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THESIS SUMMARY 

Fine root endophytes (FRE; Glomus tenue) are root-endophytic fungi classified within 

the arbuscular mycorrhizal fungi (AMF; phylum Glomeromycota). However, their 

morphology is distinct from AMF and their placement within Glomus uncertain, with 

little known about their ecological function. The morphological differences between FRE 

and AMF may be indicative of broader ecological differences. 

I examined the morphology, phylogeny, ecological niche and distribution of FRE within 

annual pastures of southern Australia. Using a combination of soil sieving and dilution, I 

produced a pot culture greatly enriched with propagules of FRE, relative to AMF, within 

the roots of Trifolium subterraneum. I extracted DNA for genetic analysis using the 

primers AMV4.5F-AMDGR and Illumina next-generation sequencing. The results 

demonstrated that FRE phylogenetically align with Mucoromycotina—not 

Glomeromycota—and represents a paradigm shift in our understanding of arbuscules in 

fungi. 

I analysed the morphology of FRE within T. subterraneum roots using cryo-scanning 

electron microscopy. Fully developed arbuscules of FRE were similar to those reported 

for AMF, consistent with FRE playing a role in plant nutrient acquisition. However, unlike 

AMF, collapsing arbuscules of FRE retained their structure during senescence and had 

not accumulated calcium. 

In a broad survey, I found FRE were present in 76% of T. subterraneum pastures across 

southern Australia. Colonisation by both FRE and AMF was positively influenced by 

rainfall, but it was also correlated with soil pH, aluminium and zinc for FRE, and with soil 

phosphorus for AMF.  

In conclusion, FRE differ from AMF in phylogenetic placement, physiology and ecological 

niche. My results have stimulated renewed interest in FRE by opening new avenues for 

mycorrhizal research. 
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THESIS ABSTRACT 

Arbuscular mycorrhizal fungi (AMF) are obligate symbionts that, through their 

association with plant roots, play a major role in plant–soil interactions and plant 

nutrient acquisition. Fine root endophytes (FRE) are a form of root-endophytic fungi 

historically considered to be mycorrhizal as they form arbuscules, a feature considered 

unique to AMF. Hence, FRE were classified as Glomus tenue (Greenall) I.R. Hall (phylum 

Glomeromycota). However, their placement within Glomus was uncertain.  

FRE were first described, and distinguished from other AMF, in 1963 and have since been 

observed globally within many ecosystems, including agro-ecosystems. However, the 

presence of FRE is often overlooked because high magnification microscopy is required 

to distinguish them morphologically from AMF and hence little is known about their 

genetic identity and ecological function. The morphological differences between FRE 

and AMF may be indicative of broader ecological differences. 

The key aims of my project were to: examine the impact of storage methods on FRE; 

produce a pot culture of FRE; establish the genetic identity of FRE; analyse the 

morphology of FRE using cryo-scanning electron microscopy (cryoSEM); examine the 

distribution of FRE in southern Australian annual pastures; explore the ecological niche 

of FRE, and whether it differs from that of AMF; consider whether FRE have been under-

represented in plant-fungal research; and provoke renewed interest in FRE. My focus 

was the pasture systems of southern Australia. 

Field sampling—and storage prior to processing—of plants is an important component 

of mycorrhizal research. To address my first aim—the impact of storage methods on 

FRE—I examined colonisation by FRE and AMF within the roots of Trifolium 

subterraneum (Chapter 3). Roots were preserved in ethanol at the time of field sampling, 

and then again following storage across a variety of times and conditions. I found that 

FRE were more sensitive to sampling and storage methods than AMF, which may 

influence assessment of their relative abundance: hence, plant root samples should be 

preserved in ethanol within two days. 

I performed two Soil Dilution experiments, using a combination of soil sieving and 

dilution, to meet my next aim of producing an isolated culture of FRE within the roots of 



ABSTRACT 

PAGE | vi 

T. subterraneum (Chapter 4). The experiments greatly reduced the number of AM fungal 

propagules relative to those of FRE, but AMF still colonised roots in some replicates, 

albeit at low levels. Overall, I demonstrated potential to greatly enrich, but not entirely 

isolate, FRE in pot culture; my methods require further refinement. 

An increasing number of published molecular research papers describe AM fungal 

communities. However, the primers used to target AMF, mostly, do not target FRE. 

Therefore, I aimed to genetically identify FRE. I extracted DNA from roots enriched in 

FRE for sequencing using the primer combination AMV4.5F-AMDGR and Illumina MiSeq 

next-generation sequencing (Chapter 5). Excitingly, the results demonstrated that FRE 

phylogenetically align with Mucoromycotina, and not Glomeromycota. This explained 

why FRE were not amplified with many AMF primers, and represents a paradigm shift in 

our understanding of arbuscules in fungi. 

While FRE have distinct intraradical morphology when stained, in nature FRE are rarely 

present without AMF. Therefore, I analysed the morphology of FRE, to differentiate the 

structures, particularly arbuscules, of these fungi (Chapter 6). I used cryoSEM to visualise 

plant and fungal structures in the root cortex of T. subterraneum. The arbuscules of FRE 

contained elevated phosphorus and potassium compared with uncolonised cell 

vacuoles. Analysis of collapsing arbuscules showed that arbuscules of FRE retained 

structure during senescence and had lower calcium than reported for AMF. Fully 

developed arbuscules of FRE, and the elevated phosphorus in fungal structures, were 

similar to that reported for AMF, consistent with FRE playing a similar role in plant 

nutrient acquisition.  

I reviewed and conducted a meta-analysis of the literature on FRE (Chapter 7) to explore 

their distribution and ecological niche. I found that FRE have been observed globally, 

and concluded that FRE may assist survival for some host-plants in extreme 

environments. Many observations were from Poaceae and Fabaceae in Australasia. 

Hence, FRE are likely prolific within Australian pasture systems. However, there have 

been no broad surveys of FRE within pastures. Therefore, I sampled roots of T. 

subterraneum from across southern Australia and measured soil characteristics and 

colonisation by FRE and AMF (Chapter 8). I found that FRE were present in 76% of the 

pastures. Colonisation of both FRE and AMF was positively influenced by rainfall, but 
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FRE were positively correlated with lower pH and increased soil aluminium and zinc 

concentrations, while AMF were negatively correlated with increased soil phosphorus 

concentrations. This supports a conclusion of my meta-analysis—that FRE may occupy a 

different niche to that of AMF.  

In conclusion, my research shows that FRE differ from AMF in phylogenetic placement, 

physiology and ecological niche. My results support the concept that FRE have been 

under-recognised in studies of plant-fungal associations, and have helped stimulate 

renewed interest in FRE by opening new avenues for mycorrhizal research. 
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THESIS OVERVIEW 

The overarching aim of my thesis was to improve knowledge of fine root endophytes 

(FRE). I used multiple approaches to address my aim. This thesis is presented in five parts 

roughly corresponding to the different approaches I used, with the intention that this 

structure will help the reader understand the logical connection between the different 

components of my research. In particular, I was keen to produce a pot culture of FRE, 

despite the known difficulty of isolating these fungi, and also to use molecular methods 

to describe FRE and reveal their taxonomy. My patience and hard work eventually paid 

off, however, during the first two years of my project, I had a number of failed sequencing 

attempts (summarised within the Appendix). The successful sequencing results, which 

came at the end of the third year of my PhD, were so significant as to alter the context 

of the agro-ecological aspects of my thesis (i.e. Part Five). Therefore, the Literature 

Review and Field Survey (Chapters 7 and 8) are presented after the Sequencing Chapter 

(Chapter 5), rather than the more usual place immediately after the General Introduction 

(Chapter 1), reflecting the influence of the sequencing outcomes on those chapters.  

Figure 1 shows each set of chapters within the five parts of the thesis and the logical 

connections between the parts, and will appear at the beginning of each thesis part to 

help orientate the reader. A full description of the thesis structure is detailed in Chapter 

1: General Introduction. 
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Figure 1: The structure of this thesis, divided into five parts which reflect the aims and focus of 
my PhD project, and showing the conceptual links between the chapters. 
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PREFACE 

Part One introduces the subject of my PhD, fine root endophytes (FRE; Chapter 1), and 

explains my motivations to research FRE, plus the overall thesis structure. Part One also 

investigates the hypothesis that FRE may be present within the roots of numerous 

pasture plants, and that storage methods for plant root samples may impact 

differentially on FRE compared with AMF.  

More specifically, Chapter 2 presents the results of preliminary field sampling of pasture 

species to investigate the potential for FRE to colonise pasture plants. The plant samples 

were collected for me by Dr Dion Nicol and I completed the sample processing and 

analyses. 

Chapter 3 addresses my first aim—to examine the impact of storage methods on FRE—

and presents a published study which examined colonisation by FRE and arbuscular 

mycorrhizal fungi (AMF) within the roots of Trifolium subterraneum at the time of field 

sampling, and then again following storage, across a variety of times and conditions. 

Here, I was particularly interested to see if there was a different response for FRE and 

AMF. I undertook all the work for this study, including the field sampling, the harvesting 

at the allotted times, the preparation and assessment of fungal colonisation, and 

analysis of the results. Dr Nicol contributed to the initial experimental design. Associate 

Professor Ryan and Dr Standish provided statistical advice and, along with Professor 

Dickie, helpful comments throughout manuscript preparation. Dr Christine Davies of 

Tweak Editing contributed editorial assistance on the final manuscript. 

Overall, Part One is intended to test the concept that FRE are common root endophytes 

of pasture plants, and that there are biological differences between FRE and AMF. These 

concepts lay the foundation for Part Five: Review and Distribution. 
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CHAPTER 1. GENERAL INTRODUCTION 

Arbuscular mycorrhizal fungi (AMF) form mutualistic associations with plant roots, a 

relationship generally beneficial to both plant and fungus. In return for provision of 

carbohydrates, the fungi may provide a variety of advantages for the plant, including, 

but not limited to, increased nutrient uptake (Abbott and Robson, 1977), improved 

drought and pathogen resistance, stabilisation of soil aggregates (Hartnett and Wilson, 

2002; Smith and Read, 2008; Siddiky et al. 2012) and seedling survival (van der Heijden 

et al. 2015). The dominant, and defining, structures of AMF—arbuscules—inhabit the 

plant root cortex cells, while the hyphae of AMF extend out to explore the surrounding 

soil. Therefore, AMF exist at the interface between plant roots and soil, and through 

their interactions with plants, AMF provide ecosystem services including nutrient cycling 

of carbon, nitrogen and phosphorus, decomposition and reduced nitrogen leaching (van 

der Heijden et al. 2015). Combined, the fact that AMF are present in most ecosystems 

and form associations with ~80% of land plants, it seems certain that this symbiosis 

impacts globally on plant diversity and survival (Smith and Read 2008).  

Glomus tenue is an arbuscule-forming mycorrhizal fungus, also referred to as fine 

endophyte(s) or, herein, fine root endophytes (FRE). Using the term FRE is preferred, as 

I will show both that the "Glomus" name is incorrect, and that morphological variations 

indicate more than one fungal species may be involved (Thippayarugs et al. 1999). 

Therefore, within this thesis, the term FRE describes a species group.  

The characteristic morphology of FRE within plant roots enables visual distinction from 

other forms of AMF. Once stained, FRE morphology appears darker than most forms of 

AMF when visualised under a microscope. Within the epidermis and outer cortex of the 

root, FRE form a fan-shaped, or palmate, entry point. Subsequently, they produce 

diverging fine hyphae (≤2 µm diameter) branching both intra- and inter-cellularly to 

spread within the root cortex (Greenall 1963; Gianinazzi-Pearson et al. 1981; Abbott 

1982). The aseptate hyphae produce terminal and intercalary vesicle-like swellings and 

fine, delicate arbuscules, which may appear tapered in shape, in the mid to inner cortex 

of the root (Gianinazzi-Pearson et al. 1981; Merryweather and Fitter 1998) (Fig. 1.1.1). 
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Multiple hyphae of FRE may converge within intercellular spaces to form ‘ropes’ 

(Greenall, 1963; Gianinazzi-Pearson et al. 1981). The spores of FRE are ≤20 µm and 

colourless when young, making them challenging to identify, they then turn dark brown 

with age (Hall 1977; Brundrett et al. 1996). 

 

 

Figure 1.1.1: Fine root endophytes within the roots of Trifolium subterraneum showing fine 
multi-branching hyphae with vesicle-like swellings, and arbuscules within the plant cells. Bar = 
50 µm. Image reproduced from Orchard et al. (2016). 

 

Studies of AMF undertaken during the 1970s to 1990s sometimes used the distinct 

morphology of FRE to distinguish them from other AMF (detailed in Chapter 7: Literature 

Review). However, few studies from recent decades have distinguished FRE from AMF, 

hence research on FRE has lagged behind that of AMF and little is known in regard to 

FRE. Even so, high colonisation levels by FRE have been reported from Australasian crops 

and pastures (e.g. Crush 1973a; b; Abbott and Robson 1982). In particular, FRE have 

been reported on numerous occasions from members of the Poaceae, Fabaceae and 

Asteraceae plant families, all commonly found within agricultural systems, and pasture 
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systems in particular (e.g. Crush 1975; Read and Haselwandter 1981; Ryan and 

Kirkegaard 2012; Chapter 7: Literature Review).  

Globally, unmanaged grasslands and managed pastures are a major contributor to 

agricultural income as a source of forage for livestock (Kemp and Michalk, 2007). In 

addition, they provide food and habitat for numerous forms of wildlife, both macro- and 

micro-organisms (Kemp and Michalk, 2007). The role of grasslands is therefore 

important and multifunctional, enhancing both economy and biodiversity (Kemp and 

Michalk, 2007). More locally, in Australia, ~55% of land was used for livestock in 2011 

(State of the Environment Report) and pasture systems within Western Australia (WA) 

comprised 37% of agricultural land in 2005 (Nichols et al. 2007). However, despite the 

importance of pasture systems, and the likely prevalence of FRE therein (Abbott, 1982; 

Abbott and Robson, 1982; Ryan and Kirkegaard, 2012), very little is actually known about 

the role, or even the distribution, of FRE within pasture systems. Hence, further 

investigation is required on the function and ecology of these root-endophytic fungi. 

WHY MAKE FINE ROOT ENDOPHYTES THE FOCUS OF MY PHD? 

My interest in FRE was piqued during my Honours project with The University of 

Western Australia, where I found that FRE proliferated compared to AMF following a 

period of soil waterlogging, reaching up to 60% of root length colonised (Fig. 1.1.2; 

Orchard et al. (2012) Honours Thesis). My Honours Thesis reported the results of a 

glasshouse experiment, including a DNA analysis of the soil samples conducted by the 

South Australian Research and Development Institute (SARDI; methods in Orchard et al. 

2012). The results revealed discrepancies between the root colonisation levels by fine 

or coarse endophytes (herein FRE and coarse AMF, respectively) and relative DNA 

abundance data (reported as DNA copy number). In particular, where FRE colonisation 

increased under waterlogged conditions based on visual assessment, the detected DNA 

copy number reduced (Orchard et al. 2012). In fact, the trend in the DNA data were 

correlated to that of coarse AM fungal colonisation levels, but not FRE (Fig 1.1.2). 

Following some research on FRE, I discovered their uncertain placement within the 

Glomus genus, and the general lack of understanding of these fungi.  
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Figure 1.1.2: The relationship between DNA copy number and (a) the proportion of the total 
colonisation which was comprised of coarse (AM fungal) endophytes (R2=0.50, P<0.0001), (b) 
the proportion of the total colonisation which was comprised of fine (root) endophytes (FRE) 
(P=0.2) and, (c) the percentage of total root length colonised by arbuscular mycorrhizal fungi 
(AMF), which included both coarse AMF and FRE (R2=0.43, P<0.0001), for Lotus subbiflorus and 
Lolium rigidum grown in a glasshouse for 42 days at 80% field capacity and then a further 35 
days at 65% field capacity or waterlogged (outliers are indicated by filled circles, i.e. the points 
where FRE (and hence, AMF) colonisation was high, but DNA low within the waterlogged 
conditions (Orchard et al. 2012). 

 

Subsequently, an article based on my Honours project was published (Orchard et al. 

2016; Appendix 1). However, the key DNA data pivotal to my interest in FRE was 

removed from this publication. The reviewers felt that the DNA results lacked rigour due 

to the samples being a mixture of FRE and multiple species of AMF and, in particular, 

the fact that the SARDI methods could not be published in detail due to intellectual 

property issues. Even so, I became convinced, and hypothesised, that FRE were being 

overlooked within the increasing number of phylogenetic studies published on AMF and 

fungal community/diversity, as the genetic primers did not detect FRE. Hence, while 

rapidly advancing methods were being employed to examine AM host–fungal 

interactions at the molecular level, I felt that the conclusions regarding arbuscule-



PART ONE. CHAPTER 1. GENERAL INTRODUCTION 

PAGE | 11 

producing fungi extrapolated from these data were likely to be, unintentionally, 

incomplete. 

Thus, while FRE may make up a high proportion of the root colonisation within 

Australian agricultural systems (Abbott, 1982; Abbott and Robson, 1982; Ryan and 

Kirkegaard, 2012), and globally, in natural ecosystems (e.g. Read and Haselwandter, 

1981), the lack of recent research means that understanding of FRE is lagging well 

behind other forms of fungi, especially AMF. Indeed, we don’t understand how FRE 

interact with their plant host, or whether FRE perform a beneficial functional role 

analogous to other AMF. Therefore, given these uncertainties, the specific aims of my 

PhD research were to: 

a. Examine how the storage methods used for plant samples impact on AMF and how 

this may differ from the impact on FRE, as personal observations had indicated 

that colonisation by FRE appeared to change following storage (Chapter 3). 

b. Produce an isolated pot culture of FRE suitable for further experimentation 

(Chapter 4). 

c. Establish the phylogenetic identity of FRE (Chapter 5). 

d. Analyse the morphology of FRE through cryo-scanning electron microscopy and X-

ray microanalysis, and report a potential method to differentiate arbuscules of FRE 

from AMF while in planta (Chapter 6). 

e. Examine the distribution of FRE globally through a meta-analysis of the literature 

(Chapter 7) and, more locally, within the pasture systems of southern Australia 

(Chapter 8). 

f. Consider the ecological niche of FRE, and whether it differs from that of AMF, 

through a meta-analysis of the literature and a distribution survey (Chapters 7 and 

8). 

g. Provoke and excite interest in, and further research on, this neglected group of 

fungi within the mycorrhizal research community (the published papers: Chapters 

3, 5 and 7, and conference presentations). 
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THESIS METHODOLOGICAL APPROACH 

My early attempts to isolate FRE failed (not detailed in this thesis) and, although I 

eventually produced results using a soil dilution series (Chapter 4), this result took much 

longer than anticipated. Further, several sequencing attempts also failed (summarised 

in Appendix 2). 

Therefore, to achieve the aims of my PhD I had to persist and rethink my approach 

several times over. In addition, I had to establish collaborations with other researchers 

who could provide additional expertise and technological advances. This approach had 

several advantages: integration of knowledge and experience; cost efficiency; and the 

opportunity to employ protocols and procedures developed by co-authors, e.g. the 

collaboration with Warwick University (UK) for the next-generation sequencing. 

Increasingly, such collaborative approaches will be required within future research, due 

to increasing specialisation, rapid technological advances, plus the rising cost of 

equipment and services (Standish 2016). 

THESIS STRUCTURE 

This thesis is in agreement with the Postgraduate and Research Scholarship Regulation 

1.3.1.33(1) of The University of Western Australia and is presented as a combination of 

chapters and scientific papers. Three manuscripts are published and included as PDF 

documents within the thesis chapters. Permissions were obtained to reproduce the 

published papers in my thesis (Appendix 3). All the research presented here has resulted 

from work undertaken throughout my PhD, and all photographs are my own unless 

otherwise noted. 

This chapter, the General Introduction, has covered the broad background for the work 

presented in the thesis while attempting to avoid repetition of the detail provided in the 

Literature Review, which is presented in Chapter 7 as a published paper. In addition, 

Chapters 3 and 5 are presented in the format of scientific papers that can be read 

individually or as part of the whole thesis. Each published chapter includes the following 

sections: Summary/Abstract, Introduction, Materials and Methods, Results, Discussion 

and References.  
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The 'thesis-as-a-series-of-papers' format results in some unavoidable repetition, 

especially in the Introductions and Materials and Methods sections, though this has 

been minimised wherever possible. Also, as explained in the Thesis Overview, the 

chapters are not necessarily presented in chronological order. Readers will note the 

changing use of acronyms, FE or FRE, used to indicate fine endophyte and fine root 

endophytes respectively, which may appear at first to be inconsistent. However, the 

change of acronym was deliberate. In Chapter 3, the use of FRE reflected the preference 

of the Editor of Plant and Soil. Whereas the subsequent sequencing paper (Chapter 5) 

referred to FE, which was a more accepted description of the fungi based on historical 

publications and given the taxonomic implications of the sequencing data. Therefore, 

with the publication of these data, we officially proposed the amended name of fine 

root endophytes (Orchard et al. 2017). Similarly, reference to arbuscular mycorrhizal 

fungi (AMF) may differ slightly, where the early Chapters 1–4 specifically define ‘coarse’ 

AMF, but from Chapter 5, I then simply refer just to AMF—being all the arbuscule-

producing fungi classified within the Glomeromycota.  

Overall, this thesis is comprised of five themed parts (Fig. 1.1.1): Part One: General 

Introduction and Field Sampling; Part Two: Isolation; Part Three: Sequencing; Part Four: 

Morphological Analysis; Part Five: Review and Distribution. The thesis concludes with a 

General Discussion chapter. At the beginning of each part, a short preface will 

contextualise the chapters that follow, plus a modified Figure 1 will highlight the part in 

relation to the whole thesis. The preface to each part serves to link the part to the 

broader aims addressed by the thesis and clarifies the role of each listed co-author 

(where relevant). At the close of each part, a part conclusion will briefly summarise the 

conclusions of each chapter, and link the findings to the content of subsequent parts.  
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CHAPTER 2. FIELD SURVEY OF FINE ROOT ENDOPHYTES IN SEVENTEEN 

PASTURE SPECIES 

ABSTRACT 

The majority of observations of fine root endophytes (FRE) have been from plant species 

belonging to the Poaceae, Fabaceae and Asteraceae families: together, these constitute 

a large proportion of pasture plant species. Indeed, FRE were abundant in waterlogged 

ryegrass (Lolium rigidum) and lotus (Lotus subbiflorus) in a pasture in south-western 

Australia (Orchard et al. 2016). However, records of FRE in pastures elsewhere are 

patchy (e.g. New Zealand) and, overall, there is limited knowledge of FRE within pastures 

beyond the well-sampled Lolium species (ryegrass) species and Trifolium subterraneum 

(sub-clover). Therefore, the aim of this survey was to assess the presence of FRE within 

seventeen species common to pastures in south-western Australia. 

Field samples were collected from a sown experiment in a pasture in south-western 

Australia and assessed for colonisation by FRE and coarse arbuscular mycorrhizal fungi 

(AMF). FRE were observed in nine of the 17 species, with colonisation up to 35% of total 

root length. The total root length colonised by coarse AMF varied across the species 

from 2 to 82%. This is the first report of FRE within several of these pasture species. 

However, FRE were absent from some plant species which were reported to be 

colonised by FRE in New Zealand. Thus, it may be that edaphic factors influence the 

presence of FRE. 

INTRODUCTION 

Fine root endophytes (FRE) have been reported predominantly from plant species 

belonging to the Poaceae, Fabaceae and Asteraceae families and, particularly, in 

agriculturally important Lolium species (Crush, 1973; Christie and Kilpatric, 1992). 

Further, many species within the aforementioned plant families are dominant within 

Western Australian (WA) pasture systems, which are heavily based on the planting of 

introduced species suitable for livestock forage, such as Lolium rigidum Gaudin (annual 

ryegrass), Trifolium subterraneum L. (sub-clover) and Pennisetum clandestinum Chiov. 
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(kikuyu grass) (Hill et al. 2005). However, there are few reports of the occurrence of FRE 

across multiple plant species within a single pasture. 

Thus, the aim of this preliminary study was to score the presence of FRE within the roots 

of 17 plant species, many of which were common pasture plants, but also including some 

undomesticated native plant species. I also assessed the levels of root colonisation by 

arbuscular mycorrhizal fungi (AMF) to establish the representation of FRE as a 

proportion of the AM fungal community.  

MATERIALS AND METHODS 

FIELD-SITE DESCRIPTION AND FIELD SAMPLING  

The beef cattle pasture, ‘Trotters’, was located close to the town of Waroona (32.85°S, 

115.92°E, ~40 m above sea level) in the Peel–Harvey catchment in Western Australia, 

which experiences the hot, dry summers and mild, wet winters typical of a 

Mediterranean climate. The soil was sand over gravel to clay (~0.4 m) with a pH of 4.2 

(CaCl2). In 2012 (one year prior to the sampling for this study) available nutrients (mg 

kg–1) in the 0–10 cm profile were mineral N 37, Colwell extractable P 24, Colwell 

extractable K 73 and S 10.9; organic carbon was 3.41%.  

In May 2012, the site was rotary tilled and strips (~2 m wide × 100 m long) of 17 pasture 

species were hand sown in rows 0.5 m apart (Table 1.2.1). Appropriate rhizobia inocula 

were added to leguminous species. There were three replicated blocks running within 

the cultivated soil down the slope (Fig. 1.2.1). The blocks were not irrigated. 

