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Resumo 

A Revolução Verde, uma era crucial na agricultura, aumentou significativamente o 

rendimento das culturas através de vários meios, como o melhoramento das plantas, o 

aumento da utilização de fertilizantes e pesticidas e a mecanização. No entanto, apesar 

dos seus contributos para a segurança alimentar e o desenvolvimento económico, as 

práticas agrícolas modernas enfrentam desafios colocados pelas alterações ambientais 

e pelas doenças das culturas. Os pesticidas, embora eficazes, suscitam preocupações 

quanto à sustentabilidade a longo prazo e aos impactos ambientais. A Gestão Integrada 

das Doenças (IDM) e o controlo biológico oferecem alternativas promissoras, ao 

utilizarem abordagens ecológicas para combater as doenças das culturas. No entanto, 

pouco se sabe sobre a forma como a variação genética das plantas influencia a eficácia 

dos agentes de controlo biológico (BCAs). Este estudo tem como objetivo investigar a 

diversidade genética entre genótipos de trigo de inverno no que diz respeito à 

suscetibilidade à podridão de pé de fusarium (FFR) e à sua resposta ao agente de 

biocontrolo fúngico Clonostachys rosea durante a infeção por FFR. Hipotizou-se 

diferenças na resistência a FFR e compatibilidade com C. rosea entre genótipos de trigo 

de inverno num bioensaio, onde a severidade da doença e características associadas 

ao comprimento da raiz, comprimento do rebento e comprimento da planta sob dois 

tratamentos: F. graminearum (Fg) e Fg com C. rosea (FgCr) foram medidos. Através de 

análises estatísticas e estudos de correlação, diferenças significativas mostram a 

eficácia de C. rosea na redução da severidade da doença e na melhoria do crescimento 

das plantas, destacando o seu potencial para a gestão sustentável de doenças. Além 

disso, foram observadas correlações entre a severidade da doença, o crescimento das 

plantas e a eficácia do biocontrolo, fornecendo informações sobre as interações entre 

plantas e agentes patogénicos. Adicionalmente, uma matriz de marcadores de 20K, foi 

utilizada para efetuar um estudo de associação de todo o genoma. Os estudos de 

associação do genoma identificaram marcadores genéticos significativos associados à 

pontualidade da doença, comprimento do rebento e comprimento da raiz, mostrando 

diferentes localizações no genoma. Além disso, o bioensaio foi realizado utilizando 

Trichoderma harzianum como BCA, onde o efeito do tratamento não foi significativo para 

nenhuma das características estudadas. 

Palavras-chave: Biocontrolo, Clonostachys rosea, Fusarium graminearum, fusarium foot 

root, Variação genética, Suscetibilidade das plantas, Estudo de associação do genoma 

(GWAS), trigo  



FCUP 
Genetic variation in wheat for fusarium foot rot and its biocontrol by Clonostachys rosea 

 

 
 

iv 

Abstract 

The Green Revolution, a pivotal era in agriculture, significantly enhanced crop yields 

through various means such as plant breeding, increased use of fertilizers and 

pesticides, and mechanization. However, despite its contributions to food security and 

economic development, modern agricultural practices face relevant challenges posed by 

climate changes and globalized markets that have exacerbated the incidence of crop 

diseases. Synthetic chemical pesticides, while effective, raise increasing concerns about 

long-term sustainability and environmental impacts. Integrated Disease Management 

(IDM) and biological control offer promising alternatives by employing eco-friendly 

approaches to combat crop diseases. Nevertheless, little is understood about how 

genetic variation in plants influences how effective biological control agents (BCAs) are. 

This study aims to investigate the genetic diversity among winter wheat genotypes 

concerning fusarium foot rot (FFR) susceptibility and their response to the fungal 

biocontrol agent Clonostachys rosea during FFR infection. Hypothesizing differences in 

resistance to FFR and compatibility with C. rosea among winter wheat genotypes in a 

bioassay, where disease severity, and traits associated with root length, shoot length, 

and plant length under two treatments: F. graminearum (Fg) and Fg with C. rosea (FgCr) 

were measured. Through statistical analyses and correlation studies, significant 

differences show C. rosea effectiveness in reducing disease severity and improving plant 

growth, highlighting its potential for sustainable disease management. Furthermore, 

correlations between disease severity, plant growth, and biocontrol efficacy were 

observed, providing insights into plant-pathogen interactions. Additionally, using a 20K 

marker array, a genome-wide association study was also performed. Genome-wide 

association studies identified significant genetic markers associated with disease score, 

shoot length, and root length, showing different locations in the genome. Additionally, 

the bioassay was performed using Trichoderma harzianum as a BCA, where the effect 

of treatment was not significant for any of the traits.  

Keywords: Biocontrol, Clonostachys rosea, Fusarium graminearum, fusarium foot root, 
Genetic variation, Plant susceptibility, Genome-wide association study (GWAS), wheat 
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Introduction  
The green revolution was primarily centered on improving crop yields using plant breeding, 

increased fertilizer and pesticide inputs, and enhanced mechanization, which helped improve 

food supplies, and triggered economic development supporting the growth of the human 

population (Armanda et al., 2019; van de Wouw et al., 2010; von der Goltz et al., 2020). Cereal 

production tripled post-green revolution with only a 30% increase in cultivated land (John & 

Babu, 2021; Pingali, 2012). By 2050, the global population is estimated to be close to 10 

billion, and the world food supply may expand between 35% to 56% relative to 2010 to meet 

populational demands (van Dijk et al., 2021). However, environmental changes strongly affect 

agricultural production compromised by abiotic (predominantly drought, cold, salinity, and 

heat) and by biotic factors (i.e. namely diseases caused by fungi, bacteria, viruses, etc.) 

leading to severe crop losses worldwide (Chaloner et al., 2021; Jeyasri et al., 2021). 

Pesticides are crucial to agricultural production because they can reduce product 

losses caused by pathogens and increase food quality and yield at a reasonable price (Fenik 

et al., 2011; Sharma et al., 2019). "Pesticide" refers to a broad category of substances that 

are either naturally occurring or artificially manufactured, such as chemical fungicides, 

herbicides, rodenticides, molluscicides, nematicides, and insecticides (Aktar et al., 2009; 

Pathak et al., 2022; Tudi et al., 2021). While the use of pesticides revolutionized crop 

protection and, consequently, crop production in the 20th century, their widespread use has 

raised questions about the long-term viability of creating pathogen resistance, and 

accumulation in soil, water, air, plant parts, and biota-producing hazards for humans, 

(Lamichhane et al., 2018; Nicolopoulou-Stamati et al., 2016).  In spite of the negative effects 

of pesticides, pesticide usage has increased by around 50% from 1.2 Kg/ha in 1990 to 1.8 

Kg/ha in 2020 with a total amount of active ingredients at 2.7 million tonnes (FAO, 2022). 

Additionally, some diseases have shown resistance to certain active compounds, and it is 

urgent to develop more sustainable and effective strategies for controlling crop diseases (Ali 

et al., 2022; Santos et al., 2023). 

Over the lengthy history of agriculture, several strategies have been developed to 

manage plant-pathogen interactions and create a system that is favorable for host plant growth 

and development and unfavorable for pathogen establishment, reproduction, and propagation 

(He et al., 2021). Integrated disease management (IDM) is a cost-effective and sustainable 

approach that employs various methods simultaneously to discourage crop diseases while 

minimizing the application of chemical pesticides (Karlsson Green et al., 2020; National 

Academies of Sciences et al., 2023). Directive 2009/128/EC within the European Union (EU) 

specifically mandates that any person who uses pesticides during their professional activities 
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within the EU must adhere to the integrated pest management (IPM) principles (Barzman et 

al., 2015).  

Biological control, or biocontrol, has been pointed out as a sustainable alternative to 

synthetic pesticides with a high potential of preventing losses due to diseases and offers a 

good balance between implementation costs and benefits over an extended period (López-

Núñez et al., 2021). Biocontrol is defined as the exploitation of living agents (incl. viruses) to 

combat pestilential organisms (incl. pathogens, pests, and weeds) or their biological activity 

(Eilenberg et al., 2001; Pandit et al., 2022; Stenberg et al., 2021) Typically, fungal and bacterial 

strains isolated from the phyllosphere, endosphere, or rhizosphere are used as biological 

control agents (BCAs) (Thambugala et al., 2020). Natural, conservative, classical, and 

augmentation are types of biocontrol that can be categorized as either resident biocontrol 

species (no deliberate involvement of humans) or involvement of direct application of extra 

organisms, respectively. By improving their environment, conservation biocontrol indirectly 

increases the populations of already-existing natural enemies. Augmentative biological control 

involves the periodic releases of natural enemies—either native or exotic—into the habitat 

where pests occur, to temporarily control pest populations. Unlike classical biocontrol, 

augmentative biocontrol requires continual releases to maintain effectiveness (Stenberg et al., 

2021). 

The fungi Trichoderma spp. and Clonostachys rosea have been shown in numerous 

studies to be efficient BCAs against Fusarium graminearum (Gimeno et al., 2019; Khairullina 

et al., 2023; Özkale et al., 2023; Tian et al., 2018). Trichoderma harzianum is an important soil 

fungus that is a member of the subphylum Pezizomycotina (Otieno et al., 2003). Trichoderma 

harzianum has been used as a BCA against more than 20 fungal plant diseases, including 

tomato fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici and soybean stem rot 

caused by Sclerotinia sclerotiorum (El-Komy et al., 2015; Zhang et al., 2016). Additionally, C. 

rosea is a common fungal BCA found in soils (Meng et al., 2022). Clonostachys rosea 

demonstrates effective management of a range of plant diseases attributed to Fusarium spp., 

Sclerotinia sclerotiorum, and Botrytis cinerea (Cota et al., 2009; Nobre et al., 2005). Moreover, 

T. afroharzianum and C. rosea have been demonstrated to stimulate plant growth(Han et al., 

2022). The efficacy of Trichoderma spp. and C. rosea against Fusarium spp. on winter wheat 

(Triticum aestivum L.) in growth chambers and the field was examined previously, 

demonstrating a partial reduction of 56–76% of wheat foot and root rot caused by Fusarium 

culmorum using biological seed treatments (Roberti et al., 2006). This demonstrates the great 

potential that BCAs have in fighting diseases like root rot and wheat foot. The interaction 

between plant genotypes, biocontrol agents, and pathogens is crucial for understanding how 
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these factors work and how effective they are regarding disease resistance and better BCA 

compatibility. 

Plants possess a robust immune system capable of combating most microbial invaders 

found in the environment, including bacteria, fungi, viruses, and oomycetes (Burketova et al., 

2015). Various mechanisms are employed by BCAs to safeguard plants from the invasion of 

pathogens. These mechanisms include mycoparasitism, where the fungal host provides the 

mycoparasite with some or all of its nutrients, antibiosis, in which the BCA produces an 

antibiotic or inhibitory metabolite, induced resistance, which involves the initiation of defence 

responses in plants against pathogens (Ayaz et al., 2023). Additionally, BCAs can help 

promote plant growth (Ayaz et al., 2023). Even though is not classified as a biocontrol strategy, 

plant growth promotion is a significant property that can be attractive when choosing BCAs 

due to plant health benefits (Stenberg et al., 2021; Zamoum et al., 2015). 

Resistance, or mutual incompatibility between the pathogen and the host, is a possible 

outcome of plant-pathogen interactions. This enables the host to stop or restrict the pathogen's 

growth (Heil & Bostock, 2002; Kause & Ødegård, 2012). When pathogens infect tissues of a 

resistant host plant, it causes a set of localized reactions in and around the infected cells in 

incompatible interactions (Lamb & Dixon, 1997). It has been previously shown that several 

BCAs can cause induced systemic resistance (ISR) in a range of infected crops. Through 

increased immunity, beneficial bacteria like Pseudomonas spp. and Bacillus spp. may help 

plants develop broad-spectrum disease resistance (Ayaz et al., 2021; Tahir et al., 2017). 

