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ABSTRACT 

 Macrophomina phaseolina is a warm climate fungal pathogen of the Botryosphaeriaceae 

family that causes charcoal rot disease in over 700 plant species including commercially grown 

plants such as soybean, maize, peanut and cotton. Currently used management approaches for 

the disease including irrigation, addition of organic amendments and crop rotation are not very 

effective. Limited knowledge on host-pathogen interactions hinders the development of 

disease resistance strain by genetic engineering. To understand the disease mechanisms at the 

molecular level, we chose to use Arabidopsis thaliana as a model to study charcoal rot. In this 

study we established Arabidopsis as a susceptible host for Macrophomina phaseolina. 

Furthermore, the cellular process of infection and propagation of the pathogen within the host 

system during the early and late stages of infection were examined by microscopy. Recent 

studies have demonstrated the crucial roles of different phytohormones in the induction of 

defense signaling pathways. Here, the interactions between plant hormone-mediated signaling 

and plant disease resistance were studied using a genetics approach with a hope of 

understanding the mechanisms of plant immunity against Macrophomina phaseolina mediated 

by auxin, SA, JA, ET and ABA. In this study we hypothesized that the necrotrophic fungus M. 

phaseolina invades the host by affecting the biosynthesis of plant hormones (mainly JA, ET and 

auxin) and/or activation of the corresponding hormonal pathways that are directly or indirectly 

involved in mounting a defense response against the pathogen. Several mutants that carry 

mutations in genes that are involved in hormone biosynthesis or signaling were obtained and 

tested. Results from our study showed that auxin, ET and SA signaling pathways have possible 

roles of in imparting pathogen resistance against M. phaseolina.  
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CHAPTER 1 INTRODUCTION 

MACROPHOMINA PHASEOLINA AND CHARCOAL ROT DISEASE 

 

 

1.1. Charcoal Rot Disease 

Charcoal rot, a disease associated with drought stress and high temperatures was 

initially seen affecting soybean plants grown in the western Midwest of the United States 

(Bowen 1989). This disease (aka summer wilt or dry weather wilt), a minor disease of soybean 

until 2004, caused an estimated yield loss of 1.234 million metric tons in the top 10 soybean-

producing countries (Wrather 1997).  However, with the spread of the disease due to altered 

weather conditions, particularly long drought periods and warm temperatures led it to be 

ranked second on the list of diseases that suppressed soybean production in 2003 (Wrather 

2006). It has been seen that this disease is responsible for substantial yield loss in the recent 

years in many countries of North and South America, Australia, Europe and Asia (Gupta 2011). 

This debilitating disease affects over 700 different species of plants (Csondes 2011) including 

commercially important crops such as soybean (Glycine max), cotton (Gossypium hirsutum), 

maize (Zea mays), sorghum (Sorghum bicolor), sunflower (Helianthus annuus), cassava 

(Manihot esculenta), peanut (Arachis hypogaea), cowpea (Vigna unguiculata) and chickpea 

(Cicer arietinum) (Arias 2011, Gupta 2011). When the conditions are favorable for the 

pathogen, the estimated yield loss can reach millions of metric tons for soybean and 60-90% 

yield loss for other crops such as sunflowers in the United States (Arias 2011).  
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 General symptoms of the disease include black, sunken cankers, sudden wilting, 

stunting of the plant, leaf chlorosis, premature defoliation, early maturation and incomplete 

pod filling and ash grey necrotic lesions on developing pods, roots and seeds (Schwatrz, 1989; 

Dhingra and Sinclair 1977; Csondes 2011).   

Under favorable conditions for the pathogen, such as low moisture and high 

temperatures, the disease is rampant throughout the growing season of most plants and causes 

death of the emerging seedlings (Smith 1997). An infection is established when the latent 

micro-sclerotia of M. phaseolina present in the soil come in contact with the roots, germinate 

and penetrate the root tissue of a susceptible host plant (Gacitua 2008).  Infection of the seed is 

achieved by inter and intracellular invasion of the seed coat by the fungal hyphae followed by 

formation of microsclerotia in the fissures. The exotoxin paseolinone of the fungus inhibits 

germination and causes seedling wilt. Therefore, there are high chances that these infected 

seeds do not germinate but the seedlings from seeds that do germinate show symptomatic or 

asymptomatic disease development. Reddish brown discoloration at the emerging portion of 

the hypocotyl, twin-stem abnormality and discoloration at the soil line and above (when 

infection proceeds via roots) which later turns dark brown to black are some of the commonly 

seen symptoms in infected seedlings. Although the seedlings may survive into reproductive 

stages, if the environmental conditions are unfavorable for the seedlings, the disease 

progression is rapid, usually resulting in death (Collins 1991). When plants in reproductive 

stages are infected by the pathogen, they show a range of symptoms from loss of vigor to 

stunting.  Although there are no visible symptoms that appear during the initial stages of 

infection on the aerial parts (Gacitua 2009), leaflets exhibit yellowing, wilting and later turn 
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brown during the advanced stages but remain attached to the petioles. The taproot and the 

lower part of the stem initially show a light gray discoloration of the epidermal and sub 

epidermal tissues after efflorescence. As the disease progresses up into the stem, the vascular 

tissue and the pith displays reddish-brown discoloration and finally as black streaks when the 

taproot splits. Microsclerotia of about 50-75 µm are produced in the pith of the stem thus block 

the vascular tissues. The profuse production of these microsclerotia in the nodal tissues and the 

rest of the plant make the plant appear to have a fine dusting of powdered charcoal. As the 

plants mature, microsclerotia densities in the roots and the stems increase, ultimately affecting 

the plant yields (Kinwar 1986). An investigation by Bowen and Schapaugh (1988) to study the 

effects of cultivar blends and planting densities on charcoal rot infection showed that reducing 

plating rates from 30 seeds/m2 to 20 seeds/m2 did lower infection levels without reducing the 

yield and suggested planting full-season cultivars as an approach to control the disease.  

1.2. Causative Pathogen: Macrophomina phaseolina 

1.2.1. M. phaseolina characteristics and infection strategy 

Kingdom          :         Fungi 

Division            :         Ascomycota 

Sub- division   :         Pezizomycotina 

Class                 :         Dothideomycetes 

Order               :         Botryosphaeriales 

Family              :         Botryosphaeriaceae 

Genus              :         Macrophomina 

Species            :         Phaseolina 

(Scientific Classification obtained from: http://www.jutegenome.org/mpbrowse/scientific-
classification) 
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Phytopathogenic fungi belonging to Ascomycetes and Basidiomycetecs can be classified 

as necrotrophic or biotrophic based on their mode of obtaining nutrients from the host, 

however it should be noted that many pathogen species cannot be clearly classified as either 

biotrophic or necrotrophic because of the changing interactions with their host (Rowe 2010). 

There are over 10,000 known fungal plant pathogens that lead to crop loss, reduction of yield 

and contamination of food and fodder. In North America alone, 8000 of these damaging species 

cause nearly 100,000 diseases with an estimated loss of more than 200 billion US dollars 

annually (Horbach 2011). The general stages involved in infection by fungal phytopathogens 

involve conidial attachment, germination, penetration by enzymatic degradation or through 

wound sites, primary lesion formation, lesion expansion and tissue maceration followed by 

sporulation (Prins 2000). These fungi mainly act by disrupting the defense signaling by 

influencing the host phytohormone level (Prins 2000) or suppressing defenses via manipulating 

the host cellular machinery thus allowing disease progression (Laluk 2010). Biotrophic 

pathogens have intricate interactions with their hosts. They complete their entire life cycle in 

the host by deriving nutrients from living cells with the aid of specialized structures called 

haustoria. Necrotrophic pathogens are organisms that can survive in a dormant state in the 

absence of living hosts for extended periods of time (Rowe 2010). Necrotrophic pathogenesis in 

contrast to biotrophy, proceeds via secretion of disease causing agents such as phytotoxins, cell 

wall degrading enzymes and other extracellular enzymes that result in extensive necrosis, tissue 

maceration, and plant rots (Laluk 2010). Although a repertoire of toxins are involved in 

necrotrophic invasion, it is also thought that these pathogens trigger immune responses that 
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are involved during a biotrophic pathogen attack thus encouraging cell death in plants (Rowe 

2010). One of the distinctive characteristics of necrotrophs is secretion of phytotoxins that are 

mainly responsible for necrosis of host tissue (Laluk 2010). The molecular bases of plant 

defense against necrotrophs are largely unknown. A necrotroph is said to have a limited host 

range if the toxin(s) it produces has a differential activity to one or a few plant species and the 

metabolite is called Host-Selective-Toxin (HST). However, there are fungal necrotrophic 

pathogens that have a broad host range including Sclerotinia sclerotiorum, Botrytis cinerea 

(Khan 2006) and Macrophomina phaseolina (Csondes 2011). Although it was speculated that 

the degrading host cells would have made nutrients readily accessible to the pathogens, it was 

found that there is insufficient quantity of certain amino acids such as methionine and histidine 

and their biosynthesis is carried out by the fungus (Divon 2006).  Hemibiotrophs are pathogens 

that switch between biotrophic and necrotrophic modes of nutrition (Divon 2006). 

Macrophomina phaseolina (Tassi) Goid, an anamorphic ascomycete of the 

Botryosphaeriaceae family, is a saprophytic (Bowen 1988) warm climate pathogen that is 

mainly soil borne but could also spread through infected seeds (Gupta 2011). It is a non-host 

specific fungus with highly varied morphology, physiology and pathogenesis even when isolated 

from different parts of the same plant. The strains of M. phaseolina (Ontario and Texas) were 

distinguished on the basis of size and number differences of microsclerotia of the two strains. 

On the basis of several studies it was concluded that although M. phaseolina is highly variable 

phenotypically, it cannot be partitioned into distinct subspecies based on pathogenicity, 

pycnidium/sclerotia production and chlorate utilization (Bowen 1989). In a more recent study 

(Su 2001) no variation among isolates from corn, soybean, sorghum and cotton were found 
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based on restriction fragment length polymorphism (RFLP) and random amplified polymorphic 

DNA (RAPD). This indicates that M. phaseolina is a single species and isolates from one host 

species are genetically similar but distinct from those of other hosts (Gupta 2012). Some 

isolates of this pathogen are so potent that they can cause pre-emergence mortality by 

penetrating the intact 5-10 μm thick seed coats.  

The sclerotia of the fungus are the primary inoculum in the soil and the effect of 

mycelium as a means of propagation is minimal (Khan 2007). It was seen that the microsclerotia 

of this pathogen present in non-amended soil did not germinate unless suitable nutrients such 

as amino acid fractions of root exudates from sugar pine seedlings were added to the soil, 

indicating that M.phaseolina requires nearly all amino acids for growth (Gupta 2011). In one 

study conducted to enumerate the number of viable cells in a single sclerotium, it was found 

that germination of the sclerotia via formation of germ tubes was enhanced in artificial media: 

>10 germ tubes in the artificial media versus 1 to 7 germ tubes were produced by each 

sclerotium in the soil at 32 °C. It was also observed that germination occurred only when the 

sclerotia was present within a range of 2mm of a soybean seed.  In addition, the sclerotia 

produced on potato dextrose broth was significantly higher in numbers, more viable and larger 

in diameter than in stems of naturally infected field-grown soybeans (Short 1977). This 

indicates that the pathogen thrives on artificial nutrient media but the inoculum potential in 

natural habitats is limited. In arid regions, factors such as low organic matter as well as poor 

moisture retention capacity of sandy soils aid the pathogen in initiating and establishing an 

infection (Lodha 1989).  
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 Microsclerotia, the primary source of infection, are jet black, round to oblong structures 

that are produced in the infected stem and roots of host tissues (Short 1980).  M. phaseolina is 

also known to produce pycnidia in some host plants such as cotton (Pratt 1998). The black, 

globe-like pycnidia are characterized by the presence of large colorless, single-celled, fusiform, 

straight or slightly curved conidia that are produced on conidiophores (Zaumeyer 1957). 

