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The generalist soil-borne fungal pathogen Macrophomina phaseolina is 

known to cause a disease known as charcoal rot. Despite the widespread damage 

this pathogen has caused on over 500 species of plants including important crops, 

the mechanism of its virulence is still unclear, and effective methods of control are 

still lacking. In this study, M. phaseolina interaction with the model plant 

Arabidopsis thaliana is described using a plate-based infection assay which allows 

for image analysis-based quantitative assessment of disease progression. From a 

panel of A. thaliana inbred lines derived from natural populations, we observed 

significant quantitative deviation in growth inhibition caused by M. phaseolina. In 

order to gain insight to the genetic architecture behind M. phaseolina resistance, 

we sought to utilize the natural genetic variation represented in the panel of 87 

natural A. thaliana accessions. Genome-wide association approaches combined 

with RNA-sequencing identified multiple genomic loci and candidate genes which 

could potentially contribute to the phenotypic variance. Seedling root 
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transcriptomes captured at three time points post-infection revealed that resistant 

and susceptible A. thaliana genotypes have distinct patterns in defense gene 

expression. Surprisingly, in the two resistant accessions examined, a rapid decline 

in up-regulation of many defense genes were observed between 12 and 48 hours 

post-infection. Genes previously associated with plant immunity, as well as genes 

involved in processes that have not been seen in M. phaseolina response, were 

identified in this study, providing a robust pool of candidate genes which will be a 

useful resource for increasing M. phaseolina tolerance in host plants. 
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General Introduction 

Macrophomina phaseolina (Tassi) Goid. is a fungal pathogen that causes 

charcoal rot, a root and stem disease characterized by black specs that appear in 

the host tissue. It is distributed across the globe and is particularly problematic in 

arid climates (Kaur et al., 2012). Charcoal rot symptoms are known to be more 

severe under heat and drought stress (Fang et al., 2011; Mughogho & Pande, 

1983). There are more than 500 documented host species susceptible to this 

pathogen, including many economically important crops including canola, maize, 

and sesame (Gaetán et al., 2006; Saleh et al., 2010; Su et al., 2001). Moreover, 

M. phaseolina is capable of human infection in immunosuppressed individuals, 

which demonstrates the range of environments it can thrive in (Arora et al., 2012; 

Tan et al., 2008). Such pathogens with a wide host range are described as 

“generalists”. M. phaseolina is difficult to eliminate from infected fields due to its 

production of microsclerotia, which are dark colored asexual propagation 

structures that can survive for extended periods of time in soil without a host 

Originally M. phaseolina was thought to be a necrotrophic pathogen, but detailed 

analysis of the early stages of infection in soybean revealed the presence of a 

distinct biotrophic phase of up to 36 hours preceding the onset of plant tissue 

collapse (Chowdhury et al., 2017). M. phaseolina is therefore often characterized 

as a hemibiotroph along the likes of Phytophthora infestans and Fusarium 
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oxysporum. The asymptomatic biotrophic infection phase further makes early 

identification of disease in the field difficult.  

Agricultural impacts 

Disease caused by M. phaseolina is most often referred to as charcoal rot, 

but this pathogen is also known to cause wilting, stem canker, seedling blight, rot, 

and damping-off (Kaur, Dhillon, Brar, Vallad, et al., 2012; Singh et al., 1990). These 

contribute to yield loss, reduction in seed quality and viability of infected plants 

(Mughogho & Pande, 1983). Moreover, the severity of symptoms are correlated 

with high temperatures and low water potential conditions, suggesting that plants 

growing in tropical, arid regions are at higher risk of succumbing to disease caused 

by this pathogen (Chamorro et al., 2015; Lodha & Mawar, 2020; Mayek-Pérez et 

al., 2002). Pandey and Basandrai reviewed the current literature on factors related 

to climate change that could potentially worsen M. phaseolina infestation (Pandey 

& Basandrai, 2021). Both the visible traits and genetic architecture of this 

pathogen, which are further described below, show that M. phaseolina as a 

species is well adapted to diverse climates and equipped to withstand 

environmental change.  

Many important crops including grains and legumes are included among the 

wide host range of this pathogen (Pandey & Basandrai, 2021). Known hosts of M. 

phaseolina such as alfalfa, maize, canola, soybean, and sunflower have vast 

economic implications, while others like cassava, chickpea, and mungbean are 

critical for food security (Ammon et al., 1974; Bashir & Malik, 1988; Gaetán et al., 
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2006; Kaiser & Das, 1988; Lakhran et al., 2018; Msikita et al., 1998; Pratt et al., 

1998; Weems et al., 2011). The combined estimated loss of soybean yields in 10 

countries due to charcoal rot exceeded 2 million metric tons during 1998, ranking 

third among the most common soybean diseases (Wrather et al., 2001). Charcoal 

rot also ranked second for economic losses per hectare in the U.S. across two 

decades and combined with soybean cyst nematode accounted for 33% of the 

total economic losses (Bandara et al., 2020).  

M. phaseolina also poses a great threat to specialty crops, which include 

fruits, vegetables, nuts, and horticultural crops such as strawberry, pistachio, and 

sunflower (Bokor, 2007; de los Santos et al., 2019; Mertely et al., 2005; Nouri et 

al., 2020). Research on specialty crops is often underfunded and 

disproportionately lacking in comparison to the steady rise in value of production, 

despite the inherently high risk involved in marketing fresh produce (Alston & 

Pardey, 2008; Neill & Morgan, 2021). For example, strawberries ranked fourth 

among the top California crops produced in 2017, with a value of $3.10 billion 

(California Department of Food & Agriculture; Koike et al., 2016). Strawberries are 

highly susceptible to M. phaseolina; fumigation with methyl bromide and 

chloropicrin was a common method of pathogen control. In 2005, the agricultural 

use of methyl bromide was phased out. Since then, the relationship between yield 

and area of strawberry production reversed, as yields stagnated and new 

incidences of charcoal rot increased (Holmes et al., 2020).  
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Microsclerotia 

M. phaseolina is most often characterized by their production of 

microsclerotia, or small sclerotial bodies 200 - 600 μm in diameter, which appear 

as dark specs in infected plant tissue (Jackson & Jaronski, 2009). Microsclerotia 

are dark, spherical clusters of hyphal cells, each with the ability to germinate and 

propagate when appropriate environmental conditions are met. They can remain 

dormant in dead host tissue or soil for an extended period of time, becoming the 

primary inoculum for the next growing season (Short et al., 1980). On potato 

dextrose agar (PDA), sclerotium formation can be identified as early as 24-30 

hours post-inoculation (Wyllie & Brown, 1970). Pycnidia, which are asexual 

reproductive structures that form spores, have also been documented for this 

fungus, but are rarely observed in vitro (Ma et al., 2010). Therefore, in this 

investigation microsclerotia concentration is used as a proxy measurement for M. 

phaseolina inoculum concentration.  

Disease cycle 

Microsclerotia germinate at a temperature range of 28 - 35°C, as the 

emerging mycelium extends radially until it identifies host tissue (Ammon et al., 

1974; Mihail & Taylor, 1995). Appressoria form when hyphal tips recognize host 

root cells, often penetrating the plant tissue between epidermal cells before 

colonization is established in the middle lamella and intercellular space (Ammon 

et al., 1974). Early stages of infection remain mostly intercellular, but during host 
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cell penetration the hyphae can invaginate the host plasma membrane creating an 

interface similar to that of haustoria in biotrophic pathogen infections. Moreover, 

formation of intracellular vesicles, which is another characteristic of early 

hemibiotrophic infection, has been observed in the cortical tissue of infected 

soybean (Chowdhury et al., 2017). Production of pectolytic and cellulolytic 

enzymes by the pathogen have been observed  both in vivo and in vitro, but it is 

not certain whether secretion of such cell wall degrading enzymes is concurrent 

with the biotroph-like behavior during early stages of infection (Chan & Sackston, 

1969, 1970; Radha, 1953). Development of thin, filamentous hyphae is thought to 

be an indicator of a biotrophy to necrotrophy switch (BNS), as subsequently tissue 

begins to necrose (Chowdhury et al., 2017). M. phaseolina mycelia eventually 

colonize the host’s vascular tissue, and formation of microsclerotia in the xylem 

vessels leads to blockage and consequently wilting of the host (Abawi, 1990; 

Mayek-Pérez et al., 2002). A deeper understanding of the initial stages of M. 

phaseolina infection may provide us with clues as to which modes of plant defense 

are effective against this pathogen.  

STRATEGIES FOR CONTROL 

It has become apparent that M. phaseolina is adapted to survive in diverse 

environmental conditions, including sodium salt concentrations of 1 to 8%, and pH 

ranges of 3.5 to 10 (Islam et al., 2012). There is no universal, economically and 

environmentally reasonable protocol for eradicating this pathogen from an infected 



6 

field. What is known is that there is a clear relationship between inoculum 

concentration, disease occurrence and yield loss. Current approaches to 

controlling this disease can be grouped into four categories: agronomic practices, 

chemical control, host genetic resistance, and biological control. Countless 

strategies to suppress charcoal rot have been tested, and the results have been 

thoroughly reviewed by authors such as Lodha et al. (2020) and Marquez et al. 

(2021).  

Agronomic practices 

No-till strategy and disk tillage increased M. phaseolina microsclerotia 

density in soil layers at or near the surface (0 - 7.5 cm), but no significant 

correlations between tillage and disease severity were observed according to a 

report by Wrather et al (1998). Subsequent field experiments led to conflicting 

results as to whether a no-till strategy increases or decreases inoculum density 

(Almeida et al., 2008; Mengistu et al., 2009; Perez-Brandán et al., 2012). A 20-

year study by Almeida et al. (2003) tested the effects of a no-tillage crop rotation 

system on M. phaseolina infested fields and revealed that tillage reduced pathogen 

density and disease incidence. The authors suggested that a no-till system 

conserves soil moisture thereby reducing fungal propagation and disease 

progression. This study also indicated that crop rotation preserved genotypic 

diversity of the pathogen (Almeida et al., 2008). Crop rotation also seems to 

increase microsclerotia density as reported by Singh et al (1990).  
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Solarization is a technique used to reduce microbe populations by heating 

soil surfaces. According to Sheikh and Ghaffar (1987), eradication of viable 

sclerotium can be achieved in wet soil at a temperature range of 50 - 60°C, but the 

lethality of the treatment decreases in dry soil. In Pakistan, mulching of wet, 

artificially infested soil increased temperatures up to 52°C, reducing viable 

sclerotial density in soil layers close to the surface (Sheikh & Ghaffar, 1984). 

Furthermore, the combination of irrigation, soil amendment with cruciferous 

residues, and solarization has been reported to eradicate (93 - 99%) M. phaseolina 

microscletotia in soil depths of up to 30 cm (Lodha et al., 1997). If soil temperature 

and moisture reach sufficient levels, solarization can effectively reduce inoculum 

concentration in the top soil layers. 

Chemical control 

To date, no fungicide has been registered as an effective control agent 

against charcoal rot. An in vitro assay testing mycelial susceptibility to common 

fungicides showed that M. phaseolina is highly sensitive to carbendazim and 

penflufen + trifloxystrobin, moderately sensitive to pyraclostrobin and iprodione, 

and insensitive to fluquinconazole, metalaxyl, tolyfluanid and thiram (Tonin et al., 

2013). However, no treatment could suppress 100% of mycelial growth. Another 

study conducted in vitro and in vivo assays with green gram (Vigna radiata) and 

black gram (Vigna mungo), and found that benomyl, carbendazim and propineb 

contributed to plant survival (76.67%, 66.67%, and 63.33%, respectively) at 150 

ppm (Iqbal & Mukhtar, 2020).  
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In the case of strawberry, reports of plant collapse due to charcoal rot in the 

U.S. began in 2005, and by 2014 this disease was confirmed in most strawberry-

growing counties (Koike et al., 2016). This rise of strawberry field infestation is 

correlated with high temperatures and drought, as well as the ban on methyl 

bromide fumigation (Muchero et al., 2011). Although highly effective in controlling 

M. phaseolina, methyl bromide has been phased out throughout the world per the 

Montreal Protocol guidelines on Substances that Deplete the Ozone Layer, 

released in 1991 (Chamorro et al., 2016; Guthman & Others, 2017). Fumigation of 

strawberry fields with other chemicals continues in California, and in fact 

chloropicrin use has increased significantly in correlation to the drop in methyl 

bromide use, as it is less effective alone (Guthman & Others, 2017). Although 

alternatives to methyl bromide including chloropicrin have shown to reduce M. 

phaseolina density and plant mortality in the field, increased production costs have 

not been matched with consumer costs, and overall chemical use has increased 

(Chamorro et al., 2016; Guthman & Others, 2017). 

Filho and Dhingra (1980) tested the effects of five herbicides, S-Ethyl 

dipropylthiocarbamate (EPTC), dinoseb, alachlor, fluorodifen and fluometuron, on 

M. phaseolina infested fields, and found that populations declined post-treatment 

with each chemical. It is important to note that dinoseb, alachlor, and fluorodifen 

are either banned or considered obsolete in the European Union and in the U.S. 

due to concerns of adverse health effects. The authors also point out that the 

herbicides may be reducing the pathogen population by two possible mechanisms: 



9 

a direct toxicity to M. phaseolina, or an indirect influence through changes in the 

soil microbial community. This raises interesting questions as to how the soil 

microbial community impacts M. phaseolina populations and whether it is sufficient 

to control disease.  

Biological control  

 Dhingra et al. (1976) found that increasing organic matter in soil reduces M. 

phaseolina colonization of soybean and maize stems likely due to the increased 

presence of other microbes. The implication that M. phaseolina has low 

competitive saprophytic ability has been tested and confirmed with multiple fungal 

and bacterial biocontrol agents (BCAs). For example, several species of Bacillus 

have been reported to antagonize M. phaseolina growth both in vitro and in vivo 

and suppress disease symptoms in soybean, common bean and cowpea 

(Bojórquez-Armenta et al., 2021; Rangel-Montoya et al., 2022; Yasmin et al., 

2020). Other rhizospheric bacteria such as fluorescent Pseudomonas spp. have 

also been identified as M. phaseolina BCAs (Das et al., 2008; Gupta et al., 2002). 

Many of these rhizobacterial species also have plant growth-promoting properties.  

The genus Trichoderma is a well known fungal BCA (Lorito et al., 2010). 

Indeed, examples like T. viride and T. harzianum successfully inhibit growth of M. 

phaseolina and further have positive effects on plant growth (Khaledi & Taheri, 

2016; Khalili et al., 2016; Sankar & Sharma, 2001). Interestingly, it has been shown 

that the combined application of T. harzianum and arbuscular mycorrhizal fungi 

(AMF) allows for AMF colonization in non-host Brassica plants, including 
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Arabidopsis thaliana, and increases silique numbers (Poveda et al., 2019). 

Additionally, AMF co-treatment with M. phaseolina showed a much lower number 

of upregulated genes in comparison to application of the pathogen alone. Pre-

mycorrhized plants also exhibited greater expression of serine carboxipeptidase-

like (SCPL) and lectin genes, which have been suggested to prime the plant for 

pathogen attack (Marquez et al., 2018, 2021).  

Despite the growing interest in reducing agrochemical inputs, the 

biopesticide market constitutes only a small fraction (6.4% in 2018) of the total 

pesticide market (Pal & McSpadden Gardener, 2006; Regnault-Roger, 2020). 

Obstacles that remain to be addressed, such as storage, lack of commercialized 

products, narrow target application, and limited user awareness have hindered 

widespread adoption of biological control strategies.  

Genetic engineering 

 Majumder et al. explored the potential of transgenic approaches for 

protecting crops from M. phaseolina in a study published in 2018. The rice 

chitinase (chi11) gene and bar gene, encoding phosphinothricin acetyltransferase 

(PAT), were incorporated into jute (Corchorus capsularis and Corchorus olitorius) 

genomes, in hopes that the antifungal activity of the chitinase and herbicide 

tolerance conferred by bar will improve yields. Transgenic jute lines showed 

significantly smaller lesion sizes and improved fiber yield in comparison to the wild 

type when infected with M. phaseolina (Majumder et al., 2018). Efforts to combat 

M. phaseolina by transgenic crop lines have been scarce. This approach has been 
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used more so to identify genes and pathways that are important for host resistance 

(Dabi et al., 2020; Lygin et al., 2013).  

M. PHASEOLINA TOOLKIT FOR PATHOGENICITY 

Pathogen variability 

Comparisons between isolates across host species and geographical 

distances have shown that high levels of morphological, physiological, pathogenic, 

and genetic variation are present in M. phaseolina. Despite this, the genus 

Macrophomina is monospecific, meaning that it refers to only one species. 

Classification of M. phaseolina isolates based on chlorate sensitivity was 

previously proposed by Pearson et al. (1986). Chlorate is an analogue of nitrate 

and can be toxic to plants and fungi when reduced to chlorite via the nitrate 

reductase pathway. Since M. phaseolina isolates from corn were chlorate resistant 

and those from soybean were chlorate sensitive, it was suggested that the 

presence or absence of the nitrate reductase pathway could be a marker for host-

specific strains (Pearson et al., 1986, 1987). However, subsequent reports using 

this method have had mixed results. Mihail and Taylor (1995) were unable to 

confirm relationships between the chlorate phenotype and origin host species 

when comparing 114 isolates. Su et al. (2001) found that both host species and 

location (root or soil) of the isolate had effects on chlorate sensitivity, albeit at 

varying levels. 
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Furthermore, the authors reported here that random amplified polymorphic 

DNA (RAPD) analysis can be used to genetically differentiate isolates by host 

species (Su et al., 2001). Jana et al. (2005) also successfully used universal rice 

primers (URP), or markers derived from repeating sequences in the rice genome, 

to fingerprint and differentiate isolates from soybean, cotton, and chickpea, and 

simple sequence repeats (SSR) as markers to distinguish isolates from soybean 

and cotton. Baird et al. (2010) also surveyed 109 isolates across the United States 

using 12 SSRs and found that resulting clusters generally grouped isolates based 

on origin location and host, but exceptions were also not uncommon. No evidence 

for sexual reproduction has been confirmed in M. phaseolina (Marquez et al., 

2021). In a study that examined isolates across host plant families and 

geographical distances, hyphal fusions were observed frequently enough (64.3%) 

for the authors to conclude that there are no genetic barriers to nonsexual genetic 

exchange amongst M. phaseolina isolates (Mihail & Taylor, 1995). Potential for 

gene flow across populations, formation of microsclerotia, and movement of 

agricultural products including soil likely contribute to the variability seen in this 

species. As 3.98% of the annotated M. phaseolina genome encodes transposable 

elements, genetic transposition is another potential avenue for the introduction of 

novel mutations, gene duplications, and horizontal gene transfers (Islam et al., 

2012). Understanding M. phaseolina variance is important for developing resistant 

crop genotypes, and highlights the importance of experimental design in studying 

this pathogen. 
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Host specialization 

There are many conflicting reports regarding whether this heterogenous 

pathogen is adapted to infecting particular host species. To what degree the 

variability described above contributes to host specialization or preference is still 

unclear. For some examples of generalist necrotrophic fungi such as Botrytis 

cinerea, there is evidence to suggest that selective pressure maintains moderate 

virulence against a broad spectrum of host species (Caseys et al., 2019). In a study 

by Koike et al. (2016), M. phaseolina isolates from melon, thyme, and apple were 

tested against strawberry and failed to cause disease. Moreover, five cover crop 

species tested against strawberry-derived isolates also did not develop symptoms. 

However, results from Su et al. (2001) indicate that no specialization occurs for 

isolates from sorghum, cotton, or soybean, and while corn isolates seemed to 

colonize corn roots better than other isolates, it also was the most virulent against 

soybean. Similar cross-host species pathogenicity experiments have been carried 

out testing hosts against isolates collected across species and geographic 

distances, but no isolate had restricted virulence to a single host (Mayék-Pérez et 

al., 2001; Reyes-Franco et al., 2006). Although there is some evidence to suggest 

that host preference exists for certain isolates, it is not certain whether this is the 

result of evolutionary specialization or an artifact of environmental factors, which 

could alter the virulence of the pathogen against specific hosts. Recently, a large-

scale analysis of three M. phaseolina isolates from three different hosts paired with 

12 RNA-seq datasets from one of the isolates revealed large structural 
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rearrangements and SNPs, an indicator of genomic flexibility, although no pattern 

was necessarily associated with a particular host (Burkhardt et al., 2019). 

However, phylogenetic analysis indicated that isolates from jute and alfalfa were 

more closely related in comparison to the isolate from strawberry, and ten genes 

were identified to be exclusive to strawberry pathogenic isolates (Burkhardt et al., 

2019). Whether these genes are the causal factor for the host-preference of these 

isolates has not been reported.  

Advances in M. phaseolina -omics tools 

 In 2012, Islam et al. reported on the first draft M. phaseolina genome, 

isolated from infected jute. Cross-species homology analysis revealed its close 

synteny with another soil borne generalist fungi, Fusarium oxysporum, which 

shares 54.10% of the predicted genes in M. phaseolina. Additionally, it was found 

that 2.84% and 3.98% of the M. phaseolina genome is repetitive DNA and 

transposable elements, respectively (Islam et al., 2012). Transposons are 

potentially an important source of genetic variation for this predominantly asexually 

reproducing fungus. The authors identified 537 predicted genes in the M. 

phaseolina genome that are included in the pathogen-host interaction database 

(PHI-base), which is a collection of experimentally verified effectors from bacterial, 

fungal, and oomycete pathogens. Today, M. phaseolina isolates from a variety of 

hosts including jute, strawberry, alfalfa, sorghum, and castor have been 

sequenced (Burkhardt et al., 2019; Hossen et al., 2019; Islam et al., 2012; Marquez 

et al., 2021; Purushotham et al., 2020; Verma et al., 2018).  
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 Sequencing and assembly of the M. phaseolina genome has led to 

comparative studies across isolates and geographic locations, and the 

development of new tools to elucidate biological processes involved in 

pathogenicity. Transcriptomic analysis was used to identify ROS, specifically 

superoxide (O2-), as the key signaling factor during initiation of microsclerotia 

formation from hyphae (Liu et al., 2022). In fungi, redox signaling is an essential 

component of developmental processes, crosstalk with plant hosts, and 

lignocellulose degradation (Breitenbach et al., 2015). More recently, candidate 

reference genes for evaluating gene expression were identified through 

experimentation in three different growth conditions (Orrego et al., 2022). Reliable 

reference genes are crucial for accurate estimation of gene expression. 

 The first documented proteomic analysis on M. phaseolina was published 

by Zaman et al. (2020), which compared the expression of proteins with and 

without challenging the fungus with the jute endophytic bacterium Burkholderia 

contaminans NZ. A large number of hydrolyzing enzymes found in the M. 

phaseolina genome were confirmed through this study. Co-culture with a bacterial 

antagonist showed signs of decreased virulence, morphological changes and 

altered metabolic processes to switch to a more dormant state that prioritizes 

survival over growth. Characterization of the M. phaseolina mycelial proteome by 

Arafat et al. (2022) revealed a network of proteins which could be classified by 

their function including growth and reproduction, stress tolerance and virulence, 

nutrient synthesis, transcription and translation regulation, and more. These 
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proteomic studies provide the groundwork for potential functional studies of 

specific genes or gene groups involved in virulence. 

Alteration of host cell wall and membrane permeability 

 A notable characteristic of the M. phaseolina genome is the significant 

presence of genes involved in cell wall degradation. Carbohydrate active enzymes 

(CAZymes) including glycoside hydrolases (GH), glycosyltransferases (GT), 

carbohydrate esterases (CE), carbohydrate binding modules (CBM), and 

polysaccharide lyases (PL), were predicted within the genome. M. phaseolina 

possess a higher than average number of GHs (four times more than GTs), and 

CEs (Islam et al., 2012), which is consistent with previous observations that this 

pathogen has greater cellulolytic activity than most other fungi (Kaur et al., 2012). 