In August 2013, one plant sample was removed from each replicate strip through the 

removal of a 0.15 m × 0.15 m × 0.15 m clod of soil from around each plant. Clods were 

placed in a plastic bag and sealed. Upon return to the laboratory the same day, the roots 

were washed clean of the soil, taking care not to damage the root system. Roots were 

severed from the shoots and placed into vials containing 70% ethanol. 
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Table 1.2.1: Seventeen pasture plant species from the experimental field site, Trotters, near 
Waroona, Western Australia (WA) collected in August 2013 (n = 3).  

Plant species Family 
Annual or 
Perennial? 

Use 
Native 
to WA? 

Arctotheca calendula (L.) Levyns Asteraceae annual weed No 
Cichorium intybus L. Asteraceae perennial pasture No 
Rhodanthe chlorocephala Turcz Asteraceae annual native Yes 
Brassica napus L. Brassicaceae annual crop No 
Glycine canescens F.J.Herm. Fabaceae perennial native Yes 
Kennedia prostrata R.Br. Fabaceae perennial native Yes 
Lotus corniculatus L. Fabaceae perennial pasture No 
Lupinus cosentinii Guss. Fabaceae annual weed No 
Medicago sativa L. Fabaceae perennial pasture No 
Ornithopus compressus L. Fabaceae annual pasture No 
Trifolium fragiferum L. Fabaceae perennial pasture No 
Trifolium repens L. Fabaceae perennial pasture No 
Trifolium subterraneum L. Fabaceae annual pasture No 
Dactylis glomerata L. Poaceae perennial pasture No 
Lolium rigidum Gaudin Poaceae annual pasture No 
Microlaena stipoides R.Br. Poaceae perennial pasture Yes 
Pennisetum clandestinum Chiov. Poaceae perennial pasture No 

 
 

 

    

Figure 1.2.1: The experimental field site, Trotters, near Waroona, Western Australia, where the 
seventeen pasture species were collected in August 2013, showing the replicate strips of each 
pasture species (n=3). Photographs courtesy of Dr Dion Nicol. 

 

ASSESSMENT OF MYCORRHIZAL COLONISATION 

Roots were cleared in a 10% potassium hydroxide solution at room temperature for 3–

4 days and stained using the ink and vinegar method (Vierheilig et al. 1998). The 

percentage of root length colonised by AMF was assessed using the gridline intersect 

method under a dissecting microscope (Giovannetti and Mosse, 1980; McGonigle et al. 

1990). The relative proportion of total colonisation that consisted of FRE (<1.5 μm 
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hyphal diameter) and coarse AMF (>1.5 μm hyphal diameter) was determined by 

examining at least 15 ~1.5 mm sections of colonised root at >100× magnification in a 

similar manner to Orchard et al. (2016) (Appendix 1). FRE were identified by their distinct 

morphological features, described in the General Introduction. The proportion of total 

colonisation that consisted of FRE and coarse AMF was assessed on a scale from 0–1. 

For example, where total colonisation consisted of 60% FRE and 40% coarse AMF, then 

the grading would be FRE = 0.6, coarse AMF = 0.4. The ‘root colonisation level’ for each 

type of fungi was then calculated as the total percentage of root length colonised × the 

grading. Note: this method differs from the methods used in later thesis chapters with 

the exception of Soil Dilution Experiment One (Part Two, Chapter 4). 

RESULTS 

The total root length colonised by both forms of fungi varied widely across the 

seventeen plant species, ranging from 2 to 69% (Fig. 1.2.2). The proportion of the 

colonisation which was comprised of FRE also varied, with the highest colonisation in 

Ornithopus compressus (~24%) and no colonisation found in eight species (Fig. 1.2.2). 

Therefore, FRE were observed to be colonising nine of the seventeen species: 

Arctotheca calendula, Cichorium intybus, Kennedia prostrata, Lolium rigidum, 

Microlaena stipoides, Ornithopus compressus, Rhodanthe chlorocephala, Trifolium 

fragiferum and T. subterraneum. These plants all belong to three plant families: 

Asteraceae, Fabaceae and Poaceae.  

All plant species were colonised by coarse AMF. The percentage root length colonised 

by AMF was highest in Glycine canescens (69 ± 6.9%, mean ± standard error, n=3) and 

lowest in Lupinus cosentinii (2.3 ± 1.4%; Fig. 1.2.2), and in both these cases, FRE were 

not observed.   
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Figure 1.2.2: The percentage of total root length colonised by both forms of arbuscular 
mycorrhizal fungi (AMF; full bar), and also showing the proportion of the colonisation which 
consisted of fine root endophytes (green) and coarse AMF (grey) in the roots of 17 pasture plant 
species collected in August 2013, from a pasture in south-west Australia (mean ± standard error, 
n=3). Letters next to the plant species name indicate the plant family: A = Asteraceae, B = 
Brassicaceae, F = Fabaceae, P = Poaceae. Rhodanthe chlorocephala, Glycine canescens, Kennedia 
prostrata and Microlaena stipoides are native to the region whereas the other plants have been 
introduced from elsewhere. 

 

DISCUSSION 

I observed FRE within the roots of >50% of the pasture plants sampled. This appears to 

be the first report of FRE within some relatively common pasture species: Arctotheca 

calendula, Cichorium intybus and Ornithopus compressus, and native species Kennedia 

prostrata and Rhodanthe chlorocephala. In contrast, FRE have been widely reported in 

Trifolium and Lolium species. For example, colonisation levels have been reported to 

range from 2–85% in Lolium spp. (Crush, 1973; Crush, 1975; Powell, 1979; Christie and 
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Kilpatric, 1992), and 5–79% in T. subterraneum (Abbott and Robson, 1982; Abbott et al. 

1983; Wilson and Trinick, 1983; Thippayarugs et al. 1999). Within my study, high levels 

of coarse AM fungal colonisation did not prevent associations with FRE. In fact, FRE were 

associated with high levels of coarse AM fungal colonisation in several species (e.g. 

Cichorium, Ornithopus and Trifolium). Plant life-history traits, i.e. annual or perennial, 

did not appear to influence colonisation by FRE, nor whether the host species were 

native or introduced. 

FRE were not observed in Dactylis glomerata within this study, and yet, this species was 

reported to be highly colonised by FRE in New Zealand (Crush, 1973). Further, while 

Lotus species have been reported to associate with FRE in both Australia (Orchard et al. 

2016) (Appendix 1) and New Zealand (Crush, 1975), that was not the case here for Lotus 

corniculatus. Therefore, perhaps there are interactions between edaphic factors and 

host-plant species which facilitate colonisation by FRE. Alternatively, considering that 

FRE likely consist of multiple species, it may be that different species of FRE colonise the 

pasture plants of Australia and New Zealand.  

FRE were not present in Brassica napus (Brassicaceae) or Lupinus cosentinii (Fabaceae), 

however low levels of colonisation by AMF were observed on these species, mostly 

consisting of hyphae with very few vesicles or arbuscules present. Both the Brassicaceae 

plant family and the Lupinus genus (Fabaceae) are considered non-mycorrhizal, however 

reports of low-level colonisation, similar to this study, have been made for pasture 

plants grown in WA soils. For example, hyphal colonisation of <10% in Lupinus spp. 

(Trinick, 1977), and restricted colonisation of Brassica napus, with much reduced 

arbuscule formation compared to T. subterraneum (Tommerup, 1984). FRE were not 

observed in these non-mycorrhizal species and have rarely been reported from 

supposedly non-mycorrhizal species. This observation suggests that the adaptations by 

these plants to exclude mycorrhiza are possibly more selective for FRE than AMF, and 

hints that there are biological and ecological differences between FRE and AMF. 

In conclusion, this study has shown that FRE were present in >50% of the 17 pasture 

plant species sampled, including plants from the Asteraceae, Fabaceae and Poaceae 

families. Further, there were no obvious patterns regarding the influence of plant host 

on colonisation by FRE, excepting those plants which were non-mycorrhizal. Therefore, 
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FRE are likely common fungal root endophytes within WA pastures. However, this 

preliminary study used a relatively small sample size (three plants per species) and only 

one sample site. Therefore, a broader sampling of Australian pastures would be 

informative. 
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SUPPORTING INFORMATION 

 

 

Figure S1.3.1: The pasture at Bruce Farm, near Waroona in south-western Australia. The mid-
zone section of this pasture was the source of the field samples detailed in Chapter 3. Also, field 
soil was collected from this pasture and used for the Soil Dilution experiments (Chapter 4) and, 
hence, was the source of the fine root endophytes which colonised the roots used for DNA 
sequencing (Chapter 5), and for the cryoSEM analysis (Chapter 6).  
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Figure S1.3.2: Example of the Shoots-removed (left) and Shoots-intact (right) treatments using 
Trifolium subterraneum field samples, from the experiment reported in Chapter 3. 

 

 

Figure S1.3.3: The slide preparation for colonisation assessment of Trifolium subterraneum roots 
from the experiment reported in Chapter 3. The roots had been cleared in potassium hydroxide 
and stained with blue ink: (a) an intact root laid out, (b) lateral roots excised from the main root, 
(c) then cut into ~15 mm pieces and (d) transferred onto a pre-marked microscope slide. 
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CONCLUSION 

Within Part One, I have reinforced the hypothesis that FRE are common root endophytes 

within WA pastures, with FRE present in nine out of seventeen species. Part One has also 

achieved the first aim of my thesis—to examine the impact of storage methods on FRE—

which has shown that FRE colonisation may be more sensitive to changes in host-plant 

and edaphic conditions compared with AMF. This sensitivity may impact the visual 

assessment of root fungal colonisation, and could have resulted in under-reporting of 

FRE. Further, the work in Part One hints that there may be biological and ecological 

differences, not yet understood, between FRE and AMF.  

The next key aim in my project was to develop a pot culture of FRE, detailed in Part Two. 

Also, the influences on colonisation by FRE are discussed further within later chapters of 

this thesis. For example, the possible biological differences between FRE and AMF are 

examined in the cryoSEM analysis (Chapter 6) and ecological differences are discussed in 

the Literature Review (Chapter 7), along with the presence of FRE within agricultural 

systems. In addition, the larger survey of the distribution of FRE in southern Australian 

pastures (Chapter 8) examines further the potential impact of edaphic factors on 

colonisation by FRE of a common pasture species.  
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PREFACE 

The production of an isolate of fine root endophytes (FRE) would facilitate research to 

advance our understanding of these fungal endophytes, hence, this was an aim of my 

project and one of the first challenges. I designed an experiment combining two 

methods: soil sieving and soil dilution. Two experiments were performed, with the results 

of the first informing the methods of the second. Therefore, the format of Chapter 4 

differs from most other chapters within this thesis: following a short Introduction, I will 

describe the Methods and Results of both experiments, and then finish with a Discussion, 

including options on how this method can be further improved.  

Associate Professor Ryan greatly assisted with the experiment design and methodology, 

and research assistants, Evonne Walker and Simone Wells, helped with the experiment 

setup and maintenance. I harvested the experiments, assessed roots for mycorrhizal 

colonisation and undertook all other post-harvest processes. Associate Professor Ryan 

and Dr Rachel Standish helped me to frame this chapter within the context of the thesis. 

I analysed the data and wrote the first draft. Associate Professor Ryan and Dr Standish, 

along with Professor Dickie, provided helpful comments on earlier drafts of this chapter. 
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CHAPTER 4. SOIL DILUTION EXPERIMENTS TO ISOLATE FINE ROOT 

ENDOPHYTES 

ABSTRACT 

Fine root endophytes (FRE) have rarely been isolated in a pot culture. Yet the production 

of FRE in culture would advance our understanding considerably because isolation is a 

necessary first step for research. Therefore, I designed an experiment, through 

combining two published methods, aimed at producing an isolated culture of FRE within 

the roots of Trifolium subterraneum (sub-clover). Two experiments were performed, 

with the results of the first informing the methods of the second. 

In Experiment One, I removed the larger coarse arbuscular mycorrhizal (AM) fungal 

propagules using fine sieves, in turn increasing the concentration of propagules of FRE 

within the soil fraction which passed through the sieve. I further reduced the number of 

coarse AM fungal propagules by diluting the sievings in a 3-fold dilution series (n=5). 

Experiment One also included an unsieved field soil diluted in a 9-fold dilution series 

(n=5). Plants were harvested after six weeks. Mycorrhizal colonisation was assessed as 

the total percentage of root length colonised (%TRL) by FRE and coarse AMF, and also 

the proportion of the colonised root which was composed of FRE and coarse AMF.  

Experiment One demonstrated that the sieved 3-fold dilution 1:81 was the most 

successful method to isolate FRE. Therefore, this method was repeated in Experiment 

Two; a further two-fold dilution level, 1:162, was also trialled (n=30). Plants were 

harvested after eight weeks and colonisation by FRE and coarse AMF was assessed. 

Experiment Two showed that FRE were abundant within roots after the 1:81 dilution 

(39.3 ± 4.6%TRL), but lower after the 1:162 dilution (21.2 ± 3.6%TRL). Fourteen pots 

appeared to contain only FRE (1:81 = 6 and 1:162 = 8). However, in the remaining pots 

coarse AMF were also present, albeit at low colonisation levels (3.8 ± 0.8 and 0.7 ± 

0.2%TRL in the 1:81 and 1:162 dilutions, respectively; n=25). Therefore, Experiment Two 

did not consistently isolate FRE. 
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These experiments demonstrated potential to substantially enrich, and sometimes 

isolate, FRE in a pot culture, but the method did not consistently remove all coarse AM 

fungal propagules from the field soil. Therefore, further refinements to this method are 

suggested to maximise isolation success of FRE for future research. 

INTRODUCTION 

The production of isolates greatly facilitates the research for any fungus. Isolates may 

be produced from fungal propagules (spores, mycelium) and some fungi will readily 

grow from these propagules on nutrient agar or in nutrient solution making isolation a 

relatively simple process. Such methods produce true fungal isolates. However, many 

fungi, including the arbuscular mycorrhizal (AM) fungi and fine root endophytes (FRE), 

are difficult to isolate. AMF are obligate biotrophs and cannot survive without a host 

plant (Smith and Read 2008). Therefore, their propagules (such as mycelium, spores or 

colonised root pieces) are grown with a host plant to produce a pot culture (herein 

referred to as a culture), i.e. a single known AM fungal species inhabiting the host plant 

roots. Some specialised methods have also been developed for AMF, such as 

transformed root-organ cultures (Becard and Fortin 1988), however, such methods 

usually require isolated spores and, to date, have not been used for FRE due to the 

difficulty of extracting their spores (see below). Cultures of AMF can be maintained for 

years or even decades.  

A reliable method to produce FRE in culture would enable us to greatly advance our 

understanding of their taxonomy and biology. For instance, a culture would allow 

examination of the impact of FRE on plant growth, the establishment of a phylogenetic 

identity, and examination of ultrastructural and cytochemical features. However, in a 

similar manner to AMF, FRE appear to be obligate biotrophs and so use of agar to culture 

FRE has not been possible (Greenall, 1963). Furthermore, spores of FRE are very small 

(<20 µm) and colourless (Hall, 1977), which makes them difficult to extract from the soil, 

and no spore-based cultures have been produced. Another difficultly is isolating FRE 

from AMF, as these two groups of fungi often co-exist (e.g. Orchard et al. 2016). Few 

researchers have reported producing FRE in culture. Indeed, it appears that FRE may 

have been isolated in culture only three times: once each in New Zealand (Crush, 1973) 
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and Australia (Abbott, 1982), and once from a South African soil (Turnau et al. 2008). 

Unfortunately, none of these cultures have been maintained.  

Therefore, I undertook two experiments with the aim of isolating FRE in culture through 

the integration of two published methods to enhance colonisation by FRE and reduce 

colonisation by the larger-hyphaed coarse AMF: (i) a soil dilution series developed to 

isolate AMF (Porter, 1979) and (ii) use of field-soil sievings as inoculum for FRE (McGee, 

1989; Thippayarugs et al. 1999). Individually, these methods had been used to culture 

AMF (soil dilution; Porter, 1979) and partially culture FRE (soil sievings; Thippayarugs et 

al. 1999). I hypothesised that a combination of these two methods by firstly sieving the 

field soil and then applying serial soil dilutions to the sievings, would greatly increase 

the number of propagules of FRE relative to that of AM fungal propagules. I expected 

the larger AM fungal propagules to be caught on the fine gauge sieve while propagules 

of FRE would pass through; the soil dilutions would then further reduce the likelihood 

of AM fungal propagules being present. Two experiments integrating these methods 

were designed and completed, with the results of the first experiment, that is, the 

optimal dilution level, informing the design of the second experiment. 
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EXPERIMENT ONE 

METHODS 

In August 2014, approximately 20 kg of soil was collected from the mid-zone of a pasture 

in southern Western Australia. Soil parameters have been previously described in 

Orchard et al. (2016) (Appendix 1). Briefly, the available nutrients (mg kg–1) in the top 20 

cm of the soil were mineral N 36, Colwell P 19 and Colwell K 95, with 2.5% organic carbon 

and a pH (CaCl2) of 5.4 (Orchard et al. 2016). This soil was dried at room temperature 

and passed through a 6 mm sieve to remove large stones and debris. Approximately 15 

kg of the soil was wet pasteurised at 65oC for 1 hour on two consecutive days and dried 

again at room temperature. Two dilution series were prepared, both using 

unpasteurised field soil. A 9-fold dilution used unsieved field soil, and a 3-fold dilution 

using sieved field soil (Fig. 2.4.1); these dilutions were a slight variation on the 2-fold and 

10-fold dilutions previously used for AMF (Porter, 1979; Wilson and Trinick, 1983a; 

McGee, 1989). This methodology was chosen to determine whether the unsieved or 

sieved field soil and which dilution, were most effective for isolating FRE.  

NINE-FOLD SERIAL DILUTION OF UNSIEVED FIELD SOIL  

A total of five 9-fold dilutions were prepared (1:9, 1:81, 1:729, 1:6561 and 1:59049; also 

see Supporting Information of this chapter for full dilution calculations: Table S2.4.1). 

The first preparation was mixed by placing the required dried unsieved field soil and 

pasteurised soil into a large ethanol-sterilised container, which was placed in an end-

over-end shaker and rotated 99 times. Subsequent dilutions were mixed in the same 

manner. At each step, the unused diluted soil formed the basis of the next dilution in 

the series (Fig. 2.4.1). Each dilution had five replicates (pots) and 200 g of diluted soil 

was placed into each pot. 

THREE-FOLD SERIAL DILUTION OF SIEVED FIELD SOIL  

Unpasteurised field soil (250 g) was passed through a 6 mm sieve. This soil was then wet 

sieved through a 250 µm sieve, followed by a further wet sieving through a 50 µm sieve. 

The sievings which were retained on the 50 µm sieve (~125 g) were dried at 40oC 

overnight, ready for use in the dilution series.  
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A dilution of 125 g sievings to 1350 g pasteurised soil was prepared, followed by five 3-

fold dilutions (1:3, 1:9, 1:27, 1:81, 1:243) (see Table S2.4.2 for full calculations). Each 

preparation was mixed by placing the required sieved soil and pasteurised soil into a 

large ethanol-sterilised container and preparing as described above (Fig. 2.4.1). Each 

dilution had five replicates (pots). In addition to the dilution treatments, there were five 

replicates each of two control treatments: undiluted unpasteurised field soil and 

undiluted pasteurised field soil. Neither of these control treatments was sieved. 

 

 

Figure 2.4.1: Soil Dilution Experiment One: diagram showing the experimental preparation of 
the field soil to achieve the 9-fold dilution series with unsieved field soil and the 3-fold dilution 
series with sieved field soil. *The starting dilution was not used for plant growth. 
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GROWTH CONDITIONS 

For each replicate, soil was added to a small (50 mm × 50 mm × 50 mm) black free-

draining pot. On 28 October 2014, seeds of Trifolium subterraneum (sub-clover) cv. 

Dalkeith were allowed to imbibe overnight, and were then surface sterilised with 

ethanol and rinsed in sterile water. Six seeds were planted in each pot, watered and 

covered with white alkathene beads to reduce contamination. The pots were 

randomised on a single glasshouse bench. Seedlings were inoculated with Group C 

rhizobia (Becker Underwood, Somersby, New South Wales, Australia) after one week. 

No additional nutrients were added. Pots were watered daily with 10 ml of deionised 

(DI) water, increasing to 20 ml as the plants grew. Seeds present within the soil seedbank 

germinated throughout the experiment. These included Lotus subbiflorus (lotus) and 

Lolium rigidum (annual ryegrass). These plants were left intact, including weeds, and 

therefore the final number of plants per pot varied.  

HARVEST 

After six weeks all plants were removed from the pots and soil was washed from the 

roots using tap water. Plants of T. subterraneum, L. subbiflorus and Lol. rigidum were 

separated. Only T. subterraneum plants were used for further assessment. Roots were 

excised from shoots and excess water was removed with a paper towel. Roots from each 

replicate were placed into a vial in 70% ethanol. Individual plant root systems remained 

intact throughout.  

ASSESSMENT OF MYCORRHIZAL FUNGI 

Roots were cleared in 1 M KOH, stained with blue ink (Parker Quink™) and stored in lacto-

glycerol (1:1:2 (v/v/v) lactic acid: DI water: glycerol) (Vierheilig et al. 1998; Walker, 

2005). Colonisation was scored by examining at least 50 ~1.5 cm root pieces under a 

dissecting microscope (×90) with a modified version of the magnified intercept method 

(Giovannetti and Mosse, 1980; McGonigle et al. 1990), to give the percentage of total 

root length colonised (%TRL). Then, in a similar manner to Chapter 2, the relative 

proportion of total colonisation that consisted of FRE (<1.5 μm hyphal diameter) and 

coarse AMF (>1.5 μm hyphal diameter) was determined by examining at least 15 × ~1.5 

mm sections of colonised root at >×100 magnification (Orchard et al. 2016, Appendix 1). 

The proportion of total colonisation that consisted of FRE and coarse AMF was assessed 
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on a scale from 0–1. For example, where total colonisation consisted of 60% FRE and 

40% coarse AMF, then the grading would be FRE = 0.6, coarse AMF = 0.4. The ‘root 

colonisation level’ for each type of fungi was then calculated as the total percentage of 

root length colonised × the grading. The assessment of colonisation began with the 

higher dilutions. Colonisation by coarse AMF became increasingly dominant with 

reducing dilution level, and so the lowest dilutions were not assessed. Unassessed 

treatments included the unsieved dilution 1:9 and sieved dilutions 1:3 and 1:9.  

RESULTS 

The results of Experiment One showed that as the unsieved field soil and sieved dilutions 

increased, colonisation decreased for both FRE and coarse AMF (Table 2.4.1). However, 

the number of pots which contained only FRE within the roots, and not coarse AMF, 

increased with increasing dilution (Table 2.4.1). The most successful treatments to 

culture FRE and remove AMF were the unsieved field soil dilution 1:729 and the sieved 

dilution 1:81, which each resulted in 3 (out of 5) instances of isolation. However, the 

root colonisation level by FRE in those dilutions varied widely among replicates being 3–

21% and 0–27% in the 1:729 and 1:81 dilutions, respectively. The higher dilutions did 

have a greater number of isolations (up to 4) but the overall root colonisation level by 

FRE was very low (≤3%; Table 2.4.1).  

 

Table 2.4.1: Soil Dilution Experiment One: the root colonisation level of fine root endophytes 
and coarse arbuscular mycorrhizal fungi after six weeks of plant growth within serial dilutions 
of unsieved or sieved field soil; ** indicates the treatments considered most successful. Higher 
colonisation levels are shown in green for FRE, and grey for coarse AMF. na = not assessed. 

Series Dilution 

Percentage of colonisation composed of:  

Fine root endophytes Arbuscular mycorrhizal fungi 

Rep1 Rep2 Rep3 Rep4 Rep5 Rep1 Rep2 Rep3 Rep4 Rep5 

Unsieved 
field soil 

1:9 na na na na na na na na na na 

1:81 8 14 45 17 60 40 10 16 63 3 

1:729** 20 8 21 5 3 1 0 0 3 0 

1:6561 0 0 2 0 1 0 0 2 0 1 

1:59049 0 0 0 0 0 0 0 0 0 0 
Sieved 
field soil 

1:3 na na na na na na na na na na 

1:9 na na na na na na na na na na 

1:27 37 12 13 56 35 3 19 2 11 11 

1:81** 0 27 0 22 1 0 0 61 0 0 

1:243 3 1 1 1 1 0 0 16 0 0 
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EXPERIMENT TWO 

Based on the results of Experiment One, one repeat treatment and one new treatment 

were included in the design of Experiment Two. These treatments used sieved field soil 

and a 3-fold dilution (1:81), which was considered the treatment most likely to give the 

greatest chance of isolation success, plus a 2-fold dilution (1:162). The 2-fold dilution 

was selected rather than another 3-fold dilution, due to the 1:243 treatment from 

Experiment One showing low levels of colonisation by FRE, suggesting that an 

intermediate dilution between 1:81 and 1:243 may be more successful (full dilution 

calculations in Table S2.4.3). Trifolium subterraneum (sub-clover) was again used as the 

host plant. Plants were grown for eight weeks rather than the six weeks used in 

Experiment One, to allow the root colonisation to establish further. Also for Experiment 

Two, more replicates were grown (n=30 per dilution) than in Experiment One, as the 

roots were to be used for multiple analyses (see Table 2.4.2).  

METHODS 

As the concentration of FRE propagules were greatest early in the growing season 

(Thippayarugs et al. 1999), I collected the field soil in August when cool season annual 

pasture species, such as T. subterraneum, were in a relatively early growth stage. Hence, 

for Experiment Two I had to wait for the cool season to collect more soil, and this is the 

reason that Experiments One and Two were separated by one year.  

