
 

 

 

 

A Thesis Submitted for the Degree of Doctor of Philosophy at  

Harper Adams University 

 

Copyright and moral rights for this thesis and, where applicable, any accompanying 

data are retained by the author and/or other copyright owners. A copy can be 

downloaded for personal non-commercial research or study, without prior permission 

or charge. 

This thesis and the accompanying data cannot be reproduced or quoted extensively 

from without first obtaining permission in writing from the copyright holder/s. The 

content of the thesis and accompanying research data (where applicable) must not be 

changed in any way or sold commercially in any format or medium without the formal 

permission of the copyright holder/s. 

When referring to this thesis and any accompanying data, full bibliographic details 

including the author, title, awarding institution and date of the thesis must be given. 

 

Harper Adams 
University 



 
 

 
 

 

 

 

 

Cultural control of Fusarium mycotoxins in cereal 

rotations through the application of biofumigation 

 

 

 

A thesis submitted to Harper Adams University in partial fulfilment of the requirements 

for the degree of Doctor of Philosophy 

 

 

 

 

 

 

Samina Ashiq  

BSc (Hons.), MPhil 

 

 

November 2021 

Harper Adams 
University 



 
 

 
 

Abstract 

Fusarium graminearum is a globally important cereal pathogen that causes yield losses 

and mycotoxin contamination. Currently, triazole fungicides are used to manage F. 

graminearum, however, their limited effectiveness and concerns over safety have led to 

the pursuit of safe alternatives such as biofumigation. Biofumigation generally involves 

growing short term brassica crops, followed by chopping of the plant tissue and rapid 

incorporation into the soil. Inhibitory substances, particularly isothiocyanates, are 

released as a result of damage to brassica plant tissue causing suppression of soil-

borne pests and diseases. Isothiocyanates were evaluated for their effect against F. 

graminearum under in vitro conditions; allyl and methyl isothiocyanates were overall 

more efficient, showing lower ED50 values (35-150 mg l-1) for conidial germination and 

mycelial growth. Furthermore, Brassica juncea, Raphanus sativus and Eruca sativa 

were assessed for their biofumigation potential against F. graminearum in in vitro and 

microcosm experiments. Brassica juncea frozen leaf discs, collected at different growth 

stages, were effective against mycelial growth showing up to 100% suppression, while 

the sinigrin content in the leaf tissue corresponded with the level of suppression. In the 

microcosm experiment, each brassica species significantly suppressed F. graminearum 

inoculum by 41-55%. Furthermore, a field experiment was conducted to investigate the 

effect of incorporation of brassica cover crops on F. graminearum in a wheat-maize 

rotation. The potential of B. juncea, E. sativa, R. sativus, B. carinata and B. oleracea 

var. caulorapa L. to suppress F. graminearum inoculum in soil, disease incidence in 

maize and to reduce subsequent mycotoxin contamination in maize was investigated. 

Incorporation of R. sativus significantly decreased the amount of F. graminearum DNA 

by 58% compared with the cultivated fallow treatment. Fusarium graminearum DNA and 

deoxynivalenol in maize was 50-60% lower after incorporation of B. oleracea var. 

caulorapa L. but the difference was not significant. The field experiment was not 

effective in suppressing F. graminearum inoculum in soil, and disease and DON 

contamination in maize, this may have been due to the low glucosinolate content in the 

cover crops. However the findings, in addition to the promising results from the 

laboratory studies, provide sound basis for further research.  
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Chapter 1 

 

 

 

1 Literature review 
 

 

1.1 Importance of cereals 
 

Cereals are the world’s most important crops providing the main source of energy in 

human diets and animal feed (McKevith, 2004). In 2013, cereals were cultivated on 

47% of global agricultural land, providing approximately 60% and 50% of calories and 

protein respectively from human-edible crops (FAOSTAT; Hunter et al., 2017). The 

European Union (EU) is one of the largest producers, supplying 12% of the world 

market in 2017 and ranking as the fourth-largest global cereal-producer after China, US 

and India (Eurostat, 2017; World Bank, 2017). With regard to area and quantity, wheat 

is the most important cereal grown in the EU, and makes up approximately 50% of the 

total cereals grown. Maize constitutes a further 17% of the cereals grown in the EU. Of 

the cereals grown in the EU, about 30% are used for human consumption, 65% for 

animal feed and 3% for biofuels (EC, 2019a). Food demand in 2050 is projected to rise 

due to increase in world population and increase in per-capita consumption driven by 

greater wealth. As cereals are the main food source worldwide, the “2050 food demand” 

mainly reflects cereals demand (Hunter et al., 2017). According to a recent analysis, 

with perspective of sustainability and production goals, 25 to 70% increase in the 

current production levels will be required to fulfil the crop demand for 2050 (Hunter et 

al., 2017). 
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1.1.1 Wheat 
 

Wheat is one of the most important agricultural crops globally. In terms of dietary intake, 

it is the most important staple commodity (OECD/FAO, 2021) and the most widely 

grown crop with more than 215 million ha grown worldwide (FAOSTAT, 2019). The EU 

is the largest producer of wheat with approximately 26 million ha cultivated; around 20% 

of this is exported annually (EC, 2019a). In 2019, the EU produced approximately 155 

million t of wheat, accounting for 20% of the total global production (FAOSTAT). In the 

UK, wheat production ranged from 13 to 16 million t per annum from 1.8 million ha of 

cultivated land in 2015-2019 period (FAOSTAT). In 2017, approximately 15 million t of 

wheat, with the value of almost £2 billion was harvested in the UK, making it the third 

largest wheat producer in the EU, behind France and Germany (Anonymous, 2018; 

DEFRA, 2018). 

Wheat contributes for about 20% of the total calorie intake worldwide (Shiferaw et al., 

2013). In addition to being a major source of carbohydrates (85%), wheat also contains 

other important components of diet such as vitamins, fibre, minerals, amino acids and 

protein (Shewry and Hey, 2015). A unique characteristic that makes it an important 

global food commodity is attributed to the versatility of its flour which can be processed 

into a range of products such as bread, biscuits, cakes, noodles, pasta and other 

processed foods.  

 

Wheat is generally classified into winter and spring which refers to the season in which 

the crop is sown. Approximately 98% of wheat grown in the UK is winter wheat. Winter 

wheat is planted mostly in October but it can be drilled from September through to 

January/February depending on the variety. Spring varieties are sown in February to 

March. Both spring and winter wheat are harvested in August (AHDB, 2021; Curtis, 

2002). 
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1.1.2 Maize 
 

Maize is one of the most important crops worldwide. It is a major energy source in 

animal feed. It is the third leading staple after wheat and rice and the most produced 

crop in the world (OECD/FAO, 2021). An average global production of over 1 billion t of 

maize has been reported for the seven-year period (2013-2019) (FAOSTAT). In the EU 

in 2019, the area under maize cultivation was approximately 9 million ha producing 70 

million t (FAOSTAT). In the UK, maize is planted over 197,000 ha and is predominantly 

grown as forage maize for livestock (Anonymous, 2018). Maize is generally grown in 

rotation with wheat or barley in a two-year cycle. However, a variety of rotations 

including crops such as wheat, maize, barley, beets, oilseed rape, potato, sunflower, 

lucerne and temporary grassland is also practised in Europe (Rudelsheim and Smets, 

2011). 

 

 

1.1.3 Fungal diseases of wheat  
 

Fungal diseases of wheat can result in 15 to 20% of yield losses per year (Figueroa et 

al., 2018). The major wheat diseases are take-all, eyespot, septoria leaf blotch, rusts, 

powdery mildew and head blight.  

 

Wheat rusts are globally distributed and caused by species of Puccinia. There are three 

diseases of rust, leaf or brown rust, stem rust and stripe or yellow rust caused by P. 

triticina, P. graminis f. sp. tritici and P. striiformis var. striiformis respectively. These 

diseases are characterised by the presence of pustules on plant parts. Rusts cause 

losses due to reduction in grain size and weight. Stem rust can result in additional 

losses by causing plants to lodge (Salgado et al., 2016). According to an estimate, 5.47 

million t wheat are lost due to stripe rust annually (Beddow et al., 2015). All three wheat 

rusts together contribute global losses of up to 5 billion US$ per year (P. Pardey, 

University of Minnesota, unpublished). Although stem rust is rare in the UK (AHDB, 

2019a), epidemics of stem rust were observed in 2016 in Europe after more than five 

decades (EC, 2019b). These epidemics and the stripe rust epidemics in the recent 
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years raised serious concerns which led to the launch of the EU Horizon 2020-

RustWatch project to manage wheat rusts.  

 

Blotches are another important group of wheat disease. These include Septoria tritici 

blotch, Septoria nodorum blotch and tan spot of which Septoria tritici blotch is by far the 

most important disease. These diseases often occur simultaneously in wheat. They 

cause significant damage due to yield and quality losses. The pathogens of these 

diseases survive on stubbles and volunteer wheat plants. These diseases are 

characterised by the formation of necrotic and chlorotic spots on leaves. Septoria 

nodorum blotch affects leaves and glumes, whereas Septoria tritici blotch and tan spot 

mainly affect leaves (Figueroa et al., 2018). Septoria tritici blotch is caused by 

Zymoseptoria tritici. The estimated losses from Septoria tritici blotch in the EU ranges 

from 280-1200 million euros per annum (Fones and Gurr, 2015).  In the UK, up to 50% 

yield losses are reported (AHDB, 2019b). Septoria tritici leaf bloch is mainly managed 

by succinate dehydrogenase inhibitors (SDHI) and demethylation inhibitors (DMI) 

fungicides (Torriani et al., 2015). The causal agent of Septoria nodorum blotch is 

Parastagonospora nodorum. In this disease, leaf blotch and glume blotch may or may 

not occur simultaneously. In case of glume blotch, brown spots appear on glumes 

(Salgado and Paul, 2016). Tan spot, caused by Pyrenophora tritici-repentis, is rare in 

the UK but a major disease in France, Germany, Denmark and Sweden (AHDB, 

2019b).  

 

Powdery mildew, another foliar disease of wheat, is caused by Blumeria graminis. This 

disease is globally distributed but is particularly important in Europe, China and the 

Southern Cone of South America (Dubin and Duveiller, 2011). Powdery mildew is 

characterised by greyish white powdery growth, mainly, on leaves but stems and ears 

may also be covered with fluffy mycelium growth in severe cases. Although the visual 

appearance of the disease being more prominent, this does not necessarily reflect the 

damage potential in the crop. In the UK, reduction in yield is usually less than 10% 

(AHDB, 2016), however, yield losses as high as 60% and 40% were seen in Brazil and 

China, respectively (Mehta, 2014). Avoiding excessive nitrogen fertilisation is 

recommended to manage the diseases. In addition to resistant varieties, chemical 

control is also found to be useful (AHDB, 2016). 
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Take-all, caused by Gaeumannomyces graminis, is the most important root disease of 

wheat worldwide. The pathogen causes root rot, stunting of the plant and bleached 

heads resulting from blockage of water and nutrient uptake. The disease is effectively 

managed by crop rotation (Cook, 2003). Eyespot caused by Oculimacula yallundae and 

O. acuformis, is an important stem base disease of wheat. It causes whiteheads, 

lodging and reduction in water and nutrient uptake. It can result in 10-30% yield loss. 

Eyepost infection can be severe if the plants are also infected with take-all (AHDB, 

2019b). 

 

 

1.1.4 Fungal diseases of maize 
 

 

Maize is attacked by several fungal diseases. Some of the important diseases include, 

northern leaf blight, ear rot and eyespot.  

 

Ear rots mainly caused by Fusarium verticillioides and F. graminearum are among the 

most important diseases of maize. They cause yield losses, quality reduction and 

mycotoxin contamination of maize grains. Fumonisins, produced primarily by F. 

verticillioides and other Fusarium species (Rheeder et al., 2002), result not only in 

significant economic losses but also potential health risks to humans and livestock (Wu, 

2004; Wu, 2007). According to a recent evaluation (JECFA, 2017), fumonisin B1 - a 

possible human carcinogen (IARC, 2002), was found to have the highest occurrence 

and concentrations in maize among cereals and cereal-based products. Data from the 

US and Ontario, Canada indicate that ear rot by F. graminearum results in yield 

reduction of more than 1 million t per annum (Mueller et al., 2016). In addition to ear rot, 

F. verticillioides and F. graminearum also cause stalk rot in maize. Stalk rot typically 

decreases the maize yield by 10%, however reductions of 30-50% have been recorded 

in severe cases (Li et al., 2010). Losses associated with stalk rot are due to lodging, 

stalk breakage and disturbance of the grain filling process (Kim et al., 2018). 
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Turcicum leaf blight is one of the most serious foliar disease in the maize-growing 

regions of the world. The causal agent, Exserohilum turcicum, produces cigar-shaped 

necrotic lesions on leaves (Hooda et al., 2017).  In Germany, the disease caused 10-

30% yield losses in 2002 (Romero, 2016). In 2014 and 2015, turcicum leaf blight was 

the most damaging of all maize diseases (including non-fungal diseases) in terms of 

yield loss in the US and Ontario, with approximately 23 million t of loss reported for the 

two-year period (Mueller et al., 2016).  

 

Aureobasidium zeae, the causal agent of maize eyespot, causes spotting of leaves and 

defoliation in severe cases. Usually, damage by eyespot is minimal but it can reduce 

yield by 25% to 80% depending on timing and severity of infection (Anonymous, 2014). 

In Denmark, up to 30% maize yield loss from eyespot was observed in 2011 (Romero, 

2016). In the UK, maize eyespot has become an important disease over the last decade 

(Anonymous, 2014). Eyespot resistance ratings for maize varieties were first included 

on the Forage Maize descriptive list in 2015. Maize eyespot can be more prevalent in 

the cool and wet regions in west and south of the UK (Matthews, 2016). Other fungal 

diseases of maize include common smut, rust, anthracnose, grey leaf spot, and 

Aspergillus ear rot caused by Ustilago maydis, Puccinia sorghi, Colletotrichum 

graminicola, Cercospora zeae maydis and Aspergillus species, respectively (Subedi, 

2015; Thompson and Raizada, 2018). 

 

1.2 Fusarium graminearum 
 

The Fusarium genus contains several globally important pathogens with many infecting 

wheat and maize. Fusarium head blight is mainly caused by species belonging to 

Fusarium graminearum species complex and related species, such as F. poae, F. 

culmorum and F. avenaceum (Parry et al., 1995). Moreover, F. graminearum is the 

most important causal agent of head blight in wheat (McMullen et al., 2012; Munkvold, 

2003). Symptoms of the disease include bleached spikes or spikelets, sterile florets, 

discoloured and shrivelled grains. Reduction in wheat yield is caused due to shrivelled 

and reduced number of kernels (McMullen et al., 1997). In addition, F. graminearum 

also produces mycotoxins in these cereals, which is one of the most serious problems 

https://www.mdpi.com/search?authors=Michelle%20E.%20H.%20Thompson&orcid=
https://www.mdpi.com/search?authors=Manish%20N.%20Raizada&orcid=
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concerning human and animal health (CAST, 2003; Shephard, 2008). Fusarium head 

blight can result in yield losses as high as 50% in cereals (Gilchrist and Dubin, 2002; 

Mielniczuk and Skwaryło-Bednarz, 2020), although >70% yield losses were recorded in 

Argentina in 2012 (Palazzini et al., 2015). In the US, Fusarium head blight resulted in 

yield losses worth $1.176 billion between 2015-2016 (Wilson et al., 2018). 

 

There are different factors that are important for the establishment and development of 

Fusarium head blight such as humid weather conditions during anthesis and previous 

crop residues (Blandino et al., 2010). Density of residues from previous crops directly 

affects severity of Fusarium head blight and mycotoxin contamination. Blandino et al. 

(2010) investigated the effect of the amount of previous crop debris on Fusarium head 

blight and DON contamination in wheat after maize as the previous crop. Fusarium 

head blight severity and DON concentrations were found to be significantly increased 

with the amount of the residues left by the previous crop. In one of their field 

experiments, when using maize residues at 0.2, 1.8, 6.1, 10.4 t ha-1, Fusarium head 

blight severity was recorded at 9%, 13%, 16% and 22% respectively. In the same 

experiment, a similar trend was also seen for DON contamination; concentrations 

increasing from 83 µg kg-1 at the lowest maize residue quantity to 3536 µg kg-1 at the 

highest residue amount. Maize as a preceding crop is known to be an important risk 

factor for Fusarium head blight in the subsequent wheat (Champeil et al., 2004) 

because maize leaves large quantities of residues that serve as substrate for F. 

graminearum (Leplat et al., 2012). When wheat was grown following maize, Fusarium 

head blight incidence was 15%, whereas when wheat was grown after oats or alfalfa, 

4% incidence was reported (Holbert et al., 1919). 

 

1.2.1 Life cycle 
 

Fusarium graminearum survives as mycelium on crop residues and produces 

ascospores (sexual) and conidia (asexual). These spores and hyphal fragments, air-

dispersed and water-splashed, serve as source of inoculum in the subsequent cereal 

crop (Shah et al., 2018; Yuen and Schoneweis, 2007). Bluish-black perithecia are 

produced from mycelium on crop debris. Later ascospores mature in the perithecia and 
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are forcibly discharged in the air. Favourable time for perithecia development is during 

the spring when the conditions are warm and humid (Parry et al., 1995). Perithecia and 

ascospore production also requires light (Tschanz et al., 1976). Inch and Gilbert (2003) 

investigated the survival of F. graminearum in damaged kernels on the soil surface or 

buried in the soil for two years. It was found that perithecia were produced on grains 

buried at the two depths, 5 and 10 cm, however, perithecia produced ascospores only 

at soil surface and no ascospores were formed at lower depth. For perithecia 

production, favourable range of temperature lies between 16 and 31°C, while 

ascospore production occurs between 13 and 33°C with 25-28°C being the optimal 

temperature (Keller et al., 2014). Conidia are produced within sporodochia and 

dispersed by water splashes typically at short distances within the canopy (Trail, 2009). 

Warm and moist conditions are also important for conidia production. Temperature 

range of 16-36°C was found to be suitable for production of F. graminearum conidia 

and the optimum temperature was 32°C (Sutton, 1982). Fusarium graminearum conidia 

germinate within 6-12 hours after inoculation on glume and hyphae become visible by 

12-24 hours post-inoculation (Pritsch et al., 2000). Conidia are said to be more 

important for causing Fusarium head blight than ascospores (Markell and Francl, 2003). 

In one study, same concentrations of ascospore and conidia were applied to wheat 

spikes; fewer colony forming units (cfu) were recovered after ascospore inoculation 

than conidial inoculation indicating conidia play greater role in the disease (Markell and 

Francl, 2003). Similarly, in another study conidia were found to be more effective in 

causing Fusarium head blight than ascospores, however, the difference in the disease 

severity between these two types of spores was minor (Mitter et al., 2006). 

Fusarium graminearum could be classified as hemibiotroph, with the caveat that it 

exhibits a unique relationship with its host, which is different from other hemibiotrophic 

pathogens (Kazan et al., 2012; Shah et al., 2018). Hemibiotrophs usually have a short 

biotrophic phase initially, during which they interact intracellularly with host cells (Münch 

et al., 2008). Whereas F. graminearum hyphae initially grows intercellularly and display 

prolonged interaction with live wheat cells (Brown et al., 2017). 

Fusarium graminearum infects wheat from flowering till the soft dough stage. However, 

wheat heads are most susceptible to infection at anthesis which is usually the time 

when perithecia are releasing ascospores (Parry et al., 1995). The disease is initiated 
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when the spores germinate on wheat spikelets. Fungal hyphae initially grow in 

intercellular spaces of floral tissues asymptomatically, characterising the biotrophic 

phase of F. graminearum in wheat. Once the fungus is established within the floret, 

hyphae penetrate and rapidly proliferate intracellularly and this is accompanied by the 

development of necrosis, due to cell wall degrading enzymes. This necrotrophic stage 

is associated with the development of Fusarium head blight symptoms i.e., bleached 

heads, necrosis, shrivelled kernels. Typically, the first symptoms can be noticed as 

premature bleaching of spikelets whilst healthy heads remain green. As F. 

graminearum hyphae grow into the rachis, spikelets below or above the point of 

infection become bleached (Figure 1.1; Trail, 2009). Evidence suggests that F. 

graminearum penetrates host tissues through foot-like structures and compound 

appressoria which are multicellular types of appressoria formed from irregular hyphae 

(Boenisch and Schäfer, 2011). The duration between complete F. graminearum 

colonisation of wheat head till bleaching can take up to 10 to 14 days (Figueroa et al., 

2018). The kernels that are infected at later stages of grain development may look 

healthy but can be contaminated with mycotoxins (CAST, 2003).  
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Figure 1.1 Life cycle of Fusarium graminearum in wheat (Source: Mills et al., 2016) 
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1.3 Mycotoxins 
 

Mycotoxins are toxic secondary metabolites produced by filamentous fungi. The term 

“mycotoxin” refers to a poisonous substance produced by fungi. Although all 

mycotoxins are metabolites of fungi, it should be kept in mind that not every toxic 

substance synthesised by fungi is termed mycotoxin (Bennett and Klich, 2003). 

Mycotoxins can be defined as “fungal metabolites which when ingested, inhaled or 

absorbed through the skin, cause lowered performance, sickness or death in man or 

animals, including bird” (Pitt, 1996). Mycotoxins are often genotypically specific, but can 

be formed by one or more fungal species and in some cases one species can produce 

more than one mycotoxin (Thrane, 1989). 

Mycotoxin occurrence in plant-derived foods, feeds and other commodities cause 

considerable losses related to human health, livestock and poultry productivity (Hussein 

and Brasel, 2001). Humans are exposed to mycotoxins mainly by consumption of 

mycotoxin-contaminated products which can lead to health problems. When ingested in 

high amounts, mycotoxins can cause death whereas long-term, low-level exposure to 

small quantities of mycotoxins can cause chronic disease symptoms. Mycotoxins can 

cause a variety of toxic effects; they can be carcinogenic, neurotoxic, teratogenic and 

immunotoxic. Some mycotoxins are reported to cause autoimmune illnesses, hepatic 

carcinoma, nephrotoxicity and gastrointestinal disorders (CAST, 2003; Hussein and 

Brasel, 2001). 

Many fungal genera such as Aspergillus, Penicillium and Fusarium are known to 

synthesise mycotoxins. Aflatoxins are one of the highly toxic group of mycotoxins, 

mainly produced by A. parasiticus and A. flavus (Bennett and Klich, 2003).  

 

1.3.1 Fusarium mycotoxins 
 

The Fusarium genus is a producer of the largest and most diverse group of mycotoxins 

which occur abundantly in cereals. Normally, crops are contaminated with Fusarium 

mycotoxins at the pre-harvest stage but contamination can occur at any point i.e. during 

processing, storage and transport. It should be noted that different Fusarium 
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mycotoxins can be synthesised simultaneously by one Fusarium species and various 

Fusarium species can produce the same mycotoxin (Kotowicz et al., 2014). Fusarium 

mycotoxins comprise around 140 fungal metabolites out of which fumonisins, 

zearalenone (ZON) and trichothecenes are the major ones (Sobrova et al., 2010; Yazar 

and Omurtag, 2008).  

Four types of trichothecenes viz. A, B, C and D are produced by Fusarium species and 

other fungi, and among all the mycotoxins, they are chemically the most diverse group. 

Fusarium species are known to produce type A and B trichothecenes which are the 

most important members among the four types. The mycotoxins included in type A 

trichothecenes are T-2 toxin, HT-2 toxin, diacetoxyscirpenol, monoacetoxyscirpenol and 

neosolaniol while type B includes deoxynivalenol (DON) and its acetyl derivatives, 

nivalenol and fusarenon X. Type A trichothecenes are more toxic than the type B 

members (Krska et al., 2007; McCormick et al., 2011). Trichothecenes are produced by 

many species of Fusarium including F. acuminatum and F equiseti, however, F. 

sporotrichioides and F. poae are mainly type A producers and F. graminearum and F. 

culmorum are known to be type B producers (EFSA 2011; Placinta et al., 1999). 

Synthesis of T-2 and HT-2 toxins principally occurs in F. langsethiae but F. 

sporotrichioides and F. poae may also be possible producers of these toxins (Nesic et 

al., 2014). Trichothecenes are immunotoxic, neurotoxic and genotoxic. Other toxic 

effects exhibited by trichothecenes include inhibition of protein synthesis, apoptosis and 

gastroenteritis (Awad et al., 2014; Hussein and Brasel, 2001; Rocha et al., 2005). 

Fumonisins are commonly produced by F. proliferatum and F. verticillioides (Rheeder et 

al., 2002). Of the different types of fumonisins identified, the B series is the most 

common and important one. Fumonisin B1 is the most toxic and prevalent of the 

fumonisins and has been categorised in Group 2B as possibly carcinogenic to humans 

(IARC, 1993). Animal studies have shown that fumonisins exhibit hepatotoxicity and 

nephrotoxicity (Mathur et al., 2001) and may potentially induce immunotoxic effects in 

humans (Stockmann-Juvala et al., 2008). Moniliformin, another Fusarium mycotoxin, is 

principally produced by F. proliferatum but F. moniliforme also synthesises moniliformin 

in addition to fumonisins and fusarin C (Norred et al., 1992; Placinta et al., 1999). It is 

immunosuppressive (Li et al., 2000), cardiotoxic (Nagaraj et al., 1996) and inhibits 

enzymes including pyruvate dehydrogenase (Gathercole et al., 1986), glutathione 
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peroxidase and glutathione reductase (Chen et al., 1990). Other less studied Fusarium 

mycotoxins include fusaproliferin, gliotoxin and butenolite (Escriva et al., 2015; Stanciu 

et al., 2015). Fusarium equiseti, in addition to ZON and trichothecenes, produces 

fusarochromanones (D'Mello et al., 1997; Flannigan, 1991).  

 

 

1.3.2 Fusarium graminearum mycotoxins 
 

Fusarium graminearum is known to produce DON, 3-acetyldeoxynivalenol, 15-

acetyldeoxynivalenol, nivalenol, fusarenone X and ZON but the most problematic and 

notable are DON and ZON (D'Mello et al., 1999; Kotowicz et al., 2014).  

 

 

1.3.2.1 Deoxynivalenol  
 

Deoxynivalenol is a member of the trichothecene B class of mycotoxins and is 

important economically due to its abundance in cereals and their products. It is mainly 

produced by F. graminearum but F. culmorum is also a known DON producer. The 

most important environmental factors affecting DON production are temperature and 

water availability. Optimum conditions for DON production were recorded by Ramirez et 

al. (2006) at 0.995 aw and 30°C after 6 weeks. Deoxynivalenol synthesis by F. 

graminearum is also dependent on the pH of the environment as an acidic pH is crucial 

for DON production (Merhej et al., 2010). Gardiner et al. (2009) reported that 

extracellular pH required for maximum DON induction in F. graminearum is between 2.4 

and 3.1. The chemical structure of DON is presented in Figure 1.2. 

Deoxynivalenol is also known as vomitoxin due to its vomit-inducing effect in human 

and animals after ingestion of DON-contaminated food and feed. Other toxic effects of 

DON include headache, gastrointestinal inflammation, food refusal, weight loss and 

reduced immunity. Additionally, DON is an inhibitor of protein, DNA and RNA synthesis 

and also causes apoptosis (Pestka, 2010; Sobrova et al., 2010). Moreover, teratogenic 

(Zhao et al., 2012), genotoxic and cytotoxic (Awad et al., 2014) effects of DON were 

reported in animals. However, the International Agency for Research on Cancer (IARC) 
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has categorised DON in Group 3 as "not classifiable as to its carcinogenicity to 

humans" (IARC, 1993). Outbreaks associated with consumption of DON-contaminated 

cereals have been reported in China (Luo, 1988) and India (Bhat et al., 1989). 

 

 

 

 

 

Figure 1.2 Chemical structure of deoxynivalenol (Source: Sobrova et al., 2010) 

 

 

Deoxynivalenol acts a virulence factor. It enables the spread of the fungus in infected 

plant tissue. The production of DON becomes apparent in the necrotrophic stage when 

it enables the fungus to spread in the rachis of wheat (Bai et al., 2002; Desjardins et al., 

1996). In vitro studies have shown H2O2 to be an efficient inducer of DON production 
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(Audenaert et al., 2010; Ponts et al., 2007). Hence it seems that reactive oxygen 

species produced by the host plant as a defense response to infection, are used by F. 

graminearum for its own advantage (Ponts, 2015). Deoxynivalenol has been proved to 

repress the chitinase activity in the soil-residing Trichoderma atroviride, suggesting this 

mycotoxin might help in competing with antagonists and defending against 

mycoparasites during the saprophytic phase of F. graminearum (Lutz et al., 2003). 

However, DON gives no advantage to F. graminearum in saprophytic survival on crop 

residues (Abid, 2012).  

Deoxynivalenol has a high melting point i.e. 151°C to 153°C and due to its heat-

stability, DON concentrations are not reduced after cooking. However, some studies 

have shown that boiling can decrease DON levels in noodles and pasta due to the fact 

that DON is soluble in water (Kushiro et al., 2012; Visconti et al., 2004). Despite 

legislation for safe limits of DON in most parts of the world, the availability of fungicides 

and development of resistant varieties, DON continues to be a significant concern from 

economic as well as health perspective (Karlovsky, 2011).   

 

1.3.2.2 Zearalenone 
 

In addition to F. graminearum, ZON is also produced by F. culmorum, F. equiseti, F. 

semitectum, F. cerealis and F. crookwellense (Bennett and Klich, 2003). Zearalenone, 

an estrogenic mycotoxin, is one of the most widely distributed Fusarium mycotoxin in 

agricultural commodities. Zearalenone production mainly occurs pre-harvest, but the 

toxin may also be produced after harvesting if the crops are not handled properly. It 

mainly occurs in maize, however, other commodities like wheat, barley, rice, sorghum 

and oats are also contaminated with ZON worldwide. Zearalenone is also found as a 

contaminant in cereal products like soybeans, malt, flour and beer (CCFAC, 2000). In 

addition, ZON derivatives including α-zearalenol, β-zearalenol, α-zearalanol, β-

zearalanol and zearalanone can also occur in crops (Bottalico et al., 1985; Richardson 

et al., 1985). Low concentrations of α-zearalenol and β-zearalenol were detected in 

maize by-products, maize silage and soya meal (Schollenberger et al., 2006). 

