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Abstract 

The disruption of soil microbial communities is thought to be a major contributor to 

the expansion of invasive plants. Previous research has focused on identifying how 

invasive plants change soil microbial diversity and composition. However, microbes with 

different functions vary in their response to environmental changes, which in turn can 

affect plant community composition and ecosystem function. Thus, it is important to 

recognize the different functional roles of genetically distinct microbe taxa to understand 

the impact of plant invasion on nutrient cycling and other ecosystem services. Alliaria 

petiolata is an invasive plant in North America from Eurasia that has the potential to 

negatively affect the beneficial mutualism between native plants and arbuscular 

mycorrhizal fungi (AMF) through the production of allelopathic compounds belowground. 

Despite mounting evidence for such an effect under controlled laboratory experiments, it 

is less clear if it persists under natural field conditions. Additionally, the potential effect of 

A. petiolata on non-mycorrhizal fungi and bacteria remains to be determined. Molecular 

tools have emerged that can both characterize the taxonomic diversity of soil microbiota 

and their functions to an unprecedented level of resolution. To investigate the effect of A. 

petiolata on the soil microbiome diversity and function I combined molecular and field 

data. I used high throughput sequencing of genomic DNA encoding for the ITS and 16S 

region of ribosomal RNA to determine impact of A. petiolata invasion on the structure of 

fungal and bacterial communities in field soils. Functions were assigned to the microbes 

that varied in their composition with invasion. I also measured root health of native plants 

co-occurring with A. petiolata to determine correlations between functional groups of soil 
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microbial communities and plant health. Overall, my findings suggest that mycorrhizal 

suppression is not a particularly strong mechanism to explain the invasion success of A. 

petiolata. In fact, changes in AMF community composition do not persist under natural 

field conditions. Instead, my research provides evidence in favor of pathogen 

accumulation, with both changes in pathogen community composition and an increase in 

lesions associated with plants grown in A. petiolata invaded soils. Additionally, I showed 

that A. petiolata influences decomposer community composition, including 

ectomycorrhiza, and excludes nitrogen-fixing bacteria.  
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Chapter 1 

General Introduction 

Evolutionary history has led to dynamic interactions between 

microorganisms and macroorganisms that continuously shape and reshape the 

composition of plant terrestrial communities (Reynolds et al. 2003; Wagg et al. 

2014; Van der Heijden et al. 2008). Human activities cause global movement of 

species that can invade these complex ecological networks, often with unforeseen 

consequences. Invaders can have both direct and indirect impacts on native 

species and ecosystem processes. For example, the Asian plant Pueraria 

montana (kudzu) was introduced to reduce erosion in the southern United States 

but became remarkably invasive (Forseth and Innis 2004). This perennial vine 

directly affects other as a structural parasite that overgrows neighboring plants; it 

also indirectly affects native plants by increasing available nitrogen in the soil, and 

excluding plants adapted to low soil nitrogen habitats (Forseth and Innis 2004). 

Understanding both the direct and less obvious indirect effects of invasive plants 

is important for understanding how ecosystems are responding to them and for 

predicting the resulting changes in ecosystem biodiversity and dynamics. 

The disruption of soil microbial communities is thought to be a major 

contributor to the expansion of invasive species (Klironomos 2002; Callaway et al. 

2004; Wolfe and Klironomos 2005). Previous research has been focused on 

identifying how invasive plants change soil microbial diversity and composition. 
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However, to understand the impact of plant invasion on nutrient cycling and other 

ecosystem services, it is important to recognize the different functional roles of 

genetically distinct microbe taxa, and their ecological relevance. The functional role 

of each microbial taxon is a result of the particular phenotypic traits that 

contribution to one or several ecosystem processes (Petchey and Gaston 2006). 

For example, Postia placenta has a phenotype that produces extracellular 

peroxidases to oxidize lignin, which in turn alters the soil carbon cycle and places 

this fungus in the decomposer functional group (Martinez et al. 2009). In addition, 

the effects of disturbances in an ecosystem vary among functional groups (Amend 

et al. 2016). In summary, our ability to link identity and function is critical to predict 

how microbes will change with disturbances and foresee the repercussions on 

ecosystem function. Despite the importance of moving beyond simple diversity 

indices to examine functional changes in microbial communities, few studies have 

linked plant invasions to shifts in microbial functions. 

Until recently, most soil fungi and bacteria were taxonomically undescribed 

(Tedersoo et al. 2014; Ramirez et al. 2014). Therefore, the paucity of knowledge 

on soil microbial diversity has made it historically difficult to measure the extent to 

which invasive plants can cause its disruption. In addition, linking a microbial 

species to its functional role within its community was nearly impossible due to the 

unculturable nature of most soil microbes (Vartoukian et al. 2010; Hawksworth 

2001). The arrival of metabarcoding, paired with development of new databases 

and taxonomic information, releases us from needing to rely on microbial cultures 
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and links previously unknown species to their relatives with known functions. 

Metabarcoding relies on high throughput sequencing of genomic DNA to produce 

tens to hundreds of millions of target sequences from mixed microbial 

communities. The target DNA sequences, specifically chosen to provide the 

variability necessary to identify the microbes present, are compared to online 

databases to determine taxonomic and functional assignment. Metabarcoding is 

making it possible to establish how biological invasions disrupt microbial 

community composition and function with an unprecedented level of accuracy.  

Alliaria petiolata (M. Bieb) Cavara and Grande (Brassicaceae), colloquially 

known as garlic mustard, is an herbaceous biennial native to Eurasia. Alliaria 

petiolata releases chemicals thought to suppress both co-occurring plants (i.e. it is 

allelopathic), and “naïve” North American arbuscular mycorrhizal (AM) fungal 

populations (Cippolini and Cippolini 2016). Arbuscular mycorrhizal fungi (AMF) 

form a monophyletic group in the Subphylum Glomeromycotina (Redecker et al. 

2013; Spatafora et al. 2016). These fungi colonize the roots of most vascular plant 

species (Wang and Qiu 2008), and provide nutrients, such as nitrogen and 

phosphate, to their symbiotic partner in exchange for essential carbohydrates 

created through photosynthesis (Smith and Read 1996). In addition to providing 

their plant host with essential macronutrients, AMF can reduce pathogen infection, 

among other benefits (Smith and Read 1996; Borowicz 2001; Azcón-Aguilar et al. 

2002; Wehner et al. 2010). As such, AMF can have a strong influence on above-

ground plant community composition and productivity (van der Heijden et al. 1998; 
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Klironomos et al. 2001). Because their interaction has a critical soil microbial 

function, A. petiolata and AMF offer a good system to study the effect of invasion 

on soil microbe communities and their function. 

 

1.1 An overview of the study organism 

 

1.1.1 Life history 

 

Since 1868, Alliaria petiolata was repeatedly introduced to Canada and the 

northeastern part of the United States, where it spread and became naturalized 

(Cavers et al. 1979; Durka et al. 2005). Now, A. petiolata is one of the most 

widespread invaders of forest understories in the northeastern United States and 

southeastern Canada. In its introduced range, A. petiolata is an obligate biennial 

that flourishes in cool-weather and mesic soil conditions (Cavers et al. 1979). It 

grows into a rosette in its first year that overwinters under the snow and bolts in 

the early spring of its second year, reproducing and senescing by mid-summer 

(Cavers et al. 1979). Alliaria petiolata produces seeds either through outcrossing 

or self-pollination (Cavers et al. 1979). Most of its seeds will germinate within the 

first two years after cold stratification. However, seeds can remain viable in the 

seed bank for up to ten years (Nuzzo 2000). Alliaria petiolata tends to form dense 

monocultures that cycle between first- and second-year stands due to the biennial 

nature of seed production (Meekins 2000). 
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Alliaria petiolata owes part of its success to its ability to take advantage of 

varying levels of light and high seed production. Since it overwinters in its rosette 

form, photosynthesis can begin early in the spring of its second year of growth, 

with minimal light competition (Meekins and McCarthy 2000). In addition, A. 

petiolata tolerates a wide range of light levels (Dhillion and Anderson 1999), 

allowing it to invade disturbed areas, forest edges and forest interiors (Nuzzo 

2000).  Second year A. petiolata plants can produce siliques yielding an average 

of ~150-300 seeds per plant, though some individuals may produce up to ~8,000 

seeds (Nuzzo 2000).   

 

1.1.2 Allelopathy and AMF suppression 

 

Allyl isothiocyanate isolated from Alliaria petiolata leaf and root tissues is 

often used to investigate the effects of the invasive plant on North American fungal 

populations in the laboratory (Olivier et al. 1999; Barto et al. 2010; Lankau 2011). 

This compound is not produced directly by A. petiolata but is synthesized when 

sinigrin, a glucosinolate, is hydrolyzed by a myrosinase protein also produced by 

the plant (Olivier et al. 1999; Cantor et al. 2011). Alternatively, Callaway et al. 

(2008) suggest that flavonoids inhibit AMF spores more than glucosinolates. The 

biochemical suppression of AMF by A. petiolata has gained major attention as the 
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leading mechanism explaining the success of A. petiolata invasion in North 

America (Stinson et al. 2006). 

The disturbance of soil microbial communities by invasive plants can be an 

important indirect mechanism of invasion (Wolfe and Klironomos 2005; Reinhart 

and Callaway 2006; Inderjit and van der Putten 2010). This idea has been 

formalized in the ‘novel weapons hypothesis’ in which invasive plants succeed by 

possessing chemical weapons for which native competitors have not (yet) evolved 

countermeasures (Callaway and Ridenour 2004) In this context, A. petiolata has 

become a focal plant for the study of invasion through novel weapons as the 

allelopathic glucosinolate and flavonoid compounds it produces affect North 

American species more than species it co-occurs with in its native European soil 

(Callaway and Ridenour 2004; Callaway et al. 2008; Koch et al. 2011). Under 

controlled laboratory conditions, AMF spore germination was consistently inhibited 

by A. petiolata leaf and root extracts (Roberts and Anderson 2001; Stinson et al. 

2006; Koch et al. 2011). Alliaria petiolata reduced colonization by the AMF Glomus 

intraradices in sterilized soils conditioned with A. petiolata for several months and 

then inoculated with a North American G. intraradices isolated from Canada (Koch 

et al. 2011). Consistently, when aqueous extracts of A. petiolata, Acer saccharum, 

Acer rubrum, and Fraxinus americana were added to field soil without a history of 

A. petiolata, AMF colonization of 16 native plant species was significantly reduced 

only in presence of A. petiolata extracts (Stinson et al. 2006). In a similar study in 

which natural field soils were conditioned with A. petiolata, even though AMF root 
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colonization of Sorghum vulgare was lower in soil conditioned by A. petiolata, AMF 

community composition and richness were not significantly affected (Koch et al. 

2011). In summary, it is not clear whether such negative effects on AMF are as 

pronounced in field soils.  

The effects of compounds extracted from the tissues of A. petiolata can vary 

depending on the use of root or shoot tissue (Cipollini and Flint 2013; Lankau 2010) 

and the source population of A. petiolata (Lankau 2010; Lankau 2011). 

Nonetheless, combined root and shoot extracts are commonly used to assay the 

allelopathic effect of A. petiolata on both plants and fungi (e.g., Roberts and 

Anderson 2001; Callaway et al. 2008; Koch et al. 2011; Cipollini and Flint 2013; 

Cipollini and Greenawalt 2016). Although laboratory and greenhouse studies are 

important in understanding potential mechanisms of A. petiolata’s mycorrhizal 

suppression, the ecological relevance of this effect remains to be determined in 

natural field populations. 

The effect of naturally occurring populations of A. petiolata on AMF 

communities measured by different studies has been mixed, with some studies 

showing a decrease and others showing no significant change in AMF richness in 

the presence of the invasive plant. For example, in the field, Arisaema triphyllum, 

Maianthemum racemosum, and Trillium grandiflorum growing in the presence of 

A. petiolata had similar species richness of AMF and percent colonization on their 

roots, relative to their conspecifics growing outside of the invasion zone. Despite 

similar AMF richness, the presence of A. petiolata correlated with changes in AMF 
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community composition colonizing the roots of M. racemosum and T. grandiflorum,  

but not A. triphyllum (Burke 2008). In contrast, a separate field study by Barto et al 

(2011) found that Ac. saccharum co-occurring with A. petiolata in the field had less 

AMF colonization when compared to Ac. saccharum grown outside of A. petiolata 

invaded areas. In addition, the richness of AMF colonizing Ac. saccharum was the 

same between samples collected inside and outside the invasion zone. The 

variability in response could be due to plant specific AMF-dependence (Stinson et 

al. 2006). As such, measuring soil AMF composition could give insight into overall 

changes in composition by removing plant-specific AMF relationships. Lankau 

(2011) compared AMF richness in soil of A. petiolata populations of different 

estimated ages and found that AMF richness in soil significantly declined in older 

populations but seem to rebound after approximately 60 years of invasion. In 

summary, the presence of A. petiolata does not appear to produce the same 

changes in the AMF community composition of all plant species. The extent of 

changes in AMF community could be related to the degree of AMF-dependence in 

the host plant species (Stinson et al. 2006), as few plant species appear to 

experience losses in the richness of AMF colonizing their roots. In overall soil AMF 

communities, Lankau (2011) is the only one to identify a loss of soil AMF richness 

as A. petiolata populations in the field age.  

A significant drawback of all the field studies conducted so far is their use 

of Terminal Restriction Fragment Length Polymorphism (TRFLP), a DNA 

fingerprinting method that relies on fluorescently labelled primers and restriction 
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enzymes (Prakash et al. 2014; Tabit 2016). Species that differ but have the same 

terminal fragment length can group together under one peak in the profile, 

obscuring the taxonomic results and biasing richness measurements (Karczewski 

et al. 2017). Therefore, terminal fragments are difficult to link to particular microbial 

species, especially in natural soil microbial systems that have exceptionally high 

levels of diversity. Thus, although TRFLP has the potential to compare broad 

trends in community composition changes, it does not provide a detailed view of 

microbial communities and may not provide enough taxonomic resolution to 

identify the impacts of A. petiolata invasion on soil microbiota and their functional 

roles. 

As reviewed above, laboratory studies demonstrate that tissue extracts of 

A. petiolata and soil conditioning can both affect AMF germination and growth, but 

in-field results are still unclear due to limitations of TRFLP. Additional evidence is 

therefore required to determine whether the disturbance of mycorrhiza 

communities is a significant ecological factor in A. petiolata invasion. The 

shortcomings of TRFLP can be solved by using metabarcoding, paired with 

databases taxonomic assignment, to provide a detailed view of how microbial 

communities differ with A. petiolata invasion by identifying particular microbial 

species and assigning ecological functions.  
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1.1.3 Bacteria and non-mycorrhizal fungi 

 

It is critical to measure the relative effect of Alliaria petiolata on AMF as 

compared to its effect on other functional groups to determine the ecological 

relevance of the suppression of AMF by A. petiolata as a mechanism of invasion 

in natural environments. However, few studies have looked at the effect of A. 

petiolata on microbial functional groups other than AMF, and none have been able 

to determine if A. petiolata particularly suppresses AMF as compared to non-

mycorrhizal fungi. Under laboratory conditions, the entomopathogenic fungus 

Beauveria bassiana failed to grow or germinate efficiently on agar plates prepared 

with A. petiolata extract but grew abundantly on control plates prepared with water 

(Keesing et al. 2011). These results suggest that the phytochemicals released by 

A. petiolata could be toxic to fungi other than AMF. After measuring the response 

of the fungal community to different concentrations of glucosinolates, Lankau et al. 

(2011) suggested that each fungal species, as part of its own functional group, has 

a complex relationship with glucosinolates and could be either inhibited by A. 

petiolata or over-represented in its rhizosphere. Recently, Anthony et al. (2017) 

measured differences in fungal composition of different functional groups between 

A. petiolata invaded and uninvaded soils using ITS metabarcoding. They found 

that the presence of A. petiolata reduced ectomycorrhizal fungi (EMF), but was 

associated with an increase in saprotrophic decomposers and pathogens. This 

study suggests that A. petiolata is only inhibiting mycorrhizal groups, and despite 
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the reduction of B. bassiana germination in the lab, non-mycorrhizal functional 

groups of fungi are not inhibited by A. petiolata exudates. However, Anthony et al. 

(2017) used an ITS primer that could not effectively capture AMF community 

composition, and as such they could not draw conclusions on the relative effects 

of A. petiolata on AMF as compared to non-mycorrhizal groups. Therefore, the 

relative effect of A. petiolata on AMF as compared to its effect on other functional 

groups is still unclear. 

Understanding the effect of A. petiolata on the microbial community outside 

of AMF can also uncover other important mechanisms of invasion.  Anthony et al. 

