular functions (Islam et al.,

2022).

All five genes (bacylisin, bacillomycin, fengycin, iturin, and surfactin) were detected in the
isolates T1, T4, T6 and ST2 (Table 3.7). Identifying a wide variety of genes involved in
producing antimicrobial compounds may be correlated with a highly competitive capacity
against other microorganisms (Santos et al., 2023). This suggests that T1, T4, T6, and ST2 could
be potential candidates for controlling B. cinerea by producing CLPs as a MOA. The same
principle could apply to CFS50, where only two genes associated with CLP synthesis were
detected, which could also explain why the cell-free supernatant of CFS50 displayed no
activity in vitro (Figures 3.3 A, B, and C). The results between the in vitro assay and the
detection of CLP genes are consistent because all the isolates (except CFS50) that could inhibit
B. cinerea, contained at least one CLP gene, which may account for the antifungal activity.
However, tests would need to be conducted in vivo and under field conditions to validate this

assumption (Santos et al., 2023).
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Table 3.7 Identification of genes associated with cyclic lipopeptide synthesis.

Bacterial Cyclic lipopeptide genes

isolates Bacylisin Bacillomycin Fengycin Iturin Surfactin
CFS50 - - + + -

T1 + + + + +

T4 + + + + +

T6 + + + + +

T7 + + + - -

H1l + + + + -
ST2 + + + + +

+ indicates that the gene was detected. — indicates that the gene was absent.

3.8 Liquid-chromatography mass spectrometry analysis

Based on the results of the in vitro assay (the ability of cell-free supernatant to inhibit B.
cinerea), the strains T4, T7, and H1 were selected for liquid-chromatography mass
spectrometry (LC-MS) analysis (Nannan et al., 2021). This was done by extracting the
compounds using the acid precipitation method and analysing the samples through LC-MS
analysis. The data were processed using MassLynx to identify and confirm the presence of the
CLPs. The peaks were identified by comparing this study's results with compounds already
identified in literature (Farzand et al., 2019). The compounds were putatively assigned based
on m/z values (Chen et al., 2019). The peaks at [M+H]* m/z 1008.66 and 1036.69 were
assigned to surfactin and were identified in bacterial isolates T4, T7, and H1 (Chen et al.,
2019). A representation of the mass spectra for surfactin is shown in Figures A1 A and B of
the appendix. The peaks at [M+H]* m/z 1045.55 and 1031.54 correspond to bacillomycin and
were identified in bacterial isolates T4 and H1 (Farzand et al., 2019). A representation of the
mass spectra for bacillomycin is shown in Figures A1 C and D of the appendix. Bacylisin,

fengycin and iturin were not identified any of the the isolates.

The production of surfactin by T4, T7, and H1 and bacillomycin by T4 and H1 suggests that
these compounds contribute to the excellent inhibitory activity displayed in the in vitro assay.
The production of bacillomycin and surfactin could result in fungal cell leakage and organelle
degeneration. Finally, disrupting the growth and function of the fungal pathogen, resulting in

its inhibition (Hassanisaadi, 2024; Toral et al., 2018).
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The bacillomycin gene was detected in T4, T7, and H1 (Table 3.7); however, only T4 and H1
produced bacillomycin. This suggests that the bacillomycin gene was present in T7 but not
expressed (Koumoutsi et al., 2004). The surfactin gene was only detected in T4; however, T7
and H1 produced surfactin. This suggests that another surfactin gene (SrfAB or SrfAC) that
was not investigated in this study was responsible for surfactin production or the gene was

simply not amplified (Théatre et al., 2021).
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CHAPTER 4: FINAL DISCUSSION AND CONCLUSION

Botrytis cinerea is a necrotrophic fungal pathogen that causes grey mould in various host
plants (Bika et al., 2020; Hatem et al., 2023). B. cinerea is known to cause grey mould on
grapes, which is extremely problematic for viticulture (Maluleke et al., 2022). Over the years,
chemical fungicides have been used to control B. cinerea, however, chemical fungicides
threaten the environment and human health because they produce residual waste,
contaminating groundwater and soil (Toral et al., 2018). The continued use of chemical
fungicides led to the development of resistant strains, making B. cinerea difficult to control
(Abbey et al., 2018). Therefore, alternative methods to control B. cinerea needs to be
investigated, such as utilising microorganisms as biological control agents (BCAs) (Fedele et
al., 2020). This study aimed to screen bacterial isolates for inhibiting the growth of B. cinerea
and evaluate the modes of action (MOAs) the bacterial isolates utilise that contribute to their

antagonistic behaviour.

Most of the bacterial isolates (T1, T4, T7, T6, H1, and ST2) that were effective in inhibiting B.
cinerea in the dual culture assay were isolated from the same environment as the target
pathogens, which suggests that vineyard soil is a good place to look for more BCAs (Amarouchi
etal., 2021). However, CFS50, which was isolated from healthy spinach leaves, also displayed
antifungal activity in the dual culture assay. It was found that the isolates (T1, T4, T7, T6, H1,
ST2, and CFS50) belong to the genus Bacillus.