Zearalenone is rapidly absorbed from the gastrointestinal tract and metabolised to α 

and β isomers in mammalian tissues (Zinedine et al., 2007). Zearalenone and its 
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derivatives have binding affinity for estrogen receptors therefore, also called as 

mycoestrogens and considered as endocrine disruptor chemicals (Frizzell et al., 2011).  

Zearalenone is responsible for mycotoxicoses in livestock and poultry (Kuiper-

Goodman et al., 1987). Cases of scabby grain toxicoses linked to both ZON and DON 

are also reported (Bilgrami and Choudhary, 1998). Being a mycoestrogen, ZON has 

adverse effects on reproductive system and is responsible for early onset of puberty in 

young children (Szuets et al., 1997; Zhao et al., 2013). Uterus enlargement, ovarian 

dysfunction, infertility and increased production of abnormal spermatozoa may also be 

caused by ZON (Yang et al., 2007; Zatecka et al., 2014). In addition, ZON also exhibits 

immunotoxicity (Hueza et al., 2014), hepatotoxicity (Stadnik and Borzecki 2009), 

hematotoxicity (Maaroufi et al., 1996) and genotoxicity (Gao et al., 2013). Moreover, 

studies have shown the potential role of ZON and its derivatives in development of 

human breast cancer (Belhassen et al., 2015; Khosrokhavar et al., 2009). The chemical 

structure of ZON is presented in Figure 1.3. 

Despite the worldwide recognition of mycotoxin occurrence and importance, function of 

many mycotoxins, including ZON, in fungi is not fully understood. Utermark and 

Karlovsky (2007) investigated the ZON-hydrolysing activity of lactonase produced by 

Gliocladium roseum. It was reported that the growth of filamentous fungi such as 

Alternaria alternata and Cladosporium herbarum was inhibited in ZON-amended agar 

media, suggesting that this mycotoxin helps ZON-producers in fungal competition and 

may have a role in resisting mycoparasitic attack. The finding was further strengthened 

by the fact that the inactivation of ZON-specific lactonase gene in G. roseum negatively 

affected the growth of the mutant in media containing ZON whereas the wild type 

remained unaltered. A previous study suggested that ZON has a role in perithecia 

development (Mirocha and Swanson, 1983). In contrast, findings from a recent study 

investigating the role of polyketide synthase genes in perithecial development in F. 

graminearum, suggest that ZON may not have a role in perithecia formation (Kim et al., 

2021). 
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Figure 1.3 Chemical structure of zearalenone (Source: Ropejko and Twaruzek, 2021) 

 

 

 

1.3.3 Occurrence of DON and ZON in cereals 
 

For consumer protection, the EU has set legislative limits for ZON at 100 µg kg-1 and for 

DON at 1250 µg kg-1 in wheat. In maize the limits are set at 350 µg kg-1 and 1750 µg kg-

1 for ZON and DON respectively (EC, 2006). Since that time there have been several 

harvests across Europe when high numbers of crops of either wheat or maize have 

exceeded these legal limits resulting in large costs to the cereal industry. For instance, 

contamination with concentrations exceeding the EU legal limits of ZON and DON were 

detected in 29% and 13% wheat samples respectively in England in 2008 (Edwards 

and Jennings, 2018). Maize samples from Croatia in 2010 were found to be 

contaminated with these mycotoxins at levels above the legal limits; 50% samples with 
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DON and 28% samples with ZON (Pleadin et al., 2012). Moreover, 83% durum wheat 

samples from Tunisia in 2007 (Bensassi et al., 2010) and 12.5% maize samples from 

Serbia in 2011 (Jakšić et al., 2012) were found contaminated with DON at 

concentrations higher than the legal limits. Pallez-Barthel et al. (2021) reported results 

from a recent survey conducted in Luxembourg, revealing occurrence of DON at levels 

above the legal limits in 5% wheat samples collected during a 12-year period (2007-

2018). In the same study, 15% of wheat samples from 2018 contained DON levels 

above legal limits. 

An FAO estimate of 25% food contaminated with mycotoxins around the globe is widely 

cited in the literature. In an analysis, data on occurrence of six types of mycotoxins - 

total aflatoxins, ochratoxin A, sum of fumonisin B1 and B2, sum of T-2 and HT-2, DON 

and ZON - in grains and nuts for human consumption and animal feed were reviewed. 

The data was obtained from European Food Safety Authority and global survey from 

Biomin Inc., Austria for the period 2010-2015. The results suggest that the “25% 

estimate” may represent only those samples contaminated with levels exceeding the 

regulatory limits. However, the prevalence of the detected mycotoxins could be much 

higher up to 60-80% compared to the widely cited “25%” (Eskola et al., 2020). 

 

 

1.4 Management of Fusarium graminearum in cereals 
 

Fusarium head blight can be managed by integrating a variety of cultural, biological and 

chemical control methods. Management strategies for Fusarium head blight in wheat 

have recently been reviewed by Shah et al. (2018). 

 

1.4.1 Cultural control 
 

Cultural techniques such as crop rotation, weed control and application of appropriate 

fertilisers, can be used to manage Fusarium head blight. Fusarium graminearum 

survives as mycelium on crop residues and produces sexual spores, ascospores, and 
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asexual spores, conidia. These spores and hyphal fragments serve as source of 

inoculum in the subsequent cereal crop (Shah et al., 2018; Yuen and Schoneweis, 

2007). Therefore, removing or burying cereal crop residues reduces Fusarium head 

blight inoculum. For instance, in a three year study (Miller et al., 1998), 79%, 55% and 

46% of kernels were infected with F. graminearum in first, second and third year 

respectively in no till plots, whereas in tilled plots 20%, 40% and 13% kernels were 

infected. In one survey, when wheat was grown following maize, 15% of the crops were 

infected with Fusarium head blight. In contrast, only 4% wheat crops were infected 

when wheat was grown following oats or alfalfa (Holbert et al., 1919). Deoxynivalenol 

concentrations in wheat grains in soybean-wheat rotations were shown to be 25% and 

50% lower in wheat-wheat rotations and maize-wheat rotations respectively (Dill-Macky 

and Jones, 2000).  

Weed control may also reduce Fusarium head blight inoculum in field. Field surveys in 

southern Ontario showed that fields with noticeable amounts of weeds had twice as 

much Fusarium head blight symptoms compared to the fields without weeds (Teich and 

Nelson, 1984). The potential significance of weeds in Fusarium head blight disease 

cycle has also been demonstrated by Suproniene et al. (2019), who isolated F. 

graminearum isolates from weeds sampled from fields with cereal crop rotations in 

Lithuania. Fusarium graminearum was isolated from 72% of the 57 weed species 

(mainly broad-leaved species) that were investigated and these isolates showed 

Fusarium head blight symptoms when artificially inoculated in wheat in the field. A 

range of weeds, such as Fallopia convolvulus, Echinochloa crus-galli, Chenopodium 

album, Amaranthus retroflexus, Poa annua, Taraxacum officinale and Sonchus 

arvensis act as alternative hosts of F. graminearum (Postic et al., 2012; Suproniene et 

al., 2019).  

These cultural control methods play an important role in reducing F. graminearum 

inoculum, however due to the ubiquitous nature of F. graminearum, the efficiency of 

such strategies is limited (Pirgozliev et al., 2003).  
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1.4.2 Biological control 
 

Organisms such as bacteria and fungi are known to have the ability to suppress 

Fusarium spp. and reduce mycotoxin production in cereals. Several bacterial biocontrol 

agents are reported to have antagonistic effects against Fusarium spp. causing head 

blight, for example, Lysobacter enzymogenes (Jochum et al., 2006), Bacillus spp. 

(Schisler et al., 2002; Zhao et al., 2014) and B. amyloliquefaciens FLN13 and 

Lactobacillus plantarum SLG17 (Baffoni et al., 2015). Bacillus velezensis LM2303 when 

sprayed as bacterial culture broth at anthesis, was shown to reduce disease severity of 

Fusarium head blight by 72% under field conditions (Chen et al., 2018).  

Fungal species that are known to be antagonists to Fusarium spp. include 

Cryptococcus spp. (Schisler et al., 2011), Aureobasidium pullulans (Wachowska and 

Głowacka, 2014), Clonostachys rosea (Xue et al., 2014) and Trichoderma spp. 

(Matarese et al., 2012). Co-culture assays with fungal antagonists showed that 

Trichoderma species including T. koningiopsis, T. gamsii and T. viride, significantly 

reduced F. graminearum mycelial growth by 45-93%; Clonostachys rosea and 

Cladosporium cladosporioides, however, did not result in significant suppression 

(Schoneberg et al., 2015). In this study when the antagonists were applied to wheat 

straw before pathogen inoculation, 88-100% reduction in number of perithecia and 

ascospore was observed. However, when antagonists were applied after pathogen 

inoculation of wheat straw, only Clonostachys rosea reduced perithecia and ascospore 

production by 73-100%. 

Studies exploring the antagonistic and parasitic potential of microorganisms against F. 

graminearum under controlled environment have shown promising results. However, 

these biocontrol agents are not always as effective under field conditions. Moreover, the 

development of commercial biocontrol products from some potential microorganism 

could face regulatory obstacle. For example, the potential use of Aureobasidium 

pullulans (Wachowska and Głowacka, 2014) and Cryptococcus flavescens (Schisler et 

al., 2011) as biocontrol agents may raise safety concerns due to their disease causing 

ability in humans (Mittal et al., 2012) and animals (Kano et al., 2012) respectively.  
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1.4.3 Varietal control 
 

Literature on breeding improvements in wheat for Fusarium head blight resistant 

cultivars has been previously reviewed (Hollins et al., 2003; Shah et al., 2017; Zhu et 

al., 2019).   

Resistance mechanism of Fusarium head blight has been mainly categorised as 

resistance to initial infection (Type I), resistance to fungal spread within ear (Type II) 

(Schroeder and Christensen, 1963) and low DON accumulation (Type III) (Miller et al., 

1985). Additional two types of resistance were also introduced: resistance to kernel 

infection, and tolerance (Mesterhazy, 1995). However, only Type I, II and III are widely 

accepted types of resistance (Bai et al., 2018). Type I and Type II resistance are widely 

exploited and Type III has gained importance due to its effect on grain end use quality. 

These resistance types are at least to some extent correlated. The most important 

Fusarium head blight resistance genes are Fhb1, Fhb2 conferring Type II resistance 

and Fhb5 conferring Type I and some Type II resistance (Brar et al., 2019). 

Currently, a durable and completely resistant cultivar towards Fusarium head blight is 

not available (Shah et al., 2018). Wheat cultivars with partial resistance are however 

available. Some of the germplasm lines of Fusarium head blight-resistant wheat are 

Renan (Gervais et al., 2003), W14 (Chen et al., 2006), Goldfield (Gilsinger et al., 2005) 

and Arina (Paillard et al., 2004). Spring cultivars, such as, Arabella, Bombona, Hewilla, 

Izera, Kandela, Katoda, KWS Torridon, Łagwa, Monsun, Nawra, Ostka Struna, 

Parabola, SMH 87, Smolicka Radocha, Trappe, Tybalt and Waluta, have shown 

moderate resistance to Fusarium head blight (Lenc et al., 2015). Two Triticum-Secale-

Thinopyrum hexaploid lines that have genes to multiple diseases- Fusarium head blight, 

leaf rust, stem rust race Ug99, have been developed recently (Dai et al., 2017). In the 

UK, wheat varieties such as Skyfall and LG Detroit show high resistance to Fusarium 

head blight (AHDB, 2021b). 

 

1.4.4 Chemical control 
 

Among chemical fungicides, triazoles are the most effective to manage F. graminearum 

in cereals (Edwards et al., 2001). Triazoles are a class of the DMI that inhibits sterol 
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biosynthesis, ultimately affecting membrane integrity. The most effective fungicides 

used to suppress Fusarium head blight in wheat are reported to be the triazoles 

tebuconazole, metconazole and prothioconazole (Paul et al., 2008; Pirgozliev et al., 

2002). Triazole fungicides are also known to be effective against F. graminearum 

infection and mycotoxin contamination (particularly DON) in other cereals (Scarpino et 

al., 2015). D’Angelo et al. (2014) reported that tebuconazole and prothioconazole in 

combination and metconazole are the most effective fungicides when applied within one 

week after flowering.  

Masiello et al. (2019) recently compared different fungicide groups at different 

concentrations, based on recommended doses, under in vitro conditions against F. 

graminearum. At the highest tested concentration, the inhibition values for mycelial 

growth and conidial germination were 77-100% for DMI fungicides (including triazoles) 

and 100% for the methyl-2-benzimidazole carbamate (MBC) thiophanate-methyl; 

among SDHI fungicides, boscalid was ineffective whereas isopyrazam caused 93-100% 

inhibition. Fludioxonil inhibited mycelial growth and conidial germination by 54-94% and 

12% respectively whereas folpet completely inhibited conidial germination and reduced 

mycelial growth by 55% at the highest tested concentrations. In field experiments on 

maize (also Masiello et al., 2019), prothioconazole and thiophanate-methyl reduced F. 

graminearum in kernels by 52% and 48% respectively when applied at the flowering 

stage. Based on assessment of infection symptoms on maize, prothioconazole also 

gave the lowest infection severity (13.2%) compared to thiophanate-methyl (33%) and 

untreated plots (45.1%). 

The rising concerns due to the endocrine-disrupting properties of triazoles and their 

limited effectiveness and high selection pressure for fungicide resistance, managing F. 

graminearum through chemical control is becoming challenging. Although the above 

discussed management methods can suppress Fusarium head blight, however 

considering the limitations of individual method, an integrated approach would be more 

efficient way to manage F. graminearum in cereals. 
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1.5 Biofumigation 
 

1.5.1 Introduction 

Conventionally, soil fumigation using synthetic pesticides have been used to combat 

soil-borne pathogens. In the 1940s, many pesticides like 1,3-dichloropropene, 

chloropicrin and methyl bromide came to the market (Lembright, 1990). Since then, 

methyl bromide has been widely used as soil fumigant. However, the initiative taken by 

the US Environment Protection Agency in the 1980s to protect the ozone layer, led to 

the phasing out of methyl bromide (class I ozone-depleting substance) under the 

Montreal Protocol on Substances that Deplete the Ozone Layer (Enebak, 2007). In the 

EU, these substances are regulated by the Regulation (EC) 1005/2009. Glyphosate, the 

most widely used herbicide, has recently been targeted due to uncertain concerns over 

its ecotoxic, neurotoxic and mainly carcinogenic potential (Kissane and Shephard, 

2017). The controversial herbicide was on the verge of being banned by the end of 

2017, however, the license was renewed for 5 years instead of 10 or 15 years 

[Commission Regulation (EU) 2017/2324]. Member States such as, Italy and France 

are already in favour of phasing out glyphosate, thus, the fate of glyphosate seems to 

be uncertain.  

The EU restricted the use of some neonicotinoids in 2013 due to their negative impact 

on bees. Later on three insecticides (clothianidin, thiamethoxam, imidacloprid) were 

banned in 2018 (EC, 2021). Two herbicides, Isoproturon and Amitrole, due to their risks 

to groundwater and aquatic life have been banned since 2016 (Erickson, 2016). 

Recently, the EU has also constricted the regulations for the use of substances 

exhibiting endocrine-disrupting properties. Scientific criteria to identify endocrine-

disrupting properties of biocidal products [Commission Regulation (EU) 2017/2100] and 

plant protection products [Commission Regulation (EU) 2018/605] have been issued. 

Recently, an endocrine disruptor, Mancozeb fungicide has been banned in the EU in 

2021 [Commission Regulation (EU) 2020/2087]. Owing to their endocrine-disrupting 

potential, widely used triazole fungicides are also likely to be withdrawn (Anonymous, 

2019). The loss of pesticides puts additional pressure on farmers who are dependent 

on chemical control options. Consequently, provision of more “greener” non-chemical 

strategies has become the need of the hour. The European Commission (Directive 
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2009/128/EC) endorses the use of non-chemical methods to reduce the utilisation of 

synthetic pesticides and supports research to introduce new low risk plant protection 

products and biocontrol methods (EC, 2017). In this regard, the EU has financed 

projects such as, MyToolBox-"Safe Food and Feed through an Integrated ToolBox for 

Mycotoxin Management", IWMPRAISE-"Integrated Weed Management: Practical 

Implementation and Solutions for Europe" and TROPICSAFE-"Insect-borne prokaryote-

associated diseases in tropical and subtropical perennial crops". 

The restrictions and public concern over health and environmental impact of synthetic 

pesticides have led to the pursuit of safe replacement strategies. Alternative strategies 

to using agrochemicals, such as, solarisation have been used but this method is only 

effective in regions where solar radiation is intense enough to kill soil-borne pathogens 

(Lazarovits et al., 1991). Other alternate practices include the use of organic 

amendments such as animal manure, cover crops and compost, which can be effective 

in suppressing plant pathogens and enhancing soil fertility. Several studies have 

reported the efficacy of organic amendments in disease suppression (Diab et al., 2003; 

Szczech, 1999; Veeken et al., 2005). While exploring such eco-friendly, sustainable and 

food sovereignty approaches in agriculture, the interest in biofumigation has increased. 

Biofumigation is the practical application of allelopathy (Justes et al., 2017), a 

phenomenon defined as "any process involving secondary metabolites produced by 

plants, microorganisms, viruses and fungi that influence the growth and development of 

agricultural and biological systems" (Einhellig, 1995). The concept of biofumigation was 

first introduced in the early 1990s as a biocontrol technique in agriculture exploiting 

glucosinolate (GSL)-rich brassica crops to suppress agricultural pests through the 

release of toxic isothiocyanates (ITC) as a result of the hydrolytic breakdown of GSL 

(Kirkegaard et al., 1993). Since then the term has been broadened to include control 

mechanisms with biopesticidal compounds through the exploitation of biological 

sources including animal by-products (Ghoname et al., 2017; Pokharel, 2012). García-

Álvarez et al. (2004) defined biofumigation as “the action of volatile substances 

produced during the biodecomposition of organic matter and by soil microorganisms 

and the roots of some plants for soil-borne pathogen control”. Taking into account the 

relevant literature and research experience, biofumigation could also be defined as a 

control strategy using toxic volatile substances originating from biological sources to 
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cope with pests, weeds and pathogens, and also enhancing soil health while reducing 

the environmental impact associated with the conventional application of synthetic 

pesticides. 

 

1.5.2 General mechanism of biofumigation 
 

Biofumigation is a sustainable agriculture practice which generally utilises volatile 

biotoxic compounds released from brassica plants. These biofumigant plants, rich in 

GSL content, are grown between cash crops, shredded thoroughly and then 

incorporated into the soil (Kirkegaard et al., 1993). The production of GSL reaches its 

peak during the flowering stage and is thus the ideal time to chop the crop (Bellostas et 

al., 2004; Malik et al., 2010). Tissue damage results in the release of GSL and the 

enzyme myrosinase, which are otherwise separately present in the intact tissues. The 

endogenous enzyme in the presence of water catalyses the breakdown of GSL into 

glucose and unstable aglycones which are then converted into a variety of products 

such as, organic thiocyanates, epithionitriles, nitriles, and ITC (Wittstock and Halkier, 

2002). Among these compounds, the focus of interest is the ITC owing to their 

biopesticidal properties. These volatile compounds produce similar effects to synthetic 

chemical fumigants. In addition to their biocidal effects on pests, biofumigants prove to 

be efficient also by contributing to the organic content in the soil thereby improving soil 

health and by allowing the soil microbial antagonists to flourish in the organic matter 

and suppress plant pathogens (Motisi et al., 2010). Moreover, the release of toxic 

compounds during the decomposition of organic matter contributes to suppression of 

pathogens and pests (Motisi et al., 2010). Biofumigation (including water and plastic film 

costs) is estimated to cost less than methyl bromide application (García-Álvarez et al., 

2004). It also offers additional benefit for earth's health by allowing lower greenhouse 

gas emissions as compared to the use of synthetic pesticides (Lazzeri et al., 2012). 

Amid scenarios of pest resistance, environmental degradation and ecological issues, 

biofumigation offers a promising choice in agriculture. 
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1.5.3 Brassicas as biofumigants 
 

Several members of Brassicaceae family are cultivated and consumed by humans 

worldwide. These are rich in nutrients, minerals, health-promoting and curative products 

(Jahangir et al., 2009). Apart from this, members of the Brassicaceae family are the 

main choice as biofumigants due to their GSL content. However, other plant families 

such as the Moringaceae, Resedaceae and Tropaeolaceae are also known to have 

potential for biofumigation with Capparaceae exhibiting a wider range of GSL 

occurrence (Fahey et al., 2001). The Brassicaceae family comprises of about 375 

genera and 3200 species (LeCoz and Ducombs, 2006). The brassica species 

containing high concentrations of ITC-producing GSL have potential for biofumigation 

and these include Brassica juncea, B. rapa, B. carinata, B. nigra (Bellostas et al., 2004), 

B. napus (Velasco et al., 2008), B. oleracea (Bellostas et al., 2007; Kushad et al., 1999) 

and Raphanus raphanistrum (Malik et al., 2010) among others (Table 1.1). 

Owing to the ability of brassicas to break the life cycle of various disease-producing 

fungi, they are referred to as break crops. The life cycle of the pathogen is interrupted 

due to non-availability of a host plant. A wheat-brassica-wheat sequence can expect an 

average yield benefit ranging from 14 to 33% in subsequent wheat cultivation when 

compared to wheat-wheat (Kirkegaard et al., 2008). Moreover, effective suppression of 

the diseases take-all caused by G. graminis (Kirkegaard et al., 1994) and crown rot 

caused by F. pseudograminearum (Kirkegaard et al., 2004) in wheat were shown by the 

application of break crops.
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Table 1.1 Common brassica biofumigants and their predominant glucosinolates 

Brassica plant Common name Predominant glucosinolates Reference 

 

 

Brassica oleracea 

Brussels sprouts, cabbage,  

kale, cauliflower 

Sinigrin, glucobrassicin Kushad et al., 1999 

 

Broccoli Gluconapin, glucoraphanin, glucobrassicin, 

neoglucobrassicin 

Kushad et al., 1999;  

Vallejo et al., 2003 

B. juncea Indian or brown mustard Sinigrin, gluconasturtiin Ngala et al., 2015a;  

Njoroge et al., 2008 

B. napus Rapeseed Progoitrin, glucobrassicanapin, gluconapin Velasco et al., 2008 

B. carinata Ethiopian mustard Sinigrin Ngwene et al., 2017 

B. nigra Black mustard Sinigrin Amiri‐Jami et al., 2016 

B. chinensis Pak choi Gluconapin Bhandari et al., 2015 

Raphanus sativus Radish Glucoraphasatin, gluconapin, gluconasturtiin,  

glucoraphenin 

Wang et al., 2017; 

Yi et al., 2016 

R. raphanistrum Wild radish Glucotropaeolin, glucoerucin, gluocoraphenin Malik et al., 2010 

Eruca sativa Rocket  Glucoraphanin, glucoerucin,  

glucotropaeolin 

Cataldi et al., 2007; 

Kim and Ishii, 2006;  

Rossetto et al., 2013 

Sinapis alba White mustard Sinalbin Hopkins et al., 1998;  

Popova and Morra, 2014 

Nasturtium officinale 

 

Watercress Gluconasturtiin Jeon et al., 2017; 

Voutsina et al., 2016 
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1.5.4 Glucosinolates 
 

Glucosinolates are secondary metabolites occurring in Brassicaceae members 

including B. juncea, E. sativa, R. sativus and B. carinata. Glucosinolates are 

sulphur- and nitrogen-containing molecules with variable side chains derived from 

amino acids. About 200 different GSL have been identified (Clarke, 2010) which are 

categorised as aliphatic, aromatic or indole groups on the basis of the amino acid 

precursors (Figure 1.4). Aliphatic GSL are derived from alanine, methionine, valine, 

leucine or isoleucine; aromatic GSL derived from phenylalanine or tyrosine; indole 

GSL derived from tryptophan (Ishida et al., 2014; Wittstock and Halkier, 2002). With 

regard to biofumigation, only the aromatic and aliphatic GSL are more important 

because of their enzymatic degradation into ITC (Bones and Rossiter, 1996; Rask et 

al., 2000). The biosynthesis of GSL occurs as a result of chain elongation phase, 

core structure formation and subsequent modification of side chains by processes 

including hydroxylation, oxygenation and alkenylation (Ishida et al., 2014). 

The type and quantitative levels of GSL differ between species (Bhandari et al., 

2015) and between development stage of the plant and plant organ (Brown et al., 

2003; Malik et al., 2010). Glucosinolates are defense molecules that combat against 

herbivores (Giamoustaris and Mithen, 1995) and microbial pathogens (Buxdorf et 

al., 2013; Schlaeppi et al., 2010). The difference in GSL profile could also be 

explained by the fact that GSL being the defense arsenal accumulate in those parts 

that are important for the survival of the plant at that particular stage in the plant 

development. For instance, GSL concentrations are highest in seeds and fruits 

maximising the protection of the reproductive phase (Brown et al., 2003). Variance 

in the composition and concentration of GSL also occur within varieties of same 

species (Bellostas et al., 2007). Aromatic GSL commonly occur in roots whereas the 

aliphatic types are found in shoots (Bhandari et al., 2015; Zhu et al., 2013). The 

variation also occurs depending on environmental and climatic conditions such as 

temperature, soil pH and moisture content (Bellostas et al., 2004; Rosa et al., 1996). 

Consequently the hydrolysis products and type of ITC produced also vary in their 

toxicity with different pathogens responding differently to these products (Hu et al., 

2015; Nazareth et al., 2016; Smith and Kirkegaard, 2002). 
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Figure 1.4 Structures of the three main types of glucosinolates with examples 

(Courtesy of Jonathan Gershenzon, Department of Biochemistry, Max Planck 

Institute for Chemical Ecology, Jena, Germany) 
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Glucosinolates and their breakdown products are also found to be present in the 

soils following biofumigation. In a study, up to 13% of the total GSL present in the 

incorporated brassica plant parts were detected in the soil for up to 8 days (Gimsing 

and Kirkegaard, 2006) indicating that intact GSL can remain in soil for a significant 

time following biofumigant incorporation. These authors found that the highest total 

ITC concentration of 90.6 nmol g-1 (for B. juncea) was detectable after 30 minutes 

following incorporation, however, trace amounts of ITC could be detected up to 12 

days later. 

With regard to GSL content, as mentioned earlier, roots of brassica plants typically 

contain largely aromatic GSL whereas the shoots mainly produce aliphatic GSL 

(Kirkegaard and Sarwar, 1998). Considering this aspect and the significance of fine 

shredding of plant tissues for maximum ITC liberation, Matthiessen and Shackleton 

(2005) suggested the use of brassica species with greater above-surface plant 

biomass and high potential for aliphatic GSL production. Thorough crushing of the 

above-surface plant parts is feasible as compared to the chopping the below-surface 

parts which would negatively affect the soil structure and which is not convenient 

practically. 

 

1.5.5 Myrosinase - the catalyst of biofumigation 
 

Myrosinase enzymes are located primarily in specialised cells known as myrosin 

cells, that are dispersed throughout the brassica tissues (Andréasson et al., 2001). 

Within the myrosin cells, myrosinase enzymes are present in protein containing 

vacuoles; the myrosin grains (Thangstad et al., 1990) (Figure 1.5). On the other 

hand, GSL are distributed throughout the plant organs and located in translucent 

vacuoles or moved for long-term storage in sulphur-rich cells called the S-cells 

(Jørgensen et al., 2015; Koroleva et al., 2010).  
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Figure 1.5 Transmission electron microscopy image of a myrosin cell in Raphanus 

sativus indicated by M, surrounded by ground tissue cells. One of the myrosin grains 

is indicated as mg (Courtesy of Atle Bones, Department of Biology, Norwegian 

University of Science and Technology, Trondheim, Norway) 

 

 

Glucosinolates are non-toxic unless they are hydrolysed by tissue disruption. For 

instance, tissue damage by herbivory allows physical contact of GSL and 

myrosinases. The interaction then leads to the catalysis of GSL into a range of 

biologically active substances including toxic ITC (Bones and Rossiter, 1996; 

Wittstock and Burow, 2010). However, not all GSL undergo chemical breakdown by 

myrosinase released from plants. Intact GSL can also be released through root 

exudates in the soil and be converted to ITC, contributing to biofumigation. Al-Turki 

and Dick (2003) observed myrosinase activity in rhizosphere soil of Sinapis alba 

grown under glasshouse conditions. Myrosinase activity was also reported in soil 

extracts collected around field grown B. napus as compared to pasture soil extracts 

in which myrosinase activity was not detected (Borek et al., 1996). In both studies, 

the source of the myrosinase enzyme was not clear. However, there is evidence that 

myrosinase activity occurs in soil without GSL-containing plants or where 

biofumigant plants have not been cultivated for a minimum of five years (Gimsing et 

al., 2006). Gimsing and Kirkegaard (2009) suggests that in such cases, myrosinase 

could be produced by soil microorganisms and may also be released from the roots 

of GSL-containing plants. Previously, myrosinase activity by Aspergillus species has 

been reported (Rakariyatham et al., 2005; Sakorn et al., 1999). The fungal species 

were able to break down sinigrin when incubated in media supplemented with 
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sinigrin. Bacterial species such as a strain of Lactobacillus sp. (Palop et al., 1995) 

and three strains of Bifidobacterium sp. (Cheng et al., 2004) were also found to have 

the capability to degrade GSL, indicating that myrosinase or myrosinase-like activity 

is involved. 

 

1.5.6 Isothiocyanates 
 

Isothiocyanates are the most common degradation products of GSL in brassicas. 

About 100 ITC have been identified, 20 of which are known to be produced by 

brassica species (de los Santos et al., 2016). Isothiocyanates are released as a 

result of enzymatic breakdown of GSL by myrosinase at neutral pH (Figure 1.6). 