(2017) recorded an over-representation of pathogens in soils that were collected 

inside A. petiolata populations as compared to soils outside A. petiolata 

populations, suggesting that pathogen accumulation could be occurring with A. 

petiolata invasion (Mangla and Callaway 2007). However, the outcomes of 

pathogen accumulation are mixed: increases in pathogen abundance can harm 

the invading plant or spill into the co-occurring native plant community and be an 

alternative invasion hypothesis for the success of A. petiolata, which is a 

mechanism also known as the ‘Enemy of my Enemy Hypothesis’ (Colautti et al. 

2004; Flory and Clay 2013). Thus, although Anthony et al. (2017) measured an 

increase in pathogen abundance, there is still a need to measure the effect of 

changes in the pathogen population on the health of plants co-occurring with 

invaded A. petiolata to determine if this change in microbial community is a 

potential mechanism of invasion.  
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Because of the potential effect of A. petiolata on mycorrhizal fungi, its effect 

on overall fungi communities has been the target of some studies. In contrast, the 

impact of A. petiolata on bacterial communities has received almost no attention. 

Lankau (2011) found that bacterial richness and community composition from 

TRFLP profiles significantly change over time due to a loss of “sensitive” species 

but seemed to rebound after approximately 60 years of A. petiolata invasion, which 

is similar to how fungal communities responded to A. petiolata invasion (Lankau 

2011). Finding almost opposite results, Burke and Chan (2010) found that A. 

petiolata had little to no effect on the bacterial species composition of top soil when 

compared to soil found under the native herb Allium tricoccum. Despite some 

evidence that A. petiolata invasion changes bacterial communities, it remains 

unclear how these communities might change in the presence of this invasive 

plant.  

 

1.2 Questions and Objectives 

 

1.2.1 Chapter 2: Does A. petiolata affect AMF-mediated pathogen protection 

in co-occurring herbaceous plants? 

 

Soil microbial communities comprise a complex network of microbes. 

However, most studies of AMF-mediated pathogen protection measure this 

pathogen protection indirectly through plant growth under controlled greenhouse 
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conditions (Koch et al. 2009; Lankau 2011). As such, AMF functional interactions 

with the microbial community under natural field conditions is largely unknown. 

Alliaria petiolata invasion creates a novel dynamic system where changes in 

AMF community may affect AMF-mediated pathogen protection. In Chapter 2, I 

use natural field measurements of AMF colonization and root lesions to 

determine if AMF provide pathogen protection to plants that co-occur with A. 

petiolata in the field. 

 

1.2.2 Chapter 3: How does A. petiolata affect soil microbial taxonomic and 

functional composition? 

 

As terrestrial ecosystems respond to plant invasion, microbial community 

composition may shift, altering ecosystem function. Alliaria petiolata has been 

proposed as an agent of disturbance affecting AMF community structure and 

function, but few studies have looked at the complete microbial community. In 

Chapter 3, I integrate high-throughput sequencing or rRNA-encoding DNA with 

taxonomic and functional databases to understand how A. petiolata invasion alters 

soil microbial community composition. This chapter examines changes in both 

fungal and bacterial communities, but focuses on fungal functional groups 

including AMF, ectomycorrhiza, decomposers, and plant and animal pathogens.  
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Chapter 2 

Alliaria petiolata does not suppress arbuscular mycorrhizal 

fungi but still increases signs of pathogen in co-occurring plants 

2.1 Introduction 

 

Soil micro-organisms that interact with plant roots as pathogens or 

symbionts are of particular interest to understand ecosystem dynamics because 

they can influence plant community diversity and structure (Klironomos 2002; van 

der Heijden et al. 2008; Bevers et al. 2015). For example, arbuscular mycorrhizal 

fungi (AMF) establish associations with most vascular plants (Wang and Qiu 2006; 

Brundrett and Tedersoo 2018) by colonizing roots and providing nutrients, such as 

nitrogen and phosphate, in exchange for essential carbohydrates from 

photosynthesis (Smith and Read 2010). Through this relationship, AMF change 

plant nutrient uptake and shift plant composition and productivity (van der Heijden 

et al. 1998; Klironomos et al. 2000).  

The role of AMF in nutrient uptake has been supported by dozens of 

independent research programs (reviewed in Smith and Read 2008). More 

recently, evidence is accumulating that AMF pathogen protection could an 

important function of the AMF symbiosis (Newsham et al. 1995; Sikes et al. 2009; 

Wehener et al. 2010; Wehener et al. 2011). Newsham et al. (1995) found that the 

highly branched, fine root system of Vulpia ciliata was effective in nutrient uptake 
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but susceptible to pathogens. As such, they found that AMF colonization was only 

beneficial for the grass in the presence of a pathogen inoculant, as it protected the 

plant from pathogen but did not increase its nutrient efficiency. Similarly, Sikes et 

al. (2010) demonstrated that AMF pathogen protection was host-specific. In a 

greenhouse study, AMF inoculation did not alleviate pathogen infection in Allium 

cepa, which has roots that are only slightly branched. However, Setaria glauca, 

which has a highly branched root architecture, benefited from AMF pathogen 

protection. Understanding how AMF protect plants from pathogens is important 

because pathogens can determine plant community diversity and structure and, 

consequently, shape ecosystems (Bever et al. 2015). Despite the ecological 

relevance of pathogen protection of AMF, few studies have tried to measure this 

process under natural field conditions (Sanderson et al. 2015; Koyama et al., 

2019).  

Invasive plants provide opportunities as natural experiments to study how 

shifts in naturally occurring soil microbial communities affect plant community 

interactions. Alliaria petiolata (garlic mustard) Cavara & Grande is a biennial plant 

in the mustard family (Brassicaceae) invasive to North America from the Eurasian 

continent. Like most plants in its family, A. petiolata does not associate with AMF 

(Shreiner and Koide, 1993). In fact, extracts from A. petiolata suppress AMF in the 

genus Glomus and Acaulospora under laboratory conditions (Stinson et al. 2006; 

Koch et al. 2011). This interaction has garnered a lot of attention over the last 

decade, and A. petiolata is becoming a common species used to test the “novel 
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weapons” hypothesis (Callaway and Ridenour 2004; Callaway et al. 2008). 

However, the suppression of some AMF species by A. petiolata also presents an 

opportunity to study how changes in AMF community composition affects AMF 

functions like pathogen protection and how this affects plant communities.  

Glucosinolates and flavonoids produced by A. petiolata appear to inhibit 

AMF spore germination and hyphal growth in controlled environments (Roberts 

and Anderson 2001; Callaway et al. 2008; Lankau 2011; Koch et al., 2011). In fact, 

A. petiolata whole-plant extracts and soil conditioning experiments reduced rates 

of AMF colonization and growth in native tree seedlings and reduced the 

abundance and altered the species composition of AMF in soil (Stinson et al. 2006; 

Lankau 2011; Kosh et al. 2011). However, the effects of compounds extracted from 

the tissues of A. petiolata are not consistent and can vary depending on the use of 

A. petiolata root or shoot tissue (Cipollini and Flint, 2013), and the source 

population of A. petiolata (Lankau 2010; Lankau 2011). Nonetheless, they are 

commonly used to assay the allelopathic effect of A. petiolata on both plants and 

fungi (e.g., Roberts and Anderson 2001; Callaway et al. 2008; Koch et al., 2011; 

Cipollini and Flint 2013; Cipollini and Greenawalt, 2016). Consequently, it appears 

that although laboratory and greenhouse studies are important to understand 

potential mechanisms, the ecological relevance of the effect of A. petiolata extracts 

on AMF is still ambiguous.   

Despite some evidence of A. petiolata root extracts on soil biota and plant 

symbioses in controlled laboratory experiments, it is still unclear to what extent A. 
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petiolata affects soil biota in natural field settings. Evidence from Lankau (2010) 

suggest that AMF richness in soil declines with A. petiolata population age. 

However, other studies have determined that the presence of A. petiolata does not 

cause a loss in richness of AMF colonizing naturally occurring plant species 

(Burke, 2008; Barto et al 2011), but correlated with changes in AMF community 

composition (Burke, 2008). Burke (2008) conducted the only field study to my 

knowledge that has attempted to identify AMF species inside and outside A. 

petiolata populations in the field. He compared the AMF communities found in 

Mainanthemum racemosum roots, Trillium grandiflorum roots and soil from inside 

and outside A. petiolata invaded areas using sanger sequencing of 100 clones of 

terminal restriction fragments representing a small selection of the AMF in these 

samples. He established that Mainanthemum racemosum roots, unlike Trillium 

grandiflorum roots, had a significantly different AMF species composition inside 

and outside A. petiolata invasion. He reported that invasion by A. petiolata 

excluded the AMF species in the genus Acaulospora from M. racemosum roots. 

However, this method could only distinguish approximately 12 different taxa (Burke 

2008), thus it can be used to detect large shifts in abundant taxa but cannot identify 

community changes on a finer scale. Additionally, no study has investigated if 

changes in AMF community composition affect AMF function such as pathogen 

protection. Although laboratory studies demonstrate that A. petiolata extracts and 

soil conditioning can affect AMF germination and growth, there is still a lot of 

variation between the results of field studies, which demonstrates a need for more 
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studies that consider ecological factors outside the AMF-plant relationship, such 

as interactions with other soil microbes, to understand why I see this variation in 

the field results.  

Inhibition of AMF species in the family Glomeraceae (Koch et al. 2011) and 

Acaulosporaceae (Burke 2008) by A. petiolata in some studies indicates that the 

invasive plant has the potential to reduce pathogen protection. This is because 

colonization by AMF in the families Glomeraceae and Acaulosporaceae provided 

greater protection against the root pathogen Fusarium oxysporum compared to 

AMF in the family Gigasporaceae (Maherali and Klironomos 2007). Consequently, 

the degree of pathogen protection is expected to vary with changes in AMF 

community composition, particularly with the loss of species that confer pathogen 

protection (Lewandowski et al. 2013). Additionally, even though fungi in the family 

Glomeraceae and Acaulosporaceae cause extensive root colonization compared 

to fungi in the family Gigaspora (Maherali and Klironomos 2007), when accounting 

for the differences in fungal identity, AMF colonization is not a significant predictor 

of pathogen protection (Sikes et al. 2009). Rather, AMF phylogeny is the main 

predictor of pathogen protection capacity not colonization extent, but AMF 

phylogeny affects percent colonization in a similar way as it does pathogen 

protection. Thus, if members of the families Glomeraceae and Acaulosporaceae 

are suppressed by A. petiolata, overall colonization in natural communities should 

still be reduced. As such, although the reduction in colonization does not directly 

lead to greater pathogen attack, it could be an indirect indicator of such change if 
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it occurs. Consequently, the invasion of A. petiolata is expected to cause a decline 

in AMF colonization by Glomeraceae and Acaulosporaceae, which would reduce 

overall AMF colonization. The loss of these AMF species is also expected to 

reduce the ability of the AMF community to provide pathogen protection.  

In this chapter I examine plant root colonization by AMF and root pathogens, 

as well as plant community composition in natural field populations of A. petiolata 

to address three main questions: First, is A. petiolata presence associated with 

differences in plant community composition, and/or soil characteristics? Second, 

is A. petiolata presence associated with lower rates of AMF root colonization 

and/or higher pathogen colonization rates in roots of co-occurring plant species? 

Finally, are pathogen infection rates of co-occurring plant roots higher in the 

presence of A. petiolata? This is predicted if A. petiolata suppresses extensively 

colonizing AMF species that protect from pathogens. First, I hypothesize that A. 

petiolata will not affect edaphic characteristics that influence AMF species diversity 

(Lauber et al. 2008) but will reduce the abundance of co-occurring plants with 

strong AMF associations. Second, I hypothesize that A. petiolata will reduce AMF 

colonization and will increase pathogen colonization in roots of co-occurring 

species. Finally, if A. petiolata reduces species of AMF with high root colonization 

rates that reduce root lesions and the loss of AMF pathogen protection ability is 

responsible for the increase in lesions in A. petiolata invasion, then I hypothesize 

that when I control for the reduction in mycorrhiza associated with invasion the 

presence of A. petiolata itself should not have a significant effect on lesions.  
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2.2 Methods 

 

2.2.1 Site establishment and description 

 

I located ten naturally-occurring populations of Alliaria petiolata at the 

Queens University Biological Station (QUBS) and in the surrounding properties. 

To be considered as part of this study, populations had to contain a minimum of 

a hundred individuals of A. petiolata and both first- and second-year individuals. 

All ten populations were within 5 km of each other, but at least 150 m apart (site 

coordinates and maps in Appendix A). The canopies of all the populations were 

dominated by Acer saccharum, Fraxinus Americana, Pinus stobus and Ostrya 

virginiana, resulting in a moderately well shaded understory. However, a large 

majority of the sites where the populations of A. petiolata were located coincided 

with walking trails and old abandoned fields which increased the amount of 

insolation and disturbance endured by the site. During the summer months, the 

understories of the forests where A. petiolata populations where located were 

primarily composed of Ac. saccharum saplings, Hepatica americana, Solidago 

canadensis, and Galium aparine. Of interest, I also found the presence of Trillium 

grandiflorum and Claytonia virginica in the early spring and Ariseama triphyllum, 

Maianthemum canadensis, and Erythronium americanum in the summer. The A. 

petiolata populations of this study were all found on podzol or brunisol, which are 

characterized by good drainage and mesic to sub-mesic moisture regimes. All 
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population had their soil texture classified as either a loam or a sandy loam. 

Drainage was further amplified by the elevation at which the A. petiolata 

populations could be found. In fact, most populations were found on the crest of 

or along mild slopes of hills. In all the sites, I found signs of Lumbricus terrestris 

invasion.  

I established transects through each population of A. petiolata to 

determine where I would be taking soil samples. I established transects from east 

to west, unless this direction corresponded with a steep incline, in which case I 

changed the orientation of the transect to minimize differences in incline between 

the middle and the end of the transect. I ended transects 7 m away from the 

edge of the population, which was determined as being where the last visible A. 

petiolata plant of the population was present along the transect. 

 

 

Figure 2.1 Picture of population 7.  

This is a picture of population 7 taken in early June of 2018, two years after sampling for 
this study was completed.  
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2.2.2 Sample collection and floristic survey 

 
I identified six species that consistently co-occurred with A. petiolata and 

are known to interact with AMF: Geranium robertianum (herb Robert), Hepatica 

americana (liverwort), Solidago canadensis (goldenrod), Circaea lutetiana 

(enchanter’s nightshade), Galium aparine (cleaver), and Maianthemum 

racemosum (false solomon’s seal). All species are listed as native in Vascan 

(Brouillet et al. 2010). However, only H. americana, S. canadensis, M. racemosum, 

G. robertianum and C. lutetiana are native to Ontario according to the USDA 

database (USDA, NRCS. 2018). Additionally, G. aparine is listed as uncertain in 

Ontario but native in New York and G. robertianum is listed as native in Ontario 

but uncertain in New York in the the USDA database. Therefore, although the 

status of G. robertianum and G. aparine are uncertain, they seem to be Holarctic 

native or pre-colonial introductions.  

In 2016, I sampled soil and native plant roots in all populations during the 

last week of June, at the end of A. petiolata’s growing season. All the samples 

were collected within two days of each other. To characterize the edaphic 

properties, I used an auger to collect 45 mL of topsoil (<10 cm) where there is the 

highest density of root and fungal hyphae density. I collected soil in triplicate, 1m 

apart, around both the middle (henceforth ‘invaded’) and the end (henceforth 

‘uninvaded’) of the transect through the actively growing A. petiolata population 
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(described in the previous section), for a total of six samples per population. 

Following collection, the triplicate soil samples were pooled and stored at -20ºC. I 

collected the roots of six specimens per plant species when I could find them in a 

population: three inside the A. petiolata populations, and three outside the A. 

petiolata populations. The plants collected outside were found at a minimum of 7 

m from the closest A. petiolata individual at the edge of the population. I chose to 

use 7m as the minimum distance from the edge of a population to limit potential 

effects of A. petiolata on the uninvaded soil, while limiting differences in abiotic soil 

characteristics (Rodgers et al. 2008; Wolfe et al. 2008). To collect the root, I gently 

dug approximately 5 cm around the bottom of the plant and lifted the individual 

from under its the root system. I took the whole root system from the ground with 

the surrounding soil. Ounce removed from the ground, I shook off the soil from the 

roots and took the samples to be processed in the lab. In the lab, individual root 

samples were washed in distilled water and preserved in 50 mL falcon tubes 

immersed in 70% ethanol. 