Induced systemic resistance primes plants for defence against pathogen attacks by activating 

genes linked to pathogenesis through phytohormone signalling pathways and defence 

regulatory proteins (Pieterse et al., 2014).  

An increasing interest in commercializing BCAs, such as the most popular bacterial 

genera Bacillus, Pseudomonas, and Agrobacterium, as well as fungal genera Trichoderma, 

Clonostachys, Aspergillus, and Penicillium, has risen due to continuous research on using 

sustainable agricultural practices to enhance plant productivity (Ayaz et al., 2023). Variation 

among plant species and plant genotypes within a species can significantly affect how BCAs 

interact with plant-associated microbial communities (Hazen & Blum, 2016; Lacey et al., 2015; 

Smith & Goodman, 1999). Numerous investigations have been conducted to demonstrate how 

plants impact the biocontrol activities of BCAs (Arkhipov et al., 2023; Ryan et al., 2004; Smith 

& Goodman, 1999; Tucci et al., 2011). Specifically, different plant species exhibit variations in 

rhizosphere colonization, the generation of antibiotics, and the promotion of ISR (Umer et al., 

2021).  

Soilborne diseases, caused by various plant pathogens like bacteria, nematodes, and 

fungi, pose a threat to all crops, as evidenced by the significant yield boosts observed through 
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soil fumigation, even though other factors may contribute to this increase (Gohel et al., 2006; 

James Cook, 1992). By the end of the 21st century, under the moderate emission scenario 4,5, 

southern Europe, western Europe, and northern Scandinavia are anticipated to experience a 

significant rise in the frequency of drought events compared to recent times (Spinoni et al., 

2018). The elevated occurrence of drought conditions, characterized by high temperatures 

and low moisture levels, may increase disease frequency and severity including fusarium foot 

root under climate change. This damage can be seen in cereals with symptoms including seed 

rot, damping-off before and after emergence, as well as reductions in straw production, grain 

yield, and grain quality. (Hollaway et al., 2013; Smiley et al., 2005).  

Several Fusarium spp. are harmful plant pathogens that affect cereal plant species 

worldwide (Rauwane et al., 2020). A list of the top 10 fungal plant pathogens, ranked by 

scientific and agricultural significance, includes Fusarium graminearum at number four (Dean 

et al., 2012). The F. graminearum species complex (FGSC) can cause major yield and financial 

loss by causing fusarium head blight (FHB), fusarium foot rot (FFR), and fusarium crown rot 

(FCR) (Kazan & Gardiner, 2018; Rauwane et al., 2020). Many arid and semi-arid cropping 

regions including Australia, Canada, and South Africa experience FCR, causing devastating 

losses (Kazan & Gardiner, 2018). The pathogen manifests in infected plants as white, pink, 

orange, or reddish mycelial growth both inside and outside the infected area as well as in 

shriveled kernels (Hagerty et al., 2021a; McMullen et al., 2012). The Fusarium spp. is one of 

the most dangerous species regarding the production of secondary metabolites, namely 

mycotoxins that can affect both humans and animals (Mielniczuk & Skwaryło-Bednarz, 2020). 

Deoxynivalenol (DON), zearalenone (ZEN), and fumonisin B1 are among the most important 

mycotoxins on a world scale (Piacentini et al., 2019; Salgado et al., 2014). The lack of genetic 

resistance in wheat to relevant Fusarium spp. diseases highlight the complexity of the disease, 

and the risk of mycotoxin contamination of wheat grains requires the development of novel, 

efficient control strategies for diseases (Zhang et al., 2022). The symptoms of FFR are 

frequently associated with those of FCR since these pathogens can infect the roots and grow 

to the crown (Paulitz, 2006). The disease is known by several other names that are used 

interchangeably, such as dryland foot rot, dryland root rot, FFR, and fusarium root rot. 

Throughout this study, the designation used will be FFR. (Chakraborty et al., 2006; Hagerty et 

al., 2021b; Kazan & Gardiner, 2018; Winter et al., 2019). 

The microbiome of the plant, which is important to control biological activity, is expected 

to be influenced by plant genotype (Collinge et al., 2022). Predicting the relationship between 

agronomically significant traits and plant function is becoming relevant in determining how 

genotype variation affects plant responses to BCAs (Collinge et al., 2022). To breed disease-

resistant crops, certain genotypes can be selected for enhanced pathogen resistance, but they 
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can also be bred to vary in their ability to benefit from interactions with beneficial 

microorganisms, which can provide biocontrol of diseases or stimulate growth (Timper, 2014; 

Umer et al., 2021). A study evaluating the susceptibility of different oilseed rape cultivars 

against Verticillium longisporum infection as well as BCA compatibility showed that the BCA 

used could make the plant grow and provide protection against the pathogen, but both effects 

depend on the plant genotype (Abuamsha et al., 2011). 

This study aims to investigate the genetic diversity among winter wheat genotypes 

concerning FFR susceptibility and their response to the fungal biocontrol agent C. rosea during 

FFR infection. The specific objectives of this dissertation are (i) to screen 190 winter wheat 

genotypes for resistance towards FFR disease caused by F. graminearum (ii) to evaluate 

genetic variation in plants for biocontrol compatibility with C. rosea in controlling FFR and (iii) 

to identify genetic markers segregating with FFR disease resistance in wheat and C. rosea-

mediated biocontrol efficacy using a genome-wide association study.  
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1.  State of the art 
1.1. Biological control 

1.1.1. Clonostachys rosea 
Clonostachys rosea is one of the most successful examples of fungal BCAs. Previously 

known as Gliocladium roseum, it was re-classified as C. rosea due to differences in 

morphology, ecology, teleomorph, and DNA sequence that set it apart from other Gliocladium 

spp. (Schroers et al., 1999). Clonostachys rosea belongs to phylum Ascomycota, subphylum 

Pezizomycotina, class Sordariomycetes, subclass Hypocreomycetidae, order Hypocreales, 

family Bionectriaceae and genus Clonostachys (Sun et al., 2020; Tzelepis et al., 2015). Strains 

of C. rosea are present all over the world ranging in tropical, temperate, sub-arctic, and desert 

habitats, demonstrating a cosmopolitan distribution (Sun et al., 2020; Toledo et al., 2006; Zhai 

et al., 2016). Strains of C. rosea have been isolated from plant materials such as roots, leaves, 

flowers, and plant debris as well as from the soil and fungi (Costa et al., 2012; Mamarabadi et 

al., 2008; Muvea et al., 2014; Nobre et al., 2005; Bin Sun et al., 2017).  

Clonostachys rosea is a soil-borne, saprophytic, filamentous, and mycoparasitic fungus 

that has been reported to act against several fungal diseases caused by different pathogens: 

Alternaria spp. (Jensen et al., 2007), Bipolaris sorokiniana (Jensen et al., 2002), Botrytis 

cinerea (Jensen et al., 2002, 2016), Botrytis aclada (Yohalem et al., 2004), Fusarium 

culmorum (Jensen et al., 2000), Fusarium graminearum (Kosawang et al., 2014; Schöneberg 

et al., 2015), Rhizoctonia solani (Tzelepis et al., 2015) and Sclerotinia sclerotiorum (Bin Sun 

et al., 2017). The principal mechanism C. rosea uses to combat pathogens is the secretion of 

cell-wall degrading enzymes (CWDEs), the production of secondary metabolites i.e., 

antibiotics and toxins, and the induction of plant resistance (Chatterton et al., 2009; Fatema et 

al., 2018). Clonostachys rosea is reported to secrete chitinases and glucanases to 

successfully degrade the cell wall of Fusarium sp. and Pythium sp. (Chatterton et al., 2009; 

Inglis & Kawchuk, 2002). Clonostachys rosea can also parasitize other fungi by attaching itself 

to the host fungi, creating infection structures, and penetrating the host (Hasan et al., 2022). 

Clonostachys rosea can also establish endophytic associations with plants that can affect the 

pathogen on the site of infection (Chatterton & Punja, 2010; Morandi et al., 2000). Clonstachys 

rosea is also reported to induce defence genes in plants, for example, the application of C. 

rosea increased the production of defence enzymes in the tomato leaves against grey mould 

(Mouekouba et al., 2014). 
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1.1.2. Trichoderma harzianum 
Trichoderma spp. is a saprotrophic fungal species (teleomorph: Hypocrea) (Jaklitsch, 

2009). They are found all over the world living in many different environments, such as soil, 

wood, bark, other fungi, and many more, proving their adaptability and potential for 

opportunism (Druzhinina et al., 2011; Jaklitsch, 2009; Oszust et al., 2020; Schmoll & Schuster, 

2010). Trichoderma spp. has grown in significance recently due to its capacity to function as 

a fungicidal agent, promote plant growth, and provide plants with a variety of benefits in return 

for sucrose (Hermosa et al., 2012; Sood et al., 2020). A few of these include accelerating plant 

growth and yield, enhancing nutrient uptake, enhancing resistance to biotic and abiotic 

stresses, and altering the rhizosphere due to the chemical cues that the roots of plants release 

attracting Trichoderma spp. (Hermosa et al., 2012; López-Bucio et al., 2015).  

Trichoderma spp. main mechanisms of biocontrol are mycoparasitism, antibiosis, 

competition for nutrients or space, and induction of plant defences. These mechanisms can 

work together or independently to suppress plant pathogens, making this fungus opportunistic, 

invasive, rapidly colonizing, and avirulent (Lorito et al., 2010; Mukhopadhyay & Kumar, 2020; 

Pacheco-Trejo et al., 2022; Wilson et al., 2008). It has been demonstrated that Trichoderma 

spp. has a high biocontrol potential for the management of post-harvest crown rot complex of 

bananas caused by a variety of fungal pathogens including Colletotrichum musae, Fusarium 

verticillioides, and Lasiodiplodia theobromae (Alvindia & Natsuaki, 2008; Sangeetha et al., 

2009). In 2015, Trichoderma spp. isolates were present in more than 60% of all approved 

biopesticides, potentially for increased bioactivity (López-Bucio et al., 2015). Upon evaluating 

27 different Trichoderma species, researchers found that T. harzianum demonstrated the 

highest production of recognized substances used to control pathogens and growth-promoting 

compounds. (Rush et al., 2021). Trichoderma asperellum, T. atroviride, T. virens, and T. viride 

are some of the other species most used in biocontrol and have been best studied in terms of 

their mechanisms of action (López-Bucio et al., 2015). 

 

1.1.3. Biological control agents: mode of action 
Although biocontrol as an effective strategy for managing plant diseases can be traced 

back centuries, it was not until the 19th century that biological control became the subject of 

advanced research (He et al., 2021). Natural enemies have long been employed in agriculture, 

and they have been used to treat almost every type of pest, for instance, herbivorous 

arthropods and entomopathogenic fungi (Gurr & You, 2016; Shields et al., 2019). The idea of 

employing BCAs to control plant disease was sparked by the finding of disease-suppressive 

soils, whereby antagonistic microorganisms present in the soil lessen the severity of soil-borne 
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diseases (Fira et al., 2018; Valan Arasu et al., 2023; Yao et al., 2023). Since most successful 

BCAs have evolved mechanisms for tolerating toxins from other organisms and are adapted 

to stressed conditions in these environments, they are typically effective competitors in the 

harsh biotic environment of soil, in the plant and its associated microbiome (Collinge et al., 

2022).  

To mitigate diseases in agriculture, biocontrol relies on the application of living 

organisms with an antagonistic role against the pathogen and/or with the capability to improve 

plant resistance against pathogens and can also be beneficial for plant health as it can reduce 

the bioavailability and plant uptake of dangerous chemicals (Pandit et al., 2022; Valan Arasu 

et al., 2023). The use of microorganisms as BCAs in IPM has become increasingly important 

in preventing disease emergence, either directly (by having an antagonistic effect on the 

pathogen) or indirectly (by increasing plant resistance mechanisms)(Köhl et al., 2019; 

Spadaro & Droby, 2016). Plants, pathogens, and the environment interact in complex ways 

that lead to plant diseases (Makiola et al., 2022; Singh et al., 2023). Through a variety of 

mechanisms, BCAs shields crops from disease-related harm (Köhl et al., 2019). Numerous 

biocontrol strategies such as induction of resistance in host tissue, antibiosis, parasitism, and 

competition for nutrients and space among others have been employed against pathogens 

(Jamalizadeh et al., 2011; Köhl et al., 2019) (Figure 1).  

