
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


Hidden complexity: exploring the 

biogeography of dune grass root fungi 

with next generation sequencing 

 

 

 

 

Renee Bronwyn Johansen 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy in 

Biological Sciences, The University of Auckland, 2016. 

 

 



ii 
 

  



iii 
 

Abstract 

The biogeography of cryptic fungal communities in natural systems is poorly understood, as are 

the causal factors underlying biogeographic variation. I used next generation sequencing (NGS) 

to determine the fungal communities associated with the roots of coastal dune grasses. Their 

biogeography was examined at global, regional, and local spatial scales, to seek evidence of 

dispersal limitation and environmental filtering. The impact of host plant species on these 

communities was also considered. 

The SSU DNA region was used to profile arbuscular mycorrhizal fungal (AMF) communities 

occupying Spinifex sericeus roots at a New Zealand dune. Then, the impact of host species 

identity on community composition, and community turnover among samples was explored 

using Ammophila arenaria and Leymus mollis roots from a Californian dune. The utility of the 

LSU, ITS and SSU regions for profiling fungal communities was also compared. Root samples 

were then collected from A. arenaria in multiple dunes in three regions – the United Kingdom, 

where it is native, and Australia and New Zealand where it is invasive. Heterogeneity in fungal 

community composition within dunes, among dunes within regions and among regions was 

examined. Roots were also collected from the native grasses Leymus arenarius (United 

Kingdom), and Spinifex sericeus (Australasia), to further examine the impact of host plant 

species identity. 

Fungal communities varied among regions and some lineages were restricted to single dunes. 

However dominant lineages were shared, suggesting dispersal limitation is not an important 

control over fungal community composition. Community differences correlated with changes 

in temperature, pH and nitrogen. Richness was highest in A. arenaria in its invasive range. 

Differences in community composition were also seen within regions although again dominant 

taxa were widely dispersed. High beta diversity among samples within dunes reveals extensive 

sampling is needed to capture fungal communities. The impact of host identity on fungal 

community composition was context dependent. The SSU region captured a more 

phylogenetically diverse AMF community than the other gene regions, and recovered AMF 

from more samples. The utility of the ITS region for whole community profiling was shown. A 

phylogenetically and functionally diverse community was present in dune grass roots, 

comprised of both previously sequenced fungi and unidentifiable lineages. Potentially 

pathogenic fungi were dominant.     
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Chapter 1 

 

General introduction 

 

1.1 Fungal biogeography  

Biogeography is concerned with the distribution of species across space and time. The often 

cryptic nature of microbial organisms challenges efforts to understand their biogeography. Baas 

Becking, a founding father of microbial biogeography, heavily influenced expectations 

regarding the distribution of microorganisms throughout the 20th century. Work by him and his 

colleague Beijerink on bacteria inspired the ‘Baas Becking hypothesis’ which states that, for the 

smallest species, ‘Everything is everywhere, but the environment selects’ (Baas Becking 1934; 

de Wit & Bouvier 2006). There are two parts to this idea, the first being concerned with the 

tremendous dispersal capabilities of microorganisms, and the second with their varying 

responses to the environment they alight in following dispersal events. Some fungi are 

prodigious producers of spores which provide for potentially long distance dispersal (Li 2011; 

Peay & Bruns 2014), and the hypothesis was considered applicable to the fungal kingdom 

(Hazard et al. 2013). Consequently, it was expected that, provided the environment was the 

same, the same fungi would be found everywhere.  

Recently there has been increasing interest in microbial community composition and 

distribution, driven by a growing awareness of the ecological importance of microorganisms 

and facilitated by technological advances (Dubilier et al. 2015). Species once considered 

widespread are now known to consist of separate lineages with more restricted ranges (Geml et 

al. 2008; Salgado-Salazar et al. 2013). The Baas Becking hypothesis has been largely abandoned 

(Bahram et al. 2014). However the biogeographical patterns being discovered for 

microorganisms are not always well explained by the variables measured in the investigations 

that uncover them (Beck et al. 2015; Queloz et al. 2011) and evidence for, as well as against, 

large fungal ranges continues to accumulate (Davison et al. 2015; Mandyam & Jumpponen 

2014). Controls over fungal community composition, particularly at large scales, are poorly 

understood (Dickie et al. 2015; Peršoh 2015). 
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In situ evolution aside, for a species to be found in a place it must disperse there, and dispersal 

barriers are now considered an initial filter for fungi (Talbot et al. 2014). Air currents are 

considered the main way fungal species overcome these, and spore trapping studies show even 

ocean crossings are possible (Fröhlich-Nowoisky et al. 2012; Kellogg et al. 2004). Curiously, 

even species which do not seem well adapted to transport by air may be widely dispersed. Many 

arbuscular mycorrhizal fungi (AMF, discussed below), appear to be globally distributed 

(Davison et al. 2015) despite being poorly recovered by aerial spore trapping (Egan et al. 2014). 

The wide geographic range for the Phialocephala fortinii - Acephala applanata (PAC) species 

complex is surprising given the low sporulation rates for this group (Sieber & Grunig 2013). 

Vectors such as birds may be important for fungal dispersal (Nielsen et al. 2015) and the role of 

human transport, while rarely mentioned in ecological papers, is also likely to be significant in 

fungal distribution (Brenn et al. 2008; Rosendahl et al. 2009). The movement of rust fungi into 

and around Australasia demonstrates how anthropogenic activity, when combined with climatic 

forces, can result in effective fungal dispersal (Viljanen-Rollinson & Cromey 2002).  

Following dispersal, abiotic and biotic filters act upon fungi to influence community 

composition. At large scales climate is important, with precipitation and temperature co-varying 

with fungal communities (Glynou et al. 2016; Tedersoo et al. 2014). At small scales, substrate 

qualities influence fungi. Nitrogen and phosphorus levels impact soil communities (Leff et al. 

2015) and pH changes consistently correlate with fungal community changes (Geml et al. 2014; 

Kohout et al. 2015). Studies of community composition often overlook the importance of 

species interactions (Kraft et al. 2015) and these too are important for fungi (Yamamoto et al. 

2014). Competition between fungi can result in composition outcomes differing depending on 

arrival order (Fukami et al. 2010). Other organisms can also facilitate or inhibit the proliferation 

of fungi (Crowther et al. 2013; Kobayashi & Crouch 2009). The availability of a host is essential 

for obligate symbionts and will therefore heavily influence their biogeography (Smith & Read 

2008). 

Despite knowledge of these controls, it is difficult to predict the fungal community composition 

of a given area, particularly given the further influence of stochastic factors (Beck et al. 2015; 

Powell et al. 2015). In addition, while changes in community composition that correspond with 

environmental changes suggest niche partitioning in fungi, some fungi are extremely flexible in 

the environments they can occupy. Plant root occupants can also be found in dung (Newcombe 

et al. 2016) and insects (Barelli et al. 2016) for example. The knowledge of the natural history 

of most fungal species is poor (Peay 2014), further challenging efforts to understand fungal 

distribution. Recent studies using next generation sequencing (NGS, discussed below) have 



3 
 

overturned assumptions about some drivers of fungal community composition, highlighting our 

poor understanding of these. For example it has been predicted that stressful environments will 

lead to depauperate fungal communities but work in the Arctic and in serpentine soils has shown 

this is not necessarily so (Muller & Hilger 2015; Timling et al. 2014). Other surprising findings 

of recent work are that fungal diversity does not necessarily peak in areas of high plant diversity 

(Prober et al. 2015; Tedersoo et al. 2014), and centres of endemism for fungi do not necessarily 

mirror those of plants (Gibertoni et al. 2016). Altogether there is a need for further investigation 

into the ranges of fungi and the forces that influence the composition of their communities.                

 

1.2 Next generation sequencing  

Molecular approaches have revolutionized the study of fungi and are now commonly used to 

investigate biogeographical patterns. They enable fungal taxa to be detected in the absence of a 

fruit body and without culturing techniques, relying only on the presence of DNA. NGS (also 

referred to as high throughput or massively parallel sequencing) is particularly useful for studies 

of fungal biogeography, as it enables the detection of potentially thousands of fungi 

simultaneously, from large numbers of environmental samples (Tedersoo et al. 2015a). 

Following sample collection, DNA extraction, and DNA amplification using the polymerase 

chain reaction (PCR), sequences are obtained from one of several platforms (Lindahl et al. 

2013). The pioneering Life Sciences Corp 454 machine was introduced in 2005 (Margulies et 

al. 2005) and adopted for studies of fungi soon afterwards (Jumpponen & Jones 2009; Öpik et 

al. 2009). However its discontinuation was announced in 2013 (Bio-IT World 2013), with the 

greater yields and reduced costs offered by competing Illumina MiSeq and Ion Torrent 

instruments finding favour with researchers. In the future, PacBio RS, which enables the 

elimination of the PCR step, is likely to further improve the accuracy and utility of sequence 

based investigations (Lindahl et al. 2013). Typically, the DNA sequences produced by NGS are 

sorted into operational taxonomic units (OTUs) via bioinformatics pipelines which, ideally, will 

represent species-level lineages (Ryberg 2015). These OTUs are then classified, with attempts 

made to identify community members utilizing classification databases (Lindahl et al. 2013) or 

phylogenetic approaches (Padamsee et al. 2016).  

The fungal community profile generated by studies using NGS will be influenced by the DNA 

region targeted for amplification (Mueller et al. 2016). The two internal transcribed spacer 

regions (ITS) of the nuclear ribosomal RNA gene complex, which sit either side of the conserved 

5.8S sequence, have been selected as the universal ‘barcode’ for fungi (Schoch et al. 2012). 
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These are typically favoured for studies seeking to capture the whole fungal community and 

identify OTUs to the level of species (Kõljalg et al. 2013). However even this region can both 

fail to separate some fungal species and divide other lineages determined morphologically, or 

by other DNA regions, to be a single species (Ryberg 2015). The short read lengths obtained by 

NGS mean studies typically use only one of the two regions - ITS1 or ITS2 – and the region 

selected will influence results, as will the primers used (Bellemain et al. 2010; Lindahl et al. 

2013). Positioned either side of the ITS regions, sections of the small and large subunit regions 

(SSU and LSU) are also utilized for fungal community studies. AMF are usually targeted with 

SSU primers (Öpik et al. 2014), the ITS region being hypervariable within some AMF lineages 

(Stockinger et al. 2010; Stockinger et al. 2009). LSU is favoured for its reliable amplification 

(Bonito et al. 2014) and its conserved nature means that while identification to species level is 

not generally possible, alignments can be performed and phylogenetic analyses undertaken 

(Porter & Golding 2012). However while gene region and primer choice will impact the 

recovery rate of different fungal groups, it is notable that comparisons of gene regions tend to 

show similar ecological signals (Bonito et al. 2014; Brown et al. 2014; Tedersoo et al. 2015a). 

In addition to gene region selection, further biases are introduced in multiple steps throughout 

the NGS process, which can impact the picture of the fungal community obtained and mean 

careful decision making is needed. Even the first steps taken – sample storage and DNA 

extraction – can use a range of techniques, each of which favour the detection of some species 

over others (Tedersoo et al. 2010a; U'Ren et al. 2014). PCR bias will also result in the 

preferential recovery of some species (Nguyen et al. 2015a) and barcoding tags used to assign 

sequences may result in differential amplification of the sequences they track (Berry et al. 2011). 

In addition, fungi have variable copy numbers of the gene regions typically amplified (Rooney 

& Ward 2005). Consequently, and as has been demonstrated by examining NGS numbers from 

known quantities of input DNA, the different abundances of fungal sequences obtained will not 

necessarily reflect differences in fungal biomass (Amend et al. 2010; Nguyen et al. 2015a). Once 

sequences are to hand, the quantity retained following quality control and the OTUs derived 

depend on the bioinformatics procedures used (Edgar 2013; Meiser et al. 2014). There are 

debates around OTU clustering approaches (Lekberg et al. 2014), the practice of rarefying to 

produce even sequence numbers per sample (McMurdie & Holmes 2014; Weiss et al. in press) 

and the treatment of rare sequences (Brown et al. 2015). Accurate classification using databases 

can be hampered by incorrectly named sequences, and our incomplete knowledge of the fungal 

kingdom (Kõljalg et al. 2013). Many OTUs derived from NGS studies typically remain 

unidentified (Ramirez et al. 2014; Yamamoto et al. 2014). Altogether these issues can challenge 

data interpretation, and impair meaningful comparisons between datasets collected by different 
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studies. Nevertheless, NGS continues to be valuable and improvements in its application are 

ongoing (Nguyen et al. 2015a). Given that a wide variety of approaches continue to be adopted 

by different researchers, studies collecting samples from multiple regions and using consistent 

techniques are needed to improve knowledge of fungal biogeography, particularly across large 

spatial scales (Meiser et al. 2014). 

 

1.3 Fungal occupants of plant roots  

Plant roots associate with an array of phylogenetically and functionally diverse fungi. These 

range from obligate symbionts to facultative opportunists. Fungal root associates can be 

mutualistic, with some playing crucial roles in plant survival (Sieber & Grunig 2013; Tadych & 

Blaszkowski 1999), or pathogenic with lethal effects (Gilbert 2002). The nature of the 

relationship can vary depending on environmental conditions and host identity (Johnson & 

Graham 2013). Fungal communities associating with roots can have significant impacts on plant 

community composition (Dostalek et al. 2013; Rillig et al. 2014; Shi et al. 2016). New 

generation sequencing is enabling the complexity of these communities to be better understood 

and facilitating an explosion of studies into the plant ‘microbiome’ (Peršoh 2015).  

1.3.1 Arbuscular mycorrhizal fungi 

AMF, within the phylum Glomeromycota, occupy the roots of most plant species (Smith & Read 

2008). They form intracellular structures within the host, which facilitate the exchange of 

carbohydrates fixed in photosynthesis for nutrients obtained from the soil by the fungus (Smith 

& Read 2008). AMF are well known for the benefits they impart to their hosts which, in addition 

to nutrient provision, include protection from stresses such as drought (Augé 2001), high salinity 

(Estrada et al. 2013) and pathogens (Campos-Soriano et al. 2012). However they can be parasitic 

under some circumstances (Johnson & Graham 2013). The obligation for AMF to occupy plant 

roots and their entirely subterranean life cycle challenges their study; efforts to cultivate them 

independently of roots have so far been unsuccessful. They can be visualized by root staining, 

but multiple AMF species typically co-occur in roots and species cannot be reliably identified 

this way (Alkan et al. 2006; Merryweather & Fitter 1998). Detection, description and 

identification has traditionally heavily relied on the identification of spores obtained from the 

environment and/or the use of trap plants (Robinson-Boyer et al. 2009). This is challenging 

because spores are produced intermittently (Gemma & Koske 1988; Rodríguez-Echeverría et 

al. 2008) and spore morphology can vary within species (Bills & Morton 2015). In addition, 

there is evidence that not all species produce spores (Rosendahl & Stukenbrock 2004) and spores 
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obtained from soil may not be interacting with plants in that environment, but rather have 

dispersed from elsewhere. 

NGS, with the ability to screen DNA directly extracted from plant roots, is particularly valuable 

for studies of this group, although there are difficulties in the application of this technique and 

in reconciling results from it. DNA based studies suggest that while there are only around 244 

AMF species currently described (Öpik et al. 2014), there may be over 1000 extant (Kivlin et 

al. 2011). The majority of morphologically described species have not been sequenced (Öpik et 

al. 2014). This lack of knowledge of AMF diversity has resulted in the development of ‘virtual 

taxa’, where type sequences selected from groups of similar DNA sequences facilitate the 

identification and unification of AMF sequences from environmental studies (Öpik et al. 2014). 

However short sequence lengths inadequately represent AMF species and not all researchers 

support this approach (Stockinger et al. 2010). There are also debates around which gene region 

and primers will best capture this group (Kohout et al. 2014; Xiang et al. 2015). Studies using 

NGS have yielded contradictory results regarding AMF biogeography at large scales. A meta-

analysis by Kivlin et al. (2011) suggests there are many undescribed Glomeromycota, some with 

discrete ranges, while a global sampling effort found evidence for low diversity and low levels 

of endemism (Davison et al. 2015). At small scales, AMF distribution is typically patchy. 

Community differences have been recorded across distances of only a few metres in a meadow 

(Maherali & Klironomos 2012), a maize field (Cheeke et al. 2015) and an old growth forest 

(Davison et al. 2012) 

1.3.2 Fungal endophytes 

Non-mycorrhizal fungi which occupy plant roots without causing visible disease in the host 

studied are known as endophytes (Schulz & Boyle 2005). This group includes species 

specialized to the root environment (Sieber & Grunig 2013) and species which can persist 

independently in soil (US Department of Energy 2016; Harman et al. 2004). Still others can be 

extremely flexible in their habitat as mentioned above. The group includes the ‘dark septate 

endophytes’ (DSE). These are defined by form rather than phylogeny and characterized by 

melanized within-root structures. Perhaps the best-known endophytes, DSE are still poorly 

characterized in comparison with mycorrhizal fungi (Sieber & Grunig 2013). Whilst endophyte 

functions are not well understood (Sieber & Grunig 2013) and in-root structures to facilitate 

nutrient exchange have not been discovered (Behie & Bidochka 2014), some endophytes have 

been shown to benefit their hosts. Growth enhancement (Mandyam et al. 2012), pathogen 

protection (Sieber & Grunig 2013), and heat, drought (Hubbard et al. 2014) and salinity 

tolerance (Rodriguez et al. 2008) can be conferred by endophytes. Curiously, while 
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asymptomatic plant occupation is fundamental to the definition of an endophyte, fungi known 

to be pathogenic in some circumstances are regularly recovered from root tissue which appears 

healthy and accordingly classed as endophytes (Bonfim et al. 2016; Glynou et al. 2016; Malcolm 

et al. 2013; Martin & Dombrowski 2015). Many fungal pathogens may have the ability to exist 

as harmless endophytes on some hosts and a better understanding of this could help with 

ecosystem management (Malcolm et al. 2013). Environmental influences can also impact host-

fungi relationships, and root associated fungi which are harmless to a host under some 

circumstances may become pathogenic under others (Schulz & Boyle 2005).  

 

Studies of within-root endophyte biogeography are few. Some endophytes appear to be wide 

ranging. A study which cultured endophytes occupying members of the non-mycorrhizal genus 

Microthlaspi found multiple OTUs occur across the northern Mediterranean and central Europe 

(Glynou et al. 2016). Some PAC members (which are DSE) are dispersed across Europe, North 

American and Asia (Queloz et al. 2011). Mandyam & Jumpponen (2014), suggested that the 

same endophytes might be found in the same biomes worldwide, echoing the Baas Becking 

hypothesis.  

 

1.3.3 Host species influence on fungal community composition  

Evidence for host species influence over fungal root occupants is inconsistent. The driver 

hypothesis, which suggests that fungi drive plant community composition and the passenger 

hypothesis, which posits influence in the other direction, offer explanation for plant/fungi 

community patterns and assume fungal interactions differ by host (Hart et al. 2001). Some 

studies, however, show low host specificity for endophytes and AMF. Root endophytes cultured 

from dune grasses (David et al. 2015), Microthlaspi species (Glynou et al. 2016) and the Great 

Hungarian Plain (Knapp et al. 2012) did not typically show host specificity. Host plant identity 

has been found to have limited influence over AMF community structure for Tibetan sedges (Li 

et al. 2015), forest plants (Saks et al. 2013) and within a global survey of AMF from diverse 

environments (Davison et al. 2015). On the other hand, endophytes from a boreal forest in 

Canada differed by tree species (Kernaghan & Patriquin 2015), as did those cultured from a 

grass and a forb from a boreal forest in Finland (Tejesvi et al. 2013). There is also evidence for 

host species influence on AMF community composition in a range of environments, including 

an alpine zone in the United States (Becklin et al. 2012), German grasslands (Vályi et al. 2014) 

and a Mediterranean shrubland (Varela-Cervero et al. 2015). AMF in crop production settings 

can also differ by plant species (Gosling et al. 2013; Holland et al. 2013). A better understanding 

of host plant influence on fungal community composition would enable better understanding 
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and management of natural and production ecosystems. While host specificity may be rare, host 

preferences could be more common and important in structuring fungal communities. 

 

1.4 Invasive plants and fungi  

By definition, invasive plants are those which, following an introduction facilitated by human 

activity, flourish in non-native environments and interact with local ecosystems in harmful ways 

(IUCN 2011). Symbiotic relationships with the rhizosphere microbiome can have significant 

impacts on the success of invasive plants (Coats & Rumpho 2014) and invasive plants in turn 

can interact with rhizosphere fungi, in ways which are detrimental to native competitors (Ruckli 

et al. 2014; Wilson et al. 2012; Yang et al. 2014). Despite the importance of plant-fungal 

relations in invasion trajectories, few studies have used NGS to examine the fungal microbiome 

of invasive plants and consider the whole fungal community (Coats & Rumpho 2014). 

The Baas Becking hypothesis is applicable to invasive plant – fungal interactions. If the 

hypothesis is incorrect and fungal symbionts have restricted ranges irrespective of 

environmental controls, invasive plants might be those that can persist without fungal partners 

(Pringle et al. 2009). The enemy escape hypothesis contradicts the Baas Becking hypothesis. It 

assumes both restricted fungal ranges and host species specific impacts, with its assertion that 

invasive plants do well because they do not encounter their usual pathogens in their new range 

which reduce their success in their native range, and are less impacted by local pathogens than 

local competitors (Keane & Crawley 2002). However there is evidence that invasive plants can 

quickly acquire pathogens (Day et al. 2015) and that introduced plants harbour a range of fungi 

in their roots (Knapp et al. 2012; Majewska et al. 2015). In some circumstances, new 

associations could be formed by invasive plants with native fungi (Pringle et al. 2009). If these 

have positive effects which are greater than those gained by native competitors from their 

mutualist partners, support is obtained for the ‘enhanced mutualism hypothesis’ (Sun & He 

2010). If fungi are widely dispersed, either independently of or alongside host plants, invasive 

species could continue to form typical relationships in their new ranges and there is evidence 

for this also (Bogar et al. 2015).   

The movement of invasive plants around the world presents the opportunity to test the Baas 

Becking hypothesis in relation to the fungal microbiome associated with roots, particularly in 

long established plants where sufficient time has passed to allow encounters with infrequently 

dispersing fungi. Possible impacts of host plant identity as an environmental filter at the species 

level can be largely discounted, and the fungal microbiome can be examined in similar abiotic 
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environments. Under these circumstances, should changes in fungal community composition 

occur, the likelihood that these can be explained by dispersal limitation is considerable, and such 

change would contradict the Baas Becking hypothesis. On an applied level, better knowledge of 

the fungal relationships of invasive plants, and whether these differ from those of co-occurring 

native plants, is needed to inform restoration efforts (Kardol & Wardle 2010; Tanner & Gange 

2013). 

 

1.5 Study plants 

1.5.1 Ammophila arenaria 

Ammophila arenaria (L.) Link is a perennial rhizomatous grass which is highly specialized to 

the coastal dune environment (Huiskes 1979). Native to Europe, it has two subspecies with A 

arenaria ssp. arenaria (L.) Link common in northern and western areas, reaching south to north 

west Spain, and A. arenaria ssp. Arundinacea (Husn.) H. Lindb. found on the foredunes of 

southern Europe, from Romania to Northern Portugal (Tutin et al. 1980). It grows vigorously in 

response to sand burial, with shoots emerging from depths of 40 centimetres (Konlechner et al. 

2013) and acts as a dune stabilizer (Huiskes 1979). Adaptions to the exposed and desiccating 

dune environment include leaf rolling (Hesp 1991) and a deep, extensive root system (Partridge 

1995). Precise root length and depth is not reported in the literature, but molecular investigations 

suggest single clones could extend along dunes for 100 meters (Hol et al. 2008). Reproduction 

and dispersal occurs via seeds and rhizomes. Seeds are important for persistence within dunes, 

remaining viable for potentially 21 years or more (Lim 2011). Rhizomes allow for rapid and 

long distance dispersal between dunes, remaining buoyant and surviving immersion in sea water 

for up to 70 days (Konlechner & Hilton 2009).     

The ability of A. arenaria to trap sand and potentially provide erosion control caught the 

attention of settlers and land managers around the world in the late 19th century (Hilton et al. 

2006; Wiedemann & Pickart 1996). According to Crawford (1873) the plant was in New 

Zealand by 1873, and according to Cockayne (1911), Crawford was probably the first to 

establish the plant there. Neither author state the source of the plants or their method of 

introduction. A. arenaria was then planted throughout the North and South Islands during the 

early 20th century (Cockayne 1911). There are records that whole plants were moved around 

New Zealand (Sale 1985). Hilton et al. (2000) also report the importation of A. arenaria to New 

Zealand from Australia. Introduction to Australia had occurred via seed from Britain by 1877 

and proponents of coastal stabilization along the southern coast enthusiastically embraced the 
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new arrival (Pretlove 2012). It was moved from Australia to San Francisco in the United States 

via seed during the late 19th century (Lamson-Scribner 1894). The plant was then quickly 

adopted to stabilize dunes up the northwest coast (Reckendorf et al. 1987). A. arenaria is now 

invasive in New Zealand (Hilton 2006), Australia (Hayes & Kirkpatrick 2012) and the United 

States (Wiedemann & Pickart 1996). In these countries, the variety A. arenaria ssp. arenaria is 

present (Mallett & Orchard 2002). 