I conducted a floristic survey of the five largest A. petiolata populations 

along a belt transect with quadrats of 2m by 2m with 30 cm by 30 cm quadrats in 

the top right and bottom left corner of each quadrat. For the floristic survey, I 

recorded the overall A. petiolata coverage in the 2m by 2m quadrats, and the 

presence or absence of all vascular plant species in the 30 cm by 30 cm corner 

quadrats (Figure 2.1). 

 



 

24 

 

 

Figure 2.2 Floristic survey sampling design.  

Belt transect sampling design consisting of a series of 2 m by 2 m quadrats (C) bisecting 

an A. petiolata population with smaller alternating quadrats of 30 cm by 30 cm nested in 
opposite corners (A and B). I recorded A. petiolata density in each quadrat C, and the 

presence and absence of all co-occurring species in square A and B. 

 

2.2.3 Analysis of lesion and AMF colonization  

 

I stained native plant roots using a modified version of the Vierheilig et al. 

(1998) protocol using Sheaffer black ink to visualize AMF colonization and 

indicators of root health. Briefly, I cut a 2 cm piece of root randomly from the plant 

and placed it in a labeled tissue cassette (Starplex Scientific Corp, Cleveland, TN, 

USA). I placed the cassette in KOH solution and left it in a water bath at 90ºC for 

two hours before cleaning it with deionized water and re-acidifying it in 10% acetic 
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acid for 10 minutes. I then moved the cassette to the ink vinegar solution in a 

beaker in the water bath for a total for 7 minutes. Finally, I rinsed the cassette in 

deionized water and immersed it in lactoglycerol for a minimum of 20 min to 

preserve the roots before preparing permanent slides. 

I assessed root AMF colonization following the methodology by McGonigle 

et al. (1990). Briefly, I scored arbuscules, vesicles, or AMF hyphae under a 

microscope at 100 cross-sections located along the root for each individual sample 

(Figure 2.2). I scored the AMF traits in a hierarchical manner, if AMF hyphae were 

present, I scored hyphae, but if vesicles were present, I only scored vesicles, and 

if arbuscules were present, I only scored arbuscules. If nothing was present, I 

recorded the absence, this method resulted in a binary score for signs of AMF at 

each cross-section (henceforth ‘AMF colonization’). To score lesions, I used a 

modified version of this protocol to identify potential pathogens by searching for 

signs of decay, and non-AMF hyphae (henceforth lesions) (for reference images 

of mycorrhiza or lesion view Appendix B).  
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Figure 2.3 Visual representation of the AMF and lesion scoring system. 

Schematic of the scoring system for AMF colonization (a binary score for signs of AMF) 

and lesions (a binary score for signs of putative pathogens) at a representative 34 of 100 
total cross-sections of a plant’s roots laid on a slide and the cross of the microscope’s 

ocular. 

 

2.2.4 Soil analysis 

 

I analyzed soil samples for soil characteristics that influence AMF species 

diversity (Lauber et al. 2008). Carbon and nitrogen were measured using a 

subsample of 60 mg (dry mass) of oven-dried soil in the Flash 2000 Combustion 

NC Soil Analyzer following the analyzer’s protocol (Thermo Fisher, Waltham, MA, 

USA) with 10 mg of aspartic acid as control. I vortexed a mixture of 20 mL of water 

and 10 g of soil ratio every 15 minutes for an hour and measured the pH with a 

potentiometric reader (Thermo Fisher, Waltham, MA, USA) (full protocol in 

Root Slide:
Microscope field 
of view:

Cross-section where we 
scored the mycorrhiza and 
lesions
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Appendix C). To measure soil aggregate stability, I processed 4 g of 2 mm air-

dried aggregates in the Eijkelkamp sieving apparatus using the apparatus’ protocol 

(Eijkelkamp, Giesbeek, The Netherlands) (full protocol in Appendix D). I measured 

the soil texture using the Hydrometer method (Thermo Fisher, Waltham, MA, USA) 

with a 10% sodium hexametaphosphate dispersing agent (full protocol in Appendix 

E). 

 

2.2.5 Statistical analysis 

 

I used the statistical program R (R Core team) for all statistical testing. I fit 

generalized linear mixed models with either glmmAMDB or lme4, depending on 

the response variable’s distribution, with a Laplace approximation (Fournier et al 

2012; Bates et al 2015).  

To test my first hypothesis, that soils occupied by Alliaria petiolata would 

not differ in edaphic characteristics, I performed a logistic regression with lm on 

the binomial response of location relative to A. petiolata, either inside the invaded 

area or outside the invaded area (henceforth ‘invasion’) to test if edaphic properties 

differed when A. petiolata was present. Nitrogen and carbon were strongly 

correlated, so to avoid multicollinearity issues, I produced a principal component 

of nutrient composition from the first axis of the principal component analysis of 

nitrogen and carbon with dudi.pca in ade4 (Dray et al. 2007). Aggregate stability, 
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the principal component of nutrient composition, pH, and soil texture were fixed 

effects. To test the second part of my first hypothesis, that soil invaded by A. 

petiolata would differ in the community composition of co-occurring plants, I 

analyzed the floristic survey using the package vegan (Oksanen et al. 2018). I used 

an RDA paired with a Hellinger transformation of the species composition data to 

test for a significant effect of coverage on species composition. I did the statistical 

analysis using a permutation test with vegan’s anova function and 1000 

permutations of the constrained inertia to test the significance of the overall model 

(P<0.05). I then analyzed the single terms by setting argument by = “margin” in the 

anova function, where each term is evaluated by calculating the divergence of the 

full model when the term is removed. 

To test hypothesis two, that plants grown in co-occurrence with A. petiolata 

would have lower AMF colonization, I modeled the effect of A. petiolata presence 

on AMF percent colonization among host species using a negative binomial model 

with a log link function with glmmamdb (Fournier et al. 2012). Specifically, I used 

plant host species, invasion, and the host-by-invasion interaction as fixed effects, 

with the population of A. petiolata where the individual was collected (henceforth 

‘population’) and individual plant (henceforth ‘individual’) as random effects, and 

AMF count as the response variable. To test hypothesis three, that plants grown 

in co-occurrence with A. petiolata would have greater pathogen colonization, I 

repeated the previous model but replaced AMF percent colonization with root 

lesions.  
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To test hypothesis four, that when controlling for mycorrhizal invasion the 

presence of A. petiolata itself should not have a significant effect on lesions, I fit a 

model using glmmadmb. The response variable was lesions, set over a negative 

binomial distribution. As fixed effects, I included total mycorrhizal colonization, 

plant host species, invasion, the interaction between invasion × plant host species, 

mycorrhiza × plant host species, and a three-way interaction between invasion × 

plant host species × mycorrhiza. I included population as a random effect.  

For all models, I performed model selection beginning with a full model 

containing the fixed predictor variables and interactions considered to be 

biologically relevant and appropriate for the goal of the analysis. I conducted a 

succession of likelihood ratio tests removing mixed predictors and interactions to 

determine if their presence significantly affected the deviance of the model. If the 

model was not significantly affected by their removal (P>0.05) the term was 

discarded. I reached a minimum adequate model when the deviance of the model 

dropped significantly by the removal of any of the terms, or when the null model 

was reached (https://github.com/KatherineDuchesneau/Chapter2and3Statistics).  

  



 

30 

 

2.3 Results 

 

2.3.1 Edaphic properties and plant community composition 

 

 Most edaphic properties (aggregate stability, a principal component of 

nutrient composition, and soil texture) of soil sampled in the core of Alliaria 

petiolata populations did not differ significantly from soil sampled outside of the 

populations. Soil texture (n = 20, Φ = 1.77, Deviance df: 2 = 0.87, P = 0.35), carbon 

and nitrogen composition grouped together in a principal component (n = 20, Φ = 

1.77, Deviance df: 1= 0.02, P =0.90), and aggregate stability (n = 20, Φ = 1.77, 

Deviance df: 1 = 1.17, P > 0.27) had no effect overall. However, pH significantly (n 

= 20, Φ = 1.77, Deviance df: 1= 4.05, P = 0.042) decreased outside of the invaded 

area (Estimate=-0.82, CI= -1.98, 0.13) (Figure 2.3). 
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Figure 2.4 Soil physical properties of A. petiolata invasion compared to soil 
properties outside the invasion zone. 

Points showing the value of each soil physical property inside (red) and outside (blue) A. 

petiolata invasion. The values inside and outside the A. petiolata invasion for each 
population are linked by a gray line. The plots show aggregate stability, pH, percent 

carbon and percent nitrogen content of the soil. Only pH differed significantly between 
invasion (P = 0.042). 

  

The plant community composition of the quadrats along the belt transect 

through the A. petiolata populations differed with the degree of A. petiolata 

coverage. In fact, I found a redundancy analysis axis significantly related A. 

petiolata coverage (DF= 1, n = 192, P = 0.001). However, the variation associated 

with A. petiolata coverage explained only 5.2% of the overall variation, or spread, 

in species presence or absence in the plot (Figure 2.4).  
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Figure 2.5 Redundancy analysis (RDA) of floristic composition among quadrats 

that had a A. petiolata coverage from 0 to 100%. 

The A. petiolata coverage ranges from 0% coverage to 100% coverage and is 

represented by increasing shades of blue. I used five of the largest A. petiolata 
populations in this analysis, the population in which the quadrates represented on the 

plot is located is represented by a shape. The redundancy analysis showed a significant 
effect of recorded percent Alliaria petiolata coverage on the composition of co-occurring 

species present at each quadrat (P = 0.001) but explained only 2.7% of the variation. 
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2.3.2 Root microbial communities 

 

 Host plant species had significantly different AMF colonization (n = 226, Φ 

= 0.07, Deviance df: 5= 18.62, P = 0.001). Alliaria petiolata invasion (n = 226, Φ = 

0.07, Deviance df: 1= 0.34, P = 0.56) and the interaction between host species and 

A. petiolata invasion did not significantly predict AMF colonization (n = 226, Φ = 

0.07, Deviance df: 5= 3.6, P = 0.60) (Figure 2.5). Host plant species significantly 

also had different lesion colonization (n = 226, Φ = 0.10, Deviance df: 5 = 14.7, P = 

0.01). Alliaria petiolata alone did not significantly explain differences in lesion 

between plants (n = 226, Φ = 0.10, Deviance df: 1 = 1.22, P = 0.27), but there was 

a significant interaction between A. petiolata and host plant species (n = 226, Φ = 

0.09, Deviance df:5= 10.84, P = 0.05). Thus, A. petiolata invasion affected each 

host plant species differently. In fact, compared to H. americana, C. lutetiana 

(Estimate: -0.07, CI: -0.42, 0.28), M. racemose (Estimate: 0.15, CI: -0.21, 0.51), 

and S. canadensis (Estimate: 0.05, CI: -0.25, 0.36) all had similar lesions 

frequencies inside and outside the invaded area, but G. aparine (Estimate: -0.19, 

CI: -0.52, 0.15) and G. robertianum (Estimate: -0.57, CI: -1.05, -0.09)  had less 

lesions outside the invaded area (Figure 2.6).  
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Figure 2.6 Alliaria petiolata invasion and AMF colonization in co-occurring plant 
species. 
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A) Plant species Hepatica americana (AH), Circaea lutetiana (CL), Galium aparine (GA), 

Geranium robertianum (GR), Maianthemum racemose (MR), and Solidago canadensis 
(SC) were collected from 10 populations of A. petiolata either inside the invaded area 

(in) or outside the invaded area (out). For each sample collected, I assessed the 
presence of mycorrhizal structure at 100 random points on the roots to produce a 

measure of AMF colonization in percent. The boxplots display the relationships between 
the presence of A. petiolata (Invasion) and AMF colonization (Mycorrhizal colonization). 

B) The graph displays the regression coefficient estimates and confidence intervals for 
the negative binomial of AMF colonization as a function of species and invasion. Only 

species was a significant predictor (P = 0.001). 
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le 

Figure 2.7 Alliaria petiolata invasion and lesions in roots of co-occurring plant 
species. 

●

●

GR MR SC

AH CL GA

In Out In Out In Out

1

10

100

1

10

100

Invasion

Le
sio

n 
(%

)

A)

●

●

●

●

●

●

●

●

●

●

●

−1.0

−0.5

0.0

0.5

C
L

G
A

G
R

M
R SC

Lo
ca
tio
n(
O
ut
si
de
)

C
L*
lo
ca
tio
n(
O
ut
si
de
)

sp
ec
ie
sG

A*
lo
ca
tio
n(
O
ut
si
de
)

G
R
*lo
ca
tio
n(
O
ut
si
de
)

M
R
*lo
ca
tio
n(
O
ut
si
de
)

SC
*lo
ca
tio
n(
O
ut
si
de
)

C
oe
ffi
ci
en
t

B) 



 

37 

 

 

A) Plant species Hepatica americana (AH), Circaea lutetiana (CL), Galium aparine (GA), 
Geranium robertianum (GR), Maianthemum racemose (MR), and Solidago canadensis 

(SC) were collected from 10 populations of A. petiolata either inside the invaded area 
(in) or outside the invaded area (out). For each sample collected, I assessed the 

presence of structure or root damage related to pathogen presence at 100 random 
points on the roots to produce a measure of pathogen presence in percent. The boxplots 

display the relationships between the presence of A. petiolata (Invasion) and the 
presence of pathogen related structures and root damage (Lesions). Note that the y axis 

is on the log scale to facilitate visualization. B) The graph displays the regression 

estimates for the negative binomial of lesion on the roots as a function of if they were 
collected in invaded (I) or uninvaded (O) areas, their species, and the interaction of the 

two. Species and the interaction between species and invasion were significant 
predictors (P = 0.01 and P = 0.05 respectively). 

 

Finally, I tested for a relationship between lesions and A. petiolata invasion 

with AMF colonization as a covariate, as a way to test for a decrease in efficiency 

of pathogen protection in the presence of garlic mustard. I found no relationship 

between AMF colonization and root lesions of an individual (n = 226, Φ = 7.84, 

Deviancedf:1 = 1.056, P = 0.30) (Figure 2.7) or the interaction of plant host species 

with mycorrhiza colonization (n = 226, Φ = 7.84, Deviancedf:5 = 1.96, P =0.85) and 

root lesions of an individual. When including mycorrhiza in the model, there was 

no significant effect on lesion number due to the three-way interaction of 

mycorrhiza × invasion × host plant species interaction (n = 226, Φ = 7.84, 

Deviancedf:6 = 3.1, P = 0.80), invasion × host plant species interaction (n = 226, Φ 

= 7.84, Deviancedf:5 = 5.64, P = 0.34) nor invasion alone (n = 226, Φ = 7.84, 
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Deviancedf:1 = 1.02, P = 0.31). Additionally, plant host species did not differ 

significantly in the amount of root lesions (n = 226, Φ = 7.84, Deviancedf:1 = -84.362, 

P = 1). 

 

 

Figure 2.8 The linear relationship between AMF colonization and lesions for each 

co-occurring species. 

The relationship between lesions and AMF colonization separated by species Hepatica 

americana (AH), Circaea lutetiana (CL), Galium aparine (CA), Geranium robertianum 
(GR), Maianthemum racemose (MR), and Solidago canadensis (SC) and invasion. Root 

samples were either taken inside A. petiolata populations (inside) or at least 7 m outside 
(outside). Red and blue lines indicate linear best fit models using least-squares 

separately for roots sampled inside and outside, respectively.  
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2.4 Discussion  

 

The main objective of this study was to determine if the presence of Alliaria 

petiolata was associated with lower levels of AMF root colonization, and if this 

reduction in AMF translated to a loss of pathogen protection in field populations of 

plants co-occurring with A. petiolata. According to results from laboratory 

experiments, I expected that A. petiolata would reduce the presence of AMF in the 

genus Glomus and Acaulospora (Stinson et al. 2006; Koch et al. 2011) which are 

genera associated with extensive root colonization and pathogen protection 

(Maherali and Klironomos 2007). I did not find any difference in AMF colonization 

associated with A. petiolata invasion for any of the co-occurring species I 

assessed. Nonetheless, my observations of root health support the hypothesis that 

naturally occurring plants growing in the presence of A. petiolata have more 

lesions. However, because AMF colonization rates appears to be unaffected by 

the presence of A. petiolata, it seems unlikely that the lesion increase in 

populations where A. petiolata was present is related to changes in AMF pathogen 

protection capabilities.  

The observational quality of the ‘natural experiment’ of A. petiolata invasion 

is more ecologically meaningful than heavily-controlled greenhouse experiments. 

