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Arbuscular mycorrhizal fungi (AMF) are widespread soil dwelling microorganisms that associate 

with plant hosts.  AMF receive carbon from the host as a result of the mutualism, while the 

plant‟s ability to acquire nutrients is enhanced by AMF.  Additionally, AMF benefit their host in 

the form of pathogen protection.  While it is known that increased AMF species richness 

positively correlates with aboveground plant productivity, the relationship between AMF 

diversity and pathogen protection is not well understood.  In a growth chamber study, the plant 

host Leucanthemum vulgare, a non-native plant species in North America, was introduced to all 

combinations of three AMF species either in the presence or absence of the plant root pathogen 

Rhizoctonia solani.  In the presence of the pathogen, the plant host increased its dependence on 

the AMF symbiosis.  However, the richest AMF species assemblage did not provide the greatest 

pathogen protection.  Understanding how diverse groups of AMF protect plants from pathogen 

attack provides insight into how plant communities are formed and structured. 
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CHAPTER 1. 

INTRODUCTION 

 

 Over 300,000 plant species are described on Earth (IUCN Red List, 2010).  The plant 

kingdom accounts for a large percentage of Earth‟s biomass, and their derived products are 

invaluable to humanity.  One would be challenged to live an hour without use of a plant product; 

yet while plants are indispensable, their prevalence may not be possible without the aid of 

another kingdom of life, the fungi.  

 Fungi are extremely diverse, and it is believed that the 100,000 described species are only 

a fraction of the total species that exist.  The applications of fungal species are varied and include 

being used in the production of antibiotics, as sources of food, pest control, and biofuels.  It has 

even been hypothesized that fungi were central to the formation of fossil fuels (Strobel et al., 

2008). Additionally, ecosystem functioning and health are affected by fungi, since they drive 

decomposition and nutrient cycling.  Fungi metabolize organic compounds produced by other 

organisms, thus being categorized as heterotrophs.  To maximize nutrient absorption, fungi have 

evolved structures called hyphae, which have a high surface area relative to volume. 

 Fungi can exist independently or may enter into symbiotic relationships with other 

organisms, such as green algae or cyanobacteria to form lichens or with plants.  In most cases, 

the symbiosis requires a photosynthetic partner to supply the carbon required for fungal 

metabolism. 

There are a variety of plant-fungal relationships that exist along a continuum ranging 

from parasitism to mutualism; these relationships may manifest either above or below ground.  

In plant roots, mycorrhizal associations are one such mutually beneficial symbiosis of which 

there are two major types: ecto- and endomycorrhizae.  Ectomycorrhizal associations occur when 

fungi, belonging primarily to the phyla Basidiomycota or Ascomycota, form a sheath around 

plant roots.  This mycorrhizal type is typical of woody plant species and is the primary 

mycorrhizae of trees.  Endomycorrhizal associations are formed when the fungus physically 

enters root cells.  This association is prevalent in herbaceous plant species, although many 

broadleaf and even some conifer tree species are known to form endomycorrhizae at various 

stages of their life cycle (Wang and Qiu, 2006, Wagg et al., 2011a).  
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One type of endomycorrhiza is formed by arbuscular mycorrhizal fungi (AMF), which 

colonizes approximately 80% of terrestrial plants (Smith and Read, 2008) and is thought to have 

facilitated the establishment of plant life on land (Selosse and Le Tacon, 1998).  The mutualism 

is one of the oldest on Earth, with fossil evidence of AMF dating back to the Triassic Period in 

Antarctica (Phipps and Taylor, 1996).  Widespread distribution of AMF is supported by the work 

of Opik et al. (2006), which provides an account of the global occurrence of some AMF taxa.   

There are several benefits to the plant-AMF symbiosis.  In exchange for carbon provided 

by the plant via photosynthesis, AMF make available otherwise inaccessible soil nutrients and 

water through hyphal networks.  AMF are particularly effective at securing phosphorus, and 

exchange nutrients with the plant primarily via structures called arbuscules inside plant root cell 

walls. 

While AMF exist inside a root, they are not the only fungi to reside there.  Indeed, in the 

roots of a single plant, 49 distinct genetic sequences of fungi have been described, although the 

role of 94% of the fungi was not understood or has not been documented (Vandenkoornhuyse et 

al., 2002).  These fungi would fall somewhere along the parasitism-mutualism continuum, and at 

times AMF are known to act as parasites depending on growth conditions and life history stage 

of some plant host species (Hoeksema et al., 2010). 

Parasitism is a type of symbiosis in which one member in the relationship is brought to 

some harm that results in loss of fitness.   This life strategy is employed by a variety of 

organisms, including certain bacteria, insects and worms.  Some species of fungi are documented 

parasites and can severely reduce plant growth, and the implications of these fungal plant 

pathogens are wide ranging. 

Pathogen defense is an additional service provided by AMF.  Newsham (1995a) observed 

that AMF provide pathogen protection independent of increasing the nutrient (P) status of the 

plant host.  Plant defense against pathogen attack is critical environmentally and economically, 

as soil pathogens can cause extensive damage to plants, including crops.  There are several 

proposed mechanisms by which AMF may provide pathogen protection, but the process is not 

fully understood (Wehner et al., 2010). 

Newsham et al. (1995b) hypothesized that as plant root systems developed and became 

more profusely branched through evolutionary time, association with AMF to mediate pathogen 
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protection would continue to be necessary since greater amounts of root material would be 

available for pathogens to act upon.  This hypothesis of the relationship between AMF mediated 

pathogen defense and plant root development provides a logical selective pressure at the fine 

scale as individual plants grew at sites and at the coarse scale as plants evolved over time in the 

presence of soil pathogens.  Unfortunately, as a result of a scarce fossil record (Brundrett, 2002) 

and other practical limitations, the direct contribution of AMF symbiosis towards root branching 

or development in an evolutionary context, particularly when considering the effect of 

pathogens, cannot be fully understood. 

However, the contribution of AMF to plant pathogen defense can be investigated 

experimentally.  Studies addressing this issue have focused on agricultural crops or horticultural 

plants in greenhouse settings as an attempt to minimize damage and increase yield or other 

desirable qualities.  The contribution of AMF to plant defense against a pathogen has been 

verified by several studies, including those done by Ismail and Hijri (2012), Watanarojanaporn et 

al. (2011), Steinkellner et al. (2011), Dugassa et al. (1996) and Norman et al. (1996).  Overall, 

AMF in some way reduce the deleterious effects of pathogen attack against the host plant, 

although the majority of studies involve a single species of AMF. 

In a seminal work regarding diversity of species, Hutchinson (1959) described the 

ecological principle that diverse communities are stronger than those with relatively few species.  

The work proposed that niches are filled within an ecosystem until all available resources are 

accessed by constituents.  Communities of species will develop asymptotically, at which point 

new organisms will be challenged to insert themselves into the community.  As a result of this 

hypothesis, it is accepted that species rich communities are more resistant and resilient against 

invasion. 