1.5.2 Co-occurring dune grasses 

In its native range in Europe and where it occurs in the United States, A. arenaria shares territory 

with two Leymus species, which are closely related to each other. These are also perennials with 

a rhizomatous growth habit (Greipsson & Davy 1994; Pickart & Sawyer 1998). In the United 

Kingdom, the native grass Leymus arenarius (L.) Hochst is found predominantly on mobile 

foredunes, and like A. arenaria, provides erosion control (Bond 1952). In the United States, A. 

arenaria sometimes co-occurs with Leymus mollis (Trin.) Pilg. The spread of A. arenaria has 

had negative consequences for this native grass (Wiedemann & Pickart 1996), even though L. 

mollis is well adapted to the dune environment, being tolerant of burial, salt spray and high 

substrate salinity (Gagné & Houle 2002). More efficient use of nitrogen by A. arenaria may 

play a role in competitive interactions between the two plants (Pavlik 1983). L. mollis is an 

important species for dune restoration efforts in California (Pickart & Sawyer 1998).  

Native to New Zealand, Australia, and New Caledonia (Mallett & Orchard 2002), the grass 

Spinifex sericeus R. Br. is also an important sand dune binding species and is used in restoration 

efforts in Australasia (Bergin 1999). Again it is specialized to the dune environment, benefiting 

from sand deposition and tolerating salt spray (Maze & Whalley 1992). While A. arenaria is a 

larger plant (Verhoeven et al. 2014), and may increase its range at the expense of S. sericeus 

(Hayes & Kirkpatrick 2012), it does not always outcompete the native grass, at least over 

timescales of three to four years (Krejcek 2014, pers.obs). In New Zealand, A. arenaria presents 

a greater threat to other native dune plants (Hilton et al. 2005; Verhoeven et al. 2014). However 

the invader generates dunes with a steeper profile than those built by native dune grasses in New 

Zealand (Bergin 1999), as is the case in Australia (Heyligers 1985) and in the United States 

(Wiedemann & Pickart 1996).    
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1.6 Fungi in the dune environment  

Coastal foredunes have long been popular sites for studies of AMF. A large proportion of 

described AMF species were originally isolated from this environment and most foredune plants 

examined are found to be colonized by these fungi (Koske et al. 2004). Endophytes are also 

found here. Recent culturing efforts have recovered endophytes from dune grass roots in the 

United States (David et al. 2015; Martin & Dombrowski 2015) and Asia (Yeh & Kirschner 

2014). Given the stresses in the dune environment, fungi recovered from here may be useful for 

enhancing the growth of crop plants and further investigation into them is needed (Martin & 

Dombrowski 2015).  

Fungal richness in the dune environment can be high, as was demonstrated by detection of 1,211 

non-singleton fungal OTUs from coastal dune soils in the Netherlands (Geml et al. 2014). A 

foredune in the Netherlands dominated by A. arenaria was found to have high fungal richness 

in comparison to adjacent areas, even though this environment had comparatively lower floral 

richness and less developed soils (Boldu et al. 2014). Sand dunes are areas prone to frequent 

natural disturbance (Hesp 1991) and this could contribute to high fungal diversity. The 

intermediate disturbance hypothesis suggests moderate disturbance can lead to high 

biodiversity, by suppressing competitive species that dominate during times of stability while 

allowing more than the earliest colonizers to establish (Connell 1978). Dickie et al. (2015) 

suggest this could be why AMF diversity is high in intensively managed production ecosystems 

and an experiment introducing disturbance to a grassland demonstrated that AMF are tolerant 

of this (Lekberg et al. 2012). At any rate, the regular production of new root material into freshly 

deposited sand which occurs in dunes (Maun, 2004) would provide regular opportunity for new 

arrivals to establish. 

The grasses used in this study are known to associate with fungi. A positive growth response to 

AMF has been shown for A. arenaria in the greenhouse (Tadych & Blaszkowski 1999) and 

various studies throughout Europe have recorded a range of AMF in the roots or in the vicinity 

of this plant (Blaszkowski & Czerniawska 2011; Kowalchuk et al. 2002; Rodríguez-Echeverría 

& Freitas 2006; Rodríguez-Echeverría et al. 2008). While the occupation of A. arenaria 

rhizomes by AMF is not reported, AMF are able to colonize the rhizomes of close relative 

Ammophila breviligulata, and this could provide a means of co-dispersal (Koske et al. 2004). A. 

arenaria also hosts pathogenic fungi (De Rooij-Van Der Goes 1995) and endophytes (David et 

al. 2015). Less is known about the fungal occupants of the co-occurring host plants sampled for 

this study. L.arenarius is colonized by AMF in Iceland and greenhouse experiments showed 

indigenous AMF increased the growth of this plant (Greipsson & El-Mayas 2000). L. mollis is 
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known to host AMF in Japan (Kawahara & Ezawa 2013) and spores have been obtained from 

beneath this plant in the United States (Rose 1988). It also hosts endophytes there (David et al. 

2015). S. sericeus is occupied by AMF in Australia (Kurtboke & Bellgard 2011). No formal 

scientific study has previously investigated fungi in New Zealand dunes or dune plants. 

 

1.7 Thesis objectives and outline 

The development of NGS technology, combined with the distribution of A. arenaria around the 

world, provides the opportunity to use dunes as a setting to explore the biogeography of fungal 

communities at multiple spatial scales within a common host in a common environment. The 

unique dune environment has not previously been explored using extensive sampling within 

dunes and with the deep sequencing provided by the Illumina MiSeq platform. This thesis aims 

to: 

 

 Explore the spatial heterogeneity of fungal communities associated with dune grass roots 

at multiple spatial scales - within dunes, within countries and between countries 

 

 Investigate whether host species identity influences fungal communities that associate 

with the roots of dune grasses 

 

 Profile fungal communities in dune grass roots with next generation sequencing  

 

The work is presented as three papers which have been submitted for publication. These 

make up the following three chapters. 

Chapter 2: combines 454 sequencing, the dominant NGS technology being used when the 

project commenced, with single spore sequencing and the examination of spore morphology 

to uncover the AMF community associating with S. sericeus on a New Zealand dune. The 

OTUs and spore sequences are identified phylogenetically using reference sequences, and 

they are compared with sequences obtained in other studies. This allows consideration of 

whether the dune hosts AMF which have not previously been sequenced. Spore 

morphological characteristics are also used to reveal whether new species might be present. 

The spatial heterogeneity of the AMF community across the dune is considered. 
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Chapter 3: uses Illumina MiSeq to explore the influence of host plant identity on fungal 

community composition, evaluating samples from A. arenaria and L. mollis. The collection 

of 72 samples in a spatially explicit fashion along more than 2 kilometres of foredune face 

enables the spatial heterogeneity of the community to be explored, and pH measurements 

taken at each sample point allow the influence of this abiotic control over fungal 

communities to be considered. Sequencing three gene regions also enables the comparison 

of these, with particular emphasis on the ability of the ITS, LSU and SSU regions to capture 

AMF communities.  

Chapter 4: uncovers the fungal community associated with A. arenaria at several dunes in 

the United Kingdom, Australia and New Zealand. Alternative co-occurring native grasses 

are also examined at one dune in each of these places. L.arenarius is sampled in England 

and S. sericeus is the alternative host in both Australia and New Zealand. Illumina MiSeq is 

again used to generate community profiles, with spatially explicit sampling within each dune 

allowing the investigation of community heterogeneity at multiple spatial scales. 

Correlations between changes in community composition among regions and changes of key 

abiotic variables relating to substrate quality and climate are considered.   

Chapter 5: is a general discussion synthesizing and considering the findings of the previous 

chapters, organized via the three key themes of spatial heterogeneity in root associated 

fungal communities in dunes, impact of plant host identity on root associated fungal 

communities and next generation sequencing for fungal community profiling. Questions and 

issues raised by this research and potential future research avenues are also considered.  
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Chapter 2 

 

A coastal sand dune in New Zealand reveals high 

arbuscular mycorrhizal fungal diversity 

 

2.1 Abstract 

Arbuscular mycorrhizal fungi (AMF) are components of coastal dune ecosystems around the 

globe where they provide a range of benefits to plants. The diversity and structure of AMF 

communities within these ecosystems, however, are poorly known. This study presents the first 

report of an AMF community in a New Zealand dune. Root samples were collected from the 

grass Spinifex sericeus R. Br., which dominates dunes of the North Island of New Zealand, along 

a 90m transect at Anawhata Beach. Spores were also collected from here. The AMF community 

within the roots was surveyed using 454 sequencing of the SSU gene region. Spores were 

identified by their morphology, and sequenced. The 22 operational taxonomic units recognised 

following the high throughput sequencing formed a phylogenetically diverse community, 

including at least 7 genera across the Glomerales and Diversisporales, with an additional genus 

detected by the spore investigation. Some root and spore derived sequences generated close 

BLAST matches to AMF from distant countries while others represent previously unknown 

biodiversity. Spore morphology also suggests undescribed AMF are present. High diversity was 

found within the genera Rhizophagus and Racocetra, and within a clade with no matches to a 

described genus. Spatial heterogeneity was observed, with taxonomic composition changing 

over distances of only 30m.  
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2.2 Introduction 

Plants growing in coastal foredunes have adapted to a highly stressful environment. Generally, 

nutrient levels are low while high winds deliver salt spray and sand, intermittently burying 

foliage (Maun 2004). Complete habitat obliteration can occur during storms (Nordstrom & 

Jackson 2013), while sunny days can mean intense light exposure and heat (Hesp 1991). This is 

in addition to more typical plant stresses resulting from drought (Maun 2009) and pathogens (de 

Rooij-van der Goes et al. 1995).  

Arbuscular mycorrhizal fungi (AMF) have been shown to help plants tolerate stresses including 

substrate salination (Estrada et al. 2013; Yamato et al. 2008), root parasites (Little & Maun 

1996), foliar pathogens (Campos-Soriano et al. 2012) and aridity (Augé 2001). They are 

important providers of nutrients, particularly phosphorus (Smith et al. 2011). As such, coastal 

foredunes have been popular sites for AMF studies and a large proportion of described AMF 

have been found in dunes (Koske et al. 2004). At least one foredune plant is known to be 

obligately mycorrhizal (Tadych & Blaszkowski 1999) and Koske et al. (2004) suggest it is likely 

that studies of plants in the context of the natural, stressful environment of the foredune, rather 

than in the greenhouse, would find further evidence of heavy reliance on these mutualists. Even 

foredune environments depauperate in plant species can host diverse AMF communities 

(Rodríguez-Echeverría & Freitas 2006).  

Coastal zones are under anthropogenic pressure worldwide (Martinez et al. 2013) and New 

Zealand presents no exception. Its coastlines have been degraded extensively over the past 

century (Hilton et al. 2000) and areas of coastal dunes which remain relatively intact are 

important refuges for endangered species (Hilton 2006). Restoration efforts, often driven by 

local community groups, typically begin with the introduction of native plants, alongside the 

removal of invasive flora (Miller & Paul 2007). However, it cannot be assumed that introducing 

plants to dunes will automatically or quickly lead to the establishment of a diverse, fully 

functional microbial community appropriate to the new plant community (Greipsson & El-

Mayas 2000; Kurtboke & Bellgard 2011).  

New Zealand has only three native plants able to establish in mobile foredunes (Hilton 2006) 

and only one of these, Spinifex sericeus, is not currently of conservation concern (de Lange et 

al. 2013). This grass, also native to Australia and New Caledonia (Mallett & Orchard 2002), is 

commonly used for initial dune stabilisation in New Zealand restoration projects (Bergin 2011). 

No molecular study characterising the AMF species associated with this plant, or with any New 

Zealand dune plant, has been undertaken previously.  
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High throughput sequencing technologies are increasingly being used to survey AMF 

communities, and to improve knowledge of their diversity (Hart et al. 2015; Davison et al. 2015). 

These surveys suggest there are species not yet formally described and enable consideration of 

the distribution of AMF known only from gene sequences (Davison et al. 2015; Kivlin et al. 

2011; Öpik et al. 2014). They also enable the AMF community existing in roots (rather than just 

present in the soil as spores) to be examined without the need to use ‘bait’ plants in greenhouses, 

an approach which may exclude some species (Hazard et al. 2013; Jansa et al. 2002; Sýkorová 

et al. 2007). This was previously problematic due to difficulties characterising AMF 

communities via structures produced in roots using microscopy alone (Alkan et al. 2006; 

Merryweather & Fitter 1998). High throughput sequencing technologies are also encouraging 

the examination of AMF diversity at different spatial scales (Lekberg et al. 2012; Öpik et al. 

2013; Wehner et al. 2014). Variation in community composition has been shown to occur at 

local scales of less than 30 centimetres (Mummey & Rillig 2008) up to 50 metres (Davison et 

al. 2012). 

However, species can be missed by molecular screening from root extracted DNA, possibly due 

to low levels of root occupation at the time of sampling or technical issues such as PCR bias. 

Sampling from both occupied roots and spores is likely to provide a more complete picture of 

the AMF community at a site (Varela-Cervero et al. 2015). Rodríguez-Echeverría & Freitas 

(2006) extracted Scutellospora persica (= Racocetra persica) spores from sand collected from 

Ammophila arenaria monocultures but failed to detect this species using a molecular analysis 

on DNA extracted from roots. The small sub unit (SSU) rDNA region is favoured for studies of 

AMF distribution and diversity (Öpik et al. 2013) but can underestimate as well as inflate 

diversity detected from examination of spore morphology (Walker et al. 2007). 

In this study, we used 454 pyrosequencing of the SSU rDNA gene to undertake the first analysis 

of AMF colonising S. sericeus in New Zealand. Root samples were collected along a 90 m 

transect placed across a natural dune. Spores were obtained from the same dune for 

morphological description. DNA sequences from these spores were compared to those obtained 

from the high throughput sequencing. 
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2.3 Materials and Methods 

2.3.1 Study site  

Root samples were collected from Anawhata Beach in the Waitakere Ranges in the west of 

Auckland, New Zealand during August 2012 (late winter in New Zealand). Sand for spore 

extraction was collected during June 2015. Adjacent to a nature reserve (Waitakere Ranges 

Regional Park), this beach is surrounded by steep, forested hillsides. Sands in this region are 

mineral rich and largely volcanic in origin (Hamill & Ballance 1985). The mean annual rainfall 

for West Auckland (Henderson North) is 1420 mm, the mean annual low is 10oC and the mean 

annual high is 20oC (NIWA 2014). Spinifex sericeus heavily dominates the foredunes at 

Anawhata (Fig. 2.1), and was accompanied only occasionally across the sampled area by Ficinia 

nodosa (Rottb.) Goetgh., Muasya et D.A.Simpson, Leontodon saxatilis Lam., Senecio 

skirrhodon DC. and Lachnagrostis billarderei (R.Br) Trin.  

       

 

Figure 2.1: Dune at Anawhata, New Zealand, from which S. sericeus roots, and spores of AMF, 

were collected. 
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2.3.2 Sample collection 

A 90 m long transect was placed along a flat, shelf like dune at the north end of the beach 

(starting point 174o 27.184’ E, 36o 55.103’ S). The transect ran parallel to the shore (south to 

north) and was an average of 6 metres back from the dune crest. Three root samples of S. sericeus 

were collected at each 30 meter interval along the transect (0m, 30m, 60m, and 90m) using a 

soil corer of length 30 centimetres and diameter 10.5 centimetres, giving a total of 12 samples. 

Within each cluster of three samples, each sample was taken approximately 40 centimetres from 

the other two at the corners of a triangle. Roots were removed by hand from the sand obtained 

by the corer, determined morphologically to be from S. sericeus, and stored at 4oC for three 

days. They were then cleaned by rinsing and sonication before being vacuum dried at 36oC in a 

ThermoSavant SPD IIIV SpeedVac®. Sand was combined from the samples within each cluster, 

and each combined sand sample was then analysed for organic carbon and total nitrogen (Leco 

test), phosphorous (Olsen-available) and pH in CaCl2 at the Environmental Chemistry 

Laboratory, Landcare Research, Palmerston North (methods follow Blakemore et al. 1987). 

Spores were obtained by first collecting one litre of sand from twelve points using the same 

sampling methodology at the same location. This sand was stored at 4oC for a maximum of three 

weeks before spores were extracted. 

2.3.3 DNA extraction and high throughput sequencing: roots  

Dried roots were crushed using a ball mill MM301 (Retsch, Dusseldorf, Germany). DNA was 

extracted from approximately 20mg of powdered material per sample using a Qiagen DNeasy 

plant mini kit. The initial incubation step was prolonged to one hour and carried out at 65oC 

with a 1400rpm shake for 15 seconds every three minutes, otherwise the standard protocol was 

followed. The SSU region was amplified using primers NS31 (Simon et al. 1992) and AML2 

(Lee et al. 2008) and an emulsion PCR adaptor. One of 11 different MID tags was annealed to 

the DNA (the failure of one of the 12 MID tags available meant results were obtained for only 

eleven samples, the third sample from the second cluster being omitted). Each 25 µL PCR 

reaction contained: (1) either 0.25 µL of FastStart High Fidelity Taq polymerase and 0.5 µL (10 

µM) of DNTP, or 0.2 µL of FastStart Taq polymerase and 2.5 µL (2 µM) of DNTP (Roche, 

Basel, Switzerland), (2) 0.4 µM of each primer, (3) 2.5 µL of the supplied 10X buffer, (4) 1 µL 

of BSA and (5) 1 µL of extracted DNA as a template. PCR conditions were: initial heating to 

94 oC (3 min), 35 cycles at 94 oC for 30s, 58 oC for 1min and 72 oC for 1min; and 72 oC for 

10min on a GenAmp® PCR system 9700 (Applied Biosystems, USA). Cleaning and 

purification of amplicons was performed according to the Roche Amplicon Library Preparation 

Method Manual. The Quant-iT™ PicoGreen® dsDNA Assay kit (Life Technologies Corp., 
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Carlsbad, California) was used to quantify the amplicons; their length was measured using the 

High Sensitivity DNA Kit on the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 

California). Amplicons were pooled using equimolar quantities and sequenced using the Roche 

GS Junior Titanium Series sequencing platform at EcoGene (Landcare Research, Auckland, 

New Zealand). Sequence data has been submitted to the European Nucleotide Archive 

(accession #PRJEB10954). 

2.3.4 DNA extraction, sequencing and morphology: spores 

One cup of sand from each well mixed sample was immersed in two litres of water containing 

1ml of Tween 80, then passed through 75 µm and 425 µm sieves. The wash from the 75 µm 

sieve was collected on filter papers while the 425 µm sieve was directly inspected under the 

microscope. Spores were sorted into morphotypes based on their macroscopic appearance 

through a dissecting microscope and representatives of each were selected for single spore 

sequencing, which was undertaken using the Sigma-Aldrich Extract-N-Amp Plant PCR kit. 

Individual spores were photographed, then crushed in 10 µL of extraction solution, then heated 

for 10 minutes at 95oc, before 5 µL of dilution solution was added. PCR reactions were carried 

out with 2 µL of DNA in 5 µL of REDExtract-N-Amp PCR Ready Mix with 0.5 µM each of 

the primers, being again NS31 (Simon et al. 1992) and AML2 (Lee et al. 2008). PCR products 

were purified using the Qiagen MinElute® 96 UF PCR purification kit. The thermocycler 

protocol was as described above. Sequences from both directions were obtained using an 

Applied Biosystems 3500xL Avant Genetic analyzer using BigDye v.3.1 chemistry. They were 

assembled and analysed using Geneious v8.0.5 (Kearse et al. 2012). The sequences have been 

submitted to the ENA and their accession numbers are provided in Appendix 2.1. For 

morphological descriptions, spores from each morphotype were examined in water through a 

dissecting microscope, and in polyvinyl alcohol lactoglycerol (PVLG) (Omar et al. 1979) and 

PVLG with Melzer’s reagent, 5:1 v/v (PVLG/Melzer’s) (Walker et al. 1993) through a 

compound microscope. 

2.3.5 Bioinformatics 

QIIME v1.7.0 (Caporaso et al. 2010) was used to split the sequences into forward and reverse 

directions and remove sequences that did not meet the following quality control criteria: barcode 

errors, an average quality score of less than 25, six or more ambiguous bases, and homopolymer 

runs longer than eight base pairs. Based on quality histograms generated using QIIME v1.7.0 

(Caporaso et al. 2010), sequences were trimmed to 359 bp in length and any sequences shorter 

than this were removed in mothur v1.26.0 (Schloss et al. 2009). The Uparse pipeline introduced 

by Edgar (2013), including dereplication, singleton removal, and operational taxonomic unit 
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(OTU) clustering with chimera filtering, with the final step of mapping OTUs back on to the 

complete quality-controlled data set, was then followed independently for sequences from each 

direction. Non-AMF OTUs were identified by BLAST searches against the GenBank database, 

assigned to phyla provided a minimum continuous query cover value of 80% was attained, and 

removed from the dataset. All AMF OTUs have been submitted to the ENA, for details of their 

accession numbers, see Appendix 2.2. 

To match the AMF OTUs derived from each direction, a de novo assembly was performed in 

Geneious v7.0.6 (Biomatters Ltd 2011). A minimum overlap identity of 99% was selected, 

otherwise default settings were used. Where contigs had paired OTUs that differed by one base 

pair, the contig was amended to match the OTU with the most sequences assigned to it. Where 

the OTUs making up a contig differed by a single insertion in one of the OTUs, the contig 

sequence was edited to include this. Appendix 2.2 details which OTUs assembled into which 

contigs. 

BLAST searches against GenBank were conducted for each contig, for each OTU that did not 

assemble into a contig, and for each spore sequence. The top listed sequence with the highest 

overall scores obtained from a published study was downloaded from each search. BLAST was 

also used against the MaarjAM database (Öpik et al. 2010), to search for records with higher 

scoring matches. Outgroup species Mortierella verticillata (GenBank #AF157145.1) and 

Umbelopsis ramanniana (GenBank #X89435.1) which are in sister clades to the 

Glomeromycota (Lin et al. 2014; Tisserant et al. 2013) were downloaded from GenBank. To 

facilitate the phylogenetic placement of the contigs/OTUs, the spore sequences, and the 

GenBank sequences, the sequences from Fig. 2 in Krüger et al. (2012) were obtained as a 

reference dataset and, along with the contigs/OTUs, were aligned using MAFFT v7.017 (Katoh 

et al. 2002) in Geneious. Ambiguous regions were manually edited. A maximum likelihood tree 

was built in Geneious using PhyML (Guindon & Gascuel, 2003) with the GTR substitution 

model, to select sequences from the Krüger et al. (2012) Fig. 2 for the final trees. The closest 

match to each contig/OTU and spore sequence was retained. Half of the remaining sequences 

were randomly removed from clades containing sequences from our study, while clades without 

these were reduced to a maximum of three sequences, to simplify the final trees while retaining 

the phylogenetic diversity represented in the Krüger et al. (2012) tree. A Glomus perpusillum 

sequence (GenBank #FJ164242.1) was downloaded to facilitate identification of a clade without 

reference sequences. An Acaulospora scrobiculata sequence (GenBank #KF412623.1) was 

obtained, as a spore was morphologically determined to belong to this species, which was not 

represented in the Krüger et al. (2012) set or by a BLAST match named to species level. The 
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reduced Krüger et al. (2012) set of sequences was aligned as above, with the sequences 

generated in this study and those downloaded from GenBank, ambiguous regions were manually 

edited, and terminal gaps were changed to missing data. The CIPRES portal (Miller et al. 2010) 

was used to build a Bayesian inference (BI) tree using MrBayes v3.2.6 (Ronquist & 

Huelsenbeck), 10 million generations were run, otherwise default settings were used. Tracer 

v.1.6 (Rambaut et al. 2014) was used to confirm that the likelihoods of the trees in each chain 

had converged. CIPRES was also used to build a maximum likelihood (ML) tree with RAxML-

HPC2 v8.1.24 (Stamatakis 2014) with the default settings. A maximum parsimony tree was built 

in PAUP v4.1. (Swofford 2003). The three trees were compared for congruency. The MrBayes 

tree was visualised and manipulated using FigTree v1.4.2 (Rambaut 2007) then annotated with 

Microsoft PowerPoint. 

2.3.6 Statistical methods 

The matrix of number of 454 reads of each OTU per sample was standardised by calculating the 

relative abundance of each OTU in each sample. These data were then square root transformed 

to down weight the influence of abundant OTUs and take into account rarer OTUs. Differences 

in fungal community composition among root samples were then examined using non-metric 

multidimensional scaling (nMDS) as implemented in PRIMER v6 (Clarke & Warwick 2001) 

using the Bray Curtis distance measure. To test whether the sampling effort was sufficient to 

capture the total AMF community across the transect, a species accumulation curve with 999 

permutations was generated using PRIMER v6.  

 

 

2.4 Results 

A total of 52,885 reads were retained from the high throughput sequencing following quality 

control. The NS31 primer generated 18,593 of these (median length pre-quality control 550 

bases) and the AML2 primer 34,292 (median length pre-quality control 553 bases). Several 

OTUs, 8 from the NS31 primer and 10 from the AML2 primer, were determined to be non-

AMF. Collectively, they contained 341 sequences which were removed from the dataset. Their 

BLAST matches came from a range of organisms including basidiomycetes, nematodes and 

plants (Appendix 2.3). The mean number of remaining reads per sample was 4,777 (SD = 1,613). 