Yet it raises the question of whether A. petiolata caused the differences in microbial 

community observed in the field or, alternatively, whether the ability of A. petiolata 

to colonize areas is guided by the edaphic conditions of the soil, which are 
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themselves associated with the different microbial communities observed.  I was 

able to detect little physical difference between soils that are invaded by A. 

petiolata and adjacent soils. I found no significant effect on aggregate stability, 

carbon, nitrogen, or soil texture, but invaded soils tended to have a higher pH. A 

change in pH is not surprising and has been linked to the high decomposition rate 

of A. petiolata leaves (Rodgers et al. 2008). As such, despite the observational 

nature of this study, I can confidently say that the uninvaded sites are edaphically 

similar to the invaded sites. Given that soil microbes are good dispersers, 

differences in microbial community composition are probably due to minor changes 

in floristic composition and major changes in A. petiolata invasion. In fact, the 

above-ground plant community shifted with A. petiolata coverage only slightly, 

invasion explained less than 3% of the variation in plant community. Consequently, 

changes in microbial community composition are more likely to be associated with 

A. petiolata invasion than any other physical or biotic difference. 

 Based on strong laboratory evidence suggesting that A. petiolata inhibits 

AMF germination and growth (Stinson et al. 2006; Callaway et al. 2008; Koch et 

al. 2011), I hypothesized that I would find reduce AMF colonization in roots of 

species co-occurring with A. petiolata. However, I did not detect any suppressive 

effect of A. petiolata on AMF colonization of cohabitating herbaceous plants in the 

field. This contrasts with mounting evidence obtained from laboratory studies 

(Stinson et al. 2006; Barto et al. 2010; Koch et al. 2011) where extracts of A. 

petiolata tissues reduced AMF germination and growth. The disparity between the 
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results of the controlled experiment and my field result can potentially be attributed 

to the differences between the concentration and chemical composition of 

inhibitory compounds present in A. petiolata tissue extracts and soil conditioning 

as compared to field soils. Glucosinolates, the class of compounds usually linked 

to AMF inhibition by A. petiolata (Barto et al. 2010; Koch et al. 2011; Lankau 2011), 

are released when A. petiolata is damaged (Cipollini and Grunner, 2006). 

However, in related member of the Brassicacea family, concentrations of 

glucosinolates decline during leaf senescence (Brown et al. 2003). Thus, aqueous 

extracts from plants that have been harvested and dried are likely to contain higher 

concentration of glucosinolates than leachates of A. petiolata plant material 

senescing and decomposing under natural conditions. Even when experiments 

condition soil by growing A. petiolata rather than using extracts, naturally occurring 

chemical concentrations are unlikely to be replicated in the lab because the 

allelochemical compounds in A. petiolata tend to fluctuate seasonally (Barto and 

Cippolini 2009). Additionally, under field conditions, the compounds used in 

controlled laboratory settings are found at very low concentrations (Burke 2008; 

Barto and Cippolini 2009) and can be quickly altered or deteriorated by soil 

microbes (reviewed in Huang et al. 2014). Although some greenhouse studies 

have tried to use biochemical concentrations that mimic the expected field 

concentration of root exudates (Koch et al. 2011) the complex interactions of 

allelochemicals with soil microbiota can be difficult to replicate under controlled 

conditions. Consequently, the results of my AMF colonization survey inside and 
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outside A. petiolata population suggest that despite the inhibitory effect of 

glucosinolates at high concentrations in laboratory studies, naturally-occurring 

glucosinolate concentrations are not strong or consistent enough to cause 

noticeable change in AMF colonization in the field.   

In field experiments, the outcome of A. petiolata invasion on AMF 

colonization and community composition are still mixed. Arbuscular mycorrhizal 

fungi colonization was the same inside and outside A. petiolata invaded areas for 

the herbaceous plants Hepatica americana, Circaea lutetiana, Galium aparine, 

Geranium robertianum, Maianthemum racemose, and Solidago canadensis. My 

results agree with Burke (2008), who found no difference in root AMF colonization 

of the herbaceous M. racemosum, Arisaema triphyllum, and Trillium grandiflorum 

in the presence of A. petiolata, despite detecting some changes in AMF community 

composition in M. racemosum roots grown with A. petiolata. However, in a field 

studies, Barto et al (2011) detected differences in AMF colonization for Acer 

saccharum cohabitating with A. petiolata as compared to specimens outside the 

invaded area, but no difference in AMF richness. One possible explanation for the 

difference between Barto et al.’s (2011) findings compared to Burke (2008) and 

my findings is the focal plant host species from which AMF colonization 

measurements were taken. In fact, Stinson et al. (2006) suggested that the effect 

of A. petiolata could be greatest on the hardwood species of North American 

forests, including Ac. saccharum. Arbuscular mycorrhizal fungi show host 

preference; thus, AMF community differ between host plant species (Helgason et 
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al. 2002; Burke et al. 2008; Li et al. 2010; Torrecillas et al. 2012; Veresoglou and 

Rillig 2014) and can vary in frequency of occurrence (Torrecillas et al. 2012). 

Consequently, if only some AMF species are suppressed by A. petiolata, as 

suggested by the results of Burke (2008), not all plant hosts will have significantly 

reduced AMF root colonization. Because of the variability in host plant AMF 

colonization, it is difficult to draw overarching conclusions about the effect of A. 

petiolata on the overall AMF community from AMF root community surveys.  

One possible solution to the problem of variability in host plant AMF 

colonization is to assess the AMF community by sequencing AMF DNA directly 

from soil. Arbuscular mycorrhizal fungi communities are compartmentalized 

between root-colonizing and soil dwelling fractions (Saks et al. 2014; Varela-

Cervero et al. 2015) and roots can act as a filter that selects and amplifies specific 

AMF species available in the soil (Varela-Cervero et al. 2015). Therefore, 

surveying soil AMF communities can give an overview of the effect of A. petiolata 

on AMF community composition that is not biased towards the particular response 

of a co-occurring AMF host plant (see Chapter 3).  

I had hypothesized that A. petiolata suppression of AMF would be a 

contributing factor to the rise in lesions on plant roots due to the loss of AMF 

pathogen protection. However, I did not find that the presence of A. petiolata 

reduced AMF colonization, consequently it is unlikely that it suppresses 

extensively colonizing species of AMF that also confer pathogen protection. 

Nevertheless, DNA community analyses of AMF colonizing the plant root are 
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needed to confirm that AMF in the genus Glomus and Acaulaspora are not 

suppressed by A. petioalta. Despite the constant AMF colonization rates of plants 

growing with and without A. petiolata, I found that Ga. aparine and G. robertianum 

growing in A. petiolata populations had a higher rate of root lesions compared to 

those collected from uninvaded areas. This is strong evidence in favor of an 

alternative invasion hypothesis for the success A. petiolata: spillback from 

pathogen accumulation (Mangla and Callaway, 2007; Flory and Clay, 2013) also 

knows as the ‘Enemy of my Enemy Hypothesis’ (Colautti et al 2004). Spillback 

from pathogen accumulation occurs when, over residence time, native pathogens 

found in invaded areas accumulate on the dense invasive plant population and 

negatively impact co-occurring native plants. For example, Chromolaena odorata 

was shown to accumulate generalist Fusarium pathogens and, through this 

mechanism, reduce plant growth in co-occurring native plants (Mangla and 

Callaway, 2007). As such, the pathogen accumulation hypothesis predicts that A. 

petiolata could incubate and promote the proliferation of pathogens that reduce 

root health, thus increasing the number of root lesions of co-occurring native 

plants. Pathogen are of particular interest in the context of invasion when they 

regulate plant community composition through trade-offs between plant-plant 

competitive abilities and plant defenses (Bever et al. 2015). Therefore, the 

disruption of other soil functional groups by A. petiolata, such as increasing 

pathogenic fungus and bacteria may be as important as suppressing beneficial 

AMF. Despite the potential of spillback as a significant invasion mechanism, there 
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are still few records of its ecological prevalence. I was able to detect that in the 

presence of A. petiolata, certain plants have more root lesions, but this is not a 

direct measurement of the effect of A. petiolata on soil pathogen community 

dynamics. As such, this is a particularly interesting avenue of research for future 

A. petiolata studies, and a direct measurement of pathogen population community 

composition is a necessary next step to provide insights into the effect of A. 

petiolata invasions on pathogen populations.  

Pathogenic microbes have the ability to survive saprophytically, both types 

of strategies involve overlapping processes and are consequently linked (Olson et 

al. 2012). Leaf litter decomposed faster when combined with A. petiolata rosette 

leaves (Rodgers et al. 2008), and high decomposition rates are also linked with 

higher pH (Barekzai and Mengel, 1993; Noble et al. 1996). Perhaps, an increase 

in lesions is also linked to an increase in decomposition, and thus the increase in 

pH in the populations I studied. Consequently, populations of A. petiolata could be 

accumulating both pathogens and saprotrophs together causing changes in soil 

pH, as well as damage to co-occurring native plants.  

 

2.4.1 Conclusion 

 

In conclusion, with the invasion of A. petiolata, soil characteristics were 

mostly unchanged, but plant community composition varied slightly with A. 

petiolata coverage. Although there was no evidence of change in AMF colonization 
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for any of the species studied, root lesions still increased with A. petiolata, 

suggesting that the loss of AMF pathogen protection is not the cause for an 

increase in lesions, but potentially pointing to changes in populations of pathogens 

and decomposers. Thus, more research is needed on the identity of microbial 

species affected by A. petiolata invasion and how they interact in the field. In light 

of these results, I propose that I need to use molecular tools capable of detecting 

changes in the microbial community and of providing appropriate taxonomic 

resolution, thereby widening our scope to include groups outside of AMF (Chapter 

3).  
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Chapter 3 

Soils invaded by Alliaria petiolata accumulate fungal pathogens 

and decomposers, reduce nitrogen-fixing bacteria, but are 

neutral to ectomycorrhizal fungi  

 

3.1 Introduction 

 

Ecosystems develop through shared evolutionary history among organisms 

(McPeek and Miller 1996). For example, the relationship between specialist 

pathogens and their host plants evolves continuously to create tight ecological 

links (Burdon and Thrall 2009; Gilbert and Parker 2010). Furthermore, both 

generalist and specialist pathogens drive plant community diversity and structure 

(Bever et al. 2015). Microbes can thus be both influenced by adaptations to 

environmental conditions and play a role in structuring communities, ultimately 

determining ecosystem-level processes (Schimel and Schaeffer 2012; Bever et al. 

2015). An organism’s functional roles are determined by its phenotypic traits that 

influence ecosystem process (Petchey and Gaston 2006). For example, the fungi 

Postia placenta produces extracellular peroxidases to oxidize lignin (Martinez et 

al. 2009), a trait which links P. placenta to the carbon cycle and determines its 

functional role as a decomposer. Consequently, a community is composed of 

species that each have their functional roles, and together these species determine 

the functional composition of the community. 
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 Biological invasions provide ample opportunities to study interactions 

between plants and microbes because the spread of an invasive species creates 

novel ecological relationships that are not the product of a shared evolutionary 

history. In this context, few studies focus on the impact of invasive species on the 

functional composition of microbes. However, the shift in microbial community 

composition in response to invasion can be associated with quantifiable changes 

in ecosystem services because microbes are functionally linked to particular 

ecosystem processes (Maherali and Klironomos 2007; Wagg et al. 2014; Amend 

et al. 2016). For example, when the shrub Lonicera maackii invaded North 

American deciduous forests, it hosted a different community of leaf microbes than 

Carya ovata and Fraxinus americana, two native species that recruit leaf microbial 

communities which are indistinguishable from one another. Decomposition rates 

are similar for the two native species that recruit with similar microbial 

communities, but L. maackii, which is linked to a different microbial community, 

has a higher rate of litter decomposition. Thus, the shift in microbial community 

composition associated with invasion is linked to quantifiable changes in leaf litter 

decay (Arthur et al. 2012). Therefore, microbial composition shifts in tandem with 

changes in ecosystem functions such as decomposition. As such, I can also use 

changes in microbial composition to detect how invasive species affect ecosystem 

processes by measuring how invasion changes functional composition of microbial 

communities. However, most research assessing the effect of plant invasions on 

microbial communities either measures overall changes in microbial community 
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composition (Barto et al. 2011; Koch et al. 2011; Arthur et al. 2012; Carey et al. 

2017) or focuses on taxonomy, thereby overlooking microbial functional responses 

(Batten et al. 2006; Burke 2008; Mamet et al. 2017). 

Some invasive plants can affect microbes directly through root exudates or 

indirectly through their effects on soil microbial communities (e.g. Kortev et al. 

2002; Vogelsang and Bever 2009; Piper et al. 2014). Alliaria petiolata (garlic 

mustard) Cavara & Grande is an invasive plant introduced to North America in the 

late 19th century (Nuzzo, 1993) from Eurasia. Alliaria petiolata is a member of the 

mustard family (Brassicaceae). Like most plants in its family (Shreiner and Koide 

1993), A. petiolata does not associate with arbuscular mycorrhizal fungi (AMF), 

which are symbiotic fungi that colonize plant roots and provide nutrients in 

exchange for photosynthates (Smith and Read 1996). In addition to not associating 

with AMF, aqueous extracts of A. petiolata and soils conditioned by A. petiolata 

reduce the AMF colonization of native plants in controlled environments (Stinson 

et al. 2006; Callaway et al. 2008; Koch et al. 2011).  

The negative effects of A. petiolata on AMF communities has not been 

demonstrated under natural field conditions as consistently as under controlled 

environmental conditions (Burke 2008; Barto et al. 2011, see Chapter 1 for more 

detail). The exclusion of the natural (i.e., field) microbiome in A. petiolata-AMF 

studies could explain the discrepancy between laboratory and natural 

experiments, as exudates from A. petiolata and the response of AMF to A. petiolata 

biochemicals are influenced by the complete set of interactions they experience in 
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their complex natural systems. In fact, how A. petiolata affects bacteria remains 

poorly understood. In one study, species composition of soil bacteria above the 

rooting zone of plants showed little to no response to A. petiolata compared to soil 

under Allium tricoccum (Burke and Chan 2010). By contrast, evidence from Lankau 

(2010) suggests the rhizosphere of A. petiolata populations estimated to have had 

a longer invasion time had a significantly lower bacterial species richness, although 

older populations of ~60 years saw a possible recovery of their bacterial species 

richness. Another outstanding question is how A. petiolata affects non-mycorrhizal 

fungi. Lankau (2010) also provides some evidence that overall fungal species 

richness decreases with increasing invasion time, and Keesing et al. (2011) found 

that when A. petiolata extracts replaced the water in agar, it reduced the 

germination of an entomopathogenic fungus. Wolfe et al. (2008) found that A. 

petiolata reduced ectomycorrhizal fungi (EMF) root tip biomass in pine seedlings 

in invaded forest soils as compared to uninvaded forests. Together, these results 

suggest that fungi other than AMF could be inhibited by A. petiolata.  

Our knowledge of the effect of A. petiolata on non-mycorrhizal fungi is 

limited. Recently, Anthony et al. (2017) gave an overview of the differences in 

fungal composition between A. petiolata invaded and uninvaded soils using ITS 

metabarcoding, dividing the fungi by functional groups including saprotrophs, 

ectomycorrhiza, and pathogenic fungi. They found that the presence of A. petiolata 

reduced ectomycorrhizal fungi (EMF), but was associated with an increase in the 

decomposers and pathogens. Although this study made astute observations about 
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the changes in the fungal functional groups associated with A. petiolata invaded 

soils, the ITS primer pair they used did not provide an accurate profile of AMF 

communities (Stockinger et al.  2010), and they did not examine bacterial 

communities. Thus, it is uncertain how mycorrhizal or bacterial microbial 

communities vary in composition in soils invaded by A. petiolata.  

Molecular tools have emerged within the last few years that enable 

investigating the diversity of mycorrhiza and soil microbiota with taxonomic 

assignment to genus or species (Orgiazzi et al. 2015).  A significant drawback of 

most A. petiolata microbial field studies is the use of Terminal Restriction Fragment 

Length Polymorphism (TRFLP; but see – Anthony et al. 2017). Terminal restriction 

fragment length polymorphism is difficult to calibrate for the high levels of microbial 

diversity found in natural conditions and cannot identify microbial taxonomy to the 

species and, consequently, functional composition (Karczewski et al. 2017). Unlike 

previous methods, metabarcoding, which relies on high throughput sequencing 

(HTS), provides tens to hundreds of millions of target DNA sequences from mixed 

microbial communities. The target DNA sequences are specifically chosen 

because they are ubiquitous and highly conserved in the group of organisms I aim 

to identify. Thus, the variability in the target DNA sequence can be used to identify 

the microbes present because the number of random basepair changes in the 

conserved sequence is correlated to time since divergence between organisms 

(Patel 2001). The target DNA sequences are compared to online databases to 

assign taxonomic groups with greater precision and without relying on morphology 
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and metabolic methods, which are more time-consuming and less reliable (Behjati 

and Tarpey 2013). In fact, metabarcoding enables the quantification of shifts in 

community composition and relative abundance of microbes in response to the 

arrival of A. petiolata with a level of taxonomic precision high enough to reveal 

patterns associated with microbial functional composition. 