Germination of the multicellular microsclerotia takes about 24 hours under optimum conditions 

via production of germ tubes and root infection is initiated by the root exudates. Root 

epidermal cells, natural openings or wounds are the sites through which the hyphae initiate an 

infection by penetrating the root epidermis by mechanical pressure or by enzymatic digestion 

(Bowen 1989). During early pathogenesis, the mycelium is primarily seen in the intercellular 

spaces of the primary root cortex. The pathogen then invades the vascular system 

intracellularly through the xylem and forming aggregates of mycelial structures thus blocking 

the vessels (Short 1978). The infected host cells are disrupted leading to collapse of adjacent 

cells (Mayek-Perez 2002). The microsclerotia, whose production is dependent upon the 

availability of nutrients, are formed as pseudoparenchymal fungal tissue by the aggregation of 

50-200 individual hyphae cells (Short 1979). Although not experimentally established, it is 

thought that a phytotoxin phaseolinone plays an important role in the initial infection of roots 

by M. phaseolina (Siddique 1979).  However, a study reported another phytotoxin 

botryodiplodin produced by M. phaseolina isolate being involved in the initial infection 

(Ramezani 2007). Production of fungal toxins and plugging of host vascular tissues by 

microsclerotia are responsible for the premature death of the plants. There is continued 
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mycelial invasion and sclerotia formation in the plant even after its death until the tissue is 

desiccated (Alabouvette 1976). As the infected plant tissues decay, the microsclerotia are 

released and distributed into the soil (Sinclair 1977). These can remain viable in the soil for up 

to 3 years depending on the environmental conditions (Cook 1973).When the dormant 

microsclerotia come in contact with a living host plant, they germinate thus establishing a new 

round of infection (Smith 1989).  

1.2.2. Factors that affect pathogen virulence 

There are several environmental factors that influence the virulence of this phytopathogen. 

Several studies have found a temperature range between 25-30:C (Das 1988), a pH range of 4.0 to 6.0 

(Csondes 2011) and relatively low water potentials (Olaya 1996) to be the most favorable for 

development of mycelia and sclerotia of the fungus. Another important factor that played an influential 

role in disease development is timing of host reproduction. It was seen that there was a higher infection 

rate when the plants were subjected to water stress and post-flowering water stress (Gupta 2011). Thus 

the pathogen is favored by hot, dry weather conditions that stress the plants, repeated freezing and 

thawing of soil (Bristow 1975) low C:N soil ratios (Dhingra 1974) and low moisture content (Olaya 1996). 

These factors affect the oxygen diffusion rate and nutrient balance in the soil thus encouraging 

germination of resting sclerotia (Gupta 2012). A study conducted to investigate the influence of 

presence or absence of crops on population dynamics of M. phaseolina reported that the pathogen is 

affected by cropping history and higher sclerotia densities can result in higher disease incidences (Lodha 

1989).  
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1.2.3. Disease Control Measures 

Disease management strategies used to control charcoal rot aim to either reduce the 

density of sclerotia in soil or to minimize pathogen-host contact. It is known soybean crops are 

most susceptible to M. phaseolina infection during reproductive growth (pod-fill) when the 

water use is high (Bowen 1989). Decreased planting rates and blending soybean cultivars of 

different maturities were proposed as a means to reduce charcoal rot disease severity. In order 

to test this hypothesis, Bowen et al (1989) measured the effects of cultivar blends and planting 

densities on crop yield and charcoal rot infection. Based on the positive association between 

growth stage and infection the authors suggested growing full-season cultivars as one of the 

means for reducing charcoal rot. Infection was also found to be significantly lowered when the 

planting rates were reduced from 30 seeds per m2 to 20 seeds per m2. Blending pure lines did 

not show decrease in charcoal rot infection.   

Sclerotia survival in the soil can be reduced by addition of organic soil amendments and 

maintaining high soil moisture (Dhingra 1997). Fumigation with methyl bromide (Banard 1994) 

and chloropicrin (Watanabe 1970) was also found to be effective. However the use of this 

expensive chemical was discontinued due to its harmful effects on the ozone layer and 

ecological balance of the soil (Gacitua 2008). In the hot arid regions polyethylene mulching and 

soil solarization was seen to be successful at reducing both disease frequency and the soil 

population densities of M. phaseolina propagules in the field. The release of biotoxic volatiles 

when cruciferous residues were used along with solarization resulted in improved inhibition of 

soil-borne pathogens. In a study conducted to ascertain the combined effects of soil 
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solarization, residue incorporation, summer irrigation and biocontrol agents on survival of the 

pathogen, significant reductions in the disease were noted when solarization was combined 

with soil amendments and increased soil moisture (Israel 2005). However, solarization by itself 

was not effective at controlling the pathogen (Mihail 1984).  

Methanol and n-hexane extracts from different parts of three Chenopodium species 

namely C. album, C. murale and C. ambrosioides were tested for antifungal activity and were 

seen to significantly lower the fungal biomass of M. phaseolina (Javaid 2009). Although 

fungicides were shown to be effective in controlling M. phaseolina, the fungicide residue posed 

as a threat to not only human health but also to the soil and environment (Thilagavathi 2007). 

Herbicides have little or no effect on root colonization by M. phaseolina (Gupta 2011). Crop 

rotation with non-host crops for 2-3 years is known to lower the disease incidence; however 

since M. phaseolina has a vast variety of non-specific hosts, it is of little benefit (Ndiaye 2007). 

Tillage practices were earlier thought to be an effective method to control the disease (Wrather 

1998). However this was contradicted by Mengistu et al. (2009) by demonstrating that tillage 

can increase the damages caused by M. phaseolina. It was observed that no-tillage system 

resulted in lower CFU of M. phaseolina in soybean plants indicating these environmental 

conditions are less conducive to support the pathogen. 

 Alternatively, mixtures of biological control agents including several bacterial species of 

Bacillus, and Pseudomonas and some fungal species were identified to be able to suppress M. 

phaseolina growth in-vitro (Gupta 2011) by production of volatile, diffusible metabolites and 

siderophores (Gacitua 2008). In one study it was observed that although a species of 
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Trichoderma: Trichoderma virens was an effective biocontol agent for M. phaseolina in cotton 

roots at a lower temperature of 25 C, incubation of the same Trichoderma virens tested roots at 

40 C proved ineffective in managing the pathogen. This allows us to make a conclusion that the 

mechanisms used by the bio-control agents to manage a particular pathogen are many and 

complex and are influenced by the soil type, soil temperature, pH, moisture of the plant as well 

as the soil environment and the host plant involved in the interaction (Howell 2002). Also, 

treatment with single biocontrol agent was seen to result in inconsistent disease management. 

To test the effectiveness of combined biocontrol treatment against charcoal rot disease under 

glass house as well as field conditions, greengram plants (Vigna radiata) were treated with 

several combinations T. viride, P. florescens and Bacilus subtilus strains. It was found that 

combination of P. fluorescens (strain Pf1) and T. viride (strain Tv1) were seen to be most 

effective in controlling mycelial growth of M. phaseolina as compared with other single 

combined treatments. It was also observed that there was significant increased induction of 

defense related enzymes including peroxidase, polyphenol oxidase and phenyl alanine 

ammonia lyase in plants treated with Pf1+Tv1, Pf1+Tv13 and Py15+Tv1 (Thilagavathi 2007).  

Although population levels of the pathogen can be lowered by using these management 

strategies, these approaches are not always effective (Gacitua 2008). Therefore in order to 

develop novel strategies to control charcoal rot and develop disease-resistant plants, 

understanding the fungal infection strategies and molecular processes occurring during 

infection is important. In this study we aim to apply genetics approach to understand the host-

pathogen interactions at the molecular level by using Arabidopsis thaliana as a model. 
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1.3. Key Attributes of Arabidopsis thaliana  

Previous studies in the laboratory were based on the pathosystem establishing using the 

model legume Medicago truncatula. There are several advantages attributed to M. truncatula 

such as small diploid genome, formation symbiotic associations with nitrogen fixing 

microorganisms, prolific seed production and ready availability of gene chips (Cook 1999). 

However, low to moderate transformation and regeneration efficiency, limited number of 

mutants and unavailability of a relational database to store all data, lack of stock center to 

maintain, amplify and distribute the mutants and transgenic lines as well as lack of standardized 

method for describing the phenotypes limit the use of this particular model system (Ane 2008). 

Therefore, to overcome these limitations, we chose Arabidopsis thaliana to establish a model 

pathosystem for the study of charcoal rot.  

 Arabidopsis thaliana is a small flowering plant belonging to the Brassica family that will 

allow testing of our hypothesis quickly and efficiently. Although not significant agronomically, it 

is a favored model plant of study since its development, reproduction and responses to stress 

and diseases are similar to many crop plants. Thus, the function of genes isolated from crop 

plants can be better understood via knowledge obtained by study of their Arabidopsis 

homologues. A. thaliana is the preferred system for exploring many areas of fundamental 

biology including DNA repair, photobiology, protein degradation, the circadian clock, DNA 

methylation, RNA silencing and G-protein signaling.  Small and completely annotated genome 

with extensive genetic and physical maps of all 5 chromosomes, easy manipulation of the 

genome through genetic engineering, rapid life cycle, prolific seed production and easy 
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cultivation, efficient mutagenesis make this plant an ideal reference system. It makes genomic 

analysis easier since it lacks the repeated less-informative DNA sequences (Rhee, 2003). TAIR 

(The Arabidopsis Information Resource) is a community database that contains genetic and 

genomic data for A. thaliana. TAIR is a central access for Arabidopsis data and provides 

researches with extensive set of visualization and analysis tools. During recent years, updated 

A. thaliana assembly, re-annotated pseudogenes and transposon genes and incorporation of 

new data from proteomics and next generation transcriptome sequencing into gene models 

and splice variants makes it the preferred system of reference (Lamesch 2011).  Large collection 

and ready availability of mutants from any one of the two main stock centers: Arabidopsis 

Biological Resource Center (ABRC) and Nottingham Arabidopsis Stock Center (NASC) and the 

ability to be able to obtain stable transformants at high efficiency using vacuum infiltration 

method (Wiegel 2002) help overcome the limitations set by M. truncatula. 

 

1.4. Findings from previous studies 

Previously in our laboratory, real-time PCR was used to analyze the expression of 14 M. 

truncatula genes involved in flavonoid/isoflavonoind boithesynthesis, reactive oxygen species 

(ROS) homeostasis, SA induced systemic acquired resistance (SAR), jasmonate and ethylene 

pathways in response to M. phaseolina infection. The M. truncatula plants were inoculated 

with M. phaseolina after being sprayed with specified concentrations of methyl jasmonate, 

ethaphon or methyl salicylate for three consecutive days. Results indicated that although the 

genes of jasmonate and ethylene pathways were not strongly induced in the roots, treatment 
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of these plants with methyl jasmonate or ethaphon induced partial resistance against charcoal 

rot, with ET-treated plants showing slightly higher survival rates than MJ-treated plants thus 

providing evidence for involvement of JA/ET signaling pathways in plant resistance. However, 

SA-treated plants did not show any differential response to M. phaseolina infection and 

exhibited similar death rate as that of mock-treated wild-type plants (Gaige 2010). 

 To further study the host-pathogen interaction at the molecular level, microarray was 

used to identify M. truncatula genes of different metabolic pathways that were differentially 

expressed in response to M. phaseolina infection. Changes in the host gene expression caused 

by the pathogen were examined using Affymetrix Gene Chip Medicago Genome Array. 

Transcriptomes of the host roots were monitored at initial entry (24 hpi) and colonization 

stages (36 hpi and 48 hpi) to identify genes that were involved biotic stress response. 104 genes 

were found to be upregulated during initial mycelial entry while 475 and 718 genes were found 

to be upregulated during the colonization stages. Although some genes were also found to be 

downregulated they were disregarded since they failed to satisfy the selection criteria. Genes 

involved in several defense related pathways including those in the JA and ET pathways were 

seen to be affected based on MAPMAN results. The microarray study gave additional support to 

the previous findings that JA and ET were involved in disease development (Gaige 2010). In 

addition, the array study identified genes involved in the auxin pathway including those 

involved in auxin homeostasis, polar auxin transport and auxin signaling and response to be 

differentially regulated.  In a continued effort to study the role of one of the plants hormones 

i.e., auxin, in plant-pathogen interactions, based on the results obtained from the microarray 

study it was hypothesized that one of the mechanisms for suppressing host response by M. 
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phaseolina is to affect auxin homeostasis by suppressing the auxin pathway. Expression of M. 

truncatula genes in response to IAA (Indole Acetic acid) treatment and M. phaseolina was 

examined. Data from this set of experiment clearly indicate that M. phaseolina infection 

changed the expression of genes involved in various stages of auxin pathway. RT-qPCR analysis 

identified GH3.3 gene that is involved in converting active form or auxin to inactive metabolites 

and UGT gene that catalysis conversion of a precursor of IAA to indolic glucosinolate (IG) of the 

auxin pathway to be dramatically upregulated post inoculation. Also, 5 aminohydrolase genes 

that hydrolyse IAA-amino acid conjugates into free IAA did not show any significant change in 

gene expression. Mutants of some plant species including Arabidopsis and rice with 

overexpression of some of GH3 genes have showed increased resistance to biotrophic or 

hemibiotropihic pathogens. This indicated that M. phaseolina represses the host defenses by 

suppression of auxin response. To test if the disease outcome is affected by exogenous auxin 

application, IAA was applied to M. truncatula plants inoculated with the pathogen to perform in 

vitro and in vivo experiments. Results indicated that exogenous auxin application was able to 

impart partial resistance to the fungus in both in-vitro and in-vivo conditions (Mah 2012).  