The AMF sequences from the NS31 primer sorted into 20 OTUs and those from the AML2 

primer sorted into 16 OTUs. When assembled together, these generated 14 contigs. Each of 

these contigs contained only two OTUs which overlapped by between 193 and 270 bases. For 

simplification, these contigs, while labelled as such on the tree and in the appendices, are 
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referred to henceforth in the text as OTUs, collectively with the OTUs which did not assemble 

into contigs. This gives a total of 22 unique OTUs. Each sample had a similar number of OTUs, 

with a mean of 14 OTUs (SD = 1.4). The most dominant OTU contained 57% of the sequences, 

with the ten most frequent OTUs containing 96% of the sequences (Appendix 2.2). Published 

BLAST matches with 89% identity or better were made for all OTUs (Appendix 2.4). There 

were two instances in which two OTUs (NS31OTU 111 and AML2OTU 123, Contig 5 and 

NS31OTU 118) had the same BLAST match. No better matches for any sequences were found 

on the MaarjAM database (Öpik et al. 2010). 

The main topology of the MP, BI and ML trees was the same (not shown). Placing the OTUs in 

a phylogeny with the representative Krüger et al. (2012) sequences, shows the AMF detected at 

Anawhata to have broad phylogenetic spread (Fig. 2.2). The generic and family level clades of 

our tree closely match those of Krüger et al. (2012). At least 7 genera are represented. The genera 

Rhizophagus (Glomeraceae) and Racocetra (Gigasporaceae) contain a high diversity of OTUs. 

Six OTUs nested within known genera were isolated on long branches with no close matches 

from BLAST or to species in the Krüger et al. (2012) study. One poorly supported clade 

(labelled Glomerales incertae sedis in Fig. 2.2), also containing several OTUs, matched no 

known genus and in the SILVA SSU database (http://www.arb-silva.de/browser/ssu) the 

sequences in this clade were classified only down to the level of Order, as Glomerales. Whilst 

the Glomus perpusillum sequence sat within this clade when first included in a maximum 

likelihood tree, the final trees excluded it. 

Eleven spore morphotypes were recognised, some of which were identifiable to the species level 

(Fig.2.3, Appendix 2.1), and six unique spore sequences were recovered (Fig. 2.2, Appendix 

2.1). Three morphotypes generated the same SSU sequence, which places them in Racocetra, 

and which does not match closely to any OTUs derived from roots or to a GenBank sequence. 

These all had big, colourful spores measuring approximately 200 – 300 µm in diameter or more. 

Two of these, one morphologically the same as Racocetra coralloidea (Fig. 2.3F-H) and a 

Racocetra sp. resembling R. verrucosa (Fig. 2.3I-K), had well defined morphological features. 

The morphological identity of the third remains uncertain as it tentatively resembles both 

Racocetra fulgida and Cetraspora pellucida, with hyaline to white or slightly yellowish 

coloration (Fig. 2.3L-M). It was identified only to the level of family (Gigasporaceae). Spores 

identified morphologically as Gigaspora rosea (Fig. 2.3D-E) add the Gigaspora genus to the 

diversity recovered from Anawhata. The DNA sequence from this morphological group was 

typical of Gigaspora but somewhat different to sequences accepted as G. rosea by Krüger et al. 
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(2012). A smaller brown spore morphotype identified both genetically and morphologically as 

Diversispora (Fig. 2.3C) also represents diversity not recovered from roots.  
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Figure 2.2: BI tree based on partial SSU sequences, illustrating the phylogenetic diversity of 

the AMF detected in a New Zealand sand dune. Bootstrap values greater than 70/posterior 

probability values greater than 90 are indicated above the branches. Most sequences are from 

Krüger et al. (2012); those with a GenBank accession number in the label were downloaded 

from GenBank (indicated with a ‡) and represent the closest BLAST matches to our New 

Zealand sequences or a species not provided by the reference sequences, those labelled with a 

Contig or OTU number are the sequences obtained from the New Zealand sand dune (indicated 

with a ●). The frequency (%) at which the ten most common New Zealand contigs or OTUs 

were detected is shown after their name. The taxonomic names used for the labels on the Krüger 

et al. (2012) sequences are derived from those provided by the authors, apart from those in the 

Dentiscutata clade which was named following Redecker et al. (2013). The GenBank record 

names are used for the BLAST matches. Genus-level clades are indicated, the generic names 

for the clades (excluding the Dentiscutata clade) matching those accepted by Krüger et al. (2012) 

and also matching the generic names accepted for the sequences within those clades by the 

SILVA SSU database (http://www.arb-silva.de/browser/ssu). 

Two spore morphotypes produced sequences which match closely with sequences derived from 

roots. One of these morphologically resembled Diversispora globifera, having relatively big 

reddish brown spores (size about 160-220 µm) covered to a varying degree by a hyphal peridium 

(Fig. 2.3B). However the sequence generated by this morphotype places it in Redeckera, 

matched to Contig 4. Another, the Acaulospora morphotype (Fig. 2.3A), which matches contig 

2, morphologically resembles A. scrobiculata, but its sequence is genetically distinct from that 

downloaded from GenBank and confirmed to be from this species by de Novais et al. (2014).  

The spore derived sequence placed in Glomerales incertae sedis likely came from a 

contaminant. It was generated from a spore morphologically identified as belonging to the 

Racocetra coralloidea morphotype, and sequences produced by other spores in this group sit 

within the Diversisporales. Spores resembling Rhizophagus fasciculatus of the Glomeraceae 

family were sporadically recovered but we were not able to obtain sequences from them. These 

spores showed a strong Melzer reaction (Fig. 2.3N-O). Three other types of Glomeraceae spores 

(images not shown), R. aggregatus, a Glomus or Rhizophagus sp. with very tiny spores in loose 

clusters and a dark brown, tentatively Glomus sp., were also detected. 

While only a small number of samples were collected, the asymptotic nature of the species 

accumulation curve suggests that high throughput sampling effort was sufficient to capture the 

AMF community across the transect (Fig. 2.4). The nMDS plot shows OTU composition 

http://www.arb-silva.de/browser/ssu
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Figure 2.3: Glomeromycotan spores from the rhizosphere of S. sericeus. A. Crushed 

Acaulospora sp. spore in PVLG showing depressions on the surface and several wall layers. B. 

Intact spore resembling Diversispora globifera in PVLG showing the hyphal peridium. C. 

Crushed spore in PVLG of a Diversispora sp. D-E. Gigaspora rosea. D. Pink spores in water. 

E. Intact spore showing a reaction in PVLG + Melzer. F-H. Racocetra coralloidea. F. Spore 

with ornamented surface in water. G. Crushed spore in PVLG showing the wall structure. H. 

Crushed spore in PVLG showing large warts at the surface. I-K. Racocetra sp. I. Spores in water. 

J. Crushed spore in PVLG. K. Crushed spore in PVLG, spore showing fine warts at the surface 

and the inner wall layer. L-M. Racocetra sp. (or Cetraspora sp.). L. Hyaline spores in water. M. 

Crushed slightly yellow spore showing two wall layers. N-O. Rhizophagus fasciculatum like 

spore. N. Intact spores in PVLG. O. Slightly crushed spores showing a strong red reaction in 

PVLG + Melzer. 
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Figure 2.4: Species accumulation curve based on OTUs representing AMF occupying 11 root 

samples from S. sericeus. The samples were collected from a dune at Anawhata, New Zealand. 

differs by sample area, with the samples grouping together in a manner which reflects the way 

they were collected (Fig. 2.5). The five samples from the two clusters in the middle of the dune 

group together while those from either end of the dune occupy separate multidimensional space. 

All nitrogen and phosphorus readings were very low, while organic carbon and pH levels 

showed small but measureable levels of variation (Table 2.1). 

Table 2.1: Substrate chemical characteristics (pH, organic C, total N, and Olsen P) of locations 

regularly spaced at 30m intervals along a 90m transect on a dune at Anawhata beach. 

Transect position pH Organic C (%) Total N (%) Olsen P (mg/kg) 

0 m 6.56 0.04 <0.05 <2 

30 m 6.72 0.04 <0.05 <2 

60 m 6.92 0.05 <0.05 <2 

90 m 7.05 0.06 <0.05 <2 
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Figure 2.5: Spatial patterning of the AMF communities in S. sericeus roots along a 90 metre 

dune section at Anawhata in New Zealand, based on non-metric multidimensional scaling 

ordination of 11 samples collected at four points. Letters inside the shapes represent individual 

samples while the numbers and shapes represent sampling points. The final stress value for this 

solution was 0.05. 

 

2.5 Discussion 

A phylogenetically diverse range of AMF occupy S. sericeus roots at Anawhata, New Zealand. 

While only one plant species dominates the dune, 22 AMF OTUs were detected. Similarly 

complex communities have been reported from foredune environments in other studies. For 

example, spores of 32 AMF morphotypes were isolated from dunes dominated by A. arenaria 

in Denmark, suggesting this grass is also able to associate with a variety of AMF (Blaszkowski 

& Czerniawska 2011). As well, cloning and sequencing the SSU region revealed 69 different 

AMF sequences from A. arenaria roots from two sites in Portugal (Rodríguez-Echeverría & 

Freitas 2006), and 17 AMF ‘phylotypes’ were recorded from a single dune in Japan, which 

hosted a more complex plant community (Yamato et al. 2012).  

Additional diversity on the dune was recovered from the spore sequencing and morphology. 

Root sampling during a different season might recover these AMF within S sericeus roots, as 

the within root composition of some AMF communities has been shown to fluctuate throughout 

the year (Bainard et al. 2014; Dumbrell et al. 2011). They may be present in S sericeus roots but 

have been missed by the high throughput sequencing. Alternatively, some spores may have been 



28 
 

generated from AMF communities occupying alternative host plants, either on the dune or in 

the surrounding hillsides which are steep and heavily vegetated. Morphological examination of 

spores also suggests relying entirely on the SSU region may underestimate diversity, with three 

morphotypes generating the same Racocetra sequence. The SSU region sequenced is not evenly 

variable across all AMF and has been previously noted to be particularly conserved within the 

Gigasporaceae (Öpik et al. 2013). 

The majority of OTUs were not closely matched by spore sequences. Studies undertaken on 

dunes using spore based methods alone typically find fewer than 6 species within single sites 

(Błaszkowski & Czerniawska 2011). Purely spore based approaches can fail to detect some 

AMF as spore production can be seasonal (Greipsson & El-Mayas 2000), highly heterogeneous 

spatially (Friese & Koske 1991), dependent on environmental conditions and possibly entirely 

absent in some species (Sanders 2004).  

The phylogenetic tree and spore morphology suggests undescribed AMF, some of which have 

not yet been found elsewhere, are contributing to the diversity of the AMF community at 

Anawhata (Fig. 2.2). Several OTUs are placed on long branches and lack close BLAST matches. 

Given the paucity of AMF records from Australasia (Davison et al. 2015, Öpik et al. 2010, Öpik 

et al. 2013), this is not surprising. These AMF may be unique to New Zealand, or they may be 

simply undetected elsewhere as AMF diversity is poorly known in many regions of the world 

(Öpik et al. 2013). Of particular interest is the Glomerales incertae sedis clade consisting 

entirely of OTUs from this study, a spore sequence, and BLAST matches to environmental 

samples. This clade was resolved on all trees examined and suggests an entire lineage occupying 

the dune that either awaits formal taxonomic description, or that comprises known AMF not yet 

sampled genetically. The spore morphotype descriptions, which in some instances place the 

spores in alternative genera to that determined by sequencing, reveal the taxonomic work still 

needed on these fungi, particularly those from undersampled regions like New Zealand.  

Recent work has shown that many AMF are both widely dispersed and found in a variety of 

environments (Davison et al. 2015). Data from GenBank matches reveals that some AMF at 

Anawhata occur in other parts of the world, or at least have close relatives elsewhere. Some of 

these matches are from quite different habitats. BLAST matches with identity results of 99% 

were made for eleven OTUs and all six spore sequences (Appendix 2.4). Coastal dunes from 

Japan (AB326003.1), Poland (FR686956.1) and Brazil (GU385897.1) hosted three of these 

matches while a further match was made with an Acaulosporaceae sequence from a lakeside 

dune in Michigan, USA (JN252439.1). Another Anawhata OTU clusters on the phylogenetic 

tree with a Glomus perpusillum sequence (FJ164242.1). G. perpusillum was described from 
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collections from a coastal dune in Italy. Błaszkowski et al. (2009) suggested it is likely to be 

rare, at least in the northern hemisphere but in addition to grouping with our sequence, it closely 

matches a GenBank sequence sourced from a maize field in China (KC797122.1). 

Environmental flexibility is also shown by the match from the Brazilian dune - this AMF has 

also been detected in agricultural fields. Other matches were found with sequences from a 

tropical mountain rainforest in Ecuador (JX297087.1, JX297074.1) although these were with 

Anawhata spores, which may not be from AMF occupying S sericeus roots but rather have 

dispersed to the dune from neighbouring forest.  

According to OTU sequence frequency, the community at Anawhata is dominated by 

Glomeraceae. The majority of reads within known genera represent Rhizophagus or Glomus 

species, with the most dominant taxon being placed within the genus Rhizophagus. Rhizophagus 

spp. (often recorded as Glomus, Schüßler & Walker 2010) were dominant in other molecular 

surveys of dunes (Rodríguez-Echeverría & Freitas 2006; Yamato et al. 2008; Yamato et al. 

2012) as well as those based on spore quantification (Blaszkowski & Czerniawska 2011), and 

this genus is likely to be a significant dune occupant worldwide. 

Three of the OTUs within the Glomeraceae collectively contain 80% of the sequence data. 

Extreme dominance by a minority of AMF is commonly seen in AMF communities analysed 

by high throughput sequencing and these are commonly Glomeraceae (Dumbrell et al. 2010). 

Growth in roots rather than proliferation in the surrounding substrate is characteristic of this 

family (Hart & Reader 2002). This could at least partly explain the frequency with which this 

family dominates molecular analyses targeting extracts from roots, although similar results have 

been reported from analyses from soil samples (Alguacil et al. 2011; Hijri et al. 2006). Results 

using sequence frequency as a measure of relative abundance must be interpreted with caution, 

however, as the degree to which this accurately reflects biomass in roots is not known. Molecular 

techniques from DNA extraction through to PCR and sequencing can favour some species and 

even some 454 barcodes over others, resulting in the inflation of some sequence numbers 

(Amend et al. 2010; Bellemain et al. 2010; Berry et al. 2011; Lindahl et al. 2013).   

Although the three most frequently detected OTUs were present in all samples, spatial 

heterogeneity is a further characteristic of most OTUS within the AMF community at Anawhata. 

The nMDS plot reveals the species assemblages at each end of the transect are different from 

each other and different from the community in the middle of the sampling area. A clumped 

distribution, with most species not being evenly distributed across samples, is not unusual for 

AMF and was also observed by Maherali & Klironomos (2012) and Davison et al. (2012). These 

authors suggest differences in host plant species and soil quality may provide some explanation 



30 
 

but this is not likely to be the case at Anawhata. We detected little variation in major soil 

nutrients or pH levels within the transect, so soil chemical differences do not appear to be driving 

community change in our study. Factors such as exposure to salt spray and substrate moisture 

may differ along the transect, and these may be controls over AMF community composition 

(Sun et al. 2013; Yamato et al. 2012). It is also possible the pattern is a result of under sampling 

within each cluster; more sampling is needed to tease out the true degree of difference between 

the communities in each section of the dune. However, the spatial clumping seen does show that 

care needs to be taken when designing field surveys to examine controls over AMF community 

structure such as host plant species. 

This study demonstrates that the Anawhata foredune examined supports a diverse range of AMF 

even though it is dominated by only one host plant species, S sericeus. The work represents the 

first step in characterising the AMF associated with this plant in New Zealand. These fungi may 

be important for maintaining plant vigour, and for dune restoration efforts. They include a mix 

of AMF found in other parts of the world together with others which have not been detected 

previously in sequencing-based studies. Better characterising the previously undetected AMF 

by collecting further morphological and genetic data would add to knowledge of global AMF 

diversity. Undertaking further studies to determine their distribution in New Zealand and 

elsewhere in the Southern Hemisphere would be worthwhile. More intense sampling is also 

needed within individual dunes to elucidate the precise spatial scale over which community 

changes occur.  
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Chapter 3 

 

A native and an invasive dune grass share similar, 

patchily distributed, root-associated fungal 

communities 

 

3.1 Abstract 

Fungi are ubiquitous occupiers of plant roots, yet the impact of host identity on fungal 

community composition is not well understood. Invasive plants may benefit from reduced 

pathogen impact when competing with native plants, but suffer if mutualists are unavailable. 

Root samples of the invasive dune grass Ammophila arenaria and the native dune grass Leymus 

mollis were collected from a Californian foredune. We utilised the Illumina MiSeq platform to 

sequence the ITS and LSU gene regions, with the SSU region used to target arbuscular 

mycorrhizal fungi (AMF). The two plant species largely share a fungal community, which is 

dominated by widespread generalists. Fungi detected on only one species were rare, accounting 

for a small proportion of the data. The SSU region recovered AMF from more samples and from 

more Glomeromycota lineages than ITS or LSU. A high degree of turnover among samples was 

observed, and this was not spatially structured. 
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3.2 Introduction 

Many different fungi associate with plant roots, including mycorrhizal fungi, endophytes and 

pathogens. Their co-occurrence in root systems has been demonstrated by laboratory 

experiments (Lace et al. 2014; Sun et al. 2014), greenhouse investigations (Zhou et al. 2016) 

and field surveys (Muller & Hilger 2015; Vandegrift et al. 2015). Arbuscular mycorrhizal fungi 

(AMF) are relatively well characterised. Their position on the mutualism – parasitism 

continuum can shift with the environment (Johnson & Graham 2013). Potential benefits that 

AMF confer to the host plant include the provision of nutrients (Smith et al. 2011; Thirkell et 

al. 2016) and protection from abiotic stresses such as drought (Boyer et al. 2015) or high salinity 

(Estrada et al. 2013). Endophytes, typically defined as non-mycorrhizal plant occupants causing 

no visible disease (Schulz & Boyle 2005), are less well studied (Mandyam & Jumpponen 2014) 

but can also benefit their host (Hubbard et al. 2014; Murphy et al. 2015; Rodriguez et al. 2008). 

Endophytes can be extremely flexible in their environmental niche and function. The capacity 

of some endophytes to occupy both roots and insects was recently reviewed by Barelli et al. 

(2016) and there is evidence that horticultural pathogens can live as benign endophytes in other 

crops or in natural ecosystems (Malcolm et al. 2013; Martin & Dombrowski 2015). However, 

many fungal plant root occupants remain poorly understood (Sieber & Grunig 2013), despite 

their probable importance for plant community composition (Dostalek et al. 2013; Rillig et al. 

2014; Shi et al. 2016). 

The role of host identity in structuring root fungal communities is unclear (Dickie et al. 2015). 

Field investigations suggest that host species’ impact is context specific for fungal communities, 

with this found to be an important control in some cases (Becklin et al. 2012; Hazard et al. 2013; 

Kernaghan & Patriquin 2015; Tejesvi et al. 2013; Vályi et al. 2014), but not in others (Glynou 

et al. 2016; Li et al. 2015; Porras-Alfaro et al. 2014; Saks et al. 2013). The phylogenetic 

relationships of the hosts being compared may be important, with root fungal community 

similarity increasing with host relatedness in grasslands (Wehner et al. 2014). This trend has 

also been shown for plant pathogens in general (Barrett et al. 2009; Gilbert & Webb 2007). 

Closely related plants may tend to share fungal communities because the host traits that are 

important to fungi tend to be phylogenetically conserved (Wehner et al. 2014) with plant 

functional group and plant life form known to be potentially important for AMF community 

composition (Chagnon et al. 2015; Varela-Cervero et al. 2015). But even here, evidence is 

contradictory, with some other studies reporting increasing differences in AMF communities as 

host relatedness increases in some environments (Reinhart & Anacker 2014; Veresoglou & 
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Rillig 2014) and host species differences being detected even at the level of cultivar in 

agricultural systems (Corredor et al. 2014; Mao et al. 2014). 

Understanding host-specific relationships in fungi is particularly important in the context of 

invasive plant ecology. Invasive and co-occurring native plants can share fungal communities 

(Knapp et al. 2012) and both may benefit from fungal root occupants (Molina-Montenegro et 

al. 2015). However invasive plants can impact fungal communities to the detriment of native 

plants (Callaway et al. 2008; Ruckli et al. 2014; Yang et al. 2014). The ‘enemy release 

hypothesis’ suggests that invasive plants flourish because, for a time at least, local pathogens do 

not occupy them or have a minimal impact relative to pathogens in the host’s native range and/or 

to impacts on co-occurring native competitors (Keane & Crawley 2002). This hypothesis has 

received support from studies of pathogenic fungi (Mitchell et al. 2010) and via soil feedback 

experiments (Diez et al. 2010; Gundale et al. 2014). Focusing instead on the ability of fungi to 

associate with new arrivals, the ‘enhanced mutualism hypothesis’ points to occasions where 

invasive plants appear to receive support from beneficial microbes (Baynes et al. 2012; Sun & 

He 2010).  

Ammophila arenaria (L.) Link is an important sand dune stabiliser in its native Europe (Huiskes 

1979), and was moved to the United States for erosion control more than a century ago (Lamson-

Scribner 1895). The species has been established in Humboldt Bay, Northern California, where 

it has become invasive, since at least 1901 (Buell et al. 1995). Here, it co-occurs with the grass 

Leymus mollis, which is native to Asia and North America (Barkworth et al. 2007). L. mollis is 

well adapted to coastal dunes being tolerant of burial, salt spray and high substrate salinity 

(Gagné & Houle 2002) but has been widely displaced by A. arenaria on the west coast of the 

United States (Pickart & Sawyer 1998). Soil feedback experiments in the greenhouse suggest 

that A. arenaria has not benefitted from release from soil enemies in this region (Beckstead & 

Parker 2003) and recent efforts using culturing indicate that this species shares a common root 

endophyte community with co-occurring dune grasses (David et al. 2015). However there are 

no studies examining the whole fungal community associated with A. arenaria roots and co-

occurring dune plants. There are few studies of endophytes in non-agricultural herbaceous plants 

(Sieber & Grunig 2013) and little work to date using next generation sequencing to study the 

mycobiota of invasive plants (Coats & Rumpho 2014). 

Next generation sequencing is becoming a vital tool in microbial community profiling, rapidly 

revealing the complexity of plant microbiomes (Schlaeppi & Bulgarelli 2015). It enables 

detection of non-culturable fungi and permits the simultaneous screening of large numbers of 

samples (Lindahl et al. 2013). The phylogenetic groups detected will, to some extent, be 
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influenced by the gene region that is amplified (Tedersoo et al. 2015a). Long favoured for its 

relatively accurate taxonomic resolution to species level, the internal transcribed spacer (ITS) is 

the official barcode region for fungi (Schoch et al. 2012) and the best represented in public 

databases (Brown et al. 2014). The large sub unit (LSU) region, however, is useful for resolving 

deeper taxonomic relationships (Porter & Golding 2012), may detect a wider range of taxa, and 

can also be easier to amplify (Bonito et al. 2014, first author, pers. obs.). The small subunit 

(SSU) region is commonly used for AMF, and the majority of AMF sequences in public 

databases are generated with SSU primers (Öpik et al. 2014). Sequencing multiple gene regions 

may provide a more complete community picture than one region alone. 

Here we use Illumina MiSeq next generation sequencing of the ITS, LSU and SSU rDNA genes 

to examine the fungal communities in the roots of A. arenaria and Leymus mollis, where the 

plants co-occur in a foredune at Humboldt Bay, northern California. In addition to comparing 

the fungal communities in these two plant species and the performance of the alternative gene 

regions, this study examines distance-decay effects in compositional turnover across the site. 

Measurements of pH were also taken at each sample point as pH has previously been found to 

co-vary with fungal communities in dunes (David et al. 2015; Geml et al. 2014).  

 

3.3 Materials and methods 

3.3.1 Study site 

Root samples were collected from a foredune section immediately north of the Lanphere Dunes 

in the Humboldt Bay National Wildlife Refuge, California, during June 2013. While dune 

restoration activities have been carried out in adjacent areas since the 1980s, the section sampled 

had not been subject to such management. The seaward face of the foredune was heavily 

dominated by Ammophila arenaria, but also included Leymus mollis (Trin.) Pilg. The native 

grass occurred in patches of ‘Leymus mollis Herbaceous Alliance’ (for a description of this 

vegetation type see California Native Plant Society 2015), scattered among large blocks of dense 

A. arenaria, and with A. arenaria in small incipient foredunes below the main dune face. 

Lupinus arboreus Sims. and Carpobrotus chilensis (Molina) N. E. Br. were occasionally 

present. The mean annual precipitation for the area is 1157 mm, the mean annual low is 7.9 oC 

and the mean annual high is 14.6 oC (PRISM Climate Group 2016). 
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3.3.2 Sample collection 

Samples were collected from a 2.26 km long area of the foredune face, between the dune foot 

and crest, with the maximum sampled vertical distance from the dune foot being 15 metres. 

