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CHAPTER 1: INTRODUCTION

Garlic (Allium sativum L.) is one of the most important vegetables and spice crops worldwide. It
is renowned for its extensive use in cuisines around the world and its medicinal properties,
attributed to compounds such as allicin (Amarakoon and Jayasekara, 2017). The global cultivation
of garlic, along with onion, underscores its economic and nutritional value with an annual
production exceeding 28 million tons in 2021, with China leading in production, followed by India
(FAOSTAT, 2021). Although the crop is mainly cultivated for its cloves for culinary use, it also
exhibits a wide spectrum of human health benefits, including antioxidant, antimicrobial and
anticancer activities (Kovarovi¢ et al., 2019). When extracted and isolated, the bioactive
compounds of garlic show a wide range of beneficial human health effects to treat various
infectious diseases, non-communicable diseases, as well as metabolic and genetic disorders
(Amarakoon and Jayasekara, 2017). Beyond culinary and medicinal applications, garlic's
allelochemicals show promise as sustainable agricultural biostimulants, enhancing crop quality

and resistance against pathogens (Hayat et al., 2018).

Similarly, okra (Abelmoschus esculentus L.) is another valuable crop vulnerable to fungal
pathogens. It is widely cultivated for its nutritional value and economic importance in tropical and
subtropical regions. Globally, okra production has expanded significantly, rising from 1.8 million
tonnes in 1972 to 11.2 million tonnes in 2022, with India alone accounting for more than 60% of
the total (FAOSTAT, 2022). Other major producers include Nigeria, Mali, Pakistan, Sudan, and
Cote d'Ivoire. Its young fruits are consumed as a vegetable rich in vitamins, minerals, and fibre,
while its seeds and leaves are valued for their antidiabetic, antioxidant, and antimicrobial
properties (Adebooye and Oputa, 1996, Ardestani et al., 2020). However, like garlic, its
productivity is constrained by soil-borne fungal diseases that severely reduce yield and postharvest

quality (Ounis et al., 2025).

Soil-borne fungal pathogens are particularly destructive in garlic production, with Stromatinia
cepivora Berk. 1841 and Fusarium proliferatum (Matsush.) Nirenberg ex Gerlach & Nirenberg
(1982) being the most significant. Stromatinia cepivora (anamorpha Sclerotium cepivorum) is an
economically significant pathogen that causes white rot disease in garlic and other Allium species
(Hanci, 2018). This disease was first reported in Hungary in 2011 (Bakonyi et al., 2011).
Stromatinia cepivora is a major limiting pathogen for onion and garlic production worldwide due
to its ability to cause large yield and quality losses (Coley-Smith, 1987, Crowe et al., 1980). This
pathogen is distinguished by its sclerotia, which can survive in the soil for several years, thus

limiting the use of infected fields in a rotation system (Coley-Smith, 1987, Crowe et al., 1980, Wu



et al., 2010). These sclerotia germinate in response to volatile organic compounds from Allium
root exudates, initiating infection (King and Coley-Smith, 1969). White rot symptoms typically
appear from mid-season to harvest, starting with yellowing and wilting of the leaves, followed by
white mycelial growth on the bulb surface or at the crown of seedlings (Fullerton and Stewart,
1991). As the infestation progresses, the root system is destroyed, leading to plant collapse.
Infected bulbs often exhibit white, fluffy fungal growth, similar to cotton wool, with small black
sclerotia interspersed (Sammour et al., 2011). The pathogen's resilience and long dormancy of the
sclerotia, enabling them to persist in the soil until a suitable host becomes available, make it

extremely difficult to manage (Wu et al., 2010).

Among soil-borne fungal pathogens of garlic, Fusarium proliferatum (Matsushima) Nirenberg is
of particular concern due to its widespread occurrence and significant impact on A/lium crop
production (Llamas et al., 2013). This species is associated with basal plate rot and bulb rot in
garlic, leading to substantial economic losses both in the field and during post-harvest storage
(Leyronas et al., 2018, Tonti et al., 2012). Other Fusarium species, including F. oxysporum, F.
culmorum, and F. solani, have also been reported on garlic (Matuo et al., 1986, Moharam et al.,
2013, Rengwalska and Simon, 1986), but F proliferatum is of greater concern due to its broader
host range and adaptability across diverse climatic zones. It infects not only garlic but also other
Allium crops such as onions and leeks, reflecting its capacity to persist and spread in different agro-

ecological systems (Medina et al., 2017, Palmero et al., 2010).

The pathogen was first reported as the causal agent of garlic bulb rot in 1999 in Hungary during
winter storage (Simay, 1990). Since then, F. proliferatum has been identified in garlic crops across
multiple regions, including Germany (Seefelder et al., 2002), Serbia (Stankovic et al., 2007), Spain
(Palmero et al., 2010), and Italy (Tonti et al., 2012). The symptoms of garlic rot caused by F.
proliferatum include dry, brown necrotic spots that develop on the surface of the cloves and can
progress inward. In severe cases, white mycelium and water-soaked lesions can also occur (Tonti
et al., 2012, Wang et al., 2022). The pathogen often colonises garlic roots during the growing
season and remains latent, causing substantial postharvest losses as rot develops in storage
(Leyronas et al., 2018, Llamas et al., 2013, Tonti et al., 2012), where conditions such as
temperature significantly influence the progression of the disease (Moharam et al., 2023).
Furthermore, F. proliferatum is a significant mycotoxigenic species, producing toxins such as
fumonisins (FB1, FB2, and FB3), moniliformin, beauvericin, fusaric acid, and fusaproliferin, all

of which present a high risk to food safety (Desjardins, 2006, Li et al., 2017).

In addition to garlic pathogens, okra is highly susceptible to soil-borne fungal diseases caused by

Sclerotinia sclerotiorum (Lib.) de Bary (1884) and Rhizoctonia solani J.G. Kiihn (1858).
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Sclerotinia sclerotiorum is a necrotrophic fungal pathogen with a broad host range, including okra,
and causes white mold or pod rot disease. This pathogen produces long-lived sclerotia that allow
it to survive adverse conditions and infect plants under favourable environmental circumstances.
In okra, infection leads to water-soaked lesions, pod rot, and fluffy white mycelium interspersed
with black sclerotia, similar to cottony growth (Prova et al., 2017). The pathogen infects more than
400 plant species and thrives in cool, moist conditions, where ascospores released from the

apothecia germinate and colonize plant tissues (Bolton et al., 2006).

Rhizoctonia solani is a soilborne necrotrophic fungus that causes root rot and damping in okra,
especially in seedlings and post-harvest conditions. Symptoms include brown necrotic lesions at
the base of the stem and roots, wilting, reduced growth, and in severe infections, plant death. This
pathogen may also cause foliar blight under conducive conditions (Henz et al., 2007, Anees et al.,
2016). The pathogen persists in the soil via sclerotia and mycelia and often forms disease
complexes with nematodes such as Meloidogyne incognita, exacerbating plant damage (Sharma,

2015).

Managing these pathogens is challenging. While chemical fungicides provide initial control, their
long-term efficacy is limited by pathogen resistance, environmental hazards, and high application
costs (Coskuntuna and Ozer, 2008, Rajendran and Ranganathan, 1996). Biological control agents
have emerged as sustainable alternatives. Recent advances have shown promising results using
Trichoderma and Bacillus species as biological control agents specifically for garlic. Trichoderma
harzianum and Bacillus subtilis have significantly reduced the incidence of white rot and basal rot
in garlic, and both agents individually reduced disease severity and increasing yields in field trials
(Lee et al., 2006). Although Trichoderma and Bacillus were less effective when combined, they
still contributed to increased disease tolerance and higher yields under greenhouse conditions
(Poromarto et al., 2022). Furthermore, triple applications of Trichoderma harzianum, T. koningii,
and T virens demonstrated improved control of garlic white rot under low disease pressure,
achieving results comparable to chemical fungicides (Elshahawy et al., 2019). Furthermore,
integrated approaches that combine these bioagents with chemical treatments further enhance
efficacy (Dilbo et al., 2015). Consequently, the development of genetically resistant cultivars has
been recognised as the most sustainable strategy for the management of soil-borne diseases (Fang

et al., 2019, Gordon, 2017, Wille et al., 2019).

Understanding plant defense mechanisms is essential for improving such strategies. Oxidative
enzymes such as guaiacol peroxidase (POX) and polyphenol oxidase (PPO) are widely measured
as indicators of plant immune activation (Zafar et al., 2020). These enzymes play crucial roles in

strengthening cell walls (Bala et al., 2016), scavenging reactive oxygen species (ROS) (Mayer et
3



al., 2017), and inhibiting pathogen proliferation (Mohammadi and Kazemi, 2002). Monitoring
POX and PPO activities in garlic and okra has proven particularly useful in assessing the
effectiveness of biocontrol agents, as increased enzyme activity correlates with enhanced immune
responses under conditions of biotic and abiotic stress (Khorrami et al., 2014, Hong et al., 2007).
Elevated enzyme activity is typically correlated with enhanced resistance levels and reduced
disease severity (Mohammadi and Kazemi, 2002). Therefore, these biochemical markers serve not
only as defense effectors but also as valuable diagnostic tools in resistance breeding and evaluation

of biological treatments (Khorrami et al., 2014, Zafar et al., 2020).

A further complication in disease management is the simultaneous presence of multiple soil-borne
pathogens. It is well documented that simultaneous infections by multiple pathogens are a common
phenomenon in agriculture (Abdullah et al., 2017, Tollenaere et al., 2016). Previous research has
shown that host plants infected by multiple pathogens experience more severe disease impacts
than those affected by a single pathogen (Abdullah et al., 2017, Susi et al., 2015, Wille et al., 2019).
Given that F. proliferatum and S. cepivora were observed to co-occur, this study hypothesizes that
their interactions could influence infection dynamics and disease progression. Understanding these
interactions is essential for improving resistance screening methodologies and developing

effective disease management strategies against multipathogen infestations.

Despite advances in breeding for single-pathogen resistance, such resistances often fail under field
conditions where co-infections are common (Tollenaere et al., 2016, Wille et al., 2019). This study
addresses the critical gap in understanding the interactions between F. proliferatum and S. cepivora
and expands the investigation to include okra pathosystems involving S. sclerotiorum and R.
solani. It aims to develop more effective, economically viable, and environmentally sustainable
disease management strategies through multipathogen resistant cultivars and effective biocontrol

integration.
Objectives:

This work aims to (1) accurately identify the pathogenic fungi behind garlic bulb rot and white rot,
(2) investigate the dynamics of their co-occurrence and pathogen—pathogen interactions, (3)
evaluate the resistance of eleven garlic cultivars to single and simultaneous infections, (4) evaluate
the effectiveness of Trichoderma asperellum Samuels, Lieckf., & Nirenberg (1999) and Bacillus
amyloliquefaciens Fukumoto (1943) as biocontrol agents against garlic and okra pathogens, and
(5) analyse the activation of POX and PPO enzymes in both host plants to elucidate biochemical

responses under biotic stress.



CHAPTER 2: LITERATURE REVIEW

2.1. Garlic (Allium sativum L.)

2.1.1. Global production and economic importance

According to FAOSTAT (2023), global garlic production was estimated at approximately 28.68
million tons, grown on an area of 1.69 million hectares, with an average yield of 16.96 tons per
hectare. The main garlic producing countries include China, India, Bangladesh, and Egypt, with
China and India serving as the dominant contributors, collectively accounting for approximately

85% of total global production.
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Figure 1: Global garlic production by country in 2023 (kilotons, kt). Image from Helgi Library
(2024), data sourced from FAOSTAT (2023).

2.1.2. Benefits and uses

Garlic (Allium sativum L.) is a multifunctional crop with applications extending beyond its
culinary significance to medicine, agriculture, and biotechnology. The following sections highlight
the medicinal, culinary, and plant protection applications of garlic, emphasising its economic

importance.



2.1.2.1. Medicinal and health benefits

The medicinal value of garlic has been recognized since ancient civilizations, including Egypt,
Greece, Rome, and China, where it was used to treat respiratory, digestive, and circulatory ailments
(Kovarovi€ et al., 2019). Historical accounts indicate that Greek Olympic athletes consumed garlic
to improve physical endurance (Afzal et al., 2000). The first major chemical investigation of garlic
in the 19th century led to the discovery of allicin as its primary bioactive antimicrobial compound

in 1944 (Gruhlke et al., 2015).

Garlic is a rich source of antioxidants, including polyphenols, flavonoids, and sulphur metabolites,
which neutralise free radicals and reduce oxidative stress (Benkeblia, 2005, Petropoulos et al.,
2020). The high radical-scavenging activity of garlic is linked to its sulphur compounds,
particularly diallyl sulphides (Avgeri et al., 2020). These compounds contribute to immune system
support and cell protection against oxidative damage (Santhosha et al., 2013).

Garlic has been studied for its potential role in cardiovascular health, and research indicating its
ability to regulate blood pressure and improve circulation (Rahman and Lowe, 2006). The presence
of bioactive sulphur compounds in garlic has also been associated with the regulation of lipid

metabolism, which may contribute to cholesterol reduction (Benkeblia, 2005).

Furthermore, garlic plays a role in metabolic health, and studies suggesting that it has immune-
boosting, antidiabetic, and cardioprotective activities (Fong, 2002, Amira and Okubadejo, 2007).
The presence of saponins in garlic has also been associated with anti-inflammatory and anticancer
properties (Matsuura, 2001). Overall, the therapeutic efficacy of garlic is primarily attributed to its
phytochemical profile, which includes organosulfur compounds (alliin, allicin, ajoene,
thiosulfinates), polyphenols, flavonoids, vitamins (A, B1, B2, B6, C), and minerals (Ca, Fe, I, K,
Mg, Na, Zn) (Kovarovic et al., 2019). Conversion of alliin to allicin upon tissue damage initiates
a biochemical cascade, producing reactive bioactive metabolites (Puvaca et al., 2014).

Garlic also contains fructans, allinase, arginine, and fibre, which further contribute to its nutritional
and therapeutic value (Santhosha et al., 2013). Furthermore, saponins present in garlic have been
linked to cytotoxic and antitumor activities, reinforcing the role in disease prevention (Matsuura,

2001).
2.1.2.2. Culinary and functional uses

Garlic is widely cultivated in temperate, subtropical, and tropical regions, making it a significant
crop (Fritsch and Friesen, 2002). It is an integral component of traditional and modern cuisines,
contributing flavour, aroma, and bioactive compounds that improve food quality and preservation

(Amarakoon and Jayasekara, 2017).



Its distinct pungency is attributed to allicin, which is converted enzymatically from alliin after
cutting or crushing (Allison et al., 2006, Puvaca et al., 2014). Furthermore, garlic’s natural
antimicrobial properties contribute to its use as a food preservative, extending shelf life and

inhibiting spoilage microorganisms.
2.1.2.3. Agricultural and plant protection properties

Garlic has been widely studied for its fungicidal and antibacterial properties, particularly in
agriculture and plant disease management.

Organosulfur compounds exhibit strong fungicidal activity, particularly allicin and its derivatives,
which inhibit plant pathogenic fungi such as Fusarium spp. Aspergillus spp., and Candida spp.
(Gruhlke et al., 2015, Martins et al., 2016). These compounds disrupt fungal cell membranes,
interfere with essential metabolic pathways, and have shown synergistic effects with conventional

fungicides (Benkeblia, 2005, Ndoye Foe et al., 2016).

Garlic’s antibacterial properties also contribute to plant disease control, with allicin and diallyl
sulfides demonstrating strong inhibitory effects against phytopathogenic bacteria (Puvaca et al.,
2014). These compounds have been found to suppress Gram-positive and Gram-negative bacteria,
including Xanthomonas spp., Pseudomonas spp., and Erwinia spp. (Rahman and Lowe, 20006,
Santhosha et al., 2013). The high reactivity of allicin enables it to disrupt bacterial cell walls and

enzymatic functions, making it a promising biocontrol agent in sustainable agriculture.

2.1.3. Major fungal diseases affecting garlic

Garlic is affected by several major fungal diseases that significantly compromise crop productivity
and storage quality. Among the most important are white rot (Sclerotium cepivorum), purple blotch
(Alternaria porri), stemphylium blight (Stemphylium vesicarium), basal rot (Fusarium oxysporum
f. sp. cepae), and post-harvest pathogens such as Botrytis allii, Penicillium corymbiferum, and
Aspergillus niger. These diseases vary in their epidemiology and ecological requirements but

collectively represent a major constraint to sustainable garlic production.

An overview of the predominant oomycete and fungal diseases impacting garlic, listing the

symptoms and the specific pathogens responsible for each disease is summarized in Table 1.



Table 1. Summary of the most common oomycete and fungal diseases of garlic, their causative

organisms, and main symptoms

brownish to grayish discoloration with a
clear margin separating healthy and
diseased areas, decay progressing down
the neck scales toward the bulb base,
dense gray mold forming on rotting scales
in humid conditions, black sclerotia
developing between scales near the neck,
neck tissue drying and collapsing, entire
bulbs becoming mummified, and

Disease Causative Symptoms References
fungi
White rot Stromatinia The initial symptom of the disease is | (Mishra et al., 2014)
cepivora yellowing and dieback of leaf tips. Scales
(Berkeley) stem plate and roots get destroyed. The
Whetzel bulbs become soft and water soaked.
White fluffy or cottony growths of
mycelium with abundant black sclerotia
resembling mustard grain are seen on the
infected bulbs.
Purple blotch | Alternaria Small whitish sunken lesions appear on | (Mishra et al., 2012)
porri  (Ellis) | garlic leaves, quickly turning brown and
Ciferri enlarging into zoned, purplish spots with
reddish borders and a yellow halo. In
moist conditions, the lesion surface is
covered with dark purplish-black fungal
growth. Lesions may merge, girdle the
leaves and stems, causing them to yellow,
wilt, collapse, and die within weeks.
Basal Rot Fusarium Yellowing, curling, and tip-drying of | (Le etal., 2021)
oxysporum f. | garlic leaves, stunted growth, pink
sp. cepae | discoloration and rotting of roots,
(Hansen) formation of a root abscission layer, basal
Snyder & | plate decay spreading to the entire bulb,
Hansen white mycelium on bulb surface or basal
scales, and latent infections becoming
severe during warm, humid storage.
Botrytis Botrytis allii | Softening and sunken, cooked-like | (Crowe, 2000)
Neck Rot Munn appearance of garlic neck tissues,




secondary bacterial invasion causing
watery rot.
Blue mold Penicillium Blue mold typically appears during | (Abba, 2019)
hirsutum harvesting and storage. Early symptoms
Dierckx include pale yellowish blemishes, watery
soft spots, or occasionally purplish-red
stains on the bulb scales. As the disease
progresses, green to blue-green powdery
mold develops on lesion surfaces.
Internally, affected fleshy scales may
appear water-soaked with a tan to grey
discoloration. In advanced stages, the
entire bulb may disintegrate into a soft,
watery rot.
Stemphylium | Stemphylium | Small water-soaked or white spots appear | (Mishra et al., 2014)
blight vesicarium on older leaves, often starting at the tips,
(Wallroth) then elongate into dark brown to purplish
E.G. lesions with a purple halo and sunken
Simmons tissue. These spots expand and merge into
large necrotic areas, causing leaf blight,
drying of foliage, necrosis of all aerial
parts, complete desiccation, and impaired
bulb development.
Downy Peronospora | Symptoms appear on the surface of leaves | (Schwartz and Gent,
mildew destructor or flower stalk as violet growth of fungus, | 2008)
(Berkeley) which later becomes pale greenish yellow
Caspary and finally the leaves or seed stalks
collapse.
Black mold | Aspergillus Black powdery masses of spores appear | (Mishra et al., 2014)
niger van on the exterior of scales. The same black
Tieghem spore masses are also visible on the inner
scales.
2.2.  Okra (4belmoschus esculentus 1..)

2.2.1. Global production and economic importance

Okra (Abelmoschus esculentus (L.) Moench), commonly known as lady finger or gombo, is one
of the most widely cultivated and consumed crops of the Malvaceae family (Naveed et al., 2009).
The Malvaceae family also includes several other important plants of economic importance, such
as cacao, cotton, durian, and ornamental hibiscus (Tong, 2016). In its early classification, okra was
included in the Hibiscus genus and was often referred to as Hibiscus esculentus in older

publications.



Its cultivation is adaptable to a wide range of geographical locations, as it can be grown in regions
with varied climatic conditions such as tropical, subtropical, and warm temperate regions (Adiaha,
2017), leading to its widespread cultivation and commercial use in numerous countries (Kumar et
al., 2013). Global okra production shows significant growth, increasing from 1.8 million tonnes in
1972 to 11.2 million tonnes in 2022, with India accounting for 61.2% of global total production
(FAOSTAT, 2022). India's leading role as the world’s largest okra producer has also made it a focal
point for extensive research on okra cultivation, pest dynamics, and management strategies. Other
countries, such as Nigeria, Mali, Pakistan, Sudan, Céte d'Ivoire, and Iraq, also play a notable role

in contributing to the global production of okra (FAOSTAT, 2022).

Top 20 Countries by Production Value (kt)
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Figure 2: Global garlic production by country in 2022 (kilotons, kt). (FAOSTAT, 2022).

2.2.2. Nutritional and medicinal benefits

Although the crop has multiple uses, its primary cultivation and consumption are focused on the
green soft fruits of the plant that are rich in minerals such as iron and irodine and vitamins A, B
and C and also possess a significant amount of protein and oil, approximately 20.0% of each
(Tindall, 1983, Charrier, 1984, Adebooye and Oputa, 1996). This vegetable is an essential source
of viscous fibre and is reported to contain low levels of sodium, saturated fat, and cholesterol
(Kendall and Jenkins, 2004, Adebooye and Oputa, 1996). Okra seeds and leaves have been

reported to have antidiabetic, antioxidant, and antimicrobial properties. Studies have shown that
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okra has various human health benefits, such as blood sugar regulation, inflammation reduction,
and even cancer prevention, and it has been traditionally used in herbal medicine (Tantawy et al.,
2020, Ardestani et al., 2020). Okra has also found medical application as a plasma replacement or
expander of blood volume (Savello et al., 1980, Lengsfeld et al., 2004, Adetuyi et al., 2008, Kumar
et al., 2010). It was found that an alcohol extract of leaves can improve renal function, reduce
proteinuria, and alleviate renal tubular interstitial diseases by eliminating oxygen free radicals (Liu
etal., 2005, Kumar et al., 2009). The oil and protein-rich fruits have been utilized for oil production
on a limited scale (Calisir et al., 2005). Furthermore, the crude fibre in its mature fruit and stems

is used to make paper (Kochlar, 1986).