A β-1,4-endoglucanase produced by this pathogen was previously characterized 

and shown to be similar to plant-derived endoglucanase, which potentially allows 

for surreptitious hydrolysis of the host cell wall (Wang & Jones, 1995). A repertoire 

of genes associated with lignin depolymerization, including laccases, lignin 

peroxidases, galactose oxidases, chloroperoxidase, haloperoxidases, and heme 

peroxidases were also identified. The M. phaseolina genome encodes the highest 

number of laccases in comparison to seven other fungal species (Islam et al., 

2012). Production of these cell wall degrading enzymes (CWDEs) has also been 

observed in M. phaseolina grown in vitro (Ahmad et al., 2006; Ramos et al., 2016). 

The activity of phosphatidases, which hydrolyze phosphatide lipids and alter the 

permeability of cellular membranes, was also observed during Brassica juncea 



17 

infection with M. phaseolina isolates of various virulence. A strong correlation 

between host susceptibility, pathogen virulence, and phosphatidase activity was 

observed, which peaked at 18 days post-inoculation (Srivastava & Dhawan, 1982). 

The extensive collection of genes associated with cell wall and membrane 

disruption suggests that this pathogen is well equipped to breach diverse wall 

polysaccharide and lipid bilayer compositions, which differ between plant lineages 

(Kubicek et al., 2014). This perhaps explains, at least in part, M. phaseolina’s wide 

host range.  

Defense signal transduction 

Eight homologs of the Phytophthora parasitica cellulose-binding elicitor 

lectin (CBEL) gene, which has a role in the perception of host cell wall components 

and is a known elicitor of host defense, were also found in the M. phaseolina 

genome (Gaulin et al., 2002; Islam et al., 2012). Pep-13 is another known elicitor 

motif in the cell wall transglutaminase gene from Phytophthora sojae, that triggers 

defense activation in host plants (Brunner et al., 2002). Three homologs containing 

Pep-13 are found in M. phaseolina (Islam et al., 2012).  

The M. phaseolina genome is also abundant in protein kinases and PTH11-

like G-protein coupled receptors (GPCR), both of which mediate pathogen 

response to environmental signals and activate downstream metabolic pathways 

(Islam et al., 2012). Once a pathogen enters the host plant, it must acquire 

nutrients while evading and countering host defense responses. An unusually high 

number of amino acid transporters, which are likely to be useful for accessing host 
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protein degradation products, were also predicted in the M. phaseolina genome. 

There was also an enrichment of proteins involved in amino acid metabolism in the 

mycelial proteome (Arafat et al., 2022).   

Production of free radicals and detoxification 

This pathogen has a large set of detoxification genes, including 

dehydrogenases, acyl-coA N-acetyltransferases, monooxygenases, and 

cytochrome P450s (Islam et al., 2012). It has been reported that M. phaseolina 

infection causes nitric oxide (NO) accumulation in jute (Corchorus capsularis), but 

the fungus itself is also capable of NO production in vitro (Sarkar et al., 2014). NO 

is a key signaling factor in the early stages of the host hypersensitive response 

(HR). In plants, pathogen induced NO production is accompanied by a burst of 

reactive oxygen species (ROS) such as superoxide (O2-) and hydrogen peroxide 

(H2O2) (Asai & Yoshioka, 2009; Van Baarlen et al., 2004). Balanced accumulation 

of both NO and H2O2 is required to trigger a hypersensitive defense response (HR) 

leading to cell death (Delledonne et al., 1998, 2001), although there are somewhat 

conflicting reports as to whether NO and ROS act synergistically (Delledonne et 

al., 2001) or antagonistically (Asai et al., 2010; Asai & Yoshioka, 2009) to induce 

a hypersensitive response (HR) during plant-pathogen interactions.  

There is an interesting connection between ROS and fungi that form 

sclerotia-like survival structures, including M. phaseolina. As mentioned above, 

recent work by Liu et al. (2022) showed that genes involved in ROS-related 

functions were differentially expressed during microsclerotia formation, suggesting 
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that ROS, specifically O2-, stimulates microsclerotia formation in M. phaseolina. 

Moreover, studies across multiple filamentous fungi have shown that ROS have 

functions in cell differentiation and development in fungi (Breitenbach et al., 2015). 

In vitro treatment of cultures with ROS further supported this hypothesis. In plants, 

pathogen attack and/or effectors trigger a rapid production of ROs (Doke, 1983), 

which acts as a diffusible signal for facilitating controlled cell death (Levine et al., 

1994). Downstream outcomes of this oxidative burst and HR will be discussed 

further in later sections. It remains unanswered whether this defense-linked 

oxidative burst in the host contributes to M. phaseolina microsclerotia formation, 

and to what extent this affects host susceptibility.  

Secondary metabolites 

Fungi produce diverse bioactive natural products, some of which are used 

in human medicine, such as mycotoxins, and virulence factors (Chooi & Tang, 

2012). A total of 75 putative secondary metabolite-related genes were identified in 

the M. phaseolina genome, which is more than double of what can be found in 

Magnaporthe grisea, B. cinerea, Sclerotinia sclerotiorum, and Fusarium 

graminearum. These genes include polyketide synthases (PKS), non-ribosomal 

peptide synthases (NPRS) and PKS-NPRS hybrids (Islam et al., 2012). Additional 

expression analyses and functional studies are required to confirm the role of these 

putatively identified genes. Examples of secondary metabolites produced by M. 

phaseolina include phaseolinone (Dhar et al., 1982; Siddiqui et al., 1979), 

phaseolinic acic (Mahato et al., 1987), (-)-botryodiplodin (Abbas et al., 2019; 
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Ramezani et al., 2007), succinic acid, tyrosol, (R)-mellein, cis-(3R,4R)-4-

hydroxymellein, azelaic acic (Salvatore et al., 2020), koijic acid, moniliformin, 

orsellinic acic (Khambhati et al., 2020), macrollins A-c (Gao et al., 2021), 

phaseocyclopentenones A and B, and guignardone a (Masi et al., 2021). However 

production of such metabolites seems to be dependent on a number of factors 

including isolate variability and the presence of host substrates. To what extent 

virulence is affected by these metabolites is largely unknown. Phaseolinone has 

been documented to prevent seed germination, wilting, and leaf necrosis 

(Bhattacharya et al., 1992, 1994; Dhar et al., 1982). The compound (-)-

botryodiplodin is a well-documented toxic metabolite prevalent in ascomycetes. 

When soybean plants were infected with M. phaseolina, it was isolated exclusively 

from root tissues displaying charcoal rot symptoms (Abbas et al., 2019; Ramezani 

et al., 2007), suggesting that it is produced during pathogenesis. In these assays 

however, phaseolinone could not be detected in any tissue examined. Shier et al. 

(2007) gives several possible reasons for this discrepancy, one being that Dhar et 

al. mistakenly characterized (-)-botryodiplodin as phaseolinone. Another possible 

explanation is that different isolates of M. phaseolina produce different “cocktails” 

of toxins. This is supported by the fact that mellein was identified in some, but not 

all, isolates of this pathogen recovered from symptomatic soybean plants collected 

in Mississippi, U.S.A. (Khambhati et al., 2020). 
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HOST DEFENSE 

Plant basal defense 

Plants have innate defense mechanisms that are widely conserved across 

species, which allows for protection against non-specific pathogens. Multiple 

efforts have been made to uncover the genetic basis of M. phaseolina resistance 

in crop species. Despite these recent advancements, molecular mechanisms that 

determine host resistance are still poorly understood.  

One of the first lines of defense that plants possess is a physical barrier that 

simultaneously functions as a sensory organ - the cell wall. Together with the 

cuticle, which envelops the aerial epidermal cells, these physical barriers efficiently 

repel many pathogens, conferring non-host resistance. Polysaccharides of diverse 

compositions form a network that supports the structural integrity of the cell wall, 

alongside proteins, which have roles in remodeling and turnover of cell wall 

components. For pathogens that can breach and decompose this barrier, the cell 

wall may be a valuable nutrient source. However disruptions in the integrity of the 

cell wall, as well as enzymes that cause its degradation, including those that 

originate from the host itself, are known to trigger signaling cascades similar to that 

of biotic stress responses and contribute to disease resistance. Evidence for the 

role of cell wall maintenance in host defense are thoroughly reviewed by (Hamann, 

2012). Molecular signals released as a result of cell wall damage can  be perceived 

as damage-associated molecular patterns (DAMPs) by pattern recognition 
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receptors (PRRs) residing on the plasma membrane leading to local and systemic 

defense signaling (Hou et al., 2019).  

PRRs can also detect conserved microbe- or pathogen-associated 

molecular patterns (MAMPs or PAMPs) directly derived from invading pathogens 

and activate a robust basal defense response called pattern triggered immunity 

(PTI) (Bigeard et al., 2015). For example, the A. thaliana PRR and receptor like 

kinase (RLK) FLS2 responds to flagellin, a bacterial elicitor, and confers resistance 

to these pathogens (Gómez-Gómez & Boller, 2000). Responses to PAMP 

recognition include ionic influxes in the cytosol, increased ROS and NO production, 

activation of mitogen-activated protein kinase cascades, and transcriptional 

reprogramming that entails induction of pathogenesis related (PR) genes 

(Nürnberger et al., 2004). In turn, some pathogens have adapted to counter host 

defenses through proteins and secondary metabolites collectively called effectors 

that can interfere with PTI. Effectors can serve as toxic agents themselves or as a 

means to evade and suppress host defense mechanisms (Presti et al., 2015). 

Although there are several characteristics that can be used to define an effector, 

such as size, species exclusivity, and expression profile, exceptions are also 

common. In terms of total secreted proteins, hemibiotrophs on average have the 

greatest number of effectors than any other fungal lifestyle group (Presti et al., 

2015).  

The perpetual coevolution of plant hosts and microbial pathogens, 

collectively described as the ‘zigzag model’, has contributed greatly to the 



23 

repertoire of defense mechanisms encoded by the genomes of both sides involved 

(Chisholm et al., 2006; Jones & Dangl, 2006). Pathogen effectors can directly or 

indirectly be identified by specific receptors encoded by host resistance (R) genes 

which then trigger an acute immune response that often results in HR, or cell death. 

Many fungal avirulence (Avr) genes encoding Avr proteins have gene-for-gene 

relationships with plant host R genes and typically act as effectors. This tertiary 

layer of defense is called effector-triggered immunity (ETI) (Macho & Zipfel, 2014; 

Presti et al., 2015). The A. thaliana ecotype Col-0 possesses approximately 165 

NB-LRR genes, which is the largest class of R genes characterized by their 

nucleotide binding (NB) and leucine rich repeat (LRR) domains (Dangl & Jones, 

2001; Wei et al., 2020). PTI and ETI make up the plant’s inducible defense core. 

Phytohormones 

Three phytohormones are crucial in the orchestration of defense signaling 

- salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) (Bari & Jones, 2009; 

Glazebrook, 2005). SA accumulates in cells and triggers HR as a response to 

infection, and mediates defense against biotrophic and hemibiotrophic pathogens. 

It is also known to induce systemic acquired resistance (SAR), in which distal 

tissues acquire heightened resistance to secondary infection due to elevated 

expression of pathogenesis related (PR) genes (Durrant & Dong, 2004; Ross, 

1961). JA and ET are associated with defense against necrotrophic pathogens 

(Bari & Jones, 2009). Similar to, but independent from SA, the phytohormones JA 

and ET are also known to trigger a systemic defense response, which is called  
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induced systemic resistance (ISR) (Pieterse et al., 1996). Although signaling 

pathways controlled by these plant hormones are tuned to defend against 

pathogens of distinct lifestyles, they are known to affect each other both 

synergistically and antagonistically (Clarke et al., 2000; Koornneef & Pieterse, 

2008; Mur et al., 2006; Thomma et al., 2001). Cross-talk between phytohormone-

signaling pathways allows the host plant to balance the energy cost of pathogen 

defense to that of its own growth and propagation (C. M. J. Pieterse et al., 2012).  

Transcriptomic analysis in A. thaliana roots revealed that M. phaseolina 

induces JA-, ET-, and SA-responsive genes, which is consistent with the 

observation that this pathogen leads a hemibiotrophic lifestyle. Mutants 

compromised in JA and ET signaling exhibited susceptibility to M. phaseolina 

(Schroeder et al., 2019). M. phaseolina induced upregulation of JA- and ET- 

responsive genes have been reported in several species of hosts susceptible to 

this pathogen, both in the shoot and the root (Gaige et al., 2010). In Sesamum 

indicum, widely known as sesame, SA responsive differential gene expression in 

the root was in correlation with the early biotrophic phase of M. phaseolina infection 

both in resistant and susceptible varieties, although overall transcript levels were 

greater in the resistant variety (Chowdhury et al., 2017). Accumulation of JA- and 

ET- signaling gene transcripts were seen during the BNS and through the 

necrotrophic phase. There was also an interesting correlation between the 

expression pattern of JA-regulated gene SiDef in resistant and susceptible 

sesame, at 24 and 12 hours post-infection (hpi) respectively, with the timing of 
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BNS in the resistant (36-38 hpi) and susceptible (24 hpi) varieties (Chowdhury et 

al., 2017). Moreover, the authors conducted a priming assay with each of these 

phytohormones and found that pre-treatment of sesame with JA and ET 

significantly reduced M. phaseolina-associated disease symptoms, while JA and 

ET inhibitors significantly increased susceptibility to this pathogen. Taken together, 

the evidence suggests that the timing and amplitude of SA, JA and ET signaling 

are critical in determining the susceptibility of the host. While all three of these 

defense-associated phytohormones seem to cooperate in protecting host roots 

against M. phaseolina, it is important to consider that results based on gene 

expression studies in whole organs reflect responses that are averaged across 

different cell types. Cell-type specific regulation of phytohormone mediated 

defense has not been explored in M. phaseolina pathosystems. 

ROS 

As introduced earlier, plants produce ROS, primarily superoxide (O2-) and 

hydrogen peroxide (H2O2), in response to pathogen invasion. In plants, H2O2 is a 

diffusible signal that activates defense-related genes, ultimately triggering 

hypersensitive cell death, or HR, in tissue neighboring the site of the oxidative burst 

(Levine et al., 1994). The level of ROS in tissue is enzymatically controlled by 

superoxide dismutases (SOD), which catalyze the conversion of O2- to H2O2 and 

oxygen (Y. Wang et al., 2018). Sesame is a common oilseed crop species that 

frequently suffers M. phaseolina infection. When interactions of this host with M. 

phaseolina were studied, the susceptible cultivar VRI-1 showed consistently higher 
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accumulation of H2O2 in comparison to the resistant Nirmala variety, following the 

BNS (Chowdhury et al., 2017). Consistently, less lipid peroxidation and higher 

accumulation of SiSOD was observed during the necrotrophic phase in the 

resistant variety (Chowdhury et al., 2017).  

Asai and Yoshioka (2009) found that necrotic lesions caused by Botrytis 

cinerea on Nicotiana benthamiana were reduced when the oxidative burst was 

suppressed, while disease lesions expanded when NO production was inhibited. 

Nevertheless, HR induction in the host plant is favorable for necrotrophic 

pathogens such as M. phaseolina, which feed on dead tissue, especially when the 

induction is uncontrolled, as is expected if the pathogen produces additional NO 

during infection (Sarkar et al., 2014). It has also been shown that changes in NO 

levels caused by M. phaseolina infection in sesame were dependent on the 

susceptibility of the cultivar, with resistant varieties exhibiting a rapid but moderate 

increase in NO, while susceptible varieties showed a delayed and robust decrease 

in NO (Acharya & Acharya, 2007). Similarly, in A.thaliana-Sclerotinia sclerotiorum 

interactions, rapid accumulation of NO was observed in resistant ecotypes, 

although accumulation of this ROS was also observed in susceptible ecotypes at 

later time points (Perchepied et al., 2010). In contrast, Chowdhury et al. reported 

that H2O2 accumulation caused by M. phaseolina was consistently higher in 

susceptible sesame genotypes between 24 and 72 hpi (Chowdhury et al., 2017). 

At later time points when the pathogen has presumably entered its necrotrophic 

phase, resistant genotypes showed signs of ROS detoxification. Current literature 
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on the crosstalk between NO and other ROS is summarized by Lindermayer and 

Durner (2015). The timing and amplitude of NO and other ROS production may be 

a factor contributing to host susceptibility against necrotrophic pathogens. 

Secondary metabolites 

Like M. phaseolina, plants produce a diverse array of secondary 

metabolites with roles in defense against pathogens. Secondary metabolites found 

in A. thaliana include phenylpropanoids, glucosinolates, terpenoids, and camalexin 

(Kliebenstein, 2004). Secondary metabolites synthesized in response to biotic 

stress are collectively called phytoalexins (Ahuja et al., 2012), while constitutively 

present compounds are called phytoanticipins (Tiku, 2020).   

One of the major metabolic pathways often discussed in relation to plant 

defense is the phenylpropanoid pathway, which is required for the synthesis of 

diverse phenolic metabolites including lignols, flavonoids, isoflavonoids, and 

tannins (Fraser & Chapple, 2011; Rehman et al., 2012). Soybean (Glycine max) 

produces a repertoire of phytoalexins, including isoflavonoid derivative glyceollins, 

during both symbiotic and pathogenic microbial entry. Work by Lygin et al. (2013) 

showed that downregulation of isoflavonoid biosynthesis, and consequently 

glyceollins, significantly increases charcoal rot disease severity. In Medicago 

truncatula, genes involved in the phenylpropanoid pathway, as well as flavonoid 

and isoflavonoid biosynthesis were upregulated dramatically in the shoot but not 

in the root in response to M. phaseolina infection at 24 and 48 hpi (Gaige et al., 

2010). As the authors point out, this could be the result of pathogen suppression 
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or tissue-specific gene regulation. Nonetheless this shows that M. phaseolina, 

despite being a soil-borne pathogen, strongly induces systemic upregulation of 

secondary metabolite synthesis genes. Accumulation of phenolic compounds 

synchronized with the induced activity of phenylalanine ammonia lyase (PAL), a 

key player phenylpropanoid pathway, was also seen in the root tissue of plate-

grown sesame after infection (Chowdhury et al., 2017). Notably, this induction was 

stronger in the resistant Nirmala variety and it only occurred after the BNS. It is 

unknown according to this paper whether similar induction occurred in the shoot 

tissue. Radadiya et al. (2021) also observed upregulation of key enzymes in the 

phenylpropanoid pathway in sesame roots post inoculation with M. phaseolina in 

soil through transcriptome analysis. Both Chowdhury et al. (2017) and Radadiya 

et al. (2021) report earlier upregulation of these genes in different resistant 

varieties, and a delayed response in the susceptible varieties, suggesting that 

there is a correlation between timing of defense response activation and 

susceptibility to this pathogen.  

Glucosinolates are another major class of secondary metabolites known for 

its abundance in plants of the Brassicaceae family, which includes the model plant 

A. thaliana and economically important crops like oilseed rape (Brassica napa). 

The glucosinolate-myrosinase system is a defense mechanism that releases toxic 

glucosinolate derivatives upon activation by physical damage to plant tissue 

(Wittstock & Halkier, 2002). It is commonly perceived as a primary defense against 

herbivores, but it is also known that some isothiocyanates, which are products of 
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the glucosinolate myrosinase reaction, have fungitoxic properties (Drobnica et al., 

1967; Smolinska et al., 2003; Tierens et al., 2001). Cruciferous soil amendments 

have been used to successfully suppress generalist hemibiotrophic pathogens like 

F. oxysporum growth and protect crops from disease (Rosa & Rodrigues, 1999), 

however, it is still unclear whether this effect is the product of chemically active 

inputs or that of overall changes in the soil microbiome. Brassica seed meal 

amendment trials with strawberry have had limited success in protecting plants 

from M. phaseolina (Agostini, 2011; Mazzola et al., 2017). It remains to be seen 

whether glucosinolate activity in known cruciferae hosts like A. thaliana, B. napa, 

and B. juncea play a role in resistance against M. phaseolina.  

Root-specific defense  

 M. phaseolina is a soil-borne pathogen, which means that the most 

accessible point of entry for hyphae will be in the root of host plants. While the 

currently accepted model describes phytohormone-mediated pathogen response 

as an antagonistic relationship between SA and JA with each pathway 

corresponding to a particular pathogen life cycle (Glazebrook, 2005), several 

studies specifically focusing on root responses paint a more complex picture. 

Inoculation of Phytophthora parasitica on A. thaliana caused a simultaneous 

upregulation of both SA and JA pathways in the root (Attard et al., 2010). Fusarium 

oxysporum infection repressed many known defense-associated genes in roots, 

and only three genes overlapped with previously reported microarrays with 

inoculated leaves (Chen et al., 2014).  



30 

It is therefore necessary to mention that generalizations on plant immune 

responses should be made with caution if data is derived from whole plants. For 

example, when JA is applied to Brassica oleracea to mimic wounding, the 

expression and regulation of known defense mechanisms like secondary 

metabolite synthesis and phytohormone responses varied between root and shoot 

tissue, and moreover dependent on the site of treatment (Tytgat et al., 2013). Root-

specific pathogen-induced responses have been reviewed thoroughly by Chuberre 

et al. (2018), but it has yet to be confirmed whether defense responses to M. 

phaseolina are also tissue specific. In sorghum, M. phaseolina induced a greater 

induction of chitinase genes in the aerial tissue in comparison to roots (Sharma et 

al., 2014).   

Research on M. phaseolina-host relationships and future perspectives 

 Despite the long history of growers losing crop yield to disease caused by 

M. phaseolina, sustainable and effective protection strategies against this 

pathogen are still lacking. Several factors contribute to the obstacles prohibiting 

the advancement of research in this field, including the high diversity of this 

pathogen, and susceptibility of field generated data to environmental variability. 

Recently, a high-throughput pathosystem using the model plant A. thaliana has 

been established, which will likely accelerate research in this field (Schroeder et 

al., 2019). In addressing pathogen variability, it seems unusual that a monotypic 

genus can represent the level of genetic and morphological diversity seen in M. 
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phaseolina without evidence of sexual reproduction. F. oxysporum also has not 

been documented to undergo sexual reproduction, but is suspected to preserve its 

diversity through horizontal gene transfer (Gordon, 2017). Research has led to the 

following hypothetical scenario: virulent genotypes emerged through significant 

selection pressures such as agricultural activity while recent relatives that are 

capable of outcrossing, possibly within populations existing today, sustain a 

“reservoir” gene pool (Gordon, 2017). Although there is no direct evidence that M. 

phaseolina fit this model, this analysis may provide critical insights to the evolution 

of M. phaseolina, considering its striking similarity to F. oxysporum (Islam et al., 

2012).    

 There are decades of records documenting M. phaseolina pathogenicity on 

a wide range of crop species, including soybean (Coser et al., 2017; da Silva, 

Klepadlo, et al., 2019; Smith & Carvil, 1997), sesame (Chowdhury et al., 2017; 

Radadiya et al., 2021; Yan et al., 2021), strawberries (Burkhardt et al., 2019; Koike, 

2008; Nelson et al., 2021), and more. The advancement of high-throughput 

sequencing and genome-wide analysis technologies have allowed for identification 

of many resistance-associated loci in cultivars of various host species, sampled 

from infected fields across the globe. Previously, Muchero et al. (2011) identified 

9 QTL regions tied to M. phaseolina resistance in cowpea (Vigna unguiculata) 

through QTL mapping of a recombinant inbred line population. These regions 

include markers and genes associated with disease resistance homologous to 

genes in other species including soybean and medicago. Within candidate genes 
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identified, there was a noticeable presence of genes involved in pectin metabolism. 