 

1.5. Role of plant hormones in defense responses 

When subjected to attack by pathogens, plants express numerous defense responses 

which involve complex molecular mechanisms (Glazebrook 2005). Plants overcome pathogen 

attacks via two major categories of resistance (1) Highly efficient qualitative resistance 

mediated by disease resistant (R) genes but with limited resistance spectrum and (2) 
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Quantitative resistance involving multiple genes. Quantitative resistance is non-specific to 

pathogens or race, and is therefore presumed to be more durable, whereas qualitative 

resistance although highly efficient has limited resistance spectrum and can be overcome by 

the rapidly evolving pathogens (Fu-Jing 2011). A rapid defense mechanism known as 

hypersensitive response (HR) is elicited when a pathogen comes in contact with a plant and is 

quickly recognized by the plant thus activating specific resistance (R) gene that interacts with a 

corresponding avirulence (avr) gene from the pathogen. This prevents the pathogen from 

establishing an infection. In an event that an infection is established, other general resistance 

mechanisms are induced after an HR to overcome secondary infections or to prevent the 

existing infection from spreading further. One of these general mechanisms is the systemic 

acquired resistance (SAR) (Dong 1988) which is “a state of heightened defense that is activated 

throughout the plant following primary infection” (Kunkel 2002).  

One of the most essential molecules required for SAR induction is salicylic acid. It has 

been seen that SA accumulates in plants infected by a pathogen prior to the establishment of 

SAR and the SA levels correlate with both increased resistance and the induction of SAR marker 

genes which include the pathogenesis-related (PR) genes (Thomma 2001). Experimental 

observations confirmed that mutants with impaired SA production prevented the 

establishment of SAR. Recent advances have shown that SA-mediated SAR is not the only 

pathway that can lead to quantitative resistance and plants have other multiple pathways to 

transduce pathogenic signals to activate HR, SAR and other resistance responses (Dong 1988).  
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Strong evidences support that in addition to salicylic acid (SA), jasmonic acid (JA) and 

ethylene play an important role in plant defense against various pathogens as well as during 

abiotic stresses such as wounding response and exposure to ozone (Dong 1988; Bari 2009). The 

balance and interplay of these signaling molecules culminates in two major pathogen response 

pathways: 1. SA-dependent pathway in which SA is involved in activation of defense responses 

mediated by PR genes and for establishment of systemic acquired response. 2. SA independent 

pathway involving JA and ET-dependent genes that also encode pathogenesis-related proteins 

including PLANT DEFENSIN1.2 (PDF1.2), THIONIN1.2 (THI2.1), HEVEIN-LIKE PROTEIN (HEL) and 

CHITINASEB (CHIB) (Kunkel 2002).   

Plants produce a wide variety of phytohormones which at a low concentration control 

numerous stages of plant growth and development. The hormonal homeostatic balance within 

the plant depends upon the biosynthesis, transport, metabolism, action and sensitivity of the 

hormone on various host tissues. However, the important roles of these plant hormones also 

include their involvements in biotic or abiotic stress responses (Sharon 2007). The naturally 

occurring classical plant hormones include gibberellins, auxins, cytokinins, ethylene, and 

abscisic acid. In addition, brassinosteroids, jasmonic acid, salicylic acid and various other small 

peptides are the newer classes of plant hormones that are identified to play important roles in 

regulation of plant growth and development (Wang 2011.) Although it was noted that external 

application of hormones such as auxins and gibberellins suppressed disease development 

whereas ethylene and abscisic acid seemed to enhance the disease, involvement of a particular 

hormone in mediating resistance or susceptibility to a specific pathogen depends on kind of 

pathogen itself (Bari 2009; Sharon 2007). There is often complex negative or positive regulatory 
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cross talk between these hormones to ensure an effective defense response (Kunkel 2002). 

Resistance in Arabidopsis to necrotrophs is genetically complex involving an orchestrated 

regulation of a large subset of signaling pathways, including those mediated by the 

phytohormones. It was also seen that Arabidopsis mutants with blocked biosynthesis of 

secondary metabolites such as phytoalexins and other tryptophan derivatives were more 

susceptible to the necrotrophs than wild-type. It was also noted that the plant cell wall 

composition also contributes towards resistance to various necrotrophic and vascular fungi 

where enhanced resistance was seen in mutants with impaired cellulose synthase subunits 

(Delgado- Cerezo 2012). 

 

1.5.1. Role of Auxin: 

Auxin which is produced in actively growing tissues is an essential hormone for plant 

growth and development and is involved in a number of biological processes such as 

embryogenesis, cell division, cell expansion, ion fluxes, root initiation, phototrphism, 

geotrophisim, apical dominance, ethylene production, fruit development, parthenocarpy, 

senescence and sex expression (Wang 2010). Auxin directly interacts with transport inhibitor 

response 1 (TIR-1) like F-box receptor protein which leads to enhanced removal of AUX/IAA 

family of transcription factor repressors through the SCF (Skp1-Cullin-F-box) E3-ubiquitin ligase 

proteasome pathway. This degradation of AUX/IAA proteins allows activation of Auxin 

Response Factors (ARFs) and the expression of auxin-responsive genes. In plants, auxin is 

synthesized by tryptophan-depedent or tryptophan-independent pathways (Bartel 1997). 
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Indole-3- acetic acid (IAA) is the most commonly found auxin in nature (Leyser 2006). Although 

the role of auxin in plant growth and development have been studied for many decades, its role 

in disease resistance is not well understood and the effects of auxin signaling on plant defense 

against both biotrophic  and necrotrophic pathogens has only been recently described (Llorente 

2008). It is observed that SA and auxin signaling are mutually antagonistic since auxin 

suppresses SA-dependent defenses while SA fights pathogens by repression of auxin signaling 

(Wang 2007). Arabidopsis mutants with high levels of endogenous SA were seen to have 

somewhat low levels of IAA and also exhibited reduced sensitivity to exogenous auxin. One of 

the mechanism by which SA represses auxin signaling is by repression of the genes encoding 

auxin receptors such as TIR1 and related F-box proteins. Repression of these auxin receptors 

results in stabilization of AUX/IAA transcriptional repressor and the maintenance of their 

repressive effects on auxin response genes (Kazan 2009). The auxin signaling mutants of 

Arabidopsis including axr1, arx2, and arx6 that have defective auxin-stimulated SCF (Skp1-

Cullin-F-box) ubiquitination pathway exhibited increased susceptibility to leaf-infecting 

necrotrophic pathogens P. cucumerina and B. cinera indicating that intact auxin signaling is 

required for resistance against these necrotrophs (Llorente 2008).  In contrast, these same 

mutants were seen to show increased resistance to F. oxysporum, a hemibiotroph (Kidd 2011) 

indicating the complexity of auxin signaling during defense against different types of pathogens. 

Also, some auxin mutants have altered JA or JA/Et signaling pathways indicating that auxin 

signaling in mediating resistance to necrotrophic pathogens is similar to that of JA/ET signaling 

(Kazan 2009). In some diseases, infected plants show elevated auxin levels due to either 
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increased endogenous auxin biosynthesis upon infection or production of auxin by the 

pathogen itself to manipulate the host developmental processes (Glickmann 1998).   

 

Figure 1: This figure (re-copied from Kazan 2008) shows how auxin interacts with plant defense 

signaling and response pathways at multiple points. SA biosynthesis and signaling that is 

important for defense against the biotrophic pathogens is antagonized by auxin biosynthesis, 

transport and signaling pathways. On the other hand, defense against necrotrophic pathogens 

involves activity of components common to both auxin and JA signaling indicating their 

synergistic action. Auxin signaling also modulates disease development through its effects on 

developmental processes such as cell wall modifications.  
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1.5.2 Role of Salicylic Acid: 

Salicylic acid is a phenolic metabolite which plays a regulatory role in multiple 

physiological processes including seed germination, thermogenesis, seedling establishment, 

respiration, stomatal responses, senescence, thermotolerance and nodulation. SA also works 

indirectly in conjugation with other hormones to modulate cell growth, trichome development 

and leaf senescence. SA is synthesized in the plants via two pathways: 1.Phenylalanine 

ammonia lyase mediated pathway and 2. Isochorismate synthase mediated isochorismate 

pathway (An 2011).  

One of the most crucial role of SA is its function is plant defense. Mutants with impaired 

SA accumulation or SA sensitivity were seen to show enhanced susceptibility to biotrophic as 

well as hemi-biotrophic pathogens indicating the crucial role of SA in activation of defense 

responses as well as establishment of SAR. Increased SA levels is associated with induction of 

pathogenesis related (PR) genes leading to enhanced resistance to a wide range of pathogens 

(Bari 2009). It was observed that mutants with impaired SA synthesis as well as those that were 

deficient in SA induction are susceptible to both virulent and avirulent pathogens but could be 

rescued by exogenous application of SA, indicating SA is required for expressions of both 

general defenses and gene-for-gene resistance (Chen 2003). However the role of SA in an event 

of necrotrophic pathogen attack is not clear. Although it is known that SA and JA/ET pathways 

are mutually antagonistic, studies have also reported synergistic interactions between the two 

pathways. Since a plant is often under multiple biotic stresses in a natural setting, it can be 
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assumed that plants employ complex regulatory mechanisms to effectively cope with these 

various pathogens and pests (Bari 2009). 

When a plant is under attack by certain pathogens, the activity of two genes PAD4 and 

EDS1 result in accumulation of SA which in turn lead to activation of various defense effector 

genes including PR-1. PAD4 is also thought to be involved in activation of defense responses in 

addition to SA signaling. Non- expressor of PR genes 1 (NPR1) is a gene acts downstream of SA. 

The gene product exists as an oligomeric form in the cytoplasm during low levels of SA and 

disassociate into monomers during SA accumulation. These monomers then enter the nucleus, 

interact with TGA-type transcription factors 2, 5 and 6 and activate PR-1 expression. Another 

transcription factor called WRKY70 that is SA-inducible and NPR1-dependent is also required for 

full expression of PR-1 in response to biotrophic pathogen attack (Glazebrook 2005). However, 

it is also known to cause repression of JA-responsive marker gene PDF1.2 and therefore 

decreased resistance to necrotrophic pathogens indicating that WRKY70 acts as positive 

regulator of SA-dependent defenses and a negative regulator of JA-dependent defenses (Bari 

2009).   

Another branch of SA signaling pathway that is independent of NPR1 involves the 

transcription factor AtWhy1. This transcription factor is required for the induction of PR-1 by SA 

and is a part of the SA-dependent, NPR1-independent signaling pathway. This indicates that 

both the NPR1-dependent and NPR1-independent pathways are required for SA-induced PR-1 

expression (Glazebrook 2005).  
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It has been observed that not only does cell death promotes rise in SA levels but also SA 

production promotes cell death. Npr1 mutants under pathogen attack show elevated levels of 

SA than infected wild-type plants which indicate that NPR1 is involved in controlling SA levels as 

well as in responding to elevated SA levels. The presence of these numerous feedback loops 

and SA cross-talks with multiple other defense pathways makes it complicated for researchers 

to determine the sequence of events in SA signaling (Glazebrook 2005).  

 

1.5.3. Role of Ethylene: 

Ethylene is a gaseous tissue-specific hormone that activates fruit maturation, stimulates 

germination, accelerates senescence, increases horizontal growth, inhibits elongation, and 

initiates apoptosis and adventitious roots. Its synthesis depends on the developmental stage of 

the plant and is produced from 1-aminocyclo-propane-1-carboxylic acid (Wang 2011). The role 

of ET in plant defense seems to be ambiguous. It was seen to enhance resistance in some 

interactions but it was also observed to promote disease development in others. Divergent 

effects of ethylene in sensitivity on disease development were observed in A. thaliana as well 

as soybeans where ethylene insensitive2 (ein2) mutant of A. thaliana exhibited increased 

susceptibility to B. cinera and E. carotovora but decreased susceptibility to some bacterial 

pathogens (Kunkel 2002). There is growing evidence that suggests that ET and JA defense 

signaling pathways function synergistically to initiate a defense response. Similar patterns of 

altered pathogen response were observed for both ET-signaling mutants such as ein2 as well as 

for JA-signaling mutants coi1 and jar1 (Kunkel 2002). Concurrent activation of JA and ET to 
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induce defense gene expression and plant resistance during a necrotrophic pathogen attack 

requires expression of Ethylene Response Factor (ERF1) (Addie 2007).  