In the context of A. petiolata invasion, metabarcoding provides a more 

reliable measure of fungal and bacterial species taxonomy and functional 

composition, compared to more conventional methods like TRFLP. Metabarcoding 

technology and the assignment of taxonomy to microbial DNA sequences using 

online databases now allows us to get a clearer picture of not only if, but how the 

community is shifting in response to invasion. Functional assignment of microbial 

DNA sequences allows us to dig deeper and understand what the microbial 

community is doing. From there, I can widen our scope to include groups other 

than AMF and compare their relative abundance. In this chapter, I aim to 

characterize both the fungal and bacterial community associated with A. petiolata 

invasion and compare it to uninvaded soil communities. I test three hypotheses: 

(Hypothesis 1) Invasion by A. petiolata alters microbial community composition 

and decreases the number of species or higher-order taxonomic groups (i.e. 

richness). (Hypothesis 2) Alliaria petiolata specifically reduces AMF and EMF 

richness as observed in laboratory studies on AMF community composition and 

natural changes in EMF root tip colonization. However, A. petiolata will not inhibit 

other fungal functional groups, specifically saprobes (i.e. fungal decomposers), 
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fungal animal pathogens, and fungal plant pathogens, because the invasive plant 

seems to promote pathogens and decomposers. (Hypothesis 3) Changes in 

bacterial functional composition will occur in the presence of A. petiolata, based 

on Lankau’s (2010) observations of a decrease in bacteria richness with increasing 

time since invasion. To test these hypotheses, I used metabarcoding of natural 

bacterial and fungal communities present in A. petiolata invaded and A. petiolata-

free soils. I determined the taxonomy and functional assignment of microbial 

species by comparing the resulting DNA sequences to online databases and 

compared the microbial community of invaded and uninvaded soils. 
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3.2 Methods 

3.2.1 Field sampling 

 

Upon first arrival at each site, I established transects through the A. 

petiolata population to determine where I would be taking soil samples. I 

established transects from east to west, unless this direction corresponded with a 

steep incline, in which case I changed the orientation of the transect to minimize 

differences in incline between the middle and the end of the transect. I ended 

transects 7 m away from the edge of the population, which was determined as 

being where the last visible A. petiolata plant of the population was present along 

the transect. I used a distance of 7 m between the edge of the population and the area 

qualified as outside to minimize the impact of A. petiolata on the uninvaded soil while 

keeping soil characteristics between sampling areas similar. Two studies informed this 

decision, first Rodgers et al. (2008) used uninvaded plots at a maximum of 5 m away 

from their 1.2 m2 plots, and Wolfe et al. (2008) found that 75% of mycorrhizal species 

were similar to those found in uninvaded soil 20 cm away from A. petiolata individuals. 

To characterize below-ground bacterial, archaeal and fungal microbial 

community composition of soil, I sampled soil in and around 10 A. petiolata 

populations located on the property of the Queen’s University Biological Station 

(QUBS). For each population, I collected soil in triplicate, 1 m apart, around both 

the middle (henceforth ‘invaded’) and the end (henceforth ‘uninvaded’) of the 

transect using a 5 cm diameter core through the actively growing A. petiolata 

population (described in the previous section), for a total of six samples per 
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population. The corer was washed using distilled water and 70% ethanol between 

each sample collection. Following collection, the triplicate soil samples were 

pooled and stored at -20ºC. I pooled equal parts of the three soil samples from 

either inside or outside of each population separately in 50 mL falcon tubes and 

froze them at -20ºC.  

3.2.2 DNA extraction and sequencing 

 

 I extracted DNA from 10 g of pooled soil using a PowerMax Soil DNA 

Isolation Kit (MoBio Laboratories Inc., Carlsbad, California). I assessed the quality 

and concentration of purified DNA using a NanoDrop Spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, USA). I used a two-step PCR 

amplification. As outlined in detail below, I did the first PCR reaction in triplicate 

following the method developed by Fadrosh et al. (2014).  The first PCR reaction 

aimed to isolate and amplify the template DNA in the genomic DNA for each 

sample. After the first reaction, I cleaned and pooled the product of the three 

replicates for the next PCR reaction, where the isolated template DNA was further 

amplified and identified with phased and barcoded primers (Wu et al. 2015) that 

would later allow me to pool all my samples for sequencing on one lane of the 

MiSeq platform.  

I performed targeted amplification of the bacterial 16S ribosomal-RNA 

encoding genes and the fungal internal transcribed spacer regions to characterize 

the composition of soil microbial communities. To amplify bacteria and archaea in 
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the soil samples I analyzed bacterial communities by targeting the variable region 

4 of the 16S ribosomal gene using the improved 16S rRNA Gene primer 

recommended by the Earth Microbiome Project: 515f Modified [5′-

GTGYCAGCMGCCGCGGTAA-3′] and 806r Modified [5′-

GGACTACNVGGGTWTCTAAT-3′] (Walters et al. 2015). To amplify sequences 

from fungal organisms, I chose to use the genomic DNA encoding for the ITS 

region of ribosomal RNA over other phylogenetic markers because it is better at 

discriminating between species and identifying sequences (Schoch et al. 2012), 

which is necessary when trying to assign amplicon sequence variants (ASV), an 

exact sequence that represents a taxonomic group, to a functional group. 

Furthermore, I chose to use Taylor et al.’s (2016) 5.8S-Fun [5′-

AACTTTYRRCAAYGGATCWCT-3′] and ITS4-Fun [5′-

AGCCTCCGCTTATTGATATGCTTAART-3′] primer pair (hereafter simply ITS) 

because, unlike other primers targeting the ITS region, this primer pair minimizes 

the amplification of non-target eukaryotes which maximizes the coverage for target 

fungi, including AMF (Gao et al. 2019). I processed each sample with two technical 

replicates per primer. 

The PCR method I used contained two reactions. The first reaction 

amplified the 16S or ITS region, and the second reaction attached the larger 

barcode, spacer, and Illumina attachment. The delay in attaching the larger 

segment effectively minimizes genomic interference. The first PCR step was a 50 

μL reaction which contained the following reagents: 0.25 mM forward and 0.25 mM  
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reverse target-only primers (Eurofins Scientific, Brussels, Belgium), 1.25 mM MgCl 

(Invitrogen, Carlsbad, CA, USA), 0.04 mM BSA (Ambion, Foster City, CA, USA), 

0.1 mM dNTPs (Invitrogen, Carlsbad, CA, USA), 0.02 U/µL of Platinum™ Taq DNA 

Polymerase High Fidelity (Invitrogen, Carlsbad, CA, USA), 2.5 µL of 10x PCR 

buffer, which was composed of 100mM Tris HCl at pH 8.4 and 25 mM KCl 

(Invitrogen, Carlsbad, CA, USA), and finally 0.6 ng/µL of the genomic DNA. This 

first reaction amplified the 16S or the ITS targeted segments from the template 

DNA for 12 cycles with a denaturing step of 96ºC for 30 seconds, an annealing 

step of 58ºC for 30 seconds, and an elongation step of 72ºC for 1 minute and 30 

seconds.  

Following the first PCR, I purified the amplified DNA using 1.8x AMPure 

beads (Beckman Coulter, Beverly, MA, USA) to remove template DNA, primers 

and reaction chemicals. The purified PCR product was used as template for a 

second PCR step, which was a 25 μL reaction with 0.4 mM forward and 0.4 mM 

reverse primers attached with the barcode, the spacer, and the Illumina adaptor, 

10 mM Tris HCl at pH 8.4, and 25 mM KCl, 2.5 mM MgCl, 0.08 nM BSA, 0.2 mM 

dNTPs, and 0.04 U/µL of Platinum™ Taq DNA Polymerase High Fidelity. I used 

15 µL of the cleaned product of step one as the template DNA of step 2 to bring 

the second reaction up to volume. I amplified the previously selected 16S or ITS 

segment for 28 cycles with the same temperature and time specifications as the 

first PCR reaction. I cleaned the final product with the 1.8x AMPure bead mixture. 

I measured the molarity of the samples using PicoGreen reagents on the Qubit 
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Fluorometer (Life Technologies, Grand Island, NY, USA) and pooled all samples, 

including both ITS and 16S, to a final concentration of 4 pM in EDTA. The library 

was sequenced on a single lane of the MiSeq platform at Queen’s University 

(Kingston, Ontario, Canada) using the MiSeq Reagent Kit v3, with 600 cycles 

(Illumina, San Diego, CA, USA).  

 

3.2.3 Bioinformatics pipeline 

 

 Raw sequences were first quality filtered and sorted using the 

process_radtags command from the Stacks software package (Catchen et al. 

2013) to demultiplex the barcoded sequences, allowing for two mismatches in the 

barcode sequence and disabling the restriction site associated DNA marker check. 

They were then sorted by primer using the seal.sh command from BBmap 

(Bushnell 2016) with 5 base-pair-long k-mers. The demultiplexed sequences were 

imported into QIIME2 (Bolyen et al. 2018), and I merged paired-end reads, filtered 

chimeric reads, and produced a feature table using the DADA2 (Callahan et al. 

2016) plug-in. I assigned taxonomy to each representative sequence, henceforth 

feature, using BLAST+ (Camacho et al. 2009), a consensus taxonomy classifier 

available on QIIME2, with the Silva database version 1.32 (Quast et al. 2013) for 

16S samples and the UNITE database version 7.2 (Kõljalg et al. 2013) for ITS 

samples. A sequence was assigned taxonomy if ≥99% of the sequence aligned to 

a reference and matched the sequence with ≥97% identity (Schloss and Westcott, 
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2011). I allowed for 1 BLAST hit, and 51% of the ASV had to match the top hit with 

100% precision to accept it as the consensus taxonomy assignment.  

 Following taxonomic assignment, the Funguild program (Nguyen et al. 

2016) annotates the species composition table with a functional guild (e.g. AMF, 

EMF, dung saprotroph, wood saprotroph) for each fungal species. I used the 

program to predict the function of each fungal species assigned in our samples 

(https://github.com/KatherineDuchesneau/BioinformaticPipeline). No such tool is 

available for soil bacteria; thus, I manually researched using citations from Google 

Scholar and Web of Science for the function of a subset of species that differed in 

their abundance between invaded and uninvaded soils (see next section for 

details) based on their phylogenic classification.  

 

3.2.4 Statistical analysis 

 

I used a series of statistical models in R program version 3.3.2 (R core team, 

2018) to test whether A. petiolata invasion generally alters microbial community 

composition (Hypothesis 1) and/or soil microbial functional groups (Hypothesis 2) 

by reducing species richness overall (Hypothesis 1), and in specific functional 

groups (Hypothesis 2). I analyzed the effect of A. petiolata on the community 

composition of fungi and bacteria using permutational ANOVAs and the effect of 

A. petiolata on richness using generalized linear models. I used the adonis2 

function in the vegan package with 999 permutations (Oksanen et al. 2018) to test 
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the effects of invasion status, population, and technical replicate on microbial 

community composition for both bacteria and fungi independently. To visualize 

differences in species composition, I plotted non-metric multidimensional scaling 

(NMDS) coordinates for two dimensions based on Bray-Curtis dissimilarity 

matrices using metaMDS from vegan. I fit a generalized linear mixed model, as 

implemented by the glmmadmb function from the glmmADMB package (Fournier 

et al. 2016) using species richness as the response variable with A. petiolata 

invasion status as the explanatory variable, and technical replicate nested within 

population as a random factor. To determine if changes in microbial community 

composition in the presence of A. petiolata are due to species loss, when beta-

diversity significantly differed between invaded and uninvaded soils, I partitioned 

beta diversity into spatial turnover and nestedness and found which one correlated 

with the difference in species composition between invaded and uninvaded sites. 

To do so, I used the beta.pair function from the betapart package and 999 

permutations (Baselga et al. 2018) to partition the microbial species beta-diversity 

into spatial turnover or nestedness. I tested the correlation of invasion on turnover 

and nestedness using Multiple Response Permutation Procedure (MRPP) with 

vegan’s mrpp, set to use 999 permutations.  

I tested whether A. petiolata could also impact bacterial functional 

composition (Hypothesis 3) using the simper command from vegan with Bray-

Curtis dissimilarity to determine which bacterial species relative abundance 

changed most between invaded and uninvaded soils. Using the phylogenic 
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assignment, I researched the function of each individual that differed between 

invaded and uninvaded areas separately. Simper tests for species that differ 

between groups, but it does not test whether taxonomic or functional groups are 

over- or under-represented relative to the total pool of organisms. Therefore, I 

tested whether common functional groups identified in the simper analysis were 

over-represented relative to a random sample of the pool of soil microbes (i.e. an 

enrichment test). To do so, I randomly selected taxonomic groups from the 16S 

feature table 1000 times and calculated the number of species assigned to a 

particular function. This produced a null distribution of functions against which I 

could test for enrichment or reduction that differed significantly from chance 

sampling.  
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3.3 Results 

 

3.3.1 Diversity and community composition 

 

After quality control, ASV picking and removal of chimera, chloroplast and 

mitochondrial DNA, I retained 9,325,402 sequences, which were assigned to 

11,724 ASV. The most abundant phyla identified in the 16S analysis were 

Acidobacteria (836 ASV), followed by Actinobacteria (1015 ASV), 

Armatimonadetes (20 ASV), Bacteroidetes (294 ASV), BRC1 (4 ASV), and 

Calditrichaeota (1 ASV). The most common phyla of fungi were Aphelidiomycota 

(9 ASV), followed by Ascomycota (2978 ASV), Basidiomycota (2038 ASV), 

Blastocladiomycota (9 ASV), and Calcarisporiellomycota (4 ASV). The most 

common fungal species present in soil were Mortierella alpine (48 samples), and 

Mortierella minutissima (48 samples), both saprobes.  

 

3.3.2 Changes in microbial community composition 

 

 Fungal community structure was different between invaded and uninvaded 

soils (n = 20, Deviance d.f.:1 = 0.55, R2= 0.026, p-value = 0.001) and among 

populations (n = 20, Devianced.f.:9 = 5.32, R2= 0.251, p-value = 0.001), but not 

between technical replicates (n = 20, Devianced.f.:1 = 0.46, R2= 0.218, p-value = 

0.88). When beta diversity was divided into spatial turnover and nestedness, only 
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spatial turnover responded to invasion (nin,out = 20, 20, delta in,out = 0.9932, 0.9938, 

p-value = 0.05), not nestedness (nin,out = 20, 20, delta in,out = 0.001, 0.001424, p-

value = 0.39). Species richness of fungi did not differ with invasion (CI: -174.24 to 

16.42, Effect size: -78.9) (Figure 3.1), but bacterial community structure did differ 

with invasion (n = 20, Devianced.f.:1 = 0.54, R2= 0.26, p-value = 0.003) and 

population (n = 20, Devianced.f.:9 = 5.17, R2= 0.25, p-value = 0.001). Bacterial 

community composition also differed significantly among technical replicates (n = 

20, Deviance d.f.:1 = 0.51, R2= 0.24, p-value = 0.02) (Figure 3.2).The change in 

bacterial species composition that occurred in the invaded sites compared to the 

uninvaded sites was attributable to species turnover (nin,out = 20, 20, delta in,out = 

0.977, 0.969, p-value = 0.001) rather than a loss of species (nin,out = 20, 20, delta 

in,out = 0.006, 0.007, p-value = 1). Bacterial species richness was not significantly 

affected by invasion status (CI: -0.27, 0.24, Effect size: -0.01).  
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Figure 3.1 Invasion and fungal population community and richness. 

A) NMDS ordination of fungal community composition in soils using a Bray-Curtis 

distance matrix. Each point represents the mean species composition of two technical 
replicates of each location (inside vs. outside) in each population. The inside and outside 

samples from each of the A. petiolata populations are linked by a black line. NMDS axes 
stress = 0.23 after 64 iterations. B) Plot with points representing fungal richness (as 

measured by number of ASV per sample) inside and outside of each A. petiolata 
population. Inside and outside points of each population are linked by a grey line. 
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Figure 3.2 Invasion and bacterial population community and richness. 

A) NMDS ordination of Bacterial and Archaeal community composition in soils using a 

Bray-Curtis distance matrix. Each point represents the mean species composition of two 

technical replicates in each population (inside vs. outside). The inside and outside 
samples from each A. petiolata population are linked by a black line. NMDS axes stress 

= 0.19 after 20 iterations. B) Plot with points representing Bacterial and Archaeal 
richness (as measured by number of ASV per sample) inside and outside each A. 

petiolata population. Inside and outside points of each population are linked by a grey 
line. 