In August 2015, fresh field soil was collected from the same pasture as used for 

Experiment One. As we were unable to collect the same quantity of soil as the previous 

year, washed river sand was added to bulk up the soil. Soil drying and pasteurisation 

procedures followed those described for Experiment One. Controls of undiluted field 

soil and pasteurised river sand (n=5) were included. Growth conditions were also the 

same as Experiment One (Fig. 2.4.2), except, to control the number of plants per pot, all 

seedlings emerging from the soil seed bank were removed and the seedlings of the 

planted T. subterraneum were thinned to two per pot. Plant growth failed in one pot 

from both dilution levels (1:81 and 1:162) leaving 29 pots within each dilution for the 

final harvest. The plants were harvested at week 8. 
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Figure 2.4.2: Soil Dilution Experiment Two: the replicate pots containing Trifolium subterraneum 
(sub-clover) seeds within two serial sieved soil dilutions 1:81 and 1:162 (soil sievings: pasteurised 
sand, n=30), plus five controls each of untreated field soil and pasteurised river sand. 
 

HARVEST 

At harvest, there were four analysis requirements for the plant roots: assessment of 

colonisation by FRE and AMF; DNA extraction; cryoSEM; dried-down inoculum. As whole 

root systems were used for each analysis, and there were two plants per pot, each pot 

could cover a maximum of two analyses. Therefore, each pot was allocated to one of 

five harvesting categories (Table 2.4.2). The roots used for assessment of FRE and AMF 

were cleaned and prepared as described for Experiment One (Fig. 2.4.3). The methods 

used to process the roots used in the remaining analyses are detailed in the Supporting 

Information for this chapter: Methods S2.4.1. 
 

Table 2.4.2: Harvest categories i–v for Soil Dilution Experiment Two: each pot containing two 
Trifolium subterraneum plants was allocated to a category, and one or both of the T. 
subterraneum roots were prepared for the analyses indicated. **The Experiment Two roots 
which were used to assess the mycorrhizal colonisation reported herein (Fig. 2.4.4 and Table 
2.4.3). 

Harvest 
category 

Division of roots for each analysis option Total no. of pots per 
category 

Mycorrhizal 
assessment 

** 

DNA 
extraction 

CryoSEM 
analysis 

Dry-down 
for 

inoculum 
1:81 1:162 

i 1 1 – – 3 – 

ii 1 – 1 – 5 – 

iii 2 – – – 9 10 

iv 1 – – 1 8 15 

v – – – 2 4 4 
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Figure 2.4.3: Soil Dilution Experiment Two: replicate pots at week 8 harvest each containing 
two Trifolium subterraneum plants. (a) Prior to harvest from serial sieved soil dilutions 1:81 (reps 
25 and 23) and 1:162 (reps 94 and 89); and washed plant roots from (b) replicate 23 (harvest 
category iii, both plant roots for mycorrhizal assessment) and (c) replicate 89 (harvest category 
iv, one plant removed for mycorrhizal assessment, the second plant was left in the soil to dry 
down). 

 

MICROSCOPE SLIDE PREPARATION AND SCORING OF AM FUNGAL COLONISATION 

The roots selected for mycorrhizal assessment in harvest categories i–iv were cleared 

and stained as described in Experiment One (n = 25 per dilution level). However, the 

method used to assess the colonisation differed from Experiment One because I 

anticipated FRE would make up the majority of the colonisation and therefore, 

visualisation under a dissecting microscope was not appropriate. The microscope slide 

preparation was similar to that shown in Figure S1.3.3 (Chapter 3). Within a petri dish, a 

complete stained root was carefully spread out and any loose root pieces discarded. 

Lateral roots were cut from the tap root using a scalpel blade. The lateral root pieces 

were cut into ~1.5 cm lengths and gently moved to mix. A minimum of 15 root pieces 

were randomly selected and mounted onto a slide in lacto-glycerol solution. Each slide 

had previously been marked up with ten horizontal lines, which acted as intercept lines. 

Unselected root pieces were put back into the sample vial. Each root was scored using 

a modified version of the magnified intercept method (Giovannetti and Mosse, 1980; 

McGonigle et al. 1990). Under magnifications of ×100 and ×400, and at a minimum of 

100 intercepts, the presence/absence of colonisation by both FRE and coarse AMF was 

noted to give the percentage of total root length (%TRL) colonised by both forms of 
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fungi. At some intersects more than one fungus was present, therefore, the sum of the 

individual colonisation may not equate to the total colonisation.  

DATA ANALYSES 

An Independent-samples t-test compared the %TRL by FRE within the two dilution levels 

and was performed in SPSS Statistics for Windows: Version 23.0 (IBM Corp., Armonk, 

NY). Statistical significance was established at P = 0.05. 

RESULTS  

Data are expressed as frequency histograms with the x-axis categories being intervals of 

10% of total root length colonised (Fig. 2.4.4). Within the 1:81 dilution, colonisation by 

FRE varied widely from 0–76.4% and was quite evenly distributed across the frequency 

intervals, with between 2–4 replicates per interval up to 79.9%. There were no replicates 

above 80%. Within the 1:162 dilution, colonisation by FRE was lower (0–48.8%, tdf=46 = 

3.07, P=0.004), with 18 replicates within the intervals up to 29.9%. However, the 

distribution was uneven across the frequency intervals, with nine and eight replicates in 

the 0–9.9% and 20–29.9% intervals, respectively, but only one replicate in the 10–19.9% 

interval. There were seven replicates between 30–49.9%, but no replicates were above 

50% (Fig. 2.4.4).  

In total, the dilution treatments produced 18 pots with FRE likely in isolation (1:81 = 7 

and 1:162 = 11). However, coarse AMF were present in the remainder, albeit at low 

levels, with all replicates from either dilution within the 0–9.9% interval, except two 

replicates from the 1:81 dilution which were in the 10–19.9% interval (Fig. 2.4.4). Even 

so, the mean colonisation by coarse AMF in the sieved dilution treatments was reduced 

by >80%, as AM fungal colonisation of the field soil controls ranged from 15–36.9% (25.7 

± 4.6 mean ± standard error, n=5; Table 2.4.3). The sieved dilution treatments also 

reduced mean colonisation by FRE, but by ≤45% compared with the field soil controls 

(range 65–80% (73.4 ± 2.7%); Table 2.4.3).  
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Figure 2.4.4: Soil Dilution Experiment Two: the frequency of replicates colonised by fine root 
endophytes (FRE; green) and coarse arbuscular mycorrhizal fungi (AMF; grey) based on the total 
percentage of Trifolium subterraneum root length colonised after eight weeks of growth in serial 
sieved soil dilutions 1:81 and 1:162 (soil sievings: pasteurised sand, n=25). Note: the y-axis scale 
differs between the plots for FRE and AMF. 

 

Table 2.4.3: Soil Dilution Experiment Two: the percentage of Trifolium subterraneum total root 
length colonised (mean ± standard error) by fine root endophytes and coarse arbuscular 
mycorrhizal fungi (AMF) after eight weeks of growth within the untreated field soil controls or 
serial sieved dilutions (1:81 and 1:162 soil sievings: pasteurised sand). 

  
Fine root 

endophytes 
Coarse AMF n 

Field soil controls 73.4 ± 2.7 25.7 ± 4.6 5 

Dilution 1:81 40.3 ± 4.5 3.9 ± 0.8 25 

Dilution 1:162 21.4 ± 3.4  0.7 ± 0.2  25 
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DISCUSSION 

In these experiments, I aimed to remove the larger propagules of the coarse AMF 

through soil sieving and dilution and to increase the relative abundance of propagules 

of FRE. Some pots did produce isolates of FRE, however, the method was insufficient to 

consistently remove coarse AM fungal propagules (i.e. never were all replicates in a 

single treatment free of AMF). Even so, in many replicates colonisation by FRE was 

enhanced relative to that of AMF, demonstrating the potential of this method to 

produce pure cultures of FRE with further refinement. 

The Soil Dilution experiments reported here combined two methods, soil sieving and soil 

dilution, resulting in a novel method to isolate FRE. Therefore, direct comparison with 

other research is challenging. Porter (1979) showed that a two-fold dilution series 

effectively increased the number of FRE propagules relative to those of AMF, although 

colonisation levels were not reported. Further, in a similar manner to this study, 

fractions of field soil which passed through fine sieves (<100 µm) reduced colonisation 

by FRE by ~37%, and did not remove all colonisation by coarse AMF, although it was 

reduced by ~50% using a 38 µm sieve (Thippayarugs et al. 1999). The combined method 

used in my study reduced the percentage of root length colonised by coarse AMF by 

>80%, while FRE only reduced by ~45%, compared with the mean percentage of root 

length colonised by both fungi in the untreated field soil controls. Therefore, while 

colonisation by FRE was reduced, coarse AM fungal colonisation was reduced to a 

greater extent, indicating that the sieving process successfully removed a greater 

proportion of AM fungal propagules than FRE propagules.  

Further, within Experiment Two there was a clear negative impact from increasing 

dilution on the percentage of total root length colonised by FRE (and AMF), whereby, in 

some instances, the dilution treatments completely removed fungal propagules, with 

zero colonisation by either group of fungi. Interestingly, the colonisation by FRE in the 

2-fold dilution, 1:162, was ~50% of that in dilution 1:81. This outcome, presumably, 

reflects the reduced number of propagules present within the soil suggesting that the 

higher dilution so reduced the number of propagules that the growing roots required 

more time to encounter FRE propagules (e.g. replicates in the 1:162 dilution). This likely 

resulted in fewer infection points and, hence, impacted on how long it took for FRE to 
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establish and extend colonisation. It may be that, given more time, the colonisation in 

these replicates would have increased as colonisation from existing infection points 

spread along roots internally and through production of external hyphae that then 

encounter uncolonised sections of root. Perhaps then, to a certain extent within the 

higher dilutions, the number of propagules of FRE within the soil is less important than 

allowing a greater amount of time for colonisation by FRE to extend within the roots. 

Indeed, some studies have noted that FRE takes longer to initiate colonisation than AMF, 

but once established will colonise quickly (Abbott and Robson, 1978; Wilson and Trinick, 

1983b; Mullen and Schmidt, 1993).  

This study, while not wholly successful as it did not identify a treatment that consistently 

produced FRE in isolation, has advanced the tools for research on FRE. The results 

indicate that there is potential to maximise isolation success through further refining of 

this method. Suggested improvements include:  

 Capture and process the slurry that passes through the 50 µm (or finer) sieve. The 

50 µm sieve would remove a greater number of coarse AM fungal propagules and 

the slurry should contain FRE propagules. The use of the slurry to inoculate plant 

roots would eliminate the need to dry the sievings. A similar method is used to 

inoculate with Rhizobia. 

 Alternatively, capture the slurry that passes through the 50 µm sieve onto a finer 

sieve. The captured fraction on the fine sieve could be used to inoculate the plant 

host, either wet or dried. Again, the 50 µm sieve should remove a greater number 

of coarse AM fungal propagules. 

 Whether using dried, or wet, sievings, place the inoculated soil fraction in a band 

just below the soil surface, forcing the seedling roots to pass through the 

inoculum. This method would increase the likelihood and speed of root contact 

with propagules of FRE (McGee, 1989; Thippayarugs et al. 1999).  
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SUPPORTING INFORMATION 

Table S2.4.1: Soil Dilution Experiment One: Dilution calculations and setup for the unsieved 
serial soil dilutions 

Field soil dilutions Level 

Amount 
of soil 

required 
per rep 

(g) 

No. of 
reps 

Total 
soil for 

this 
level (g) 

Soil needed for 
next level of 
dilutions (g) 

Total 
soil 

required 
(g) 

9-fold dilution 
series             

1:9 dilution Field soil 20 5 100 20 120 

 pasteurised 180 5 900 180 1080 

     200 1200 
       

1:81 dilution 1:9 field soil 20 5 100 20 120 

 pasteurised 180 5 900 180 1080 

     200 1200 
       

1:729 dilution 1:81 field soil 20 5 100 20 120 

 pasteurised 180 5 900 180 1080 

     200 1200 
       

1:6561 dilution 1:729 field soil 20 5 100 10 110 

 pasteurised 180 5 900 90 990 

     100 1100 
       

1:59049 dilution 1:6561 field soil 20 5 100 0 100 

 pasteurised 180 5 900 0 900 

     0 1000 
       

TOTAL pasteurised 
soil requirement           5130 
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Table S2.4.2: Soil Dilution Experiment One: Dilution calculations and setup for the sieved serial 
soil dilutions 

Sievings 
dilutions 

Level 

Amount 
of soil 

required 
per rep 

(g) 

No. of 
reps 

Total 
soil for 

this 
level 
(g) 

Soil needed for 
next level of 
dilutions (g)  

Total 
soil 

required 
(g) 

Level 1* Pasteurised + sievings 200 5 1000 350 1350 
125 g sievings 
into 1350 g 
pasteurised soil 

total soil = 1475 g, 
dilution = 1475/125 = 
11.8      

3-fold dilution series with inoculated soil 
sievings           

1:3 dilution Pasteurised + sievings 50 5 250 100 350 

 pasteurised 150 5 750 300 1050 

     400 1400 
       

1: 9 dilution 1:3 soil 50 5 250 100 350 

 pasteurised  150 5 750 300 1050 

     400 1400 
       

1:27 dilution 1:9 soil 50 5 250 100 350 

 pasteurised 150 5 750 300 1050 

     400 1400 
       

1:81 dilution 1:27 soil 50 5 250 100 350 

 pasteurised 150 5 750 300 1050 

     400 1400 
       

1:243 dilution 1:81 soil 50 5 250 0 250 

 pasteurised 150 5 750 0 750 

     0 1000 
       

Pasteurised 
control  200 5 1000  1000 

TOTAL pasteurised soil         7300 

*These dilutions were prepared but not used for plant growth 
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Table S2.4.3: Soil Dilution Experiment Two: Dilution calculations and setup for the sieved serial 
soil dilutions. 

Experiment Two: 
Sievings dilutions 

Level 

Amount 
of soil 

required 
per rep 

(g) 

No. 
of 

reps 

Soil needed 
for next level 
of dilutions 

(g) 

Total soil 
for this 
level (g) 

Total 
soil 

required 
(g) 

Level 1 (as Exp. 
1)* 

Pasteurised + 
sievings 200 0 0 350 350 

125 g sievings into 
1350 g 
pasteurised soil 

total soil = 1475 
g, dilution = 
1475/125 = 
11.8 

     
3-fold dilution series with inoculated soil 
sievings 

        

1:3 dilution* 
Pasteurised + 

sievings 50 0 100   

 pasteurised 150 0 300   

    400   
       
1:9 dilution* 1:3 soil 50 0 250   

 pasteurised 150 0 750   

    1000   
       

1:27 dilution* 1:9 soil 50 0 875   

 pasteurised 150 0 2625   

    3500   
       

1:81 dilution 1:27 soil 50 44 1125 2200 3325 

  pasteurised 150 44 3375 6600 9975 

        4500 8800 13300 

2-fold dilution for next treatment           

1:162 dilution 1:81 soil 100 44 0 4400 4400 

  pasteurised 100 44 0 4400 4400 

        0 8800 8800 

TOTAL pasteurised soil         18050 

*These dilutions were prepared but not used for plant growth 
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METHODS S2.4.1 

EXPERIMENT TWO: HARVEST TREATMENT OPTIONS 

i & ii. Pots from the 1:81 dilution level only were selected for DNA extraction. For each 

pot, both plants were removed from the pot, the roots washed with tap water and 

excess water removed with a paper towel. Roots were excised and shoots were placed 

into separate envelopes, dried in a 40oC oven and weighed. The root selected for 

mycorrhizal assessment was placed into a vial containing 70% ethanol. For processing of 

the roots for DNA extraction and cryoSEM see Chapters 5 and 6, respectively.  

iii.     Both plants were removed from the pots, the roots washed with tap water and 

excess water removed with a paper towel. Roots were excised and shoots were 

processed as described above. Both roots were stored in 70% ethanol for staining and 

colonisation assessment. 

iv.      One plant was gently lifted out of the pot and treated as described in option iii. 

The second plant remained intact in the pot and was treated as described in option v. 

v.      Both plants were left undisturbed, but watering ceased and the plants and soil were 

allowed to dry down at room temperature within a laboratory. Once they were 

completely dry (~6 weeks), the complete pot and contents were sealed within a plastic 

bag and stored in the dark at room temperature. These soils could be used as inoculum 

in future experiments. 
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CONCLUSION 

The Soil Dilution experiments reported herein have demonstrated that the combination 

of sieving and soil dilution have the potential to be implemented to produce an isolated 

pot culture of FRE. While I didn’t quite achieve my aim—to produce a pot culture of FRE—

further refinements will establish the exact ratio required to maximise isolation success. 

Regrettably, my project ran out of time to make another attempt using the lessons learnt 

herein. Nonetheless, the roots from the second Soil Dilution experiment, 1:81 dilution, 

were used for molecular analysis to phylogenetically identify FRE in Chapter 5—resulting 

in a published paper—and for the cryoSEM analysis in Chapter 6. Therefore, this 

experiment, while not a complete success, still contributed to achieving two of the major 

aims of my project, and increased knowledge of FRE to the mycorrhizal community and 

prompted renewed research interest. 
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PREFACE 

An increasing number of research papers are being published which use molecular 

methods to analyse arbuscular mycorrhizal (AM) fungal communities. In most cases, 

such research does not include fine root endophytes (FRE), as the primers used to target 

the Glomeromycota do not appear to target FRE. Thus FRE, as well as being omitted from 

most field-based AM fungal research, are being ignored in molecular studies. Hence, 

conclusions are drawn from studies which omit a major constituent of the mycorrhizal 

community. Therefore, sequencing FRE was a key aim and a priority within my PhD 

project.  

During the first two years of my PhD, several unsuccessful attempts were made to 

sequence FRE. Although these sequencing attempts failed, I considered them an 

important part of my PhD. However, due to the, already considerable, length of my 

thesis, I have chosen to summarise those attempts within Appendix 2. This includes an 

overview, plus the key methods and results of two sequencing attempts presented within 

a table, followed by a brief Discussion on the lessons learnt during the process. It is 

intended that Appendix 2 can be read if desired, but is not imperative to the 

understanding of my overall thesis. In addition, there was an attempt at next-generation 

sequencing using the Ion Torrent platform in collaboration with the Soil Biology and 

Molecular Ecology Group at UWA. Unfortunately, and inexplicably, this failed to produce 

any sequences despite two attempts, and, hence, has not been included.  

Chapter 5 is a published paper “Fine endophytes (Glomus tenue) are related to 

Mucoromycotina not Glomeromycota” presenting the results of the successful 

sequencing of FRE. The root samples used for the DNA extraction originated from Soil 

Dilution Experiment Two detailed in Part Two, Chapter 4.  

Overall, this was the area of my project within which I required the greatest assistance; 

and also involved the steepest learning curve. To help achieve this, I established 

collaborations with colleagues from within UWA but also researchers from other 

institutions. Hence, this work was done with the generosity and assistance of many 

people, including Gary Bending, Sally Hilton, Jeff Powell, Anna Simonin, Robert Jeffery, 
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Deirdre Gleeson and Jana Monk. All of these collaborators were co-authors and they are 

acknowledged in the Author contributions section of the published paper. 
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Figure S1: A Trifolium subterraneum root piece from Experiment 1 (dilution 1:81) showing dense, 
and typically messy, colonisation by fine endophytes, with dark staining and fine multi-branching 
hyphae through the outer/mid cortex and arbuscules towards the inner cortex. Arbuscules 
cannot be clearly distinguished in this image due to the dark staining and dense colonisation 
through multiple cell layers. Bar = 250 µm. 
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Figure S2: A Trifolium subterraneum root piece from Experiment 1 grown in an untreated field 
soil control showing the mixed colonisation by both fine endophytes (FE) and arbuscular 
mycorrhizal fungi (AMF). The AMF colonisation is typical of that observed from this soil, with 
thick hyphae (black arrows) and large vesicles/spores (v) compared to that of FE (white arrows 
and vs, respectively). Arbuscules of either fungus cannot be distinguished in this image. These 
roots were not used for genetic analysis. Bar = 250 µm. 

 

 

Figure S3: Arbuscules within Trifolium subterraneum roots from Experiment 1 grown in an 
untreated field soil control which contained mixed colonisation by both fine endophytes (FE) 
and arbuscular mycorrhizal fungi (AMF). Left: FE arbuscules; right: AMF arbuscule. These roots 
were not used for genetic analysis. Bar = 25 µm. 
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Figure S4: Regression analysis of the percentage of sequences identified (≥95%) as 
Mucoromycotina (filled symbols; solid line) or Glomeromycota (open symbols; dashed line) 
based on Blastn searches, against the percentage of colonised root length composed of coarse 
arbuscular mycorrhizal fungi (AMF). Three sample sets are presented: Experiment 1 (triangles; 
n=3), Experiment 2 non-inoculated (squares; n=4) and Experiment 2 inoculated (circles; n=4). 
Note that each replicate represents a single pot which contained multiple plants: one root 
system was used for DNA extraction and one root system was used for visual assessment of 
colonisation.  

 

 

Figure S5: Regression analyses of the percentage of sequences identified (≥95%) as 
Mucoromycotina (filled symbols; solid line) or Glomeromycota (open symbols; dashed line) 
based on Blastn searches, against the percentage of total root length (%TRL) colonised by (a) 
fine endophytes (FE) or (b) coarse AMF. Three sample sets are presented: Experiment 1 
(triangles; n=3), Experiment 2 non-inoculated (squares; n=4) and Experiment 2 inoculated 
(circles; n=4). Note that each replicate represents a single pot which contained multiple plants: 
one root system was used for DNA extraction and one root system was used for visual 
assessment of colonisation. Note: the x-axis scale differs between the plots. 
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METHODS S1 

EXPERIMENT 1 

Soil was collected from a pasture with high abundance of fine endophytes (FE) based on 

root colonisation in a previous experiment (for full field-site details, see Orchard et al. 

2016b). Approximately 2 kg of soil was passed through a 6 mm sieve to remove large 

debris, which was then discarded. Approximately 250 g of the sieved soil was then wet 

sieved through a 200 µm sieve to remove coarse arbuscular mycorrhizal (AM) fungal 

spores (Thippayarugs et al. 1999). The material that passed through this sieve was 

retained and washed through a 50 µm sieve. The retained residue on the 50 µm sieve 

was dried at 40oC for use as an FE-enriched inoculum.  

Washed river sand was pasteurised at 65oC (wet) for 1 hour on two successive days and 

dried at room temperature. A dilution series (1:3; 1:9, 1:27 and 1:81) was prepared in 

sterile containers, initiated by first mixing 50 g of the FE-enriched inoculum with 150 g 

of pasteurised sand, followed by repeatedly mixing the dilution product (99 rotations of 

an end-to-end shaker) 1:3 with pasteurised sand. Free-draining pots (50 mm diameter × 

50 mm depth) were filled with 200 g of each prepared substrate at each dilution ratio 

(n=30). In addition, there were controls of untreated (unpasteurised, unsieved) field soil. 

Trifolium subterraneum cv. Dalkeith seeds were surface sterilised with ethanol, rinsed 

in deionised (DI) water and left overnight to imbibe in DI water. Two seeds were placed 

into each pot, watered and covered with white alkathane beads to reduce evaporation 

and contamination. Pots were randomised and watered daily with 10 ml of DI water, 

increasing to 20 ml as the plants grew. Seedlings emerged within two days and were 

inoculated with Group C rhizobia (Becker Underwood, Somersby, New South Wales, 

Australia) after one week. No additional nutrients were added and weeds were removed 

as they emerged. The plants were harvested after eight weeks. 

EXPERIMENT 2 

Treatment and growing conditions were as described for a similar experiment by Jeffery 

et al. (2016). In brief, field soil was passed through a 5 mm sieve and pasteurised as 

described above for Experiment 1. Cylindrical free-draining pots (90 mm diameter × 200 

mm depth) were filled with 1 kg of pasteurised field soil with or without c. 4 g of 

commercial inoculum, 'Start Up -Super VAM’, containing mixed propagules (spores, root 
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fragments) of Rhizophagus irregularis, Claroideoglomus etunicatum, Funneliformis 

mosseae and F. coronatum (hereafter, referred to as Experiment 2 inoculated and 

Experiment 2 non-inoculated, respectively). Six seeds of T. subterraneum cv. Riverina 

were sown in each pot (n=40). Seedlings emerged within two days and were inoculated 

with Group C rhizobia as described above. Basal nutrients were supplied and pots 

watered to weight (80% of field capacity) with DI water three times per week. Plants 

were harvested after eight weeks. 

Harvest 

At the harvest of both experiments, three replicates of the 1:81 dilution from 

Experiment 1 (due to the highest FE colonisation following a preliminary harvest and 

assessment), and four replicates from each treatment of Experiment 2 were selected for 

DNA extraction. For each pot, roots from each plant were washed with tap water, and 

roots from one plant were immediately enclosed in foil, submerged in liquid nitrogen 

and stored at –80oC for DNA extraction. Roots from a second plant (from the same pot) 

were stored in 70% ethanol for staining. Hence, the molecular and visual assessments 

were made on roots of different plants from the same pot. The remaining pots from 

Experiment 1 were used for various analyses, including cryoSEM, inoculum for future 

experiments, and mycorrhizal assessment to verify the method. 