Arabidopsis coi1 and pad3 mutants were seen to be susceptible to the necrotroph A. 

brassicicola infection suggesting the role of both JA signaling as well as camalexin in resistance. 

However, mutants with defects in SA and ET signaling including npr1 and ein2 did not show 

enhanced susceptibility in response to A. brassicicola infection. This indicates that in an event 

of A. brassicicola infection, resistance depends upon JA signaling and camalexin production but 

SA and ET signaling do not appear to play major roles in defense response (Rowe 2010). 

In contrast, although resistance to another necrotroph B. cinerea also showed dependence on 

JA signaling and camalexin production with coi1 and pad3 mutants showing enhanced 

susceptibility, jin1 mutants with defects in some JA signaling genes were seen to be more 

resistant to B. cinerea. It was also observed that blocking ET signaling in ein2 mutant resulted in 

enhanced susceptibility indicating that ET pathway is required for defense against B. cinerea 

unlike A. brassicicola. Overexpression of transcription factor ERF1 was also seen to elevate 

resistance. Although most of the SA mutants (pad4, npr1) did not show differential response to 

B. cinerea infection, ein2 npr1 double mutants were seen to be significantly more susceptible 

than ein2 single mutants indicating that SA signaling may have a potential role in resistance to 

necrotrophs. This illustrates that although, in general, plants resist necrotrophic attack by 

induction of JA and ET- signaling pathways; these rules for resistance are not universal. For 

example, although SA is thought to have no role in defense against necrotrophs, SA-deficient 

Arabidopsis mutants were seen to be susceptible to the necrotroph Fusarium oxysporum and 
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treatment of wild-type plants with SA before inoculation enhanced resistance to F. oxysporum. 

Differences between necrotrophs species or even subtle differences between isolates of the 

same species can result in varied resistance responses that deviate from these well-known 

pathways. It is also possible what researchers classify a as a necrotroph, a plant species may not 

recognize it as such. For example, a study reported that Arabidopsis does not actually recognize 

F. oxysporum as a necrotrophic pathogen (Trusov 2009). 

 

1.5.4. Role of Jasmonic Acid: 

Jasmonic acid and its derivatives are plant hormones produced from linolenic acid that 

are found highly concentrated in the actively growing regions such as stem apex, immature 

fruits, young leaves and root tips. This signaling molecule has several functions including 

stimulation of germination, inhibition of root-growth and tuber formation, development of 

anther and ovule and a possible role in senescence (Wang 2011). Since JA is one of the newer 

classes of plant hormones that have been identified, the perception and signal transduction of 

this hormone is unclear. In an event of a pathogen attack, JA-dependent signaling is activated 

via increased JA synthesis leading to increased expression of defense effector genes such as 

PDF1.2. ET is also required for inducing PDF1.2 and some other JA-regulated genes which 

suggest that interactions between the two hormones are complex and intricate. COI1 encoding 

a F-box protein which is thought to be involved in negative regulation of JA response is the only 

regulator gene that has been cloned in JA response. Functional COI1 is required for all known 
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activities of JA in Arabidopsis and the gene product of COI1 is also thought to be involved in 

proteolysis (Rowe 2010). 

JA is also involved in the induction of transcription factors such as ERF1, RAP2.6 and 

JIN1. Induction of ERF1 requires expression of both COI1, EIN2 and is thus involved in 

integration of JA and ET pathways. It was observed that ERF1 acts downstream of COI1 and its 

overexpression results in activation of many defense related genes and enhanced resistance 

against pathogen attack. ERF1 and JIN1 are mutually antagonistic and are involved in regulation 

of a distinct set of JA-inducible genes. The set of genes that are activated by ERF1 (which are 

repressed by JIN1) are presumed to be important in disease resistance since ERF1 

overexpression and jin1 mutations resulted in increased resistance to necrotrophic pathogens 

(Glazebrook 2009).  

 Oxylipins activate numerous inducible defense responses via the Allene oxidase 

synthase (AOS) or the hydroperoxide lyase (HPL) pathway. The metabolites of the AOS pathway 

are involved in mediating direct plant defense response and include jasmonic acid (JA), methyl 

jasmonate (MeJA) and their precursor, 12-oxophytodienoic acid (12-OPDA). Arabidopsis 

mutants defective in AOS pathway lacking in jasmonates were observed to have larger necrotic 

lesions than plants with a functional AOS when infected with necrotrophs such as B. cinerea 

and A. brassicicola (Chehab 2008). 

 Concurrent activation of both JA and ET response pathways is necessary in regulation of 

a subset of PR genes in Arabidopsis including the PR-3, PR-4 and PR-12 genes (Thomma 2001).  

Thus, JA and ET are not only mutual stimulators in each other’s biosynthesis but they also 
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function synergistically to activate induced systemic resistance (ISR) when the plant is under 

pathogen attack (Kunkel 2002).  

Research has also shown there is considerable cross-talk between jasmonate and other 

hormones including salicylic acid and abscisic acid to bring about an appropriate defense 

response (Rowe 2010). As mentioned earlier, although there is wide range of crosstalk between 

the SA and JA/ET hormonal pathways at multiple points, most of this cross-talk is mutually 

repressive. However, the molecular mechanisms responsible for this negative interaction are 

not well understood. NPR1 is known to have a dual role and is involved not only in activating 

SA-inducible genes through its nuclear function but also represses JA-induced expression 

through a cytosolic function. Heightened expression of several JA-induced genes was observed 

when SA accumulation was blocked in Arabidopsis plants infected with P. syringae (Glazebrook 

2009). 

 

1.5.5. Role of Abscisic Acid: 

One of the notable functions of the ‘stress hormone’ abscisic acid (ABA) is prevention of 

water loss by transpiration by causing stomatal closure under water deficient conditions. It is 

also involved in other physiological processes such as seed germination, embryo maturation, 

and storage of compounds, dormancy and abscission. It is a carotenoid derivative that is 

synthesized in chloroplasts and plastids during stress conditions such as drought, cold and 

salinity (Wang 2011). Although its role during biotic stress is less clear, ABA has been associated 

with defense responses against both necrotrophic and biotrophic pathogens. It was observed 
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that ABA deficient mutants demonstrated elevated resistance towards biotrophic pathogens 

and decreased resistance towards necrotrophic pathogens (Maksimov 2009). Study of role of 

ABA in plant pathogen interactions is further complicated by the fact that several pathogens 

including B. cinerea also synthesize ABA and the pathways of its biosynthesis in plants and 

pathogens are similar (Maksimov 2009). Several studies have demonstrated that ABA has 

multiple sites of action in plant-pathogen interactions particularly, it negatively regulated plant 

resistance to certain necrotrophic fungi since Arabidopsis mutants that were ABA-deficient or 

with impaired ABA signaling were observed to be more resistant to necrotrophs than wild-type 

plants (Bari 2009). Therefore it is suggested that ABA not only acts as a negative regulator of 

the SA pathway but also interferes antagonistically with the JA/ET pathway (Seilaniantz 2007). 

In contrast, ABA has also been associated with positive regulation of plant defense response. 

Thus contradicting studies have reported the possible role of ABA as a positive regulator as well 

as a negative regulator of defense indicating individual plant-pathogen interactions determine 

the role of ABA during a defense response (Bari 2009). For example, ABA by either callose 

accumulation or affecting JA signaling plays a positive role in defense against P. irregulare and 

A. brassicicola. In contrast, ABA biosynthesis deficient mutants showed enhanced resistance to 

other necrotrophs such as B. cinerea and F. oxysporum. Contradictory roles of ABA were also 

reported during infection by the same pathogen; one study stated that pre-treatment of 

Arabidopsis with ABA before Plectosphaerella cucumerina infection reduces disease 

progression (Ton 2004). However, another study reported the ABA deficient mutant aba 1-6 

and ABA insensitive mutants abi1-1 and abi2-1 showed increased resistance in response to 

Plectosphaerella cucumerina infection (Trusov 2009).  
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ABA has been demonstrated to have antagonistic interactions with SA and the JA/ET 

pathways. There are several studies that have reported bidirectional antagonistic interactions 

between ABA and SA at several points to counteract pathogen attacks in which ABA prevented 

SA accumulation by suppressing SA signaling both upstream and downstream of SA 

biosynthesis (Cao 2011).  

 

1.6. Project Goal and Significance 

This study aimed at understanding the interactions between defense signaling pathways 

and their mechanisms. In this study we hypothesize that the necrotrophic fungus M. phaseolina 

invades the host by affecting the biosynthesis of plant hormones (mainly JA, ET and auxin) 

and/or activation of the corresponding hormonal pathways that are directly or indirectly 

involved in mounting a defense response against the pathogen. To test this hypothesis, we 

obtained mutants that carry mutations in genes that are involved in hormone biosynthesis or 

signaling.   If these hormone signaling pathways are in fact involved in the disease response 

against M. phaseolina,  then we should be able to see a variation in disease symptoms and 

survival rates of the different mutant plants that have either compromised or overexpressed 

genes involved in these signaling pathways when compared to the wild-type.  

Since there is a lack of completely resistant cultivars to M. phaseolina, understanding 

the host-pathogen interactions is the first step towards the development of resistant plants. To 

shed some light on the molecular processes involved in a M. phaseolina infection, Arabidopsis 

thaliana was used as a model system to determine which of the genetic component are 
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involved in host susceptibility. We hoped that through this study we will be able to gain a better 

understanding of the molecular interactions between the pathogen and the host, thus allowing 

us to devise a better management approach or even engineer disease resistant plants in the 

future.   
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CHAPTER 2 

ARABIDOPSIS THALIANA AS A HOST FOR M.PHASEOLINA 

2.1. Introduction 

In order to conduct this study, we chose to use A. thaliana as our preferred model. The 

Columbia (Col) ecotype is the most commonly used ecotype that was sequenced by the 

Arabidopsis Genome Initiative. In addition, most of the mutant lines with the exception of two 

lines used in this study were generated using Col-0 background which led us to choose this 

ecotype to establish the pathosystem. Although Arabidopsis has been used to study other 

important necrotrophs such as B.cinerea, S. sclerotiorum, P. syringae and a few Alternaria 

species, there are no studies which shed light on interactions between M. phaseolina and A. 

thaliana. Therefore, in the first part of our study, we aimed to test the susceptibility and 

compatibility of A. thaliana as a host for M. phaseolina. This was accomplished by infecting A. 

thaliana Columbia-0 (Col-0) as well as A. thaliana Landsberg erecta (Ler-0) ecotype plants (data 

not shown) with M. phaseolina and monitoring disease progression. The stems and the roots of 

these plants are relatively translucent which makes this plant well suited for light microscopy. A 

scoring matrix was used in order to assess the disease symptoms visually and the different 

stages of infection starting from 12 hpi (hour-post-inoculation) to 6 dpi (day post inoculation) 

were confirmed by performing microscopic examination of the roots and the stems. The wild-

type plants of both the ecotypes used in this study showed identical disease progression and 

death rate.  
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2.2. Materials and Methods 

2.2.1. Plant Materials: 

Arabidopsis seeds were sterilized with 95% ethanol for five minutes followed by Tween-

20 suplemented 20% bleach for five minutes. The seeds were thoroughly rinsed with distilled 

water 4 times to remove all traces of bleach. The seeds were then imbibed at 4 degree C for 3 

days in dark in order to overcome dormancy and for synchronous seed germination. The seeds 

were then plated on full strength Murashige and Skoog (MS) Basal Salt Media supplemented 

with 1% sucrose (adjust pH to 5.6 with 1 N potassium hydroxide) for germination. 

Approximately 10-day-old plants from the plates were then transplanted onto wet sterilized soil 

and grown for 4 weeks under following conditions: 25 degree C, short day light cycle (8 hours of 

light and 16 hours of dark) and 50% relative humidity until inoculation. 

 

2.2.2. Fungal materials: 

The M. phaseolina isolate used in this study was provided by Dr. Nancy Brooker 

(Pittsburg State University, Pittsburg, KS, USA). 

Fungal plates of the pathogen M. phaseolina (isolate 210) were first cultured  on Potato 

Dextrose Agar (PDA) plates for 4-5 days to obtain the mycelium. Then, about 5-8 pieces of 1cm2 

agar plugs from the plate were used to inoculate about 200mL Potato Dextrose Broth (PDB) 

contained in 500mL plastic beakers. The fungus was allowed to grow for 14 days at 27:C, 

harvested and air dried at room temperature for 3 days. The dried fungal mats were then 



33 
 

ground to a fine powder and stored at 4:C to be used as an inoculum. In order to maintain 

consistency in the inoculation procedure and to minimize variation in pathogenecity of the 

fungus, it was ensured that the inoculum used was less than a month old. 