Major GSL and their respective ITC are shown in Table 1.2. These volatile 

substances have toxic effects against broad range of noxious organisms including 

nematodes, weed, fungi and insects. Depending on the chemical structure, different 

GSL produce different ITC with varied toxicity. Plant pathogens belonging to the 

same species or different isolates of the same species show varying sensitivity to 

different ITC. The pathogen's sensitivity to these ITC also varies depending on 

which stage they are in their life cycle (Mari et al., 1993; Smith and Kirkegaard, 

2002). The various GSL with different side chain groups give different toxic potential 

to the subsequent ITC produced (Brown and Morra, 1997; Warton et al., 2001). The 

varying levels of toxicity are dependent on the rate of penetration, resistance to 

degradation and accumulation of ITC in the cells (Ye and Zhang, 2001; Zhang and 

Talalay, 1998). Aliphatic ITC are known to be more toxic than aromatic ones 

(Matthiessen and Shackleton, 2005; Smolinska et al., 2003) suggesting the variation 

could be due to different side chains or different mode of action (Calmes et al., 

2015). 
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Figure 1.6 Isothiocyanate formation from glucosinolate by hydrolytic reaction of 

myrosinase (Source: Halkier and Gershenzon, 2006)   

 

 

 

Reports on the mechanism of action by which ITC exert inhibitory effect on fungal 

pathogens is scarce. The antibacterial effect of ITC is associated with inhibition of 

RNA synthesis (Nowicki et al., 2016) and disruption of biofilm formation (Kaiser et 

al., 2017). Isothiocyanates are also known to disrupt mitochondrial function in 

mammalian cancer cells (Bo et al., 2016; Xiao et al., 2008). In an attempt to 

scrutinise if a similar effect occurs in ITC-exposed fungal cells, Calmes et al. (2015) 

found that ITC altered mitochondrial function and triggered production of reactive 

oxygen species in Alternaria brassicicola. Moreover, reduction in oxygen 

consumption was also observed in the fungal cells suggesting a possible disruptive 

effect on metabolic pathways. Further research is needed to better understand the 

mechanism by which ITC exhibit inhibitory effect on fungi.  

 

Isothiocyanate levels in soil may decrease because of volatilisation, chemical 

degradation and sorption (Hanschen et al., 2015). Additionally, ITC are also 

reported to be subject to microbial degradation. Findings from studies examining 

sterilised soils suggest that ITC are biodegraded by soil microorganisms as 

autoclaving increased the stability of ITC (Price et al., 2005; Rumberger and 

Marschner, 2003; Warton et al., 2003) and in most cases the degradation took place 

in a few hours. With regard to environment protection, the degradation seems 



 
 

34 
 

advantageous but from a biofumigation perspective, rapid degradation is 

undesirable because persistence of ITC in the soil for sufficient period of time to 

satisfy the objective of biofumigation is vital (Gimsing et al., 2009).  

 

 

 

 

Table 1.2 Major glucosinolates occurring in Brassicaceae (Hanschen and Schreiner, 

2017; Ishida et al., 2014; Malik et al., 2010) 

Glucosinolate 

group 

(molecular 

structure) 

Glucosinolate -

trivial name 

Glucosinolate -

side chain 

Respective 

Isothiocyanate 

(ITC) 

 

 

 

 

Aliphatic 

Sinigrin 2-Propenyl Allyl ITC 

Glucoraphanin 4-

Methylsulfinylbutyl 

Sulphoraphane 

Gluconapin 3-butenyl  3-butenyl ITC 

Glucoiberverin 3-Methylthiopropyl  3-Methylthiopropyl 

ITC 

Glucoiberin 3-

Methylsulfinylpropyl  

3-

Methylsulfinylpropyl 

ITC 

Glucoerucin 4-Methylthiobutyl  4-Methylthiobutyl 

ITC 

Glucobrassicanapin 4-Pentenyl 4-Pentenyl ITC 

Glucoraphenin 4-Methylsulfinyl-3-

butenyl 

4-Methylsulfinyl-3-

butenyl ITC 

 

Aromatic 

Gluconasturtiin 2-Phenylethyl 2-Phenylethyl ITC 

Glucotropaeolin Benzyl Benzyl ITC 
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1.5.7 Other breakdown products of GSL 
 

In addition to ITC, other less toxic compounds are also produced as a result of GSL 

hydrolysis. Depending on factors including pH, soil conditions and availability or 

non-availability of specific proteins and metal ions, hydrolysis products such as 

thiocyanates, oxazolidine-2-thiones, epithionitriles and nitriles are also released 

(Redovnikovic et al., 2008) (Figure 1.7). 

Specifier proteins are supplementary proteins, present in GSL-containing plants, 

that determine the profile of hydrolytic products of GSL. These proteins have no 

catalytic activity on GSL but transform the unstable aglycones into non-ITC 

products. In the absence of specifier proteins, the aglycones produced from the 

myrosinase-catalysed GSL, usually form ITC. However, in the presence of 

epithiospecifier proteins, epithionitriles and nitriles are produced from alkenyl and 

non-alkenyl GSL respectively. On the other hand, nitrile specifier proteins favour the 

formation of simple nitriles from all structural types of GSL (Wittstock et al., 2016). 

Nitrile formation is also favoured by acidic pH (pH 2-5) and presence of ferrous ions 

in soil (Hanschen et al., 2015). 

Isothiocyanates as hydrolysis products of GSL are intensively studied and their role 

in biofumigation is well established. However, the biological activity of non-ITC 

breakdown products and their role in biofumigation is poorly understood. In one 

study (Yim et al., 2016), B. juncea and R. sativus were cultivated and incorporated 

in soil and the breakdown products were analysed. Biofumigation with B. juncea 

produced nitriles (3-butenenitrile, 3-phenylpropanenitrile) and ITC (allyl ITC, 2-

phenylethyl ITC) ranging from 0.012 to 0.314 nmol g-1 and 0.227 to 15.035 nmol g-1 

respectively. On the other hand, R. sativus did not produce nitriles. In another study 

(Kupke et al., 2016), GC-MS analysis of degradation products of GSL in broccoli 

and cauliflower revealed that around half of the total breakdown products were 

nitriles. However, in a study investigating the degradation of benzyl GSL 

(glucotropaeolin) in soil (Gimsing et al., 2007), only trace amounts of nitriles were 

recovered in the subsoil. Given that the pH of the soil in this study was reported to 

be neutral, it can be suggested that the conditions did not favour the formation of 

nitriles.  

Organic thiocyanates are formed in the presence of thiocyanate specifier proteins 

from sinigrin, glucotropaeolin and 4-methylthiobutyl GSL. A common structural 

characteristic of these GSL is the ability of their side chains to form stable carbon 
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cation which might be a prerequisite for thiocyanate formation (Kuchernig et al., 

2012). Thiocyanates are known to have biocidal properties. Toxicity of thiocyanates 

and nitriles towards insects, such as, the house fly (Musca domestica) and the 

lesser grain borer (Rhizopertha dominica) have been shown in in vitro studies 

(Peterson et al., 1998; Peterson et al., 2000). Crambe (Crambe abyssinica) was 

found to contain allyl, 4-pentenyl, 3-butenyl, 2-hydroxy-3-butenyl and 4-

hydroxybenzyl GSL in a previous study (Tsao et al., 1996). The researchers further 

investigated insecticidal activity of crambe-related GSL breakdown products (Tsao 

et al., 2002). The LC50 of allyl thiocyanate for house fly was 0.1 µg cm-3 which was 

almost similar to the LC50 of the commercial pesticide, chloropicrin (0.08 µg cm-3). 

Whereas, the LC50 of allyl thiocyanate for lesser grain borer (0.55 µg cm-3) was half 

that of chloropicrin (1.3 µg cm-3). The effect of biofumigation on a variety of weed 

species was investigated by Lefebvre et al. (2018) in laboratory studies. More than 

90% mortality was observed in Daucus carota (wild carrot), Chenopodium album 

(common lambsquarters) and Galinsoga quadriradiata (hairy galinsoga) when the 

weed seeds were exposed to mustard powder. Analysis of the mustard plant 

material showed that the main hydrolytic compounds produced were allyl ITC (2455 

μg g-1) and allyl thiocyanate (1431 μg g-1). Complete mortality of weeds by the 

application of thiocyanate at a rate of 1793 kg ha-1 has also been documented 

(Harvey, 1931). 

In addition to GSL, brassicas also contain other sulphur-rich compounds such as 

sulphoxides and sulphur-containing amino acids (cysteines and methionine). During 

decomposition of plant tissues, these compounds are broken down to toxic products 

such as dimethyl sulphide, carbon disulphide and methanethiol (Bending and 

Lincoln, 1999; Chin and Lindsay, 1993) which may also contribute to biofumigation 

effect (Gimsing and Kirkegaard, 2009).  

Bending and Lincoln (1999) measured volatile compounds produced over two 

weeks following incorporation of B. juncea leaf material into soil. In this microcosm 

study, the non-GSL compounds dimethyl sulphide, dimethyl disulphide, carbon 

disulphide and methanethiol were produced up to 406, 39, 152 and 992 nmol g-1 leaf 

dry weight respectively. Overall, higher amounts of the compounds were produced 

in sandy-loam soil when compared to formation in clay-loam soil. In addition to soil 

type, it appears that temperature might also be an important factor in formation of 

these compounds. Gamliel and Stapleton (1993) heated cabbage-amended soil in a 

solarisation simulation system with a maximum temperature of 45°C for 4 hours 

daily for 24 days. Methanethiol and dimethyl sulphide were detected only in the 
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heated treatment while, in the non-heated treatment, these compounds were not 

detected. Wang et al. (2009) also detected dimethyl disulphide and methyl sulphide 

in glass house experiments, 24 hours post-incorporation of chopped brassica 

tissues; head space concentrations for dimethyl disulphide and methyl sulphide 

were found up to 283.2 μg g-1 and 346.4 μg g-1 respectively. These compounds have 

shown biocidal properties against pests and pathogens including nematodes and 

fungi (Curto et al., 2014; Lewis and Papavizas, 1971). In a field experiment (Wang 

et al., 2009), incorporation of S. alba produced methyl sulphide and dimethyl 

sulphide at concentrations of 5.2 and 1.2 μg g-1 plant dry weight respectively. 

Approximately, a 70% reduction of nematodes (Tylenchulus semipenetrans) was 

observed post brassica incorporation. Additionally, the inoculum of Fusarium spp. 

was also significantly reduced (58 cfu g-1) when compared to the control plots (172 

cfu g-1). 

Isothiocyanates and other sulphurous compounds of biofumigation may have a 

synergistic effect on pathogen suppression. In a study, methyl ITC (5 ppm) and 

carbon disulphide (3000-4000 ppm) were found to be sub-lethal individually against 

wood-colonising fungi. However, when the two compounds were combined, they 

caused almost complete inhibition of most of the fungal pathogens tested, including, 

Gloeophyllum trabeum and Irpex lacteus (Canessa and Morell, 1995). 
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Figure 1.7 Glucosinolate break down products (shown in boxes) released as a 

result of myrosinase action; different compounds are produced depending on 

different factors. Molecules shown between brackets represent the unstable 

intermediates. ESP = epithiospecifier protein (Adapted from Barba et al., 2016) 
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1.5.8 Methods applied for biofumigation 
 

Biofumigation can be achieved by using different methods of application, such as, 

the incorporation of fresh plant tissues (green manure crops) or application of 

preserved biofumigant material. Incorporation of fresh plant tissue generally aims for 

high biomass and high GSL content to achieve optimal release of ITC. Processed 

biofumigant products including seed meals and dried plant material, are used for 

ease of application and to avoid waiting for a whole crop cycle. The methods are 

discussed below.  

 

1.5.8.1 Complete biofumigation 
 

Brassica plants are usually grown for 10 to 14 weeks followed by thorough chopping 

of the plant material to ensure maximum release of ITC. The chopped tissues are 

then immediately incorporated into soil (Kirkegaard et al., 1993). This is the most 

recognised method of biofumigation application. Larkin and Griffin (2007) 

successfully used brassica crops for suppressing fungal pathogens of potato and 

achieved 15-80% reductions in powdery scab, common scab and black scurf 

diseases. Previously, this method has also shown efficacy against Verticillium wilt of 

cauliflower (Subbarao et al., 1999) and potato cyst nematode (Ngala et al., 2015a). 

This technique provides additional benefits such as enhancing soil organic matter 

content, nutrient cycling and microbial antagonistic interactions in soil (Cohen et al., 

2005; Motisi et al., 2010; Talgre et al., 2012).  

 

1.5.8.2 Cover crop/partial biofumigation 
 

Managing disease and pests through partial biofumigation under growing brassica 

crop is another way of exploiting biofumigants. In this technique, plant parts above 

the ground are harvested as food crops or allowed to mature in the field. This 

approach is dependent on root exudation containing GSL, and ITC formation from 

these GSL probably by myrosinase or myrosinase-like activity of soil 

microorganisms (Borek et al., 1996; Rakariyatham et al., 2005; Sakorn et al., 1999). 

Suppression of the wheat disease pathogen G. graminis (take all) has been 

achieved using this form of biofumigation (Kirkegaard et al., 2000). These authors 

selected brassica crops such as B. juncea and B. napus on the basis of their root 
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GSL profiles. Fertilisers and irrigation were used to enhance the root growth. In the 

majority of fields where this biofumigation approach was practised, disease 

incidence was reduced by approximately 85%. Moreover, partial biofumigation 

under growing brassicas such as B. juncea and R. sativus have caused suppression 

of the potato cyst nematode Globodera pallida under field conditions (Ngala et al., 

2015a). Therefore, brassicas used for biofumigation may affect soil-borne pests and 

pathogens not just after incorporation of the crop residues, but also during active 

growth of these plants. 

 

1.5.8.3 Preserved biofumigants 

 

Seed meals and dried tissues 

Seed meal, produced by extracting the oil from brassica seeds, is known to contain 

high levels of GSL and intact myrosinase (Furlan et al., 2010; Vaughn et al., 2006). 

Various studies have assessed the efficacy of brassica-derived seed meals to 

suppress plant diseases (Lazzeri et al., 2009; Mazzola et al., 2007; Mazzola et al., 

2015; Morales-Rodríguez et al., 2016). Seed meal and seed meal extract of B. 

juncea were shown to effectively suppress potato-parasitic nematodes G. pallida 

and G. ellingtonae by almost completely inhibiting egg hatch (Dandurand et al., 

2017). In contrast, Rodríguez-Molina et al. (2016) failed to demonstrate significant 

suppression of Phytophthora nicotianae in field experiments using seed meal pellets 

of B. carinata.  

Other processed products that could be used for biofumigation include dried parts of 

brassica plant in which sufficient GSL and myrosinase activity are preserved. The 

plants are oven-dried ensuring minimum loss of GSL and myrosinase, so when 

watered, the dried parts are able to produce biotoxic compounds in soil. The 

antifungal activity of pellets prepared from oven-dried GSL-containing plant parts 

against R. solani and Pythium irregulare was demonstrated under laboratory 

conditions by (Lazzeri et al., 2004). The effectiveness index of the dried tissues 

ranged from 22-100% for Rhizoctonia and 12-100% for Pythium. 

The benefits of the above mentioned processed products could come from the fact 

that these products are available throughout the year and they could be easily and 

uniformly incorporated in fields (Rodríguez-Molina et al., 2016), however, higher 

costs of this approach are a constraint.  
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Liquid formulations 

Another category of preserved biofumigants is liquid formulations. These liquid 

formulations are derived from brassica seed meals and have been investigated for 

pest and pathogen suppression (Baldi et al., 2015; De Nicola et al. 2013; Piccinini et 

al., 2015). A liquid formulation of the product BioFence™ (B. carinata seed meal) 

proved to be >60% efficient in reducing the inoculum densities of Verticillium dahliae 

in mini-plots under field conditions (Wei et al., 2016). Another liquid formulation also 

based on B. carinata seed meal was found to be suitable for drip irrigation. This 

liquid formulation significantly suppressed the root-knot nematode Meloidogyne 

incognita under glasshouse conditions (De Nicola et al., 2013). Even though the 

liquid formulations are derived from plant-based products, these alternatives may 

face obstacles in implementation under the green approach category due to high 

concentrations of the biocidal substances (Kirkegaard, 2009). 

 

There are different methods of application of biofumigants, but while opting for a 

particular method it should be taken into account that biofumigation efficacy 

depends on factors including the pathogen, host plant and geographical, climatic 

and economical aspects. Therefore, a single protocol of application method may not 

be suitable in every agricultural scenario. 

 

 

1.5.9 Factors affecting biofumigation 
 

The successful implementation of biofumigation is dependent on a number of 

factors, such as, brassica species and their GSL profile, soil conditions and 

incorporation method (Figure 1.8). These factors can generally be categorised as 

genetic, climatic, edaphic and agronomic factors.   

 

1.5.9.1 Genetic factors: brassica species and cultivar choice 
 

There is a great range of variation in the total content and type of GSL found 

between species of brassica plants. Consequently the hydrolysis products and type 

of ITC produced also vary between the brassica species. For example, B. juncea 

shoots are rich in sinigrin comprising >90% of the total GSL content of this brassica 
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(Doheny-Adams et al., 2018; Ngala et al., 2015b). Hydrolysis of sinigrin would hence 

lead to the production of allyl ITC. Previously allyl ITC was found to be the 

predominating compound (>90%) in the volatiles emitted from macerated leaves of 

B. juncea (Charron and Sams, 1999). On the other hand, the predominant GSL in 

the shoots of R. sativus is glucoraphanin (Ngala et al., 2015b), the precursor of 

sulforaphane (Zhen-xin et al., 2012). The hydrolysis products also vary in their 

toxicity with different pathogens responding differently to these products. For 

instance, in a field simulation study, B. juncea amendment in soil significantly 

suppressed V. dahliae microsclerotia whereas R. sativus treatment was not effective 

compared to untreated (Neubauer et al., 2014). Moreover, difference between 

cultivars of the same species can produce different outcome of biofumigation. 

Previously, different cultivars of broccoli (Wang et al., 2012) and pakchoi (Zhu et al., 

2013) showed difference in the predominant type and concentration of GSL when 

the cultivars of the same species were grown under same conditions. Different 

cultivars are also reported to produce different biomass when grown under same 

conditions. The above-ground biomass of B. juncea at 50% flowering for the three 

cultivars, Vitasso, ISCI99 and Scala, were 50, 40 and 33 t ha-1 respectively 

(Doheny-Adams et al., 2018).  

Glucosinolate concentration and type varies in different tissues. Additionally, the 

type and concentration of GSL in brassica tissues varies at different stages of the 

plant’s growth cycle such as rapid growth, early-bud and flowering (Bhandari et al., 

2015). Glucosinolates are generally found to be in highest concentrations during the 

flowering stage (Malik et al., 2010). Root tissue contains higher GSL content in 

earlier stages of root growth and the levels decrease during the root growth cycle 

(Kruger et al., 2013). Doheny-Adams et al. (2018) found sinigrin concentrations to 

be higher in leaves compared to stems of B. juncea. In addition to these factors, the 

pattern in which ITC are released also have varying effect on pathogens. The 

release pattern of a certain type of ITC from the same parent GSL differs among 

different brassica species. The production efficiency of 2-phenylethyl ITC from the 

respective GSL (gluconasturtiin) was found to be lower in B. juncea than S. alba 

(Hossain et al., 2014). The ITC/GSL ratio for S. alba was 15.51 and that for B. 

juncea was 11.51. Moreover, ITC were liberated faster from hydrolysis of S. alba 

GSL than B. juncea GSL, but the latter produced ITC over a longer time with 

increasing rate which comparatively rendered more effect on Aphanomyces 

euteiches in vitro. 
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1.5.9.2 Agronomic factors 
 

Although GSL content of a plant is determined by the species and cultivar used, 

external factors can also significantly influence the efficacy of biofumigation. In order 

to exploit maximum potential of a biofumigant, utilising the highest possible 

achievable concentrations of the biocidal compounds is one of the most important 

factors to consider. This can be carried out by thorough crushing of the tissues using 

suitable mechanisms. This aspect together with the biomass portion should be 

considered while aiming for maximum ITC production from hydrolysis. Researchers 

have emphasised the importance of thorough shredding prior to incorporation for 

higher ITC release efficiency (Gimsing and Kirkegaard, 2006). Morra and Kirkegarrd 

(2002) reported up to 26% increase in ITC release efficiency with better tissue 

disruption of brassica leaves using freeze-thaw technique as compared to fresh 

leaves. In another study (Ojaghian et al., 2012), fresh macerated tissues of B. 

juncea inhibited radial growth of Sclerotinia sclerotiorum as much as twice when 

compared to irradiated dried tissues. Brassica campestris macerated tissues were 

also four times more effective than the dried tissues. 

Additionally, dose and exposure time of the biocidal compounds are also critical 

factors for effective biofumigation. Losses by volatilisation or sorption by organic 

matter in soil may decrease the required effective concentration of ITC which 

otherwise could be achieved in closed systems in laboratory experiments. To 

prevent escape of these volatile ITC, it is preferable to smear the soil with a roller 

(Kirkegaard and Matthiessen, 2004).  

 

1.5.9.3 Edaphic and climatic factor 
 

In addition to the above mentioned parameters, others factors, such as soil 

temperature, moisture content and nutrient levels are known to affect the success of 

biofumigation. 

Soil temperature can have a significant impact on ITC production (Price et al., 

2005). Previously, soil amended with cabbage residues was analysed for volatile 

production (Gamliel and Stapleton, 1993). It was reported that the concentration of 

volatiles in the headspace were higher in heated, amended soils than in non-heated 

amended soils. Very low soil temperatures are not suitable when aiming for optimal 

myrosinase activity. Hence, incorporation of biofumigants at soil temperature near 
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0°C should be avoided (Kruger et al, 2013). Moisture content of soil may also affect 

the efficacy of biofumigation. Previously, soil amended with B. juncea and S. alba 

seed meal were evaluated for allyl ITC emission in the headspace (Wang and 

Mazzola, 2019). Allyl ITC production was found to be elevated (~0.05-0.265 µg g-1 

soil) with an increase in soil temperature from 10°C to 30°C and increase in 

moisture level from -1000 kPa to -40 kPa. Presence of sufficient moisture is 

important to enable myrosinase activity for production of GSL hydrolysis products 

(Mora and Kirkegaard, 2002). In a field study, addition of 42 mm of water to B. 

juncea plant material resulted in a 7- to 10-fold increase in ITC concentrations in soil 

compared to where no water was added (Matthiessen et al., 2004).  

Soil texture can impact the activity of ITC produced. Price et al. (2005) investigated 

ITC production from B. juncea tissues incorporated in soil under controlled 

conditions. Of the two types of soil used, ITC levels were found to be 38% higher in 

sandy loam soil than clay loam soil. The authors argued that the lower ITC 

concentration found in clay loam soil could be due to sorption of ITC to the organic 

matter in clay loam soil. Gimsing et al. (2009) have demonstrated that organic 

matter content in soil is the main sorbent of ITC. Higher organic matter content could 

reduce the activity of ITC hence, negatively affecting the outcome of biofumigation. 

The application of nitrogen and sulphur fertilisers to brassica crops can affect the 

GSL concentrations in brassica tissues (Aires et al., 2006; Omirou et al., 2009; 

Rosen et al., 2005; Schonhof et al., 2007). In a field experiment, the effect of 

nitrogen and sulphur application on GSL concentrations in cabbage (B. oleracea 

var. Capitata L) was investigated (Maršic et al., 2021). Nitrogen and sulphur when 

applied at a 4.5:1 ratio (nitrogen=180 kg ha-1, sulphur=40 kg ha-1), total GSL 

concentrations in cabbage heads were highest (30 µmol g-1 dry weight); sinigrin 

concentration was also highest at 13.2 µmol g-1 dry weight. In comparison, total GSL 

concentrations (23.9-25.9 µmol g-1 dry weight) and sinigrin concentrations (10.8-11.6 

µmol g-1 dry weight) were lower in the other treatments: nitrogen alone at 180 and 

240 kg ha-1, nitrogen 240 kg ha-1 + sulphur 40 kg ha-1, and control (no nitrogen or 

sulphur).  

Seasonal variations are also known to affect the GSL concentration in brassica 

tissues. Biofumigants grown during summer conditions are exposed to higher UV 

intensity, longer daylight hours and higher temperatures. These factors are known to 

increase the production of GSL in brassica tissues (Björkman et al., 2011). Summer 

grown brassica crops such as B. juncea, E. sativa and R. sativus produced higher 
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concentrations of GSL in the summer when compared to being overwintered (Ngala 

et al., 2015a). The high biomass biofumigants, when chopped and incorporated, are 

then likely to produce ITC at sufficiently effective concentrations, hence improving 

the efficacy of biofumigation. 

 

 

1.5.9.4 Influence of soil microorganisms 
 

Some soil microorganisms are also known to enhance biofumigation effect by 

displaying antagonistic behaviour towards pathogens. Trichoderma spp. was 

reported to show resistance to ITC and when combined with B. carinata seed meal 

under controlled conditions, an increase in the effectiveness of biofumigation was 

observed (Galletti et al., 2008). Trichoderma combined with the seed meal reduced 

disease incidence in sugar beet plants caused by Pythium ultimum by about 75%, 

compared to seed meal treatment alone which reduced disease incidence around 

30%. In another study (Handiseni et al., 2016), pasteurised and non-pasteurised 

soils were amended with brassica tissues and placed in closed jars. In this study, 

analysis of the vapour samples revealed higher ITC emission (>4 µg ml-1) in non-

pasteurised soil than the pasteurised soil in which the ITC release was minimal 

(<0.5 µg ml-1). This indicates a possible role of soil microbiota in GSL hydrolysis. As 

mentioned earlier, some microorganisms such as Aspergillus sp. and 

Bifidobacterium sp. are known to have the ability to degrade GSL (Cheng et al., 

2004; Palop et al., 1995; Rakariyatham et al., 2005; Sakorn et al., 1999). 

Glucosinolates released from roots of brassica plants while still growing, are 

believed to be hydrolysed by soil microorganisms, thus producing biofumigation 

effect (Ngala et al., 2015c). The role of soil microbiota is hence very important for 

partial biofumigation. 

All these factors, in combination or individually, affect the outcome of biofumigation. 

These factors should be considered while designing systems for biofumigation 

according to the target pathogen. 
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Figure 1.8 Factors affecting the outcome of biofumigation (Source: Kruger et al., 

2013) 
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1.5.10 Impact of biofumigation on soil microbiota  
 

The practice of biofumigation may affect soil microbial community. The effect of 

brassica biofumigants on soil microbiota was recently reviewed by Tagele et al. 

(2021). Increase in bacterial diversity of soil by biofumigation has been reported. In 

a greenhouse study, the effect of different rotations with eggplant on soil bacterial 

diversity were investigated (Li et al., 2017). In this study, eggplant-B. napiformis and 

eggplant-B. campestris rotations resulted in higher bacterial diversity compared to 

continually planted eggplant and chemical disinfection treatments, hence improving 

soil health. The increase in soil bacterial diversity can prove beneficial for the 

outcome of biofumigation due to their competitive and antagonistic effects on soil-

borne pathogens (Wang et al., 2014). In another study, the effect of ITC on soil 

microbiota was investigated in glasshouse experiments (Taylor, 2013). It was found 

that the addition of ITC to soil does not have adverse effects on bacterial diversity in 

soil during the time period after incorporation (30 days), suggesting ITC 

incorporation does not negatively impact soil health. In in vitro experiments, 

macerated tissue of B. juncea was found to completely inhibit fungaI pathogens 

including R. solani and Phytophthora erythroseptica whereas common soil fungi 

Penicillium sp. and Trichoderma sp. were comparatively less affected (30-45% 

inhibition) (Larkin and Griffin, 2007). In another study (Hu et al., 2015), the influence 

of pure ITC in combination with flax seed meal on soil microbial community was 

shown to be dependent on the type of ITC. qPCR assays showed that allyl ITC 

temporarily suppressed soil fungal populations whereas butyl ITC increased 

bacterial (initially decreased) and fungal abundance. Benzyl and phenyl ITC on the 

other hand showed no effect on soil microbial community. 

Even if biofumigant incorporation alters soil microbial diversity immediately post-

incorporation, the microorganisms may later flourish and recover from the alteration 

effects. Moreover, other factors such as, addition of organic matter by green 

manuring may lower the risks to beneficial soil microbes. However, considering the 

biotoxic nature of ITC, the possibility of mild collateral damage cannot be ruled out. 

Nevertheless, the effect of biofumigation on soil microbiota may vary depending on 

a range of factors such as the brassica plant, the type and concentration of GSL and 

the hydrolysis products and the microbial community structure in the soil.  
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1.6 Biofumigation-related studies on fungal pathogens 
 

The biocidal effects of brassicaceous amendments have been well documented long 

before the term biofumigation was coined in the 1990s. The fungitoxic properties of 

ITC have been known about since at least 1937 (Walker et al., 1937), while 

suppression of soil-borne pathogens by brassica tissues was reported in the 1970s 

and 1980s. For example, Chan and Close (1987) successfully demonstrated 

suppression of Aphanomyces euteiches using air-dried chopped plant materials of 

kale, cabbage, foder radish, white mustard and rape in glasshouse trials. These 

brassica amendments reduced the disease severity index of Aphanomyces root rot 

of peas when added to A. euteiches-infested soil at a rate of 0.5% dry weight of soil. 

Cabbage amendment resulted in 50% and rape- and fodder radish-amendment 

resulted in 40% reduction in disease severity index when compared to control 

treatments. Lewis and Papavizas (1974) also reported suppression of R. solani 

using cabbage tissues in laboratory experiments. Colonization of buck-wheat stem 

segments in R. solani-infested soil was reduced by 75% when exposed to vapours 

from decomposing cabbage tissues. Since these initial studies, biofumigation has 

been investigated for its suppressive effects against fungal pathogens, nematodes 

and weeds. The effect of biofumigation has been examined under different 

experimental conditions including in vitro assays, glasshouse experiments and field 

based studies.   

 

1.6.1 In vitro studies on biofumigation related volatiles 
 

In vitro assays have mostly focused on the use of pure ITC due to their importance 

as the main toxic product of GSL hydrolysis. For example, ITC-amended media has 

been utilised to determine the in vitro effect on mycelial growth in a number of 

studies. In one study, Kurt et al. (2011) demonstrated that Sclerotinia sclerotiorum 

was suppressed by pure ITC. Allyl ITC (72 µmol l-1) and benzyl ITC (60 µmol l-1) had 

the lower EC50 values for mycelial growth when determined by volatile phase 

(exposing the pathogen to ITC-glass filter in media plates). However, when the 

pathogen was exposed to ITC-amended media, the lowest EC50 value was recorded 

for methyl ITC (168 µmol l-1), but overall, aromatic ITC were effective in inhibiting the 

mycelial growth. This could be attributed to different volatility of these ITC. 