Nineteen locations, separated from each other by a minimum of 50 metres, where A. arenaria 

and L. mollis co-occurred were identified. Roots of individuals of these two species were 

collected within these locations where they grew no more than one metre apart. Roots were 

traced back to the stem to confirm species identity for each sample. Between one and three pairs 

of samples were collected in each location depending on location size, giving a total of 72 

samples from 36 sampling points, with each sample point being at least two metres apart and 

patches of alternative plants being avoided. The position of each location was recorded at the 

first sampling point within it, using a Garmin GPS. The first roots encountered following 

removal of sand with a trowel were collected, with roots located between 6 cm and 50 cm 

beneath the surface. A maximum of approximately 30 cm of root length was collected per 

sample. Samples were stored at 4 oC for a maximum of ten days. Approximately 15 cm of root 

length was selected per sample and cleaned by shaking in 4% tween 80, before a sterile water 

rinse. The roots were then chopped under sterile conditions and dried at room temperature in a 

vacuum in 2ml centrifuge tubes. Sand samples were also collected from alongside each root 

sample. Measurements for pH were taken from 5g of sand in 10mls of KCl using a pH meter. 

Combined samples were analysed for total C, total N (with the Leco® test), P, K, Ca, Mg, Mn 

and Zn (with the Mehlich 1 test) at the Center for Applied Isotope Studies, University of 

Georgia, USA. 

3.3.3 DNA extraction and high throughput sequencing 

Dried roots were ground in a SPEX CertiPrep 2000 Geno/Grinder. DNA extractions were based 

on the CTAB method (Gardes & Bruns 1993) and performed as follows. The samples were first 

soaked overnight in 850 µL CTAB buffer at 4 oC before being heated for an hour to 65 oC. An 

equal volume of chloroform:isoamyl alcohol (24:1) was then added. DNA precipitation 

following centrifugation was performed with 1.5 volume of chilled isopropanol before 

incubation for one hour at -20 oC. The DNA pellet then obtained following further centrifugation 

was re-suspended in 500 µL of TE buffer, before 50 µL of 3M Na acetate and 500 µl of chilled 

isopropanol were added. Samples were chilled for 20 minutes at -80 oC before pellets were again 

obtained by centrifugation. These were washed twice in chilled 80% ethanol and the DNA was 

eluted in 50 µL of water.  

A three step PCR modified from Lundberg et al. (2013) was used for DNA amplification. For 

the first step, the ITS region was first amplified with the primers ITS1f (Gardes & Bruns 1993) 
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and ITS4 (White et al. 1990), and the LSU region with the primers LROR (Moncalvo et al. 

1995) and LR3 (Vilgalys & Hester 1990). Primers NS1 and NS4 (White et al. 1990) were 

initially used to provide a template for later amplification of the SSU region. The first PCRs 

were carried out in 12.5 µL reactions and included 0.4 µL (10 µM) of each primer, 2 µL (1mM) 

of DNTP, 1.25 µL of BSA (10mg/ml), 0.0625 µL of Qiagen® Taq DNA polymerase, 1.25 µL 

of Qiagen® 10X buffer with 15mM MgCl2 and 2.5 µL of undiluted DNA. Thermocycler 

protocols were, for ITS, initial heating to 95 oC (10 mins), 10 cycles at 95 oC for one min, 50 oC 

for one min, 72 oC for one min; and 72 oC for ten mins. LSU protocols were initial heating for 

5 min at 95 oC, 10 cycles at 95 oC for one min 30 secs, 60 oC for one min 30secs, 72 oC for one 

min 30 secs; and 72 oC for ten mins. NS1/NS4 protocols were initial heating for 3 min at 94 oC, 

10 cycles at 94 oC for 30 secs, 50 oC for one min, 72 oC for one min 20 secs; and 72 oC for ten 

mins. In the second step, primer constructs were used which included a frameshift section (six 

per gene region), a linker section recognised in the third step, and gene specific sequences which 

continued to amplify the target regions. These sequences were as above apart from the SSU 

region which was amplified with NS31 (Simon et al. 1992) and AML2 (Lee et al. 2008). Each 

25 µL reaction contained 5 µl of DNA from step one, 0.8 µL of each primer, 4 µL of DNTP, 2.5 

µL of BSA, 0.125 µL of Qiagen® Taq DNA polymerase, 2.5 µL of Qiagen® 10X buffer with 

15mM MgCl2 (concentrations as above). The thermocycler protocols were as above for ITS and 

LSU, but 20 cycles were performed. For SSU, they were initial heating for 5 min at 94 oC, 20 

cycles at 94 oC for 30 secs, 58 oC for one min, 72 oC for one min; and 72 oC for ten mins. The 

third step ligated MID tags, incorporating a linker region recognising that used in round two and 

illumina adaptor sequences. This time 25 µL reactions were used which contained 0.5 µL of 

each primer, 4 µL of DNTP, 1 µL of BSA, 0.125 µL of Qiagen® Taq DNA polymerase, 2.5 µL 

of Qiagen® 10X buffer with 15mM MgCl2. Concentrations were as for step one apart from the 

primers which were diluted to 5um. The thermocycler protocol was initial heating to 95 oC (10 

min), 5 cycles at 95 oC for one min, 63 oC for one min, 72 oC for one min 20 secs; and 72 oC for 

10 mins. Final operations were undertaken at the University of North Carolina’s High-

Throughput Sequencing Facility. Amplicon cleaning, size selection and purification was 

performed using magnetic beads. Quantification was done using a LabChip® GX. Normalised 

libraries were pooled on a Tecan robotic workstation. Paired-end 2 x 300 bp sequencing was 

done with an Illumina® MiSeq instrument. Sequence data has been deposited in the NCBI 

Sequence Read Archive (SRA), the accession number is SRP080210.  

 

 



37 
 

3.3.4 Bioinformatics 

Bioinformatics was undertaken with sequences from the forward direction only. We used the 

general approach of Andrei et al. (2015). Sequences were demultiplexed in QIIME v 1.8.0 

(Caporaso et al. 2010) using the split_libraries_fastq.py script with quality checking steps 

disabled. All python scripts are from QIIME unless otherwise stated. Sequences were sorted by 

gene region and primers were removed using cutadapt v1.7.1 (Martin 2011). The UPARSE 

pipeline introduced by Edgar (2013) was then largely followed; all options prepended with ‘-‘ 

are from USEARCH (Edgar, 2010). Sequences were trimmed to 220bp using -

fastq_filter. This step included quality filtering, using -maxee 0.5. Sequences were 

dereplicated and singletons were removed. Operational taxonomic unit (OTU) clustering was 

performed with de novo chimera checking disabled (uparse break -999). Clustering, chimera 

checking and classification (-assign_taxonomy.py) was undertaken for each region as 

follows, with the minh value set following examination of alignments of sequences designated 

chimeric at more stringent minh values. Where classification was done using BLAST against 

GenBank, uncultured/environmental sample sequences were excluded from searches, and only 

results from published studies were used unless otherwise stated. 

ITS sequences were clustered at 97% similarity and reference-based (-uchime_ref) chimera 

checking was then performed against the QIIME formatted UNITE database v.7 dataset 

‘uchime_sh_refs_whole_ITS.fasta’ (Abarenkov et al. 2010), with ‘-minh 0.5’. OTUs were 

classified in QIIME (Caporaso et al. 2010) via -assign_taxonomy.py against the UNITE 

reference database v.7 dynamic data set (Abarenkov et al. 2010). OTUs classified as non-fungal 

(2) or with no BLAST hit (18) were checked with BLAST against GenBank. They were retained 

in the dataset as fungi where there were matches with sequences from fungi with coverage of at 

least 50%, and identity matches of at least 75% (and where there were no better matches with 

non-fungal organisms). OTUs with no class assigned (41) or classified to class by matches with 

uncultured sequences (9) were also checked against GenBank. This identified further OTUs that 

were determined to be non-fungal and were removed from the dataset. Classes were assigned 

where matches with coverage of at least 85% and identity matches of at least 90% were attained. 

Sequences identified as Glomeromycota were also checked against GenBank and retained in 

this class where coverage and identity matches of 70% and 80% were obtained. Their top listed 

matches are reported. The number of OTUs per class, and classified as Zygomycota incertae 

sedis, was then calculated. The top 20 most frequently sequenced OTUs were queried against 

GenBank with BLAST. The top listed match named to species by the depositors (and where a 

better published match of an alternative genus was not available), with at least 50% query cover 
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attained, was recorded. In two instances an unpublished match was selected as it was generated 

by one of the authors. The UNITE species hypothesis (Kõljalg et al. 2013) for OTU matches of 

98% or better was recorded. The frequency of these OTUs as a proportion of the total sequences 

was calculated. The top listed GenBank matches named to the level of genus or species for 

putative Glomeromycota were recorded. 

LSU sequences were clustered at 98% similarity, given the more conserved nature of this gene 

region (Porter & Golding 2012). Reference based chimera checking (with ‘-minh 1.28’) was 

performed against an in-house developed QIIME formatted SILVA LSU v119 database (Pruesse 

et al. 2007), that contained sequences clustered at 99%. Classification was undertaken using 

RDP classifier (Wang et al. 2007) with the confidence threshold set at 50% as is recommended 

for short sequences, otherwise default settings were used. OTUs classified as non-fungi (290) 

were queried against GenBank with BLAST, and retained in the dataset with a class assigned, 

or removed, as per the ITS criteria. An additional 50 OTUs classified as fungi with a confidence 

level of less than 90%, were also checked against GenBank. Eight were removed as their best 

GenBank matches, in terms of coverage and identity, were with non-fungal organisms. The top 

20 most frequently sequenced OTUs were identified as for ITS, but matches to genus were 

accepted. Where an equally good match could have been made with a sequence from a different 

genus or family, the lowest level classification shared between these different GenBank matches 

is given. Where this was incongruent with the order for the given name, N/A was recorded for 

order. The frequency of these OTUs as a proportion of the total sequences was calculated. The 

classification of the 21 OTUs which had been assigned a class by RDP classifier with a 

confidence level of 70% - 72% was checked against GenBank, and determined to be correct to 

the level of class. All OTUs classified by RDP as Glomeromycota were checked against 

GenBank and retained as such where the class was confirmed by GenBank as above. Otherwise 

OTUs with classifications with confidence levels below 70 for class were removed from the 

dataset used for determining richness per class, as their classification to this level was not found 

to be consistently correct. The total number of OTUs per class, or classified as Zygomycota 

incertae sedis, were calculated. OTUs in classes detected by LSU, but which were not recovered 

by ITS, were checked against GenBank and their class was confirmed or updated. The top listed 

match named to the level of genus or species for putative Glomeromycota on GenBank was 

recorded.  

SSU sequences were clustered at 97% similarity. Chimera checking was performed against the 

SILVA SSU Ref NR v.123 database (Pruesse et al. 2007) in VSEARCH v.1.9.2 (Rognes et al. 

2015) using ‘-minh 0.28’. Sequences deemed chimeric were checked against GenBank with 
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BLAST. Most of these sequences were identified as non-AMF, those that were likely AMF were 

deemed so as they had 100% coverage with other AMF sequences and identity matches of at 

least 98%, this also suggests they are non-chimeric, and they were retained in the dataset. Initial 

classification of all OTUs was then performed with SINA v.1.2.11 (Pruesse et al. 2012). 

Unclassified OTUs were checked by BLAST against GenBank, 7 of these were deemed likely 

to be AMF, which was further confirmed by phylogenetic placement. This was performed using 

the sequences from Fig.2 in Krüger et al. (2012). These were aligned with our AMF OTUs using 

MAFFT v.7.017 (Katoh et al. 2002) in Geneious v.8.0.5 (Kearse et al. 2012), with Mortierella 

verticillata (GenBank #AF157145.1) and Umbelopsis ramanniana (GenBank #X89435.1) 

downloaded for use as outgroup species. These are in sister clades to the Glomeromycota (Lin 

et al. 2014; Tisserant et al. 2013). Ambiguous regions were manually edited. Geneious was used 

to build a maximum likelihood tree with PhyML (Guindon & Gascuel 2003) using the GTR 

substitution model, to select Krüger et al. (2012) sequences for the final tree. To simplify the 

final tree, the closest match to each OTU was retained, remaining sequences were randomly 

removed with, where possible, a minimum of two sequences per genus with no matching OTU 

retained. BLAST searches were conducted against the MaarjAM database (Öpik et al. 2010) for 

each of our AMF OTUs, the top listed match was added to the dataset. All sequences were 

aligned as above. A Bayesian inference tree was built using MrBayes v.3.2.6 (Ronquist & 

Huelsenbeck 2003) in the CIPRES portal (Miller et al. 2010); 10 million generations were run, 

otherwise default settings were used.   

3.3.5 Statistical methods 

We examined whether sequencing depth was sufficient to capture fungal community richness 

by generating alpha rarefaction plots via QIIME. Sampling adequacy was calculated using the 

specaccum function in the R library vegan (v. 2.3-4; Oksanen et al. 2016) using R 3.2.0 (R-

Development-Core-Team, 2015). The dataset was then rarefied to an even depth of 950 

sequences per sample for the ITS region and 3000 sequences per sample for the LSU region. 

Insufficient sequencing depth meant that seven A. arenaria and two L. mollis samples were 

discarded for ITS, and two A. arenaria and four L. mollis samples for LSU. Because sequence 

numbers were highly divergent between samples for SSU with many samples having small 

numbers, a non-rarefied OTU table was converted to relative abundance values. We ordinated 

the fungal community data using non-metric multidimensional scaling (nMDS) on 

untransformed data, on data subject to a 4th-root transformation, and on untransformed data 

containing only OTUs which occurred in more than five samples. We used the Bray-Curtis 

metric as our dissimilarity measure (Faith et al. 1987). To assess whether the fungal 
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communities associated with each species differed in their location (polygon centroid) in the 

ordination space we used permutational multivariate ANOVA (PERMANOVA; Anderson 

2001) via the adonis command in vegan. We also evaluated whether the fungal communities 

differed in their spread across ordination space via a multivariate analysis of homogeneity of 

dispersion (Anderson 2006) with the betadisper command in vegan. The influence of pH 

on fungal community was visually evaluated using a smoothed surface fit to the ordination using 

generalised additive models (ordisurf command in vegan using 10 knots). As the outcomes 

of the ordination-based and distance analyses were qualitatively the same irrespective of the 

transformation used we report only the 4th-root transformation in the results. For the ITS and 

LSU regions the similarity of host species pairs taken at each sample point was examined using 

a Monte Carlo permutation method in which the median dissimilarity between the 18 pairs was 

compared against a distribution of the median of pairs drawn at random from the total pool 

(based on 1 × 104 medians of 18 non-adjacent pairs selected at random without replacement). 

To assess the extent of fine-grained spatial turn-over using the LSU data-set we estimated a 

distance-decay curve using a log-linear binomial generalised linear model (GLM) following the 

approach described in Millar et al. (2011). For this analysis, we used only points where GPS co-

ordinates had been taken and that had sufficient data to be retained after rarefying. 

 

3.4 Results  

3.4.1 Sampling, PCR and Illumina MiSeq sequencing 

DNA was successfully amplified from 33 A. arenaria samples and from 34 L. mollis samples 

for the ITS region. The ITS1f primer generated 154,804 sequences which passed quality control 

criteria. These sorted into 310 OTUs, 291 of which were classified as fungi. Collectively these 

contained 153,433 sequences, 56,275 generated by A. arenaria samples, which clustered into 

222 fungal OTUs and 98,234 generated by L. mollis samples, which clustered into 252 fungal 

OTUs. The two species shared 183 OTUs. There were an average of 2,290 fungal ITS sequences 

(sd 1,388) and 30 OTUs (sd 12) per sample. On average, each OTU was obtained from 7 samples 

(sd 9.6). 

A total of 34 A. arenaria and 35 L. mollis samples amplified for the LSU region. LROR returned 

437,484 quality controlled sequences, which sorted into 1667 OTUs; of these 1,401 were 

classified as fungi and they contained 385,076 sequences. A. arenaria samples generated 

183,328 fungal LSU sequences clustered into 1,135 OTUs and L. mollis 201,748 sequences 

clustered into 1,159 OTUs. The two host species shared 893 LSU fungal OTUs. On average 
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each sample had 5,581 fungal LSU sequences (sd 2,521), 123 OTUs (sd 44) and each OTU was 

obtained from 6 samples (sd 8). 

For SSU, a total of 34 A. arenaria and 35 L. mollis samples amplified. The NS31 primer 

generated 109,434 sequences which sorted into 166 OTUs. Of these, 73,770 sequences which 

grouped into 24 OTUs were classified as Glomeromycota (AMF). A. arenaria produced 24,416 

AMF sequences, L. mollis 49,354 sequences, and each had 22 AMF OTUs, 20 of which were 

shared with the other host plant. There was substantial variation in the number of sequences per 

sample for AMF as detected by SSU, with an average of 1,069 and a standard deviation of 2,003. 

Each sample had an average of 4 AMF OTUs (sd 3), with 34 A. arenaria and 28 L. mollis 

samples found to have AMF by the SSU region. Each OTU was obtained from 13 samples on 

average (sd 10).  

The curves on the alpha rarefaction plots were almost saturated for ITS and LSU for both plant 

species, despite there being far fewer sequences and OTUs for ITS than for LSU. The curves 

were saturated for SSU (Appendix 3.1). However species accumulation curves suggest that 

additional samples would have recovered additional OTUs across the dune using the ITS and 

LSU regions (Appendix 3.2). The species accumulation curve for SSU was starting to level off. 

3.4.2 Host species influence  

The nMDS ordinations show no community separation by plant host for either the whole fungal 

community or for AMF (Fig. 3.1). The lack of plant host influence is also supported by 

PERMANOVA analyses (for all three gene regions p > 0.05); there was also no evidence for 

the communities associated with each plant having heterogeneous variances (p > 0.2 for all three 

gene regions). Combined, these analyses suggest that the fungal communities associated with 

the two plant species are not statistically distinguishable. Comparing the occurrence of the top 

20 most frequently sequenced OTUs across both plants combined, for ITS and LSU, by host 

plant also reveals plant species has a minimal influence over fungal community composition 

(Appendix 3.3). Each of these OTUs is found in both species, and the number of samples they 

are detected in is often similar for each plant, although the frequency of these (as a proportion 

of total sequences) is more variable between the hosts. While each host has unique OTUs for 

each gene region, these contain only a small fraction of the sequences. The 39 ITS OTUs unique 

to A. arenaria are found in, on average, only 1.2 samples (sd 0.61) and account for only 2% of 

the data. There are 242 unique LSU OTUs in this plant occurring, on average, in 1.6 samples 

(sd 0.98) and accounting for 1.7% of the data. L. mollis has 69 unique ITS OTUs in an average 

of 1.7 samples (sd 0.97), accounting for 5% of the data. For LSU, it has 266 unique OTUs in an 

average of 1.4 samples (sd 0.74) accounting for 3.5% of the data. 
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Figure 3.1: Plots of fungal communities in Californian A. arenaria and L. mollis roots, based 

on 4th-root transformed data from the ITS (a) and LSU (b) regions, and AMF communities 

revealed by the SSU (c) regions, using non metric multidimensional scaling. Note in all cases 

stress is reasonably high so caution needs to be taken in interpreting the plots (Clarke, 1993). 

The most frequently sequenced SSU OTUs show much greater differences between the plant 

species in terms of both number of samples each OTU is detected in, and the frequency of these. 

While OTU 1 has 34% of the SSU AMF sequences for A. arenaria and 41% for L. mollis, the 

frequency for OTU 2 is 1.5% and 35% for these plants respectively. However, the latter number 

is largely due to only one L. mollis sample where this OTU has 10,998 sequences and it is, in 

fact, detected in fewer samples for this species (11 vs 21, Appendix 3.4). A similar trend is seen 

for OTU 9, with 40% and 2% of the sequences for the two plants, although this OTU is both 

frequently and evenly detected in A. arenaria samples (34 vs 6). The majority of the SSU OTUs 

are shared. 

3.4.3 Spatial heterogeneity 

The Monte Carlo permutation analysis shows that, on average, fungal assemblages in 

immediately adjacent samples (maximum distance < 1 m) are less dissimilar to each other than 

they are to non-adjacent samples (ITS: 0.616 vs. 0.602-0.783-0.939 (5-50-95 percentile) and 

LSU: 0.695 vs. 0.671-0.835-0.929). Likewise, the median dissimilarity between adjacent 

samples is much lower than the median of randomly drawn non-adjacent pairs (ITS: 0.616 vs. 

0.735-0.784-0.828 and LSU: 0.695 vs. 0.798-0.835-0.866) (Fig. 3.2). Despite this fine-scale 

spatial structure, there is no relationship between the compositional similarity of a pair of 

samples and the geographic distance separating them (i.e. no distance-decay relationship), with  
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Figure 3.2: Dissimilarity of communities in roots of A. arenaria and L. mollis based on 4th-root 

transformed data from the ITS (a,b) and LSU (c,d) regions. Histograms on the left (a,c) show 

the distribution of dissimilarities for all non-adjacent pairs with the dots being the dissimilarities 

for the immediate neighbours (n = 18 pairs) with their median depicted by the vertical line. Plots 

b and d show the median dissimilarity in pairs of immediate neighbours (vertical line) as 

opposed to the median dissimilarity of 18 pairs of randomly selected non-adjacent sites based 

on 1 × 104 resamplings. 

 (the slope of the log-linear binomial regression) not significantly different from zero for either 

host species (Fig. 3.3).   

3.4.4 Soil measurements and pH influence 

Based on the fit of a spline surface to the nMDS ordination the association between fungal 

community composition and pH is not significant for the ITS data (the pH term in the smoother 

has an approximate p-value of 0.061) but is significant for LSU (approximate p-value < 0.001, 

Fig.3.4). There was little variation in pH and only six samples had pH values of less than 6.4 

but a trend for samples to separate by pH value is seen, particularly for LSU. Soil nutrient levels 

are low (Table 3.1). 
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Figure 3.3: Relationship between geographic distance and similarity of fungal communities in 

Californian Ammophila arenaria (a) and Leymus mollis roots (b). The spatial structure in the 

fungal communities is not explained by geographic distance. The dashed lines show a fitted log-

linear binomial model with β its slope (mean ± 1 SEM) estimated using a leave-one-out 

jackknife as per Millar et al. (2011). 

 

Table 3.1: Substrate chemical characteristics (% total C and % total N via the Leco test, Mehlich 

1 Ca, K, Mg, Mn, P, Zn) of 72 combined sand samples taken from a 2.26 km long area of 

foredune in Northern California. 

Mehlich 1 mg/kg (ppm) % 

Ca K Mg Mn P Zn C N 

625 83.50 113.0 7.57 63.86 1.10 0.124 0.011 
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Figure 3.4: Relationship between soil pH and fungal community for the ITS (a) and LSU (b) 

gene regions. The nMDS ordinations (Figure 3.1) are overlain on a smoothed surface showing 

variation in pH. 

 

3.4.5 Community diversity and structure 

The ITS region together with our classification approach detected 13 taxonomic classes 

(including ‘Zygomycota incertae sedis’) while the LSU region detected 18 classes (Fig. 3.5). 

Our ITS methods detected only one class missing from the LSU dataset, Orbiliomycetes. This 

omission is likely to be a result of misclassification by RDP. At least two OTUs classified as 

Lecanoromycetes, removed from the ‘class’ dataset due to that classification having a 

confidence level of only 14%, were found by GenBank matches to be Orbiliomycetes. The 

Sordariomycetes was the richest class for both ITS and LSU, containing 92 and 760 OTUs 

respectively, representing 36% and 65% of the total richness by class. The richness of the 

Dothideomycetes was similar for ITS with 67 OTUs (26% of the total) but heavily reduced for 

LSU with 149 OTUs (13% of the total). Glomeromycete richness was reported as similar by 

ITS and LSU, with 26 and 25 OTUs respectively (Appendix 3.5).   

The two most frequently sequenced ITS OTUs, each with around 12% of the data, found 100% 

matches for both query cover and identity with Plectosphaerella cucumerina and  
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               (a) 

 

 

               (b) 

 

 

Figure 3.5: Histogram showing the proportion of fungal OTUs assigned to each class detected 

by the ITS (a) and LSU (b) regions. OTUs were derived from DNA sequences, obtained from 

roots of A. arenaria and L. mollis plants. 
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Microdochium bolleyi respectively (Table 3.2). The 20 most frequently sequenced ITS OTUs 

account for 76% of the data. The majority of these OTUs are ascomycetes and there are three 

basidiomycetes. Three OTUs have identity matches poorer than 90%. The most dominant class 

is Sordariomycetes, with at least 11 OTUs. There are at least ten orders.  

The 20 most frequently sequenced OTUs for LSU account for 64% of the data, again the 

ascomycetes dominate and there are four Basidiomycetes (Appendix 3.6). The closest match for 

OTU 7 is with a Glomus sequence, although it is poorly matched with query cover and identity 

match scores of 80% and 81%. This is the only ‘frequently sequenced’ identity match found 

below 94% for LSU. The Sordariomycetes again dominate with 11 OTUs, and there are at least 

12 orders. There are 11 OTUs which found alternative, equally good matches as those given and 

ten of these matches found agreement with those listed only at the level of family or higher.  