2.2.3. Major fungal diseases affecting okra
Okra is vulnerable to several significant challenges posed by fungal, viral, and bacterial pathogens
and arthropod and nematode pests, which can significantly affect its cultivation success (Jiskani,

2006, Gulati, 2004).

Okra production is affected by many fungal and oomycete diseases that adversely affect both the
quantity and quality of the crop (Thippeswamy et al., 2007). The main diseases include damping
off, powdery mildew, Cercospora leaf spot, grey mold, Alternaria leaf spot and pod rot,
Phyllosticta leaf spot, Fusarium wilt, Verticillium wilt, collar rot, stem canker, and anthracnose.
Detailed images of the symptoms of the diseases are available in the Global Database of the
European and Mediterranean Plant Protection Organisation (EPPO) Global Database (EPPO
(European and Mediterranean Plant Protection Organization), nd), which serves as a valuable

resource for researchers and practitioners.

Table 2 provides an overview of the predominant oomycete and fungal diseases impacting okra,

listing the symptoms and the specific pathogens responsible for each disease.
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Table 2. Summary of the most common oomycete and fungal diseases of okra, their causative

organisms, and main symptoms

Fusarium solani (von
Martius) Saccardo)

Disease Causative fungi Symptoms References
Damping-off | Pythium Water-soaked lesions at the stem | (Jukte et al.,
aphanidermatum collar region. Browning and | 2016).
(Edson) Fitzpatrick shrinkage of the stem tissue, and
dli llapse.
Rhizoctonia solani Seediitig cotlapse
Kiihn

Mouchacca

Macrophomina
phaseolina (Tassi)
Goidanich
Phytophthora
nicotianae Breda de
Haan
Powdery Golovinomyces White to grayish-white powdery | (Dahivelkar et
mildew cichoracearum (de | fungal growth on leaves, stems, | al., 2017).
Candolle) Heluta and occasionally flowers or fruits.
Leaf  deformation, curling,
yellowing, and stunted plant
growth.
Cercospora | Cercospora Irregular brown or black spots on | (Bolie et al.,
leaf spot malayensis Stevens & | mature leaves, developing into | 2021, Kumar et
Solheim reddish-brown  with  yellow | al., 2010).
C. abelmoschi (Ellis & margins, exp?nding and reducing
Everhart) Deighton photosynthesis.
Gray mold Botrytis cinerea | Grayish, web-like fungal growth | (Afroz et al.,
Persoon on leaves, stems, and fruits. Light | 2019).
brown lesions on thin leaves,
concentric brown rings on thicker
leaves. Wilting in severe cases.
Alternaria Alternaria  alternata | Small, light brown-concentric | (Cho and Moon,
leaf spot (Fries) Keissler dark brown lesions on the leaves. | 1980,  Werner,
4 chlamydospora Necrosis, wilting, and plant death | 1987, Canihos et
under severe infections. al., 1999).
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Alternaria Alternaria  alternata | Wet rot on young okra pods, | (Gappa-Adachi,
pod blight (Fries) Keissler development of lesions, leading to | 2018).
decay.
Phyllosticta | Phyllosticta hibiscini | Large leaf lesions with a grayish | (Awasthi, 2015).
leaf spot Ellis & Everh. center, progressing to form shot
holes. Presence of black pycnidia
on both leaf surfaces.
Fusarium Fusarium oxysporum | Leaf discoloration and wilting, | (Beckman, 1987,
wilt f. sp. vasinfectum | stunted growth, vascular damage, | Hao et al., 2009).
sensu lato (Atkinson) | and stem deterioration, leading to
Snyder & Hansen wilting and death.
Verticillium | Verticillium  dahliae | Initial symptoms include | (Schnathorst and
wilt Klebahn Yellowing followed by wilting | Mathre, 1966,
. and drying, V-shaped chlorosis of | Fradin and
V. tricorpus Isaac leaﬂe‘:ys, a%ld yellolzv—to—red—brown Thomma, 2006).
lesions near the leaf tip. Severe
infections lead to defoliation,
shoot dieback, and plant death.
Collar rot Macrophomina Damping-off, seedling blight, | (Pearson et al.,
phaseolina (Tassi) | collar rot, stem rot, and root rot in | 1984).
Goidanich mature plants. Hollow stem
formation, pre-emergence and,
post-emergence damping-off.
Stem canker | Fusarium Dark circular to oblong lesions on | (Fugro, 1999).
chlamydosporum the stems, floral buds, and pods of
sensu lato | young plants. Severe infections
Wollenweber & | lead to seedling death.
Reinking
Anthracnose | Colletotrichum Yellow-brown, necrotic, sunken | (Amadi et al.,
plurivorum Damm, | lesions on the leaves. 2014, Shi et al.,
Alizadeh & Toy. Sato 2019).
C. gloeosporioides
(Penzig) Penzig &
Saccardo
Fruit rot Choanephora Brown-black water-soaked | (Balogun and
cucurbitarum lesions on fruits, progressing | Babatola, 1999,
(Berkeley & Ravenel) | rapidly and causing fruit decay | Park et al., 2015,
Thaxter and drop. Henz et al,
2007).
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Rhizoctonia solani
Kiithn

Fusarium solani (von
Martius) Saccardo

Phytophthora
palmivora E.J. Butler

Rhizopus  stolonifera
(Ehrenberg) Vuillemin
Fusarium  oxysporum
Schlechtendal

Aspergillus flavus Link

2.3. Fungal pathogens infecting the studied plant hosts
2.3.1. Studied garlic pathogens (Stromatinia cepivora and Fusarium proliferatum)

2.3.1.1.Pathogenesis and infection cycle

Stromatinia cepivora (Berk.) Whetzel, the causal agent of white rot, is a necrotrophic soil-borne
fungus that infects Allium species via sclerotia, its long-lived resting structures. The infection
begins when sclerotia in the soil detect root exudates from susceptible A//ium plants, leading to
germination and hyphal invasion; colonisation is followed by tissue degradation, characterised by
white mycelial growth and formation of sclerotia around the basal stem and bulb surface (Lourenco

Jretal., 2018).

Sclerotia germination is host-specific and requires the presence of sulphur-containing compounds
in Allium exudates; these signals induce hyphal emergence, which directly penetrates host
epidermal cells through mechanical pressure and enzyme degradation of cell walls (Elshahawy
and Saied, 2021). After penetration, mycelium spreads intercellularly and intracellularly, secreting
toxins and enzymes that kill host tissue; this necrosis favours the proliferation and sclerotial

formation of pathogens to complete the cycle (Osman et al., 2023).

In contrast, Fusarium proliferatum is a facultative pathogen with a broad host range and high
toxigenic potential. Infection begins by entering the root or wound, commonly during bulb
formation or post-harvest stages; microconidia or macroconidia germinate and hyphae colonise
the vascular tissue, leading to systemic infection and bulb rot (Palmero et al., 2012). In particular,
FE proliferatum infection does not require prior tissue senescence; instead, it actively penetrates
via the cuticle or wounds, followed by invasion of the xylem, causing water-soaked tan lesions

and bulb decay, sometimes with visible mycelia (Salvalaggio and Ridao, 2013).
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2.3.1.2. Disease symptoms and impact on garlic crops

Stromatinia cepivora, the causal agent of white rot, typically initiates infection with foliar
yellowing and wilting in Allium crops. As the disease progresses, plants exhibit water-soaked
lesions at the base and eventually decay, with dense white mycelial growth and the formation of
small black sclerotia on the affected tissues, particularly bulbs and roots (Ounis et al., 2025,
Lourengo Jr et al., 2018). White rot caused by S. cepivora can cause up to 100% crop loss under
favourable conditions. The severity is often correlated with soil inoculum levels and environmental
conditions that favour sclerotial germination. In highly infested soils, total stand loss is frequent,

leading to complete yield failure (Workneh et al., 2024, Elshahawy and Saied, 2021).

Fusarium proliferatum, associated with bulb and basal rot in garlic, leads to root and lower stem
browning, often followed by plant stunting and premature senescence. In severe cases, bulbs
become soft and discolored, with necrotic tissues harboring pathogen conidia and mycelia
(Stankovic et al., 2007, Delgado-Ortiz et al., 2016). The impact of these pathogens includes not
only direct yield loss but also reduced bulb size, weight, and marketability. Furthermore, bulbs
infected with F. proliferatum may accumulate mycotoxins such as fumonisins and beauvericin,
posing health risks and further lowering their commercial value (Stankovic et al., 2007). Despite
the development of chemical and biological management strategies, both pathogens remain
formidable due to their persistence in soil and their ability to infect multiple Allium species in

diverse growing conditions (Workneh et al., 2024, Elshahawy et al., 2021).

Figure 3: (a) Symptoms of Stromatinia cepivora on garlic seedlings showing characteristic
white rot with sclerotia formation (a) (source: (PlantwisePlus Knowledge Bank, 2021)), and (b)
symptoms of Fusarium proliferatum on garlic roots exhibiting basal plate rot and tissue
degradation (own image).
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2.3.1.3. Environmental factors influencing disease severity

The severity of white rot and Fusarium-induced diseases in Allium crops is closely related to
environmental conditions that regulate pathogen activity, host susceptibility, and disease
progression. Both S. cepivora and F. proliferatum are influenced by soil temperature, moisture,
and agronomic practices. Stromatinia cepivora sclerotia germinates most efficiently at cold soil
temperatures ranging from 10 to 20 °© C, which coincides with the early growth stages of garlic
crops; This temperature range allows optimal mycelial growth and host colonisation, thus

increasing infection risks (Lourenco Jr et al., 2018, Workneh et al., 2024).

Soil moisture is a critical driver of the severity of S. cepivora severity; saturated or poorly drained
soils favour sclerotial germination and pathogen spread, while dry soils significantly limit disease
incidence (Elshahawy et al., 2021). High relative humidity and minimal soil disturbance have also

been shown to support the persistence and progression in the field.

The density of sclerotia in the soil is exacerbated by repeated Allium cropping; Continuous
monoculture or short crop rotations result in accumulation of inoculum and prolonged disease risk,
particularly in fields lacking sanitation practices or pathogen-suppressive management (Workneh

et al., 2024, Elshahawy et al., 2021).

For F. proliferatum, warm temperatures (25-30 °C) and moderate soil moisture facilitate spore
germination, colonisation, and disease expression in both garlic crops (Palmero et al., 2012); the
fungus is particularly active under abiotic stress conditions such as drought or nutrient imbalance,
which compromise host defences and enable aggressive root and bulb invasion (Stankovic et al.,

2007).

Fusarium spp. caused diseases are further aggravated by physical damage to roots and bulbs due
to poor harvesting practices or insect activity; such wounds offer direct entry points for the fungus,
bypassing initial host resistance mechanisms (Delgado-Ortiz et al., 2016, Ounis et al., 2025). The
integrated severity of the disease in the presence of both pathogens is influenced by overlapping

environmental conditions (Ounis et al., 2025).

2.3.2. Studied okra pathogens (Sclerotinia sclerotiorum and Rhizoctonia solani)

2.3.2.1. Pathogenesis and infection cycle

Sclerotinia sclerotiorum and Rhizoctonia solani are significant necrotrophic fungal pathogens that
impact okra cultivation through their distinct infection strategies. Sclerotinia sclerotiorum
primarily initiates infection by germinating sclerotia under favorable moist conditions, producing

mycelia or apothecia that release airborne ascospores capable of infecting host tissues (Derbyshire
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and Denton-Giles, 2016). During the infection process, once the spores germinate, S. sclerotiorum
secretes oxidative compounds like oxalic acid, which can alter the pH of infected tissues, creating
a more conducive environment for pathogenicity (Fan et al., 2021). The secretion of cutinolytic
enzymes further facilitates tissue softening, allowing rapid penetration and extensive colonisation

of okra's stems, leaves, and pods (Ranjan et al., 2018).

The role of oxalic acid in the pathogenesis of S. sclerotiorum is crucial, as it helps suppress the
production of defensive reactive oxygen species (ROS) by the host while activating pectinolytic
enzymes that degrade the walls of plant cell walls, leading to cell necrosis and eventual maceration
(Andrade et al., 2018). Research confirms that manipulation of the host's redox environment
through the secretion of oxalic acid is vital to overcome host resistance mechanisms, indicating
that S. sclerotiorum effectively circumvents early immune responses in okra plants (Williams et

al., 2011).

On the other hand, Rhizoctonia solani employs a different infection strategy characterised by direct
contact with its host. This species uses specialized structures known as appressoria to penetrate
the host epidermis, allowing it to invade intercellular spaces (Shahoveisi et al., 2022). Upon
infection, R. solani secretes a range of cell wall degrading enzymes, such as cellulases and
hemicellulases, which degrade the host cell walls, resulting in rapid necrosis and the death of okra
hypocotyls and roots (Xu et al., 2018b). The pathogen's capacity to persist in the soil as sclerotia
or moniloid cells for extended periods greatly enhances its epidemiological success, particularly

in warm and moist soil conditions that favour its proliferation (Shahoveisi et al., 2022)

Both pathogens enhance their virulence through the secretion of effector proteins that can
manipulate host defences by disrupting salicylic acid-dependent signaling pathways and inhibiting
pathogenesis-related protein (PR) expressions, leading to a weakened systemic resistance in okra
plants (Fan et al., 2021). This suppression of host defences is a critical factor in the pathogenic
success of both fungi, allowing these necrotrophic pathogens to effectively establish and maintain

infections.
2.3.2.2. Disease symptoms and impact on okra

Sclerotinia sclerotiorum and Rhizoctonia solani severely affect okra, compromising plant health,
yield, and post-harvest quality. Their distinct infection strategies and symptomatology contribute

to significant economic losses in the cultivation of okra.

Rhizoctonia solani causes damping-off, root rot, and crown rot. Damping leads to the death of

seedlings in early growth stages due to basal stem and root decay, resulting in poor crop
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establishment (Behiry et al., 2022). Infected plants exhibit stunted growth, wilting, chlorosis, and
necrosis of the leaves, symptoms that are often aggravated under conditions of stress from
moisture, reflecting the strong interaction with environmental factors (Meena et al., 2024a). Severe

infections can result in complete plant mortality, drastically reducing stand density.

On the contrary, Sclerotinia sclerotiorum typically manifests as white, cottony mycelium on stems
and leaves, leading to Sclerotinia blight characterised by tissue browning, soft rot, and water-
soaked lesions on fruits. This results in a cottony rot appearance, as the pathogen decomposes
infected tissues, often causing extensive fruit rot and subsequent softening, which reduces

marketable yield (Behiry et al., 2022).

The economic impact of these pathogens on okra production is profound. R. solani significantly
reduces yields by killing seedlings and mature plants, forcing replanting and increasing production
costs (Meena et al., 2024a). Similarly, S. sclerotiorum infections can cause 10% to 50% post-
harvest losses in heavily infested fields, primarily through fruit decay that diminishes texture,
flavour, and marketability (Abed and Farhan, 2023).

Beyond direct yield and quality losses, farmers incur additional expenses for pathogen

management, including fungicide applications and labour for replanting, further threatening the

economic sustainability of okra cultivation in areas where both pathogens coexist (Meena et al.,

2024b).

Figure 4. Symptoms of soil-borne fungal pathogens: (a) pod rot of okra caused by Rhizoctonia
solani (source: (Henz et al., 2007)), and (b) white mold symptoms caused by Sclerotinia
sclerotiorum on Phaseolus vulgaris (bushbean) used here as a representative image due to the

absence of okra-specific symptom documentation (source: (Rasbak, 2009)).
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2.3.2.3. Environmental factors influencing disease severity

The impact of Sclerotinia sclerotiorum and Rhizoctonia solani disease on okra plants is significant,
manifesting itself through a variety of debilitating symptoms. S. sclerotiorum, known to cause
Sclerotinia stem rot, typically results in "watery soft rot" in the collar region of the plant. This
initial symptom is often followed by wilting and collapse of the plant structure. The characteristic
cottony mycelial growth of this pathogen can be observed in affected tissues, which later develop
into sclerotia, hard survival structures that allow the fungus to withstand adverse conditions (Xu
et al., 2018a, Choi et al., 2017). This symptomology can sometimes be mistaken for bacterial
infections due to the water-soaked appearance (Hossain et al., 2023). Environmental factors,
particularly cool and humid conditions, play an important role in facilitating the systemic spread
of the pathogen from the stem base to other plant parts, contributing to premature defoliation and

pod drop, ultimately leading to total plant death when severe (Rana et al., 2021).

In contrast, R. solani affects okra seedlings through pre- and post-emergence damping-off
syndrome. This results in sunken brown lesions in the hypocotyl, which can girdle the stem base
and lead to the collapse of seedlings, significantly impacting early plant establishment (Mu et al.,
2025, Chamberlin and Puppala, 2018). Mature plants also suffer from root and crown rot,
characterised by stunted growth and yellowing of the foliage, ultimately leading to a decreased
pod set (Zhang et al., 2015). Field evidence indicates that R. solani-inflicted okra plants frequently
exhibit sparse stands and uneven growth, resulting in both aesthetic damage and significant

marketable yield reductions (Cao et al., 2018).

The economic implications of infections by both pathogens are especially dire when they cooccur
under conducive environmental conditions. This dual infection can worsen the severity of foliar
and root symptoms, with potential yield losses reaching 50-70% in susceptible okra cultivars if
left unmanaged (Chang et al., 2018). Furthermore, the postharvest quality of okra from infected
plants is often compromised, and fruits typically showing reduced shelf life and diminished market
value, mainly due to physiological stress and impaired nutrient uptake caused by vascular damage
from both fungi (Yang et al., 2024a). Overall, the economic burden and agronomic impact of these
diseases underline the critical need for effective management strategies to mitigate their

detrimental effects on okra production.

2.4. Importance of resistance screening against fungal diseases
2.4.1. Concept and methodologies of resistance screening
Resistance screening against fungal diseases is an essential component of plant pathology and

breeding programmes, focusing primarily on identifying and developing cultivars that show
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resilience to fungal pathogens. This process facilitates integrated disease management, helping to
improve crop productivity while minimizing losses due to fungal infections, particularly in crops

such as garlic and okra, which are susceptible to soil-borne diseases (Mamouei et al., 2018).

Various methodologies, including artificial inoculation and natural infestation, are crucial in the
resistance screening process. Artificial inoculation provides a controlled environment with
standardised disease pressure, which ensures reliable evaluations of plant responses to pathogens
(Lee et al., 2014). Screening can occur under a range of conditions, including fields and controlled
environments, each with distinct advantages in managing environmental variables and pathogen
specificity (Kelty et al., 2024). In particular, controlled environment systems, such as phytotrons,
are effective in studying specific cultivar-pathogen interactions and ensuring uniform inoculum

delivery crucial for accurate resistance (Kelty et al., 2024).

In crops such as garlic, resistance screening faces unique challenges primarily due to its vegetative
propagation and heterogeneous genetic background. Visual evaluations of disease severity,
histopathological evaluations, and physiological trait measurements have been commonly
employed to determine resistance (Mamouei et al., 2018, Tebbets et al., 2013). Similarly, okra uses
various methods, including seedling assays and quantification of the lesion area, to evaluate
responses to pathogens (Niu et al., 2020). The methods used to screen for resistance in these crops

highlight the need for adaptability in the face of varying pressures and crop biology.

Recent advances in resistance screening have underscored the integration of biochemical markers
and molecular tools to enhance the evaluation process. Biochemical markers, such as guaiacol
peroxidase (POX) and polyphenol oxidase (PPO), serve as indicators of oxidative stress responses
in plants, helping to assess their resistance capabilities (Liszka et al., 2025). Furthermore,
molecular techniques such as PCR-based methods for identifying resistance gene expression offer
deeper insight into the mechanisms underlying plant-pathogen interactions, facilitating the

identification of cultivars with enhanced resistance traits (Liszka et al., 2025).

Furthermore, with the recognition of multipathogen scenarios, screening methodologies are
evolving to simultaneously assess plant responses to multiple pathogens. This approach is
particularly relevant in crops such as garlic and okra, where numerous soil-borne pathogens coexist
in the rhizosphere, demanding a comprehensive understanding of cultivar resilience under various

pathogenic pressures (Kelty et al., 2024).

2.4.2. Resistance mechanisms in Alliums and okra
In Alliums, garlic demonstrates both pre-prepared and induced defence strategies. Structural

barriers within garlic, such as thickened epidermal walls and lignified root tissues, form the first
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line of defence against pathogen penetration. Upon detection of pathogens, garlic initiates various
inducible responses, which encompass the upregulation of pathogenesis-related (PR) proteins and
oxidative enzymes, such as peroxidases and polyphenol oxidases. This helps to limit the spread of
the pathogen and reinforces cell walls through a process known as lignification (Anisimova et al.,

2022, Tini et al., 2024).

In addition, garlic employs a hypersensitive response (HR)-like mechanism when exposed to
specific Fusarium species, characterised by localized cell death at infection sites to hinder further
colonisation. The accumulation of phytoalexins and reactive oxygen species (ROS) contributes to
creating an unfavourable environment for pathogens and facilitates the activation of systemic

acquired resistance (SAR) pathways.

The activity of antioxidant enzymes has been shown to correlate with enhanced resistance,
particularly in scenarios of co-infection, where interactions among multiple pathogens can amplify
host damage (Mondani et al., 2022). In the case of okra, resistance mechanisms against R. solani
and S. sclerotiorum include rapid recognition of the pathogen and the consequent activation of
downstream signaling pathways mediated by salicylic acid (SA) and jasmonic acid (JA). Okra
exhibits structural defences, such as the formation of papillae and callose deposits at infection

sites, which contribute to its resistance profile (Filyushin et al., 2023).

