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DISSERTATION SUMMARY

Colletotrichum gloeosporioides (Penzig) Penzig & Saccardo is one of the major
pathogens causing anthracnose on several plants. This fungal pathogen causes
infection both in the field and during postharvest, leading to reduced production and
severe economic losses. There is a need to develop eco-friendly strategies to reduce
the number of losses in production and the use of synthetic chemicals and their
negative impact on human health and the environment. The aim of the current study
was to control C. gloeosporioides of papaya using biological control agents and

Moringa oleifera leaf extract.

A total of 45 yeast and 55 Bacillus isolates were obtained from the fruit surfaces of
guava (Psidium guajava L.), papaya (Carica papaya L.), cassava (Manihot esculenta
Crantz), aloe (Aloe vera L.) and syringa (Syringa vulgaris) and screened against C.
gloeosporioides. Twenty-seven yeast and fifty-one Bacillus isolates successfully
inhibited the mycelial growth of C. gloeosporioides by greater than 50% during the in
vitro preliminary trial. In the secondary screening, 21 yeasts and 47 Bacillus isolates
managed to control the mycelial growth of the pathogen, and the reduction was
significantly different (P<0.05) compared to the control treatment. Yeast isolates
YCR3, YSY1 and Bacillus isolates BMR2 and B16 provided the best control of C.
gloeosporioides both in primary and secondary in vitro trials. The scanning electron
microscopy studies indicated that yeasts and Bacillus isolates inhibited the mycelial
growth and spore production of C. gloeosporioides. Preventive application of the
Bacillus isolate B16 resulted in a reduced incidence of anthracnhose on papaya fruits,
with a percentage of 88.67% at day 10 post-inoculation. The water control treatment
had the lowest incidence of anthracnose (16.67%) and it was significantly different
(P=0.001) from fruits inoculated with pathogen-only control (100%).

Five concentrations of moringa leaf extract were prepared (MLE1%, MLE1.5%,
MLE2%, MLE2.5% and MLE3%) and these concentrations showed better
performance during the primary in vitro trial with a significant difference of (P<0.05)
when compared to the untreated control. On the secondary screening, MLE2.5% and
MLE3% were further screened against C. gloeosporioides and inhibited mycelial
growth by 96.9% and 97.5%, respectively. The preventive application of MLE2.5%
(88.67%) at day 7 post inoculation, provided a better control and delayed anthracnose

incidence when compared to MLE3% (100%) and water control (16.67%) in vivo.



MLE2.5% treated fruits developed anthracnose incidence of 66%, compared to
Bacillus megatarium treated fruit with 55% at day 7 after inoculation. However, the
anthracnose incidence increased with each successive day of the trial leading to an
incidence of 33% for water control. The integrated control of MLE2.5% with B.
megatarium was the most effective treatment for the control of anthracnose and
delayed anthracnose incidence when compared to MLE3% integrated with B.
megatarium at day 3, 5, 7 and 10 days post-inoculation. Anthracnose incidence on
papaya fruits treated with MLE2.5%+B16 (B16 being the label used to represent B.
megatarium isolate) was 55%, and 100% on the fruits treated with MLE3%+B16
compared to 100% anthracnose incidence on pathogen-treated fruits at day 10 after
inoculation. The physicochemical properties of papaya fruits, weight loss and total
soluble solids, were not negatively affected by MLE2.5% + B. megatarium treatment.
Bacillus megatarium can be integrated with moringa leaf extracts to manage

anthracnose of papaya.
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Chapter 1 Introduction

1.1. Background

Papaya (Carica papaya L.) is one of the most popular fruits and its production varies
worldwide (Silva et al., 2007). It is cultivated in more than 60 countries, including India,
Indonesia, Brazil, Mexico, Nigeria, Dominican Republic, United States, and Australia
(Olubode, 2012). This crop is grown under tropical and sub-tropical climates, where the
growing cycle is fast and occurs throughout the year (Murayama et al., 2006). It has been
reported that about 185.95 million tonnes of C. papaya fruits were produced between 2000
and 2017 with India being the largest producer with about 5,699,000 million tons per year
while Brazil was the second-largest producer with 1.60 million tons per year (Alara et al.,
2020).

In addition, papaya seeds, leaves, and fruits have pharmacological activities for humans
such as anti-protozoan, anti-fertility, and anthelmintic. They also contain bioactive
compounds that are beneficial for preventing diseases such as cancer (lkram et al., 2015;
Alara et al.,, 2020). The digestive enzyme-papain which effectively treats causes of
allergies trauma and sports injuries is found in raw papaya fruits (Olivier, 2015). This fruit
consists mostly of water, carbohydrates, calories, and is rich in natural vitamins and
minerals, particularly vitamins A and C, ascorbic acid, and potassium. Papaya is a good
source of fiber and it lowers high cholesterol levels (Begum, 2014) but as a climacteric
fruit, its ripening process continues after harvest (Rodrigues et al., 2021) causing fruit
guality loss due to immature harvest, injuries caused by improper handling and storage,
postharvest diseases, damage caused by cold or high temperatures, pests, and
physiological disorders (Tan et al., 2022).

Colletotrichum gloeosporioides (Penzig) Penzig & Saccardo, Lasiodiploidia theobromae
(Patouillard) Griffon & Maublanc., Fusarium solani (von Martius) Saccardo, Phomopsis
caricae-papayae (Petrak & Ciferri ) Rossman & Udayanaga and Rhizopus stolonifer
(Ehrenberg) Vuillemin (Soma, 2020; Rodrigues et al., 2021) are postharvest pathogens
that have been confirmed to be a threat to papaya fruits and cause an irreversible effect
on the fruit by creating various symptoms that indicate inedibility, including the formation

of water-soaked lesions, secretion of toxic byproducts and pungent smell (Zang et al.,



2021). Most crops grown worldwide are susceptible to at least one or more Colletotrichum
species which cause more than 50% of losses of fresh fruits and vegetables (Awang et
al., 2011).

Colletotrichum is associated with economically significant diseases of grasses, cereals,
vegetables, legumes, perennial crops, and fruits (Latunde-Dada, 2001). Colletotrichum
has been nominated as the most important genus of phytopathogenic fungi throughout
the world, based on its scientific and economic significance (Dean et al., 2012). This
pathogen has the delayed onset of disease symptoms in a crop and is often devastating,
leading to severe postharvest losses (Ali et al., 2011). The highly perishable nature of
this fruit highlights the urgent need to develop biological controls that can reduce their

deterioration and extend shelf life to impart value to consumers (Hassan et al., 2021).

1.2. Problem statement

Perishable fruits with short nematode diseases (Mirza and Ismael, 2021) and papaya is
one of the fruits affected by postharvest diseases. Several reports indicated that papaya
fruits are high in water content and susceptible to postharvest shriveling which negatively
impacts their appearance and market potential (Kader and Yahia, 2011; Workneh et al.,
2012; Sivakumar and Wall, 2013). Kader and Yahia (2011) reported that all papaya fruits
are characterized by high water content and potential for water loss resulting in shriveling,
susceptibility to mechanical injury and susceptibility to attacks by microorganisms and
insects. Several important postharvest fungi affecting and causing losses to papaya fruit
include C. gloeosporioides which causes anthracnose, and is the most common and

widespread papaya pathogen worldwide (Bautista-Bafios et al., 2013).

Anthracnose is classified as a postharvest disease caused by the fungus C.
gloeosporioides which is a devastating and economically important pathogen causing
approximately 40-100% of papaya fruit losses in developing countries (Madani et al.,
2014). C. gloeosporioides produces enzymes which degrades the plant cell wall and
cause high economic losses (Rodriguez-Lopez et al., 2009). The disease symptoms on
infected fruits are characterized by small subcircular or angular small water-soaked
lesions with translucent light brown margins (Jain et al., 2023.). This can be managed by
post-harvest hot water treatment and synthetic fungicides. However, hot water treatment
2



causes damage to fruits, and the pathogen has become resistant to some of the fungicides
currently in use (Aguayo et al., 2008; Djioua et al., 2010).

Synthetic fungicides such as prochloraz, benomyl, carbendazim, propineb and
difenoconazole have been used traditionally in the pre- and postharvest control of
anthracnose (Sundravadana et al., 2007; Ali et al., 2016). These synthetic fungicides have
severe health problems in humans, causing eye defects and birth-related problems by
disrupting the process of cell division making their use unacceptable and dangerous
(Bordoh et al., 2020). The long-term use of these fungicides has negative impacts on the
environment, causing water and soil pollution (Mahmood et al., 2016; Bordoh et al., 2020).

The increasing health concerns expressed by consumers to regulate fungicide use and
their residues in fresh produce have necessitated the development of non-toxic and
nonfungicidal management approaches for achieving more papaya production and profits
(Droby, 2005; Claeys et al., 2011). Therefore, interest in using environmentally-friendly

approaches has gradually increased to achieve more papaya production and profits as

well as improved fruit quality.
1.3. Research Aim and Objectives

The aim of this project was to examine the effect of biological control agents (bacteria and
yeast) and moringa leaf extract in maintaining post-harvest quality of papaya

The specific objectives were to:

* Isolate antagonistic yeasts and Bacillus from different medicinal plants to evaluate their

efficacy for the control of C. gloeosporioides.

* Investigate the in vitro and in vivo effect of yeast and Bacillus isolates on C.

gloeosporioides.

* Investigate the effect of different concentrations of moringa leaf extract on C.

gloeosporioides in vitro and in vivo.

* To determine independent and combined effects of Bacillus or yeast isolates with

moringa leaf extracts for the control of C. gloeosporioides of papaya.



1.4. Motivation of study

More than 50% of losses of fruits and vegetables are caused by Colletotrichum species

(Awang et al., 2011). This pathogen is managed by hot water treatment (HWT) (Li et al.,
2013). However, HWT causes decolorization and scalding of fruit skin and softens the fruit
pulp since the temperature must be higher than the thermal death point of the pathogen
(Barrera-Necha et al., 2008). Ozone is also used as one of the control approaches, fruits
treated with a high concentration of ozone (4ppm) have a high decay rate and result in

surface browning of fruits due to surface oxidation (Tzortzakis and Chrysargyris, 2017).

Several chemical fungicides including propiconazole, prochloraz, benomyl, and
thiabendazole are commonly used to control anthracnose disease both on pre- and
postharvest, even though they reduce the inoculum they are harmful to humans (Ali et al.,
2015). Olisah et al. (2020) reported that some pesticides have been banned due to
concerns related to their carcinogenic potential. Some of the synthetic fungicides cause
severe health problems, causing birth-related problems and eye defects to human (Ali et
al., 2016). Additionally, long-term use of synthetic fungicides negatively impacts the
environment causing water and soil pollution (Northover and Zhou, 2002; Szczygiel et al.,
2024). These negative effects are coupled with concerns of using non-toxic alternative
approaches for controlling postharvest diseases without health implications to humans.

1.5. Justification

The use of synthetic fungicides to control postharvest deterioration is now losing popularity
due to their long degradation period, high and acute residual toxicity, environmental
pollution and their effects on food, side-effects on humans, and also their cost (Nath et al.,
2002). The effects of synthetic fungicides suggest the need for alternative strategies to be
developed for reducing papaya fruit losses due to postharvest decay that are perceived

as safe and pose no risk to human health and the environment (Rodrigues et al., 2021).

Microbial antagonists have been reported to protect most of harvested perishable
commodities against several postharvest pathogens (Singh et al.,, 2023) and these
antagonists include the use of biological control agents and moringa leaf extracts.
Biological control agents have antifungal activity against plant pathogens by the secretion
of antifungal metabolites and enzymes or induction of disease resistance in fruits, which

makes them an environmentally friendly strategy (Cheon et al., 2016). The antagonists

4



induce systemic resistance response in a host/fruit and have a long shelf-life effect with

low manufacturing costs.

Plant extracts have antioxidant activity and exhibit antibacterial and antifungal potential
against several pathogens (Hernandez-Albiter et al., 2007). They contain a profile of
important minerals, proteins, vitamins, and phytochemical compounds with biological
activity and can potentially be used to retard the growth of microorganisms (Gurjar et al.,
2012; Kavitha and Satish, 2013; Arora and Onsare, 2014).