Previously, aromatic ITC when incorporated in to media showed stronger toxicity 

against fungal pathogens but were less toxic in volatile form due to their lower 
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volatility (Sarwar et al., 1998). Kurt et al. (2011) reported that overall, EC50 values of 

ITC for mycelial inhibition of S. sclerotiorum were lower when determined by volatile 

phase as compared to when dissolved in the agar. Sarwar et al. (1998) also 

reported a similar trend in similar ITC experiments with pathogens such as, R. 

solani, G. graminis, F. graminearum, Pythium irregulare and Bipolaris sorokiniana. 

Pure ITC (benzyl, allyl, 3-butenyl, 4-pentenyl, 2-phenylethyl) when introduced to 

headspace of flask were more suppressive to mycelial growth of these fungal 

pathogens. In the headspace experiments, lethal concentrations of allyl ITC for R. 

solani, G. graminis and F. graminearum were 1.6 µmol l-1. In comparison, lethal 

concentrations of ITC when dissolved in agar increased to 20, 30 and 40 µmol l-1 for 

G. graminis, R. solani, and F. graminearum respectively. As more mycelial surface 

area is potentially exposed to the headspace volatiles at any point in time, this could 

explain the stronger effect of ITC in the headspace experiments (Sarwar et al., 

1998).  

Some studies have demonstrated that different fungal isolates respond differently to 

ITC. As discussed earlier, sensitivity to ITC also varies with the life cycle stage of 

the fungal pathogen. In one study (Ramos-Garcia et al., 2012), allyl, benzyl, propyl, 

phenyl and phenylethyl ITC were tested against F. oxysporum. The effect of the ITC 

varied across the isolates from different sources (mango leaves, jatropha seeds, 

coahuayote fruit, papaya, gladiolus corms). Benzyl ITC was found to be the most 

toxic, showing complete mycelial inhibition of two isolates at all concentrations 

tested (0.1, 0.3, 0.5, 1.0, 1.5, 2 µl l-1). Conidia were found to be more sensitive than 

mycelium. Overall, 100% inhibition of conidial germination was observed with all ITC 

at all concentrations. However, the ITC-treated conidia and mycelia showed normal 

germination and growth when transferred to unamended PDA media, suggesting a 

fungistatic i.e., a temporary fungitoxic, effect. Similarly, Smolinska et al. (2003) also 

reported complete inhibition of germination of F. oxysporum conidia with pure ITC. 

Among the ITC tested, ethyl and allyl ITC significantly suppressed mycelial growth 

and chlamydospore germination. However, this effect was also fungistatic. The 

fungistatic effect observed in these two studies could have resulted due to the lower 

concentrations used. As discussed by Ramos-Garcia et al. (2012), a fungicidal 

effect was achieved in higher concentrations in their further studies. The higher 

sensitivity of F. oxysporum conidia to ITC could be due to higher penetrability of 

these ITC.  

Sotelo et al. (2015) evaluated the effects of pure GSL, ITC and indoles against 

bacterial and fungal pathogens in vitro by disc diffusion assay. They found that S. 
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sclerotiorum was most susceptible to 2-phenylethyl GSL and its respective ITC 

(~9.5 mm growth inhibition zone) followed by allyl ITC (8.9 mm growth inhibition 

zone). On the other hand, 3-butenyl GSL, 2-hydroxy 3-butenyl GSL and indole-3-

carbinol had the highest inhibitory effect (~11.5 mm growth inhibition zone) on 

Alternaria brassicae. The findings of this study are quite unexpected because intact 

GSL are non-toxic unless hydrolysed by myrosinase enzyme (Donkin et al., 1995). 

In addition to investigations on the effect of ITC on fungal growth, there are also 

some reports on inhibition of mycotoxin production. Nazareth et al. (2016) tested the 

efficacy of pure ITC to reduce mycotoxin production by Aspergillus and Fusarium in 

wheat flour. In this study, wheat flour was infected with F. poae and A. parasiticus 

which produced 183 mg kg-1 of beauvericin and enniatins, and 126 mg kg-1 of 

aflatoxins respectively in control samples. Filter papers containing allyl ITC at 

different concentrations (0.1, 1, 10 μl l-1) were placed with infected flour in closed 

jars. Allyl ITC at 10 μl l-1 completely inhibited mycotoxin production. At the lowest 

concentration tested (0.1 μl l-1), volatiles from the filter paper were overall more 

effective against aflatoxins (16-23% reduction) than enniatins (6-16% reduction), 

whereas 1 μl l-1 of allyl ITC was able to inhibit around 50% production of all 

mycotoxins analysed in the study. 

 

1.6.2 Laboratory studies on brassica tissue 
 

Brassica tissues can also be used in in vitro assays to investigate the impact of the 

volatiles on fungal growth. Such assays involve the use of realistic quantities of 

brassica tissue to simulate biofumigation under field conditions. The release of 

volatile compounds is achieved by tissue maceration or the use of ‘freeze-thaw’. 

Brassica tissues particularly those of B. juncea have shown a pronounced effect 

against a wide range of soil-borne fungal pathogens. In one such in vitro assay by 

Kirkegaard et al. (1996), freeze-dried tissues of B. napus and B. juncea were tested 

for their suppressive effect against fungal pathogens of cereals. In Petri dishes, agar 

plugs of G. graminis, B. sorokiniana, P. irregulare and R. solani were exposed to 

brassica root, shoot and seed meal tissues. Brassica juncea shoots harvested at 

flowering stage were found to be the most suppressive. At the highest rate, 500 mg 

tissue, B. juncea shoot completely inhibited G. graminis growth while B. juncea 

shoot and root tissues caused ~50% suppression of F. graminearum. This relates to 

the ITC profile detected in the headspace where B. juncea tissues at flowering 

contained allyl ITC and only B. napus root tissues contained 2-phenylethyl ITC. 
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These two ITC were not detected from tissues at maturity which relates to the low 

suppression (less than 25%) observed for all the fungal species tested in the study. 

Seed meal of B. juncea, on the other hand, had the most suppressive effect with 

almost 100% suppression for all the fungal species at a rate of 25 mg of tissue 

added and this was also related to the 10 times higher levels of ally ITC detected in 

the B. juncea seed meal than in the shoot tissue. Overall, B. juncea was found to be 

more suppressive than B. napus, and G. graminis and R. solani were the most 

sensitive pathogens to the volatiles while F. graminearum had intermediate 

sensitivity. In another in vitro study (Charron and Sams, 1999), macerated leaves of 

different Brassica species were tested against P. ultimum and R. solani. Brassica 

juncea (10 g macerated tissue in 500 ml jar) completely suppressed radial growth of 

P. ultimum and reduced R. solani radial growth by 73% in the inverted Petri dishes. 

They found allyl ITC to be the predominating compound (>90%) in the volatiles 

measured from B. juncea tissues. When the fungal pathogens were exposed to pure 

allyl ITC (3.3 µmol l-1), an almost similar effect was observed with 100% and 55% 

inhibition of mycelial growth of P. ultimum and R. solani respectively.  

In laboratory studies, Neubauer et al. (2014) investigated the antifungal potential of 

ITC and brassica tissues against V. dahliae. When pure ITC were added to sterilised 

quartz sand, artificially infested with V. dahliae microsclerotia, benzyl ITC and 2-

phenylethyl ITC were found to be the most suppressive with LD90 values of 8.4 and 

23 nmol g-1 sand, respectively, whereas for methyl ITC and allyl ITC, higher LD90 

values (89 nmol g-1 sand) were determined. In another part of this study, where 

freeze-dried, macerated shoot tissues of brassicas were mixed with 200 g artificially 

infested sterile quartz sand (200 V. dahliae microsclerotia g-1 sand) in sealed flasks, 

B. juncea tissue (0.6 g) was found to be the most effective causing up to 80% 

reduction. However, B. juncea caused 10-66% reduction of viable microsclerotia in 

soils naturally infested with V. dahliae. Similarly, allyl ITC at 150 nmol g-1 sand 

showed 100% reduction of microsclerotia in artificially infested quartz sand whereas 

in natural soils, suppression levels ranged from 9 to 92%. The varying efficacy in 

artificial and natural infestation was associated with sorption of ITC in organic matter 

and microbial degradation of ITC. Therefore, it should be kept in mind that much 

higher concentrations of ITC than those determined in laboratory bioassays may be 

necessary to achieve sufficient biofumigation effect against V. dahliae. Similarly, in 

another bioassay with seed meals (Neubauer et al., 2015), the group of researchers 

found that suppression of V. dahliae was lower in naturally infested soils. Complete 

suppression was observed in artificially infested quartz sand with B. juncea seed 

meal at an application rate of 0.4% (vol/vol), while in natural soils, the suppression 
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was lower (15 to 80% suppression). They also determined the GSL content of these 

seed meals detecting up to 110 µmol g-1 (tissue) of sinigrin. In addition, ITC release 

efficiency (based on sinigrin content) of 100% and 95% was determined in B. juncea 

seed meals derived from the cultivars Energy and Terrafit respectively. 

Ojaghian et al. (2012) tested tissues of three Brassica species, B. juncea, B. napus 

and B. campestris, against S. sclerotiorum. Brassica juncea was found to be the 

most effective, inhibiting mycelial growth and sclerotia formation up to 90% in vitro. 

Handiseni et al. (2016) also successfully demonstrated antifungal potential of 

brassica against R. solani. Brassica juncea tissue (3 g in Petri dish) was found to be 

the most effective causing >90% inhibition of mycelial growth. In another part of this 

study, R. solani mycelial plugs in Petri dishes were exposed to B. juncea-amended 

soil in sealed bags. Approximately 50% inhibition was achieved at the highest 

incorporation rate tested, 3.2% (wt/wt). Usually for storage, brassica tissues are 

recommended to be frozen using dry ice (-80⁰C) or liquid nitrogen (-196°C) 

(Wathelet et al., 2004). This allows to stop the enzymatic activity, preventing GSL 

conversion to ITC. In this study, brassica biomass were stored at -20⁰C before 

maceration, which might have reduced the effectiveness of the brassicas as some 

hydrolysis could have already occurred during storage. However, despite the non-

ideal storage conditions, a higher suppression was achieved. 

 

1.6.3 Glasshouse/microcosm studies 
 

In a glasshouse study (Mazzola et al., 2007), B. juncea seed meal suppressed R. 

solani but the effect was dependent on the timing of inoculum introduction. When 

orchard soil was amended with the seed meal the same time the inoculum was 

added, apple root infection by R. solani was reduced by 84%. In contrast, when the 

inoculum was introduced after 24 hours of seed meal incorporation, the infection 

was similar to untreated soils. This could be explained by the immediate release of 

toxic volatiles following biofumigant amendment. As evident from a previous report 

(Gimsing and Kirkegaard, 2006), following incorporation of B. juncea and B. napus 

(500-700 g m-2 dry biomass), the highest concentration of ITC (10-80 nmol g-1) were 

detected immediately (30 min) and decreased rapidly during the first 4 days (<5 

nmol g-1). Nevertheless Mazzola et al. (2007) observed that after seed meal 

amendment, when R. solani inoculation was further delayed for 4 weeks, the 

suppression was restored and it was significantly similar to the treatment where 

pathogen infestation and application of amendment occurred at the same time. The 
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effect was attributed to proliferation of soil bacteria during the 4-week delay period. 

The increase in soil microflora could be related to the effect arising from addition of 

organic matter to the soil. Soil microflora enhanced by brassica incorporation has 

been linked to suppression of fungal pathogens. This is evident from a previous 

study (Cohen et al., 2005), where incorporation of B. napus seed meal having a low 

total GSL content (22 µmol g-1), increased Streptomyces spp. numbers from 105 to 

6x106 cfu g-1. The suppression of R. solani observed after 4 weeks could be due to 

antagonism and competition by soil microflora such as Streptomyces spp., which 

are known to produce antibiotics against R. solani (Rothrock and Gottlieb, 1981). 

The suppression observed after the delay could also be explained by the production 

of other toxic substances that are released later compared to ITC production. For 

instance, in a laboratory-based study (Bending and Lincoln, 1999), a variety of non-

GSL compounds such as dimethyl sulphide, dimethyl disulphide, carbon disulphide 

and methanethiol were produced at concentrations ranging from 39-992 nmol g-1 

(leaf dry weight) after 2-12 days of B. juncea incorporation in soil. These compounds 

have shown biocidal properties against pests and pathogens including nematodes 

and fungi (Curto et al., 2014; Lewis and Papavizas, 1971) as discussed earlier. 

In another green manure simulation study, Lazzeri and Manici (2001) investigated 

the effect of the GSL-containing plants Iberis amara, Rapistrum rugosum and 

Cleome hassleriana- against Pythium spp. At the stage of full flowering, the above-

ground parts of these plants were chopped and incorporated to naturally infested 

soil in pots. This decreased populations of P. deliense and P. ultimum from a 

starting level of about 300 cfu g-1 (dry soil) to ≤ 40 cfu g-1 (dry soil). The reduction in 

Pythium spp. was lower or similar to that of untreated soil. However, it was not 

evident from the results whether the levels of Pythium spp. population resulting from 

the biofumigant treatment was significantly lower than that of the untreated soil. 

Although the suppressive effect of these biofumigant plants on Pythium spp. might 

not be too different from that of the untreated soils, these biofumigant plants were 

found to be comparatively more efficient in increasing the soil microflora. In contrast 

to the three biofumigant treatments, the two green manure controls, Crambe 

abyssinica (GSL plant with low fungitoxic activity) and Helianthus annuus (non-GSL 

plant) increased Pythium spp. populations to about 3000 cfu g-1 dry soil. In terms of 

soil microflora, Cleome hassleriana, increased total soil fungal population by as high 

as 600% in contrast to the untreated soil where the total soil fungal population either 

remained the same or decreased after 10 weeks. The total soil fungal population 

mostly comprised of pathogenic and non-pathogenic saprophytes such as species 

of Fusarium, Aspergillus and Trichoderma. These saprophytes may have competed 
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with Pythium spp. providing an additional suppressive effect of the biofumigant 

plants. In this study, all green manure treatments increased the total soil fungal 

population, but the two green manure controls (Crambe abyssinica, Helianthus 

annuus) also stimulated Pythium spp., indicating these cover crops provided a good 

substrate for Pythium. This indicates that the three biofumigant crops tested, could 

be used as cover crops without the risk of increasing Pythium populations. Whilst 

the biofumigants tested in this study may be useful for suppressing Pythium spp., 

they may also increase other fungal pathogens such as F. oxysporum and F. 

equiseti. Unfortunately, the data on total soil fungi cannot be used to assess the 

suppression of particular fungal pathogens. 

 

 

1.6.4 Field studies 
 

Several field experiments have also been conducted to investigate the antifungal 

potential of different brassica plants. Different effects have been observed on 

inoculum and disease levels depending on the pathogen and the brassica species 

used. Researchers have also used additional approaches such as tarping the field 

following brassica incorporation to prevent loss of volatiles. In a field study, 

Subbarao et al. (1999) reported suppression of Verticillium wilt in cauliflower by 

broccoli residue incorporation in comparison to metam sodium, chloropicrin and 

other control treatments. Prior to cauliflower drilling, broccoli residues were 

incorporated at a rate of 205 kg plot-1. At crop maturity, V. dahliae was recovered 

from 5 out of 8 sampled plants in broccoli treatments (with and without tarp) and 

metam sodium treatment. The chloropicrin and control treatments showed higher 

infection as observed in 6 and 7-8 plants (out of a total of 8 sampled plants) 

respectively. The soil population of V. dahliae microsclerotia was reduced by 50-

75% by broccoli incorporation treatments, compared to pre-treatment levels, with 

most reduction occurring in the first 4 weeks. There was no difference in 

suppression levels between tarped and non-tarped broccoli treatments. In contrast, 

the synthetic fungicides initially decreased microsclerotia levels but later increased 

the number of microsclerotia; an increase as high as 130% in case of metam 

sodium treatment and 200% in chloropicrin treatment. The authors suggest that the 

increase in the microsclerotia levels could be due to soil chemical treatments having 

a reduced suppressive effect against inoculum held in larger chunks of debris. 

However, as microsclerotia are survival structures (Huisman and Ashworth, 1974), 

the increase could have also resulted as a stress-response to the chemical 
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treatment (Georgiou et al., 2006). In one of the two field experiments in this study 

(Subbarao et al., 1999), the number of harvestable cauliflower heads in the broccoli 

residue treatments was significantly higher than control treatments but not 

significantly different to the number of harvestable heads in the two conventional 

fungicides. 

In another study, Larkin and Griffin (2007) investigated the efficacy of brassica crops 

including B. juncea, B. napus, B. rapa, R. sativus and S. alba to control soil-borne 

pathogens of potato. In the in vitro bioassays, macerated tissues of brassicas were 

tested against soil-borne pathogens including R. solani, Phytophthora 

erythroseptica, S. sclerotiorum, F. oxysporum and F. sambucinam. Brassica juncea 

leaf tissue resulted in 70-80% radial growth inhibition of Fusarium species and 90-

100% inhibition of other pathogens. Moreover, leaves of B. napus and B. rapa 

caused 40-45% inhibition of P. erythroseptica. Overall, macerated leaf material was 

more effective than root tissues. In the field experiments of this study, B. juncea 

reduced Spongospona subterranea (powdery scab) inoculum by 26%. Brassica 

juncea also reduced disease incidence and severity of powdery scab and common 

scab (caused by Streptomyces scabiei) by 40% and >20% respectively. On the 

other hand, B. napus effectively showed >70% reduction of black scurf incidence 

and severity (caused by R. solani). However, non-brassica crops such as ryegrass 

also showed suppressive effects (20-40%). This may be due to factors such as, 

enhanced soil microbial communities, possibly due to increased organic matter 

content. This is evident from studies where organic amendment to the soil increased 

soil microbial mass (El-Sharouny, 2015).   

In some cases, brassica amendments have been found to stimulate plant 

pathogens. For instance, Njoroge et al. (2008) observed that amending soil with B. 

juncea and B. napus stimulated F. oxysporum and Pythium spp. growth in field 

experiments. The investigators used plastic mulch which also did not make the 

amendment more efficacious. One possible reason could be low levels of sinigrin 

(0.22-0.31 µmol g-1) detected in B. juncea tissues in this study. Sinigrin, the parent 

GSL of allyl ITC, is mostly found to be the predominant GSL in B. juncea, and allyl 

ITC has been previously shown to suppress F. oxysporum in in vitro assays 

(Smolinska et al., 2003). Lack of suitable ITC profile among other factors may result 

in inefficacy of biofumigants.  

A number of fungal pathogens have shown sensitivity to brassica biofumigants. In 

some cases brassica incorporation showed similar or better suppression than 

synthetic fungicides. Brassica juncea with sinigrin as the predominant GSL, has 
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shown good suppression activity against a wide range of soil-borne pathogens in 

these studies. Different fungal species have been shown to respond differently to 

brassica biofumigants. Effect of ITC also varied between the isolates of the same 

species. Selection of brassica plant with the most suitable GSL profile is a major 

factor affecting the outcome of biofumigation. In the field, to achieve a successful 

biofumigation effect, the biofumigant crop establishment and growth should be 

considered. Moreover, the approach needs to be optimised based on the target 

pathogen while also considering environmental factors, such as, temperature and 

moisture content of soil.  
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1.7 Identifying the research gap and objectives 
 

The main aim of this research was to investigate the biofumigation potential of 

brassicas to suppress Fusarium graminearum inoculum in soil and thus suppression 

of F. graminearum disease and mycotoxin production in subsequent cereal crop. 

Fusarium graminearum mainly overwinters as mycelium in infected crop debris 

which serves as the primary inoculum for head blight disease in cereals. Currently, 

F. graminearum is managed through triazole fungicides, however, there is a serious 

concern due to their limited effectiveness and the high selection pressure for 

fungicide resistance. Additionally, evidence suggesting endocrine-disrupting 

potential of triazoles has raised serious concerns which may lead to restrictions on 

the use of triazoles. Therefore, there is a need to explore an alternative safer 

management strategy. Whilst biofumigation has attracted significant interest, 

research on its potential application for reducing the inoculum of Fusarium species 

affecting cereals is scarce. The existing literature suggested that there is a need for 

a comprehensive study to understand the potential of the biofumigation system for 

the management of F. graminearum.  

 

Objectives: 

1. Develop a selective media for Fusarium graminearum 

2. Determine the efficacy of isothiocyanates to inhibit Fusarium graminearum 

isolates in vitro 

3. Determine the efficacy of brassica species to inhibit Fusarium graminearum 

isolates in vitro  

4. Determine the efficacy of brassica species to inhibit Fusarium graminearum in 

debris in microcosm experiments 

5. Evaluate whether biofumigation can inhibit Fusarium graminearum colonised 

debris under field conditions in a wheat-maize rotation 
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Chapter 2 

 

 

2 Screening of fungicides and comparison of 

selective media for isolation of Fusarium 

graminearum from soil and plant material 
 

 

 

2.1 Abstract 
 

Culture media recommended for the isolation and enumeration of Fusarium spp. are 

not very selective for Fusarium graminearum. In the present study, five fungicides - 

Amistar® (250 g l-1 azoxystrobin), Filan® (500 g kg-1 boscalid), Comet® 200 (200 g l-

1 pyraclostrobin), Imtrex® (62.5 g l-1 fluxapyroxad), Poraz® (450 g l-1 prochloraz) - 

were investigated for their potential as selective inhibitors in culture media for the 

isolation of F. graminearum from soil and plant material. Based on the screening, 

Imtrex® was further tested for selective inhibition for the isolation of Fusarium 

graminearum from soil. Additionally, selective media were compared for isolation of 

Fusarium graminearum from plant material. The fungicides did not prove to be 

effective inhibitor for the development of selective media. For detection of Fusarium 

graminearum in plant materials, modified Czapek Dox iprodione dichloran agar was 

found to be better medium than Komada’s media, as the former resulted in colonies 

with darker pigmentation over a shorter incubation time.  
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2.2 Introduction 
 

A number of selective media have been developed for the isolation and enumeration 

of Fusarium species. The most widely used selective medium for Fusarium is the 

Nash and Snyder (1962) medium which contains pentachloronitrobenzene (PCNB) 

as the selective agent. It partially inhibits a variety of fungal species while allowing 

the growth of Fusarium species along with a few other fungal species. Some 

modifications of this medium have been published. For example, modification of the 

Nash and Snyder medium through the addition of benomyl, increased the selectivity 

for F. solani (Hall, 1981). Other PCNB-containing media selective for Fusarium are 

the Papavizas medium (Papavizas, 1967) and Komada’s medium (Komada, 1975), 

the latter being preferred when the target organism is F. oxysporum. Rose bengal-

glycerine-urea medium developed by van Wyk et al. (1986) which also contains 

PCNB, is as selective for Fusarium as the Komada and Nash and Snyder media but 

with the advantage that the colonies are easier to distinguish due to being 

transparent. Malachite green agar 2.5 is reported to be a better selective medium for 

Fusarium as it is restrictive to other fungal genera (Castella et al., 1997). The 

concentration of malachite green dye used in the medium is important because a 

previously higher concentration of malachite green (15-50 mg kg-1) used in the 

Singh-Nene medium restricted the germination of many Fusarium spores (Singh and 

Nene, 1965). Malachite green agar maintains the morphological characteristics of 

the colonies eliminating the necessity to subculture the colonies onto other media for 

identification. Bragulat et al. (2004) also found malachite green agar 2.5 to be a 

useful selective medium for isolation of Fusarium spp. from naturally contaminated 

samples, when compared with different media like Nash and Snyder, modified 

Czapek Dox agar and potato dextrose iprodione dichloran agar. Similarly, for the 

isolation and enumeration of Fusarium species from grains, Alborch et al. (2010) 

recommended the use of malachite green agar 2.5 as an alternative to Nash and 

Snyder medium as no differences were observed in the recovery of Fusarium 

species in both media. Malachite green is used to replace PCNB in culture media 

but carcinogenic properties of malachite green are evident in experimental animals 

(Culp et al., 2006; Rao and Fernandes, 1996). Moreover, previous studies suggest 

that malachite green is a multi-organ toxin (Srivastava et al., 2004). However, 

malachite green has recently been classified in Group 3 “not classifiable as to its 

carcinogenicity to humans” by the International Agency for Research on Cancer 

(IARC, 2021). A drawback of this dye is that it is deactivated upon exposure to light 

which might affect its antifungal activity (Vujanovic et al., 2002).  
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Isolation of F. graminearum on Nash and Snyder medium requires subculture of the 

fungus onto potato dextrose agar (PDA) medium as the former medium often fails to 

maintain the morphological characteristics of F. graminearum. To avoid the 

requirement of more than one medium which might lead to identification errors, 

Segalin and Reis semi-selective medium for F. graminearum detection in seed 

samples was developed (Segalin and Reis, 2010). This medium, which contains 

triadimenol among other inhibitory compounds, was as selective and sensitive for F. 

graminearum as Nash and Snyder medium but with the advantage of maintaining 

colony morphology, thus facilitating F. graminearum identification. In another study 

(Thompson et al., 2013), F. graminearum showed poor growth in malachite-

containing media except for malachite green agar medium supplemented with 

carnation leaf pieces, in which better growth and sporulation of the fungus was 

observed. A selective media for F. graminearum was developed using the bacterial 

toxin, toxoflavin, as the selective agent (Jung et al., 2013). The toxin which is 

produced by rice pathogen, Burkholderia glumae, is inhibitory against many fungi 

including Aspergillus, Colletotrichum and Penicillium but Fusarium species, 

particularly, F. graminearum was found to be highly resistant to this toxin. However, 

F. verticillioides and F. oxysporum were also found to be resistant to the bacterial 

toxin, thus the toxoflavin-based medium may not prove very selective for F. 

graminearum in natural samples contaminated with the two Fusarium species. The 

important characteristics of various selective media developed for Fusarium species 

are summarised in Table 2.1. 

These different types of media are useful either for identifying Fusarium at the genus 

level or as a semi-selective media for Fusarium spp. Fusarium graminearum is a 

globally important cereal pathogen that causes head blight in wheat, resulting in 

yield losses and mycotoxin contamination (McMullen et al., 2012). There is a need 

to isolate F. graminearum from soil and plant debris and because these types of 

samples have a very diverse and large number of fungal flora, a highly selective 

medium for F. graminearum is needed. This fact prompted the need to investigate 

the potential of a range of fungicides as selective inhibitors in culture media for the 

isolation of F. graminearum from soil and plant material. The efficacy of selective 

media was also compared for the isolation of F. graminearum from wheat debris.  
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Table 2.1 Selective media for isolation of Fusarium species 

Medium Selectivity Inhibitor Source Reference 

Nash and 

Snyder 

Fusarium sp. PCNB soil Nash and 

Snyder, 1962 

Papavizas  Fusarium sp. PCNB soil Papavizas, 

1967 

Komada  Fusarium sp., 

F. oxysporum 

PCNB soil Komada, 

1975 

Rose bengal-

glycerine-urea 

Fusarium sp. PCNB soil van Wyk et 

al., 1986 

Dichloran-

chloramphenicol 

peptone agar  

Fusarium sp., 

dematiaceous 

hyphomycetes 

dichloran seed Andrews and 

Pitt, 1986 

Czapek Dox 

iprodione 

dichloran agar  

Fusarium sp. iprodione, 

dichloran  

seed Abildgren et 

al., 1987 

Malachite green 

agar 2.5 

Fusarium sp. malachite green 

dye 

cereal 

substrates, 

feedstuff 

Castella et 

al., 1997 

Myclobutanil 

agar  

Fusarium sp. myclobutanil soil Vujanovic et 

al., 2002 

Segalin and 

Reis 

F. 

graminearum 

iprodione, 

nystatin, 

triadimenol 

seed Segalin and 

Reis, 2010 

Toxoflavin-

based medium 

F. 

graminearum 

toxoflavin seed, air Jung et al., 

2013 
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2.3 Materials and Methods 
 

2.3.1 Fungal isolates 
 

Three strains of F. graminearum (FG2556, FG2498, FG2481), supplied by Dr Phil 

Jennings, Fera Sciences Ltd, were isolated from wheat samples collected in 2016. 

 

2.3.2 Preparation of Fusarium graminearum conidial suspension 
 

Conidial suspensions were prepared following the method reported by Edwards and 

Seddon (2001) with some modifications. The three isolates of F. graminearum were 

sub-cultured onto PDA (Merck) using 10 plates for each isolate and incubated at 

room temperature (ca. 20°C). After 14 days, conidia were harvested by adding 20-

25 ml sterile distilled water to each plate and dislodging conidia using a sterile 

spreader. The suspension was filtered through Miracloth (EMD Millipore Corp., 

Billerica MA, USA) to remove mycelium. The filtrate was centrifuged at 3000 g for 10 

min. Supernatant was removed and conidia re-suspended in 15 ml sterile distilled 

water and centrifuged at 3000 g for 10 min. Conidia were washed twice and re-

suspended in 15 ml sterile distilled water. Conidia of all three isolates were mixed in 

the final conidial suspension. Conidia were counted using an Improved Neubauer 

counting chamber (Weber 99, Scientific International, Teddington, UK) and the 

concentration adjusted to 105 spores ml-1. 

 

2.3.3 Media preparation 
 

2.3.3.1 Czapek Dox propiconazole dichloran agar 
 

Czapek Dox propiconazole dichloran agar (CZPD) was prepared as described by 

Hofgaard et al. (2016). CZPD media contained (per L distilled water): 48 g Czapek 

Dox agar (Sigma-Aldrich), 1 ml of 0.2% dichloran (Aldrich) solution in ethanol, 1 ml 

of 5% chloramphenicol (Sigma) solution in ethanol, 1 ml of trace metal solution (1 g 

ZnSO4*7H2O [Fisher Scientific] + 0.5 g CuSO4*5H2O [Fisher Scientific] per 100 ml 

distilled water), 10 ml of filter-sterilised 0.5% chlortetracycline hydrochloride (Sigma) 

solution, 1 ml of 0.3% Bumper® suspension (containing 750 µg propiconazole). 