 

2.2.3. Inoculation Procedure: 

In this study we used the root-dipping method of inoculation. The inoculum was first 

prepared by suspending 2g dried, powdered sclerotia of M. phaseolina in 20 ml 0.0015% 

agarose solution.  5-week old plants were un-potted and rinsed with distilled water to remove 

the soil particles. The plant roots were then placed in the sclerotial suspension for 30 seconds 

and re-potted into fresh autoclaved soil in 1-inch plastic pots. The control plants were mock 

inoculated by suspending the roots in 0.0015% agarose only. The plants were not watered 24 

hours before and after inoculation to allow successful infection by the pathogen. The plants 

were returned to the growth chamber/growth cart and monitored on a daily basis until plant 

death to look for disease development and formation of sclerotia within the roots by 

performing microscopic analysis. 

 

2.2.4. Microscopic Analysis 

 The plant roots were harvested every 12 hpi initially and every 24 hours, rinsed with 

distilled water to remove the soil particles and stained with lacto phenol cotton blue for 15 

seconds. The roots were then used to prepare a wet mount with distilled water to visualize the 
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fungal hyphae. It should be noted that microscopy on the roots could not be perfomed after 8 

dpi due to the fragile nature of the infected roots.  

 

2.2.5. Scoring Matrix for Disease Assessment: 

In order to evaluate the disease symptoms, 24 plants were inoculated at 5 weeks with 

M. phaseolina by the root dipping method. Disease symptoms were monitored from 1 dpi (day-

post-inoculation) until plant death using a scoring matrix in the scale of 0-6. In this scale: 

0: no dectectable symptoms. 

1: 1-10% chlorotic or 1-5% necrotic. 

2: 10-20% chlorotic or 5-10% necrotic. 

3: 20-30% chlorotic or 10-20% necrotic. 

4: 40-60% chlorotic or 20-30% necrotic. 

5: 60-80% chlorotic or 40-60% necrotic. 

6: > 80% necrotic or plant dead. 

 

2.3. Results and Discussion 

Five-week-old soil-grown Arabidopsis plants were inoculated with M. phaseolina 

suspension via a root-dipping method. The disease symptoms started appearing in the plants by 

1 dpi. Although there are no external stress symptoms manifesting in the plants at day 1 (Figure 

2B), microscopic analysis showed that the fungal hyphae germinated on the roots and 

penetrated into root tissue (Figure 2I). It was observed that the hyphae at the point of entry 
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were slightly enlarged to form a bulb-like structure (Figure 2P). By day 2, the plants showed 

initial symptoms of stress including irreversible wilting (Figure 2C). The fungal mycelium was 

seen to aggregate to form immature sclerotia (Figure 2 J, Q). Plants from 3 dpi showed 

complete wilting and the leaves showed signs of chlorosis (Figure 2D). Several maturing 

sclerotia were seen within the roots (Figure 2K, R). By 4 dpi, the plants showed complete 

chlorosis (Figure 2E). The roots began to rot and there were numerous sclerotia found 

dispersed throughout the root (Figure 2L) and the stem (Figure 2S). Plants at 5 dpi exhibited 

disease progression as indicated by panels F, M and T in Figure 2.  By 6 dpi, the plants had clear 

indications of necrosis and death (Figure 2G). It was observed that the root structure was 

degenerated by the invading sclerotia (Figure 2N) and mycelium (Figure 2U). 

In order to determine if the infection was caused by M. phaseolina, the roots from 

treatment plants were surface sterilized with 20% bleach, rinsed with sterilized water and 

cultured on PDA plates. Although the plates with the mock-inoculated control root had 

bacterial contamination, they did not show any fungal growth whereas plates with the roots 

inoculated with M.phaseolina showed the growth of the fungus (Figure3). This leads us to 

conclude that A. thaliana is a susceptible host of M. phaseolina.  

Necrotrophic pathogenesis involves destructive strategies that result in extensive 

necrosis, tissue maceration and plant rots. Cell wall degrading enzymes, other extracellular 

enzymes as well as phytotoxins aid in tissue colonization (Laluk 2010). Our results indicate that 

A. thaliana is indeed a susceptible host system for the M. phaseolina isolate used in this study. 

The plants at 4 -5 weeks exhibit robust development and most of the resources are allocated to 
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development, cope with abiotic stresses and resist pathogen attack. Therefore to allow a 

successful infection to take place, we chose to inoculate 5-week-old plants under abiotic stress. 

The field conditions during drought period were mimicked by subjecting the experimental and 

control plants to water stress 24 hours before and after inoculation. Use of sterilized soil ruled 

out the possibility of the plants being under multiple pathogen attacks. As previously described 

the plants exhibited external symptoms of charcoal rot disease. Also as evidenced by light 

microscopy, the general stages of necrotrophic invasion including attachment, germination and 

penetration of host tissue by fungal mycelium, formation of sclerotia within the pith of the 

plant tissue and necrosis were observed progressively from 1 dpi until plant death. It is however 

noted several factors such as age and virulence of the fungal inoculum, variation in amount of 

sclerotia taken up by the roots during inoculation can also affect the outcome of the 

experiment. The inoculation procedure was kept as consistent as possible between inoculations 

and between replications. Although the inoculation procedure used in our study does not 

exactly reflect field conditions, it allows us to effectively study the pathogen under laboratory 

conditions. 
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Figure 2: Arabidopsis plants infected with M. phaseolina showed symptoms of charcoal rot. 

Inoculated plants showed symptoms of wilting (C), yellowing of the leaves (E), chlorosis (F) and 

necrosis (G). Microscopic analysis showed colonization of the root by the pathogen (I), 

aggregation of the mycelial hyphae (Q, P) to form sclerotia (R, S, T). 

 

Control     1 DPI        2 DPI       3 DPI          4 DPI       5 DPI      6 DPI 

     A           B                   C               D                  E              F      G            

           H    I                J                  K                  L                  M       N   
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Figure 3: Surfaced sterilized roots from plants treated with M. phaseolina when placed on the 

PDA plates (right) showed fungal growth whereas the control plants (left) did not. 
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CHAPTER 3 

INTERACTIONS BETWEEN M. PHASEOLINA AND A. THALIANA MUTANTS DEFECTIVE IN 

HORMONE SIGNALING PATHWAYS 

3.1. Introduction 

Multiple hormone pathways are found to be involved in Arabidopsis resistance to 

necrotrophic fungi. However, the roles of these hormones are not well-defined. As previously 

mentioned, knowledge about host-pathogen interactions and the molecular mechanisms of the 

disease and host responses will help us devise effective management strategies for charcoal rot 

disease. The role of different signaling molecules including JA, ET, ABA, SA and Auxin in 

development and regulation of defense response against M. phaseolina were investigated. The 

balance and interplay of these hormone systems have a crucial role in the expression of 

resistance to particular pathogens. Mutants with compromised or overexpressed genes 

involved in these signaling pathways were examined to further understand functions/role of 

these genes in response to M. phaseolina infection. This knowledge enables us to identify genes 

what may confer resistance against M. phaseolina that would eventually lead us to engineer a 

disease resistant strain. In the second part of this study, we hypothesized that the different 

hormonal signaling pathways play a significant role in either conferring resistance or aid disease 

progression when plants are under attack by M. phaseolina. Based on the results obtained from 

our previous studies with Medicago, we hypothesize that up-regulation of genes involved in 

auxin, JA and ET biosynthesis and signaling would result in disease suppression. It is known that 

JA and ET defense pathways act synergistically and have been linked with defense response 



40 
 

when the plant is under attack by necrotrophic and hemi-biotrophic pathogens while SA is 

associated with activation of defense responses against broad spectrum of biotrophic 

pathogens. Due to lack of clear distinction between necrotropic and biotrophic pathogens as 

well as attack by multiple pathogens in a natural environment, plants have complex regulatory 

mechanisms that elicit an effective response against various pathogens. However, it is not 

known how plants prioritize one response over the other.  Although several components 

regulating the cross-talk between SA, JA and ET pathways have now been identified, the 

molecular mechanisms are not very well understood. It should be noted that hormonal 

crosstalk is highly extensive and complex and the roles of different hormones vary not only 

within plant families and species but also within different genotypes of the same species. 

Recently it has been also found that ABA and brassinosteriods can also affect the induction of 

plant defense (Glazebrook 2005).  

Here we hypothesized that M. phaseolina invades the host by affecting the biosynthesis 

of plant hormones (mainly JA, ET and auxin) and/or activation of the corresponding hormonal 

pathways that are directly or indirectly involved in mounting a defense response against the 

pathogen. To test this hypothesis, we obtained mutants that carry mutations in genes that are 

involved in hormone biosynthesis or signaling.   If these hormone signaling pathways are in fact 

involved in the disease response against M. phaseolina,  then we should be able to see a 

variation in disease symptoms and survival rates of the different mutant plants that have either 

compromised or overexpressed genes involved in these signaling pathways when compared to 

the wild-type. 
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3.2. Materials and Methods: 

To study the roles of the phytohormones in plant disease responses against M. 

phaseolina, we obtained mutants that have defects in one of the hormone response pathways 

(Table 1) for  inoculation with M. phaseolina. Seeds for these mutant lines were obtained from 

ABRC stock center and were initially grown to bulk seeds. We were able to bulk seeds for most 

of the mutant lines under investigation with  exception for a few. The mutants were inoculated 

with M. phaseolina, and disease symptoms compared with that in wild-type plants. The goal 

was to determine if any of the affected pathways are involved in host-pathogen interactions 

and to identify genes that have a role in mounting a defense response. The inoculation 

procedure followed was similar to that used in the first part of the study. The seeds were 

germinated on sucrose supplemented MS basal media and 10-day-old seedlings were 

transplanted into sterilized soil contained in 1-inch plastic pots. 5-week-old soil grown plants 

were then inoculated with M. phaseolina inoculum that was less than a month old. The sample 

size was 24 experimental plants and 12 control plants for each mutant line as well as the wild-

type. In order to maintain consistency, inoculation of each mutant line was performed at least 

two times. The disease symptoms and progression were assessed using the same scoring matrix 

that was previously used to assess the wild-type plants. Microscopic examination of roots was 

not performed on the mutant plants. 
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Table 1: Tabular Representation of Mutants Used In the Study and the Experimental Results 

Gene 
ID/Name 

Mutant name Gene Function Mutant 

Phenotypes 

Pathway 

involved 

Experimental 
Results 

CIM6 

 

cim6(constituti

ve immunity 6) 

Systemic acquired 

resistance, SA 

mediated signaling 

pathway. 

Constitutive 

expression of 

SAR pathway; 

high levels of 

SA; disease 

resistant 

mutant; lacks 

HR cell death. 

 

 

 

Salicylic 

acid 

Mutants 
showed 
accelerated 
disease 
progression 
compared to 
wild-type. 

AT1G642

80 

NPR1  

npr1-2 
(arabidopsis 
non expressor 
of pr genes/sa 
insensitive ) 

Cell death; 
defense response 
to fungus; 
negative 
regulation of 
defense response; 
regulation of JA 
and SA mediated 
signaling 
pathways; 
regulation of SAR; 
response to 
wounding. 

Reduced 

expression of 

pathogenesis-

related (PR) 

genes in 

response to SA; 

enhanced 

susceptibility to 

the virulent 

bacteria P. 

syringae pv. 

maculicola 

strain ES4326. 

 

 

 

 

 

 

Salicylic 

acid 

Mutant death 
rate same as 
that of wild-
type 

AT4G260

80 

ABI1 

 

abi1-1 (aba 

insensitive 1) 

Negative 

regulation of ABA 

mediated signaling 

pathway; 

regulation of 

stomatal 

movement; 

response to ABA 

stimulus; response 

to cold and heat. 

Abscisic acid 

resistant; 

reduced 

sensitivity to 

ABA inhibition 

of germination; 

increased level 

of endogenous 

ABA during 

seed 

development. 

 

 

 

 

 

Abscisic 

acid 

Mutant death 
rate same as 
that of wild-
type 
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TABLE 1 (continued) 
 

Gene 
ID/Name 

Mutant 

name 

Gene Function Mutant 

Phenotypes 

Pathway 

involved 

Experimental 
Results 

 

AT1G52340 

ABA2 

 

aba2-1 (aba 

deficient 2) 

 

Abscisic acid 

biosynthetic 

process; response 

to water 

deprivation; sugar 

mediated signaling 

pathway. 

 

Abscisic acid 

deficient; 

reduced level of 

endogenous 

ABA during 

various stages 

of plant and 

seed 

development; 

impaired in ABA 

biosynthesis. 

 

 

 

 

Abscisic 

acid 

 
Mutant death 
rate same as 
that of wild-
type 

AT1G05180 

AXR1 

axr1-3 (auxin 

resistant 1) 

DNA repair; auxin 

homeostasis; 

auxin signaling 

pathway.  