Moringa oleifera is one of the plant extracts that has gained much importance, due to its
multiple uses and benefits in agriculture and fruit industry (Ashfaq et al., 2012). Moringa
leaves are popularly used as a dietary supplement and herbal medicine, and therefore,
have nutritional benefits for humans. The leaf extracts of M. oleifera have been reported

to exhibit antioxidant activity both in vitro and in vivo based on their abundance of
flavonoids and phenolic acids (El Khateeb and El-Bahrawy, 2013; Vongsak et al., 2013).
This requires an appropriate extraction method and solvent that promote the extract with
high biological activities and high yield of active compounds for nutraceutical production
(Vongsak et al., 2013).
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Chapter 2 Control of Colletotrichum gloeosporioides causing anthracnose on

papaya fruits: A literature review

2.1. Introduction

Fruits are an essential part of human diet as they supply essential nutrients such as
vitamins and minerals (Keatinge et al., 2010). Farming is an important method that avails
fruits in the society. It provides a variety of new ways of providing food that improve the
guantity and quality of the nutrients that are available to many families. About 4.8 million
tons of fruits are produced in South Africa, 63% are exported, 26% are processed, and the
remaining 11% are destined for the local markets (Sibaluli, 2018) To reduce hunger, food
production has to increase and reduce post-harvest losses such as weight loss due to
spoilage, nutritional loss, and quality loss (Boxall, 2001). However, post-harvest decay of
fruits is a challenge faced by farmers worldwide which reduces the availability of fruits. For
increased fruit production, fruits must not have physiological disorders, mechanical

injuries, and must be free from diseases (Ferguson and Boyd, 2002).

Papaya (Carica papaya) is a fruit consumed either raw or in processed forms such as jelly,
jam, candy and pickles (Tan et al., 2020). As a climacteric fruit, it matures quickly and
vulnerable to numerous post-harvest challenges leading to difficult maintenance during
storage. (Ong et al., 2013; Zhu et al., 2013). Softening and senescence associated with

post-harvest ripening make papaya fruit vulnerable to several post-harvest diseases.

Post-harvest diseases during storage and transportation significantly lowers the quality
and value of this commodity. The incidence of post-harvest diseases, especially
anthracnose caused by Colletotrichum gloeosporioides, becomes a problem when fruits
have 25% or more skin yellowing (Fernandes et al., 2024). This has been the main concern
for fruit growers, distributors, and exporters in extending the storage life of papaya fruit
while keeping the fruits at an acceptable quality. This review will focus on Colletotrichum
gloeosporioides (Penz.) Penz. & Sacc, which highly affects and causes losses on both

tropical and subtropical fruits worldwide.
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2.1.1. Origin and cultivation of papaya

Papaya (Carica papaya L.) is placed in Caricaceae family and is the most economically
important species of the genus Carica (Carvalho and Renner, 2012), characterized as the
third most cultivated tropical crop worldwide (Ong et al., 2013). The center of origin and
domestication of this crop is the Mesoamerican region. Papaya seeds were distributed to
the Caribbean and South-East Asia during the Spanish exploration in the 16th Century,
and spread rapidly to the Pacific, India and Africa (OECD, 2003; Daagema et al., 2020).
Currently it has become the most cultivated and consumed in tropical and subtropical

areas in the whole world (dos Santos et al., 2014; Vij and Prashar, 2015).

This is a climacteric fruit that undergoes a variety of physical and chemical changes after
harvest (Kebede, 2020). However is a fast-growing, short-lived crop cultivated for its fruit,
papain, pectin, and antibacterial substances, producing mature fruits within 9-12 months
after planting (Niklas and Marler, 2007). The extreme cold or heat can injure the tree and
its fruits. C. papaya needs irrigation of around 0.80 m, mainly in the summer and spring.
As a result, papaya fruits can grow more effectively at temperatures between 21°C and
32°C. India has been reported as the largest producer of C. papaya followed by Brazil,
Mexico, Indonesia, Dominican Republic and Nigeria (Figure 1.1)

(Tridge.com, 2019). India and Brazil produced about 57% of the world’s global papaya in
the year 2019 (Fitch, 2020).

Figure 1.1: The top producer countries of C. papaya L. (Tridge.com, 2019).
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2.1.2. Economic importance and quality of papaya

C. papaya has been famous for its medicinal and nutritional benefits for ages and it was
the first fruit discovered to be genetically modified for human consumption due to its
medicinal and nutritional values (Yadav et al., 2017). Besides its geographical origin and
importance as food or traditional medicine, it is now used as herbal tea and also for the
industrial production of beverages. It is also used in the production of chewing gum, gives
shrinking resistance to wool, and helps to degum natural silk (Mahomud et al., 2008).
Papaya also contains more carotenoids than other fruits such as apples, guavas and
plantains, which play an important role in preventing age related cardiovascular, macular
and heart disease (Krishna et al., 2008). These fruits have a pleasant taste and their pulp
has sensory, and nutritional characteristics that make it healthy for all ages. Its chemical
composition varies according to climate, cultivar, and crop practices, cultivate period,

location and maturity stage (Souza et al., 2009).

2.2. Anthracnose of papaya

Anthracnose is one of the most common plant diseases that is caused by a fungal pathogen
Colletotrichum gloeosporioides, which is characterized by the development of dark, sunken
lesions, often with a raised rim, on affected fruits, foliage and stems (Waller, 1992; Tripathi,
2024). It is considered one of the most problematic and economically harmful plant diseases
that occur in a variety of hosts from trees to grasses (Freeman et al., 1998; Ajay Kumar,
2014). Along with cereals and pulses the disease affects many medicinally and
economically important plants such as citrus, papaya, banana, yam, coffee, eggplant,
avocado, sweet pepper, mango and tomato. Although all anthracnose pathogens on these
crops are classified as the same pathogen species, in the case of papaya and mango the
pathogen is highly host specific (Ploetz, 1999; Zakaria, 2021). The pathogen produces a
substantial amount of pre- and postharvest loss in these crops worldwide and acts as a
secondary invader of injured tissue but can also survive as a saprophyte (Kamle et al.,
2013).
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2.2.1. Causal organism

Colletotrichum gloeosporioides is a fungal plant pathogen that cause anthracnose it has a
white cottony appearance, which turns light grey with age on potato dextrose agar (PDA)
(Muntala et al., 2020). The pathogen belongs to the family Phyllachoraceae of the division
Ascomycota and is an asexual facultative parasite and comprises C. gloeosporioides as
anamorph imperfect or asexual state (Cannon et al., 2012). It was later determined that its
perfect or sexual stage was Glomerella cingulata (Stoneman) Spaulding & von Schrenk
but since this stage is rarely seen, the name of the imperfect stage is so commonly used.
Therefore, C. gloeosporioides is regarded as the correct name to describe this pathogen
(Maeda and Nelson, 2014). The perfect stage, G. cingulata, and the imperfect stage, C.
gloeosporioides, may be present on the stem of the papaya fruit. However, G. cingulata
does not produce either the symptoms on the fruit or the pinkish spores on agar typical of

C. gloeosporioides (Maeda and Nelson, 2014).

2.2.2. Taxonomy and morphology of C. gloeosporioides

The taxonomic and phylogenetic studies on the genus Colletotrichum are in expansive
phase following the epitypification of C. gloeosporioides (Penz.) Penz. & Sacc. (Cannon
et al., 2008). The species is exceedingly inconstant in its morphology; however, previous
reports have discussed its differentiation and classification in several groups based on

conidial size and sexual state morphology (Weir et al., 2012).

C. gloeosporioides was first identified in 1884 and its perfect state (telomorph) was given
the generic name Glomerella cingulata (Stonem) in 1903. More than 600 synonyms and
at least seven formae speciales of the fungus were described and are recognized as a
heterogeneous group with great variation in morphophysiological characteristics (Von Arx,
1957; Sutton, 1992). The fungus produces hyaline, one-celled, ovoid to oblong, slightly
curved or dumbbell- shaped conidia with obtuse ends (Figure 1.2) (Xie et al., 2010).
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Figure 1.2: Colletotrichum gloeosporioides conidiophores (A and B), (c) setae viewed
under the SEM and mycelial growth of C. gloeosporioides on PDA medium (D)
(Benbouazza and Douira, 2013; Chowdhury et al., 2021).

2.2.3. Host range of C. gloeosporioides
The fungus is known to infect a wide variety of important host plants including banana,
citrus, papaya, yam, coffee, eggplant, avocado, sweet pepper, mango, passion fruit
tomato, and other tropical fruits (Sharma and Kulshrestha, 2015). In India, C.
gloeosporioides is one of the most important plant pathogens causing anthracnose
disease in a wide range of hosts including cereals and grasses, legumes, fruits,
vegetables, perennial crops and trees (Siddiqui and Ali, 2014). In South Africa, there are
small climatic zones such as Mpumalanga, Limpopo and KwaZulu Natal suited for the
cultivation of subtropical crops such as avocado, papaya and mango which are susceptible

to C. gloeosporioides (Sanders and Korsten, 2003).
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2.2.4. Symptoms

C. gloeosporioides causes the development of sunken dark lesions, with a raised rim on
the infected fruit (Tengku and Mohamed, 2017). These lesions contain conidial masses on
the surface of infected fruits, but the immature fruits do not show any symptoms until they
ripens. The first symptoms are small well defined dried pinkish- orange, or salmoncoloured
“cordial masses” spots on the surface of ripening fruit (Zhang, 2021).

As the fruit continues to ripen, these spots quickly enlarge, forming circular (20 mm in
diameter), sunken lesions (from 3 to 5 mm deep) and changes from brown to black in
colour (Figure 1.3A and 1.3B). The lesions can be water-soaked or dried and hard. In the
center of the lesions, the fungus produces dark acervuli, frequently in a concentric pattern
and an orange to a pink gelatinous mass of conidia can be observed (Peres et al., 2005).

The reason why the same pathogen causes two different symptoms is unknown (Sarkar,
2016).

Figure 1.3: Anthracnose disease symptoms on the ripened papaya fruits (A and B) (Maeda
and Nelson, 2014).
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2.2.5. Economic importance and distribution

C. gloeosporioides can significantly affect fruits that are refrigerated and exported and is
recognized globally as a major post-harvest disease. C. gloeosporioides is indicated as a
common anthracnose pathogen of papaya in several regions and countries, including the
Yucatan peninsula, Mexico, Malaysia, the Miyako Islands, Okinawa, Japan, South Florida
and Trinidad Island (Maharaj and Rampersad, 2012). To date several species belonging
to Colletotrichum occur on papaya fruits in Australia, South Africa and China (Cannon et
al., 2012).

2.2.6. Disease cycle and epidemiology

The life cycle of C. gloeosporioides is illustrated in Figure 1.4 (Zakaria, 2021). The
anthracnose infection begins with conidial germination followed by the formation of
appressoria and penetration pegs, which are classified as fungal structures that assist in
the penetration into host tissues (Wharton and Dieguez- Uribeondo, 2004; Talhinhas et al.,
2011). Pathogen spread and infection in fruits and plants depend on moisture provided by
rainfall. Anthracnose reaches its highest disease incidence and severity in areas where
relative rainfall and relative humidity are high and the air temperature is warm, allowing
fungal development. Optimum air temperatures for the pathogen occur between 18°C and
25°C.