 

Figure 1 Important mechanisms of action for fungal antagonists' biological control of plant fungal diseases (adapted from 
Thambugala et al., 2020). 
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1.1.3.1. Competition 
Competition is characterized by niche overlap, which arises when two or more 

microbial populations simultaneously demand the same resource (Jamalizadeh et al., 2011; 

Köhl et al., 2019; Roca-Couso et al., 2021). In biocontrol systems, competition for nutrients 

such as carbohydrates, nitrogen, and oxygen, and available space is frequently proposed as 

a possible mechanism of action (Thambugala et al., 2020). For this to occur, a particular 

nutrient or resource must be required by both the pathogen and the antagonist. When the 

antagonist is present in sufficient numbers at the right time and place and uses nutrients or 

resources more effectively than the pathogen, this mode can be effective (Sánchez-

Montesinos et al., 2021).  

 

1.1.3.2. Antibiosis 
Antibiosis is the inhibition or destruction of a microorganism by substances like a 

specific toxin, antibiotics, or enzymes that are produced by another microorganism, such as 

fungi and bacteria (Dudeja et al., 2021; Palmieri et al., 2022). Several species like Trichoderma 

spp., Clonostachys spp., and Aspergillus spp. are known to produce antibiotic compounds, 

like 6-PAP, Clonorosein, and viridin that are effective against a variety of microorganisms 

(Dudeja et al., 2021; Ghorbanpour et al., 2018; Han et al., 2020; Sun et al., 2020; Verma et 

al., 2007).  

 

1.1.3.2. Mycoparasitism 
A direct competitive relationship in which one organism feeds on the other to obtain 

nutrients is called parasitism (Köhl et al., 2019). Mycoparasitism is used when one fungus 

(mycoparasite) parasites another fungus (host) (Ghorbanpour et al., 2018). Mycoparasites are 

known to secrete enzymes that break down the cell walls of fungi, including chitinases, 

glucanases, and proteases (Pachenari & Dix, 1980). The physical penetration of the 

mycoparasite into the host hyphae, as well as the secretion of different enzymes or secondary 

metabolites that cause the degradation of fungal structures and subsequent uptake of 

nutrients and metabolites from the host fungus, are the mechanisms by which mycoparasitism 

is mediated (Daguerre et al., 2014). 

 

1.1.3.3. Plant growth promotion 
Microorganisms can have an indirect impact on crop health and phenotypic plasticity by 

influencing plant growth and defence responses on a large scale (Goh et al., 2013). Plant root 
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colonization with plant growth-promoting microorganisms can protect plants from pathogens, 

promote plant growth, and incentivize the movement of microorganisms in response to 

chemical signals to root exudates (El-Saadony et al., 2022). Plant growth-promoting 

rhizobacteria employ a variety of strategies, both direct and indirect, to stimulate plant growth. 

Examples of direct mechanisms include synthesizing plant hormones, solubilizing phosphate, 

and improving iron absorption. Indirect effects are manifested through the production of 

antibiotics, competition for nutrients, parasitism, inhibition of pathogen toxins, and inducing 

resistance (Elnahal et al., 2022). Predominantly found in genera like Trichoderma, Penicillium, 

and Aspergillus, these organisms enhance nutrient availability through organic acid and 

siderophore production, synthesize plant growth regulators, secrete hydrolytic enzymes, 

reduce ethylene levels, improve water uptake, induce plant defense, and alleviate abiotic 

stresses via gene expression modulation (Argumedo-Delira et al., 2022; Javed et al., 2020; 

Jin et al., 2022; Lombardi et al., 2020). A few Trichoderma spp. can directly oppose plant 

pathogens and promote plant growth, but they can also disrupt signalling networks in their 

host plants to increase disease resistance and stress tolerance (Alfiky & Weisskopf, 2021).  

 

1.1.3.4. Induction of plant resistance 
Plant-induced resistance is primarily caused by effective pathogen recognition and fast 

defensive response (Syed Ab Rahman et al., 2018). Enhancement of plant resistance takes 

advantage of mechanisms of the plant immune system, where two phenotypically similar forms 

of systemic immunity have been identified in plants: the ability of beneficial non-

pathogenic microorganisms to prime plants for ISR and the local infection with plant pathogens 

that can lead to systemic acquired resistance (SAR) (Pieterse et al., 2009). Systemic acquired 

resistance in plants is a defense response triggered by pathogen infection, leading to 

hypersensitivity and localized necrosis. This occurs when plants activate their defense 

mechanisms in response to the pathogen's initial invasion (Van Loon et al., 1998). While ISR 

is effective against a variety of pathogens, it differs from SAR in that the induction does not 

cause the host plant to exhibit outward symptoms (Van Loon et al., 1998). Bacillus 

amyloliquefaciens, B. atrophaeus, B. cereus, and others have been shown to effectively 

combat fungal attacks through ISR (Yu et al., 2022). Recent research indicates that these 

beneficial microbes trigger early ISR responses in plants, including increased expression of 

pathogenesis-related genes and also the production of defense-related enzymes like 

phenylalanine ammonia-lyase, polyphenol oxidase, peroxidase, β-1,3 glucanase, and 

chitinase, as well as the accumulation of reactive oxygen species (Guo et al., 2019; M. Wang 

et al., 2020). 
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1.1.3.5. Plant genetic variation 
Multiple studies in different crops like lentils, tomatoes, sugar beet, and maize have 

shown that plant genetic background is important for biocompatibility between plants and 

BCAs (Bazghaleh et al., 2020; Harman et al., 2004; Schmidt et al., 2020; Tucci et al., 2011). 

Prashar and Vandenberg (2017) did a study where they evaluated two commercially 

available Trichoderma formulations for control of aphanomyces root rot and promotion of plant 

growth in 23 lentil genotypes. They found that the two Trichoderma strains had a genotype-

specific influence on the agronomic performance of lentil genotypes under Aphanomyces 

euteiches infection and control conditions. Despite root colonization in all treated plants, the 

effect of Trichoderma treatments varied significantly, ranging from positive to negative, 

differentially affecting plant growth of lentil genotypes (Prashar & Vandenberg, 2017). In 

another study, the aim was to determine which genotypes among 50 genotypes of sorghum 

were compatible with biocontrol agent Fusarium oxysporum f. sp. strigae and whether this 

specific fungus could be used to control the weeds in soils that were infested. Striga plant 

emergence was significantly reduced due to the strong rhizosphere establishment and 

effective attachment of the biocontrol agent to the sorghum root, particularly when paired with 

Striga-resistant sorghum varieties, resulting in a decrease in the number of Striga by up to 

92% (Rebeka et al., 2013).  

 

1.1.4. Microbial biocontrol formulations for commercial applications 
Due in large part to their host specificity, inconsistent performance in varying field 

environments, commercial applications, and the limitations of the legislation in UE, usage of 

biological control of plant diseases has been slow to take off. Using cutting-edge 

biotechnological techniques, it is imperative to create novel BCA formulations with improved 

levels of stability, effectiveness, and survival to solve this issue (Fravel, 2005; Thambugala et 

al., 2020). Many products with a biological basis are marketed globally to manage fungal plant 

diseases. For example, a few commercial products based on C. rosea have been made 

available globally, including Kamoi® in Brazil, Vectorite® and Endofine® in Canada, and 

Prestop®  (Lahlali & Peng, 2014; Mascarin et al., 2022). There are also several Bioprotection 

products based on T. harzianum that are sold commercially (such as Shibeijian, Trichodex, 

and Topshield) that can be used to control a variety of plant diseases (Li et al., 2023; Stenberg 

et al., 2021). 

 



FCUP 
Genetic variation in wheat for fusarium foot rot and its biocontrol by Clonostachys rosea 

 

 
 

21 

1.2. Fusarium species 
The filamentous fungi from the genus Fusarium, order Hypocreales, phylum 

Ascomycota are an economically important group, containing a plethora of agronomically 

important plant pathogens, mycotoxin producers, and opportunistic human pathogens, 

infecting via both soil and air (Ekwomadu & Mwanza, 2023; Ma et al., 2013). The Fusarium 

genus has at least 300 phylogenetically distinct species or species complexes with varying 

host specificity (Ma et al., 2013; O’Donnell et al., 2015). Fusarium spp. can adapt to multiple 

habitats and are commonly found in areas with moderate climates, contaminating crops 

around the world (Ekwomadu & Mwanza, 2023). Fusarium spp. cause multiple diseases like 

rots, blights, cankers, and wilts in field crops, forest crops, ornamental plants, and horticulture 

plants but also in animals and humans through the production of mycotoxins affecting 

especially the immunosuppressed individuals (Anaissie & Nucci, 2002; Dean et al., 2012; 

Evans et al., 2004; Ma et al., 2013). Multiple economically relevant plant species are 

susceptible to at least one or more Fusarium spp. (Aoki et al., 2014). Fusarium spp. have 

developed sophisticated penetration, infection, and colonization strategies to weaken the plant 

defences of vulnerable hosts and spread disease (Rauwane et al., 2020).  

 

1.2.1. Fusarium graminearum  
Fusarium graminearum, F. pseudograminearum, and F. culmorum are a group of 

closely related species, that are part of the complex of Fusarium species associated with 

diseases of cereals (Backhouse & Burgess, 2002; Del Ponte et al., 2022). The fungus F. 

graminearum (teleomorph: Gibberella zeae) is a highly destructive pathogen that is a 

pervasive species in the fusarium complex that causes head blight (FHB), root rot, and foot 

rot (FFR) in barley (Hordeum vulgare L.) and wheat crops (Osborne & Stein, 2007; Xu et al., 

2018).  

The main species associated with FFR and FHB differ among countries and regions 

within countries, making the distribution of diseases caused by each species often related to 

climate (Backhouse & Burgess, 2002). Fusarium head blight is a significant factor in limiting 

wheat production leading to severe economic losses in Europe, North America, and Asia 

(Cowger et al., 2018; Pasquali et al., 2016; Xu et al., 2018). In the United States and Canada, 

FHB losses in wheat during the 1990s are estimated to have exceeded 3 billion dollars (Chin 

et al., 2023). Fusarium foot rot poses a threat to barley and wheat production in arid and semi-

arid globally, including major wheat-producing countries like the United States, Canada, New 

Zealand, China, and many others (Kazan & Gardiner, 2018). For example, in the Pacific 

Northwest of the United States, natural inoculum levels led to a 35% decrease in wheat grain 
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yield, while in Australian cereals, FFR is estimated to cause a 10% yield loss (Murray & 

Brennan, 2009; Smiley et al., 2005). Sweden over the last ten years has experienced high 

levels of Fusarium spp. produced mycotoxin contamination, which has resulted in significant 

economic losses and issues for farmers (Karlsson et al., 2023).  

An integrated control system for managing FFR should include measures to be applied 

at every stage of production, from the field to the final consumer, to control mycotoxin in the 

grain chain (Kadkol et al., 2021; Khudhair et al., 2014; Malosetti et al., 2021; Nada et al., 

2022). Pre-harvest tactics are mostly dependent on the environment and the use of various 

agricultural techniques, including crop rotation, crop selection, irrigation, soil tillage, chemical 

or biological control of plant diseases, insect control among others (Chen et al., 2019; 

Ekwomadu & Mwanza, 2023). It should be noted that pre-harvest techniques used cannot 

ensure that food will not contain mycotoxins (Karlovsky et al., 2016). The most crucial post-

harvest tactics for successfully preventing the growth of fungi and the production of mycotoxin 

in harvested commodities include temperature control during storage and transportation, 

relative humidity, and the management of the grains’ moisture content and water activity 

(Kabak et al., 2006; Magan et al., 2010).  

