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ABSTRACT 

Although a variety of factors can influence plant diversity within ecological communities, 

current research has primarily focused on aboveground mechanisms while the effects of 

belowground interactions remain unclear. Nevertheless, belowground interactions are receiving 

more attention with a particular emphasis on relationships between plants and soil borne 

pathogens. Although pathogens may have a negative effect on plants at the individual level, 

mathematical models predict that at the community level the net effects of pathogens may be 

important for increasing diversity by alleviating competitive impacts between species. Pathogens 

may also promote the success of invasive plant species through similar mechanisms. To address 

the importance of plant-pathogen interactions in this context, three greenhouse experiments were 

carried out examining interactions between grassland plant species and a soil-borne pathogen, 

Macrophomina phaseolina (Tassi) Goid. The first experiment tested the effects of M. phaseolina 

on competitive interactions between an invasive legume, Lespedeza cuneata (Dum. Cours.) G. 

Don, and two native congeners, Lespedeza capitata Michx. and Lespedeza virginica (L.) Britton. 

Lespedeza cuneata exhibited a high degree of resistance to the pathogen and also elicited a 

stronger competitive effect than the native species suggesting that the presence of M. phaseolina 

could increase success in the field. The second experiment examined the effect of three M. 

phaseolina inoculum densities on L. capitata and L. cuneata. Although M. phaseolina had no 

effect on L. cuneata, L. capitata exhibited reductions in biomass at the highest inoculum density 

tested. The third experiment tested the response of 17 grassland species to M. phaseolina. Of the 

species tested, Asclepias syriaca and L. cuneata exhibited the greatest tolerance to the pathogen, 

possibly due to chemical defense and symbiosis with antagonistic bacteria.   



 

vi 
 

TABLE OF CONTENTS 

Chapter Page 

1. PATHOGENS AS MEDIATORS OF PLANT SPECIES DIVERSITY .............................1 

1.1 Figures....................................................................................................................11 

2. MACROPHOMINA PHASEOLINA AFFECTS COMPETITIVE INTERACTIONS 
 BETWEEN NATIVE AND INVASIVE LESPEDEZA ....................................................14 

2.1 Introduction ............................................................................................................14 
2.2 Methodology ..........................................................................................................16 

2.2.1 Inoculum Production and Soil Inoculation ................................................16 
2.2.2 Experimental Design ..................................................................................17 
2.2.3 Data Collection and Analysis.....................................................................18 

2.3 Results ....................................................................................................................19 
2.4 Discussion ..............................................................................................................21 
2.5 Figures....................................................................................................................26 

3. ASSESSING THE EFFECTS OF MACROPHOMINA PHASEOLINA INOCULUM 
DENSITY ON THE ONSET AND SEVERITY OF DISEASE IN NATIVE AND 

 INVASIVE LESPEDEZA ..................................................................................................34 

3.1 Introduction ............................................................................................................34 
3.2 Methodology ..........................................................................................................36 

3.2.1 Production and Isolation of Microsclerotia ................................................36 
3.2.2 Experimental Design ..................................................................................37 
3.2.3 Data Collection and Analysis.....................................................................38 

3.3 Results ....................................................................................................................38 
3.4 Discussion ..............................................................................................................39 
3.5 Figures....................................................................................................................41 

  



 

vii 
 

TABLE OF CONTENTS (continued) 

Chapter Page 

4. GRASSLAND PLANT SENSITIVITY ASSAY: MEASURING THE RESPONSE OF 
 GRASSLAND SPECIES TO MACROPHOMINA PHASEOLINA ................................45 

4.1 Introduction ............................................................................................................45 
4.2 Methodology ..........................................................................................................46 

4.2.1 Study Species .............................................................................................47 
4.2.2 Production and Isolation of Microsclerotia ................................................47 
4.2.3 Experimental Design ..................................................................................48 
4.2.4 Data Collection and Analysis.....................................................................49 

4.3 Results ....................................................................................................................50 
4.4 Discussion ..............................................................................................................51 
4.5 Figures....................................................................................................................55 

5. CONCLUSION ..................................................................................................................60 

REFERENCES ..............................................................................................................................63 



 

viii 
 

LIST OF FIGURES 

Figure Page 

1.1. Plant-soil feedback pathways .............................................................................................11 

1.2. Lotka-Volterra zero net growth isoclines ..........................................................................12 

1.3. Lotka-Volterra competition simulations ............................................................................13 

2.1 Effect of M. phaseolina on log response ratio values in species of Lespedeza .................26 

2.2 Infected vs. healthy root systems in species of Lespedeza ................................................27 

2.3 Effect of inoculum density and competitor identity on plant mass in L. capitata .............28 

2.4 Effect of inoculum density and competitor identity on relative interaction index values  
 in L. capitata ......................................................................................................................29 

2.5 Effect of inoculum density and competitor identity on plant mass in L. cuneata .............30 

2.6 Effect of inoculum density and competitor identity on relative interaction index values  
 in L. cuneata.......................................................................................................................31 

2.7 Effect of inoculum density and competitor identity on plant mass in L. virginica ............32 

2.8 Effect of inoculum density and competitor identity on relative interaction index values 
 in L. virginica .....................................................................................................................33 

3.1 Effect of inoculum density and growth period on log total mass in L. cuneata ................41 

3.2 Effect of inoculum density and growth period on log root mass in L. capitata ................42 

3.2 Effect of inoculum density and growth period on log shoot mass in L. capitata ..............43 

3.3 Effect of inoculum density and growth period on log total plant mass in L. capitata .......44 

4.1. Infected vs. healthy root nodule .........................................................................................55 

4.2. A. canescens infected root..................................................................................................56 

4.3. Effect of M. phaseolina on nodule number in L. cuneata and L. virginica .......................57 

4.4. Proportion of infected nodules in species of Lespedeza ....................................................58 

4.5. Between species comparisons of log response ratio values for total plant mass ...............59 



 

1 
 

CHAPTER 1 

PATHOGENS AS MEDIATORS OF PLANT SPECIES DIVERSITY 

Understanding the mechanisms which promote and maintain plant species diversity 

within ecological communities remains a fundamental issue in ecology. While a variety of 

factors such as grazing (Hickman et al. 2004), fire (Safford and Harrison 2004), and plant-plant 

facilitation (Cavieres and Badano 2009) have been proposed to enhance plant species diversity, 

increasing attention has been given to the soil microbial community. Within the soil, plants 

interact with a diverse array of microorganisms. Some of these interactions are beneficial, for 

example associations between legumes and certain strains of rhizobium can stimulate plant 

growth by increasing nitrogen availability (Maia and Scotti 2010). Others may be detrimental to 

the plant, such as interactions with viruses which can negatively impact growth, survival, and 

reproduction (Maskell et al. 1999). Collectively, these interactions may have extensive, 

multifaceted effects on plants at the individual, population, and community level. Adding to the 

intricacy of these relationships, there is a growing recognition of the importance of plant-soil 

feedbacks on the competitive dynamics between plants. 

Plant-soil feedback is the process by which a plant alters soil chemistry and the soil 

microbial community over time which in turn influences plant growth and fitness (Bever, 

Westover et al. 1997). At the most basic level, plant-soil feedbacks fall into two categories: 

positive and negative feedbacks, however, the pathway by which a feedback mechanism 

functions may differ depending on whether it operates through a soil mutualist or pathogen. 

Bever (2003) provides a simplified example of how these mechanisms work when considering 

interactions between two plant species (Fig. 1.1). Consider a situation in which two plant species, 

A and B, are associated with host-specific mutualists X and Y, respectively. A direct, positive 
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feedback mechanism can occur if each species increases the abundance of its own soil mutualist 

(e.g. species A increases the density of mutualist X and species B increases the density of 

mutualist Y) leading to an increase in growth of each respective plant (Fig 1.1 top left). Plant-

mutualist interactions may also exhibit an indirect, negative feedback if, for example, the 

presence of species B leads to an increase in the abundance of mutualist X, the host-specific 

mutualist for species A. The increasing abundance of mutualist X provides a fitness benefit for 

species A, giving it a competitive advantage over species B (Fig. 1.1 top right). 

Now consider a situation in which plant species A and B are associated with host-specific 

pathogens X and Y. In this case, the feedback mechanisms will behave in a similar manner, but 

the pathways will be reversed relative to interactions with soil mutualists. A direct, negative 

feedback will occur if the presence of species A results in an increase in the abundance of its 

host-specific pathogen, X (Fig. 1.1 bottom left). In contrast, an indirect, positive feedback can 

occur if the presence of species A facilitates an increase in the abundance of pathogen Y. 

Assuming that species A is tolerant, suppression of species B by pathogen Y provides species A 

with the competitive advantage (Fig. 1.1 bottom right). While these examples provide a 

conceptual framework by which feedback processes function, mathematical models can be 

utilized to determine whether these mechanisms have the potential to influence competitive 

interactions between two species.  

One of the most commonly used models to examine competitive interactions is the 

Lotka-Volterra competition model. This model is based on the logistic growth equation 

 

𝑑𝑑𝑑𝑑=𝑑𝑑𝑑−𝑑𝑑 (1.1) 
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which calculates the rate of population growth (dN/dt) based on population size (N), the intrinsic 

rate of increase (r) defined as the per capita birth rate minus the per capita death rate, and 

carrying capacity (K). Equation (1.1) highlights the importance of intraspecific competition, 

showing that as population size approaches carrying capacity, resource limitation causes a 

decrease in the rate of population growth. An extension of equation (1.1), the Lotka-Volterra 

competition model examines population dynamics of two plant species competing for a shared 

resource where the rate of population growth for species A is calculated as 

 

𝑑𝑑𝑑𝑑𝑑=𝑑𝑑𝑑𝑑𝑑𝑑−𝑑𝑑+c𝑑𝑑𝑑𝑑𝑑 (1.2) 

 

and the rate of population growth for species B is calculated as 

 

𝑑𝑑𝑑𝑑𝑑=𝑑𝑑𝑑𝑑𝑑𝑑−𝑑𝑑+c𝑑𝑑𝑑𝑑𝑑  (1.3) 

 

Although similar to equation (1.1), the Lotka-Volterra equations use an additional variable, the 

competition coefficient (c), to represent the competitive influence of species A on species B (cA) 

and vice versa (cB). The competition coefficient accounts for interspecific competition, showing 

that population size of both heterospecifics and conspecifics contribute to carrying capacity and 

impact the rate of population growth. Consequently, by setting the rate of population growth 

(dN/dt) equal to zero, equation (1.2) can be rearranged as the linear equation  

 

𝑑𝑑=𝑑𝑑−𝑑𝑑𝑑𝑑 (1.4) 
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and equation (1.3) can be rearranged as  

 

𝑑𝑑=𝑑𝑑−c𝑑N𝑑 (1.5) 

 

By plotting equations (1.4) and (1.5) against one another as zero net growth isoclines (ZNGIs) 

the outcome of a competitive interaction can be predicted with four possible scenarios (Fig. 1.2). 