Assessment of mycorrhizal colonisation 

Roots were cleared in 1 M KOH, stained with blue ink (Parker Quink™) and stored in lacto-

glycerol (1:1:2 (v/v/v) lactic acid: DI water: glycerol) (Vierheilig et al. 1998; Walker, 

2005). Colonisation was scored by examining at least 50 ~1.5 cm root pieces under a 

dissecting microscope (×90) with a modified version of the magnified intercept method 

(McGonigle et al. 1990), to give the percentage of total root length colonised (%TRL). A 

minimum of 15 ~1.5 cm pieces of colonised root were excised, mounted onto 

microscope slides and examined at magnifications of ×100 and ×400, at a minimum of 

100 intercepts to give the percentage of the colonised root (%colonisation) which was 

composed of either FE or AMF (Orchard et al. 2016a).  
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DNA extraction and sequencing 

Three DNA extractions were made for each root system (total of 33 extractions), using 

a PowerSoil® DNA Isolation Kit, Catalog # 12888-50 (MO BIO Laboratories, Inc., Carlsbad, 

CA). The frozen lateral roots were removed, cut into <5 mm lengths with sterilised 

dissecting scissors and placed into PowerBead® tubes. Each tube contained c. 150 mg of 

root giving a total of ~450 mg from each root system; in each case, this represented 

>50% of the root system. The tubes were placed into a MP Biomedicals FastPrep-24™ 

tissue disrupter at 6.0 m s−1 for 40 s. The tubes were allowed to stand for an extra 15 

minutes in the kit lysis solution following disruption. The remainder of the extraction 

process followed the manufacturer’s protocol. At the final step, the DNA was eluted in 

60 µl of the kit elution solution. DNA extractions were quantified using a Qubit™ and the 

DNA extract was stored at –80oC. 

The three DNA extractions from each root system were pooled into one sample, giving 

three samples from Experiment 1 and four each from Experiment 2 non-inoculated and 

inoculated treatments. For each sample, 15 ng of DNA was used to amplify c. 260 bp of 

the 18S rRNA gene using the AM fungal primer pair AMV4.5NF (5’-

AAGCTCGTAGTTGAATTTCG-3’) and AMDGR (5’-CCCAACTATCCCTATTAATCAT-3’) (Sato et 

al. 2005) with Illumina Nextera Index Kit v2 adapters. This primer pair targets a broad 

range of Glomeromycota as well as other fungal groups including the Mucoromycotina. 

PCR reactions were performed in a reaction volume of 25 μl, containing Q5® Hot Start 

High-Fidelity 2X Master Mix (New England Biolabs) and 0.5 µM of each primer. 

Thermocycling consisted of an initial denaturation at 98oC for 30 s followed by 35 cycles 

of 98oC for 10 s, 60oC for 15 s and 72oC for 20 s. The final extension was at 72oC for 5 

min. The libraries were sequenced using the Illumina MiSeq Reagent Kit v300 for 2x300 

bp sequencing. Following sequencing, Trimmomatic v0.35 was used to remove low-

quality bases from the sequence end (Bolger et al. 2014). Paired-ends reads were 

assembled by aligning the forward and reverse reads, trimming primers and quality 

filtering (-fastq_maxee 0.5) using USEARCH and UPARSE software (version 8.1.1861) 

(Edgar, 2010, 2013). Unique sequences were sorted by abundance and singletons were 

discarded from the dataset. Sequence reads (sequences) were clustered, followed by 

chimera filtering using the SILVA database as a reference (Pruesse et al. 2007). 
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Sequences were clustered to OTUs at 97% minimum identity threshold. Blastn searches 

in Geneious Version 7.1.9 (http://www.geneious.com, Kearse et al. 2012) identified the 

closest INSDC match. OTUs identified as either Mucoromycotina or Glomeromycota at 

≥95% identity were used for further analyses. 

STATISTICAL AND PHYLOGENETIC ANALYSIS 

The OTU data were split into three datasets: data from Experiment 1, and data from the 

Experiment 2 non-inoculated and inoculated samples. We calculated the percentage of 

sequences represented by the OTUs identified as either Mucoromycotina or 

Glomeromycota and performed regression analyses, using SPSS Statistics for Windows: 

Version 23.0 (IBM Corp., Armonk, NY), on the %TRL and %CRL which consisted of FE or 

coarse AMF.  

For phylogenetic analysis, Blastn searches were used to identify and download the 

closest INSDC matches to the OTUs plus some other sequences for context. Sequence 

alignments were made in MAFFT (Katoh and Standley, 2013). Missing data (Ns) were 

used to pad the shorter OTU sequences relative to longer database-derived sequences 

(500–1160 bp long with one exception) in these analyses. The analysis of short 

environmental sequences in the context of longer reference sequences is an optimal 

strategy to determine their clade affinities, as shown by Dunthorn et al. (2014). A 

Bayesian phylogenetic analysis was conducted using MrBayes v. 3.2 (Ronquist and 

Huelsenbeck, 2003) in parallel mode (Altekar et al. 2004) on the CIPRESpres Science 

Gateway (Miller et al. 2010). Two separate MC3 runs with randomly generated starting 

trees were carried out for 4 million generations each with one cold and three heated 

chains. The evolutionary model applied included a GTR substitution matrix, a four-

category autocorrelated gamma correction and the covarion model. All parameters 

were estimated from the data. Trees were sampled every 100 generations. 1.2 million 

generations were discarded as “burn-in” (trees sampled before the likelihood plots 

reached a plateau) and a consensus tree was constructed from the remaining sample. 

The sequences were deposited with INSDC (accession numbers: KX434773–KX434787).  

http://www.geneious.com/
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SUPPORTING INFORMATION 

 

Figure S3.5.1: The replicates of Trifolium subterraneum from the 1:81 sieved soil dilution at the 
time of harvest (reps 43, 44 and 49). The roots of these plants were used for the DNA extraction 
detailed in Chapter 5. 

 

 

Figure S3.5.2: Schematic map indicating the target region of the ribosomal RNA gene and the 
approximate location of the primers AMV4.5NF–AMDGR used in the Illumina next-generation 
sequencing (Chapter 5). 
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CONCLUSION 

The work presented within Part Three has revealed the genetic identity of FRE as being 

within the subphylum Mucoromycotina. Thus, it is the first report of arbuscules outside 

of the phylum Glomeromycota. The results of Part Three achieved my aim to genetically 

identify FRE and vindicated my hypothesis that FRE were being omitted from the majority 

of molecular studies of AM fungal communities. These results also vindicated my original 

hypothesis—proffered in my Research Proposal—that FRE are in a different subphylum 

from AMF.  

The results of Part Three also added a new impetus to the remaining chapters within this 

thesis. For example, the historical research on FRE could be examined from a fresh 

perspective, leading to a more significant Literature Review (Part Five, Chapter 7). Also, 

the results from other aspects of my research project gained potential for broader 

implications related, for instance, to examining the differences between the ecological 

traits, or distribution, of Mucoromycotina and Glomeromycota, e.g. the cryoSEM 

analysis (Part Four, Chapter 6) and the survey of the distribution of FRE in southern 

Australian pastures (Part Five, Chapter 8). Indeed, while the finding of Part Three has 

added one small piece to the puzzle on FRE, it has raised many new questions and offers 

numerous potential avenues of research, a few of which are detailed in the Literature 

Review (Part Five, Chapter 7). 
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PREFACE 

An ongoing challenge for research on FRE is to differentiate the structures, particularly 

arbuscules, of these fungi from those of AMF. Hence, my aim here was to analyse the 

morphology of FRE and report a potential method to differentiate arbuscules of FRE from 

AMF while in planta. Therefore, we used the roots from the Soil Dilution experiment 

detailed in Chapter 4, containing high levels of colonisation by FRE, for cryo-scanning 

electron microscopy (cryoSEM) visualisation, and X-ray microanalysis for elemental 

analysis, of plant and fungal structures of in the roots of Trifolium subterraneum. 

This chapter was submitted as a manuscript to the journal Mycorrhiza in March 2017, 

with co-authors Peta L Clode, Nazanin Nazeri, Rachel J Standish, Ian A Dickie and Megan 

H Ryan. The manuscript was rejected by the Editor as the reviewers required more 

samples to be analysed, including roots containing AMF for comparison. Unfortunately, 

we were unable to comply with this request within the timeframe of my PhD. Hence, I 

have made this a chapter within my thesis, but after having made amendments in 

response to most of the Reviewer comments.  

Dr Nazanin Nazeri assisted me in the preparation of the root samples and the cryoSEM 

analysis with the guidance and assistance of Dr Peta Clode and Assoc Prof Megan Ryan. 

I gratefully acknowledge technical assistance from Lyn Kirilak and use of the cryoSEM 

facilities at the Centre for Microscopy, Characterisation and Analysis, an AMMRF facility 

funded by the University, and State and Commonwealth governments. I analysed the 

data and images with the assistance of Assoc Prof Ryan and wrote the first draft. Assoc 

Prof Ryan, Dr Standish and Prof Dickie provided helpful comments on drafts of this 

chapter. 
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CHAPTER 6. CRYO-SCANNING ELECTRON MICROSCOPY AND ELEMENTAL 

ANALYSIS OF THE STRUCTURES ASSOCIATED WITH FINE ROOT 

ENDOPHYTES 
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ABSTRACT 

Fine root endophytes (FRE) have distinct morphology when stained within plant roots. 

However, in nature, FRE are rarely present without arbuscular mycorrhizal fungi (AMF). 

Therefore, an ongoing challenge for research is to differentiate the intermingled 

structures, particularly the arbuscules, of these fungi. 

I used cryo-scanning electron microscopy (cryoSEM) to visualise plant and fungal 

structures in the roots of Trifolium subterraneum colonised by FRE. CryoSEM allows 

undistorted examination of intraradical structures, which is particularly informative 

when combined with elemental analyses. 

Structures of FRE were observed in the root cortex, including arbuscules, hyphae and 

vesicles. Measured diameters were: inter- and intra-cellular hyphae 1.3–2.7 µm; 

arbuscule branchlets 0.9–2.0 µm; vesicles 4.8–9.7 µm. In comparison, the reported 

measurements of AM fungal structures in previous studies were: intra-cellular hyphae 

2–7 µm; arbuscule branchlets 0.6–2.9 µm; vesicles >20 µm. Arbuscules were classified 

as young/fully developed (hyphae well defined) or degrading/senescing (branchlets 

shrunken/clumping together). The arbuscules contained elevated levels of phosphorus 

and potassium compared with uncolonised cell vacuoles; calcium was low in all analyses.  

I conclude that FRE are distinguished from AMF in roots by thin hyphae and small 

vesicles. Analysis of senescing arbuscules indicated a possible difference to AMF, with 

FRE arbuscules retaining their distinct structure during senescence and low calcium 

levels. However, the morphology of fully developed FRE arbuscules, and the elevated 

phosphorus in fungal structures, is analogous to that reported for AMF suggesting FRE 

may be similarly instrumental in plant nutrient acquisition.  
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INTRODUCTION 

Fine root endophytes (FRE) have distinct morphological features within roots when 

stained (described in Chapter 1) and their hyphae are easily distinguished at 

magnifications of ≥ ×100 (Thippayarugs et al. 1999). Yet, in nature, FRE are rarely present 

in a root without arbuscular mycorrhizal fungi (AMF) also being present (e.g. Orchard et 

al. 2016; 2017a) and AMF possess similar structures. Traditionally, ‘coarse’ AMF and FRE 

were differentiated by the width of their hyphae (e.g. Abbott and Robson 1982). 

However, despite their distinct morphology, where colonisation is dense, differentiating 

between the intermingled structures, particularly arbuscules, of the two groups of fungi 

is challenging (Orchard et al. 2016). Hence, developing additional means of 

differentiating the two groups of fungi in planta would assist with research of their 

evolution and ecological function. 

Early electron microscopy allowed high magnification visualisation of plant root inter- 

and intra-cellular structures and was used to elucidate the morphology of AMF. 

Transmission electron microscopy studies examined AMF in planta, and described 

functional and developmental traits (e.g. Kinden and Brown 1975a; b; c; 1976). For 

example, the lifecycle of AMF in roots and, particularly, the development and 

degradation of arbuscules from the dichotomous branching of the highly branched 

arbuscule structure, through to collapsing arbuscule branchlets amassing into clumps 

(Kinden and Brown 1976). It was hypothesised that degradation of fungal structures, 

such as hyphae and arbuscules, resulted in the release of nutrients to the host plant 

(Kinden and Brown 1975a, 1976). Such studies paved the way to advance understanding 

of the nature of the associations between host-plants and AMF. 

However, preparatory methods for electron microscopy usually necessitate dehydration 

of tissues and loss of turgidity, leaving structures distorted and often unrepresentative 

of their original size and structure in the living state (McCully et al. 2009). Cryo-scanning 

electron microscopy (cryoSEM) overcomes this problem through the instant cryo-

preservation of living tissue and subsequent visualisation in the frozen state, which 

retains the hydration of cellular contents and, thereby, structural integrity (Ryan et al. 

2003; McCully et al. 2009). Although studies using this methodology are limited, 

cryoSEM has been used to further our knowledge of intraradical cell structure of plant 
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roots in symbiosis with AMF (Walker and Powell 1979; Ryan et al. 2003; 2007). For 

example, Ryan et al. (2003) made precise measurements of AM fungal structures and 

classified AM fungal arbuscules into three developmental stages: young, collapsing and 

clumped. This finding was consistent with the earlier observations of Kinden and Brown 

(1975c, 1976). Further, when combined with X-ray microanalysis to measure elemental 

concentrations, cryoSEM has advanced our understanding of host-fungal nutrient 

transfer and allocation. For instance, intraradical hyphae were found to contain high 

concentrations of P (60–170 mM) balanced by K and to a lesser extent Mg (Ryan et al. 

2003; 2007). These elemental concentrations were reduced in the arbuscules, especially 

that of P (30–50 mM), consistent with the elements being transported to the plant (Ryan 

et al. 2003). In the same study, highly elevated Ca concentrations (30–250 mM) were 

measured in collapsing and, especially, clumped arbuscules. These morphological and 

elemental results were observed in a range of soils and washed river sand, and appear 

typical of the AMF as they were reported from five plant species. This suggests that AMF 

morphology and function may be similar across species of fungi and plant host (Ryan et 

al. 2003, 2007).  

In contrast to knowledge of AM fungal structures, biochemical descriptions and analyses 

of FRE are largely unexplored since Gianinazzi-Pearson et al. (1981) published their study 

of observations of stained roots under electron microscopy. Only two studies have used 

SEM to study FRE (Walker and Powell 1979; Gianinazzi-Pearson et al. 1981), neither 

using cryo-preservation, and only one using X-ray microanalysis (Walker and Powell 

1979). However, even though studies are limited, biochemical differences were noted 

between FRE and AMF. For example, the ultra-cytochemical staining of FRE hyphal walls 

showed two distinct layers while only one was visible in AMF, suggesting differences in 

polysaccharidic content (Gianinazzi-Pearson et al. 1981). Further, during arbuscule 

senescence, no septa developed as was seen previously for AMF (Cox and Sanders 1974; 

Kinden and Brown 1975a), and biochemical processes differed slightly during fungal wall 

aggregation with no indication that the host plant assimilated the degrading FRE 

structures, as hypothesised with AMF (Gianinazzi-Pearson et al. 1981). Hence, these 

earlier findings suggest that some biochemical processes within FRE may differ from 

those in AMF and that further analysis of the differences will advance FRE research. 
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This chapter presents the results of a cryoSEM analysis coupled with X-ray microanalysis 

of Trifolium subterraneum roots colonised predominantly by FRE (39–55% of root 

length). I aimed to examine the intraradical structures of FRE through cryoSEM, and to 

estimate plant-fungal cell nutrient levels using X-ray microanalysis. Further, I aimed to 

identify defining in-planta features of mucoromycotan FRE that could allow 

differentiation from glomeromycotan AMF.  

MATERIALS AND METHODS 

The root samples originated from the second Soil Dilution experiment (Chapter 4, 

Experiment Two) that enriched colonisation by FRE within the roots of Trifolium 

subterraneum using a pasture soil with high levels of inoculum of FRE (for full methods 

refer to Chapter 4). Five pots from the 1:81 dilution only were harvested for the cryoSEM 

analysis. Each pot contained two T. subterraneum plants: the root system from one was 

processed for cryoSEM and the second root system was processed for staining and visual 

assessment of colonisation.  

CRYOSEM ROOTS 

Each root system was washed with tap water and excised from shoots. Excess moisture 

was absorbed by a paper towel and the root system laid out with the roots aligned. 

Avoiding root zones within 2 cm of the apex or tip to give root pieces of a consistent 

diameter, roots were cut into ~5 mm lengths. Small clusters of the cut root pieces (~6 

roots) were gently rolled into bundles and each bundle of roots was cryo-preserved in 

OCT® (an embedding medium) on aluminium pins by plunging into liquid nitrogen and 

then stored in liquid nitrogen until required. Two cryo-preserved root bundles, which 

were from plants grown in separate pots, were selected for analysis. 

To prepare for cryoSEM imaging and X-ray microanalysis, the two root bundles were 

cryo-planed with a diamond knife to produce a flat, transverse surface through the 

roots. The planed samples were then sublimated at –100oC at 10–7 torr (time determined 

empirically to remove surface water only) to remove water from the outermost layer 

and thereby enable clear identification and visualisation of the plant and fungal 

structures. The samples were then coated with up to 30 nm Cr and transferred to a Zeiss 

field emission SEM under vacuum. All imaging was done at 3 kV using the in lens 

detector. Qualitative energy dispersive spectra (EDS) were collected on an 80 mm SDD 
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X-ray detector interfaced to AZtec software. Analyses from specific regions of interest 

were acquired for 100 sec livetime, at 15 kV and 2 nA beam current. Spectra were 

collected from arbuscules at different stages of development: young/fully developed 

(n=4) or senescing (degrading/clumped; n=4), and cell vacuoles of uncolonised cortex 

cells (n=11), where n is the number of individual analysed structures. I calculated the 

hyphal width and other intraradical structures of FRE using images resulting from the 

cryoSEM and the measuring software Klonk (Image Measurement Corporation, USA).  

At present, it is unknown whether the vesicle-like swellings observed in the stained 

hyphae of FRE function as reproductive propagules or, indeed, how the spores of FRE 

develop. Therefore, for this chapter, I refer to all such structures as vesicles.  

ROOTS FOR VISUAL ASSESSMENT  

Each root system was washed with tap water, excised from shoots and placed into vials 

containing 70% ethanol. The roots were cleared in 1 M KOH and stained with ink as 

described by Vierheilig et al. (1998), and then slide-mounted in a similar manner to that 

shown in Figure S1.3.3 (Chapter 3). I assessed each root system for the percentage of 

total root length colonised (%TRL) by FRE and AMF as described in Chapter 4, Experiment 

Two. 

RESULTS 

COLONISATION LEVELS IN THE STAINED ROOTS 

Colonisation by FRE was 39% and 55%TRL for the two stained root systems which were 

sourced from the same pots as the two root bundles used for cryoSEM and X-ray 

microanalysis. The colonisation morphology was typical of that of FRE: darkly stained 

with fine fan-like branching hyphae and plentiful finely branched arbuscules (Fig. 4.6.1). 

There was a low level of colonisation by AMF in these same two root systems (3% and 

9%TRL, respectively). The probability of the colonisation observed within the planed 

section of each root piece belonging to AMF was therefore 5.2 and 13.8%, respectively, 

calculated based on the %TRL data (%TRL by AMF/Total %TRL by both fungi).  
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Figure 4.6.1: A stained image of fine root endophytes within Trifolium subterraneum roots, 
showing the fine diverging hyphae and finely branching arbuscules: lipid droplets are clearly 
visible dotted along the hyphae (arrowheads). Bar = 20 µm. 

 

CRYOSEM: EXPLANATION OF THE STRUCTURES 

Plant root structures  

Within the cryo-planed, sublimated, transverse section of roots, the vascular tissue was 

discernible within the stele of the root (highlighted by the white circle in Fig. 4.6.2), with 

associated large xylem vessels. Also often visible around the outer root perimeter were 

collapsing, senesced epidermal cells, bounded by the frozen OCT matrix (Fig. 4.6.2). A 

schematic diagram of a plant root in cross-section and a simplified plant root cell is 

shown in Figure 4.6.3. 

Within the root cortex, many uncolonised cells were visible, with their surface area 

typically dominated by the cell vacuole containing sequestered solutes (Figs 4.6.2 and 

4.6.4a). The cytoplasm of the cortex cells, and organelles such as the nucleus, were 

generally not identifiable other than, sometimes, as a thin band of material of dense 

appearance between the vacuole and the cell wall (not shown).  
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Figure 4.6.2: Cryo-scanning electron micrograph of Trifolium subterraneum roots colonised by 
fine root endophytes (FRE) in transverse section. Roots were frozen in liquid N, cryo-planed and 
sublimated to reveal the plant structures such as the stele (within white circle) and non-
colonised outer cells (nc), plus cells colonised by FRE in the cortex (*) with a vesicle of FRE visible 
in the outer cortex (v). Sequestered solutes are visible, most often within the plant cell vacuole 
of uncolonised cells (white arrows). Bar = 20 µm.  

 

 

Figure 4.6.3: A schematic representation of the cross-section of a plant root and a simplified 
plant root cell. Adapted from Taiz and Zeiger (2006). 
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Fungal structures 

Plant cells colonised by FRE were typically within the mid to inner cortex, in a band 1–2 

cells across, and often contained arbuscules (asterisks in Fig. 4.6.2). Triangular 

intercellular spaces appeared to be filled with fluid (Fig. 4.6.4a) or filled with plant 

mucilage, and sometimes contained intercellular hyphae of FRE (Fig. 4.6.5a, b) or 

vesicles (Figs. 4.6.5d, e). Single intercellular, and occasionally, intracellular, hyphae of 

FRE were observed in the outer cortex, but the majority of hyphae were present in the 

intercellular spaces surrounding cells containing arbuscules in the mid to inner cortex.  

Hyphae 

In the inner cortex, intercellular hyphae of FRE were often in clusters, adjacent to cells 

with arbuscules (e.g. Fig. 4.6.5a, b), and presented a circular shape in the transverse 

plane (Fig. 4.6.5c). Hyphae varied very little in outer diameter and there was no 

significant difference (P>0.05) among hyphae in intercellular spaces, or within cells or 

arbuscule branchlets (Fig. 4.6.6). Hyphal diameter did not increase when the hyphae 

were in large intercellular spaces, or distort the plant cell wall when adjacent. Hyphal 

internal structure or contents were not discernible in the majority of the cryoSEM 

images and were insufficient to analyse. However, within stained roots, lipid droplets 

were clearly visible dotted along the length of the hyphae (Fig. 4.6.1). 

Vesicles 

In total, four vesicles were captured within the cryoSEM images: these differed in size 

(diameters 4.8–9.7 µm) and were all observed in the mid to outer cortex. The smallest 

vesicle was observed within a mid-cortical intercellular space and had a distinctive, 

smooth outer surface (Fig. 4.6.5d). Larger vesicles were apparent within the empty cells, 

or cellular spaces, of the shedding outer root layer (Figs 4.6.2 and 4.6.5e). Where 

captured in cross-section, the vesicles presented a smooth, dense homogenous disc 

(Figs 4.6.2 and 4.6.5e). The smooth surface of the vesicle (i.e. lack of etching), indicates 

that the vesicles contained little to no water, and is consistent with the contents 

comprising mostly of lipids.  
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Figure 4.6.4: Cryo-scanning electron micrograph of Trifolium subterraneum roots colonised by 
fine root endophytes (FRE) in transverse section. Roots were frozen in liquid N, cryo-planed and 
sublimated to reveal the plant and intraradical structures of FRE (a) sequestered solutes within 
the plant cell vacuole (fine arrowheads), and intercellular spaces (is). (b) colonised middle–inner 
cortex cells containing arbuscules of FRE (white arrows). Bars = 10 µm. 
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Figure 4.6.5: Cryo-scanning electron micrograph of Trifolium subterraneum roots colonised by 
fine root endophytes (FRE) in transverse section. Roots were frozen in liquid N, cryo-planed and 
sublimated to reveal the intraradical structures of the plant and FRE, including (a) a cluster of 
hyphae of FRE in the adjacent intercellular space (brace), magnified in (b). (c) a single 
intercellular hypha of FRE in an intercellular space. (d) a spore/vesicle (v) within an intercellular 
space of the inner cortex. (e) a vesicle in the senescing/collapsing outer cell layers. Bars are 10 
µm, except (c) = 2 µm. 
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Figure 4.6.6: Box plot of the diameter measurements of fine root endophytes (FRE) inter- and 
intra-cellular hyphae and arbuscule branchlets in the roots of Trifolium subterraneum. The box 
plots show the median, 90th percentiles and outliers (black dots) of intercellular hyphae of FRE 
(outside (n=16) and inside (white box, n=12) diameter of individual hyphae) and the outside 
diameter of intracellular hyphae (n=15) and arbuscule branchlets (n=21). 

 

Arbuscules 

Arbuscules within the inner cortex were visible at varying stages of development (young 

through to senesced) (Fig. 4.6.7a–d). Where fully developed arbuscules were present, 

they often dominated the intracellular space, measuring ~19.4 (± 0.6) × 24.2 (± 1.5) µm 

in diameter (mean ± standard error, n=6) (Fig. 4.6.7b, e). These arbuscules had turgid 

branchlets, ranging from 0.9–2.0 µm, surrounded by plant cytoplasm containing 

sequestered solutes (Fig. 4.6.7a). As the arbuscule senesced and reduced in size, 

occasionally a loss of definition was observed as arbuscule hyphae partially coalesced 

into homogenous clumps (Fig. 4.6.7c). However, in most cases, the fine arbuscule 

structure of branchlets remained intact and the distinct structure of many arbuscule 

branchlets was maintained as their volume reduced (Fig. 4.6.7d). Two senesced 

arbuscules were observed that had shrunk to roughly circular structures of ~11.5 µm in 

diameter. Within some cells containing arbuscules, the vacuole of the plant cortex cell 

was clearly visible (e.g. Fig. 4.6.7e). The size of the vacuole is consistent with the 

developing arbuscule pushing the vacuole to one side as the arbuscule expanded. The 

peri-arbuscular membrane was not distinguishable from the plasmalemma. However, 
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occasionally, the plasmalemma was distinct from the plant cell wall (dotted arrow in Fig. 