A bimodal distribution of disease incidence was observed in castor (Ricinus 

communis), which suggests that a genetic variant with major effects on the disease 

resistance trait is present in the population (Tomar et al., 2017). The authors 

discovered three QTLs through linkage mapping with the most significant region 

predicted to explain 71.2% of the phenotypic variation, which combined with the 

phenotypic distribution could be an indication of major effect genes.  

More recently, genome-wide association has been used to identify 

resistance loci in species with available reference genomes. Coser et al. (2017) 

conducted a disease screen using 459 soybean lines to identify M. phaseolina 

resistance loci through genome-wide association. In field and greenhouse 

experiments, a total of 19 SNPs were identified to have a significant association 

with the resistant phenotype. Orthologous gene regions to Arabidopsis were also 

identified, and these included genes involved in biotic and abiotic stress response, 

cell wall composition, and ethylene signaling. Surprisingly, there were no overlaps 

between these SNP regions and QTL regions identified by da Silva et al. (2019) 

using QTL-seq, which combines bulk segregant analysis with next generation 

sequencing to statistically link loci to a quantitative trait. This could be because the 

segregating population used for QTL-seq was derived from parental lines 

(PI567562A and PI567437) that were not included in the set tested by Coser et al. 

Nonetheless, it should be taken into consideration that factors such as treatment 

condition, sequencing methods, and genotypes of both host and pathogen could 
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yield variable QTL. Nelson et al. (2021) identified three loci linked to M. phaseolina 

resistance from a breeding population obtained from controlled crosses of 

commercial strawberry. Many gene regions that exhibit strong associations with 

disease phenotype have not been narrowed down to candidate genes nor have 

they been assessed for their function, and therefore evidence for a strong causal 

relationship between specific genes or molecular mechanisms and M. phaseolina 

resistance is still lacking. Cross-species synteny analysis may be a useful tool in 

identifying conserved trait loci.  

Experimentation with M. phaseolina has primarily been focused in the field, 

however recently greenhouse studies have allowed for observation of disease 

progression in more controlled environments. Young sesame seedlings were 

inoculated in mycelium mixed soil and kept in artificial climate boxes in a study by 

Yan et al. (2021) and root tissue was collected for RNA-seq. Schroeder et al. 

(2019) introduced the use of agar plates for assessing M. phaseolina interaction 

with small hosts like A. thaliana seedlings. While many studies have used pre-

infected plots to study the relationship between native M. phaseolina and host 

crops (Miklas et al., 1998; Tomar et al., 2017), various methods of pathogen 

inoculation have been employed, including mixing mycelium in soil (Bedawy & 

Moharm, n.d.; Mahmoud et al., 2018), dipping roots in mycelium (Nelson et al., 

2021), cut-stem inoculation (Lygin et al., 2013; Pawlowski et al., 2015), and 

incubating seeds with mycelium (Coser et al., 2017). It has not been evaluated 

whether the method of pathogen introduction to the host has an effect on the 
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outcome of the infection. Commonly used metrics of disease susceptibility include 

necrotic lesion size, percent mortality, and overall disease symptom quantified by 

a numeric scoring scale. In order to evaluate the most suitable screening method 

for M. phaseolina resistance, Mengistu et al. (2007) tested 5 different disease 

metrics in soybean for their consistency across experimental years and 

environments. Colony-forming unit index (CFUI), calculated by counting colony 

forming units (CFU) derived from a set amount of ground tissue and dividing by 

the CFU count of the most susceptible genotype (highest CFU) within the 

experiment, was deemed to be the most consistent across all experimental 

conditions. This was followed by root and stem severity (RSS), determined by 

discoloration of stem and taproot tissue, which the authors noted was a less time 

and resource consuming alternative disease assessment method (Mengistu et al., 

2007).  

CONCLUSIONS 

 Movement towards reduced chemical use in agriculture is an imperative 

step towards sustainability. In order to develop resistant varieties of crops, it is 

necessary to first elucidate functions of specific genes/gene groups and quantify 

their contribution to host resistance and pathogen virulence. With modern 

sequencing technologies, high-throughput assay capabilities, and decades of 

research on M. phaseolina pathology, researchers are equipped to advance our 

understanding of generalist hemibiotrophic pathogens like F. oxysporum and M. 
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phaseolina, which are notoriously difficult to control. Slowly, we are beginning to 

understand why M. phaseolina is a successful pathogen. First, its wide host range 

and prevalence throughout the globe indicate high genomic plasticity that has 

allowed this fungus to adapt to local conditions and host plant species. This is 

supported by the presence of repetitive sequences and transposable elements 

within its genome. Moreover, no evidence for sexual reproduction has been 

documented for M. phaseolina thus far. This is striking considering the level of 

genomic variability seen across isolates even among the same host species and 

geographic origins, and evidence for host specificity seen in multiple examples. 

Several possible explanations including horizontal gene transfer, sporadic 

mutations mediated by TEs and repeats, and epigenetics could be hypothesized, 

but nonetheless it is likely that the instability of the M. phaseolina genome 

contributes to its extensive virulence capabilities. It is also important to note that 

the sampling of M. phaseolina in published studies are overwhelmingly biased 

towards those collected from agricultural fields and may not be an accurate 

representation of naturally occurring populations. Recently, more and more studies 

describing M. phaseolina pathosystems, using various isolates and host species, 

from various levels of genetic regulation are becoming available. Unfortunately, it 

seems that the likelihood of finding crop genotypes conferring complete immunity 

to this pathogen are very low. To date, no specific R-Avr gene interactions have 

been identified in any host interactions with M. phaseolina. Resistance, if seen at 

all, seems to be a quantitative trait. Several recurring themes can be identified in 
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the literature, such as: cell wall metabolism, oxidative stress and detoxification, 

and time-sensitive transition from biotrophic to necrotrophic response. These 

known plant immune responses potentially contribute partially to the overall 

disease phenotype. Through what mechanisms, and to what extent these 

biological processes impact the phenotype remains to be answered.   
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Chapter I: Exploring natural genetic variation within Arabidopsis thaliana for 

resistance against Macrophomina phaseolina 

Abstract 

Macrophomina phaseolina is a soil-borne pathogenic fungus, which causes 

the disease most commonly described as charcoal rot. Known for its wide host 

range and geographic distribution, it has caused detrimental effects on crop yields 

across the globe. Previous work on crop systems have shown varying tolerance to 

this pathogen within host plant genotypes. In order to harness the power of modern 

quantitative genetics approaches and molecular biology, a diverse panel of 

naturally occurring Arabidopsis thaliana accessions was tested for resistance 

against M. phaseolina. We first established an objective and reliable disease 

scoring method combining previously described agar plate-based infection assays 

with imaging analysis to quantify levels of host growth inhibition caused by M. 

phaseolina. Substantial variation in the levels of tolerance against this fungus was 

observed among the screened A. thaliana accessions. Based on the resulting 

quantitative data we estimated that more than half of the observed phenotypic 

variance could be explained by genetic effects. Our data further suggested that 

epistatic interactions play a major role in host responses against M. phaseolina. 

Genome-wide association studies identified several loci in the A. thaliana genome 

with statistical associations to the disease phenotype, each of which linked to 

multiple genes that could potentially play a role in M. phaseolina response.  
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Introduction 

 The soil-borne fungal pathogen Macrophomina phaseolina causes a 

disease most widely known as charcoal rot, which is characterized by the 

emergence of dark masses of hyphal cells in the host tissue called microsclerotia. 

Although charcoal rot has caused detrimental yield losses throughout the world in 

a wide range of crop species, effective long-term control methods have not been 

established. It has been speculated that this is in part due to the large genomic 

variability seen across populations, and the pronounced presence of genes coding 

for virulence-related enzymes within its genome (Islam et al., 2012). In several 

crop species, genomic loci, which exhibit high association with resistance 

phenotypes have been identified. However, the limitations associated with crop 

species, such as lack of assembled reference genomes, longer life cycles, and 

complex genome structures due to polyploidy, makes functional analyses of 

candidate genes within these loci difficult. Creating mutants to assess the 

functionality of genes or taking a marker-assisted breeding approach may not be 

practical in some host plants. It seems that there is little consensus among the loci 

that have been identified thus far, even between crop species where syntenic 

relationships are known and orthologous genes are identified (Coser et al. 2017; 

Adeyanju et al. 2015). This suggests that M. phaseolina resistance is a complex 

trait with multiple small contributions of interacting loci. In addition, this trait may 

be highly sensitive to environmental variability. There are also speculations that 

this pathogen employs host genotype specific virulence, although this has been 
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controversially debated throughout the years (Koike et al., 2016; Su et al., 2001). 

It has also been shown that the severity of charcoal rot symptoms correlate with 

more arid and hot climates (Kaur et al., 2012). Crop-based studies are often 

conducted in variable conditions, both in the field or in the greenhouse, which 

further adds a confounding factor when interpreting data from multiple studies.  

Arabidopsis thaliana is widely used as a model plant and has historically 

contributed to the understanding of many traits with underlying complex genomic 

architectures. This is made possible in part by its self-pollinating, rapid life cycle 

and relatively small genome, as well as the massive public repository of data 

available for this organism. Studies in A. thaliana have led to the discovery of many 

resistance genes (R-genes) and corresponding pathogen avirulence (avr) genes 

from pathogens including Peronospora parasitica (Parker et al., 1996) and 

Pseudomonas syringae (Dong et al., 1991). A. thaliana has also been useful for 

understanding host-plant interactions with complex genetic interactions such as in 

Fusarium oxysporum (Berrocal-Lobo & Molina, 2008), and Botrytis cinerea (Denby 

et al., 2004). For polygenic disease resistant traits associated with such pathogens, 

Mendelian segregation of major effect genes are rarely seen. Methods such as 

quantitative trait loci (QTL) mapping have been used to narrow down causal loci 

for such traits. QTL mapping involves the use of a segregating F2, backcross, or 

recombinant inbred line (RIL) populations to narrow down possible regions in the 

genome harboring causal loci. Additional fine mapping and functional analysis may 

be necessary to confirm gene function in resistance (Collard et al., 2005). Such 
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methods can be very slow and require extremely large populations in order to 

increase the resolution, and thus may not be feasible in some host species.  

In A. thaliana, an alternative or complementary approach has become 

popular in recent years, in which statistical models are applied to find associations 

between sequence variants and a particular phenotype. Genome-wide association 

is particularly useful in A. thaliana as it can maintain the inbred genotypes by self-

fertilization, which allows for repeated phenotypic data collection. The narrow 

range in which linkage disequilibrium (LD) decays (50% within 5 kb) in A. thaliana 

provides additional confidence that variants identified through genome-wide 

association studies (GWAS) are highly linked to causal QTL (Gan et al., 2011; 

Korte & Farlow, 2013; Weigel & Nordborg, 2005). Moreover, complete genomic 

variant data of more than 1,000 naturally occurring inbred populations are available 

for use in GWAS (https://1001genomes.org/).  

Association studies on continuous traits rely on the statistical predictability 

of linear regressions fitted across thousands of variant loci, and therefore are 

susceptible to confounding effects from population structure, or shared 

polymorphisms between related individuals (Korte & Farlow, 2013). This is often 

mitigated by the inclusion of a random effect in the mixed-model, which describes 

the known relationship between sampled individuals based on lineage or single 

nucleotide polymorphism (SNP) data similarity. Numerous examples of GWAS 

application on A. thaliana have been published, successfully identifying key genes 

underlying many quantitative phenotypes (Atwell et al., 2010).  



 61 

Heritability is a metric used to describe how well a trait can be passed from 

parent to offspring in a specific population. In order to gain a comprehensive 

understanding of the genetic architecture shaping A. thaliana responses to M. 

phaseolina, we aim to dissect the genetic and environmental variables contributing 

to the phenotypic variance. Genetic effects on quantitative trait variation can either 

be additive or non-additive, and the ratio of genetic contribution to overall 

phenotypic variability in a population is called the broad sense heritability (H2) of a 

trait. In plants, this is often estimated by comparing within- and between-genotype 

variability (Kruijer et al., 2015). Most applications of GWAS have focused on 

detection of additive genetic effects, although attempts to model variance effects 

from other sources such as the environment, gene-environment interactions, and 

epistasis have also been described (Heckerman et al., 2016; Korte et al., 2012; 

Lachowiec et al., 2015).  

The portion of the phenotypic variance that can be attributed to additive 

genetic variance alone is called narrow-sense heritability (h2). Traits associated 

with fitness, such as disease resistance, are generally said to have lower 

heritability (Yang, 2017). For example, Atwell et al. (2010) previously estimated 

broad-sense heritability in 107 traits, of which 14 were defense related. Disease-

related broad-sense heritability estimates ranged from trichome density (H2=0.88) 

to aphid propagation on leaves (H2=0.42) (Atwell et al., 2010). By definition, 

heritability is a metric of genetic contributions to phenotypic variance, both of which 

is only relevant to the population from which data is obtained. Estimates of 
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heritability can be useful in assessing whether populations have sufficient genetic 

resources that will allow for improvements in host resistance through gene editing, 

transgenic approaches or breeding (Dudley & Moll, 1969; Visscher et al., 2008). 

To our knowledge, this is the first attempt to examine the proportion of genetic 

contributions to M. phaseolina resistance in the model plant A. thaliana. 

Here, we focus on the genetic contributions to M. phaseolina response in A. 

thaliana, by introducing an objective phenotyping protocol based on the sterile 

agar-plate inoculation method described by Schroeder et al. (2019) (Schroeder et 

al., 2019). The percent growth inhibition relative to the control condition, 

normalized against a baseline accession, Columbia (Col-0), is used as a metric of 

M. phaseolina resistance in a total of 136 A. thaliana accessions. Data from this 

large-scale accession screen, performed with replicates, is then used to predict 

the heritability of the growth inhibition response and uncover potentiall causal loci. 

  

 

Results 

A. thaliana natural accessions show variability in responses to M. phaseolina 

 To screen for M. phaseolina resistance in A. thaliana, 97 natural accessions 

were tested using an agar plate-based assay previously introduced by Schroeder 

and colleagues (2019) (Schroeder et al., 2019). The accessions were chosen 

based on availability in the lab, but represent populations from a wide range of 
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geographic origins. All seeds were obtained from the Arabidopsis Biological 

Resource Centre (ABRC). Briefly, A. thaliana seedlings are grown in sterile ½ MS 

(Murashige and Skoog) agar medium for 10 days, then transferred to actively 

growing M. phaseolina mycelia on the same medium for inoculation. Seedlings are 

also transferred to uninoculated ½ MS plates as untreated controls. All seedlings 

on M. phaseolina treatment plates were scored individually at 14 days post-

inoculation (dpi) based on comparisons with the control plates and visible disease 

characteristics including growth inhibition, chlorosis and necrosis, as shown in 

Figure 1.1.  

 

 
Figure 1.1. M. phaseolina disease severity is scored based on visible disease 
phenotypes with an arbitrary score ranging from 0 to 5. The left-most image shows a 
healthy Col-0 seeding on a control plate. Scores range from 0, where the seedling appears 
to have no symptoms compared to the control seedlings at that time-point, and 5, where 
complete necrosis of the tissue is observed. 
 
While there were clear trends in phenotypic variability between accessions, we 

observed also significant variability between individuals of the same accession. As 

each accession tested in this assay are true breeding, or inbred lines derived from 
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natural populations, this variability in individual seedling responses are likely due 

to the infection efficiency of the pathogen or unknown environmental causes. 

Furthermore, screens were carried out in batches of seven to ten accessions due 

to capacity in the incubators. To reduce error from batch effects, scores were 

normalized to the average score of Col-0 seedlings, which was included in each 

batch of accessions. Average disease scores at 14 dpi relative to Col-0 are shown 

in Figure 1.2.  
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Figure 1.2. A. thaliana natural accessions show a wide range in susceptibility to M. 
phaseolina infection. A box and whiskers plot of disease scores relative to Col-0 at 14 
dpi for 97 A. thaliana accessions relative to Col-0. If box and whiskers are depicted, data 
is derived from multiple biological replicates (two to three replicates). Otherwise, only one 
biological replicate was performed. For each replicate, a total of 40 seedlings are scored 
and relative disease scores are calculated by dividing the average score for each 
accession with that of Col-0. Gray boxes represent the range between the first and third 
quartile, and notches indicate the median value. Whiskers extend 1.5 times the 
interquartile range (IQR) (Mcgill et al., 1978). Dashed line represents a score of 1, or 
equivalent to the score of Col-0. An one-way analysis of variance (ANOVA) was conducted 
using accessions as the factor, which showed that there are significant effects on relative 
disease scores due to the host genotypes selected in this screen (p=8.13E-3).  
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Significant variation (ANOVA; p=8.13E-3) in disease score relative to Col-0 at 14 

dpi was seen among the tested accessions. Of the 97 tested accessions, 59 

showed more severe disease symptoms (had a relative disease score greater than 

one), while 35 showed less severe disease symptoms (had a relative disease 

score less than one) relative to Col-0, and three had Col-0-like symptoms. The 

average disease score across all observed Col-0 seedlings at 14 dpi was 2.54, 

which was normalized to one in the relative disease score scale. This accession 

screen showed that significant variability in M. phaseolina responses can be 

observed within A. thaliana natural accessions. In evaluating disease scores, 

variability in multiple phenotypes were also observed, including rate of growth, 

chlorosis, and in some cases early flowering.  

Quantification of growth inhibition in M. phaseolina-infected A. thaliana using digital 

image processing reveals significant variation in susceptibility 

In order to objectively quantify severity of M. phaseolina-caused disease in 

A. thaliana and to streamline phenotyping under controlled conditions, the plate-

based infection assay was combined with the digital image processing method 

plant immunity and disease image-based quantification (PIDIQ) (Laflamme et al., 

2016). Seedlings were inoculated by placing them onto actively growing M. 

phaseolina hyphae, as described above. For digital image processing, photos of 

individual plates were taken on the second day post-inoculation, as well as at 7, 

11, and 14 days under controlled light conditions and fixed camera settings. The 

distance from the plate to the camera was also fixed to ensure consistent 
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resolution. Images were processed on Fiji (2.1.0) software (Schindelin et al., 2012) 

using a modified version of PIDIQ, an ImageJ macro developed for the automated 

quantification of A. thaliana rosette size and chlorosis phenotypes, introduced by 

Laflamme et al. (2016). PIDIQ separates each image to its hue, saturation, and 

brightness using the HSB Track option and selects green pixels using set 

thresholds. This function was modified from the original macros, which was 

designed originally to process soil-grown A. thaliana on flats, to accurately select 

A. thaliana rosette pixels from the plate images (Figure 1.3).   

 

 
Figure 1.3. M. phaseolina disease severity is quantified on plate-grown A. thaliana 
using growth inhibition as a metric. ImageJ macro PIDIQ was used to quantify the 
healthy areas of the rosette for each plate photo. The area of the rosette quantified by 
PIDIQ is outlined by red pixels. The left two plates show controls with no M. phaseolina. 
The right two plates show seedlings transferred onto M. phaseolina (Mp) hyphae at 11 dpi.  
 

A total of 88 A. thaliana natural accessions were tested against M. 

phaseolina to screen for resistant genotypes. Accessions were chosen from the 
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1001 Genomes database (https://1001genomes.org/index.html), which have been 

thoroughly genotyped with annotations for SNPs and structural variants (1001 

Genomes Consortium, 2016). Accessions from the previous screen for which 

genomic variant data is available were included (49), and an additional 39 

accessions were chosen to represent the genetic diversity in the 1001 Genomes 

accession set. In order to compare results across replicates while minimizing batch 

effects, Columbia (Col-0) was included in each experimental set as a reference 

accession. For each plate including treatment and control plates, percent growth 

was calculated from the pixel value obtained from PIDIQ at 1 and 11 dpi. Percent 

growth calculated from M. phaseolina treatment plates was divided by the average 

percent growth calculated from control plates. We call this value the growth 

inhibition index (GII). A GII of 1 indicates no growth inhibition caused by M. 

phaseolina treatment, while lower values indicate more severe growth inhibition. 

The mean GII calculated for replicate treatment plates for each genotype was 

calculated and divided by the mean GII of Col-0 calculated from the same 

experiment. The resulting value is referred to as “relative GII”.  In cases where the 

necrosis is so severe that the pixel value of live tissue at 11 dpi is below that of 1 

dpi, the GII and the corresponding value relative to Col-0 is negative.  

 Significant variation (ANOVA; p<.001) in GII relative to Col-0 at 11 dpi in 

response to M. phaseolina was seen among the 87 A. thaliana accessions tested 

(Figure 1.4). The average GII of Col-0 calculated across all biological replicates 

was 0.32. Of the 87 tested accessions, 40 showed more severe growth inhibition 
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(had a relative GII less than one), while 48 showed less severe growth inhibition 

(had a relative GII greater than one) relative to Col-0. Between the accession with 

the highest average relative GII (TuesB30-3) and the accession with the lowest 

relative GII (Mitterberg-1-181), statistically significant differences could be seen 

across biological replicates (student’s t-test; p=.003). Accessions which exhibit 

consistently different GII in comparison to Col-0 were identified in this analysis; for 

example, Ak-1 and UKSE06-252 showed significantly lower average GII values in 

comparison to Col-0 (student’s t-test; p=8.78E-03, p=3.10E-2, respectively). 

Relative GII values for Ak-1 and UKSE06-252 were significantly lower in 

comparison to relatively resistant accessions such as Copac-1 and Tuewa1-2 

(student’s t-test; Copac-1 and UKSE06-252, Copac-1 and Ak-1, Tuewa1-2 and 

UKSE06-252, Tuewa1-2 and Ak-1, all had p<0.001). These accessions were 

selected for transcriptomic analysis, described in Chapter II.  
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Figure 1.4. A. thaliana natural accessions exhibit a wide range in growth inhibition 
in response to M. phaseolina infection. A box and whiskers plot of growth inhibition 
index (GII) relative to Col-0 at 11 dpi for 87 A. thaliana accessions relative to Col-0. For 
each accession, 3 - 7 biological replicates are used for analysis. Gray boxes represent the 
range between the first and third quartile, and notches indicate the median value. 
Whiskers extend 1.5 times the interquartile range (IQR), and individual points represent 
outliers (Mcgill et al., 1978). Dashed line represents a GII of 1, or the GII value of Col-0. 
Each data point represents the mean GII is divided by the average GII of Col-0 for each 
experimental replicate. An one-way analysis of variance (ANOVA) was conducted using 
accessions as the factor, which showed that there are significant effects on relative GII 
due to the host genotypes selected in this assay (p<.001).  
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 In order to determine whether growth inhibition is an appropriate phenotype 

to use as a measure of A. thaliana susceptibility against M. phaseolina, disease 

scores and GII data for 49 overlapping accessions were plotted against each other 

(Figure 1.5). There is a significant (p=3.2E-2) negative correlation between 

disease scoring and GII, which is expected as stronger inhibition of growth (or 

necrosis of tissue) is scored higher in the disease scoring scale (Figure 1.1). This 

indicates that GII would be an appropriate indicator for M. phaseolina resistance, 

but the presence of outliers also suggest that other observable phenotypes are 

subjectively described in the disease-scoring method. It is therefore important that 

individual phenotypes are parsed and assessed individually when studying A. 

thaliana response to M. phaseolina.  
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Figure 1.5. GII shows a significant negative correlation with comprehensive disease 
scoring. Forty-nine accessions scored using both the comprehensive scoring method and 
digital image analysis were compared. The x-axis represents the GII relative to Col-0, and 
the y-axis represents the average disease score (0-5) relative to Col-0. Pearson 
correlation between the two methods of susceptibility phenotyping examined for statistical 
significance. There is a significant (p=3.2E-2) negative relationship between disease 
scoring and GII, as expected. The solid line shows the regression line and 95% confidence 
intervals are represented by gray areas on the plot.  