 

3.3.3 Changes in fungal functional groups  

 

 Overall, EMF (746 ASV) were dominated by Mortierellaceae (34 ASV) while 

AMF (184 ASV) were dominated by Glomeraceae (14 ASV). The EMF community 

composition varied significantly among populations (n = 38, Devianced.f.:9 = 5.04, 
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38, Devianced.f.:1 = 0.57, R2= 0.03, p-value = 0.016). In contrast, AMF community 

composition was similar in all populations, (n = 35, Devianced.f.:9 = 0.287, R2= 0.29, 

p-value = 0.567) and in A. petiolata invaded and A. petiolata-free areas (n = 35, 

Devianced.f.:1 = 0.035, R2= 0.03, p-value = 0.184). Using beta-diversity partitioning, 

I could not determine if the change in EMF community composition was attributed 

to a turnover in species composition (nin,out = 19, 19, delta in,out = 0.98, 0.96, p-value 

= 0.074) or a loss of species (nin,out = 19, 19, delta in,out = 0.01, 0.02, p-value = 0.87). 

However, invasion did not affect the richness of either mycorrhizal types (AMF: CI: 

-3.07, 1.43, Effect size: -0.82, EMF: CI: -17.31, 3.31, Effect size: -7.00). It is 

therefore unlikely that changes in EMF community composition were due to a loss 

of species. 

 I found that animal pathogen communities (149 ASV), which were 

dominated by Clavicipitaceae (5 ASV), Cordycipitaceae (4 ASV) and 

Mortierellaceae (13 ASV), varied with A. petiolata invasion (n = 33, Deviance d.f.:1 

= 0.605, R2= 0.04, p-value = 0.047), and differed among populations (n = 33, 

Deviance d.f.:9 = 0.767, R2= 0.31, p-value = 0.040) when controlling for technical 

replicates. I could not assign this change in community composition to species 

turnover or species loss. However, animal pathogen richness was not significantly 

related to invasion status (CI: -7.89, 1.69, Effect size: -3.12). Thus, it is unlikely 

that changes in animal pathogen community composition were due to a loss of 

species. 



 

67 

 

Plant pathogens (566 ASV) were dominated by Spizellomycetaceae (12 

ASV), Mortierellaceae (22 ASV), and Nectriaceae (14 ASV). Invasion had an effect 

on the community composition of plant pathogens (n = 37, Deviance d.f.:1 = 0.84, 

R2= 0.03, p-value = 0.043) and composition also varied among populations (n = 

37, Deviance d.f.:9 =4.83, R2= 0.27, p-value = 0.001). The community change 

associated with invasion could not be attributed to either nestedness (nin,out = 11, 

11, delta in,out = 0.98, 0.98, p-value = 0.63) or spatial turnover (nin,out = 11, 11, delta 

in,out = 0.02, 0.02, p-value = 0.42). However, plant pathogen richness was 

significantly (n = 40, Deviance d.f.:4, 5 = 9,56, P = 0.002) different between A. 

petiolata invaded and A. petiolata-free areas. In fact, pathogen richness increased 

(CI: 6.35, 20.95, Effect size: 38.4) inside of A. petiolata invaded soils.  

The saprotroph community (2712 ASV) was dominated by Mortierellaceae 

(22 ASV) and Nectriaceae (14 ASV) and differed among A. petiolata invaded plots 

when compared to uninvaded plots (n = 40, Deviance d.f.:1 = 0.61, R2= 0.03, p-value 

= 0.001), as well as among populations (n = 40, Deviance d.f.:9 = 4.92, R2= 0.26, p-

value = 0.001). The community change of saprobes was due to spatial turnover 

(nin,out = 20, 20, delta in,out = 0.97, 0.98, p-value = 0.008) rather than species loss 

(nin,out = 20, 20, delta in,out = 0.02, 0.02, p-value = 0.97). Additionally, saprobe 

richness significantly increased (CI: 25.44, 77.16, Effect Size: 51.3) inside of A. 

petiolata invasion (n = 40, Deviance d.f.:3, 4 = 10.45, P = 0.001) (Figure 3.3).  
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Figure 3.3 The richness for inside and outside the A. petiolata populations for 
fungal functional groups. 

Points representing average richness (as measured by number of ASV per sample) of 

two technical replicates collected inside and outside A. petiolata populations for each 
functional group: A) AMF, B) EMF, C) fungal animal pathogens, D) fungal plant 

pathogens, and E) saprotrophs. Inside and outside points for each population are linked 
by a grey line. Although community composition of EMF, animal pathogens, plant 

pathogens, and saprotrophs differed with A. petiolata invasion, only plant pathogen and 
saprotroph richness were significantly different inside and outside A. petiolata 

populations. 
 

3.3.4 Changes in bacterial functions 

 

 The difference in bacteria communities between invaded and uninvaded 

areas could be attributed to twelve species (Table 1, Figure 4). Of these twelve 
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species, four belong to the widespread nitrogen-fixing bacteria family 

Xanthobacteraceae. A randomization test sampling twelve species 1,000 times 

selected a species of Xanthobacteraceae only once (Figure 5). Thus, according to 

this simulation, the retrieval of four species that are members of the family 

Xanthobacteracea by simper indicates that Xanthobacteraceae were significantly 

depleted within A. petiolata populations (P = 0.001). 
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Figure 3.4 Sequences assigned to bacterial species that significantly differed in 

relative abundance inside and outside A. petiolata populations, grouped by 
invaded (in) and non-invaded soil (out).  

The y-axis shows the relative abundance of each bacterial species that significantly 
differed inside and outside A. petiolata populations, grouped by A. petiolata invaded 

(inside, red) and A. petiolata-free (outside, blue) areas. Each point represents the 

relative abundance of the species in the sample taken from a population, either inside or 
outside. The values for inside and outside of a population are linked by grey lines. 

Amplicon sequence variant (ASV) numbers are the same as in column 1 of Table 1, 
which contains the phylogeny and functional information of each taxonomic group. 
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Figure 3.5 Enrichment test of Xanthobacteraceae (Nitrogen fixers).  

A randomization test sampling 12 random species from the16S feature table for 1000 

iterations. This figure represents the expected null distribution that 4 Xanthobacteraceae 

can be randomly selected from the 16S feature table. Of the 1000 iterations, only one 

output contained four Nitrogen-fixers.  
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3.4 Discussion 

 

My study is the first to examine the effect of Alliaria petiolata on soil 

microbes using tools that allow for sensitive, species-specific resolution of the AMF 

community and provide a reliable measurement of richness. I confirmed that A. 

petiolata invasion impacts soil microbial community composition (Klironomos 

2002; Ehrenfeld 2003; Callaway et al. 2004) but not in the ways that have 

previously been observed in laboratory studies. In previous studies, biochemical 

compounds produced by A. petiolata were found to suppress mycorrhizal 

associations with native plants.  Arbuscular mycorrhizal fungi suppression has 

been designated as a contributor to A. petiolata’s success as an invasive plant in 

North America (Stinson et al. 2006; Callaway et al. 2008; Lankau 2010; Barto et 

al. 2011; Koch et al. 2011). However, under natural field conditions and using high 

throughput sequencing which can more accurately detect AMF compared to 

previous studies, I found no evidence to support the hypothesis that AMF 

community structure was affected by A. petiolata invasion, regardless of A. 

petiolata density. However, while AMF were not sensitive to A. petiolata presence, 

EMF, saprotroph, nitrogen-fixing bacteria, and generalist pathogen composition 

shifted in response to this invasive species. These changes in functional 

composition have the potential to be important forces underlying the invasion of A. 

petiolata through their involvement in the regulation of the local ecosystem’s 

biogeochemical cycles (Ehrenfeld 2003) and plant community dynamics (Bever et 

al. 1997; Laliberté et al. 2015; Bever et al. 2015). Below, I describe the relative 
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effect of A. petiolata invasion on mycorrhiza, decomposers, and pathogens in more 

detail and suggest opportunities for future research.  

There was a turnover in community composition of both soil bacteria and 

fungi in A. petiolata invaded soils when compared to uninvaded soils. Bacterial 

richness stayed constant while fungal richness increased significantly in the 

presence of the invasive species. Unlike previous studies (Burke 2008; Burke and 

Chan 2010; Barto et al 2011) that used TRFLP, I sequenced the gene encoding 

rRNA directly at the loci targeted by ITS primers (Taylor et al. 2016), in contrast to 

previous studies that inferred species composition by DNA fragment length, which 

provides a more accurate taxonomic resolution of the community. Hence, I was 

able to shed some doubts on the importance of AMF suppression as an invasion 

mechanism in a natural setting, a hypothesis that has been supported multiple 

times during the last decade in laboratory conditions (Roberts and Anderson 2001; 

Stinson et al. 2006; Koch et al. 2011). By inferring function of taxonomic groups, I 

was also able to determine what proportion of the A. petiolata microbial community 

was associated with decomposition and pathogenicity. By complementing this 

information with 16S barcode sequencing, which again is novel in the context of A. 

petiolata invasion, I was able to examine which bacterial taxonomic groups were 

most affected in the community. In fact, the relatively coarser techniques used in 

previous studies may explain the contradicting results found in the literature. For 

example, Burke and Chan (2010) found that bacteria species community structure 

from the top 5 cm of soil showed little to no response to A. petiolata when 
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compared to soil found under Allium and Gallium using TRFLP to compare the 

bacterial diversity between samples. In contrast, another study found that bacterial 

species richness decreased over invasion time (Lankau 2011) based, again, on 

TRFLP diversity measurements. Using a methodology that provides greater 

taxonomic resolution, I detected spatial turnover of bacterial species composition 

and an increase in richness with A. petiolata invasion. I was even able to assign 

potential functional attributes based on phylogenetic assignment and identify 

which species differed in their distribution. 

 Despite the change in overall fungal community composition accompanying 

the presence of A. petiolata, I saw no evidence for the previously assumed 

suppressive effect of A. petiolata on AMF fungi community structure (see Cipollini 

and Cipollini 2016). Previously, under controlled laboratory conditions, 

experiments using leaf and root extracts of A. petiolata have shown inhibition of 

AMF (Roberts and Anderson 2001; Stinson et al. 2006; Koch et al. 2011). 

However, naturally occurring populations of A. petiolata have had inconsistent 

effects on AMF communities, with some studies detecting a decrease in soil AMF 

composition (Lankau 2010) and others showing no clear change in AMF diversity 

colonizing host species roots (Burke 2008; Barto et al. 2011). My results do not 

support the hypothesis that AMF communities are suppressed or altered by A. 

petiolata. Instead AMF composition was the same inside and outside A. petiolata 

invasion suggesting that A. petiolata does not affect AMF community composition 

in an ecologically significant way. As such, given the relatively large number of 
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populations analyzed in this study, it seems that in the field, and in contrast with 

previous laboratory research, glucosinolates or flavonoids released by A. petiolata 

may not be as detrimental for AMF as previously proposed.  

The only mycorrhiza fungal community composition changes were related 

to EMF. I found a different EMF community composition with A. petiolata invasion 

as compared to uninvaded soil. However, the changes in EMF community 

composition may not have resulted from belowground EMF suppression by A. 

petiolata but rather a change in decomposition rates associated with A. petiolata 

invasion, particularly its impact on the nitrogen cycle (Rodgers et al. 2008). Alliaria 

petiolata leaf litter is higher in nitrogen and has a faster decomposition rate than 

the leaf litter found in uninvaded forests (Rodgers et al. 2008). As a result, when 

A. petiolata invades forest understories it increases soil nitrogen availability 

(Rodgers et al. 2008). Ectomycorrhizal fungi have the potential to decompose soil 

organic matter, targeting the release of nitrogen (Talbot et al. 2013; Lindahl and 

Tunlid 2014). In fact, EMF communities are known to respond to changes in leaf 

litter quality and composition (Conn and Dighton 2000; Eisenhauer et al. 2012). 

However, EMF have evolved independently several times from saprotrophic 

ancestors (Hibbett et al. 2000). Thus, each lineage has a unique evolutionary 

history, and have retained different sets of genes relating to decomposition (Kohler 

et al. 2015). The genetic potential of EMF to decompose soil organic matter and 

release nitrogen varies widely by lineage (Pellitier and Zak 2017). Therefore, the 

changes in nitrogen availability and decomposition brought about by A. petiolata 
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invasion is unlikely to affect every EMF species in the same way. This hypothesis 

is consistent with my observations that EMF communities were not suppressed by 

A. petiolata, but rather experienced a change in composition. In addition, past 

observations by Wolfe et al (2008) support the hypothesis that changes in 

decomposition and soil nitrogen caused by A. petiolata leaf litter, rather than A. 

petiolata root exudates, impact EMF community composition. They found that A. 

petiolata invasion was associated with a reduced biomass of EMF colonizing root 

tips in forest populations but recorded no difference between soil conditioning by 

growth of A. petiolata as compared to conditioning by the native Impatiens 

capensis on EMF colonization biomass under greenhouse conditions. One of the 

major differences between greenhouse and field studies is that under natural 

conditions the EMF community can be affected by the decomposition of A. 

petiolata leaf litter but in the greenhouse experiment the leaf litter was never 

allowed to decompose. Therefore, the results of previous experiments and the role 

of certain species of EMF in decomposition indicates that the leaf litter produced 

by the invasive plant itself is more likely to be causing the change in EMF 

communities I observed than A. petiolata exudates. More research directly 

targeting the effect of A. petiolata leaf litter nitrogen composition and changes in 

EMF community composition is needed to draw conclusions on the mechanism of 

EMF disturbances by A. petiolata invasion and its impact on the biogeochemical 

cycles.  
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Invasive plant species influence soil nutrient cycling and decomposition 

(Ehrenfeld 2003; Ashton et al. 2005), which in turn can affect soil decomposers. 

My study demonstrated the expected pattern of saprobe community composition 

shifts associated with A. petiolata invasion. Additionally, I established that an 

increase in saprobe richness was associated with A. petiolata invasion, which 

suggests that A. petiolata exudates do not suppress fungal decomposers. Rather, 

the increase in saprobe richness and the turnover of the community could be 

attributed to the large biomass produced by A. petiolata itself as well as the change 

in plant species composition accompanying A. petiolata invasion seen in Chapter 

1 (Eisenhauer et al. 2011; Handa et al. 2014). Since the presence of A. petiolata 

does not appear to suppress saprobes, it is not surprising that the increase in A. 

petiolata biomass decomposing in the soil usually associated with plant invasion 

(Allison and Vitousek 2004; Standish et al. 2004) would also stimulate 

heterotrophic microbial richness. As decomposition activity increases with 

invasion, the demand for inorganic nitrogen also increases, causing changes in 

the nitrogen cycle (Liao et al 2008). In fact, Rodgers et al. (2008) observed that A. 

petiolata leaves increased the decomposition rates of other plant species’ litter and 

released nitrogen faster than native tree litter, leading to an increase in nitrogen 

immobilization but still higher nitrogen availability in the soil. Based on supporting 

literature and the results found in this study, the increase in saprobe richness and 

the turnover of the community associated with A. petiolata invasion seems to be 

causing changes in the invaded ecosystem’s biogeochemical cycles. 
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 Changes in communities involved in the invaded ecosystem’s 

biogeochemical cycles are not limited to fungi. In fact, I found that the majority of 

the bacterial species that differed significantly between invaded and uninvaded 

soils were involved in the nitrogen cycle. Of the twelve species selected as 

diverging in their presence or absence between invaded and uninvaded soil, four 

were symbiotic nitrogen-fixing bacteria. There was a significant decrease in the 

relative abundance of most of the nitrogen-fixing bacteria species co-occurring with 

A. petiolata, suggesting that these species, and their plant hosts, responded 

negatively to the effect of A. petiolata. In laboratory experiments, Portales-Reyes 

et al. (2015) found that chemicals associated with A. petiolata disturbed the 

rhizobia’s mutualistic relationship with its hosts. Conversely, since A. petiolata 

invasion increases nitrogen availability, the suppression of some 

Xanthobacteraceae could be due to the A. petiolata leaf litter decomposition rather 

than allelopathic inhibitions. In fact, an increase in nitrogen availability caused a 

reduction in the nodules produced by nitrogen-fixing bacteria in the roots of their 

host plants (Müller et al. 1993; Gross et al. 2002). Although the exact mechanism 

of disturbance of the nitrogen-fixing symbiont still needs to be determined, 

microbial participants in the nitrogen cycle are clearly altered in the presence of A. 

petiolata.  Nitrogen is a critical limiting nutrient for plant growth (Vitousek and 

Howarth 1991), which means that it can modulate net primary production and 

shape plant community composition (LeBauer and Treseder 2008). Therefore, the 
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effect of A. petiolata on soil nitrogen cycling is of particular interest when 

considering long term changes to terrestrial communities. 