There is less dominance by the two most frequently sequenced OTUs, these contain 7% and 

6.4% of the data, and belong to the Helotiaceae and Hypocreales. 

The ITS region detected Glomeromycota sequences in 25 samples while the LSU detected AMF 

in 46 samples. SSU detected AMF in 62 samples. The GenBank matches suggested all the AMF 

detected by ITS were from the Glomeraceae family and represented only two genera. Eighteen 

of these had identity matches of 95% or better (Appendix 3.5). The LSU recovered greater 

richness, with an additional two families and 5 genera, 21 identity matches of 95% or better 

were found. In addition to recovering AMF from the largest number of samples, SSU recovered 

the greatest richness, with six families and nine genera identified for this region (Fig.3.6). These 

have broad phylogenetic spread. The Glomeraceae family was again the most diverse for SSU, 

with 10 OTUs, and also contained the top two most frequently sequenced OTUs (Appendix 3.4). 

One of these was closely matched with Rhizophagus fasciculatus on the phylogenetic tree and 

had 39% of the SSU AMF sequences; the other was closely matched with Glomus macrocarpum 

and had 24% of the sequences. The top five most frequently sequenced OTUs accounted for 

94% of the data. The phylogenetic tree, with 100% statistical support, places five OTUs 

alongside their MaarjAM matches in a clade with no reference sequences from Kruger et al. 

(2012). This clade is named to order, as it places with other Archaeosporales. The GenBank 

names would indicate these OTUs belong to the genus Archaeospora, but the tree suggests they 

are more closely related to Ambispora and Geosiphon. Most OTUs are more closely placed with 

GenBank sequences than with reference sequences.
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Table 3.2: The top listed GenBank matches from a published study and named to the level of species (unless a better match to an alternative sequence named 

only to genus was available) for the 20 most frequently sequenced OTUs for the ITS region. The query cover, identity values and UNITE Species Hypothesis 

(Kõljalg et al. 2013) for that match are given. The names and taxonomy given are as per MycoBank (www.mycobank.org). The OTUs were obtained from 

root samples from A. arenaria and L. mollis plants. 

OTU ID # GenBank match name Phylum Class Order Match accession # Match UNITE S.H. 
Query  
cover (%) 

Identity 
(%) 

Totals  
seqs 

Frequency 
(%) 

1 Plectosphaerella cucumerina Ascomycota Sordariomycetes Phyllachorales HM216207.1 SH190975.07FU 100 100 19,118 12.46 

2 Microdochium bolleyi Ascomycota Sordariomycetes Xylariales AM502265.1 SH213512.07FU 100 100 18,150 11.83 

3 Sarocladium strictum Ascomycota Sordariomycetes Hypocreales JQ676174.1 SH210203.07FU 100 100 13,689 8.92 

4 Alternaria infectoria Ascomycota Dothideomycetes Pleosporales JF340283.1 SH216783.07FU 100 98 8,670 5.65 

9 Corollospora maritima Ascomycota Sordariomycetes Microascales JN943387.1 N/A 72 84 7,322 4.77 

5 Alternaria infectoria Ascomycota Dothideomycetes Pleosporales JX421701.1 N/A 100 91 7,259 4.73 

6 Panaeolus acuminatus Basidiomycota Agaricomycetes Agaricales JF908518.1 SH178705.07FU 100 100 6,502 4.24 

7 Apodus deciduus Ascomycota Sordariomycetes Sordariales AY681199.1 SH193385.07FU 100 99 6,425 4.19 

8 Heterochaete spinulosa Basidiomycota Agaricomycetes Auriculariales JQ694111.1 N/A 100 88 5,896 3.84 

10 Chaetomium globosum Ascomycota Sordariomycetes Sordariales KP174693.1 N/A 100 96 3,612 2.35 

11 Microdochium phragmitis Ascomycota Sordariomycetes Xylariales AM502263.1 SH203161.07FU 100 99 2,909 1.90 

12 Davidiella allicina Ascomycota Dothideomycetes Capnodiales LN834354.1 None 100 100 2,625 1.71 

13 Stemphylium solani Ascomycota Dothideomycetes Pleosporales JQ781776.1 SH199527.07FU 100 99 2,261 1.47 

14 Helotiales sp. Ascomycota Leotiomycetes Helotiales HQ649858.1 SH198121.07FU 100 98 2,192 1.43 

16 Sordariomycetidae sp. Ascomycota Sordariomycetes N/A KP689127.1 N/A 99 92 2,122 1.38 

23 Oliveonia pauxilla Basidiomycota Agaricomycetes Auriculariales HQ441577.1 N/A 100 82 1,987 1.30 

15 Trichoderma stromaticum Ascomycota Sordariomycetes Hypocreales NR_077128.1 SH196035.07FU 100 99 1,613 1.05 

17 Plectosphaerella cucumerina Ascomycota Sordariomycetes Incertae sedis KF285996.1 SH190981.07FU 100 100 1,517 0.99 

25 Fusarium pseudograminearum Ascomycota Sordariomycetes Hypocreales DQ459871.1 SH220700.07FU 98 99 1,495 0.97 

43 N/A N/A N/A N/A N/A N/A N/A N/A 1,482 0.97 
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Figure 3.6: BI tree based on SSU sequences, showing the phylogenetic diversity of the AMF 

detected in A. arenaria and L. mollis roots. Posterior probability values greater than 90 are 

indicated above the branches. Sequences labelled with only an OTU number and marked with a 

● were obtained from the dune, sequences with GenBank accession numbers were downloaded 

from GenBank and represent the closest matches to our OTUs according to the MaarjAM 

database (Opik et al. 2010), the remaining sequences are from Krüger et al. (2012). The 

GenBank record names are used for the MaarjAM matches, the majority of names used for the 

Krüger et al. (2012) sequences are as given by the authors but some have been changed as per 

Redecker et al. (2013), which was also referred to for the designation of families. 

 

3.5 Discussion 

3.5.1 Host species influence 

The composition of the fungal communities observed in the roots of the co-occurring invasive 

grass A. arenaria and the native grass L. mollis was similar. While there were OTUs unique to 

each host species, they accounted for a small proportion of the data and occurred in few samples. 

Given the high heterogeneity in sample composition across the dune, these OTUs may have 

been missed in the alternative plant by chance. Sequence frequency cannot be taken as a direct 

representation of fungal abundance, particularly within samples but can be meaningfully 

compared across samples (Amend et al. 2010; Nguyen et al. 2015a). There are differences in the 

sequence frequency of OTUs between the two plant species, but sequence frequency also differs 

hugely among samples within host species. We cannot rule out a potential impact of host species 

on individual fungal lineages and the nMDS stress values are high but high turnover among 

samples within plant species, as well as the isolation of many OTUs from both plant species, 

resulted in no indication, at the community level, of host species influencing community 

composition. Minimal plant host influence on endophyte communities in the field has been 

observed for gypsophilous plants in New Mexico (Porras-Alfaro et al. 2014), plants of semi-

arid Hungarian grasslands (Knapp et al. 2012), and rainforest plants in Borneo (Sato et al. 2015). 

Our study compares a native and invasive plant, but both are members of the Poaceae. Other 

work has suggested close relatives were more likely to share fungi (Gilbert & Webb 2007; 

Wehner et al. 2014), although a thorough investigation of this hypothesis in this setting would 

have required additional sampling, from more distantly related plants on the dune. 

With both plant species sharing a common fungal community, it is unlikely an escape from 

pathogens is behind the success of A. arenaria on the dune surveyed. Both this plant and L. 
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mollis also associate with a range of AMF, at least some of which are likely to be mutualistic. It 

is possible, however, that the fungal communities may interact differently within the two hosts, 

with A. arenaria benefitting more from mutualists and/or suffering less disease. Inoculation 

experiments with endophytes on a range of grasses and forbs have demonstrated that even 

though a wide range of hosts could be occupied, the impact of occupation differed by host 

species (Mandyam et al. 2012). AMF can also have different impacts on different host plants 

(Johnson et al. 2005) and fungi may act as pathogens or endophytes depending on the plant host 

(Malcolm et al. 2013). Previous work demonstrated that A. arenaria suffers negative soil 

feedback in California but it did not investigate the soil relationships of L. mollis (Beckstead & 

Parker 2003). Further investigation is needed to determine whether fungal community functions 

differ between the two plants. In addition, the dune surveyed was dominated by A. arenaria, 

and this plant could be influencing the fungal community in L. mollis. Root fungal communities 

can be impacted by neighbouring plants (Kohout et al. 2015; Radić et al. 2012; Toju et al. 2014). 

The tendency of paired samples on the dune to be more similar to each other than to those not 

adjacent suggests that neighbouring root sections have the potential to influence each other’s 

fungal occupants in this environment. 

3.5.2 Spatial heterogeneity  

There is high heterogeneity in the composition of the fungal community across the dune. While 

examining paired samples provides evidence for spatial structure at scales of less than one metre, 

there is no statistical evidence that sample heterogeneity is influenced by distance beyond this. 

The two closest GPS points are approximately 25m away from each other and while we may 

have found evidence for distance decay if we had measured points closer to each other, the 

results suggest the community is not dispersal limited at the scale of the dune. Changes in 

community composition occur alongside pH changes, as was seen by David et al. (2015) in their 

study of endophytes cultured from dune grass roots. There may be other unmeasured influential 

abiotic variables that explain compositional pattern on the dune, and biotic interactions can also 

drive fungal community composition (Werner & Kiers 2015a). In addition, stochastic processes 

are likely to be important. Dunes are naturally disturbed environments and ephemeral habitats 

may preclude niche-based assembly (Powell & Bennett, 2015). 

3.5.3 Community composition: ITS and LSU 

A diverse fungal community is present in the Humboldt Bay dune. The OTU accumulation plots 

by sample suggest greater sampling would have uncovered even greater richness. The OTU 

accumulation plots by sequence depth are more difficult to interpret, given ITS produced far 

fewer OTUs than LSU but the curves for both regions are nearly saturated. The low sequencing 
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depth for ITS may be due to either poor PCR or sequencing performance. At any rate there is a 

link between sequencing depth and OTU number, as has been directly demonstrated previously 

(Smith & Peay 2014). It is likely greater sequencing depth explains the greater richness, in terms 

of total OTU numbers and taxonomic breadth, recovered by LSU. Previous work utilising both 

ITS and LSU generated similar numbers of OTUs from the two regions (Bonito et al. 2014). 

Adequate sequencing depth is necessary to capture subtle environmental signals and this is 

demonstrated here, with changes in pH and fungal community composition being more apparent 

for LSU.  

The LSU region suggests high richness in individual roots, with an average of 123 OTUs per 

sample. OTU numbers must be interpreted with caution as they may not accurately represent 

species numbers, due to difficulties separating artefacts created in the sequencing process from 

rare OTUs (Nguyen et al. 2015a; Porter & Golding 2012). There are also differences in 

intraspecific genetic variation among fungi, which are not catered for by the use of a single OTU 

clustering value and can inflate OUT numbers (Ryberg 2015). Additionally, the use of different 

gene regions, laboratory practises and bioinformatics approaches make meaningful comparisons 

of richness between studies difficult (Lindahl et al. 2013; Meiser et al. 2014; Tedersoo et al. 

2015a). Nevertheless, it is notable that high richness in fungal communities in dunes has been 

detected previously. Using the ITS region, Geml et al. (2014) detected 1,211 non-singleton 

fungal OTUs from 10 composite soil samples from dunes in the Netherlands. Soil and Pinaceae 

root samples from a relic foredune plain in Canada generated 1,613 non-singleton fungal OTUs 

(Roy-Bolduc et al. 2015). High richness specifically within roots has also been reported by next 

generation sequencing. Between 65 and 225 fungal OTUs per plant were generated by 

subsampled root systems of the perennial herb Onosma echioides (Muller & Hilger 2015). The 

detection of DNA, however, does not necessarily signal the presence of an active, root-

inhabiting fungus. In our study, root samples were thoroughly cleaned but some particles of 

sand remained attached to roots, fungal material may have accompanied these. The number of 

fungi that associate with only outer root layers may be far greater than those which penetrate 

deeper (Bazin et al. 1990). The use of RNA might have suggested the active fungal community 

is different from that detected here (Baldrian et al. 2012). 

The utility of the ITS region for classification is demonstrated by this study. For example, while 

over half the frequently sequenced OTUs for LSU found GenBank identity matches of 98% or 

better, many of these matched equally well with alternative, differently named sequences. This 

could have been due to the conserved nature of this region or to inaccurate naming. Although 

the ITS region does not accurately separate all species (Ryberg 2015), OTUs can be identified 

with more confidence. Even so, incomplete records of fungal diversity, commonly revealed by 
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unidentifiable OTUs in next generation sequencing studies (Peršoh 2015; Ramirez et al. 2014), 

challenge the identification of some OTUs here. The species of even ‘identified’ OTUs can 

remain uncertain. For example, two frequently sequenced ITS OTUs, 1 and 17, are identified as 

Plectosphaerella cucumerina by different GenBank sequences with 100% identity matches. 

These OTUs may represent either genuinely different species within this genus, or reflect intra-

specific genetic and morphological variability (Carlucci et al. 2012). Adding further 

complication, most sequences in the relevant UNITE species hypothesis for the match for OTU 

17 are named Acremonium nepalense and alternative classification approaches could have 

selected this name. Culture-based work continues to be valuable in validating next generation 

sequencing results and improving knowledge of fungal biology. Three frequently sequenced 

ITS OTUs with named identity matches of 88% - 92%, and one with no named match, are 100% 

identity matches with sequences from dune grass endophytes cultured by David et al. (2015).  

The Sordariomycete and the Dothideomycete classes contain the most OTUs. This is not 

surprising, given these are the third most speciose, and the most speciose, ascomycete classes 

respectively (Kirk et al. 2008). The UNITE species hypothesis records indicate several of the 

dominant ITS OTUs are geographically widespread and associate with a range of 

phylogenetically diverse plants, including gymnosperms as well as angiosperms, in both natural 

and managed ecosystems, as saprobes or pathogens. This pattern supports the possibility that 

many root endophytes are widespread generalists (Knapp et al. 2012). An exception among this 

group is the Paneolus species; members of this basidiomycete genera are not known to directly 

associate with plant roots and are saprotrophic. Also notable is OTU 14, the only member of 

this group belonging to the order Helotiales, which contains some of the best studied dark septate 

endophytes (Knapp et al. 2015). The UNITE species hypothesis associated with this OTU has 

rarely been detected and the only plant association listed is A. arenaria. This may represent a 

dune specialist, although there is a 98% match with this OTU to an environmental sample 

associated with roots of an alpine grass (GenBank accession #KR063522.1). 

3.5.4 Community composition: AMF 

The SSU region recovered AMF OTUs from most root samples and reveals wide phylogenetic 

diversity among this group. However ITS and LSU suggested this group has low phylogenetic 

diversity and is not prevalent in this environment, with only one putative AMF OTU, detected 

by LSU, placing among the most frequently sequenced OTUs for these regions. That the ITS 

region recovered similar numbers of AMF OTUs as LSU and SSU, despite failing to recover 

the same phylogenetic diversity, may reflect the tendency for high intraspecific variability in 

this gene region for some AMF (Stockinger et al. 2010; Stockinger et al. 2009). Altogether, our 
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results suggest the SSU region is required for accurate recovery of AMF, although deeper 

sequencing may have improved the AMF results for ITS and LSU. The ITS region may also 

have been more useful for AMF recovery if an initial step using AMF specific primers had been 

utilised (Kohout et al. 2015).  

The high diversity and recovery rate of the Glomeraceae family seen here is typical for AMF 

studies, both in dunes (Johansen et al. 2015; Rodríguez-Echeverría & Freitas 2006; Yamato et 

al. 2012) and in other environments (Sun et al. 2015; Van Geel et al. 2015; Varela-Cervero et 

al. 2015). This outcome suggests this family is highly diverse, competitive in range of 

environments, and/or easily recoverable. The phylogenetic tree includes both closely paired 

MaarjAM matches, and OTUs without close matches on long branches. This is not surprising 

given that while the Glomeromycota are environmentally flexible and geographically 

widespread (Davison et al. 2015), the phylum likely contains substantial undescribed diversity 

(Cheeke et al. 2015; Johansen et al. 2015; Senes-Guerrero & Schubler 2015). AMF 

identification is further challenged by a paucity of sequences from taxonomically described 

species (Öpik et al. 2014). Of particular interest is the Archaeosporales incertae sedis clade at 

the base of the tree, containing five of our OTUs and their MaarjAM matches but no reference 

sequences. This clade includes a match (GenBank #FJ194498) previously placed in an 

‘unknown’ clade by Opik et al. (2014), which they suggest demonstrates unknown diversity 

above the level of genus. The extreme dominance of the AMF community by a small number 

of OTUs is also not unusual for studies of AMF (Dumbrell et al. 2010) but again could reflect 

the easy recovery of these entities, rather than their ecological dominance.     

3.5.5 Conclusions 

Our results suggest that host plant species does not have a significant influence over fungal 

communities in the roots of dune grasses. We also report the ability of an invasive grass to 

associate with a phylogenetically, and probably functionally, diverse fungal community in its 

new range. This community is dominated by widespread generalists but also includes diversity 

not represented in public databases. While pH was shown to have some correlation with 

community composition, there is unexplained spatial heterogeneity across the dune with high 

turn-over between samples. This turnover was not simply a function of geographic separation. 

The results suggest that extensive sampling is needed to capture the majority of the community, 

and to identify determinants of community structure in this environment. Direct comparisons 

between the gene regions surveyed are difficult due to the poor sequencing results for ITS. 

However this region was the most useful for classification, while the SSU region is 
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recommended for phylogenetically accurate and extensive recovery of AMF. Future work will 

examine the fungal community in Ammophila arenaria across a broader geographic range. 
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Chapter 4 

 

Scattered far and wide: a broadly distributed dune 

grass finds familiar fungal associates in its invasive 

range 

 

4.1 Abstract  

Fungal communities vary across space, and not all fungi are found everywhere. The movement 

of the dune grass Ammophila arenaria around the world provides the opportunity to examine 

fungal communities in the roots of a common host across multiple spatial scales. We sampled 

A. arenaria roots in its native range in the United Kingdom, and in Australia and New Zealand 

where it is invasive. The co-occurring native dune grass Leymus arenarius was also sampled in 

the United Kingdom, and the native dune grass Spinifex sericeus was sampled in Australasia. 

Illumina MiSeq sequencing revealed that most of the dominant OTUs associating with A. 

arenaria were shared among all three geographic regions, illustrating that many root-associated 

fungi have wide ranges. However, community composition varied among regions, with changes 

in temperature, nitrogen and pH correlating with community change. A. arenaria associates with 

fungal communities in its invasive range that are richer than those in the United Kingdom, and 

than those in co-occurring native grasses, demonstrating that exotic plants are not necessarily 

depauperate in fungal associates. Host species identity influences community composition, 

although the majority of the data were in OTUs that were shared between hosts. Within regions 

communities were spatially heterogeneous, although the vast majority of the data were in shared 

OTUs and distance decay patterns were not observed, suggesting dispersal limitation is not a 

major control over community composition at this scale. Within dunes, high spatial turn-over 

again occurred. Although the roots sampled appeared healthy, many of the dominant fungi 

recovered are potentially pathogenic. 
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4.2 Introduction 

The Baas-Becking hypothesis states that ‘everything is everywhere, but the environment selects’ 

and has influenced expectations regarding fungal endemism for decades (Baas Becking 1934; 

Hazard et al. 2013). This hypothesis suggests that the highly effective dispersal abilities of 

microbes mean that provided the environment is the same, the same species will be found 

everywhere and geographic distance will not influence community assembly even at global 

scales. While this hypothesis has been largely abandoned in recent years (Bahram et al. 2014) 

molecular studies have gathered evidence both for and against fungal taxa having broad ranges. 

Fungal spores in air currents enable some species to disperse widely by air within (Kivlin et al. 

2014) and between separate land masses (Fröhlich-Nowoisky et al. 2012). Not all fungi are 

dispersed effectively in this manner, but even some species of the large-spored subterranean 

Glomeromycota, a phylum typically depauperate in air currents (Egan et al. 2014), appear to be 

globally widespread (Davison et al. 2015). Next generation sequencing has revealed that some 

rare species may be more common than previously thought (Geml et al. 2014; Ovaskainen et al. 

2013) and Mandyam & Jumpponen (2014) suggest that, globally, biomes may share fungal 

communities. Some endophytes cultured from the Atlantic rain forest in Brazil appear to be 

globally widespread (Bonfim et al. 2016). Soil fungal communities in the polar regions show 

low endemism (Timling et al. 2014) with some fungi inhabiting soils from opposite poles (Cox 

et al. 2016).  

On the other hand, molecular approaches have revealed that some species thought to be 

widespread consist of separate lineages occupying restricted ranges (Geml et al. 2008; Salgado-

Salazar et al. 2013). Distance-decay relationships in some fungal communities suggest dispersal 

limitation even at regional scales (Beck et al. 2015; David et al. 2015; Talbot et al. 2014). A 

comparison of 10 studies of phyllosphere and soil fungi found no globally shared operational 

taxonomic units (OTUs) even within these habitat types, with the majority of OTUs restricted 

to a single study (Meiser et al. 2014). Altogether, while it is unlikely that everything is 

everywhere, our understanding of the controls of fungal community composition at broad scales 

remains poor (Dickie et al. 2015; Glynou et al. 2016).   

Host identity can be an important control over the community composition of fungi occupying 

plants. Host preferences have been observed for mycorrhizal fungi (Hausmann & Hawkes 2009; 

Tedersoo et al. 2010b; Vályi et al. 2014), endophytes (Tejesvi et al. 2013) and pathogens (Barrett 

et al. 2009; Gilbert & Webb 2007). Biotic interactions with non-host organisms are also a post-

dispersal filter for microorganisms (Nemergut et al. 2013) with arrival order important in 

determining fungal community composition (Fukami et al. 2010; Werner & Kiers 2015b).  
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A vital component of the Baas Becking hypothesis is the role of the environment in controlling 

fungal community composition, the hypothesis being a precursor to the better known ‘niche 

concept’ in ecology (de Wit & Bouvier 2006). Examining the hypothesis with regards to the 

environment is complicated, however, by the difficulty in disentangling the impacts of space 

from the environment, as these typically co-vary (Miyamoto et al. 2015). At broad extents, 

climatic conditions are important for soil fungi (Tedersoo et al. 2014) and can even influence 

the composition of fungal communities housed within plants (Glynou et al. 2016; Miyamoto et 

al. 2015). Heterogeneous soil conditions can also contribute to community heterogeneity. 

Nitrogen, phosphorus (Leff et al. 2015) carbon (Wu et al. 2013) and pH (Geml et al. 2014) are 

all known to influence fungal communities.  

Given the impact of environmental factors on fungi, examining fungal ranges with respect to 

the Baas Becking hypothesis requires holding the environment constant across space. For fungi 

inhabiting roots, it is also important to hold the host species constant. In this respect, considering 

the fungal fauna associated with invasive species in disjunct but similar environments is a useful 

approach. Depauperate fungal communities occur in association with some invasive plant 

species. Inefficient dispersal of ectomycorrhizal fungi can slow Pinaceae invasions (Nuñez et 

al. 2009) while non-native plants may benefit from a lack of pathogens (Mitchell et al. 2010). 

However, some studies suggest that non-native plants can quickly acquire fungal occupants. 

Clover species native to the United Kingdom associate with similar arbuscular mycorrhizal 

fungal (AMF) communities there and in New Zealand, where these plant species have been 

introduced (Mcginn et al. 2016). The invasive vine Vincetoxicum rossicum accumulated 

complex fungal communities within 12 years of establishing at new sites in Canada (Day et al. 

2015). Associations with Olpidium species, dark septate endophytes and AMF have been 

recorded for a range of invasive plants in Poland (Majewska et al. 2015). 

Ammophila arenaria is a coastal dune grass native to Europe that was moved around the world 

for erosion control in the later part of the 19th century (Bell 1987; Dixon et al. 2004; Wiedemann 

& Pickart 1996). A. arenaria shares many root endophytes with other dune grasses on beaches 

in the western United States (David et al. 2015). In addition to occurring in the same biome 

around the world, A. arenaria flourishes in an environment that is naturally disturbed on a 

regular basis by storms and weather-induced wave events (Maun 2004). Such disturbances 

deposit fresh sand, which is occupied by new roots. These new roots are likely to provide 

opportunity for fungal arrivals to establish, improving the chance of detecting species that 

disperse only sporadically and/or are not consistently present.  
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In this study, we used next generation sequencing to characterise the fungal communities 

associated with A. arenaria roots in its native range in the United Kingdom, and in Australia 

and New Zealand where the plant has been introduced. Spatially explicit sampling allowed us 

to characterise heterogeneity in the fungal communities at multiple spatial scales. Sampling of 

an alternative co-occurring native dune grass in each region was undertaken to examine the 

influence of host plant identity on fungal communities. We ask the following questions: 

1. Are there differences in fungal communities associated with the roots of A. arenaria in 

different places? 

a. Are there differences in fungal richness and community composition among regions? If 

there are changes in community composition, are they correlated with changes in abiotic 

conditions? 

b. Are there differences in fungal richness and community composition among dunes within 

regions? If there are changes in community composition, are they correlated with geographic 

distance between the dunes?  

c. Is there spatial turnover in fungal community composition within dunes and is this related to 

distance? 

d. Are there differences in fungal richness and composition among samples collected from the 

lower, middle and upper sections of the dune faces? 