A species will be competitively excluded if the effects of intraspecific competition are stronger 

than interspecific competition relative to its competitor (Fig. 1.2a-b). An unstable equilibrium 

will occur if both species are limited by interspecific competition (Fig. 1.2c). In this scenario, the 

species initially lower in abundance will be excluded. Coexistence can only be achieved when 

both species are self-limited; intraspecific exceeds interspecific competition (Fig. 1.2d). 

Beyond simple resource competition, plant-soil feedbacks add an additional level of 

complexity to these interactions. Bever (2003) amends equations (1.2) and (1.3) with variables to 

describe the relationship between plants and the soil community with the rate of population 

growth for species A calculated as 

 

𝑑𝑑𝑑𝑑𝑑=𝑑𝑑𝑑𝑑𝑑𝑑+𝑑𝑑𝑑𝑑+𝑑𝑑𝑑𝑑−𝑑𝑑+c𝑑𝑑𝑑𝑑𝑑 (1.6) 

 

and the rate of population growth for species B calculated as 

 

𝑑𝑑𝑑𝑑𝑑=𝑑𝑑𝑑𝑑𝑑𝑑+𝑑𝑑𝑑𝑑+𝑑𝑑𝑑𝑑−𝑑𝑑+c𝑑𝑑𝑑𝑑𝑑 (1.7) 
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 The variables SA and SB represent the degree to which the soil community is dominated by 

microbes associated with plant species A and B, where SA + SB = 1.  For example, if the soil 

community primarily consists of organisms associated with species A, SA is close to 1 and SB is 

close to 0. As the equilibrium shifts and the soil community becomes dominated by organisms 

associated with species B, SB increases with a parallel decrease in SA. The variables αA and αB 

represent the feedback effects of the soil community produced by plant species A on growth of 

plant species A and B, respectively. Similarly, the variables βA and βB signify the effects of the 

soil community produced by plant species B. The addition of these variables to the model has 

important implications, with positive feedback mechanisms promoting an increase in the 

maximum carrying capacity of a population and negative feedback resulting in a decrease. In 

turn, the model predicts that under conditions of strong negative feedback, coexistence can be 

achieved between two plant species, under circumstances that would normally result in 

competitive exclusion (Fig. 1.3). Consequently, simple models suggest that soil pathogens may 

be important for coexistence between competing species and could influence plant diversity 

within natural communities. 

Soil pathogens embody a large group of organisms including bacteria, fungi, oomycetes, 

and viruses. Although pathogens are ubiquitous within the soil, plant responses can be quite 

variable and may depend on a variety of factors such as pathogen virulence (Van Buyten and 

Hofte 2013), pathogen density (Gongora-Canul et al. 2012), host genotype (Ahmad et al. 1991), 

nutrient availability (Scarlett et al. 2013), and precipitation (Scott et al. 2010). Perhaps the most 

dramatic examples of plant-pathogen interactions come from agricultural settings where disease 

outbreaks can have devastating effects on crop yield (Eathington  et al. 1993). In these systems, 

monoculture cropping practices provide ample opportunity for host-specific pathogens to 
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accumulate and spread, making plants particularly susceptible to attack (Gomes et al. 2012). One 

way agronomists have addressed this problem is through the intercropping of genetically diverse 

host strains which can significantly reduce the severity of disease (Zhu et al. 2000). Often the 

best approach for discovering resistant genotypes is to search the species center of origin where 

plants have been interacting with pathogens for the longest period of time (Burdon 1982). The 

intercropping of different species as well as crop rotation can also be effective disease 

management practices (Abdel-Monaim and Abo-Elyousr 2012, Loewe et al. 2013, Xu et al. 

2013). Despite the clear influence of pathogens on agricultural systems, the effects of pathogens 

in natural plant communities is often difficult to determine and has only recently received 

attention by ecologists.  

In natural systems, while it may be desirable to examine the influence of a pathogen on a 

single species, considering these interactions outside the context of the surrounding plant 

community can lead to erroneous conclusions. When considered in this framework, pathogens 

acting through negative plant soil-feedback mechanisms are predicted to suppress plant growth 

and alleviate competitive pressure between species that would normally lead to large 

asymmetries in community evenness (Bever 2003). This suppressive effect of pathogens may be 

especially prevalent in low diversity systems. For example, in grassland plant communities 

Maron et al. (2011) found that, while control plots exhibited the expected positive correlation 

between primary productivity and species richness, this relationship was absent in fungicide 

treated plots. Specifically, the addition of fungicide led to a substantial increase in plant biomass 

in low diversity plots suggesting that plant growth was restricted by fungal pathogens. Mitchell 

et al. (2002) found an inverse relationship between community diversity and pathogen load, with 

disease prevalence decreasing with greater diversity. Although this pattern could reflect 
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increased disease transmission in species poor communities, Latz et al. (2012) found that the 

abundance of antagonistic bacteria, capable of producing antifungal compounds, increased with 

species richness and therefore may also contribute to fluctuations observed in pathogen load. 

While these studies indicate that the prevalence and influence of pathogens may vary along 

diversity gradients, theoretical work suggests that suppression of plant growth in low diversity 

systems could potentially reduce the competitive advantage of resident species, leading to the 

establishment of new plant species (Bever 2003). For example, augmentation of foliar fungal 

pathogens to grassland vegetation dominated by Holcus lanatus led to an increase in the forb 

diversity due to greater suppressive effects of the fungi on H. lanatus (Peters and Shaw 1996). 

Consequently, the effects of pathogens may be of particular importance during community 

assembly when negative feedback mechanisms reduce the competitive advantage of highly 

abundant pioneer species, facilitating the establishment of later successional species (Kardol et 

al. 2007). 

In addition to their pervasive effects on native plant interactions, pathogens may also play 

a role in the establishment of invasive species. One commonly cited phenomenon of invasive 

plant species is their propensity to successfully colonize low diversity communities (Hector et al. 

2001). As with interactions between native plants, this may be the result of reduced competitive 

ability of resident species due to suppression by pathogens. Theoretical models suggest that 

within pathogen-regulated communities, as diversity increases the minimum competitive ability 

of an exotic species must increase to ensure successful invasion. This outcome was attributed to 

negative feedback mechanisms in which host-specific pathogens are more prominent in species 

poor communities and caused a greater suppressive effect on native plants (Turnbull et al. 2010). 

An additional mechanism by which pathogens may promote the success of invasive species is 
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spillback. This occurs when an invasive organism serves as a reservoir for a native pathogen, 

facilitating an increase in the density of the pathogen and in turn increasing disease incidence 

among co-occurring natives (Eppinga et al. 2006). Though most work has focused on animal 

systems (Kelly et al. 2009), support for spillback during plant invasions is evidenced by 

interactions between the invasive shrub, Chromolaena odorata, and the fungal pathogen 

Fusarium semitectum (Mangala et al. 2008). 

Although pathogens are globally ubiquitous, grasslands represent an ideal study system 

for testing plant-pathogen interactions due to the high degree of below ground competition and 

the ease of manipulating species richness. Additionally, increasing agricultural pressure over the 

past century has significantly reduced the amount of remaining tallgrass prairie in the Great 

Plains, making an understanding of key ecological processes imperative to preserving native 

biodiversity. Despite the potential importance of pathogens within these systems, most studies 

have focused on mutualistic relationships between plants and mycorrhizae or rhizobium, with 

pathogen studies almost exclusively restricted to agricultural settings. Unfortunately, this bias 

hinders our understanding of how pathogens interact with native grassland plants, which may be 

important for developing successful restoration and management plans. This information may be 

particularly valuable for restoration of abandoned agricultural land where pathogens are likely to 

be present at much higher densities than untilled areas. One example of a grassland pathogen 

present within the Great Plains is Macrophomina phaseolina. Although M. phaseolina is 

typically problematic within agricultural fields, it remains unclear how it affects native plants.   

Macrophomina phaseolina (Tassi) Goid., the causal agent of charcoal rot disease, is a 

necrotrophic, fungal pathogen known worldwide for its damaging effects on agricultural crops, 

some of which include soybeans, strawberries, sunflowers, and melons (Almeida et al. 2008, 
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Weems et al. 2011, Cohen et al. 2012, Zveibil et al. 2012). Macrophomina phaseolina persists in 

the soil as microsclerotia and unlike most fungi, thrives under drought conditions, exhibiting 

increased microsclerotia germination and greater disease severity during hot, dry periods (Collins 

et al. 1991, Diourte et al. 1995, Zveibil et al. 2012). In addition to climatic variables, disease 

severity is also influenced by pathogenicity of the isolate, host plant resistance, and 

microsclerotia density (Short et al. 1980, Ahmad et al. 1991, Dawar and Ghaffar 1998). During 

disease outbreaks, the fungus can grow in aggregations, achieving high densities in monoculture 

systems, especially when the same crop is planted for multiple years (Mihail 1989, Campbell and 

Vandergaag 1993). While microsclerotia can remain dormant when crops are not present, some 

evidence suggests that weed species serving as host plants for the fungus may also facilitate 

disease persistence and support high densities within the soil (Sales et al. 2012). Although the 

effects of M. phaseolina are typically studied on mature plants (Mengistu et al. 2007), the fungus 

has also been shown to reduce seed germination with the degree of inhibition increasing with the 

concentration of the toxin phaseolinone (Bhattacharya et al. 1994, Csondes et al. 2008). Despite 

its ability to inhibit plant growth however, a variety of studies also show the potential of plants to 

suppress the growth of M. phaseolina through associations with antagonistic bacteria and 

allelopathic chemicals (Latha et al. 2011, Al-Ani et al. 2012, Javaid et al. 2012, Naqvi et al. 

2012). 