 

1.2.2. Mycotoxins of the Fusarium graminearum species complex 
The F. graminearum species complex (FGSC), comprising a minimum of 16 distinct 

species, is accountable for substantial mycotoxin contamination, resulting in marked declines 

in grain yield and quality (Hao et al., 2017). This includes issues such as aborted or shriveled 

seeds, diminished seed size, and the rejection of grain in small-grain cereals like oats (Avena 

sativa L.), wheat, and barley (Nelson et al., 1994; Osborne & Stein, 2007; Rocher et al., 2022; 

van der Lee et al., 2015; Vogelgsang et al., 2019). Multiple mycotoxins are produced by 

Fusarium spp. when they infect crops by producing aggressive secondary metabolites like T2 

toxin, nivalenol, DON, fumonisin, and ZEN (Karlsson et al., 2023; Morimura et al., 2020). 

Fusarium graminearum uses DON in conjunction with CWDEs to get past host defences in 

small-grain cereals allowing the fungus to spread and grow into the inner tissues to feed on 

host cell debris (Rauwane et al., 2020). To regulate the use of food and feed contaminated 

with DON and ZEN mycotoxins, the European Commission (EC) has established maximum 

limits of 1.25 mg/kg DON and 0.1 mg/kg ZEN for raw wheat and barley grains, and 1.75 mg/kg 

DON for oats (Abbas & Yli-Mattila, 2022).  

 



FCUP 
Genetic variation in wheat for fusarium foot rot and its biocontrol by Clonostachys rosea 

 

 
 

23 

1.2.3. Fusarium graminearum disease cycle and symptoms  
During the winter period, F. graminearum persists on crop residues such as maize 

stalks, mainly as mycelium. In the form of perithecia and saprophytic mycelia, which release 

ascospores and macroconidia, respectively (the primary inoculum) when environmental 

conditions are favourable (Gao et al., 2020; Keller et al., 2014; Trail, 2009). The fungal 

structures disperse through wind or rain splashes, landing on vulnerable plant surfaces where 

they colonize the plant tissue (Parry et al., 1995; Trail, 2009). Independently of where F. 

graminearum attacks, necrosis develops as the fungus grows quickly and colonizes the tissue 

behind the infection front, spreading radially (Jansen et al., 2005; Markell & Francl, 2003). As 

F. graminearum infects the coleoptile, it advances through the subcrown internode and 

seedling leaf sheaths before infiltrating the stem epidermal tissues, often entering via stomatal 

openings (Knight & Sutherland, 2013, 2016). For FFR disease, F. graminearum affects the 

stem base, crown, and roots of wheat plants (Mudge et al., 2006). In severe cases, FFR results 

in the death of young seedlings either before or shortly after emergence. Eventually, brown 

lesions at the base of the stem may result from infections of this disease, and later in the 

season, these lesions may spread to most of the stem (Zhang et al., 2022). Favourable 

conditions like warm and moist spring weather, are conducive for F. graminearum growth and 

conidial maturation (Markell & Francl, 2003; Sutton, 1982). During this time, conidia and 

ascospores are released at the same time as the flowering of cereal crops (Markell & Francl, 

2003; Sutton, 1982). Airborne spores cause FHB in wheat fields by landing on cereal crop 

florets, germinating, and entering the plant through degenerating anther tissues or natural 

openings like the base of the bracts (Trail, 2009). The fungus almost immediately expresses 

genes for DON biosynthesis after infecting wheat, allowing it to spread in the plant (Jansen et 

al., 2005). At the necrotrophic stage, the fungus begins to colonize the host substrate more 

vigorously, and eventually plant death triggers complete colonization of the substrate (Figure 

2) (Goswami & Kistler, 2004; Inch & Gilbert, 2003; Karlsson et al., 2021). The pathogen 

manifests in infected plants as white, pink, orange, or reddish mycelial growth both inside the 

stem and outside the infected area as well as in shriveled kernels (Hagerty et al., 2021a; 

McMullen et al., 2012).  
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Figure 2 Life cycle of Fusarium spp. and the interactions between the microbiota and diseases related to it in cereals. Fusarium 

inoculum is represented by the red dots (Karlsson et al., 2021). 

 

1.2.4. Plant response to fusarium foot rot 
Plants employ an array of chemical and physical defence mechanisms to combat 

infections. These include the expression of various pathogenesis-related proteins, production 

of phytoalexins, lignification of plant cell walls, synthesis of lytic enzymes, and activation of 

the hypersensitive response (Jamalizadeh et al., 2011; Köhl et al., 2019). Key signalling 

molecules in plant defence, including ethylene and jasmonate, are vital for combating 

necrotrophic pathogens and facilitating crucial plant-microbe interactions. Furthermore, 

salicylic acid plays a pivotal role in defending against biotrophic pathogens and in inducing 

SAR (Ghozlan et al., 2020; Li et al., 2019). In response to treatment with beneficial 

microorganisms, salicylic acid triggers a hypersensitive reaction leading to localized 

programmed cell death, restricting pathogen spread, and inducing the expression of 

pathogenesis-related genes, enhancing defence against stress (Syed Ab Rahman et al., 

2018). Plant defence mechanisms are often activated by stimuli recognized by receptors or 

chemical pathways. Pathogen-associated molecular patterns are among such stimuli, 

triggering defence responses including ISR and SAR, which bolster host resistance against 

the identified pathogen (Ghorbanpour et al., 2018; Köhl et al., 2019).  
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2. Aim and objectives 
The main aim of this study is to explore the genetic variation among winter wheat 

genotypes for fusarium foot rot and responsiveness to the fungal biological control agent 

Clonostachys rosea during Fusarium root infection.  

We hypothesize that: 

(i) winter wheat genotypes differ in their resistance towards FFR disease; 

(ii) winter wheat genotypes differ in their compatibility with the fungal biological control 

agent Clonostachys rosea; 

(iii) disease resistance and biocontrol compatibility are inherited independently from 

each other.  

 

Therefore, the specific objectives of this study are:  

(i) to screen 190 winter wheat genotypes for resistance towards FFR disease caused 

by F. graminearum; 

(ii) to evaluate genetic variation in plants for biocontrol compatibility with C. rosea in 

controlling FFR disease; 

(iii) to identify genetic markers segregating with FFR disease resistance in wheat and 

C. rosea-mediated biocontrol efficacy using a genome-wide association study. 

 

As a side question, this study aims to explore the genetic variation among winter wheat 

genotypes for fusarium foot rot and responsiveness to the fungal biological control agent 

Trichoderma afroharzianum during Fusarium root infection. 

Therefore, the specific objectives of this study are:  

(i) to select 20 winter wheat genotypes based on different biocontrol efficacy of C. 

rosea for resistance towards FFR disease caused by F. graminearum; 

(ii) to evaluate plant genetic variation for biocontrol compatibility with T. afroharzianum 

in controlling FFR disease. 
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3.  Materials and methods 

3.1. Plant material 

This study assessed 190 winter wheat genotypes, includes landraces and cultivars, 

acquired from the Nordic Genetic Resources Centre, Alnarp, Sweden, representing a diverse 

array of germplasm sourced from seven distinct countries spanning a broad geographical 

spectrum including Sweden, Afghanistan, Germany, Finland, Norway, Netherlands, and 

Germany (see Supplementary Table 1 for details)(Odilbekov et al., 2019). Uniform seeds, 

characterized by consistent size and color, stored at 4°C were surface sterilized before use. 

The sterilization process involved immersion in milliQ water (1 min), followed by detergent 

treatment (1 min), three cycles of rinsing with milliQ water (1 min each), exposure to a 2% 

NaOCl solution (10 min), and a final rinse with milliQ water (3 min). The seeds were air-dried 

before use. 

 

3.2. Fungal strains preparation and application 

Fusarium graminearum strain PH-1 was revived from a glycerol stock maintained           

at -80°C by inoculating agar plugs onto potato dextrose agar (PDA) (VWR Chemicals) petri 

plates. These plates were then incubated at 20°C in darkness for 7 days. Agar plugs of 5 mm 

diameter were excised from the actively proliferating regions and were used for inoculation in 

pots, facilitating disease development in the bioassay setup. 

Both Clonostachys rosea strain IK726 and Trichoderma afroharzianum strain T22 were 

revived from glycerol stocks preserved at -80°C. Clonostachys rosea was cultured on PDA 

petri plates at 20°C under dark conditions for approximately 20 days. Spores were harvested 

from the PDA plates by flooding the plates with sterile water, followed by filtration using 

Miracloth to segregate spores from mycelium. Seeds were then coated with a suspension 

containing 1 × 106 colony-forming units per ml (CFU/ml) and adjusted with sterile water using 

a hemacytometer chamber (Bright-Line Hemacytometer).  

To assess the efficacy of the seed coating with the biocontrol agents (BCAs), a re-

isolation of CFU was done using a dilution series on three check winter wheat genotypes 

(Kranich, Stava, and Festival). 10 seeds from each genotype were added to 10 ml sterile 

deionized water in a falcon tube to release the CFU in water, the falcon tubes were vortexed 

for 20 to 30 seconds and serial dilution to 10-1, 10-2, and 10-3. PDA plates (100 μl) were 

inoculated with 10-2 and 10-3 dilutions, with three duplicates prepared for each genotype. After 

four days of room temperature incubation in darkness, the CFUs were counted. At a 10-2 



FCUP 
Genetic variation in wheat for fusarium foot rot and its biocontrol by Clonostachys rosea 

 

 
 

27 

dilutions Stava, Festival and Kranich had 6.67 x 103 CFU/ml, 7.33 x 103 CFU/ml, and 8 x 103 

CFU/ml, respectively.	
 

3.3. Bioassay setup  

To explore the genetic variability of 190 winter wheat genotypes concerning fusarium 

foot rot (FFR) susceptibility and response to the biocontrol agent C. rosea for FFR disease, 

an in vivo bioassay was conducted using an adapted protocol done previously (Knudsen et 

al., 1995). Each tray with 40 plastic pots (5 × 5 × 5 cm) was filled with moistened sand 

(Rådasand, 0.5 to 1 mm), and in each pot, 3 seeds were sown evenly spaced in a 2 cm deep 

and 1.5 cm wide hole. Additionally, a 5-mm plug of F. graminearum mycelium was placed 

between the seeds, positioned facing upward, and then covered with sand. For seed coating, 

seeds were shaken on a rotary shaker at 110 rpm for 30 minutes. The experimental setup 

involved two treatments: 

i) seeds coated with C. rosea IK726 at 1 × 106 cfu/ml (FgCr); 

ii) control treatment without C. rosea, soaked in sterile water (Fg).  

The experiment used a randomized complete block design (RCBD) where trays were 

treated as blocks, and genotypes assigned were randomized in pots within each block or tray. 

5 trays were randomly selected for each treatment, making 5 biological replicates for each 

genotype in each treatment. The experiment was also divided into 6 batches to accommodate 

the number of genotypes and replicates involved in the study. Three check genotypes i.e. 

Kranich, Stava, and Festival were included in each tray of each batch to control for batch 

variation. Trays were housed in a phytotron chamber with a light photoperiod of 16 hours at 

200 μmol/m2 s at 20°C and a dark photoperiod of 8 hours at 16°C. 

Plants were harvested and washed 19 days after inoculation. Root length, shoot length, 

and plant length were measured, and disease severity was assessed on a scale ranging from 

0 to 4, with intervals of 0.5, where 0= healthy plant, 1 = slightly brown roots and coleoptiles, 2 

= moderately brown roots and coleoptiles, 3 = severely brown roots and coleoptiles, and 4 = 

dead plants (Knudsen et al., 1995). 