Biochemically, okra has an effective antioxidant defence response involving enzyme systems such
as peroxidases (POX), polyphenol oxidases (PPO), catalase (CAT), and superoxide dismutase
(SOD), which together modulate ROS accumulation and protect host cells from oxidative stress
(Ding et al., 2020). In particular, both Alliums and okra exhibit resistance traits that are
quantitatively inherited and polygenic, indicating a complex interaction among multiple genes
rather than the dependency on single resistance genes. This nuanced genetic framework can
complicate breeding strategies, but allows for a more robust and durable resistance profile against
various fungal threats (Moharam et al., 2023). Environmental conditions, including temperature,
soil moisture and inoculum load, significantly influence resistance expression, pathogen virulence,

and overall host susceptibility (De Santis et al., 2021).

In addition, the induced systemic resistance (ISR) facilitated by beneficial microbes such as
Trichoderma asperellum and Bacillus amyloliquefaciens supports the native defenses. These
microbial agents enhance resistance by priming defense pathways, increasing enzymatic activity,
and promoting physiological adaptations such as improved root architecture and nutrient uptake

(Galvez and Palmero, 2021, Infantino et al., 2023).
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2.5. Antagonistic microorganisms used in disease suppression

2.5.1. Trichoderma asperellum

Trichoderma asperellum has emerged as a significant biological control agent against various
phytopathogenic fungi, using a combination of antagonistic mechanisms. Its mode of action
encompasses four synergistic strategies: mycoparasitism, antibiosis, competition for resources,

and induction of systemic resistance in plants.

The first mode of action, mycoparasitism, involves the direct predation of 7. asperellum on
pathogenic fungi. This includes the fungus that recognises and coils around the hyphae of its target
pathogens, subsequently penetrating and degrading them with the help of various cell wall
degrading enzymes such as chitinases and glucanases. For example, chitinases specifically
hydrolyze chitin, a crucial component of fungal cell walls, facilitating the collapse and death of
pathogens (Zhang et al., 2021). Further supporting this, studies demonstrate that 7. asperellum can
effectively degrade the cell walls of fungi such as Fusarium oxysporum, underscoring its capacity

for mycoparasitism (Zhang et al., 2021, Ji et al., 2023).

In addition to mycoparasitism, 7. asperellum synthesises a variety of secondary metabolites with
antifungal properties, contributing to its antibiotic activity. These compounds include peptaibols
and other bioactive substances that inhibit pathogen growth and spore germination (Hakkar et al.,
2014); The action of these metabolites creates a hostile microenvironment for pathogens,

facilitating disease suppression (Abd-El-Kareem et al., 2023).

The competition for nutrients and space in the rhizosphere is another crucial aspect of the
antagonistic strategies of 7. asperellum. By rapidly colonising the root zones of plants, 7.
asperellum deprives slower growing pathogens of essential nutrients and physical space necessary
for their survival (Estévez-Geftriaud et al., 2020, Ma et al., 2023). This competitive advantage

significantly reduces the prevalence of fungal diseases in crops.

Lastly, T. asperellum induces systemic resistance in host plants. It activates plant defence
pathways, including the jasmonic acid and ethylene signaling pathways. This response results in
the up-regulation of various defence-related enzymes and the accumulation of phenolic
compounds that improve the plant’s resilience against subsequent pathogen attacks (Herrera-Téllez
et al., 2019, Zhang et al., 2020). For example, studies have documented the increased expression
of defensive enzymes like peroxidases associated with the treatment of 7. asperellum (Herrera-

Téllez et al., 2019, Estévez-Geffriaud et al., 2020).
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2.5.2. Bacillus amyloliquefaciens

Bacillus amyloliquefaciens, a well-characterised plant-associated bacterium, is widely recognised
for its potent biocontrol activity and plant growth promoting capabilities. Its success as a biological
control agent lies in its multifaceted antagonistic strategies, which act synergistically to suppress

phytopathogens while simultaneously improving host plant health.

A key mechanism of B. amyloliquefaciens is antibiosis, primarily mediated by the secretion of
bioactive lipopeptides. Notable among these are surfactin and bacillomycin D, which alter the
integrity of the fungal cell membrane, causing leakage of cellular contents, lysis, and growth
inhibition. These lipopeptides have been extensively documented for their efficacy against major
fungal pathogens such as Fusarium oxysporum and Monilinia fructicola (Vitullo et al., 2012, Liu
et al., 2011). Beyond lipopeptides, B. amyloliquefaciens emits a range of volatile organic
compounds (VOCs), including 2,3-butanediol and acetoin, which exert dual functions: directly
inhibiting pathogen growth and indirectly stimulating plant systemic resistance and growth
promotion (Yang et al., 2022, Ramirez et al., 2020). These VOC:s trigger physiological changes in
host plants, such as improved nutrient uptake and enhanced resilience against both biotic and

abiotic stresses.

In addition to antibiosis, B. amyloliquefaciens uses extracellular hydrolytic enzymes—notably
chitinases, B-1,3-glucanases, and proteases—that degrade fungal cell walls, weaken pathogen
structures and facilitating nutrient recycling of nutrients in the rhizosphere (Soliman et al., 2022).
By breaking down pathogen cell walls, these enzymes also release oligomers that can act as
elicitors of plant immune responses. Furthermore, B. amyloliquefaciens exhibits remarkable
rhizosphere competence, rapidly colonising root surfaces and occupying ecological niches, thus
creating a competitive barrier that limits pathogen access to infection sites (Cui et al., 2019). This
colonisation is stabilized by biofilm formation, which improves bacterial persistence in the

rhizosphere and improves its interaction with plant roots (Xu et al., 2013).

Another crucial aspect of B. amyloliquefaciens is its ability to induce systemic resistance (ISR) in
plants, strengthening the host’s immune system against a wide range of phytopathogens. Through
jasmonic acid and ethylene-dependent signaling pathways, B. amyloliquefaciens primes the
expression of defence-related genes and elevates the activity of key antioxidant enzymes,
including guaiacol peroxidase (POX) and polyphenol oxidase (PPO) (Roslan et al., 2020, He et
al., 2023). These enzymes play essential roles in lignin deposition, cell wall fortification, and
detoxification of reactive oxygen species (ROS), providing plants with enhanced structural and

biochemical resistance.
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2.6. Oxidative enzyme activity in plant defense mechanisms

2.6.1. Polyphenol oxidase (PPO)

Polyphenol oxidase (PPO) is a key enzyme in plant defence, catalyzing the oxidation of phenolic
compounds into quinones, which are toxic to invading pathogens and contribute to the formation
of antimicrobial polymers. This enzyme plays a central role during the hypersensitive response
(HR) by promoting localised programmed cell death, effectively restricting the spread of the
pathogen (Simo et al., 2018, Karsou and Samara, 2021). Elevated PPO activity has been
consistently associated with enhanced resistance against various pathogens, particularly

necrotrophs (Borges et al., 2022).

2.6.2. Guaiacol peroxidase (POX)

Guaiacol peroxidase (POX) is crucial for the metabolism of hydrogen peroxide (H20:) and the
biosynthesis of lignin, strengthening cell walls to form physical barriers against the entry of
pathogens. Its activity increases rapidly after pathogen recognition, contributing to structural
fortification and oxidative burst during early defence responses (Santos et al., 2023, Bakhshi et al.,
2023). This induction has been widely observed during fungal, bacterial, and viral infections,

underscoring its integral role in plant immunity (Maia et al., 2024).

2.6.3. Role of PPO and POX in plant defense

Both enzymes are considered early biomarkers of plant defence activation, tightly regulated by
signaling molecules such as salicylic acid (SA) and jasmonic acid (JA). Their coordinated
induction triggers an oxidative burst, leading to accumulation of reactive oxygen species (ROS) at
infection sites, which further stimulates downstream defences, including pathogenesis-related
proteins and phytoalexin synthesis (Hahn et al., 2021, Kostelac et al., 2024, Hernandez-Ortega et
al., 2021).

Importantly, variations in POX and PPO activities between resistant and susceptible cultivars
highlight their predictive value in breeding for disease resistance. Cultivars with higher baseline
or induced enzyme activities tend to show reduced pathogen susceptibility, making these enzymes

reliable biochemical markers for resistance screening (Maia et al., 2024).

In summary, POX and PPO are key components of plant oxidative defence, contributing to ROS
signaling, lignin deposition, toxic compound formation, and HR-associated cell death. Their dual
roles as defence effectors and regulatory enzymes underscore their importance in shaping
inducible resistance and plant resilience under pathogen pressure (Ghiasy-Oskoee and

AghaAlikhani, 2025).
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2.6.4. Comparative enzymatic defense mechanisms in garlic and okra: Current insights and
research gaps

The literature on defence mechanisms against Stromatinia cepivora and Fusarium proliferatum in
garlic and their analogous pathogens, Sclerotinia sclerotiorum and Rhizoctonia solani, in okra
shows notable progress; nonetheless, key knowledge gaps persist. While pathogenesis-related
proteins—such as peroxidases, chitinases and glucanases—are known to accumulate following
infection, there is insufficient information on how these enzymes are modulated during co-
infections or under combined biological and chemical treatments. Most studies examine a single
host—pathogen system, leaving open the question of whether similar enzymatic patterns are

expressed across different crops and pathogens.

In garlic, infections by F. proliferatum substantially elevate total phenolics and antioxidant activity
(Sarpkaya, 2025). Although these increases reflect a general stress response, they do not
necessarily indicate specific activation of oxidative enzymes. Evidence from related Allium
species suggests that white-rot pathogens can trigger the accumulation of peroxidases and
polyphenol oxidases. For instance, triple combinations of Trichoderma species against onion white
rot markedly reduced disease incidence and enhanced peroxidase, polyphenol oxidase and
chitinase activities (Elshahawy et al., 2019). Similarly, treatments integrating Bacillus spp. and
Trichoderma spp. elevated POX and PPO activities and lowered disease levels in onion and garlic
(Shalaby et al., 2013). These findings imply that biocontrol agents can prime oxidative enzymes

in Allium crops, yet direct measurements of POX and PPO in garlic remain limited.

Research on okra provides more direct evidence of oxidative enzyme induction. Applications of
chitosan and potassium salts against powdery mildew significantly increased total phenolics,
protein content and activities of polyphenol oxidase, peroxidase, chitinase and -1,3-glucanase
(Soliman and El-Mohamedy, 2017). Beneficial fungi show similar effects; seed priming with
Metarhizium anisopliae increased peroxidase activity by about 10%, catalase by 30%, glutathione
S-transferase by 5.62% and ascorbate peroxidase by 5.06%, while reducing disease incidence by
58% (Mimma et al., 2023). Reviews of plant-microbe interactions also note that Bacillus species
stimulate host peroxidase, polyphenol oxidase and phenylalanine ammonia-lyase as part of

induced systemic resistance (Miljakovi¢ et al., 2020).

Both garlic and okra employ oxidative enzymes in their inducible defences. POX and PPO
contribute to lignin deposition, detoxification of reactive oxygen species and formation of toxic
quinones that limit pathogen colonization. However, the magnitude and timing of enzyme
responses differ between the two crops. Data from okra show that POX and PPO activities can rise

sharply within days of elicitor treatment (Mimma et al., 2023, Soliman and El-Mohamedy, 2017).
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In contrast, most garlic studies emphasise general antioxidant capacity rather than specific enzyme
assays, and PPO or POX induction appears to depend heavily on the biocontrol treatment and
cultivar. Okra also exhibits strong responses to priming with beneficial fungi and plant growth—
promoting rhizobacteria, with reductions in disease (Miljakovi¢ et al., 2020; Mimma et al., 2023).
Comparable multifaceted responses in garlic remain largely speculative and warrant further

investigation.

Beyond general assessments of phenolic compounds after F. proliferatum infection (Sarpkaya,
2025), few studies quantify POX and PPO activities in garlic, especially under dual inoculation
with S. cepivora and F. proliferatum. Most reports concentrate on a single host species; cross-
species analyses are needed to determine whether oxidative defence mechanisms behave similarly
in monocots and dicots. For example, Bacillus spp.—Trichoderma spp. formulations that enhance
POX and PPO in onion and garlic (Shalaby et al., 2013) have not been systematically tested in
okra. Without such comparisons, it is difficult to generalize the efficacy of biocontrol agents across

hosts.

Although plant growth—promoting rhizobacteria such as Bacillus amyloliquefaciens are known to
induce systemic resistance (Miljakovi¢ et al., 2020), reports of decreased POX activity in okra
following certain Bacillus spp. treatments suggest that host physiology and pathogen pressure
modulate this interaction. Peroxidases other than guaiacol peroxidase, notably ascorbate
peroxidase, play important roles in managing reactive oxygen species and detoxifying ROS
produced during Fusarium spp. and plant interactions (Perincherry et al., 2019). Beneficial fungi
such as Metarhizium anisopliae have been shown to increase ascorbate peroxidase and glutathione
S-transferase activities in okra (Mimma et al., 2023), yet their roles in garlic are largely
unexamined. Additionally, synergistic treatments combining nanoparticles with salicylic acid have
reduced onion white rot while elevating peroxidase and catalase activities (Elenany et al., 2024).
Such approaches remain mostly untested in garlic or okra, offering a promising avenue for future

research.

Addressing these research gaps—particularly through comparative experiments measuring POX,
PPO and related enzymes in both garlic and okra under comparable treatments—would deepen

our understanding of the universality and specificity of oxidative defence strategies in these crops.
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CHAPTER 3: MATERIALS AND METHODS

3.1. In vitro investigation of pathogen-pathogen interactions of Fusarium proliferatum and
Stromatinia cepivora on garlic

3.1.1. Isolation and identification of the phytopathogens

Diseased garlic plants showing fungal infection symptoms consisting of yellowing and wilting

were collected from garlic fields located in the Maké region, Csongrad-Csanad County, South-

East Hungary (46.2185° N, 20.5299° E). The patchy distribution of symptoms, characterized by

areas of yellowing and wilting, was observed from above using drone imaging and is displayed in

Figure 5.

Figure 5: Drone image of a garlic field in Makd, from which symptomatic garlic samples were

collected for this study. The visible yellowing spots, indicative of potential fungal infection, are

highlighted in the image, with a zoomed-in view of one of the affected areas.

The garlic bulbs were placed in a moist chamber to improve fungal growth for 24 hours. The
samples of cloves were cut into small fragments, inoculated under sterile conditions in Petri dishes
on PDA medium (Potato Dextrose Agar), and incubated at 25°C for 5 days. The developed fungal
cultures were purified using hyphal tip isolation techniques (Brown, 1924). The identification of
isolated fungal species was carried out on both morphological characteristics (colony morphology
in different media and microscopical morphology). The fungal isolates were further identified
using a sequence analysis of the internal transcribed spacer (ITS1-2) region of ribosomal DNA.
DNA extraction, amplification, and sequencing were performed according to the SOP-115-11

protocols. The amplified sequences were analysed using the NCBI BLAST algorithm for
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comparison. The molecular identification was commissioned by the authors and conducted by the
Eurofins BIOMI laboratory. The pure cultures were stored at 5 © C on PDA slants to maintain

viability for further studies.

3.1.2. Selective media screening

To investigate selective media that promote the fungal growth of isolated pathogens, pure fungal
colonies were subcultured on potato dextrose agar, Sabouraud Dextrose agar, Czapek-Dox Agar
and Malt Extract Agar. All plates were incubated at 25°C and observed regularly for the following
10 days.

3.1.3. Invitro E proliferatum and S. cepivora interaction assay

To assess the interaction between the two phytopathogens, a dual culture test was first used. On
the selected media suitable for both pathogens (Sabouraud Dextrose Agar), 8mm fungal disks from
8-day-old cultures were placed on opposite sides of the Petri plates. As for the control plates, fungal
disks containing the pathogens separately were placed peripherally to ensure consistency. The
plates were then incubated at a constant temperature of 25 © C. To minimise variability across
plates, all fungal plugs were taken from the actively growing margins of cultures grown under
identical conditions. Three independent experiments were performed, each with 4 replicates per
treatment group. The number of replicates was chosen to ensure a sufficient representation of
fungal interactions and achieve a robust effect size, as measured by the eta-squared (n2) confirming
the reliability of the observed differences between treatments. The controlled nature of the in vitro
environment minimised variability and facilitated precise measurement of fungal growth
parameters. Colony growth was monitored daily, and radial growth measurements recorded as

means of two perpendicular diameters throughout each fungal colony.

To assess the interaction between the two pathogens, the interaction strength for each pathogen is
calculated as follows and is assessed at two time points; the day of contact and the day of full

growth of single cultures:
e [nhibition of growth of F. proliferatum by S. cepivora:
E proliferatum growth inhibition (%) = (Cf - Df) / Cf x 100,

where Df is the distance the Fusarium colonies grow towards the Stromatinia colonies and Cf is

the mean of the radial growth of the Fusarium control plates.

e [nhibition of S. cepivora growth by F. proliferatum:

S. cepivora growth inhibition (%) = (Cs - Ds) / Cs x 100,

28



where Ds is the distance the Stromatinia colonies grow towards the Fusarium colonies, and Cs is

the mean of the radial growth of the Stromatinia control plates.

3.2. In planta screening for resistance against single infections of F. proliferatum and S.
cepivora of garlic cultivars

3.2.1. Plant material preparation

In this study, eleven garlic cultivars were selected for screening to assess their resistance to S.
cepivora and F. proliferatum. The cultivars contained autumn and spring varieties to cover a wide
range of genetic diversity. The spring varieties evaluated were ‘Flavor’, ‘Arno’, and 'Makoi
Tavaszi'. Notably, ‘Mako6i Tavaszi’ is the only local cultivar examined, distinguishing it from the
remaining French varieties, which are cultivated globally. The autumn varieties included
'"Thermidrome’, 'Messidor', 'Sabadrome', 'Sabagold', ‘Aulxito’, 'Garcua' and ‘Elephant’. Although
commonly referred to as Elephant garlic, this cultivar is not true garlic, but rather belongs to a

different species, Allium ampeloprasum, closely related to leeks.

3.2.2. In planta inoculation of the pathogens

For the in planta inoculation of S. cepivora and F. proliferatum on selected garlic cultivars, the
methodology employed was the one suggested by Esler and Coley-Smith (1984). Fungal disks,
8mm in diameter, were cut from 10-day-old cultures of each pathogen, which had been cultivated
in selective media. These disks were placed in small wounds on the basal area of the cloves and
securely wrapped with parafilm. The samples were incubated at room temperature in humid
chambers. Three independent experiments were conducted, each with five replicates per treatment
group. Each replicate consisted of 5 cloves, ensuring that variability within replicates was
minimised. The number of replicates was chosen to account for the higher biological variability of
garlic cloves and achieve a meaningful eta-squared value (n2), ensuring robust detection of
significant differences in disease incidence between treatment groups. Garlic cloves were
randomly assigned to treatment groups. The variation in the size and physiological state was
minimised by selecting cloves of similar size and weight. Throughout the evaluation period, the
development of mycelia and sclerotia and the progression of necrotic symptoms were documented

and analysed over time.

3.2.3. Inspection and analysis
To calculate the percentage of disease incidence for both pathogens, the following formula

provided by Manandhar et al. (2016) was used:

Disease incidence (DI (%)) = Number of diseased samples/Total number of samples x 100
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The severity of the disease in various garlic cultivars was systematically assessed and classified
based on visual evaluations and the severity of symptoms manifested in the cloves of the inoculated
replicates. Pathogenicity was classified into the 5 following classes outlined by Mondani et al.

(2021):

e Class 0: cloves were completely asymptomatic, showing no signs of infection (0%).

e Class 1: cloves exhibited small brown spots localized near the basal plate (10%).

e Class 2: moderate infection, with brown spots covering half of the basal plate (35%).

e Class 3: more extensive infection, with brown spots on the whole perimeter of the basal
plate, occasionally accompanied by mycelial growth and/or sclerotia (65%).

e Class 4: severe infection, with brown spots on the basal plate extending to the bulb and

with prominent visible mycelium and/or sclerotia (90%).

Figure 6: Garlic cloves from the cultivar Topadrome placed in a moist chamber for the in planta

screening of resistance in garlic cultivars against F. proliferatum and S. cepivora

3.3. Resistance against simultaneous infections of F. proliferatum and S. cepivora

To investigate the combined impact of F. proliferatum and S. cepivora on the various garlic
cultivars, a coinoculation approach was undertaken. The methodology used for the dual
inoculation mirrored the protocol established for individual pathogen inoculation, adhering to the
methodology suggested by Esler and Coley-Smith (1984). However, in this experiment, two fungal

disks, each cut from the respective 10-day cultures of F. proliferatum and S. cepivora, were
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concurrently inoculated onto the garlic cloves and secured with parafilm. The samples were
incubated at room temperature in humid chambers. Similarly to the single inoculation experiments,
three independent experiments were conducted, each with 5 replicates per treatment group. Each
replicate consisted of 5 cloves, ensuring that variability within replicates was minimised. The
number of replicates was chosen to account for the higher biological variability of garlic cloves
and achieve a meaningful eta-squared value (n2), ensuring robust detection of significant
differences in disease incidence between treatment groups. The variation in the size and
physiological state was minimised by selecting cloves of similar size and weight. The growth of

mycelia and sclerotia and the occurrence of necrosis were documented over time.

The classification system suggested by Mondani et al. (2021) used to assess the individual
pathogenicity of F. proliferatum and S. cepivora was also applied in this test, along with the

percentage of disease incidence formula provided by Manandhar et al. (2016).

3.4. In vitro study of the antagonistic activity of Trichoderma asperellum and Bacillus
amyloliquefaciens against garlic pathogens Fusarium proliferatum and Stromatinia
cepivora

3.4.1. Isolation and identification of 7. asperellum and use of commercial B.
amyloliquefaciens

During the initial inoculation of the sampled symptomatic garlic cloves in PDA media,

characteristic green mycelial growth indicative of Trichoderma spp. was observed. Subsequently,

pure cultures were prepared after ensuring the isolation of Trichoderma species. The identification
of the isolate as Trichoderma asperellum was carried out by examining the morphological
characteristics and conidial formations of the fungal colonies under microscopic analysis. To
preserve the isolates for further studies, pure cultures of the antagonist were stored at 5°C on PDA

slants.