4.6.7e).  

 

 

Figure 4.6.7: Cryo-scanning electron micrographs of Trifolium subterraneum roots colonised by 
fine root endophytes (FRE) in transverse section. Roots were frozen in liquid N, cryo-planed and 
sublimated to reveal the intraradical structures, and show arbuscules of FRE at differing stages 
of development or degeneration. (a) a young, developing arbuscule with turgid branchlets 
surrounded by plant cytoplasm containing sequestered solutes. (b) a fully grown arbuscule 
dominating the intracellular space. (c) a senescing/degenerating arbuscule, with some arbuscule 
branchlets clumped together. (d) a senesced arbuscule shrunken into the centre of the cell, 
although the fine arbuscule structure of branchlets is still visible. (e) a colonised cell containing 
a fully grown arbuscule with the plant cortex cell vacuole (pv) and the plasmalemma (dotted 
arrow) clearly visible. All bars = 10 µm. The arbusculated cells in (b) and (d) were also analysed 
using X-ray microanalysis (Fig. 4.6.8). 
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X-ray microanalysis 

Qualitative elemental analysis was undertaken on the same samples from which images 

were acquired. Analyses of uncolonised cortex cells (n=11) were compared with 

analyses of cells that contained arbuscules (n=8) at two stages of development; fully 

developed and senesced, including those seen in Figs. 4.6.7b, d, respectively. These 

spectra revealed an increased level of P within the cells that contained arbuscules 

compared with the uncolonised cells, and no obvious differences in Mg, S, or Ca levels, 

which were all typically low (Fig. 4.6.8). Potassium was elevated in cells containing fully 

developed arbuscules (Fig. 4.6.8a), but reduced in cells that contained senesced 

arbuscules (Fig. 4.6.8b) and was hardly detected in uncolonised cells (Fig. 4.6.8c). The 

level of Cl was reduced in cells containing senesced arbuscules (Fig. 4.6.8b).  
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Figure 4.6.8: Spectra from X-ray microanalyses collected from regions of interest in transverse 
sections of Trifolium subterraneum roots colonised by fine root endophytes (FRE) which were 
frozen in liquid N, cryo-planed and sublimated to reveal the intraradical structures. The three 
spectra shown are each a typical representative spectra obtained from the centre of: (a) cells 
colonised by fully developed arbuscules (n=4; e.g. Fig. 4.6.7b); (b) cells containing senesced 
arbuscules (n=4; e.g. Fig. 4.6.7d); and (c) uncolonised cortex cells (i.e. within the cell vacuole) 
(n=11; e.g. Fig. 4.6.4a). For each spectrum the peak areas representing magnesium (Mg), 
phosphorus (P), sulphur (S), chlorine (Cl), potassium (K), and calcium (Ca) are depicted. 
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DISCUSSION 

The cryoSEM images reveal, with remarkable integrity, the morphological structures, 

particularly arbuscules, of FRE—the only known arbuscule-producing mycorrhizal fungi 

outside the Glomeromycota. While some of the morphological features of FRE appear 

to be smaller, but otherwise similar, compared to those of AMF reported from other 

studies, such as hyphae and arbuscules, the X-ray microanalysis revealed subtle 

differences, particularly during arbuscule senescence. These differences likely indicate 

that the host-plant biochemical response to FRE may differ to that of AMF. Below I 

discuss each of the structures in turn. 

HYPHAE AND VESICLES 

The inter- and intra-cellular hyphal diameters of FRE were generally smaller (≤2.7 µm) 

than those for AMF (2.0–7.0 µm) as reported by Ryan et al. (2003), also in Trifolium 

subterraneum. The hyphal diameter of FRE was consistent, irrespective of the intra- or 

intercellular position, or of the size of the intercellular space, and did not differ from the 

diameter of arbuscule branchlets. This contrasts with AM fungal hyphae, where large 

variations in diameter were observed between hyphae (2.0–7.0 µm) and arbuscule 

branchlets (0.6–2.9 µm) (Ryan et al. 2003). In particular, single AM fungal hyphae were 

often seen to expand to fill the host intercellular space (Ryan et al. 2003), whereas in my 

study the hyphae of FRE did not expand, but multiple hyphae were grouped in 

intercellular spaces, a trait also observed by Greenall (1963) and Gianinazzi-Pearson et 

al. (1981). The hyphal diameters of FRE reported here from frozen hydrated samples in 

the cryoSEM, were larger than those reported from studies using stained roots (e.g. 

Greenall 1963; Gianinazzi-Pearson et al. 1981; Abbott, 1982). While this could be 

indicative of different species of FRE being visualised, this anomaly is more likely due to 

cell shrinkage from the dehydrating clearing and staining processes in these studies and 

the difficulty of measuring such small features accurately by optical methods.  

In my study, I was unable to get clear measures of the hyphal walls, except for the hypha 

in Figure 4c which was ~0.2 µm thick and, thus, thicker than those reported by 

Gianinazzi-Pearson et al. (1981) (≤0.06 µm). Once again, this is likely due to the 

dehydration of fungal structures in that study. Although I was not able to examine 

hyphal wall structure, previous studies have noted subtle differences between the 
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hyphae of FRE and those of AMF. For example, hyphal walls consisted of two distinct 

polysaccharide layers in FRE but not in AMF (Gianinazzi-Pearson et al. 1981). Further, 

Hooker et al. (2007) noted that the hyphosphere of FRE contained lower sugar 

concentrations, in particular of galactose, in comparison with a species of AMF. This 

finding was taken to imply that fungal species may differentially influence microbial 

diversity in the hyphosphere, for example, through the release of sugars specific to 

bacterial groups (Hooker et al. 2007). However, given my recent phylogenetic findings 

(Orchard et al. 2017b; Chapter 5), the differences in sugar contents may instead relate 

to differences in cell wall composition and development between mucoromycotinian 

and glomeromycotan fungi.  

Lipids within the hyphae were not definitely recognised by cryoSEM imaging, however, 

lipid droplets were clearly visible along the hyphae of FRE within the stained roots (Fig. 

4.6.1). This is in contrast with Gianinazzi-Pearson et al. (1981) where few lipids were 

observed, while vesicles were not reported. Recent research has shown that plants 

transferred lipids to the AM fungal species, Rhizophagus irregularis, in addition to 

sugars, to maintain the symbiosis (Jiang et al. 2017; Luginbuehl et al. 2017). Hence, 

perhaps the lipids seen within the hyphae of FRE had been synthesised by the plant and 

transferred to FRE where they are likely stored in vesicles. Certainly, within my study, 

FRE vesicles had a dense solid appearance in section, suggesting that they contain lipids 

in a similar manner to AMF (Veiga et al. 2013). The smaller vesicle observed within the 

mid-cortex (Fig. 4.6.5d) was possibly still developing based on its size, however, FRE 

vesicles were observed mostly among the dead plant cells of the outer cortex. The 

vesicle captured in Figure 4.6.5e appears to be surrounded by an uneven outer layer, 

which may be the outer vesicle wall, but may also be mucilage or collapsed membranes. 

Alternatively, observations of mature spores of FRE have noted a spiky outer layer (M. 

Brundrett, pers. comm., September 2016), therefore it is possible this was a fully 

developed spore. Although I cannot be sure that these vesicles were produced by FRE, 

as there is always the possibility of contamination from other fungal species, the size 

and location of the vesicles are consistent with stained microscope images of FRE, where 

vesicles are often visible in the mid to outer cortex (Lopez-Aguillon and Mosse 1987; 

Orchard et al. 2016). Overall, our understanding of the function of the vesicles of FRE 
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and the development of the spores of FRE is poor, and further research is required which 

may reveal further biological differences between FRE and AMF. 

ARBUSCULES 

There appeared to be a distinct zone of arbuscular colonisation by FRE, with arbuscules 

only observed in the inner cortex. This distribution was also noted by Gianinazzi-Pearson 

et al. (1981). The arbuscule branchlets of FRE did not differ in diameter to the 

intraradical hyphae. This is in contrast to AMF, where arbuscules branches were 

narrower than the hyphae (Ryan et al. 2003). Also, there was a subtle difference in the 

arbuscule structure of FRE compared to that previously reported for AMF, in particular 

during arbuscule senescence, and in relation to the distinct structure of the arbuscule 

branchlets which remained clearly visible as the arbuscule reduced in size. Again, this 

was also noted by Gianinazzi-Pearson et al. (1981), with no septa forming in 

degenerating arbuscule branchlets as had previously been observed in AMF (Cox and 

Sanders 1974; Kinden and Brown 1975a). Further, senescing AM fungal arbuscules were 

reduced to homogenous clumps of a smooth appearance with few distinct arbuscular 

features remaining (Ryan et al. 2003). 

In all cells analysed in my study, the Ca levels were low. Indeed, there was no obvious 

difference in Ca levels between uncolonised cells or cells containing either functioning 

or senescing arbuscules of FRE. However, increased Ca concentrations were observed at 

the senescence of AM fungal arbuscules, with concentrations of up to 65 mM Ca 

measured; significantly greater than for uncolonised cell vacuoles of T. subterraneum 

(<10 mM Ca) and cells containing healthy arbuscules (26 mM) (Ryan et al. 2003), and 

uncolonised cell vacuoles of Glycine max (Hayatsu et al. 2012). The increased Ca 

concentrations at AM fungal arbuscule collapse was proposed to be induced by the host 

plant to initiate arbuscule senescence (McCully et al. 2010). Increasingly, research is 

revealing the key role of Ca in host-plant interactions with both pathogenic and 

symbiotic fungi (Yuan et al. 2017). Therefore, the absence of Ca accumulation in my 

study during senescence of the arbuscules of FRE, is in contrast to what was recorded 

for AMF in previous studies, and hints at different underlying biochemical processes 

controlling the lifecycle of FRE. However, this hypothesis requires further investigation.  
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There were increased K levels within cells containing arbuscules of FRE. Potassium is 

essential for plant function, being involved in many processes including transport, 

enzymatic activity and, particularly, turgor pressure (Garcia and Zimmermann 2014). 

Therefore, increased K levels in cells with arbuscules was likely due to the turgor activity 

in active arbuscule branchlets. This is supported by the reduction in K levels in cells 

containing senescing arbuscules: a similar trend was observed for AMF (Ryan et al. 

2003). There were also increased P levels in cells with arbuscules compared with 

uncolonised cells, which may reflect P within the arbuscule branchlets and fungal cell 

walls.  

While the structure of the arbuscules of FRE reported here appeared comparable with 

those of glomeromycotan fungi in T. subterraneum (Ryan et al. 2003), the calculated 

probability of encountering FRE versus AM fungal colonisation imbued confidence that 

I was indeed observing FRE. Further, there was a striking similarity of Figure 4.6.7a 

herein, to the arbuscule in Figure 4 of Walker and Powell (1979), which examined FRE 

(fine endophyte; Glomus tenuis) using SEM to describe a rare case of FRE in pot culture. 

In conclusion, this examination of FRE using cryoSEM technology supports earlier 

observations that there are differences between the morphological structures of FRE 

and those reported for AMF in the literature. Specifically, FRE possess thin hyphae and 

small vesicles compared with AMF and there is no increase in Ca levels in arbuscules 

during their senescence. These results hint that FRE may respond to different host-plant 

signals or that the host plant may employ a different mechanism of association with FRE. 

Further research is required on the lifecycle of FRE and their structures, and to the test 

this new idea and so improve understanding of the function of FRE. 
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CONCLUSION 

The work presented within Part Four highlighted the differences between the 

morphological structures, and possible biochemical processes of FRE and AMF. For 

example, FRE may respond to different host-plant signals or the host plant may employ 

a different mechanism of association with FRE. These findings somewhat support the 

results of the previous Part Three, in that it confirms that FRE differ from AMF, as would 

be expected of fungi from a different phylum. 

Within Part Four I have partially achieved my aim, successfully analysing the 

morphological structures of FRE. Yet, reporting a potential method to differentiate 

arbuscules of FRE from AMF while in planta may not be possible via visual means. 

However, perhaps this may be achieved through biochemical analyses, but this will 

require further research on the mechanisms of host-plant-fungal signalling. At present 

these results cannot be published, but I intend that additional samples will be analysed 

in the near future which will lead to the publication of this chapter.  
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PREFACE 

Within Part Five I addressed two key aims: to examine the distribution and ecological 

niche of FRE, and how they differ from those of AMF. I collated the research on FRE in 

Chapter 7 which is a published Review article and, in Chapter 8, I examined the presence 

of FRE within Trifolium subterraneum pastures across southern Australia. This was the 

first broad distribution survey to separately examine FRE (Mucoromycotina) from AMF 

(Glomeromycota) in the southern hemisphere and built on the earlier chapters in this 

thesis 

I had access to the T. subterraneum samples with the kind permission and cooperation 

of Dr Kevin Foster and Prof Martin Barbetti, who had organised the distribution survey 

as part of a project funded by Australian Wool Innovation Ltd. I harvested the 

experiment, assessed the levels of mycorrhizal colonisation and undertook all other post-

harvest processes with the assistance of research technician, Tim Lardner. I analysed the 

data with the assistance of Assoc Prof Ryan, Dr Rachel Standish and Prof Dickie. I wrote 

the chapter drafts and Assoc Prof Ryan and Dr Standish, along with Prof Dickie, provided 

helpful comments throughout the process. 
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ABSTRACT 

Fine root endophytes (FRE) have been observed from the Australasian region, 

predominantly from plants within the Poaceae and Fabaceae families. Therefore, FRE 

could be prolific within Australian pasture systems. However few recent studies of 

arbuscular mycorrhizal (AM) fungal distribution, globally or in Australia, have 

differentiated FRE from AMF and little is known of what factors influence the 

distribution of FRE.  

Trifolium subterraneum L. is the ideal host plant to use for determination of the 

distribution and drivers of FRE and AMF in southern Australia due to its widespread 

distribution and predominance in annual pasture systems. Therefore, we examined 

samples of T. subterraneum from 70 pastures across southern Australia in autumn or 

winter. Three plants from each pasture were used to assess root colonisation by FRE and 

AMF, and shoot and soil nutrient concentrations were analysed. 

The results showed that colonisation by FRE was present in 76% of the T. subterraneum 

pastures of southern Australia. Colonisation by FRE sometimes equalled or exceeded 

that of AMF. However, AMF were generally dominant. There was no relationship 

between the colonisation levels of FRE and AMF. The colonisation levels of both FRE and 

AMF were positively influenced by higher rainfall. Colonisation by FRE was also positively 

influenced by increased soil aluminium and zinc concentrations, but limited by high pH 

(alkaline) conditions, while colonisation by AMF was limited at higher soil phosphorus 

concentrations. There was a positive relationship between increased colonisation by FRE 

and higher concentrations of shoot zinc.  

These results suggest that different factors likely influence the distribution and 

colonisation levels of FRE and AMF. This, in turn, may reflect that the ecology of FRE 

differs from that of AMF, and that, perhaps, FRE perform a different role in plant 

nutrition.  
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INTRODUCTION 

Fine root endophytes (FRE) have been observed from the Australasian region and 

predominantly described from plants within the Poaceae and Fabaceae families 

(Orchard et al. 2017, Chapter 7, Literature Review). Hence, FRE could be prolific within 

Australian pasture systems. Indeed, colonisation by FRE has been observed within 

Australian pastures and crops (e.g. Abbott and Robson 1982, McGee 1989, Ryan et al. 

2005). While the root fungal community is often dominated by arbuscular mycorrhizal 

fungi (AMF), colonisation by FRE may sometimes become dominant in Australian 

agricultural conditions and pastures (Orchard et al. 2016; 2017; Chapter 7, Literature 

Review). Additionally, apparent dominance by AMF could be exaggerated by a tendency 

to focus on AMF and overlook FRE (Orchard et al. 2017; Chapter 7). A broad survey of 

FRE within pastures would help to clarify the distribution and potential role of FRE in 

extensive Australian pasture systems. 

Pastures systems are economically important at the global scale and, in Australia, cover 

an area of approximately 37 million hectares (Australian Bureau of Statistics, 2014–15). 

Pasture legumes, such as subterranean clover (Trifolium subterraneum L.), are an 

important constituent of many permanent or semi-permanent pastures, which 

contribute to increased productivity (Nichols et al. 2012). Indeed, T. subterraneum is an 

important forage pasture species within Australia, sown on over 29 M ha of grazing land, 

mostly dryland, in combination with grasses and other legumes (Hill & Donald, 1998; 

Nichols et al. 2012). Trifolium subterraneum is an annual herbaceous species that grows 

during the cool, wet autumn–winter–spring period and then senesces and survives the 

intensely hot dry summer conditions as a bank of dormant seed in the soil. The seeds 

are contained within burrs which get buried into the soil (hence the species name 

‘subterraneum’), avoiding loss through herbivory, and the plants can withstand high-

intensity grazing (Nichols et al. 2012). Increased productivity of T. subterraneum 

pastures may be linked to symbiotic soil biota. For instance, nitrogen fixation by T. 

subterraneum, through associations with nitrogen-fixing bacteria, is vital for the growth 

of the plant and improves the soil for the co-habiting species (Peoples and Baldock 

2001).  
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Research into AMF in pastures of Western Australia was undertaken by Abbott and 

Robson during the 1970s to the 1990s, and many of their studies used T. subterraneum 

as the host plant. Within glasshouse conditions, certain species of AMF, e.g. Glomus 

monosporum, enhanced the growth of T. subterraneum (Abbott and Robson 1978). 

However, AMF introduced to agricultural field sites provided only a temporary growth 

benefit, and, overall, there was no increase in plant growth associated with the 

introduced AMF (Abbott et al. 1983). Indeed, in a meta-analysis of studies from the 

southern Australian agricultural regions, Ryan and Kirkegaard (2012) found no 

correlation between field-based AM fungal colonisation and various crop growth and 

yield measures. Therefore, there is no evidence to suggest that the enhanced plant 

growth associated with AMF in the glasshouse is also present under field conditions 

(Ryan and Kirkegaard 2012). Even so, AMF are present in pastures across the southern 

Australian agricultural regions (Simpson et al. 2011). While much remains to be 

elucidated about the role of AMF in pasture growth, even less is known about the 

presence and function of FRE.  

Several of the studies of Abbott et al. observed FRE, and even used inoculation with FRE 

as an experimental treatment. This research increased knowledge on: variations in the 

morphology of FRE, which may indicate multiple species (Thippayarugs et al. 1999); 

competitive interactions with AMF (Abbott and Robson 1982); and the tolerance of FRE 

to a soil pH gradient (Thippayarugs et al. 1999), moisture and temperature (Braunberger 

et al. 1994; 1997). My review in Chapter 7 summarised what is known about the 

colonisation response of FRE relative to plant growth and environmental conditions. It 

showed that FRE can be equal or dominant to AMF in T. subterraneum pastures in New 

Zealand (Orchard et al. 2017; Chapter 7, Literature Review). However, few other recent 

studies of the distribution of AMF, globally or in Australia, have distinguished FRE from 

AMF (Orchard et al. 2017; Chapter 7, Literature Review). Indeed, while our 

understanding of the influences on AM fungal colonisation has increased (which may or 

may not have included FRE), little is known of the broader influences on the distribution 

of FRE. Hence, the available knowledge on FRE on T. subterraneum, combined with its 

widespread distribution in southern Australian pastures, makes T. subterraneum an 

ideal host plant to scrutinise to determine the distribution of FRE in Australian annual 
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pasture systems, and to examine whether the drivers of the colonisation level and 

distribution of FRE differ from those of AMF. 

Therefore, the specific aims of this research were to determine if: (i) FRE are commonly 

present on T. subterraneum in pastures of southern Australia; (ii) there is a difference in 

the edaphic factors which influence the colonisation levels by FRE and AMF of T. 

subterraneum in pastures of southern Australia. My working hypotheses were: (i) FRE 

are widely present on T. subterraneum throughout southern Australian pastures; and 

(ii) that the edaphic factors which correlate with colonisation by FRE will differ from 

those of AMF. Both of these hypotheses were based on the historical literature about 

FRE and the results and observations of my research. 

My survey of pastures in southern Australia capitalised on an opportunity to use the 

plant samples collected by another project group led by Kevin Foster and Martin 

Barbetti, both of The University of Western Australia, and funded by Australian Wool 

Innovation Ltd (ref. ON-279). This project group aimed to examine root rot disease on T. 

subterraneum (Foster et al. 2017). Therefore, my work was achieved with the generous 

cooperation of the members of this team. 

MATERIALS AND METHODS 

A survey was undertaken to sample T. subterraneum across southern Australia in 2014 

from dryland, non-irrigated pastures (Foster et al. 2017). Free sampling kits (two kits per 

package) were distributed to livestock producers within the farming districts of New 

South Wales, Victoria, South Australia and Western Australia (WA). Producers were 

asked to submit samples inside sealed plastic 900 ml containers (Fig. 5.8.1a): for the 

plants a clod of soil ~30 long x 20 wide x 5 deep cm containing T. subterraneum plants 

and 250 ml for the soil sample. Sampling instructions sheets were provided with each 

kit. Samples were collected in autumn and winter. All samples from states other than 

WA were returned to The University of Western Australia by air-freight in return-

addressed padded envelopes. Pastures in WA were sampled by Kevin Foster. The survey 

questionnaire requested information on paddock history over the last two years, 

including farmer perceptions of the extent of root disease in their pastures, cultivars 

present, years since pasture was last renovated, fertiliser history, and grazing practices. 

Unfortunately, due to proprietary issues, the full paddock and root disease data were 
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not available to me during the production of this chapter, and I present only the assessed 

colonisation data, and shoot nutrient and soil analyses data. Some farmers returned a 

sample from only one pasture (i.e. one container), while others sent samples from two 

pastures (i.e. two containers). I took samples from 70 containers (pastures) (Fig. 5.8.1b), 

therefore, throughout this chapter I refer to individual pastures rather than farms. 

Individual producers were not identified in this study and their individual results and 

exact pasture locations remain confidential. 

Upon arrival in Perth, WA, samples were received into a temperature controlled (~25oC) 

PC2 quarantine glasshouse at The University of Western Australia. Each sample was 

allocated a sample number; the plastic bags and tub lids were then removed and 

checked for sufficient T. subterraneum seedlings to be assessed. The plants were grown 

in their plastic containers for a minimum of two weeks—this period was considered long 

enough to allow the plants and their root endophytes to recover normal physiological 

processes following shipping. Strict quarantine procedures (PC2) were adhered to 

throughout the handing and processing of these samples in WA.  

I selected three plants from each container (i.e. from each pasture) for assessment of 

colonisation by FRE and AMF. As I removed the plants from the tubs, I attempted to 

keep the roots intact. I carefully washed each root and teased out the root system within 

a shallow layer of DI water in a white tray and using a dissecting tool; this procedure 

removed soil particles and contaminant root pieces. Roots were dabbed dry with a paper 

towel. I cut the shoot from each root and shoots were dried in a 60oC oven for nutrient 

analysis. The roots were placed into individual vials and cleared in 1 M KOH and stained 

with ink as described by Vierheilig et al. (1998) (Chapter 2).  

MICROSCOPE SLIDE PREPARATION AND SCORING OF AM FUNGAL COLONISATION 

The microscope slide preparation was similar to that shown in Fig. S1.3.3 (Chapter 3) 

and each root system was assessed for colonisation by FRE and AMF similarly to that 

described in Chapter 4, Experiment Two. Each slide was scored using a modified version 

of the magnified intercept method (McGonigle et al. 1990). Under magnifications of 

×100 and ×400, and at 100 intercepts, the presence/absence of both FRE and AMF were 

noted. These were summed across the three samples from each pasture (300 intersects 
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per pasture). At many intersects, both FRE and AMF were present, therefore, the sum 

of the two colonisation levels does not equate to the total colonisation. 

 

 

Figure 5.8.1: An example of a returned sample kit (a) holding clods of soil containing T. 
subterraneum (left) and soil samples (right) which had been placed into the plastic containers 
and posted to The University of Western Australia for root processing and assessment (photo 
courtesy of Kevin Foster). (b) A map of Australia showing the approximate location (red 
triangles) of the 70 Trifolium subterraneum pastures (NSW 8, SA 15, Vic 23 and WA 24). 
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SOIL NUTRIENTS 

Soil samples from the top 10 cm of the pastures were air-dried in the PC2 glasshouse, 

sieved to 2 mm, and analysed by CSBP Laboratories (Bibra Lake, WA, Australia). Unless 

specified otherwise, the methods for soil analysis followed those of Rayment and Lyons 

(2012) and codes from this reference are supplied: bicarbonate-extractable P (9B) and 

potassium (K; 18A1; Colwell 1965); nitrate and ammonium (mineral N; 7C2b; Searle 

1984); extractable sulphur (S; 10D1; Blair et al. 1991); extractable boron (B; 12C1); pH in 

a soil : solution ratio of 1 : 5 (4A1, 4B3, 3A1); exchangeable cations (15E1)—aluminium 

(Al), calcium (Ca), magnesium (Mg) and sodium (Na); trace elements (DTPA; 12A1)—

copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn); and organic carbon (6A1; Walkley 

and Black 1934).  