Anthracnose symptoms often develop after harvest, during storage, transportation, and
marketing (Saxena, 2016). Spores produced on fungal structures called acervuli are
dispersed through rain droplets, splashing water or irrigation, and wind-blown rain, thus
becoming the primary inoculum for fruit infection at the preharvest stage (Sarkar, 2016).
These spores can germinate and form germ tubes if deposited on immature green fruit
with the availability of free water and a minimum relative humidity of at least 97% (Sarkar,
2016). Appressoria then forms at the end of the germ tubes on the fruit surface, which
penetrates the host cuticle and epidermal layer with a “penetration peg” to establish
infection. The infection remains latent until the post- climacteric stage of the fruit and when
the host physiology and environmental conditions are favourable for their reactivation and

further development (Kamle and Kumar, 2016).
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As the fruit starts to ripen, the pathogen continues growing and the typical anthracnose
symptoms appear, more often the symptoms develop after harvest, during storage,
transportation, and marketing (Kamle and Kumar, 2016; Sarkar, 2016). The fungus
absorbs nutrients from the fruit as it colonizes it, and again forms acervuli and spores to
complete the life cycle (Nelson, 2008a). In the absence of its host plant, C. gloeosporioides

can survive as a saprophyte in dead infected banana tissue or other organic matter.
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Figure 1.4 Anthracnose disease cycle of tropical fruit crops. (Drawn by Latiffah Zakaria)
(Zakaria, 2021).
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2.3. Control of C. gloeosporioides of papaya using biological control agents

Cook and Baker (1983) defined biological control as the process of reducing the amount
of a pathogen’s inoculum carried out by one or more species other than man. The
biological control of pathogens in crops using microbial antagonists has been an
ecofriendly alternative to the user rather than the use of chemical pesticides (Moenne
Loccoz et al. 2001) and is nowadays being studied extensively with many different plant
diseases using a variety of microbial antagonists as part of integrated disease
management programs. Microbial antagonists such as bacteria and yeast play an
important role in naturally controlling the numerous postharvest pathogens of fruits
(Heydari and Pessarakli, 2010).

2.3.1. Characteristics of successful biological control
Biological control agents are most effective when they exhibit the following characteristics:

(a) Narrow host range contributing to specificity of a biological control to a targeted enemy
and also influences its effectiveness; (b) synchrony with host life cycle; (c) non- pathogenic
to the host so as to establish itself successfully without causing significant damage to that
host; (d) Climatic adaptability to avoid the targeted pathogen to multiply faster than the
biological control itself; (e) effective at low concentrations to prevent the potential
outbreaks of the targeted pathogen; (f) stable for the consistent control of the available
pathogen; (g) High reproductive potential to keep up with the capacity to reproduce for
multiple generations throughout the hosts life cycle (Hoddle, 2006).

2.3.2. Mode of action of biological control agents

The biocontrol agents produced the antifungal activity via secretion of antifungal
metabolites and enzymes or induction of disease resistance in fruits, this makes biological
control agents the acceptable control strategy (Kim et al., 2018). These control agents
interact with plants by inducing resistance or priming plants without any direct interaction
with the targeted pathogen and antagonistically act through hyperparasitism and
antibiosis, while directly interfering with the pathogen (Heimpel and Mills, 2017) and
suppress the activity of post-harvest pathogens on fruits and vegetables (El-Ghaouth et
al., 2004).
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2.3.3. Bacillus as biological control agents

Bacillus has a variation in nutrient utilization, motility, and physiochemical growth allowing
these bacteria to inhabit diverse niches in agro-ecosystems (Mahapatra et al., 2022). They
are classified as aerobic or facultative anaerobic, endospore- forming grampositive
flagellated rods that appear singly, in pairs or chains (Logan and Vos, 2015). Bacillus
species have numerous advantages over other bacteria due to their long shelf life resulting
from their ability to form endospores and the broad-spectrum activity of their antibiotics
(Han et al., 2021). They have been mostly used in agriculture both for plant growth
promotion and as biocontrol agents (Niranjan et al., 2003; Dobbelaere et al., 2003; Vessey,

2003) and successfully control plant pathogens.

2.3.4. Mode of action of Bacillus as biological control agents

Bacillus can reproduce actively and resistant to unfavorable environmental conditions
(Shafi et al., 2017). They also have the potential to produce metabolites with antibiotic
properties (Dunlap et al., 2011), and activation of plant defense mechanisms by triggering
induced systemic resistance (ISR) in plants (Compant et al., 2005). Bacillus spp. also
directly antagonizes fungal pathogens by competing and depriving them of essential
nutrients, by producing fungitoxic compounds, and by inducing systemic acquired
resistance in plants (Cawoy et al., 2015; Radhakrishnan et al., 2017).

2.3.5. Yeast as biological control agents

Yeasts stand out due to the specific characteristics that make them effective as biological
control agents, especially in commercial fruits such as papaya, because they generally do
not produce allergenic or toxic substances, also, they can grow rapidly on inexpensive
substrates and are easy to produce in large quantities (Spadaro and Droby, 2016; Droby
2016). Yeasts generally have simple nutritional requirements and can colonize dry
surfaces for longer periods, as well as withstanding many pesticides used in the
postharvest environment (El-Tarabily and Sivasithamparam, 2006). Most yeasts are
unicellular, although some species may become multicellular through the formation of a
string of connected budding cells (Gakkhar and Nair, 2013) and they can grow rapidly on
inexpensive substrates in fermenters and are therefore easy to produce in large quantities
(Druvefors, 2004).
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2.3.6. Mode of action of yeasts as biological control agents

Yeast has antagonistic action against pathogens, due to different mechanisms such as
colonization, competing for nutrients, producing antifungal compounds, induced systemic
resistance, and mycoparasitism process (Morath et al. 2012). They can reduce spore
germination, decrease germ tube length, and inhibition of mycelial growth by volatile and
diffusible metabolites (Nally et al. 2015).

2.4. Control of C. gloeosporioides of papaya using plant extracts as edible
coatings

Edible coatings are mainly used to improve food appearance and preservation of the fruit
since they can provide selective barriers against respiration, moisture loss and decay (Al
and Mahmud, 2007; Ali et al., 2013). Plant extracts are classified as one of the edible
coatings controlling techniques and it has been reported as being effective against
pathogens and also environmentally friendly (Hernandez-Albiter et al., 2007). These have
high antioxidant activity and exhibit antibacterial potential against several organisms (John
et al., 2013).

Moringa leaf extract is best used as a plant growth enhancer, insect repellent, and
fungicide (Phiri and Mbewe, 2010). These are good prospects for food application as they
can preserve food by inhibiting lipid oxidation and controlling a wide range of pathogenic

microorganisms, such as bacteria and fungi (Shah et al., 2015).

2.4.1. Mode of action of plant extracts and edible coatings

Edible coatings are classified as the thin layer of material that can be consumed and
applied to provide a barrier to microbes of external sources, moisture, oxygen, and solute
movement for food (Senturk Parreidt et al., 2018). These coatings also extend the fruit's
shelf life by decreasing moisture and solute migration, gas exchange, oxidative reaction
rates, and respiration as well as reducing physiological disorders in fresh-cut fruits
(Adhikary et al., 2022). Plant extracts possess several phytochemicals such as flavonoids,
tannins, alkaloids, and terpenoids, having antimicrobial and antioxidant properties (Talib
and Mahasneh, 2010). Moringa leaf extract plays an important role in enhancing crop
growth and yield under stress (Yasmeen et al., 2013). Moringa leaves are potential sources
of vitamins A and C, iron, calcium, riboflavin, b-carotene, and phenolics (Nambiar et al.
2005).
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2.4.2. Characteristics of successful edible coatings
The successive edible coatings possess the following characteristics (Han, 2014): (a)
good barrier properties to water, moisture, carbon dioxide, oxygen and ethylene; (b)
improve the appearance and mechanical handling to maintain structure and colour of
coated fruits or vegetables; (c) they contain active components such as antioxidants,
vitamins, etc., and also enhances the nutritional composition of fruits and vegetables
without affecting the quality; (d) these coatings provide a protective covering on fruits

and vegetables and enhance their shelf life.

2.5. Integration of biological control agents and plant extracts in controlling
C. gloeosporioides of papaya

The biological control agents are mostly active against fungal pathogens and operates
through a range of mechanisms such as the competition for space and nutrients,
parasitism, induced resistance. Whereas plant extracts can act via the induced
responses or directly on pathogen. The antifungal performance of the integrated plant
extracts together with biocontrol agents can successively control the growth and
development of the fungal pathogen and these plant volatiles are both eco-friendly

and safe for human health (Moenne-Loccoz et al. 2001).

The association of bio control and plant extracts enhance the control of
phytopathogens and also assists the biological agents in their antagonistic action in
diseases associated with fruits (Pimenta et al., 2010). The combination use has the
multifactorial mode of action, with a good efficacy and the reduction in chance of
resistance of a pathogen (Rahman et al., 2016). Several studies have reported some
bacteria and plant extracts has the ability to control most pathogens (MercadoBlanco
et al., 2004; Uppal et al., 2008).
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Chapter 3 Investigating the in vitro and in vivo effects of antagonistic
microorganisms on

Colletotrichum gloeosporioides of papaya

Abstract

The use of biological control agents as pathogen control agents has gained significance
due to being non-hazardous to humans, biodegradable and environmentally friendly. The
aim of the study was to evaluate in vitro and in vivo antagonistic activity of yeasts and
Bacillus spp. as biological control agents against Colletotrichum gloeosporioides of Carica
papaya L. Isolation and in vitro bioassays of forty-five yeasts and fifty-five Bacillus spp.
against C. gloeosporioides were conducted on potato dextrose agar and incubated at 25°C
for 7 days. The mycelial growth was measured in mm, and the percentage inhibition was
calculated. Out of one hundred biological control agents isolated from different plant parts
of different hosts, 51 Bacillus isolates and 27 yeast isolates inhibited mycelial growth of C.
gloeosporioides by greater than 50% during the in vitro primary screening. Bacillus spp.
had a greater number of isolates that exhibited the strongest antagonistic activity and
effectively inhibited the mycelial growth of C. gloeosporioides compared to yeast isolates.
For in vitro secondary screening, twenty-one yeast isolates and forty-seven Bacillus spp.
inhibited mycelial growth of C. gloeosporioides by more than 50%. The reduction of
pathogen growth was significantly different in comparison to the untreated control. The
SEM showed a successive control of mycelial growth and conidia formation of C.
gloeosporioides by BMR2 and YCR3. There was no significant difference (P<0.001) in
anthracnose incidence between the fruit treated with BMR2 and B16 isolates from day 3-
10 post inoculation. The control fruit exhibited 100% anthracnose incidence compared to
16.67% in the water control. Yeast isolates (YCR3 and YSY1) and Bacillus isolates (BMR2
and B16) provided the best control of C. gloeosporioides in vitro, whereas fruits treated
with B16 at a concentration of 1x108 spore m{! had the lowest anthracnose incidence of
anthracnose (88.67%), compared to control fruits (100%) in vivo. B16, identified as Bacillus

megaterium, was highly antagonistic against C. gloeosporioides both in vitro and in vivo.

Keywords: C. gloeosporioides, anthracnose, papaya, Bacillus and yeast isolates.
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3.1. Introduction

Papaya (Carica papaya L.) is a climacteric fruit that produces more ethylene and has a
respiration burst after being detached from a mother plant. However, ripening is a complex
process that involves many factors, including physiological changes that can lead to post
harvest diseases. Post-harvest diseases cause severe economic losses and reduce fruit
quality due to decay leading to blemished and unmarketable fruits (Cannon et al., 2000).
More than 50% of losses of fresh fruits and vegetables are caused by postharvest
pathogens (Awang et al., 2011), resulting in severe economic damage of fruits for local

consumption and exportation (Kitinoja and Kader, 2015).

Colletotrichum gloeosporioides (Penzig) Penzig & Saccardo, the causal agent of
anthracnose, is an important postharvest pathogen worldwide, infecting several crops
(Pomper et al., 2010). Anthracnose attacks all parts of the plant at any stage of growth
(Torres-Calzada et al., 2013), exhibiting symptoms such as small, brownish spots with
light-coloured centers on the leaves and twigs (Kitinoja and Kader, 2015). Factors such as
humidity, temperature, fruit texture, and inoculum concentration, trigger anthracnose

infection on different fruits (do Nascimento Nunes, 2008).

Synthetic fungicides (propiconazole, prochloraz, benomyl, and thiabendazole) are
commonly used to control anthracnose disease on various crops (El- Ghaouth et al., 2003).
However, the long-term use of these fungicides results in residues harmful to consumers
and the emergence of fungicide-resistant strains of the fungus (Hoa, 2008). The hot-water-
dip treatment of 43 - 49°C for 20 minutes is also used but affects the ripening process of
papaya (Hewajulige and Wijeratham, 2010). Control strategies based on antagonistic
activity have become an attractive alternative approach. Biological control agents,
especially in commercial fruits such as papaya, have the potential to control post-harvest
pathogens because they are environmentally friendly, do not produce toxic substances,
can grow rapidly on inexpensive substrates, and are easy to produce in large quantities
(Spadaro and Droby, 2016).