 Additionally, as a supplementary investigation, the same bioassay was conducted to 

assess the compatibility and efficacy of Trichoderma afroharzianum in controlling FFR.To 

understand whether winter wheat genotypes had comparable responses to T. afroharzianum 

as they did to C. rosea for FFR, 20 genotypes were selected based on their respective efficacy 

levels with C. rosea (classified as low, mid, or high efficacy; see Supplementary Table 1 for 

details). The experiment was conducted following the same protocol as C. rosea.  
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3.4. Statistical analysis 

Statistical analysis was executed through a linear model framework to examine the 

effects of each factor on traits. This approach accounted for potential variations stemming 

from experimental design factors and the interaction between biological factors treatment and 

genotype.  

The linear model used in the analysis is as follows: 

Y = μ + Batch + Batch/Block + Treatment + Genotype + Treatment*Genotype + ε 

where: 

• Y represents the response variables (disease score, plant length, shoot length, or root 

length) 

• μ denotes the overall mean or intercept 

• Batch accounts for variation attributable to different experimental batches 

• Batch/Block accounts for variation attributable to different blocks nested within batches 

• Treatment indicates the effect of the applied treatments. (two levels: Fg and FgCr) 

• Genotype indicates the effect of the plant genotype. nordID denotes genotype ID 

• Treatment * Genotype accounts for interaction among plant genotype and treatment 

effects 

• ε represents the residual effect 

Analysis of variance (ANOVA) was performed on the linear model to evaluate the 

significance (α=0.05) of the above-described experimental design factors and biological 

factors. To confirm if the model assumptions were satisfied, normality and homoscedasticity 

of variance were checked graphically on the model residuals.  

Subsequently, post-hoc analyses were conducted, to estimate the best linear unbiased 

estimators (BLUEs) of genotypes using the marginal means of genotypes in each treatment. 

Following the computation of BLUEs for the genotypes within each treatment, pairwise 

comparisons were conducted for each genotype across treatments. Tukey's honestly 

significant difference method was used for these comparisons to adjust for multiple 

comparisons and control the error rate. These pairwise comparisons for each genotype were 

used as an estimator for biocontrol efficacy. Moreover, Pearson’s correlation between 

treatments and traits was performed using BLUE estimates. 
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Data analysis was performed using the R statistical language, version 4.3.1 "Beagle 

Scouts" (R Core Team, 2023). Linear regression models were fitted using the lm() function 

(Wilkinson & Rogers, 1973). ANOVA was performed using the anova() function (Everitt, 1992). 

Post-hoc analysis was conducted employing the emmeans() function (Searle et al., 2024), 

followed by pairs() function (Becker et al., 1988) for pairwise comparisons. Correlations were 

estimated using the stat_cor() function. Particularly, the tidyverse package (Wickham et al., 

2019) was utilized for majority of data processing and visualization.  

3.5. Genome-wide association studies (GWAS) 

188 wheat genotypes from the current panel were previously genotyped using a 20K 

single nucleotide polymorphism (SNP) marker array at TraitGenetics GmbH, Germany 

(Odilbekov et al., 2019). A total of 7360 SNP markers were used for genome-wide association 

study (GWAS) after filtering out the markers with > 20 % missing alleles and < 5 % minor allele 

frequency. To perform GWAS, general linear model (GLM) was used, which is a single locus 

GWAS model (Price et al., 2006). To correct for relatedness and population structure, the 

kinship matrix and the first 17 principal components (explaining 50 % variation) were used as 

covariates in the analyses. For significant marker-trait association, a threshold of negative log 

(1/number of SNP markers) was used to overcome the overstringency of Bonferroni test 

threshold (0.05/number of SNP markers) and low sample size (M. Wang et al., 2012; Yang et 

al., 2011). To perform GWAS the genome association and prediction integrated tool (GAPIT) 

version 3 was used (Wang & Zhang, 2021).  
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4. Results 

 A bioassay was conducted to assess potential variances among winter wheat genotypes in 

their resistance to FFR disease and their compatibility with the fungal biological control agent 

C. rosea. Additionally, the bioassay tested if resistance to the disease and compatibility with 

biocontrol agents are inherited independently.  

4.1.  Analysis of variance (ANOVA) of traits 

An analysis of variance (ANOVA) was conducted to assess the influence of various 
factors on traits root length, shoot length, plant length, and disease score across 190 winter 

wheat genotypes (Table 1). Visual examination of diagnostic plots, including fitted vs. residual 

plots for homoscedasticity and QQ plots for normality, showed that the model assumptions 

were met for every trait. The data points in QQ plots closely matched the diagonal line, 

indicating normality. Furthermore, homoscedasticity was marked by the fitted vs. residual 

plots, which showed a random scatter (Supplementary Figure 1).  Significant differences 

between treatments (p < 0.05) were observed across all assessed traits (Table 1, Figure 3). 

For root length, the mean value was 5.24 cm for Fg and 9.30 cm for FgCr (Figure 3a). Similarly, 

in shoot length, FgCr plants exhibited a mean value of 13.05 cm, contrasting with Fg mean 

length of 4.85 cm (Figure 3b). 

Moreover, FgCr plants showed a mean plant length of 22.34 cm, whereas Fg had a 

mean length of 10.08 cm (Figure 3c). Examining disease scores, Fg displayed a higher 

disease score, with a mean score of 3.40, whereas FgCr exhibited a mean disease score of 

1.42 (Figure 3d). Overall, in root length, shoot length, and plant length, values tend to be higher 

under the FgCr treatment compared to the Fg treatment. On the other hand, disease scores 

tend to be lower under the FgCr treatment compared to the Fg treatment.    

Moreover, a significant plant genotype (nordID) effect was observed for shoot length 

(F = 2.28, p < 0.05), plant length (F = 1.77, p < 0.05), and disease score (F = 1.75, p < 0.05), 

but not for root length (F = 1.15, p > 0.05). The interaction between treatment and genotype 

(GxT) was also significant in all traits (table 1). This interaction highlights that different 

genotypes perform differently across the treatments. 
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Table 1 Results of two-way ANOVA test showing F-values and level of significance for traits. Significance indicator denoting the 
significance level of the p-value (* indicates p < 0.05, and absence of asterisk indicates non-significance). 

 B: Batch, BL: Block, G: Genotype, T: Treatment, BxBL: Batch X Block interaction, GxT: 

Genotype X Treatment interaction 

DF: Degrees of freedom 

 

Trait Source of 
Variation 

DF Sum Of 
Squares 

Mean 
Squares 

F- value p-value p < 0,05 

Root length (cm) B 5 2384.69 476.94 91.63 2.1E-84 * 
 

T 1 8761.25 8761.25 1683.15 4E-248 * 
 

G 189 1134.03 6.00 1.15 0.09 
 

 
BxBL 24 1244.88 51.87 9.95 2.6E-34 * 

 
GxT 187 1670.08 8.93 1.72 5.6E-08 * 

 
Residuals 1516 7891.17 5.21 

   

Shoot length(cm) B 5 2532.12 506.42 42.20 8.6E-41 * 
 

T 1 33836.99 33836.99 2819.63 0 * 
 

G 189 5174.90 27.38 2.28 1.8E-17 * 
 

BxBL 24 1500.30 62.51 5.21 6.4E-15 * 
 

GxT 187 4365.91 23.35 1.95 1.6E-11 * 
 

Residuals 1516 18192.75 12.00 
   

Plant length (cm) B 5 9391.94 1878.39 68.202 2E-64 * 
 

T 1 76957,71 76957,71 2794,24 0 * 
 

G 189 9248.25 48.93 1.78 6E-09 * 
 

BxBL 24 5187.30 216.14 7.85 1.2E-25 * 
 

GxT 187 9783.69 52.319 1.90 8.6E-11 * 
 

Residuals 1517 41780.56 27.54 
   

Disease score 

(0-4) 

B 5 63.77 12.75 23.57 7.1E-23 * 

 
T 1 1978.48 1978.48 3656.05 0 * 

 
G 189 179.87 0.95 1.76 1.1E-08 * 

 
BxBL 24 98.28 4.10 7.57 1.7E-24 * 

 
GxT 187 143.58 0.77 1.42 0.0003 * 

 
Residuals 1517 820.93 0.54 
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Figure 3 Distribution of BLUEs in treatments Fg and FgCr for the traits (a) root length, (b) shoot length, (c) plant length and (d) 
disease score. Dashed horizontal lines represent the arithmetic means of BLUEs in each treatment for each trait. 

4.2. Correlations between treatments within each trait 

Correlations between treatments FgCr (F. graminearum + C. rosea) and Fg (F. 

graminearum only) for each trait, disease score, shoot length, plant length, and root length 

were analysed with a Pearson’s correlation coefficient (R). Both root length and disease score 

showed a significant weak correlation R = -0.18 (p < 0.05) and R = 0.17 (p < 0.05), respectively 

(Figure 4a, d). Alternatively, no significant (p > 0.05) correlation was observed for shoot length 

(Figure 4b) and plant length (Figure 4c). This variation in statistical significance suggests that 

among the 190 genotypes, there is a variability in genotypes performance across treatments 

treatments FgCr (F. graminearum + C. rosea) and Fg (F. graminearum only). 
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Figure 4 Correlation analysis between treatments FgCr and Fg in 190 winter wheat genotypes for the traits (a) root length, (b) 
shoot length, (c) plant length and (d) disease score using Pearson correlation coefficient (R). Each data point represents the 
BLUEs of genotypes across treatments.   

4.3. Correlation between plant growth and disease severity 

Pearson’s correlation analysis was conducted to investigate the relationship between plant 

length and disease score in two treatments: FgCr (C. rosea) and Fg (Fusarium graminearum). 

In FgCr treatment, a moderate negative correlation was observed between plant length and 

disease score (R = -0.54, p < 0.05), indicating that as disease score increases, plant length 

tends to decrease. For the Fg treatment, a stronger negative correlation was observed 

between plant length and disease score (R = -0.82, p < 0.05). This indicates a more 

pronounced inverse relationship between disease severity and plant length in the Fg treatment 

compared to FgCr (Figure 5). The fact that the Fg treatment's negative correlation is stronger 

indicates that plants in this treatment are more severely impacted by disease, which leads to 

a larger reduction in plant length. The treatment containing C. rosea provides some mitigation 
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against the disease's impact on plant length, as indicated by the moderate correlation 

observed in the FgCr treatment. 

 

 

Figure 5 Pearson’s correlation (R) between disease score (0-4) and plant length (cm) in treatments FgCr and Fg. Each data point 
represents the BLUEs for plant length and disease score.  

4.4. Pairwise contrasts for assessment of C. rosea efficacy 

To identify the genotypes for which significant (p < 0.05) C. rosea was observed, the 

comparison between C. rosea treatment (FgCr) and control treatment (Fg) was performed 

using the pairwise contrast estimates (Fg - FgCr or FgCr - Fg) for each of the 190 genotypes 

for traits disease score, plant length, shoot length, and root length. 

For disease score, 180 genotypes showed a significant (p < 0.05) reduction of disease in 

the FgCr treatment (Figure 6a), showing that C. rosea has a high biocontrol efficacy against 

the F. graminearum across a wide range of genotypes. For root length, pairwise contrasts 

between the treatments showed that 135 genotypes had a significant (p < 0.05) improvement 

in root length in the FgCr treatment (Figure 6b). For shoot length, 166 genotypes showed 

significant (p < 0.05) improvement in length in treatment FgCr (Figure 6c). Lastly, for plant 

length, 163 genotypes had a significant (p < 0.05) increase in plant length in the FgCr 

treatment (Figure 6d). Overall, the contrast between the treatments showed that C. rosea is 

highly effective in reducing disease severity and improving plant growth across a diverse range 

of wheat genotypes, but not all genotypes had the same response for C. rosea. Clonostachys 

rosea efficiently reduces F. graminearum symptoms, but not with the same efficacy in all 

genotypes showing variation in biocontrol compatibility of C. rosea in controlling F. 

graminearum. 