While current literature on plant-pathogen interactions suggests that pathogens are 

potentially important for regulating plant community structure, the majority of studies have 

focused on agricultural settings, with little information available on the role of pathogens in 

natural systems. In this thesis, I address this bias by examining the ecological role of M. 

phaseolina within grassland systems using a series of greenhouse experiments. In chapter 2, I 
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test the effect of M. phaseolina on competitive interactions between an invasive legume, 

Lespedeza cuneata (Dum. Cours.) G. Don, and two native congeners, Lespedeza capitata Michx. 

and Lespedeza virginica (L.) Britton. Based on previous work examining the role of pathogens in 

plant invasions, I hypothesize that M. phaseolina will have a greater suppressive effect on the 

native species, providing L. cuneata with a competitive advantage. To test this hypothesis, I 

compare plant performance of the three species growing in competition with one another when 

exposed to soil inoculated with M. phaseolina. In chapter 3, I test the effects of microsclerotia 

density on the timing of disease onset and the magnitude of plant response in L. cuneata and L. 

capitata. As before, I hypothesize that M. phaseolina will have a stronger suppressive effect on 

the native species, L. capitata. Secondly, I hypothesize that at higher densities of microsclerotia 

the time required to observe measurable changes in plant fitness will decrease and the severity of 

disease symptoms will increase. To test these hypotheses, I compare performance of plants 

exposed to three concentrations of M. phaseolina every three weeks for a twelve week growth 

period. In chapter 4, I perform a sensitivity assay to test the effects of M. phaseolina on a range 

of grassland species in order to identify potentially susceptible and tolerant species. Because 

species were selected from a broad range of genera and functional groups, it stands to reason that 

sensitivity to charcoal rot will vary among species. I hypothesize that all species exhibit a 

negative response to the pathogen, however some species are more tolerant to disease than 

others. Additionally, I hypothesize that response to M. phaseolina varies based on plant 

functional group. To test these hypotheses plant performance was compared in 16 grassland and 

1 agricultural plant species that were grown in either control or M. phaseolina inoculated soil. 
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Figures 

 

Figure 1.1. Simplified diagram illustrating positive and negative plant-soil feedbacks operating 
through soil mutualists and soil pathogens. Arrows indicate favorable interactions and circles 
indicate harmful interactions with the line thickness corresponding to the magnitude of the 
interaction. (Figure adapted from Bever 2003) 
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Figure 1.2. Lotka-Volterra zero net growth isoclines predict four possible outcomes of 
competition between species A (red line) and species B (black line). a) Species B is 
competitively excluded because the effects of intraspecific competition are greater than the 
effects of competition with species A. b) Species A is competitively excluded because the effects 
of intraspecific competition are greater than the effects of competition with species B. c) An 
unstable equilibrium occurs because both species are limited more by interspecific than 
intraspecific competition. d) Coexistence occurs because both species are limited more by 
intraspecific than interspecific competition. 
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Figure 1.3. Simulations of competitive interactions between two plant species show the potential 
role of the soil microbial community. a, b) Using the un-amended Lotka-Volterra competition 
model, plant species B, being the stronger competitor, quickly increases in density leading to a 
reduction in the density of plant species A. Over a short period of time, species B competitively 
excludes species A from the system. c, d) Accounting for effects of the soil microbial community 
using the amended Lotka-Volterra competition model (Bever 2003), as plant species B increases 
in abundance its population growth is suppressed by a reciprocal increase in the density of a 
host-specific pathogen. As species B decreases in abundance, this allows the density of species A 
to increase. This oscillating pattern between produced through an indirect, negative feedback 
allows both species to coexist (Figure from Bever 2003).  
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CHAPTER 2 

MACROPHOMINA PHASEOLINA AFFECTS COMPETITIVE INTERACTIONS BETWEEN 
NATIVE AND INVASIVE LESPEDEZA 

2.1 Introduction 

 Since the advent of globalization, the formation of inter-continental trade networks has 

led to the movement of thousands of exotic species across the world (Bright 1999). While many 

exotic species become naturalized, some of these organisms become invasive within their 

introduced range, rapidly spreading and outcompeting native species. As natural systems receive 

increasing pressure from biological invasions, establishing effective control strategies is 

imperative to sustaining current levels of biodiversity. To address this problem, a key step is to 

identify the mechanisms that contribute to the success of invasive organisms. For plant species in 

particular, current literature suggests that growth rate, leaf area allocation, and plant size may be 

important (van Kleunen et al. 2010), but frequently these traits are not strongly correlated with 

invasion success, suggesting that extrinsic factors may play a role. For example, interactions with 

the soil microbial community may also facilitate the establishment of invasive plant species. 

However, these interactions are poorly understood relative to aboveground interactions. 

 Soil microbes can have profound effects on plant interactions and community dynamics. 

Theoretical work suggests that pathogens can relieve competitive pressure and promote 

coexistence between native plant species (Bever 2003). These effects may also contribute to the 

success of invasive plants. For instance, empirical evidence indicates that invasion success is 

inversely related to plant community diversity (Naeem et al. 2000, Hector et al. 2001). 

Mathematical models support these observations and suggest that high densities of host-specific 

pathogens present in low diversity communities can facilitate invasive species success by 
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reducing the competitive abilities of native plant species (Turnbull et al. 2010). Although studies 

from natural systems are limited, this phenomenon has been attributed to the success of Bromus 

hordeaceus in California grasslands where Barley Yellow Dwarf Virus can effectively suppress 

native plant species (Borer et al. 2007). Pathogens may also benefit invasive plant species 

through spillback (Eppinga et al. 2006, Strauss et al. 2012). Spillback occurs when an invasive 

species serves as a reservoir for a native pathogen, allowing the pathogen to increase in density. 

This leads to adverse effects on highly susceptible native plants, allowing the invasive species to 

spread. For example, Mangala et al. (2008) found that the invasive shrub Chromolaena odorata 

may promote its own success by stimulating germination of the fungal pathogen Fusarium 

semitectum. Despite the potential for pathogens to facilitate biological invasions, research in this 

area is limited, dictating the need for studies addressing the influence of pathogens on 

competitive interactions between native and invasive plant species. 

 Lespedeza cuneata (Dum. Cours.) G. Don (Sericea Lespedeza) is an invasive legume that 

was introduced to the United States from Asia in the 1930s (McGraw and Hoveland 1995). 

Although considered naturalized in eastern parts of the country (Thompson et al. 1984), L. 

cuneata has recently gained attention due to its rapid spread throughout Kansas grasslands. The 

success of L. cuneata in these systems is primarily attributed to competitive qualities of the plant 

such as allelopathy and its ability to shade out other plants (Dudley and Fick 2003, Brandon et al. 

2004). In addition to direct effects on competing plant species, the spread of L. cuneata may be 

indirectly related to interactions with the soil microbial community. Beneficial associations with 

symbiotic rhizobium species have been documented (Hu 2012), however, the effects of soil 

borne pathogens remain unknown. To examine the potential role of soil-borne pathogens on 

invasion success, I tested the effects of a native pathogen, Macrophomina phaseolina (Tassi) 
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Goid., on competitive interactions between L. cuneata and two native congeners, Lespedeza 

capitata Michx. and Lespedeza virginica (L.) Britton.  

Macrophomina phaseolina is a necrotrophic fungal pathogen that occurs throughout 

grasslands of the Great Plains. Although primarily studied within agricultural systems, M. 

phaseolina can infect a variety of wild plant species including members of the genus Lespedeza 

(Farr et al. 1989, Saleh et al. 2010). The goal of this study was to determine how M. phaseolina 

affects competition between members in this genus, specifically focusing on whether the 

pathogen could promote the success of the invasive L. cuneata. To examine these interactions, 

three questions were proposed: 1) Does sensitivity to M. phaseolina vary between species? 2) 

Does the presence of M. phaseolina alter competitive interactions between these species? and 3) 

Does the density of M. phaseolina influence these interactions? To test these questions, plants 

were grown in soil inoculated with M. phaseolina at varying densities, both individually and in 

competition with one another, and biomass was compared after a 12-week growth period.   

2.2 Methodology 

2.2.1 Inoculum Production and Soil Inoculation 

This experiment used a single strain of M. phaseolina isolated from the roots of 

Lespedeza capitata at Konza Prairie, Kansas. The isolate was first cultured in 100 x 15 mm petri 

plates containing Potato Dextrose Agar (PDA). Additional inoculum was produced using 

cornmeal/sand (CMS) medium following methods of Baird (1996). Once petri plates were fully 

colonized, the agar was cut into squares and transferred to autoclavable spawn bags containing 

CMS medium (4500 g sand, 135 g cornmeal, and 675 ml water) at a rate of 2 plates per bag. 

Directly following inoculation, a PFS-300 impulse sealer was used to seal each spawn bag. 

Employing the same procedure, control spawn bags were produced using petri plates containing 
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sterilized PDA. All spawn bags were incubated at 37 °C and shaken periodically to promote 

rapid colonization by the fungus. After three weeks, M. phaseolina had fully colonized the CMS 

medium and appeared black from the formation of microsclerotia. 

Using the CMS medium and homogenized field soil collected from a local grassland, 

three soil treatments were produced: control soil and soil containing inoculum at either a low or 

high density. Field soil consisted of a Blanket Silt Loam belonging to the Irrigation Design 

Group 3 which are described as deep soils with a slow to moderately slow subsoil permeability 

(United States Natural Resources Conservation Service 1999). The control soil treatment was 

produced by combining one part field soil to one part control CMS medium by volume. The low 

inoculum density soil combined two parts field soil, one part control CMS medium, and one part 

colonized CMS medium by volume. The high inoculum density soil consisted of one part field 

soil to one part colonized CMS medium by volume.  

2.2.2 Experimental Design 

The experiment was conducted in the Wichita State University Clinton C. McDonald 

Research Greenhouse during the spring of 2014. Two scarification methods were applied to 

seeds prior to use. For L. capitata and L. virginica, seeds were lightly rubbed between sheets of 

320-grit sandpaper. Seeds of L. cuneata were scarified by soaking in a solution of concentrated 

sulfuric acid for 20 minutes (Bentley 1933). Following scarification, seeds were germinated 

inside petri plates between damp paper towels. Upon emergence of the radicle, seeds were 

transferred to 262 ml cylindrical pots (“deepots”). 

Within each pot, Lespedeza species were exposed to one of the three soil treatments 

crossed with one of four competition treatments. For the competition treatments an individual 

was either grown in the absence of a competitor, grown in competition with a conspecific, or 

http://websvc-514.wichita.edu/webmail/popup.html?nopop#_ENREF_1
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grown in competition with one of the two heterospecifics. Each soil × competition treatment was 

replicated 24 times for a total of 648 experimental units however, due to poor germination for 

some species, not all replicates were used. Pots were randomly assigned positions in trays on the 

greenhouse bench and trays were rotated counterclockwise every other day. 