The objective of this study was to isolate yeasts and Bacillus isolates and investigate their
effect on C. gloeosporioides in both in vitro and in vivo trials and to investigate the mode

of action of the best isolates using scanning electron microscopy.
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3.2. Materials and methods

3.2.1. Isolation of Colletotrichum gloeosporioides

C. gloeosporioides was isolated from infected papaya fruit obtained from local
supermarkets in Scottsville, Pietermaritzburg, South Africa. The infected fruit parts with
spores were then directly plated onto potato dextrose agar (PDA) and incubated at 28°C
for seven days. Pure cultures were obtained by sub culturing on fresh PDA plates and
maintained in McCartney bottles three-quarter with PDA at 4°C. The inoculum was
prepared from 14-day-old culture dishes incubated at 28°C, and spores were viewed under

the light microscope (Carl Zeiss, Geschaftsbereich, Germany).

3.2.2. Pathogenicity test

Mature papaya fruits were dipped into 70% ethanol for 1 minutes, rinsed three times in
sterilized distilled water and then air dried before wounding. There were three fruits per
replicate and three replicates per treatment. The fruits were uniformly wounded,
approximately 3mm deep and 3mm wide, with a sterile pipette tip at the equatorial side
and four wounds were made in each fruit. The wounds were inoculated with 20 pl of the
conidial suspension of C. gloeosporioides at concentrations of 1x10° conidia ml* and
controls inoculated with 20 pl of sterilized distilled water. Inoculated fruits were stored at
25°C, relative humidity of about 90%. Wounds were examined at day 3, 5, 7 and 10
postinoculation, and the disease incidence (DI) was calculated using the following formula:

DI (%) = (Number of infected fruits +~Total number of inoculated fruits) X 100

3.2.3. Isolation of yeast and Bacillus isolate

Bacillus spp. and yeasts were isolated from the medicinal plants guava, papaya, cassava,
aloe and syringa collected at Botanical Garden and Ceru, University of KwaZulu Natal,
Scottsville, South Africa. Plant materials were disinfected with 70% ethanol, and then
washed with distilled water to remove excess ethanol. The plant material was allowed to
air dry on a paper towel. 80 g of each plant material was cut into small pieces using the
sterile scalpel and transferred in a 250 mL Erlenmeyer flask containing 100 mL sterile
distilled water.

The mixture was placed in a water bath at 130 revolutions per minutes (rpm) for one hour
at 80°C, this was to allow only species belonging to the Bacillus genus to survive as they
can resist temperatures above 80°C. For the isolation of yeasts, Erlenmeyer flasks were
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placed in a water bath at 28°C for 1 hour. After one hour the solutions were cooled, filtered
and the aliquot was used to make serial dilutions of 101, 102and 103. An aliquot of 20 pL
of each dilution was spread into PDA plates for Bacillus isolation, and yeast peptone

dextrose agar (YPDA) for isolation of yeast, using a hockey stick.

The inoculated petri plates were incubated at 28°C for three days. To obtain pure cultures,
sub-culturing was done by transferring single colonies of each isolate of Bacillus spp. and
yeasts into fresh PDA plates and incubated at 28°C for 3 days. The pure cultures were

stored in 70% (v/v) double sterilized glycerol at -80°C for long-term storage.

3.2.4. In vitro effect of yeasts and Bacillus isolates on Colletotrichum
gloeosporioides

To determine the effect of yeast and Bacillus isolates on C. gloeosporioides, 45 yeasts and
55 Bacillus isolates were streaked on either side of the Petri plate using the flamed
inoculating loop and thereafter placing a 5-day old pathogen plug at the centre of the plate
using the sterile scalpel and inoculating needle and incubated at 28°C. There were three
replicates per treatment. Measurements of mycelial growth were taken at day three, five
and seven after inoculation. Control plates were centrally seeded with the pathogen and

distilled water on either side of the plate. The percentage inhibition

(PI) was measured as follows:

Pl (%) = (mycelialgrowthofcontrol-mycelialgrowthwithtreatment)+ mycelialgrowthofcontrol )X 100

The secondary screening of yeasts and Bacillus isolates was conducted using the same
methodology, 21 yeasts and 47 Bacillus isolates succeeded in controlling C.

gloeosporioides.

3.2.5. Molecular identification of bacterial isolate

The molecular identification of the isolated biocontrol agent B16 was done according to
Stephen et al., (1997) and the genetic DNA was extracted from the pathogen cultures
using the Quick-DNATM Fungal/Bacterial Miniprep Kit (Zymo Research, Catalogue No.
D6005). The targeted region 16S was amplified on PCR using both the reverse and
forward primers (Table 3.1), OneTag@ Quick-load@ 2X Master mix (NEB, Catalogue No
M0486). The PCR products were then run on a gel extracted with the ZymocleanTM Gel
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DNA Recovery Kit (Zymo Research, Catalogue No. D4001). The extracted fragments were
sequenced in the forward and reverse direction (Nimagen, BrilianDyeTM Terminator Cycle
Sequencing Kit V3.1, BRD3-100/1000) and purified (Zymo Research, ZR-96 DNA
Sequencing Clean-up KitTM, Catalogue No. D4050). The ABI 3500x1 Genetic Analyser
(Applied Biosystems, ThermoFisher Scientific) was used to purify fragment that was
analysed for each reaction. CLC Bio Main Workbench v7.6 was used to analyse a file with
the sample generated by the ABI 3500XL Genetic Analyser and results were obtained by
a BLAST search (NCBI).

Table 3.1: 16S Primers sequences

Name of the Primer Target Sequence (5’ to 3’)
16S-27F 16S rDNA sequence AGAGTTTGATCMTGGCTCAG
16S-1492R 16S rDNA sequence CGGTTACCTTGTTACGACTT

3.2.6. The effect of biological controls on C. gloeosporioides under the scanning
electron microscopy (SEM)

The effect of biological control agents on the hyphal development of C. gloeosporioides
was studied using the method described by Capdeville et al. (2007), with few amendments.
Samples were cut into 3 mm x 3 mm blocks of the pathogen from the 4 yeast and 4 Bacillus
treated and 1 non-treated PDA plated. The treatments used were, BMR2, B16, BMR3 and
Bql for the Bacillus sp., YCR3, YSY1, Yzl and YS3 for yeast isolates. The samples were
primarily fixed in 3% (v/v) glutaraldehyde for 3 hours and then washed in 0.05M sodium
cacodylate buffer for 5 minutes and dehydrated in different percentages (30%, 50%, 70%,
80%, 90%) of ethanol, 10 min each and 3 x 10 min in 100% ethanol in a fume hood. The
samples were then transferred into a critical point dryer basket under 100% ethanol and
dried using a Quorum K850 critical point dryer. All the samples were mounted onto the
SEM stubs and coated with gold in a gold palladium sputter coater (Quorum Q150R ES).
The dried coated samples were examined using a

ZEISS, EVO LS 15 scanning electron microscope (Carl Zeiss SMT Ltd., Cambridge)
operating at 5 kV.
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3.2.7. In vivo effects of yeasts and Bacillus isolates on Colletotrichum
gloeosporioides
To determine the effect of the best Bacillus and yeast isolates on the growth and

development of C. gloeosporioides, papaya fruits were similarly treated as described in

Section 2.2.2. The wounded fruits were inoculated with a suspension of 20 pyf at a
concentration of 1 x 10° conidia m{t. After 24 hrs, each wound was inoculated with 20 pt
of the best 4 biocontrol agents (BMR2, B16, YCR3 and YSY1) of 1 x 108 spore m{. The
control was inoculated with 20 pf of C. gloeosporioides only. Inoculated fruit was then
stored in enclosed plastic trays to maintain a high relative humidity (RH) of about 90% at
25°C. There were 10 fruits per replicate and 3 replicates per treatment. The wounds were

examined, and the disease incidence was calculated at 3, 5, 7 and 10 days postinoculation.

3.2.8. Statistical analysis
All data were subjected to analysis of variance (ANOVA) using GenStat 18™ edition.

Differences between treatment means were separated using Duncan’s multiple range test
at P<0.05.

3.3. Results

3.3.1. Isolation and pathogenicity of Colletotrichum gloeosporioides
The light microscope showed ovoid and slightly curved conidial spores of C.
gloeosporioides (Figure 3.1 A and B) after 10 days of pathogen growth at 28°C. The spores

of the pathogen were concentrated together.
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Figure 3.1: Light electron micrograph showing the spores of Colletotrichum
gloeosporioides at 40x magnification (A and B).

The effect of the pathogen on papaya fruit was significantly different at different stages of
papaya fruit and days after post-inoculation (Figures 3.2 and 3.3), with fruits being less
affected at the turning stage and mostly affected when ripen. At day 5, 7 and 10
postinoculation, papaya fruit had 66.7%, 100% and 100% anthracnose incidence,
respectively, compared to control treatment with only 10% infection at day 10 post-

inoculation.

Figure 3.2 Untreated fruit inoculated with sterilized distilled water (A) showing no
symptoms of C. gloeosporioides; treated papaya fruit with C. gloeosporioides at day five
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of inoculation (B); treated papaya fruit at day seven (C) and day ten (D) showing severe

symptoms of the fungal pathogen.
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Figure 3.3 Anthracnose incidence on papaya fruit inoculated with Colletotrichum
gloeosporioides. Bars with the same letters are not significantly different according to

Duncan’s multiple range test (P<0.05).

3.3.2. In vitro effect of yeast and Bacillus isolates on Colletotrichum
gloeosporioides

From a total of 45 yeast isolates that were used in the preliminary screening trial, only 27
yeast isolates inhibited C. gloeosporioides by > 50% and 10 of these controls inhibited by
>60% when compared to the control (Figure 3.5). Out of 55 Bacillus isolates that were
preliminary screened, 51 of the isolates successfully inhibited C. gloeosporioides by > 50%
(Figure 3.6). The promising yeast and Bacillus isolates were further tested to confirm their
antagonistic activity against C. gloeosporioides. For secondary screening, 21 yeasts and
47 Bacillus isolates succeeded in controlling C. gloeosporioides when compared to the
untreated control. Yeast isolates YCR3 provided the best control and successfully inhibited
C. gloeosporioides (Figure 3.4 B) compared to no inhibition on control plates (Figure 3.4
D). For Bacillus isolates, BMR2 performed better in controlling the pathogen (Figure 3.4
A), with the worst control with the MeRo2y (Figure 3.4 C).
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Figure 3.4 Antagonistic effect of the best yeast and Bacillus isolates against C.
gloeosporioides after seven days of incubation at 25°C. The performance of a pathogen
on a plate treated with BMR2 (A) and treated with YCR3 (B) showed clear inhibition zones

when compared with MeRo2y (C) and untreated control (D) where the fungal pathogen
spreads throughout the plate with no restrictions.
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Figure 3.5 Mycelial growth inhibition of Colletotrichum gloeosporioides by best 10 yeast
isolates at day 3, 5 and 7 at 25°C. All of these isolates managed to inhibit the pathogen by

more than 50%.

Figure 3.6 Mycelial growth inhibition of Colletotrichum gloeosporioides by best 10 Bacillus
isolates after day 3, 5 and 7 at 25°C. The percentage of the isolates at day 7 of evaluation
were above 50%.

Mycelial growth of C. gloeosporioides managed to increase for all the evaluated yeasts

and Bacillus isolates from days 3 to 7. However, YCR3 (73%) and YSY1 (71%) isolates
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had a highest inhibition percentage of C. gloeosporioides (Table 3.1). The selected
Bacillus isolates progressively inhibited the mycelial growth of C. gloeosporioides with
BMR2 (81%) and B16 (76%) being the best treating isolates (Table 3.2).

Table 3.2. Grouping of bacterial and yeast isolates based on the average percentage
inhibition

Groups Ranges of average % inhibition
Group 1 0-25%

Group 2 26-50%

Group 3 51-75%

Group 4 76-100%

Table 3.3. Effect of yeast isolates against C. gloeosporioides at day 7 at 25°C in vitro.