 
 

64 
 

Chlortetracycline and Bumper® solution were added after autoclaving and tempering 

the media to 55°C.  

 

2.3.3.2 Komada’s media 
 

Komada’s media (Komada, 1975) contained (per L distilled water): 1 g K2HPO4 

(Acros Organics), 0.5 g MgSO4.7H2O (Fisher Scientific), 0.5 g KCl (Acros Organics), 

0.01 g Fe-Na- ethylenediamine tetraacetic acid (EDTA) (Sigma-Aldrich), 2 g L-

asparagine (Sigma-Aldrich), 20 g D(+)-galactose (Sigma-Aldrich), 15 g agar (Lab M 

Ltd),1 g PCNB (Aldrich). After autoclaving and tempering to 55°C, the following were 

added after filter sterilisation: 1 ml of Oxgall solution (5 g Oxgall powder [Sigma-

Aldrich] + 10 g Na2B4O7.10H2O [Fisher Scientific] per 100 ml sterile distilled water), 5 

ml of 6.5% streptomycin sulfate (Sigma-Aldrich) solution. 

 

2.3.4 Screening of fungicides for selectivity 
 

2.3.4.1 Incorporation of fungicides into media 
 

Five fungicides - Amistar® (250 g l-1 azoxystrobin), Filan® (500 g kg-1 boscalid), 

Comet® 200 (200 g l-1 pyraclostrobin), Imtrex® (62.5 g l-1 fluxapyroxad), Poraz® 

(450 g l-1 prochloraz) - were used. PDA media was amended with the fungicides to 

achieve the concentrations of the active ingredients (a.i.) at 0.001, 0.01, 0.1, 1, 10, 

100, 1000 mg l-1. For uniform distribution of the fungicide within the medium, 

fungicide suspensions in sterile distilled water were first vortexed. This was then 

immediately transferred to molten PDA agar (at 50°C) and then shaken gently 

before pouring. Control plates contained PDA treated with sterile distilled water in 

place of fungicide. 

 

2.3.4.2 Inoculation of fungicide-amended media plates 
 

(a) Mycelial plugs: Agar plugs of 7 mm diameter were cut from outer margin of the 

three actively growing F. graminearum isolates growing on PDA. These were 

transferred to the centre of 9 cm Petri dishes of the untreated and fungicide-

amended media plates with mycelium facedown. The plates were incubated at room 

temperature (ca. 20°C) and radial colony growth was measured after 5 days. 
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(b) Conidial suspensions: A 105 spores ml-1 stock of F. graminearum was prepared 

as described above and diluted to 104 and 103 spores ml-1 in sterile distilled water. 

Plates of the control and fungicide-amended media were spread with 100 µl of the 

stock and the two dilutions. The plates were incubated at room temperature (ca. 

20°C) and F. graminearum colony forming units (cfu) were enumerated after 24-48 

hours. 

(c) Soil suspension: A 10% stock soil suspension in sterile distilled water was 

prepared and diluted to 1% and 0.1%. Plates of the control and fungicide-amended 

media were spread with 100 µl of the stock and the two dilutions. The plates were 

incubated at room temperature (ca. 20°C) and observed for colony growth. 

 

 

2.3.5 Further testing of selected fungicides with CZPD 
 

1st screening 

Based on section 2.3.4., two fungicides - Comet® 200 and Imtrex were selected for 

further screening. CZPD media was prepared as described above and amended 

with (i) Comet® 200 a.i. 10 mg l-1, 100 mg l-1 and (ii) Imtrex® a.i. 10 mg l-1 and 

inoculated as described in 2.3.4. 

 

2nd screening 

Comet® 200 and Imtrex® at lower concentrations were tested. CZPD media was 

amended with the two fungicides to achieve the concentrations of the a.i. at 0.001, 

0.01, 0.1, 1 mg l-1 and inoculated as described in 2.3.4. 

 

 

2.3.6 Attempts at isolation of Fusarium graminearum from soil 

using potential selective inhibitor 
 

Based on 2.3.5., Imtrex® a.i 1 mg l-1 CZPD was selected for further testing. CZPD 

media was prepared as described above and another set of CZPD media was 

amended with Imtrex® a.i. at 1 mg l-1 concentration after autoclaving and cooling the 

media to 50°C. A 105 spores ml-1 stock of F. graminearum was prepared as 

described above and was diluted using sterile distilled water and soil suspension. 

The soil suspension was prepared by adding 5 g fresh soil (flower bed soil collected 
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from Harper Adams University, UK premises) to sterile distilled water to give a final 

volume of 50 ml and mixed well. Aliquots of the (a) soil suspension and (b) sterile 

distilled water were used to dilute the conidia stock solution to 104, 103 and 102 

spores ml-1. Triplicate plates of CZPD and Imtrex®-amended CZPD were spread 

with 100 µl of the dilutions. Later cfu were counted on the plates after 5-8 days 

incubation at room temperature (ca. 20°C). Growth of F. graminearum in plates 

spread with dilutions from soil suspension was recorded based on the characteristic 

reddish pink pigmentation. Assumed F. graminearum colonies were subcultured on 

PDA media plates and incubated at room temperature (ca. 20°C) for 14 days. The 

conidia were harvested as described above and confirmed as F. graminearum 

based on spore morphology (Leslie and Summerell, 2006). As it was not possible to 

confirm all the assumed F. graminearum colonies, about 5-10% representative 

sample colonies were used for confirmation. 

 

2.3.7 Comparing selectivity of media using Fusarium 

graminearum-infected wheat debris 
 

Four types of media were compared for their selective efficacy to isolate F. 

graminearum. (a) CZPD (b) Imtrex® a.i. 1 mg l-1 of CZPD (c) Imtrex® a.i 5 mg l-1 of 

CZPD and (d) Komada’s media were prepared as described above. Wheat debris 

(chaff, straw, rachis) were collected post-harvest from a F. graminearum-inoculated 

wheat experiment at the research facilities of Harper Adams University, Newport, 

Shropshire, UK. The debris were surface sterilised with sodium hypochlorite (1.2% 

available chlorine) containing 0.05% Tween 20 for 3 min and washed three times 

with sterile distilled water. Five debris were placed per plate in five plates of each of 

the four media types. Plates were incubated at room temperature (ca. 20°C) and F. 

graminearum growth was observed after 7-14 days. Fusarium graminearum 

colonies were confirmed as described above.  

 

 

2.4 Results 
 

2.4.1 Selectivity of fungicides 
 

Preliminary results from screening of the five fungicides (Amistar®, Filan®, Comet® 

200, Imtrex®, Poraz®) with soil suspension (Figure 2.1), and F. graminearum (Table 
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2.2) suggested that Comet® and Imtrex® should be assessed further. Comet® 200 

a.i. at 10 mg l-1, 100 mg l-1 and Imtrex® a.i. at 10 mg l-1 were comparatively 

suppressive for the non-target fungi and had a weak effect on F. graminearum 

growth (Figure 2.2). Poraz® at the two highest tested concentrations also hindered 

the growth of the non-target fungi, however, it was inhibitory for F. graminearum too. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Imtrex 

Comet 200 

Poraz 

Amistar 

Filan 

1000 

mg l-1 

100 

mg l-1 
10 

mg l-1 
1   

mg l-1 
0.1 

mg l-1 

0.01 

mg l-1 
0.001 

mg l-1 

Figure 2.1 1% soil suspension (containing fungal and bacterial species which were not 

identified) on potato dextrose agar amended at (from right) 0.001, 0.01, 0.1, 1, 10, 100, 

1000 mg l-1 concentrations of active ingredient of five fungicides (from top) – Poraz®, 

Amistar®, Comet® 200, Filan®, Imtrex® - after 5 days incubation at room temperature 

(ca. 20°C) 
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Table 2.2 Radial colony growth of Fusarium graminearum (FG2498) and colony 

forming units of F. graminearum (FG2556, FG2498, FG2481) on potato dextrose 

agar amended with different concentrations of active ingredient of five fungicides: 

Imtrex®, Comet® 200, Amistar®, Filan®, Poraz®. The fungicides were tested for 

their potential as selective inhibitor for the development of selective medium for 

Fusarium graminearum 

Fungicide  

concentration (mg l-1)a 

 

0 

 

0.001 

 

0.01 

 

0.1 

 

1 

 

10 

 

100 

 

1000 

 
F. graminearum radial colony (mm)b 

Imtrex 58c 72 61 68 34 21 3 0 

Comet 200 58 77 68 37 30 26 13 2 

Amistar 58 77 77 67 39 30 38 40 

Filan  58 65 65 74 77 77 69 75 

Poraz  58 44 45 34 13 18 0 0 

 
F. graminearum cfu plate-1 d 

Imtrex 121e 110 110 120 106 88 0 0 

Comet 200 121 162 99 106 115 96 65 92 

Amistar 121 107 113 137 123 151 106 112 

Filan  121 136 134 144 171 156 121 54 

Poraz  121 128 122 179 0 0 0 0 

a Concentrations of active ingredient of fungicides in potato dextrose agar (PDA) 

b Radial colony growth of mycelial plug from Fusarium graminearum culture 

(FG2498) after 5 days at room temperature (ca. 20°C) 

c Mean of triplicate of unamended PDA used as control 

d Colony forming units (cfu) per plate of Fusarium graminearum from conidial 

suspension of mixed isolates FG2556, FG2498, FG2481 (104 spores ml-1), after 48 

hours at room temperature (ca. 20°C) 

e Mean of triplicate of unamended PDA used as control 
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F. graminearum 

conidia 104 ml-1 

F. graminearum 

conidia 104 ml-1 

F. graminearum 

culture FG2498 

F. graminearum 

culture FG2498 

10% soil 

suspension 

10% soil 

suspension 

Imtrex 

Comet 200 

1000 

mg l-1 
100 

mg l-1 

10 

mg l-1 
1   

mg l-1 

0.1 

mg l-1 
0.01 

mg l-1 

0.001 

mg l-1 

0   

mg l-1 

Figure 2.2 Different concentrations of active ingredient (a.i.) of Imtrex® and Comet® 200 added to 

potato dextrose agar (PDA) and tested for their potential as selective inhibitor for the development 

of selective medium for Fusarium graminearum. The growth of Fusarium graminearum from a 

conidial suspension (104 ml-1), a mycelial plug from culture FG2498 and growth from 10% soil 

suspension on (from right) PDA-unamended, fungicide a.i at 0.001, 0.01, 0.1, 1, 10, 100, 1000 mg l-

1 PDA after 5 days incubation at room temperature (ca. 20°C). Fungicide concentration of 

treatments in rectangles were selected for further screening 
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2.4.2 Selectivity of Comet® 200 and Imtrex®  
 

Comet® 200 at the two concentrations (a.i. 10 mg l-1 and 100 mg l-1) was found to 

be too inhibitory for F. graminearum (Figure 2.3). Data from media amended with 

lower concentrations of these two fungicides suggested that Imtrex® a.i. at 1 mg l-1 

could be a potential inhibitor to isolate F. graminearum from soil and plant material 

(Figure 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F. graminearum 

conidia 105 ml-1 

F. graminearum 

culture FG2498 
10% soil 

suspension 

CZPD 

Comet® 200 a.i. 

10 mg l-1 CZPD 

Comet® 200 a.i. 

100 mg l-1 CZPD 

Figure 2.3 The growth of Fusarium graminearum from a conidial suspension 

(105 ml-1) and mycelial plug from culture FG2498, and growth from 10% soil 

suspension on (from top) CZPD (Czapek Dox propiconazole agar), Comet® 

200 a.i. 10 mg l-1 CZPD and Comet® 200 a.i. 100 mg l-1 CZPD, after 5 days 

incubation at room temperature (ca. 20°C) 
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FG2556 

FG2498 

FG2481 

F. graminearum 

conidia 103 ml-1 

0.1% soil 

suspension 

F. graminearum 

conidia 104 ml-1 

F. graminearum 

conidia 105 ml-1 

1% soil 

suspension 

10% soil 

suspension 

0 mg l-1 0.001 mg l-1 0.01 mg l-1 0.1 mg l-1 1 mg l-1 10 mg l-1 

a 

b 

c 

Figure 2.4 Different concentrations of Imtrex® active ingredient (a.i.) fluxapyroxad 

added to Czapek Dox propiconazole dichloran agar (CZPD). (a) Growth of Fusarium 

graminearum culture from mycelial plug, (b) growth of Fusarium graminearum from 

conidial suspension and (c) growth from soil suspension on (from left) CZPD, Imtrex® 

a.i. 0.001 mg l-1 CZPD, Imtrex® a.i. 0.01 mg l-1 CZPD, Imtrex® a.i. 0.1 mg l-1CZPD, 

Imtrex® a.i. 1 mg l-1 CZPD, Imtrex® a.i. 10 mg l-1 CZPD after 5 days incubation at 

room temperature (ca. 20°C) 
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2.4.3 Isolation of Fusarium graminearum from soil using Imtrex® 
 

Mean of values for colony counts of F. graminearum on unamended CZPD and 

Imtrex®-amended CZPD media after 8 days of incubation are presented in Table 

2.3. Fusarium graminearum colonies on both types of media were identified by the 

characteristic reddish pink pigmentation. Colony counts of F. graminearum was not 

very different between the two types of media used. Fusarium graminearum colony 

count from sterile distilled water were similar to those from soil suspension on both 

types of media. However, the two media did not prove to be very selective as growth 

of soil mycobiota was more than F. graminearum.  

 

 

 

Table 2.3 Colony-forming units of Fusarium graminearum from three dilutions of F. 

graminearum conidia in sterile distilled water and soil on media. Data given are the 

mean from triplicate plate counts and numbers in parentheses represent the 

standard error of the mean 

 

 

Media 

 

 

Diluent 

F. graminearum (cfu plate-1) 

104  103  102  

Fga Otherb Fg Other Fg Other 

CZPDc Sterile distilled 

water 

24 (3)d 0 2 (1) 0 1 (1) 0 

Soil 

suspension 

 

28 (2) 48 (2) 7 (2) 58 (7) 3 (1) 55 (5) 

Imtrex®-

CZPDd 

Sterile distilled 

water 

32 (4) 0 3 (1) 0 1 (1) 0 

Soil 

suspension 

26 (2) 49 (5) 10 (2) 61 (7) 2 (1) 70 (3) 

a Fg, Fusarium graminearum  

b Other, other fungal species 

c CZPD, Czapek Dox propiconazole dichloran agar 

d Imtrex®-CZPD, Imtrex® a.i. (fluxapyroxad) 1 mg l-1 of CZPD 
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2.4.4 Selectivity of media for isolation of Fusarium graminearum 

from wheat debris 
 

When wheat debris used, there was not much difference among CZPD, Imtrex® 

amended-CZPD and Komada’s media in terms of selectivity. Fusarium graminearum 

colonies became identifiable and produced dark pigmentation on CZPD (both 

unamended and amended) after 9-10 days (Figure 2.5). The colour of F. 

graminearum colonies on Komada’s media became darker and identifiable after 17-

18 days, yet not as dark as observed on CZPD after 10 days. 

 

 

 

 

 

Figure 2.5 Fusarium graminearum-infected wheat debris on different media after 10 

days (from top- Czapek Dox propiconazole dichloran agar (CZPD); Imtrex® a.i. 1 

mg l-1 of CZPD; Imtrex® a.i. 5 mg l-1 of CZPD; Komada’s media) 
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2.5 Discussion 

The available selective media were introduced based on old fungicide chemistry, 

however, the newer fungicide chemistry reveals that strobilurins and succinate 

dehydrogenase inhibitor (SDHI) fungicides have poor activity towards F. 

graminearum (Frąc et al., 2016; Masiello et al., 2019). Hence it was of interest to 

investigate if these fungicides would improve selectivity of Fusarium selective 

media. However, the fungicides used in the present study did not prove to be 

effective inhibitors in culture media for the isolation of F. graminearum from soil. 

CZPD and Imtrex®-amended CZPD allowed growth of F. graminearum conidia in 

soil suspension, however they were not suppressive enough for other fungi in the 

soil samples.   

An ideal selective medium for a specific group of fungi should promote the growth of 

all viable propagules of this specific fungal group and facilitate its identification and 

restrict the growth of unwanted microbiota. Moreover, the stability and toxicity of the 

added inhibitors are important factors that should be considered for the efficacy and 

safety of the culture medium (Bragulat et al., 2004). Widely used media such as 

Nash and Snyder (1962) and Komada’s medium (Komada, 1975), contain PCNB as 

a fungal inhibitor. Although PCNB has been categorised as "not classifiable as to its 

carcinogenicity to humans" by the International Agency for Research on Cancer 

(IARC, 1987), the US Environmental Protection Agency has classified it as possible 

human carcinogen (Group C) (US EPA-OPP, 2018). Due to concern about the 

safety of PCNB, other alternative selective inhibitors for Fusarium isolation are 

reported such as dichloran in dichloran-chloramphenicol peptone agar (Andrews 

and Pitt, 1986) or a combination of iprodione and dichloran in Czapek Dox iprodione 

dichloran agar (CZID) (Abildgren et al., 1987) and potato dextrose iprodione 

dichloran agar (Thrane et al., 1992). CZID agar was recommended by Thrane 

(1996) to be used for detection of Fusarium in flour samples, as the colony 

morphology of Fusarium on this medium allowed easier identification of different 

Fusarium species. The originally published CZID (Abildgren et al., 1987) is here 

modified to CZPD (Hofgaard et al., 2016) where iprodione is replaced with 

propiconazole to make the media more stable and long lasting. Abildgren et al. 

(1987) used 3 mg of iprodione per L of CZID media, whereas in CZPD, 750 µg 

propiconazole per L of media has been used instead. 

In the present study, when isolating F. graminearum from plant material, a higher 

concentration of Imtrex® a.i. (5 mg l-1) was also tested to see if better selectivity 
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could be achieved. However, no observable difference was seen between the 

selective effect of the two concentrations of Imtrex® (1 mg l-1, 5 mg l-1) and 

unamended CZPD media. The widely recommended media, Komada’s, was also 

included for this part of the study. CZPD (both unamended and amended) was 

better in terms of pigmentation and growth rate, requiring shorter incubation time of 

9-10 days compared to Komada’s media. Moreover, the colonies on CZPD were 

easily identifiable due to darker pigmentation. CZPD medium has been successfully 

used during the project when detecting F. graminearum from plant material. Their 

use has provided easier monitoring than the recommended Komada’s media, and 

therefore their use for monitoring F. graminearum-infected plant material is 

recommended. 
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Chapter 3 

 

 

3 In vitro activity of isothiocyanates against 

Fusarium graminearum  
 

 

3.1 Abstract 
 

Isothiocyanates are biotoxic degradation products formed as a result of enzymatic 

hydrolysis of glucosinolates present in brassicas. The application of biofumigant 

brassica crops, as an alternative crop protection method for soil-borne pathogens 

and pests is increasingly gaining interest. However, little is known of the potential of 

biofumigation to reduce the inoculum of Fusarium species affecting cereals. The aim 

of this study was to evaluate the antifungal activity of five isothiocyanates, namely 

allyl, benzyl, ethyl, 2-phenylethyl and methyl isothiocyanates, against germination 

and growth of Fusarium graminearum under in vitro conditions. Aromatic 

isothiocyanates were more inhibitory than the aliphatic isothiocyanates against 

mycelial growth whereas the reverse was observed for conidial germination. Among 

the tested isothiocyanates, allyl and methyl isothiocyanates were overall more 

efficient, showing lower ED50 values (35-150 mg l-1) for conidial germination and 

mycelial radial growth. The findings suggest that brassica plants containing allyl and 

methyl glucosinolates could have a suppressive effect on reducing the inoculum of 

F. graminearum in soil prior to cereal production. 
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3.2 Introduction 

Historically, soil fumigation with synthetic pesticides has been used to manage soil-

borne pathogens. For example, methyl bromide was widely used as soil fumigant 

until it was phased out under The Montreal Protocol and Clean Air Act in order to 

reduce damage to the ozone layer (Enebak, 2007). Metam sodium, which breaks 

down to methyl isothiocyanate (MITC), has been used for the control of Verticillium 

wilt of potato, caused by the soil-borne fungus Verticillium dahliae (Tsror (Lahkim) et 

al., 2005). However, fumigants are not used for treating Fusarium pathogens in 

cereal rotations, mainly due to cost constraints. The use of fungicides, particularly 

triazoles, has been the main method of Fusarium graminearum management. 

However, there is a serious concern due to their limited effectiveness and the high 

selection pressure for fungicide resistance (Becher et al., 2010; Klix et al., 2007; 

Yerkovich et al., 2020). Additionally, evidence suggesting endocrine-disrupting 

potential of triazoles (Lv et al., 2017; Poulsen et al., 2015) has prompted the quest 

to find alternative safer management strategies. Currently, control strategies such as 

biopesticides and biofumigation have been gaining interest due to their safer effect 

on environment and health. As mentioned earlier, the focus of interest in 

biofumigation is the isothiocyanates (ITC) owing to their biopesticidal properties. 

Isothiocyanates have toxic effects against a broad range of noxious organisms 

including nematodes (Dahlin and Hallmann, 2020; Wood et al., 2017), weed 

(Norsworthy and Meehan, 2005) and fungi (Smolinska et al., 2003). Each brassica 

species has a specific GSL profile, which results in the corresponding ITC profile. 

Studies have linked glucosinolates (GSL) content with the biotoxic effects on 

pathogens (Charron and Sams, 1999). Previous studies on individual ITC have 

shown promising fungitoxic potential against fungal pathogens such as Rhizoctonia 

solani, Gaeumannomyces graminis var. tritici and F. oxysporum (Sarwar et al., 

1998; Smolinska et al., 2003; Ramos-Garcia et al., 2012). Isothiocyanates such as 

allyl isothiocyanate (AITC), benzyl isothiocyanate (BITC), propyl isothiocyanate and 

phenyl isothiocyanate have been shown to inhibit conidial germination and mycelial 

growth of F. oxysporum (Ramos-Garcia et al., 2012). Similarly, Smolinska et al. 

(2003) reported complete inhibition of germination of F. oxysporum conidia with pure 

ITC such as ethyl ITC (EITC) and AITC. Whilst biofumigation has attracted 

significant interest, research on its potential application for reducing the inoculum of 

Fusarium species affecting cereals is scarce. The present study was undertaken to 

investigate the inhibitory effect of pure ITC against growth and germination of F. 

graminearum under in vitro conditions. 
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3.3 Materials and Methods 
 

 

3.3.1 Isothiocyanates 
 

Pure AITC, BITC, EITC, MITC and 2-phenylethyl ITC (PEITC) were obtained from 

Sigma Aldrich (Dorset, UK). Sterile distilled water was used to prepare the desired 

stock solutions of ITC which were diluted to the final concentration in media. 

Appropriate concentrations were determined, and varied from 0 to 5000 mg l-1. 

 

3.3.2 Fusarium graminearum isolates 
 

Five strains of F. graminearum from UK wheat isolated in 2016 (FG2556, FG2498, 

FG2560, FG2502, FG2481) were provided by Fera Science Ltd. These isolates 

were confirmed as F. graminearum by species-specific PCR (Waalwijk et al., 2004). 

 

3.3.3 Assay on mycelia 
 

The effect of each ITC on mycelial growth was evaluated using potato dextrose agar 

(PDA) (Merck, KGaA, Germany) media amended with ITC at 1.2, 4.9, 19.5, 78, 

312.5, 1250, 5000 mg l-1. For uniform distribution of the ITC within the medium, ITC 

suspensions in sterile distilled water were first vortexed. This was then immediately 

transferred to molten PDA agar (at 50°C) and then shaken gently before pouring. 

Control plates contained PDA treated with sterile distilled water in place of ITC. Agar 

plugs of 7 mm in diameter were cut from the outer margin of the five actively 

growing F. graminearum isolates growing on PDA. These were transferred to the 

centre of 9 cm Petri dishes of all treatments with the mycelial part facing the media. 

Three replicates were used per treatment. The plates were incubated at 15°C in the 

dark and radial colony growth was measured after 9 days, just before untreated 

mycelia had reached the edge of the plates. Data were expressed as mycelium 

growth compared with the control. The experiment was conducted twice. The 

experiment was repeated with the calculated ED50 values and hyphal morphology 

was observed using a light microscope (x100 and x400 magnification). 
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3.3.4 Assay on conidia 
 

3.3.4.1 Preparation of Fusarium graminearum conidial suspension 
 

Conidial suspensions were prepared following the method reported by Edwards and 

Seddon (2001) with some modifications. The five isolates of F. graminearum were 

sub-cultured on PDA using 10 plates for each isolate and incubated at room 

temperature (ca. 20°C). After 14 days, conidia were harvested by the addition of 20-

25 ml sterile distilled water to each plate and conidia were dislodged using a sterile 

spreader. The suspension was filtered through Miracloth (EMD Millipore Corp., 

Billerica MA, USA) to remove mycelium. The filtrate was centrifuged at 3000 g for 10 

min. Supernatant was removed and conidia re-suspended in 15 ml sterile distilled 

water and centrifuged at 3000 g for 10 min. Conidia were washed twice and re-

suspended in 15 ml sterile distilled water. Conidia of all five isolates were mixed in 

the final conidial suspension. Conidia were counted using an Improved Neubauer 

counting chamber (Weber 99, Scientific International, Teddington, UK) and the 

concentration adjusted to 105 spores ml-1.  

 

3.3.4.2 Assessment of conidial germination 

  
The five ITC under investigation were tested for their efficacy at inhibiting the 

germination of F. graminearum conidia. Four-fold dilutions of each ITC were 

prepared by mixing 500 µl of stock solution in 1500 µl sterile distilled water in sterile 

2 ml Eppendorf tubes. The suspensions were vortexed and immediately pipetted for 

the serial dilution. One ml of each ITC dilution was then mixed with 900 µl conidial 

suspension and 100 µl potato dextrose broth (Oxoid, Basingstoke, UK) to give final 

ITC concentrations of 5000, 1250, 312.5, 78, 19.5, 4.9 and 1.2 mg l-1. The 

suspensions were vortexed each time and immediately transferred to the tubes. For 

controls, sterile distilled water was used instead of ITC. Twenty µl of each treatment 

were pipetted on flame sterilised microscope glass slide and placed in a 9 cm Petri 

dish containing two 85 mm diameter filter paper (Fisherbrand, Fisher Scientific UK) 

moistened with 2 ml sterile distilled water. Four replicates were used for each 

treatment and the plates were incubated for 16-17 hours at 12°C in the dark. The 

slides were observed under x100 magnification and a minimum of 100 conidia per 

replicate were counted to calculate percentage germination. Conidia were 

considered germinated if the length of germ-tube was equal to or greater than 

conidia width (Manners, 1966). The experiment was conducted twice. 
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3.3.5 Data analysis 
 

Genstat (18th edition) was used to determine ED50 of each ITC for the percentage of 

inhibition of mycelial growth and conidia germination. Each treatment in the 

mycelium assay, is represented by a mean of the three replicates taken for each of 

the five isolates. The concentrations were converted to log10 scale to fit non-linear 

curves. Data was best fitted with logistic curves with separate lines for each ITC, 

while the ED50 and 95% confidence interval values were generated from the fitted 

curve. All data was fitted using ITC as a group. 

 

3.4 Results 
 

3.4.1 In vitro effects of isothiocyanates on mycelial growth  
 

Different responses of F. graminearum were observed according to type and 

concentration of ITC. All tested ITC except EITC showed 100% inhibition of the 

radial growth at the highest two concentrations, 5000 and 1250 mg l-1. 2-phenylethyl 

ITC and BITC showed complete inhibition at 312.5 mg l-1. Allyl ITC (Figure 3.1) and 

MITC at 78 mg l-1, on average, inhibited the radial growth by 20-60% and 45-65% 

respectively. Ethyl ITC showed the weakest inhibition (ED50, ca. 1964 mg l-1) and at 

concentrations ranging from 1.2 to 312.5 mg l-1 showed 10-20% stimulation 

compared to the control. Allyl ITC and PEITC also showed slight stimulation at the 

lowest concentrations. The calculated mean ED50 values for the tested ITC from the 

two experiments showed some variability, they are however, within a four-fold order 

of magnitude (Table 3.1). As evident from the ED50 values, BITC (ca. 5 mg l-1) and 

PEITC (ca. 26 mg l-1) showed the strongest inhibition. The fitted curves accounted 

for 91.6% and 85.8% of the observed variance (p<0.001) within the data from 

experiments 1 (Figure 3.2) and 2, respectively. The five isolates showed little 

variation in their responses to ITC, apart from one isolate (FG2481), which showed 

greater variation in response to EITC (Figure 3.3).  
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Figure 3.1 Fusarium graminearum cultures exposed to different concentrations of 

allyl isothiocyanate after 9 days at 15°C 
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Figure 3.2 Dose-response curves for ethyl, 2-phenylethyl, allyl, benzyl and methyl 

isothiocyanates at concentrations 5000, 1250, 312.5, 78, 19.5, 4.9 and 1.2 mg l-1 

(presented on log10 scale) on mycelial growth of Fusarium graminearum isolates 

when compared with control. Data from experiment 1 is presented here 
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Figure 3.3 Mycelial growth of Fusarium graminearum isolates (FG2556, FG2498, 

FG2560, FG2502, FG2481) exposed to ethyl isothiocyanates at concentrations 

5000, 1250, 312.5, 78, 19.5, 4.9 and 1.2 mg l-1 (presented on log10 scale) when 

compared with control (Experiment 1) 
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Table 3.1 Effective dose values at 50% (ED50) of isothiocyanates for Fusarium graminearum  

            ED50 (mg l-1) a  

Isothiocyanate Mycelial growth Conidial germination 

 Experiment 1 Experiment 2 Experiment 1 Experiment 2 

Allyl  69 (19-269) 129 (56-240) 135 (129-141) 62 (58-66) 

2-phenylethyl 11 (7-20) 41 (21-110) >5000 >5000 

Methyl 35 (<1-110) 91 (20-224) 151 (148-155) 45 (43-47) 

Benzyl 7 (3-12) 2 (<1-13) 3020 (2951-3090) 2951 (2884-3020) 

Ethyl 2951 (1905-4169) 977 (138-3631) 1288 (1202-1413) 1549 (1413-1660) 

a For mycelial growth and conidia germination, inhibitory activity was evaluated at 15°C and 12°C respectively; 95% confidence interval for each ED50 

value are included in parentheses 
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Microscopic examination (x100 and x400) of the mycelial growth of F. graminearum, 

when exposed to the five ITC at their respective calculated ED50 values, showed no 

observable difference in the hyphal morphology when compared to the control 

(Appendix Figure 1). 