FCUP 
Genetic variation in wheat for fusarium foot rot and its biocontrol by Clonostachys rosea 

 

 
 

35 

 

Figure 6 Pairwise comparisons between treatments FgCr and Fg for 190 winter wheat genotypes for trait (a) disease score, (b) 
root length, (c) shoot length and (d) plant length. Each data point represents a contrast estimate for a specific winter wheat 
genotype. The vertical lines extending from the points denote the 95% confidence intervals around the contrast estimates. Data 
points annotated with a red asterisk (*) are statistically significant (p < 0.05) and show a non-zero contrast. Note: Genotypes 
presented are not in the same order across the four plots. 

4.5. Correlation between C. rosea efficacy and F. graminearum 

A correlation analysis was conducted between C. rosea efficacy, as previously estimated 

through the pairwise contrast comparison of the treatments, and the treatment F. 

graminearum. This analysis revealed significant correlations (p < 0.05) for all traits (Figure 7). 

Negative correlations were found between the treatment Fg and the C. rosea efficacy for root 

length (R = -0.77, p < 0.05), shoot length (R = -0.68, p < 0.05), and plant length (R = -0.74, p 

< 0.05) (Figure 7a – 7c). The correlations suggest that plants with lower growth in the Fg 

treatment benefited more from the treatment with C. rosea. In disease score, a moderate 

positive correlation (R = 0.57, p < 0.05), showing that as values in disease score increased, 

biocontrol efficacy also increased (Figure 7d). This suggests that biocontrol efficacy increased 

in susceptible genotypes. 
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Figure 7 Pearson’s correlation between C. rosea efficacy and treatment F. graminearum (Fg) for the traits (a) root length, (b) 
shoot length, (c) plant length and (d) disease score. Each data point represents the inter treatment contrast (Fg – FgCr or FgCr 
– Fg) and BLUEs of genotypes in treatment Fg.  

4.6. Genome-wide associations studies 

Phenotypic evaluations of genotypes subjected to both Fg and FgCr treatments were 

conducted, along with pairwise comparisons to determine the efficacy of C. rosea across each 

trait: plant length, shoot length, root length, and disease score were subjected to genome-

wide association studies (GWAS). Significance for genome-wide associations between 

markers and traits was determined at a threshold of P ≤ 0.00014, adjusted from P ≤ 1/n, where 

n = 7360 representing the number of SNP markers. Analysis was performed for 181 genotypes 

for treatment-level associations and for 180 genotypes were for C. rosea efficacy. For trait 

disease score in the treatment Fg, five significant marker-trait associations were observed i.e. 

Excalibur_c7026_2635 on chromosome 1A at 53 cM, BS00089497_51 on chromosome 2A at 

115 cM and Kukri_c40121_373 at 116 cM, BS00096604_51 and RFL_Contig2459_2314 at 

chromosome 4B at 71 cM and 73 cM, respectively (Figure 8a, Supplementary table 2). No 

significant marker-trait association was found for disease score in treatment FgCr (Figure 8b). 

For disease score contrast or C. rosea biocontrol efficacy, seven significant marker-trait 
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associations were observed, of which four markers i.e. Excalibur_rep_c111629_239, 

wsnp_Ex_rep_c109138_92064554, BobWhite_c3564_81 and BS00021972_51 on 

chromosome 7B at 77 cM and three markers i.e. BS00010557_51, 

wsnp_Ku_rep_c68953_68153061and Kukri_c20611_293 at 78 cM (Figure 8c, Supplementary 

table 2).  

For trait plant length contrast, only one significant marker trait association was observed 

i.e. Ra_c956_2318 in chromosome 7A at 228 cM (Supplementary table 2, Supplementary 

Figure 2c). For trait shoot length at treatment FgCr, one significant marker trait association 

was observed i.e. Tdurum_contig10036_474 at chromosome 1B at 112 cM (Supplementary 

table 2, Supplementary Figure 3b). For trait root length at treatment Fg, one significant marker 

trait association was observed i.e. Tdurum_contig15235_951 at chromosome 6B at 65 cM 

(Supplementary table 2, Supplementary Figure 4a). 

 

Figure 8 Manhattan plot and corresponding QQ plots showing the association of SNP markers with the FFR disease score in 
treatment Fg (a), treatment FgCr (b) and disease score contrast or biocontrol efficacy (c). The solid horizontal line shows the 
significance threshold of −log10(P) = 3.85. 
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4.7. Analysis of results of T. afroharzianum 

Similar to C. rosea large bioassay, an ANOVA was conducted to assess the influence of 

the effects of treatment, genotype (nordID), and their interaction on traits root length, shoot 

length, plant length, and disease score across 20 winter wheat genotypes (Supplementary 

table 1). Across the traits, normality, and homoscedasticity assumptions were satisfied 

following a visual inspection, where data points in QQ plots closely matched the diagonal line, 

indicating normality and also, homoscedasticity was marked by the fitted vs. residual plots, 

which showed a random scatter (Supplementary Figure 5)  

Plant genotpyes (nordID) exhibited a significant effect across multiple traits, including 

disease score (F = 2.03, p <0.05), shoot length (F = 1.68, p < 0.05), and plant length (F = 1.85, 

p < 0.05). However, no statistically significant difference was found among plant genotypes 

for root length (F = 1.56, p > 0.05). The effect of treatment was not significant for the traits, 

disease score (F = 1.20, p > 0.05), root length (F = 0.07, p > 0.05), shoot length (F = 4.35, p 

> 0.05), and plant length (F = 0.02, p > 0.05). Overall, the mean values in each treatment were 

similar within all traits (Table 2).  Additionally, the interaction between treatment and genotype 

(nordID) was not significant (p > 0.05) for any of the traits, indicating no genotype-specific 

effects of T. afroharzianum against F. graminearum (Table 2). 

Table 2 Two-way ANOVA test showing F-values and level of significance for traits. Significance indicator denoting the level of 
significance of the p-value (* indicates p < 0.05, and absence of asterisk indicates non-significance). 

Trait 

Source 
of 
variation DF SumsOfSqs MeanSqs F - value P - value p <0,05 

Disease score 
(0-4) BL 7 9.95 1.42 3.69 0.0007 * 

 T 1 0.46 0.46 1.20 0.27   

 G 19 14.86 0.78 2.03 0.01 * 

 GxT 19 8.19 0.43 1.12 0.33   
  Residuals 272 104.66 0.38       
Root length 
(cm) BL 7 187.36 26.77 3.97 0.0003 * 

 T 1 0.47 0.49 0.07 0.79   

 G 19 205.13 10.80 1.60 0.06   

 GxT 19 85.85 4.52 0.67 0.85   
  Residuals 273 1842.53 6.75       
Shoot length 
(cm) BL 7 102.55 14.65 1.31 0.25   

 T 1 48.63 48.63 4.35 0.04 * 

 G 19 356.55 18.77 1.68 0.04 * 
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 GxT 19 231.68 12.19 1.09 0.36   
  Residuals 264 2951.90 11.18       
Plant length 
(cm) BL 7 617.18 88.17 3.27 0.002 * 

 T 1 0.52 0.52 0.02 0.89   

 G 19 947.40 49.86 1.85 0.02 * 

 GxT 19 597.77 31.46 1.17 0.29   

 Residuals 273 7358.95 26.96      
BL: Block, G: Genotype, T: Treatment, GxT: Genotype X Treatment interaction 

DF: Degrees of freedom 
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5.  Discussion 

Root and stem base rot diseases are one of the major limiting factors for wheat production, 

particularly under high pathogen pressure (Poole et al., 2015). Fusarium foot rot (FFR), 

caused by Fusarium graminearum, is one of the most common and serious wheat diseases 

worldwide (Özer et al., 2023). Clonostachys rosea is a mycoparasitic fungus capable of 

attacking many important plant pathogens, such as F. graminearum in the rhizosphere and 

phyllosphere (Gimeno et al., 2019). In the present study, an in vivo bioassay was performed 

on 190 winter wheat genotypes to investigate the variation in resistance towards FFR and 

variation in responsiveness of C. rosea IK726 biocontrol during fusarium foot rot infection.  

The process of plant-pathogen interaction is well known and includes signal activation that 

can trigger a quick defensive reaction against a variety of plant pathogens. This reaction aids 

in preventing additional disease infection in the host plant (Gururani et al., 2012). Resistance 

traits are broadly defined as host characteristics that reduce the extent of pathogen infection 

(Andersen et al., 2018). Therefore, resistance traits are those that lower pathogen-host contact 

as well as the rate at which pathogens proliferate after infection (Kover & Schaal, 2002). 

Disease resistance is a crucial tool for managing diseases (Collinge et al., 2022).  

Some studies comparing the dynamics of diseases in monocultures and multiline mixtures 

showed that low genetic variation can hasten the spread of outbreaks in the field (Garrett & 

Mundt, 1999; Jordan et al., 1998; Zhu et al., 2000).  We observed that the panel of genotypes 

used had a variation in statistical significance in treatment correlation in the measured traits 

suggesting that among the 190 genotypes, there is variability in genotypes’ response across 

the treatments to C. rosea (FgCr) and F. graminearum (Fg) (Figure 4). Highlighting the 

importance of considering genotype-specific responses when evaluating biocontrol agents. 

Several studies have shown that the effectiveness of BCAs in combating pathogens varies 

depending on the specific genotype of the plant involved (Bazghaleh et al., 2020; Harman et 

al., 2004; Prashar & Vandenberg, 2017; Tucci et al., 2011). The effectiveness of biological 

control agents depends on factors such as their host specificity, the genetic structure of the 

target population, and the overall choice of biocontrol agents (Burdon & Marshall, 1981; 

Müller-Schärer & Schaffner, 2008). Wheat crop improvement depends on genetic diversity 

and the use of natural variation for selection using local varieties and wild relatives (Mourad 

et al., 2019). Diversity in germplasm for disease resistance variation is consistently used in 

breeding programs. The traditional method of resistance breeding involves screening plant 

germplasm collections for resistance resources using various pathogen isolates (Li et al., 

2021).  
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 It has been widely reported that biocontrol agents can actively induce the defence 

mechanism in plants (Zehra et al., 2021). The principal biocontrol mechanisms employed 

by C. rosea are induction of plant defence, direct parasitism of pathogenic fungi, antibiosis, 

production of fungal cell wall degrading enzymes, and plant growth promotion (Chatterton et 

al., 2009; Hasan et al., 2022; Roberti et al., 2008; Rodriguez et al., 2011). Transcriptomic and 

exometabolomic profiling of antagonistic and defensive modes of C. rosea action against F. 

graminearum has previously shown that C. rosea shifts from secondary metabolite-mediated 

inhibition to cell wall degradation enzymes (CWDEs) upon closer contact with F. graminearum. 

This transition is reflected in the differential expression of genes encoding CWDEs and 

proteolysis-related enzymes (Demissie et al., 2020). Direct interaction between C. rosea and 

F. graminearum is essential for optimal efficacy, potentially explaining the increased 

suppression of F. graminearum before it initiates sexual reproduction (Schöneberg et al., 

2015). Different plant genotypes can alter the frequency in the rate, location (e.g., roots or 

leaves), and timing (young seedlings, flowering, or nearing maturity) of the activation of their 

defence mechanism (De Vleesschauwer & Höfte, 2009). The exchange of several chemical 

signals enables the BCA and the plant to specifically recognize each other, leading to 

alterations in their respective transcriptomes, proteomes, and metabolomes (Kaur & Suseela, 

2020). By comparing the differences caused by the interaction between plant and BCA before 

and after induction with F. graminearum, there is a possibility of identifying which genes are 

involved in the defense response and how they vary between different genotypes. Further 

investigation into the molecular mechanisms underlying genotype-specific responses in 

biocontrol agents such as C. rosea is important to optimise and increase the effectiveness of 

these biocontrol approaches against diverse plant pathogens. 

A successful strategy for developing C. rosea as a biocontrol agent depends significantly 

on the diversity of plant-associated microbes. This microbial diversity is essential for beneficial 

fungi that could be harnessed for biocontrol purposes (Johnston-Monje et al., 2021). The 

rhizosphere is the roots' first defence against pathogenic threats. The soil microbiota within 

the rhizosphere suppresses pathogens, creating a favourable environment for the 

establishment and efficacy of biocontrol agents like C. rosea (Syed Ab Rahman et al., 2018). 