Treatments Mycelial growth (mm) Inhibition (%) Group
YCR3 23.00 a 73 3
YSY1 2433 a 71 3
Yzl 25.33a 70 3
YS3 25.67 a 70 3
YSY3 25.67 a 70 3
YM1 26.00 a 69 3
YP3 26.00 a 69 3
YSY2 26.00 a 69 3
YGT3 26.33 a 69 3
YM2 26.67 a 69 3
YP2 26.67 a 69 3
MeRo4y 27.00a 68 3
SyB 27.33 a 68 3
YC2 29.33 a 65 3
YC3 30.33a 64 3
Control 84.67b
P value <0.001
LSD 7.4
%CV 14.7
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Table 3.4. Effect of Bacillus isolates against C. gloeosporioides incubated at 25°C at day

7 after inoculation in vitro.

Treatments  Mycelial growth (mm) Inhibition (%) Group
BMR2 16.00 a 81 4
B16 20.00 ab 76 4
BMR3 26.00 bc 69 3
Baqi 26.33 bc 69 3
BG1 26.67 bc 69 3
BS2 27.33 ¢ 68 3
BCr3 27.67 c 67 3
BP3 27.67 c 67 3
Bzl 27.67c 67 3
BPPM1 28.00 c 67 3
BS3 29.00 c 66 3
BSY1 29.00 c 66 3
BP2 29.67 c 65 3
BC1 30.00 c 65 3
BMR1 30.00 c 65 3
BPPM3 30.00 c 65 3
BSP2 30.00 c 65 3
BT1 30.00 c 65 3
BT3 30.33¢c 64 3
Control 84.67 d
P value <0.001
LSD 3.7
%CV 7.4

3.3.3. Molecular identification of bacterial isolate

According to the molecular identification, the Bacillus isolate B16 was classified as
Bacillus megaterium (Table 3.4), which successfully inhibited the mycelial growth
of C. gloeosporioides growth and reduced anthracnose incidence on papaya.
Table 3.5: The identification of Bacillus isolate B16

Isolate name  Species name Primer Accession no.

B16 Bacillus megaterium 16S rDNA MN509795.1
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3.3.4. The effect of biological controls on C. gloeosporioides under scanning

electron microscopy (SEM)

The SEM shows that the pathogen spores were reduced on plates treated with BMR2 and
YRC3 (Figure 3.7 B and D, respectively) but some were still present in treatment MeRo2y
(Figure 3.7 C). The yeast YCR3 and Bacillus BMR2 managed to suppress the mycelial of
C. gloeosporioides by breaking and inhibiting its growth, whereas the pathogen’s mycelia
progressively increased on plates with yeast control MeRo2y and the conidia was
observed but not as much as in the control plates (Figure 3.7 A).

Chamar = 2080033 Pa

‘ Slgsal A= SE1

Figure 3.7 Scanning electron micrographs of C. gloeosporioides on potato dextrose agar
after 10 days at 25°C (A) showing a successful mycelial growth and conidia (co) (B).
Interaction between the pathogen and BMR2, MeRo2y (C) and YCR3 (D) showing the
broken hyphae (bh).

3.3.5. In vivo effects of yeasts and Bacillus isolates on C. gloeosporioides There

was a significant difference (P<0.001) between fruits inoculated with pathogen only

and fruits treated with yeast isolate YCR3 and Bacillus isolate B16 (B. megaterium) at

day 3, and no significant differences from day 5 to day 10 post inoculation. The water

control treatment had the lowest incidence of C. gloeosporioides (16.67%) and it was
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significantly different (P<0.001) from fruits inoculated with 1 10° conidia m{! pathogen

suspension (Figure 3.8).

Figure 3.8 Sensitivity of C. gloeosporioides to Bacillus isolates, BMR2 and B16,
treatments on papaya fruits after 10 days post-inoculation at 25°C inoculation. The
means followed by the same letter are not significantly different according to Fisher’'s
Least Significant Difference Test (P = 0.05).

There was no significant difference (P<0.001) in anthracnose incidence between the
fruit treated with YCR3 and YSY1 suspensions from day 3 up to day 10 (Figure 3.9).
Control fruit exhibited 100% pathogen incidence compared to 16.67% in the water

control.
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Figure 3.9 Anthracnose incidence on papaya fruits treated with yeast isolates after 10
days postinoculation at 25°C. Means followed by the same letter are not significantly
different according to Fisher’s Least Significant Difference Test (P = 0.05). Therefore,

there was no significant difference amongst the yeast controls.

3.4. Discussion
The findings presented in this study demonstrate the potential of biological control
agents to control anthracnose caused by C. gloeosporioides. Colletotrichum
gloeosporioides isolated from papaya fruit was pathogenic and caused sunken lesions
on papaya fruits during the pathogenicity trial (Figures 3.2 and 3.3). As the days were
increasing, the spots on papaya fruits were also enlarging, becoming sunken and
water-soaked (Figure 3.2 C and D). Jeffries (1990) stated that the most visible
anthracnose symptoms are sunken lesions containing conidial masses on the surface

of infected fruits, which concurs with the results from this study.

The Bacillus spp. and yeast isolates showed better inhibition performance against C.
gloeosporioides (Figure 3.4), the isolation of yeast and Bacillus with different level of
biocontrol efficiency against pathogens has been reported in several studies (Vinas et
al.,1998). The effectiveness of some isolates was lower probably because some
isolates have a high production of antimicrobials with different modes of action and

perform a better competition for nutrients and space (Spadaro and Droby, 2016). The
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best 10 yeasts and 10 Bacillus isolates showed a better inhibition at day 3, 5 and 7 of
screening, with the control having 0% inhihibion (Figure 3.5 and 3.6). For further
screening yeast Isolates YCR3, YSY1, Yzl managed to successfully control the
pathogen by 73%, 71% and 70% (Table 3.1), respectively, and Bacillus isolate BMR2
and B16 provided the best control and reduced the incidence of C. gloeosporioides

81% and 76% (Table 3.2), respectively, when compared to the untreated control.

The in vitro antagonist application on either sides of the testing plate and the pathogen
mycelial block application at the center, provided a better the control of C.
gloeosporioides which is in agreement with the results by Liu at al (2018). The yeast
Isolates YCR3, YSY1 and Bacillus BMR2 and B16 showed a greater control of the
fungal pathogen. As Figure 3.7 shows the mechanism used by the biological control
agents in limiting the growth of the fungal pathogen, by degrading or cutting off the tip
of a hypha (Del Frari et al., 2019). Postharvest biocontrol agents which include Bacillus
spp. and yeast have been described to work by inhibiting target pathogens through
antibiosis, production of lytic enzymes, parasitism, induced resistance and competition
(Janisiewicz and Korsten, 2002), but few organisms antagonize by a single
mechanism (Kefialew and Ayalew, 2008).

During the in vivo trial, the disease incidence of 16.67% was recorded on the papaya
fruits treated with water and there was a significant difference when compared to the
pathogen-controlled fruits with anthracnose incidence of 100% (Figure 3.8 and 3.9).
This is caused by pre-existing infection of the pathogen on the fruit, since the pathogen
is latent, and the pathogen occurs during preharvest activities, but the symptoms
appear during post-harvest handling (Talhinhas and Baroncelli, 2023). There was a
better control in fruits treated with B16 (88.67%), even though the infection was

delayed but successfully controlled when compared to BMR2, YSY1 and YCRS.

B16 isolate was the best isolate against C. gloeosporioides both in vitro and in vivo. It
was identified as Bacillus megatarium with an accession number of MN509795.1.
These results are similar to a study by Farungsang et al., 2012, which showed that
Bacillus megaterium was the most effective antagonist among a large number of
isolates tested in vitro against C. gloeosporioides. This isolate managed to reduce the
amount of anthracnose incidence of this pathogen on the mango leaves which proved

it as an aggressive antagonist towards C. gloeosporioides (Farungsang et al., 2012).

47



B. megaterium strains produce antifungal and antibacterial compounds differing in
their spectra of action which contribute to the control of plant bacterial and fungal
diseases (Malanicheva et al., 2012). The antagonistic properties of B16 might be
through the enzyme-mediated lytic mechanism, which has been proven to be effective
in controlling fungal pathogens (Thakur et al., 2014).

3.5.  Conclusion
This study has indicated that yeast antagonists and Bacillus spp. may be used as a
non-chemical alternative treatment to control postharvest anthracnose of papaya.
Bacillus megatarium (B16) exhibited better biocontrol activity on C. gloeosporioides

than yeast isolates both in vitro and in vivo.
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Chapter 4

In vitro and in vivo antifungal activity of Moringa oleifera leaf extract against C.

gloeosporioides

Abstract

Anthracnose caused by Colletotrichum gloeosporioides, is one of the major pathogens
causing negative effects in the papaya industry. Thus, this study evaluated the antifungal
activity of ethanolic moringa leaf extract against C. gloeosporioides. Five concentrations
(MLE1%, MLE1.5%, MLE2%, MLE2.5% and MLE3%) of moringa leaf extracts (MLE) were
prepared from the moringa leaf powder. Out of five MLE prepared and screened in the in
vitro trial, only MLE2%, MLE2.5%, and MLE3% preliminary controlled the pathogen
mycelial growth with an inhibition percentage greater than 50%. In in vitro secondary
screening, MLE2.5% and MLE3% inhibited C. gloeosporioides by 96.9% and 97.5%,
respectively. For the in vivo screening, papaya fruits were wounded and inoculated with 2
ut of 1x10° conidia mlt pathogen suspension; after 24 hours the fruits were inoculated with
MLE2.5% and MLE3%and stored at 25°C in enclosed boxes covered with black plastic
bags to maintain a high relative humidity of 90%. There was a significant difference in fruits
treated with MLE2.5% moringa leaf extract, and water control compared to the pathogen
treated control at day 3 and day 5 after inoculation. At day 7 and day 10 post-inoculation,
there was no significant difference between MLE2.5% and MLE3% treated fruits and the
pathogen control. Scanning electron microscopy trial showed that MLE2.5% disrupted the
mycelial growth of C. gloeosporioides by inhibiting the spore germination and shrinkage in
mycelia compared to the control treatment. MLE2.5% screened in this study was more
effective in controlling C. gloeosporioides when compared to other concentrations both in
vitro and in vivo at day 3 to day 10 at 25°C and may be used as a non-chemical control

against anthracnose.

Keywords: C. gloeosporioides, Moringa oleifera, papaya
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4.1. Introduction

There is a high demand for papaya (Carica papaya L.) fruits in both National and
International markets. However, postharvest rots portray the biggest problems in
commercializing high-quality fruits and reducing the storage life of papaya. Anthracnose
caused by Colletotrichum gloeosporioides [(Penz.) Penz. and Sacc.] is one of the most
widespread fungal diseases, a cosmopolitan infection for many tropical and subtropical
fruits (Capdeuville et al., 2007). However, there is a need to explore alternative methods to
control this important disease as pathogens develop resistance to fungicides, and also a
continuous loss of chemicals has occurred through regulatory actions (Bautista Bafios et
al., 2013). Several studies demonstrate the fungicidal potential of plant extracts against
postharvest fungi (Tlibi et al., 2012; Sernaité, 2017; El Khetabi et al., 2022).

Most of the plant extracts are rich in antifungal properties and successfully suppress the
growth of most diseases (Djioua et al., 2010; Sitara et al., 2011). The use of plant extracts
as a control method for postharvest diseases of fruits and vegetables is well advancing
and can be attributed to the negative consequences attached to the usage of fungicides
to the environment and human health (Palou et al., 2015). Studies on the inhibitory effects
of a diversity of plant extracts to control various fungi such as C. gloeosporioides,
Lasiodiplodia theobromae, Botrytis cinerea, Glomerella cingulata, Penicillium expansum,
have proved the fungicidal potential (Bommarito et al., 1998; Bong et al., 1997; Mohamed
et al., 1996 Bautista-Banos et al., 2000).