 

 

3.4.2 In vitro effects of isothiocyanates on conidial germination  
 

The fitted curves accounted for 99.8% and 99.9% of the deviance within the data 

from experiments 1 (Figure 3.4) and 2, respectively. All tested ITC (except PEITC) 

showed 100% inhibition at the highest concentration, 5000 mg l-1, when compared 

to the control treatment (100% germination). At 1250 and 312.5 mg l-1, AITC (Figure 

3.5) and MITC showed complete inhibition of conidial germination whereas 1250 mg 

l-1 of EITC was found to be comparatively less effective with around 50% inhibition. 

However, at 19.5 mg l-1 or lower concentrations, none of the tested ITC appeared to 

have any effect on conidial germination. 2-phenylethyl ITC showed no inhibitory 

response on conidial germination at any concentration, therefore no ED50 values 

were determined for PEITC. For the other ITC, as with the mycelial experiments, the 

calculated mean ED50 values from the two experiments showed some variability, 

they are however, within a four-fold order of magnitude (Table 3.1). Among the 

tested ITC, AITC and MITC were the most efficient, showing lower ED50 values, ca. 

99 mg l-1 and ca. 98 mg l-1 respectively (Table 3.1). As evident from the ED50 values, 

BITC (ca. 2986 mg l-1) and EITC (ca. 1419 mg l-1) were the least effective for 

inhibition of conidial germination. 
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Figure 3.4 Dose-response curves for ethyl, 2-phenylethyl, allyl, benzyl and methyl 

isothiocyanates at concentrations 5000, 1250, 312.5, 78, 19.5, 4.9 and 1.2 mg l-1 

(presented on log10 scale) on conidia germination of Fusarium graminearum when 

compared with control. Data from experiment 1 is presented here 
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Figure 3.5 Fusarium graminearum conidia exposed to (a) water control and (b) 

312.5 mg l-1 of allyl isothiocyanate after 16 hours incubation in diluted potato 

dextrose broth at 12°C. Images captured at x100 magnification 

 

a 

b 



 
 

89 
 

3.5 Discussion 
 

The present study has demonstrated that the sensitivity of F. graminearum varied 

for ITC type and concentration tested. Aliphatic ITC (AITC, MITC, EITC) were more 

toxic than the aromatic ITC (PEITC, BITC) in the present conidial assay, AITC and 

MITC caused complete inhibition at 312.5 mg l-1. Methyl ITC is generally considered 

to be a synthetic ITC although it has been detected in tissues of Brassica napus, B. 

juncea and B. campestris (Ojaghian et al., 2012). In a previous study (Ramos-

Garcia et al., 2012), ITC at lower concentrations (0.1 - 2 mg l-1) were completely 

inhibitory to F. oxysporum conidia in a shorter duration (7 hours) which is in contrast 

to the present results. This suggests that the response of F. graminearum to ITC 

differs from other Fusarium species. Mari et al. (2008) also reported low ED50 values 

of AITC (0.17 mg l-1) and BITC (0.12 mg l-1) for conidial germination of Monilinia 

laxa.  

In the conidial assay, the aliphatic ITC showed lower ED50 values than the aromatic 

ones whereas the reverse was seen in the mycelial assay. Sarwar et al. (1998) 

reported that aromatic ITC when incorporated in to media showed stronger toxicity 

against fungal pathogens but were less toxic in volatile form due to their lower 

volatility. The slightly higher ED50 value for AITC (ca. 99 mg l-1) recorded in the 

mycelial assay was unexpected. As AITC is highly volatile, some of the volatiles 

might have been lost when the media plates were prepared, which may have 

resulted in a higher ED50 value than the ones for aromatic ITC and MITC (ca. 63 mg 

l-1). Previously, Ojaghian et al. (2012) found MITC and AITC to be the most effective 

in inhibiting mycelial growth of Sclerotinia sclerotiorum. The two ITC were 

completely inhibitory at ca. 500 μg l-1. Neubauer et al. (2014) observed that 

microsclerotia of V. dahliae were more sensitive to aromatic ITC than the aliphatic 

ITC which is consistent with the present mycelial assay. They recorded lower LD50 

values for BITC (0.36 μg l-1) and PEITC (0.46 μg l-1) than MITC (0.72 μg l-1) and 

AITC (1.45 μg l-1). Smolinska et al. (2003) reported that the inhibitory effect of 

various ITC on mycelial growth of F. oxysporum was fungistatic rather than 

fungicidal. However, in the present study, mycelial plugs from the treatments which 

showed complete inhibition when transferred to fresh PDA media did not grow (data 

not shown), indicating a fungicidal effect. The toxicity of ITC depends on the 

molecular structure but is not strictly dependent on the aliphatic or aromatic 

structure (Smolinska et al., 2003). Moreover, the varying responses of different ITC 
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observed in different studies could be due to their mode of action, different side 

chains and penetrability, and sensitivity of the target fungal species.  

In the present study, the extent of mycelial growth inhibition varied slightly among 

isolates, when subjected to ITC. However, greater variation was observed among 

isolates when exposed to EITC. Previously (Smolinska et al., 2003), differences in 

mycelial growth inhibition of different isolates of the same species in the presence of 

ITC had been observed for F. oxysporum. In the mycelial assay, AITC and PEITC at 

very low concentrations appeared to stimulate growth of F. graminearum as the 

developing colonies were slightly larger than the control plates. Such stimulation has 

been observed in other studies with fungicides. For example, fosetyl-aluminium at 

the recommended rate, stimulated radial growth of Lecanicillium longisporum (Shah 

et al., 2009). The assays have shown inhibition of mycelial growth and conidial 

germination of the pathogen after exposure to ITC, although the susceptibility of 

conidia in comparison to mycelium was inconsistent. In other studies conidia, 

compared to mycelium, were more sensitive to ITC (Mari et al., 2008; Ramos-Garcia 

et al., 2012). However, in an in vitro assay with fungicides (Masiello et al., 2019), the 

ranking of F. graminearum sensitivity of conidia and mycelia differed for different 

fungicides. A study on Alternaria brassicicola suggests that ITC alter mitochondrial 

function, trigger production of reactive oxygen species and possibly disrupt 

metabolic pathways in fungal cells (Calmes et al., 2015). The variation in sensitivity 

at the different development stages could be due to differences in structure and 

physiology and mode of action of the antifungal compounds.  

The results from the conidial and mycelial assays suggest that AITC and MITC are 

the most inhibitory ITC against F. graminearum under laboratory conditions. The 

precursor GSL of AITC is sinigrin. This GSL comprises about 98-99% of the total 

GSL content of some Brassica species such as B. juncea and B. nigra (Matteo, 

2017; Ngala et al., 2015b). Charron and Sams (1999) detected volatile compounds 

emitted from macerated leaves of B. juncea placed in a jar and determined that 

AITC was the predominating compound (>90%) in the volatiles measured by gas 

chromatography. Since, sinigrin (AITC-precursor) is the dominant GSL in B. juncea, 

this species would be a strong candidate for biofumigation against F. graminearum 

under field conditions. In a field experiment (Larkin and Griffin, 2007), incorporation 

of B. juncea reduced Spongospona subterranea (powdery scab) inoculum by 27% 

and also reduced disease incidence and severity of powdery scab and common 

scab (caused by Streptomyces scabies) by 40% and >20% respectively. In the 
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same study, an in vitro assay showed that macerated leaf tissues of B. juncea 

resulted in 73% inhibition of F. oxysporum and 80% inhibition of F. sambucinum.  

Higher ED50 values recorded in the present study might be achievable in field. 

Researchers have detected GSL at concentrations high enough to produce ITC 

concentrations comparable to the ED50 values determined in this study (Gimsing 

and Kirkegaard, 2006). High content of sinigrin, the parent GSL of AITC, has been 

detected in different Brassica species. Sinigrin at concentration of 90 μmol g-1 and 

147 μmol g-1 have been detected in B. juncea leaves (Ngala et al., 2015b) and B. 

nigra defatted seed meal (Matteo, 2017) respectively. In contrast, lower 

concentrations of sinigrin ranging from 15 to 27 μmol g-1 tissue (freeze-dried) has 

also been observed previously (Charron and Sams, 1999; Neubauer et al., 2014). 

However, it is indicated that a GSL concentration of around 13 μmol g-1 (dry weight) 

would be able to produce at least 50 mg l-1 of AITC (Wood et al., 2017) suggesting 

that the ED50 value for AITC determined in the present study (ca. 99 mg l-1) might be 

achievable in field. Gimsing and Kirkegaard (2006) also reported high ITC release 

efficiency in field following incorporation of Brassica species. They recorded ITC 

release efficiency as high as 56% for B. juncea and 26% for B. napus. However, it 

should be kept in mind that such higher ITC concentrations were achievable by 

following practices, such as thorough pulverisation and heavy watering, to maximise 

ITC release under field conditions.  

In the present study, ITC were mixed with water and not dissolved in a solvent such 

as ethanol because F. graminearum cultures when exposed to ethanol alone 

resulted in abnormal colony growth of the fungus. Unlike the assay on mycelium 

where treatments were incubated at 15°C, the conidial assay was performed at 

12°C. This temperature was selected for logistic reasons because at 15°C, 

germination tubes grew longer which were no longer distinguishable as individual 

conidium after overnight incubation. As the response of all five isolates was broadly 

similar in the assay on mycelia, conidia of all five isolates were mixed in the final 

conidial suspension in the conidial assay. Moreover, during the preliminary runs for 

the conidial experiment, the five isolates when treated separately with ITC, a similar 

response was noted among the isolates. Data from mycelial and conidial assays 

were broadly similar in the repeated experiments with the aromatic ITC. However, 

the ED50 values determined for the aliphatic ITC were less consistent among the two 

experiments for each assay. Due to these ITC being highly volatile, slight 

differences in temperature may have affected their volatility. Vapour pressure of 
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AITC was reported to increase rapidly with temperature, 136 to 2267 Pa from 5 to 

50°C (Lim, 1999), indicating its high volatile properties. Similarly, the vapour 

pressure of EITC is estimated to increase from 1150 Pa at 20°C to around 1500 Pa 

at 25°C (Yaws and Satyro, 2015), suggesting this ITC may be sensitive to slight 

differences in temperature. Moreover, the vapour pressure of EITC can reach as 

high as 5000 Pa at 50°C (Yaws and Satyro, 2015), a volatilisation rate more than 

double that of AITC at the same temperature (Lim, 1999), indicating the highly 

volatile nature of EITC. This may explain the discrepancies observed for EITC in the 

mycelial assay where the ITC were added to molten media at 50°C. Delaquis and 

Sholberg (1997) have argued that due to high volatility and weak water solubility of 

ITC, the test concentrations may not remain constant throughout the experiment. 

Variation in volatilisation may explain the discrepancies observed for ITC between 

the two experiments. 

The present findings have demonstrated the antifungal potential of ITC particularly, 

MITC and AITC against F. graminearum. During the ongoing issue of the use of 

synthetic fumigants where some fumigants are already banned and others are likely 

to be banned in the near future, biofumigation could prove a "green" alternative 

solution. Higher ED50 values of ITC were recorded in the present study which might 

be achievable in the field depending on factors such as agronomic practices and 

brassica species used. Nevertheless, the outcome suggests that brassicas rich in 

sinigrin and glucocapparin, such as B. juncea and B. napus, respectively, could 

have a suppressive effect on reducing the inoculum of F. graminearum in soil prior 

to cereal production. 
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Chapter 4 

 

4 Biofumigation potential of brassica tissues 

against Fusarium graminearum 
 

 

 

 

4.1 Abstract 
 

Fusarium graminearum, a globally important cereal pathogen, causes head blight in 

wheat, resulting in yield losses and mycotoxin contamination. Currently, triazole 

fungicides are used to suppress Fusarium graminearum, however, limited 

effectiveness of triazoles and concerns over safety of pesticides have led to the 

pursuit of safe alternative crop protection strategies such as biofumigation. In the 

present study, species belonging to Brassicaceae (Brassica juncea, Raphanus 

sativus, Eruca sativa) were assessed for their biofumigation potential against F. 

graminearum, and the glucosinolate profile of the brassicas were determined. 

Mycelial plugs of Fusarium graminearum were exposed to frozen leaf discs of 

brassicas collected at early-leaf, stem-extension and early-bud stages. Additionally, 

F. graminearum inoculum was incubated in soil amended with chopped tissues of 

brassicas in a microcosm experiment. Brassica juncea (Indian mustard) leaf discs 

were effective against mycelial growth showing up to 100% suppression, while the 

sinigrin content in the leaf tissue corresponded with the level of suppression. In the 

microcosm experiment, each brassica species significantly suppressed F. 

graminearum inoculum by 41-55%. The findings suggest that the brassica species 

investigated in the present study could be effective in reducing the inoculum of F. 

graminearum in soil prior to cereal production. 
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4.2 Introduction 
 

As discussed in section 1.6, several studies have successfully demonstrated the 

suppressive potential of brassica tissue as biofumigants against a range of soil-

borne pathogens e.g. Rhizoctonia solani and Verticillium dahliae (Handiseni et al., 

2016; Neubauer et al., 2014). Previously, isothiocyanates (ITC) were tested against 

mycelial radial growth and conidial germination of Fusarium graminearum under in 

vitro conditions (Chapter 3). Among the tested ITC, allyl and methyl ITC were overall 

more efficient, showing lower ED50 values (35-150 mg l-1), suggesting volatiles 

released from damaged brassica tissues could have suppressive effect on F. 

graminearum. Thus, the present study was performed to investigate the potential of 

brassicas to suppress F. graminearum. The aim of this study was to evaluate the 

effect of leaf tissue of brassicas on mycelial growth of F. graminearum in vitro and to 

investigate the effect of shredded brassica tissues on F. graminearum inoculum in a 

microcosm experiment. 

 

4.3 Materials and Methods 

 

 

4.3.1 Brassicas and fungal cultures 

 
Seeds of Brassica juncea ‘Brons’ (Indian mustard), Raphanus sativus ‘Bokito’ 

(oilseed radish) and Eruca sativa ‘Trio’ (rocket) were supplied by RAGT seeds, UK 

and B. juncea ‘Caliente Rojo’ (Indian mustard) by Tozer Seeds, UK. The four 

cultivars were grown in glasshouse in 10 cm pots with mean temperatures of 12°C 

(night) and 17°C (day). For experiment 1, plants were grown between October 2019-

January 2020 and for experiment 2, plants were grown between September-

November 2020. Fusarium graminearum strain FG2502 from UK wheat isolated in 

2016 was provided by Fera Science Ltd. The strain was confirmed as F. 

graminearum by species-specific PCR using a previously published assay (Waalwijk 

et al., 2004). 
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4.3.2 Leaf disc assay 

 
Leaves of three cultivars (B. juncea ‘Brons’, R. sativus ‘Bokito’, E. sativa ‘Trio’) were 

sampled at the early-leaf stage (4-5 true leaves unfolded). Using a 15 mm cork 

borer, 45 discs were cut from leaves of each cultivar. The leaf discs, separated by 

Miracloth (EMD Millipore Corp., Billerica MA, USA) in stacks of fives and held 

together by a paper clip, were immediately flash frozen in liquid nitrogen and stored 

at -80°C until required for the assay. Agar plugs of 7 mm diameter were cut from 

outer margin of actively growing F. graminearum (FG2502) on potato dextrose agar 

(PDA) (Merck, KGaA, Germany) media. These were transferred to the centre of 9 

cm Petri dishes containing PDA with the mycelium facedown. The frozen leaf discs 

were transferred in dry ice from freezer to the work station to prevent discs 

defrosting prematurely. Leaf discs at doses of 1, 2, 4 and 8 discs were placed with 

forceps onto the upturned lid of the Petri dishes while the inverted bottom containing 

the fungal plug was held aside. The plates in inverted position were immediately 

sealed with parafilm. Control plates did not contain leaf discs. Three replicates were 

used per treatment. The plates were incubated at room temperature (ca. 20°C) and 

radial colony growth was measured after 5-6 days, just before untreated mycelia 

had reached the edge of the plates. Experiments to investigate the effect of brassica 

leaves at stem-extension and early-bud stages were performed as above.  

The assay was repeated independently, using B. juncea ‘Caliente Rojo’ in addition 

to the other brassica species tested in the first experiment. 

 

 

4.3.3 Microcosm experiment 

 

4.3.3.1 Preparation of inoculum bags 
 

Conidial suspensions were prepared following a previous method (Edwards and 

Seddon, 2001) with some modifications. Fusarium graminearum (FG2502) was sub-

cultured on PDA using 20 plates and incubated at room temperature (ca. 20°C). 

After 14 days, conidia were harvested by the addition of 20-25 ml sterile distilled 

water to each plate and conidia were dislodged using a sterile spreader. The 

suspension was filtered through Miracloth to remove mycelium. The filtrate was 

centrifuged at 3000 g for 10 min. Supernatant was removed and conidia re-

suspended in 15 ml sterile distilled water and centrifuged at 3000 g for 10 min. 
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Conidia were washed twice and re-suspended in 15 ml sterile distilled water. 

Conidia were counted using an Improved Neubauer counting chamber (Weber 99, 

Scientific International, Teddington, UK) and the concentration adjusted to 3 x 104 

spores ml-1.  

One kg of oat screenings (Morning Foods, Crewe, UK), which were predominantly 

blind oat spikes, were soaked in distilled water for 12 hours before autoclaving in a 

78 x 40 cm autoclavable bag [VWR (129-0581)]. The oats were re-autoclaved after 

24 hours and allowed to cool. A 100 ml of the above prepared spore suspension 

was added to the bag, mixed well and incubated for 10-12 days in dark. Five pieces 

of inoculum (blind oat spikes) were added to perforated nylon sachets (7 x 5.5 cm) 

and sealed with plastic bag sealing machine (Impulse heat sealer, 200mm). 

Additionally, wheat chaff was randomly collected post-harvest from a F. 

graminearum-inoculated wheat experiment at the research facilities of Harper 

Adams University, Newport, Shropshire, UK. Five pieces of chaff were added to 

nylon bags and sealed as described above. Both types of inoculum (Figure 4.1a) 

were confirmed for F. graminearum infection on PDA prior to using in the 

experiment. 

 

4.3.3.2 Evaluating effect of biofumigants on inoculum 
 

Two litre glass jars with rubber seal clips (22 x 12 x 12 cm) were filled with John 

Innes No.2 loam based compost [composition: loam, peat, coarse sand, hoof & horn 

meal, superphosphate, potassium sulphate, calcium carbonate; pH: 5.5-6 (provided 

by supplier); 46% moisture] to a depth of 10 cm. At early-bud stage, shoots of B. 

juncea ‘Brons’, R. sativus ‘Bokito’ and E. sativa ‘Trio’ were harvested and chopped 

in a food processer for 15 s. Chopped tissue (Figure 4.1b) at two quantities, 65 g 

and 15 g, were added to soil-filled jars and mixed well. Jars without brassica 

amendments served as controls. One inoculum bag (blind oat spikes) was buried in 

each jar and lid closed hermetically. Five replicates were used per treatment and the 

jars were incubated in glasshouse with mean temperatures of 12°C (night) and 17°C 

(day) (Figure 4.1c). After 8 weeks, the bags were extracted and the inoculum 

substrates were tested for F. graminearum growth on Petri dishes containing 

modified CZID media (CZPD) (Hofgaard et al., 2016). Briefly, the media was 

prepared by adding dichloran solution (0.2% in ethanol), chloramphenicol solution 

(5% in ethanol) and trace metal solution (1% ZnSO4.7H2O + 0.5% CuSO4.5H2O) 
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each 1 ml l-1 of Czapek Dox agar (Sigma-Aldrich) media. Once autoclaved and 

cooled down to 55°C, 10 ml of chlortetracycline solution (0.5%) and 1 ml of 

Bumper® suspension (0.3%) containing 750 µg propiconazole were added per L of 

media, before pouring into plates. The five inoculum pieces were removed from 

each bag, placed on a media plate and incubated at room temperature (ca. 20°C) 

for 12-15 days. Fusarium graminearum incidence in the inoculum pieces was 

recorded as presence of F. graminearum colony growth based on the characteristic 

reddish pigmentation. For confirmation, assumed F. graminearum colonies were 

sub-cultured on PDA and incubated at room temperature (ca. 20°C) for 14 days. 

The conidia were harvested as described above and identified according to 

morphological characteristics (Leslie and Summerell, 2006).  

The experiment was independently repeated using B. juncea ‘Caliente Rojo’ in 

addition to the other brassicas tested in the first experiment. Additionally, a bag of 

the chaff inoculum (five pieces per bag) was also buried in each jar. 
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Blind oat spikes 

inoculum 

Chaff 

inoculum 

Figure 4.1 Experimental setup of microcosm biofumigation experiment (a) Blind oat 

spikes inoculated with Fusarium graminearum and chaff from F. graminearum-

inoculated wheat in nylon sachets (b) brassica shoots chopped in food processor (c) 

sealed jars containing the two types of inoculum sachets buried in loam based 

compost incorporated with chopped brassica tissue 
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4.3.4 Glucosinolate analysis 

 
Approximately 10 g leaf tissue of the brassica plants were collected at the three 

developmental stages (early-leaf, stem-extension, early-bud), flash frozen in liquid 

nitrogen and stored at -80°C until freeze dried. Freeze-dried (GVD6/13 MKI freeze 

dryer; GIROVAC Ltd, North Walsham, UK) samples were milled (IKA® M 20 

Universal Mill) and stored at -18°C before sending to NIAB Labtest, Cambridge, UK 

where the samples were analysed following the ISO 9167 “Rapeseed and rapeseed 

meals – Determination of glucosinolates content – Method using HPLC”. 

 

4.3.5 Statistical analysis 

  
Data were subjected to general analysis of variance using Genstat® (20th edition) 

statistical software. The microcosms were arranged in the glasshouse in a 

completely randomised design. In the leaf disc assay, there were three factors - 

brassica species, brassica growth stage, number of leaf discs. In the microcosm 

experiment, the three factors were: brassica species, biomass quantity, inoculum 

type. Where necessary, data were angular transformed to improve normality of 

residuals. Significant differences between treatments were determined using post 

hoc Tukey’s test (p=0.05). 

 

4.4 Results 
 

4.4.1 Glucosinolate content of brassica leaf tissue 

 
Concentrations of GSL occurring in the leaf tissue of the brassicas is shown in Table 

4.1. The GSL profile found in the leaves varied both qualitatively and quantitatively 

among the cultivars. The predominant GSL of B. juncea was sinigrin (allyl ITC-

precursor) and that of R. sativus was glucoraphanin (sulforaphane-precursor). The 

total GSL concentration of B. juncea ‘Brons’ increased with advancing growth stage 

(24.5-51.9 µmol g-1). However, in the other three brassicas tested, the total GSL 

concentrations in leaf tissue were lower at early-bud stage compared to stem-

extension. Sinigrin comprised 91-94% of the total GSL content of the leaf tissue of 

B. juncea ‘Caliente Rojo’, occurring at highest concentration (59.5 µmol g-1) at stem-

extension stage. The total GSL concentration of E. sativa ranged from 12.9 to 17.2 

µmol g-1.
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Table 4.1 Type and concentration of glucosinolates in freeze-dried leaf tissue of brassica plants used in the leaf disc assay to investigate the effect of 

volatiles released from defrosted leaf discs of brassicas on mycelial growth of Fusarium graminearum in vitro 

Glucosinolate  Brassica juncea 
Brons 

Brassica juncea 
Caliente Rojo 

Raphanus sativus 
Bokito 

Eruca sativa 
Trio 

Ia IIb IIIc I II III I II III I II III 

Glucoberin 2.47 
(0.6)d 

3.15 
(0.49) 

2.01 
(0.41) 

1.29 
(0.2) 

1.81 
(0.3) 

1.33 
(0.37) 

2.28 
(0.4) 

1.16 
(0.18) 

2.15 
(0.6) 

2.54 
(0.6) 

2.55 
(0.33) 

2.37 
(0.75) 

Progoitrin 0.38 
(0.1) 

0.34 
(0.02) 

0.30 
(0.10) 

0.25 
(0.04) 

0.23 
(0.11) 

0.26 
(0.09) 

0.35 
(0.08) 

0.37 
(0.12) 

0.46 
(0.08) 

0.30 
(0.1) 

0.00 0.00 

Sinigrin 21.44 
(1.7) 

24.02 
(2.94) 

48.52 
(3.03) 

22.72 
(1.88) 

59.54 
(2.32) 

50.9 
(3.8) 

- - - - - - 

Gluconapin 0.00 0.00 0.35 
(0.09) 

0.27 
(0.07) 

0.35 
(0.03) 

0.25 
(0.09) 

- - - - - - 

Glucobrassicin 0.14 
(0.04) 

0.03 
(0.01) 

0.11 
(0.02) 

0.11 
(0.02) 

0.14 
(0.02) 

0.23 
(0.12) 

1.62 
(0.26) 

3.87 
(1.9) 

2.62 
(0.6) 

0.22 
(0.03) 

0.54 
(0.08) 

0.58 
(0.08) 

Gluconasturtiin 0.11 
(0.01) 

0.39 
(0.05) 

0.58 
(0.08) 

0.24 
(0.08) 

0.97 
(0.19) 

0.76 
(0.12) 

0.32 
(0.13) 

1.13 
(0.2) 

0.96 
(0.2) 

0.77 
(0.12) 

0.42 
(0.15) 

0.24 
(0.10) 

Neoglucobrassicin 0.00 0.00 0.00 0.05 
(0.01) 

0.04 
(0.01) 

0.01 
(0.007) 

0.00 0.00 0.00 0.00 0.06 
(0.02) 

0.00 

Glucoraphanin - - - - - - 2.90 
(0.5) 

23.56 
(3.2) 

7.29 
(2.1) 

2.42 
(0.51) 

2.84 
(0.64) 

2.75 
(0.6) 

Glucoraphenin - - - - - - 0.18 
(0.05) 

1.34 
(0.4) 

0.44 
(0.07) 

- - - 

4 hydroxy glucobrassicin - - - 0.05 
(0.01) 

0.37 
(0.1) 

0.4 
(0.15) 

0.00 0.04 
(0.01) 

0.03 
(0.01) 

- - - 

Glucoraphasatin - - - - - - 1.02 
(0.03) 

8.10 
(1.1) 

11.09 
(3.1) 

- - - 

Glucoalyssin  - - - - - - - - - 0.86 
(0.18) 

0.51 
(0.2) 

0.45 
(0.14) 

Glucoerucin - - - - - - - - - 0.57 
(0.14) 

1.20 
(0.01) 

1.50 
(0.28) 

4-mercaptobutyl  - - - - - - - - - 3.58 
(0.72) 

5.70 
(0.44) 

3.21 
(0.58) 

unknown  - - - - - - - - - 0.61 
(0.2) 

0.83 
(0.23) 

0.69 
(0.19) 

unknown  - - - - - - - - - 1.04 
(0.12) 

2.59 
(0.66) 

2.83 
(0.74) 

Total glucosinolates  24.54 
(2.26) 

27.94 
(4.18) 

51.87 
(3.34) 

24.98 
(4.59) 

63.45 
(3.46) 

54.15 
(2.94) 

8.67 
(2.33) 

39.56 
(1.25) 

25.05 
(3.69) 

12.90 
(1.20) 

17.23 
(2.47) 

14.63 
(2.57) 

a I=early-leaf growth stage (4 to 5 true leaves unfolded); b II=stem-extension stage; c III=early-bud stage; d GSL conc. µmol g-1 freeze-dried leaf tissue, mean (SE) values from two replicates
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4.4.2 Effect of brassica leaf discs on Fusarium graminearum 

 
The effect of B. juncea ‘Brons’ on F. graminearum varied slightly between first and 

second experiment. For example, F. graminearum when exposed to 2 leaf discs 

collected at the stem-extension stage of B. juncea ‘Brons’, showed 9% reduction in 

the first experiment in contrast to 60% reduction in second experiment. Raphanus 

sativus and E. sativa showed similar effects in both experiments. Results of the 

second experiment are presented here. 

Different responses of F. graminearum were observed according to the brassica 

species, dosage of leaf discs and growth stage (Figure 4.2, 4.3). The interaction 

between brassica growth stage, brassica species and number of leaf discs was very 

highly significant (p<0.001). The fungal growth measured 5 days after exposure to 

B. juncea leaf discs indicated a decline in the mycelial growth of F. graminearum. At 

the early-leaf stage experiment, the highest dosage of B. juncea ‘Brons’ (8 leaf 

discs) inhibited the radial growth by 41%. At stem-extension and early-bud stages, 

the efficacy of B. juncea ‘Brons’ showed 87-90% suppression with 4 leaf discs, and 

complete suppression with 8 leaf discs. The suppressive effect of all doses at early-

bud stage of B. juncea ‘Brons’ was significantly higher (p<0.05) than the control. 

Brassica juncea ‘Caliente Rojo’ leaf discs collected at the stem-extension stage 

showed 20% inhibition with the lowest dose (1 disc) and 94% inhibition with 8 discs. 

When compared to control, no significant difference in the radial growth of F. 

graminearum was observed when exposed to leaf discs of R. sativus and E. sativa 

collected at each of the growth stages.  
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Figure 4.2 Mycelial colony growth of Fusarium graminearum FG2502 in Petri dishes after 5 days untreated and exposed to 

1, 2, 4, 8 leaf discs collected at three growth stages of Brassica juncea ‘Brons’, B. juncea ‘Caliente Rojo’, Raphanus sativus 

‘Bokito’ and Eruca sativa ‘Trio’. Different letters indicate significant differences according to post hoc Tukey’s test (p=0.05, 

CV%=10, SED=4.276) 



 
 

104 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

b 

c 

d 

e 

Untreated 

B. juncea 

‘Brons’ 

B. juncea 

‘Caliente Rojo’ 

R. sativus 

‘Bokito’ 

E. sativa 

‘Trio’ 

Figure 4.3 Fusarium graminearum FG2502 agar plugs exposed to (a) untreated and 1, 2, 4, 

8 leaf discs (right to left) collected at early-bud stage of (b) Brassica juncea ‘Brons’ (c) 

Brassica juncea ‘Caliente Rojo’ (d) Raphanus sativus ‘Bokito’ (e) Eruca sativa ‘Trio’, 

incubated at room temperature (ca. 20°C) after 5 days 
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4.4.3 Biofumigation effect of brassicas in microcosm experiment 

 
Data from the three brassica species (B. juncea ‘Brons’, R. sativus ‘Bokito’, E. sativa 

‘Trio’) was consistent between the repeated experiments and the results of the 

second experiment are presented here. 