SHOOT NUTRIENTS 

The dried shoots of three plants from each pasture were bulked for shoot nutrient 

analyses. The shoot tissue concentration of P and ten other elements (Zn, Cu, Mg, K, S, 

Mn, Al, Na, Ca, Fe) in ~0.1  g subsamples of ground shoot material digested in a 3:1 

solution of HNO3:HClO4 (Motomizu et al. 1983) was measured by inductively coupled 

plasma (ICP) atomic absorption with a Perkin Elmer Optima 5300 DV optical emission 

spectrometer (OES).  

STATISTICAL ANALYSES 

The data analyses were deliberately explorative reflecting the lack of knowledge on the 

edaphic factors affecting the distribution of FRE, compared with that of AMF, and using 

the binomial (proportion) data to tease out the influential variables. I chose to analyse 

the binomial data due to the percentage data being constrained (i.e. cannot go beyond 

0–100), hence, using the binomial data is more statistically correct. Analyses with the 

binomial dataset used the sum of the intersects with, or without, FRE or AMF per pasture 

(n=300 intersects per pasture). There were data from 70 pastures in both datasets. 

As I expected to see a relationship between FRE or AMF and soil P concentrations based 

on the historical literature, I first examined this relationship. When I found only weak or 

no correlation with soil P, I then organised the 15 individual soil variables into composite 

variables through a principal components analysis (PCA). I compared the effect of the 

key explanatory variables state, rainfall and soil as a composite variable on response 
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variables and, where necessary, then explored the effect of individual soil variables on 

response variables in separate analyses.  

The complete dataset consisted of 13 response variables and 17 predictor variables. The 

response variables were: the proportion of colonisation by FRE and AMF (binomial data), 

plus shoot nutrients (P, Zn, Cu, Mg, K, S, Mn, Na, Ca, Fe, Al). The predictor variables were 

the soil nutrients, either as composite variables (PCA Axes 1 and 2) or individually 

(Colwell P, mineral N, S, Colwell K, organic carbon, Mn, Fe, Zn, Al, Cu, Mg, Ca, Na, B and 

pH). There were also two factors: state and rainfall. State had four categories: 1 = New 

South Wales, 2 = South Australia, 3 = Victoria and 4 = Western Australia. ‘State’ likely 

integrated differences in soil, location, mean annual temperature and farmer land-

management practices. Rainfall was divided into three categories based on the mean 

annual rainfall: 1=≤500, 2=501–799, 3=≥800 mm. All of the soil variables, except pH, 

were log10 transformed to normalise their distribution. The following shoot nutrient 

variables were also log10 transformed: Al, Cu, Fe, Mn, Na and Zn.  

A principal components analysis (PCA) was used to reduce the multivariate soil data to 

composite variables for the statistical models using the ‘princomp’ function in R. The 

scores from the two PCA components which explained the most variation in the 

multivariate soil data (i.e. PCA axis 1 and 2) were used as explanatory variables in 

generalised linear (GL) models. Where the PCA variables were significant, then I used 

the key correlated individual soil variables from Axes 1 and 2 to explore the relationship 

between the response variables in GL models using the glm function. FRE and AMF were 

analysed as root intersects with or without each fungus as a binomial response with 

‘family=quasibinomial’ which accounted for the variance within these data. Final models 

included just the soil variables and factors that explained significant amounts of 

variation in the response variables. As a true R2 value cannot be obtained using binomial 

data, the McFadden’s pseudo-R2 value is presented. Statistical analyses were performed 

in R (R Core Team 2014) and statistical significance was established at P≤0.05. 

RESULTS 

ROOT COLONISATION LEVELS 

Trifolium subterraneum samples from 70 pastures were assessed (n=3 per pasture) 

across southern Australia (NSW 8, SA 15, Vic 23 and WA 24; Fig. 5.8.2). FRE were 
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observed in root samples from 53 (76%) of the pastures and mean colonisation was 7.1% 

± 2.9 (mean ± standard error, n=70). Mean colonisation by FRE ranged from 0 to 51% 

and varied among the states (t3,66 = 5.54, P<0.05) due to higher colonisation by FRE in 

WA compared with the eastern states (Fig. 5.8.2). Colonisation by FRE was present in all 

but two of the WA pastures (>90%), and was particularly high in pasture samples from 

the south-west of WA, such as those from the Walpole/Denmark area, sometimes 

equalling or exceeding that of AMF. In contrast, FRE were present in only 61% of the 

pastures in Victoria—the state with the lowest occurrence of FRE—where colonisation 

by FRE never exceeded that of AMF (Fig. 5.8.2). In all states, FRE, where present, always 

co-occurred with AMF, that is, there were no samples that contained FRE and not AMF. 

Colonisation by AMF was observed in root samples from all 70 pastures, and in most 

cases their colonisation was higher than that of FRE, with mean colonisation of 37.9% ± 

5.7 (mean ± standard error, n=70). Mean colonisation per pasture by AMF was also 

variable across Australian pastures, ranging from 3 to 73%—the lowest value being from 

WA (Fig. 5.8.2). However, in contrast to FRE, there was no difference among the states 

(P>0.05). There was no correlation between the levels of colonisation by FRE and AMF 

(P>0.05).  
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Figure 5.8.2: The proportion of Trifolium subterraneum root length colonised by fine root endophytes (green) and arbuscular mycorrhizal fungi (grey) across 70 
southern Australian pastures (mean ± standard error, n=3). New South Wales (8), South Australia (15), Victoria (23) and Western Australia (24). The horizontal lines 
represent the state means: FRE = dotted, AMF = dash-dot. Each green/grey bar pair represents one pasture. 
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RAINFALL AND COLONISATION LEVELS 

Colonisation by FRE differed among the three rainfall categories (t2,67 = 3.9, P<0.001) as 

did that of AMF, but to a lesser extent (t2,67 = 2.25, P<0.05). These results reflect 

colonisation by FRE and AMF being higher in rainfall category 3 which received the 

greatest mean annual rainfall (≥800 mm; Fig. 5.8.3a, b). Variation in colonisation by FRE 

increased in the higher rainfall categories (reflected in the widening range in 

colonisation levels in Fig. 5.8.3a), whereas variation among rainfall categories declined 

for AMF with increasing rainfall (reflected in the narrowing range in colonisation levels 

in Fig. 5.8.3b).  

 

Figure 5.8.3: The proportion of Trifolium subterraneum root colonised by (a) fine root 
endophytes and (b) arbuscular mycorrhizal fungi within each rainfall category, ≤500 (n=18), 501–
799 (n=35) and ≥800 (n=17) mm mean annual rainfall, from 70 southern Australian Trifolium 
subterraneum pastures. Boxes show median and upper and lower quartiles, and whiskers 
indicate either the minimum and maximum values, or 1.5 times the interquartile range, 
whichever is smaller. Outliers are shown as an open circle.  

 

PRINCIPAL COMPONENTS ANALYSIS: SOIL NUTRIENTS 

The first two PCA components (Axis 1 and Axis 2) explained the most variation in the soil 

data and included: Axis 1—phosphorus, sulphur, magnesium, zinc and organic carbon; 

Axis 2—pH and aluminium (Fig. 5.8.4). Colonisation by FRE was correlated with both 
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Axes 1 and 2 (t1,68 = –2.77, P<0.01, pseudo-R2 = 0.10 and t1,68 = 3.76, P<0.001, pseudo-R2 

= 0.19, respectively), whereas neither were significant for AMF. Therefore, the soil 

variables which explained the most variance within Axes 1 and 2 were examined 

individually against colonisation by FRE. The PCA component loadings are provided in 

the Supporting Information of this chapter (Table S5.8.1). 

 

Figure 5.8.4: The PCA plot showing the components, Axes 1 and 2, which, when combined, 
explained 57.8% of the variation. Axis 1 correlated with phosphorus, sulphur, magnesium, zinc 
and organic carbon, whereas Axis 2 correlated with pH and aluminium. The component loadings 
and scores are shown in the Supporting Information of this chapter (Table S5.8.1).  

 

FINE ROOT ENDOPHYTE: SOIL CONDITIONS AND SOIL NUTRIENTS 

The GL models examining individual soil variables showed that the proportion of root 

colonised by FRE was correlated with pH, exchangeable Al and Zn. Further investigation 

of the relationships showed that colonisation by FRE was reduced as pH increased, i.e. 

became less acidic (t1,68 = –2.86, P<0.01, pseudo-R2 = 0.16; Fig. 5.8.5a). The pH levels 

were in the range of 4 to 7, and colonisation by FRE was greatest (but most variable) at 
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the lower end of the scale. The relationships between colonisation by FRE and soil Al 

and Zn reflected increased colonisation by FRE in soils with higher Al (t1,68 = 3.19, P<0.01, 

pseudo-R2 = 0.14; Fig. 5.8.5b) and Zn concentrations (t1,68 = 5.35, P<0.001, pseudo-R2 = 

0.32 ; Fig. 5.8.5c). Soil Al and Zn concentrations ranged from 0.15–12.55 meq kg–1 and 

0.99–29.88 mg kg–1, respectively. While the relationships between colonisation by FRE 

and soil Al and Zn were linear, the relationship with pH was more triangular, i.e. at low 

pH, colonisation by FRE was anywhere in the range of low to high, but, crucially, at pH 

>6, colonisation by FRE was only low.  

There were also strong relationships between increased soil Al and, both, decreasing pH 

(t1,68 = –10.06, P<0.001, R2=0.6, not presented) and higher rainfall (t2,67 = 3.43, P<0.01, 

Fig. 5.8.6a). There was a two-way interaction between colonisation by FRE × rainfall × 

soil Zn (t5,64 = 2.25, P<0.05) with the greatest colonisation and soil Zn concentration both 

within the highest rainfall category (≥800 mm per annum; Figs 5.8.3a and 5.8.6b).  

FINE ROOT ENDOPHYTE: SHOOT NUTRIENTS 

There was a positive relationship between shoot Zn concentration and the proportion 

of root colonised by FRE (t1,68 = 4.32, P<0.001, pseudo-R2 = 0.22; Fig. S5.8.1). In addition, 

shoot Zn was correlated with pH and differed between rainfall categories. This reflected 

an increasing shoot Zn concentration with lower pH (t1,68 = –3.65, P<0.001, pseudo-R2 = 

0.16; not presented) and increased rainfall (t2,67 = 3.12, P<0.001; Fig. 5.8.6c). However, 

there were no interactions among these variables. Shoot Zn concentrations were 

greater in WA (68.4 ± 6.5 mg kg–1, mean ± standard error (n=24); t3,66 = 4.06, P<0.001) 

compared to the eastern states, and were lowest in NSW (29.4 ± 2.2 mg kg–1, n=8) (data 

not presented). The range of shoot Zn across all samples was 11.5 to 142.0 mg kg–1. 

There were no further significant relationships between the other ten individual shoot 

nutrients, in particular, shoot Al (Table 5.8.1), and the proportion of root colonised by 

FRE. The correlation matrix in Table 5.8.1 shows all the relationships between FRE, AMF 

and the soil and shoot nutrients. 

ARBUSCULAR MYCORRHIZAL FUNGI: SOIL CONDITIONS AND SOIL AND SHOOT NUTRIENTS 

The GL models showed that the proportion of root colonised by AMF was not influenced 

by the same soil variables as that of FRE, with only a weak relationship between 

increased Colwell P leading to decreased colonisation by AMF (t1,68 = –2.13, P<0.05, 
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R2=0.06; Fig. S5.8.2). Colwell P concentrations were in the range 8–143 mg kg–1. There 

were no significant relationships between the 11 individual shoot nutrients and the 

proportion of root colonised by AMF, including for shoot P. 

 

Figure 5.8.5: Regression plot showing the relationship between the proportion of Trifolium 
subterraneum total root length colonised by (a) fine root endophytes (FRE) and (a) pH, (b) soil 
Al and (c) soil Zn from 70 pastures across southern Australia (NSW=8, SA=15, Vic=23, WA=24). 
The data for soil zinc and aluminium were log10 transformed. The red line represents a linear 
binomial regression. 
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Figure 5.8.6: The concentrations of (a) exchangeable soil aluminium (meq kg–1), (b) soil zinc (mg 
kg–1) and (c) shoot zinc (mg kg–1) within each rainfall category, ≤500 (n=18), 501–799 (n=35) and 
≥800 (n=17) mm per annum, for 70 T. subterraneum pastures across southern Australia (NSW=8, 
SA=15, Vic=23, WA=24). Boxes show median and upper and lower quartiles, and whiskers 
indicate either the minimum and maximum values, or 1.5 times the interquartile range, 
whichever is smaller. Outliers are shown as an open circle. The data for the soil and shoot zinc 
were log10 transformed. 
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Table 5.8.1: Correlation matrix of all the multi-variates used in the generalised linear model analyses. These include the percentage of Trifolium subterraneum 
total root length (trl) colonised by fine root endophyte (FRE) and arbuscular mycorrhizal fungi (AMF) from 70 pastures across southern Australia (NSW=8, SA=15, 
Vic=23, WA=24), plus the soil predictor variables, concentrations of Colwell P, mineral N, S, Colwell K, organic carbon, Mn, Fe, Zn, Al, Cu, Mg, Ca, Na, B and pH, plus 
the concentrations of shoot nutrients (response variables) P, Zn, Al, Cu, Mg, K, S, Mn, Na, Ca and Fe. All of the soil variables, except pH, were log10 transformed as 
well as the following shoot nutrient variables: Al, Cu, Fe, Mn, Na and Zn. The FRE.trl data were transformed using log10 + 1. The yellow shaded coefficients were 
significant at P ≤ 0.05 to colonisation by FRE or AMF. The percentage trl data is presented here as the binomial data cannot be represented by a correlation matrix, 
but similar relationships were seen in both datasets. However all other statistical outcomes presented in this results section are based on the binomial data.  

  

AMF.trl FRE.trl Comp.1 Comp.2 soil pH soil N soil P soil K soil S soil OC soil Cu soil Fe soil Mn soil Zn soil Al soil Ca soil Mg soil Na soil B shoot Al shoot Ca shoot Cu shoot Fe shoot K shoot Mg shoot Mn shoot Na shoot P shoot S shoot Zn

AMF.trl 1.000

FRE.trl 0.226 1.000

Comp.1 -0.107 -0.145 1.000

Comp.2 0.209 0.292 -0.040 1.000

soil pH -0.117 -0.289 0.057 -0.890 1.000

soil N 0.171 0.046 -0.483 0.453 -0.426 1.000

soil P -0.249 -0.150 -0.644 -0.171 0.114 0.293 1.000

soil K -0.139 -0.203 -0.436 -0.558 0.378 0.146 0.574 1.000

soil S 0.014 0.005 -0.835 -0.113 0.007 0.350 0.627 0.509 1.000

soil OC 0.259 0.099 -0.710 0.296 -0.284 0.470 0.418 0.185 0.603 1.000

soil Cu 0.021 0.256 -0.639 -0.028 -0.041 0.201 0.270 0.180 0.524 0.355 1.000

soil Fe 0.129 0.127 -0.479 0.660 -0.654 0.525 0.277 -0.113 0.341 0.565 0.174 1.000

soil Mn -0.079 -0.041 -0.430 -0.095 -0.132 0.410 0.478 0.569 0.472 0.244 0.291 0.254 1.000

soil Zn 0.084 0.408 -0.732 0.153 -0.227 0.288 0.472 0.231 0.626 0.542 0.638 0.400 0.424 1.000

lsoil Al 0.226 0.316 0.022 0.859 -0.773 0.346 -0.176 -0.438 -0.115 0.244 -0.064 0.386 -0.057 0.098 1.000

soil Ca 0.121 -0.026 -0.637 -0.425 0.489 0.051 0.401 0.348 0.478 0.486 0.463 0.054 0.102 0.382 -0.498 1.000

soil Mg 0.163 0.141 -0.813 -0.115 0.075 0.262 0.539 0.395 0.665 0.698 0.517 0.367 0.263 0.663 -0.205 0.770 1.000

soil Na 0.047 0.059 -0.663 -0.305 0.162 0.004 0.527 0.562 0.757 0.533 0.421 0.154 0.305 0.593 -0.269 0.486 0.704 1.000

soil B 0.045 0.050 -0.643 -0.340 0.225 -0.067 0.478 0.594 0.701 0.481 0.357 0.071 0.287 0.560 -0.274 0.527 0.662 0.930 1.000

shoot Al 0.095 -0.085 0.269 -0.238 0.179 -0.150 -0.008 0.111 -0.248 -0.154 -0.231 -0.359 -0.024 -0.226 -0.016 -0.142 -0.174 -0.007 -0.016 1.000

shoot Ca 0.009 0.145 -0.071 -0.081 0.169 -0.276 -0.030 -0.206 0.027 0.169 0.163 0.007 -0.189 0.052 -0.079 0.363 0.205 0.154 0.131 -0.166 1.000

shoot Cu 0.261 0.157 0.099 0.339 -0.314 0.014 -0.211 -0.247 -0.219 0.120 -0.037 0.225 -0.101 -0.090 0.398 -0.189 -0.059 -0.040 -0.055 0.369 0.238 1.000

shoot Fe 0.060 -0.111 0.125 -0.219 0.146 -0.160 0.024 0.056 -0.141 -0.020 -0.096 -0.247 0.049 -0.094 -0.047 0.035 -0.021 0.094 0.083 0.843 0.020 0.473 1.000

shoot K -0.091 0.042 -0.019 -0.305 0.305 -0.333 0.205 0.186 0.042 0.064 0.045 -0.156 -0.021 -0.007 -0.135 0.228 0.061 0.092 0.136 0.152 0.369 0.171 0.205 1.000

shoot Mg -0.018 0.215 -0.110 0.281 -0.192 -0.090 0.095 -0.302 0.015 0.266 0.093 0.254 -0.146 0.197 0.271 0.098 0.284 0.104 0.037 -0.047 0.682 0.456 0.143 0.307 1.000

shoot Mn 0.000 0.267 -0.115 0.297 -0.391 0.224 0.121 0.019 0.113 0.253 -0.048 0.297 0.446 0.232 0.336 -0.175 0.016 0.054 0.089 0.067 0.269 0.426 0.150 0.200 0.427 1.000

shoot Na -0.033 0.265 -0.119 0.307 -0.409 0.224 0.108 0.023 0.120 0.266 -0.039 0.321 0.440 0.230 0.328 -0.178 0.029 0.075 0.101 0.066 0.256 0.437 0.149 0.185 0.430 0.990 1.000

shoot P -0.177 -0.164 -0.033 -0.047 0.096 -0.156 0.287 -0.076 -0.035 0.049 -0.033 0.120 -0.044 -0.109 -0.041 0.207 0.089 -0.041 -0.029 0.156 0.433 0.410 0.347 0.598 0.553 0.244 0.243 1.000

shoot S -0.038 0.089 -0.152 0.001 0.092 -0.227 0.159 -0.120 0.102 0.138 0.118 0.099 -0.037 0.152 0.067 0.178 0.194 0.171 0.165 0.059 0.692 0.450 0.229 0.373 0.700 0.412 0.405 0.636 1.000

shoot Zn 0.159 0.405 -0.137 0.493 -0.405 0.006 -0.156 -0.453 -0.011 0.252 0.176 0.338 -0.178 0.335 0.459 -0.062 0.127 0.063 0.003 -0.014 0.459 0.601 0.137 0.134 0.688 0.494 0.507 0.323 0.604 1.000
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DISCUSSION 

The results of this survey show that FRE were present in 76% of the T. subterraneum 

pastures of southern Australia and that colonisation by FRE was correlated with different 

soil variables than colonisation by AMF (Box 5.8.1). Colonisation by FRE sometimes 

equalled or exceeded that of AMF, however, FRE were never observed without the 

presence of AMF, and AMF were generally dominant.  

The colonisation levels by both forms of fungi were positively influenced by rainfall, 

however, this is where the similarities end. The poor correlation between the level of 

colonisation by FRE and AMF, supported by the GL model results, indicates that FRE may 

be sensitive to different soil factors compared with AMF. Specifically, lower pH, creating 

more acidic conditions, and increased soil Al and Zn concentrations appeared to favour 

colonisation by FRE. However, there was no relationship between soil P and colonisation 

by FRE. In contrast, colonisation by AMF positively correlated with reducing soil P, 

Box 5.8.1: Key points from the results 

 The proportion of root colonised by FRE or AMF were both positively influenced 

by rainfall, being highest in the category with the greatest mean annual rainfall. 

 The proportion of root length colonised by FRE was higher in Western Australia 

compared to the eastern states, but colonisation levels by AMF did not differ 

amongst the states. 

 The proportion of root colonised by FRE was correlated with pH and soil Al and 

Zn. This reflected a positive relationships with soil Al and Zn but a negative 

influence of high pH. 

 There was a positive relationship between the concentration of shoot Zn and 

the proportion of root colonised by FRE.  

 There was also a two-way interaction between rainfall and both soil and shoot 

Zn, with greater soil and shoot Zn concentrations within the highest rainfall 

category. 

 The proportion of root colonised by AMF was influenced by soil P. This reflected 

a weak negative relationship between AMF and soil P. 



PART FIVE. CHAPTER 8. DISTRIBUTION OF FINE ROOT ENDOPHYTES IN SUB-CLOVER OF SOUTHERN AUSTRALIA 

PAGE | 159 

although the relationship was weak. These response differences, perhaps, influence the 

distribution and colonisation levels of both FRE & AMF. These results support two of my 

hypotheses—that FRE are widely present on T. subterraneum throughout southern 

Australian pastures, and that the edaphic factors which influence colonisation by FRE 

differ from those that influence colonisation by AMF. This also lends weight to the 

hypothesis purported by Orchard et al. 2017 (Chapter 7, Literature Review), that the 

differences in distribution and abundance could reflect the ecology of FRE differing from 

that of AMF, and that FRE may perform a different role in plant nutrition.  

FRE, PH AND ALUMINIUM  

Positive correlations between FRE and low pH were observed by Rabatin (1979), Wang 

et al. (1993) and Postma et al. (2007) (Orchard et al. 2017, Chapter 7). Within my study, 

high pH appeared to be a limiting factor for FRE resulting in low colonisation levels, and 

indicated that FRE have a low tolerance for alkaline soils—an observation which was 

also made by Thippayarugs et al. (1999) in response to soil liming. Even so, within low 

pH conditions, other factors may then influence FRE resulting in a broad range of 

colonisation levels. This was reflected in the high variability of colonisation by FRE at low 

pH (Fig 5.8.5a).  

Decreasing pH changes the availability of nutrients to plants. For instance, N, P, K, S, Ca, 

and Mg become more limited, while metals such as Fe, Cu, Zn and Al are released 

(Marschner 2012). While some of these metals are important for plant function, e.g. Zn, 

some may build to toxic levels. In particular, Al can exponentially increase to 

concentrations toxic to plants at pH<5.7 (Moir and Moot, 2014). Some plants, such as T. 

subterraneum have been selected for their ability to tolerate relatively low pH 

conditions, and symbioses with AMF may improve that tolerance (Miransari, 2010). 

However, FRE have also been associated with low pH and linked to Al tolerance in 

Maianthemum bifolium (L.) F.W. Schmidt across a decreasing pH gradient in Sweden 

(Postma et al. 2007). Wang et al. (1993) observed a distinct effect of field soil pH with 

only FRE present at pH 4.5 and only AMF present at pH 7.5 on oats (Avena sativa L.) and 

potato (Solanum tuberosum L.). However, the overall percentage of root length 

colonised did not change, therefore implying that a direct exchange of FRE for AMF 

occurred across the pH gradient (Wang et al. 1993). Further, FRE associated with the 
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gametophytes of the fern Pellaea viridis (Forssk.) Prantl growing in metal contaminated 

soils appeared to immobilise certain metals within the fungal cytoplasm, suggesting that 

metal translocation may be selectively controlled through symbiosis with FRE (Turnau 

et al. 2013). The results of my study suggest that FRE could contribute to Al tolerance in 

T. subterraneum, as both decreased pH and increased soil Al correlated with increased 

colonisation by FRE, while there was no difference in shoot Al concentrations 

throughout the pastures. Therefore, perhaps the ability of FRE to tolerate acidic 

conditions aids to ameliorate plant uptake, translocation and/or storage of Al.  

The results of Postma et al. (2007) indicated that there was a species specific response 

with increasing soil acidity, with high colonisation by FRE in M. bifolium but not in Galium 

odoratum (L.) Scop.. A species specific response was also reported by Orchard et al. 

(2016) where waterlogging caused colonisation by FRE to increase for Lotus subbiflorus 

Lag. but not Lolium rigidum Gaud. Is it possible that waterlogging may have affected FRE 

indirectly via soil acidity due to a build-up of CO2, as the carbon from microorganism 

respiration dissolved into the water (Orchard et al. 2016). Certainly, Field et al. (2016) 

studied mucoromycotinian and glomeromycotan fungi on liverworts across a CO2 

gradient and found mucoromycotinian fungi were favoured in conditions of greater 

atmospheric CO2. In consideration of the link now made between FRE and 

Mucoromycotina, and based on the images in Field et al. (2016), which look very similar 

to FRE, combined with the reports of FRE on liverworts (e.g. Turnau 1999), it seems 

possible that the fungi Field et al. (2016) studied were FRE. Increasing atmospheric CO2 

would likely lead to increasingly acidic soil conditions, in a similar way to waterlogging. 