The isolation of Bacillus amyloliquefaciens was performed using a commercialised Serenade®
ASO biopesticide (Bayer), which contains 1x10° CFU/ml of the B. amyloliquefaciens QST 713
strain (Figure 7), which was cultured in sterile conditions. A measured amount of the product was
suspended in sterile distilled water and subjected to serial dilution to obtain well-isolated colonies.
A loopful of the diluted suspension was streaked onto NA plates and incubated at 25 ° C for 24 to
48 hours to facilitate bacterial growth. Following incubation, morphologically distinct colonies of
B. amyloliquefaciens were selected and further streaked onto fresh NA plates to obtain pure

cultures.
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Figure 7: Commercial formulation of Bacillus amyloliquefaciens used in the study. The
Serenade® ASO biopesticide (Bayer) contains contains 1x10° CFU/mL of B. amyloliquefaciens
QST 713 strain.

3.4.2. Dual culture assays

The dual culture method was used to evaluate the antagonistic activity of 7. asperellum and B.
amyloliquefaciens against isolated garlic pathogens. Each pathogen was cultured in its optimal
growth media, with S. cepivora grown on Sabouraud Dextrose Agar (SDA) and F. proliferatum on
Potato Dextrose Agar (PDA). In each Petri plate, an 8 mm disk of 7. asperellum and a 13 mm disk
of B. amyloliquefaciens, both taken from pure cultures, were placed on opposite sides of the dish
to allow direct interaction and observation of inhibition effects. As for the control plates, fungal
disks containing only pathogens were placed peripherally to ensure consistency. The plates were
then incubated at a constant temperature of 25°C. To minimise variability across plates, all fungal
plugs were taken from the actively growing margins of cultures grown under identical conditions.
The controlled nature of the in vitro environment minimised variability and facilitated precise
measurement of fungal growth parameters. Colony growth was monitored daily, and radial growth

measurements recorded as means of two perpendicular diameters throughout each fungal colony.

3.4.3. Inspection and analysis
The inhibitory impact of 7. asperellum and B.amyloliquefaciens on plant pathogenic fungi was

quantified using the equation provided by Hernandez Castillo et al. (2011), which is as follows:

Inhibition (%) = [(D1-D2) / D1] x100,
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where D1 is the growth of the pathogen in the absence of the antagonist and D2 is the growth of

the pathogen in the presence of the antagonist.

The extent of antagonistic activity of 7. asperellum and B. amyloliquefaciens was assessed
following the classification system proposed by Bell et al. (1982). This methodology categorises

interactions into five levels:

e Class 1: Complete overgrowth of the pathogen by the antagonist (100% coverage).

e Class 2: The antagonist overgrown at least 3/4th of pathogen surface (75% coverage).
e Class 3: The antagonist colonizes half of the pathogen’s growth area (50% coverage).
e Class 4: The pathogen and the antagonist locked at the point of contact.

e Class 5: Dominance of the pathogen, overgrowing the antagonistic agent.

3.5. In planta study of the effectiveness of Trichoderma asperellum and Bacillus
amyloliquefaciens against garlic pathogens Fusarium proliferatum and Stromatinia
cepivora under controlled phytotron conditions

3.5.1. Preparation of 7. asperellum and B. amyloliquefaciens suspensions and application

The antagonists were prepared from pure cultures previously isolated and identified (see section

3.3). Trichoderma asperellum was cultured on Potato Dextrose Agar (PDA) for 10 days at 25°C,

while B. amyloliquefaciens was grown on Nutrient Agar (NA) at the same temperature for 2 days.

To prepare the suspensions, 20 mL of sterile distilled water was added to the surface of the cultures,
and the colonies were gently scraped using a sterile glass rod to dislodge conidia (for 7. asperellum)
or cells (for B. amyloliquefaciens). The concentrated suspension was then diluted with sterile water
to reach the target concentrations of 1 x 107 conidia/mL for 7. asperellum and 1 x 10® CFU/mL for

B. amyloliquefaciens, based on direct counts using a Neubauer chamber.

Immediately after planting, cloves in the antagonist-treated groups were drenched with 50 mL of
freshly prepared suspension. For combination treatments, 25 mL of each suspension was applied
sequentially to ensure even colonization. Untreated control plants received an equal volume of

sterile distilled water to maintain uniform soil moisture levels across treatments.

3.5.2. Experimental setup

The experiment was conducted in a controlled phytotron environment maintained at a temperature
of 22°C and a relative humidity of 70%, conditions suitable for both garlic growth and pathogen
development, under a 12h light/ 12h dark photoperiod. Healthy, uniform-sized garlic cloves were
selected and surface-sterilized by immersion in 1% sodium hypochlorite for 2 minutes, followed

by rinsing three times with sterile distilled water. The cloves were then planted in individual pots
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filled with sterile perlite, ensuring well-aerated and pathogen-free substrate conditions. To ensure
adequate nutrient availability throughout the growth period, a balanced liquid nutrient solution

was added to the perlite at planting.

For the pathogen inoculation, 1 cm agar plugs taken from actively growing 8-day-old cultures of
F proliferatum (on PDA) and S. cepivora (on SDA) were placed directly beneath each clove, with
the mycelial surface facing the basal plate of the garlic clove to ensure direct contact upon root
emergence. Each clove was then planted in individual pots filled with perlite. Perlite was selected
as the planting media due to its inert nature, providing a sterile, well-aerated, and well-drained

substrate, minimizing interactions from external microbiota.

To ensure direct contact between the pathogens and the cloves, a 1 cm agar plug excised from the
actively growing edge of 8-day-old fungal cultures was placed directly beneath the basal plate of
each clove at a depth of 1 cm, with the mycelial surface of the plug facing the clove base. This
positioning ensured immediate pathogen contact with emerging roots, simulating natural soilborne

infection.
The experiment consisted of five treatment groups:

e Cloves inoculated with F. proliferatum (untreated control).

e Cloves inoculated with S. cepivora (untreated control).

e Cloves inoculated with F. proliferatum and treated with antagonists.
e C(loves inoculated with S. cepivora and treated with antagonists.

e Healthy (uninoculated) cloves (absolute control).

Each treatment was applied to 5 replicate plants, and the experiment was conducted twice as two

independent experimental repetitions, resulting in a total of 50 experimental units/treatment group.
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Figure 8: Experimental setup of garlic plants grown in perlite-filled pots for the in planta
evaluation of biocontrol efficacy of Trichoderma asperellum and Bacillus amyloliquefaciens

against Fusarium proliferatum and Stromatinia cepivora under controlled phytotron conditions.

3.5.3. Plant height measurements and inspection for symptoms
Plant growth and health were monitored for 22 days. Plant height was recorded at weekly intervals,
measured from the base of the stem to the tip of the tallest leaf. Monitoring plant height served as

an indirect indicator of both pathogen damage and potential biocontrol efficacy.

Disease symptoms were visually inspected throughout the trial, with a specific focus on stunting,

foliar wilting, and chlorosis.

3.6. Enzymatic analysis of oxidative responses in garlic and okra seedlings under pathogen
and biocontrol treatments

3.6.1. Garlic and okra plant material preparation

This study evaluated the oxidative enzyme responses of garlic and okra seedlings to pathogen
infection and biocontrol treatments. Garlic cloves (cv. Makoi) and okra seeds were surface
sterilised using 1% sodium hypochlorite for 2 minutes and thoroughly rinsed with sterile distilled
water. Germination was carried out in humid chambers at 24 ° C under ambient light conditions
(Figure 9). The garlic seedlings were grown for 10 days and okra seedlings for 4 days, until

adequate development of the shoot and root allowed for experimental treatments.
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Figure 9: Germination of garlic and okra seeds for enzyme activity experiments.

(a) Garlic cloves and (b) okra seeds germinated under humid chamber conditions on sterile filter

paper at room temperature (24 °C) prior to inoculation with pathogens and biocontrol agents.

3.6.2. Pathogen and biocontrol inoculation

The pathogens included Fusarium proliferatum and Stromatinia cepivora for garlic, and
Rhizoctonia solani and Sclerotinia sclerotiorum for okra. Mycelial disks (1cm for garlic and 0.7 cm
for okra) were cut from the edge of actively growing fungal cultures and placed directly on the

basal part of the seedlings, targeting the root—hypocotyl zone.

The biocontrol agents included Trichoderma asperellum and Bacillus amyloliquefaciens. T.
asperellum was cultured on PDA for 7 days; Conidial suspensions were prepared in sterile distilled
water with 0.01% Tween 20 and adjusted to 1 x 107 conidia/mL using a hemocytometer. B.
amyloliquefaciens was grown on Nutrient agar (NA) for 24 hours. Bacterial suspensions were
prepared in sterile distilled water and standardised to 1 x 10®¥ CFU/mL. A 100 pL aliquot of each

suspension was applied in the root zone for each seedling.

The control groups were not inoculated and remained healthy throughout the experiment. All

treatments were performed in three replicates.

3.6.3. Enzyme extraction

Forty-eight hours after the okra inoculation and five days after inoculation for garlic—
corresponding to the onset of visible symptoms, 500 mg of fresh seedling tissue was collected per
treatment for enzymatic analysis. The tissue was placed in a pre-chilled mortar and thoroughly
ground using a pestle under continuous addition of liquid nitrogen to ensure rapid freezing and

prevent enzymatic degradation. The resulting fine powder was immediately transferred to a 2 mL
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volume of ice-cold Tris extraction buffer. The buffer consisted of 0.05 M Tris-HCI (pH 7.8), 1 mM
EDTA-Naz, and 7.5% (v/v) polyvinylpyrrolidone (PVP K25), formulated to stabilize proteins and
inhibit phenolic oxidation during extraction. The homogenate was then centrifuged at 12,000 x g
for 15 minutes at 4 ° C. The resulting clear supernatant was carefully collected and kept on ice for

immediate use in the guaiacol peroxidase (POX) and polyphenol oxidase (PPO) activity assays.

iy N
Figure 10: Preservation of supernatants and assay buffer for guaiacol peroxidase (POX) activity
determination, showing microcentrifuge tubes containing clarified extracts from seedling tissues
and the POX assay buffer (50 mM Tris-HCI, pH 7.0, 0.2 mM EDTA, 2% PVPP, 10% glycerol)
maintained on ice to ensure enzymatic integrity and substrate stability prior to

spectrophotometric analysis.

3.6.3.1. Guaiacol peroxidase (POX)
POX activity was quantified by guaiacol oxidation following the method of Chance and Maehly
(1955) with minor modifications, with absorbance measured at 470 nm. The reaction mixture
included:

e 2.2mL of 0.1 M sodium phosphate buftfer (pH 6.0).

e 100 pL of 50 mM guaiacol

e 100 uL of 32.5 mM hydrogen peroxide.
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e 50 uL of enzyme extract.
Results were expressed as AA-min'-g! FW using a conversion factor of 11.05.
3.6.3.2. Polyphenol oxidase (PPO)

PPO activity was assessed via catechol oxidation following the method of Kar and Mishra (1976)

with minor modifications, with absorbance measured at 400 nm. The assay mixture consisted of:

e 1.6 mL of 0.1 M sodium phosphate buffer (pH 6.0).
e 200 uL of 0.2 M catechol.

e 200 uL of enzyme extract.
Activity was calculated using a conversion factor of 63.16 and expressed in AA-min'-g' FW.

3.6.4. Enzyme activity assays

Enzyme activity was measured spectrophotometrically at 0 seconds, 30 seconds, and 1 minute
after mixing. The values at 1 minute were used for graph presentation, while all timepoints were
included in statistical analysis. All treatments were conducted with three independent biological

replicates.

3.7. Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics (version 27.0) and Python (version
3.11.6). Both platforms were employed for assumption testing, model fitting, effect size

estimation, and data visualization.

Prior to hypothesis testing, datasets were examined for conformity with parametric assumptions.
Normality of residuals was assessed with the Shapiro—Wilk test, and homogeneity of variances
was verified using Levene’s test. When assumptions were met, data were analyzed by one-way or
two-way analysis of variance (ANOVA) to evaluate differences among treatments. In factorial
designs, both main effects and interaction terms were considered. Post hoc pairwise comparisons

were carried out with Tukey’s Honestly Significant Difference (HSD) test where appropriate.

For datasets that did not satisfy parametric assumptions, non-parametric procedures were applied.
The Kruskal-Wallis H test was used as a rank-based analogue to ANOVA, and significant
outcomes were followed by Dunn’s post hoc test with Bonferroni-adjusted p-values to control the

familywise error rate.
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In all cases, effect sizes were calculated to complement significance testing. For ANOVA, eta
squared (n?) values were reported to indicate the proportion of variance explained by each factor,

whereas for non-parametric analyses, n? was derived from the H statistic.
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CHAPTER 4: RESULTS

4.1. Invitro investigation of pathogen-pathogen interactions of Fusarium proliferatum and
Stromatinia cepivora on garlic

4.1.1. Isolation and identification of the phytopathogens

Inoculation of symptomatic parts from garlic tissues into growth media, followed by purification

protocols, facilitated the isolation of two distinct fungal pathogens.

Macroscopic identification was conducted on colony morphological characteristics. On PDA, the
F. proliferatum colonies exhibited distinct aerial white mycelia with a dark violet pigmentation on
PDA, while S. cepivora was identified by the abundant development of black microsclerotia within

the colonies, a specific trait of the pathogen.

Microscopical examination of F. proliferatum revealed distinct characteristics that confirm its
identification (Figure 11). Under the microscope, thin, thin-walled macroconidia were observed,
which were relatively straight and predominantly 3- to 5-septate. Apical cells were curved and the
basal cells appeared poorly developed. These macroconidia were found to form in pale orange
sporodochia, although these structures were observed infrequently. Microconidia were abundant,
forming moderate-length chains produced by both monophialides and polyphialides. They were
mainly club-shaped with a flattened base. Importantly, no chlamydospores were detected, which
is characteristic of this species and further corroborates its identification. Our observations align
with descriptions of the morphology of F. proliferatum, as detailed by Leslie and Summerell
(2000).

Figure 11: Microconidia (a) and macroconidia (b) of the Fusarium strain isolated from garlic.

ITS sequencing complemented these findings and provided additional confirmation. ITS
sequences were compared against the NCBI database using the BLAST algorithm. Stromatinia
cepivora was identified with 100% similarity according to the ITS1-2 region (Accession No.

KP257580.1) and did not show nucleotide polymorphisms. The second isolate was identified as
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part of the Fusarium fujikuroi species complex (FFSC) with 100% similarity. However, F
proliferatum, a known member of the FFSC, has previously been identified as the primary causal
agent of dry rot in garlic (Galvez and Palmero, 2022). Given this established role, the
morphological observations, and the genetic similarity observed, the isolate is conclusively
identified as F. proliferatum. These observations, which include macroscopic, microscopic and
molecular analyses, confirm the identity of the isolates. Phylogenetic trees, based on the results of
the BLAST analyses, were constructed to validate these identifications and are shown in Figure

12 and Figure 13.

———— NR 138275 Fusanium annulatum CBS 258 54 ITS region

NR 182426 Fusarium phyllophilum NRRL 13617 ITS region

—— 5 IR 130698 Fusarium nygamai NRRL 13448 ITS region

NR 171109 Fusanum hostae NRRL 29888 ITS region

NR 111889 Fusarium fujikuroi CBS 221.76 ITS region

NR 111142 Fusarium acutatum CBS 402.97 ITS region

—— NR 182425 Fusanium diamini NRRL 13164 ITS region

NR 111886 Fusanum concentricum NRRL 25181 ITS region

00043 NR 182845 Fusarnum elaeagni CGMCC 320822 ITS region

— Fusarium proliferatum isolate (ITS1-2|F.sp T42-079

— NR 182846 Fusarium hechiense CGMCC 3.20824 ITS region

Figure 12: Phylogenetic tree constructed using the Maximum Likelihood (ML) method based on
the ITS region sequences of Fusarium spp. The tree was generated with MEGA software
(version 12.0.14), and the branch labels represent genetic distances (substitutions per site)

between sequences. The isolate "Fusarium proliferatum isolate (ITS1-2|F.sp T42-079)" is
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highlighted in red and shows its evolutionary relationship with closely related Fusarium species.

The sequences are labeled with GenBank accession numbers and species names.

Z99681.1 Sclerotium cepivorum rRNAs and internal transcribed spacers

Stromatinia cepivora isolate (ITS1-2|S.c_T42-079)

KY682090.1 Stromatinia cepivora strain 1953 188 rRNA gene

Z£99682 1 Scierotium cepivorum ribosomal RNAs and intemal transcribed spacers

LC441039.1 Sclerotium cepivorum Kamikanzo1 genes for 185 rRNA

KP257580.1 Sclerotium cepivorum strain KACC 47821 18S rRNA gene

0088 F.J460433.1 Sclerotium cepivorum voucher NKI 286 185 rRNA gene

MHB8616892.1 Stromatinia cepivora culture CBS:402.85 strain CBS 402.85 small subunit rRNA gene

MHB55138.1 Sclerotium pemiciosum culture CBS:268.30 strain CBS 266.30 small subunit rRNA gene

MZ048352. 1 Stromatinia rapulum voucher WU 43986 small subunit rRNA gene

LINB52380. 1 Sclerotium cepivorum genomic DNA sequence contains 185 rRNA gene

Figure 13: Phylogenetic tree constructed using the Maximum Likelihood (ML) method based on
the ITS region sequences of Stromatinia spp. (Sclerotium spp.). The tree was generated with
MEGA software (version 12.0.14), and the branch labels represent genetic distances
(substitutions per site) between sequences. The isolate "Stromatinia cepivora isolate (ITS1-2|S.c
T42-079)" is highlighted in red and shows its evolutionary relationship with closely related
Stromatinia species. The sequences are labeled with GenBank accession numbers and species

names.

4.1.2. Selective media analysis

Figure 14 shows the growth phenotypes and colony morphology of F. proliferatum and S. cepivora
in different media. All four media employed successfully supported the growth of F. proliferatum.
Malt Extract Agar (MEA) promoted the formation of white mycelia with progressively
intensifying dark red pigmentation. On Sabouraud Dextrose Agar (SDA), the fungus developed
aerial white colonies accompanied by yellow to light brown pigmentation. Potato Dextrose Agar

(PDA) supported the growth of white mycelia with dark violet pigmentation. On the contrary,
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Czapek-Dox Agar (CDA) was conducive to the growth of cotton-like white mycelia exhibiting

white pigmentation.

On the contrary, for S. cepivora, only malt extract agar (MEA) and Sabouraud Dextrose agar
(SDA) proved to be effective in promoting prolific fungal growth, showing yellowish and white
pigmentations, respectively. Furthermore, both mediums facilitated the development of abundant

black sclerotia on the surface of cultures.

E prﬂflferﬂtﬂm S' cepi‘lora

Figure 14: Growth phenotypes and colony morphology of Fusarium proliferatum and
Stromatinia cepivora on different media: Malt Extract Agar (MEA); Sabouraud Dextrose Agar
(SDA); Potato Dextrose Agar (PDA); Czapek-Dox Agar (CDA). For each media, (a) presents the

reverse side of the Petri dish and (b) presents the upper side.
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4.1.3. Invitro F proliferatum and S. cepivora interaction assay

The interactions between F. proliferatum and S. cepivora were observed and quantified daily
through a dual culture assay. The experiment was carried out on Sabouraud Dextrose Agar (SDA),
which prompted the growth of both pathogens. Figure 15 illustrates visual observations of dual
cultured dishes of S. cepivora and F. proliferatum. Both fungi have kept on their side of the dish,
neither overgrowing the other. This further illustrates the hypothesis that these two fungi have a
certain type of co-existence, which is likely a competitive one. Figure 15 also highlights a clear
area of contact between the two fungi, where there is a significantly pronounced darkening of the

colonies of S. cepivora.

Daily radial growth measurements were recorded throughout the experiment and are presented in
Figure 16 over a period of 14 days with a clear section of the two studied time points, providing a
detailed visualisation of the growth dynamics over time. Table 3 shows the radial growth pattern

of each pathogen under both co-cultured and control conditions, as well as the percentage of

growth inhibition presented.

Figure 15: Pathogen—pathogen interaction observed in co-culture of S. cepivora and F.
proliferatum on SDA media. Section (a) shows the reverse side of the Petri dish, and section (b)

shows the front side (images taken by the authors).
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Colony radial growth (cm)

Day

- F, proliferatum S. cepivora —Cf Cs

Figure 16: Daily radial growth of F. proliferatum and S. cepivora in dual inoculation compared
to control colonies over a 14-day period. Cf represents the radial growth of the F. proliferatum

control plates. Cs represents the radial growth of the S. cepivora control plates. Vertical dashed
lines indicate key time points: Day 8, when growth ceased in dual cultures, and Day 14, when

single cultures reached full radial growth. Error bars represent SD values.

Table 3: Radial growth and growth inhibition measurements of Fusarium proliferatum and
Stromatinia cepivora under dual culture conditions on Days 8 and 14. Data are presented as mean
+ SE from four replicates of three independent experiments. Statistical significance was

determined using one-way ANOVA, with effect sizes reported as eta-squared (n?).

Radial growth (cm) Growth inhibition (%)
Time
- E S. p- E S. p-
point p rollzzratu cepivora value n2 proliferatum cepivora value n2
Dual 560002 o o0 400 s 0
Day 8 : ) 057 827%+035 77 0.01 :
Control 6.10 £ 0.02 571+ 1 0.63 3
’ ' 0.02
Dual 5604002 3%
Day 0.03 <0.00 0.57 25.39% + 28.61% <0.00 0.6
14 Control 75+ 1 ) 0.29 +0.47 1 0
7.5+0.00 0.00

Values are means of four replicates from three independent experiments.
Percentage of inhibition is measured based on the mean growth of control dishes.
Data are shown in “mean =+ standard error” form.
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Both fungi exhibited growth patterns comparable to their respective controls until approaching the
proximity zone of interaction (Figure 15). In dual cultures, fungal growth slowed earlier on the
mycelial front directed toward the opposing pathogen due to competition in the proximity zone,
while the mycelial front expanding away from the interaction continued to grow. On the contrary,
single cultures grew uninhibited, resulting in slightly greater radial growth at the same time point
(Day 8), when dual cultures had already stopped growth at the point of contact between the
colonies on the interacting front. F. proliferatum exhibited a growth reduction to 5.60 cm from
6.10 cm observed under control conditions. Similarly, S. cepivora showed reduced growth,
measuring 5.35 cm in the presence of F. proliferatum compared to its control growth of 5.72 cm.
The percentage growth inhibition recorded for F. proliferatum and S. cepivora was 8.27% and
6.40%, respectively. The results of one-way ANOVA at the first time point (Day 8), summarised
in Table 3, confirmed significant differences in the radial growth patterns between F. proliferatum
and S. cepivora under dual culture conditions, the results being statistically significant at p <0.001.
The size of the effect size (n?> = 0.57) indicates a large effect, which means that a substantial
proportion of the variance in radial growth can be attributed to the fungal species at this time point.
For growth inhibition, ANOVA revealed a statistically significant difference at p = 0.01, with an
effect size (n? = 0.23) representing a moderate effect, suggesting that the competitive interaction

had a noticeable impact on inhibition rates by Day 8.