Clay (1995) proposed pathogen accumulation in non-native species as a 

mechanism of invasion. I recorded an increase in fungal plant pathogens in soil 

collected within A. petiolata populations, suggesting that soil around the invasive 

plant is accumulating pathogens. However, the long-term accumulation of 

pathogens in soils colonized by invasive plants can lead to either the decline of 

invasive species or the decline of its native neighbors through spillover effects 

(Flory and Clay, 2013). The family Spizellomycetaceae (dominated by 

Spizellomyces palustris and S. lactosolyticus) Mortierellaceae (all from the genus 

Mortierella) and Nectriaceae (mainly Fusarium solani) dominated the pathogen 

guild in A. petiolata invaded soils. However, there is a lack of information on the 

ecology and host preference of these fungal pathogens. Therefore, I cannot draw 

conclusions on whether the increase in pathogens would be detrimental to the 

invasive plant or native neighbors based on microbial taxonomic assignment. 

However, the presence of A. petiolata reduces the root health of cohabitating plant 

species providing evidence for spillover effects as an invasion mechanism during 

A. petiolata spread (see Chapter 2).  Heterotrophic fungi have overlap in their 

physiological capacity for pathogenic and saprotrophic strategy (Newton et al. 

2010; Olson et al. 2012). In fact, the family Mortierellaceae dominated the 

saprotroph community and was the second most abundant family of pathogens in 

A. petiolata invaded soils. As such, the accumulation of saprotrophs that are 
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facultative pathogens could be related to or exacerbate the accumulation of 

pathogens associated with A. petiolata invasion. Thus, A. petiolata seems to be 

promoting the proliferation of pathogens, possibly facultative pathogens, that may 

spread to co-occurring native plants and reduce their health and fitness. 

An observational study such as this one cannot determine the exact role of 

A. petiolata and the mechanisms by which changes in bacterial and fungal 

community composition occur. However, several studies have previously used 

manipulative experiments in greenhouse and the laboratory settings to produce 

causational links between A. petiolata and changes in AMF communities (Roberts 

and Anderson 2001; Stinson et al. 2006; Koch et al. 2011), yet whether those 

results translated to the field was unclear. The results from my study represent the 

first complete census of microbial community changes related to A. petiolata 

invasion in a natural setting and are necessary to understand how unaltered A. 

petiolata communities are modifying soil microbial communities as they invade. 

The observational nature of this study raises the question of whether A. petiolata 

caused the changes I measured or if A. petiolata preferentially grew in areas with 

a higher richness of decomposer and pathogens. If the latter was true, A. petiolata 

would already have spread into any uninvaded areas with high pathogen and 

decomposer richness. In fact, some populations’ uninvaded soils had higher 

pathogen and decomposer richness than other populations’ invaded soils (Figure 

3.3 D and E). However, this is not the case (Rodgers et al. 2008). Such large 

changes in decomposer, and nitrogen-fixing microbes should influence 
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biogeochemical cycles fairly quickly, and the effects on plant and animal 

communities are unavoidable. Plant pathogen accumulation will also have an 

influence on aboveground community composition and performance (Mordecai 

2011; Bever et al. 2015). As such, this observational microbial community census 

has allowed us to determine that both processes will require more attention in 

future research, and I should move our focus away from AMF as an invasion 

mechanism and towards changes in the biogeochemical cycles and pathogen 

accumulation.  

 

3.4.1 Conclusion 

 
 Microbes mediate carbon and nitrogen cycling from local to global scales 

(Paul 2007), but their networks can be disturbed by invasive species. I found that 

A. petiolata does not necessarily disrupt natural AMF communities as previously 

suggested. Instead, the effect of the invasive plant on the microbial community 

occurred mainly through changes in fungal decomposers, including promotion of 

EMF that could be targeting nitrogen decomposition, fungal pathogens, and 

declines in nitrogen-fixing bacteria. This suggests that during A. petiolata invasion, 

AMF suppression may not be as important as an invasion mechanism as 

previously thought. Instead, my results suggest that an invasive plant’s impact on 

decomposition, which in turn affects nutrient cycling, and the accumulation of 

pathogens in invasive plants may be more important factors to consider.  
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Chapter 4 

General Discussion 

 

Alliaria petiolata has received a lot of attention in the scientific literature 

because it is presumed to suppress mycorrhizal symbiosis as a mechanism for 

invasion (Stinson et al. 2006; Burke 2008; Callaway et al. 2008; Wolfe et al. 2008; 

Barto et al. 2010; Lankau 2011; Koch et al. 2011). My study is the first to examine 

the effect of A. petiolata on the soil microbial community using microscopic 

observation of roots coupled with molecular and bioinformatics tools that allow for 

species level resolution of arbuscular mycorrhizal fungi (AMF) communities and 

provide a reliable measure of microbial relative abundance. I used metabarcoding, 

the identification of species in a sample from segments of DNA sequenced on a 

high throughput sequencing platform, to characterize the microbial community of 

soils inside and outside of A. petiolata populations. This method allowed me to 

evaluate A. petiolata’s effect on both fungal and bacterial functional groups. 

Combined with field measurements of AMF colonization and root lesions, I 

investigated the relative importance of the suppressive effect of A. petiolata on 

AMF compared to its effect on other microbial functional groups, particularly 

pathogens, decomposers, and nitrogen fixers. I did not find that A. 

petiolata significantly reduced AMF colonization in the roots of co-occurring 

herbaceous plants or changed the community composition of soil AMF. Instead, I  
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found two other major changes associated with A. petiolata invasion. First, the 

presence of A. petiolata was associated with an increase in the number of fungal 

pathogen species present in the soil and a reduction in the root health of some 

herbaceous plants co-occurring with A. petiolata. Second, I recorded a higher 

richness of saprotrophs and a decrease in nitrogen-fixing bacteria in soil collected 

from A. petiolata populations. These changes, in combination with previous 

studies indicating that A. petiolata increases the availability of nitrogen (Rodgers 

et al. 2008), suggest that invasion by A. petiolata produces a considerable shift in 

the nitrogen cycle of North American deciduous forests. In the following chapter, I 

explore the relative effect of A. petiolata invasion on mycorrhiza and pathogens, 

as well as its effect on decomposition and the nitrogen cycle in more detail. I also 

discuss the limitations of my methodology and suggest opportunities for future 

research. 

 

4.1 Alliaria petiolata invasion mechanism: AMF suppression vs pathogen 
accumulation 

 

There is strong evidence from laboratory (Stinson et al. 2006; Koch et al. 

2011) and greenhouse studies (Callaway et al. 2008; Koch et al. 2011) that 

chemicals secreted by A. petiolata can suppress arbuscular mycorrhizal fungi 

(AMF) germination and growth. Yet, I found no evidence that this had a meaningful 

impact on natural soil communities of AMF found in A. petiolata invaded soil. 
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Instead, results of Chapter 2 and 3 consistently indicated that plants co-occurring 

with A. petiolata and those found outside its populations were colonized by AMF 

to the same extent. My findings, using a large number of populations compared to 

previous A. petiolata studies, together with those from other field studies, 

contradict the widely-cited view that A. petiolata becomes invasive by disrupting 

native AMF communities.  

The reasons for the contrasting effects between various field studies are 

difficult to reconcile. However, there are two mutually non-exclusive potential 

explanations for the large discrepancy among A. petiolata AMF studies. First, Barto 

and Cipollini (2009) extracted glucosinolates and flavonoids (the biochemicals 

associated with A. petiolata mycorrhizal suppression) from bulk soils and found 

that glucosinolates were undetectable under natural field conditions, but some 

potentially bioactive flavonoid derivatives could be detected a few times during the 

season. However, both flavonoids and glucosinolates had half-lives of only a few 

hours. As such, the effects of A. petiolata on AMF communities could be 

dampened by natural processes such as microbial degradation or seasonal 

fluctuations of biochemical release and thus may not be as impactful under field 

conditions. Second, intraspecific variation in glucosinolates production could factor 

into the inconsistency on the effect of A. petiolata on AMF found in the literature. 

In fact, Lankau et al. (2010) reported that the concentration of glucosinolates in A. 

petiolata varied between populations. In addition, the concentrations of 

glucosinolates from the source populations of A. petiolata affected to the response 
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of AMF to soil conditioned by A. petiolata. Nonetheless, the reoccurrence of field 

results that do not support the existence of detrimental effects of A. petiolata on 

AMF communities should bring into question the claim that AMF suppression is 

one of the primary mechanisms of invasion by this species. I posit that to 

understand how A. petiolata is changing ecosystems, the focus of research must 

move away from an A. petiolata-AMF-native plant relationship and take a broader 

ecological approach to understand the relative importance of different soil 

microbial functional groups in response to A. petiolata. 

The proliferation of pathogens and saprobes in the presence of A. petiolata 

is a clear and consistent result in both my study and the literature, which lends 

credibility to its importance in the process of invasion. Studies of other invasive 

plants have demonstrated that pathogen accumulation occurs when local 

pathogens found in invaded areas accumulate on the dense invasive plant 

population (Callaway et al. 2004; Mangala et al. 2008; Flory and Clay 2013’ 

Stricker et al. 2016). Accumulated pathogens can negatively impact co-occurring 

native plants if the pathogens are horizontally transferred from the accumulating 

invading plant host to native plant hosts. Previously, the overrepresentation of 

fungi, particularly saprotrophs and parasites, has been reported in species in the 

Brassicaceae family other than A. petiolata despite the widespread production of 

toxic compounds in this group (Ishimoto et al. 2000). More specifically, overall 

fungal communities have been shown to vary with the presence/absence of A. 

petiolata (Lankau 2010; Lankau 2011). More recently, and consistent with my 
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results, Arthur et al. (2017) found an increase in pathogenic fungi in the presence 

of A. petiolata. However, without a measurement of this effect on the performance 

of co-occurring natural species, it was still unclear whether this could be 

considered a mechanism for invasion. I provide the first evidence for both an 

increase in pathogenic fungi and a change in root health (assessed by root lesion 

quantification) of some of the co-occurring plants. Plants co-occurring with A. 

petiolata were more likely to have more apparent root lesions, which was unrelated 

to the presence of mycorrhiza protection since mycorrhizal community and 

colonization remained constant in invaded and uninvaded soil (see Figure 2.5). 

Although I measured this mechanism indirectly through quantifying root lesions, it 

is still unclear how pathogen accumulation on A. petiolata impacts co-occurring 

plant survival and fitness. 

 

4.2 Alliaria petiolata and decomposition: changes in nitrogen cycling and 
EMF composition 

 

 I propose that the effect of A. petiolata invasion on nitrogen cycling is one of 

the most fundamental ways whereby A. petiolata is affecting North American 

forests. Many studies have shown that plant invasion disturbs nutrient cycling 

(Ehrenfeld 2003; Allison and Vitousek 2004; Hobbie 2015), and A. petiolata is not 

an exception (Rodgers et al. 2008). My results show that the community 

composition of fungal decomposers was altered in the presence of A. petiolata. I 
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did not measure decomposition rates directly, but I recorded an increase in 

richness of saprotrophs, which are fungal decomposers. This is consistent with the 

results reported by Rodgers et al. (2008) where litter bags of A. petiolata first-year 

rosette leaves placed in uninvaded forest areas decomposed, released nitrogen, 

and stimulated the decomposition of the leaf litter of dominant native trees faster 

than leaf litter bags of the native Acer saccharum and Impatiens capensis. 

Additionally, Rodgers et al. (2008) recorded an increased nitrogen availability 

associated with naturally occurring A. petiolata invasion. Nitrogen availability of soil 

affects microbial community composition (Eiland et al. 2001; Lauber et al. 2008) 

and is linked to an increase in decomposition rates for invasive species (Incerti et 

al. 2018). Therefore, the changes in nitrogen availability recorded by Rodgers et 

al. (2008) could explain the increase in saprotroph richness and the change in the 

community of decomposers. In light of these results, one of the most significant 

effects of  A. petiolata on soil microbial communities seems to be its effect on two 

critical ecosystem services provided by microbes: soil fertility due to decomposition 

and the cycling and movement of nutrients (Boyd and Banzhaf 2007), particularly 

nitrogen, which is a determinant of net primary production and a driver of plant 

community composition (LeBauer and Treseder 2008). 

 In addition to its fundamental disturbance of the fungal decomposer 

community, the effect of A. petiolata on ecosystem-level nitrogen cycling could be 

affecting ectomycorrhizal fungi (EMF). I found community composition changes in 

EMF to be associated with A. petiolata invasion. Previous research suggests that 
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changes in EMF are cause by A. petiolata exudates (Wolfe et al. 2008). However, 

the evidence is not conclusive because soil conditioning by A. petiolata did not 

affect EMF differently than the native Impatiens capensis in greenhouse 

conditions. This discrepancy can potentially be explained by the role of EMF in the 

nutrient cycle. In fact, EMF can act as decomposers that target nitrogen rather than 

carbon from decaying material (Talbot et al. 2013; Lindahl and Tunlid 2014). 

Therefore, the changes in nutrient cycling associated with A. petiolata could be 

related to changes in EMF community composition in A. petiolata invaded sites. 

 Further demonstrating fundamental changes in nitrogen cycling associated 

with A. petiolata invasion, I found a significant decrease in the relative abundance 

of nitrogen-fixing bacteria species co-occurring with A. petiolata. However, there is 

still no clear mechanism to explain the exclusion of Xanthobacteraceae in A. 

petiolata invaded soils, or evidence that plants associated with nitrogen-fixing 

bacteria (ie. nitrogen-fixing plants) are specifically excluded from A. petiolata 

invaded areas. Nevertheless, there are three possible explanations that are not 

mutually exclusive and require further attention. First, Portales-Reyes et al. (2015) 

found that allelochemicals associated with A. petiolata reduced the formation of 

nodules in the roots of nitrogen-fixing plants, which could reduce the presence of 

Xanthobacteraceae without excluding nitrogen-fixing plants. Second, the increase 

in nitrogen availability from A. petiolata leaf decomposition (Rodgers et al. 2008) 

could be reducing the diversity and abundance of nitrogen-fixing bacteria, 

particularly with rising CO2 levels which affect the sensitivity of the nitrogen-fixing 
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bacterial community to nitrogen fertilization (Berthrong et al. 2014). Finally, A. 

petiolata invasion can be excluding Xanthobacteraceae plant hosts through 

herbivore mediated competition, as herbivores ignore A. petiolata and prefer 

nitrogen-fixing plants (Sirotnak and Huntly 2000).  Overall, my results clearly show 

the effect of A. petiolata on nitrogen-fixing bacteria, but the uncertainty surrounding 

the mechanism behind the exclusion of nitrogen-fixing bacteria highlights the need 

for further research on the effect of A. petiolata on nitrogen fixation and, more 

generally, nitrogen cycling. 

 

4.3 Methodological concerns and limitations 

 

4.3.1 Root vs soil  

 

AMF communities can significantly differ between root-colonizing and soil 

dwelling fractions (Saks et al. 2014; Varela-Cervero et al. 2015). Different plant 

species cultivate different AMF partnerships (Helgason et al. 2002; Li et al. 2010; 

Torrecillas et al. 2012; Veresoglou and Rillig 2014) and can act as a filter that 

selects and amplifies specific AMF species available in the soil (Varela-Cervero et 

al. 2015). Plant-AMF specificity could be a factor causing the discrepancies in the 

A. petiolata literature since each study focused on a variety of different host plants 

(Stinson et al. 2006; Callaway et al. 2008; Burke et al. 2008; Barto et al. 2010). 

Therefore, using soil measurements of AMF diversity in Chapter 3 provided a way 
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to avoid plant-AMF specificity biases when measuring the effect of A. petiolata on 

overall AMF community composition.  

The measurement of AMF diversity from soil had two important limitations 

in this study. First, soil AMF DNA includes DNA from both spores and mycelium, 

which together have the greatest potential for infectivity (Chagnon et al. 2013) and 

are usually considered the total AMF pool (Davidson et al. 2012). However, the 

evidence on whether the soil AMF fraction is the major source of AMF colonization 

is mixed, with some studies finding as much as 24% of root AMF species to be 

absent from the species in the soil, probably due to infrequent or seasonal 

sporulation of AMF colonizing plant roots (Varela-Cervero et al. 2015). However, 

Chagnon and Bainard (2014) simulated the effect of using roots as a measure of 

AMF community composition in silico by building artificial fungal communities. 