If diverse communities are stronger, there should be greater benefits associated with 

species rich AMF communities as well.  Hoeksema et al. (2010) conducted a meta-analysis of 

over 300 studies on AMF richness and concluded there is a greater benefit to the plant to 

associate with a greater diversity of AMF.  Furthermore, van der Heijden (1998) observed that 

low AMF diversity can lead to fluctuations in the structure and composition of plant 

communities, in addition to a reduction in the total biomass of plant species within communities 

at decreased levels of AMF taxa. 
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However, there is little information regarding how diverse assemblages of AMF 

contribute to pathogen defense.  Wehner et al., (2011) particularly called for research on the 

interaction between diverse assemblages of AMF and pathogens to best replicate field 

conditions.  

Recently, literature reviews by Smith et al. (2010) and Wehner et al., (2010) have 

indicated the necessity of future studies addressing plant pathogen defense by AMF.  An 

understanding of the plant-AMF-pathogen relationship would provide insight into how natural 

plant communities are formed.  In particular, this relationship could be critical to the study of 

exotic invasive species.   

Invasive species can be either native or exotic, but can experience dramatic population 

growth that leads to dominance within ecosystems.  The major threats of exotic invasive species 

are the loss of biodiversity and ecosystem functioning, as outlined by Simberloff et al. (2012).  

Sometimes, the impact of invasion is not immediately recognized, but in all cases, management 

cost is high and successful eradication and restoration is difficult to achieve.  While the work by 

Simberloff et al. (2012) discussed management actions after introduction of exotic invasive 

species, the implication was that the reader was aware of theories regarding the proliferation of 

exotic species. 

There are two primary hypotheses that serve as possible explanations as to why exotic 

plant species become successful invaders.  The first, the enemy release hypothesis, states that 

invaders escape natural enemies in their invaded range, giving them an advantage over natives 

who are suppressed by their own specialist enemies (Torchin and Mitchell, 2004).  According to 

this hypothesis, enemies are represented across several phylogenetic groups, including above 

ground organisms such as insects and grazing herbivores, and below ground organisms such as 

nematodes and fungi.  Often the enemies are specialists that target individual species.  The 

underlying assumption is that coevolution led to the development of population mitigating forces 

not imposed upon the invading organism.  Free of these limiting agents, growth of exotic plants 

is unchecked.   

Another explanation for success of alien invaders is the novel mutualisms hypothesis, 

which is not mutually exclusive to the enemy release hypothesis.  The central tenet of the novel 

mutualisms hypothesis is that invading plants enter into associations with communities of 
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microorganisms that lead to strong competitive advantages over existing plants at a site 

(Richardson et al., 2000).  The net result of this interaction is the proliferation of exotic invasives 

relative to native species over several generations, which can be tested through the incorporation 

of feedback trials.  Klironomos (2002) provided evidence in support of the novel mutualisms 

hypothesis by demonstrating that growth of exotic invasive plants is not as suppressed by 

pathogens relative to the degree to which pathogens affect rare native plants that co-occur in an 

old field (meadow).  If microorganisms, including both beneficial and deleterious fungi, are 

central to the establishment of invasive plant species, studying the roles these microorganisms 

assume could provide information critical to invasive species control.  Considering that some 

estimates of the cost of maintaining biodiversity are as high as $319 billion per year in the 

United States (Pimental et al., 1997), research regarding the mechanisms of invasion and the 

control of invasive species within natural communities is very important. 

Although there is evidence that AMF diversity is associated with productivity and it is 

known that AMF provide pathogen protection, there has not been a study that properly 

synthesizes these two ideas.  In this thesis, these concepts were considered within the context of 

invasive species biology to provide a foundation for future applied research in invasive species 

control. 

Native fungi, both AMF and a pathogen, were used in this thesis.  Rather than comparing 

several species of plants, the focus was on a single exotic invasive species to determine how the 

interactions of microorganisms alter plant responses that may lead to a competitive advantage.  

The aim was to investigate increasing levels of diversity of AMF and their antagonistic effect 

against a soil pathogen.  In this way, the relative contribution of each individual species could be 

measured as species assemblages were constructed.  Additionally, since the majority of AMF-

pathogen defense research to date has considered either single species or the benefit of multiple 

species, there is a gap of information regarding the performance of intermediate species 

assemblages.   

This thesis tested two central hypotheses.  First, that increasing levels of AMF diversity 

will yield greater plant growth responses.  The assumption is that the benefit provided by 

individual AMF will be compounded as species assemblages are constructed.  Second, the 
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presence of the soil pathogen increases the relative benefit of AMF.  Since pathogens reduce 

plant growth responses, AMF will become more critical to the plant as a result of this stress.   
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CHAPTER 2. 

The Effect of Arbuscular Mycorrhizal Fungal Diversity on Plant Pathogen Defense 

 

2.1  INTRODUCTION 

Arbuscular mycorrhizal fungi (AMF) are obligate plant symbionts that may have 

facilitated the establishment of plants in terrestrial systems (Selosse and Le Tacon, 1998).  

Estimates approximate that 80% of land plants associate with AMF (Schuβler et al. 2001), which 

provide carbohydrates in exchange of nutrients (Smith and Read 2008). 

Improved plant nutrition has been the focus of numerous studies of the AMF-plant 

mutualism, but AMF also defend their plant host against pathogen attacks (Borowicz, 2001) even 

in situations in which AMF may not improve plant nutrition (Newsham et al., 1995a).  The 

mechanism(s) by which AMF provide pathogen protection to their hosts is unknown (Jinhua et 

al. 2003; Wehner et al., 2010).  Research addressing AMF and pathogen interactions has focused 

primarily on single AMF species in defense against a single pathogen in cultivars of 

economically important crop species such as potato (Solanum tuberosum) (Ismail and Hijri, 

2012), flax (Linum usitatissimum) (Dugassa et al., 1996), strawberry (Fragaria x ananassa) 

(Norman et al., 1996), citrus (Citrus reticulata and Citrus sinensis x Poncirus trifoliata) 

(Watanarojanaporn et al., 2011) and tomato (Solanum lycospericum) (Steinkellner et al., 2011).  

Overall, these studies indicate AMF can reduce disease severity. 

Newsham et al. (1995b) proposed that pathogen protection by AMF is related to plant 

root architecture.  Many studies have found that AMF enhance root growth (Price et al., 1989; 

Yano et al., 1996; Paszkowski et al., 2002; Olah et al., 2005; Gutjahr et al., 2009; Wu et al., 

2011a,b).  However, relatively little research has focused on the role played by root architecture 

in AMF mediated pathogen protection and the available data are inconsistent. 

Norman et al. (1996) investigated changes to root order and necrosis before and after 

introducing the pathogen Phytophthora fragariae var. fragariae to F. x ananassa roots colonized 

by two single AMF species.  Before pathogen introduction, all but one of six possible 

combinations of F. x ananassa cultivar and AMF displayed fifth order branching, while non-

AMF plants displayed branching of smaller magnitude.  After the introduction of the pathogen, 
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AMF reduced root necrosis in those cultivars that were most susceptible to the pathogen but 

changes in root architecture varied amongst individual AMF.  In another study, Trotta et al. 

(1996) demonstrated that while the AMF Glomus mosseae alleviated the effects of the pathogen 

P. nicotianae var. parasitica on plant growth and root necrosis of L. esculentum cv. Early Mech, 

root branching was reduced.  Moreover, fewer first order lateral roots were found regardless of 

the presence of the pathogen.  In contrast to Norman et al. (1996), Vigo et al. (2000) did not 

observe AMF mediated changes to root architecture in L. esculentum cv. Early Mech prior to 

introduction of the pathogen P. parasitica.  However, in the presence of the pathogen, roots 

colonized by AMF increased 50% in length and exhibited reduction in root necrosis compared to 

non-colonized roots. 