2.2.3 Data Collection and Analysis 

 After a 3-month growth period, plants were harvested and dried for at least 72 hours at 60 

°C. Dry biomass was weighed to quantify total plant mass. For plants grown in competition with 

a conspecific, one individual was randomly selected for use in data analysis. These values were 

then used to calculate two metrics to examine the net effects of M. phaseolina. This included a 

log response ratio (LRR; Li et al. 2014) to compare the effects of soil treatments between species 

and a relative interaction index (RII; Perkins and Nowak 2012) to examine the effects of plant 

competition within each soil treatment. Using data from plants grown in the absence of a 

competitor, LRR values were calculated as 

 

𝑑+𝑑0 (2.1) 

 

where B+ is the mass of plants grown in soil inoculated with M. phaseolina (calculated 

separately for low and high inoculum densities) and B0 is the mean mass of plants grown in 

control soil. Negative LRR values indicate an adverse effect of the soil treatment, while positive 

values indicate a beneficial effect. RII values were calculated for each species as  

 

𝑑𝑑−𝑑𝑑𝑑𝑑+𝑑𝑑 (2.2) 
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where Bo is the mass of plants grown with a competitor and Bw is the mean mass of plants grown 

without a competitor. RII was calculated separately for each of the three soil treatments. For 

example, the mass of a plant grown with a competitor in the low inoculum density soil was 

divided by the mean mass of plants grown without a competitor in the low inoculum density soil. 

Positive values indicate an increase in biomass when grown under a specific soil ×competition 

treatment while negative values indicate a decrease in plant biomass.  

 Normality was assessed by examining standardized residual plots using R version 3.1.2 

(R Core Team 2014). Despite applying different transformations, data did not meet assumptions 

of normality. Therefore, rather than using standard ANOVA, data analysis was performed using 

a permutational test which does not assume normally distributed data. Using PRIMER 6, 

PERMANOVA was used to examine the effects of M. phaseolina inoculum density and 

competitor identity on raw biomass for each species, the effects of inoculum density on LRR 

values between species, and the effects of inoculum density and competitor identity on RII 

values for each species. A permutational pair-wise comparison test was used to identify 

differences between treatments. Homoscedasticity was tested with PERMDISP. All tests were 

performed using a resemblance matrix based on Euclidean distance with 999 permutations. 

Differences were detected at a significance level of P < 0.05. 

2.3 Results 

LRR values revealed that exposure to M. phaseolina consistently led to a reduction in 

plant mass, and although there was no difference between low and high inoculum densities, the 

magnitude of this response varied between species (F2, 91 = 2.99, P = 0.046; Fig. 2.1). 

Specifically, L. virginica exhibited a greater reduction in biomass than L. cuneata in the presence 

of M. phaseolina. Although not statistically significant, a similar trend was seen between L. 
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capitata and L. cuneata, with L. capitata having a greater negative response to the pathogen. 

Visual observation of plant root systems supported this result with L. capitata (Fig. 2.2a) and L. 

virginica (Fig 2.2b) exhibiting a greater degree of infection than L. cuneata (Fig. 2.2c). The lack 

of statistical significance between L. capitata and L. cuneata may be due to the large variance 

exhibited by L. capitata in the high inoculum density treatment as LRR values showed a slight 

departure from homoscedasticity.  

Examination of individual species responses showed that L. capitata experienced a 

reduction in plant mass when grown in both low and high inoculum density soil compared to 

control soil (F2, 152 = 19.498, P = 0.001), and when grown in competition with L. cuneata (F3, 152 

= 7.3582, P = 0.001; Fig. 2.3), however these data exhibited a slight departure from 

homoscedasticity. The net effect of competition, based on RII values, revealed an interactive 

effect between inoculum density and competitor identity in L. capitata (F4, 111 = 2.9999, P = 

0.021) (Fig. 2.4). Conspecifics had a similar competitive effect on L. capitata regardless of 

inoculum density with fluctuations in plant mass ranging from minor decreases to zero net 

effects. In contrast, L. cuneata elicited a much stronger competitive effect on L. capitata, but 

these effects were independent of inoculum density within the soil. Unlike L. capitata and L. 

cuneata, the competitive effect of L. virginica varied with inoculum density. Specifically, in 

control and low inoculum density soil, L. virginica caused only minor reductions in plant mass. 

At high inoculum densities, however, the competitive effects of L. virginica were much more 

severe and similar in magnitude to those of L. cuneata.  

Like L. capitata, L. cuneata exhibited a reduction in plant mass when exposed to both 

low and high inoculum densities compared to control soil (F2, 226 =15.318, P = 0.001; Fig. 2.5). 

Competitor identity also influenced plant mass (F3, 226 = 54.578, P = 0.001) with conspecific 
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competition leading to the greatest reduction in mass followed by competition with L. virginica. 

Despite reductions associated with these two species however, there was no difference in plant 

mass when grown against L. capitata compared to plants grown alone. RII values showed that 

the net effect of competition on L. cuneata was influenced by both inoculum density (F2, 168 = 

3.8635, P = 0.025) and competitor identity (F2, 168 = 54.915, P = 0.001; Fig. 2.6). The effects of 

competitor identity were consistent with those observed for plant mass with the severity of 

competitive effects decreasing from conspecifics to L. virginica to L. capitata. However, 

regardless of competitor identity, competition led to a greater reduction in plant mass in control 

soil than soil containing high inoculum densities of M. phaseolina.  

Following the same trend as L. capitata and L. cuneata, L. virginica exhibited a reduction 

in biomass at low and high inoculum densities of M. phaseolina (F2, 200 = 14.766, P = 0.001; Fig. 

2.7). Reductions in plant mass based on competitor identity were most severe when competing 

with L. cuneata followed by conspecifics, and then L. capitata. (F3, 200 = 13.429, P = 0.001). 

Although RII values revealed a similar trend in regards to competitor identity (F2, 150 = 12.892, P 

= 0.001), inoculum density did not influence competitive effects (Fig. 2.8). 

2.4 Discussion 

Despite the best efforts to use aseptic technique while carrying out the protocol, the 

methods used to produce control CMS medium in this study were inefficient and exhibited signs 

of contamination following incubation. Arguably, the large amount of M. phaseolina inoculum 

added to the treated soil could outweigh the effects of potential contaminants in the control soil, 

however, this error calls into question the integrity of the data and could explain the large 

departures from normality. Future studies should utilize a more precise method to isolate 

microsclerotia so they can be directly added to the soil. Nevertheless, the results suggest that M. 
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phaseolina had an influence on species and their interactions regardless of confounding factors 

present from the methodology. 

 LRR values showed that while all three species exhibited a negative response to M. 

phaseolina, effects did not vary between the low and high inoculum density treatments. 

Although this contradicts previous work linking microsclerotia density to disease severity in 

agricultural crops (Sheikh and Ghaffar 1979, Dawar and Ghaffar 1998, Gacitua Arias et al. 

2013), microsclerotia density in this experiment was not directly quantified within the soil 

making it difficult to relate to field conditions. Therefore, if both low and high densities 

exceeded a threshold level of M. phaseolina required to elicit a strong response in individual 

plants, differences may be difficult to detect. Despite consistent effects between soil treatment 

levels, species varied in their sensitivity to the pathogen. Differences between L. capitata and L. 

cuneata were not significant, however, the general trend of the data suggests that L. cuneata is 

more resistant to the pathogen than its native congeners. While this could reflect an innate 

tolerance of L. cuneata to the pathogen, plants often cope with pathogens by producing 

inhibitory chemical compounds (Lattanzio et al. 2006) or forming associations with antagonistic 

microbial symbionts (Akhtar et al. 2011). The ability of L. cuneata to tolerate M. phaseolina may 

reflect a combination of these strategies.  

Regarding chemical defense, L. cuneata is reported to contain large concentrations of 

polyphenolic tannins; a class of compounds notable for their ability to reduce fungal growth 

through enzyme inhibition (Arif et al. 2009). In L. cuneata, these compounds have been 

primarily studied for their anthelmintic effects on parasitic nematodes infecting the 

gastrointestinal tracts of livestock (Mechineni et al. 2014, Kommuru et al. 2015), however Bell et 

al. (1965) found that they also have strong inhibitory effects on fungal cellulase and pectinase. 
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Although the highest tannin concentrations are found in the leaves and flowers, small amounts 

occur in the root tissue suggesting that inhibition of soil borne pathogens is possible (Burns 

1966). While this could potentially explain the increased resistance of L. cuneata to M. 

phaseolina, similar compounds have also been reported in L. capitata (Springer et al. 2002). If 

tannins are important for disease resistance in L. cuneata but not L. capitata, this inconsistency 

could suggest that the quality or concentration of such compounds may differ between these 

species, however the required comparative studies are not currently available.  

Lespedeza cuneata may also reduce the impact of M. phaseolina through interactions with 

microbial symbionts. Members of the genus Lespedeza can form associations with a variety of 

nodule forming bacteria (Bender et al. 1989, Yao et al. 2002, Hu 2012), including species of 

Bradyrhizobium which have been shown to inhibit the growth of M. phaseolina (Izhar et al. 

1995, Perdomo et al. 1995). Although all three species can interact with Bradyrhizobium, there 

are some possible explanations for the increased success of L. cuneata such as the number of 

nodules produced.  For instance, if increased nodule density reduces disease severity of M. 

phaseolina, species with a higher affinity to form nodules could have greater success in the 

presence of the pathogen. The specific type of rhizobium involved in these interactions may also 

explain differential effects between species. Wang (2013) found that L. cuneata is highly species 

specific when forming associations with root nodulating bacteria and two of the three species 

identified in root nodules were members of Bradyrhizobium. While rhizobial specificity is 

undocumented in L. capitata and L. virginica, these species may exhibit reduced pathogen 

resistance if they are more promiscuous and expend energy forming associations with benign 

rhizobium. Although the present study did not quantify or identify species of nodulating bacteria, 

these factors may elucidate mechanisms of pathogen resistance within Lespedeza. 
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In addition to the effect of inoculum density, competitive abilities also varied among 

species. L. capitata was consistently the weakest competitor regardless of which species it was 

grown with. Alternatively, L. cuneata was generally the strongest competitor, however in some 

cases L. virginica produced a similar reduction in biomass such as when competing with 

conspecifics or with L. capitata at high inoculum densities.  This could suggest that infection 

reduces the ability of L. capitata to deal with competitive effects of L. virginica, but the exact 

mechanism is unclear. In contrast, the strong competitive effects of L. cuneata likely reflect 

superior physiological and morphological traits of this species. Although comparable data are not 

available for L. capitata and L. virginica, L. cuneata was found to exhibit greater total leaf area 

than two native grassland species, Andropogon gerardii and Ambrosia psilostachya, potentially 

allowing it to intercept light and shade out other competing species (Allred et al. 2010). 

Additionally, L. cuneata was able to maintain more consistent net photosynthetic rates 

throughout the day compared to A. gerardii and A. psilostachya, possibly making it more adept 

to handle stressful environmental conditions. In addition to being a stronger competitor, the 

effects of competing plants were reduced at high inoculum densities of M. phaseolina. This 

reduction is likely due to suppressive effects of the pathogen at higher densities, making plants 

less capable of expending resources towards competition for water or nutrients. Therefore, L. 

cuneata may have a greater competitive advantage in the presence of M. phaseolina.  