On day 14, the inhibition zone between the colonies remained stable on dual culture plates, and no
further growth observed along the interacting fronts. The noninteracting fronts of both fungi had
already reached their respective maximum radial extents on Day 8, indicating that resource
competition and mutual inhibition had effectively halted growth. The darkening of the colonies of
S. cepivora in closest proximity to F. proliferatum became relatively more pronounced, suggesting
an intensified response to the interaction. In control plates, £ proliferatum and S. cepivora
continued to grow, reaching full radial growth of 7.5 cm on day 13 and Day 14, respectively.
Growth inhibition at the second studied time point (day 14) reached 25.39% for F. proliferatum
and 28.61% for S. cepivora, highlighting the extent of the competitive interaction. On day 14, one-
way ANOVA confirmed continued significant differences in radial growth patterns between F.
proliferatum and S. cepivora under dual culture conditions (p < 0.001), with a large effect size (n?
=(0.57) observed at this time point. For growth inhibition, the results were highly significant (p <
0.001), with an effect size (n* = 0.60) indicating a large effect, reflecting that the difference in

growth between control and dual culture conditions had become more pronounced on day 14.
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The box plot visualised in Figure 17 illustrates the percentage of pathogen growth inhibition under
dual culture conditions at the two critical time points and further confirms the trends observed in
Figure 16. The inclusion of jitter points in this visualisation provides additional insight into the

distribution of individual data points across replicates.
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Time-point
Figure 17: Box plot illustrating the percentage of growth inhibition of F. proliferatum and S.
cepivora in dual culture conditions at two time points: Day 8 and Day 14. Day 8 represents the
time when dual culture colonies ceased growth due to competitive interactions, while Day 14

corresponds to the point where single cultures reached full radial growth.

On day 8, growth inhibition is relatively low for both fungi, reflecting the initial effects of
competitive co-existence in dual cultures. The difference between dual cultures and single cultures
in terms of growth is moderate, with inhibition rates remaining consistent between replicates. On
day 14, inhibition rates increased significantly for both fungi, with S. cepivora showing slightly
higher inhibition percentages than F. proliferatum. At this stage, single cultures have reached full
radial growth, while dual cultures exhibit sustained growth inhibition. The visualised data
highlight that the difference between the growth of dual culture and single culture increases with

time, demonstrating the cumulative impact of prolonged interaction.

4.1.4. Resistance against single infections of F. proliferatum and S. cepivora
The pathogenic impact of F. proliferatum and S. cepivora after the in planta inoculation of

pathogen fungal disks on the basal plates of the garlic cultivars was individually assessed.
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Evaluation of disease incidence was systematically expressed as the percentage of infected
samples relative to the total number of samples per cultivar, and the severity of symptoms was
classified according to the observed symptoms, which ranges from Class 0 (asymptomatic) to

Class 4 (severe infection).

Figure 18 shows the disease symptoms of Fusarium bulb rot and white rot due to individual and

co-inoculations with F. proliferatum and S. cepivora in the eleven tested garlic cultivars tested.
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Armno Aulxito Elephant HFlavor Garcua Makoi Messidor Thermidrome Sabadrome 5abagold Topadrome

proliferatum

S. ceprvora

Co-

inoculation

Figure 18: Disease symptoms of Fusarium bulb rot and white rot due to individual and co-inoculations with F. proliferatum and S. cepivora on the

eleven tested garlic cultivars (images taken by the authors).
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The results summarised in Table 4 show the class and percentage of disease incidence for each

cultivar under single and dual inoculation conditions. Figure 19 provides a visualisation of disease

incidences across garlic cultivars in these inoculation trials. The results of the one-way ANOVA

confirmed that the differences in disease incidence were statistically significant (p < 0.001) for

single inoculations of F. proliferatum and S. cepivora in garlic cultivars. The size of the effect size

(n2 =0.48) indicates a moderate to large effect, suggesting that fungal species and their interactions

with different garlic cultivars accounted for a substantial part of the variance in disease incidence

in single inoculations.

Table 4: Disease incidence and severity classification of garlic cultivars due to single and dual

inoculation with F. proliferatum and S. cepivora. Statistical analysis was performed, and p-values

and effect sizes (eta-squared 12) are included.

Experiment E proliferatum S. cepivora Dual inoculation
Cultivars Class DI (%) Class DI (%) Class DI (%)
Sabagold 3 82.67% = 1 85.33% =+ 4 97.33% +

0.04 c 0.04 ¢ 0.01b
Garcua 4 96.00% =+ 2 84.00% =+ 4 97.33% +
0.02d 0.04 c 0.01b

Thermidrome 4 93.33% + 2 96.00% =+ 4 97.33% +

0.02d 0.02 ¢ 0.01b
Flavor 1 89.33% =+ 4 65.33% + 4 98.67% =+
0.03d 0.05b 0.01b
Messidor 3 68.00% =+ 4 85.33% =+ 4 97.33% +
0.05¢ 0.04 c 0.01b
Topadrome 4 93.33% + 3 97.33% + 4 98.67% =+
0.02d 0.01c 0.01b
Arno 3 92.00% =+ 4 90.67% =+ 4 96.00% =+
0.03d 0.03 ¢ 0.02b
Makoi 4 29.33% =+ 4 98.67% +0.01 4 97.33% +
0.05b c 0.01b
Aulxito 4 93.33% + 4 93.33% +0.02 4 98.67% =+
0.02d c 0.01b
Elephant 0 0.00% + 0.00 0 0.00% + 0.00 0 0.00% = 0.00
a a a
Sabadrome 4 89.33% + 4 97.33% + 4 97.33% +
0.36d 0.01c 0.01b
SE Total 0.015 0.014 0.011
p-value <0.001 <0.001 <0.001
Effect size (n2) 0.48 0.48 0.78
Values are means of three experiments, with five replicates per experiment and five
garlic cloves per replicate.
Data are shown in “mean + standard error” form.
Values marked with the same letter are not scientifically different at p <0.05
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Figure 19: Bar chart presenting disease incidences of garlic cultivars due to single and dual
inoculation with F. proliferatum and S. cepivora. The data were analyzed using Tukey’s post-hoc
test, and significant differences between groups are indicated, with values marked with the same

letter not being scientifically different. Error bars represent SD values.

Initial symptoms were first observed at 5 days post-inoculation. F. proliferatum showed severe
infection (Class 4) in cultivars ’Garcua’ (96.00%), ’Thermidrome’ (93.33%), ’Topadrome’
(93.33%), ’Aulxito’ (93.33%), and "Makoi Tavaszi’ (29.33%). This severity was characterized by
rotting of the basal plate, extensive brown spotting that extended from the basal plate to the clove,
and a prominent presence of mycelium and sclerotia covering the entire clove. ’Messidor’
(68.00%), ‘Arno’ (92.00%), and *Sabagold’ (82.67%) demonstrated Class 3 severity. Brown spots
and discoloration covering half of the basal plate characterized this classification. ’Flavor’
(89.33%) displayed mild infection marked by isolated brown spots on all samples and was
categorized under Class 1, indicative of slight infection. Exceptionally, ’Elephant’ was completely
symptomless, with a disease incidence of 0%, indicating the highest level of resistance among all

tested cultivars.

In terms of S. cepivora, severe infections (Class 4) were observed in "Flavor’ (65.33%), ‘Messidor’
(85.33%), *Arno’ (90.67%), and ‘Sabadrome’ (97.33%), with symptoms including extensive
browning, rotting, and mycelial growth that enveloped more than half of each clove. Similarly,
’Makoi Tavaszi’ and ’Aulxito’, recording 98.67% and 93.33% disease incidences, respectively,

were classified under the most severe category. ’Topadrome’ (97.33%) showed severity of Class
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3, showing an extensive infection characterized by localized mycelium formation and browning
of the basal plate. ‘Garcua’ (84.00%) and ‘Thermidrome’ (96.00%) exhibited moderate infection.

"Elephant’ remained intact against S. cepivora, showing no infection symptoms.

4.1.5. Resistance against simultaneous infections of F. proliferatum and S. cepivora

The pathogenic effects of F. proliferatum and S. cepivora on various garlic cultivars were evaluated
using a dual inoculation approach under in planta conditions. This methodology mirrored the
protocol established for individual pathogens but involved the simultaneous application of fungal
discs from both pathogens on the basal plates of garlic cloves. The incidence was quantified as the
percentage of infected samples relative to the total number of samples per cultivar, and the severity
was categorized on a scale from Class 0 (asymptomatic) to 4 (severe infection). The results
summarised in Table 4 show the class and percentage of disease incidence for each cultivar under
single and dual inoculation conditions, while Figure 19 provides a visualisation of disease
incidences across garlic cultivars. For dual inoculations, one-way analysis of variance also
revealed statistically significant differences (p < 0.001) with a larger effect size (n2 = 0.78). This
large effect reflects the stronger and more pronounced interaction between the two fungi, as the
dual inoculation resulted in more severe symptoms and a higher incidence of the disease compared

to single inoculations.

Advanced infection symptoms, including browning at the base and formation of the mycelium,
appeared as early as 2 days after inoculation, indicating a rapid onset of pathogenic activity. These
symptoms were followed by the appearance of sclerotia after 4 days. Co-inoculation led to severe
infections (Class 4) in all cultivars except ’Elephant’, which remained asymptomatic with a disease
incidence of 0%, demonstrating its strong resistance. The remaining ten garlic cultivars recorded
disease incidences greater than 96.00%, highlighting their high susceptibility to the combined
pathogenic effects of F. proliferatum and S. cepivora. As illustrated in Figure 18 (Section 4.1.4),
the severity of Class 4 observed in these susceptible cultivars was characterised by extensive
rotting at the basal plate, pronounced browning that extended from the basal plate to the cloves,
and significant development of mycelium and sclerotia enveloping the cloves (Figure 18). In
particular, these symptoms manifested much more rapidly than in individual inoculations of the

pathogens.
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4.2. In vitro study of the effectiveness of Trichoderma asperellum and Bacillus
amyloliquefaciens against garlic pathogens Fusarium proliferatum and Stromatinia
cepivora

4.2.1. Isolation and identification of Trichoderma spp. and Bacillus amyloliquefaciens

The isolation procedures successfully yielded pure antagonistic cultures suitable for subsequent

assays. Inoculation segments of diseased garlic cloves on PDA resulted in concurrent growth of

Trichoderma spp. alongside pathogenic fungi, including Fusarium and Stromatinia species.

Characteristic green-pigmented colonies indicative of Trichoderma was observed (Figure 20). To

obtain pure cultures, repeated subcultures were performed, enabling the successful isolation of

Trichoderma colonies free from pathogenic contaminants. Microscopic analysis of the purified

isolate revealed densely branched conidiophores and ellipsoidal conidia arranged in characteristic

whorls, confirming its morphological identity as 7. asperellum.

Figure 20: Trichoderma asperellum culture isolated from infected garlic cloves on PDA media.

(a) Obverse view of the Petri dish; (b) Reverse view of the same plate.

For B. amyloliquefaciens, streaking of serially diluted suspensions of the Serenade® ASO
biopesticide onto Nutrient Agar (NA) facilitated the development of discrete, creamy-white,
circular colonies with irregular margins (Figure 21). After 24-48 hours of incubation at 25°C,
representative colonies exhibiting typical Bacillus morphology were selected and successfully

subcultured.
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Figure 21: Bacillus amyloliquefaciens isolate cultured on Nutrient Agar (NA) media. (a)
Obverse view of the Petri dish showing well-isolated, opaque, creamy-white colonies; (b)

Reverse view of the same plate.

4.2.2. Dual culture assays

To assess the antagonistic potential of 7. asperellum and B. amyloliquefaciens against F.
proliferatum and S. cepivora on garlic, a series of dual culture assays were conducted under
controlled in vitro conditions. Antagonist and pathogen isolates were co-inoculated on nutrient-
appropriate media (SDA for B. amyloliquefaciens and PDA for F. proliferatum respectively) and
fungal growth was monitored over time and evaluated based on radial expansion and percentage
inhibition relative to untreated controls. Statistical analyses, including two-way ANOVA, were

performed to assess the influence of treatment and incubation period on mycelial development.

4.2.2.1. Antagonistic interaction of Trichoderma asperellum against Fusarium proliferatum

in dual culture assays

Figure 22 presents the dual culture interaction between F. proliferatum and Trichoderma

asperellum on PDA media, showing the obverse (a) and reverse (b) views of the Petri dish.
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Figure 22: Dual culture of Fusarium proliferatum and Trichoderma asperellum on PDA media.

(a) Obverse view of the Petri dish; (b) Reverse view.

In the obverse view (Figure 22a), F. proliferatum is represented by a cottony colony with a pinkish
central pigmentation and a relatively diffuse hyphal front. In contrast, 7" asperellum displays dense,
green sporulating mycelium with a sharply demarcated margin. A visible interaction zone is
present where the two colonies confront each other. 7. asperellum appears to have advanced
beyond its original growth front, partially overlapping the F. proliferatum colony. At the interface,
F. proliferatum exhibits a marked darkening of the hyphal front, forming a melanised reaction
zone—indicative of cellular stress likely due to the presence of antifungal metabolites or oxidative
insult. The overgrowth pattern and boundary suppression suggest a combination of competitive

exclusion and possible mycoparasitic activity of 7. asperellum.

In the reverse view (Figure 22b), the pigmentation changes are more pronounced. The central area
of the F. proliferatum colony retains its natural colouration, but the zone of interaction displays a
dark brown to black band corresponding to the area of hyphal inhibition and confrontation. This
pigmentation is consistent with the accumulation of melanin, often associated with defensive
responses against antagonistic organisms. In particular, the 7. asperellum colony does not show

discolouration on the reverse side, maintaining a homogeneous appearance.

These morphological and pigmentation features provide strong visual evidence of antagonism,
consistent with the biocontrol action of 7. asperellum involving antibiosis, competitive

colonisation, and local suppression of pathogen growth.
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Figure 23 provides the quantitative assessment of this antagonistic interaction. (a) The percentage
of inhibition of F. proliferatum growth by T. asperellum over a 14-day incubation period, while (b)

shows the radial growth trajectories of F. proliferatum under control and dual culture conditions.
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Figure 23: Dual culture assay of Fusarium proliferatum with Trichoderma asperellum on PDA
media. (a) Percentage of inhibition of F. proliferatum over 14 days; (b) Radial growth of F.

proliferatum in control and dual culture conditions.

A two-way ANOVA was performed to analyse the effects of treatment (control versus dual culture)
and time (day 0-14) on radial colony growth. Assumptions of normality and homogeneity of the
variances were confirmed by Shapiro-Wilk and Levene’s tests (p > 0.05), validating the use of a
parametric model. The analysis revealed a highly significant effect of time on fungal growth (F(14,
120) =3775.9, p < 1.8 x 107"°"), accounting for 73.5% of the total variance (1> = 0.735). Treatment
also had a strong main effect (F(1, 120) = 1.20 x 10, p <3.9 x 107'%2, > = 0.167), indicating that
the presence of 1. asperellum significantly reduced the growth of F. proliferatum. Furthermore, a
significant Treatment x Day interaction (F(14, 120) = 496.8, p <4.8 x 107°, n> = 0.097) showed
that the inhibitory effect was dynamic, intensifying over the incubation period. Residual variance

remained below 2%, confirming the robustness and precision.

Inhibition remained undetectable during the initial two days, corresponding to the lag phase before
the colonies interacted or secreted sufficient bioactive compounds. However, from Day 3 onward,
a sharp rise in inhibition (%+SE) was observed: 6.66% on Day 3, increasing to 16. by Day 4, and
reaching 28.80% by Day 7. The inhibition curve continued to climb gradually, plateauing at
45.60% by Day 13, with negligible change on Day 14, indicating a sustained and consistent

antagonistic effect.

56



Similarly, the radial growth curve (Figure 23b) shows that F. proliferatum under control condition
expanded steadily, achieving a final mean diameter of approximately 7.5 cm on day 14. On the
contrary, when co-cultured with 7. asperellum, fungal growth slowed markedly after day 4 and

stabilized around 4.1 cm, with minimal additional expansion thereafter.

These combined visual and quantitative results confirm the strong biocontrol potential of 7.
asperellum against F. proliferatum. The progressive inhibition pattern and morphological changes
observed are consistent with known antagonistic mechanisms of 7. asperellum, including the
production of antifungal secondary metabolites, rapid competitive colonisation, and potential

mycoparasitic activity at the hyphal interface.

4.2.2.2. Antagonistic interaction of Bacillus amyloliquefaciens against Fusarium

proliferatum in dual culture assays

Figure 24 presents the dual culture interaction between F. proliferatum and Bacillus

amyloliquefaciens on PDA media, showing the obverse (a) and reverse (b) views of the Petri dish.

Figure 24: Dual culture of Fusarium proliferatum and Bacillus amyloliquefaciens on PDA

media. (a) Obverse view of the Petri dish; (b) Reverse view.

In the obverse view (Figure 24a), F. proliferatum occupies approximately half of the plate, forming
a dense cottony colony with the characteristic pink to violet pigmentation of this species. In
contrast to this, the bacterial colony of B. amyloliquefaciens appears as a small, translucent mucoid
growth with a smooth boundary. A distinct and uncolonized inhibition zone separates the two

organisms, indicating that fungal progression was stopped before direct contact. The hyphal
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margin of F. proliferatum facing the bacterium is compressed and irregular, suggesting localised

suppression of hyphal extension likely caused by volatile or diffusible inhibitory compounds.

The reverse view (Figure 24b) accentuates this interaction. A clear boundary divides the plate into
two chromatic zones: the fungal side displays a reddish pigmentation associated with the
secondary metabolites of F. proliferatum, while the region adjacent to B. amyloliquefaciens
remains pale and unpigmented. In particular, the fungal mycelium does not spread to the bacterial
half of the dish. This pattern indicates inhibition via antibiosis rather than spatial competition,
since no direct overgrowth or contact is observed. These morphological observations are consistent
with known modes of action for the B. amyloliquefaciens strain QST 713, which produces a broad
spectrum of antimicrobial lipopeptides (eg, iturins, fengycins) capable of suppressing filamentous

fungi through membrane disruption and metabolic inhibition.

Figure 25 presents the quantitative analysis of this antagonistic interaction. Panel (a) displays the
percentage inhibition of F. proliferatum over a 10-day period; panel (b) illustrates the radial

growth of the fungal colony under control and dual culture conditions.
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Figure 25: Dual culture assay of Fusarium proliferatum with Bacillus amyloliquefaciens on
PDA media. (a) Percentage of inhibition of F. proliferatum over 14 days; (b) Radial growth of .

proliferatum in control and dual culture conditions.

Since residuals were not normally distributed (Shapiro—Wilk test, p < 0.05) and variance
homogeneity was not met (Levene’s test, p < 0.05), a nonparametric analysis was applied. A
Kruskal-Wallis test was conducted to evaluate the effects of treatment (Fusarium + Bacillus
amyloliquefaciens vs. control) and time (Days 0—10) on fungal growth. The global test indicated a
significant overall treatment effect (H = 4.32, p = 0.038, n?> = 0.031). When analyzed by day, no

significant differences were observed during the early stages (Days 0—4). However, from Day 5
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onward, growth differences became highly significant (H = 6.9-7.9, p < 0.01), confirming that
Bacillus treatment exerted a strong inhibitory effect on Fusarium expansion at later stages. These
results demonstrate a time-dependent suppression pattern consistent with the biocontrol activity of
Bacillus.The inhibition curve (Figure 25a) did not show suppression during the first two days. A
mild, variable inhibition was observed on Day 3 (mean = 0.87%, SE = 1.96), followed by a more
consistent rise from Day 5 onward. By Day 6, inhibition reached 13.49% and peaked at 26.06%
on Day 10. The steady increase in inhibition, along with the narrowing of standard error bars,

reflects a stable and reproducible effect in all replicates.

In the control plates (Figure 25b), F. proliferatum expanded linearly, reaching a final radius of ~7.5
cm by Day 10. In the dual-culture treatment, initial fungal growth was comparable to the control
until Day 4. Subsequently, the radial expansion decelerated markedly, stabilising at 5.6 cm by Day
9. This divergence of growth trajectories (Figure 25b) clearly visualises the inhibitory impact of

B. amyloliquefaciens.

Although the maximum inhibition achieved by B. amyloliquefaciens was lower than that observed
with T. asperellum, the effect was consistent and biologically relevant. The absence of physical
contact and the presence of a persistent inhibition zone support antibiosis as the primary
mechanism. These results align with established findings on QST 713-mediated biocontrol,

strengthening its potential to suppress F. proliferatum growth through extracellular metabolites.

4.2.2.3. Antagonistic interaction of Trichoderma asperellum against Stromatinia cepivora in

dual culture assays

Figure 26 presents the dual culture interaction between Stromatinia cepivora and Trichoderma
asperellum in SDA media, showing the antagonistic activity of the fungal isolate. Panel (a) displays

the obverse view of the Petri dish, while panel (b) shows the reverse.
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Figure 26: Dual culture of Stromatinia cepivora and Trichoderma asperellum on SDA media. (a)

Obverse view of the Petri dish; (b) Reverse view.

In the obverse view (Figure 26a), S. cepivora appears as a compact colony with very limited radial
development, characterized by a dense, dark central zone. Its margin is irregular and notably
compressed on the side facing 7. asperellum. The T. asperellum colony, in contrast, displays rapid
outward expansion, profuse sporulation, and the development of a pronounced inhibition arc
clearly encircling the pathogen colony. This spatial arrangement and morphology strongly indicate

early and sustained antagonistic activity exerted by 7. asperellum.