Similar to the studies investigating AMF x Pathogen interactions, those investigating root 

architecture responses to the symbiosis focused solely on single AMF isolates.  While these 

studies provided a foundation for further research, plants are known to associate with not just one 

but rather an entire community of AMF isolates from several species (Hart et al., 2003).  An 

investigation of the contribution of multiple AMF species would be closer to replicating field 

conditions. 

AMF richness is related to “plant species composition, variability, productivity and 

biodiversity” (van der Heijden et al., 1998) and to an increase in plant productivity (Hoeksema et 

al., 2010).  Similarly, a diverse AMF community may offer a greater benefit to the host plant in 

the form of pathogen protection.  However, this hypothesis has only recently been tested.  A 

study by Mwangi et al. (2011) investigated the performance of eight AMF species in their 

defense of S. lycopersicum against the pathogen Fusarium oxysporum f. sp. lycopersici.  

Although the AMF consortium reduced disease severity and increased plant height and root dry 

weight compared to non-mycorrhizal controls, the study did not consider effects of single AMF 

species that were part of the consortium.  Furthermore, pathogen free experimental groups were 

excluded from the design, thereby preventing any comparisons of the consortium‟s effect in the 

absence of the pathogen.  Jaiti et al. (2008) investigated the response of date palm (Phoenix 

dactylifera) against the pathogen F. oxysporum f. sp. albedinis in the presence of three individual 

AMF species (G. monosporus, G. deserticola and G. clarum) and a consortium of AMF native to 

southern Morocco comprised of Glomus spp., Sclerosystis spp., Acaulospora spp. and 
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Scutellospora spp.  The consortium increased plant survival relative to single AMF species after 

introducing the pathogen, but did not consistently outperform single AMF species for other plant 

responses, including shoot height and weight (wet and dry) and number of leaves.  Root 

architecture was not investigated. 

Although there is evidence that multiple rather than single AMF species can provide 

greater pathogen protection, intermediate levels of diversity have not been considered.  Jansa et 

al. (2007) showed that for P uptake, mixtures of any of three AMF species did not outperform 

single AMF species that were used to compose the combinations.  Furthermore, their work 

indicated that the most effective single species dominated performance when in combination 

with other species.  There have not been studies to determine if other AMF benefits, i.e. 

pathogen protection, follow similar trends.  The question of how a plant‟s root architecture 

responds to AMF diversity in the presence of a pathogen and the relationship between changes to 

root architecture and pathogen defense have also not been investigated. 

While the study of plant pathogen defense by AMF has primarily focused on 

economically important crop species, the interaction between AMF and pathogens is also 

relevant in the study of natural systems.  For instance, pathogen protection may play an 

important role in the establishment of exotic invasive plant species in communities.  Exotic 

invaders appear to accumulate soil pathogens at a lower rate than native species (Klironomos, 

2002) and invasive species may exploit soil mutualisms to their advantage in their invaded range 

(Callaway et al., 2004).  Callaway et al. (2011) showed that in new ranges, mutualisms and the 

absence of pathogens from native soils facilitate expansion for the black locust (Robinia 

pseudoacacia).  Research on how AMF diversity may contribute to the protection of exotic 

species against pathogens in their introduced ranges is critical to understanding plant invasion 

and could provide valuable information regarding invasive species management.  The potential 

to alter the pathogenic effect of soil microbes on exotic plants via AMF management practices 

may be a viable option to control the spread of exotic invasive species. 

The objective of this study was to determine how increasing levels of AMF diversity, 

either in the presence or absence of a native fungal root pathogen, altered the plant growth 

responses of a non- native plant species to North America.  Two main hypotheses were tested to 

reach the objective.  First, the presence of the pathogen would increase the benefit of AMF 
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symbiosis relative to the non-pathogen condition.  Second, the most diverse AMF species 

assemblage would best mitigate the deleterious effects of the pathogen. 

 

 

2.2  MATERIALS AND METHODS 

 

2.2.1  Substrate and growth conditions 

Field soil was collected from the Invasive Species Research Institute‟s long-term research 

field site at the Ontario Forestry Research Institute arboretum outside of Sault Ste. Marie, ON in 

October 2011 (N 46° 32.574', W 84° 27.543'). The soil was sterilized (i.e., autoclaved twice for 

one hour at 121° C in a vacuum cycle) and stored at room temperature for 19 days to allow 

mineralization by incoming airborne bacterial communities. The soil was then mixed in equal 

ratios with sand (non-calcareous “B” sand, Hutcheson Sand and Mixes, Huntsville, ON, CA) and 

Turface (montmorillonite clay, Turface Athletics MVP, Profile Products LLC, Buffalo Grove, 

IL, USA) to create a bulk substrate free of viable AMF. The experiment was carried out in a 

plant growth chamber set to 70% relative humidity, 16 hours of light at an intensity of 130 µmol 

at 22° C and eight hours of dark at 15° C.  At the beginning of the experiment, 151 ml Cone-

tainers (Leach tubes; Stuewe and Sons Inc., Corvallis, OR, USA) were cleaned and surface 

sterilized in 10% bleach for 10 minutes containing the substrate described above. Plants were 

subsequently transferred to sterile three litre pots (see below, and Fig. A1 in appendix). 

 

2.2.2  Study species 

Leucanthemum vulgare Lam. (syn. Chrysanthemum leucanthemum L., “ox-eye daisy”) 

was selected as a test plant species.  This perennial, a member of the Asteraceae family, is native 

to Europe but is strongly invasive to North American plant communities where it can replace up 

to 50% of grass in a pasture (Royer and Dickinson, 2006).  Seeds were purchased from the 

American Meadows Seed Company (Williston, VT, USA) in November of 2010. 

AMF inocula isolated from North America (Minnesota, USA) were obtained from the 
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International Culture Collection of Arbuscular Mycorrhizal Fungi (INVAM, West Virginia, 

USA; http://invam.caf.wvu.edu/index.html).  Inocula were examined to confirm that healthy-

looking spores were abundant and that no spores of non-target species were present. The selected 

AMF species and their associated INVAM accession numbers were Glomus intraradices N.C. 

Schenk and G.S. Sm. (MN 502), G. clarum T.H. Nicolson and N.C. Schenk (MN 414B) and G. 

etunicatum W. N. Becker and Gerd. (MN 501). These species have recently been renamed 

Rhizophagus intraradices, Rhizophagus clarum and Claroideoglomus etunicatum, respectively, 

yet remain in the Glomeraceae family (Schussler and Walker, 2010). The updated nomenclature 

will be used in this thesis. 

A strain of the fungal root pathogen Rhizoctonia solani Kuhn isolated from milkweed 

(Asclepias syriaca) growing in Ontario was obtained from Professor Greg Boland of the 

Pathology Laboratory at the University of Guelph. Anastomosis groups of R. solani are known to 

affect several species of plants globally by means of seed rot, hypocotyl rot, aerial and web 

blights, canker, crown rot and root rot (Anderson, 1982 and Ogoshi, 1987).  The strain of R. 

solani used in this study was confirmed to have a pathogenic effect on L. vulgare by significantly 

reducing root length and total biomass (see appendix, Table A1 and Fig. A2).   