One of the most utilized plant extracts is Moringa oleifera, which is primarily indigenous to
Africa and India and is regarded as one of the most beneficial trees in the world. Every
part of the moringa tree can be used for medication, food and industrial intentions (Moyo
etal., 2011). The leaves are consumed as salad, cooked leaves, or stored as dried powder
for months without loss of nutritional value. Apart from treating malnutrition, leaf extracts
of M. oleifera have also been reported to exhibit antioxidant activity both in vitro and in vivo
due to its abundance of flavonoids and phenolic acids (Vongsak et al., 2013). The objective
of this study was to investigate the effect of different concentrations of moringa leaf extracts

on C. gloeosporioides papaya in vitro and in vivo.
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4.2. Materials and methods

4.2.1. Isolation of Colletotrichum gloeosporioides from diseased papaya fruit

C. gloeosporioides was isolated from infected papaya fruit obtained from local
supermarkets in Scottsville, Pietermaritzburg, South Africa. The infected fruit parts with
spores were then directly plated onto potato dextrose agar (PDA) and incubated at 28°C
for seven days. Pure cultures were obtained by subculturing on fresh PDA plates and
maintained in McCartney bottles three-quarter with PDA at 4°C. The inoculum was
prepared from 14-day-old culture dishes incubated at 28°C, and spores were viewed under
the light microscope and confirmed to be pathogenic on papaya and mango (Carl Zeiss,

Geschaftsbereich, Germany).

4.2.2. Preparation of ethanolic moringa leaf extracts

Moringa powder was extracted using 70% (v/v) ethanol as a solvent. Five concentrations
of moringa were prepared by dissolving 10, 15, 20, 25 and 30 grams of leaf powder in
1000mL of ethanol, separately in flasks, and allowed to stand in a shaker for 24 hours. A
cheesecloth was used to sieve extracts and moringa leaf extracts (MLE) 10, 15, 20, 25
and 30% were used against C. gloeosporioides both in vitro and in vivo. The solvents were
then evaporated using the rotary evaporator to get crude extracts. The concentration was
calculated using the formula: C = (g/100) x 100. Where g is the gram. Thus MLE10%,
MLE15%, MLE20%, MLE25%, and MLE30% concentration, respectively, were used for
the inhibition of mycelia growth.

4.2.3. Effect of moringa leaf extracts on C. gloeosporioides in vitro

The effect of moringa leaf extract on the mycelial growth of C. gloeosporioides was
evaluated using the food poisoning technique (Songoyomi, 2004). A volume of 1mL of
MLE10%, MLE15%, MLE20%, MLE25% and MLE30% was mixed with 9mL of the media
(PDA), poured into Petri dishes, and carefully spread evenly over the plate. This resulted
to PDA-extract mixture with corresponding MLE1.0%, MLE1.5%, MLE2.0%, MLE2.5% and
MLE3.0% extract concentrations. The plates were then gently rotated to ensure the even
dispersion of the PDA media on the plates. The agar extract mixture was allowed to solidify
for 24 hours and then inoculated at the center with a 4mm diameter mycelial block of a

7-day old C. gloeosporioides culture. There were three replicates for each treatment.
The inoculated plates were incubated at 25°C for 7 days and the mycelial growth was

examined on days 3, 5 and 7 after inoculation.
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The mycelial growth inhibition was calculated using the formula:

« With a positive control being C. gloeosporioides

mycelial growth of control - mycelial growth with treatment
Pl (%) =

x100 mycelial growth of control

Secondary screening of MLE2%, MLE2.5%, and MLE3% concentrations were conducted
using the same procedure.

4.2.4. Effect of moringa leaf extract against C. gloeosporioides during the in vivo

Mature papaya fruits were collected from Mkhondeni Fresh Produce Market in
Pietermaritzburg, South Africa. Only undamaged, healthy, unripe fruits were taken into the
laboratory for experimental use. Fruits were disinfected with 70% (v/v) ethanol for 1 min,
rinsed three times in sterile distilled water, and then air dried at room temperature before
wounding. The fruits were wounded uniformly, approximately 3 mm deep and 3 mm wide,
with a sterile pipette tip at the equatorial side. Four wounds were made in each fruit and

dried for 2 hours.

The wounded fruit was then inoculated with 20 yf of MLE2.5% and MLE3% and allowed
to air dry for 24 hours. After 24 hours, the fruits were inoculated with 20 yf of conidial
suspension of C. gloeosporioides at a concentration of 1 x 10° conidia m{. Water controls
were inoculated with 20 pf of distilled water, whereas the pathogen controls were
inoculated with the pathogen only. Inoculated papaya fruits were stored in cardboxes at
25°C with 95% relative humidity. There were 3 fruits per replicate and 3 replicates per
treatment. At 3, 5, 7 and 10 days post-inoculation, wounds were examined for infection

and the percentage of disease incidence (DI) was determined as follows:

DI (%) = (Number of Decayed wounds + Number of Total wounds) x 100.

4.2.5. Interaction of C. gloeosporioides and moringa leaf extract under the scanning

electron microscope

The effect of biological control agents on the hyphal development of C. gloeosporioides

was studied using the method described by Capdeville et al. (2007), with few amendments.
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Samples were cut into 3 mm x 3 mm blocks of the pathogen from the MLE2.5% treated
and 1 non-treated PDA plated. The samples were primarily fixed in 3% (v/v) glutaraldehyde
for 3 hours and then washed in 0.05M sodium cacodylate buffer for 5 minutes and
dehydrated in different percentages (30%, 50%, 70%, 80%, 90%) of ethanol, 10 min each
and 3 x 10 min in 100% ethanol in a fume hood. The samples were then transferred into
a critical point dryer basket under 100% ethanol and dried using a Quorum K850 critical
point dryer. All the samples were mounted onto the SEM stubs and coated with gold in a
gold palladium sputter coater (Quorum Q150R ES). The dried coated samples were
examined using a ZEISS, EVO LS 15 scanning electron microscope (Carl Zeiss SMT Ltd.,
Cambridge) operating at 5 kV.

4.2.6. Statistical analysis

All data were subjected to analysis of variance (ANOVA) using Genstat 18th edition.
Differences between treatment means were separated using Duncan’s multiple range test
at P<0.05.

4.3. Results

4.3.1. Screening of moringa leaf extracts against C. gloeosporioides in vitro

The mycelial growth of the C. gloeosporioides on PDA plates treated with MLE2.5% and
MLE3% was less than 20mm at day 7 after inoculation (Figure 4.1). The mycelial growth
of the pathogen was greater than 40mm in MLE1%, MLE1.5% and MLE2%. All the
concentrations tested managed to control C. gloeosporioides growth with mycelial growth
less than 50mm during the preliminary screening (Figure 4.1). The control plates had no
inhibition, whereas MLE2.5% and MLE3% concentrations had 93.4% and 87%,
respectivelyTable4.1
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Figure 4.1 Mycelial growth of Colletotrichum gloeosporioides on potato dextrose agar
amended with different concentrations of moringa leaf extracts at day 3, 5 and 7 at 25C. Each
concentration of moringa successfully inhibited the mycelial growth of the pathogen when compared to

the control plates. Error bars indicate the significant differences between the treatments.

Table 4.1 Mycelial growth inhibition of Colletotrichum gloeosporioides by different
concentrations of leaf extracts at day 7 at 25 C in primary screening.

Treatment Mycelial growth inhibition (%)
Control 0.0
MLE1% 49.0
MLE1.5% 50.0
MLE2% 47.0
MLEZ2.5% 93.0
MLE3% 87.0
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MLE2.5% and MLE3% inhibited the mycelial growth of the fungal pathogen compared to
the untreated control and MLE2% at day 7 (Figures 4.2 and, Table 4.2)

Figure 4.3 Control of C. gloeosporioides using moringa leaf extracts after 7 days at
25°C. Mycelial growth on PDA amended with MLE3% (A), MLE2.5% (B), MEL2% (C) and

C. gloeosporioides control (D).

Table 4.2 Mycelial growth inhibition of Colletotrichum gloeosporioides by different
concentrations of leaf extracts at day 7 at 25 C in secondary screening.

Treatments Mycelil growth inhibition (%)
Control 0.0

MLE2% 48.0

MLE2.5% 96.9

MLE3% 97.5
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4.3.2. Effect of Moringa leaf extracts on C. gloeosporioides in vivo

There was no significant difference in anthracnose incidence between papaya fruit wounds
treated with MLE3% and the untreated fruits (Figure 4.4). However, there was a significant
difference in MLE2.5% treated fruits compared to MLE3% at day 3 and day 5 only (Figure
4.4). The water control treatment had the lowest anthracnose incidence of 16.67% and it

was significantly different (P<0.05) from the other treatments (Figure 4.5).

The infection in Figure 4.6A is not as severe as in Figure 4.5C.

Figure 4.4 Anthracnose incidence on papaya fruit treated with different concentrations of
moringa leaf extract after 10 days at 25°C. Means followed by the same letter are not

significantly different according to Duncan's multiple range test (P = 0.05).

MLE2.5% provided a better control (88.67%) at day 7 and a delayed disease incidence
when compared to MLE3% (100%) and pathogen control (100%). There was a significant
difference between MLE2.5 and MLE3% at day 3 and day 5, but at day 7 and day 10 there

was no significant difference (Figure 4.4).
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Figure 4.5 Effect of moringa leaf extracts on anthracnose incidence in artificially inoculated
papaya fruits after 10 days at 25°C. Fruits treated with MLE2.5% and pathogen (A); internal
part of the fruit treated with MLE2.5% and pathogen (B); MLE3% and pathogen (C);
internal part of the fruit treated with the MLE3% and pathogen (D).

4.3.3. Interaction of C. gloeosporioides and moringa leaf extract under the scanning
electron microscope

MLE2.5% caused morphological changes in the mycelial growth of C. gloeosporioides
compared to the control (Figure 4.6 A) after 10 days at 25°C. Shrinkage in hyphal size,
and severe detrimental effects on conidia formation (Figure 4.6 B) were observed under
SEM. The observed effects include lysis, abnormal growth, disruption, shrinkage,
aggregation, reduced hyphal diameters and length and spore formation as compared to
the control with a normal growth of C. gloeosporioides.
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Figure 4.7: Effect of MLE2.5% on mycelia of C. gloeosporioides (B) and the control
(A) under the scanning electron micrographs. The arrows indicated the formation of
spores on control (A) and shrinkage in mycelia and the absence of spores when
treated with MLE2.5% (B) indicated with orange arrows.

4.4. Discussion

The objective of this research was to investigate the efficacy of different concentrations of
Moringa leaf extract in controlling C. gloeosporioides in vitro and in vivo. In this study the
extracts from moringa leaf powder showed adequate antifungal activity on C.
gloeosporioides, in vitro and in vivo. Moringa leaf extracts have successfully controlled C.
gloeosporioides and proved their antifungal properties against this fungal pathogen. There
was a significant reduction (>50%) in disease development due to the amending PDA with
moringa leaf extracts used and the fungicidal effect of moringa among concentrations of
extracts (Figure 4.1). MLE2.5% and MLE3% inhibited C. gloeosporioides after 7 days
(Table 4.1). Increasing the concentration of moringa extracts was more effective and had
a higher inhibitory effect in controlling the growth of the pathogen and this agrees with the
report by Suleiman (2010) who reported significant differences between the results
recorded on C. gloeosporioides mycelial growth due to different concentrations of extracts
used. This is in agreement with the results found on MLE2.5% and MLE3% inhibiting C.
gloeosporioides.

61



Bautista-Bafios et al. (2000) reported that spore formation and germination, mycelial
growth and infection can sometimes be inhibited by leaf extracts. The ethanolic moringa
leaf extracts that were found to inhibit C. gloeosporioides mycelial growth in this study
were selected for further evaluation at the in vivo trial. There were significant differences
among treatments (P< 0.05) for fruits inoculated with moringa leaf extract compared to
control fruits. The MLE2.5% concentration showed the best control of C. gloeosporioides
compared to the pathogen control and the MLE3% at day 3 and 5 at 25°C, which might
be due to the enzymatic activities induced and the antifungal mechanism of moringa
extract (Figure 4.4 and figure 4.5). The study by Mosch et al., 1996 agrees that plant
extracts rather than being effective in controlling diseases caused by pathogens, also
induce several host defence mechanisms such enzymatic activities. Montes-Belmont et al
(2000) reported that antimicrobial properties of plant extracts from various species have

been proven to affect fungal development in vitro and in vivo.