2. Does host plant identity impact fungal community richness and composition? 

3. Which fungi associate with the roots of coastal dune grasses? 

 

4.3 Materials and Methods 

4.3.1 Sample collection 

We collected Ammophila arenaria samples from three regions - the United Kingdom (UK, two 

sites in England, five sites in Wales), Australia (four sites) and New Zealand (four sites). Root 

samples of the native dune grass Spinifex sericeus were collected from one of the Australian and 

one of the New Zealand sites. Root samples of the native grass Leymus arenarius were collected 

from one site in England. All samples were collected during summer; UK samples were 

collected during June 2014, New Zealand samples during January 2015 and Australian samples 

during February 2015. For site location details, soil properties and climate data, see Appendix 

4.1 and Fig. 4.1. At each site, 24 root samples of A. arenaria were collected from the foredune 

face. Usually this was in a 100 m × 12 m belt transect, with the shorter side placed between the 

dune toe and first ridge, but at one site in Australia (Seven Mile) the belt transect was reduced   
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Figure 4.1: Sites where dune grass roots were collected. 

 

to 100 m × 9.5 m to keep the transect within the foredune face. At the sites in England and 

Australia where two plant species were sampled, the species intermingled on the dune, and roots 

were collected from each where they grew within one metre of each other with the transects 

expanded to 150 m, and 200 m, respectively. At the New Zealand site, the two species grew in 

largely monocultural blocks so 12 samples of each were collected in pairs along a transect where 

two such blocks were adjacent, and the other 12 were collected from 50 m × 12 m quadrats on 

either side. Sampling points were selected via random-stratification, with the dunes divided 

vertically into thirds (lower, middle and upper dune sections), and eight sample points were 

taken in each. Roots were collected from the depth at which they first appeared, with the 

maximum depth sampled being approximately 50 cm. Where non-target species were present, 

or where two species were collected, roots were traced back to the stem so that the host could 

be determined. Sand adjacent to the root samples was collected from each sample point within 

each dune and then mixed before being sent to the Center for Applied Isotope Studies, 
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University of Georgia, USA. Total C and N were measured using the micro-dumas combustion 

method, total P using acid persulfate digest, and pH in water with a pH meter. Samples were 

stored at 4oC for a maximum of five days before processing. Approximately 15 cm of root length 

was selected per sample and cleaned by shaking in 4% tween 80. Following a sterile water rinse, 

roots were chopped in sterile conditions and dried at room temperature in a vacuum in 2 mL 

centrifuge tubes.  

4.3.2 DNA extraction and high throughput sequencing 

Samples were ground in either a SPEX CertiPrep 2000 Geno/Grinder or ball mill MM 301 

(Retsch, Dusseldorf, Germany). DNA was extracted with the CTAB method (Gardes & Bruns 

1993) as follows. An overnight soak in 850 µL CTAB buffer at 4 oC preceded heating for an 

hour to 65 oC. An equal volume of chloroform:isoamyl 24:1 was then added. DNA was 

precipitated following centrifugation with 1.5 volume of chilled isopropanol before incubation 

for one hour at -20 oC. The DNA pellet obtained following further centrifugation was re-

suspended in 500 µL of TE buffer before 50 µL of 3M Na acetate and 500 µL of chilled 

isopropanol were added. Samples were chilled for 20 minutes at -80oC then pellets were again 

obtained by centrifugation. The pellets were washed twice in chilled 80% ethanol before the 

DNA was eluted in 50 µL of water. 

DNA amplification used a three step PCR process modified from Lundberg et al. (2013). The 

ITS region was initially amplified with the primers ITS1f (Gardes & Bruns 1993) and ITS4 

(White et al. 1990). The first PCRs were carried out in 12.5 µL reactions and included 0.4 µL 

(10 µM) of each primer, 2 µL (1 mM) of DNTP, 1.25 µL of BSA (10mg/ml), 0.0625 µL of 

Qiagen® Taq DNA polymerase, 1.25 µL of Qiagen® 10X buffer with 15 mM MgCl2 and 2.5 

µL of undiluted DNA. Thermocycler protocols were initial heating to 95 oC (10 min), 10 cycles 

at 95 oC for one min, 50 oC for one min, 72 oC for one min; and 72 oC for ten mins. In the second 

step, primer constructs including one of six frameshifting nucleotide sequences (used to increase 

sequence diversity at each position to improve sequencing results), a linker sequence recognized 

at the third step, and the ITS sequences as above were used. Each 25 µL reaction contained 5 

uL of DNA from step one, 0.8 µL of each primer, 4 µL of DNTP, 2.5 µL of BSA, 0.125 µL of 

Qiagen® Taq DNA polymerase, 2.5 µL of Qiagen® 10X buffer with 15 mM MgCl2 

(concentrations as above). Thermocycler protocols were as above but 20 cycles were performed. 

The third step ligated MID tags, incorporating a linker region recognizing that used in round 

two and Illumina adaptor sequences. The 25 µL reactions used contained 10 µL of DNA from 

the previous step, 0.5 µL of each primer, 4 µL of DNTP, 1 µL of BSA, 0.125 µL of Qiagen® 

Taq DNA polymerase, 2.5 µL of Qiagen® 10X buffer with 15 mM MgCl2. Concentrations were 
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as for step one apart from the primers which were diluted to 5 µM. The thermocycler protocol 

was initial heating to 95 oC (10 min), 5 cycles at 95 oC for one min, 63 oC for one min, 72 oC 

for one min 20 secs; and 72 oC for 10 mins. Further sequencing preparations were undertaken 

at the University of North Carolina’s High-Throughput Sequencing Facility. Magnetic beads 

were used for amplicon cleaning, size selection and purification. Quantification was done using 

a LabChip GX and prepared libraries were pooled on a Tecan robotic workstation. An Illumina 

MiSeq instrument was used to perform paired-end 2 x 300 bp sequencing. The majority of 

samples from the UK were sequenced together, without samples from the other regions, but 16 

were sequenced in a run with the Australian samples. New Zealand samples were not sequenced 

with those from the other regions. Sequence data has been deposited in the NCBI Sequence 

Read Archive (SRA), the accession number is (in progress).  

4.3.3 Bioinformatics 

Bioinformatics was undertaken with sequences from the forward direction only, using the 

general approach of Andrei et al. (2015). Demultiplexing was done in QIIME v1.8.0 (Caporaso 

et al. 2010) using the split_libraries.py script with quality checking steps disabled. 

Cutadapt v1.7.1 (Martin 2011) was used to select the ITS1f reads and remove the primer 

sequence. The UPARSE pipeline (Edgar 2013) was then largely followed. The 

fastq_filter command was used to trim sequences to 220bp, and to perform quality 

filtering, with the maxee value set to 0.5. Following de-replication and singleton removal, OTU 

picking was undertaken with de novo chimera checking disabled (uparse break -999), otherwise 

default settings were used. Reference-based chimera checking was performed using the 

USEARCH (Edgar 2010) uchime_ref command against the Unite database QIIME release 

v.7 dataset ‘uchime_sh_refs_whole_ITS.fasta’ (Abarenkov et al. 2010). The minh value was 

set to 1.65 following examination of alignments of sequences designated chimeric at more 

stringent minh values. Classification was done in QIIME v1.8.0 (Caporaso et al. 2010) using 

the UNITE reference database v.7 dynamic data set (Abarenkov et al. 2010). OTUs classified 

as non-fungal or with no BLAST hit were checked with BLAST against GenBank, with 

uncultured/environmental sample sequences excluded. These OTUs were retained in the dataset 

where there were matches with fungal sequences with coverage of at least 80 bp, and identity 

matches of at least 80% (and where there were no better matches with non-fungal organisms). 

No attempt was made to classify them. The number of OTUs per class (where this had been 

assigned by the reference database), and classified as Zygomycota incertae sedis, was 

calculated. The top 20 most frequently sequenced OTUs for the A. arenaria samples within each 

region were determined. To moderate the influence of dunes with high sequence numbers, 
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rarefied data whereby each sample within a region had the same number of sequences (see 

below) was used. The rarefied data was used to determine the frequency of these OTUs within 

regions, while unrarefied data was used to ascertain their presence within the three regions. The 

top listed GenBank match from a published study for these OTUs, named to species by the 

depositors (and where a better published match of an alternative genus was not available) was 

recorded. Where query cover of that match was at least 50% and the identity match was at least 

97%, the UNITE species hypothesis (Kõljalg et al. 2013) was recorded if available. Match 

names were updated, and classes and orders were assigned, using MycoBank 

(www.mycobank.org).  

 4.3.4 Statistics 

Table 4.1 summarises the main questions that we asked and the statistical approaches taken to 

address them. Alpha rarefaction plots were generated in QIIME to examine whether sequencing 

depth was sufficient to adequately capture fungal community richness. These plots also allow 

richness among sites and regions to be compared. Sampling adequacy was calculated using the 

specaccum function in the vegan library (Oksanen et al. 2016) using R 3.2.0 (R-Development-

Core-Team, 2015). To visualise shared and unique OTU numbers per region, a Venn diagram 

was constructed using data from the A. arenaria samples only.  

The dataset was then rarefied such that each sample retained had an even sampling depth (see 

Appendix 4.2 for details on final sample numbers per dune and sequencing depths where 

rarefied data were used for within-dune analyses.) For among-region comparisons, where 

rarefied data were used, each dune in each region was represented by 146,000 sequences. We 

omitted Broadhaven South from the UK for the among-region analysis due to poor sequencing 

performance. For the within-region ordination and between-host comparisons, UK samples 

were represented by 2,800 sequences each, Australian samples by 7,000 sequences each, and 

New Zealand samples by 14,000 sequences each. For the within-region distance decay analyses, 

the UK sites were represented by 103,479 sequences, the NZ sites by 561,227 sequences and 

the Australian sites by 312,430 sequences.  

We ordinated the fungal community data, for within-region, among-region, and between-host 

comparisons, using non-metric multidimensional scaling on untransformed data, 4th-root 

transformed data, presence-absence data, and on untransformed data containing only OTUs 

which were in more than 10% of samples being compared. Ordinations of these site-species 

matrix transformations were qualitatively similar, so in the following we present only the 4th-

root transformations. We also evaluated similarity in fungal communities from the lower, middle 

and upper sections across the dune faces. Rarefied data were used for all these analyses and the 

http://www.mycobank.org/
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Table 4.1: Main research questions asked in this study and the statistical approach and key 

results relating to them. 

Question Statistical approach Key results 

1a. Are there differences in fungal richness 

and community composition among 

regions? Do changes in among-region 

community composition correlate with 

changes in abiotic variables?  

Alpha rarefaction plots. 

Permutational multivariate 

ANOVA and dispersion 

analysis. 

 

Figure 4.2 

Figure 4.4 

   

1b. Are there differences in fungal richness 

and community composition among dunes 

within regions? Do changes in community 

composition correlate with geographic 

distance between the dunes? 

Alpha rarefaction plots. 

Permutational multivariate 

ANOVA and dispersion 

analysis. Distance-decay 

curves 

 

Figure 4.2 

Figure 4.5 

Appendix 4.5 

   

1c. Is there spatial turnover in fungal 

community composition within dunes and 

is this related to distance? 

Distance-decay curves Appendix 4.6 

Appendix 4.7 

   

1d. Are there differences in fungal richness 

and composition among samples collected 

from the lower, middle and upper sections 

of the dune faces? 

Permutational multivariate 

ANOVA. Plots of richness by 

location 

Appendix 4.8  

Appendix 4.9 

   

2. Does host plant identity impact fungal 

community richness and composition? 

Permutational multivariate 

ANOVA and dispersion 

analysis. 

Figure 4.2 

Figure 4.6 

Appendix 

4.10 

   

3. Which fungi associate with costal dune 

grasses? 

N/A Figure 4.7 

Appendix 4.4 

 

Bray-Curtis metric was used as a dissimilarity measure (Faith et al. 1987). For within-region 

and among-region comparisons, only A. arenaria data were used. Within-dune analyses were 

performed only on those dunes where alternative hosts were not collected. To assess whether 

the fungal communities being compared differed in their location (polygon centroid) in the 

ordination space we used permutational multivariate ANOVA (PERMANOVA Anderson 2001) 

via the adonis command in the R library vegan (with 999 permutations in all cases). We 

evaluated whether the fungal communities differed in their dispersion (spread) across ordination 

space via a multivariate analysis of homogeneity of dispersion (Anderson 2006) with the 

betadisper command in vegan. The relationship between abiotic conditions and community 

composition among regions was assessed by fitting vectors of the regionally averaged abiotic 

variables across the ordination space (using the envfit command in vegan) with significance 
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assessed via permutation.). The impact of distance on differences in community composition 

among dunes within regions, and spatial turnover across these dunes, was assessed with rarefied 

data via the estimation of distance-decay curves using log-linear binomial generalized linear 

models (GLM) following the approach described in Millar et al. (2011). We also investigated 

whether species richness was higher towards the back of dunes where only A. arenaria was 

collected by comparing richness in samples collected from the lower, middle and upper sections 

of the dunes. 

4.4 Results 

4.4.1 Sampling, PCR and Illumina MiSeq sequencing 

DNA was successfully extracted and amplified from all 24 samples collected from each dune, 

apart from Broadhaven South in the UK, from which sequences were obtained from 21 samples. 

The ITS1f primer generated 10,291,415 sequences that passed quality control, and these 

clustered into 4,756 OTUs. Of these, 10,267,286 sequences which clustered into 4,536 OTUs 

were classified as fungi. Blasting the 297 OTUs against GenBank which were initially 

unclassified, or classified as non-fungi by the UNITE database, resulted in 78 of these being 

retained as fungi. New Zealand had 6,001,199 sequences, Australia 2,803,901 and the United 

Kingdom 1,462,186. For dunes from which only A. arenaria was sampled, sequence totals 

ranged between 103,479 for Broadhaven South in the United Kingdom and 1,773,284 for 

Kawhia Ocean Beach in New Zealand. These sites also had the lowest and highest OTU numbers 

at 274 and 1,476 respectively (Table 4.2). The alternative plants sampled always had more 

sequences than A. arenaria but did not always have more OTUs (Table 4.3). 

The curves on the alpha-rarefaction plots are beginning to asymptote for all individual sites, 

suggesting that the majority of the fungal community has been captured, but deeper sequencing 

would have generated more OTUs (Fig. 4.2). Considering the regions as a whole, the curves are 

nearly saturated. The species accumulation curves show additional sampling within dunes would 

also have captured more OTUs at each site, particularly in Australasia (Appendix 4.3). 

4.4.2 Spatial heterogeneity in A. arenaria fungal communities 

Despite A. arenaria being in its native range in the UK, at equivalent sequencing depths the 

fungal communities on dunes there were less rich than those in Australasia (Fig. 4.2). New 

Zealand had the most A. arenaria OTUs (Table 4.4). Many A. arenaria OTUs were widely 

distributed, with 609 (14%) occurring in all three regions (Fig. 4.3). Australia and New Zealand  
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Table 4.2: Total sequences and OTUs per site derived from A. arenaria roots collected from 

dunes in three regions. The number of OTUs that are unique, within the region, to each site and 

the percentage of total OTUs at each site that they represent, as well as the percentage of 

sequences in these OTUs, of all sequences from each site, is given.    

Region/Site 

Total 

sequences 

Total 

OTUs 

OTUs unique within region 

(% of total OTUs) 

% of seqs 

in unique 

OTUs 

UK     

Braunton Burrows 209,430 746 155 (20.78%) 0.17% 

Pembrey Beach 148,016 704 151 (21.45%) 0.17% 

Broadhaven South 103,479 274 40 (14.6%) 0.07% 

Ynyslas Sand Dunes 242,605 652 127 (19.48%) 0.07% 

Morfa Harlech 226,738 651 107 (16.44%) 0.06% 

Newborough Warren 146,318 318 49 (15.41%) 0.06% 

Cabin Hill 182,047 623 129 (20.71%) 0.10% 

Australia     

Dennington 312,430 1,004 300 (28%) 0.15% 

Rosebud 492,429 999 303 (30%) 0.12% 

Lakes Entrance  772,187 1,196 331 (28%) 0.07% 

Seven Mile Beach 398,979 1,027 237 (23%) 0.12% 

NZ     

Kawhia Ocean Beach 1,773,284 1,476 406 (28%) 0.35% 

Waikawa Beach  561,227 1,220 184 (15%) 0.21% 

Pegasus Bay Beach 1,677,560 1,364 235 14%) 0.24% 

Oreti Beach 937,452 1,327 394 (30%) 0.68% 

    

Table 4.3: Total sequences and OTUs per site derived from A. arenaria and alternative host 

plant roots collected from dunes in three regions. The number of OTUs unique to each host and 

the proportion of sequences in these OTUs, of all sequences from each host, is given.    

Site/Host 

Total 

sequences 

Total 

OTUs 

OTUs unique to  

host at site 

Proportion total seqs 

in unique OTUs 

UK     

Newborough Warren A. arenaria  146,318 318 118 0.91% 

Newborough Warren L. arenarius 203,553 511 311 6.31% 

Australia     

Lakes Entrance A. arenaria 772,187 1,196 489 1.61% 

Lakes Entrance S. sericeus 827,876 957 250 0.24% 

NZ     

Waikawa Beach A. arenaria 561,227 1,220 341 0.48% 

Waikawa Beach S. sericeus 1,051,676 1,345 466 0.76% 
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Figure 4.2: Rarefaction curves for sites in the UK (a), Australia (b), NZ (c), and for 

the three regions sampled (d), showing OTU accumulation with sequencing depth. 

Samples are from A. arenaria roots and L. arenarius roots in (a), from A. arenaria 

and S. sericeus roots in (b) and (c), and from A. arenaria roots in (d).  
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Table 4.4: Total sequences and OTUs recovered form A. arenaria roots sampled in three 

regions, and the percentage of sequences in OTUs unique to each region.  

Region Total 

Sequences 

Total 

OTUs 

% total 

sequences in 

unique OTUs 

New Zealand 4,949,523 2,647 11% 

Australia 1,976,025 2,263 4% 

UK 1,258,633 1,708 10% 

 

 

 

 

 

 

 

Figure 4.3: Unique and shared OTUs recovered from A. arenaria sampled in the UK (green), 

Australia (red) and NZ (blue).  

 

shared more OTUs with each other than with the UK, but each had OTUs found in the UK but 

not in the other Australasian location. While most OTUs (62%) were recovered from only one 

region, the OTUs found in two or all three regions (38%) contained the majority of the sequence 

data (89% - 96% of sequences per region, Table 4.3). In addition, many of the top 20 most 
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frequently sequenced OTUs for each region were geographically widespread (Appendix 4.4). 

Of the 47 most frequently sequenced OTUs listed, 33 were recovered from all three regions and 

nine were in more than one region’s most frequently sequenced list. 

The nMDS ordination, however, shows strong separation by region, with New Zealand and 

Australian A. arenaria communities being more similar to each other than to those in the United 

Kingdom (Fig. 4.4). This plot allows sequence frequency to have some influence over the 

results, as it uses a 4th-root transformation, but the pattern is consistent across all of the data 

treatment/transformations we assessed. This regional separation is supported by PERMANOVA 

analysis (F2,11 = 3.235, p = 0.001). There was no difference in dispersion across the ordination 

space among the regions (F2,11 = 0.3873, p = 0.688). Regional differences in fungal communities 

correlated with changes in pH and nitrogen levels among the regions, which were strongly co-

linear, and with maximum and minimum temperatures, which were also correlated (Fig. 4.4). 

No significant correlation was found with the other abiotic variables measured.  

 

 

 

Figure 4.4: Distribution of fungal communities in A. arenaria roots in three regions based on 

4th-root transformed data using non metric multidimensional scaling. The significant predictors 

minimum and maximum annual temperature are correlated with each other, as are total nitrogen 

and pH. Stress = 0.106.  
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Richness among dunes varied within regions, even when sequencing depths were the same (Fig. 

4.2). The dune with the highest richness of fungi associated with A. arenaria roots in the UK, 

Braunton Burrows, had more than twice as many OTUs as the least rich dune, Broadhaven South 

(Table 4.2). There was less variation in richness within Australia and New Zealand. While the 

proportion of A. arenaria OTUs unique to any one site within a region was between 14% and 

30%, the proportion of sequence data within these OTUs was small, being between 0.06% and 

0.68%. However the nMDS ordinations again show differences in community structure across 

dunes (Fig. 4.5), and again this was robust to data treatment/transformation. In Australia, 

communities at Dennington and Seven Mile Beach were similar to each other, but they separate 

from Rosebud and Lakes Entrance. These differences are reflected by PERMANOVA analyses 

(F3,85 = 8.1511, p = 0.001) and there was no difference in scatter among the sites (F3,85 = 1.083, 

p = 0.361). In the New Zealand plots, the majority of samples separate by site (PERMANOVA 

F3,86, = 8.217, p = 0.001). There was less variation among samples at Oreti and Pegasus than at 

Kawhia or Waikawa (median distance of sites to centroid: 0.507 (Kawhia), 0.450 (Oreti), 0.454 

(Pegasus) and 0.483 (Waikawa)), and overall there was a significant difference in dispersion 

between the sites (F3,86 = 6.615, p = 0.0004). For the UK sites, PERMANOVA analysis reveals 

community differences among the dunes (F6,145 = 8.1184, p = 0.001). However there were also 

significant differences in dispersion between sites (F6,145 = 3.832, p = 0.001.) Distance was 

correlated with community difference among dunes in New Zealand, but not in the UK or 

Australia (Appendix 4.5). Soil nutrient levels were low (Appendix 4.1). 

There was also high beta-diversity among samples within dunes, demonstrating that high spatial 

turnover occurred at small scales. Some sites showed a trend toward decreasing similarity with 

increasing distance and this was statistically significant at Seven Mile Beach in Australia, 

Kawhia Ocean Beach and Pegasus Bay Beach in New Zealand, and at Braunton Burrows and 

Pembrey Beach in the UK (Appendix 4.6, 4.7). 

There was no consistent evidence that fungal community composition was influenced by vertical 

position on the dune although there were significant differences in community by position at 

Morfa Harlech in the UK (F2,20 = 1.914, p = 0.001) and Seven Mile Beach in Australia (F2,22 = 

1.684, p = 0.001, Appendix 4.8). There was no difference in the richness of root samples 

collected from the lower, middle and upper sections of the dunes (Appendix 4.9). 
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Figure 4.5: nMDS ordinations of fungal communities in A. arenaria roots in dunes in the UK 

(a), Australia (b), and New Zealand (c) based on 4th-root transformed data using non metric 

multidimensional scaling. Stress = 0.242 (UK), 0.221 (Australia), 0.247 (NZ). Grey lines 

indicate distance from each location to the polygon centroid. 

4.4.3 Host plant species influence over fungal community composition 

Fungal community richness was similar between A. arenaria and S. sericeus at Waikawa Beach 

in New Zealand, but A. arenaria associated with a richer community than S. sericeus at Lakes 

Entrance in Australia while L. arenarius was considerably richer than A. arenaria at 

Newborough Warren in the UK (Fig. 4.2, Table 4.3). Again, the majority of sequences are in 

shared OTUs (Table 4.3), with the most frequently sequenced OTUs found in both host plants 

in each dune (and often in similar numbers of samples, Appendix 4.10). There was more overlap 

in fungal communities when comparing hosts than when comparing regions (Fig. 4.6), but 

PERMANOVA indicates separation by host species, revealing differences which are 

statistically significant (Australia: F1,44 = 2.799, p = 0.001; NZ: F1,40 = 0.9474, p = 0.001; UK: 

F 1,43 = 2.067, p = 0.002).  

 

 

Figure 4.6: nMDS ordinations of fungal communities associating with the roots of A. arenaria 

and with the roots of alternative host plants L. arenarius in the UK (a), S. sericeus in Australia 

(b) and S. sericeus in New Zealand (c) based on 4th-root transformed data using non-metric 

multidimensional scaling. Stress = 0.248, 0.220, 0.242, respectively. 
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4.4.4 Fungal community profile 

OTUs were recovered from 22 classes. The Sordariomycetes class contained 1,568 OTUs, 

nearly half of those which we were able to classify (Fig. 4.7). The next most diverse classes 

were the Glomeromycetes, Dothideomycetes, and Agaricomycetes, with several hundred OTUs 

each. In the UK, Australia and New Zealand, the 20 most frequently sequenced OTUs accounted 

for 52%, 60% and 58% of the data respectively, with the most frequently sequenced OTU having 

between 7% and 9% of the sequences (Appendix 4.4). The majority of the 47 A. arenaria OTUs 

comprising the most frequently sequenced list were ascomycetes, (35 OTUs), the next most 

dominant phylum was the Basidiomycota (nine OTUs). Only two of the most frequently 

sequenced OTUs were in the Glomeromycota, one each in the UK and Australia. There was 

only one frequently sequenced Chytridiomycota but this OTU, with a 100% match to Olpidium 

brassicae, was in the top 20 lists for all three regions. The four OTUs placed in the top 20 lists 

for all three regions have matches of at least 98% with sequences from species previously 

recorded as pathogens. According to the UNITE species hypotheses, three of these 

(Plectosphaerella cucumerina, Microdochium bolleyi, and Lewia infectoria) have broad global 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Number of OTUs per class recovered from roots of A. arenaria sampled in the UK 

and Australasia, from L. arenarius roots sampled from the UK and from S. sericeus roots 

sampled from Australasia.  
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ranges and associate with a wide variety of hosts. The dunes surveyed hosted OTUs that may 

be undescribed species; while only two of the most frequently sequenced OTUs from the UK 

had matches with identity values below 95%, there were five such OTUs from Australia and 11 

from New Zealand. The two most frequently sequenced OTUs in New Zealand had identity 

values with matches of only 90% and 85%, although allowing matches from environmental 

sequences found identity values of 97% (HQ010683.1) and 95% (GQ512112.1, query cover 

values were 96% and 92%). 