The structure of the microbial community in the rhizosphere is influenced by several factors, 

including plant species and genotypes, as well as external factors like climate and soil type 

(Landa et al., 2006). These factors must be considered when exploring the potential of C. 

rosea in various agricultural contexts to ensure its effectiveness and adaptability as a BCA. 
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To evaluate genetic variation in plants for biocontrol compatibility with C. rosea in 

controlling F. graminearum we observed a significant reduction of disease severity with C. 

rosea in 180 winter wheat genotypes, showing that C. rosea is effective in mitigating FFR 

infection across multiple winter wheat genotypes. However, C. rosea efficacy was not the 

same in all genotypes across the studied traits, showing that some genotypes are more 

susceptible to F. graminearum than others. This variation emphasises the genetic diversity in 

winter wheat genotypes regarding their compatibility with C. rosea for FFR biocontrol, and also 

the role of genetic factors in disease susceptibility making certain genotypes have 

characteristics that make them less vulnerable to FFR disease. We also found a significant 

positive correlation between disease susceptibility and C. rosea biocontrol efficacy, 

highlighting the performance of C. rosea as a BCA in more susceptible genotypes. In line with 

our research, a study with Pseudomonas chlororaphis CP07 strain had a better disease 

suppression effect on a more susceptible genotype than the more resistant genotypes of 

Theobroma cacao towards Phytophthora palmivora (Miguelez-Sierra et al., 2019). This 

suggests that in genotypes with higher susceptibility, the presence of a BCA serves as a 

defense mechanism, likely due to the reduced resistance in these genotypes and thus benefit 

more from the additional protection provided by the biocontrol agent. 

Furthermore, when the genotypes were only exposed to F. graminearum (Fg) a correlation 

showed genotype susceptibility to the pathogen leading to a reduction in plant length (R = -

0,82, p < 0,05) compared with the plants treatment with C. rosea (FgCr) (Figure 5). Two 

independent studies showed that the application of C. rosea could stimulate both root and 

above-ground foliage growth in tomato seedlings and root growth and a slight increase in the 

thickness basal portions of wheat seedlings (Han et al., 2022; Roberti et al., 2008).  

In this study, genome-wide association was performed in all traits revealing significant 

marker-trait associations for disease score, shoot length, root length, and plant length. The 

SNP marker association was identified at chromosome 7B for disease score, 6B for root length 

in the presence of the pathogen, 1B for shoot length in the presence of the BCA, and 7A for 

plant length in contrast. These SNP markers are associated with specific genetic regions in 

the chromosomes that can influence the phenotypic variation of the trait. GWAS can identify 

the quantitative trait locus (QTLs) of functional alleles and find resistance through F. 

graminearum associated with FFR. In a previous study, SNP markers associated with 

resistance to FCR have been found in the same chromosomes as in this study (John & Babu, 

2021). Some studies report QTLs for stem browning on chromosomes 1B, and 7A in wheat 

regarding F. pseudograminearum (Bovill et al., 2010; Martin et al., 2015; Rahman et al., 2020). 

The identification of new QTL for FFR resistance and incorporation of resistance into winter 
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wheat cultivars is crucial to enhanced disease resistance and produced genetic diversity 

(Paterson, 2002). 

Our analysis of the Trichoderma afroharzianum bioassay results revealed that T. 

afroharzianum did not reduce FFR symptoms across all tested winter wheat genotypes. Even 

though NordID and treatment had significant effects on specific traits, there were no significant 

interaction effects between treatment and NordID across all assessed traits. This indicates 

that winter wheat genotypes differ in their susceptibility to FFR disease and compatibility with 

C. rosea and T. afroharzianum. In line with your findings, a study was conducted on wheat 

straws to investigate the potential of C. rosea and 10 strains of the genus Trichoderma 

(including T-22) in suppressing perithecia production of three strains of two Fusarium spp., F. 

graminearum, and F. crookwellense, revealed that simultaneous application of the pathogen 

and antagonist resulted in a 74% reduction in perithecia by C. rosea and a 29% decrease in 

perithecia formation by T. afroharzianum (Schöneberg et al., 2015). Similarly, in our work, we 

applied both the pathogen and biocontrol agents at the same time. This simultaneous 

application may explain why we observed similar results, indicating that the timing and method 

of application could be critical factors in achieving effective disease suppression. 

These results have important implications for breeding programmes that try to improve 

winter wheat varieties' compatibility with biocontrol agents and disease resistance. They stress 

the significance of combining biocontrol techniques with genetic diversity as effective and 

dependable ways to manage plant diseases. Effective resistance can be developed by plant 

breeding or genetic engineering, including the use of novel genomic technologies, even 

though it is frequently unavailable (Collinge et al., 2022). Through the use of closely linked 

DNA markers, marker-assisted selection enables the indirect selection of traits and can help 

further enhance biocompatibility and disease resistance (Benko-Iseppon et al., 2003). This 

work emphasizes how important it is to take genotype-specific responses into account when 

assessing biocontrol agents such as C. rosea. Additionally, it draws attention to the possibility 

of utilising genetic variability to maximise the application of biocontrol agents, thereby 

promoting more resilient and sustainable farming methods. 
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6. Conclusions and future perspectives 

In summary, this thesis underscores the significant challenges posed by root and stem 

base rot diseases, particularly fusarium foot rot (FFR), to wheat production, while also 

highlighting the promising potential of Clonostachys rosea as a biocontrol agent against FFR. 

Our study reveals not only variations in winter wheat genotypes' resistance to FFR but also 

disparities in their compatibility with C. rosea, indicating independence between disease 

resistance and biocontrol compatibility. 

Enhancing genetic diversity and employing marker-assisted selection is pivotal in refining 

wheat breeding approaches to improve disease resistance and biocontrol effectiveness. 

Further exploration into the molecular mechanisms controlling C. rosea biocontrol capabilities 

is necessary to enhance its efficacy in disease management. 

Understanding the reasons behind contrasting genotypic responses to C. rosea in FFR-

infected plants could provide valuable insights for optimizing biocontrol strategies. Breeding 

programs should integrate marker-assisted selection to develop improved varieties with higher 

resistance to FFR and enhanced compatibility with C. rosea. 
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Supplementary Material 

Supplementary table 1 List of the 190 genotypes used in this study for the Clonostachys rosea bioassay. Genotypes marked in 
bolt were used in the bioassay with treatment Fusarium graminearum and Trichoderma afroharzianum (FgTa). 

nordID genID cultivar release_yea
r 

country accession_typ
e 

NGB16916 593001 Galicia 2010 Denmark Cultivar 

NGB1 593002 Iduna 1911 Sweden Cultivar 

NGB10 593003 Äring II 1936 Sweden Cultivar 

NGB11 593004 Äring III 1940 Sweden Cultivar 

NGB11316 593005 Kalle 1990 Norway Cultivar 

NGB11317 593006 Rida 1976 Norway Cultivar 

NGB11425 593007 Starke II - LR 1968 Denmark Unknown 

NGB12 593008 Eroica 1943 Sweden Cultivar 

NGB12242 593010 Pansar I 1915 Sweden Cultivar 

NGB1224
3 

593011 Ergo II 1949 Sweden Cultivar 

NGB12244 593012 Konge III 1939 Denmark Cultivar 

NGB13 593013 Virtus 1945 Sweden Cultivar 

NGB13023 593014 Ritmo 
 

Netherlands Unknown 

NGB13430 593015 Finnish Winter 

Wheat (Pi181455) 

 
Finland Unknown 

NGB13442 593016 Winter Wheat From 

Bohuslän 

  
Unknown 

NGB13444 593017  - 
 

Sweden Landrace 

NGB13445 593018 Ångermanland 
 

Sweden Landrace 

NGB13446 593019 Tystofte smaahvede 1909 Denmark Cultivar 

NGB13479 593020 Stava 1995 Sweden Cultivar 

NGB13576 593021 Urban 1981 Germany Cultivar 

NGB13659 593022 Bjørke 1997 Norway 
 

NGB14 593023 Aros 1947 Sweden Cultivar 

NGB14114 593024 Gunbo 1997 Sweden Cultivar 

NGB14115 593025 Mjölner 1996 Sweden 
 

NGB14116 593026 Rental 1993 Sweden Cultivar 
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NGB14117 593027 Stava 1995 Sweden Cultivar 

NGB14118 593028 Rudolf rubin 1921 Sweden Cultivar 

NGB14286 593029 S-5 
 

Sweden Landrace 

NGB15 593030 Eroica II 1951 Sweden Cultivar 

NGB15070 593031 Kirsten 1997 Denmark Cultivar 

NGB15071 593032 Lone 1994 Denmark Cultivar 

NGB1507
2 

593033 Brandt 1999 Denmark Cultivar 

NGB15075 593034 Karat 2000 Denmark Cultivar 

NGB15076 593035 Arlo 
 

Denmark Cultivar 

NGB16 593036 Banco 1953 Sweden Cultivar 

NGB16675 593037 Saxild 2002 Denmark Cultivar 

NGB16679 593038 Abba 2002 Denmark Cultivar 

NGB16852 593039 Konsul 1994 Sweden Cultivar 

NGB16853 593040 Rektor 1981 Denmark Cultivar 

NGB16909 593041 Probat 2000 Denmark Cultivar 

NGB16910 593042 Stakado 1995 Denmark Cultivar 

NGB17 593043 Ertus 1953 Sweden Cultivar 

NGB17135 593044 Sampo 1933 Finland Cultivar 

NGB17137 593045 Väinö 
 

Finland Cultivar 

NGB17141 593046 Pitkävihneinen 

maatiainen 

 
Finland Landrace 

NGB17142 593047 Kökar 
 

Finland Landrace 

NGB18 593048 Starke 1959 Sweden Cultivar 

NGB18629 593049 Olympia 1941 Finland Cultivar 

NGB19 593050 Trond 1960 Sweden Cultivar 

NGB2 593051 Standard 1921 Sweden Cultivar 

NGB20 593052 Thor 1961 Sweden Cultivar 

NGB21 593053 Norre 1962 Sweden Cultivar 

NGB21864 593054 Otso 1989 Finland Cultivar 

NGB22 593055 Starke II 1968 Sweden Cultivar 

NGB23 593056 Holme 1972 Sweden Cultivar 

NGB23170 593057 Kuikka 
 

Finland Landrace 

NGB23171 593058 Istäsuomalainen 
 

Finland Landrace 

NGB23345 593059 Alrø 1999 Denmark Cultivar 
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NGB23346 593060 Dirigent 1999 Denmark Cultivar 

NGB2334
7 

593061 Facet 1995 Sweden Cultivar 

NGB23348 593062 Frimegu 1995 Denmark Cultivar 

NGB23349 593063 Hybris 1998 Denmark Cultivar 

NGB23350 593064 Junker 1988 Sweden Cultivar 

NGB23351 593065 Miller 2000 Denmark Cultivar 

NGB23352 593066 Pentium 1996 Denmark Cultivar 

NGB23353 593067 Revelj 2000 Sweden Cultivar 

NGB23356 593068 Skjaldar 1976 Norway Cultivar 

NGB23357 593069 Solist 1999 Denmark Cultivar 

NGB23358 593070 Terra 1994 Denmark Cultivar 

NGB23359 593071 Ure 1991 Denmark Cultivar 

NGB2336
0 

593072 Wasmo 1999 Denmark Cultivar 

NGB23363 593073 Cardos 1998 Germany Cultivar 

NGB23364 593074 Gefion 1998 Denmark Cultivar 

NGB23678 593075 Loyal 
 

Sweden Cultivar 

NGB23679 593076 Ambition 
 

Denmark Cultivar 

NGB2368
1 

593077 Mariboss 
 

Denmark Cultivar 

NGB23682 593078 Hereford 
 

Denmark Cultivar 

NGB23780 593079 Agrestis 2001 Denmark Cultivar 

NGB24 593080 Walde 1945 Sweden Cultivar 

NGB2434 593081 Folke 1981 Sweden Cultivar 

NGB2435 593082 Holger 1981 Sweden Cultivar 

NGB25 593083 Sture 1975 Sweden Cultivar 

NGB26 593084 Helge 1980 Sweden Cultivar 

NGB3 593085 Jarl 1925 Sweden Cultivar 
NGB31181 593086 Cymbal 2012 Sweden Cultivar 