Genetic variance component of GII includes equal contribution of additive and 

epistatic effects  

We sought to gain further understanding of the resistance phenotype as a 

heritable trait by crossing a relatively resistant accession with a relatively 

susceptible accession and observing phenotypes of F2 progenies. Lerik1-3, which 

exhibits a higher average GII (1.35, SE=0.14) in comparison to Col-0 was chosen 

as the resistant representative accession, and Col-5 was chosen as the 

susceptible representative accession (Figure 1.4). At the time when the crosses 

were performed, Lerik1-3 was among the top resistant accessions, which exhibited 
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stable GII phenotypes across biological replicates. Col-5 is the glabrous derivative 

of Col-0 commonly used to generate recombinant inbred lines in A. thaliana. F2 

offspring from this cross were challenged with M. phaseolina to observe the rate 

of growth (percent change in pixel rosette size) calculated from 1 dpi to 11 dpi. 

Parent lines Col-5 and Lerik1-3 were also tested, and Lerik1-3 showed a 

significantly higher growth rate (p=2.72E-02) (Figure 1.6). The average percent 

growth of Col-5 seedlings treated with M. phaseolina was 153%, while that of 

Lerik1-3 was 267%. For simplicity, the threshold for Col-5-like or susceptible 

seedlings was set to the third quadrant of the Col-5 growth rate distribution, which 

was 179%, and the threshold for Lerik1-3-like or resistant seedlings was set to the 

first quadrant of the Lerik1-3 growth rate distribution, which was 232%. Any 

seedling which falls between 179% and 232% would not be considered; however 

no F2 seedling out of the 72 examined had a growth rate that applied to this criteria. 

Out of the 72 seedlings examined, seven had a growth rate of -100%, meaning 

that they exhibited complete necrosis. Twenty-one out of 72 seedlings, including 

those that had completely necrosed, were considered “susceptible”, while 51 were 

considered “resistant”. The chi-squared goodness of fit test could not reject the null 

hypothesis, which assumes a 3:1 Mendelian ratio, or a monohybrid cross (χ2 = 

0.414; p = 5.20E-01).   
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Figure 1.6. Parental accession Lerik1-3 shows significantly higher growth rates 
when challenged with M. phaseolina in comparison to parental accession Col-5. 
Histogram of growth rates, calculated by taking the difference in rosette size (pixel values) 
between 1 dpi and 11 dpi and dividing by the value at 1 dpi. A student’s t-test was 
performed to show a significant difference between Col-5 (blue) and Lerik1-3 (yellow) 
seedlings (n=24; p=2.72E-02). 
 
 Despite these results, the normal distribution of GII values across 

accessions and analyses on F2 progeny of crosses indicate that the chances of 

finding large effect loci contributing to resistance in A. thaliana are low. To evaluate 

the contribution of genetic variance to the GII phenotype, broad-sense heritability 

(H2) was estimated with ANOVA (0.595; p = 3.108E-8) using data from all 

biological replicates and genotype as the fixed effect (Singh et al., 1993). A 

hierarchical generalized linear model was applied using the R package hglm 

(Rönnegård et al., 2010) to further investigate the effects of additive and epistatic 
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genetic components to variance. The combined fraction of additive and epistatic 

genetic effects was 0.673, which slightly exceeds the estimation of broad-sense 

heritability derived from ANOVA. This could be attributed to the use of average 

response variables, correction for kinship, and the simultaneous estimation of 

additive and epistatic variance components. Nevertheless, the effect of dominance 

on genetic variability seems to be quite small and thus will not be considered in 

future analysis. SNP-based kinship matrix for all accessions in the 1001 Genomes 

Project, adapted from (https://github.com/arthurkorte/GWAS) was used to 

estimate genetic variance components (G) (Togninalli et al., 2018). We borrow 

methods from Lachoweic et al. (2015) and fit a linear mixed model using polygenic 

additive (a) and epistatic (b) variance as random effects, as defined below, 

𝑦 = 𝜇 + 𝑎 + 𝑏 + 𝑒 

𝑎 ∼ 𝑁(0, 𝐺𝜎!") 

𝑏 ∼ 𝑁(0, 𝐺 ∘ 𝐺𝜎#") 

where G is a genomic kinship matrix and e represents the residual. The 

contribution of the additive genetic effect alone, as described by the narrow-sense 

heritability (h2), was 0.336 (p=2.81E-3), roughly half of the total genetic contribution. 

These results suggest that within the population represented in this screen, a 

significant portion of the phenotypic variance can be explained by genetic 

variability, and that the additive and additive-by-additive epistatic effects have 

nearly equal contributions to the GII phenotype. The selection of genotypes 

represented in this analysis is likely to contain allelic variations, which could 
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contribute to a significant effect on resistance, in terms of GII. However, it appears 

that at least some of these loci could be involved in epistasis, which cannot be fully 

dissected with the limited sample number in our study. Estimates of heritability and 

the contribution of variance components are summarized in Table 1.1. 

 
Table 1.1. Estimates of heritability and genetic variance components based on the 
GII relative to Col-0 in a population of 87 A. thaliana natural accessions 

Method H2 h2 Vadditive Vepistatic 

ANOVA 0.595a  
(p<0.001) - - - 

hglm 

0.539a  
(p<0.001) - - - 

0.673 0.336b  
(p=2.81E-3) 5.46E-2 5.46E-2 

aH2 was estimated using replicate measurements of GII relative to Col-0 and using 
genotype as the fixed effect. 
bh2 was estimated by factoring in additive and epistatic effects as random effects (see 
Materials and methods) and using the kinship matrix adapted from Togninalli et al. 
(Togninalli et al., 2018).  

Genome-wide association identified putative resistance loci 

 Using the relative GII values measured for 87 accessions, GWAS was 

performed using the web-based platform easyGWAS (Grimm et al., 2017). 

Significance of associations between the observed phenotype and 1,799,622 

SNPs, filtered for a minor-allele frequency >0.05 was tested implementing the 

efficient mixed-model association expedited (EMMAX) approach, which accounts 

for population structure (Kang et al., 2010). Genotype data are derived from 

multiple sources including the 1001 Genomes Project database (1001 Genomes 

Consortium, 2016). By default, easyGWAS corrects for multiple testing with the 

Bonferroni correction at a significance level α=0.05. No SNP was significant at 
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the genome-wide level (p<5.0E-8). The SNP with the lowest p-value throughout 

the genome resides in chromosome 4, but this locus is not within a genic region. 

Multiple significant SNPs were identified with p values under the suggestive 

significance threshold (p<1.0E-5), which assumes one false positive association 

per GWAS (Figure 1.7A) (Duggal et al., 2008). Although no strongly pronounced 

peaks were seen, several gene regions with concentrations of significant SNPs 

could be seen (Figure 1.7C). Top SNPs with significant p values, along with the 

predicted outcomes of the variants, are summarized in Table 1.2.  
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Figure 1.7. Manhattan plot of GWAS results showing statistically significant 
associations between GII relative to Col-0 phenotype and SNP loci. (A) Distribution 
of - log10 p values (Bonferroni correction, 0.05) across five A. thaliana chromosomes are 
depicted by individual data points. Minor alleles with frequency under 0.05 were filtered 
out, bringing the analyzed SNP count from 6,973,565 to 1,799,622. Genome-wide 
significance line (red) shows p=5E-8, and suggestive significance line (blue) shows p=1E-
5. (B) Quantile-quantile (QQ) plot displaying observed p values vs. expected p values (-
log10 p). The genomic inflation factor (𝞴) was 0.95, which is suggestive of some inflation 
of p values due to population structure. The straight line represents the distribution of p 
values under the null hypothesis. The gray area represents the 95% confidence interval. 
(C) Close up plot around region in chromosome 5 showing a loci of stacked SNPs with 
low p values at approximately 8,000,000 bps. The green horizontal line represents the 
genome-wide significance threshold with Bonferroni correction applied to correct for 
multiple testing at α=0.05.



 

 

Table 1.2. Top 20 SNPs with lowest p values from GWAS  

 
Chr. 

 
Position 

 
pa 

 
 

Allele 
frequencyb 

 
Gene 
associated 
with SNPc 

 
Most severe 
variant 
consequence 

 
Gene 
name 

 
Description Minor Major 

4 4758852 6.1E-08 * 5/T 82/C -    
5 7427812 1.3E-07 * 5/T 82/A AT5G22410 3 Prime UTR RHS18 root hair specific 18 
5 7999963 1.5E-07 * 22/T 65/A AT5G23720 Intron PHS1 tyrosine phosphatase Propyzamide-Hypersensitive 1 (PHS1). 
1 20548277 1.6E-07 * 5/T 82/C AT1G55060 Upstream UBQ12 Ubiquitin-like gene, believed to be a pseudogene. 
4 3627907 1.8E-07 * 5/G 82/C -    
3 16149606 2.4E-07 * 6/C 81/A AT3G44560 Upstream FAR8 fatty acid reductase 8 
1 23015707 3.5E-07 * 5/G 82/T AT1G62290 Upstream PASPA2 Saposin-like aspartyl protease family protein 
2 6897531 4.8E-07 * 5/G 82/A AT2G15830 Downstream  hypothetical protein 
5 17452529 5.6E-07 * 5/C 82/T AT5G43420 Missense ATL16 RING/U-box superfamily protein 
5 20146513 6.9E-07 * 7/C 80/G AT5G49630 5 Prime UTR AAP6 high affinity amino acid transporter. 
5 7999880 7.0E-07 * 13/T 74/A AT5G23720 Intron PHS1 tyrosine phosphatase Propyzamide-Hypersensitive 1 (PHS1). 
5 7999753 7.0E-07 * 13/A 74/G AT5G23720 Intron PHS1 tyrosine phosphatase Propyzamide-Hypersensitive 1 (PHS1). 
5 8000013 7.0E-07 * 13/T 74/C AT5G23720 Intron PHS1 tyrosine phosphatase Propyzamide-Hypersensitive 1 (PHS1). 
5 20189964 8.2E-07 * 6/A 81/G AT5G49690 3 Prime UTR UGT91C1 UDP-glycosyltransferase. 
5 20175089 8.2E-07 * 6/G 81/T AT5G49680 Upstream  similar to Arabidopsis SABRE. 
3 10950622 8.5E-07 * 6/T 81/C AT3G05605 Downstream  None 
3 16150225 8.6E-07 * 6/A 81/T AT3G44560 Upstream FAR8 fatty acid reductase 8 
3 16150220 8.6E-07 * 6/G 81/T AT3G44560 Upstream FAR8 fatty acid reductase 8 
4 2988133 9.2E-07 * 5/T 82/C AT4G05620 Upstream  Galactose oxidase/kelch repeat superfamily protein 
4 3063920 1.0E-06 * 7/T 80/C AT4G06479 Upstream  nucleic acid binding / zinc ion binding protein 

ap values <1.0E-5 are indicated with *. 
bNumber of genotypes with allele/nucleotide of allele 
cPolymorphisms within coding regions are shown in bold
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The third most significant SNP resides in chromosome 5 at position 

7,999,963, which is within the sixth intronic region of a gene encoding a tyrosine 

phosphatase PROPYZAMIDE-HYPERSENSITIVE 1 (PHS1; AT5G23720). A 

cluster of SNPs associated with resistance is found around this region, forming a 

defined peak. Within the 50 kb window surrounding this SNP, 17 SNPs with p 

values indicating association (p<1.0E-5) were found. This region also encodes 33 

genes, including genes associated with Gene Ontology (GO) terms “response to 

abiotic stimulus” (DUF821; AT5G23850), “defense response” (MD2-RELATED 

LIPID RECOGNITION 3; AT5G23820), and “cell death” (LONG CHAIN BASE 2; 

AT5G23670).  

 

Discussion 

Through systematic screening for M. phaseolina response phenotypes, we 

found that a wide range of disease symptom severity could be observed within A. 

thaliana natural accessions. In order to narrow down the genetic factors that 

contribute to M. phaseolina resistance or susceptibility, a quantitative and 

unbiased phenotyping method was assessed, based on a plate-based assay 

previously developed by the Eulgem lab (Schroeder et al., 2019). Statistically 

significant correlation between growth inhibition and overall disease progress was 

found, and therefore the growth inhibition index (GII) was used in subsequent 

experiments as a measurable phenotype representing M. phaseolina resistance. 
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We were then able to apply statistics to infer heritability of the trait and parse 

different genetic components, which may be contributing to the phenotype. The 

plate-based infection assay controls for environmental factors leading to 

phenotypic variability, and therefore allows us to focus our analysis on the genetic 

components affecting the phenotype within A. thaliana variance. These estimates 

also rely on the large-scale genomic data and knowledge on relatedness between 

tested accessions of A. thaliana. Additionally, phenotypic data obtained from these 

screens were used to search for significant associations with genomic SNP data. 

The GWAS identified several loci where clusters of SNPs with suggestive 

significance form peaks, which potentially have high linkage to causal resistance 

alleles. Ultimately, we aim to demonstrate the utility of this pathosystem to isolate 

and study purely genetic contributions to variations in M. phaseolina resistance.  

Quantitative assessment of M. phaseolina responses in A. thaliana 

A. thaliana natural variability has been exploited for decades in plant 

genetics and these studies have led to discoveries of causal loci for numerous 

phenotypes (Alonso-Blanco & Koornneef, 2000). This has also been shown in A. 

thaliana interactions with pathogens that cause disease phenotypes of quantitative 

nature, such as Fusarium oxysporum and Botrytis cinerea (Denby et al., 2004; 

Diener & Ausubel, 2005). The lack of genotypes exhibiting complete resistance in 

previously studied crop hosts suggests that variations in M. phaseolina responses 

are caused by complex genetic interactions between QTL and the environment. 

Resistance gene (R-gene) expression has been shown to be  mediated by, in part, 
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environmental cues as a part of the fitness-immunity balance maintained by the 

host plant (MacQueen & Bergelson, 2016). Several studies searching for M. 

phaseolina-resistance in crop hosts have been published, but conflicting results 

and variability in assay conditions have made cross-comparisons difficult (Coser 

et al., 2017; da Silva, Klepadlo, et al., 2019; da Silva, Zaccaron, et al., 2019). In 

our analysis, we verified whether the natural allelic variation in the model plant A. 

thaliana displays variability in disease phenotypes similarly to crop hosts, while 

reducing the environmental factors that can contribute to phenotypic variability.  

M. phaseolina infection is commonly diagnosed by plant collapse and 

presence of necrotic lesions or black specs in vascular tissue, which is 

characteristic of charcoal rot. Evaluations of crop genotype susceptibility in field 

conditions are often costly and require an extensive time frame. The assay used 

in our analysis with A. thaliana has the advantage of a rapid data turnover, made 

possible by the use of 10- to 14-day old seedlings. However due to the young stage 

in which assays are conducted, typical metrics of susceptibility (size of necrotic 

lesions, yield loss, etc.) are impractical for the plate assay. Since disease scoring 

is the first step of genetic analysis, whether it be QTL mapping or GWAS, it is 

critical that non-genetic factors, which may cause noise in the data, are reduced. 

M. phaseolina causes various disease symptoms on young A. thaliana seedlings, 

including chlorosis, necrosis, growth inhibition, and early flowering for some 

accessions that survive for a longer period. Some of these symptoms were 

unsuitable for quantifying responses against M. phaseolina. For example, 
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chlorosis, which can also be quantified using PIDIQ, was not considered for our 

analysis due to the fact that it is only observed for a short period of time before leaf 

tissue becomes necrotic. Highly susceptible seedlings succumb to the virulent 

hyphae before chlorosis phenotypes appear. The limited number of time points 

from which data was collected could not accurately capture the rate of seedling 

chlorosis.  

Inhibition of growth, or more precisely the area of live tissue quantified by 

image analysis, is a suitable parameter for simultaneously capturing both the 

reduction of growth rates and emergence of necrosis in this regard. GII represents 

the average percent growth of M. phaseolina treatment seedlings from 1 to 11 dpi, 

divided by the average percent growth of control or non-M. phaseolina treated 

seedlings. This method allows us to control accession-based native variations in 

growth rates. Comprehensive disease scores and GII, both of which are 

normalized with Col-0 as the internal control, were significantly correlated (p=3.2E-

2), which indicates that the latter phenotyping method is a good alternative to the 

former, more subjective disease-scoring method. Additionally, since M. phaseolina 

susceptibility is often associated with drought stress, we investigated whether 

resistance to M. phaseolina is partially a consequence of adaptations to certain 

climate zones. Thus we examined if there was a correlation between the latitude 

or longitude of the geographical origin for each accession and GII; however no 

significant association was found (latitude: R=0.05, p=0.65, longitude: R=-7.8E-2, 

p=0.47. Data acquired from https://1001genomes.org/accessions.html).  
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Implications of heritability estimates 

 To the best of our knowledge, work described here are the first attempts to 

extensively characterize A. thaliana responses to M. phaseolina in multiple 

genomic backgrounds. While in previously studied crop pathosystems 

susceptibility to M. phaseolina has been shown to be a quantitative trait, there is 

also evidence to suggest that certain isolates of M. phaseolina are adapted to 

infecting specific host species (Koike et al., 2016). Through our A. thaliana 

accession screen, several highly resistant accessions were identified, which 

exhibited higher rates of survival at 14 dpi compared to more susceptible 

accessions. Regardless of the average relative disease score or relative GII value 

obtained across plates from multiple replicates, there were variations in seedling 

resistance in each genotype, which varied from minimal apparent disease 

symptoms to complete necrosis. Surviving seedlings were observed as late as 21 

dpi, at which point, it was decided that the natural decline in nutrient and water 

content, as well as the capacity in the plate was no longer suitable for seedling 

growth. It is therefore possible that these individuals were completely resistant to 

M. phaseolina, and if so, the observed resistance could be due to spontaneous 

mutations, or other external factors.  

To examine whether any characteristics of monogenic Mendelian 

inheritance patterns can be observed, a cross between the relatively resistant 

Lerik1-3 and Col-5, a derivative of the susceptible reference accession Col-0, were 

generated. Col-5 has a recessive polymorphism in the GLABRA1 (GL1) gene, 
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which makes it impaired in trichome development, and thus useful for selecting 

successful crosses. Mean percent growth between parent genotypes were 

significant (Figure 1.6. p=2.72E-02), but large overlap was seen between the two 

histograms which plotted parental distributions of percent growth. Thresholds of 

percent growth values were determined based on the interquartile range of each 

parent phenotype distribution. Individuals which were Col-5-like were considered 

to be “susceptible”, while individuals which were Lerik1-3-like were considered to 

be “resistant”. To our surprise, the F2 individuals, which were examined exhibited 

a simple 3:1 phenotypic ratio, with the majority being “resistant”. Our results 

obtained from the Col-5 × Lerik1-3 cross imply that the resistance trait is a 

monogenic trait segregating according to Mendelian ratios. However, this 

contradicts previous observations in other crop species, as well as the heritability 

estimation conducted based on the accession screen with 87 accessions. M. 

phaseolina resistance has been previously described as a highly complex, 

quantitative trait controlled by many genes. The phenotypic gradient seen in 

parental genotypes, which are inbred homozygous lines, would not be seen if this 

is truly a monogenic trait. The 3:1 ratio observed in the F2 population may be a 

false positive outcome that could potentially be attributed to low sample size and 

phenotypic classification thresholds that were too permissive.  

We sought to parse additive and epistatic components contributing to 

genetic variability, to further gain insight to the genetic architecture of M. 

phaseolina resistance. Statistical analysis on the 87-accession screen data 
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estimated that roughly half of the genetic variance was due to epistatic interactions, 

which indicates that the underlying cause of phenotypic variability is much more 

complex than expected. Dominant genetic effects were not considered in this 

analysis because all genotypes tested in this analysis are inbred homozygous lines 

of naturally occurring ecotypes. The estimated broad-sense heritability ranged 

from 0.539 to 0.673, depending on the method of calculation and the inclusion of 

a kinship matrix. This implies that there are additional sources of variance 

contributing to the phenotypic variance, which is unexplained. Despite our best 

efforts to minimize effects from environmental variability, small fluctuations in 

experimental conditions and interactions between genes and the environment 

could have impacted the phenotypic outcomes.  

Association analysis 

 Using GII (relative to Col-0) data from the 87 A. thaliana accessions tested 

against M. phaseolina, a GWAS was conducted using the online platform 

easyGWAS (Grimm et al., 2017). The most significant SNP (p=6.14E-08), which 

lies at 4,758,852 bp near the centromeric region on chromosome 4, is more than 

20 kb downstream from the nearest protein-coding gene. It lies in the 

approximately 1 kb region between two transposable elements (TE), AT4G07936 

and AT4G07937. TE can affect nearby gene regulation by altering the local 

methylation state and chromatin structure, or by generating trans-acting small 

RNAs (Le et al., 2014; McCue & Slotkin, 2012). Biotic stress can also drive 

methylation of TE and alter their expression (Dowen et al., 2012). Whether or not 
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polymorphisms in this region have an effect on the expression of AT4G07936 or 

AT4G07937, and if these TE are expressed during M. phaseolina infection, 

remains to be answered. However, considering the location of this SNP and that 

no other significant SNPs were found in this region, it seems unlikely that this locus 

has a significant influence on M. phaseolina resistance.  

The second most significant SNP (p=1.33E-07) is found within the 3’-

untranslated region (3’-UTR) of the protein-encoding gene ROOT HAIR SPECIFIC 

18 (AT5G22410; RHS 18). Polymorphisms in this region may induce post-

transcriptional events that alter expression of the gene. RHS18 works downstream 

of important root hair development genes, and has associations to gene ontology 

(GO) terms “response to oxidative stress”, and “response to stress” (Bruex et al., 

2012). Although there are no other significant SNPs nearby, it is relatively close to 

the cluster of SNPs which resemble a peak, at approximately 8,000,000 bp on 

chromosome 5. The strongest association observed at this peak (p=1.47E-07) is 

found in the intron region of the gene encoding PROPYZAMIDE-

HYPERSENSITIVE 1 (AT5G23720; PHS1), at 7,999,963 bp. This ABA-responsive 

tyrosine phosphatase is involved in microtubule organization, stomatal opening, 

and flowering (Tang et al., 2016). PHS1 is known to interact with mitogen-activated 

protein kinases (MAPKs) MPK12 and MPK18 and induces rapid microtubule 

depolymerization in response to osmotic stress (Fujita et al., 2013; Walia et al., 

2009). Cortical microtubule reorganization determines the cell shape, defines the 
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cell division planes, and has important roles in root hair development (Bibikova et 

al., 1999).  

There are multiple examples of genes that are involved in both pathogen 

defense and root hair development, such as BOTRYTIS-INDUCED KINASE1 

(BIK1) and OXIDATIVE SIGNAL-INDUCIBLE1 (OXI1), both of which processes 

involve the production of reactive oxygen species (ROS) (Rentel et al., 2004; 

Veronese et al., 2006). Root hair development is also regulated by the jasmonic 

acid (JA) response pathway via ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-

LIKE 1 (EIL1) (Zhu et al., 2011). Although in our analysis, we could not observe 

differences in root hair development during M. phaseolina infection due to high 

density of microsclerotia and hyphae, it is likely that phytohormone responses and 

production of ROS due to infection have an impact on root cell  differentiation and 

growth. Whether genotype-specific differences in root hair development 

conversely affects defense remains to be answered. Three additional SNPs with 

p-values of suggestive significance are found close by within the same intron of 

RHS18. The SNPs at 7,427,812 and 4,758,852 bp in chromosome 5 have a high 

linkage disequilibrium (r2=0.74), and therefore are likely to be linked to the same 

causal loci.  

 Another region where a suspected peak can be seen in chromosome 3, 

where the most significant SNP has a p-value of 2.38E-07. This SNP is 1,517 bp 

upstream of the gene encoding FATTY ACID REDUCTASE 8 (AT3G44560; FAR8). 