 

4.5 Discussion 

4.5.1 Spatial heterogeneity in A. arenaria fungal communities 

The increase in richness in the fungal communities associating with A. arenaria roots outside 

its native range was dramatic. A global comparison of richness in soil fungi (Tedersoo et al. 

2014) describes similar richness among the regions we sampled. That study also identified high 

precipitation as driving high soil fungal richness although the opposite effect has been found for 

root endophytes in Europe (Glynou et al. 2016). Our results do not demonstrate a consistent 

precipitation-richness relationship across regions. The UK sites are uniformly wetter than those 

in Australia, which had a richer fungal community, while the New Zealand sites are both slightly 

wetter and richer in species than those in Australia. Similar inconsistencies were seen with 

temperature, slightly cooler New Zealand is slightly richer than warmer Australia although the 

coolest region on average – the UK – is the least rich.  

Even though more sites were sampled in the UK, they span a smaller geographic distance than 

do the sites sampled in Australia and New Zealand. This reduced range could lead to lower 

richness being captured. Greater geographic distance potentially correlates with increased 

variation in inter-site environmental conditions, such as climate and substrate quality, which 

influence fungal community composition (Leff et al. 2015; Tedersoo et al. 2014; Wu et al. 2013). 

Nevertheless, our results demonstrate that an invasive plant can associate with fungal 

communities outside its native range that are at least as rich as those in its native range. 

Comparisons of fungal richness in the roots of plants in their native and non-native ranges are 

rarely undertaken, but AMF community richness has been shown to be roughly equivalent in 

clover species sampled in their native UK and in New Zealand where they have been introduced 

(Mcginn et al. 2016).  

While each of the three regions we sampled harboured OTUs not recovered elsewhere, the 

majority of OTUs in each region were shared with at least one other region, and these comprised 
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the vast majority of the sequence data. New Zealand and Australia shared more OTUs with each 

other than with the more distant UK, which could result either from dispersal limitation being 

weaker between the two closer regions, or from those regions sharing more similar environments 

and/or geological history. Interestingly, however, despite its greater isolation, the UK had almost 

the same amount of data in shared OTUs as New Zealand. We recognize that the ITS region 

fails to separate some fungal lineages (Ryberg 2015), hence our dataset may include lineages 

with restricted ranges that have been grouped into single OTUs. It is also possible that 

contamination could have resulted in some shared OTUs, which the use of negative controls 

might have ruled out. However all of the New Zealand samples were sequenced separately from 

those obtained in the UK and Australia, negating the opportunity for tag switching among these 

samples and those from the other regions during sequencing (Carlsen et al. 2012). OTU sharing 

among regions as a result of errors in MID tag production was eliminated by the use of unique 

MID tags for every sample. Our bioinformatics procedures ensured any sequences assigned to 

the wrong region by incorrect barcodes were discarded. In addition, the UK samples were 

prepared in a different laboratory from all other samples, significantly reducing the possibility 

of contamination among these samples and those from other regions during sequencing 

preparation. While there are few global level studies of fungal ranges, there is evidence based 

on next generation sequencing for some soil fungi (Cox et al. 2016; Tedersoo et al. 2014) and 

for AMF (Davison et al. 2015) having wide ranges encompassing multiple land masses. The 

relative rarity of OTUs recovered in only one region suggests they may not be permanent, well-

established dune residents, but rather disperse from other more favourable environments, and 

sampling in those environments in the other regions may have recovered them.  

Even though the majority of sequences were in shared OTUs, the ordination analyses show clear 

differences by region, and the robustness of this pattern across data treatments shows that 

differences in relative abundances of sequences occurred alongside the presence of unique 

OTUs. Our results suggest that differences in temperature extremes among regions might 

explain this trend. Previous studies have shown correlations between fungal community change 

and temperature, although corresponding changes in other environmental variables such as 

precipitation (Glynou et al. 2016) and plant community variation (Timling et al. 2014) challenge 

efforts to determine the relative importance of this factor in general. Soil resource levels also 

influence dune fungi communities. Compositional differences corresponded with changes in 

nitrogen and pH among regions. However, the nitrogen gradient was heavily influenced by the 

Australian sites, with nitrogen levels so low in Australian sands that it was undetectable. 

Influences of these soil qualities over fungal community composition have been reported 

previously (David et al. 2015; Geml et al. 2014; Leff et al. 2015; Walker et al. 2014) 
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Differences in fungal richness and community composition were also seen among dunes within 

regions. Again, differences in the climatic variables we considered do not appear to be driving 

differences in richness. For example, where sequencing depths are the same, the wettest site in 

the UK, Pembrey Beach, had the highest richness while in Australia, the driest site, Seven Mile, 

was the second richest. Community composition also differed within regions, despite the vast 

majority of the data being in OTUs that were shared among sites. Variable community 

composition could be due to environmental variation, but stochastic factors are also likely to be 

significant. For example, soil quality did not explain variation in soil fungi composition across 

Scotland (Powell et al. 2015) or variation in root and soil associates of an Australian heath 

species collected along a 500 km long transect (Beck et al. 2015). In these cases it was concluded 

that stochastic processes were likely to be important in driving community assembly. Mueller 

et al. (in press) suggested stochastic factors were behind the differential development of fungal 

communities in two secondary forests in Brazil. Stochastic processes may be particularly 

significant on dunes, as highly disturbed ephemeral environments may preclude niche-driven 

community assembly (Krüger et al. 2015; Martínez-García et al. 2015). While geographic 

distance was not consistently related to differences in community composition, fungal dispersal 

can be sporadic and is unlikely to be either constant in time or equal across species (Kivlin et 

al. 2014; Peay & Bruns 2014). Sand deposition promotes growth in A. arenaria (Huiskes 1979; 

Konlechner et al. 2013). Sand erosion and deposition could result in fungal community turnover, 

with new roots becoming available and community assembly depending on fungi arriving at the 

time. While some dispersal will occur continuously, and later arrivals could still be detected by 

sequencing, their dominance may be reduced by already established fungi (Fukami et al. 2010; 

Werner & Kiers 2015) resulting in the development of different communities in different dunes. 

There was a high degree of community turnover within dunes, which was not consistently 

related to geographic distance between samples, suggesting that fungi are not dispersal limited 

within dunes. High beta-diversity for fungal communities over small extents is commonly 

reported (Cheeke et al. 2015; Kjøller & Rosendahl 2014; Queloz et al. 2011; Ramirez et al. 

2014; Talbot et al. 2014). The patchiness we found indicates that extensive sampling is required 

to capture the composition of fungal communities accurately, and this inference is supported by 

our species accumulation curves. We found no evidence that vertical dune position influenced 

fungal community richness and no consistent evidence for dune position influencing fungal 

community composition. This may be because the distance surveyed between the lower and 

upper dune was short. The vertical environmental gradient seen on dunes has been found to 

influence endophytic fungal communities in dune grass roots in the United States (David et al. 

2015) and AMF in a dune in Japan (Yamato et al. 2012). However, in these instances the vertical 
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distance surveyed was much greater and so may have spanned a greater environmental gradient, 

which will in turn have a consistently greater effect on fungal communities. 

4.5.2 Host plant species influence over fungal community composition 

The fungal communities associated with A. arenaria roots in its invasive range were richer than 

those in the other native grasses sampled, further confirming that the non-native status of an 

invasive plant does not necessarily impede its ability to associate with fungi. Again, the majority 

of data were in OTUs that were shared between host species, and all of the most frequently 

sequenced OTUs were found in both host species. This level of sharing is unsurprising given 

that the host plant species are in the same family, and closely related hosts are more likely to 

share fungi (Gilbert & Webb 2007; Wehner et al. 2014). However, fungal communities differed 

between the alternative host plants surveyed at each of the three dunes. Curiously, this contrasts 

with a previous study we conducted that found no statistical evidence for differences in fungal 

communities between A. arenaria and an alternative native grass in California using the same 

methodology (Chapter three.) Previous studies have demonstrated that host plant identity 

impacts fungal community assembly. AMF differed among Poaceae species in grasslands in 

Germany (Vályi et al. 2014) and host identity influenced both AMF and non-AMF fungal 

communities in herbaceous alpine perennials in Colorado, U.S.A (Becklin et al. 2012). More 

research is needed to understand the circumstances under which host identity influences fungal 

community composition (Dickie et al. 2015), and to examine differences in fungal functions 

between hosts. Differing fungal relationships between native and exotic plants can influence 

competitive relationships between them (Yang et al. 2014) and could therefore influence 

invasion trajectories (Pringle et al. 2009).  

4.5.3 Fungal community profile 

Most OTUs could be identified to class, with the Sordariomycetes class dominant in the dune 

environments sampled, containing the most OTUs overall and the majority of the sequences and 

OTUs in the most frequently sequenced group. This class, the third most speciose of the 

ascomycete classes (Kirk et al. 2008), has also been found to be dominant in Amazonian tropical 

forest soils (Mueller et al. in press; Peay et al. 2013). The UNITE species hypotheses reveal the 

extent to which some of the most common fungi are wide-ranging and flexible in terms of 

environment and host. However classifying OTUs by matching them to sequences in public 

databases remains problematic. For example two of our OTUs match the same sequence named 

as Lewia infectoria, with 97% and 98% identity values. These OTUs may represent either 

different species or intraspecific variability. The UNITE species hypothesis associated with the 

match has a different name from the match, and includes sequences with 28 different names. In 
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other cases, we could not identify even frequently recovered OTUs with any confidence. While 

this inability may reflect a poor knowledge of the diversity of the fungal kingdom (Kõljalg et 

al. 2013) these OTUs do not necessarily represent unknown species. Many formally described 

species do not have sequences in public databases and rectifying this shortcoming would 

improve efforts to classify OTUs (Brock et al. 2009; Öpik et al. 2014).  

Where named matches with high identity values were obtained, they reflect the high functional 

and phylogenetic diversity represented by the fungal community on the dunes. These matches 

were commonly with sequences from pathogenic fungi (e.g. O. brassicae, P. cucumerina, M. 

bolleyi, L. infectoria, Sarocladium strictum, Fusarium oxysporum, Fusarium graminearum), 

some of which have been recovered from a range of environments and hosts. However, they 

may not be pathogenic on the dune grasses sampled. Fungi that are pathogenic on some plants 

can exist as apparently harmless endophytes on others (Bonfim et al. 2016; Malcolm et al. 2013). 

There are also matches with the saprotrophic dune specialists Psathyrella ammophila and Peziza 

ammophila.  

It is notable that only two Glomeromycota matches were recorded as frequently sequenced. This 

fungal group is considered to be functionally important in dunes and many morphologically 

described AMF have been found in this environment (Koske et al. 2004). Molecular techniques 

have previously recovered Glomeromycota extensively associating with dune grass roots, 

including those of the plant host species used in this study (Johansen et al. 2015; Rodríguez-

Echeverría & Freitas 2006; Yamato et al. 2012). Primer choice can heavily influence the AMF 

recovered from environmental surveys (Kohout et al. 2014) and the general fungal primer we 

used may not be optimal for recovering the group. Studies targeting this group typically use the 

small sub unit (SSU) rDNA region. While we have recovered more AMF OTUs in the dune 

environment than ‘virtual taxa’ recognized via the SSU region, and more OTUs than 

morphospecies currently described (Öpik et al. 2014), this may reflect the high variability within 

the ITS region that can occur within AMF taxa (Stockinger et al. 2010; Stockinger et al. 2009). 

 

4.5.4 Conclusions 

We demonstrate that many root associated fungi have wide ranges spanning the North and South 

Hemispheres. Consequently, invasive plants may encounter familiar symbionts as they expand 

their ranges. In addition, there is evidence that invasive species can associate with local fungi 

whose distribution may be more restricted so that altogether their root-associated fungal 

communities are not necessarily depauperate in comparison to those in their native range. With 
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the vast majority of data in shared OTUs, both among and within regions, dispersal limitation 

does not seem to be prevalent among dominant members of the fungal communities associating 

with A. arenaria roots. This observation supports the Baas Becking hypothesis to some extent, 

although dispersal may be inconsistent enough in time and space to explain some of the multi-

scale heterogeneity we observed. Changes in temperature and soil resource levels correlate with 

differences in community composition at large extents, suggesting that they influence dune root 

associates. While dune grasses co-occurring with A.arenaria shared most of this plant’s fungal 

associates, host plant identity consistently influenced fungal community composition, showing 

this can be important for even closely related plants. The predominance of potential pathogens 

in apparently healthy roots, and the regular recovery of OTUs without matches to sequences 

from described organisms, highlights a lack of knowledge of fungal community function and 

composition in natural ecosystems.  
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Chapter 5 

 

General discussion 

 

5.1 Spatial heterogeneity of dune grass root fungal communities 

The Baas Becking hypothesis predicts that the same environments will support the same fungal 

communities (Baas Becking 1934). While it provides a useful starting point for biogeographical 

studies into microorganisms, it is difficult to test. Dispersal can be directly measured through 

spore capture but only a tiny fraction of the air currents being investigated can be screened. Rare 

long distance dispersal events, which are likely to have a significant influence on the 

biogeographical patterns of all sessile organisms, are especially difficult to detect (Nathan 

2006). Distance decay in community similarity is often used to suggest dispersal limitation but 

this is problematic given environmental factors often co-vary with distance (Miyamoto et al. 

2015). Holding the environment constant across broad geographic space is an alternative to 

measuring dispersal directly given spatial heterogeneity could then infer dispersal limitation. 

This thesis has achieved this to some extent by locating environmentally similar sites separated 

by large distances supporting the same specialized plant.  

Locating areas with the same environmental characteristics, however, is challenged by the large 

number of environmental factors which fungi respond to. These include the major soil and 

climate variables already discussed in this thesis and numerous other less investigated but still 

potentially important variables, for example levels of salinity (Yamato et al. 2008) and of 

elements such as zinc and copper (Hartikainen et al. 2012). The catch-all term ‘environment’ is 

typically assumed to refer to abiotic factors but biotic interactions, both within and outside of 

the fungal kingdom can also impact fungal communities and will vary across space. Soil fungi 

are often considered important ‘bottom up’ controllers of ecosystem processes and ‘top down’ 

processes impacting them receive less attention, but these can also influence fungal community 

composition. For example grazing isopods can reduce the dominance of cord forming 

basidiomycetes in soil (Crowther et al. 2013).  
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In this thesis I tried to select dunes which were uniform in terms of marram dominance, had a 

distinct foredune slope, and with a width of at least 12 metres, but factors beyond that were 

difficult to control for. For example the dunes differed in slope, distance from the sea, degree of 

sand input, other plant species present and likely anthropogenic impacts in terms of accessibility 

and adjacent development. The regional nMDS ordination in Chapter four correlating change in 

communities among regions with differences in temperature, nitrogen and pH suggests that the 

dune environments studied were not the same with regards to at least some factors which are 

important to fungal community composition. It is likely that with their extremely high diversity 

and small size, fungi respond to environmental change on a much finer scale than their host 

plants do. Given that multiple environmental variables co-vary over space and that stochastic 

processes challenge our ability to infer drivers of microbial community composition, controlled 

experiments alongside further environmental surveys are needed to improve understanding of 

the key drivers of fungal biogeography (Hanson et al. 2012; Peršoh 2015).  

This thesis shows that, despite fungal community composition varying among and within 

regions, many fungi are wide ranging. Using NGS to assess biogeographic ranges of 

microorganisms could potentially be misleading as inactive propagules of organisms can be 

detected which may never successfully establish at a site (Hanson et al. 2012). By focusing on 

roots, however, we reduced this probability, and inactive fungal material loosely associated with 

roots would have been removed during sample cleaning. What is more likely to impede accurate 

interpretation of fungal ranges is the application of a blanket 97% cut off range for OTU picking 

as discussed above. This approach could have failed to separate some groups of species (Garnica 

et al. 2016; Ryberg 2015). Future work improving knowledge of the genetic and morphological 

characteristics of dune grass endophytes using culturing, to determine whether apparently 

widely spread species are in fact the same entity, is required to properly examine the degree to 

which taxa are spread across regions.  

There are also OTUs which appear to be more restricted in range. Some fungi detected in this 

study may be more widespread than I have reported. Searches against GenBank allowing 

matches from environmental samples, and unnamed sequences, found matches for two of the 

three most frequently sequenced OTUs from Chapter four which were detected in only one 

region, with identity values of 97% and 99%. These matching sequences were from distant 

locations. As sequences continue to accumulate in public databases, the suspected geographic 

ranges for fungi will no doubt continue to expand. Nevertheless records from organisms with 

macroscopic fruit bodies, which are less cryptic than root endophytes, and the restricted ranges 

of some crop pathogens which are typically well known, demonstrate that everything is not 

everywhere, at least not all of the time (Bebber et al. 2014; Vellinga et al. 2009). Investigation 
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is needed to determine whether particular microbial traits can be linked to restricted and to 

widespread ranges (Hanson et al. 2012).  

Evidence for within region variation in fungal community composition was presented in Chapter 

four, and Chapters two, three and four all demonstrated high beta diversity among samples 

within dunes, resulting in high turnover among the fungal community even at small spatial 

scales. Samples collected across distances of less than one metre in Chapters two and three were 

more similar to each other than to more distant samples. However this spatial relationship 

quickly collapsed at larger scales in the dune environment. The lack of consistent distance decay 

patterns within and among dunes, combined with the majority of data being in OTUs shared 

among regions, suggests that complete dispersal limitation is unlikely to be behind variation 

within regions and within dunes. Atypical dispersal opportunities are also likely to be available 

to fungi associated with dune grass roots. A. arenaria roots can survive prolonged dispersal in 

sea water, allowing for migration along and between dunes (Konlechner & Hilton 2009) and 

AMF in roots of other dune plants are able to survive immersion in sea water for at least a week 

(Koske & Gemma 1990). In addition, the initial establishment of marram in some places in its 

invasive range involved the movement of whole plants between dunes. Nevertheless as 

discussed in Chapter four, infrequent dispersal combined with biotic interactions could still lead 

to alternative dune communities in different places and could also be behind some of the 

patchiness within dunes. Efforts were not made in this study to correlate change in 

environmental variables with community change within regions, and only pH was tested as a 

potential control over community composition within dunes. Powell & Bennett (2016) found 

stochastic processes are likely to have considerable impacts on AMF community heterogeneity 

at small scales, and Mueller et al. (in press) suggest stochastic processes are behind the divergent 

development of fungal communities in two similar secondary forests in Brazil. However tests 

of potential environmental impacts via the sampling of additional sites with greater variation in 

abiotic variables, within regions, could shed further light on the importance of environmental 

factors to the assembly of fungal communities in dunes. 

As this thesis has demonstrated, high diversity combined with distribution patchiness means that 

both extensive sampling and deep sequencing are needed to generate accurate community 

profiles, particularly when whole communities are being considered. The species accumulation 

curves were not saturated in Chapter three for the ITS and LSU regions, and neither were they 

saturated in Chapter four. Further sampling within the sites investigated could have generated 

many additional OTUs. The need for exhaustive sampling in order to elucidate biogeographic 

pattern in fungal communities was also demonstrated by Queloz et al. (2011) who found that 

increasing the number of samples collected in an area had more impact on overall richness 
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recovered than increasing the geographic distance between areas sampled. The importance of 

deep sequencing for reliably capturing less common taxa (or those which are not reliably 

recovered by NGS) was shown by Smith & Peay (2014). 

 

5.2 Host plant species influence on fungal community composition 

In this thesis, I report contradictory results concerning the impact of host species identity on 

fungal community composition in dune grass roots, echoing the inconsistency around this seen 

throughout the literature, which was considered in Chapters one, three and four. A possible 

explanation for the differing results in Chapters three and four is the differences in plant 

community composition on the different dunes used in these two studies. While quantitative 

data is not available for the relative abundances of the plant species under consideration, the 

Humboldt Bay foredune studied in Chapter three was dominated by largely monospecific blocks 

of Ammophila arenaria. Leymus mollis was distributed throughout, but often as only single 

plants within the blocks, or as small groups of plants in front of or adjacent to these blocks. Such 

extreme dominance was not seen in the sites studied in Chapter four. In Australia, the different 

species occurred more evenly mixed together although there was dominance by S. sericeus. In 

New Zealand, samples were collected from within largely monospecific blocks of each plant 

and also at the point where these blocks were adjacent. In the U.K., there was co-dominance by 

A.arenaria and L. arenarius. The lack of host plant impact on fungal community composition 

seen in Chapter three which was not seen in Chapter four could therefore be due to the 

dominance of A. arenaria, which could be influencing the communities in L. mollis roots. The 

possibility that neighbouring plants influence each other is shown by the Monte Carlo 

permutation analysis in Chapter three, which demonstrates that paired samples were more 

similar to each other than to other geographically more distant samples.  

Previous work, which typically focused on mycorrhizal fungi, has shown that neighbouring 

plants can influence root occupants. In a subtropical Japanese forest, sequences of 

ectomycorrhizal fungi were more likely to be obtained from non-fagaceous plants, which 

typically associate with AMF but not ectomycorrhizal fungi, when they grew alongside 

fagaceous plants which are more typically ectomycorrhizal (Toju et al. 2014). A greenhouse 

study examining AMF in the roots of grasses grown in conspecific monocultures and 

heterospecific mixes found the influence of neighbouring plants was as great as the influence of 

host plant identity in structuring fungal communities. The potential for one host to control the 

AMF in another was demonstrated (Hausmann & Hawkes 2009). The same study also 
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demonstrated that host identity impacts were uneven, with some hosts sharing fungal 

communities while others did not, even though all the hosts were grasses that could occupy the 

same environment. This could also explain why differences in fungal communities were not 

detected for L. mollis and A. arenaria but were found for the other alternative grasses. 

Undertaking greenhouse experiments with L. mollis and A. arenaria grown in mixed and 

conspecific plantings would improve the chance of detecting host identity impacts for these 

species and enable the influence of A. arenaria on L. mollis fungal communities to be 

determined. 

The impact of host species on fungal community composition seen in the U.K. and Australasia 

in this thesis demonstrated that even plant species from the same family specialized to the same 

environment can differ in their fungal communities. Differing community composition was seen 

despite the majority of sequences being in OTUs recovered from both species. Such sharing 

could partly be a result of the paired sampling design, with neighbour influence being potentially 

important as discussed above. Differences were also detected despite distance decay analyses 

for some dunes in Chapter four showing that community similarity between samples was more 

likely when they were adjacent to each other. Other studies have shown that different host plant 

species can share many fungal taxa but differ in overall community composition (Bonfim et al. 

2016; Hausmann & Hawkes 2009; Torrecillas et al. 2012). The host species differ in above 

ground traits, for example A.arenaria has greater biomass than S. sericeus (Verhoeven et al. 

2014) but little is known about below ground traits which may be more important.  

There are various ways in which host identity could influence fungal communities. For example 

hosts can differ in their output of signalling molecules like strigolactones and this could 

differentially select for AMF species (Yoneyama et al. 2008). All AMF do not benefit all host 

species equally (Johnson & Graham 2013) and plants may differentially allocate carbon to more 

beneficial AMF partners, encouraging their proliferation (Kiers et al. 2011). Differential 

functions of endophytes in different hosts (Mandyam et al. 2012) could also impact whether 

they are encouraged to proliferate or are suppressed by different hosts. If there are differences 

in root architecture, these may also influence differences in fungal community composition 

(Sikes et al. 2009). Future investigations into whether factors such as signalling molecules, the 

impacts of the dominant fungal taxa on host plant fitness, and root architecture differ between 

these host plant species would be valuable as they could elucidate the mechanisms by which 

different hosts develop different fungal communities. It would be particularly worthwhile to 

investigate whether the different fungal communities which have assembled in the host plants 

are more beneficial to them than the communities in the alternative plants and whether this 

impacts competitive interactions between the plants. The invasive forb Solidago canadensis 
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develops a different AMF community to that generated by a co-occurring native forb in China, 

and these communities in turn differentially benefit their host plants (Zhang et al. 2010). 

However it is also possible that community differences are driven by the differing abilities of 

pathogens to proliferate on the plants. The overall effect of soil microbial communities obtained 

from United States dunes on A.arenaria was negative (Beckstead & Parker 2003).  