Irregular 

rosette leaves, 

tend to curl 

downward; 

short petioles; 

slightly reduced 

plant height; 

increased 

number of 

lateral 

branches. 

 

Auxin 

Mutant death 
rate same as 
that of wild-
type 

AT1G05180 

AXR1 

 

axr1-12 

(auxin 

resistant 1) 

Encodes a subunit of 

the RUB1 activating 

enzyme that 

regulates the 

protein degradation 

activity of Skp1-

Cullin-Fbox 

complexes affecting 

auxin responses. 

 

 

Altered 

DR5:GUS 

expression.  

 

 

 

 

Auxin 

Mutant death 
rate same as 
that of wild-
type 
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TABLE 1 (Continued) 

 

Gene 
ID/Name 
 

Gene 
ID/Name 

Gene ID/Name Gene ID/Name Gene 
ID/Name 

Gene ID/Name 

AT3G23050 

AXR2 

 

axr2-1(auxin 

resistant 2) 

Gravitropism 

response to auxin 

stimulus; response 

to JA stimulus; 

response to 

wounding. 

Roots have a 

significantly 

slower growth 

rate and have 

altered 

gravitropic 

response, 

resistant to 

auxin, ET, and 

ABA. 

 

 

 

Auxin 

Mutants 
exhibited 
greater 
resistance to 
the pathogen 
than wild-type 

AT1G05180 

AXR1  

AT1G54990 

AXR4 

 

axr4 

axr1(auxin 

resistant 4/ 

auxin 

resistant 1) 

Auxin 

homeostasis; 

auxin mediated 

signaling pathway; 

auxin polar 

transport; 

response to auxin 

stimulus; response 

to mechanical 

stimulus. 

Auxin resistant; 

irregular 

rosette leaves; 

roots very auxin 

resistant; 

defective root 

gravitropism; 

reduced 

number of 

lateral roots; 

reduced 

fertility. 

Auxin 

Mutant death 
rate same as 
that of wild-
type 

AT3G62980 

TIR1 

tir1-
1(transport 

inhibitor 
response 1) 

 
Auxin mediated 

signaling pathway, 
lateral root 
formation; 

response to auxin 
stimulus; response 
bacterial proteins. 

Resistant to 
auxin inhibition 

of root 
elongation; 
deficient in 

auxin-regulated 
growth 

processes. 
 
 
 
 

 
 
 

Auxin 

Mutant death 
rate same as 
that of wild-

type 
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TABLE 1 (continued) 

 

Gene 
ID/Name 
 

Gene ID/Name Gene ID/Name Gene ID/Name Gene 
ID/Name 

Gene ID/Name 

AT5G032

80 

EIN2 

 

 

ein2 (enhanced 

response to 

aba 3/ethylene 

insensitive 2) 

ET mediated 

signaling pathway; 

JA and ET 

dependent 

systemic 

resistance; 

response to ET 

and JA stimulus.  

Insensitive to 

ET; mutation in 

ein2 block ET 

stimulation of 

flavonol 

synthesis. 

 

 

 

Ethylene 

Mutants 
exhibited 
greater 
resistance to 
the pathogen 
than wild-type 

AT1G663

40 

ETR1 

 

etr1-1 

(ethylene 

insensitive ) 

Defense response 

by callose 

deposition in cell 

wall; JA and ET 

dependent 

systemic 

resistance; 

response to ABA 

and auxin 

stimulus; negative 

regulation of ET 

mediated 

pathway.  

Root and 

hypocotyl 

elongation 

insensitive to 

ET; reduced ET 

binding activity; 

delayed bolting; 

large rosette.  

 

 

 

 

 

 

Ethylene 

Mutant death 
rate same as 
that of wild-
type 

AT3G232

40 

ERF1 

 

35S::ERF1-1 

Defense response; 

JA/ET mediated 

signaling pathway; 

regulation of 

transcription. 

35S::ERF1-1, 

constitutively 

overexpresses 

ERF1 under the 

control of the 

CaMV 35S 

promoter; 

transcription 

factor that 

regulates the 

expression of PR 

genes. 

 

 

 

 

 

 

Ethylene 

Mutant death 
rate same as 
that of wild-

type 
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TABLE 1 (continued) 

 

Gene 
ID/Name 
 

Gene ID/Name Gene ID/Name Gene ID/Name Gene 
ID/Name 

Gene ID/Name 

AT3G232

40 

 

 

coi1;35S::ERF1

-1 

Defense response; 

JA/ET mediated 

signaling pathway; 

regulation of 

transcription. 

Rescue of the 

defense 

response 

defects of coi1; 

constitutively 

overexpresses 

ERF1 in coi1 

background, 

under the 

control of the 

CaMV 35S 

promoter. 

 

 

 

 

 

 

Jasmonic 

acid and 

Ethylene 

Very subtle 
variations in 
disease 
progression 
between the 
wild-type and 
the coi1 
mutant plants 
where mutants 
exhibited 
accelerated 
disease 
progression 

AT3G232

40 

 

coi1;35S::ERF1

-2 

Defense response; 

JA/ET mediated 

signaling pathway; 

regulation of 

transcription. 

Rescue of the 

defense 

response 

defects of coi1; 

constitutively 

overexpresses 

ERF1 in coi1 

background, 

under the 

control of the 

CaMV 35S 

promoter. 

 

 

 

 

 

 

 

Jasmonic 

acid and 

Ethylene 

Mutant death 
rate same as 
that of wild-
type 

AT5G426

50 

AOS 

 

aos (allene 

oxide 

synthase) 

Defense response; 

JA biosynthetic 

process; response 

to fungus; 

response to JA 

stimulus; response 

to wounding. 

JA deficient; 

defective wound 

signal 

transduction due 

to a block in JA 

biosynthesis, JA 

levels do not 

increase after 

wounding. 

 

 

 

 

Jasmonic 

acid 

Mutant death 
rate same as 
that of wild-
type 
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3.3. Results and Discussion 

3.3.1. Auxin Mutants 

3.3.1.1 Interactions between axr2-1 and M. phaseolina  

These plants have a mutation in the AXR2/IAA7 gene that causes phenotypic effects 

such as gravitrophic root and shoot growth, a short hypocotyl and stem and auxin-resistant root 

growth. The plants also show enhanced stabilization of the auxin repressor transcriptional 

factor AXR2/IAA7. AXR2/IAA7 is a member of the AUX/IAA family which are repressors of the 

auxin pathway. The protein products of this family bind to the Auxin response factors (ARFs) 

and inhibit transcription of specific auxin response genes (Bari 2009).  

Although the dominant axr2-1 mutation confers resistance to the plant hormones auxin, 

ethylene and absicisic acid, it was noted that the observed phenotype of the mutants is due to 

defects in auxin action. The mutation of this gene seems to prevent auxin- induced SAUR-AC1 

expression as evidenced by the dramatic decrease in the SAUR-AC1 transcripts in the mutants 

relative to the wild-type. This indicates that in mature plants auxin resistance in the leaves, 

inflorescences and roots is due to the axr2-1 mutation (Timpte 1994). In other studies these 

mutants were seen to show increased susceptibility to the necrotrophic fungi P. cucumerina 

and B. cinera (Llorente 2008). However, in our study, based on our scoring system, we found 

that mutant plants were slightly more resistant to M. phaseolina than the wild-type.  

As seen in Figure 4, the mutant plants exhibited symptoms such as yellowing of the 

outer rosettes and about 40-60% chlorotic at 8 dpi. The younger leaves remained green even 
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after 9 dpi. But the severity of the symptoms seems to be exacerbated in the wild-type with the 

plants showing about 60-80% chlorosis and 40-60% necrosis in the tissue at 8 dpi. In our study 

we hypothesized that auxin signaling is involved in imparting resistance against M. phaseolina. 

However, data from this particular mutant line contradict our previous results and indicate that 

these auxin resistant Arabidopsis mutants are more resistant to M. phaseolina infection.  

 

  

              

                

Figure 4: Assessment of disease progression in wild-type (top panel) versus axr2-1 mutants 

(bottom panel). As evident from the figure, the mutant plants appear more resistance to M. 

phaseolina than the wild-type. The mutant plants exhibited about 40-60% chlorosis at 8 dpi 

where as wild-type plants showed about 60-80% chlorosis and 40-60% necrosis in the tissue at 

8 dpi. 

 

 

Control   1 DPI        2 DPI     3 DPI        4 DPI      5 DPI      6 DPI    7 DPI 
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3.3.1.2 Interactions between axr4 axr1 and M. phaseolina 

These are double mutants with mutations in both AXR4 and AXR1 that are recessive 

auxin resistant mutants. These two mutations seemed to have a synergistic effect on auxin 

resistance. The roots of the arx4-2 axr1-3 mutant plants are strikingly more resistant to auxin, 

show altered gravitrophisim and form fewer lateral roots than either parental single mutant. 

The leaves of the mutant plants show downward lengthwise curling (Hobbie 1996). From our 

studies (figure 5), although we expected these strongly auxin resistance mutants to show 

enhanced susceptibility to M.phaseolina, assessment of symptoms of the mutants from 1 dpi to 

plant death as per our scoring scale showed no differential disease progression relative to wild-

type. 

 

              

               

Figure 5: Comparison of disease symptoms between wild-type (top panel) and axr4 axr1 double 

mutants (bottom panel) showed no differential disease progression relative to wild-type. 

Control   1 DPI        2 DPI     3 DPI        4 DPI      5 DPI      6 DPI    7 DPI 
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3.3.1.3 Interactions between tir-1 and M. phaseolina 

The incompletely-dominant mutation in these plants generated by ethymethane 

sulfonate results in mutant that  is deficient in a variety of auxin-regulated growth processes 

including hypocotyl elongation and lateral root formation. TRANSPORT INHIBITOR RESPONSE 1 

(TIR1) gene is required for normal response to auxin and function synergistically with AXR1 

genes indicating that the two genes function in overlapping pathways (Ruegger 2012). 

 From the results below (figure 6), we see that there was not evident difference in disease 

progression between wild-type and the mutant plants. Both wild-type and the mutants, showed 

similar symptoms and death of the plants occurred by 7 dpi. 

 

               

               

Figure 6: Comparison of disease symptoms between wild-type (top panel) and tir-1 mutants 

(bottom panel) showed no differential disease progression relative to wild-type. 

 

Control   1 DPI        2 DPI     3 DPI        4 DPI      5 DPI      6 DPI    7 DPI 
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3.3.1.4 Conclusion:  

Based on the results of our previous studies we expected that most of our auxin 

resistance mutants would show enhanced susceptibility in response to M. phaseolina infection. 

Results from our previous experiments indicated that M. phaseolina affects auxin homeostasis 

by repressing the auxin signaling pathways and exogenous auxin application resulted in 

increased resistance. Also, other studies have demonstrated that the arx2-1 mutants showed 

enhanced susceptibility to necrotrophic fungi including B. cinerea and P. cucumerina (Llorente 

2008). Accordingly, we expected progression of disease caused by M. phaseolina in axr2-1 

mutants to be more demarcated than the wild-type. Surprisingly, we found that the mutants 

showed enhanced resistance instead, with wild-type plants succumbing more easily to the 

infection than the axr2-1 mutants. There are studies which have reported that exogenous 

application of auxin in Arabidopsis can also promote disease progression caused by 

Agarobacterium tumefaciens, P. savastanoi and P. syringae. Particularly, the auxin resistant 

axr2-1 mutants showed reduction in P. syringae growth compared to wild-type (Bari 2008). 

Thus there are studies that provide evidence for both positive and a negative role of auxin in 

defense response.  

In a study conducted to demonstrate the effects of necrotrophic fungi on the recessive 

axr1-3 and tir1-1 mutants, it was seen that the level of susceptibility to P. cucumerina and B. 

cinerea did not differ from that of the wild-type plants (Llorente 2008). Although we predicted 

that these mutants would show increased susceptibility to M. phaseolina infection, we did not 
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observe any difference in susceptibility between tir1-1 and axr4axr1 double mutants as 

compared to the wild-type.  

Results from axr1-3 mutants were inconclusive since there was high degree of variation 

in the phenotype of the mutant plants between replications indicating there might have been 

seed contamination either at the stock center or during bulking (data not represented).  

The auxin signaling pathway and how auxin levels affect the defense responses to 

specific pathogen depends on interactions between the plants and the type of pathogens. 