 

2.2.3  Experimental design 

The experiment was arranged in a completely randomized design consisting of the 

crossed factors „AMF‟ and „Pathogen‟. Specifically, „AMF‟ included the non-mycorrhizal 

control and each AMF species in all combinations for a total of eight treatment groups, each of 

which would be grown in the presence or absence of the root pathogen. Each treatment 

combination was replicated 10 times for a total of 160 experimental units.  One additional pot 

per treatment was prepared to determine the status of AMF colonization through destructive 

sampling during the term of the experiment. 

Seeds of L. vulgare were germinated in moist vermiculite in a growth chamber and 

seedlings emerged three days after planting.  To inoculate plant roots with AMF, an empty sterile 

borosilicate test tube was inserted three cm into the sterile bulk substrate of the Cone-tainer and 

the substrate was moistened.  Upon removal of the test tube, a cavity was created into which six 
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ml of inoculum of all combinations of AMF was deposited.  The subsequent transplant of the 

seedling into the cavity (four days after emergence) allowed the root system to be in direct 

contact with the inoculum to increase the chances of successful AMF colonization. For the 

control treatment, six ml of an equal ratio of sterile sand and Turface was added to the Cone-

tainers, and treatments with increasing levels of diversity received equal volumes of each AMF 

species inoculant.  To standardize populations of non-mycorrhizal microbes, five ml of a 

microbial wash was prepared from combined inoculums of each AMF species and added to all 

replicates one day after transplant (Koide and Li, 1989, Klironomos, 2003). 

Two weeks after transplanting, one replicate from each treatment was destructively 

harvested to qualify AMF root colonization.  Non-mycorrhizal cellular contents of roots were 

cleared in 10% KOH solution for two hours in a 90° C water bath.  Any mycorrhizal structures 

present in roots were stained with a 0.03% solution of Chlorozol Black E following the methods 

of Brundrett (1994). With the exceptions of the control and R. clarum treatments, colonization 

was observed across all species assemblages. 

To introduce the pathogen, inoculum (infected ground rye grass seed) of R. solani was 

mixed by hand at a density of 5 g L
-1

 into sterile substrate.  The composition of this bulk media 

was consistent with what was used to fill the Cone-tainers during the AMF inoculation. 

Similar to the procedure to transplant seedlings from vermiculite using borosilicate test 

tubes, an empty sterile Cone-tainer was depressed into the pathogen substrate at the centre of a 

three litre pot and wetted.  The cavity created by the removal of the empty Cone-tainer made the 

exact shape for inserting the “plug” consisting of each five-week-old plant with its root system 

and associated substrate.  This method ensured that further plant root growth would not avoid the 

root pathogen.  Plants were re-randomized at the time of the pathogen introduction and grown for 

an additional five weeks (see appendix, Fig. A1). 

Until the end of the ninth week, plants were watered every other day to field capacity.  

Plants did not receive water for the final week of the experiment to stimulate AMF sporulation 

(Moreira et al., 2007; Neumann et al., 2009). 

 

2.2.4  Response variables 
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Plants were destructively harvested after 10 weeks of growth.  Substrate was removed 

from plant root systems and dried at room temperature in unsealed plastic storage bags.  Shoots 

and roots were separated at the soil line; shoots were dried over five days to a constant mass at 

60° C and weighed in grams to four decimal points on a Mettler Toledo scale (Richmond Hill 

ON, CA).  Root systems were stored in 70% ethanol. 

All root systems were scanned using the WinRhizo Pro (2009) scanning software (Regent 

Instruments Canada Inc.) and an Epson Expression 10000 XL scanner.  To scan, roots were 

removed from 70% ethanol and immersed in water in a transparent tray provided by Regent 

Instruments.  Data were collected for each replicate for the following response variables – total 

length, surface area, average diameter, root volume occupied in soil, number of forks and 

number of root tips.  After scanning, roots were dried at 60° C to a constant mass over five days 

and weighed in grams to four decimal points using the same Mettler Toledo scale. 

After drying, root systems of four randomly selected replicates from the control group 

and each single species level of AMF diversity for both pathogen and non-pathogen treatments 

were rehydrated for 24 hours in deionized water to quantify AMF root colonization.  After 

rehydration, non-mycorrhizal cellular contents of roots were cleared with 10% KOH for two 

hours in a 90° C water bath.  Mycorrhizal structures present in roots were stained with 0.03% 

Chlorozol Black E following the protocol of Brundrett (1994).  AMF colonization was quantified 

following the grid-line intersect method by McGonigle (1990).  Mycorrhizal structures were not 

found in the non-mycorrhizal groups. 

For dual- and tri-level AMF species assemblages, 50-100 g subsamples of substrate from 

three randomly selected replicates from both the pathogen and non-pathogen treatments were 

chosen to morphologically identify spores of each AMF species following the sucrose-

suspension method of Brundett (1994).  In all of the selected subsamples, spores of each species 

from the respective treatment group were confirmed, supporting the contribution of each 

individual species when in combination with other species.  No spores were present in non-

mycorrhizal controls. 

Mycorrhizal dependency (D) was calculated for total biomass and each of the six plant 

root responses following the equation of Plenchette et al. (1983): 
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D(AMF) = (Mycorrhizal plants) – (Non-mycorrhizal plants)   

     (Mycorrhizal Plants) 

 

A modification of this equation was developed to determine mycorrhizal dependency in the 

presence of the pathogen: 

 

D(AMF + P) = (Mycorrhizal + Pathogen plants) – (Pathogen plants) 

              (Mycorrhizal + Pathogen plants) 

 

Mycorrhizal dependency acknowledges the contribution of AMF relative to non-mycorrhizal 

controls for any measurable response variable. 

 Difference in dependency was determined by subtracting the mycorrhizal dependency of 

the non-pathogen treatment group from the mycorrhizal dependency of the pathogen treatment 

group for each AMF species assemblage.   

 

Dependency Difference = D(AMF + P) – D(AMF) 

 

AMF dependency difference offers the reader a visual representation of the relative benefit 

conferred by AMF in the absence or presence of the pathogen.  If the dependency difference is 0, 

the relative benefit of AMF association does not change.  If the difference is negative, the 

relative benefit of AMF association is reduced by the pathogen, and if the difference is positive, 

the presence of the pathogen in some way enhanced the symbiosis. 

 

2.2.5  Statistical analysis 

Data on the percentage of root length colonized by AMF were analysed by a fully crossed 

(M)ANOVA with AMF and pathogen as main factors.  All plant responses including total 

biomass, root biomass, shoot biomass, root:shoot ratio, total root length, root surface area, 

average root diameter, root volume, root tips and forks were first analysed by multivariate 

analysis of variance (MANOVA) followed by a fully crossed factorial ANOVA with AMF and 

pathogen treatments as factors.  Non-mycorrhizal controls were excluded from the these 

(M)ANOVAs.  Analyses of plant growth for both the mycorrhizal group and the pathogen group 
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relative to the non-mycorrhizal control were conducted by t-tests. Contrasts or Tukey post hoc 

analyses were used in all other comparisons between AMF and the non-mycorrhizal control 

treatment.   