Collectively, these results suggest that the presence of M. phaseolina may enhance the 

invasive success of L. cuneata. Although L. cuneata is a strong competitor in the absence of M. 

phaseolina, the presence of the pathogen, especially at high densities, could have a synergistic 

effect in the field allowing increasing the likelihood of a successful biological invasion. This 

effect may be especially pervasive in low diversity sites previously used for monocrop 
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agriculture where the pathogen is more likely to occur in large densities, providing support for 

the prediction that pathogens promote invasion success by suppressing native plant species 

(Turnbull et al. 2010). Future research should attempt to elucidate the potential for M. phaseolina 

to promote biological invasions under field conditions with a particular emphasis on the 

influence of rhizobial symbionts in these situations.  
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2.5 Figures 

 

Figure 2.1. Species log response ratio (LRR) values for plant mass. LRR values were calculated 
by dividing the mass of plants grown in soil inoculated with Macrophomina phaseolina by the 
mean mass of plants grown in control soil with more negative values indicating a more severe 
response to the pathogen. Species names are denoted by six letter abbreviations containing the 
first 3 letters of the genus and specific epithet. Bars express mean values ± standard error of the 
mean. Significant differences between treatments are represented by different letters and were 
detected using a two-way PERMANOVA with post hoc permutational pair-wise comparisons 
test at P < 0.05. While there was no effect of inoculum density, species varied in their response 
to M. phaseolina (F2, 91 = 2.9906, P = 0.046). 
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Figure 2.2. Root systems from plants grown in control soil (left column) and soil containing a 
high inoculum density of Macrophomina phaseolina (right column) for (a) Lespedeza capitata 
(b) Lespedeza virginica, and (c) Lespedeza cuneata.  
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Figure 2.3. Lespedeza capitata plant mass when exposed to varying inoculum densities of 
Macrophomina phaseolina in the soil (Control, Low, High) and different competitors. Species 
names are denoted by six letter abbreviations containing the first 3 letters of the genus and 
specific epithet. Bars express mean values ± standard error of the mean. Significant differences 
between treatments are represented by different letters and were detected using a two-way 
PERMANOVA with post hoc permutational pair-wise comparisons test at P < 0.05. Plant mass 
was affected by both inoculum density (F2, 152 = 19.498, P = 0.001) and competitor identity (F3, 

152 = 7.3582, P = 0.001). 
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Figure 2.4. Lespedeza capitata relative interaction index (RII) values for plant mass. RII values 
were calculated as the difference in mass of plants grown with a competitor and mean mass of 
plants grown alone divided by the sum of these values. This was calculated separately for each 
inoculum density. Negative values indicate a reduction in biomass due to competition. Species 
names are denoted by six letter abbreviations containing the first 3 letters of the genus and 
specific epithet. Bars express mean values ± standard error of the mean. Significant differences 
between treatments are represented by different letters and were detected using a two-way 
PERMANOVA with post hoc permutational pair-wise comparisons test at P < 0.05. There was 
an interactive effect of inoculum density and competitor identity (F4, 111 = 2.9999, P = 0.021). 
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Figure 2.5. Lespedeza cuneata plant mass when exposed to varying inoculum densities of 
Macrophomina phaseolina in the soil (Control, Low, High) and different competitors. Species 
names are denoted by six letter abbreviations containing the first 3 letters of the genus and the 
first 3 letter of the specific epithet. Bars express mean values ± standard error of the mean. 
Significant differences between treatments are represented by different letters and were detected 
using a two-way PERMANOVA with post hoc permutational pair-wise comparisons test at P < 
0.05. Plant mass was effected by both inoculum density (F2, 226 =15.318, P = 0.001) and 
competitor identity (F3, 226 = 54.578, P = 0.001). 
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Figure 2.6. Lespedeza cuneata relative interaction index (RII) values for plant mass. RII values 
were calculated as the difference in mass of plants grown with a competitor and mean mass of 
plants grown alone divided by the sum of these values. This was calculated separately for each 
inoculum density. Negative values indicate a reduction in biomass due to competition. Species 
names are denoted by six letter abbreviations containing the first 3 letters of the genus and the 
first 3 letter of the specific epithet. Bars express mean values ± standard error of the mean. 
Significant differences between treatments are represented by different letters and were detected 
using a two-way PERMANOVA with post hoc permutational pair-wise comparisons test at P < 
0.05. Values were influenced by both inoculum density (F2, 168 = 3.8635, P = 0.025) and 
competitor identity (F2, 168 = 54.915, P = 0.001). 
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Figure 2.7. Lespedeza virginica plant mass when exposed to varying inoculum densities of 
Macrophomina phaseolina in the soil (Control, Low, High) and different competitors. Species 
names are denoted by six letter abbreviations containing the first 3 letters of the genus and the 
first 3 letter of the specific epithet. Bars express mean values ± standard error of the mean. 
Significant differences between treatments are represented by different letters and were detected 
using a two-way PERMANOVA with post hoc permutational pair-wise comparisons test at P < 
0.05. Plant mass was effected by both inoculum density (F2, 200 = 14.766, P = 0.001) and 
competitor identity (F3, 200 = 13.429, P = 0.001). 
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Figure 2.8. Lespedeza virginica relative interaction index (RII) values for plant mass. RII values 
were calculated as the difference in mass of plants grown with a competitor and mean mass of 
plants grown alone divided by the sum of these values. This was calculated separately for each 
inoculum density. Negative values indicate a reduction in biomass due to competition. Species 
names are denoted by six letter abbreviations containing the first 3 letters of the genus and the 
first 3 letter of the specific epithet. Bars express mean values ± standard error of the mean. 
Significant differences between treatments are represented by different letters and were detected 
using a two-way PERMANOVA with post hoc permutational pair-wise comparisons test at P < 
0.05. While there was no effect of inoculum density, values were influenced by competitor 
identity (F2, 150 = 12.892, P = 0.001). 
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CHAPTER 3 

ASSESSING THE EFFECTS OF MACROPHOMINA PHASEOLINA INOCULUM DENSITY 
ON THE ONSET AND SEVERITY OF DISEASE IN NATIVE AND INVASIVE LESPEDEZA 

3.1 Introduction 

Interactions with soil borne pathogens can have complex, multifaceted effects on plants, 

with responses ranging from minor reductions in performance to plant death (Trevathan 1996, 

Kearns and Jacobi 2005). Although a variety of factors can influence plants-pathogen 

interactions such as host plant genotype (LaMondia 2004), pathogen virulence (Van Buyten and 

Höfte 2013), and microclimate (Dileo et al. 2014), the impact on plant growth or reproduction is 

commonly associated with soil inoculum density (Berbegal et al. 2007, Lopez-Escudero and 

Blanco-Lopez 2007). For example, Gongora-Canul et al. (2012) found that the rate of biomass 

accumulation in soybean was reduced from 37 to 73% depending on the inoculum density of the 

pathogen Fusarium virguliforme. Inoculum density can also influence the onset time for disease 

symptoms to occur. Specifically, higher inoculum densities have been linked to disease 

progression, with plants exhibiting disease symptoms at earlier dates (Xiao and Subbarao 1998, 

Gongora-Canul et al. 2012). Consequently, inoculum density can significantly affect plant-

pathogen interactions and a range of densities should be considered when attempting to 

determine the influence of a pathogen on a host plant. 

Although the majority of studies have examined the role of soil pathogens within 

agricultural settings, increasing evidence suggests that pathogens may influence community 

dynamics within natural systems (Holah and Alexander 1999, Bever 2003, Mordecai 2011). 

Furthermore, both theoretical and empirical evidence link pathogens to the success of invasive 

species in their non-native range (Borer et al. 2007, Mangala et al. 2008, Strauss et al. 2012). 
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These mechanisms may be partially driven by pathogen density within the soil. Specifically, 

plant invasions are predicted to be more successful in low diversity communities, where high 

densities of host-specific pathogens reduce the competitive ability of resident species (Turnbull 

et al. 2010). Accordingly, understanding the responses of native and invasive plants to varying 

inoculum densities of soil borne pathogens is essential to assessing the potential for an invasive 

species to spread. 

Macrophomina phaseolina (Tassi) Goid., the causal agent of charcoal rot, is a generalist, 

fungal pathogen capable of infecting a broad range of agricultural and wild plant species (Farr et 

al. 1989, Songa and Hillocks 1996, Su et al. 2001). Within the soil, M. phaseolina primarily 

survives in the form of microsclerotia; a dormant stage in the life cycle which allows the fungus 

to persist during unfavorable environmental conditions (Gupta et al. 2012). Germination of 

microsclerotia is triggered by host plant root exudates leading to subsequent tissue infection and 

progression of disease throughout the plant (Hartman et al. 1999). Although M. phaseolina 

occurs in natural systems, microsclerotia density has only been measured in agricultural systems 

with reports ranging from 0.65 to 8000 colony forming units/ g soil (Mengistu et al. 2011, Talei 

et al. 2013). Current literature suggests that minor increases in microsclerotia density can have 

drastic effects on the severity and onset of disease, but these studies have been restricted to 

highly susceptible agricultural crops with no information available for grassland species (Sheikh 

and Ghaffar 1979, Dawar and Ghaffar 1998, Gacitua Arias et al. 2013). Despite this bias, the 

broad range of host species suggests that grassland plants could exhibit similar responses to 

fluctuations in microsclerotia density and differential effects on native vs invasive plants may 

help to explain observed mechanisms of plant invasions. 
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The effect of M. phaseolina microsclerotia density was examined in two grassland 

species in the genus Lespedeza. Lespedeza capitata Michx. is a native legume that commonly 

occurs within grasslands of the Great Plains and is a known host species for M. phaseolina 

(Saleh et al. 2010). Lespedeza cuneata (Dum. Cours.) G. Don is an invasive species introduced 

from Asia that has gained increasing attention due to its strong competitive ability and rapid 

spread throughout Kansas grasslands (Price and Weltzin 2003, Brandon et al. 2004). This 

experiment addresses two questions regarding plant response to M. phaseolina: 1) Does 

inoculum density influence the onset time and disease severity? and 2) Does the response to 

inoculum density vary between species? To test these questions, study species were grown in soil 

containing a range of microsclerotia densities and temporal effects on plant performance were 

examined by periodically harvesting plants over a twelve week growth period.  

3.2 Materials and Methods 

3.2.1 Production and Isolation of Microsclerotia 

Plants were exposed to a single strain of M. phaseolina collected from the roots of 

Lespedeza capitata found at Konza Prairie. The isolate was initially cultured on Potato Dextrose 

Agar (PDA) in 100 x 15 mm petri plates. Once colonized, agar was cut into squares and 

transferred to sterilized spawn bags containing cornmeal/sand (CMS) medium (4500 g sand, 135 

g cornmeal, and 675 ml water) at a rate of 2 plates per bag, and bags were immediately sealed 

with a PFS-300 impulse sealer (Baird et al. 1996). Bags were incubated at 37 °C for three weeks 

and shaken periodically to increase the rate of colonization.  