The reverse view (Figure 26b) reinforces these observations. A distinct reddish-brown
pigmentation encircles the S. cepivora colony, especially pronounced on the side toward T
asperellum. This pigmentation suggests oxidative stress or secondary metabolite accumulation in
the pathogen in response to antagonism. The wide halo and absence of any fungal regrowth in this
area imply the secretion of potent diffusible metabolites by 7. asperellum. The antagonist’s ability
to arrest growth and completely surround and overgrow the pathogen colony demonstrates a high

level of competitive exclusion and supports a mycoparasitic mode of action.

These phenotypic observations are consistent with the quantitative data that follow, confirming the

significant and progressive suppression of S. cepivora by T. asperellum in vitro.

Figure 27 presents the inhibitory eftect of Trichoderma asperellum on Stromatinia cepivora over
a 14-day dual culture assay. Panel (a) shows the percentage of inhibition, while panel (b) displays

radial growth under control and dual culture conditions.
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Figure 27: Dual culture assay of Stromatinia cepivora with Trichoderma asperellum on SDA
media. (a) Percentage of inhibition of S. cepivora over 14 days; (b) Radial growth of S. cepivora

in control and dual culture conditions.

A two-way ANOVA was performed to assess the effects of treatment (control vs. dual culture) and
incubation time (Day 0-14) on S. cepivora colony growth. Both main effects were highly
significant. The treatment factor alone accounted for nearly all of the variance in colony radius
(Fi,000 = 9572, p < 10715, 02 = 0.99), demonstrating the exceptional inhibitory potential of T.
asperellum. The effect of time was also highly pronounced (p < 0.001, n? > 0.98), reflecting the
rapid baseline expansion of the fungus. The interaction between time and treatment was
statistically robust (Fis,100 =413, p < 1073, * = 0.98), confirming that the extent of inhibition was
dynamic and intensified as the colonies interacted. Residual error was <1% of total variance,
indicating excellent consistency among replicates and a near-complete model fit (adjusted R* =

0.99).

The inhibition percentage curve (Figure 27a) showed that during the first three days there was no
measurable antagonism (0%). From Day 4 onward, the inhibition values rose sharply: reaching
16.82% on Day 4 and continuing to increase rapidly to 58.3% by Day 6. The curve stabilized
thereafter, plateauing at 77.4% by Day 14. The narrowing error margins in the later days

underscore the reproducibility and uniformity of the inhibitory effect.

Radial growth measurements (Figure 27b) closely mirrored this trend. S. cepivora in the control
group exhibited regular expansion, reaching approximately 7.5 cm by Day 14. In contrast, growth
in the dual culture treatment followed the control trajectory until Day 4, after which radial
expansion declined markedly. From Day 5, a severe reduction in growth was observed, and by

Day 8 the pathogen colony size stabilized at around 1.7 cm in radius. This decline corresponded
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with visible overgrowth by 7. asperellum, suggesting that inhibition progressed beyond metabolic

interference to physical suppression and mycelial colonization.

Taken together, the visual, statistical, and kinetic evidence confirms that 7. asperellum exerts a
potent, time-dependent antagonistic effect against S. cepivora. The sharp transition in growth
behavior of the pathogen, followed by its full encirclement and overgrowth, highlights the
biocontrol potential of 7. asperellum. Its ability to maintain consistent inhibitory pressure over

time reinforces its suitability for practical application in the management of S. cepivora.

4.2.2.4. Antagonistic interaction of Bacillus amyloliquefaciens against Stromatinia cepivora

in dual culture assays

Figure 28 presents the dual culture interaction between Stromatinia cepivora and Bacillus
amyloliquefaciens on SDA media, showing the antagonistic activity of the fungal isolate. Panel (a)

displays the obverse view of the Petri dish, while panel (b) shows the reverse.

Figure 28: Dual culture of Stromatinia cepivora and Bacillus amyloliquefaciens on SDA media.

(a) Obverse view of the Petri dish; (b) Reverse view.

In the obverse view (Figure 28a), S. cepivora occupies roughly half of the Petri dish, forming a
dense, white mycelial colony with a compact, cottony morphology. Opposing it, B.
amyloliquefaciens exhibits its characteristic convoluted, lobate colony structure with a central
domed elevation indicative of biofilm-like growth. A distinct and stable inhibition zone is observed
between the two organisms, marked by the absence of fungal growth along the axis of bacterial

expansion. The fungal colony margin adjacent to the bacterial zone is smoothed and retracted—a
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hallmark of growth arrest due to antagonistic pressure, likely through the diffusion of inhibitory

bacterial metabolites.

The reverse view (Figure 28b) further confirms this inhibitory interaction. A conspicuous black
pigmentation is visible around the advancing front of S. cepivora, restricted to the margin facing
B. amyloliquefaciens. This melanization is likely a stress-induced response triggered by exposure
to antifungal compounds (melanin biosynthesis in fungi is a common defense against oxidative or
toxic stress). The absence of any visible bacterial infiltration into the fungal zone supports a non-

contact inhibitory mechanism—suggestive of antibiosis rather than direct competition.

Figure 29 presents the temporal development of inhibition in the dual culture of Stromatinia
cepivora with Bacillus amyloliquefaciens. Panel (a) shows the percentage of inhibition over the
10-day assay period, while panel (b) depicts the radial growth trajectories of S. cepivora under

control and treated conditions.

/,i —— Control
~ 30 g 77 —4— Stromatinia (dual culture)
S |
€ 25 + [ 6+
<)
= j— g
5 1 L
‘=20 / £5
£ s
— )
O 15+ G al
v / o4
g | ©
+~ 10 o
o 5 /
o ! .-"f 21
"'-h..,_-";
0 T
0 1 2 3 4 5 6 7 8 9 10 o1 2 3 4 5 6 7 8 9 10
(a) Days (b) Days

Figure 29: Dual culture assay of Stromatinia cepivora with Bacillus amyloliquefaciens on SDA
media. (a) Percentage of inhibition of S. cepivora over 10 days; (b) Radial growth of S. cepivora

in control and dual culture conditions.

A two-way ANOVA was performed with Treatment (control vs. dual culture) and Day (0-10) as
fixed factors. All sources of variation were statistically significant. The presence of B.
amyloliquefaciens had a strong main effect on fungal growth (Fi,ss = 1.70 x 10%, p = 2.2 x 107%),
explaining ~95% of the variance (m? = 0.95). Temporal variation also contributed substantially
(Fio,88 = 3.06 x 10%, p < 107'7, n? = 0.997), reflecting the inherent expansion of fungal colonies
over time. The Day x Treatment interaction was significant as well (Fio,ss = 153, p = 3.3 x 107,

n?=0.95). These results indicate that the inhibitory effect of B. amyloliquefaciens was not constant

63



but dynamically intensified over time. Residual error was <1% of total variance (adjusted R* =

0.99).

As shown in Figure 29a, inhibition remained undetectable during the first two days. On Day 2, the
inhibition curve rose slightly to ~2.0%, possibly due to early volatile interactions or nutrient
competition. A temporary drop on Day 3 (to 0.83%) suggested a brief adjustment phase. From Day
4 onward, inhibition increased consistently: reaching 9.75% on Day 4, 14.1% by Day 5, and 22.5%
+ 1.08 SE by Day 6. Inhibition then progressed steadily to 26.0% by Day 10, marking the peak of

sustained antagonistic activity.

The radial growth plot (Figure 29b) corroborates these observations. Control colonies of S.
cepivora exhibited continuous expansion, reaching ~7.5 cm in radius by the end of the assay. In
contrast, growth in dual culture began to diverge noticeably after Day 4. Beyond this point, fungal

development was markedly slower, plateauing at a mean radius of ~5.6 cmfrom Day 9 onward.

These findings, both visual and quantitative, confirm that B. amyloliquefaciens exerts a
progressive and measurable inhibitory effect on S. cepivora. The formation of a persistent
inhibition zone, accompanied by stress-induced pigmentation and reduced radial growth of the
pathogen, is characteristic of antibiosis mediated by bioactive bacterial metabolites. The consistent
inhibition observed across replicates—evidenced by narrowing SE margins—reinforces the

reliability of the QST 713 strain as a potential biocontrol agent against S. cepivora in vitro.

4.3.In planta study of the effectiveness of Trichoderma asperellum and Bacillus
amyloliquefaciens against garlic pathogens Fusarium proliferatum and Stromatinia

cepivora under controlled phytotron conditions

Under standardised phytotron conditions, the effectiveness of 7. asperellum and B.
amyloliquefaciens against F. proliferatum and S. cepivora infections was evaluated in garlic plants
grown in sterile perlite (Figure 30). Pathogen inoculation was performed at planting and antagonist
treatments were applied individually or in combination. Plant height and visible symptoms were

monitored over 22 days as indicators of disease impact and biocontrol performance.
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Figure 30: Garlic plants grown in perlite pots under controlled phytotron conditions for in planta

pathogen and biocontrol interaction experiments.

Garlic seedling height was significantly affected by the type of pathogen inoculation and
biocontrol treatment, with clear differences emerging over the three-week period. The initial two-
way ANOVA indicated a deviation from normality (Shapiro—Wilk W = 0.961, p<0.001), which
was resolved by a log( transformation of the data (W = 0.985, p =0.057). Levene’s test confirmed
homogeneity of variances (Fs,2az = 1.31, p = 0.24), validating the assumptions for parametric

analysis.

The main effect of treatment was highly significant (Fs,2a3 = 20.27, p = 2.2 x 107%), with a large
effect size (partial n?> = 0.40), indicating that the applied treatment accounted for about 40% of the
variance in seedling height. Week (time) was also a significant factor (F2,243 = 20.40, p = 6.5 x
10°, n* = 0.14), while the Treatment x Week interaction was not significant (p = 0.60). This
suggests that treatment effects remained consistent across the three weeks. Tukey’s HSD post hoc
tests were conducted to determine pairwise differences between treatment means within each

week; results are summarized in Table 5.
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Table 5: Mean height (£SE) of garlic plants under different treatments across three weeks
(phytotron experiment with significance groupings and ANOVA summary). Within each week,

values followed by the same letter are not significantly different according to Tukey’s HSD test (a

=0.05); values with different letters are significantly different.

Treatment Week 1 (cm) Week 2 (cm) Week 2 (cm)
C (control) 3.58+042a 1126+ 0.44 a 1793+ 1.01a
F (Fusarium only) 1.07+0.38b 332+0.75¢ 505+1.19d
TF (T. asperellum + 54+£1.01a 8.15+1.98b 103+245b
Fusarium)
BF (B. 1.58£0.38a 57+1.09b 8.12+1.7¢
amyloliquefaciens +
Fusarium)
TBF (T asperellum + 1.0+0.31Db 575+2.09b 85+£292b
B. + Fusarium)
S (Stromatinia only) 0.0+00b 00+00c 0.0+0.0e
TS (T. asperellum + 1.94+0.64 b 3.65+1.18 ¢ 545+2.25d
Stromatinia)
BS (B. 1.19+£0.59 a 33+1.36¢ 4.58+1.94d
amyloliquefaciens +
Stromatinia)
TBS (7. asperellum + 27£0.65b 51+1.03b 6.43+1.57c¢
B. + Stromatinia)
F 8,68 1,8E-08 0,46
p 6,39 2,1E-06 0,39
Eta_sq 7,01 5,4E-07 0,41
Values are means of three experiments, with five replicates per experiment and five garlic
cloves per replicate.
Data are presented as “mean =+ standard error.”
Values sharing the same letter within a column are not significantly different at p <0.05.

The control group ‘C’, consisting of uninoculated seedlings, exhibited the greatest plant height
throughout the experiment. Mean heights increased steadily from 3.58 cm in Week 1 to 11.26cm
in Week 2 and 17.93cm in Week 3. These plants consistently formed a distinct statistical group “a”
in post hoc comparisons, reflecting normal growth in the absence of biotic stress. Leaves were
fully expanded, uniformly green, and upright, with no signs of chlorosis, deformation, or collapse,

indicating optimal plant health (Figure 31).
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Figure 31: Garlic plants presenting the non-inoculated control group.

By contrast, seedlings inoculated with F. proliferatum (treatment ‘F’) exhibited pronounced
stunting, with mean height only 1.07 cm in Week 1 and reaching just 5.05 cm by Week 3. This
severe growth reduction reflects the pathogen’s ability to colonize root vascular tissue, disrupt
nutrient transport, and impair shoot elongation. Statistically, the ‘F’ treatment consistently ranked
in the lowest-performing groups across all weeks. Visibly, Fusarium-infected plants showed severe
leaf curling, wilting, and chlorosis, with some individuals exhibiting tissue collapse and

deformation.

Application of 7. asperellum in conjunction with F. proliferatum (treatment ‘TF’) significantly
mitigated the pathogen’s effects. ‘TF’-treated plants attained mean heights of 5.40 cm, 8.15 cm,
and 10.30 cm in Weeks 1, 2, and 3, respectively. These values were consistently higher than those
of the F-only group and, in Week 1, were statistically indistinguishable from the control. The
partial restoration of height is likely due to 7richoderma’s biocontrol action. Morphologically,
most ‘TF’ plants had erect, healthy green shoots; only occasional individuals showed mild twisting
or residual curling, suggesting that 7. asperellum provided substantial but not complete protection
from Fusarium-induced stress. In the ‘BF’ treatment (B. amyloliquefaciens + Fusarium), seedlings
showed moderate recovery relative to the F-only group. Mean heights reached 1.58 cm in Week 1,
5.70 cm in Week 2, and 8.12 cm in Week 3. While not as effective as Trichoderma, Bacillus still
conferred a significant benefit. The improvement may be attributed to Bacillus producing

antifungal lipopeptides and possibly promoting plant growth. Phenotypically, BF plants were
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generally upright and green with only minimal leaf curling or distortion, indicating partial recovery

with some residual stress symptoms.

Figure 32: Overview of garlic plants inoculated with F. proliferatum and/or S. cepivora under

different biocontrol treatments with 7. asperellum and B. amyloliquefaciens.
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Figure 33: Mean plant height of garlic plants under different treatments across three consecutive
weeks under phytotron conditions: (a) Week 1, (b) Week 2, and (¢) Week 3. Error bars represent
standard deviation of the mean (=SD). Treatments sharing the same letter within each panel are

not significantly different based on Tukey’s HSD test (o= 0.05).
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The combined treatment TBF (7. asperellum + B. amyloliquefaciens + Fusarium) produced further
enhancement in plant growth. ‘TBF’-treated seedlings attained 1.22 cm in Week 1, 6.01 cm in
Week 2, and 8.35 cm in Week 3. Although performance did not significantly exceed the ‘TF’
treatment, the ‘TBF’ plants consistently belonged to statistical groups. Visually, several ‘TBF’
plants showed vigorous, well-formed green shoots, while some still showed leaf curling or wilting.
This variability suggests partial synergistic effects between 7. asperellum and B.

amyloliquefaciens, with some variation in how individual plants benefited from dual colonisation.

Seedlings inoculated with S. cepivora (treatment °S’) showed complete inhibition of shoot
emergence throughout the 22-day experiment. The mean height remained 0 cm at all time points,
underscoring the aggressive necrotrophic behavior. No shoots emerged in any replicate; pots
remained barren, indicating immediate seedling mortality or failure of emergence due to severe
basal rot. The absence of any green tissue highlights the rapid and lethal impact of S. cepivora

under these conditions.

When T asperellum was applied alongside S. cepivora (treatment ‘TS’), a modest improvement in
plant growth was observed compared to S alone. Some seedlings managed to emerge, with heights
increasing from 1.98 cm in Week 1 to 5.57 cm in Week 3. Although significantly higher than in
the Stromatinia-only group, growth remained severely suppressed relative to healthy control or
Fusarium inoculations. Morphologically, the few ‘TS’ seedlings that emerged had twisted,
chlorotic and wilted leaves, with some collapse in structure. These symptoms suggest that 7.

asperellum only partially countered Stromatinia’s pathogenic effects.

Similarly, application of B. amyloliquefaciens in the presence of Stromatinia (treatment ‘BS’)
yielded limited recovery. Heights progressed from 1.43 cm in Week 1 to 4.68 cm in Week 3. Only
one or two seedlings per replicate emerged, and those that did showed pronounced wilting,
chlorosis, and premature senescence. Most ‘BS’ pots had no surviving shoots, indicating that

Bacillus alone was largely ineffective against Stromatinia’s suppression of emergence.

In the ‘TBS’ treatment (combined 7. asperellum + B. amyloliquefaciens against Stromatinia), the
highest plant heights were achieved between the Stromatinia-infected groups. The seedlings
reached 2.64 cm in Week 1, 5.01 cm in Week 2, and 6.83 cm in Week 3. These values were
significantly higher than those in the ‘S’, ‘TS’, or ‘BS’ treatments. Visually, most TBS plants
successfully emerged with upright green shoots, although some curling and minor twisting were
still observed. The improved consistency in emergence and the reduced severity of symptoms

indicate a meaningful synergistic effect that partially suppressed Stromatinia’s impact.
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In summary, both F. proliferatum and S. cepivora severely impeded the growth of garlic seedlings,
and S. cepivora causing complete failure of emergence. Among the biocontrol interventions, 7.
asperellum consistently provided the greatest growth restoration, both alone and in combination
with B. amyloliquefaciens, particularly in Fusarium-infected plants. In the case of Stromatinia, the
biocontrol treatments were overall less effective, but the dual treatment ‘“TBS’ offered significant
improvement compared to single agent treatments or pathogen-only controls. In particular, the
absence of a significant Treatment X Week interaction in the ANOVA indicates that these effects
were stable over time. Together, these findings support the integration of strategies based on 7
asperellum, particularly in combination with B. amyloliquefaciens—for mitigating early-stage

losses due to soilborne fungal pathogens in garlic.

4.4. Enzymatic defense responses in garlic under pathogen infections and biocontrol
treatments

To investigate the impact of pathogen infection and the application of biocontrol on oxidative

defense mechanisms in garlic (4llium sativum), we measured the activity of two key enzymes:

guaiacol peroxidase (POX) and polyphenol oxidase (PPO). Garlic plants were inoculated with F.

proliferatum ‘F’ or S. cepivora ‘S’ (single pathogens), as well as combinations of both pathogens

3

‘FS’ and co-inoculations with the biocontrol agents 7. asperellum ‘T’ and B. amyloliquefaciens
‘B’. The objective was to determine how the presence and biocontrol interactions influence the
activity of oxidative enzymes in plants, and whether distinct patterns emerge for different enzymes
and microbial pairings. Enzyme activities were recorded at 0, 30 seconds, and 1 minute after
extraction, with the final values (at 1 minute) visualised in bar graphs (Figure 34). A complete
statistical analysis (incorporating all time points) was performed to assess the significance and

specificity of the enzymatic responses elicited by each treatment.

Enzyme activity analysis revealed significant treatment-dependent variation in garlic’s oxidative
defense responses, as indicated by both POX and PPO activity profiles. Because the data did not
meet normal distribution assumptions (Shapiro—Wilk p <0.001 for both enzymes), non-parametric
tests were used. Kruskal-Wallis H tests showed highly significant treatment effects for POX (H =
42.85,df=7, p<0.001) and PPO (H=43.12, df =7, p <0.001), each with large effect sizes (n* =
0.51 for both). This suggests that the treatments accounted for over 50% of the variance in enzyme

activity.
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Figure 34: Effects of pathogen and biocontrol treatments on enzyme activity in garlic. (a)
Guaiacol peroxidase (POX) activity; (b) polyphenol oxidase (PPO) activity), measured 1 minute
after inoculation. Bars represent mean enzyme activity (units), and error bars indicate standard
deviation (SD). Different letters above bars denote statistically significant differences among

treatments based on Dunn’s post-hoc test with Bonferroni correction (p < 0.05).

For POX, the highest activity was recorded in the treatment in which B. amyloliquefaciens was

co-inoculated with Fusarium (BF), reaching 0.0847 AA-min'-g~' FW. This was followed by the
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combination of 7. asperellum with Fusarium (TF; 0.0743) and T. asperellum with S. cepivora (TS;
0.0693). These three treatments formed the highest statistical group in post hoc comparisons,
indicating a clear enhancement of POX activity under dual inoculations that include a biocontrol
agent and a pathogen. Intermediate levels of POX activity were found in the dual-pathogen
treatment (FS, 0.0647), in the combination of B. amyloliquefaciens + S. cepivora (BS; 0.0627),
and in the control (0.0617). The lowest POX activities were observed in single-pathogen
inoculations with S. cepivora (S; 0.0583) and F. proliferatum (F; 0.0563), which clustered in the
lowest significance group. These patterns suggest that POX induction in garlic is most effectively
triggered by biocontrol-pathogen co-inoculations, particularly those involving B.

amyloliquefaciens or T. asperellum in the presence of F. proliferatum.

The PPO activity exhibited a different response pattern. The highest PPO activity was observed in
the TS treatment (7. asperellum + S. cepivora; 0.0893), closely followed by the single S. cepivora
inoculation (S; 0.0847) and the FS dual pathogen inoculation (FS;0.0793); these formed the upper
statistical group. Moderate PPO activity was measured in F. proliferatum alone (F; 0.0747), in TF
(0.0697), and in BF (0.0647). The lowest levels of PPO occurred in the control (0.0597) and in the
BS treatment (0.0547). In particular, the presence of B. amyloliquefaciens appeared to reduce the
activity of PPO when combined with S. cepivora (BS treatment), indicating a potential suppressive

effect of Bacillus on this specific defence pathway.

The divergent trends between POX and PPO underscore the enzyme-specific nature of the garlic
oxidative defence system. While POX activity was predominantly enhanced by treatments
involving F. proliferatum together with a biocontrol agent, PPO activity was more responsive to
treatments related to S. cepivora, particularly when paired with 7. asperellum. The large effects
sizes observed for both enzymes reinforce the biological significance of these findings, indicating
that the garlic oxidative defence network is differentially activated depending on the invading
pathogens and the presence of biocontrol microbes. These results provide valuable information on
the nuanced interactions between garlic and microbial agents, and offer a basis for optimizing

biocontrol strategies to generate targeted host defense responses.