The scanning electron microscopy trial showed the effect of MLE2.5% in successfully
inhibiting the mycelial growth of C. gloeosporioides, causing severe changes in the shapes
and sizes of the mycelia and conidia. Jabeen et al. (2008) observed and reported a
destroyed Fusarium solani hyphae when treated with moringa extracts. Dwivedi and
Enespa (2012) also indicated that Moringa oleifera extracts showed significant inhibition
in the mycelial growth and development of many fungal pathogens. This may be
associated with plant biochemical compounds such as phenols as they are involved in
plant defence. In addition, the results indicated that moringa leaf extract can be used as
one of the antifungal strategies and contribute to reducing the use of synthetic fungicides.
These findings were similar to the results of EI-Mohamedy and Abdalla (2014) which
showed that plant extracts can be used as natural fungicides to control pathogenic fungi
and thus reduce the dependence on the use of synthetic fungicides.

4.5. Conclusion

The results of the study have established that MLE2.5% have antifungal efficacy on
mycelial growth and spore germination of C. gloeosporioides of papaya fruits and may be
recommended as natural-based and alternative method to control postharvest fungal

pathogens such as C. gloeoporioides.
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Chapter 5

Integrated control of Colletotrichum gloeosporioides on papaya fruit using Bacillus
megatarium and moringa leaf extracts

Abstract

Colletotrichum is one of the major plant pathogenic genera that is responsible for causing
anthracnose and plant disease on a variety of hosts from trees to grasses. The moringa
leaf extract MLE2.5%, MLE3% and Bacillus megatarium treatments, alone or in
combination, were investigated for the control of C. gloeosporioides both in vitro and in
vivo. In vitro studies indicated that B. megatarium was compatible with MLE2.5% and
MLE3% on postharvest treatments. B. megatarium in combination with MLE2.5% reduced
the mycelial growth of C. gloeosporioides by 80.6% after day 10 days at 25°C. The mycelial
growth of the pathogen was also inhibited by B. megatarium integrated with MLE3% (71%).
Papaya fruits treated with MLE2.5%+ B. megatarium showed the lowest anthracnose
incidence (55%) compared to MLE2.5% alone (100%) and B. megatarium alone (100%)
and MLE3% (100%) after 10 days at 25°. The physicochemical properties of papaya fruits
(weight loss and total soluble solids) were not negatively affected by MLE2.5% + B.

megatarium treatment.

Keywords: Colletotrichum gloeosporioides; Moringa oleifera; Inhibition; Integrated control;

Bacillus megatarium; Physicochemical parameters
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5.1. Introduction

Fruits and vegetables are a rich source of fibre, health compounds, vitamins, and minerals
and their consumption has increased in the past years (Septembre- Malaterre et al., 2018).
Consumers have a right to good quality produce that is safe for consumption and therefore
they are increasingly interested in the nutritional value, good taste and flavour of the fruit
and vegetables they consume (Rahman et al., 2021). According to consumers, fruit quality
is referred to fruits with a perfect size, shape, aroma, colour and an absence of defects
such as bruises, cuts or decays (Prasad et al., 2018). Post-harvest losses on climacteric
fruits are normally caused by physiological disorders, parasitic diseases, mechanical
damage, and overripe fruit (Akyem-peprah, 2012).

Papaya is one of the climacteric fruits and there are many changes occurring during its
ripening, and ethylene emission activate the infection process, which negatively affects
their quality, shelf life, and market value and they are perishable (Ghebreslassie, 2003;
Sivakumar and Wall, 2013). Papaya is susceptible, like almost every crop grown
throughout the world is susceptible to one or more species of Colletotrichum and it causes
anthracnose symptoms of small, sunken, dark-brown lesions on fruits (Kugui, 2021).
Several management practices have been developed and used to control this pathogen,
synthetic fungicides were used as one of the controls in reducing losses from post-harvest
diseases (Darshan et al., 2019).

The extensive use of synthetic fungicides has been restricted to reduce risks to human
health, environmental pollution and to reduce the aggravating problem of fungicide
resistance (Spadaro and Gullino, 2004, Siddiqui and Ali, 2014). Therefore, alternative
management methods are required to avoid the danger of excessive toxic residues, while
considering the fact that papaya fruits has a short life span after harvested as a raw fruit.
The present investigation is focused on eco-friendly management strategies that facilitate
to reduce the chemical usage and additionally increased consumer demands for
agricultural commodities without pesticide residues (Siddiqui and Ali, 2014) and reducing
concerns about the potential risk fungicides pose for human health, environmental
contamination, and the development of fungicide resistance by pathogens (da Cunha et
al., 2018). A control strategy based on antagonistic microorganisms, or biological control

and plant extracts has become an attractive alternative approach.
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Biological control has emerged as a promising alternative in the control of post-harvest
diseases of fruit applied or in pre-harvest or post-harvest (Magallon-Andalon et al., 2012).
This control contributes to the extended period of firmness and inhibition of ethylene
production, which are often correlated with the shelf-life extension of fruits, suggesting an
active role for these physiological changes in defence against pathogenic fungi (Bautista-
Bafios et al., 2003). The antimicrobial properties of plant extracts from various species
have been proven to affect fungal development in vitro and in vivo (Bautista-Barios et al.,
2003) and the spore formation and germination, mycelial growth and infection can be

inhibited by plant extracts (Bautista-Bafios et al., 2000a).

The management strategy of integrating different strategies has been proposed as one of
the possible ways to deliver a satisfactory level of fruit disease control, while allowing the
growers to avoid applying synthetic chemical fungicides as the plant disease control
strategy (Palou, 2016; Wisniewski et al., 2016). Thus, the aim of the current study was to
investigate the efficacy of combinations of Bacillus megatarium and moringa leaf extract

to control C. gloeosporioides in vitro and in vivo.

5.2. Materials and methods

5.2.1. Fruit
Mature papaya fruits were collected from Mkhondeni Fresh Produce Market,
Pietermaritzburg, South Africa. Only the undamaged, healthy and mature fruits were used

in the experiments.

5.2.2. Isolation of Bacillus isolates

An Erlenmeyer bottle with 200ml of distilled water was placed in a water bath set at 80°C
for 1 h at 130 rotations min-* (rpm). Serial dilutions were performed to four concentrations
(including the stock solution) from 10°to 10-3. A 20 uL aliquot of each concentration was
pipetted and spread onto PDA Petri dishes (three replicates for each concentration),
incubated at 25°C for 3 days. Single colonies were identified and picked using a flamed

inoculation loop and sub-cultured at 25°C.
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5.2.3. Fungal pathogen

C. gloeosporioides was isolated from infected papaya fruits and cultures were directly
plated and maintained on potato dextrose agar (PDA), then incubated at 28°C for 7 days.
The pure cultures of the pathogen were obtained by subculturing on fresh PDA plates.
These pure cultures were maintained on McCartney bottles three-quarter filled and
incubated at 4°C temperature for long-term storage. The inoculum was prepared from 14
days old culture dishes incubated at 28°C, and spores were viewed under the light
microscope (Carl Zeiss, Geschaftsbereich, Germany)

5.2.4. The effect of B. megatarium and moringa leaf extract in vitro

MLE2.5% was dispensed on a Petri dish and 9ml of the media (PDA) was added while
carefully spread evenly over the plate to form a PDA-extract mixture. The plates were then
gently rotated to ensure the even dispersion of the extracts. The agar extract mixture was
allowed to solidify for 24 hours and then inoculated at the centre with a 4mm diameter
mycelial block obtained from the 7-day old pathogen cultures and the 3-day old B.
megatarium culture was streaked on either side of the plate. There were three replicates
per treatment. All the plates were incubated at 25 C for 7 days and examined at day 3, 5
and 7 for growth and the presence of inhibition.

5.2.5. The effect of B. megatarium and moringa leaf extract in vivo

Papaya fruits were disinfected with 70% ethanol for 1 min, rinsed three times in sterile
distilled water, and air dried at room temperature before wounding. The fruits were
wounded uniformly, approximately 3 mm deep and 3 mm wide, with a sterile pipette tip at
the equatorial side. Four wounds were made in each fruit. The wounded fruit was then

inoculated with 20 uf of the B. megatarium at a concentration of 1x108 cells m{-t and 20

pt of MLE2.5% and allowed to air dry for 24 hours. After 24 hrs, they were inoculated with
a suspension of 20 uf of conidial suspension of C. gloeosporioides at concentrations of 1
x 10° conidia mf1. Water controls were inoculated with 20 pf of distilled water, whereas
the pathogen controls were inoculated with the pathogen only. Inoculated fruits were
stored in enclosed plastic trays to maintain a high relative humidity (RH) of about 90% at

room temperature.

69



There were fruits per replicate and 3 replicates per treatment. At 3, 5, 7- and 10 days post-
inoculation, wounds were examined, and the percentage of disease incidence (DI) was
determined as follows:

DI (%) = (Number of Decayed Wounds + Number of Total Wounds) x 100.

5.2.6 Determination of physical and biochemical quality

The weight loss (%) and total soluble solids (TSS) (°Brix) of papaya fruits treated with B.
megatarium, MLE2.5% and MLE3% (alone and in combinations) were determined after 10
days at 25°C. The peel and seeds of papaya fruits treated with B. megatarium, MLE2.5%
and MLE3% (alone and in combinations) were removed, cut into halves, and homogenized
using a blender. A digital refractometer (Atago, Tokyo) was used to measure the TSS
(°Brix)) of papaya juice. Weight loss was calculated using the following equation
(Mohammed et al. (1999):

Weight loss (%) = (Initial weight — Final weight) + Initial weight)

5.2.7 Statistical analysis

All data were subjected to analysis of variance (ANOVA) using Genstat 18th edition.
Differences between treatment means were separated using Duncan’s multiple range
test at P<0.05.

5.3 Results

5.3.1 The effect of B. megatarium and moringa leaf extract on mycelial growth of
C. gloeosporioides in vitro

The integration of MLE2.5%+B16 showed the lowest mycelial growth (16.33 mm) and
the highest inhibition of anthracnose incidence (80.6%) at day 10 after inoculation
(Figure 5.1 and Table 5.1). Integration of MLE3%+B16 showed the least inhibition
(71.0%) of pathogen mycelial growth at day 10 after inoculation when compared to the
pathogen control 0% (Table 5.1).
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Figure 5.1 Effect of integrated control of M2.5%+ B16 and M3% + B16 on the mycelial growth
of C. gloeosporioides during the in vitro trial. Means followed by the same letter are not

significantly different according to Duncan's multiple range test (P = 0.001).

Table 5.1 Mycelial growth inhibition of C. gloeosporioides by Moringa leaf extracts and
Bacillus megatarium (B16) at 25°C at day 3, 5, 7, and 10 days post-inoculation.

Treatments Mycelial growth inhibition (%)

Day 3 Day 5 Day 7 Day 10
Control 0.0 0.0 0.0 0.0
MLE2.5% + B16 85.8 83.7 845 80.6
MLE3% +B16  76.4 69.9 122 71.0

5.3.2 Effect of Bacillus megatarium and Moringa leaf extract in vivo

The combination of MLE2.5% +B16 was the most effective treatment for the control of
anthracnose at day 3, 5, 7 and 10 days post-inoculation (Figure 5.2). Anthracnose
incidence on papaya fruits treated with MLE2.5%+B16 was 55%, compared to 100%
anthracnose incidence in control fruit at day 10 after inoculation (Figure 5.2). MLE2.5%

treated fruit developed anthracnose incidence of 66%, compared to B. megatarium
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treated fruit with 55% at day 7 after inoculation (Figure 5.2). However, the anthracnose
incidence increased with each successive day of the trial leading to an incidence of
33% for water control. MLE2.5% integrated with B. megatarium (Figure 5.3 A) provided
a better control and delayed anthracnose incidence when compared to MLE3%

integrated with B. megatarium (Figure 5.3 B).