Therefore the discrepancy between our previous and current study could be due to difference 

in response between Medicago and Arabidopsis to M. phaseolina infection. It should also be 

taken into consideration that the type of interactions and plant responses to stress depends on 

the pathosystem and the time, quantity and the tissue where the hormones are produced. Also, 

pathogens are also known to produce phytohormones to manipulate defense responses of 

plants (Bari 2008).  It should be however, noted that since the scoring matrix used in our study 

is subjective, there could have been an error in assessment. Further testing is needed for 

confirmed results of such. 

 

3.3.2 Ethylene Mutants 

 

3.3.2.1 Interactions between etr1-1 and M. phaseolina 

This mutant line of Arabidopsis with dominant mutation at a locus designated as etr has 

altered responses to ethylene including inhibition of cell elongation, promotion of seed 



53 
 

germination, enhancement of peroxidase activity, acceleration of leaf senescence and 

supression of ethylene synthesis by ethylene in different tissues of Arabidopsis. The mutants 

have a mutation in ETR gene, causing ethylene insensitivity. Mutant plants that are 

homozygous for the etr mutation show similar phenotype as that of the wild-type indicating 

that the mutations does nto interfere with major developmental processes (Bleecker 1988).  

Inoculation followed by monitoring of disease progression of both wild-type and the mutant 

lines showed no obvious differences between the control and the experimental plants. Plant 

death in both the wild-type and the etr mutants occurred at about day 8 –day 9 post 

inoculation (Figure 7). 

 

               

               

Figure 7: Comparison of disease symptoms between wild-type (top panel) and etr1 mutants 

(bottom panel) showed no differential disease progression relative to wild-type. Plant death in 

both the wild-type and the etr mutants occurred at about day 8 –day 9 post inoculation. 

Control   1 DPI        2 DPI     3 DPI        4 DPI      5 DPI      6 DPI    7 DPI 
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3.3.2.2 Interactions between 35S::ERF1 and M. phaseolina 

ETHYLENE RESPONSE FACTOR1 (ERF1) encodes a transcription factor that regulates the 

expression of pathogen response genes that prevent disease progression. The expression of 

ERF1 can be activated rapidly by ethylene or jasmonate or synergistically by both hormones. In 

addition, both signaling pathways are required simultaneously to activate ERF1, because 

mutations that block any of them prevent ERF1 induction by any of these hormones either 

alone or in combination. Constitutive expression of ETHYLENE RESPONSE FACTOR1 (ERF1), a 

downstream component of the ethylene signaling pathway increases Arabidopsis resistance to 

B. cinerea and P. cucumerina. ERF1 acts downstream of the intersection between ethylene and 

jasmonate pathways suggesting that it plays a key role in integration of signaling pathways to 

activate ethylene and jasmonate-depended responses to pathogens (Lorenzo 2003).  

35S::ERF1constitutively overexpresses ERF1 under the control of CaMV 35S promoter. 

The mutant plants have smaller dark green rosettes with narrow-elongated leaves compared to 

that of the wild-type and exhibit expression of a partial seedling triple response phenotype 

(Lorenzo 2003). Since ET plays a very important role in defense signaling, we expected these 

35S::ERF1 mutant plants to show enhanced resistance to the pathogen. However, analysis of 

our results indicated that there is no discernable difference in disease development in the 

mutant plants relative to the wild-type (Figure 8).  
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Figure 8: Although we expected the 35S::ERF1 mutant plants (bottom panel) to demonstrate 

higher resistance to the pathogen, analysis of our results indicated that there is no discernable 

difference in disease development in the mutant plants relative to the wild-type (top panel). 

 

3.3.2.3 Interactions between coi1; 35S:: ERF1 and M. phaseolina 

 Two independent transgenic lines that overexpess ERF1 (ETHYLENE RESPOSE FACTOR 1 

)  in  the coi1 (coronatine insensitive1) background under the control of the CaMV 35S promotor 

were obtained. They are named as coi1;35SERF1-1 and coi1;35SERF1-2 respectively. Due to 

mutation in COI1,  the mutant plants are insensitive to jasmonate. Overexpression of ERF1 can 

rescue coi1 defense response defects. Here also, the difference in disease progression between 

the wild-type and the mutant plants was insignificant for us to make a substantial conclusion 

(Figure 9).  
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Figure 9: Although we expected to see enhanced resistance against M. phaseolina in these 

coi1;35S::ERF1-1 mutants, as indicated  by these figures, the difference in disease progression 

between the wild-type (top panel) and the mutant plants (bottom panel) was insignificant for 

us to make any substantial conclusion.  

The results obtained from coi1;35S::ERF1-2 were similar to that of coi1; 35S::ERF1-1. 

Although majority of the mutant plants showed symptoms and death rate similar to that of the 

wild-type, some mutants did show an increased survial than wild-type. However, the results 

could not be replicated consistently (Figure 10).  This could be due to copy number of the 

35S::ERF1 allele, since the plants were segregating the transgene. It is also possible that there 

could have been an error/mix up when the seeds were acquired from the stock center.  
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Figure 10: Although, majority of the coi1;35S::ERF1-2 mutant plants (bottom panel) showed 

symptoms and death rate similar to that of the wild-type, some mutants did show an increased 

survival than wild-type (top panel). In the figure, two out of 6 mutant plants showed green 

rosettes even at 7 dpi. However, the results could not be replicated. 

 

3.3.2.4: Interactions between ein2 and M. phaseolina 

These are recessive ein2 Arabidopsis mutants that are insensitive to high exogenous 

ethylene concentrations. There are two loci involved in conferring insensitivity to ethylene: one 

on chromosome 1 near the ap-1 locus and the other on chromosome 4 called the ein2 locus. 

The Arabidopsis mutants that we chose have mutation in the ein2 locus. These plants exhibited 

a phenotype that contrasted with that of the wild-type. The rosettes were larger than that of 

the wild-type and also demonstrated delayed bolting. The seedlings of these mutants are highly 

elongated and the apical hook readily opened. Also, there was a significant increase in ethylene 
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production when compared to the wild-type. Ethylene is known to regulate ethylene 

biosynthesis by both autocatalysis and autoinhibition. It was inferred that the differences in ET 

production between the wild-type and the mutant plants is due to alteration in the 

autoinhibition control of ET biosynthesis as a result of defective ET perception (Guzman 1990). 

In our study, we observed that these mutants demonstrated elevated resistant to M. 

phaseolina infection than the wild-type. Although the leaves of wild-type plants exhibited 

wilting and leaf chlorosis, the mutant plants were healthy even after 7 dpi. Complete death of 

wild-type plants was seen at 10 dpi but the mutant plants although demonstrated wilting and 

partial yellowing of leaves did not show any other severe symptoms indicating that these were 

more resistant to M. phaseolina than the wild-type. The role of ET in plant defense seems to be 

ambiguous. It was seen to enhance resistance in some interactions but it was also observed to 

promote disease development in others (Kunkel 2002). In our analysis we conclude that 

elevated levels of ethylene in these mutants impart resistance against M. phaseolina (figure 

11). 
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Figure 11: Comparison of wild-type versus ein2 mutant plants illustrated the mutant plants 

shows that the symptoms of the mutants are not as severe as the wild-type. The wild-type 

plants show wilting, chlorosis and about 40-70% (top panel) whereas the mutant plants 

exhibited only wilting and about 20-30% chlorosis (bottom panel). 

 

3.3.2.5 Conclusion:  

Results of our previous studies have indicated that exogenous application ET to 

Medicago plants infected with M. phaseolina confers partial resistance against the pathogen 

thus indicating that ET plays a positive role in defense. Based on previous research, we 

predicted that the etr and ein2 mutants would show enhanced susceptibility while the ERF1 

overexpressing mutants in both the coi1 and wild type background would show enhanced 

resistance in response to M. phaseolina infection.  
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The coi1;35S::ERF transgenic lines consists of mutants that are insensitive to jasmonate 

but constitutively overexpresses ERF1 under the control of the CaMV 35S promotor. 

Constitutive expression of ERF1, a downstream component of the ethylene signaling pathway 

increases Arabidopsis resistance to B. cinerea and P. cucumerina. ERF1 encodes a transcription 

factor that regulates the expression of pathogen response genes that prevent disease 

progression. ERF1 acts downstream of the intersection between ethylene and jasmonate 

pathways suggesting that it plays a key role in integration of signaling pathways to activate 

ethylene and jasmonate-depended responses to pathogens (Lorenzo 2003). Interestingly, in our 

study we found that the overexppressor neither showed enhanced resistance nor enhanced 

susceptiblily to the pathogen under study. However, ein2 mutants with high endogenous ET 

levels did show high resistance to the pathogen than the wild-type thus confirming our previous 

results that ET signaling is involved in resistance against M. phaseolina. It is not clear why the 

elevated ET level in ein2 results in resistance, whereas activation of ET signalling by 

overepxressing ERF1 did not.  

 

3.3.3 Jasmonic Acid Mutants 

3.3.3.1 Interactions between coi1 and M. phaseolina 

The coi1 mutants were obtained by segregating from coi1; 35S::ERF1 transgenic lines 

obtained from ABRC. There were two independent transgenic lines, coi1;35S::ERF1-1 and coi1; 

35S::ERF1-2, both of which are heterozygous for the 35S::ERF1 allele and homozygous for coi1 

mutation. The plants were scored based on phenotypes to identify coi1 mutants. The coi1 
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transformed with 35S::ERF allele have narrow, elongated, dark-green and smaller rosettes 

leaves compared to the coi1 mutant plants. The coi1;35S::ERF1 plants also lack trichomes on 

the stem and the leaves (exhibit glabrous phenotype) and are kanamycin resistant. We initialy 

designated plants as coi1 or coi1; 35S::ERF1 lines based on the phenotypes and later confirmed 

our observations using kanamycin selection plates.To differentiate coi1 mutants isolated from 

these two different lines, we named the mutant isolated from coi1; 35S::ERF1-1 as coi1a, and 

the mutant isolated from coi1; 35S::ERF1-2 as coi1b. The Arabidopsis coronatine insensitive1 

(coi1) mutants are fully insensitive to JA, and COI1 protein is required for all JA-dependent 

responses. COI1 is an F-box protein, suggesting the involvement of ubiquitin-mediated protein 

degradation in JA signaling. This has been further supported by the demonstration that COI1 is 

present in a functional SKIP-CULLIN-F-box-type E3 ubiquitin ligase complex (Rowe 2010). 

Moreover, plants deficient in other components of SKIP-CULLIN-F-box complexes also show 

impaired JA responses. JA is an important signaling molecule in imparting defense against 

necrotrophic pathogens. coi1 mutants infected with the necrotrophs B. cinerea and P. 

cucumerina were seen to be heavily affected by these pathogens with necrotic lesions spread 

throughout the leaf surface (Lorenzo 2004). Although we expected to see increased sensitivity 

to the pathogen in these coi1bmutants relative to wild-type, it was noted that the mutant 

plants did not show accelerated disease symptoms and progression (Figure 12). 
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Figure 12: The Arabidopsis mutants, coronatine insensitive1 (coi1b) (bottom panel) are fully 

insensitive to JA, and the COI1 protein is required for all JA-dependent responses. We expected 

to see increased mutant sensitivity to the pathogen (bottom panel) relative to wild-type (top 

panel). However, in our analysis the mutant plants did not demonstrate any accelerated disease 

symptoms/ enhanced disease progression. 

 

In our analysis we expected the coi1a mutants to exhibit similar response as that of the 

coi1b mutants obtained from the 35S::ERF1-2 transgenic line. However, we observed very 

subtle variations in disease progression between the wild-type and the coi1 mutant plants with 

wild-type plants having green leaves still attached to the plants while the mutant plants showed 

complete degeneration and death at 7 dpi (Figure 13). However, yet again the results could not 

be replicated. 
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Figure 13: Monitoring disease progression and assessment by our scoring matrix showed very 

subtle variations in disease progression between the wild-type and the coi1a mutant plants 

with wild-type plants having green leaves still attached to the plants (top panel) while the 

mutant plants showed complete degeneration and death (bottom panel) at 7 dpi.  The results 

could not be replicated. 

 

3.3.3.2. Interactions between aos and M. phaseolina 

The following Arabidopsis knock-out mutants defective in the JA biosynthetic gene 

CYP74A (Allene Oxide Synthase, AOS) was generated using revese genetic screening methods. In 

the JA pathway this is the only enzyme that catalyses the dehydration of the hydroperoxide to 

an unstable allene oxide to form jasmonates. The plants do not show an increase in 

endogenous JA levels after wounding while wild-type plants show 100-fold increase in JA levels 

1 hour after wounding indicating that these mutants are JA deficient. Thus the aos mutants 

cannot make endogenous JA from its cyclopentenone precursors (Hyun 2002).  Several studies 
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have confirmed the extensive role of JA signaling in defense against necrotrophs (Glazebrook 

2005). Since these mutants are defective in the JA biosynthesis gene, we expected these plants 

to show enhanced susceptibility to M. phaseolina infection. However, there was no difference 

in rate of appearance and severity of symptoms between the wild-type and the mutant plants 

(Figure 14).  