They randomly selected 20 species from a list of AMF fungi for which the relative 

biomass allocation inside and outside of roots had previously been quantified and 

assigning each of the 20 selected species an abundance value sampled from a 

log-normal distribution. They determined the artificial AMF community structure 

inside and outside the root based on the biomass allocation patterns and 

concluded that AMF communities can be adequately characterized using samples 

from both root and soil interchangeably. Second, under laboratory conditions, A. 

petiolata exudates inhibited the germination of AMF spores (Stinson et al. 2006; 

Koch et al. 2011). Thus, the soil AMF sequence abundance give an assessment 

of AMF spores present, but if some spore germination is inhibited by A. petiolata 
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exudates then read counts may not be representative of functional changes in AMF 

communities. Nonetheless, I would have expected that, over time, species whose 

spores are impacted by A. petiolata would become less abundant. As such, 

although the effect of measuring AMF communities in the soil exclusively has its 

limitations, any effect of A. petiolata on AMF community composition should still 

have been detectable from soil AMF communities.  

 

4.3.2 Relic DNA 

 

 When evaluating microbial communities in soil using sequence data, relic 

DNA is the fraction of soil DNA composed of extracellular DNA and DNA from non-

intact cells (Carini et al. 2016). Experiments removing relic DNA from over 31 soil 

types have found that relic DNA accounts for approximately 40 % of both 

amplifiable 16S rRNA genes and ITS fungal amplicons (Carini et al. 2016).  

 The relic DNA content of soil is variable between soil sample types because soil 

physical properties, such as pH and clay content, and DNA properties, such as 

methylation and conformation, are key determinants of the persistence of DNA in 

the soil environment (Carini et al. 2018; Nagler et al. 2018). Although relic DNA 

can have a significant impact on both the estimations of soil microbial diversity and 

the quantification of fungal and prokaryotic abundances, the intent of my 

experiment was to compare the relative abundance of the same groups under 

different invasion regimes. Because the soil physical properties of invaded and 
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uninvaded sites did not differ, I think it is unlikely that relic DNA persistence 

affected the outcome of my results.  

 

4.3.3 Phosphate 

 

Although phosphate is present in large quantities in the soil, it is generally 

insoluble. Therefore, despite it being an essential macronutrient for plant growth, 

it is difficult for plants to obtain the phosphorous directly from the soil (Schachtman 

et al. 1998). In addition, the uptake of phosphate usually occurs under the form of 

negatively charged phosphate ions and as such requires high affinity transporters 

and additional energy input from the plant (Smith et al. 2011). One strategy 

employed by plants to uptake enough phosphate is to associate with AMF (Smith 

and Read 2011). Despite the importance of phosphate in the relationship between 

plants and AMF, I did not measure the macronutrient in the soil for this experiment. 

However, I intend to measure soil phosphate as part of the section on similarities 

in edaphic qualities between A. petiolata invaded and uninvaded soil in the future.  
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4.4 Follow-up studies 

 

4.4.1 Manipulative field experiment 

 

 How community composition of microbes differs in presence of A. petiolata 

is now clearer than ever. Through this study, I have presented observational 

evidence that AMF populations may not respond to natural A. petiolata invasion as 

strongly as previously suggested. Rather, I suspect that pathogen accumulation 

and changes in fungal decomposers, potentially including EMF and bacteria 

affecting the nitrogen cycle, are the most significant changes caused by A. 

petiolata invasion. However, to be certain of the causal effect of A. petiolata on 

these differences in microbial composition, I understand the necessity of 

performing a manipulative experiment. I have already begun a field experiment 

where A. petiolata plants and leaf litter are experimentally added to uninvaded 

plots to separate the effects of plant litter decomposition and root exudates on 

microbial community changes. First, I hypothesize that years of root exudate soil 

conditioning will affect pathogen load, but not AMF, EMF, or the decomposer 

community. Second, I hypothesize that the leaf litter conditioning will cause 

changes in fungal decomposer community composition, EMF community 

composition, and nitrogen-fixing bacteria.   
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4.4.2 Pathogen accumulation as one of the major mechanisms of invasion 
for A. petiolata 

 

 Following the evidence from Chapter 2, A. petiolata invasion did not reduce 

AMF colonization, consequently the loss of AMF-pathogen protection is unlikely to 

be the primary reason for the increase in root lesions. However, molecular 

evidence is necessary to confirm that AMF genera Glomus and Acaulospora, 

associated with pathogen protection and extensive root colonization under 

laboratory conditions (Maherali and Klironomos 2007; Sikes et al. 2009), are not 

suppressed in the roots of plants co-occurring with A. petiolata that have 

experienced an increase in lesions.  Consequently, I have extracted DNA from the 

roots of Hepatica americana, Maianthemum racemose, Acer saccharum and 

Solidago canadensis and plan to sequence both the 16S and ITS amplicon to 

determine what AMF and pathogen community colonize the native plants in the 

presence and absence of A. petiolata.  

 In collaboration with undergraduate students at Algoma University, I plan to 

conduct manipulative experiments in the field and greenhouse to directly test 

pathogen accumulation as an invasion mechanism in A. petiolata. To control for 

differences in soil nutrient availability in the greenhouse, I will inoculate sterile soil 

with the pathogenic fraction of soil (as per Klironomos, 2002) from A. petiolata 

invaded and A. petiolata adjacent areas and monitor above and below ground 

biomass and root lesion of selected native plants and A. petiolata. In the field, I 

plan to introduce seedlings of the same species inside and outside natural 
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populations of A. petiolata and monitor their success, seed production, above and 

below ground biomass, and lesions. I hypothesize that, in the greenhouse, A. 

petiolata will not be significantly inhibited by pathogens extracted from soil inside 

A. petiolata populations compared to pathogens extracted from soil adjacent to A. 

petiolata populations. However, selected native species will be significantly 

inhibited by pathogens extracted from soil inside A. petiolata populations 

compared to pathogens extracted from soil adjacent to A. petiolata populations 

and this pattern will also occur in the field.  

  

4.5 Conclusion 

 
It is becoming increasingly apparent that soil microbes have profound effects on 

plant community composition and dynamics. Accordingly, there is compelling evidence 

that the invasive plant’s effect on microbial dynamics is an important determinant of the 

outcome of invasion. However, few studies have linked invasion and shifts in microbial 

functions in an attempt to predict the effects of invasion on the ecosystem. I found that in 

field soils AMF populations did not differ inside or outside A. petiolata invaded areas, which 

is in contrast with the established idea that A. petiolata invasion is driven by mycorrhizal 

suppression. Instead, my work suggests that the soil around A. petiolata hosts experience 

an increase in pathogens, which has the potential to indirectly inhibit co-occurring native 

plants. Additionally, soil from A. petiolata populations hosts a different community of 

decomposers and bacteria involved in the nitrogen cycle, indicating a potential for 

significant changes in biogeochemical cycles associated with invasion. My work 
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demonstrates how integrating molecular ecology tools and functional characterization of 

microbiota can provide ecological insights that are only possible through field research.  
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Appendix A 

Map and coordinates of the Alliaria petiolata populations  

 

Table A.1 Latitudinal and longitudinal coordinates of the plot location 

Population Number Latitude  Longitude 

1 N44° 34.511' W76° 19.788' 

2 N44° 34.060' W76° 19.530' 

3 N44° 33.951'  W76° 19.489' 

5 N44° 33.100'  W76° 21.433' 

7 N44° 33.069'  W76° 21.691' 

8 N44° 33.204'  W76° 21.943' 

9 N44° 33.050'  W76° 22.241' 

10 N44° 32.840'  W76° 21.982' 

13 N44° 35.052'  W76° 22.615' 

14 N44° 34.772'  W76° 22.511' 
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For an interactive map, please view: 

https://drive.google.com/open?id=1LHL1rHu0nyJ8AYRCzJgwQmbhni8&usp=sharing 
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Appendix B 

Mycorrhiza and Lesion Reference Sheet 

Lesion protocol references:  
 

         Decay on the root margin              Decay in the root segment 
    

         

 

          Non-mycorrhizal hyphae                                       Unknown Pathogen     
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Mycorrhiza protocol references:  
 

Arbuscules               Mycorrhizal hyphae (red arrow)  
          and vesicles (black arrow) 
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Appendix C 

Soil pH measurement protocol 

 

1. Sieve soil through 4mm sieve to remove rocks, roots, etc.   

2. Add 10g of soil from each sample into a 50 mL falcon tube. 

3. Add 20 mL of deionized water, for a 2:1 water to soil ratio. Vortex for 15 

seconds. 

4. Shake or vortex every fifteen minutes for an hour. 

5. Shake before placing pH electrode into the soil solution.  Wait for reading 

to stabilize. 

6. Repeat with all samples, making sure to clean the electrode between 

samples.   
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Appendix D 

Wet sieving apparatus (aggregate stability) protocol 

Modified from the Eijkelkamp (www.eijkelkamp.com) wet sieving apparatus 

operating instruction.  

1. Weigh 4.0 grams of 2- mm air-dried aggregates into the sieves. 

2. Pre-moisten the aggregates. Give the sample 5-10 minutes to absorb the 

water before submerging them. 

3. Assemble the apparatus. 

4. Place sufficient distilled water into the cans to cover the soil. The water 

can be put into the cans through the special can-fill openings in the sieve 

holder. Add enough water to the to ensure that during the sieving the 

samples are moved under water. 

5. Place the sieve holder in the working position by putting the sieve holder 

in the second hole on the shaft 

6. Run the motor for 3 minutes ± 5 seconds (stroke = 1.3 cm, at about 34 

times/min). The motor will stop automatically. 

7. Raise the sieve holder out of the water and place it in the leak out position, 

by putting the sieve holder in the sieve holder in the first hole on the shaft. 

When there is no water leaking out of the sieves anymore, then take the 

(numbered) cans (containing the particles and aggregate fragments that 

have broken loose from the aggregates and come through the sieves) on 

a tray. 
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8. Replace cans with another set of weighed (numbered) cans 

9. Fill the cans with a dispersing solution (containing 2 g sodium 

hexametaphosphate/L) for soils with pH > 7 or 2 g NaOH/L for soils with 

pH< 7. 

10. Place the sieve holder in the working position. 

11. Start the motor by putting the main switch into “Continue” position and 

continue sieving until only sand particles (and root fragments) are left on 

the sieve. If some aggregates remain stable after 5 to 8 min of sieving in 

the dispersing solution, stop the sieve by putting the main switch in the 

“Off” position, and rub them across the screen with a rubber tipped rod 

until they are disintegrated. 

12. Continue sieving until materials smaller than the screen openings have 

gone through. To disperse the aggregates can take some time (the more 

clay the longer it takes); there is no standard reacting time. Use of the 

reagent in combination with washing is the best method to be sure that all 

the aggregates are dispersed. 

13. Raise the sieve holder and place it in the leak out position. When there is 

no dispersion solution leaking out of the sieves anymore, then take the 

(numbered) cans and cans and place them on a separate tray. These 

cans contain the materials from the aggregates that were stable, except 

for sand particles too large to get through the screen. 
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14. Place both sets of cans in a convection oven at 110 °C until the water has 

evaporated. 

15. The weight of the materials in each can is then determined by weighing 

the can, plus contents, and subtracting the weight of the can. In the cans 

that were filled with dispersing solution there will be 0.2 g of the dispersing 

solute along with the soil. Consequently, 0.2 g should be subtracted from 

the weight of the contents to obtain the soil weight. 

16. The fraction stable is equal to the weight of soil obtained in the dispersing 

solution cans divided by the sum of the weights obtained in the dispersing 

solution cans and distilled water cans. 
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Appendix E 

Hydrometer soil texture measurement protocol 

1. Weigh 40 g of air-dried, fine texture soil (100 g if the soil is loamy sand) 

into a dispersion cup. 

2. Add deionized (DI) water to make up to 300 mL. 

Note: Use DI water that is at room temperature 

3. Add 50 mL of sodium hexametaphosphate solution (100 mL if the sample 

weight is 100 g) to the dispersion blender cup. 

4. Attach the dispersion cup to the electric mixer. 

5. Mix the suspension for 5 minutes, taking care not to hit the bottom of the 

cup with the mixing rod. 

6. Transfer the soil suspension quantitatively into a sedimentation cylinder. 

7. Rinse the dispersion cup with DI water and add the rinse to the cylinder. 

8. Repeat 5-8 until all the sample is transferred from the cup to the cylinder. 

9. Add Dl water (at room temperature) to the cylinder to bring the level up to 

the 1000 mL mark.  

10. Prepare a blank by adding 50 mL of sodium hexametaphosphate, to a new 

clean sedimentation cylinder. 

11. Add sufficient DI water to bring the level up to the 1000 mL mark. 

12.  Cover each cylinder with a watch glass and let stand overnight to 

equilibrate to room temperature (20°C to 25°C).  
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13. Before continuing the procedure, ensure that sufficient time is available to 

fully complete steps 14 to 25 (~8 hours for soils with high clay content). 

Note: Samples that have sat overnight and still have soil particles in 

suspension should be processed first 

14. Insert the plunger close to the bottom of the cylinder, and stir the 

suspension vigorously for about 2 minutes (approximately 5 strokes) by 

moving the plunger up and down the entire length of the column, taking 

care not to remove the plunger entirely from the suspension (otherwise 

bubbles will form, disrupting sedimentation). Also, use caution when 

nearing the top of the cylinder to avoid splashing and spilling the contents. 

Note: When mixing, ensure that no sediment remains in the lower 'corners' 

of the cylinder. In order to loosen and dislodge any sediment settled at the 

bottom of the cylinder, use short, strong, upward strokes, with the plunger 

near the bottom, and/or spin the plunger with the disk positioned just 

above the sediment. 

15. Once the suspension is stirred thoroughly, finish with two or three slow, 

smooth strokes and then remove the plunger, tipping it slightly to return 

adhering drops of suspension to the column. 

16. Start timing as soon as stirring is finished (the settlement of particles 

begins immediately at the cessation of stirring) and do not wait until the 

plunger has been fully removed and cared for. 
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17. If the surface of the suspension is foaming, add 1-2 mL (drops) of amyl 

alcohol or apply a silicone spray. 

Note: For organic soils in addition to foaming there may be floating 

particles. 5.18 Immediately lower the hydrometer, very carefully, into the 

suspension, so that the hydrometer will not move up and down after 

releasing it. 

18. Exactly 40 seconds after stirring is finished, take the hydrometer reading at 

the top of the meniscus to the nearest 0.5 g. 

Note: Make sure that there are no air bubbles within the suspension. Air 

bubbles will affect the readings. 

19. Remove the hydrometer and insert the thermometer: read the temperature 

(to the nearest 0.5 °C) of the suspension. 

20. Record the hydrometer and temperature readings.  

21. Clean the hydrometer and thermometer with DI water and wipe dry. 

22. Repeat 10 to 20 for the control (Blank) cylinder. 

23. Let the cylinders stand undisturbed. 

24. At the end of 2 hours (120 min) take hydrometer and temperature readings. 

Note: For high clay soils repeat reading after 7 hours. If different from the 

2-hour reading use the 7-hour reading. Keep the 2-hour reading for the 

blank. 

25. The corrected 40 second measurement (M40) is the sum of the hydrometer 

reading (R40) minus the control reading (C40) at 40 seconds and the room 
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temperature (RT) minus 20 multiplied by 0.36 (equation E1). The corrected 

2-hour measurement (M2) is the sum of the hydrometer reading (R2) 

minus the 2-hour control reading (C2) and the room temperature minus 20 

multiplied by 0.36 (equation E2). The clay content (% Clay) is calculated by 

dividing the initial sample weight (W) by the corrected 2-hour measurement 

multiplied by one hundred (equation E3). The slit and clay content (% 

Slit&Clay) is measured by dividing the initial sample weight (W) by the 

corrected 40 seconds measurement multiplied by one hundred (equation 

E4). The slit (%Slit) content is calculated by subtracting the value for the 

clay content from the slit and clay content (equation E5). Finally, the sand 

(% Sand) content is calculated by subtracting the value for the slit and clay 

content from 100 (equation E6).  

 

Equation E1. 

	𝑀40 = (𝑅40 − 𝐶40) + [(𝑅𝑇 − 20) ∗ 0.36] 

Equation E2. 

𝑀2 = (𝑅2 − 𝐶2) + [(𝑅𝑇 − 20) ∗ 0.36] 

Equation E3.  

%𝐶𝑙𝑎𝑦	 =
𝑊
𝑀2 ∗ 100	 

Equation E4.  

%𝑆𝑙𝑖𝑡&𝐶𝑙𝑎𝑦	 =
𝑊
𝑀40 ∗ 100	 
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Equation E5. 

%𝑆𝑙𝑖𝑡	 = %𝑆𝑙𝑖𝑡&𝐶𝑙𝑎𝑦 − 	%𝐶𝑙𝑎𝑦 

Equation E6. 

%𝑆𝑎𝑛𝑑	 = 100 −%𝑆𝑙𝑖𝑡&𝐶𝑙𝑎𝑦 

 