Genes of the same fatty acid reductase family, FAR4 and FAR5, are also found 
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within 30 kb upstream of FAR8. These enzymes are involved in the reduction of 

fatty acyl-coenzyme A to primary alcohols. Cuticular wax, which coats the surface 

of aerial tissue to protect the plant from biotic and abiotic stresses, is mainly 

composed of long-chain fatty acids (Kunst & Samuels, 2003). During biotic 

interactions, monomers of cuticle components can act as molecular signals for 

both the host itself and invading pathogens. While cuticle breakdown products can 

act as defense-signaling elicitors in host plants, they can also be an indicator for 

pathogens to prepare cutinolytic enzymes for host cell penetration (Serrano et al., 

2014). Two additional SNPs are found nearby in the same upstream region of 

FAR8.  

It is important to keep in mind that according to the narrow-sense heritability 

estimates, approximately half of the genetic contributions to phenotypic variance 

are predicted to be derived from epistatic interactions, which is not considered in 

this GWAS analysis. This is likely a large source of the missing heritability, a term 

which refers to the lack of contributions from SNP associations identified through 

GWAS. Contributions to the genetic variance caused by epistatic interactions 

between two loci may not have been captured in this analysis, due to low statistical 

power. Genes identified in the GWAS discussed above showed no significant 

differential expression in response to M. phaseolina. Significant variability in basal 

expression was also not observed between the tested accessions (Ak-1, UKSE06-

252, Copac-1, Tuewa1-2, and Col-0; Chapter II). Additional bioinformatics analysis 

would be necessary to identify epistatic interactions between SNPs.  
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Several association studies on crops have been published previously, 

including soybean (Coser et al., 2017), sorghum (Adeyanju et al., 2015), and 

strawberry (Nelson et al., 2021). Coser et al. (2017) previously conducted two 

association studies based on phenotypic data obtained from greenhouse and field 

conditions in soybean. In each analysis, multiple loci with suggestive significance 

were identified, and within these loci several defense-related A. thaliana orthologs 

of genes associated with suggestive polymorphisms were reported (Coser et al., 

2017). Although none of the genes identified by Coser et al. (2017) were found in 

our analysis, TERPENE SYNTHASE 21 (TPS21; AT5G23960), the A. thaliana 

ortholog of Glyma.12g216200, is just downstream of the peak in chromosome 5 

where PHS1 was identified. Significant SNP regions containing genes with 

defense-related annotations were also identified in sorghum and strawberry, but it 

is not certain whether these candidate genes are orthologous to each other, or if 

similar biological processes are involved.  

In this investigation, we identified several loci in the A. thaliana genome with 

significant associations to the GII phenotype. Estimation of narrow-sense 

heritability indicated that additive genetic variance could explain at least a third of 

the phenotypic variability, and thus we attempted to identify the genetic factors that 

make up this quantitative trait. Genes directly encompassing, or within a 50 kb 

range upstream or downstream of, these SNPs were not necessarily explicitly 

associated with fungal defense but were involved in biological processes that could 

potentially play a role in biotic stress response and immunity. GWA is a test of 
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genomic association between loci and a trait, so causal factors may lie outside of 

a gene region. Moreover, since significant epistatic interactions are also expected, 

polymorphisms in these identified regions could be interacting with other genes 

contributing to M. phaseolina response phenotypes. In which case, p-values 

estimated in this study may be underestimated.  

Our findings in A. thaliana are consistent with what has been described in 

other host species, in that M. phaseolina resistance is a complex trait involving 

interactions between multiple genes. It should also be noted that while our aim was 

to reduce the effect of variables which are not genetic, the results obtained in this 

analysis only describe interactions between A. thaliana and the specific isolate that 

was available to us. M. phaseolina is also known to exhibit great genomic variability 

among isolates, which is likely to influence its virulence. Candidate genes should 

be strategically tested against a diverse panel of pathogen isolates to evaluate the 

modularity of defense loci identified in model species like A. thaliana.  

 

Materials and methods 

Plant materials and growth conditions 

A total of 136 A. thaliana accessions obtained from Arabidopsis Biological 

Resource Centre (ABRC) were used to screen for M. phaseolina resistance 

phenotypes. Accessions were chosen with the help of Dr. Christopher Fiscus, a 

former graduate student from Dr. Daniel Koenig’s lab. Seeds were surface 
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sterilized by soaking five minutes in 70% ethanol, then 10 minutes in 6% sodium 

hypochlorite, and rinsing five times with sterile water. Seeds (30 to 40 per plate) 

were sown on 100 x 15 mm polystyrene plates with solid 0.87% agar media 

containing ½ MS (Murashige and Skoog), 0.25% sucrose and 0.05% 2-(N-

morpholino)ethanesulfonic acid (MES). pH was adjusted to 5.7 with potassium 

hydroxide. Plates were wrapped in micropore tape and stratified in the dark at 4°C 

for four days. Next, plates were transferred to a growth room set to long-day 

conditions (16 h of light/8 h of dark, 23°C, 100 μE m!" s–1) and kept for 10 days. 

Plates were set up vertically so that roots would grow in a uniform direction towards 

one side of the plate.  

A cross between A. thaliana accessions Col-5 × Lerik1-3 was generated to 

assess phenotypic variance in F2 progeny. Emasculated Col-5 flowers were 

pollinated with Lerik1-3 flowers. Resulting seeds from crossed siliques (F1) were 

assessed for presence of trichomes indicating successful cross pollination. Three 

F1 plants with trichomes were grown to maturity and F2 seeds were collected for 

phenotyping. 

M. phaseolina-response screen 

Dried disks of M. phaseolina culture on potato dextrose agar (PDA) were 

used as inoculum. The original propagule was isolated by Phil Roberts at the UC 

Riverside Agricultural Operations Field 11 (Muchero et al., 2011), and propagated 

by members of the lab of Thomas Eulgem. Disks were cut into small pieces and 
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placed in sterilized mortar and pestle with a small amount of sterile water. M. 

phaseolina is ground until a black slurry forms. This was then placed in ½ MS agar 

media that has been autoclaved to a liquid state and cooled. The concentration of 

distinguishable microsclerotium was adjusted to approximately 70 per 100 μL 

under the microscope. Three mL of inoculum ½ MS media mix was pipetted onto 

one side of solid agar ½ MS media so that the inoculum solidifies on one side of 

the square plate. Once the M. phaseolina containing media solidified, an additional 

3 mL was pipetted onto the opposing side of the plate and solidified in a tilted 

orientation. Plates were wrapped in micropore tape and aluminum foil to limit UV 

exposure. M. phaseolina culture plates were placed in an incubator at 34°C for four 

days, then transferred to the growth room for two days. After ten days of growth 

under light for A. thaliana and six days after transfer of M. phaseolina to ½ MS 

media, seedlings were transferred to each M. phaseolina plate with actively 

growing hyphae.  

Disease symptom scoring 

 For the first screen with 97 accessions, 10 seedlings were placed on each 

plate for both control- and M. phaseolina-treatment plates. For each biological 

replicate, one control plate and two M. phaseolina plates were prepared for each 

accession. Columbia (Col-0, CS1092) is included in each batch as an internal 

control to mitigate effects on the phenotype by batch effects. At 1 dpi and 11 dpi, 

each seedling was compared to those on the control plates, and given a score 

from 0-5 based on the following criteria: 0 -  seedlings which appear to have no 
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symptoms; 1 - seedlings show stunted growth in comparison to those on control 

plates but no chlorosis or necrosis is observed; 2 - stunted growth is observed and 

up to 25% of the seedling is chlorotic or necrotic; 3 - stunted growth is observed 

and up to 50% of the seedling is chlorotic or necrotic; 4 - stunted growth is 

observed and up to 75% of the seedling is chlorotic or necrotic; and 5 - seedlings 

are completely necrosed (Figure 1.1). Photos of individual plates were also taken 

at each time point to keep as a record. A portion of the data was collected and 

scored by Ayat Riahi, a fellow Ph.D. candidate in the Eulgem lab.  

Plant immunity and disease image-based quantification (PIDIQ) 

 In the second screen with 88 accessions, six seedlings were transferred to 

each M. phaseolina plate, and only three seedlings were placed on each control 

plate to ensure that leaves from neighboring plants did not overlap with each other. 

Seedlings on M. phaseolina are typically severely stunted in growth, which allows 

for more seedlings to be placed per plate. In total, for every batch of experiments, 

at least two control plates and four treatment plates were prepared per accession. 

Up to nine accessions were tested for each experimental batch, and the number 

of technical replicates conducted for each accession ranged from three to seven. 

Columbia (Col-0, CS1092) was included as an internal control. 

All photographs used for analysis were taken on a Canon EOS Rebel T6i 

with a EF-S 18-55mm f/3.5-5.6 IS II lens, on the manual setting with fixed exposure 

settings (ISO 6400, 1/30, F5.6) and light conditions to ensure consistency across 

data collection. The position of the camera and the plates, placed on top of a black 
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backdrop, were also fixed so that a pixel represents roughly the same area of the 

subject. Control plates and treatment plates were imaged with the lid off. Images 

were collected at 1 dpi and 11 dpi. 1 dpi was preferred over 0 dpi as the initial data 

point since freshly transferred seedlings were often tilted, which would not allow 

the camera to capture the full seedling area.  

Images were loaded and processed with Fiji (2.1.0) (Schindelin et al., 2012), 

using the macro plant immunity and disease image-based quantification (PIDIQ) 

developed by Laflamme et al. (2016). The parameters set for the hue, saturation, 

and brightness (HSB) track were modified from the original program to optimize 

detection of rosette size in our photos. Based on optimization, pixels that resemble 

live and healthy green tissue within a plate are selected, and the total rosette area 

is calculated per plate. The parameters were kept constant for control plates as 

well. PIDIQ by default also selects yellowing tissue which resembles chlorosis, but 

this option was disabled in our analysis. The results table was imported for 

calculation of the GII, which is defined as the ratio between percent growth of 

seedlings on M. phaseolina infected plates and the percent growth of seedlings 

grown on control plates. First, percent growth is calculated from each plate, 

regardless of M. phaseolina treatment or control, by taking the difference in pixel 

value from 11 dpi and 1 dpi, and dividing the difference by the 1 dpi value. Each 

percent growth from the M. phaseolina treatment plates were divided by the 

average percent growth from the control plates to obtain the GII index. The GII 
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values for each plate is averaged by accession to obtain the average GII, and that 

average is divided by the average GII of Col-0 plates.  

Heritability estimation 

Broad-sense heritability (H2) of GII relative to Col-0 in a population of 87 

tested accessions was estimated using a one-way ANOVA and the genotype as a 

fixed effect. For this, the function anova from the R package stats (4.2.2) was used, 

which takes outputs from the lm function which fits a linear regression model on 

the data points. H2 is estimated as VGenetic/Vtotal, or 

𝐻" =
𝜎$"

𝜎$" + 𝜎%"/𝑟
 

where σ2e is the residual mean square (MS) within groups and σ2G=(MSbetween-

MSwithin)/r, when r is the degrees of freedom. Additionally, broad-sense heritability 

was also estimated with a generalized hierarchical linear model (HLM) using the R 

package hglm (2.2-1) with genotype as the fixed effect. ANOVA emphasizes 

significance of differences between fixed groups of a population, while HLM is 

often used in situations where groups are randomly sampled (Huta, 2014). Broad-

sense heritability estimates excluding any population structure data, were 

compared to assess how modeling methods affect variability based on different 

assumptions. 

 In order to distinguish additive and non-additive contributions of genetic 

variance to phenotypic variance, additive and epistatic variance was included in a 

mixed model regression as random effects using hglm. Additive and epistatic 
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genetic effects were defined as described in the work by Lachowiec et al. (2015).  

The genomic kinship matrix generated from SNP data in 2029 accessions used to 

correct for population structure was adapted from the work of Togninalli et al. 

(2018). Contributions of dominance genetic variance was not considered for this 

estimation because the tested groups in our experiment are natural accessions 

assumed to be highly inbred and homozygous. Narrow-sense heritability (h2) was 

estimated as Vadditive/Vtotal. 

Genome-wide association analysis 

 Genome wide association (GWA) analysis on the GII values relative to Col-

0 for 87 accessions was performed on the online platform easyGWAS 

(https://easygwas.ethz.ch) (Grimm et al., 2017). SNPs integrated within 

easyGWAS were filtered for a minor allele frequency threshold of 0.05 and tested 

for association with the phenotype (GII relative to Col-0) using the additive model. 

The efficient mixed-model association expedited (EMMAX) algorithm was selected 

for the association test (Kang et al., 2010). All other parameters were set to default. 

After filtering, 1,799,622 loci were tested for significant association. Annotations of 

candidate genes were obtained from Araport11 (Cheng et al., 2017). 
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Chapter II: Transcriptomic analysis of Arabidopsis thaliana roots reveals 

resistance-correlated gene expression patterns in response to Macrophomina 

phaseolina 

Abstract 

The soil-borne fungal pathogen Macrophomina phaseolina is known for its 

wide host range and persistence in agricultural fields despite years of global efforts 

to control populations. Fundamentally, the mechanism of virulence is not well 

known, but genotypes with elevated resistance have been found in several crop 

species. Here, we attempt to identify key defense pathways that are induced in 

model plant Arabidopsis thaliana to gain a multi-faceted understanding of plant 

response to M. phaseolina. Transcript profiling of five natural A. thaliana 

accessions with varying levels of resistance to this pathogen, across three infection 

time frames, revealed a delay in defense-related gene expression in susceptible 

genotypes. It was also shown that susceptibility to M. phaseolina is not necessarily 

correlated with similarity of the transcript profiles in the chosen accessions, Copac-

1, Tuewa1-2, Col-0, Ak-1, and UKSE06-252, suggesting complex interplay of 

genes leading to M. phaseolina tolerance. Moreover, gene-enrichment analysis 

identified previously unrecognized biological processes that were affected by M. 

phaseolina infection. These findings provide new insights to genotype-dependent 

host transcriptional responses to M. phaseolina. 
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Introduction 

 The high genetic variability seen in marker-based analyses of the soil-borne 

fungus Macrophomina phaseolina implies a complex virulence strategy with high 

modularity that contributes to the ability of the pathogen to infect a wide range of 

hosts. In the previous chapter, we saw that in Arabidopsis thaliana, it is unlikely 

that a single polymorphism dictates whether the genotype survives M. phaseolina 

infection. However, it was also observed that a wide spectrum of susceptibility 

exists within natural accessions of A. thaliana. Higher statistical power may be 

necessary to identify key contributors to defense at the genomic level, but perhaps 

differential regulation is more pronounced at the transcript level. Here, we sought 

to investigate M. phaseolina response at a higher order of gene regulation, using 

lines we determined to be significantly resistant and susceptible to the pathogen 

in the accession screen.  

 Published work on M. phaseolina thus far highlights the ability of this 

pathogen to cause severe disease on a wide spectrum of host species. Many 

attempts to identify genes in crop plants that contribute to resistance have been 

hindered due to the lack of pre-existing data and means of rapidly creating reliable 

knockout mutations to investigate individual gene functions. The introduction of the 

A. thaliana - M. phaseolina pathosystem by Schroeder et al. (2019) provides 

access to these resources by using a thoroughly studied model. The agar plate-

based M. phaseolina infection assay that was developed for A. thaliana allows the 

experimenter to have a high level of control over the conditions in which 
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quantitative analyses and reliable replicates can be produced in high throughput 

studies.  

Marker-based analyses of M. phaseolina isolates have shown high genetic 

diversity across samples collected from various geographical locations and host 

species (Baird et al., 2010). Moreover, growth conditions also seem to impact 

virulence, as M. phaseolina-resistance QTLs identified from greenhouse and field 

experimentation in soybean did not overlap (Coser et al., 2017). For these reasons, 

it is difficult to extract coherent conclusions regarding M. phaseolina host 

resistance from comparisons between studies with varying growth conditions, 

pathogen and host genotypes. Our work aims to mediate these issues using a 

model plant and controlled growth conditions to monitor the default A. thaliana 

transcriptomic response with the only differential factor being the host genotype.  

 Because M. phaseolina is known to be a hemibiotroph with distinct 

biotrophic and necrotrophic phases, we decided to collect samples at three 

different time points. Chowdhury et al. (2017) previously demonstrated in sesame 

(Sesamum indicum L.) that a biotrophy to necrotrophy switch (BNS) occurs during 

infection of M. phaseolina, at approximately 24 hours post infection (hpi) in the 

susceptible host variety, and at 36-38 hpi in the resistant variety. This switch was 

characterized by the development of intercellular secondary hyphae, necrosis of 

host tissue, and the expression of necrotrophy marker gene NECROSIS 

INDUCING PROTEIN 1 (NPP1; MPH_06622). Schroeder et al. (2019) analyzed 

gene expression in M. phaseolina-infected A. thaliana samples at 24 and 48 hpi, 
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in which genes inducible by the hormones jasmonic acid (JA) and ethylene (ET) 

were robustly up-regulated, indicating responses to necrotrophic pathogens. This 

suggests that BNS in A. thaliana seedlings occurs earlier than 24 hpi. In this 

analysis, 12 hpi was selected as an additional time point in an attempt to capture 

the onset of the switch.  

 Two recent studies by independent research groups have been published 

in which transcriptome profiles of sesame in response to M. phaseolina were 

analyzed. Radadiya et al. (2021) investigated responses in more mature plants (60 

days) grown in the soil, while Yan et al. (2021) inoculated seedlings at a younger 

stage (three pairs true leaves). Both studies compared transcriptomic responses 

to M. phaseolina in susceptible and resistant genotypes. Yan et al. (2021) saw that 

overall, the susceptible genotype responded more robustly in terms of gene 

transcription. Within the M. phaseolina-inducible genes, an enrichment of 

ribosome-related processes was seen in resistant genotypes, suggesting that 

activation of defense partially occurs at the translational level. Yan et al. (2021) 

also noted regulation of ROS levels via peroxidases and rapid recognition of the 

pathogen by receptor-like kinases (RLKs) as possible contributors to the 

resistance phenotype observed. Radadiya et al. (2021) also noted the early up 

regulation of peroxidases in resistant genotypes, while overall number of DEGs 

were higher in the susceptible genotype. If transcriptomic responses to M. 

phaseolina are conserved across plant families, we would expect to see similar 

results in A. thaliana. It is however also interesting to explore the possibility of host-
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species specificity which has been debated in numerous studies (Burkhardt et al., 

2019; Koike et al., 2016; Su et al., 2001). 

 In this study, we report the root-transcriptomic response to M. phaseolina in 

five natural A. thaliana accessions, ranging in levels of resistance, across three 

different timepoints. Accessions were chosen based on results from a previous 

screening performed on agar plates (see Chapter I). These included: Columbia 

(Col-0; CS1092) as a reference line; two accessions considered to be 

“susceptible”, Achkarren (Ak-1; CS6602), UKSE06-252 (CS78800), based on 

significantly lower growth inhibition indexes (GII) in comparison to Col-0, and two 

accessions considered to be “resistant”, Copac (Copac-1; CS76420); and 

Tubingen - Wanne (Tuewa1-2; CS76405), based on significantly higher GIIs in 

comparison to Col-0, (https://1001genomes.org/accessions.html). We observed in 

all tested accessions a robust induction of defense-related genes involving multiple 

genes responsive to the stress-inducible phytohormones salicylic acid (SA), JA, 

and ET, as early as 12 hpi. Induction of defense responses seem to dampen during 

the 12- to 48- hpi period for “resistant” genotypes Copac-1 and Tuewa1-2, while 

the amplitude of gene induction increases in “susceptible” genotypes Ak-1 and 

UKSE06-252. Furthermore, there were significant differences in basal gene 

expression level between these genotypes, many of which are annotated as 

defense-related. Major similarities between A. thaliana defense induction in 

response to M. phaseolina to that of other crop species were seen in the differential 
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expression (DE) analysis, as well as genes and biological processes that have not 

been previously associated with M. phaseolina response.  

  

Results 

Cross-accession transcriptomic analysis of A. thaliana roots in response to M. 

phaseolina 

Based on the Growth Inhibition Index (GII) phenotypes that were 

determined for 88 natural A. thaliana accessions (Chapter I), two highly resistant 

(Copac-1 and TueWa1-2), two highly susceptible (UKSE06-252 and Ak-1) and 

Col-0 were chosen for further analysis to profile their transcriptomic response to 

M. phaseolina over the course of time. Col-0 was used as a reference accession 

with intermediate tolerance to M. phaseolina, in order to control for variation 

between experimental batches. Accessions were chosen based on statistical 

significance between average relative (to Col-0) GII values, according to student’s 

t-test results (Copac-1 and UKSE06-252, Copac-1 and Ak-1, Tuewa1-2 and 

UKSE06-252, Tuewa1-2 and Ak-1, all combinations showed p<0.001) in Chapter 

I. Additionally, morphological similarity to Col-0 was also considered as a criterion 

for choosing accessions. 

For each accession, mRNA isolated from roots challenged with M. 

phaseolina using the plate-assay method was collected at 12, 24 and 48 hpi. Time-

matched control samples without M. phaseolina inoculation were also collected. 
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For each of the 30 experimental conditions, three independent biological replicates 

were conducted. Total RNA isolated from root tissue was processed to purify 

mRNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module. Next, 

libraries were generated using the NEBNext Ultra II Directional RNA Library Prep 

Kit. Libraries were pooled and sequenced at the UC Berkeley QB3 facility on the 

Novaseq 6000 platform. Unique reads from Col-0 samples were mapped to the A. 

thaliana TAIR10 genome. For the other accession samples, a reference genome 

was constructed by applying genotype-specific variant calls, including SNPs and 

indels, to the Col-0 reference genome using GATK (4.3.3.0.0; Van der Auwera & 

O’Connor, 2020). Annotations from the Col-0 reference were then transferred over 

to the generated accession genomes using Liftoff (1.6.3, Shumate & Salzberg, 

2020) to which reads from Ak-1, UKSE06-252, Copac-1, and TueWa1-2 sample 

reads were mapped. Reads from treatment samples that could not be mapped to 

A. thaliana were aligned to the M. phaseolina MS6 (GCA_000302655; Ensemble 

Fungi release 56) genome (Cunningham et al., 2022). Pairwise correlation 

between transcriptomes from each library was calculated and hierarchically 

clustered (Figure 2.1). The smallest correlation coefficient among biological 

replicates was 0.98, indicating high correlation. Principal component analysis 

(PCA) on all 90 libraries showed clear clustering of M. phaseolina treatment and 

control samples in correspondence with PC1, which represents the greatest 

variance (61%) in the data. Secondly, the next largest source of variance (9%) 

represented by PC2 distinguishes samples by accessions; clustering Ak-1, 
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TueWa1-2 and Copac-1 samples, while Col-0 and UKSE06-252 were 

distinguished in a separate cluster (Figure 2.2). This highlights the importance of 

genotype in assessing transcriptomic response to M. phaseolina. Both hierarchical 

clustering and PCA show high correlation between triplicate experimental 

samples. 

 

 
Figure 2.1. Pairwise comparison of normalized read counts for all RNA-seq libraries. 
Pearson correlation between all samples including biological replicates were calculated 
based on read counts normalized by the variance stabilizing transformations (VST) 
function in DESeq2 and clustered by similarity (Anders & Huber, 2010).  
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Figure 2.2. Principal component analysis (PCA) of normalized read counts for all 
RNA-seq libraries. Individual points represent samples including biological replicates. 
Shapes represent experimental conditions (MP = M. phaseolina treatment, WT = control), 
and colors represent A. thaliana genotypes. 
 

The ratio of housekeeping gene expression between M. phaseolina 

ubiquitin carrier protein MPH_07192, the closest homolog of Talaromyces 

versatilis ubiquitin carrier protein ubcB (Llanos et al., 2015), and A. thaliana 

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2, or AtGAPDH 

(AT1G13440) was calculated by converting reads to transcripts per million (TPM) 

(Figure 2.3). While the MPH_07192/AtGAPDH ratio remained relatively constant 

in Col-0 and resistant genotypes, this ratio increases in correlation with time in 

susceptible genotypes. UKSE06-252 samples have a significantly larger 

MPH_07192/GAPDH ratio compared to Ak-1, TueWa1-2, and Copac-1 at 12 hpi. 