4.5. Enzymatic defense responses in okra under pathogen infections and biocontrol
treatments

To examine how fungal pathogens and biocontrol agents affect the activity of oxidative enzymes

in okra, guaiacol peroxidase (POX) and polyphenol oxidase (PPO) activities after inoculation with

Sclerotinia sclerotiorum (Sc) and Rhizoctonia solani (R) were measured. Treatments included

individual pathogen infections and their combination, as well as co-inoculations with 7 asperellum
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(T) and B. amyloliquefaciens (B). Enzyme activity was measured at 0, 30, and 60 seconds after
extraction, expressed as AA-min'-g' fresh weight (FW). The data presented here focus on 1-
minute measurements, while the statistical analysis incorporated all time points to account for

temporal trends.

Figure 35 provides a comparative visualization of guaiacol peroxidase (POX) and polyphenol
oxidase (PPO) activities across individual and dual inoculations of the two pathogens and
applications of the biocontrol agents, summarizing the differential enzyme responses observed

among the tested conditions.
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Figure 35: Effects of pathogen and biocontrol treatments on enzyme activity in okra. (a)

Guaiacol peroxidase (POX) activity; (b) polyphenol oxidase (PPO) activity), measured 1 minute

after inoculation. Bars represent mean enzyme activity (units), and error bars indicate standard

deviation (SD). Different letters above bars denote statistically significant differences among

treatments based on Dunn’s post-hoc test with Bonferroni correction (p < 0.05).
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Non-parametric Kruskal-Wallis tests were used due to non-normal residuals. For POX activity, a
significant treatment effect was observed (H = 15.76, df =7, p = 0.027) with a large effect size (1?
= 0.547), indicating that nearly 55% of the total variance in POX activity was attributable to
treatment differences. Post hoc Dunn’s tests grouped treatments R, TR, ScR, TSc, BSc, and C into
a high-activity cluster (“a”), whereas BR and Sc treatments formed a significantly lower group
(“b”). These groupings highlight the substantial influence of microbial interactions on POX

dynamics in okra.

POX activity was highest in plants infected with R. solani alone (0.867 AA-min'-g' FW),
followed by the R + T asperellum treatment (TR, 0.694). The combined pathogen treatment (ScR)
and the 7. asperellum + Sc treatment (TSc) showed intermediate POX levels (0.433and 0.434,
respectively), similar to the B. amyloliquefaciens + Sc treatment (BSc, 0.385) and the control
(0.450). The lowest POX values were recorded in the R + B. amyloliquefaciens treatment (BR,
0.215) and in the single S. sclerotiorum treatment (Sc, 0.189). This pattern suggests that R. solani
is a particularly potent inducer of peroxidase activity in okra—Ilikely triggering lignification and
cell wall reinforcement as primary defense mechanisms. Notably, the combination of R with
Bacillus (BR) strongly repressed POX activity, suggesting a possible antagonistic interaction
between B. amyloliquefaciens and the host’s peroxidase activation pathways. The moderate POX

level in control plants likely reflects constitutive peroxidase activity in unstressed okra tissue.

By contrast, PPO activity followed a different trend. The highest PPO activity was observed in the
Sc + R dual-pathogen treatment (ScR, 0.754), followed by TSc (0.716), BSc (0.678), and R alone
(0.634). Intermediate values were recorded for TR (0.456) and BR (0.445), while the lowest PPO
activities were seen in the single S. sclerotiorum treatment (Sc, only 0.093) and in the control
(0.123). This pattern suggests that PPO responds most strongly to complex or dual microbial
challenges, especially those involving S. sclerotiorum. The extremely low PPO activity under S.
sclerotiorum alone may indicate active suppression of host oxidative pathways by this pathogen,
consistent with its aggressive necrotrophic strategy. Co-inoculation with biocontrol agents,
particularly 7. asperellum, was effective in restoring or enhancing PPO activity, supporting a

priming effect on okra defenses.

In summary, POX and PPO in okra showed distinct activation profiles. POX was most directly
activated by R. solani, whereas robust PPO induction required either dual-pathogen stress or
enhancement by a biocontrol agent. These divergent enzyme responses reflect the
compartmentalized nature of okra’s oxidative defense: POX is likely associated with structural

defenses (e.g., strengthening cell walls), while PPO is linked to phenolic oxidation and the
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production of antimicrobial compounds. Among the biocontrol strategies, 7. asperellum had a
more consistently positive influence on both enzymes, whereas B. amyloliquefaciens had variable
effects depending on the pathogen context. Overall, these results underscore that different
microbial challenges modulate okra’s oxidative enzymes in distinct ways, highlighting the
importance of strategic biocontrol pairings in shaping host defense outcomes. This enzyme-
specific reactivity provides a biochemical foundation for optimizing disease management in okra

through targeted biocontrol deployment.
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CHAPTER 5: DISCUSSION

5.1. Dynamics of the interaction of S. cepivora and F. proliferatum

The interaction assay of F. proliferatum and S. cepivora revealed notable dynamics within the dual
cultures of the pathogens. Abdullah et al. (2017) highlighted various types of pathogen—pathogen
interactions, including competition, cooperation, coexistence, and mutualism. They described that
in co-infected plants, pathogens may engage in competition by forming physical barriers or
secreting toxins to exclude each other, cooperation by exchanging nutrients or signals that mutually
enhance virulence, or stable coexistence through niche specialization within the host. In our study,
the findings from the dual culture assay provide compelling evidence of competitive coexistence
between F. proliferatum and S. cepivora, as observed at both Day 8 and Day 14. On Day 8, the
fungi exhibited mutual growth limitation, with radial expansion ceasing at the interaction fronts.
This early stabilization of the inhibition zone indicates that both fungi quickly claimed the
available substrate and likely released inhibitory metabolites, creating a standoff where neither
could advance further. Such an outcome aligns with the competition interaction mode noted by
Abdullah et al. (2017), where each pathogen restricts the other’s access to resources. The
interaction at this stage reflects a balance where neither fungus could overcome the inhibitory
effects exerted by the other, resulting in restricted growth along the shared boundary. By Day 14,
single cultures of the pathogens reached full radial growth. The continued stability of the inhibition
zone, with no further growth along the interacting fronts, demonstrates the persistence of
competitive coexistence. The establishment of a stable inhibition zone demonstrates that both
pathogens can coexist within the same environment without one completely outcompeting the
other. This interaction is indicative of mutual growth limitation, where resource competition and

proximity-driven interactions prevent further radial expansion along the interacting fronts.

The measurements at two distinct time points, Day 8 and Day 14, allowed us to capture both the
early establishment of the inhibition zone and the cumulative effects of competitive coexistence
over time. Day 8 represents the point when fungal growth in dual cultures ceased due to mutual
limitation, providing insight into the onset of competitive interactions. In contrast, Day 14 reflects
the sustained interaction dynamics and the long-term stabilization of the competitive equilibrium,
emphasizing the persistence and extent of growth inhibition. These two time points offer a
comprehensive view of how competitive coexistence evolves temporally in dual culture
conditions. This temporal observation suggests that initial competitive interactions (nutrient
capture, toxin production) quickly set the outcome, and no delayed antagonistic mechanisms (such

as secondary metabolite secretion at later stages) arose to tip the balance in favor of either fungus.
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Yuan and Chen (2021) described co-culture as an emerging and potential way to investigate
microbial interaction under laboratory conditions, using a double-sided Petri dish to explore the
interactions between Monascus spp. and Aspergillus niger. They found that the interaction between
these fungi did not show antagonism, but rather a symbiotic relationship, where each fungus
influenced the production of secondary metabolites in the other. This finding supports our
observations, where both fungi coexisted without one outcompeting the other. Yuan and Chen
(2021) also noted that the colour of the Monascus spp. colony that contacted A. niger became
redder due to the increased pigment production triggered by the presence of A. niger, reflecting a
metabolic response, similar to our observation where the area of S. cepivora in contact with F
proliferatum became significantly darker, likely due to the abundance of sclerotia production. The
competitive stress from F. proliferatum presumably stimulated S. cepivora to generate more
sclerotia (hence a darker appearance) as a defense mechanism. This parallels observations in other
fungi where competition or oxidative stress induces sclerotial formation (Lin et al., 2023, Georgiou
et al., 2006). Thus, the color changes in both studies indicate physiological responses: enhanced
pigment synthesis in Monascus spp. and enhanced sclerotial melanization in S. cepivora, each

fungus biochemically reacting to the presence of a competitor.

5.2. In vitro resistance screening against S. cepivora and F proliferatum via
single inoculation
Resistance screening against S. cepivora showed significant variability in incidence and severity
between garlic cultivars. Most tested garlic cultivars were susceptible to white rot to varying
degrees, with only a few exhibiting any level of resistance. The standout case was ‘Elephant’,
which remained entirely symptomless, whereas cultivars like Messidor’ and ’Arno’ suffered
severe rot. A few cultivars fell in between: for example, Sabagold’ and *Thermidrome’ developed
only minor lesions (indicating partial resistance), and interestingly ’Flavor’ had many infected
cloves (moderate incidence) but each infected clove rotted extensively, suggesting it resists initial
infection to some extent but cannot halt the disease once established. Akter et al. (2021) similarly
tested eight garlic varieties and found significant variability in disease incidence and severity
caused by S. cepivora, which is consistent with our findings in which ‘Elephant’ showed complete
resistance, while the other cultivars showed different levels of susceptibility. Coley-Smith and
Entwistle (1988) found no resistance among five garlic cultivars under field conditions. Similarly,
Adams and Papavizas (1971) found that resistance to S. cepivora was rare in the Allium genus,
consistent with the high susceptibility seen in our study in most garlic cultivars. However, in a

study conducted by Delgadillo-Sanchez et al. (2001), lower susceptibility was observed in white
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cultivars such as ‘Perla’ and ’Blanco de Cortazar’, which is similar to ’Elephant’ and ‘Sabagold’

in our study, although other white cultivars showed a high susceptibility.

Esler and Coley-Smith (1984) suggested that resistance in Allium species could result from the
inability to stimulate sclerotial germination.This hypothesis provides a plausible explanation for
the robust resistance of ‘Elephant’, whereby its root exudates or tissue chemistry may fail to trigger
S. cepivora sclerotia to germinate, thereby effectively preventing the initiation of infection. The
exceptional performance of ‘Elephant’ observed in our study could thus be attributed to such non-
stimulatory properties or other unique genetic traits that impede the early stages of the infection
process. Further investigation is warranted—for instance, by determining whether compounds
exuded by ‘Elephant’ cloves lack the sulfur volatiles typically associated with the attraction and
germination of S. cepivora. This requires performing more detailed biochemical analyses and
genetic studies to identify these traits and to investigate the genetic basis of resistance in *Elephant’

to identify its resistance genes.

The differential response of garlic cultivars to F. proliferatum infection underscores the complex
relationship between disease incidence and symptom severity. For example, although ‘Makoi’
displayed a low infection rate, the few affected cloves exhibited extreme symptom intensity. This
suggests a form of resistance that effectively limits initial infection but offers little containment
once the pathogen becomes established, highlighting the need to evaluate both incidence and
severity when assessing cultivar resistance.. These observations align with the findings of Jannatun
et al. (2020), who highlighted significant differences in disease incidence between eight garlic
varieties infected with F. proliferatum. BARI Rashun-4 exhibited the highest disease incidence at
25%, while the local Indian variety had the lowest at 3.80%. These findings underscore the
variability in how F. proliferatum affects different garlic cultivars, suggesting that certain varieties
such as BARI Rashun-3 and BARI Rashun-4 are more susceptible to high disease incidence
(Jannatun et al., 2020).

The severity of the disease varied significantly; All cultivars exhibited the most severe class of
symptoms, except ‘Flavor’, which displayed only slight infection symptoms, suggesting potential
partial resistance despite its high incidence rates. This suggests that cultivars such as ’Flavor’ may
possess tolerance mechanisms that suppress symptom progression, limiting the pathogen’s ability
to cause severe damage despite its high infection rate. Specifically, ‘Elephant’ once again exhibited
complete resistance, showing no symptoms of infection and a 0% incidence of the disease,
reflecting its reaction against S. cepivora. This echoes the findings of Jannatun et al. (2020), who
screened eight garlic varieties for resistance to F. proliferatum, finding significant variation in

susceptibility.
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Filyushin et al. (2021) investigated the genetic response of garlic cultivars to F. proliferatum by
identifying and analysing class I chitinase genes (AsCHI1-7). Resistant cultivars, including
‘Sarmat’,‘Kuntsevsky’, and ‘Ershui’, exhibited higher expression of AsCHI2, AsCHI3, and
AsCHI7, particularly in roots and cloves, compared to susceptible cultivars such as ‘Strelets” and
‘Sofievsky’. This study suggests that chitinase genes could be strategically leveraged in breeding
programmes to enhance resistance to F. proliferatum (Filyushin et al., 2021). This is particularly
relevant to our findings, where the cultivars ‘Flavor’ and ‘Elephant’ demonstrated partial and
complete resistance, respectively, to Fusarium bulb rot. The resistance observed in ‘Elephant’ can
be attributed to genetic factors unique to its classification within Allium ampeloprasum, which
could potentially be identified and used in breeding programs to enhance resistance in
commercially important garlic cultivars. By exploring these genetic traits, breeding programmes
could develop new varieties with enhanced resistance to both white rot and Fusarium bulb rot.
This approach holds promise for significantly reducing the occurrence and impact of these
diseases, aligning with sustainable agriculture goals by minimising dependency on chemical
controls. Furthermore, the use of ‘Elephant’ as a genetic resource opens new possibilities for
durable species-crossing resistance mechanisms that could strengthen the resistance of garlic

plants against a wide range of pathogens.

5.3. In vitro resistance screening against the dual inoculation of F proliferatum and
S. cepivora on garlic cultivars
Despite the competitive coexistence of the fungi observed in vitro, dual inoculation on garlic
cultivars resulted in a significantly increased disease severity compared to individual inoculations.
All tested cultivars, except for ’Elephant’, exhibited disease incidences greater than 96.00%, with
symptoms such as rotting and mycelial formation appearing three days earlier than in single
infections, developing into much more severe symptoms that envelope the whole clove. This
confirms that while pathogens exhibit competitive co-existence in vitro, their combined presence
in planta can lead to synergistic effects that exacerbate disease symptoms. The competitive
coexistence observed in the dual culture assay, where mutual inhibition limited radial growth,
reflects the ability of pathogens to compete for limited resources in an in vitro controlled
environment. However, in planta, pathogens interact differently due to host factors such as the
availability of various nutrients, structural barriers, and host metabolic responses. These conditions
enable a synergistic relationship where the activity of one pathogen facilitates the colonisation or
pathogenicity of the other. This shift is evident in the earlier onset of symptoms and the

significantly more severe manifestations under dual inoculations compared to single inoculations.
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Fang et al. (2021) examined the effects of co-infection by Fusarium oxysporum ft. sp. medicaginis
and Rhizoctonia solani on various varieties of alfalfa. Their findings showed that co-infection led
to significantly increased disease severity and reductions in plant growth and biomass allocation
compared to single infections. This mirrors our results in garlic, where co-inoculation resulted in
more severe disease symptoms and reduced plant health. Importantly, Fang et al. (2021) found that
no single alfalfa variety was resistant to both pathogens under co-infection, highlighting the
complexity of breeding for disease resistance in the presence of multiple pathogens, proving the
importance of the ‘Elephant’ the discovery of cultivar and its resistance to both single and dual
fungal infections in garlic. Lamichhane and Venturi (2015) and Abdullah et al. (2017) noted that
pathogen—pathogen interactions can lead to more severe disease symptoms than those caused by
single infections and can significantly alter host responses. Similarly, Susi et al. (2015) observed
that co-infection with two strains of the fungal pathogen Podosphaera plantaginis in Plantago
lanceolata significantly increased disease prevalence, as compared to infections involving only a
single strain. These observations are particularly relevant to our garlic study, where co-inoculation
with F proliferatum and S. cepivora resulted in significantly increased disease severity in garlic
cultivars. The observed transition from competitive co-existence in vitro to synergistic
pathogenicity in planta is consistent with the dynamic nature of fungal interactions and confirms
the validity of the experimental findings. In the study by Marchetto and Power (2018), the effects
of co-infection timing on barley infected with barley yellow dwarf virus and barley stripe mosaic
virus were examined, finding that simultaneous co-infections were significantly more damaging
to the host than sequential co-infections, leading to greater reductions in seed production. This
partially mirrors our findings in garlic, where despite the fact that sequential infections were not
studied, the simultaneous co-inoculation with F. proliferatum and S. cepivora significantly

increased disease severity on garlic compared to single infections.

The notable resistance of cv. ‘Elephant’, even under co-infection conditions, distinguished it from
other cultivars, which demonstrated significant susceptibility under similar conditions. This robust
resistance is presumably underpinned by complex defence mechanisms, potentially facilitated by
specific genetic traits that manifest structural or biochemical barriers to pathogenic infection.
These observations corroborate the observations of Tollenaere et al. (2016), which underscore the
significance of genetic diversity within plant populations in imparting resistance to a multitude of
pathogens. The steadfast resistance shown in our study by the ’Elephant’ cultivar to single and
concurrent infections in controlled environments requires further validation within field settings
and a comprehensive analysis of its genetic framework. Studying the genetic foundations of the

resistance exhibited by ’Elephant” would represent a significant advancement in the development
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of Allium disease management strategies. Through detailed genetic characterisation, breeders can
cultivate new garlic varieties endowed with similar resilient traits, thus increasing crop resilience
against diverse and combined pathogen threats and promoting sustainable agricultural

methodologies.

5.4. Comparative antagonistic efficacy of Trichoderma asperellum and Bacillus
amyloliquefaciens against Fusarium proliferatum and Stromatinia cepivora in vitro and in
planta in garlic

The antagonistic potential of 7. asperellum and B. amyloliquefaciens was evaluated using a

combination of in vitro dual culture assays and planta phytotron trials against the main soilborne

garlic pathogens F. proliferatum and S. cepivora. In vitro assays provided a controlled environment
to directly observe morphological interactions, inhibition kinetics, and antagonistic mechanisms,
while in planta experiments assessed the ability of these biocontrol agents to mitigate pathogen-
induced growth suppression under realistic plant—pathogen conditions. By integrating these two
approaches, the study aimed to elucidate both the direct antifungal capacity of the antagonists and
their broader protective effects on garlic seedlings, thus bridging the gap between laboratory

observations and plant-level results.

In the in vitro dual-culture assays, 7. asperellum consistently outperformed B. amyloliquefaciens.
Against F. proliferatum, T. asperellum displayed rapid overgrowth of the pathogen, forming a well-
defined confrontation zone characterised by hyphal melanization on the Fusarium margin. This
melanization is a classical stress response to antagonistic organisms, typically induced by oxidative
damage or antifungal metabolites secreted by Trichoderma spp. (Atanasova et al., 2013). The
inhibition of 7. asperellum reached 45.60% on Day 13, with radial growth stabilizing at 4.1 cm
compared to 7.5 cm in the control. These observations are consistent with the well-documented
mycoparasitic and competitive mechanisms of 7richoderma spp., which involve the secretion of
cell wall-degrading enzymes (chitinases, glucanases) and secondary metabolites capable of lysing
or inhibiting phytopathogenic fungi (Atanasova et al., 2013). Previous studies reported similar
suppressive activity of 7. asperellum against Fusarium spp., including significant mitigation of

root rot in beans accompanied by enhanced plant growth (Elshahawy and Marrez, 2024).

In contrast, inhibition by B. amyloliquefaciens against F. proliferatum was more modest, peaking
at 26.06 % by Day 10, characterized by the formation of a static inhibition zone without
overgrowth or physical contact. This supports the predominance of antibiosis, rather than spatial
competition. Indeed, the B. amyloliquefaciens strain QST 713 is known to secrete diffusible

lipopeptides—iturins, fengycins, and surfactins—that disrupt fungal membranes and interfere with
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pathogen metabolism (Cawoy et al., 2015). Comparable inhibition levels have been reported in
other studies, where strains of Bacillus subtilis and B. tequilensis inhibited F. proliferatum in the
range of 54-59%, while certain Pseudomonas isolates achieved up to 67% inhibition (El Barnossi
et al., 2024). Thus, while Bacillus spp. is recognized as reliable BCAs, their in vitro effects often

remain moderate relative to Trichoderma spp.

Similarly, when confronted with S. cepivora, T. asperellum induced a markedly stronger
antagonistic response compared to B. amyloliquefaciens. The pathogen’s radial growth plateaued
at 1.7 cm by Day 8, resulting in a high inhibition rate of 77.4 % by Day 14. Morphologically, T.
asperellum rapidly encircled and overgrew S. cepivora, forming a wide inhibition halo and
completely suppressing the expansion completely consistent with mycoparasitism and secretion
of potent antifungal metabolites. These findings parallel previous reports showing that
Trichoderma spp. effectively controls garlic white rot under laboratory conditions (Elshahawy et
al., 2019). On the contrary, B. amyloliquefaciens achieved only 26.0 % inhibition of S. cepivora
on Day 10. The presence of melanised hyphae along the confrontation margin with Bacillus spp.
indicated a stress-induced fungal defence reaction to bacterial metabolites, but without notable
pathogen regression. Therefore, the overall antagonistic rank in vitro was T. asperellum > B.

amyloliquefaciens, with the greatest disparity evident against S. cepivora.

Although the in vitro inhibition provides valuable preliminary insights, it does not always directly
predict in plant efficacy. Indeed, several studies have highlighted cases where moderate in vitro
inhibition is correlated with strong suppression in the greenhouse or field due to additional
mechanisms such as root colonisation and induced systemic resistance (Kara et al., 2023, Najera
et al., 2022). In this study, the trials of phytotrons in planta reflected both direct pathogen

suppression and plant-mediated responses.