A modified wet sieving procedure of Papavizas and Klag (1975) was used to isolate 

microsclerotia by passing the colonized CMS medium through a series of 4 sieves (2000 μm, 

1000 μm, 600 μm, and 45 μm). Discarding residue from the 2000 μm and 1000 μm sieves, a 
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mixture of microsclerotia and small sand particles collected on the 600 μm and 45 μm sieves was 

rinsed into a 2000 ml beaker using reverse osmosis (RO) water. Additional RO water was used 

to agitate the mixture creating a suspension of sand and microsclerotia. The sand, being denser, 

rapidly settled to the bottom of the beaker at which point the upper portion of the suspension was 

decanted, collecting microsclerotia on a 45 μm sieve. Isolated microsclerotia were then sterilized 

by blending in a 0.525% NaOCl solution for 3 minutes, rinsed with RO water, and allowed to air 

dry at room temperature (Mengistu et al. 2007). 

A standard plate count was performed to determine the number of viable microsclerotia 

produced. A 1 mg sample of dry microsclerotia was used to create three dilutions (1:10, 1:100, 

and 1:1000) which were plated on PDA and incubated at 30 °C. This was replicated three times. 

After three days, to obtain more precise values plates with between 30 and 300 colony forming 

units (CFUs) were counted and used to determine the number of CFUs/g of microsclerotia 

(Mengistu et al. 2007). 

3.2.2 Experimental Design 

The experiment was conducted in the Wichita State University Clinton C. McDonald 

Research Greenhouse during summer of 2014. To increase germination, seeds were scarified 

prior to use. For L. cuneata, seeds were soaked in a solution of concentrated sulfuric acid for 20 

minutes (Bentley 1933). Scarification for L. capitata was carried out by rubbing seeds between 

pieces of 320-grit sandpaper. Following scarification, all seeds were germinated in petri plates 

between damp paper towels and transferred to 262 ml cylindrical pots (“deepots”) upon 

emergence of the radicle. Within each pot, a single plant was grown in homogenized field soil 

consisting of a Blanket Silt Loam collected from a local grassland in which microsclerotia were 

added at one of four different densities: control (0 CFUs/g soil), low (101 CFUs/g soil), medium 
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(102 CFUs/g soil), and high (103 CFUs/g soil). Pots were randomly assigned positions in trays on 

a greenhouse bench which were rotated every other day to reduce the effect of microclimate 

within the greenhouse. Each soil treatment was replicated 20 times. 

3.2.3 Data Collection and Analysis 

 Mortality data was recorded during the course of the experiment and four harvests were 

performed at three-week intervals. At each harvest, five plants were randomly selected for each 

species × soil treatment combination. Plants were then removed from pots and excess soil was 

rinsed from the roots inside a plastic bin. Plant biomass was dried for at least 72 hours at 60 °C. 

Dry biomass was then weighed, recording data for root, shoot, and total plant mass. 

 Data analysis was performed in R version 3.1.2. (R Core Team 2014). Mortality data was 

used to calculate percent survivorship and analyzed with a chi-square test. For each species, data 

were log transformed and two-way ANOVA was used to test the effects of microsclerotia density 

and length of growth period on root mass, shoot mass, and total plant mass. Differences were 

detected using Tukey’s HSD test. All tests were performed at a significance level of P < 0.05. 

3.3 Results 

There was no effect of M. phaseolina on survivorship for either species regardless of 

inoculum density. Total plant mass of L. cuneata increased with time (F3, 64 = 1540, P < 0.0001), 

however there was no effect of microsclerotia density (Fig 3.1). This pattern was consistent for 

root and shoot mass as well. In contrast, the effects of M. phaseolina on L. capitata were variable 

between root, shoot, and total plant mass. For root mass, there was an interactive effect of 

microsclerotia density and growth period length (F9, 63 = 3.56, P = 0.001) with significant 

reduction in biomass occurring after 9 weeks for the high inoculum density treatment and 

continuing until the end of the experiment. Although there was no interactive effect, shoot mass 
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was influenced by both growth period length (F3, 63 = 555, P < 0.0001) and microsclerotia 

density (Fig. 3.2; F3, 63 = 8.28, P = 0.0001) with plants increasing in size over time and plants 

grown at low inoculum densities exhibiting greater shoot mass than plants grown in control or 

high inoculum density soil. Like shoot mass, total plant mass was affected by both growth period 

length (F3, 63 = 815, P < 0.0001) and microsclerotia density (Fig 3.3; F3, 63 = 13.2, P < 0.0001) 

with plants increasing in size over time and plants grown at the high inoculum density exhibiting 

significantly lower mass than the other three treatments. Additionally, total plant mass was 

greater when grown at the low inoculum density than the medium density. 

3.4 Discussion 

Plant response to M. phaseolina varied between the two species. In L. capitata, exposure 

to the pathogen led to a decrease in total plant mass when grown under the high inoculum 

density treatment. While this pattern suggests that there is a threshold level of microsclerotia 

required to elicit a response in this species, differential effects of the fungus on root and shoot 

mass suggest that more complex interactions may be occurring. Specifically, although a 

reduction in root mass was evident in the high density treatment after 9 weeks, this negative 

effect did not translate to reduced shoot mass and at the low inoculum density shoot mass 

actually increased relative to the other treatments. Increased allocation of resources towards 

shoot growth could be a compensatory strategy of L. capitata to negate the effects of root 

infection. For example, root damage associated with insect herbivory is thought to elicit a stress 

response leading to a reallocation of amino acids and carbohydrates into foliar tissue (Masters et 

al. 1993). Although evidence is limited in plant-pathogen systems, bacterial and fungal 

pathogens have been shown to increase seed production in several annual Brassica species 

(Bradley et al. 2008). Assuming a similar reaction to insect herbivores however, it is possible 
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that reallocation of resources to foliar tissues in response to low levels of soil-borne pathogens 

could lead to increased aboveground growth in L. capitata. 

In contrast to L. capitata, there was no effect of inoculum density on L. cuneata 

suggesting that this species may be resistant to infection by charcoal rot. While this experiment 

did not examine nodulation, some evidence suggests that certain species of rhizobium have 

antagonistic effects towards M. phaseolina. In particular, members of the genus Lespedeza 

frequently associate with species of Bradyrhizobium (Bender et al. 1989, Yao et al. 2002) which 

can have inhibitory effects towards M. phaseolina (Izhar et al. 1995, Perdomo et al. 1995). This 

association could potentially explain pathogen resistance in L. cuneata. Specifically, if L. 

cuneata has a higher affinity for antagonistic rhizobium species than L. capitata, this could give 

it an advantage in systems containing high densities of M. phaseolina. Alternatively, L. cuneata 

may have a superior ability to form associations with nodule forming bacteria in general. This 

could in turn provide L. cuneata with an advantage over L. capitata if a threshold density of 

antagonistic bacteria are required to negate the effects of M. phaseolina in the soil. 

Although the results of this experiment indicate that disease severity is dependent on 

inoculum density in the soil, at least in L. capitata, this study cannot address differences in the 

onset time of disease symptoms in relation to inoculum density because negative effects were 

only observed at higher levels. This may be due to the small sample size used in this study or 

alternatively that plants were not tracked for a long enough period for lower densities of M. 

phaseolina to produce substantial responses. Additionally, despite the importance for pathogen 

resistance, this study did not address changes in nodulation in response to the pathogen. Future 

research should therefore attempt to quantify the effects of M. phaseolina on root nodulation and 

employ a larger sample size to detect less evident differences between treatments.   
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3.5 Figures 

 

Figure 3.1. Lespedeza cuneata log total plant mass after 3, 6, 9, and 12 weeks of growth across 
varying inoculum densities of Macrophomina phaseolina in the soil (0, 101, 102, 103 colony 
forming units/g soil). Bars express mean values ± standard error of the mean. Significant 
differences between treatments are represented by different letters and were detected using a 
two-way ANOVA with post hoc Tukey’s HSD test at P < 0.05. While there was no effect of 
inoculum density, total plant mass was influenced by growth period length (F3, 64 = 1540, P < 
0.0001). 
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Figure 3.2. Lespedeza capitata log root mass after 3, 6, 9, and 12 weeks of growth across varying 
inoculum densities of Macrophomina phaseolina in the soil (0, 101, 102, 103 colony forming 
units/g soil). Bars express mean values ± standard error of the mean. Significant differences 
between treatments are represented by different letters and were detected using a two-way 
ANOVA with post hoc Tukey’s HSD test at P < 0.05. Root mass was influenced by an 
interactive effect between inoculum density and growth period length (F9, 63 = 3.56, P = 0.001). 
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Figure 3.3. Lespedeza capitata log shoot mass after 3, 6, 9, and 12 weeks of growth across varying 
inoculum densities of Macrophomina phaseolina in the soil (0, 101, 102, 103 colony forming units/g 
soil). Bars express mean values ± standard error of the mean. Significant differences between 
treatments are represented by different letters and were detected using a two-way ANOVA with 
post hoc Tukey’s HSD test at P < 0.05. Shoot mass was influenced by both growth period length 
(F3, 63 = 555, P < 0.0001) and inoculum density (F3, 63 = 8.28, P = 0.0001). 
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Figure 3.4. Lespedeza capitata log total plant mass after 3, 6, 9, and 12 weeks of growth across 
varying inoculum densities of Macrophomina phaseolina in the soil (0, 101, 102, 103 colony 
forming units/g soil). Bars express mean values ± standard error of the mean. Significant 
differences between treatments are represented by different letters and were detected using a 
two-way ANOVA with post hoc Tukey’s HSD test at P < 0.05. Total plant mass was influenced 
by both growth period length (F3, 63 = 815, P < 0.0001) and inoculum density (F3, 63 = 13.2, P < 
0.0001). 
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CHAPTER 4 

GRASSLAND PLANT SENSITIVITY ASSAY: MEASURING THE RESPONSE OF 
GRASSLAND SPECIES TO MACROPHOMINA PHASEOLINA 

4.1 Introduction 

Understanding the mechanisms that regulate plant species diversity remains a key focus 

of plant ecology. As the primary producers within ecological communities, plants facilitate 

essential ecosystem functions that can significantly influence diversity and productivity at higher 

trophic levels (Siemann 1998, Scherber et al. 2010). Therefore, identifying the underlying 

processes governing plant diversity may provide important information for conservation and 

restoration efforts. Current literature examining effectors of plant diversity has primarily focused 

on aboveground mechanisms such as competition (Hautier et al. 2009), disturbance (Safford and 

Harrison 2004), and herbivory (Olff and Ritchie 1998). Nevertheless, community ecologists are 

increasingly shifting research efforts towards the role of belowground interactions with the soil 

microbial community. While soil microbes may directly affect plant performance at the 

individual level, when considered at larger spatial scales these interactions may have complex 

effects on plant community structure and dynamics. 