This observation correlates with the susceptibility of Ak-1 and UKSE06-252, in that 
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more genetic material from the pathogen was found in samples from susceptible 

genotypes relative to the host genetic material.   

 
Figure 2.3. Ratio of MPH_07192/AtGAPDH expression. Read counts of M. phaseolina 
MPH_07192 and A. thaliana AtGAPDH were converted to transcripts per million (TPM) 
and ratios of MPH_07192/AtGAPDH were calculated for each sample including three 
biological replicates. Multiple t-tests were performed to identify significant differences 
between genotype groups at each time point. ** p < .01, * p < .05.  

A. thaliana accessions express varying levels of defense-related genes in roots  

Each genotype was compared to Col-0 for the corresponding time point in 

a pairwise differential expression analysis to assess basal gene expression 

variability. Genes with log2 fold change greater than 1 or less than -1 and adjusted 

p value threshold of 0.01 was considered differentially expressed. In total, 4,959 

genes were found to be differentially expressed in at least one comparison against 

Col-0 (Figure 2.4A). To our surprise, 3,818 out of 4,959, or 76% of these genes 

were also found in the M. phaseolina-response differentially expressed gene 
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(DEG) set, which includes all genes differentially expressed in at least one 

comparison among the 15 comparisons between M. phaseolina-treatment and 

control conditions (Figure 2.4C). This suggests that a vast majority of genes with 

variability in basal expression level across different accessions are responsive to, 

and potentially involved in, M. phaseolina-induced biological processes. 

Hierarchical clustering of samples based on differential gene expression shows 

that UKSE06-252 clusters distinctly from the other genotypes. This was statistically 

supported by bootstrap resampling (1,000 iterations) using the R package pvclust 

(Suzuki & Shimodaira, 2006) (Figure 2.4B). As of the remaining genotypes, the 

expression profiles of Copac-1 and Tuewa1-2, which are relatively resistant to M. 

phaseolina, were more similar to each other than they were to that of Ak-1, 

although compared to the distance between the cluster which includes the 

UKSE06-252 libraries, the distance is much smaller between Ak-1 and the 

resistant genotypes.  
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Figure 2.4. Genotypic variance is seen in basal differential gene expression between 
A. thaliana accessions. (A) Basal gene expression comparisons between accession 
control samples. All comparisons are made with the control Col-0 transcriptome profile of 
the same time point. Genes labeled “higher” have significantly higher expression (p < .01, 
log2 fold change > 1) in the corresponding genotype than in Col-0, and genes labeled 
“lower” have significantly lower expression (p < .01, log2 fold change < -1) in the 
corresponding genotype than in Col-0. (B) Clustered dendrogram of basal gene differential 
expression profiles in comparison to Col-0. Hierarchical clustering by correlation was used 
with the average linkage method. To assess the stability of the clustering, bootstrap 
resampling was applied (1,000 iterations) using the R package pvclust (Suzuki and 
Shimodaira 2006). Average linkage is used for clustering and vertical distances represent 
the Euclidean distance between clusters. Significance between clusters was quantified 
through bootstrap resampling represented by two p-values: au (red), Approximately 
Unbiased and bp (green), Bootstrap Probability. Highly supported clusters are indicated 
with a red frame. (C) Comparison of basal expression DEGs and M. phaseolina-response 
DEGs.  
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From this total basal DEG pool, genes with distinct expression patterns in 

correlation with their M. phaseolina-tolerance phenotype were categorized: (1) 

there were 232 genes with relatively high basal expression in both resistant 

genotypes, and (2) 202 genes with relatively high basal expression in both 

susceptible genotypes (Figure 2.5). Furthermore, genes in these categories 

responsive to M. phaseolina were also identified by comparing to the DEG pool 

generated from control/treatment comparisons. For each gene, the average log2-

fold change across the three time points was calculated per genotype to determine 

whether overall DE was up- or down-regulated in response to M. phaseolina. A 

total of 93 out of 232 genes that were expressed higher in basal levels in resistant 

genotypes were also up-regulated in response to M. phaseolina in resistant 

genotypes, while only 56 of them were down-regulated. Similarly, 103 out of these 

232 genes were upregulated in response to M. phaseolina in susceptible 

genotypes.  

Between basal DEGs highly expressed in susceptible genotypes, and those 

highly expressed in resistant phenotypes, the difference in the number of DEGs 

transcriptionally responsive to M. phaseolina was statistically significant in 

resistant genotypes but not in susceptible genotypes (Figure 2.5). This suggests a 

non-random relationship between basal-expression patterns and M. phaseolina 

inducibility. Furthermore, genes which show high basal expression in resistant 

genotypes are significantly more likely to be up-regulated in response to M. 

phaseolina than suppressed. 
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Figure 2.5. Many genes exhibiting basal gene expression patterns correlated with 
M. phaseolina-tolerance phenotype are also responsive to M. phaseolina. Stacked 
bar plots show (A) basal DEG response to M. phaseolina in susceptible genotypes, and 
(B) basal DEG response to M. phaseolina in resistant genotypes. The grayscale bar plots 
on the left show the number of basal DEGs in each class (highly expressed in resistant 
genotypes or highly expressed in susceptible genotypes), and whether they are 
responsive (gray) or not responsive (white) to M. phaseolina. A Χ2 test of independence 
was performed on the data for each group of genotypes (resistant and susceptible), to 
evaluate whether there is a significant relationship between basal expression (highly 
expressed in resistant or highly expressed in susceptible accessions) and M. phaseolina 
responsiveness. (** - p<.01, n.s - no significance). The colored bar plots on the right show 
exclusively M. phaseolina-responsive basal DEGs, and whether they are induced (pink) 
or suppressed (blue). Χ2 goodness of fit tests were performed to see if there were 
significant differences between the expected ratio of induced:suppressed DEGs (50:50) 
and the actual distribution (** - p<.01, n.s - no significance).  
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Only 39 out of 202 genes that had higher basal expression in susceptible 

genotypes were up-regulated in response to M. phaseolina in resistant genotypes, 

while 72 of these genes were up-regulated by M. phaseolina in susceptible 

genotypes. This suggests that many genes with higher basal expression in 

susceptible genotypes are dispensable to M. phaseolina defense. Of the genes 

that had high basal expression in susceptible genotypes, a greater proportion of 

genes were responsive to M. phaseolina in susceptible samples in comparison to 

resistant samples. This also means that many genes that were relatively 

suppressed at basal levels in resistant samples were not responsive to pathogen 

interaction. This suggests that fewer genes that were highly expressed in 

susceptible genotypes and are related to defense. Alternatively, this could be an 

indication that defense activation in susceptible and resistant genotypes are 

mediated by accumulation of different gene transcripts.  

 
Gene Ontology (GO) term analysis on both basal DEG groups revealed that 

the group representing genes with higher basal expression in resistant genotypes 

was enriched in GO terms including “defense response” (p=9.59E-07), “defense 

response to other organism” (p=9.18E-06) and “response to external biotic 

stimulus” (p=1.09E-04). There was no significant GO Biological Process term 

enrichment in the group representing genes with higher basal expression in 

susceptible genotypes. Furthermore, genes with high basal expression in resistant 

genotypes and were induced in response to M. phaseolina (93 genes) were 

enriched for similar defense-related GO terms including “defense response” 
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(p=1.42E-10), “defense response to bacterium” (p=9.36E-05), “response to 

fungus” (p=1.14E-02), “toxin metabolic process” (p=9.08E-03), and “response to 

chemical” (p=3.32E-02). No GO term enrichment was found for genes with low 

basal expression in susceptible genotypes and were suppressed in response to 

M. phaseolina (42 genes). This indicates that transcripts with uniquely high 

abundance in resistant genotypes function in defense and abiotic stress response.  

Although their significance towards M. phaseolina requires further 

functional analysis, expression patterns of these defense-related genes are 

notable as they may be factors in determining resistance against M. phaseolina. 

For example, WRKY66 (AT1G80590) is a transcription factor responsive to SA, 

abscisic acid (ABA), and salt. Other notable transcription factors in this category 

include JUNGBRUNNEN 1 or JUB1 (AT2G43000), a NAC transcription factor 

responsive to hydrogen peroxide and involved in senescence (Shahnejat-Bushehri 

et al., 2016), and MYB15 (AT3G23250), which plays a key role in lignin 

biosynthesis during ETI (Chezem et al., 2017). Genes involved in cell wall 

modification (MODIFYING WALL LIGNIN-2; AT4G19370) and chitinases 

(CHITINASE; AT2G43570), genes in the recognition of Peronospora parasitica 5 

or RPP5 gene cluster (AT4G16940, AT4G16960, and AT4G16990) (Yi & Richards, 

2007), EF-TU RECEPTOR (EFR; AT5G20480), which recognizes the potent 

bacterial PAMP EF-Tu and triggers PTI, were also a part of this gene set.  

 Genes with high basal expression in susceptible genotypes and induced in 

response to M. phaseolina (72 genes) were enriched for the GO terms signal 
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transduction (p=3.38E-02) and “signaling” (p=4.80E-02). No GO term enrichment 

was observed for genes with low basal expression in resistant genotypes and 

suppressed in response to M. phaseolina (32 genes). Although there was no 

significant enrichment of defense-related GO terms, genes with known functions 

in biotic-stress response can be found in this gene set. For example, several genes 

in the RPP5 cluster including SUPPRESSOR OF NPR1-1 or SNC1 (AT4G16890) 

and AT4G16920 were expressed at higher levels in susceptible genotypes. In 

addition, several NLR genes (AT1G15890, AT1G27180, AT4G16890, 

AT4G19520, AT4G19530, AT4G36150) were basally repressed in resistant 

genotypes and induced by M. phaseolina only in susceptible genotypes. GO term 

enrichment seen in each basal DEG category is summarized in Figure 2.6. 

 

 



123 

 
Figure 2.6. GO term enrichment on basal DEGs. Full DEG lists obtained from ShinyGO 
(v0.741; http://bioinformatics.sdstate.edu/go/) were simplified and reduced with REVIGO 
(http://revigo.irb.hr/), then further categorized by larger groups of similar biological 
functions. The numbers on the x axis denote each DEG group for which analysis was 
conducted. Mp = M. phaseolina.   
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Transcriptional response to M. phaseolina varies across accessions and in 

correlation with susceptibility-related growth suppression 

 To elucidate A. thaliana transcriptional responses to M. phaseolina, each 

sample generated from M. phaseolina treatment was compared to the 

corresponding untreated control sample. For three time points and five tested 

accessions, a total of 15 comparisons were performed. On average, the 

susceptible genotypes Ak-1 and UKSE06-252 had more M. phaseolina-induced 

DEGs than the resistant genotypes TueWa1-2 and Copac-1, in all three timepoints. 

Moreover, for susceptible genotypes, the number of DEGs steadily increased with 

time, while the number of resistant-genotype DEGs had a negative correlation with 

time. Col-0 differential gene expression resembles that of the resistant genotypes 

at 48 hpi. In terms of transcriptional activation, susceptible genotypes show a more 

robust response to M. phaseolina than resistant genotypes, and the amplitude of 

the response shows an increasing trend at 48 hpi. As shown in Figure 2.7C-E, the 

proportion of DEGs shared exclusively among susceptible genotypes increases 

with time, while the proportion of DEGs shared among resistant genotypes remains 

relatively low.   
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Figure 2.7. DEGs in response to M. phaseolina show resistance-correlated 
similarities and progression of disease with time post-infection. (A) The number of 
DEGs identified in the RNA-seq in response to M. phaseolina. (B) Clustered dendrogram 
of M. phaseolina induced gene expression profiles. Hierarchical clustering by correlation 
with the average linkage method. Significance between clusters was quantified through 
bootstrap resampling represented by two p-values: au (red), Approximately Unbiased and 
bp (green), Bootstrap Probability. Highly supported clusters are shown with a red frame. 
(C) ~ (D) Comparison of M. phaseolina induced DEGs across five accessions show 
shifting trends in correspondence to hpi. Overlapping DEGs at (C) 12 hpi, (D) 24 hpi, and 
(E) 48 hpi.   
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Hierarchical clustering based on M. phaseolina-response DEGs show significant 

similarity between 24 hpi and 48 hpi samples for all genotypes tested except Col-

0. Significance is supported by bootstrap resampling (Figure 2.7B). Susceptible 

genotypes form a clade that includes Col-0 12 and 24 hpi samples and is most 

similar to the Copac-1 12 hpi sample. Interestingly, the Col-0 sample at 48 hpi 

forms a clade with Copac-1 24 and 48 hpi sample. Given that Copac-1 is 

phenotypically considered the most resistant genotype tested, perhaps the M. 

phaseolina transcriptional response in Col-0 resembles that of susceptible 

genotypes at earlier time points and resistant genotypes at later time points.  

Previously, Schroeder et al. (2019) conducted RNA-seq on Col-0 roots 

collected at 24 and 48 hpi after M. phaseolina treatment. In this previous 

transcriptomic study, 335 genes were identified as differentially expressed in a 

comparison between control samples and M. phaseolina treated samples at 24 

hpi, while 6,227 DEGs were identified in a comparison between control and 

treatment samples at 48 hpi (Schroeder et al., 2019). While the majority of DEGs 

found in our new dataset were shared with that of Schroeder et al. (2019), many 

unique DEGs were also identified in both datasets (Figure 2.8). This may be due 

to the difference in the adjusted p-value cutoff used, variability in experimental 

conditions and the choice of an additional time point at 12 hpi in our current study.  
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Figure 2.8. DEGs in common between RNA-seq analysis from (Schroeder et al. 2019) 
(A) Up-regulated DEGs and (B) down-regulated DEGs show considerable overlap with 
data described by Schroeder et al. (2019). Genes unique to the 12 hpi time point have 
also been identified. The darkness of the color represents enrichment of DEGs in the 
category. 
 

As M. phaseolina is considered a hemibiotrophic pathogen, activation of 

phytohormone-dependent defense response pathways was assessed by looking 

at the expression pattern of seven salicylic acid- (PAD4, NPR1, WRKY70, 

WRKY54, SID2, PR1, and PR2), five jasmonic acid- (JAR1, JIN1, COI1, JAZ2, 

PDF1.2, and LOX1), and five ethylene- (EIN2, EIN3, EIL1, ERF1, ERF2, and 

ERF3) marker genes associated with each of these plant defense-hormone 

pathways, as well as TYROSINE AMINOTRANSFERASE 3 or TAT3, which had 

the highest log2 fold change in the 24 hpi comparison from Schroeder et al. (2019).  

Of these genes, PR1, JIN1, COI1, PDF1.2 showed no significant differential 

expression in any sample. Up regulation was observed for most genes in most 

samples, except SID2, JAR1, and EIN2 which show slight down regulation in less 

than half of the sample classes. Several genes, including PAD4, NPR1, WRKY70, 

and EIN3, generally show higher up regulation at 48 hpi. Based on these 
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transcriptomics data, out of the three phytohormone-response pathways, ethylene 

seems to be the most robustly induced (Figure 2.9). 

  

 
Figure 2.9. Key phytohormone response genes are activated in response to M. 
phaseolina. Heatmap showing log2 fold expression change data on select phytohormone 
response genes. Genes known to be involved in SA response are labeled red, genes 
known to be involved in JA response are labeled blue, and genes known to be involved in 
ET response are labeled yellow. TAT3 is included since it has shown consistent robust 
responses to M. phaseolina in the shoot (unpublished data). PR1 (AT2G14610), JIN1 
(AT1G32640), COI1 (AT2G39940), and PDF1.2 (AT5G44420) were also checked but no 
differential expression was seen in any of the tested samples (data not shown).  
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In order to gain a more comprehensive view of JA- and SA-mediated transcript 

responses to M. phaseolina, genes identified to be responsive to each of these 

phytohormones through meta-analysis by Zhang and colleagues (2020) were 

represented in a heatmap (Figure 2.10) (Zhang et al., 2020).  
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Figure 2.10. SA- and JA-responsive genes show genotype dependent response to 
M. phaseolina. SA and JA genes classified by Zhang et al. (2020) were selected to 
visualize differential expression (log2-fold change) induced by M. phaseolina in a heatmap. 
Genes are sorted based on the eight classifications described in Zhang et al.: JA_SA_up 
= induced by JA and SA, JA_SA_down = suppressed by JA and SA, JA_up = induced by 
JA, JA_down = suppressed by JA, SA_up = induced by SA, SA_down = suppressed by 
SA, JAupSAdown = induced by JA and suppressed by SA, SAupJAdown = induced by SA 
and suppressed by JA. Expression profiles are grouped by hpi and M. phaseolina-
tolerance level of the accession tested (resistant, susceptible, or Col-0). 
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In general, gene expression in response to M. phaseolina corresponds with the 

descriptions from the work of Zhang et al. (2020) (Figure 2.10). Notably, regardless 

of the phytohormone pathway the gene is regulated by, differential expression 

decreases with time for resistant genotypes Copac-1 and Tuewa1-2, as well as 

Col-0. On the other hand, the amplitude of differential expression, both up and 

down regulation, increases for susceptible genotypes UKSE06-252 and Ak-1, 

potentially indicating ongoing induction of active defense responses. At 12 hpi, the 

amplitude of transcriptional activation and repression seems to be similar across 

all genotypes tested.  

Out of the 330 genes described as JA induced and SA suppressed 

(JA↑SA↓) by Zhang et al. (2020), 9% were up-regulated (log2 fold change >1) and 

9% were down-regulated (log2 fold change <-1) in Copac-1 at 12 hpi. At 48 hpi, 

11% were up-regulated and 3 % were down-regulated in this accession. This shift 

potentially indicates repression of SA-induced responses in Copac-1. In contrast, 

at 12 hpi, 13% were up-regulated and 19% were down-regulated in UKSE06-252. 

At 48 hpi, 19% were up-regulated and 24% were down-regulated. Proportionally, 

more genes in this set were down-regulated in UKSE06-252 suggesting 

dominance of SA-dependent responses. Out of the 1,316 genes described as SA-

induced and JA-suppressed (SA↑JA↓) by Zhang et al. (2020), 13% were up-

regulated and 3% were down-regulated in Copac-1 at 12 hpi. At 48 hpi, 10% were 

up-regulated and 2 % were down-regulated. Moreover, at 12 hpi 21% were up-
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regulated and 9% were down-regulated in UKSE06-252. At 48 hpi, 31% were up-

regulated and 15% were down-regulated.  

 

Core M. phaseolina response genes are shared among tested accessions 

Out of the 18,166 genes differentially expressed in at least one experimental 

condition (genotype and time point) in response to M. phaseolina, 904 genes were 

differentially expressed in all 15 samples. Out of these 904 genes, 688 were 

commonly up-regulated, 215 were commonly down-regulated, and one was up-

regulated in all genotypes except UKSE06-252 in which it was down-regulated in 

response to M. phaseolina. Collectively, these genes represent a core set of M. 

phaseolina responsive genes that were differentially expressed in all A. thaliana 

genotypes tested.  

Up-regulated genes were in enriched in GO terms indicating biotic stress 

response, such as “defense response to fungus” (p=2.21E-29), “response to chitin” 

(p=1.81E-29), “defense response to bacterium” (p=6.70E-47), “response to 

wounding” (p=8.64E-30), and “regulation of defense response” (p=1.43E-35). 

Other terms related to defense-associated hormone pathways were also enriched, 

such as “regulation of jasmonic acid mediated signaling pathway” (p=2.90E-07), 

“salicylic acid-mediated signaling pathway” (3.68E-02), “systemic acquired 

resistance” (p=4.97E-08), “ethylene-activated signaling pathway” (p=1.92E-05), 

and “response to abscisic acid” (p=2.72E-31). Enrichment of terms which suggest 

induction of secondary metabolites, including “camalexin biosynthetic process” 
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(p=1.74E-04), “aromatic amino acid family catabolic process” (p=1.37E-02), and 

“branched-chain amino acid catabolic process” (p=4.40E-03) were also seen. 

Terms related to ROS response, such as “response to ozone” (p=1.57E-02) and 

“response to hydrogen peroxide” (p=2.38E-02), xenobiotic detoxification, and 

programmed cell death were also significantly enriched. Other enriched terms 

suggested responses to abiotic-stress factors, such as water deprivation, 

starvation, salt stress, and temperature. 

Down-regulated genes were enriched in GO terms primarily involving 

growth and development, including “root morphogenesis” (p=2.31E-09), 

“developmental growth” (p=4.81E-08), “cell differentiation” (p=2.75E-05) , “plant 

epidermis development” (p=5.34E-04), “cell wall polysaccharide biosynthetic 

process” (p=4.90E-02), and “plant-type cell wall biogenesis” (p=3.40E-02).  

To see if there were significant differences in log2-fold change between 

susceptible and resistant genotypes, student’s t-tests were applied to compare 

values from three time points across pairs of accessions for each DEG group (up- 

or down-regulated) described above. Genes with significant p-values (p<0.05) in 

Copac-1 vs. Ak-1, Copac-1 vs. UKSE06-252, Tuewa1-2 vs. Ak-1, and Tuewa1-2 

vs. UKSE06-252 were identified. Additionally, genes with significant p-values in 

Copac-1 vs. Tuewa1-2 and/or Ak-1 vs. UKSE06-252 comparisons were removed, 

since these are genotype specific DEGs and without DE correlated to M. 

phaseolina tolerance. This left 9 genes, 6 up-regulated and 3 down-regulated. Up-

regulated genes included U-box type E3 ubiquitin ligase PUB21 (AT5G37490), 
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PATTERN-TRIGGERED IMMUNITY (PTI) COMPROMISED RECEPTOR-LIKE 

CYTOPLASMIC KINASE 1 (PCRK1; AT3G09830), while down-regulated genes 

included EARLY NODULIN-LIKE PROTEIN 8 (ENODL8; AT1G64640), and 

XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 8 (XTH8; 

AT1G11545). 

 

M. phaseolina responsive genes in resistant genotypes have unique differential 

expression patterns 

To understand what is causing the loss in differential expression correlated 

with time in resistant genotypes, DEGs that apply to both of the following criteria 

were isolated: (1) increasing in amplitude of up or down regulation with time in 

resistant genotypes; and (2) differential expression stayed constant or decreased 

in amplitude of up or down regulation with time in susceptible genotypes. This was 

calculated by first taking the absolute value of the log2-fold change, then 

calculating the rate of increase or decrease in respect to hpi. Genes were kept if 

the rate was positive for resistant genotypes and negative or zero for susceptible 

genotypes. Genes for which all samples showed a log2-fold change between <1 

and >-1 were also filtered out. In total, 120 DEGs fit this criterion, which is referred 

to as resistant increasing DEGs. The average log2-fold change across samples 

was positive for 66 genes and negative for 54 genes. GO term enrichment revealed 

a single term for up-regulated genes in this set: “Response to oxygen-containing 

compound” (p=3.50E-02). Down-regulated genes were enriched in GO terms 



137 

including “External encapsulating structure organization” (p=4.40E-04), “Cell wall 

organization” (p=7.70E-04), “Polysaccharide metabolic proc.” (p=3.10E-03), 

“Regulation of cell fate specification” (p=3.20E-03), and “Regulation of root 

morphogenesis” (p=3.60E-02).  