NGB31730 593087 Penta Sejet 2001 Denmark Cultivar 

NGB334 593088 Linna 1965 Finland Cultivar 

NGB343 593089 Nisu 1966 Finland Cultivar 

NGB344 593090 Vakka 1959 Finland Cultivar 
NGB347 593091 Aura 1976 Finland Cultivar 
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NGB348 593092 Jyvä 1965 Finland Cultivar 

NGB4 593093 Ankar 1928 Sweden Cultivar 

NGB4494 593094 Borstvete från 

Gotland 

 
Sweden Landrace 

NGB473 593095 Sigyn II 1972 Norway Cultivar 

NGB4770 593096 Als 1923 Denmark Cultivar 

NGB4783 593097 Storvik sjundeå 
 

Finland Landrace 
NGB4799 593098 Atchena K.62 

 
Afghanistan Landrace 

NGB5 593101 Saxo 1929 Sweden Cultivar 

NGB5147 593102 Squarehead II 1909 Sweden Cultivar 

NGB5151 593103 Deh Kundi K.244 
 

Afghanistan Landrace 

NGB5152 593104 Gusalek K.17 
 

Afghanistan Landrace 

NGB5153 593105 Hunsballe R 1955 Denmark Cultivar 

NGB6 593106 Ankar II 1928 Sweden Cultivar 

NGB6383 593107 Skandia 1935 Sweden Cultivar 

NGB6388 593108 Lading skæghvede 
 

Denmark Landrace 

NGB6392 593109 Kabel K.238 
 

Afghanistan Landrace 

NGB6691 593110 Lantvete från Halland 
 

Sweden Landrace 

NGB6692 593111 Lantvete från 

Uppsala 

 
Sweden Landrace 

NGB6693 593112 Kotte 1950 Sweden Cultivar 

NGB6694 593113 Extra squarehead 1900 Sweden Cultivar 

NGB6695 593114 Bore 1902 Sweden Cultivar 

NGB6696 593115 Grenadier II 1907 Sweden Cultivar 

NGB6697 593116 Extra squarehead II 1909 Sweden Cultivar 

NGB6698 593117 Pudel 1910 Sweden Cultivar 

NGB6699 593118 Renodlat 
sammetsvete 

1910 Sweden Cultivar 

NGB6700 593119 Sol 1911 Sweden Cultivar 

NGB6701 593120 Sol II 1916 Sweden Cultivar 

NGB6702 593121 Thule II 1917 Sweden Cultivar 

NGB6703 593122 Pansar III 1919 Sweden Cultivar 

NGB6704 593123 Svea I 1924 Sweden Cultivar 

NGB6705 593124 Riddar 1922 Sweden Cultivar 
NGB6706 593125 Birgitta 1922 Sweden Cultivar 
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NGB6707 593126 Pansar III 1923 Sweden Cultivar 

NGB6708 593127 Kron 1925 Sweden Cultivar 

NGB6709 593128 Stål 1927 Sweden Cultivar 

NGB6710 593129 Sol III 1929 Sweden Cultivar 

NGB6712 593130 Bore II 1931 Sweden Cultivar 

NGB6713 593131 Gyllen II 1935 Sweden Cultivar 

NGB6714 593132 Thule III 1936 Sweden Cultivar 

NGB6715 593133 Sol IV 1937 Sweden Cultivar 

NGB6716 593134 Gyllen II 1938 Sweden Cultivar 

NGB6717 593135 Skandia II 1939 Sweden Cultivar 

NGB6718 593136 Gluten 1939 Sweden Cultivar 

NGB6719 593137 Borg 1943 Sweden Cultivar 

NGB6720 593138 Skandia III B 1955 Sweden Cultivar 

NGB6721 593139 Hansa Svalöf 1945 Sweden Cultivar 

NGB6722 593140 Pärl II 1946 Sweden Cultivar 

NGB6723 593141 Odin 1949 Sweden Cultivar 

NGB6724 593142 Robur 1949 Sweden Cultivar 

NGB6725 593143 Svale 1955 Sweden Cultivar 

NGB6726 593144 Diana 1957 Sweden Cultivar 

NGB6727 593145 Ölve 1959 Sweden Cultivar 

NGB6728 593146 Seba 1969 Sweden Cultivar 
NGB6729 593147 Virgo 1968 Sweden Cultivar 
NGB6730 593148 Solid 1973 Sweden Cultivar 

NGB6731 593149 Hildur 1976 Sweden Cultivar 

NGB6773 593150 Hankkijan ilves 1984 Finland Cultivar 
NGB7 593151 Äring 1932 Sweden Cultivar 

NGB7027 593152 Dania 1926 Denmark Cultivar 

NGB7034 593153 Mendel 1950 Sweden Cultivar 

NGB7043 593154 Bagelgrom K.87 
 

Afghanistan Landrace 

NGB7044 593155 Kabel K.162 
 

Afghanistan Landrace 

NGB7045 593156 Kabel K.165 
 

Afghanistan Landrace 

NGB7183 593157 Små II, Tystofte 1915 Denmark Cultivar 

NGB7184 593158 Storaks Abed 1967 Denmark Cultivar 

NGB7193 593159 Gusalek K.10 A 
 

Afghanistan Landrace 

NGB7194 593160 Vama K.40 A 
 

Afghanistan Landrace 
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NGB7195 593161 Øtofte l.56 1956 Denmark Cultivar 

NGB7482 593162 Kosack 1984 Sweden Cultivar 

NGB7483 593163 Sleipner 1988 Sweden Cultivar 

NGB7484 593164 Rurik 1986 Sweden Cultivar 

NGB8 593165 Ergo 1934 Sweden Cultivar 

NGB8189 593166 Dronning 1940 Sweden Cultivar 

NGB8194 593167 Konge II 1939 Denmark Cultivar 

NGB8197 593168 Stand tystofte 1907 Denmark Cultivar 

NGB8198 593169 Lantvete från 

Värmland 

 
Sweden Landrace 

NGB8199 593170 Gammalt Svenskt 

lantvete 

 
Sweden Landrace 

NGB8672 593171 Salut 1982 Sweden Cultivar 

NGB8933 593172 Borg Abed 1966 Denmark Cultivar 

NGB8937 593173 Bankuta 
 

Sweden Cultivar 

NGB8946 593174 Brødtorp Pajo 
 

Denmark Landrace 

NGB8957 593175 Enger 
 

Norway Landrace 

NGB8968 593176 Haukiala Pirola 
 

Finland Landrace 

NGB8973 593177 Ideal 1929 Denmark Cultivar 

NGB8999 593178 Sammets 1910 Sweden Cultivar 
NGB9 593179 Standard II 1936 Sweden Cultivar 

NGB9016 593181 Trifolium 14 1925 Denmark Cultivar 
NGB9017 593182 Tystofte Stakket 1967 Denmark Cultivar 

NGB9020 593184 Varma Tammisto 1933 Finland Cultivar 
NGB9057 593185 Hallandsvete 

 
Sweden Landrace 

NGB9062 593186 Mendel II 1952 Sweden Cultivar 

NGB9078 593188 Kabel K.161 
 

Afghanistan Landrace 

NGB9079 593189 Pandshir K.156 A 
 

Afghanistan Landrace 

NGB9080 593190 Pandshir K.157 
 

Afghanista
n 

Landrace 

NGB9118 593191 Nana 1975 Denmark Cultivar 

NGB9119 593192 Sarah 1976 Denmark Cultivar 

NGB9122 593193 Anja 1980 Denmark Cultivar 
NGB9123 593194 Kraka 1980 Denmark Cultivar 

NGB9925 593195 Portal 1990 Germany Cultivar 
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NGB9952 593196 Tjelvar 1984 Sweden Cultivar 
NGB9953 593197 Tryggve 1990 Sweden Cultivar 
Kranich C1 Kranich 2007 Germany 

 

Nelson C2 Nelson 2011 Germany 
 

Target C3 Target 2010 
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Suplementary Figure  1 Residuals vs fitted, Normal Q-Q and Density plots for Model of bioassay with treatment FgCr 
(Clonostachys rosea) in each trait. (a) disease score, (b) shoot length, (c) plant length, (d) root length. 
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Supplementary table 2 Summary of the significant SNPs marker identified which are associated as resistance indicator in GWAS 
analysis with 181 winter wheat genotypes. 

Trait_factor SNP marker name Ch
r 

Positi
on 
(cM) 

P-value MAF 

Plant 

length_contr

ast 

Ra_c956_2318 7A 228 0.00010066160646

946 

0.161111111111

111 

Root 

length_Fg 

Tdurum_contig15235_951 6B 65 0.00011701683267

6281 

0.165745856353

591 

Shoot 

length_FgCr 

Tdurum_contig10036_474 1B 112 0.00010865919443

9725 

0.077348066298

3425 

Disease 
score_Fg 

Excalibur_c7026_2635 1A 53 0.00011632709740
174 

0.077348066298
3425 

Disease 

score_Fg 

BS00089497_51 2A 115 4.74112033107019

e-05 

0.124309392265

193 

Disease 

score_Fg 

Kukri_c40121_373 2A 116 8.03233835758145

e-05 

0.237569060773

481 

Disease 

score_Fg 

BS00096604_51 4B 71 3.33305376066823

e-05 

0.060773480662

9834 

Disease 

score_Fg 

RFL_Contig2459_2314 4B 73 7.66706634796347

e-05 

0.058011049723

7569 

Disease 

score_ 
contrast 

Excalibur_rep_c111629_239 7B 77 5.4175683358489e

-05 

0.116666666666

667 

Disease 

score_contr

ast 

wsnp_Ex_rep_c109138_920

64554 

7B 77 7.19550692568248

e-05 

0.119444444444

444 

Disease 

score_contr

ast 

BobWhite_c3564_81 7B 77 8.84923437955043

e-05 

0.122222222222

222 

Disease 

score_contr
ast 

BS00021972_51 7B 77 8.84923437955043

e-05 

0.122222222222

222 

Disease 

score_contr

ast 

BS00010557_51 7B 78 7.19550692568248

e-05 

0.119444444444

444 
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Disease 

score_contr

ast 

wsnp_Ku_rep_c68953_6815

3061 

7B 78 9.9336415978717e

-05 

0.116666666666

667 

Disease 

score_contr

ast 

Kukri_c20611_293 7B 78 0.00011028115478

8156 

0.116666666666

667 

Chr: cromossome; MAF: minor allele frequency, SNP: Single-nucleotide polymorphism  

 

 

Suplementary Figure  2 Manhattan plot and corresponding QQ plots showing the association of SNP markers with the FFR plant 
length in treatment Fg (a), treatment FgCr (b) and disease score contrast or biocontrol efficacy (c). The solid horizontal line shows 
the significance threshold of −log10(P) = 3.85. 
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Suplementary Figure  3 Manhattan plot and corresponding QQ plots showing the association of SNP markers with the FFR shoot 
length in treatment Fg (a), treatment FgCr (b) and disease score contrast or biocontrol efficacy (c). The solid horizontal line shows 
the significance threshold of −log10(P) = 3.85. 
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Suplementary Figure  4 Manhattan plot and corresponding QQ plots showing the association of SNP markers with the FFR root 
length in treatment Fg (a), treatment FgCr (b) and disease score contrast or biocontrol efficacy (c). The solid horizontal line shows 
the significance threshold of −log10(P) = 3.85. 
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Suplementary Figure  5 Residuals vs fitted, Normal Q-Q and Density plots for Model of bioassay with treatment FgTa. (a) disease 
score, (b) shoot length, (c) plant length, (d) root length. 
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