AMF response variables were arcsin transformed whereas data for all plant responses 

were box-cox transformed to meet the assumptions of homoscedasticity and normality of the 

(M)ANOVA.  Although the statistical analyses were done on transformed data, non-transformed 

data are presented in tables and figures reporting means.  Determination of mycorrhizal 

dependency and dependency difference was computed using non-transformed data.   

All statistical procedures were performed using STATISTICA data analysis software 

(StatSoft, Inc., 2011, version 10. www.statsoft.com) and graphed using SigmaPlot graphing  

software (Systat Software, Inc., 2012, version 12, San Jose CA, USA). 

 

 

2.3  RESULTS 

 

2.3.1  AMF responses 

All AMF species colonized L. vulgare regardless of the presence of R. solani (Table 1).  

However, colonization by each AMF species was different for all three AMF structures analysed 

(Table 2).  Overall, R. intraradices and R. clarum colonized the roots more profusely than C. 

etunicatum.  The presence of the pathogen altered AMF colonization by significantly increasing 

the number of arbuscules. An AMF x Pathogen interaction was found for vesicular colonization. 

While R. intraradices produced more vesicles when the pathogen was present this did not occur 

for R. clarum (Tables 1 and 2). 

 

2.3.2  Plant responses 

The exotic invasive L. vulgare was highly responsive to AMF, producing on average 

21.9% more total biomass in association with AMF relative to the non-mycorrhizal control in 

absence of the pathogen (Contrast - F1,149 = 10.65, p = 0.0014).  AMF identity and assembly had 



 

 

 

Table 1.  Percentage of root length colonized by each AMF isolate at the single species level, either in the presence or absence of 

the pathogen R. solani. Values represent the mean (n = 4) ± SEM. 

 

  Hyphae   Arbuscules   Vesicles 

AMF Non-Pathogen Pathogen   Non-Pathogen Pathogen   Non-Pathogen Pathogen 

R. intraradices 11.1 ± 4.90 27.9 ± 8.83 

 

0.4 ± 0.26   7.8 ± 2.62 

 

2.2 ± 0.91 12.6 ± 5.27 

R. clarum 33.0 ± 6.41 29.5 ± 8.27 

 

3.8 ± 1.86 12.5 ± 5.66 

 

2.6 ± 0.47   3.1 ± 1.76 

C. etunicatum   2.8 ± 2.83   0.9 ± 0.66   0.4 ± 0.43   0.5 ± 0.27   NA NA 

1
6
 



 

 

 

Table 2.  (M)ANOVA for percent root length colonization by each AMF isolate at the single species level. 

 

  MANOVA Hyphae Arbuscules Vesicles 

Treatment F Effect df Error df df F df F df F 

AMF 9.06 6        32 *** 2 18.84 *** 2 6.83 * 2 12.66 ** 

Path 4.08 3    16 * 1   0.60 1 8.59 * 1   2.86 

AMF x Path 1.59 6 32 2   1.56 2 1.82 2   3.56 * 

Residual  18   0.03 18 0.01 18   0.01 

Asterisks represent significant differences as calculated by (M)ANOVA (*p < 0.05, **p < 0.001, ***p < 0.0001).   

The residual mean squares of the ANOVA models are shown in the bottom row. 

1
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a significant effect on L. vulgare across all plant responses (Table 3). Overall, plants growing 

with C. etunicatum had less biomass than those growing with R. clarum, R. intraradices + R. 

clarum, and R. clarum + C. etunicatum (Tukey, p < 0.05) whereas R. intraradices + R. clarum 

was the species composition that enhanced the total biomass of L. vulgare the greatest. 

The root pathogen R. solani caused a significant reduction in the growth of L. vulgare 

(Tables 3 and 4). In the absence of AMF, R. solani reduced total plant biomass by 79.2% (t18 = 

8.55, p < 0.001). However, when AMF were present, such negative effect was alleviated to a 

total plant biomass reduction of 30.5% (F1,131 = 583.63, p < 0.0001). This difference translates 

into mycorrhizal dependency for the plant response in terms of total biomass increasing almost 

2.5 times in the presence of the pathogen (Fig. 1). 

There was a significant AMF x Pathogen interaction for total biomass (Table 3).  AMF 

dependency differed amongst AMF species assemblages (Fig. 2A).  With the exception of R. 

intraradices, every AMF species combination offered a greater relative benefit in the presence of 

the pathogen (Fig. 2B).  When considering performance by level of AMF species assemblage 

(species assemblages combined into either the single, dual or tri level), total biomass 

significantly increased with AMF species richness in the presence of the pathogen (Contrast - 

F1,149 = 559.28, p < 0.05).

2.3.3  Root architecture 

Root biomass was significantly affected by both AMF and Pathogen factors individually 

(Table 3, see Fig. A3 in appendix).  AMF increased root length, surface area, volume and 

number of forks, while the pathogen reduced all measures of plant root responses (Table 5 and 

6).  However, neither AMF species assemblage nor the presence of the pathogen resulted in a 

change to the root:shoot ratio (Table 3).  Conversely, a significant AMF x Pathogen interaction 

was found for root:shoot ratio as well as for measures of plant architecture except for average 

root diameter (Tables 3 and 5). 

Mycorrhizal dependency for both the non-pathogen and pathogen treatments was 

calculated for each metric of root architecture across all AMF species assemblages.  

Additionally, dependency difference was calculated for root architecture responses in the same 



 

 

 

Table 3.  (M)ANOVA of main effects and interaction for total biomass, shoot biomass, root biomass and root:shoot ratio. 

 

  MANOVA Total Biomass Shoot Biomass Root Biomass R:S Ratio 

Treatment F Effect df Error df df F df F df F  df     F 

AMF 3 60 644.25 *** 6     4.11 ** 6     3.40 * 6     5.04 ** 6 0.97 

Pathogen 157 10 122.00 *** 1 769.44 *** 1 656.27 *** 1 736.74 *** 1 0.82 

AMF x Path 2 60 644.25 *** 6     2.92 * 6     2.92 * 6     3.28 * 6 3.01 * 

Residual       131     0.06 131     0.07 131     0.04 131 0.03 

Asterisks represent significant differences as calculated by (M)ANOVA (*p < 0.05, **p < 0.001, ***p < 0.0001).  The residual mean 

squares of the ANOVA models are shown in the bottom row.

1
9

 



 

20 

 

 

 

Table 4.  Total biomass of L. vulgare colonized by different AMF assemblages either in the 

absence or presence of the pathogen R. solani.  Values represent the mean ± SEM. 