Figure 5.2 Anthracnose incidence on papaya fruits treated with Moringa leaf extracts and
Bacillus megatarium (B16) at 25°C at day 3, 5, 7 and 10 post-inoculation.
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Figure 5.3 Effect of anthracnose on papaya fruits treated with MLE2.5% integrated
with B. megatarium (A) and fruits treated with MLE3% + B. megatarium (B) at day 10

post-inoculation at 25°C.

The percentage weight loss of the control fruit was low (4.75%) compared to fruits
treated with MLE3% with the percentage weight loss of 9%. This was not significantly
different from papaya fruits treated with MLE2.5% (8.06%), MLE2.5%+B16 (6.79%)
and MLE3%+B16 (7.47%). It was observed that the total soluble solids on papaya fruit
treated with B16 (21.32 °Brix), MLE2.5% (19.85 °Brix), MLE2.5%+B16 (20.53°Brix)
was not significantly different from the control (22.02 °Brix) after 7 days at 25°C. The
fruits treated with MLE3% had the lowest TSS (14.25 °Brix) and significantly different

from other treatments.

Table 5.2: The effect of Moringa leaf extracts and Bacillus megatarium on

physicochemical parameters of papaya fruit after 10 days at 25°C.

Treatments Weight loss (%) TSS (°Brix)
Control 475b 2202 a
B16 840a 21.32a
MLE2.5% 8.06 ab 19.85a
MLE2.5%+B16 6.79 ab 20.53 a
MLE3% 9.00a 1425
MLE3%+B16 7.47 ab 15.98 b

P value <0.001 <0.001
LSD 532 751

CV% 414 27.0
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5.4 Discussion

The objective of this study was to evaluate the efficacy of the integrated biological

control with Moringa leaf extract in the control of C. gloeosporioides in vitro and in vivo.

C. gloeosporioides infection is initiated on developing fruit in the field, but the symptoms
do not appear until the fruit ripens (Sharma and Kulshrestha, 2015). The results of this
trial show that Bacillus megatarium (B16) has potential biological control properties in
combination with moringa leaf extract against the growth of C. gloeosporioides. Yousef
et al. (2015) state that moringa extracts applied in fruits and vegetables improve textural
quality, retain volatile compounds, suppress respiration, and reduce microbial growth.
Therefore B. megatarium (B16) integrated with MLE2% and MLE3%, screened in this
study showed significant antagonistic activity against C. gloeosporioides both in vitro

and in vivo.

The effect of the B16 integrated with MLE2.5% and with MLE3% had high mycelial
growth inhibition percentage of C.gloeorioides as shown in Table 5.2. The reduction
in the mycelial growth of C. gloeosporioides can be attributed to the antagonistic
mechanism that Bacillus employ against pathogenic microorganisms (Kai et al., 2007.;
Islam et al., 2012; Batista et al., 2014; Kadhim and Al-Shammaa, 2014). Tesfay et al.
(2017) demonstrated the inhibition of C. gloeosporioides mycelia by moringa leaf
extract in vitro. Similarly, Chiejina and Onaebi (2016) reported ethanolic moringa leaf
extract as the best controlling agent with 100% inhibition of Geotrichum candidum and
significantly reduced the mycelial growth of both Mucor micheli and Rhizopus
stolonifera. The inhibitory effect of plant extract on mycelial growth of various
pathogens has been largely attributed to the high phytochemical constituents, which
include alkaloids, tannins and phenols among a few others (Anokwuru et al., 2011;
Tesfay et al., 2017).

The incidence of the anthracnose disease, caused by C. gloeosporioides on papaya
fruits in vivo trial was successfully inhibited by MLE2.5%+B16 with 45% anthracnose
inhibition after 10 days at 25°C, while fruits treated with MLE3%+B16 had a
percentage inhibition of 34% at day 7 post-inoculation (Figure 5.2). This could be
corroborated by the findings of Magbool et al. (2010) and Manzoor et al. (2023), who
reported that the incorporation of plant-based active ingredients, such as plant
extracts, significantly improves the antimicrobial activity of edible coatings against
postharvest pathogens. Bacillus is used for different purposes such as increasing
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productivity in agriculture or plant protection from fungal diseases (Kai et al., 2007).
The integration of B16 (B. megatarium) and MLE2.5% was the best treatment to
inhibitC. gloeosporioides causing anthracnose of papaya fruits. B. megaterium strains
are characterized by high diversity of antimicrobial compounds and lysates which

enables B. megaterium to grow exponentially.

5.5 Conclusion

The use of moringa leaf extract at a concentration of 2.5% in combination with
Bacillus isolate B16 (B. megatarium) resulted in the control of C. gloeosporioides
of papaya fruits compared to MLE3% in combination with B16 treated fruits. The
two in combination could be usefull in controlling and extending the postharvest
shelf life of papaya fruits. Thus, can be considered as effective and potential

controls for papaya postharvest C. gloeosporioides.
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Chapter 6

General overview

6.1. Introduction

Papaya is one of the major fruit crops cultivated in both tropical and sub-tropical
zones and one of the common fruits due to its excellent nutritional value (Silva et
al., 2007). This fruit crop consists of phytonutrients, which are present in papaya
leaves, and unripe and ripe fruits (Karunamoorthi et al., 2014). Papaya is a source
of vitamins (A, B1, B2, and C), fibre, riboflavin thiamine, folate, and niacin. It is in
the top five fruits list, together with watermelon, kiwi, guava and grapefruit based
on nutritional scores (Saeed et al., 2014; Alara et al., 2020). Increased negative
effects are limiting the production of papaya and affecting postharvest quality due
to various factors such as chilling injury, mechanical damage, fruit overripeness
and diseases. The main factor of these losses is contributed by the postharvest
diseases caused by fungal pathogens (Singh and Singh, 2016).

Postharvest losses due to postharvest disease may occur at any time during
handling, from harvest to consumption. These disease losses lead to a reduction
in fruit quantity and quality, as some diseases may not render produce unsaleable
yet still reduce product value (Vindanapathirana et al., 2018). Plant pathogens,
such as C. gloeosporioides, causes the fungal disease known as anthracnose,
infecting vegetables and fruit crops both in the field and during the postharvest
handling and commercialization phases. This is a complex disease of the major
clades of the genus Colletotrichum, which comprises more than 22 species to date
(Peralta-Ruiz etal., 2023).

6.2. Research objectives and major findings

The current study investigated the effect of non-chemical and eco-friendly controls
against C. gloeosporioides, with the following objectives:

Isolation of antagonistic yeasts and Bacillus isolates from different medicinal plants
» Investigation of the in vitro and in vivo effect of yeast and Bacillus isolates on C.
gloeosporioides.

Investigation of the effect of different concentrations of moringa leaf extract on C.

gloeosporioides in vitro and in vivo.
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Investigating the independent and combined effects of Bacillus or yeast isolates

with moringa leaf extracts for the control of C. gloeosporioides of papaya.

Chapter 3: Investigating the in vitro and in vivo effects of antagonistic

microorganisms on Colletotrichum gloeosporioides of papaya

Yeast YCR3 and YSY1 and Bacillus isolates BMR2 and B16 provided the best

in vitro control and inhibition of the C. gloeosporioides.

B16, identified as Bacillus megaterium, was highly antagonistic against C.
gloeosporioides both in vitro and in vivo.

SEM images showed inhibition of mycelial growth and conidia formation of C.
gloeosporioides by BMR2, B16 and YCRS3.

Broken and shrunken hyphae were successfully caused by the application of the

biocontrol agents against C. gloeosporioides.

Chapter 4: In vitro and in vivo antifungal activity of Moringa oleifera leaf

extract against C. gloeosporioides.

Two concentrations of Moringa leaf extract (MLE2.5% and MLE3%) showed a great

antifungal effect against the mycelial growth of C. gloeosporioides.

Moringa leaf extract at a concentration of 2.5% showed higher efficacy in inhibiting

the fungal growth of C. gloeosporioides both in vitro and in vivo.

SEM showed an effect of MLE2.5% on the mycelia of C. gloeosporioides with
shrinkage in mycelia and absence of spores compared to the control.

B16 was compatible with Moringa leaf extract on the amended PDA.

B16 (B. megatarium) was highly antagonistic in inhibiting C. gloeosporioides and

its efficacy was improved when combined with MLE2.5% and MLE3%.

Chapter 5: Integrated control of Colletotrichum gloeosporioides on papaya
fruit using Bacillus megatarium and Moringa leaf extracts

Scanning electron microscope showed an effect of MLE2.5% on the mycelia of C.
gloeosporioides with shrinkage in mycelia and absence of spores.

Isolate B16 (Bacillus megatarium) was compatible with Moringa leaf extracts

(MLE2.5% and MLE3%) on the amended PDA plate.
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B. megatarium was highly antagonistic in inhibiting C. gloeosporioides and its
efficacy was highly improved when combined with MLE2.5% and MLE3%.

The weight loss and total soluble solids of fruits treated with MLE2.5% + B.
megatarium treatment were not negatively affected.

Bacillus megatarium can be integrated with Moringa leaf extracts to manage

anthracnose of papaya.

6.3. Discussion

The isolated Bacillus and yeasts from the medicinal plants provided a better control
of C. gloeosporioides both in vitro and in vivo and based on the results by
Ravindran et al 2023 Bacillus species isolated successfully inhibited the C.
gloeosporioides with more than 80% inhibition percentage. B16 identified and
confirmed from Ingaba as Bacillus megaterium and was highly antagonistic against
C. gloeosporioides both in vitro and in vivo. The SEM images showed inhibition of
mycelial growth and conidia formation of C. gloeosporioides by BMR2, B16 and
YCR3. Results from Mannaa et al., 2017 shows that B. megaterium strain exhibited

significant biocontrol activity against grain fungi.

Two concentrations of ethanol Moringa leaf extract (MLE2.5% and MLE3%) had a
great antifungal effect against the mycelial growth of C. gloeosporioides. The
ethanol extracts has the great impact in controling and inhibiting C.
gloeosporioides (Okigbo and Ogbonnaya, 2006), and specifically the leaf extracts
completely inhibited postharvest rots of papaya (Banos et al., 2002). Concentration
of MLE 2.5% showed higher efficacy in inhibiting the fungal growth of C.
gloeosporioides both in vitro and in vivo and the SEM results showed the same
effect on the mycelia of C. gloeosporioides with shrinkage in mycelia and absence
of spores compared to the control. The mycelial growth, spore formation,

germination and infection can be inhibited by plant extracts (Banos et al., 2002).

B. megatarium highly inhibited the C. gloeosporioides and its efficacy was then
highly improved when integrated with MLE2.5% and MLE3%. During postharvest,
dipping fruits in leaf or plant extracts inhibited the rot development during storage
(Bautista-Banos et al., 2003). The weight loss and total soluble solids of fruits
treated with MLE2.5% + B. megatarium treatment were not negatively affected.
Therefore B. megatarium can be integrated with Moringa leaf extracts to manage
anthracnose of papaya both in vitro and in vivo studies.
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6.4. Conclusion

The study evaluated the antifungal activity of the screened Bacillus, yeasts isolates
and moringa leaf extracts against C. gloeosporioides of papaya during the in vitro
and in vivo trials. These controlling techniques are easily accessible to be used as

potential controlling measures, even when integrated.

6.5. Recommendations

For the reduction of postharvest anthracnose incidence on papaya fruit, the
implementation of economically friendly control strategies must be considered. The
use of antifungal and antimicrobials such as biological control agents and Moringa
plant extracts for disease control is required. This study showed that biocontrol
agents and Moringa leaf extract have an inhibitory and antifungal effect on C.
gloeosporioides. However, their combination suggested a possible postharvest
method for controlling this pathogen on papaya fruits.

A residual effect of synthetic chemicals during storage and the pathogen strains of
C. gloeosporioides have developed resistance to fungicides and there is a need to
develop alternative methods. Therefore, the papaya fruit industry needs non-
chemical control options in order to minimize C. gloeosporioides. These control
options include the integrated use of Bacillus megatarium and Moringa during
postharvest. However, future research should investigate the effect of integrated
control of these treatments on the physiological parameters of papaya including
phenolics, ascorbic acid, sugar content, defence-related enzymes, titrable acidity

and sensory attributes of papaya.
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