Perhaps, then, the results of Field et al. (2016) are linked to soil acidity. However, 

regardless of the reports of FRE, or Mucoromycotina, at low pH or within metal 

contaminated soils, little is known of the symbiotic interactions under such conditions 

or the mechanisms involved. 

FRE AND ZINC 

Soil Zn was correlated with the level of colonisation by FRE in this study. Zinc deficiency 

in agricultural soils, and subsequently, in food, is becoming an increasing issue in human 

health (Cavagnaro 2008). In soils, high applications of P fertiliser may induce Zn 

deficiency (Burleigh et al. 2003). In plant shoots, high concentrations of P, whether from 
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the application of P or through association with AMF, can inhibit Zn translocation and 

become limiting for the plant (Burleigh et al. 2003). Therefore, the P:Zn ratio is 

important to maintain a balanced availability of Zn to the plant. Root colonisation by 

AMF may improve Zn uptake for the plant in some instances (Cavagnaro 2008). Indeed, 

in eastern Australia, Ryan and Angus (2003) observed positive correlations between 

shoot Zn concentration and the level of colonisation by AMF in wheat (Triticum aestivum 

L.) and field pea (Pisum sativum L.), in particular, where no P had been applied to the 

crops. Within that study, FRE had not been differentiated from AMF. However, a 

subsequent publication revealed high colonisation by FRE (~40%) at that field site in the 

following year for crops where no P was supplied (Ryan and Kirkegaard 2012; also see 

Fig. 6 in Orchard et al. 2017, Chapter 7). Therefore, perhaps FRE impacted on plant Zn 

uptake within those crops, but to what extent is unknown, and there is no research on 

FRE and Zn. 

Cooler soil temperatures may reduce soil Zn availability to the plant, and can be a 

particular problem during times of peak plant growth, e.g. during the spring (Marschner 

2012). Interestingly, FRE have been associated both with low-temperature conditions 

(Orchard et al. 2017, Chapter 7) and early plant growth. For example, greater 

colonisation by FRE was present in seedlings as opposed to adult plants (Daft & 

Nicholson 1974, Siguenza et al. 2006). Shoot Zn was affected by several individual factors 

within this study, including pH, colonisation by FRE and rainfall, and to a lesser extent, 

soil Zn. However, colonisation by FRE also had a positive correlation with lower pH and 

was higher within the highest rainfall zone—although these factors did not show 

interactive effects. Therefore it is incredibly difficult to tease apart which factors are 

most important or influential, either to the plant or the fungi. However, there was an 

interactive effect among shoot Zn with colonisation by FRE × soil Zn. If real, this result 

suggests that FRE may have a synergistic effect, enhancing the availability of soil Zn and, 

perhaps, increasing uptake by the plant. Is it possible that FRE aid in Zn update during 

important periods of early plant growth? Further, is it possible that increased Zn uptake 

through FRE helps the plant to balance the P input from AMF? Obviously, within this 

study, there was no comparison with uncolonised plants grown within analogous 

conditions: this is a necessary next step to test these ideas. 
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AMF AND PHOSPHORUS  

The influence of P on colonisation by AMF has been widely accepted since the 1980s 

with increasing soil P often leading to reduced colonisation (Smith and Read 2008). 

However, soil P concentrations did not correlate with the level of colonisation by FRE, 

while there was only a weak negative relationship with AMF. In contrast, Ryan et al. 

(2000) found a strong negative correlation (R2 = 0.25) between the level of colonisation 

by AMF of white clover (T. repens) and soil extractable P in the top 10 cm of pastures in 

Victoria. However, in Ryan et al. (2000), P was the main differential in the soil data, and 

P concentrations were 36.4–87.7 mg kg–1 Colwell—most other soil variables varied 

relatively little (Ryan 1998). This range of soil P concentrations covers the low to optimal 

range for Australian conditions, depending on the soil type. In contrast, the soil P 

concentrations in my study ranged from 8–143 mg kg–1 Colwell P, which falls across a 

broad spectrum—very low to high (Moore 1998)—and the other soil data were also 

extremely varied. In addition, the Ryan et al. (2000) pastures were geographically close 

(i.e. mostly within a small region of one state) and were all flood-irrigated, permanent 

dairy pastures. Therefore, those pastures had experienced little water stress or tillage 

for many years, were intensively grazed at high stocking rates, and were carefully 

managed and monitored. This would likely mean that they were all very similar (other 

than in P concentrations which varied due to management system—conventional or 

biodynamic) and very homogenous in terms of soil moisture, botanical composition and 

grazing pressure. The pastures in my study were dryland (non-irrigated), separated by 

vast distances and likely came from a range of enterprises including cattle, sheep and 

mixed livestock-cropping. The geographical separation alone may have introduced 

numerous additional influences, such as differences in soil type and disturbance, mean 

annual temperature and farmer land-management practices. Hence, this wide variation 

was possibly the reason the correlation between AMF and P in my study was much 

weaker than reported for the pastures sampled by Ryan et al. (2000).  

My results may be further evidence for niche differentiation between FRE and AMF. For 

instance, the ability of plants to access P rapidly reduces at pH<5.5 (Kim et al. 1985), yet 

there was no change in shoot P concentrations relative to pH or soil Al within my study. 

Therefore, the tolerance of FRE for acidic conditions may aid plant P uptake, replacing 

or complementing that of AMF, in line with the hypothesis of an acid-alkaline continuum 
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and a corresponding change from colonisation by FRE to AMF (Wang et al. 1993). Even 

so, FRE have also been reported from a variety of soils with no relationship to pH (Abbott 

et al. 1983, Goransson et al. 2008) and from soils across a pH range of 4.3 to 7.8 (Abbott 

and Robson 1982). In addition, there was no decline in colonisation by AMF at low pH 

within my study. However, there may be bias within my dataset due to T. subterraneum 

being particularly well adapted to mildly acidic conditions (Nichols et al. 2012). Finally, 

keeping in mind that FRE may comprise of more than one species, such results may be 

easier to interpret once we establish if this is the case, and sampling across a broader 

range of pH conditions would be beneficial to examine these relationships further.  

HIGH COLONISATION BY FRE IN WA AND NEW ZEALAND 

The colonisation by FRE was higher in WA, and the reason for this is not clear. However, 

approximately 50% of the WA samples originated from the south-west region (e.g. 

Walpole and surrounds) which receives a mean annual rainfall of >700 mm, although 

the soils were not prone to waterlogging. Many of the samples from this region had 

higher colonisation by FRE (≥15%) and the soils were often quite acidic (pH ≤5.5). 

Therefore, it may be that the samples from this region distorted the data from WA. Yet, 

colonisation by FRE has been reported elsewhere in WA pastures, e.g. >30% on Lotus 

subbiflorus (Orchard et al. 2016), ~25% on Ornithopus sp. (Chapter 2), and >50% on T. 

subterraneum in a variety of field soils (Abbott and Robson 1982; see Fig. 6a in Orchard 

et al. 2017, Chapter 7). Even so, the WA samples were also not subjected to other 

factors, beyond my control, that may have affected the eastern states samples. For 

instance, the length of time between the sampling and posting, the unknown effects of 

being sealed inside a plastic tub for multiple days during transport and the impact of air-

travel. Therefore, it is possible there was a negative effect on the visualisation of 

colonisation by FRE, induced by plant storage during transit of the samples from the 

eastern states (Orchard et al. 2016; Chapter 3). If so, this would mean that colonisation 

by FRE was underestimated in the eastern states pastures and may explain why 

colonisation was lower. However, the period of growth (min. two weeks) in the 

glasshouse following receipt of the samples was considered enough to resume normal 

plant growth and colonisation levels. Further, similar trends in the significant 

relationships with pH, Al and Zn seen in the complete dataset were also reflected in a 

subset of just the WA data (not presented). Even so, future localised sampling of pasture 
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plants in the eastern states of Australia would be beneficial to support this study, in 

particular, New South Wales, which had the fewest samples. 

High colonisation by FRE has been reported from New Zealand (NZ) pastures, and was 

also observed in my own NZ sampling of T. subterraneum (Fig. 7 in Orchard et al. 2017; 

Chapter 7). The colonisation levels by FRE were generally higher than those seen in 

Australia, excepting perhaps WA, and sometimes more than 50% of total root length 

colonised, equalling that of AMF. The reasons colonisation by FRE may be higher in NZ 

is unknown. Unfortunately, I was unable to obtain full nutrient analyses of the NZ 

pasture soils, but these were well-managed dryland farms predominantly used for sheep 

grazing, and occasionally, cattle. The farmers’ records indicated that soil pH was often 

neutral to acidic (≤6), and the mean average rainfall across the regions ranged from 520 

to 1050 mm—not dissimilar to the WA range (275 to 1080 mm). In fact, the regions of 

NZ that use T. subterraneum for pasture have a similar climate to south-west WA, with 

relatively mild winters and long warm summers, although NZ is not subjected to the 

extreme peaks in summer temperature that south-west WA may experience. In 

addition, many upland pastures in NZ have low pH and high concentrations of soil Al 

(Moir and Moot 2014). Therefore, the influence of pH and soil Al seen within the 

Australian data suggests that these may strongly influence colonisation by both FRE and 

AMF in NZ. 

Finally, fewer cultivars of T. subterraneum have become established in NZ compared to 

Australia, and the dominant cultivar, Mt. Barker, is present in 74% of the pastures 

(Suckling et al. 1983, Lucas et al. 2015). In contrast, there are 45 T. subterraneum 

cultivars registered for use in Australian pastures (Ryan et al. 2016). While I did not 

examine the effect of cultivar in this study, there are indications that cultivars may differ 

in root morphology and physiology (Jeffery et al. 2017) and the level of colonisation by 

AMF (Ryan et al. 2016). However, colonisation by FRE was not examined separately to 

that of AMF. Therefore, the influence of cultivar in my study is unknown but may be 

influential in the NZ colonisation data, particularly if Mt Barker is a highly mycotrophic 

cultivar of T. subterraneum.  
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CONCLUSIONS AND FUTURE RESEARCH 

This study was the first broad distribution survey of FRE within Australia. The fact that I 

examined just one pasture plant species, T. subterraneum, would have helped to control 

for some variation. I have provided strong evidence to suggest that colonisation by FRE 

is influenced by soil pH which in turn alters the concentrations of, in particular, soil Al 

and, perhaps, Zn. However, the high variation in colonisation by FRE found within the 

highest rainfall category (Fig. 5.8.3a) may reflect that other factors influence FRE, and 

perhaps I have not measured the correct variables. Indeed, factors other than rainfall 

and soil nutrient concentrations within these pastures may also be important, of which 

there are numerous options. For example, interactions among several limiting nutrients; 

disease or the presence of root pathogens; grazing intensity; variation in plant age, 

waterlogging, disturbance, and companion plants, tillage or cropping rotations. In 

particular, it is challenging to define what drives the differences among the states. The 

team who organised this research project recently published some of their results in 

relation to these samples (Foster et al. 2017), but unfortunately, it was not timely 

enough for me to be able to integrate within this chapter. In the meantime, further 

research on FRE is required to tease apart those factors which influence their 

distribution.  

In particular, research using controlled experiments with and without the presence of 

FRE would examine further the interactions and influential factors among FRE, plants 

and AMF. For example, do FRE help the plant to ameliorate the effect of Al toxicity and 

what are the mechanisms controlling these adaptations? This may be of particular 

interest in the phytoremediation of metal contaminated soils. If FRE are adapted to cope 

with acidic conditions, what is the acid-alkaline tolerance range of FRE, and how does 

that compare with that of AMF? What are the interacting factors which may have a 

secondary influence? Do FRE have a role in plant Zn uptake? If so, this would be a 

potential area of economic and commercial interest to agronomy with implications for 

human health. Finally, have NZ cultivars of T. subterraneum, e.g. Mt Barker, adapted to 

NZ conditions in relation to FRE and AMF? Cultivars of T. subterraneum are well 

researched, and examining the effect of cultivar may provide insights into the factors 

that influence colonisation by FRE.  
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SUPPORTING INFORMATION 

Table S5.8.1: Component loadings from the principal components analysis for the soil data 
from a distribution survey of 70 Trifolium subterraneum pastures in southern Australia. The 15 
soil variables were the concentrations of nitrogen, phosphorus, potassium, sulphur, organic 
carbon, pH, copper, iron, manganese, zinc, aluminium, calcium, magnesium, sodium and 
boron). Components (axes) 1 and 2, combined, explained 57.8% of the variation.  

 

  

Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7 Comp.8 Comp.9 Comp.10 Comp.11 Comp.12 Comp.13 Comp.14 Comp.15

Mineral N -0.173 0.249 0.296 -0.445 0.351 -0.345 -0.357 0.173 0.259 -0.255 0.266

Phosphorus -0.256 0.177 -0.489 0.444 0.314 -0.501 -0.187 0.163 0.112 0.177

Potassium -0.176 -0.366 0.405 -0.123 -0.135 -0.141 0.405 0.24 -0.151 0.6

Sulphur -0.356 0.135 -0.166 -0.366 -0.545 -0.146 0.143 -0.537 -0.227

Organic Carbon -0.304 0.222 -0.196 -0.166 -0.264 0.368 -0.248 0.129 -0.555 0.158 0.359 -0.198

pH -0.503 -0.213 -0.181 0.189 -0.137 -0.235 0.134 -0.269 0.292 -0.609

Copper -0.265 0.458 0.558 -0.104 -0.238 0.287 0.347 0.258 0.201

Iron -0.236 0.388 -0.155 0.13 0.332 0.298 -0.524 0.3 0.402 0.111

Manganese -0.138 -0.183 0.574 0.267 0.11 -0.266 0.4 0.108 -0.423 -0.322

Zinc -0.281 0.214 0.32 0.152 0.39 -0.295 -0.269 0.28 -0.208 -0.523 -0.18

Aluminium 0.412 0.106 0.213 -0.371 -0.394 -0.137 -0.583 0.262 -0.211

Calcium -0.251 -0.153 -0.473 0.17 -0.415 -0.235 -0.267 -0.122 0.569 0.131

Magnesium -0.355 -0.193 0.359 0.398 0.285 0.134 -0.319 -0.496 -0.297

Sodium -0.343 -0.173 0.167 -0.386 -0.18 0.183 0.172 0.227 -0.153 0.188 0.678

Boron -0.344 -0.192 0.129 -0.356 -0.228 0.145 0.118 -0.171 0.233 0.136 -0.708

Component loadings
Soil Nutrient
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Figure S5.8.1: Regression plot showing the relationship between shoot zinc (mg kg–1) and the 
proportion of Trifolium subterraneum root colonised by fine root endophytes (FRE) from 70 
pastures across southern Australia (NSW=8, SA=15, Vic=23, WA=24). The data for shoot zinc 
were log10 transformed. The red line represents a linear binomial regression. 

 

Figure S5.8.2: Regression plot showing the relationship between with the proportion of 
Trifolium subterraneum root colonised by arbuscular mycorrhizal fungi (AMF) and Colwell soil 
phosphorus (mg kg–1) from 70 pastures across southern Australia (NSW=8, SA=15, Vic=23, 
WA=24). The data for Colwell P were log10 transformed. The red line represents a linear binomial 
regression. 
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CONCLUSION 

The results of Part Five have confirmed that FRE are distributed globally and are widely 

present within the pastures of Australia and New Zealand. This work also hints at some 

of the factors which may influence colonisation by FRE, e.g. rainfall, pH, and soil 

aluminium and zinc concentrations. This adds to the evidence from earlier parts of this 

thesis, and the emergent hypothesis, that the physiology and ecology of FRE differ from 

that of AMF. Here I have achieved two overarching aims—to examine the distribution 

and ecological niche of FRE and how they may differ from those of AMF. In addition, the 

publication of the Literature Review in Chapter 7, combined with earlier published 

Chapters 3 and 5, achieved my final aim—to provoke renewed interest in this under-

studied group of fungi. 
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INTRODUCTION 

Little is known about fine root endophytes (FRE), despite their prevalence within crop 

and pasture species in Australia and New Zealand, as well as the USA and Europe. Lack 

of research on FRE in other regions of the world is most likely the reason we know little 

of their distribution in those areas. While the understanding of arbuscular mycorrhizal 

fungi (AMF) in the 1960–1990s meant that FRE were placed among the Glomeromycota, 

a bias towards research on specific AM fungal species, coupled with the challenge of 

isolating FRE, meant that the progress in researching FRE has lagged behind that of AMF.  

The demand to increase plant productivity for improved food security and to reduce the 

environmental impacts of agricultural systems, plus the need to effectively restore 

degraded landscapes and to predict the impact of climate change and other stresses on 

natural systems, requires that plant-fungal relationships are better understood. The co-

evolution of plants and their root-colonising fungi is an important link in this 

understanding. Indeed, FRE were recently identified from fossilised (permineralised) 

specimens of root mantle from the tree fern Psaronius dating from the Permian era 

(Krings et al. 2017). Hence, the possibility that the Mucoromycotina may pre-date 

Glomeromycota (Bidartondo et al. 2011) is important in the study of plant and fungal 

evolution, both individually and for the evolution of mycorrhizal symbioses.  

In the context of the limited literature on FRE, this thesis represents a very substantial 

body of work. In this short general discussion, I will synthesise the findings of my thesis 

in three key sections: phylogenetic placement, distribution and niche differentiation, 

followed by a discussion of the limitations and achievements of my project. I will finish 

with suggestions for future key areas for research on FRE. 

DISCUSSION 

SECTION ONE: PHYLOGENETIC PLACEMENT 

Fine root endophytes produce arbuscules; this led to their initial classification within the 

AMF, in Glomeromycota. However, the research presented in this thesis suggests that 

the correct placement of FRE is within the subphylum Mucoromycotina. This finding has 

broad implications for the wider mycorrhizal community as it shows that arbuscules 

exist outside of the Glomeromycota, which demands a rethink of the evolutionary 
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relationships between FRE and the AMF. The conclusion that FRE phylogenetically differ 

from AMF is supported by the DNA sequencing presented in Orchard et al. (2017b) 

(Chapter 5). Further, the cryoSEM study presented in Chapter 6 shows how FRE differ 

from AMF morphologically and, perhaps, physiologically. This result, in turn, is 

supported by the paper in Chapter 3, showing that visualisation of FRE is more impacted 

than that of AMF by removal of plant samples from their environment and the method 

of sample storage. In short, FRE may not be visualised if samples are kept cool and not 

processed within <3 days. A similar observation was made by Duckett et al. (2006) when 

they examined a fungus within liverworts, at the time considered to be 

glomeromycotan. They noted a loss of the intracellular fungal components if the 

samples were stored beyond a few days, even if kept in a cool room at 8oC (Duckett et 

al. 2006). The TEM images within Duckett et al. (2006) show the morphology of the 

fungus in question to be strikingly similar to that of FRE. Considering the subsequent 

publications produced by this research group (M. Bidartondo, S. Pressel, K. Field and J. 

Duckett, Imperial College London and The Natural History Museum, UK; examples 

include Bidartondo et al. 2011, Field et al. 2015, Pressel et al. 2016), it seems possible 

that the ‘glomeromycotan’ fungus that Duckett et al. (2006) referred to was FRE.  

Shifting goalposts: the subphylum Mucoromycotina 

Historically, many of the basal fungal lineages were placed within the phylum 

Zygomycota. This historic classification included the glomeralean AMF, until being 

placed within the separate phylum, Glomeromycota (Schussler & Walker 2001). Within 

a phylogenetic reordering of the Fungi, Hibbett et al. (2007) did not recognise 

Zygomycota due to it being polyphyletic, and proposed several incertae sedis subphyla, 

including Mucoromycotina, until the basal fungal lineages were better resolved (James 

et al. 2006). The subphylum Mucoromycotina contained three orders: Mucorales, 

Endogonales and Mortierellales; all previously placed within the phylum Zygomycota. 

Then, in 2011, a phylogenetic analysis separated the Mortierellales into their own 

subphylum, Mortierollomycotina (Hoffmann et al. 2011). Results and conclusions among 

phylogenetic studies are inconsistent, and it is likely that many groups within the 

Mucoromycotina are under-sampled and that these fungi are grossly under-represented 

in genetic repositories such as INSDC (James et al. 2006; Truong et al. 2017). Thus, the 
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relationships among the basal fungi are mostly unresolved and the subject of ongoing 

research (James et al. 2006; Truong et al. 2017). 

A recent phylogenetic analysis, published almost simultaneously with the online 

publication of Orchard et al. (2017b), proposed a reorganisation of the zygomycetes and 

provided evidence to support a reclassification within the basal fungal lineages 

(Spatafora et al. 2016). These authors showed that Glomeromycota and 

Mucoromycotina were sister lineages and proposed that phylum Glomeromycota be 

replaced with the erected subphylum Glomeromycotina, and placed as sister to 

Mucoromycotina within the emended phylum Mucoromycota Doweld (2001) (Spatafora 

et al. 2016). The phylogenetic analysis in Orchard et al. (2017b) used Rhizophagus 

irregularis (among others) to represent Glomeromycota. This analysis showed that the 

sequences produced from roots densely colonised by FRE were placed in a separate 

lineage from R. irregularis with >95% identity (Fig. 3, Chapter 5; Fig. 9.1a). Spatafora et 

al. (2016) also used R. irregularis as their reference organism to represent 

Glomeromycota, with similar results in relation to Mucoromycotina species (Fig. 9.1b). 

Therefore, their proposed reclassification did not alter the relative phylogenetic 

relationship of Mucoromycotina to Glomeromycota and, hence, did not change the 

overall interpretation of my aims or results—that FRE are phylogenetically separate 

from Glomeromycota. Therefore, throughout my thesis, I continued to use the well-

known classification and nomenclature published by Schüβler et al. (2001). 

Currently, many different functional groups of fungi are represented within the 

subphylum Mucoromycotina, including saprobes, or occasionally mycoparasites 

(Spatafora et al. 2016), and ectomycorrhizal species (Hibbett et al. 2007). Some species 

which produce biochemicals (e.g. proteases, lipases, organic acids) of economic 

importance are also placed within this subphylum (Papp et al. 2016). Yet, 

mucoromycotan fungal endophytes have also been reported in liverworts, hornworts 

and ferns (Field et al. 2015; Rimington et al. 2015), and in some instances purported to 

be beneficial symbionts (Field et al. 2016). Nonetheless, overall we have limited 

understanding of the fungi within Mucoromycotina, and much more research will be 

required to tease out their true identities and functions. The revelation of FRE being 

members of the Mucoromycotina expands the known plant associations of 
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mucoromycotinian fungal endophytes to include flowering plant lineages (Orchard et al. 

2017b). Therefore, my thesis has added to the knowledge of the members of this 

subphylum. Even so, we know little of the evolutionary relationship between FRE and 

AMF, and how they co-evolved. Did arbuscules evolve in Mucoromycotina, with AMF 

later diverging into a separate lineage? Alternatively, Mucoromycotina and 

Glomeromycota could have common ancestry—in which case, the identity of the 

ancestral fungus remains a missing link in our knowledge of the basal fungal lineages. 

Longer sequence reads of FRE are required to provide greater resolution and allow us to 

examine the relationships among the basal fungal lineages and, more specifically, inform 

our understanding of how arbuscules evolved.  

 

 

Figure 9.1: A schematic diagram of a simplified cladogram showing the change in phylogenetic 
placement of the subphylum Mucoromycotina relative to that of AMF, either as (a) the phylum 
Glomeromycota per Schussler et al. (2001), adapted from Orchard et al. (2017b) and the 
classification used in this thesis, or (b) the subphylum Glomeromycotina as sister to the 
subphylum Mucoromycotina, both placed within the phylum Mucoromycota. (b) Adapted from 
Spatafora et al. (2016). 

 

SECTION TWO: DISTRIBUTION OF FRE 

The results of my research show that FRE are almost globally distributed, may colonise 

numerous plant families, and are found in many ecosystems (Orchard et al. 2017a; 

Chapter 7). The literature suggests that colonisation by FRE varies among regions, 

although this regional difference may be biased by the interests of specific research 

groups within the limited available literature. As research on FRE has been lacking during 

recent decades, broad knowledge of FRE is inadequate and outdated. From some 

countries, e.g. China, there are no reports of FRE (Orchard et al. 2017a; Chapter 7), 
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however, this is likely to be the result of little or no targeted research from that country, 

as opposed to FRE not being present. Even so, research is required in those countries to 

confirm this hypothesis. 

In the southern hemisphere, my results show that FRE are widespread in Australian and 

New Zealand pastures within the host plant Trifolium subterraneum (Chapter 8). As T. 

subterraneum is an important pasture species, particularly in dryland farming, then the 

presence of FRE and its role with this plant species requires further research. On a 

broader scale, FRE are widely distributed and are found in many agricultural plant 

species. This result, combined with the few studies which differentiated FRE from AMF 

(Orchard et al. 2017a, Chapter 7), suggests that the results of field-based studies of 

‘AMF’ may have been studies of AMF (Glomeromycota) plus FRE (Mucoromycotina). 

Hence, research conclusions may be based on a mixed community of arbuscule-forming 

fungi rather than purely plant-AM fungal interactions. Future research should ensure 

that experimental designs allow for separate assessment of FRE from AMF to improve 

our understanding of these fungi, both individually and combined. 

SECTION THREE: NICHE DIFFERENTIATION IN FRE AND AMF—COMPETITION OR 

COOPERATION? 