 

    Total Biomass (g) 

AMF   Non-Pathogen   Pathogen   Mean 

Control 

 

1.23 ± 0.133 
 

0.26 ± 0.026 
 

0.75 ± 0.130 

R. intraradices 

 

1.60 ± 0.107 
 

0.33 ± 0.022 
 

0.96 ± 0.155 

R. clarum 

 

1.65 ± 0.127 
 

0.55 ± 0.038 
 

1.08 ± 0.137 

C. etunicatum 

 

1.36 ± 0.131 
 

0.38 ± 0.025 
 

0.85 ± 0.126 

R. intra + R. clarum 

 

1.69 ± 0.100 
 

0.58 ± 0.053 
 

1.11 ± 0.135 

R. intra + C. etunic 

 

1.74 ± 0.115 
 

0.42 ± 0.025 
 

1.05 ± 0.158 

R. clarum + C. etunic 

 

1.50 ± 0.133 
 

0.58 ± 0.055 
 

1.02 ± 0.123 

R. intra + R. clar + C. etu   1.52 ± 0.098 
 

0.52 ± 0.055 
 

1.02 ± 0.128 

Mean   1.54 ± 0.044 
 

0.46 ± 0.018 
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Figure 1.  Overall mycorrhizal dependency of L. vulgare either in the absence or presence of R. 

solani.  Mycorrhizal dependency is the total biomass of plants across all AMF treatments minus 

the total biomass of plants in the control treatment divided by the total biomass of plants across 

all AMF treatments. Bars represent the mean (n = 70 and 75 for the non-pathogen and pathogen 

treatments, respectively) ± 1 SE. Asterisks represent significant differences as calculated by 

contrast analysis between AMF and control treatments (*p < 0.05, **p < 0.001, ***p < 0.0001). 
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Figure 2.  (A) Mycorrhizal dependency by AMF species composition, pathogen and non-

pathogen groups.  Bars represent the mean ± SEM.  Asterisks represent significant differences as 

calculated by Tukey post-hoc analyses between AMF and control treatments (*p < 0.05, **p < 

0.001, ***p < 0.0001).  (B) Difference in mycorrhizal dependency by AMF species composition.  

The difference in dependency was calculated by subtracting the dependency of each AMF 

combination in the non-pathogen group from the pathogen group.  Error bars represent the 

square root of the sum of the squares of the standard error for each group being compared. 



 

 

Table 5.  Univariate ANOVA test results for wet plant root responses root length, surface area, average diameter, volume, number of 

tips and number of forks. 

     

  Length Surface Area Average Diameter Volume Tips Forks 

Treatment  df F df F df F df F df F df F 

AMF 6     3.70 * 6     3.27 * 6     0.84 6     2.78 * 6     1.04 6     3.57 * 

Path 1 895.56 *** 1 799.60 *** 1 141.81 *** 1 674.72 *** 1 365.95 *** 1 557.07 *** 

AMF x Path 6     3.66 * 6     3.42 * 6     1.68 6     3.07 * 6     2.22 * 6     3.07 * 

Residual 131     3.89 131     0.56 131     0.05 131     0.13 131   23.82 131     2.88 

Asterisks represent significant differences as calculated by ANOVA (*p < 0.05, **p < 0.001, ***p < 0.0001).  The residual mean 

squares of the ANOVA models are shown in the bottom row. 

2
3
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Table 6.  Mean and standard error of (A) root length, (B) root surface area, (C) average root 

diameter, (D) number of root tips, (E) volume, (F) number of tips and (F) number of forks by 

AMF species assemblage, in the absence or presence of R. solani. 

 

A. 

 

 

Length (cm) 

AMF Non-Pathogen Pathogen Mean 

Control 2275.68 ± 265.895   785.52 ± 101.393 1530.60 ± 219.995 

R. intraradices 3322.05 ± 135.710   796.13 ±   83.665 2059.09 ± 299.951 

R. clarum 3848.86 ± 229.127 1171.06 ± 108.838 2446.20 ± 322.151 

C. etunicatum 3145.90 ± 110.878 1271.42 ± 106.355 2164.03 ± 222.302 

R. intra + R. clarum 3671.50 ± 171.225 1298.69 ±   82.683 2428.60 ± 279.805 

R. intra + C. etunic 3970.99 ± 191.832 1102.21 ±   69.358 2468.29 ± 334.345 

R. clarum + C. etunic 3284.57 ± 258.656 1396.76 ± 123.590 2295.72 ± 250.567 

R. intra + R. clar + C. etu 3719.46 ± 197.647 1317.38 ±   87.823 2518.42 ± 294.957 

Mean 3404.87 ±   88.813 1148.61 ±   40.522 

  

B. 

 

Surface Area (cm
2
) 

AMF Non-Pathogen Pathogen Mean 

Control 240.17 ± 29.509   78.91 ± 10.998 159.54 ± 24.021 

R. intraradices 389.36 ± 22.929   81.26 ±   9.679 235.31 ± 37.359 

R. clarum 462.53 ± 34.300 119.32 ± 11.750 282.75 ± 41.920 

C. etunicatum 362.28 ± 17.739 129.88 ± 12.571 240.55 ± 27.971 

R. intra + R. clarum 441.31 ± 21.671 140.21 ± 12.068 283.59 ± 35.630 

R. intra + C. etunic 498.27 ± 31.106 105.55 ±   6.896 292.56 ± 46.295 

R. clarum + C. etunic 387.31 ± 38.015 141.24 ± 13.766 258.41 ± 33.384 

R. intra + R. clar + C. etu 444.93 ± 30.432 135.69 ± 10.880 290.31 ± 38.803 

Mean 403.27 ± 12.872 117.14 ±   4.601 
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C. 

 

Average diameter (mm) 

AMF Non-Pathogen Pathogen Mean 

Control 0.34 ± 0.011 0.32 ± 0.005 0.33 ± 0.006 

R. intraradices 0.37 ± 0.009 0.32 ± 0.008 0.35 ± 0.008 

R. clarum 0.38 ± 0.010 0.32 ± 0.008 0.35 ± 0.009 

C. etunicatum 0.37 ± 0.009 0.32 ± 0.008 0.34 ± 0.008 

R. intra + R. clarum 0.38 ± 0.010 0.34 ± 0.012 0.36 ± 0.009 

R. intra + C. etunic 0.40 ± 0.009 0.30 ± 0.003 0.35 ± 0.011 

R. clarum + C. etunic 0.37 ± 0.010 0.32 ± 0.008 0.34 ± 0.008 

R. intra + R. clar + C. etu 0.38 ± 0.011 0.33 ± 0.008 0.35 ± 0.009 

Mean 0.37 ± 0.004 0.32 ± 0.003 

  

D. 

 

Volume (cm
3
) 

AMF Non-Pathogen Pathogen Mean 

Control 2.03 ± 0.271 0.63 ± 0.095 1.33 ± 0.213 

R. intraradices 3.65 ± 0.297 0.66 ± 0.091 2.16 ± 0.375 

R. clarum 4.45 ± 0.421 0.97 ± 0.111 2.63 ± 0.438 

C. etunicatum 3.34 ± 0.224 1.06 ± 0.122 2.15 ± 0.281 

R. intra + R. clarum 4.25 ± 0.275 1.22 ± 0.134 2.66 ± 0.368 

R. intra + C. etunic 4.99 ± 0.393 0.81 ± 0.055 2.80 ± 0.503 

R. clarum + C. etunic 3.66 ± 0.448 1.14 ± 0.125 2.34 ± 0.355 

R. intra + R. clar + C. etu 4.26 ± 0.377 1.12 ± 0.109 2.69 ± 0.408 

Mean 3.83 ± 0.150 0.96 ± 0.043 
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E. 