 

               

               

Figure 14: The aos mutant plants with defective JA signaling were expected to show enhanced 

susceptibility to M. phaseolina infection. However, there was no difference in rate of 

appearance and severity of symptoms between the wild-type(top panel) and the mutant plants 

(bottom panel). 
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3.3.3.3 Conclusion:  

Functional COI1 is required for all known activities of JA in Arabidopsis and the gene 

product of COI1 is also thought to be involved in proteolysis. JA is involved in the induction of 

transcription factors such as ERF1, RAP2.6 and JIN1. Induction of ERF1 requires expression of 

both COI1 and EIN2 and is thus involved in integration of JA and ET pathways. It was observed 

that ERF1 acts downstream of COI1 and its overexpression results in activation of many defense 

related genes and enhanced resistance. 

 Since we found from our previous studies with Medicago that JA signaling is important 

in defense against M. phaseolina, we expected mutants defective in JA signaling pathways to 

show higher susceptibility to M. phaseolina infection. However, assessment of disease 

symptoms in coi1 and aos mutants demonstrated no variation in disease progression between 

the wild-type and the mutants. coi1 mutants infected with the necrotrophs B. cinerea and P. 

cucumerina were seen to be heavily affected by these pathogens with necrotic lesions spread 

throughout the leaf surface (Lorenzo 2004). Therefore we expected the coi1 mutants to be 

more susceptible to the disease. However, to our surprise, the results of our analysis failed to 

concur with previous studies. Also, the results between coi1 mutants obtained from the two 

different transgenic lines varied. coi1b mutants obtained from coi1;35S::ERF1-2 line did not 

show any difference in disease progression compared to that of the wild-type while the coi1a  

mutants obtained from coi1;35S::ERF1-1 showed a slightly higher susceptibility than the wild-

type. However, the variation was so subtle that we could not make any definite conclusions. 

The coi1 mutants in our study were acquired by bulking seeds from coi1 plants obtained by 
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segregating 35S::ERF generated in the coi1 background. One of the reasons for this variation in 

results could be failure to effectively screen coi1 mutants from 35S::ERF mutants. This is 

supported by the phenotype variations in the two coi1 mutants screened from the two 

different transgenic lines.  

 

3.3.4 SA Mutants 

3.3.4.1 Interactions between cim6 and M. phaseolina 

These are cim6 strong disease resistant mutants characterized by constitutive activation 

of Systemic Acquired Resistance (SAR) pathway with 3-15 times more levels of salicylic acid 

accumulation than wild-type. The mutants lack spontaneous hypersensitive cell death. Several 

Arabidopsis SAR genes including PR-1 and -5 are induced in these mutants. In one study this 

mutant was seen to be resistant to fungal pathogens including two isolates of P. parasitica and 

E. cichoracearum as well as bacterial pathogens (Maleck 2002). Although studies have shown 

that SA signaling can have either positive or negative role in imparting resistance against 

necrotrophs, there is not very much data available on the interactions between these mutants 

and necrotrophs (Glazebrook 2005). 

However, in our research, the cim6 mutants showed accelerated disease progression 

when compared to wild-type. While the wild-type plants were about 70-80% chlorotic, the 

mutant plants showed higher degree of chlorosis and necrosis: > 90% (Figure 15). The plausible 

reason for this varied response could be the differential interactions of the necrotroph with the 

host.  
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Figure 15: These cim6 mutants with constitutive activation of (SAR) pathway showed 

accelerated disease progression (bottom panel) when compared to wild-type (top panel). While 

the wild-type plants were about 70-80% chlorotic (7 dpi), the mutant plants showed higher 

degree of chlorosis and necrosis: > 90% (7 dpi). 

 
 
3.3.4.2. Interactions between NPR1-1 and M. phaseolina 

 
npr1-1 is a mutant affected in SAR by a single, recessive mutation in NPR1 gene thus 

blocking the induction of SAR. The npr1 mutant fails to express the PR genes PR1 , RGL2, and 

PR5 in response to salicylic acid and failed to become systemically resistant in response to 

infection by a necrotrophic pathogen. The PR proteins include chitinases, P-glucanases, and 

chitin-binding proteins. These proteins they play a direct role in conferring resistance to 

particular pathogens. The nim1 mutant displays similar phenotypes to npr1 mutants suggesting 

that npr1 and nim1 may be alleles (Cao 1997, Glazebrook 1996). 
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 Since SAR induction was found to be very important in defense against biotrophs, we 

hypothesized that these mutants would show an accelerated disease response. However, 

analysis based on our scoring matrix showed that there was no differential rate in disease 

progression in the mutant plants relative to wild-type (figure 16). 

 

               

               

Figure 16: Monitoring disease progression and assessment by our scoring matrix showed no 

variations disease progression between the wild-type (top panel) and the npr1 mutant plants 

(bottom panel). 

 

3.3.4.3 Conclusion  

Although it is predicted from studies conducted previously that SA signaling does not 

play a role in defense against necrotrophs, SA-deficient Arabidopsis mutants were seen to be 

susceptible to the necrotroph Fusarium oxysporum and treatment of wild-type plants with SA 

before inoculation enhanced resistance to F. oxysporum. Differences between necrotrophs 
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species or even subtle differences between isolates of the same species can result in varied 

resistance responses that deviate from these well-known pathways. Although most of the SA 

mutants (pad4, npr1) did not show differential response to a B. cinerea infection, ein2 npr1 

double mutants were seen to be significantly more susceptible than ein2 single mutants 

indicating that SA signaling may have a potential role in resistance to necrotrophs (Trusov 

2009). 

Previously in our lab, Medicago plants treated with SA exhibited similar death rate as 

that of mock-treated wild-type plants. In this current study, out of the two SA mutants, the 

cim6 disease resistant mutants exhibited higher susceptibility while the npr1 mutants showed 

no variation when compared to wild-type. It is known that elevated SA levels interferes with 

and represses JA/ET signaling the activation of which is involved in defense against necrotrophs 

(Glazebrook 2005). Therefore we predict that in cim6 mutants elevated SA levels may have led 

to repression of JA- induced genes thus resulting in higher susceptibility. However, it is not 

known whether or not the JA/ET pathways are impaired in these mutants. Also, the interactions 

between JA and SA signaling are not well understood. Thus further analysis and careful study is 

required for us to determine the role of SA in defense.  

 

 

 

 

 

 



70 
 

3.3.5 ABA Mutants 

3.3.5.1. Interactions between aba2-1 and M. phaseolina 

These aba2-1 mutants are abscisic acid deficient and show reduced endogenous ABA 

levels during various stages of plant and seed development. The ABA-deficiency was seen to be 

caused by two monogenic, recessive mutations, aba2 and aba3 that are located on 

chromosome 1 (Kloosterziel 1996).  

Here, the wild-type inoculated plants as well as the inoculated mutant plants showed 

similar levels of chlorosis and necrosis from 1 dpi to 5 dpi. However, it was observed that the 

mutant plants showed irreversible wilting right from 12 hours post inoculation until plant death 

even after the water stress was removed after 24hpi (figure 17). Since these mutants are ABA 

deficient, they are highly sensitive to water stress. Therefore one of the reasons why we saw 

irreversible wilting could be because the plant was subjected to biotic as well as abiotic stress. 

Also, these mutant plants also exhibit a slower response to developmental stimuli and could 

have been at a growth stage different from that of the wild-type during infection with M. 

phaseolina. The wild-type plants did show wilting due to water stress, removal of water stress 

caused plants to gain back their vigor and the inner leaves of the plants remained green even 

after 5 dpi. Since the mutant plants showed stunted growth, monitering disease progression 

after 5 dpi was difficult.  
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Figure 17: Wild-type inoculated plants (top panel) as well as the inoculated aba2-1 mutant 

plants (bottom panel) showed similar levels of chlorosis and necrosis from 1 dpi to 5 dpi. The 

mutant plants showed irreversible wilting right from 12 hpi until plant death even after the 

water stress was removed after 24 hpi. Since the mutant plants showed stunted growth, 

monitering disease progression after 5 dpi was difficult. 

 

3.3.5.2 Conclusion 

ABA has been associated with defense responses against both necrotrophic and 

biotrophic pathogens. It was observed that ABA deficient mutants demonstrated elevated 

resistance towards biotrophic pathogens and decreased resistance towards necrotrophic 

pathogens. Study of role of ABA in plant-pathogen interactions is further complicated by the 

fact that several pathogens including B. cinerea also synthesize ABA and the pathways of its 

biosynthesis in plants and pathogens are similar (Maksimov 2009). Contradicting studies have 
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reported the possible role of ABA as a positive regulator as well as a negative regulator of 

defense indicating individual plant-pathogen interactions determine the role of ABA during a 

defense response (Bari 2009). Contradictory roles of ABA were also reported during infection by 

the same pathogen; one study stated that pre-treatment of Arabidopsis with ABA before 

Plectosphaerella cucumerina infection reduces disease progression. However, another study 

reported the ABA deficient mutant aba 1-6 and ABA insensitive mutants abi1-1 and abi2-1 

showed increased resistance in response to P. cucumerina infection (Trusov 2009). Thus based 

on these results, we expected the ABA deficient mutants to either show decreased or increased 

resistance to M. phaseolina. However, wild-type inoculated plants  as well as the inoculated 

aba2-1 mutant plants showed similar stages of  disease progression and the time of death did 

not vary between the mutants and the wild-type. Thus the role of ABA in defense against M. 

phaseolina remains to be examined.   

 

3.4 Summary 

Plants exhibit a repretoire of constitutive and induced defenses to protect themselves 

against pathogens. Phytohormones including auxin, SA, ET, JA and ABA have an integral role in 

expression of resistance to a particular pahogen or pest. In our study, we used Arabidopsis 

mutants to demonstrate the potential roles of auxin, SA and ethylene in imparting resistance 

against the necrotroph, M. phaseolina. The auxin mutants axr1-3, axr1-12, axr4arx1 double 

mutants and tir1-1  did not demonstrate a differential response to M. phaseolina infection 

while axr2-1 showed enhanced resistance to the pathogen. This contradicts our previous study 
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that demonstrated that M. phaseolina establishes an infection through suppression of the host 

auxin signaling.  

Based on previous research, we had predicted that the etr1 mutants would show 

enhanced susceptibility while the ERF1 overexpressing mutants in both the coi1 and wild type 

background and ein2 would show enhanced resistance in response to M. phaseolina infection. 

Most of the ethylene mutants that were studied including etr1-1, 35s::ERF1-1, coi1;35S::ERF1-1 

and coi1;35S::ERF1-2  showed neither enhanced resistance nor susceptibility to the pathogen as 

compared to wild-type. However, the ethylene insensitive ein2 mutant plants showed 

remarkable resistance against the pathogen compared to the wild-type. Although this supports 

our previous studies, it is not clear why the elevated ET level in ein2 results in resistance, 

whereas activation of ET signalling by overepxressing ERF1 did not. 

From our previous studies we had also concluded that JA signaling is important in 

defense against M. phaseolina so we expected mutants defective in JA signaling pathways (coi1) 

to show higher susceptibility to M. phaseolina infection. However, coi1 and aos mutants 

demonstrated no variation in disease progression comparing to the wild-type. Thus, the results 

of our analysis failed to concur with previous studies.  

Although we saw that SA didn’t play a pivotal role in defense against M. phaseolina in 

Medicago previously, the cim6 mutants with elevated levels of SA showed enhanced 

susceptibility against the pathogen. However, another SA signaling mutant npr1-1 did not show 

a difference in disease progression from that of the wild-type.  
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ABA is one of the newer classes of hormones that are observed to have an important 

role in defense response. However its role is unclear. We tested if the ABA deficient aba2-1 

mutant plants showed any diffrential response against M. phaseolina infection. However, there 

was no difference in disease progression between the mutants and the wild-type.  

Thus although slightly contradict our previous results regarding the role of auxin, the 

positive role of ET and JA signaling pathways is supported. In addition, we provided evidence 

for involvement of SA in imparting resistance against the necrotroph under study. The role of 

ABA could not be determined in this study.  

Plants have complex interactions and crosstalk between different hormonal pathways 

that allow them to ultimately elicit an effective defense response. Further studies are required 

to determine the exact role of there different signaling pathways in mounting a defense 

response. Also, since the scoring system used in our study is slightly subjective, improvement 

on our scoring matrix should allow us to effectively draw conclusions on disease progression. A 

method to enumerate sclerotia produced in the roots/shoots post inoculation will help 

substantiate our conclusions.  
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