Furthermore, the following question was proposed: is the decreasing 

differential expression in resistant genotypes a result of active suppression via 

gene transcript levels due to biological processes antagonistic to defense, or 

passive, in that lack of immunity-triggered signals at later time points allows for 

natural decline of defense-related processes? To gain insight to this, resistant 

genotype unique DEGs with decreasing differential expression, or resistant 

decreasing DEGs, were identified. First, the rate of change in the absolute value 

of log2-fold change across 12, 24, and 48 hpi was calculated for each DEG in 

resistant-genotype samples. A total of 3,364 genes had negative values in both 

resistant genotypes. From this, genes with log2-fold change between -1 and 1 in 

all resistant samples and genes that also had a decreasing DE trend in susceptible 

genotypes were filtered out. In total, 714 genes, 548 up-regulated and 166 down-

regulated, were identified. Up-regulated genes were enriched in biotic stress-

related GO terms including “Response to chitin” (p=5.40E-16), “Cellular response 

to hypoxia” (p=1.20E-21), “Response to oxygen-containing compound” (p=6.80E-

16), “Cellular response to chemical stimulus” (p=1.40E-14), “Response to external 

biotic stimulus” (p=2.00E-08), and “Response to hormone” (p=1.10E-07). GO term 

analysis on the down-regulated genes showed enrichment in terms related to the 
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cell wall metabolism, including “Xyloglucan metabolic proc.” (p=1.60E-04), “Cell 

wall polysaccharide metabolic proc.” (p=2.60E-04), “Glucan metabolic proc.” 

(p=2.20E-06), “Cell wall biogenesis” (p=3.20E-04), and “Cell wall organization” 

(p=9.40E-05). Major biological processes enriched in each DEG group are 

summarized in Figure 2.11.  
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Figure 2.11. Curated list of GO term enrichment on M. phaseolina responsive DEGs. 
Full DEG lists obtained from ShinyGO (v0.741; http://bioinformatics.sdstate.edu/go/) were 
simplified and reduced with REVIGO (http://revigo.irb.hr/), then further categorized by 
larger groups of similar biological functions. GO terms related to stress responses, with 
an emphasis on biotic stress, as well as terms representative of trends in enriched 
biological processes, are depicted here. Similar GO terms may be bundled into one row, 
in which case it is indicated by GO term IDs separated with a slash (/). For merged rows, 
the lowest p-value is depicted if overlapping of enrichment occurs for a DEG group. A full 
list of GO terms found for each group of DEGs can be found in the supplementary data. 
The numbers on the x axis denote each DEG group for which analysis was conducted.   
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Despite having contradictory patterns of expression over time, down-

regulated genes with decreasing amplitude and increasing amplitude were both 

enriched in GO terms related to cell wall organization and biogenesis. Given this, 

it seems less likely that an actively induced biological process is contributing to the 

dampening of defense responses in resistant genotypes. Out of 120 genes in 

resistant increasing DEGs, 12 were associated with cell wall-related GO terms, 

and of those 12, three were up-regulated in response to M. phaseolina. Two of the 

three up-regulated genes encode pectin metabolism genes, PECTIN METHYL 

ESTERASE INHIBITOR-PECTIN METHYLESTERASE 18 (PMEI-PME18; 

AT1G11580) and PECTIN METHYLESTERASE 41 (PME41; AT4G02330). The 

third gene AT2G16385 encodes CASPARIAN STRIP INTEGRITY FACTOR 1, 

which was only expressed in 48-hpi samples of Col-0 and resistant genotypes 

Copac-1 and Tuewa1-2. Suppressed genes include XYLOGLUCAN 

ENDOTRANSGLUCOSYLASE/HYDROLASE 2 (XTH2; AT4G13090), a pectin 

lyase-like superfamily protein (AT2G19150), and CALLOSE SYNTHASE 1 

(CALS1; AT1G05570).  

Although GO term enrichment was not identified, other biological processes 

may also be important, as indicated by strong differential expression, either basal 

or in response to M. phaseolina, seen in several transcription factors. For example, 

AT4G34400, or TARGET OF FLC AND SVP1 (TFS1), a transcription factor that 

promotes floral transition. In susceptible genotypes, this gene was consistently up-

regulated irrespective of the time point at which samples were collected. This was 
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interesting considering that the basal expression of FLOWERING LOCUS C (FLC; 

AT5G10140) was extremely strong only in resistant genotypes, and late flowering 

phenotypes have been linked to resistance against F. oxysporum (Lyons et al., 

2015). What's more puzzling is that Copac-1 and Tuewa1-2 are not considered 

late flowering accessions, according to previously documented phenotypes 

(https://arapheno.1001genomes.org/phenotype/262/). Pearson correlation 

coefficients between growth inhibition phenotype and days-to-flowering (in 16°C 

and 10°C) were negative, -0.23 and -0.20 respectively, and not significant 

according to a p-value threshold of 0.01 (Figure 2.12).  

 

 
Figure 2.12. Growth inhibition index (GII) shows slightly negative correlation with 
flowering time. GII values for 80 accessions (for which both GII and flowering time data 
was available) were plotted against days to flowering for A. thaliana grown in (A) 10°C 
conditions and (B) 16°C conditions. Out of 87 accessions tested in the accession screen, 
7 were not included as flowering time data were not available. Pearson correlation 
coefficients are calculated to check statistical significance. The solid line represents the 
regression line, and confidence intervals are represented by gray areas on the plot.  
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Major differences in M. phaseolina induced transcript level regulation are seen 

between susceptible and resistant genotypes 

Conversely, susceptible increasing DEGs were identified by the following 

criteria: (1) increasing in amplitude of up or down regulation with time in susceptible 

genotypes and (2) differential expression stayed constant or decreased in 

amplitude of up or down regulation with time in resistant genotypes. Genes with 

no samples with log2 fold change <1 or >-1 were also filtered out. Of the 3,992 

genes that remained, 2,159 were down-regulated in susceptible genotypes and 

1,833 were up-regulated. In up-regulated genes, enrichment of GO terms 

suggesting activation of biotic stress, response to oxygen-containing and 

organonitrogen compounds, and protein metabolism and modification, were seen. 

Interestingly, the GO terms “Autophagy” (p=1.40E-14), and “Cellular response to 

hypoxia” (p=1.10E-13) were also enriched. In down-regulated genes, enrichment 

of GO terms related to gene expression including “Translation” (p=9.20E-96), 

“Ribonucleoprotein complex biogenesis” (p=1.80E-53), “Ribosome assembly” 

(p=4.30E-24), and “DNA replication” (p=2.50E-20) were observed.  

In order to capture the full scope of trends in genes uniquely regulated in 

susceptible genotypes, genes with positive and negative DE decreasing with 

respect to infection time were identified. In total 261 genes were found in this set- 

42 up-regulated and 219 down-regulated. GO term enrichment on the up-regulated 

genes included “Sulfate assimilation” (p=1.70E-02), “Chitin metabolic proc.” 

(p=1.70E-02), “Amino sugar catabolic proc.” (p=1.70E-02), and “Carbohydrate 
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derivative catabolic proc.” (p=1.70E-02). Genes down-regulated in this set were 

enriched in GO terms including “Cell cycle” (p=1.60E-16), “Microtubule-based 

proc.” (p=2.30E-07), “Mitotic cell cycle” (p=2.70E-07), “S-glycoside biosynthetic 

proc.” (p=5.30E-06), “Glycosinolate biosynthetic proc.” (p=5.30E-06), and “Leucine 

biosynthetic proc.” (p=8.30E-06). 

To further characterize the DEG groups identified, genes in each differential 

expression category were checked to see if they were also identified as JA or SA 

responsive in the meta analysis conducted by Zhang et al. (2020) (Figure 2.13). 

To our surprise, the greatest percentage of increasingly induced genes in resistant 

genotypes were seen in SA↑JA↓, SA↓JA↓, and JA↓ groups, potentially indicating 

active antagonism against phytohormone, specifically JA, regulated gene 

induction. For genes that are increasingly suppressed in resistant genotypes, it 

appears that the greatest percentage of JA/SA-controlled genes represented in 

this group are either suppressed by JA or induced by JA. Because these genes 

are suppressed in response to M. phaseolina, perhaps gene expression is favoring 

JA responses and antagonizing expression of SA-inducible responses. 

Furthermore, out of the DEGs that were increasingly induced in susceptible 

genotypes, 18.2% overlapped with SA-inducible genes according to Zhang et al. 

(2020). The second and third largest groups represented are JA↓ and SA↑JA↓, 

suggesting that SA-inducible gene expression is favored, while JA-mediated 

suppression of gene expression is antagonized in response to M. phaseolina. 

Additionally, many DEGs with increasing suppression in susceptible genotypes are 
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described as JA↓ or SA↓JA↓. Out of the DEGs that show decreasing up regulation, 

the greatest percentage of JA/SA responsive genes were in the JA↓ and SA↑ 

category. 24.7% of genes that showed decreasing down regulation in response to 

M. phaseolina are also down-regulated by both SA and JA.  
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Figure 2.13. Percentage of genes in each DEG category that are found in 
phytohormone-responsive genes categorized by Zhang et al. (2020). Percent of M. 
phaseolina-responsive DEGs in the four categories identified from RNA-seq analysis, 
which are responsive to SA and/or JA. Genes responsive to JA and/or SA as defined by 
Zhang et al. (2020) are categorized as follows: induced by JA (JA↑), induced by JA and 
suppressed by SA (JA↑SA↓), suppressed by JA (JA↓), induced by SA (SA↑), induced by 
SA and JA (SA↑JA↑), induced by SA and suppressed by JA (SA↑JA↓), suppressed by SA 
(SA↓), and suppressed by SA and JA (SA↓JA↓). Figures on the right summarize trends in 
DE seen in these DEG groups. From top to bottom: genes with positive DE decreasing in 
amplitude, negative DE decreasing in amplitude, genes with positive DE increasing in 
amplitude and genes with negative DE increasing in amplitude, either induced or 
suppressed in response to M. phaseolina.  
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Contradictory DEGs 

 Within the pool of total DEGs found across all samples, 227 genes had 

contradictory expression patterns based on the phenotype. Genes were first 

filtered based on whether they had significant fold change in at least one resistant 

sample and one susceptible sample. The average log2-fold change was calculated 

for resistant samples and susceptible samples. Genes passed filtering if the mean 

log2-fold change in resistant samples was >0, and if the average log2-fold change 

in susceptible samples was <0. Of these genes, 120 were up-regulated in resistant 

genotypes and down-regulated in susceptible genotypes. This group of genes was 

enriched in several GO terms related to “proteasomal protein catabolic process” 

(p=2.45E-02). In contrast, 107 genes were up-regulated in susceptible genotypes 

and down-regulated in resistant genotypes. These genes were enriched in the GO 

terms “response to other organism” (p=1.45E-02), “biological process involved in 

interspecies interaction between organisms” (p=1.62E-02), “response to external 

biotic stimulus” (p=1.45E-02), and “response to biotic stimulus” (p=1.47E-02). 

 

Discussion 

 Analysis of the M. phaseolina inducible A. thaliana transcriptome revealed 

that the susceptible accessions Ak-1 and UKSE06-252 respond more strongly to 

infection, compared to the relatively resistant accessions Copac-1 and Tuewa1-2. 

This is seen in both the number of DEGs and the amplitude of regulation, either 
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induction or suppression, which increases in correspondence to time post-

inoculation. At 12 hpi, transcript profiles in all genotypes show robust induction of 

defense-related genes at comparable levels, while at 48 hpi there is a clear 

divergence of genes that have restored their basal expression levels and genes 

with further increased amplitudes of DE. Moreover, basal level root gene 

expression was shown to be variable across resistant and susceptible genotypes. 

Since a significant portion of these basally DEGs are also responsive to M. 

phaseolina, it can be predicted that basal gene expression is an important factor 

in determining the fate of the host plant once infected with this pathogen. 

Supporting this hypothesis, GO-term enrichment (Biological Processes) indicated 

genes involved in defense and biotic stress to be more abundantly expressed at 

higher basal levels in resistant genotypes in comparison to susceptible genotypes. 

This multi-variable mRNA-seq assay involving five genotypes, three time points 

and two conditions allows for a novel three-dimensional assessment of host plant 

response against M. phaseolina.  

Who has the upper hand? 

 Herein lies a question of causation that must be addressed in order to 

interpret results obtained from further experimentation on this pathosystem. Is the 

suppression of defense gene induction in resistant genotypes at later infection time 

points a result of active suppression, either by the host itself or the pathogen? 

Alternatively, is resistance the result of successful immunity, which consequently 

leads to dampening of defense gene induction? It seems unlikely that the pathogen 
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is deliberately suppressing defense-gene induction, given that genotypes 

exhibiting such transcript-profile trends are more resistant to M. phaseolina. 

However, there are many examples of pathogenic fungi that suppress host-

defense genes through effector proteins, and therefore this possibility cannot be 

ruled out. In this investigation, we sought to filter genes by categories of expression 

patterns in order to gain insight to this “chicken-or-egg” problem.  

Genes with low basal read counts in resistant genotypes and high basal 

read counts in susceptible genotypes, and vice versa, were assessed whether they 

were also responsive to M. phaseolina (up-regulated or down-regulated). Out of 

the M. phaseolina-responsive DEGs, genes which showed a reduction in 

differential expression in correspondence to time post-inoculation were also 

identified. Finally, genes with increasing differential expression in response to M. 

phaseolina across time, both uniquely in resistant and susceptible genotypes, were 

assessed. Several known defense-related biological processes including 

phytohormone response and cell wall component metabolism, but also other 

processes, such as hypoxia and response to oxidative stress, which have not been 

previously emphasized in studies on host responses to M. phaseolina, arose 

through this analysis. Understanding the regulatory mechanisms underlying the 

expression patterns associated with these genes will provide new insights to the 

factors that determine host resistance against this pathogen.  
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Defense phytohormones SA, JA 

 The Eulgem lab has previously shown through transcriptomics analysis that 

multiple hormone-response pathways, namely JA, SA, and ET contribute 

cooperatively to A. thaliana resistance against M. phaseolina (Schroeder et al., 

2019). Gaige et al. (2010) observed in Medicago truncatula that JA and ET 

responses to M. phaseolina, although present in both shoot and root, were weaker 

in the root tissue, to which the authors hypothesized may be caused by active 

interference by the pathogen (Gaige et al., 2010). This suggests that transcript 

accumulation of genes seen by both Schroeder et al. (2019) and in this experiment 

may be substantially more intense in the shoot tissue. Involvement of JA and ET, 

as well as auxin. In root, responses to M. phaseolina have also been supported in 

Medicago truncatula, where Mah et al. (2012) proposed that the pathogen 

suppresses auxin responses in the host. Although multiple transcriptomics studies 

have suggested that M. phaseolina interferes with host gene expression, no direct 

evidence of this occurring exists to date. The lack of a temporal aspect in gene 

expression profiling makes it difficult to untangle the causational relationship in the 

context of defense-gene regulation, especially because crosstalk between 

phytohormone-response pathways is highly complex. Chowdhury et al. (2017) 

observed a distinct morphological change in M. phaseolina hyphae, as well as 

activation of SA responses followed by induction of JA-regulated genes, and 

accumulation of ROS in sesame (Sesamum indicum L.). The timing of these 

responses, indicating the fungal biotrophy to necrotrophy switch (BNS), was 
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delayed in relation to susceptibility of the variety tested, which was 36-38 hpi for 

the resistant variety and 24 hpi for the susceptible variety. In this study, 19% of 

genes found to be up-regulated exclusively in resistant genotypes but decreasing 

in magnitude of DE in correspondence to time, were SA-inducible genes (Figure 

2.11). Only 2% of genes showing similar patterns of expression in susceptible 

genotypes were SA inducible, however SA-inducible genes had a strong presence 

(18%) in up-regulated genes that increase in magnitude of DE with time. These 

results suggest that between 12 and 48 hpi, SA pathway induction is winding down 

in resistant genotypes, whereas induction is being amplified in susceptible 

genotypes. JA-mediated gene suppression seems to be showing a similar trend. 

Although both SA- and JA-regulated gene expression was already detectable in 

the 12 hpi timepoint in this experiment, subtle shifts in phytohormone-regulated 

gene expression, presumably caused by the BNS in M. phaseolina, were captured 

in this investigation.  

 Several key players of SA and JA signaling had distinct expression patterns 

in A. thaliana roots among genotypes which are relatively resistant, such as 

Copac-1 and Tuewa1-2, relatively susceptible, such as Ak-1 and UKSE06-252, 

and Col-0. For example, the Arabidopsis thaliana regulator of systemic acquired 

resistance (SAR) NONEXPRESSER OF PR GENES 1 (NPR1) responds to SA 

and activates transcription of PR genes including PR1 and PR2 (J. M. Zhou et al., 

2000). M. phaseolina-responsive NPR1 up regulation is seen in most samples, but 

is absent in 12/48 hpi Tuewa1-2, 24/48 hpi Copac-1, and 48 hpi Col-0. The loss of 
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up regulation corresponds to that of WRKY70, an NPR-1 dependent transcription 

factor that also acts as a repressor in the JA-mediated pathway (Li et al., 2004). 

While differential expression of PR1 was not found in any of the comparisons, PR2 

exhibited strong up-regulation exclusively in Tuewa1-2 samples at all timepoints 

and at 48 hpi Copac-1 (Figure 2.8). PR5 also showed strong up-regulation at 48 

hpi in Copac-1 and Ak-1 (data not shown). Pathogen-induced regulation of PR2, 

PR5 and PR1 in the root has been observed previously in other pathosystems 

such as nematodes, showing that PR2 and PR5 can be regulated not only by SA-

independent processes (Wubben et al., 2008), but also potentially due to pathogen 

interference (Molinari et al., 2014). Whether M. phaseolina is capable of 

attenuating SA-mediated responses in the susceptible genotypes remains to be 

seen.  

 PR2 encodes a β-1,3-glucanase (BGL), which can hydrolyze β-1,3-

glycosidic bonds in the cell wall during normal growth and development, and is 

also known to protect plants against fungal pathogens (Datta & Muthukrishnan, 

1999; Oide et al., 2013). Together with chitinases, BGLs can hydrolyze fungal cell 

walls and release β-1,3-glucan and chitin oligosaccharides, which act as plant 

signals for immune response induction (Balasubramanian et al., 2012). Chitin 

metabolism was among the top enriched GO terms associated with genes of  

decreasing DE (both up- and down-regulated), and a majority of the significantly 

enriched GO terms in down-regulated gene sets unique to resistant genotypes 

were related to the cell wall. Furthermore, among genes with high basal expression 
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in resistant genotypes were cell wall modifiers like (MODIFYING WALL LIGNIN-2; 

AT4G19370) and chitinases (CHITINASE; AT2G43570). PR2 can also inhibit 

callose accumulation, and this process is regulated by ABA suppression of PR2 

(Oide et al., 2013). This suggests that PR2 may have dual (antagonistic and 

synergystic) roles in fungal pathogen defense. Overexpression of BGL2 (PR2) 

increased susceptibility to the necrotrophic fungal pathogens Leptosphaeria 

maculans, Alternaria brassicicola and Botrytis cinerea, but reduced susceptibility 

to Pseudomonas syringae DC3000 (Oide et al., 2013). In the literature (Doxey et 

al., 2007), PR2 is suggested to be a leaf-expressed gene, but it is robustly 

upregulated in our root RNA-seq data. Zero reads were detected in the control 

samples, indicating that this gene is induced only after M. phaseolina exposure. 

Doxey et al. (2007) grouped 50 PR2-like genes based on expression patterns and 

found that many of these genes are strongly co-expressed. PR2 is grouped with 

three other β-1,3-glucanases, but significant fold change in response to M. 

phaseolina was not seen for these genes. Notably genes in β-1,3-glucanase 

cluster M, predicted to primarily have roles in cell wall morphogenesis and cell 

division, were down-regulated across all timepoints most strongly in susceptible 

genotypes. Given these results, the suppression of cell wall-related genes in 

response to M. phaseolina may be linked to suppression of host growth and 

development to prioritize immune responses. Alternatively, the pathogen may be  

interfering with host defense mechanisms involving cell wall fortification. 

Specifically in the susceptible genotypes, genes with down regulation of 
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decreasing amplitude are enriched in GO terms related to mitotic cell cycle, which 

is plausible if the plant is slowing its overall metabolism to focus resources on 

pathogen defense. On the other hand, up regulation of genes like PR2, 

CHITINASE, and genes involved in callose deposition in resistant genotypes are 

likely to have more active roles in preventing M. phaseolina penetration of the root 

tissue. It is also important to note that the M. phaseolina genome also encodes a 

large number of glycoside hydrolases, and therefore carbohydrate metabolism 

may play a key role in A. thaliana-M. phaseolina interactions (Islam et al., 2012). 

Further experimentation would be required to determine if M. phaseolina effectors 

are involved in the regulation of these cell wall-related genes.  

Hypoxia 

 Another GO term with prominent presence in this dataset is hypoxia. 

Hypoxia is seen in the GO-term enrichment of genes commonly up-regulated 

across all genotypes, genes up-regulated in resistant genotypes with a decreasing 

trend, as well as in genes up-regulated in susceptible genotypes with an increasing 

trend. Although to our knowledge M. phaseolina is not known to induce oxygen 

deprivation in host plants, it has been recently shown that B. cinerea causes 

increased respiration, which leads to a locally hypoxic site (Valeri et al., 2021). GO-

term enrichment in the RNA-seq analysis performed on soybean DEGs in 

response to M. phaseolina also noted the presence of “cellular response to 

hypoxia” (Yan et al., 2021). Hypoxia response is coordinated by a conserved set 

of ethylene response factors (ERF) in the group ERF-VII, which are transcription 
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factors that are stable only in the absence of oxygen (Giuntoli & Perata, 2018). 

Expression of ERF-VII RELATED TO AP2 2 (RAP2.2) is known to enhance 

resistance against B. cinerea (Zhao et al., 2012). Another ERF-VII transcription 

factor RELATED TO AP2.3 (RAP2.3) interacts with another ERF, 

OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (ORA59), in the ethylene 

mediated pathway (Kim et al., 2018). Overexpression of ORA59 is known to 

increase resistance to B. cinerea, and furthermore it is responsive to JA- and 

ethylene-mediated transcription of defense-related genes downstream in both 

pathways (Pré et al., 2008). Therefore, RAP2.3 and ORA59 are potentially a point 

of convergence between hypoxia and pathogen response. Strong up regulation of 

ORA59 is seen in response to M. phaseolina in most samples except 12 and 48 

hpi in UKSE06-252. Another hypoxia responsive transcription factor, HYPOXIA 

RESPONSIVE ERF 2 (HRE2), is also induced strongly in all samples tested. HRE2 

initiates adventitious root formation, which can also be suppressed with ethylene, 

allowing for a shift in the root system to gain access to more oxygen (Eysholdt-

Derzsó & Sauter, 2019). Seedlings from which RNA was collected in this 

experiment were largely exposed to open air, as they were laid atop the M. 

phaseolina hyphae, placed vertically so condensation would not accumulate, and 

wrapped with breathable millipore tape. The only plausible explanation for such 

robust hypoxia-related gene expression would be that the pathogen is causing a 

hypoxic state at the site of infection. This may be a key detail previously unknown 
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for this pathogen, as hypoxia response is also mediated by genes involved in 

ethylene and JA pathway with multiple functions.  