T4 and H1 performed well in antibiosis experiments. These experiments involved the
production of secondary metabolites that could inhibit B. cinerea. We evaluated the bacterial
cell-free supernatants for their antifungal activity against three B. cinerea strains, namely
IWBT FF1, IWBT FF2, and B05.10. The highest mycelium inhibition percentage against IWBT
FF2 (67%) and B05.10 (70%) was displayed for H1. T4 had the highest mycelium inhibition
percentage against IWBT FF1 (74%). In addition, T4 and H1 contained genes that were
associated with cyclic lipopeptide (CLP) synthesis. CLPs are a class of secondary metabolites
that are crucial in the field of biocontrol (Rochette et al., 2022). We found that T4 contained
all the genes tested for in this study, namely, iturin, fengycin, surfactin, bacillomycin, and

bacylisin. Whereas H1 contained all the genes besides surfactin. Liquid chromatography-mass
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spectrometry (LCMS) analysis was conducted to investigate if the genes were being
expressed, and we found that both T4 and H1 only expressed surfactin and bacillomycin. The
production of bacillomycin and surfactin is known to cause fungal cell leakage and organelle
degeneration, which could disrupt the growth and function of B. cinerea, thereby resulting in

its inhibition (Hassanisaadi, 2024; Toral et al., 2018).

T4 and H1 exhibited glucanase and protease activity, which are cell wall degrading enzymes
(CWDEs). These enzymes could potentially, as the name suggests, break down the cell wall of
B. cinerea, causing a loss of protective and functional properties, thereby contributing to the
inhibition of B. cinerea (Cheung et al., 2020). Siderophore production and an in vivo grape
assay were used to test the competitive ability of the bacterial antagonists. T4 and H1 could
produce siderophores. Hence, T4 and H1 could compete with B. cinerea for iron as a
micronutrient (Junaid et al., 2013). This characteristic is important for the biocontrol of B.
cinerea because it depends on nutrient supply for its growth and development (Roca-Couso
et al., 2021). Contrastingly, in the in vivo grape assay, T4 and H1 did not perform as great
because the lowest disease severity score assigned to these isolates was a 2 against B05.10.
This means that for IWBT FF1 and IWBT FF2, T4 and H1 could not prevent the development

of mycelium and sporulation of mould on grape berries.

Interestingly, CFS50 performed exceptionally well in the in vivo grape assay. CFS50 had a grey
rot severity score of 1 when tested against B05.10, meaning that there were no signs of
infection upon visual inspection of the grape berry. CFS50 exhibited siderophore production
and possessed the CWDEs glucanase and protease. However, when testing the inhibition
efficacy of the cell-free supernatant in the in vitro assay, CFS50 did not inhibit the growth of
mycelia for any B. cinerea strains. In addition, only 2 CLP genes (fengycin and iturin) were
detected for CFS50. This suggested that CFS50 mainly utilized competition for space and

nutrients as an MOA rather than an antibiosis.

Although T4, H1, and CFS50 seem to have great biocontrol potential based on their various
MOAs used to control B. cinerea in this study, there are some limitations to consider. We
would still need to test how these bacterial isolates perform in the field. BCAs may encounter
challenges being transferred from a controlled environment of a laboratory to the field, as
many factors could affect its biocontrol capabilities, such as being able to survive and control
grey mould under a wide variety of environmental conditions, as well as the complex
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interaction that occurs between the pathogen (B. cinerea), antagonist (BCA), host (grapevine)
and the environment (Ayaz et al., 2023; Herrera-Défaz et al., 2023). The isolates with
antifungal activity belonged to the Bacillus genus. Bacillus species are closely related hence
we could not identify the isolates to a species level only using the primers in this study (27F
and 1492R) (Xu and Kovacs, 2024). Additional genes would need to be amplified to identify
the isolates at a species level. It would also be beneficial to conduct LC-MS analysis on all the
bacterial isolates that had CLP genes present and where the cell-free supernatant displayed

inhibitory activity against B. cinerea.

The bacterial isolates in this study displayed antifungal activity against B. cinerea and utilised
one or more MOAs that contributed to their antagonistic behaviour. Although there are many
factors to consider for the development of a successful BCA, screening and evaluating the
bacterial isolates in the laboratory is the first and crucial step in the process (Teixidd et al.,
2022). Based on the findings of this study, the bacterial isolates (T1, T4, T6, T7, H1, ST2, and
CFS50) have the potential to be developed and used as BCAs to control B. cinerea on
grapevine. The findings of this study will contribute to the knowledge of biological control

research against B. cinerea.

In future, other MOAs that could contribute to the BCAs inhibition activity could be
investigated, such as the production of volatile compounds, biofilm formation, and induction
of host plant resistance. It would also be interesting to combine T4, H1, and CFS50 to create
a consortium to see their combined effect for controlling B. cinerea since T4 and H1 mostly
use antibiosis as a MOA, and CFS50 seems to use competition for space and nutrients as a
MOA (Bonaterra et al.,, 2022). This strategy may increase the reliability and efficacy of
biocontrol when exposed to different environmental conditions and could provide broad-
spectrum antifungal activity (Bonaterra et al., 2022). We could also test the efficacy of the
bacterial strains alongside commercial BCAs and chemical fungicides (Cordero-Bueso et al.,
2017). Realistically, BCAs will not be used exclusively to control B. cinerea (Boro et al., 2022).
BCAs can be combined with chemical fungicides to improve their efficacy, which could result
in minimising the dosage of fungicides. However, for this to work efficiently, the BCA would

need to have significant resistance to the chemical fungicide (Boro et al., 2022).
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Figure Al Representation of the mass spectra for the identified cyclic lipopeptides. A: [M+H]*

m/z 1008.66 = surfactin; B: [M+H]* m/z 1036.69
bacillomycin and D: [M+H]* m/z 1031.54 = bacillomycin.

surfactin ; C: [M+H]* m/z 1045.55 =
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