At the community level, the effects of soil microbes may be especially apparent when 

examined within the context of plant-soil feedbacks; mechanisms by which a plant alters the soil 

community which in turn affects plant performance (Bever et al. 1997). Plant-soil feedbacks 

exhibit one of two general pathways: positive feedback leading to an increase in plant growth or 

negative feedback having the opposite effect. While these pathways can operate through either 

pathogens or mutualists, mathematical models predict that negative feedback mechanisms by soil 

pathogens can potentially increase species diversity by alleviating competitive pressure and 
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allowing species to coexist (Bever 2003). Consequently, interactions between plants and soil 

borne pathogens may be especially pervasive in grassland systems where much of the 

competition occurs belowground. For example, Olff et al. (2000) found that fluctuations in the 

density of dominant grassland species Carex arenaria and Festuca rubra were likely mediated 

by negative feedback responses involving soil borne pathogens. Despite limited empirical 

evidence examining the effects of pathogens on plant interactions, the requisite preliminary 

research establishing the influence of pathogens on the individual native competitors is absent 

for most pathogens. To address this gap, I examined differential responses of grassland plant 

species to a generalist soil borne pathogen, Macrophomina phaseolina, to identify potentially 

susceptible and resistant species. 

Macrophomina phaseolina is a necrotrophic, fungal pathogen which causes the disease 

charcoal rot (Gupta et al .2012). Although M. phaseolina can infect a variety of wild plant 

species (Farr et al. 1989), most research has focused on its effects in agricultural systems. 

Despite this emphasis, M. phaseolina is known to occur in grasslands of the Great Plains and 

could potentially influence community structure and dynamics. The goal of this study was to 

characterize charcoal rot susceptibility across a broad range of grassland plant species. To 

examine these patterns, four questions regarding the effects of M. phaseolina on grassland plant 

species were tested: 1) Does M. phaseolina affect plant growth? 2) Does M. phaseolina affect 

nodulation in legume species? 3) Do species differ in their sensitivity to M. phaseolina? 4) Do 

plant functional groups differ in their sensitivity to M. phaseolina? To address these questions a 

greenhouse experiment was conducted to compare the responses of 17 grassland plant species 

when grown in either control soil or soil inoculated with M. phaseolina.  

4.2 Materials and Methods 
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4.2.1 Study Species 

Sensitivity to M. phaseolina was tested in 17 species which represent the three most 

common functional groups found in grasslands: graminoids, legumes, and non-leguminous forbs. 

Six graminoid species, all members of the family Poaceae, were selected which included 

Andropogon gerardii Vitman, Bouteloua curtipendula (Michx.) Torr., Elymus canadensis L., 

Panicum virgatum L., Schizachyrium scoparium (Michx.) Nash, and Sorghastrum nutans (L.) 

Nash. Seven species of legumes, representing members of the family Fabaceae, were selected 

including Amorpha canescens Pursh, Dalea purpurea Vent., Desmanthus illinoensis (Michx.) 

MacMill. ex B. L. Rob. & Fernald, Glycine max (L.) Merr., Lespedeza capitata Michx., 

Lespedeza cuneata (Dum. Cours.) G. Don, and Lespedeza virginica (L.) Britton. Four species of 

non-leguminous forbs comprising three different families were selected. These included 

Asclepias syriaca L. in the family Asclepiadaceae, Helianthus maximiliani Schrad and 

Rudbeckia hirta L. in the family Asteraceae, and Salvia azurea Michx. ex Lam. in the family 

Lamiaceae. Selection was based on anecdotal reports of genera susceptible to infection or 

common grassland species in the region (Farr et al. 1989). Additionally, all species are native to 

Kansas grasslands with the exception of G. max and L. cuneata. Glycine max (soybean) is an 

agricultural crop that was expected to be highly susceptible to infection by M. phaseolina. 

Lespedeza cuneata is an invasive legume from eastern Asia which out competes many native 

species to the Great Plains and has spread throughout grasslands of Kansas. 

4.2.2 Production and Isolation of Microsclerotia 

All plant species were exposed to four strains of M. phaseolina. Three strains were 

collected from the roots of native grassland species, encompassing the three plant functional 

groups examined. These included isolates from Helianthus spp., Lespedeza capitata, and 
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Panicum virgatum. The fourth strain was collected from the roots of Glycine max grown in a 

monoculture crop system. Culture methods followed those outlined in chapter 3. Each strain was 

grown in spawn bags containing cornmeal/sand (CMS) medium (Baird et al. 1996) and incubated 

at 37 °C for three weeks. Isolation was carried out using a wet sieving procedure (Papavizas and 

Klag 1975) and isolated microsclerotia were sterilized in a 0.525% NaOCl solution for three 

minutes (Mengistu et al. 2007). A standard plate count was then performed for each of the three 

strains to determine the number of colony forming units (CFUs)/g of dry microsclerotia. Using 

these values, microsclerotia from the four M. phaseolina strains were combined so that each was 

equally represented in the mixture based on number of CFUs. 

4.2.3 Experimental Design 

The experiment was conducted in the Wichita State University Clinton C. McDonald 

Research Greenhouse during fall of 2014. To increase germination, seeds of legumes and non-

leguminous forbs were scarified prior to use. For L. cuneata, seeds were soaked in a solution of 

concentrated sulfuric acid for 20 minutes (Bentley 1933). All other legumes and non-leguminous 

forbs were scarified by rubbing seeds between pieces of 320-grit sandpaper. With the exception 

of graminoid species which were planted directly in the soil, all seeds were germinated in petri 

plates between damp paper towels and transferred to 262 ml cylindrical pots (“deepots”) upon 

emergence of the radicle. Within each pot, an individual was exposed to one of two soil 

treatments: untreated field soil consisting of a Blanket Silt Loam collected from a local grassland 

or field soil inoculated with M. phaseolina at a rate of 1500 CFUs/g dry soil. Although high 

compared to most reports, this density was chosen to ensure infection and serve as a strong 

indicator of sensitivity to M. phaseolina. Pots were randomly assigned positions in trays on a 

greenhouse bench which were rotated every other day. Each species × soil treatment combination 
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was replicated 12 times, however due to poor germination 4 replicates of R. hirta and 1 replicate 

of S. nutans were not used. Additionally, A. gerardii was mistakenly planted in 1 replicate of S. 

scoparium so that these species had a total of 13 and 11 replicates for the M. phaseolina 

inoculated soil, respectively. 

4.2.4 Data Collection and Analysis 

 Mortality data was recorded during the course of the experiment. After 12 weeks, plants 

began to senesce at which point biomass was harvested. For each individual, biomass was 

separated into aboveground and belowground biomass, dried for 72 hours at 60 °C, and weighed 

In addition to biomass measurements, the number and mass of root nodules was quantified for 

legumes. Nodule counts included the total number of nodules produced as well as the number of 

infected nodules, defined as nodules exhibiting greater than or equal to 50% black, necrotized 

tissue (Fig. 4.1). Using these measures, the mean nodule mass and proportion of infected nodules 

was determined for each species. 

 Data analysis was performed in R version 3.1.2. (R Core Team 2014). Mortality data was 

used to calculate percent survivorship and analyzed using a chi-square test. To examine the 

effects of M. phaseolina on individual plant species, biomass data were log transformed. 

Assumptions of normality and homogeneity of variance were tested using the Shapiro-Wilk test 

and Levene’s test, respectively. Species meeting these assumptions were analyzed using a 

Student’s t-test. Species not meeting the assumptions of normality and homogeneity of variance 

were analyzed using Wilcoxon rank-sum test and Wilson’s t-test respectively, however in all 

cases these agreed with the Student’s t-test which are the results presented. The same statistical 

tests were used to examine nodule number and mean nodule mass in legume species, however, 
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comparing the proportion of infected nodules between legume species was carried out with a 

one-way ANOVA using Tukey’s HSD test to detect differences.  

To compare the effects of M. phaseolina between species and functional groups, log 

response ratio (LRR) values were calculated for total plant mass as 

 

𝑑+𝑑0 (4.1) 

 

where B+ is the mass of plants grown in soil inoculated with M. phaseolina and B0 is the mean 

mass of plants grown in control soil (Li et al. 2014). Between species comparisons were 

performed using a one-way ANOVA. Because two species, Elymus canadensis and Panicum 

virgatum, did not meet assumptions of normality an ANOVA was also run excluding these 

species. To examine functional group, mean LRR values were calculated for each species and 

compared using a one-way ANOVA. For both species and functional groups, differences were 

detected using Tukey’s HSD test. All tests were performed at a significance level of P < 0.05.  

4.3 Results 

Percent survivorship between treatments was only significant for A. canescens with 25% 

survivorship when grown in soil inoculated with M. phaseolina compared to 100% in control soil 

(χ2 = 45, P < 0.0001). Mortality occurred during the first 3 to 6 weeks of growth and individuals 

exhibited large amounts of black, necrotized tissue in the upper tap root, symptomatic of 

charcoal rot (Fig. 4.2). Regardless of mortality, all species experienced a reduction in total plant 

mass when grown in the presence of M. phaseolina with the exception of A. syriaca (t21 = -0.07, 

P = 0.95). This pattern was consistent for root and shoot mass in all species except A. canescens 
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(t13 = 1.77, P = 0.10) and L. cuneata (t22 = 1.57, P = 0.13) which had similar shoot mass 

regardless of soil treatment. 

Root nodule formation occurred in three of the seven legume species examined: 

Lespedeza capitata, Lespedeza cuneata, and Lespedeza virginica. Of these species, differences 

were only detected in L. cuneata and L. virginica. Specifically, although mean nodule mass 

remained constant between treatments, when exposed to M. phaseolina the number of nodules 

produced decreased for L. cuneata (Fig. 4.3a; t22 = 2.9171, P = 0.007986), but increased for L. 

virginica (Fig. 4.3b; t22 = -2.1159, P = 0.04591). In addition to individual species responses, the 

proportion of infected nodules on plants grown in soil inoculated with M. phaseolina differed 

between species with L. virginica exhibiting a larger proportion infected than L. capitata and L. 

cuneata (Fig. 4.4; F2, 26 = 8.181 , P = 0.00175)  

ANOVA results for LRR total plant mass were significant regardless of whether all 

species were examined (F16, 170 = 5.323, P < 0.0001) or E. canadensis and P. virgatum were 

excluded (F14, 148 = 6.429, P < 0.0001). Plant responses were variable among species with A. 

syriaca and L. cuneata exhibiting the smallest reduction in biomass and L. capitata and R. hirta 

with the largest reduction in biomass (Fig. 4.5). Despite the broad range of responses among 

individual species, LRR total plant mass was consistent across functional groups (F2, 14 = 0.039, 

P = 0.962). 