 

Tips 

AMF Non-Pathogen Pathogen Mean 

Control 2377.80 ± 289.406 1133.80 ± 118.644 1755.80 ± 208.646 

R. intraradices 3318.60 ± 182.059 1047.20 ± 117.440 2182.90 ± 281.073 

R. clarum 3318.70 ± 295.728 1539.91 ± 168.009 2386.95 ± 256.115 

C. etunicatum 2970.60 ± 220.574 1668.27 ± 148.670 2288.43 ± 193.306 

R. intra + R. clarum 3124.50 ± 115.012 1584.45 ± 152.754 2317.81 ± 196.278 

R. intra + C. etunic 3516.00 ± 207.033 1469.18 ±   94.574 2443.86 ± 252.541 

R. clarum + C. etunic 3163.20 ± 233.287 1475.73 ± 160.111 2279.29 ± 232.142 

R. intra + R. clar + C. etu 3026.70 ± 120.107 1443.80 ±   78.225 2235.25 ± 194.509 

Mean 3102.01 ± 81.699 1427.78 ±   50.722 

  

F. 

 Forks 

AMF Non-Pathogen Pathogen Mean 

Control 13419.40 ± 370.565 4869.80 ±   789.207 9144.60 ± 1562.131 

R. intraradices 26037.60 ± 772.086 5029.30 ±   604.459 15533.45 ± 2576.336 

R. clarum 34897.40 ± 790.273 7653.64 ±   939.096 20626.86 ± 3340.070 

C. etunicatum 24028.20 ± 030.188 8725.91 ± 1107.731 16012.71 ± 2030.998 

R. intra + R. clarum 31588.60 ± 133.989 9946.00 ± 1064.829 20252.00 ± 2667.312 

R. intra + C. etunic 37816.50 ± 227.989 6860.27 ±   515.363 21601.33 ± 3775.425 

R. clarum + C. etunic 26782.40 ± 474.742 9034.36 ± 1079.201 17485.81 ± 2611.659 

R. intra + R. clar + C. etu 34183.40 ± 934.207 8871.50 ±   756.946 21527.45 ± 3256.528 

Mean 28594.19 ± 214.918 7672.09 ±   357.799 
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manner as total biomass to determine if the relative benefit of AMF symbiosis was altered by the 

presence of the pathogen.  Root length, surface area and number of root tips were the only 

measures of root architecture in which any combination of AMF provided a benefit to the plant 

in the presence of the pathogen (Fig. 3).  

Through the measurement of dependency difference, it was clear that, overall, the 

pathogen decreased the relative strength of mycorrhizal association for the six root architecture 

responses (Fig. 3).  However, relative to non-mycorrhizal controls, each root architecture 

response was enhanced by association with AMF when the pathogen was present, except for 

average root diameter (Table 6).  Furthermore, the same AMF species combinations that offered 

the greatest dependency difference for the total biomass response were consistently the better 

performers across root architecture responses, although the shift in dependency for each root 

architecture response was not consistent with what was observed for total biomass.  Specifically, 

the single species C. etunicatum and the dual species group comprised of C. etunicatum + R. 

clarum provided the greatest protection, while R. intraradices had the lowest impact across 

measurements of root architecture (Fig. 3). 

There was little variability amongst the AMF species assemblages for the root 

architecture response of average root diameter, although each AMF species combination 

demonstrated negative dependency difference (Fig. 3).  This low variability is consistent with the 

results of the ANOVA (Table 5) in which neither AMF species assemblage nor the AMF x 

Pathogen interaction were significant. 

 

 

2.4  DISCUSSION 

 

In this thesis, it was found that the exotic invasive L. vulgare was colonized by each of 

the selected AMF species and the native strain of R. solani had a pathogenic effect, therefore the 

impact of AMF species assemblage on pathogen protection could be evaluated. 

The presence of R. solani affected AMF colonization of L. vulgare by increasing the 

number of arbuscules, which is not consistent with the results of Abdalla and Abdel-Fattah 

(2000), who noted R. solani reduced the number of arbuscules of peanut (Arachis hypogaea)
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Figure 3.  AMF dependency difference for plant root responses (A-F).  Bars represent the 

difference between the AMF dependence conferred in the presence and absence of the pathogen.  

The greater the negative value, the greater the pathogen reduced the relative benefit of AMF 

association.  Bars represent the mean ± SEM. 
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roots.  Both of these results were in contrast to the study of Yao et al. (2002), in which R. solani 

had no effect on colonization of S. tuberosum by two AMF species.  The increased production of 

arbuscules may be a response to stress, as arbuscules are the site of nutrient exchange between 

the plant and fungus (Smith and Read, 2008).  Since arbuscules are a sign of vitality, it is 

possible that the plant is allocating larger amounts of carbon to the roots, thereby stimulating 

AMF to acquire more nutrients in the presence of a pathogen. 

Compared to non-mycorrhizal controls, L. vulgare produced more biomass in association 

with each individual AMF species.  The single species R. clarum promoted plant growth to a 

greater extent than the other single species of AMF regardless of the presence of the pathogen, 

and the relative symbiotic performance of individual AMF species was maintained as AMF 

richness increased.  This trend was more pronounced in the presence of the pathogen; the dual-

species assemblages including R. clarum promoted the highest plant productivity, while the 

remaining dual-species assemblages were outperformed by R. clarum alone.  These results 

indicate that simply increasing AMF diversity does not necessarily enhance plant performance, 

but the relative contributions of each individual species is maintained as diverse assemblies of 

AMF are being constructed. 

Contrary to the hypothesis that the most diverse (tri-level) AMF species assemblage 

would yield the greatest total biomass, the results were unable to support a benefit to increased 

AMF species richness either in the absence or presence of the pathogen.  Plants with dual-level 

species assemblages yielded the highest total biomass response.  However, the presence of the 

pathogen did alter which AMF species assemblages offered the greatest benefit.  In the absence 

of the pathogen the dual-species assemblage of R. intraradices and G. etunicatum lead to the 

highest biomass, but in its presence the highest biomass yields were found in plants associated 

with R. intraradices and R. clarum. 

The presence of R. solani determined symbiotic performance by different AMF species 

assemblages as well as AMF root colonization.  To this effect, it can be said that the symbiosis 

between L. vulgare and AMF was changed by the pathogen.  Indeed, L. vulgare became more 

reliant upon AMF in the presence of the pathogen as demonstrated by calculations of 

mycorrhizal dependency in terms of total biomass.  This is the first report of symbiotic strength 

changing as the result of an introduction of a pathogen, although other studies have shown that 
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 plants can be more reliant upon AMF while under other stressors (Smith et al., 2010). 

The observation that AMF can become more important to plants in the presence of 

pathogens has far-reaching implications in the context of community assembly.  Wagg et al. 

(2011b) provided evidence that abiotic conditions influence whether single or diverse AMF taxa 

have a greater influence on interspecific plant competition.  Even though only a single plant 

species was used in this study, one can hypothesize that the response of AMF species 

assemblages to the presence of soil biota (i.e. pathogens) may also have an effect on plant-plant 

relations. 

This possibility is relevant to the study of plant invasions, especially if AMF identity 

within diverse assemblages rather than simply AMF richness mitigates pathogen affects. The 

enemy release hypothesis states that invaders escape their natural enemies in their new range, 

giving them an advantage over natives who are suppressed by their own specialist enemies 

(Torchin and Mitchell, 2004).  Since this work involved both native AMF and a native pathogen 

that effectively suppressed growth responses of an invasive plant, one must question the degree 

to which enemy release plays a role in biological invasions.  Indeed, the results of Genten et al. 