In the absence of biocontrol agents, F. proliferatum inoculation caused severe stunting (5.05 cm
by Week 3) and typical symptoms of vascular colonization such as wilting and chlorosis. Co-
application of 7. asperellum (TF) significantly mitigated these effects, restoring plant height to
10.30 cm by Week 3 and reducing symptom severity. By contrast, B. amyloliquefaciens (BF)
provided partial recovery (8.12 cm by Week 3), while the combined treatment (TBF) produced
similar or slightly better restoration (8.50 cm by Week 3) than T asperellum alone. These outcomes
support the hypothesis that 7. asperellum acts through multiple mechanisms in planta: direct
pathogen suppression, niche competition, and elicitation of plant defense pathways. Previous
studies have shown that Trichoderma spp. primes host systemic defenses, leading to enhanced
resistance against soilborne pathogens (Atanasova et al., 2013). B. amyloliquefaciens likely

contributed via lipopeptide antibiosis in the rhizosphere and by triggering induced systemic
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resistance (ISR) through salicylic acid and ethylene-mediated signaling pathways, as reported for
other Bacillus spp. (Cawoy et al., 2015, Lugtenberg and Kamilova, 2009). Similar findings were
observed in beans, where 7. asperellum dramatically improved germination and yield under

Fusarium infection (Elshahawy and Marrez, 2024).

Stromatinia cepivora exhibited strong pathogenicity, fully suppressing seedling emergence in
untreated controls. The limited emergence observed in biocontrol-treated groups suggests partial
mitigation of disease pressure. Notably, the dual application of 7. asperellum and B.
amyloliquefaciens was more effective than single-agent treatments, indicating a potential
synergistic effect in reducing disease severity and enhancing early growth. This suggests a
synergistic or at least complementary effect between 7. asperellum and B. amyloliquefaciens: the
former directly attacked the pathogen through overgrowth and enzymatic degradation, while the
latter likely enhanced plant resilience by priming host immunity. However, even the combined
treatment failed to fully counteract the necrotrophic virulence of S. cepivora, emphasizing the
difficulty of managing white rot under high inoculum pressure. Comparable synergistic effects
have been documented in other microbial consortia, where combining fungal and bacterial BCAs
provided better disease suppression than single agents alone (Vargas Baquero and Cotes, 2024,

Guetsky et al., 2002, Guetsky et al., 2001).

When contextualized within the broader literature, these findings corroborate the established
biocontrol hierarchy where Trichoderma spp. exhibit stronger antagonism than Bacillus-based
agents in direct fungal confrontation. Nevertheless, Bacillus spp. contributes valuable ISR effects
that complement fungal antagonism in planta. For example, 7. asperellum and T. harzianum
isolated from Allium rhizospheres have been reported to strongly inhibit S. cepivora (>50% in
vitro) (Rivera-Méndez, 2016), while B. subtilis strains inhibited garlic white and basal rot
pathogens by up to 94% in vitro (El-Sheshtawi et al., 2009, Mohy et al., 2024). Moreover,
Trichoderma virens has been shown to suppress onion wilt in greenhouse conditions to a level
comparable to chemical fungicides despite modest in vitro inhibition (~33.3%) (N4jera et al.,
2022). These reports highlight that plant-associated mechanisms—colonization, nutrient

competition, ISR—often amplify BCA performance beyond what static plate assays reveal.

Together, the quantitative correspondence between in vitro inhibition and in planta efficacy
observed here (7. asperellum > B. amyloliquefaciens; TBS > single treatments) reinforces the
rationale for combining multiple BCAs. Trichoderma asperellum provides robust direct
suppression of both F. proliferatum and S. cepivora, while Bacillus amyloliquefaciens offers
additional, though more limited, benefits through antibiosis and plant-mediated ISR. This

integration is especially valuable against highly virulent pathogens like S. cepivora, where single
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agent treatments remain insufficient under high disease pressure. Therefore, the data support a

dual-strategy biocontrol approach for the sustainable management of garlic soilborne diseases.

In conclusion, 7. asperellum emerged as the most effective antagonist under both laboratory and
controlled phytotron conditions, confirming its potential as a primary biocontrol agent. B.
amyloliquefaciens provided complementary, although weaker, protection and its combination with
T. asperellum yielded additive effects, particularly under severe pathogen pressure. These results
are consistent with the broader literature on Allium biocontrol, affirming the integration of
microbial consortiums as a promising alternative to chemical fungicides for the management of
Fusarium proliferatum and Stromatinia cepivora in garlic cultivation (Atanasova et al., 2013, El-
Sheshtawi et al., 2009, Cawoy et al., 2015). At the same time, our findings also indicate that even
the most effectile biocontrol combination did not completely protect garlic from white rot where
disease symptoms still occurred. This suggests that while biocontrol can significantly reduce
disease severity, it may need to be integrated with other strategies such as cultivating resistant
varieties for full disease control. In fact, the absolute resistance of the ‘Elephant’ cultivar to both
pathogens highlights the value of breeding or deploying resistant garlic lines. A resistant cultivar,
when combined with effective BCAs like 7. asperellum and B. amyloliquefaciens could provide a

much more reliable and durable defense against these soil-borne diseases.

5.5. Enzymatic defense responses in garlic and okra under pathogen challenge and
biocontrol treatments

The enzymatic profiling of guaiacol peroxidase (POX) and polyphenol oxidase (PPO) in garlic

and okra seedlings revealed distinct and treatment-specific oxidative defense responses. These

variations align with the well-documented role of these enzymes in mediating structural and

biochemical resistance against fungal pathogens.

In garlic, the co-inoculation of biocontrol agents with pathogens resulted in significantly elevated
POX activity compared to single-pathogen treatments. For example, the combination of B.
amyloliquefaciens with F. proliferatum induced the highest POX levels, followed by Trichoderma
asperellum with F. proliferatum. Similarly, dual treatments involving 7. asperellum and S. cepivora
were among the most effective in enhancing POX activity. These findings are consistent with
previous reports that Trichoderma spp. can enhance host peroxidase responses and thereby
strengthen structural defense mechanisms, such as lignification and cell wall reinforcement
(Shalaby et al., 2013). In contrast, single-pathogen inoculations with either S. cepivora or F.
proliferatum elicited the lowest POX activities, suggesting that these pathogens alone triggered

only moderate oxidative responses.

86



PPO activity in garlic showed a different pattern, with the highest levels observed under 7.
asperellum + S. cepivora co-inoculation and in single S. cepivora infections, highlighting a
pathogen-specific activation of phenolic metabolism. The reduction of PPO in treatments
combining B. amyloliquefaciens with S. cepivora suggests that the BCA may modulate PPO
differently depending on the pathogen context, a variability also noted in other studies where
Bacillus spp. affected oxidative enzymes in a strain- and host-dependent manner (Saleh et al.,
2024). Bacillus-induced systemic resistance (ISR) may selectively activate certain defense
pathways—such as peroxidase—while suppressing others like polyphenol oxidase (PPO). The
observed reduction in PPO activity could indicate a lower perception of tissue damage due to the
partial suppression of S. cepivora by B. amyloliquefaciens. In addition, Bacillus-derived
metabolites or enzymes may interfere with PPO-related responses by scavenging reactive oxygen
species or modulating hormonal crosstalk (Alexis et al., 2021). These mechanisms suggest a finely
regulated host response, in which Bacillus mitigates excessive phenolic oxidation that could
otherwise harm plant tissues, while still maintaining effective defense through alternative

pathways.

In okra, POX activity was most strongly induced by Rhizoctonia solani, either alone or in
combination with 7. asperellum. This suggests that R. solani is a potent elicitor of cell wall—
associated defenses, a response consistent with reports that necrotrophic pathogens can trigger
peroxidase-mediated lignification in plant tissues (Sagitov et al., 2011, Yang et al., 2024b). By
contrast, Sclerotinia sclerotiorum alone elicited only minimal POX activity. Importantly,
combining R. solani with B. amyloliquefaciens significantly reduced POX levels, supporting the
idea that Bacillus spp. metabolites can interfere with peroxidase induction under certain
conditions, particularly when host stress is moderate or when ISR pathways are preferentially
activated over local oxidative responses, as also suggested for other host-pathogen interactions

(Alexis et al., 2021).

For PPO in okra, the strongest induction was observed under dual-pathogen stress (S. sclerotiorum
+ R. solani), followed by treatments involving 7 asperellum. The markedly low PPO activity in S.
sclerotiorum single infections reflects this pathogen’s limited stimulation of phenolic metabolism,
a trend similarly noted in garlic where PPO induction was pathogen-specific. The enhancement of
PPO in the presence of 7. asperellum supports its established role in priming phenolic pathways

and boosting systemic resistance (Shalaby et al., 2013).

The consistent enhancement of oxidative enzyme activity by 7. asperellum in both garlic and okra
reinforces its role as a broad-spectrum elicitor of host antioxidant defenses. This aligns with

evidence that Trichoderma spp. can upregulate defense-related enzymes across diverse host plants.
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In contrast, the variable response elicited by B. amyloliquefaciens in enhancing POX activity in
garlic but reducing it in okra suggests a mode of action influenced by both host species and the co-
infecting pathogen. Such specificity may reflect differential priming of immune pathways or
metabolic trade-offs in how each host allocates defense resources, as also noted by Saleh et al.

(2024).

Overall, these results confirm that pathogen identity, dual infections, and biocontrol agents
distinctly modulate oxidative defenses, with POX primarily associated with structural
reinforcement and PPO linked to phenolic oxidation. The consistent enhancement by 7. asperellum
suggests its potential as a reliable biocontrol agent for priming oxidative defenses, whereas the
variable responses to B. amyloliquefaciens underline the need for careful host—pathogen—agent
matching in biocontrol strategies. These findings provide a conservative but well-supported

biochemical basis for optimizing integrated disease management in garlic and okra.

5.6. Cross-crop analysis of biocontrol-induced defence pathways in garlic and okra

The divergent responses of garlic and okra to biological control agents in this study underscore
how host physiology, pathogen lifestyle and microbial antagonists jointly shape plant defence.
While both crops rely on oxidative enzymes such as guaiacol peroxidase and polyphenol oxidase
to restrict pathogen ingress, the timing and intensity of enzyme induction proved crop-specific. In
garlic, co-application of 7. asperellum and B. amyloliquefaciens was necessary to maintain
elevated peroxidase and polyphenol oxidase activities; treatments with Bacillus alone often
produced lower enzyme levels than pathogen-only controls. Okra, by contrast, mounted rapid and
robust oxidative responses to both necrotrophic pathogens and T asperellum, yet
B. amyloliquefaciens occasionally suppressed peroxidase activity. These findings suggest that okra
possesses a more plastic oxidative defence system, whereas garlic depends more heavily on

non-enzymatic antioxidants and secondary metabolites.

Situating these results within the broader literature reveals that fungal biocontrol agents typically
elicit stronger oxidative responses than their bacterial counterparts. Previous studies have shown
that Trichoderma spp. can prime host peroxidases and chitinases in Allium crops, and that
combinations of Trichoderma spp. with Bacillus spp. enhance peroxidase and polyphenol oxidase
activities while reducing white-rot symptoms (Shalaby et al., 2013). Our observations mirror these
patterns: 1. asperellum consistently elevated oxidative enzymes in both crops, whereas the effects
of B. amyloliquefaciens were context-dependent. The strong oxidative bursts observed in okra
following infection are reminiscent of responses to elicitors such as chitosan or potassium salts,

which trigger concurrent increases in peroxidase, polyphenol oxidase and [-1,3-glucanase
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activities (Soliman and El-Mohamedy, 2017). Similarly, seed priming with entomopathogenic
fungi has been reported to enhance peroxidase, catalase and ascorbate peroxidase activities while
suppressing disease in okra (Mimma et al., 2023); these trends parallel the benefits conferred by

T. asperellum in the present study.

The variable performance of B. amyloliquefaciens likely reflects differences in root exudates and
signalling pathways between the two crops. Bacillus-induced systemic resistance is mediated
predominantly through jasmonic acid and ethylene (Miljakovi¢ et al., 2020), pathways that may
interact differently with garlic’s and okra’s innate defences. In garlic, the bacterium may have
shifted defence towards phenylpropanoid or phytoalexin synthesis rather than oxidative pathways,
whereas in okra the same treatment sometimes dampened peroxidase induction. These
observations highlight the importance of tailoring biocontrol strategies to specific host—pathogen
systems and suggest that combining fungal and bacterial antagonists can provide complementary

defence activation.

Looking forward, integrative approaches that couple enzyme assays with metabolomic and
transcriptomic profiling could unravel the regulatory networks governing these divergent
responses. Standardized cross-crop experiments would clarify whether the observed differences
stem from intrinsic host physiology or experimental variables. Moreover, dissecting the temporal
interplay between salicylic, jasmonic and ethylene signalling pathways may explain why garlic
relies more on chemical antioxidants while okra responds vigorously via oxidative enzymes. Such
insights will guide the development of disease management strategies that leverage the strengths
of both fungal and bacterial biocontrol agents and accommodate the unique defence hierarchies of

individual crops.
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CHAPTER 6: CONCLUSIONS

This dissertation investigated the interactions between soil-borne fungal pathogens, host plants,
and biocontrol agents using garlic (A/lium sativum L.) as primary host. The work focused on
accurately identifying key pathogens, characterising their interactions, evaluating cultivar-level
resistance, and assessing the performance of biological control agents. Additionally, it examined
the responses of oxidative enzymes in garlic, with okra included as a comparative model to

provide information on the host’s defensive physiology.

Pathogen identification confirmed Fusarium proliferatum (causing dry rot) and Stromatinia
cepivora (white rot) as the main threats. These findings, established through morphology and ITS
sequencing, provided a reliable etiological basis for subsequent experiments. Dual culture assays
revealed that F. proliferatum and S. cepivora exhibit mutual inhibition in vitro. However, in planta
co-infection led to synergistic pathogenicity, with earlier symptom onset and greater disease
severity compared to single infections. This shift highlights the limitations of in vitro models in
predicting real-world pathogenic dynamics and emphasises the importance of studying interactions

within the host context.

Among the eleven garlic cultivars tested, susceptibility was generally high under dual infection,
with disease incidence exceeding 96%. However, the cultivar ‘Elephant’ showed complete
resistance to both pathogens, even under co-inoculation. This unique resistance, absent in other
cultivars, represents a significant finding with practical implications for breeding. It suggests that
genetic resistance to complex pathogen interactions is achievable, although field validation and

genetic characterisation remain necessary.

The performance of biocontrol agents was the second cornerstone of the study. Trichoderma
asperellum and Bacillus amyloliquefaciens were isolated, confirmed through molecular
identification, and their antagonism. /n vitro, T. asperellum exhibited aggressive mycoparasitism,
while B. amyloliquefaciens produced clear inhibition zones indicative of antibiosis. In phytotron
trials, 7. asperellum significantly suppressed F. proliferatum-related disease and restored seedling
vigour, with B. amyloliquefaciens providing an additive but smaller benefit. When used together,
both agents further improved plant health, though not significantly beyond Trichoderma alone for

Fusarium suppression.

In the case of S. cepivora, the disease pressure was more severe. Neither biocontrol agent alone
could prevent complete seedling death, but their combined application achieved measurable

protection, allowing some replicates to survive and grow. However, even the best outcomes under
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dual biocontrol fell short of restoring complete plant health, underscoring the difficulty of

managing white rot with biocontrol alone.

Defence enzyme profiling revealed that different combinations of pathogen-biocontrol activated
distinct physiological responses. In garlic, F. proliferatum paired with biocontrol agents triggered
the highest peroxidase (POX) activity, particularly when B. amyloliquefaciens was present. On the
contrary, polyphenol oxidase (PPO) activity was more elevated under S. cepivora infection,
especially when combined with 7. asperellum. These divergent activation patterns indicate that
host responses are pathway-specific and context-dependent. The findings suggest that biocontrol
agents not only suppress pathogens directly, but also induce host resistance mechanisms, providing

a dual mode of protection.

Parallel okra assays supported the broader relevance of these mechanisms. In response to
Rhizoctonia solani and Sclerotinia sclerotiorum, okra displayed distinct enzyme response profiles:
POX increased with R. solani, while PPO increased under dual-pathogen stress and biocontrol
treatment. These patterns reinforce the idea that defence induction is crop-specific but that the
general principles of pathogen-induced stress and biocontrol-mediated priming apply across plant

systems.

Methodologically, this work combined classical and molecular techniques to ensure experimental
precision and reproducibility. Controlled phytotron conditions and replicated trials allowed high-

confidence comparisons between treatments.

‘Elephant’ garlic emerges as a promising candidate for breeding disease resistant cultivars. 7.
asperellum shows consistent value as a biocontrol agent, particularly against Fusarium, and its
combination with B. amyloliquefaciens may offer partial protection against more aggressive
pathogens such as S. cepivora. The demonstrated capacity of these agents to trigger plant defences

supports their integration into [IPM strategies.

In summary, this dissertation advances understanding of plant-microbe interactions under co-
infection pressure, identifies key resistance traits in garlic, validates biocontrol strategies, and
reveals mechanistic insights into induced defences. Future work should focus on field validation,
molecular dissection of resistance traits (especially in ‘Elephant’), expanded biocontrol screening,
and system-level profiling of host responses. The inclusion of okra as a secondary model affirms
the broader applicability of the findings and sets the stage for comparative pathosystem studies.
This work contributes both applied and conceptual tools to the ongoing pursuit of sustainable,

biologically grounded plant disease management.
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NEW SCIENTIFIC FINDINGS

Co-infection of Fusarium proliferatum and Stromatinia cepivora in garlic synergistically
intensified disease in planta despite competitive coexistence in vitro. Dual culture assays
showed stable inhibition without dominance, with mutual suppression of 25.39% (F.

proliferatum) and 28.61% (S. cepivora) by Day 14.

Garlic variety ‘Elephant’ was completely resistant to both pathogens under single and
dual inoculation, marking the first report of broad-spectrum resistance to Fusarium bulb rot

and white rot in garlic under controlled conditions.

Trichoderma asperellum exhibited stronger antagonism than Bacillus amyloliquefaciens.
T. asperellum fully overgrew S. cepivora (77.4% inhibition) and suppressed F. proliferatum
(45.6%), while B. amyloliquefaciens acted mainly through antibiosis, achieving 26.06%
inhibition of F. proliferatum and 26.0% against S. cepivora.

In planta assays showed S. cepivora caused complete emergence failure, whereas F
proliferatum severely stunted growth. 7. asperellum restored seedling height most effectively,
and combined T asperellum + B. amyloliquefaciens treatments showed synergistic

improvement over single applications.

Oxidative enzyme responses were pathogen- and treatment-specific. In garlic, POX was
maximally induced by B. amyloliquefaciens + F. proliferatum, while PPO peaked with T.
asperellum + S. cepivora. In okra, R. solani strongly triggered POX, S. sclerotiorum suppressed
it, and PPO peaked under dual stress, with 7. asperellum restoring enzyme activity and B.

amyloliquefaciens showing variable effects.

Combined biocontrol treatments provided superior suppression, particularly against S.
cepivora, improving emergence, reducing severity, and enhancing enzymatic defense more

effectively than single agents.
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SUMMARY

Garlic (Allium sativum L.), a globally essential crop, suffers severe losses from soil-borne fungal
pathogens such as Fusarium proliferatum (Fusarium bulb rot) and Stromatinia cepivora (white
rot). In May 2023, garlic fields near Mako City, Hungary, exhibited sporadic yellowing, wilting,
and basal rot. Symptomatic cloves were incubated in humid chambers, cultured in PDA, purified
via hyphal-tip isolation, and confirmed as F. proliferatum and S. cepivora through ITS1-2
sequencing and morphological identification. This study investigated pathogen—pathogen
interactions under in vitro conditions, evaluated the resistance of eleven garlic cultivars to single
and simultaneous infections, evaluated the antagonistic potential of Trichoderma asperellum and
Bacillus amyloliquefaciens in vitro and in phytotron-controlled trials, and analysed oxidative
enzyme responses in garlic to elucidate host defence activation under pathogen and biocontrol
pressure. A secondary pathosystem using okra (4belmoschus esculentus (L.) Moench), challenged
with Rhizoctonia solani and Sclerotinia sclerotiorum, was included to validate and broaden the

interpretation of induced defence responses.

The in vitro interaction between F. proliferatum and S. cepivora showed early competitive
coexistence (inhibition 8.47% and 6.40% by Day 8), intensifying to 25.39% and 28.61% by Day
14. Resistance screening revealed high susceptibility in ‘Aulxito’, ‘Sabadrome’, ‘Arno’, ‘Garcua’,
and ‘Makoi Tavaszi’, while ‘Flavor’ and ‘Sabagold’ displayed mild tolerance; only ‘Elephant’

exhibited complete resistance even under simultaneous inoculation.

In dual culture assays, T. asperellum strongly antagonized both pathogens, overgrowing F
proliferatum (45.6% inhibition by Day 13) and markedly suppressing S. cepivora (77.4%
inhibition by Day 14), suggesting competitive exclusion and mycoparasitism. B.
amyloliquefaciens inhibited both fungi via antibiosis, forming stable halos with moderate

suppression (~26%).

Under phytotron conditions, F. proliferatum significantly stunted garlic seedlings, limiting final
height to 5.05 cm, whereas S. cepivora caused complete emergence failure. 7. asperellum mitigated
F. proliferatum infection, restoring height to 10.3 cm compared to 17.9 cm in the healthy control,
while B. amyloliquefaciens achieved moderate recovery (8.1 cm). Against S. cepivora, partial
emergence was possible: 7. asperellum allowed 5.45 cm growth, B. amyloliquefaciens yielded
4.58 cm, and their combined application (TBS) provided the highest recovery (6.43 cm),

outperforming single treatments but remaining below control growth.

Enzyme assays revealed pathogen-specific oxidative defense activation in garlic: guaiacol

peroxidase (POX) was highest when B. amyloliquefaciens co-occurred with F. proliferatum, while
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polyphenol oxidase (PPO) peaked with 7. asperellum + S. cepivora. Single-pathogen infections
induced only modest POX/PPO increases. In okra, R. solani strongly induced POX, whereas S.
sclerotiorum suppressed it, but PPO was enhanced under dual stress (S. sclerotiorum + R. solani,
0.754) and restored by T. asperellum, while B. amyloliquefaciens variably modulated enzyme

responses.

These findings reveal synergistic pathogen effects, highlight ‘Elephant’ as a resistant garlic
cultivar, and demonstrate that 7. asperellum, alone or with B. amyloliquefaciens, eftectively
suppresses garlic pathogens F. proliferatum and S. cepivora through direct inhibition and systemic

defense priming, with parallels in broader host-pathogen systems.
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