There was no significant interaction between the brassica species, biomass quantity 

or inoculum type. The suppressive effect of the chopped shoots of brassicas on F. 

graminearum inoculum was very highly significant (p<0.001) (Figure 4.4). On 

average, inhibition efficiency between 41-55% was determined for the brassica 

treatments tested. The effect of biomass quantity at the two doses (15 g and 65 g) 

was not significant. 
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Figure 4.4 Percentage incidence of Fusarium graminearum recovered in 

inoculum incubated in microcosms filled with chopped brassica shoots and 

soil after 8 weeks. Different letters indicate significant differences according 

to post hoc Tukey’s test (p=0.05, CV%=60.3, SED=9.93) 
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4.5 Discussion 

 
Variation in the efficacy of Brassicaceae plants in inhibiting F. graminearum 

mycelium in the leaf disc assay could be associated with the respective 

glucosinolate (GSL) profile. Results highlight that the defrosted leaves of Brassica 

juncea ‘Brons’, collected at the three development stages, could cause significant 

inhibition of the mycelial growth of F. graminearum. Meanwhile, the results of the 

GSL analysis indicate that sinigrin content increases with advanced stages in this 

cultivar. This could be related to the inhibition of F. graminearum, as the level of 

suppression increased with the advancing growth stage of B. juncea ‘Brons’. 

Similarly, the effect of B. juncea ‘Caliente Rojo’ could be related to the sinigrin 

content detected in the leaf tissue, with the greatest suppression of F. graminearum 

observed with leaves collected at the stem-extension stage. Hence, effective 

inhibition of F. graminearum mycelium by B. juncea leaf discs could be attributed to 

high levels of sinigrin. Sinigrin is the parent-GSL of allyl ITC and this GSL comprises 

about 98-99% of the total GSL content of some Brassica species such as B. juncea 

and B. nigra (Matteo, 2017; Ngala et al., 2015b). Allyl ITC has been found to be the 

predominating compound (>90%) in volatiles released from macerated leaves of B. 

juncea (Charron and Sams, 1999). Correlations of mycelial inhibition with the 

release of allyl ITC from brassica leaf tissues have been observed (Mayton et al., 

1996). In a previous study (Ojaghian et al., 2012), B. juncea was found to be most 

effective in inhibiting Sclerotinia sclerotiorum radial growth by 74-90%, when agar 

plugs were exposed to fresh macerated tissues of B. juncea, B. campestris and B. 

napus. An in vitro assay (Larkin and Griffin, 2007) showed that macerated leaf 

tissues of B. juncea resulted in 73% and 100% inhibition of F. oxysporum and 

Rhizoctonia solani respectively. 

If we assume a sinigrin content of 48.5 µmol g-1 leaf tissue (Table 4.1) and an ITC 

release efficiency of 1% (Morra and Kirkegaard, 2002), 8 leaf discs would yield allyl 

ITC concentrations of 49 mg kg-1 suggesting this concentration was sufficient to 

completely inhibit F. graminearum mycelial growth as shown by B. juncea ‘Brons’ 

leaves from early-bud stage. Morra and Kirkegaard (2002) recorded 14-26% 

efficiency of ITC release from B. juncea leaf discs frozen at -19°C prior to incubation 

with soil in bottles, whereas <1% release efficiency was noticed using fresh leaf 

discs. The higher efficiency was attributed to extreme membrane disruption due to 

freezing and thawing of tissues, allowing greater contact between GSL and 
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myrosinase. Hence, allyl ITC release efficiency from the frozen leaf discs in the 

present assay might be higher than 1% due to a greater GSL/ITC conversion. 

Previous in vitro work has shown suppressive effect of allyl ITC on F. graminearum 

at ED50 concentrations of 62-135 mg l-1 (Chapter 3). Studies on Alternaria spp. 

suggest that ITC promote production of reactive oxygen species and disrupt 

mitochondrial function (Calmes et al., 2015) and the plasma membrane (Wang et 

al., 2020; Zhang et al., 2020) in fungal cells.  

In the leaf disc assay, F. graminearum mycelial plugs which were completely 

inhibited by B. juncea ‘Brons’ treatments showed no subsequent growth when 

transferred to fresh PDA media, indicating that the effect was fungicidal rather than 

fungistatic (data not shown). This is in consistent with Charron and Sams (1999), 

who reported a fungicidal effect of B. juncea macerated leaves on the radial growth 

of Pythium ultimum. The radial growth of P. ultimum, exposed to macerated leaves, 

was completely inhibited after 48 hours and the P. ultimum plugs when transferred 

to fresh PDA, did not grow. The lowest dose (1 leaf disc) of B. juncea showed a 

slight stimulation of colony growth, although this was not significantly different to the 

control. Raphanus sativus and E. sativa also appeared to stimulate colony growth 

insignificantly. Such stimulation is consistent with a previous report by Kirkegaard et 

al. (1996) where colony growth of Bipolaris sorokiniana was stimulated when 

exposed to lower quantities of B. juncea and B. napus tissues. Slightly higher 

inhibition in B. juncea ‘Brons’ treatment was seen in the second experiment in 

comparison to the first leaf disc assay, as mentioned above. This could be due to 

plants grown at different times of the year (experiment 1: October-January; 

experiment 2: September-November). Slightly longer daylight hours and higher 

temperatures during the time period of the second experiment may have resulted in 

higher GSL concentrations as these factors are known to increase the production of 

GSL in brassica tissues (Björkman et al., 2011). 

The two cultivars of B. juncea were effective in both leaf disc and microcosm 

experiments, however, R. sativus and E. sativa despite being ineffective in the leaf 

disc assay, showed significant suppression in the microcosm experiment. In addition 

to ITC, other less toxic compounds such as nitriles and thiocyanates are also 

produced as a result of GSL hydrolysis and these compounds are known to have 

biocidal properties (Peterson et al., 2000; Tsao et al., 2002). Moreover, other toxic 

compounds such as dimethyl sulphide and carbon disulphide are released during 

the decomposition of plant material which may also contribute to biofumigation effect 
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(Bending and Lincoln, 1999; Motisi et al., 2010). These factors may have contributed 

to the suppressive activity seen by R. sativus and E. sativa in the present 

microcosm study.  

In the microcosm experiment, the two quantities of the chopped tissue added, 65 g 

and 15 g, were calculated as equivalent to 50 t fresh wt. ha-1 and 12 t fresh wt. ha-1 

respectively. The rationale behind this rate was to mimic the biofumigation potential 

of brassica plants in field that would generally yield a high biomass and a low 

biomass. Previously, Handiseni et al. (2016) exposed R. solani mycelial plugs to B. 

juncea-amended soil in sealed bags. A dose dependent response was reported with 

inhibition ranging from <5% inhibition at 0.4% (wt/wt) incorporation rate to 

approximately 50% inhibition at 3.2% (wt/wt) incorporation rate. This is in contrast to 

findings from microcosm experiment where dose effect was not significant. As the 

present experiment was carried out in air tight jars, volatiles released from even the 

lower dose (15 g) were sufficient to effectively suppress F. graminearum. However, 

in agreement to the present findings, Mayton et al. (1996) reported >50% radial 

growth inhibition of F. sambucinum by macerated leaf tissue of B. nigra and B. 

juncea which was not affected by quantity of tissue (10-40 g) in their microcosm 

experiments.  

Using a cut-and-carry approach, brassica mulch was applied to F. graminearum-

infected wheat plots in field experiments performed over two years (Drakopoulos et 

al., 2020). Fusarium head blight incidence was significantly reduced by 58% in the 

first year by Sinapis alba and 18% by B. juncea in the second year. The two types of 

mulch also reduced DON content in wheat grain by 40-50%. Crop debris, 

particularly that of maize, is a primary source of inoculum for Fusarium head blight in 

wheat (Champeil et al., 2004; Vogelgsang et al., 2019). Crop debris is present in all 

shapes and sizes and to reduce the variability within an experimental system it is 

beneficial to have an artificial crop debris model system. Two types of substrates 

were used in the present study, chaff represented natural crop residue and blind oat 

spikes represented an artificial crop debris which is uniform in size and nutritional 

status, and uniformly infected with F. graminearum. The volatiles from chopped 

brassica tissue appeared to have inhibited F. graminearum inoculum, irrespective of 

inoculum type. This suggests that biofumigation could prove to be effective in 

reducing F. graminearum inoculum present in a variety of crop residues such as 

chaff, seed and straw, under field conditions. However, it would be useful to identify 

if biofumigation is equally effective against inoculum of various sizes as F. 
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graminearum within larger pieces of inoculum maybe protected from contact with the 

inhibitory compounds released during the process. 

Brassica juncea ‘Caliente Rojo’, which is fairly new cultivar, was not available at the 

time period of the first experiments. The suppressive effect of B. juncea ‘Caliente 

Rojo’ seen in the present study suggests that this cultivar could be a promising 

biofumigant for managing F. graminearum in the field. The cultivar could be sown 

following harvest of wheat in summer, and incorporated in autumn followed by 

subsequent cereal production. Glucosinolate analysis of this cultivar showed that 

concentrations of the dominant GSL, sinigrin, were highest at stem-extension stage 

compared to the other two stages. A balance between biomass and GSL 

concentration could be achieved by identifying an appropriate growth stage between 

stem-extension and flowering to maximise GSL content for incorporation. The 

biofumigant, when chopped and incorporated, is then likely to produce ITC at 

sufficiently effective concentrations. Glucosinolate concentrations recorded in the 

present study could be achievable in field situations. Total GSL concentrations of up 

to 50, 69 and 61 µmol g-1 biomass have been detected in B. juncea, R. sativus and 

E. sativa respectively under field conditions (Ngala et al., 2015a). Biofumigation if 

applied in a cereal rotation, may therefore be useful in reduction of F. graminearum 

inoculum in the field, thus suppressing infection in the subsequent cereal crop. 

However, it should be considered that the present experiments were carried out 

under controlled conditions. In the field, various factors such as soil pH, 

temperature, moisture and organic content as well as the biofumigant crop 

establishment and growth should be considered, as these factors can affect the 

outcome of biofumigation. Moreover, weather conditions such as temperature, 

daylight hours and rainfall also influence the efficacy of biofumigation. 
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Chapter 5 

 

 

5 Application of biofumigation for the 

management of Fusarium graminearum in a 

wheat-maize rotation 
 

 

 

5.1 Abstract 
 

Fusarium graminearum is the most important causal agent of head blight in wheat, 

and stalk and ear rot in maize. A field experiment was conducted to investigate the 

effect of incorporation of Brassicaceae cover crops on Fusarium graminearum in a 

wheat-maize rotation. Five species belonging to Brassicaceae (Brassica juncea, 

Eruca sativa, Raphanus sativus, B. carinata, B. oleracea var. caulorapa L.) 

were used in the field experiment to investigate their potential to suppress F. 

graminearum inoculum in soil, disease incidence in maize and to reduce subsequent 

mycotoxin contamination in maize. Brassica juncea was found to contain the highest 

glucosinolate concentration in shoots (31 µmol g-1). Severity of ear rot and stalk rot 

in maize was not significantly reduced in the amended plots. Incorporation of R. 

sativus ‘Terranova’ significantly decreased the amount of F. graminearum DNA by 

58% compared with the cultivated fallow treatment, however the DNA concentration 

was not significantly different to fallow uncultivated. Fusarium graminearum DNA 

and deoxynivalenol in maize was 50% lower after incorporation of B. oleracea var. 

caulorapa L. compared to after fallow treatment but the difference was not 

significant. The brassica crops used in the present field experiment were not 

effective in suppressing F. graminearum, therefore further studies to optimise the 

current approach are recommended. 
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5.2 Introduction 
 

The suppressive effect of biofumigation is generally attributed to the toxicity of 

isothiocyanate (ITC) which is produced as a result of glucosinolate (GSL) hydrolysis 

by myrosinase enzyme upon plant tissue disruption. However, the application of 

green manure also increases the organic matter content in the soil. This organic 

matter helps in nourishing and flourishing soil microorganisms, thus enhancing their 

competition and antagonism effects. Additionally, toxic compounds released during 

the decomposition of the organic matter may contribute to the suppressive activity 

(Kirkegaard and Matthiessen, 2004; Motisi et al., 2010; Tagele et al., 2021). 

 

 

Field research conducted on biofumigation for soil-borne pathogens has been 

discussed in section 1.6.4. Recently, Drakopoulos et al. (2020) applied the mulch of 

Sinapis alba and Brassica juncea, in a cut-and-carry approach, to Fusarium 

graminearum-infected wheat plots; Fusarium head blight incidence was significantly 

reduced by 58% in the first year by S. alba and 18% by B. juncea in the second 

year, in field experiments performed over two years. Following encouraging results 

from studies conducted under laboratory conditions (Chapters 3 and 4), a field 

experiment was undertaken to investigate the potential of incorporation of brassica 

crops on suppressing F. graminearum inoculum in a wheat-maize rotation.  

 

 

5.3 Materials and methods 
 

5.3.1 Experimental set up  
 

From June 2018 to December 2019, a field experiment was conducted at ‘Heaford’ 

field, Harper Adams University, Newport, Shropshire, UK (52°47'04.0"N 

2°26'04.9"W) in a 72 x 18 m area. The soil at this site is a sandy clay loam (62% 

sand, 18% silt, 20% clay) with organic matter content 6%, pH 5.9 and available 

sulphate 20.75 mg l-1. The field experiment was designed for Brassicaceae cover 

crops incorporation in a wheat-maize rotation. The experiment comprised six 

replicates of eight treatments in a randomised complete block design and each plot 

was 27 m2 (9 x 3 m). Treatments included Brassica juncea ‘Brons’ (Indian mustard), 
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Eruca sativa ‘Trio’ (rocket), Raphanus sativus ‘Bokito’ (oilseed radish), R. sativus 

‘Terranova’, B. carinata ‘Cappucchino’ (Ethiopian mustard), B. oleracea var. 

caulorapa L. ‘Kolibri’ (kohlrabi), fallow cultivated and fallow uncultivated. Fallow 

cultivated were the plots in which no crops were grown, however flail, rotovator and 

roller were used on these plots similar to brassica plots. Whereas fallow uncultivated 

had no crops and no machinery used except roller. Seeds of all Brassicaceae were 

supplied by RAGT seeds, UK (except B. oleracea var. caulorapa L. ‘Kolibri’ supplied 

by Elsoms, UK). All crops were established and maintained according to standard 

crop husbandry practices at Harper Adams University, Shropshire, UK. 

 

5.3.2 Semi-artificial infection of wheat 
 

One kg of oat was soaked in 200 ml distilled water for 2 h, drained and autoclaved in 

a 78 x 40 cm autoclavable bag [VWR (129-0581)] at 124°C for 1 hour. The following 

day the oats were re-autoclaved at 124°C for 1 hour after 24 hours and allowed to 

cool. Oat broth was prepared by adding 1 g oat flour to 100 ml sterile distilled water 

in 250 ml flasks. A cotton plug was inserted into the neck of the flask before it was 

covered with tin foil and autoclaved at 121°C for 15 min. Five 7 mm mycelial plugs, 

taken from a 5-day old colony of F. graminearum growing on potato dextrose agar 

(PDA) (Merck, KGaA, Germany), were added to the flask containing oat broth and 

incubated on an orbital shaker at 120 rpm for 7 days. A 100 ml of the oat broth was 

added to 1.25 L potato dextrose broth (PDB) (Oxoid, Basingstoke, UK) and mixed. A 

total amount of 100 ml of the PDB mixture containing F. graminearum was added to 

each autoclaved oat bag, mixed well and incubated for 3 weeks before field 

inoculation (Figure 5.1a). Bags were agitated every few days to avoid clumping of 

the inoculum. All incubations were at room temperature (ca. 18°C).  A total of 40 kg 

of Fusarium inoculum was prepared with an equal amount for each of five fungal 

strains (FG2556, FG2560, FG2481, FG2498, FG2502).  All strains were isolated 

from wheat samples collected in 2016 and were supplied by Dr Phil Jennings, Fera 

Sciences Ltd.  Bags were mixed to create a bulk bag of inoculum for each 

experimental block with an equal mix of each strain.   

Winter wheat ‘Shabras’ was sown in early October 2017 and maintained using 

standard agronomy. Wheat at early stem-extension stage (Zadoks GS31; Zadoks et 

al., 1974) was inoculated manually by dispersing the oat inoculum at 25 g m-2.  
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Perithecia of F. graminearum were observed on the oat grain inoculum five weeks 

after application (Figure 5.1b). 

The disease incidence in the field was measured by counting the number of ears 

with typical Fusarium head blight symptoms of partially bleached ears, at medium 

milk (GS75). Wheat ears in a 60 x 120 cm quadrat were observed at 24 different 

locations in a central area (60 x 17 m) of the trial area at 5-12 m apart. Disease 

incidence was expressed as the percentage of symptomatic wheat ears.  

Post-harvest, wheat debris were collected to test presence of F. graminearum. 

Chaff, rachis and straw separately were randomly collected from the field, 

additionally the three type of wheat debris were also collected from each block. 

Straw and rachis were cut into 1 cm pieces. One hundred pieces of each type of 

wheat debris (collected from whole field) and 100 pieces of wheat debris from each 

block (collected block-wise) were plated out on modified CZID media (CZPD) 

(Hofgaard et al., 2016; Chapter 2) plates with five pieces per plate. Plates were 

incubated at room temperature (ca. 20°C) for 12-15 days. Fusarium graminearum 

incidence in the inoculum pieces was recorded as presence of F. graminearum 

colony growth based on the characteristic reddish pigmentation. For confirmation, 

some of the assumed F. graminearum colonies were sub-cultured on PDA and 

incubated at room temperature (ca. 20°C) for 14 days. The conidia were harvested 

as described in Chapter 3 and confirmed as F. graminearum based on spore 

morphology (Leslie and Summerell, 2006). 

 

5.3.3 Biofumigants- biomass, glucosinolate analysis, 

incorporation 
 

Following wheat harvest in late July 2018, cover crops were sown on 13 August 

2018 using the recommended seed rate (Table 5.1) with 100 kg ha-1 nitrogen and 25 

kg ha-1 sulphur applied to the seedbed. On 19 November 2018, the brassica crops, 

at 25% flowering, were flailed and rotovated. Following incorporation, the soil 

surface was rolled to reduce soil porosity (Figure 5.1c). Flail and rotovator were 

used on all plots except uncultivated fallow plots. 

 

Glucosinolate analysis: Prior to incorporation, plants for GSL analysis were 

sampled and processed as described by Ngala et al. (2015a). Briefly, three samples 
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from each plot were randomly selected, uprooted and processed carefully, roots and 

shoots separately flash frozen in liquid nitrogen, stored at -80°C until freeze dried 

(GVD6/13 MKI freeze dryer; GIROVAC Ltd, North Walsham, UK). Freeze-dried 

samples were milled and stored at -18°C. Samples collected from four blocks 

(2,3,4,6) were sent to NIAB Labtest, Cambridge, UK where GSL analysis was 

performed following ISO 9167 “Rapeseed and rapeseed meals - Determination of 

glucosinolates content – Method using HPLC”. 

 

Biomass: Prior to incorporation, plants from two 0.33 m2 quadrats (within central 1 x 

5 m area of plot) were uprooted, taken to the laboratory, separated into roots and 

shoots and weighed fresh. The plant samples were then placed in a forced air oven, 

for drying at 100°C for 48 hours, to generate a dry weight. 

 

Table 5.1 Brassica cover crops used in a field experiment to assess the effect of 

biofumigation on Fusarium graminearum in a wheat-maize rotation 

 

Brassica species Common name Cultivar  Seed rate Supplier 

Brassica juncea  Indian mustard Brons 8 kg ha-1 RAGT Seeds 

UK 

Brassica carinata  Ethiopian 

mustard 

Cappucchino 15 kg ha-1 RAGT Seeds 

UK 

Raphanus sativus  Oilseed radish Bokito 20 kg ha-1 RAGT Seeds 

UK 

Raphanus sativus  Oilseed radish Terranova 20 kg ha-1 RAGT Seeds 

UK 

Eruca sativa  Rocket Trio 10 kg ha-1 RAGT Seeds 

UK 

Brassica oleracea 

var. caulorapa L.  

Kohlrabi Kolibri 0.5 kg ha-1 Elsoms, UK 
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a b 

c 

Figure 5.1 Experimental set up of the study: (a) Oats inoculated with Fusarium 

graminearum conidial suspensions after incubation, (b) Perithecia of F. graminearum 

formed on the oats on the soil surface five weeks after inoculation of wheat plots, (c) 

Brassica crops at 25% flowering flailed, rotovated and rolled 
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5.3.4 Assessment of Fusarium graminearum inoculum buried in 

sachets post-incorporation of brassica biofumigants 
 

Blind oat spikes from oat screenings (Morning Foods, Crewe, UK) were used as 

artificial crop debris. One kg of oat screenings was soaked in distilled water for 12 

hours before autoclaving in a 78 x 40 cm autoclavable bag [VWR (129-0581)]. The 

blind oat spikes were re-autoclaved after 24 hours and allowed to cool. Spore 

suspension was prepared as described in Chapter 4 (section 4.3.3.1). A 100 ml of 

the spore suspension was added to the bag, mixed well and incubated for 10-12 

days in dark. The inoculum was confirmed to be infected with F. graminearum by 

plating on PDA prior to using in the experiment. Square 12.5 cm2 fine mesh (voile) 

sachets were prepared using a heat sealer. A 50 cm nylon string with label tag was 

tied to each sachet. Six grams of the above prepared inoculum, which contained 

more than 100 pieces of the inoculum, were added to each of the 288 sachets (six 

sachets per plot) and sealed with heat-sealer. Immediately after brassica 

incorporation, six sachets of the inoculum were buried at 10 cm depth in a central 

area (1 x 4 m) of each plot, at intervals of 1-2 m apart. Pegs were tied to the nylon 

string of the sachets to enable easy location and removal of the sachets later 

(Figure 5.2). From each plot, three sachets were removed 8 and 16 weeks after their 

burial and transported to laboratory to assess for F. graminearum incidence. One 

hundred inoculum pieces from each sachet were plated out on CZPD media (10 

pieces per plate), and incubated at 20°C. After 12-15 days, F. graminearum growth 

was recorded based on the characteristic reddish pigmentation of F. graminearum 

colonies and the Fusarium incidence was calculated.  
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Figure 5.2 (a) Blind oat spikes inoculated with Fusarium graminearum in sealed 

sachets tied to nylon strings (b) Fusarium graminearum inoculum sachets placed to 

be buried in plots post-incorporation of brassicas 
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5.3.5 Maize assessment 
 

5.3.5.1 Disease assessment and Fusarium graminearum incidence 
 

Maize ‘Ambition’ was sown mid-April 2019. In December 2019, when the maize had 

a grain moisture content of 44%, 30 plants were randomly sampled from a 1 x 6 m 

area in the centre of each plot. Primary cobs were handpicked and stalks were cut in 

lateral direction above roots and above the second node from bottom. Samples 

were transported to laboratory, where ears were husked and the ear surface 

covered with mycelium was visually assessed for ear rot. Stalks were dissected and 

the infected area of lower node, upper node and internode was visually assessed for 

stalk rot (red staining). Rot which was presumably not caused by Fusarium was not 

recorded. Symptoms of Fusarium infection were assessed according to a seven-

class disease severity rating scale of 0 (no infection) to 6 (infection symptoms close 

to 100% of plant surface) (Masiello et al., 2019) and disease severity % was 

calculated by McKinney Index (McKinney, 1923). 

One row of kernels from each of the 30 ears were removed by hand, mixed, before 

100 representative kernels were used to assess Fusarium incidence. The remaining 

kernels were placed in perforated plastic bags and dried at 60°C with forced 

ventilation for mycotoxin and molecular analysis. Maize kernels (100 per plot) were 

surface disinfected with sodium hypochlorite (1.2% available chlorine) containing 

0.05% Tween 20 for 3 min, rinsed with sterile distilled water thrice and plated out on 

PDA plates supplemented with streptomycin sulphate (130 mg l-1). Plates were 

incubated at room temperature (ca. 20°C) for 10-12 days and F. graminearum 

mycelial growth was recorded based on the characteristic reddish coloured colonies. 

Fusarium graminearum growth was confirmed as described above. Fusarium 

incidence was calculated as mean of the number of kernels infected. 

 

 

5.3.5.2 Mycotoxin and molecular analysis 
 

The dried maize kernels were ground with a mill (Retsch ZM200, Germany;1 mm 

mesh size) and samples were stored at -18°C until further processing.  
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Deoxynivalenol (DON) was quantified in 8 g of milled flour using a DON ELISA 

assay (Agraquant, Romer Lab Diagnostic, Austria) according to the manufacturer’s 

instructions. Additionally, the flour was analysed for DNA amount of F. 

graminearum. DNA was extracted from flour using a cetyltrimethylammonium 

bromide (CTAB) buffer and quantified by spectrophotometry as detailed in Edwards 

et al. (2001) and diluted to 20 ng µl-1. DNA was first amplified with ITS 4 and 5 

primers (White et al., 1990) with an annealing temperature of 50°C (Imathiu et al., 

2013). At this temperature, both fungal and plant DNA are amplified, hence it was 

confirmed that amplifiable DNA is present within each sample. PCR products were 

observed on a 2% agarose gel in Tris-acetate-EDTA (TAE) buffer using 6X GelRed 

loading buffer (Biotium). Fusarium graminearum DNA was then quantified using Tri5 

primers as described by Edwards et al. (2001) by SYBR green qPCR method. 

EvaGreen master mix (Biotium) was used and 10-fold dilutions of 10 ng µl-1 of F. 

graminearum DNA were used as standards. The program used had 40 temperature 

cycles of 95°C for 15 s, 62°C for 15 s, 72°C for 30 s and 82°C for 10 s. The first 

cycle had an extra 12 min at 95°C, and the final cycle had an extra 10 s at 95°C. 

Fusarium graminearum DNA was measured relative to the total (plant and fungal) 

DNA extracted (pg F. graminearum DNA ng-1 total DNA). 

 

 

5.3.6 Statistical analysis 
 

Data were subjected to one-way analysis of variance using Genstat® (20th edition) 

statistical software. Data from assessment of F. graminearum in inoculum (sachets) 

and maize kernels were logit transformed and angular transformed respectively. 

Data from DON and F. graminearum DNA in maize were log10 transformed. 

Significant differences between treatments were determined using post hoc Tukey’s 

test (p=0.05). 

 

 

 

 

 

 

 



 
 

122 
 

5.4 Results 
 

5.4.1 Fusarium graminearum in wheat 
 

Fusarium head blight incidence was 2.6% in the winter wheat crop, assessed on the 

medium milk (GS75). Post-harvest, F. graminearum infection in chaff, rachis and 

straw were found to be 92%, 89% and 59% respectively. Fusarium graminearum 

infection was detected in wheat debris from all blocks, ranging from 90 to 98%. 