Oxidative stress 

Waterlogging, which causes hypoxia and ROS accumulation, induces 

programmed cell death (PCD) via autophagy (Guan et al., 2019). Genes up-

regulated with increasing magnitude in susceptible genotypes are enriched in the 

GO term “autophagy” (p=1.40E-14), along with “Cellular response to hypoxia” 

(p=1.10E-13). Although “autophagy” was not enriched, genes up-regulated with 

decreasing magnitude in resistant genotypes are also highly associated with GO 

terms related to hypoxia and oxidative stress. Autophagy is a widely conserved 

stress-induced degradation and recycling process that discards apoptosis-

inducing constituents in the cell, but is also known to have dual functions in 

positively regulating hypersensitive response- induced cell death (Coll et al., 2014; 

Hofius et al., 2009). In recent work, mounting evidence suggests that during 

pathogen attack, autophagy acts as a balancing mechanism between ROS 

accumulation and cell survival, and that autophagy favors defenses against 

necrotrophic pathogens (Leary et al., 2018; Tang & Bassham, 2018; S. Zhou et 

al., 2018). Autophagy also plays a crucial role in preventing excessive 

hypersensitive response-triggered cell death by modulating SA-induced immune 

responses (Yoshimoto et al., 2009). Perhaps the induction of hypoxia by M. 

phaseolina causes ROS accumulation, which triggers autophagy in susceptible A. 

thaliana genotypes as disease progresses.  
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Enrichment of hypoxia- and oxidative stress-response genes in resistant 

genotypes were found in gene sets whose positive expression reverts to control 

levels at 48 hpi. It is possible that an early transient ROS accumulation occurs in 

resistant genotypes, which is either suppressed due to the pathogen or does not 

accumulate to levels that necessitate autophagy. ROS accumulation in response 

to biotic stress has several functions, but most notably it, along with NO, induces 

PCD at the site of pathogen infection to prevent further invasion and to produce 

immune signals to induce a systemic response (Mur et al., 2008; Torres, 2010). 

NAC DOMAIN CONTAINING PROTEIN 42, or JUNGBRUNNEN1 (JUB1), a gene 

which encodes a NAC transcription factor responsive to ROS, specifically H2O2, is 

strongly up-regulated in response to M. phaseolina, but shows a decreasing trend 

in resistant genotypes in contrast to susceptible genotypes where it shows an 

increasing trend. Moreover, average basal expression is lower in susceptible 

genotypes. It is known that overexpression of the gene strongly delays leaf 

senescence by suppressing GA synthesis and enhances tolerance to various 

abiotic stresses (Shahnejat-Bushehri et al., 2016). Up-regulation of detoxification-

related genes are also observed, for example certain classes of glutathione-S-

transferases (GST) are responsive to biotic stress and positively contribute to 

pathogen response (Gullner et al., 2018). Three GSTs, GLUTATHIONE S-

TRANSFERASE 7 (GSTF7), GLUTATHIONE S-TRANSFERASE TAU 15 

(GSTU15), and GLUTATHIONE S-TRANSFERASE TAU 10 (GSTU10), were 

identified as having higher basal expression in resistant genotypes and responsive 
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to M. phaseolina infection. GSTF7 and GSTU10 are known to be robustly 

upregulated in response to Alternaria brassicicola, while GSTU10 and GSTU15, 

which belong in the same expression group tau, were induced by Pseudomonas 

syringae pv. tomato DC3000 expressing the avrRpt2 effector (Gullner et al., 2018). 

WRKY70, also mentioned previously to act downstream of SA/JA and induce PR2 

expression, is also associated with positive regulation of GSTF7 transcription (Li 

et al., 2004). All three GSTs’ promoter sequences contain potential binding sites 

for WRKY70, such as WT-box motifs (GACTTTT) and W box motifs (YTGACY) 

(Eulgem & Somssich, 2007; Machens et al., 2014).  

Taken together, if these GST genes contribute to M. phaseolina resistance, 

it may suggest that their enriched basal expression in resistant genotypes prime 

the plant for defense induction. It is important to note that both the GO terms “cell 

death” and “plant-type hypersensitive response” are also enriched in resistance 

genotype DEGs in up-regulated gene sets with decreasing trends, suggesting that 

a similar response seen in susceptible genotypes also occurs in resistant 

genotypes. But if so, induction of PCD-related genes likely peaked before 12 hpi 

in resistant genotypes. It would require transcript profiling at the single cell level at 

an earlier time point to determine whether sequential onset of SA and ROS 

accumulation, autophagy, hypersensitive response, and JA gene regulation occurs 

at the site of hyphae intrusion into the host tissue.  
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Ethylene-response factors 

 ETHYLENE RESPONSE FACTOR 96 (ERF96) is induced robustly (5-6 

log2-fold) in resistant genotypes, but is not DE in susceptible genotypes. This ET-

responsive transcription factor is known to enhance resistance to necrotrophic 

pathogens and is repressed by SA (Catinot et al., 2015). In response to vascular 

fungal pathogen Verticillium longisporum, induction was only seen in roots 

(Fröschel et al., 2019). ERF96 binds directly to the promoter of ORA59 and 

activates expression of this closely related ERF gene (Catinot et al., 2015), a core 

regulator of JA/ET-defense pathways. Notably, ERF96 recognizes GCC box 

elements (AGCCGCC), which are found within the 1000-bp upstream regions of 

several genes with unique expression patterns in resistant genotypes 

(AT3G43250, AT5G53820, AT4G02970, AT3G51450, AT5G12370, AT2G48140, 

AT1G27420). Like ERF96, many ERF genes are upregulated in response to M. 

phaseolina. Previously, work by Schroeder et al. (2019) suggested that ET has a 

critical role in defense response against M. phaseolina. Data shown here supports 

this and reveals additional potential roles of ET in pathogen response involving 

hypoxia.  

A. thaliana germplasm as a resource to study M. phaseolina pathogenicity 

 An important finding in this analysis is that A. thaliana accessions, which 

differ in their levels of resistance/susceptibility to M. phaseolina, exhibit significant 

variability in basal gene expression, including genes that may be crucial to plant 
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defense. The underlying genetic diversity in A. thaliana is potentially a source for 

discovery of resistance haplotypes, which can be exploited through transgenic 

approaches. It is apparent from our root transcriptome analysis that A. thaliana 

employs robust and acute immune responses. M. phaseolina-responsive genes 

have multiple known defense-related functions, but there is also a significant 

portion among them with unknown functions. The present study suggested many 

candidate genes and biological processes not previously associated with M. 

phaseolina response and should serve as a foundational resource for identifying 

and studying M. phaseolina-resistance loci.  

Additionally, our results suggest the possibility of a shift in peak defense 

gene induction for susceptible genotypes relative to resistant genotypes. Earlier 

transcriptomic induction of defense responses in resistant genotypes was also 

seen in sesame-M. phaseolina interactions, as described by Yan et al. (2021) and 

Radadiya et al. (2021). It would require transcriptome profiling at the single cell 

level to verify this and distinguish local responses from systemic gene induction 

which could have different roles in determining susceptibility. Since M. phaseolina 

is a hemi-biotrophic pathogen that changes its virulence strategy during infection, 

a multi- dimensional understanding of disease progression, both in terms of cell 

type and timeframe, is critical. Knowledge on key biological processes that 

determine the fate of the host plant will potentially allow for breeding of crops based 

on particular traits, like hypoxia resistance. Moreover, transgenic approaches may 

be easier to implement on model systems like A. thaliana, which could be 
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translated to crop species, accelerating research in this field. Untangling the 

causational relationship between host-pathogen responses will likely elucidate 

fungal factors that contribute to M. phaseolina virulence. If A. thaliana responses 

found in our work are mediated by M. phaseolina effectors or other secretants like 

ROS, they could be targeted for novel fungicide alternatives.  

 

Materials and methods 

Plant materials and growth conditions 

A. thaliana accessions Columbia (Col-0; CS1092), Achkarren (Ak-1; 

CS6602), UKSE06-252 (CS78800), Copac (Copac-1; CS76420), and Tubingen - 

Wanne (TueWa1-2; CS76405) obtained from Arabidopsis Biological Resource 

Centre (ABRC) were used for transcriptome analysis. Seeds were surface 

sterilized by soaking five minutes in 70% ethanol, then 10 minutes in 6% sodium 

hypochlorite, and rinsing five times with sterile water. Seeds (15 to 20) were sown 

on 100- x 15- mm polystyrene plates with solid 0.87% agar media containing ½ 

MS (Murashige and Skoog), 0.25% sucrose and 0.05% MES. pH was adjusted to 

5.7 with potassium hydroxide. Plates were wrapped in micropore tape and 

stratified in the dark at 4°C for four days. Next, plates were transferred to a growth 

room set to long-day conditions (16 h of light/8 h of dark, 23°C, 100 μE m−2 s–1) 

and kept for 10 days. Plates were set up vertically so that roots would grow in a 

uniform direction towards one side of the plate. 
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M. phaseolina inoculation 

Dried disks of M. phaseolina culture on potato dextrose agar (PDA) were 

used as inoculum. The original propagule was isolated by Phil Roberts at the UC 

Riverside Agricultural Operations Field 11 (Muchero et al., 2011), and propagated 

by members of the lab of Thomas Eulgem. Disks were cut into small pieces and 

placed in sterilized mortar and pestle with a small amount of sterile water. M. 

phaseolina is ground until a black slurry forms. This was then placed in ½ MS agar 

media that has been autoclaved to a liquid state and cooled. The concentration of 

distinguishable microsclerotium was adjusted to approximately 70 per 100 μL 

under the microscope. 3 mL of inoculum ½ MS media mix was pipetted onto one 

side of solid agar ½ MS media so that the inoculum solidifies on one side of the 

square plate. Plates were wrapped in micropore tape and aluminum foil to limit UV 

exposure. M. phaseolina culture plates were placed in an incubator at 34°C for four 

days, then transferred to the growth room for two.  

At 10 days growth under light for A. thaliana and six days growth after 

transfer to culture medium, 15 seedlings were transferred per plate, to either M. 

phaseolina growth plate or ½ MS plate as a control. At 12, 24, and 48 hpi, roots 

were removed from plates using a surgical blade from xx plates, placed in 1 mL 

microtubules, and flash-frozen in liquid nitrogen. Tissue was stored at -80°C. 
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mRNA-sequencing 

Root tissue was ground in liquid nitrogen with a pellet pestle, and total RNA 

was isolated using TRIzol™ Reagent (Invitrogen™, 

https://www.thermofisher.com/) per manufacturer’s instructions. Total RNA is first 

processed using the RNeasy MinElute Cleanup Kit (QIAGEN #74204, 

https://www.qiagen.com/) and the TURBO DNA-free™ Kit (Invitrogen™, 

https://www.thermofisher.com/), then mRNA was isolated using NEBNext® 

Poly(A) mRNA Magnetic Isolation Module according to the manufacturer's 

instructions. mRNA samples were quantified and assessed for quality on the 

Agilent 2100 Bioanalyzer at the UC Riverside Genomics Core Facility. A total of 

90 mRNA libraries, representing five genotypes, two experimental conditions, 

three time points, and three biological replicates were prepared with NEBNext® 

Ultra™ II Directional RNA Library Prep Kit for Illumina® with sample purification 

beads and NEBNext® Multiplex Oligos for Illumina®.  

Libraries were pooled and sequenced at the UC Berkeley QB3 facility on 

the Illumina Novaseq S4 platform. Reads were pre-processed and checked for 

quality with fastp (0.23.2) (Chen et al., 2018). The Copac-1, Tuewa1-2, Ak-1, and 

UKSE06-252 A. thaliana reference genomes were constructed based on the 

TAIR10 Col-0 assembly by applying variant calls, obtained for each genotype from 

the 1001 Genomes Project (https://1001genomes.org/tools.html), using the 

FastaAlernateReferenceMaker function from GATK (4.3.0.0) (Van der Auwera & 

O’Connor, 2020). Col-0 gene annotations from TAIR10 were then mapped onto 
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the genomes using Liftoff (1.6.3) (Shumate & Salzberg, 2020) to generate 

genotype-specific reference genomes. RNA-seq reads were mapped onto the A. 

thaliana genome of each accession and M. phaseolina reference genome MS6 

(GCA_000302655) (https://fungi.ensembl.org/) with STAR (2.7.10b) (Dobin et al., 

2013) to distinguish reads of fungal origin from that of the host. Alignments were 

sorted using the sort function from SAMtools (1.15) (Danecek et al., 2021), before 

calculating read coverage with featureCounts from the Subread package (2.0.3) 

(Liao et al., 2013). Genes with significant differential expression between two 

experimental conditions were identified by DESeq2 (1.36.0.) (Love et al., 2014). 

Sequencing data alignment, counting, and differential expression analysis was 

performed by Professor Tokuji Tsuchiya at Nihon University, Japan. DEGs with 

adjusted p values less than 0.01 and log2 fold change greater than 1 or less than 

-1 were considered for further analysis.  

GO-term enrichment analysis 

GO-term enrichment was conducted using ShinyGO (v0.741) 

(http://bioinformatics.sdstate.edu/go/) using the default parameters to find 

enrichment of Biological Process (BP) terms (Ge et al., 2020). Genes with a false 

discovery rate (FDR) less than 0.05 and fold change greater than 2 were 

considered for analysis. To limit redundancy in terms, REVIGO 

(http://revigo.irb.hr/) was applied to lists larger than 10. GO BP terms for each gene 

group described are summarized in Supplementary Data 1.  
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General Conclusions 

 Crop pathogens cause severe economic losses and threaten food security. 

Soil-borne microbes are notoriously difficult to control as they are easily spread via 

transmission of organic materials or contaminated waters, and live deep in the soil 

where surface treatments are often not penetrable (Brown & Hovmøller, 2002). 

The soil microbiome, which includes nematodes, bacteria, and fungi, form a 

complex and diverse ecosystem. These ecosystems are continuously disrupted 

and restructured, either by human involvement or natural forces, dynamically 

evolving with the environment. The increasing instability of climatic conditions 

decreases agricultural productivity and can worsen infections by pathogenic 

microorganisms (Anderson et al., 2004; Bailey-Serres et al., 2019). Microbial 

populations, both pathogenic and beneficial, have a great impact on crop yield, 

and therefore its stochastic nature poses a great challenge for growers. While crop 

evolution relies on artificial selection, natural forces drive the rapid evolution of 

microbial pathogens, often outcompeting that of crops (Möller & Stukenbrock, 

2017). As high-yielding crop cultivars are typically genetically uniform, outbreaks 

of disease can devastate entire fields. In addition to making strategic decisions 

between crop cultivars, growers must continuously adapt by applying various 

methods of pathogen control, including agronomic practices, chemical and 

biological control. 
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Crop yields skyrocketed during the Green Revolution, primarily due to the 

global adoption of high yield crop varieties, as well as synthetic pesticides and 

fertilizers (Kush, 2001). However, in recent years additional research has raised 

concerns regarding increased agrichemical use. Off-target effects, surface runoff, 

and effects on human health have discouraged the use of potent chemical 

treatments to control pathogen outbreaks, and consequently consumer interest 

has shifted towards organic farming (Parrott & Marsden, 2002; Singh, 2000). 

Specialty crops, such as fruits, nuts, and vegetables, make up a larger share of 

the organic sector than field crops, despite the inherently high risk involved in their 

cultivation (Greene et al., 2017). Many of these crops lack genetically improved 

varieties, which increases their vulnerability to various biotic and abiotic threats 

(Bate et al., 2021). A decline in genetic diversity is also seen in calorie-rich field 

crops, as large economic incentives centered on increasing yield have accelerated 

their genetic homogeneity (Khush, 2001). Although there is an intense debate 

surrounding the pros and cons of biotechnology applications in agriculture since 

the Green Revolution, crop germplasms are perceived to be a crucial reserve for 

genetic variants to be utilized for the development of new desirable cultivars 

(Govindaraj et al., 2015). In a future where protection of crops from infectious 

diseases and sustainability coincide as equally important goals, development of 

additional resistant cultivars through the use of advanced biotechnology is 

indispensable. The genetic diversity maintained in crop germplasms are likely to 

be the key to combating emerging pathogens. 
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 Disease caused by the generalist soil-borne fungal pathogen 

Macrophomina phaseolina (Tassi) Goid. has been reported globally on various 

host species including both field and specialty crops, at least since the early 

1900’s. It is most commonly described as charcoal rot, in reference to the dark 

colored mass of hyphal cells called microsclerotia, which is typically observed in 

infected plant tissue. In soybean, charcoal rot is considered to be one of the leading 

causes of yield loss due to disease, next to soybean cyst nematodes (Bandara et 

al., 2020; Wrather & Koenning, 2009). Despite decades of publications describing 

infection on various hosts and efforts to control this pathogen, no fungicide 

treatment has been registered as an effective control agent to date. In the past, 

soil fumigation with chloropicrin and methyl bromide was commonly used to control 

M. phaseolina populations within strawberry fields in California. The use of methyl 

bromide has been phased out due to concerns over its effects on the atmospheric 

ozone (Chamorro et al., 2016; Guthman & Others, 2017). Despite this, evidence 

suggests that infestation and overall chemical use has increased since the phase-

out (Guthman & Others, 2017). Significant yield loss due to M. phaseolina has also 

been documented in orphan crops, a term referring to crops that are often 

neglected in research and international markets, such as cowpea and sorghum 

(Mahmoud et al., 2018; Muchero et al., 2011). M. phaseolina pathogenicity is 

therefore a world-wide food security concern that must be addressed urgently.  

 In all crops mentioned above (soybean, strawberry, sorghum, and cowpea), 

genotypes with variable susceptibility to M. phaseolina have been identified (da 
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Silva, Zaccaron, et al., 2019; Mahmoud et al., 2018; Muchero et al., 2011; Nelson 

et al., 2021). Although crop varieties with elevated resistance to M. phaseolina 

have been seen in several species, complete resistance has not been observed, 

and phenotypes measured across populations with genetic heterogeneity exhibit 

a continuous distribution. This suggests that variability in M. phaseolina response 

phenotypes are the result of quantitative contributions from multiple genetic loci. 

Next-generation sequencing and advanced genomic markers have been utilized 

in efforts to identify quantitative trait loci (QTL) responsible for elevated tolerance 

to this pathogen. Coser et al. (2017) identified five soybean loci from field 

screening and eight loci from greenhouse screening associated with M. phaseolina 

resistance. Interestingly, there was no overlap seen between association analyses 

based on field and greenhouse screens, suggesting that observations of 

resistance phenotypes are dependent on the environment (Coser et al., 2017). 

Moreover, Da Silva et al. (2019) conducted QTL mapping on a soybean population 

grown in greenhouse conditions and identified three distinct loci. Using the same 

population, Da Silva and colleagues identified three additional loci using bulked 

segregant analysis, none of which overlapped with the loci identified in the 

previous QTL mapping approach. From the information that we could glean from 

these reports, results from Coser et al. (2017) and Da Silva et al. (2019) do not 

overlap, suggesting that quantitative genetics approaches may be sensitive to 

differences in experimental conditions.  
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 Phenotypes are the product of genetic factors, environmental factors, and 

interactions between genetic and environmental factors (Schmidt et al., 2019). To 

our knowledge, the extent of contributions from environmental factors on variability 

of M. phaseolina resistance has not been discussed in any M. phaseolina 

pathosystem. This is an important step to uncovering the genetic basis of M. 

phaseolina resistance, especially since the majority of the literature on this 

pathogen report assays conducted in field conditions, where environmental 

variance may have played a major role in determining virulence. In this work, we 

attempt to minimize environmental factors that may contribute to host response 

against M. phaseolina infection by using a sterile plate-based assay combined with 

an objective phenotype quantification method. Additionally, by using natural inbred 

lines of the model plant Arabidopsis thaliana, which are available through the 

Arabidopsis Biological Resource Center (ABRC), we demonstrate a highly 

reproducible pathogenicity assay for M. phaseolina. Using phenotypic data 

obtained from this assay, a number of genomic regions with suggestive 

associations to resistance were identified, as well as several biological processes 

that may be critical for plant defense. Additional experimentation will be necessary 

to test whether these associations are indeed linked to causal genes or biological 

processes. Our plate-based assays system assay has proven to be useful in 

testing knockout mutants for further functional studies in the work by Schroeder et 

al. (2019). 
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 One major advantage of utilizing a model species like A. thaliana is the 

abundance of published literature on specific genes and their functions. In our root 

transcriptomic analysis capturing M. phaseolina-induced gene expression 

responses, enrichment of genes related to biotic stress response were 

pronounced, which could be further categorized into specific biological processes 

such as cell wall modification, oxidative stress response, and defense-responsive 

phytohormone pathways. Processes that have not been thoroughly described in 

the context of M. phaseolina defense, such as hypoxia response, were also shown 

to be up-regulated. Furthermore, by examining transcriptomic profiles at different 

timepoints of M. phaseolina infection, a temporal dimension was added to our 

analysis, which indicated that the magnitude of defense responses seem to decline 

earlier in relatively resistant accessions. This is an interesting finding considering 

that, previously, Chowdhury et al. (2017) observed that a resistant variety of 

soybean exhibited transcript-level evidence for a shift from biotrophic to 

necrotrophic pathogen response which was delayed in comparison to the 

susceptible variety. What mechanism causes this genotype-specific shift in timing 

of responses is still unknown, but may be a key factor in M. phaseolina resistance. 

Nonetheless, it is apparent from our findings in this study and that of Chowdhury 

et al. (2017) that host plant response to M. phaseolina dynamically changes 

throughout the progression of infection, or lack thereof.  

Moreover, it is known that many plant immune responses are specialized in 

the root (Chuberre et al., 2018). As M. phaseolina is a soil-borne fungal pathogen, 
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our work focused on responses in the root, but it would be interesting to see 

whether there are systemic signals that could also be detected in the shoot tissue. 

This would be easily achievable using the same plate-based assay (Schroeder et 

al., 2019). It is also important to understand that the transcriptomic profile 

described in our analysis represents gene expression in the whole root, and 

therefore transcripts isolated in specific root cell types or expressed in low 

concentrations may have been overlooked. Currently, efforts to further dissect A. 

thaliana root response to M. phaseolina at the single-cell level utilizing 

fluorescence-activated cell sorting (FACS) is underway in our lab. In addition to a 

temporal dimension, such experiments add another spatial level examination of M. 

phaseolina response. Based on mounting evidence, which suggests resistance 

traits against M. phaseolina in A. thaliana are the consequence of a complex 

interaction of many genetic loci, it is important to gain a detailed understanding of 

genotype-dependent temporal and spatial gene expression patterns. Our 

heritability estimates also suggested the presence of epistatic interactions among 

causal loci. Identification of such interaction may require additional mathematically 

and computationally rigorous analyses such as those reviewed by Niel et al. 

(2015). 

 Using the A. thaliana genes identified in our analyses, candidate crop loci 

may be identified based on synteny or sequence similarity, and tested for their 

contributions to M. phaseolina tolerance. Translational genomics has been shown 

to be useful in applying knowledge obtained from model species like A. thaliana to 
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improve crop plants for which less genomic data is available (Salentijn et al., 2007). 

Although individual genes may have a relatively small contribution to the 

phenotype, biological processes in which these A. thaliana genes play a role 

should also be informative as a resource for alternative gene targets for functional 

analysis. For crop species that can be propagated through grafting, genes of 

interest identified in these experiments can potentially be used to develop 

rootstock varieties with high tolerance to M. phaseolina. 

Disease resistance breeding in crop plants is complex. A decline in genetic 

diversity in agriculture subjects many crops to higher risks of catastrophic yield 

loss, and therefore the preservation of crop germplasms is a critical aspect of 

future crop genetics. Traits that are linked to increased resistance can be a product 

of multiple small effect loci that interact with each other and the environment. 

Quantitative disease resistance against a certain pathogen can, at times, be race 

non-specific, in that they confer protection against other pathogens (R. P. Singh et 

al., 2011). Pleiotropic effects and epistasis could also contribute to the complexity 

of genetic resistance, which may be harder to detect in genomic analysis. The 

polyploid nature of many crop species makes functional analysis of genes more 

complex in comparison to model species like A. thaliana, which has a simple 

diploid genome. Each allelic component must be pieced together without 

sacrificing other valued traits such as fruit quality, biomass, and responsiveness to 

light (Nelson et al., 2018). In order to address these confounding factors and 

effectively harness the power of genetics to combat successful pathogens such as 
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M. phaseolina, a comprehensive understanding of host plant responses and their 

extent of contribution to resistance is essential. In this investigation, we 

demonstrate that A. thaliana could be a useful model for identifying components 

of the genetic architecture contributing to M. phaseolina resistance, which can 

potentially be applied to crop improvement. 
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