There were suggestions in the literature that FRE differed from AMF in response to pH, 

low temperatures and moisture, and some evidence to suggest that FRE may have a role 

within extreme environments (Orchard et al. 2017a; Chapter 7). The latter was 

suggested by my research on FRE under waterlogged conditions, in relation to their 

increased colonisation of Lotus subbiflorus as colonisation by AMF declined (Orchard et 

al. 2016). Further support for FRE differing from AMF comes from the results of my 

distribution survey (Chapter 8). These results suggested that colonisation by FRE 

increased in lower pH conditions and, subsequently, in the presence of increased soil 

aluminium concentrations. However, there was no corresponding increase in shoot 

aluminium. This result leads to the conclusion that perhaps FRE have a role in plant 

tolerance to soil acidity and immobilisation of the subsequent, potentially toxic, 

released aluminium. In contrast, colonisation by AMF was not correlated with pH, but 

instead with phosphorus. 
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While my sequencing results threw into question the mycorrhizal status of FRE and, 

although I haven’t directly examined the function of FRE, the literature does indicate 

that FRE can provide growth benefits to the host plant (Fig. 10 in Orchard et al. 2017a, 

Chapter 7). Certainly, there was no evidence in my research to suggest that increasing 

colonisation by FRE had a negative effect on plant nutrient status (Chapter 8; Orchard 

et al. 2016). Even so, FRE are rarely observed without the presence of AMF. This fact 

contributes, frustratingly, to difficulties in producing FRE in isolated pot culture.  

However, this also raises a bigger question—why are FRE (Mucoromycotina) rarely 

found without the presence of AMF (Glomeromycota)? Do FRE and AMF offer 

complementary and/or synergistic benefits to the host plant? For example, the 

dominance of FRE under acidic soil conditions which shifts to AM fungal dominance in 

alkaline conditions. For the plant, this could provide a stable delivery of nutrients across 

a broad range of soil conditions and through cycles of nutrient availability, creating a pH 

continuum of mycorrhizal fungal partners (Wang et al. 1993). Certainly, 

Mucoromycotina were dominant within simulated conditions of high atmospheric CO2, 

while dual symbiosis with both mucoromycotinian and glomeromycotan fungi was 

nutritionally beneficial to liverworts in current day CO2 conditions (Field et al. 2016). Yet 

how did these adaptations evolve? Is it a throwback to a plant-FRE relationship which 

evolved within, or adapted to, a geological period (e.g. Devonian) with greater 

atmospheric CO2? Certainly, this hypothesis was proposed by Field et al. (2016) in 

relation to the symbiosis between liverworts and the Mucoromycotina. Further, 

assuming Devonian soil conditions were more acidic than current day soils, it is likely 

that those soils would have also contained greater concentrations of metals, such as Fe 

and Al. Certainly, these assumptions support the hypothesis that the Mucoromycotina 

(and FRE) are basal to AMF (Bidartondo et al. 2011), and that AMF diverged to fill an 

available ecological niche as atmospheric CO2, and subsequently, acidity reduced (Field 

et al. 2016). Yet, what does that mean for FRE—are they a dying fungal group being 

pushed out by their cousins? Or, as suggested by Field et al. (2016) for Mucoromycotina, 

will FRE become more important in a future of rising atmospheric CO2?  

I have also hypothesised that FRE may aid host-plant zinc uptake as opposed to the P 

uptake more commonly accepted for AMF, thereby helping to balance and maintain the 
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plant P:Zn ratio. However, relatively little is known about the mechanisms of AM fungal–

plant zinc uptake via the mycorrhizal signalling pathway, also known as the SYM pathway 

(Oldroyd and Downie, 2006; Cavagnaro 2008), and even less is known about how FRE 

interact with the SYM pathway or their broader environment. Within natural, 

undisturbed ecosystems AMF may form part of a common mycorrhizal network—

complex underground links between the roots of multiple plant-hosts and the hyphae 

of mycorrhizal fungi (Simard et al. 1997; van der Heijden et al. 2015). An exchange of 

nutrients and chemical signals may pass through these networks, connecting a 

community of plants and fungi (van der Heijden et al. 2015). However, these networks 

establish over time in stable environments and are not usually present in situations of 

primary succession, or disturbance where mycorrhizal networks can be damaged or 

broken (Karasawa et al. 2012; van der Heijden et al. 2015). FRE have been associated 

both with disturbed environments and with early successional plant establishment 

(Johnson 1977; Daft and Nicholson 1974; Turnau et al. 2005; Sigüenza et al. 2006a; b). 

Therefore, do FRE ‘plug in’ to these mycorrhizal networks as do AMF? Or is the role of 

FRE, perhaps, part of early successional processes which help plant establishment, 

paving the way for the later, stable, successional communities? Once again, this idea fits 

well with the possibility that FRE are basal to AMF. However, a plethora of further 

research is required to fill these knowledge gaps. 

While some of the above suggestions are certainly speculative—e.g. the FRE–zinc 

hypotheses based only on correlation (Chapter 8; Ryan and Angus 2003), or the role of 

FRE in primary succession—increasingly, research on AMF is discovering that plant-AM 

fungal relationships are more complex than previously realised and involve more than 

just an exchange of phosphorus for carbon (van der Heijden et al. 2015). Therefore, 

similar complexity is also likely to be the case in the plant-FRE relationship and much 

more research will be required to understand these multifaceted interactions. 

LIMITATIONS, ACHIEVEMENTS AND FUTURE DIRECTION 

The limitations of my research:  

 The failure to achieve a pot culture of FRE during my project. Ironically, the lack of 

recent interest in FRE meant that a pot culture of FRE held within the International 

Bank of Glomeromycota (IBG) was not well-known—and the people aware of this 
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culture had considered it unlikely to be viable (pers. comm. D. Redecker, IBG 

curator, November 2016). After the publication of my paper in New Phytologist, 

which revealed that FRE may be placed in the Mucoromycotina, this very culture 

was resurrected and found to be viable (Orchard et al. 2017a, Chapter 7). Further 

irony comes from the fact that this pot culture had originated in New Zealand, but 

increased biosecurity measures mean it is unlikely, had I known it existed, that it 

could have been returned to its source of origin. 

 The short reads produced by next-generation sequencing. The results presented 

within Orchard et al. 2017b (Chapter 5) suggested that FRE belong within the 

Mucoromycotina, and these results are very convincing in the sense that statistics 

were arguably unnecessary to validate their interpretation. Even so, I am acutely 

aware that few sequencing results of this nature are absolute. Ultimately, these 

sequences were produced from root samples which may have contained 

numerous organisms beyond those which could be stained and viewed under the 

microscope. Sequencing errors can occur and PCR processing may produce bias. 

For example, where there are relatively few species present within a sample, then 

the sequences that are produced may appear to be in greater abundance. Also, 

the short reads produced by the next-generation sequencing also meant that I was 

unable to examine how many species of FRE were present in my samples, which 

restricted the conclusions I could obtain from these data. Longer reads are 

required to differentiate among species. Therefore, I hope that the IBG pot culture 

mentioned above can be used to validate my results in the near future and 

produce longer sequences, which will go some way towards testing for multiple 

species of FRE.  

 Low replicate number in the cryoSEM study. Unfortunately I did not examine 

enough replicates within the cryoSEM study. This weakness was mainly due to 

time constraints and availability of the equipment, but, in addition, an isolated pot 

culture of FRE would have been preferable for this work. Also, equivalent samples 

grown within the same conditions and containing only AMF would have allowed 

morphological comparisons between the different forms of fungi, thereby 

improving the evidence differentiating FRE and AMF. 
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 I wasn’t able to reveal the functional role of FRE or whether FRE are beneficial to 

plant growth. My research and publications indicate that FRE play an important, 

possibly distinct, role in plant nutrition and fitness. However, I was unable to 

produce direct evidence of this hypothesis through my own experiments. This was 

due, in part, to a number of failures throughout my project, including the 

difficulties encountered with producing a pot culture and the failed sequencing 

attempts. This meant that I ran out of both time and funding for any further 

experiments. Ideally, the current renewed interest in FRE will ensure that 

experiments by other researchers will now separately examine FRE from AMF to 

increase understanding of the interactions of FRE with plants. 

 A point which was mentioned in the acknowledgements, and that I wish to 

reiterate here, is the element of timing within my project. Even though I had 

hypothesised in my Research Proposal that FRE may belong in a different phylum 

from AMF, possibly Mucoromycotina, based partly on the work by Bidartondo et 

al. (2011), I had underestimated how challenging my project would be. During my 

PhD there were several failed sequencing attempts. However, at that time (2014 

to early 2015) much of the work by Field et al. (see Chapter 5) had not been 

published and the number of Mucoromycotina sequences deposited with INSDC 

were few. Therefore, even if I had produced results which included 

Mucoromycotina sequences, it is unlikely that any conclusions linking 

Mucoromycotina to FRE prior to 2015 would have been viewed with credibility by 

reviewers. Hence, while the earlier sequencing failures were frustrating, 

serendipity took a hand in this project. 

Achievements 

Despite the limitations and disappointments listed above, during my project I achieved 

many of my research goals. I have examined the morphology, ecology and phylogeny of 

FRE and their distribution across the pastures of southern Australia. I have found that 

FRE are more sensitive to storage methods than AMF and I hope this leads to increased 

reports of FRE in future research. I have added to the evidence to demonstrate that FRE 

are distinct from AMF, both phylogenetically, morphologically and ecologically. Overall, 

my research has produced significant results, opening new avenues and opportunities 
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for research on FRE and, more broadly, the Mucoromycotina. These results have been 

shared with mycorrhizal researchers through four published papers in high ranking 

international journals, three of which were directly related to my PhD research. Hence, 

my research has advanced the knowledge of the mycorrhizal research community and 

provoked renewed interest in FRE—Orchard et al. (2017b) has already been cited nine 

times (Jeffery et al. 2017; Krings et al. 2017; Newsham et al. 2017; Orchard et al. 2017a; 

Ryan et al. 2017; Tedersoo and Brundrett 2017; Tedersoo and Smith 2017; Truong et al. 

2017; Vasar et al. 2017). This is certainly an exciting area for future research, which will 

improve our understanding of these fascinating forms of fungi. 

Future direction 

Numerous possible research directions were suggested within the Literature Review 

(Orchard et al. 2017a; Chapter 7) and, therefore, are not included here to avoid 

repetition. However, I have listed below some new questions which have arisen during 

the latter part of my project, plus the areas of research on FRE that I consider to be a 

priority. 

 Importantly, we need to understand if FRE are comprised of multiple species. The 

most efficient and conclusive method to examine this question is through genetic 

sequencing and, therefore, we urgently need to develop primers to target these 

fungi. 

 Further, we need to examine the ecological differences between FRE and AMF—

what are the functional benefits of dual symbiosis to the host plant and are FRE 

and AMF competing for carbon? 

 Indications of host-specificity (Chapters 7 and 8) and physiological response 

(Chapter 6) suggest the signalling mechanisms which operate between the host 

plant and FRE may differ from those of AMF. Therefore, do FRE use the SYM 

signalling pathway similarly to other AMF? For example, do FRE employ, and 

respond to, strigolactones secreted by host-plants, and in turn secrete 

lipochitooligosaccharides during initiation of the association with plants (van der 

Heijden et al. 2015), as do AMF? 

 Further, what is the molecular crosstalk between FRE and AMF—are there specific 

modes of communication during dual symbiosis of the same host plant? 
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 My results have reinforced the hypothesis that FRE have a role for host-plant 

growth or health at low pH and in aluminium contaminated soils. This hypothesis 

requires further examination, for example, measuring concentrations of metals in 

roots versus shoots may help to define if FRE can immobilise aluminium, or other 

metals, in low pH or metal contaminated soils. 
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APPENDIX 1. WATERLOGGING RESPONSE OF FINE ROOT ENDOPHYTE 

LINKED TO HOST-PLANT SPECIES AND SOIL TYPE 
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APPENDIX 2. UNSUCCESSFUL SEQUENCING ATTEMPTS 

In this Appendix, I summarise two attempts to achieve my aim to sequence fine root 

endophytes (FRE; Fig. A2.1). Attempt One used laser micro-dissection (LMD) technology 

at the Hawkesbury Institute for the Environment (HIE), University of Western Sydney, 

Australia with the assistance of Dr Anna Simonin and Prof Jeff Powell. The roots were 

sourced from the host plant, Lotus subbiflorus, grown in field soil from a pasture in 

Western Australia in March 2014. Subsamples (~50%) of each root system were cleared, 

stained and assessed for colonisation as described in Chapter 2. The remaining roots 

were frozen at –20oC and couriered to HIE, where the roots were embedded in agar for 

vibratome sections, and the sectioned root pieces mounted onto LMD slides (Fig. A2.2a, 

b). I collected four tubes of dissected tissue pieces (Fig. A2.2c, d), extracted the DNA and 

amplified it using the glomeromycotan primers AML1-AML2 (Table A2.1). The resulting 

Sanger sequences were most often matched to species within the order Diversisporales 

(Table A2.1). 

Attempt Two was undertaken at AgResearch, New Zealand, within the laboratory of Dr 

Jana Monk. Dactylis glomerata (cocksfoot, orchard grass) field samples were collected 

from the lower ranges (<700 m) of the Rock and Pillar ranges in Central Otago, New 

Zealand, in March 2015. This location was chosen as FRE were previously reported to be 

prolific within the grass species of these ranges (Crush 1973a, 1975). Permission to 

sample within this Conservation Park was granted from the Department of 

Conservation, New Zealand (permit number 42948-FLO). For each plant, approximately 

one-third of the plant was sliced away from the remainder of the plant, severing shoots 

and roots, and the severed root section removed. Subsamples (~50%) of each root 

system were cleared and stained, or frozen at –20oC. DNA was extracted and amplified 

using a variety of primers which targeted general fungi, arbuscular mycorrhizal fungi 

(AMF) or Endogonales (Tables A2.2 and 3). Several of the primers failed to produce a 

product. The most successful primers were AML1-AML2 and ITS1-ITS4. Therefore, the 

amplified DNA resulting from these primers was cloned and the cloned products were 

sent for Sanger sequencing (Table A2.2). The resulting sequences from the ITS primers 

were matched to non-target fungi (mostly Ascomycota). For the AML primers, several 

sequences matched glomeromycotan species (>95%), along with matches to unspecified 
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environmental sequences. However, no particular sequence or glomeromycotan match 

was produced more than twice (Table A2.2). 

 

Figure A2.1: Hyphae and vesicles of fine root endophytes in the roots of Lotus subbiflorus. The 
roots had been previously cleared and stained with ink and vinegar, and were re-stained with 
FITC-Wga (fluorescein isothiocyanate conjugate – wheat germ agglutinin) and then viewed 
under a fluorescent microscope (×400). The arbuscules likely belonged to FRE, but due to mixed 
AM fungal colonisation, that was not certain. This image was produced at the Hawkesbury 
Institute for the Environment.  

 

Figure A2.2: The Zeiss laser micro-dissection equipment (a), and (b) vibratomed sections of Lotus 
subbiflorus root mounted and stained on laser micro-dissection slides; (c) and (d) a slide-
mounted 12 µm vibratomed section of Lotus subbiflorus root with (c) selected cells which 
contained fine root endophyte hyphae outlined and ready to dissect, and (d) the same section 
of root post-dissection. These images were produced at the Hawkesbury Institute for the 
Environment.  
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Table A2.1: A summary of the methods and results of Attempt One to sequence fine root endophytes (FRE) within the roots of Lotus subbiflorus, and using a 
combination of laser micro-dissection, or hand sectioning, DNA extraction, PCR and Sanger sequencing of the product from the primer pair AML1–AML2, and the 
subsequent identity matches (>95%) from an INSDC Blastn search. 

Source of the 
roots 

Colonisation 
assessment 

Processing & DNA 
extraction 

Primer pair & 
target rRNA 

region (group) 

PCR 
product? 

Downstream processing and 
sequencing  

INSDC Blastn identities 
(>95%) 

Lotus subbiflorus, 
Western Australia 

FRE 28 ±2.2%;  
AMF 37.2±3.9% 
(n=3)  

Roots embedded in agar and 
vibratomed sections mounted 
for laser micro-dissection; 
Qiagen QIAamp DNA micro 
DNA extraction kit (Qiagen Intl, 
USA) 

AML1-AML2  
(Lee et al. 2008);     

18S SSU  
(AMF) 

Y Purification using ExoSAP-IT (Thermo 
Fisher Scientific Inc.); sent to Macrogen 
(Seoul, Korea) for Sanger sequencing 

Acaulospora spinosa; 
Claroideoglomus 
lamellosum 

Hand-sectioned root pieces: 1, 
2, 3 & 4 mm; Qiagen QIAamp 
DNA micro DNA extraction kit 
with an additional step following 
the addition of the lysis 
solution—the sectioned root 
pieces were ground within an 
Eppendorf vial using a 
miniature pestle, and allowed to 
stand at room temperature for 
30 minutes 

Y Purification using ExoSAP-IT (Thermo 
Fisher Scientific Inc.); sent to Macrogen 
(Seoul, Korea) for Sanger sequencing 

Diversispora eburnea;  
D. celata;  
Acaulospora cavernata;  
A. laevis;  
uncultured Diversispora 
or Acaulospora 

Laser micro-dissectioned root 
fractions; Qiagen QIAamp 
micro extraction kit as above 

ITS1-ITS4  
(White et al. 

1990; Gardes & 
Bruns 1993);  

internal 
transcribed 

spacer  
(general fungi) 

Y Produced double bands on agarose gel, 
therefore was not suitable for Sanger 
sequencing 

 

Hand-sectioned root pieces: 1, 
2, 3 & 4 mm as above 

Y   
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Table A2.2: A summary of the methods and results of Attempt Two to sequence fine root endophytes (FRE) within the roots of Dactylis glomerata from New 
Zealand field samples collected March 2015, through DNA extraction and PCR using a variety of primer pairs, followed by cloning and Sanger sequencing of the 
cloned products from primer pairs ITS1–ITS4 and AML1–AML2, and the subsequent identity matches (>95%) from an INSDC Blastn search. 

Source of the 
roots 

Colonisation 
assessment 

Processing & DNA 
extraction 

Primer pair & target 
rRNA region (group) 

PCR 
product? 

Downstream processing and sequencing  
INSDC Blastn identities 

(>95%) 

Dactylis glomerata, 
Rock & Pillar 
Ranges,  
New Zealand 

FRE 20.6±3.1%; 
AMF 21.2±1.2% 
(n=3)  

Roots were cut into <5 mm 
pieces and ~150 mg placed 
into PowerSoil DNA Isolation 
Kit (catalog#12888-50, MO 
BIO Laboratories Inc., 
Carlsbad, CA) tubes, then 
placed into GenoGrinder 
tissue disrupter (SPEX 
SamplePrep, USA) at 1600 
RPM for 60 s. The remainder 
of the extraction process 
followed the manufacturer’s 
protocol. 

ITS1-ITS4  

(White et al. 1990; 
Gardes & Bruns 1993);  

internal transcribed 
spacer (general fungi) 

Y PCR product was purified for cloning (SolGent 
PCR Purification kit, Solgent Co., Ltd, Korea). The 
resulting purified DNA samples were cloned using 
the pGEM®-T Easy Vector System kit (Promega 
Corp., Madison, WI, USA). At least seven colonies 
from the DNA extracts were used for sequencing. 
Each colony was added to 1 µl of water for the final 
PCR within a 25 µl reaction volume, and using 0.5 
µl of each primer, Sp6 and T7 (Promega Corp., 
Madison, WI, USA). The cloned DNA samples 
were sent to MacroGen Inc. (Seoul, Korea) for 
Sanger sequencing.   

Non-target fungal 
species, mostly 
Ascomycota. 

NS1-FR1  
(White et al. 1990);     

18S SSU  

(general fungi) 

Y Initial PCR attempts failed to produce a product, 
therefore DNA extracts were diluted 10-fold and 
cleaned using the ‘clean-up protocol’ from the 

MoBio Powersoil kit to reduce PCR inhibitors. BSA 
was added to the Mastermix at 0.6 µl per sample. 
Subsequent PCR products were used for nested 
PCRs (below). 

 

AML1-AML2  
(Lee et al. 2008);     
18S SSU (AMF) 

Y Nested PCR using the product from NS1-FR1 
primer pair. PCR product purified for cloning, using 
the methods described for the ITS primers. The 
cloned DNA samples were sent to MacroGen Inc. 
(Seoul, Korea) for Sanger sequencing.   
 

Acaulospora brasiliensis; 
uncultured Acaulospora 
or Glomus spp., or 
uncultured mycorrhizal 
fungus. 

EndAD1f-EndAD2r 
(Desiro et al. 2013);     

18S SSU 
(Endogonales) 

 

N Nested PCR using the product from NS1-FR1 
primer pair.  Failed to produce a product. 

 

AU2-AU4 
(Vandenkoornhuyse et 

al. 2002);      
18S SSU (AMF) 

N Direct PCR and also nested using the product from 
NS1-FR1 primer pair. Both failed to produce a 
product. 

 

FF390-FS1-GC  
(Kim et al. 2009);     

18S SSU  
(fungi incl. Mucor spp.) 

N Nested PCR using the product from NS1-FR1 
primer pair. Failed to produce a product. 
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Table A2.3: Attempts to sequence fine root endophytes: PCR thermocycling conditions for 
each primer pair. 

Primer pair Time Temperature (°C) Cycles 

ITS1F/ITS4 
(Attempt One) 

30 sec 93  

 10 sec 98 

35  15 sec 55 

 60 sec 80 

 20 min 80  

    

NS1/FR1 
(Attempt Two) 

5 min 95  

 30 sec 95 

35  45 sec 48 

 3 min 72 

 9 min 72  

    

AML1/AML2 
(Attempts One & Two) 

3 min 95  

 1 min 95 

35  1 min 50 

 1 min 72 

 9 min 72  

    

ITS1F/ITS4 
(Attempt Two) 

5 min 94  

 1 min 94 

35  30 sec 55 

 2 min 72 

 5 min 72  

    

EndAD1f/EndAD2r 
(Attempt Two) 

4 min 94  

 30 sec 94 

27  30 sec 63 

 1 min 72 

 7 min 72  

    

AU2/AU4 
(Attempt Two) 

2 min 94  

 30 sec 94 

35  30 sec 50 

 30 sec 68 

 5 min 68  

    

FF390/FR1-GC 
(Attempt Two) 

2 min 94  

 30 sec 94 

30  30 sec 50 

 30 sec 68 

 5 min 68  

 



APPENDICES 

PAGE | 204 

 

Figure A2.3: Schematic map indicating the target regions of the ribosomal RNA gene and the 
approximate locations of the primers (except AU2–AU4) used in the attempts to sequence fine 
root endophytes. 

 

DISCUSSION 

Within the two sequencing attempts summarised herein, I was unable to determine a 

possible identity for FRE. Sequence identity matches were inconsistent and occasionally 

produced sequences of other known species of AMF. These failures supported my 

hypothesis that the primers specific to AMF (the Glomeromycota) did not target FRE.  

Further, failure of the ITS primers suggests that the ITS region may not be a suitable 

target to identify FRE.  

In Attempt One, many of the sequences were matched to Glomeromycota, for example, 

Claroideoglomus, Acaulospora and Diversispora species. On checking the research and 

images on the known species within these genera, many appeared similar to the other 

AMF previously observed within roots from this source field soil from WA. Hence, it 

appeared unlikely that any of the sequences belonged to FRE. I would have liked to have 

also tried using primers specific for other fungal groups, but unfortunately I ran out of 

time at HIE. The LMD DNA extracts were subsequently sent to the Australian Genome 

Research Facility (AGRF) for a further sequencing attempt, but unfortunately the AGRF 

reported that the DNA concentration in the samples was too low for their processes and 

they couldn’t continue. Thus, no DNA samples remained from the LMD work. 

 



APPENDICES 

PAGE | 205 

In Attempt Two, 71% of the clones from the primer pair AML1–AML2 produced a 

sequence, of which ~50% were identified as Glomeromycota. However, the sequence 

identities were inconsistent and no sequences were repeated often enough to suggest 

any positive identity for FRE. Unfortunately, several primer pairs had failed to produce 

a PCR product. This included the primers which target Endogonales, EndAD1f–EndAD2r 

(Desiro et al., 2013), the glomeromycotan primers AU2–AU4 (Vandenkoornhuyse et al., 

2002) and the fungal primers FF390–FS1-GC reported to amplify Mucor species (Kim et 

al., 2009).  

Hence, with the benefit of hindsight, these failures to identify a sequence for FRE were 

all about the selection and availability of the correct primers. Even though my work was 

indicating that FRE were not targeted by the primers used to target AMF, I often found 

that such suggestions were met with doubt from other researchers, which became a 

barrier to my progress. This, combined with the failure of several primers which target 

non-AM groups, and the lack of primers and research available on Mucoromycotina, in 

part, led to the use of the same primers (AML1–AML2), commonly used to target AMF, 

for both of the Sanger sequencing attempts detailed herein. 

I realised that, combined with the challenge to attain FRE in isolation, next-generation 

sequencing (NGS) was likely the best option. Through the use of NGS I hypothesised that 

I could sequence the fungal root community in a ‘compare and contrast’ manner, to 

tease out FRE from AM fungal sequences. The main drawback with NGS was the cost 

and availability of the technology. Therefore another collaboration was developed with 

a UK team who had sample ‘space’ on an upcoming NGS run. This turned out to be a 

very fortuitous move. 

Finally, the sequences obtained from sequencing Attempts One and Two were 

subsequently re-run in a new INSDC Blastn search following the results of Chapter 5, and 

in consideration of the increased number of Mucoromycotina sequences by then 

available in INSDC (i.e. Field et al. 2015). The sequences obtained from these earlier 

sequencing attempts did not match with any Mucoromycotina sequences, confirming 

my earlier conclusion, that the AML and ITS primers did not target and amplify FRE. 
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