4.4 Discussion 

The presence of M. phaseolina led to a decrease in total plant mass in all species with the 

exception of A. syriaca. Despite this generally negative trend, LRR values indicated that 

sensitivity to the pathogen was highly variable between species. Specifically, the most resistant 

species, in addition to A. syriaca, was L. cuneata while the most susceptible species were L. 
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capitata and R. hirta. The broad range of responses may reflect differential abilities of individual 

species to reduce the impact of pathogens. For example, many plant that are able to tolerate the 

presence of soil borne pathogens adopt strategies such as the production of chemical compounds 

(Lattanzio et al. 2006) or forming associations with antagonistic microbial symbionts (Akhtar et 

al. 2011). In the case of A. syriaca, resistance to M. phaseolina may be partially explained 

through chemical defense. For instance, seed oil of A. syriaca contains high concentrations of 

11-octadecenoic acid; a fatty acid shown to inhibit the growth of M. phaseolina (Chisolm and 

Hopkins 1960, Devi et al. 2013). The presence of this compound could provide A. syriaca with a 

fitness advantage over other species during the early stages of plant growth, particularly during 

germination and seedling establishment. In addition to compounds present in the seed oil, 

vegetative tissue of A. syriaca is also shown to contain a diverse mixture of chemicals. Although 

research on chemical defense in this species has primarily focused on herbivore response to 

cardiac glycosides (Agrawal and Konno 2009), a variety of phenolic acids have been isolated 

from A. syriaca tissue, many of which possess antifungal qualities (Sikorska et al. 2000).  

In contrast to the chemical defenses exhibited by A. syriaca, resistance of L. cuneata may 

reflect associations with microbial symbionts. While much of the current research examining 

invasion success in L. cuneata has focused on direct mechanisms of competition with other plant 

species (Price and Weltzin 2003, Brandon et al. 2004), some evidence suggests that L. cuneata 

may also increase its own fitness by altering the soil microbial community (Yannarell et al 2007, 

Coykendall and Houseman 2014). In particular, members of the genus Lespedeza associate with 

a variety of Bradyrhizobium species (Bender et al. 1989, Yao et al. 2002), some of which have 

been shown to inhibit the growth of M. phaseolina (Izhar et al. 1995, Perdomo et al. 1995). 

While this response may help to explain pathogen resistance in L. cuneata, plant responses in L. 
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capitata and L. virginica were considerably more negative. This could be due to differences in 

the ability of Lespedeza species to form associations with microbial symbionts. For example, 

although L. capitata did not experience reductions in nodule number or mean mass between 

treatments and exhibited a similar proportion of infected nodules to L. cuneata, nodulation was 

low or absent in most individuals of this species (1.3 ± 0.35, mean ± SE). In this case, low 

nodulation could predispose L. capitata to perform more poorly when exposed to M. phaseolina 

if there is a threshold density of rhizobia required to ameliorate the effects of the pathogen. For 

L. virginica, the presence of M. phaseolina led to an increase in the number of nodules formed, 

however nodulation was still relatively low in this species (5.1 ± 0.8, mean ± SE) compared to L. 

cuneata (19.6 ± 1.72, mean ± SE). Additionally, the proportion of infected nodules was 

significantly higher for L. virginica than L. cuneata. While this study did not identify specific 

lineages of rhizobia, both L. cuneata and L. virginica can associate with multiple species of 

rhizobia (Hu 2012). If L. cuneata has a higher affinity to associate with species that are 

antagonistic towards M. phaseolina it may be able to resist infection more effectively. While 

nodule density and identity of rhizobial lineages may explain the high resistance exhibited by L. 

cuneata compared to its native congeners, identifying species of rhizobia involved in these 

associations is necessary to elucidate these relationships. 

Despite potential resistance mechanisms of A. syriaca and L. cuneata, the large negative 

response exhibited by L. capitata and R. hirta suggests that these species may lack such adaptive 

mechanisms for coping with pathogens, making them particularly susceptible to infection. In 

spite of the significant reduction in biomass however, like most species examined, survivorship 

was high throughout the experiment implying some degree of tolerance. In contrast, A. canescens 

experienced significantly lower survivorship with only 25% of individuals grown in soil 
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inoculated with M. phaseolina surviving until the end of the experiment. Although there was no 

effect of the soil treatments on shoot mass in this species (possibly due to low sample size 

resulting from mortality in the M. phaseolina treatment) this result suggests that A. canescens is 

highly susceptible to charcoal rot, especially at the seedling stage.  

Collectively, these results suggest that while M. phaseolina does not differentially affect 

specific plant functional groups, it can elicit a range of responses in individual grassland species. 

These results also indicate that the invasive species, L. cuneata, has a higher degree of resistance 

to M. phaseolina than most native species which could contribute to successful biological 

invasions when the pathogen is present in the field. Although potential mechanisms of resistance 

include both chemical defense and associations with antagonistic rhizobium, additional research 

is necessary to elucidate the importance of these factors. Another avenue of research in this area 

should examine competitive interactions between both native and invasive species in the 

presence and absence of M. phaseolina. This could provide information on how the pathogen 

influences competition and how it could affect diversity under field conditions.  
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Figures 

 

Figure 4.1. Infected and healthy root nodules in Lespedeza cuneata. Infected nodules are defined 
as those with greater than or equal to 50% black, necrotized tissue. 
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Figure 4.2. Amorpha canescens upper tap root infected at the seedling stage by Macrophomina 

phaseolina. 
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Figure 4.3. Difference in nodule production between control soil and soil inoculated with 
Macrophomina phaseolina in (a) Lespedeza cuneata (t22 = 2.9171, P = 0.007986) and (b) 
Lespedeza virginica (t22 = -2.1159, P = 0.04591). Bars express mean values ± standard error of 
the mean.   
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Figure 4.4. Proportion of infected nodules (greater than or equal to 50% black, necrotized tissue) 
on Lespedeza capitata, Lespedeza cuneata, and Lespedeza virginica grown in soil inoculated 
with Macrophomina phaseolina. Bars express mean values ± standard error of the mean. 
Significant differences between treatments are represented by different letters and were detected 
using a one-way ANOVA with post hoc Tukey’s HSD test at P < 0.05 (F2, 26 = 8.181, P = 
0.00175). 
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Figure 4.5. Species log response ratio (LRR) values for total plant mass. LRR values were 
calculated by dividing the mass of plants grown in soil inoculated with Macrophomina 

phaseolina by the mean mass of plants grown in control soil with more negative values 
indicating a more severe response to the pathogen. Species names are denoted by six letter 
abbreviations containing the first 3 letters of the genus and specific epithet. Bars express mean 
values ± standard error of the mean. Significant differences between treatments are represented 
by different letters and were detected using a one-way ANOVA with post hoc Tukey’s HSD test 
at P < 0.05 (F16, 170 = 5.323, P < 0.0001). 
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CHAPTER 5 

CONCLUSION 

 Despite different objectives and methodology, the results of these three experiments 

reveal some general, overlapping patterns of how Macrophomina phaseolina influences 

grassland plants. Plants were found to be highly variable in their responses to M. phaseolina and 

may employ different strategies for dealing with the pathogen. These results also provide some 

evidence that the invasive plant, Lespedeza cuneata, exhibits a higher degree of tolerance to the 

pathogen than many of the native plant species tested. In summary, chapter 2 examined the 

effects of M. phaseolina on competitive interactions between native and invasive Lespedeza 

species and found that overall L. cuneata exhibited a higher degree of resistance to the pathogen 

than the native species, Lespedeza capitata and Lespedeza virginica. This study also indicated 

that L. cuneata was consistently the strongest competitor and may actually perform better at high 

inoculum densities of M. phaseolina due to suppressive effects of the pathogen on competing 

species. Chapter 3 examined the effects of inoculum density on L. cuneata and L. capitata, 

employing a more precise method for quantifying and adding M. phaseolina to the soil. There 

was no effect of the M. phaseolina on L. cuneata, regardless of inoculum density. Reductions in 

plant mass were observed in L. capitata, however this only occurred at the highest inoculum 

density of 1000 CFUs/g soil suggesting that there may be a threshold density required before the 

pathogen becomes problematic for this species. Additionally, L. capitata experienced a slight 

increase in shoot mass in response low densities of M. phaseolina, possibly due to compensatory 

growth in response to root infection. Chapter 4 consisted of a sensitivity assay to test the effects 

of M. phaseolina across a broad range of plant species in order to identify potentially susceptible 

and resistant plants. While there were no detectable differences between plant functional groups, 
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species displayed variable responses to the pathogen with Asclepias syriaca and L. cuneata being 

the least susceptible to the pathogen. While both species may employ strategies of chemical 

defense, further examination of nodulation showed that L. cuneata produced more nodules than 

native congeners suggesting that this species may gain resistance through antagonistic 

rhizobium. 

Although these experiments were carried out under greenhouse conditions, they suggest 

potentially important implications for how pathogens may influence community dynamics in the 

field. Specifically, because M. phaseolina occurs in aggregations, its presence and density is 

likely to vary within the environment (Campbell and Vandergaag 1993). Empirical evidence 

suggests that this sort of spatial heterogeneity can affect community assemblage through species 

sorting between unique soil types, ultimately driving increased levels of species richness 

(Williams and Houseman 2014). In the case of M. phaseolina, its “patchy” distribution could 

affect community assembly in a similar manner, with tolerant species having higher 

establishment rates and greater success in areas with high microsclerotia density and less tolerant 

species having greater success outside these patches. This pattern of species sorting could be 

especially evident in restored grassland sites converted from monoculture crop systems where, 

depending on the crop species, M. phaseolina could be present in extreme densities within the 

soil (Mengistu et al. 2011). Although these results demonstrate the capacity for M. phaseolina to 

increase species richness if distributed in aggregated patches within the field, the high degree of 

resistance exhibited by L. cuneata suggests that M. phaseolina may also promote the 

establishment of invasive species. Mathematical models predict that these interactions may be 

especially prevalent in low diversity systems where high densities of host-specific pathogens 

provide invasive plants with a competitive advantage, allowing them to become established 
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(Turnbull et al. 2010). Consequently, efforts to control the spread of invasive species may need 

to focus on interactions with soil borne pathogens. While M. phaseolina has the potential to 

create unique species assemblages when present in the field, further experiments are needed to 

understand how this pathogen influences competitive interactions between species and how these 

outcomes vary with microsclerotia density. 
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