(2005) indicate that escape from soil pathogens does not influence plant performance in 

introduced ranges as much as other factors.  Furthermore, the results of this study invoke the 

novel mutualisms hypothesis which states that invading plants associate with microorganisms 

that lead to strong competitive advantages over existing plants at a site (Richardson et al., 2000).  

If pathogens at a site suppress the performance of native plants over time and reduce the net 

benefit of the AMF mutualism, non-native plants are more likely to become invaders if they 

exploit the association with AMF species that provide the greatest benefit to overcome soil-borne 

enemies.  Future work should focus on these questions. 

Plant root architecture responses to AMF have been inconsistent in past studies.  In part, 

this might be due to the lack of established standards regarding the selection of response 

variables, which may have resulted in lost information or the inability to make comparisons 

among studies.  Current technological advancements have led to precise measurement of several 

metrics of root architecture, providing the possibility to secure data hitherto unavailable.  In this 

study, it was apparent that AMF generally had a positive effect on measures of root architecture 

of L. vulgare whereas the virulent native pathogen suppressed root architecture responses.  The 
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average diameter of L. vulgare roots in this study was not affected by AMF or the AMF x 

Pathogen interaction, indicating that this measurement may not be a meaningful proxy to 

evaluate the impact of AMF, particularly in the presence of fungal root pathogens.  Instead, other 

measurements of root architecture such as root length and volume may be more biologically 

relevant and featured as response variables in future studies. 

Regardless of the presence of the pathogen, L. vulgare did receive compensation from 

AMF relative to non-mycorrhizal controls for root architecture metrics.  However, the overall 

relative strength of AMF dependency while under attack from R. solani was not consistent with 

what was observed for total biomass. Indeed, the difference in dependency calculation for root 

architecture traits reveals that AMF did a better job at increasing root architecture responses in 

the absence of the pathogen.  The pathogen did not alter the symbiosis between the host plant 

and AMF.  While AMF still provided a benefit, the pathogen was a strong enough agent to make 

AMF not as important to its host.  This result suggests that, at least in some situations, changes to 

root architecture may not contribute as much to AMF mediated pathogen defense as other 

mechanisms outlined by Graham (2001) and Wehner (2010). 

AMF diversity in meditating pathogen defense is important as this study shows that 

different species assemblages lead to different outcomes.  AMF diversity can be especially 

critical when plant hosts are stressed by root pathogens, evidence of which was demonstrated by 

the relative benefit AMF provide being altered by a fungal root pathogen in this study.  It is clear 

that AMF diversity influences plant performance when under attack of a pathogen, but 

alterations to root architecture do not appear to be the mechanism that drives pathogen 

protection.  Since the interaction between diverse communities of AMF and pathogens is 

fundamental to understanding how plant communities are assembled, particularly in the study of 

invasive species, future work should consider this relationship across a variety of conditions and 

plant species. 
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CHAPTER 3. 

SUMMARY and CONCLUSIONS 

 

This thesis addressed the diversity of native AMF in their defense of an exotic invasive 

plant against a native fungal pathogen.  Overall, each group was successful; the plant responded 

to both the three species of AMF and the fungal pathogen, the AMF provided benefits to the 

plant relative to non-mycorrhizal controls, and the pathogen reduced plant growth responses.  

However, the most diverse group of AMF did not provide the greatest benefit to the plant.  

Instead, the relative performance of each individual AMF species was maintained as species 

assemblages were constructed. 

The presence of the pathogen elicited a different relationship between the plant and AMF 

for the plant‟s total biomass.  However, this change in the relationship was not consistently 

observed for any of the six measurements of plant root architecture.  In fact, half of the root 

architecture responses measured demonstrated that the plant was more dependent on its 

association with each AMF species assemblage in the absence of the pathogen. 

The results support the benefit of AMF symbiosis and provide evidence that the relative 

benefit of mycorrhizal association may be changed by soil pathogens.  For each growth response 

variable in the presence of the pathogen, mycorrhizal treatments provided the greatest response, 

followed by the microorganism free control group and the pathogen only treatment group. 

Each of the organisms used for this work were acquired from culture collections or 

species accessions, rather than being isolated from a field common to each organism.  However, 

all of the organisms used can be found in the Great Lakes region.  Each of the three species of 

AMF was isolated from Minnesota, the pathogen was isolated in southern Ontario, and the plant 

is common in fields and roadsides throughout the area.  It is reasonable and likely that each of 

the groups of organisms coexist at a common field site, which is important to consider for the 

credibility of studies of exotic invasive plants. 

Future studies can build upon this work in several ways.  First, studies of the interaction 

between AMF and pathogens over several generations could provide researchers with valuable 

information regarding how plant communities are formed and maintained.  If plants associate 

with AMF that provide benefits to overcome the deleterious effects of soil pathogens, the net 
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result would be the persistence of plant species that receive the greatest relative benefit of the 

AMF symbiosis. Feedback studies would be critical to address this type of work.  Second, the 

addition of more species of AMF and more pathogens would better replicate field conditions and 

allow researchers the possibility to make site specific conclusions.  Cataloguing soil biota at sites 

identified as vulnerable to invasive species prior to plant invasion would be relevant to 

understanding both why invasive alien plants have not yet been established and how the complex 

of soil microorganisms affect and are changed by alien invasive species.  Finally, future research 

should be committed to understanding the plant responses most influenced by the AMF X 

Pathogen interaction that are responsible for overall plant health and reproduction.   
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APPENDIX 

 

Table A1. Summary of trials to determine pathogenicity of R. solani against L. vulgare.  A 

t-test was used to determine significance for each trial (α 0.05).  

    Mean ± St. Dev.   

Trial Response variable Non-Pathogen Pathogen df p 

1 Root length (cm)    16.02  ±   0.587   4.64  ±   2.813 4 0.0024 

2 Total biomass (g)    10.68  ±   1.328   9.26  ±   1.554 38 0.0036 

3 Root length (cm)  108.30  ± 25.906 68.40  ± 16.697 13 0.0084 
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Figure A1.  Schematic diagram detailing the transplanting of each experimental unit to introduce 

AMF and the pathogen treatments, with general experimental timeline. 

1. A borosilicate test tube was depressed into 

a Cone-tainer containing sterile media.  

Immediately prior to inserting a seedling, 

AMF inoculum was added to the cavity to 

encourage AMF association.  Plants grew in 

this pathogen free environment for 5 weeks. 

2. A 3 L pot was filled with either sterile 

media or sterile media mixed with 

pathogen inoculum at a density of 5 g L
-1

. 

A sterile Cone-tainer was depressed into 

the pot, and each plant with its associated 

AMF was deposited in to the depression. 

This way, replicates from each AMF 

species assemblages were either 

maintained as pathogen free or introduced 

to the pathogen.  Plants grew for an 

additional 5 weeks. 

3. Plants were grown for a total of 10 weeks 

before harvesting.  After introducing the 

AMF and pathogen, replicates were 

randomly arranged to reduce chamber 

effect. 
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Figure A2.  Pathogenic symptoms of four week old L. vulgare roots infected by R. solani. 

 

 
 

 

 

 
 

Figure A3.  Scanned images (from WinRhizo analysis program) of L. vulgare roots colonized by 

the tri-level AMF species assemblage in the presence (Top) and absence (Bottom) of R. solani. 

 