 

 

5.4.2 Biomass, glucosinolate concentrations of brassicas  
 

The biomass of brassica cover crops are shown in Table 5.2. The total above-

ground biomass (fresh weight) of the brassicas ranged from 19 t ha-1 (B. oleracea 

var. caulorapa L. ‘Kolibri’) to 79 t ha-1 (R. sativus ‘Bokito’). The two cultivars of R. 

sativus produced similar biomass (85 and 89 t ha-1 fresh weight; 6.5 and 7.4 t ha-1 

dry weight). Brassica juncea ‘Brons’ produced 48 t ha-1 of above-ground biomass 

(fresh weight). Concentrations of GSL occurring in each brassica is presented in 

Table 5.3. The GSL profile found in the brassicas varied both qualitatively and 

quantitatively. Brassica juncea was found to contain the highest total GSL 

concentration among all the brassicas tested. The predominant GSL of B. juncea 

was sinigrin, precursor of allyl isothiocyanate (AITC), and it comprised 85% of the 

total GSL content of the shoot tissue. On the other hand, sinigrin made up 79% of 

total GSL content of shoot tissue of B. carinata, occurring at a concentration of 

13.06 µmol g-1. The predominant GSL found in root tissue of R. sativus was 

glucoraphasatin (4-methylsulfanyl-3- butenyl ITC or raphasatin-precursor). The GSL 

concentration expected per area of field was estimated (Figure 5.3). For B. juncea, 

the total GSL concentration (shoots) expected in the field was estimated to be 13 

mmol m-2 and that for B. carinata was 11 mmol m-2. 
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Table 5.2 Shoot and root biomasses of brassica cover crops grown in a field experiment to assess the effect of biofumigation on Fusarium 

graminearum in a wheat-maize rotation  
 

 

 

Brassica 

Biomass (t ha-1) 

Fresh weight  Dry weight 

Shoot Root Total  Shoot Root Total 

Brassica juncea 'Brons' 48.4 (5.6)a 4.8 (0.8) 53.3 (6.2)  3.9 (0.7) 0.7 (0.2) 4.6 (0.8) 

Brassica carinata ‘Cappucchino’  69.5 (16.5) 4.3 (0.7) 73.8 (17)  6.4 (1.6) 0.9 (0.2) 7.3 (1.7) 

Raphanus sativus ‘Bokito’  79.0 (14.7) 10.4 (2.4) 89.4 (15.3)  6.3 (1.3) 1.1 (0.2) 7.4 (1.3) 

Raphanus sativus ‘Terranova’ 74.0 (22) 10.5 (3.1) 84.6 (23)  5.6 (1.8) 1.0 (0.3) 6.5 (2.0) 

Eruca sativa ‘Trio’  42.8 (14.4) 2.4 (0.7) 45.3 (15.0)  3.6 (1.1) 0.4 (0.1) 4.0 (1.2) 

Brassica oleracea var. caulorapa L. ‘Kolibri’  19.8 (8.0) 0.9 (0.2) 20.7 (8.2)  2.6 (1.0) 0.2 (0.1) 2.9 (1.1) 

a n=6, numbers in parentheses represent the standard error of the mean 
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Table 5.3 Type and concentration of glucosinolates in freeze-dried tissue of brassicas grown in a field experiment to assess the effect of 

biofumigation on Fusarium graminearum in a wheat-maize rotation 

Glucosinolate 
(µmol g-1 freeze-dried 
tissue) 

B. juncea 
 'Brons' 

B. carinata 
‘Cappucchino’ 

R. sativus 
‘Bokito’ 

R. sativus 
‘Terranova’ 

E. sativa  
‘Trio’ 

B. oleracea var.  
caulorapa L. 
‘Kolibri’ 

Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root 

Glucoberin 2.25 
(0.32)a 

2.17 
(0.38) 

2.01 
(0.63) 

1.89 
(0.39) 

2.33 
(0.74) 

2.22 
(0.53) 

2.35 
(0.41) 

2.25 
(0.75) 

2.06 
(0.58) 

2.18 
(0.49) 

2.24 
(0.21) 

1.83 
(0.50) 

Progoitrin 0.42 
(0.13) 

0.37 
(0.08) 

0.34 
(0.23) 

0.25 
(0.17) 

0.42 
(0.31) 

0.54 
(0.39) 

0.33 
(0.22) 

0.34 
(0.27) 

2.08 
(1.49) 

1.65 
(1.02) 

0.39 
(0.27) 

0.18 
(0.13) 

Sinigrin 26.39 
(12.42) 

19.97 
(12.33) 

13.06 
(6.21) 

4.81 
(3.24) 

- - - - - - - - 

Gluconapin 0.20 
(0.14) 

0.14 
(0.17) 

- - - - - - - - - - 

Glucobrassicin 0.17 
(0.07) 

0.32 
(0.04) 

0.65 
(0.30) 

0.43 
(0.31) 

1.43 
(0.79) 

1.54 
(1.48) 

2.05 
(1.29) 

0.78 
(0.67) 

0.38 
(0.38) 

0.05 
(0.07) 

1.19 
(0.76) 

0.91 
(0.19) 

Gluconasturtiin 1.32 
(0.70) 

18.04 
(3.76) 

0.42 
(0.29) 

6.17 
(3.50) 

1.12 
(0.49) 

2.47 
(1.74) 

1.28 
(0.61) 

2.38 
(2.22) 

0.90 
(0.42) 

2.96 
(2.18) 

0.52 
(0.37) 

5.42 
(1.75) 

Neoglucobrassicin 0.07 
(0.03) 

0.90 
(0.17) 

0.11 
(0.07) 

0.61 
(0.44) 

- 0.42 
(0.38) 

0.02 
(0.03) 

0.12 
(0.13) 

0.03 
(0.02) 0.00 

0.53 
(0.36) 

4.35 
(1.82) 

Glucoraphanin - - - - 7.84 
(4.79) 

1.39 
(0.95) 

5.24 
(4.43) 

1.47 
(1.11) 

7.36 
(3.96) 

3.94 
(2.07) 

3.45 
(2.72) 

1.30 
(0.67) 

Glucoraphenin - - - - 0.45 
(0.11) 

- 0.35 
(0.19) 

- - - - - 

4 hydroxy 
glucobrassicin 

- 0.04 
(0.05) 

- - - - - 0.02 
(0.03) 

- - - 0.27 
(0.12) 

Glucoraphasatin - - - - 2.43 
(1.69) 

14.90 
(9.77) 

3.45 
(2.60) 

17.60 
(10.92) 

- - - - 

Glucoalyssin  - - - - - - - - 0.50 
(0.21) 

0.24 
(0.21) 

- - 

Glucoerucin - - - - - - - - 7.03 
(3.65) 

12.28 
(7.30) 

0.14 
(0.16) 

3.80 
(1.71) 

4-mercaptobutyl  - - - - - - - - 4.89 
(2.04) 

1.26 
(1.94) 

- - 

unknown  - - - - - - - - 0.53 
(0.37) 

- - - 

unknown  - - - - - - - - 0.93 
(0.70) 

- - - 

Total glucosinolates  30.83 
(13.76) 

41.91 
(15.63) 

16.59 
(7.62) 

14.19 
(7.31) 

16.02 
(8.66) 

23.47 
(14.65) 

15.06 
(7.33) 

24.96 
(15.10) 

26.69 
(12.33) 

24.57 
(12.69) 

8.46 
(4.55) 

18.06 
(6.22) 

a n=4, numbers in parentheses represent the standard error of the mean 
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5.4.3 Effect of brassica incorporation on F. graminearum 

inoculum in sachets  
 

For both sets of sachets (removal after 8 and 16 weeks after brassica incorporation), 

the percentage incidence of F. graminearum ranged from 94 to 98% for all 

treatments (Table 5.4). The effect of brassica incorporation on F. graminearum 

inoculum was not significant (p=0.677 and p=0.074 after 8 and 16 weeks 

respectively). CV% and SED for set 1 (removal after 8 weeks) were 31.8 and 0.57 

respectively and that for set 2 (removal after 16 weeks) were 20.4 and 0.37. 

 

 

Table 5.4 Percentage incidence of Fusarium graminearum recovered in oat 

inoculum post-incorporation of brassicas. Sachets containing Fusarium 

graminearum-inoculated blind oat spikes, representing artificial crop debris, were 

buried in plots post-incorporation of brassica cover crops and removed from the field 

plots after 8 and 16 weeks 

 

 

Treatments 

% incidence Fusarium graminearum 

recovered in oat inoculum 

8 weeks 

post-incorporation 

16 weeks 

post-incorporation 

Fallow 95 98 

Fallow uncultivated 95 97 

Brassica juncea 'Brons' 98 97 

Brassica carinata ‘Cappucchino’  96 95 

Raphanus sativus ‘Bokito’  96 94 

Raphanus sativus ‘Terranova’ 95 95 

Eruca sativa ‘Trio’  94 94 

Brassica oleracea var. caulorapa 

L. ‘Kolibri’  

97 97 
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5.4.4 Effect of brassica biofumigation on Fusarium graminearum 

diseases in a subsequent maize 
 

5.4.4.1 Disease severity and Fusarium graminearum incidence in maize 
 

Disease severity of ear rot ranged from 70% in B. carinata-treated plots to 80% in 

fallow plots (Figure 5.4). However, analysis of variance showed no significant effect 

of brassica incorporation on ear rot severity (p=0.579). Disease severity of stalk rot 

in the upper, lower and internodes of maize stalks is shown in Figure 5.5. The 

lowest disease severity percentage in upper nodes was found in B. carinata 

treatment (19%) and the highest (26%) in fallow uncultivated. The disease severity 

percentage in internodes was similar (6-9%) in all treatments. The effect of 

brassicas on stalk rot severity was insignificant (p=0.942). Maize kernels tested for 

F. graminearum incidence were found to be infected in all treatments ranging from 

93 to 98% with no significant effect (p=0.411) between the treatments (Figure 5.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

128 
 

 

 

Figure 5.4 Ear rot severity in maize grown in brassica-incorporated plots preceded 

by Fusarium graminearum-inoculated wheat. Ears were visually assessed according 

to a 7-class disease severity rating scale of 0 (no infection) to 6 (infection symptoms 

close to 100% of plant surface) and disease severity % was calculated by McKinney 

Index. Analysis of variance showed no significant difference between treatments 

(p=0.579, CV%=11.2, SED=4.75) 
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Figure 5.5 Stalk rot severity in maize grown in brassica-incorporated plots preceded 

by Fusarium graminearum-inoculated wheat. Upper node, lower node and internode 

of stalks were visually assessed according to a 7-class disease severity rating scale 

of 0 (no infection) to 6 (infection symptoms close to 100% of plant surface) and 

disease severity % was calculated by McKinney Index. Analysis of variance showed 

no significant difference between treatments (upper node: p=0.093, CV%=17.8, 

SED=2.287; inter node: p=0.971, CV%=50.6, SED=2.21; lower node: p=0.942, 

CV%=21, SED=3.418) 
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Figure 5.6 Percentage incidence of Fusarium graminearum in kernels of maize 

grown in brassica-incorporated plots preceded by Fusarium graminearum-inoculated 

wheat. Representative kernels were plated out on media and assessed for F. 

graminearum growth. Analysis of variance showed no significant difference between 

treatments (p=0.411, CV%=8.1, SED=3.642) 
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5.4.4.2 Assessment of deoxynivalenol and Fusarium graminearum DNA 

in maize 
 

Deoxynivalenol concentrations in maize kernels are shown in Figure 5.7. All 

samples were found to be contaminated with DON, with 67% samples exceeding 

the legal limit of 1.75 mg kg-1 DON in maize for human consumption. The effect of 

brassicas on DON contamination was found to be non-significant (p=0.635). The 

concentrations in the 48 samples ranged from 0.51 to 14.33 mg kg-1. Deoxynivalenol 

concentrations in maize was 50-60% lower after incorporation of B. oleracea var. 

caulorapa L. compared to after the two fallow treatments. Brassica juncea-treated 

plots were found to have the highest variation of DON concentrations in the maize 

flour with values ranging from 0.55 to 14.33 mg kg-1. Amount of F. graminearum 

DNA in maize is shown in Figure 5.8. Incorporation of R. sativus ‘Terranova’ 

significantly decreased (p<0.05) the amount of F. graminearum DNA by 58% 

compared with the fallow cultivated treatment, however the level was not 

significantly different to fallow uncultivated. Maize grown after B. oleracea var. 

caulorapa L. treatment also had F. graminearum DNA 55% lower compared to 

maize grown after the cultivated fallow treatment, but the difference was not 

significant. 
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Figure 5.7 Deoxynivalenol (DON, mg kg-1) concentration in maize grown in 

brassica-incorporated plots preceded by Fusarium graminearum-inoculated wheat. 

Analysis of variance showed no significant differences between treatments 

(p=0.635, CV%=90.8, SED=0.211) 
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Figure 5.8 Fusarium graminearum DNA content in maize grown in brassica-

incorporated plots preceded by Fusarium graminearum-inoculated wheat. Different 

letters indicate significant differences according to post hoc Tukey’s test at 5% 

significance level (CV%=13.8, SED=0.111) 
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5.5 Discussion 
 

In the present two-year study, biofumigation was not effective in suppressing F. 

graminearum in the soil and in the following maize crop. Following incorporation of 

brassicas, F. graminearum infection in maize was not significantly lower compared 

to control (fallow) plots. This is in contrast to results from previous work in the 

laboratory (Chapters 3 and 4) indicating brassicas could have a suppressive effect 

on F. graminearum under field conditions.  

Biofumigant brassicas have been effective in suppressing soil-borne pathogens in 

studies conducted elsewhere. For example, Subbarao et al. (1999) reported 

suppression of Verticillium wilt in cauliflower by broccoli residue incorporation in 

comparison to metam sodium, chloropicrin and other control treatments. The soil 

population of Verticillium dahliae microsclerotia was reduced by 50-75% following 

incorporation of broccoli, compared to pre-treatment levels. Drakopoulos et al. 

(2020) reported 40-50% DON reduction in wheat flour by using B. juncea and S. 

alba mulch in field experiments. While these studies have demonstrated the 

effectiveness of biofumigation in suppressing disease, lack of disease control has 

also been reported. In a field experiment (Blok et al., 2000), where F. oxysporum, 

Rhizoctonia solani and V. dahliae inoculum were buried in soil previously amended 

with broccoli at 34-38 t ha-1 (fresh weight), no suppression was recorded. Similarly, 

in another study (Njoroge et al., 2008), incorporation of B. juncea and B. napus in 

field was not effective in suppressing F. oxysporum or Pythium spp. populations in 

soil.  

There could be a number of factors that might have impacted the efficacy of 

biofumigation in the present study. Soil temperature has a significant impact on ITC 

production (Price et al., 2005). Previously, soil amended with cabbage residues was 

analysed for volatile production (Gamliel and Stapleton, 1993). It was reported that 

the concentration of volatiles in the headspace were higher in heated, amended 

soils than in non-heated amended soils. In the present study, when the plants were 

incorporated in November, mean soil temperatures at ~10 cm deep were 7.7°C 

which might not have been high enough to favour effective ITC production. 

Moreover, due to dry weather conditions, ITC production might not have been 

sufficient. The average rainfall for November 2018 was 36 mm which was half the 

amount compared to the average rainfall for November (72 mm) for the five-year 
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period (2013-2017) according to the data from nearest weather station at Shawbury, 

UK (Met Office, 2021). Presence of sufficient moisture is important to enable 

myrosinase activity for production of GSL hydrolysis products (Mora and Kirkegaard, 

2002). In a field study conducted by Matthiessen et al. (2004), addition of 42 mm of 

water to B. juncea plant material resulted in a 7- to 10-fold increase in ITC 

concentrations in soil compared to where no water was added. Wang and Mazzola 

(2019) amended soil with B. juncea and S. alba seed meal in jars and evaluated 

AITC emission in the headspace. They reported that AITC production elevated 

(~0.05-0.265 µg g-1 soil) with an increase in soil temperature from 10°C to 30°C and 

increase in moisture level from -1000 kPa to -40 kPa. Another factor that might have 

affected the activity of ITC could be the organic matter content in the soil. Gimsing et 

al. (2009) demonstrated that organic matter content is the main sorbent of ITC. 

Organic matter in arable soils is usually at 2-4% (Weil and Magdoff, 2004) compared 

to which the organic matter content in soil at the field experiment site was higher at 

6%. Sorption of ITC to the organic matter in soil might have resulted in reduced 

activity of ITC. 

In a study investigating the ITC-release potential of brassicas under field conditions, 

R. sativus, at a seed rate of 20 kg ha-1 produced a biomass of 71-74 t ha-1 and an 

estimated 31-45 mmol m-2 GSL (Doheny-Adams et al., 2018). Conversely in the 

present study, at a similar seed rate, R. sativus produced similar biomass (74-79 t 

ha-1) but the expected GSL concentration in the field was much lower (9-10 mmol m-

2). The difference in GSL concentrations could be due to difference in soil conditions 

such as temperature and moisture. The predominant GSL in the tissue of B. juncea 

was sinigrin as reported previously (Doheny-Adams et al., 2018; Ngala et al., 

2015b). Sinigrin concentration estimated for B. juncea (above-ground) was 11 mmol 

m-2. In comparison, Doheny-Adams et al. (2018) found a higher concentration of 16-

24 mmol m-2 under field conditions. Isothiocyanate-release potential is dependent on 

GSL concentrations, which were sub-optimal in the present study. In contrast, total 

GSL concentrations as high as 93, 69 and 61 µmol g-1 biomass have been detected 

previously in B. juncea, R. sativus and E. sativa respectively under field conditions 

(Ngala et al., 2015a).  

Biofumigants grown during summer conditions are exposed to higher UV intensity, 

longer daylight hours and higher temperatures. These factors are known to increase 

the production of GSL in brassica tissues (Bjorkman et al., 2011). Ngala et al. 

(2015a) showed how summer grown brassica crops (B. juncea, E. sativa and R. 
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sativus) produced higher concentrations of GSL in the summer when compared to 

being overwintered. The high biomass biofumigants, when chopped and 

incorporated, are then likely to produce ITC at sufficiently effective concentrations. 

The average maximum temperature for September and October 2018 was recorded 

as 17.6°C and 14.5°C whereas in the previous five-year period (2013-2017), the 

average maximum temperature in September and October were 18.2°C and 15.1°C 

respectively. Moreover, the average minimum temperature in September 2018 was 

8.8°C and in October 2018 was 6.1°C which were 0.6 and 1.6 degrees respectively 

lower than the average for the previous five years (Shawbury, UK weather station 

data from Met Office, 2021). Overall, these two months, when the brassica crops 

were growing, were slightly cooler compared to the past years. Although the 

average maximum temperature for August 2018 (21.3°C) was a degree higher than 

the average for the 2013-2017 period, the late sowing (13 August 2018) meant that 

most of the higher temperatures and longer daylight hours were missed. It would 

have been better if the cover crops were sown in the first week of August which 

would have probably resulted in higher biomass and higher GSL concentration in 

the brassica tissues. Moreover, the sun hours in November 2018 (50 hours) were 

lower than the average sun hours for November (61 hours) for 2013-2017 period 

(Shawbury, UK weather station data from Met Office, 2021). The lower sun hours in 

the month, when brassica crops were to be incorporated, might have caused low 

GSL concentrations.  

Estimation of ITC-release potential based on GSL concentration and biomass 

(Morra and Kirkegaard, 2002) indicates that sinigrin in B. juncea shoots in the 

present study would produce AITC concentrations at 40 nmol g-1 soil, assuming a 

soil bulk density of 1.4 g cm-3 and incorporation to 20 cm. However, this 

concentration is estimated assuming complete conversion of sinigrin in above-

ground tissue to AITC, whereas practically 1% ITC release-efficiency has been 

reported (Morra and Kirkegaard, 2002). Hence true AITC concentrations were likely 

to be even lower. In previous in vitro assays, AITC ED50 for F. graminearum was 

found to be 99 mg l-1 (Chapter 3), which is equivalent to 998 nmol ml-1. This 

suggests that the potential AITC in B. juncea plots (≤40 nmol g-1 soil) were very low 

compared to effective AITC concentrations. Requirement of higher ITC 

concentrations has also been reported for other ITC such as, methyl ITC 

concentrations of 517 to 1294 nmol g-1 soil are estimated to be required for soil 

sterilisation (Brown et al., 1991).  
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Incorporation of B. oleracea var. caulorapa L. resulted in a mean F. graminearum 

DNA and DON in maize more than 50% lower compared to fallow. Although the 

effect was not significant, it does suggest a weak biofumigation effect may have 

occurred. Growth of B. oleracea var. caulorapa L. was patchy and lower (fresh wt. 

20 t ha-1) than the other brassicas. A greater biomass of this brassica might have 

suppressed F. graminearum growth more efficiently and subsequently decreased 

DON concentrations in maize significantly. Fan et al. (2008) demonstrated inhibitory 

effect of B. oleracea var. caulorapa L. against mycelial growth of F. graminearum 

under in vitro conditions. They reported that 10 g of powdered frozen tissue per Petri 

dish inhibited the mycelial growth by 70% on day 4 declining to 51% on day 7. In 

addition to its suppressive effect against fungi (Fan et al., 2008), B. oleracea var. 

caulorapa L. has been found effective in controlling nematodes too. Mashed leaves 

of B. oleracea var. caulorapa L. reduced population density of the nematode, 

Meloidogyne incognita (infecting cowpea plant) by 78-80%, whereas reduction by 

metam sodium was 43-65% in pot experiments (El-Nagdi and Youssef, 2019). 

Brassica oleracea var. caulorapa L. appears to be a potential biofumigant for 

suppressing F. graminearum in field, hence further investigation on the 

biofumigation effect of this brassica using different cultivars is recommended. 

Fusarium graminearum DNA content in maize was significantly reduced by R. 

sativus. This is in agreement with findings of a study where in a pot experiment, 

macerated tissue of R. sativus at a rate of 10 g kg-1 soil significantly reduced F. 

graminearum DNA content in soil (Vandicke et al., 2020). In the same study, 

macerated tissue of R. sativus (5 g per Petri dish) also reduced mycelial growth of F. 

graminearum by 17-19%. The reduction in F. graminearum DNA content in maize 

obtained with R. sativus may also be attributed to “partial biofumigation”. The thick 

roots of R. sativus, giving a high under-ground biomass, might have released high 

concentrations of GSL that were probably hydrolysed by myrosinase or myrosinase-

like activity of soil microorganisms (Cheng et al., 2004; Rakariyatham et al., 2005) or 

myrosinase residues from chopped brassica tissue, thus producing biofumigation 

effect. Ngala et al. (2015a, 2015c) observed partial biofumigation under growing R. 

sativus crop, causing suppression of the potato cyst nematode Globodera pallida in 

glasshouse and under field conditions. 

The present study was not effective in suppressing F. graminearum inoculum in soil, 

and disease and DON contamination in maize, however it provides sound basis for 

further research. Selection of brassica with the most suitable GSL profile and 



 
 

138 
 

concentrations, and good biomass are important factors affecting the outcome of 

biofumigation. Therefore, to achieve a successful biofumigation effect, the approach 

needs to be optimised considering environmental factors, such as, temperature and 

moisture content of soil, as well as establishment and growth of the biofumigant 

crop. 
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Chapter 6 

 

6 General Discussion 
 

With the ongoing phase out of pesticides, where some fumigants are already 

banned and others are likely to be banned in the near future, finding a safer 

alternative crop protection strategy is the need of the hour. Fusarium graminearum, 

an important mycotoxin producer in wheat and maize, is currently managed through 

the use of triazole fungicides. There is evidence that these active substances exhibit 

endocrine-disrupting properties, which has raised concerns over their use 

(Anonymous, 2019). Moreover, there is a serious concern about their limited 

effectiveness and the high selection pressure for fungicide resistance (Becher et al., 

2010; Yerkovich et al., 2020). Prior to the present studies, there has been little 

research on the biofumigation system to manage F. graminearum. Success stories 

have been documented in in vitro studies with other fungal pathogens such as 

Rhizoctonia solani, F. oxysporum and Verticillium dahliae (Handiseni et al., 2016; 

Neubauer et al., 2014; Smolinska et al., 2003). The existing literature suggested that 

there is a need for a comprehensive study to understand the potential of the 

biofumigation system for management of F. graminearum.  

This project was initiated with isothiocyanate (ITC) screening to identify the brassica 

species with known ITC profile which could be used as potential biofumigants 

against F. graminearum in further experiments. Findings from these initial 

experiments revealed the dose response of different ITC on the mycelial growth and 

conidial germination of F. graminearum. Leaf disc and microcosm experiments were 

conducted to understand the effectiveness of brassica tissue on F. graminearum 

suppression. Glucosinolate (GSL) content in the brassicas was also analysed to see 

if efficacy could be linked to specific GSL. Defrosted leaves of Brassica juncea 

collected at different growth stages inhibited F. graminearum mycelium growth. 



 
 

141 
 

Analysis of GSL using HPLC revealed leaf tissues of B. juncea to be rich in sinigrin 

which is known to release allyl ITC (AITC) upon enzymatic hydrolysis. The level of 

suppression corresponded to the concentrations of sinigrin. Hence, effective 

inhibition of F. graminearum mycelium by B. juncea leaf discs could be attributed to 

high levels of sinigrin. These findings link to those from ITC assays where AITC was 

found to be effective against F. graminearum mycelial growth and conidial 

germination. Based on these promising results, a field experiment was conducted to 

investigate brassicas as potential biofumigants to control F. graminearum and 

mycotoxin production in a wheat-maize rotation. However, the brassicas were found 

to be not effective in suppressing F. graminearum inoculum in soil, disease 

incidence in maize and subsequent mycotoxin contamination in maize. As discussed 

in Chapter 5, GSL concentrations were sub-optimal. Firstly, sowing brassica crops in 

the second week of August 2018 was not ideal, as this meant most of the higher 

temperatures and longer daylight hours were missed. If sown early August, the 

brassicas would have probably generated higher biomass and higher GSL 

concentration in their tissues. Secondly, the environmental conditions were not ideal 

at the time of the field experiment. Average temperatures in September-October 

2018 at the experiment site (data from nearest weather station, Met Office), were 

slightly cooler (0.6-1.6°C) compared to the previous years. Higher temperatures, 

longer daylight hours and higher UV intensity are factors that are known to increase 

the production of GSL in brassica tissues (Bjorkman et al., 2011). Again, higher 

temperatures in the months when the brassica crops were growing would probably 

have been better in terms of biomass and GSL accumulation in brassica tissues. 

Moreover, the weather conditions were drier compared to previous years. Due to 

lower rainfall near the time of brassica incorporation (36 mm in November 2018; 72 

mm in November 2013-2017), moisture levels might not have been sufficient for 

myrosinase activity to produce ITC at effective concentrations.  

Brassica juncea ‘Caliente Rojo’ was not used in the field experiment as it was not 

available at that time. Results from the leaf disc and microcosm experiments 

suggest that this brassica could be a promising biofumigant against F. graminearum. 

Glucosinolate analysis of this cultivar showed that concentrations of the sinigrin, 

AITC-precursor, were highest at stem-extension stage compared to flowering stage, 

and this corresponded to the inhibition levels seen in the leaf disc experiment. Under 

field conditions, a balance between biomass and GSL concentration could be 

achieved by identifying an appropriate growth stage between stem-extension and 
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flowering so that sufficient biomass is attained whilst GSL concentrations remain 

high during incorporation. This brassica could be sown following harvest of wheat in 

summer, and incorporated in autumn followed by subsequent cereal production. 

This could give an advantage of comparatively shorter time period of growing 

brassica in the field during summer and incorporation could take place while the soil 

temperature would be comparatively higher favouring ITC production. 

In the field experiment, F. graminearum DNA and DON in maize grown after B. 

oleracea var. caulorapa L. treatment were consistently lower by 50-60% compared 

to maize grown after the cultivated fallow treatment, but the difference was not 

significant. Surprisingly, this effect was achieved despite a very patchy growth and 

hence low biomass compared to the other brassicas. Although the suppressive 

effect was not significant, this brassica could be a potential biofumigant to reduce 

mycotoxin production by F. graminearum. The thick stems of this brassica are not 

easy to shred, hence in addition to high biomass, a better shredding technique could 

result in sufficient production of ITC and other hydrolysis products from B. oleracea 

var. caulorapa L. which may prove effective in managing F. graminearum. From the 

GSL analysis of the brassica species used in the field experiments (Chapter 5, 

Table 5.2), the only GSL that stood out in B. oleracea var. caulorapa L. ‘Kolibri’ 

compared to the other species is neoglucobrassicin. Concentration of 

neoglucobrassicin in the root tissue of B. oleracea var. caulorapa L. ‘Kolibri’ was 

4.35 µmol g-1 (freeze-dried tissue) compared to the other species where the 

concentration was <1 µmol g-1. Break down products of neoglucobrassicin in the root 

tissue of B. oleracea var. caulorapa L., that were probably produced by myrosinase 

activity of soil microorganisms (partial biofumigation), or myrosinase residues from 

chopped brassica tissue might have resulted in the lower DON and F. graminearum 

DNA content in maize. Brassica oleracea var. caulorapa L. appears to be a 

promising biofumigant (El-Nagdi and Youssef, 2019; Fan et al., 2008) however, it is 

not a well investigated biofumigant and the literature on its suppressive effect on 

pests and pathogens is scarce. The fact that the total concentration of GSL of B. 

oleracea var. caulorapa L. in field per area was the lowest (2.4 mmol m-2) of all the 

species, yet seeing F. graminearum DNA and DON content in maize grown after this 

brassica, lower by ~50%, suggests it may have suppression potential against F. 

graminearum. It would be worth further investigating this effect of this brassica on 

pests and pathogens. Additionally, breeding of GSL-rich cultivars of B. oleracea var. 

caulorapa L. might be another avenue to explore. Additionally, as seen in Chapter 5, 
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incorporation of Raphanus sativus ‘Terranova’ significantly decreased the amount of 

F. graminearum DNA in maize by 58% compared with the fallow cultivated 

treatment. Raphanus sativus also significantly reduced F. graminearum incidence by 

55% in inoculum recovered in the microcosm experiment. These findings suggest 

that R. sativus holds good biofumigation potential against F. graminearum. However 

as discussed above, the conditions in the field were probably not favourable enough 

for this brassica to produce greater biofumigation effect on F. graminearum. It would 

be worth exploring and maximising the biofumigation potential of this brassica 

against F. graminearum. 

As discussed in Chapter 5, the expected AITC concentrations in the field experiment 

(~40 nmol l-1) were only a fraction compared to the ED50 of AITC determined in the 

ITC assays (Chapter 3). Such high ITC concentrations might not be very easy to 

achieve under field conditions, however, biofumigation in integrated pest 

management (IPM) may be a good approach to manage F. graminearum in wheat 

and maize. According to one report, in response to European Commission’s 

emphasis on implementation of IPM, the Member States drew attention to the lack 

of sufficient non-chemical alternatives and low risk plant protection products to be an 

obstacle in the development of IPM (EC, 2017). The approach in the present study if 

further investigated and optimised could contribute in overcoming this obstacle for 

the management of F. graminearum. It is known that in addition to ITC, other 

compounds such as thiocyanates, nitriles, dimethyl disulphide and methyl sulphide 

are also produced as a result of decomposition of brassica tissues. These products 

are known to have biocidal properties against pests and pathogens (Curto et al., 

2014; Tsao et al., 2002; Wang et al., 2009).Therefore the production of ITC alone 

cannot explain the biofumigation phenomenon, future studies are needed to bridge 

the gap between in vitro work and field work. 

The results of this study generally support the use of biofumigation method in cereal 

dominated crop rotations, however, more field based work is required to 

demonstrate efficacy. Until now, research on biofumigation, as an alternative for 

chemical fumigation to control soil-borne diseases, focused on horticultural crops, 

where soil fumigation was economically feasible. By including biofumigation in 

cereal dominated crop rotations, the important threat of F. graminearum i.e., the 

generation of mycotoxins, could be reduced. 
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Recommendations for further studies 

➢ Investigation of synergistic effect of different ITC on F. graminearum in vitro 

➢ Investigation of biofumigation effect of R. sativus on mycotoxin production by 

F. graminearum in in vitro and glasshouse studies 

➢ Investigation of biofumigation effect of B. oleracea var. caulorapa L. on F. 

graminearum inoculum and mycotoxin production in in vitro and glasshouse 

studies 

➢ Biofumigation effect of neoglucobrassicin hydrolysis products on F. 

graminearum in vitro 

➢ Effect of B. juncea ‘Caliente Rojo’ on F. graminearum under field conditions 

➢ Optimisation of biomass and GSL concentrations in brassica cover crops 
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Appendix Figure 1. Fusarium graminerum mycelia (a) untreated, and exposed to 

(b) 69 mg l-1 allyl isothiocyanate, (c) 11 mg l-1 2-phenylethyl isothiocyanate, (d) 2 mg 

l-1 benzyl isothiocyanate, (e) 35 mg l-1 methyl isothiocyanate and (f) 977 mg l-1 ethyl 

isothiocyanate after 9 days at 15°C (x400 magnification) 
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