If the fungal communities developed by the alternative hosts have differential impacts on the 

host species, there could be implications for restoration efforts, particularly in sites such as that 

studied in Chapter three where the invasive plant has become dominant. Invasive plants can 

leave legacy effects. These have been well studied for AMF communities (Bunn et al. 2015) but 

not for whole fungal communities. Restoration efforts often involve removing invasive species, 

and dune restoration in the United States and New Zealand sometimes involves the removal of 

A. arenaria (Pickart 2008, Gadgil 2006). The occurrence of dominant OTUs across both hosts 

in the Chapter four study alongside the wide range of dominant fungal OTUs within regions 

suggests that, if L. mollis would develop a different fungal community in the absence or reduced 

dominance of A. arenaria, members of that fungal community are likely to be available to it at 

the site in the presence of and after the removal of A. arenaria. However the time it would take 

for a shift in fungal community to occur is not known. The Humboldt Bay dune would provide 

an ideal system to begin to understand the speed at which fungal communities can change 

following plant changes, via repeated sampling following restoration efforts involving the 

removal of A. arenaria. 

 

5.3 Profiling fungal communities in dune grass roots with next 

generation sequencing  

Next generation sequencing (NGS) has rapidly become a vital tool for profiling fungal 

communities in both managed and natural ecosystems (Peršoh 2015; Schlaeppi & Bulgarelli 

2015). The development of NGS technologies has enabled this thesis to profile the fungal 

communities in dune grass roots at multiple spatial scales, to a degree which would have been 

impossible with other approaches. Culturing would have been unfeasible with the labour 

available, and would have recovered only culturable fungi. Older molecular techniques such as 

cloning, T-RFLP and DGGE, which provide reduced sequencing depth and/or poorer taxonomic 

resolution, do not produce the detailed community pictures which can be obtained with NGS 

(Peršoh 2015; Schlaeppi & Bulgarelli 2015).  



 

87 
 

While debates continue over which are the optimum approaches for each step in the methods, 

from sample preparation to bioinformatics processing, comparisons of different techniques 

typically find these generate largely the same ecological and biogeographic signals (Brown 

Rigdon-Huss & Jumpponen 2014; Lekberg et al. 2014; Mueller et al. 2016). However, 

uncovering which fungi are present in a given site at the species level is more challenging than 

revealing patterns of community change over space, time, or changing environmental 

conditions. Efforts to assign non-AMF sequences to taxonomic ranks below the level of class 

were not made for any but the most frequently sequenced operational taxonomic units (OTUs), 

after examining GenBank BLAST matches for OTUs with low E-values from the QIIME based 

classification, and with low confidence levels from RDP classifier. These OTUs (and even 

others with higher scores which were randomly selected) would often find either poor matches 

or multiple matches with equally high scores from different families, genera and even orders. 

Chapter three demonstrated that the ITS region used was more useful for OTU classification 

than the LSU region, and the improved sequencing depth seen in Chapter four, which was 

achieved by changing the sequencing protocol (mainly loading more DNA on the Illumina 

MiSeq instrument), showed that this gene region can be reliably amplified from dune grass roots. 

Nevertheless, the multiple species names assigned to sequences within the same UNITE species 

hypotheses, the matching of different OTUs to sequences from the same species with identity 

values of at least 97% - in one instance to the same sequence (Chapter four) and in another to a 

different sequence (Chapter three), and the large number of frequently sequenced OTUs which 

did not find matches, are indicative of the challenges in classifying even ITS OTUs.  

Where matches were made with GenBank sequences, they suggested a diverse fungal 

community was present on dunes, which was dominated by fungi recorded as pathogens in other 

ecosystems, despite the roots sampled appearing healthy. A variety of potentially pathogenic 

endophytes have also been obtained in culture based studies of fungi occupying Microthlaspi 

roots in Europe (Glynou et al. 2016) and tree roots in Brazil (Bonfim et al. 2016). Several 

pathogenic species have also been isolated from apparently healthy dune grass roots in Oregon 

(Martin & Dombrowski 2015). The presence of these fungi demonstrates that natural systems 

could harbour pathogens of managed ecosystems. Malcolm et al. suggested that many pathogens 

may have a broader host range than previously realized, existing as harmless endophytes on 

some plants - a phenomenon which is not well understood. An example of a pathogen also found 

as an endophyte is given by the widespread, dominant, Microdochium bolleyi. This fungus has 

been associated with basal rot on creeping bent grass (Hong et al. 2008) but can also control 

more problematic organisms on wheat roots (Kirk & Deacon 1987). It was the endophyte most 

frequently isolated by a culture based study of dune grass root endophytes undertaken in the 
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western United States (David et al. 2015) and is regularly detected in association with grasses, 

recorded merely as an endophyte in these instances (Sieber & Grunig 2013).  

The presence of saprotrophs was suggested by some OTU matches, particularly by members of 

the Agaricales order, the Podospora genus, and Peziza ammophila. These fungi may occupy 

roots prior to senescence but exhibit minimal biological activity, a strategy which would give 

them priority in freshly senesced material and which has been suggested for leaf endophytes 

(Herre et al. 2007). The samples collected may also have included dead or dying roots. Only 

one probable member of the dark septate endophyte order Helotiales was uncovered in the 

frequently sequenced lists, from the United States dune. Orders containing OTUs more 

frequently recovered as dominant, which have previously been noted to contain endophytes in 

grasses with typically unknown effects on their hosts, included the Sordariales, Hypocreales and 

Pleosporales (Sieber & Grunig 2013). My research also uncovered a number of OTUs with poor 

matches with named sequences, consistent with culture based results from US dune grasses 

(David et al. 2015), and from NGS studies in a range of environments (Ramirez et al. 2014; 

Yamamoto et al. 2014), reflecting the incomplete representation of the fungal kingdom in public 

databases. 

NGS is particularly useful for studying unculturable, cryptic fungi like AMF (Öpik et al. 2014). 

The value of the SSU region for the detection and identification of these fungi was shown in 

Chapters two and three; the use of the ITS region in Chapter four could explain their poor 

representation among the most frequently sequenced taxa, which was also seen in the complete 

absence of the group among the most frequently sequenced ITS results for Chapter three. 

However their ease of detection with the SSU region does not necessarily reflect high biomass, 

given that the SSU primers used were developed to target this group. Glomeromycota were 

found to be the dominant phylum in a study of root occupants of a perennial herb in Italy which 

used the ITS1 region, albeit with a different reverse primer (Muller & Hilger 2015). AMF 

occupation levels in A. arenaria roots are not consistent across time and space. Hol et al. (2008) 

collected samples from six sites across Europe and while 95% of these contained AMF, the 

average colonization level was only 38%, varying between less than 10% and greater than 80%. 

In general, NGS studies are challenged by an inability to accurately infer biomass from sequence 

abundance (Nguyen et al. 2015a).  

The SSU region did enable the majority of AMF OTUs detected in both the New Zealand and 

United States dunes to be assigned to a genus, by means of phylogenetic placement within 

reference sequences provided by Kruger et al. (2012). The inclusion of GenBank matches also 

suggested a mix of previously sequenced AMF from a range of environments were present on 
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the dune alongside those which had not previously been recovered by studies sequencing the 

SSU region. The spore morphological examinations and the single spore sequencing adds 

weight to the notion that there are widespread AMF (Davison et al. 2015), but, like other studies, 

also suggested that a number of species, some of which may have restricted distributions, remain 

to be discovered (Cheeke et al. 2015; Senes-Guerrero & Schubler 2015; Varela-Cervero et al. 

2015). Acceleration in taxonomic description for the group and additional sequencing of already 

described species would improve interpretation of NGS results (Öpik et al. 2014). However the 

spore characterization also suggests that a complete inventory of AMF present at a site will 

require more than NGS. In addition to obtaining spores directly from a site, pot culturing can be 

worthwhile in the detection of additional species (Blaszkowski & Czerniawska 2011).   

Efforts are ongoing to improve the utility of NGS for fungal community profiling. Ideally, a 

universal clustering value would be avoided and cut offs for OTUs would be tailor made for 

different lineages. However this would require extensively characterizing intra and interspecific 

genetic variation, as has recently been done for the ectomycorrhizal genus Cortinarius (Garnica 

et al. 2016). Longer sequence lengths can improve taxonomic resolution (Garnica et al. 2016; 

Stockinger et al. 2010) and may be attainable in the future (Lindahl et al. 2013). The usefulness 

of controls, both positive and negative, is now recognized and ideally would have been used in 

this study (Nguyen et al. 2015a), although the high taxonomic diversity, and degree of unknown 

diversity, recovered in dune grass roots would make it difficult to construct a suitable mock 

community to use as a positive control. New reference databases continue to be made available 

e.g. (Nilsson et al. 2015) while others are regularly updated (Abarenkov et al. 2010). Agreement 

on optimal protocols, so that the standardization of data collection, processing and deposition 

can be achieved is needed to enable results to be comparable between studies (Dubilier et al. 

2015; Tedersoo et al. 2015b).  

Ultimately, researchers would be able to ascertain not just the fungi present in a community but 

also their function and activity levels. The recent development of a database aiming to assign 

functions to OTUs is promising but it was unable to confidently assign functional guilds to a 

large portion of OTUs from multiple datasets used to test its application at the time of release 

(Nguyen et al. 2015b). The utility of this tool is also impaired by the functional flexibility shown 

by some fungi, although it can still demonstrate differences in ecological signals by guild (Rigg 

et al. 2016). Improving resources like this, and our understanding of fungal communities in 

general, requires research into the natural history of individual lineages of fungi alongside the 

continued deployment of molecular tools for screening entire communities (Peay 2014). 

Transcriptomics, which examines gene expression by individual fungi and by fungal 
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communities, is set to improve our understanding of fungal communities in the future (Kuske et 

al. 2015). 

 

5.4 Final conclusions 

The field of fungal biogeography is expanding, aided in large part by NGS. In this thesis I aimed 

to explore the utility of this technique for profiling fungal communities associated with dune 

grass roots, and to use this approach to uncover biogeographic pattern at multiple spatial scales. 

NGS demonstrated that, even though dune environments are floristically depauperate, 

frequently disturbed and stressful, AMF communities and fungal communities as a whole can 

have high species richness. Dune communities included a combination of known fungi and those 

with no sequence matches in public databases, which is currently typical for surveys of fungal 

communities in a range of environments. The SSU gene region was the most useful for 

recovering and identifying AMF, while the ITS region was able to recover a diverse range of 

fungi. Classification was made challenging by incomplete knowledge of the fungal kingdom 

and incorrect identifications in databases, but these factors will reduce in importance as a result 

of increased efforts in sequencing and database collation. The co-occurrence of AMF and 

endophytes in dune roots was revealed, and even though AMF are traditionally thought to be a 

dominant group in grasses, their low level of recovery in relation to endophytes in the dunes 

studied suggests the functions of the latter group are worthy of increased attention. The frequent 

recovery of potential pathogens adds to the growing body of evidence suggesting that pathogens 

can persist as harmless endophytes on some hosts for at least part of their life cycles. This may 

also be the case for some saprotrophs. 

In my studies, the impact of host plant species was context dependent. Host species identity 

influenced fungal community composition in some circumstances, despite OTUs representing 

the majority of the sequence data being able to associate with each host plant species being 

considered. This reflects findings in the literature, which are inconsistent in terms of host 

specificity and host preferences for fungal root associates. Greater research is needed into the 

circumstances which result in host identity being important, and into how host identity 

influences fungal assembly. Such knowledge would have implications for managing both 

natural and production ecosystems. 

Spatial heterogeneity was seen at all spatial scales – within dunes, within regions and among 

regions. While the very closest samples were typically similar to each other, distance did not 

play a consistent role in explaining differences in community composition. Most of the dominant 
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OTUs were also found to have broad ranges. Thus I conclude that many fungal lineages which 

establish on dunes, at the level of taxonomic resolution given by the 97% cut off level used to 

sort OTUs, are widely dispersed. We found no evidence that the invasive plant A. arenaria, 

when far from its native range, associates with depauperate fungal communities relative to either 

those in its native range or to those in co-occurring dune grasses. This community richness 

reflects both the broad ranges of some fungi associating with A. arenaria roots, and the ability 

of those with more restricted ranges to associate with a non-native host plant. Exotic plants can 

therefore be appropriate hosts for studies of fungal biogeography across large scales. The 

environmental variables pH, temperature and nitrogen were shown to potentially impact fungal 

communities in dunes. A combination of environmental factors, biotic interactions and 

stochastic forces are likely to be behind smaller scale biogeographic heterogeneity across space 

with high spatial turnover necessitating extensive sampling for accurately ascertaining 

biogeographic ranges in fungi.  

NGS is a powerful tool. Its engagement in controlled experiments is needed alongside further 

environmental sampling in order to improve knowledge of fungal biogeography and the drivers 

of this. This technology, alongside developing approaches such as transcriptomics which will 

improve understanding of fungal functions, will enable rapid and exciting progress to be made 

in the field of fungal biogeography over the coming years. 
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Appendix 2.1: Spore morphotype names, Fig. 2.3 reference, genus (and Fig. 2.2 name) 

indicated by the SSU sequence, and ENA accession number for spores recovered from a dune 

at Anawhata, New Zealand. 

 

Spore morphotype name 

Fig. 2.3 

reference 

Spore sequence/Fig. 2.2 

name (genus) ENA accession # 

Acaulospora scrobiculata A Acaulospora spore LN890627 

Diversispora globifera B Redeckera spore LN890623 

Diversispora sp. C Diversispora spore LN890624 

Gigaspora rosea D, E Gigaspora spore LN890626 

Racocetra coralloidea F, G, H Racocetra spore LN890625 

Racocetra verrucosa I, J, K Racocetra spore LN890625 

Gigasporaceae sp. L, M Racocetra spore LN890625 

Rhizophagus fasciculatum N, O N/A N/A 

N/A N/A Glomerales spore LN890622 

Rhizophagus aggregatus N/A N/A N/A 

Glomus/Rhizophagus sp. N/A N/A N/A 

Glomus sp. N/A N/A N/A 
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Appendix 2.2: The contigs and OTUs representing AMF derived from sequences generated by pyrosequencing DNA extracted from S. sericeus roots collected 

from a dune at Anawhata, New Zealand with the number of sequences in each contig (derived from combining two matching OTUs) and uncombined OTU 

(NS31 OTUs from forward reads, AML2 OTUs from reverse reads) by sample. The total number of contigs and OTUs per sample, and the relative frequency 

of these across all samples combined, is also shown, along with the ENA accession numbers for each OTU. 

Contig/OTU ENA Accession # 1A 1B 1C 2A 2B 3A 3B 3C 4A 4B 4C Total Frequency 

Contig 7 (AML2OTU_11, NS31OTU_11) LN890586, LN890587 2,526 6,012 3,249 3,028 3,092 2,585 2,999 2,431 1,454 1,540 1,229 30,145 57.37% 

Contig 5 (AML2OTU_13, NS31OTU_14) LN890588, LN890589 241 974 418 1 60 102 345 383 798 1,486 1,195 6,003 11.42% 

NS31 12 LN890590 69 930 428 214 147 177 236 153 1,252 1,342 699 5,647 10.75% 

Contig 9 (AML2OTU_14, NS31OTU_13) LN890591, LN890592 258 768 392 348 504 395 421 386 1 0 0 3,473 6.61% 

Contig 14 (AML2OTU_12, NS31OTU_120) LN890593, LN890594 0 0 102 348 437 427 424 460 0 0 0 2,198 4.18% 

NS31 118 LN890595 6 139 60 0 9 6 23 66 184 245 131 869 1.65% 

AML2 123 LN890621 13 14 15 130 330 18 48 38 49 88 79 822 1.56% 

Contig 6 (AML2OTU_15, NS31OTU_16) LN890596, LN890597 10 19 581 0 0 0 0 0 0 15 0 625 1.19% 

Contig 3 (AML2OTU_117, NS31OTU_18) LN890598, LN890599 0 1 0 10 1 0 1 3 0 426 0 442 0.84% 

Contig 1 (AML2OTU_16, NS31OTU_19) LN890600, LN890601 13 0 0 1 43 4 0 11 240 41 81 434 0.83% 

Contig 10 (AML2OTU_17, NS31OTU_110) LN890602, LN890603 0 30 133 0 6 27 6 18 21 9 115 365 0.69% 

Contig 8 (AML2OTU_112, NS31OTU_114) LN890604, LN890605 38 189 117 0 0 0 0 0 0 0 0 344 0.65% 

NS31 116 LN890606 6 15 6 26 25 75 16 3 9 36 67 284 0.54% 

Contig 2 (AML2OTU_18, NS31OTU_112) LN890607, LN890608 0 0 0 4 0 27 5 40 9 140 0 225 0.43% 
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Contig/OTU ENA Accession # 1A 1B 1C 2A 2B 3A 3B 3C 4A 4B 4C Total Frequency 

Contig 4 (AML2OTU_19, NS31OTU_115) LN890609, LN890610 16 24 21 5 1 1 7 3 125 5 8 216 0.41% 

NS31 111 LN890611 0 0 0 26 150 0 0 0 0 0 0 176 0.33% 

NS31 17 LN890612 0 0 0 19 103 0 0 0 0 0 0 122 0.23% 

NS31 119 LN890613 0 0 0 5 15 15 9 11 0 0 0 55 0.10% 

Contig 13 (AML2OTU_110, NS31OTU_117) LN890614, LN890615 0 4 30 0 0 4 0 0 2 0 0 40 0.08% 

Contig 11 (AML2OTU_116, NS31OTU_125) LN890616, LN890617 1 0 13 0 0 0 0 1 4 4 1 24 0.05% 

Contig 12 (AML2OTU_121, NS31OTU_126) LN890618, LN890619 0 1 15 0 0 3 0 1 0 0 1 21 0.04% 

AML2 119 LN890620 0 2 5 0 0 0 0 0 3 2 2 14 0.03% 

Total sequences   3,197 9,122 5,585 4,165 4,923 3,866 4,540 4,008 4,151 5,379 3,608 52,544   

Total contigs/OTUs   12 15 16 14 15 15 13 16 14 14 12 22   
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Appendix 2.3: BLAST matches from GenBank, where at least 80% continuous query cover could be obtained, for OTUs which do not represent AMF. Samples 

which generated these came from the roots of S. sericeus plants growing along a dune at Anawhata, New Zealand. The identity result for the match, as shown 

on GenBank, is provided, as well as the phylum of the match. The number of sequences per OTU by sample, and total number of OTUs per sample is also 

given. 

    Match Match   Sample 

OTU BLAST match identity accession Phylum A1 A2 A3 B1 B2 C1 C2 C3 D1 D2 D3 Total 

NS31 15 Anemarrhena asphodeloides 99% JQ283939.1 Anthophyta 0 0 0 0 12 9 2 3 45 18 27 116 

NS31 113 Moniliophthora sp. 100% AY916753.1 Basidiomycota 0 0 0 1 27 4 0 1 0 30 6 69 

AML2 111 Poaceae sp. 99% HQ993323.1 Anthophyta 0 0 0 2 1 3 1 2 15 6 2 32 

AML2 114 Prismatolaimus intermedius 98% EU040133.1 Nematoda 1 0 0 0 4 0 0 0 10 1 5 21 

AML2 124 Ceratobasidium sp. 98% EF154347.1 Basidiomycota 0 0 0 1 7 3 0 0 0 6 0 17 

NS31 123 Prismatolaimus intermedius 97% AF036603.1 Nematoda 0 0 0 0 1 0 0 0 7 0 6 14 

NS31 122 Alaimus sp. 95% AJ966514.1 Nematoda 0 0 0 3 0 2 0 0 1 2 2 10 

AML2 113 Arthropoda 84% HM070368.1 Arthropoda 0 0 6 0 0 0 0 0 0 0 3 9 

AML2 126 Tylenchus davainei 89% AY284588.1 Nematoda 4 0 0 2 0 0 1 1 0 0 0 8 

AML2 122 Anemarrhena asphodeloides 99% JQ283939.1 Anthophyta 0 0 0 0 0 0 1 1 2 1 2 7 

AML2 115 Paramphidelus hortensis 96% AY284739.1 Nematoda 0 0 0 2 0 1 0 0 1 1 2 7 

AML2 120 Ricinunlei sp. 94% EF023364.1 Arthropoda 0 0 0 0 6 0 0 0 0 0 0 6 

AML2 118 Tylenchus davainei 90% AY284588.1 Nematoda 1 0 0 0 2 2 0 0 0 1 0 6 

NS31 121 NA NA NA NA 0 0 6 0 0 0 0 0 0 0 0 6 

NS31 127 Basiria gracilis 82% EU130839.1 Nematoda 0 0 0 1 1 3 0 0 0 0 0 5 

NS31 124 Conocybe lactia 100% DQ437683.1 Basidiomycota 0 0 0 0 0 1 0 0 0 3 0 4 

AML2 125 Notholca acuminata 96% AY218115.1 Rotifera 0 0 0 0 0 0 0 0 2 0 0 2 

NS31 128 Rhabdolaimus sp. 94% EF659836.1 Nematoda 0 0 0 0 2 0 0 0 0 0 0 2 

        Total sequences 6 0 12 12 63 28 5 8 83 69 55 341 

        Total OTUs 3 0 2 7 10 9 4 5 8 10 9   
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Appendix 2.4: Published BLAST matches from GenBank for all contigs, consisting of combined OTUs, uncombined OTUs (NS31 OTUs from forward reads, 

AML2 OTUs from reverse reads), and spore sequences representing the AMF community sampled along a dune at Anawhata, New Zealand. The closest match 

to a GenBank record from a published study is provided, as well as the identity result, and the accepted taxonomic name (to the level of genus) based on the 

Fig. 2 phylogeny. 

Contig/OTU/spore 

Name (genus) based 

on Fig. 2.2 

BLAST match 

accession number 

Name provided in 

GenBank 

BLAST match 

identity score 

NS31_12 Rhizophagus sp. HG004531.1 Glomus sp. 99% 

NS31_17 Glomerales sp. HF559367.1 Glomus sp. 98% 

NS31_111, AML2_123 Glomerales sp. HF559361.1 Glomus sp. 99%, 99% 

Contig_5, NS31_118, Glomerales_spore Glomerales sp. HE799238.1 Glomus sp. 98%, 96%, 99% 

Contig_3 Glomus sp. KC797122.1 Glomus sp. 99% 

Contig_8 Septoglomus sp. AB326003.1 Glomus sp. 99% 

Contig_6 Glomus sp. HE615067.1 Glomus sp. 99% 

NS31_116 Rhizophagus sp. JN009217.1 Glomeromycota sp. 98% 

Contig_14 Rhizophagus sp. HE798825.1 Glomus sp. 89% 

NS31_119 Rhizophagus sp. AB749524.1 Glomus sp. 93% 

Contig_7 Rhizophagus sp. FR693585.1 Glomus sp. 99% 

Contig_9 Rhizophagus sp. KF916661.1 Glomus sp. 96% 

Contig_4, Redeckera_spore Redeckera sp. HG972877.1 Redeckera sp. 99%, 99% 

Contig_1 Diversispora sp. FR686956.1 Glomus trimurales 99% 

Contig_2 Acaulospora sp. JN252439.1 Acaulosporaceae 99% 

Contig_12 Racocetra sp. AJ306444.1 Scutellospora weresubiae 94% 

AML2_119 Racocetra sp. AJ871275.1 Scutellospora gregaria 95% 
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Contig/OTU/spore 

Name (genus) based 

on Fig. 2.2 

BLAST match 

accession number 

Name provided in 

GenBank 

BLAST match 

identity score 

Contig_10, Racocetra_spore Racocetra sp. GU385897.1 Racocetra tropicana 99%, 99% 

Contig_13 Racocetra sp. AJ306435.1 Scutellospora fulgida 95% 

Contig_11 Racocetra sp. AF038590.1 Scutellospora castanea 94% 

Gigaspora_spore Gigaspora sp. JX297087.1 Glomeromycota sp. 99% 

Acaulospora_spore Acaulospora sp. KF386271.1 Acaulospora sp. 99% 

Diversispora_spore Diversispora sp. JX297074.1 Glomeromycota sp. 99% 
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(a) ITS region          (b) LSU region 

    

 

 (c) SSU region 

 

 

Appendix 3.1: Rarefaction curves for fungal ITS (a), LSU (b) and SSU (c) sequences by host 

plant species, showing OTU accumulation with sequencing depth, for A. arenaria and L. mollis 

roots. Initial resampling was performed at a depth of 2000 sequences for ITS and LSU, and 250 

for SSU, with sequences also accumulated at these rates for subsequent iterations.  
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Appendix 3.2: Species accumulation curves for fungal ITS (a) and LSU (b) sequences, and 

AMF SSU (c) sequences, showing OTU accumulation with sampling depth, for combined 

samples from A. arenaria and L. mollis roots. The shading indicates 95% confidence intervals 

around the mean, the Mau Tau estimator was used. 
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Appendix 3.3: The top 20 most frequently sequenced OTUs for the ITS and LSU regions, and 

all AMF OTUs for the SSU region. For each OTU the total sequences, the frequency of 

occurrence as a percentage of all fungal (or, for SSU, AMF) sequences, the number of A. 

arenaria and L. mollis root samples it was obtained from and the frequency of occurrence in 

each host as a percentage of all fungal or AMF sequences in that host, is given. 

 

OTU ID # 

Total 

seqs Frequency (%) 

Total A. 

arenaria 

samples 

A. arenaria 

frequency (%) 

Total L. mollis 

samples 

L. mollis 

frequency (%) 

ITS       

1 19,118 12.46 21 11.83 26 12.67 

2 18,150 11.83 23 14.01 19 10.45 

3 13,689 8.92 28 7.77 30 9.49 

4 8,670 5.65 28 11.03 27 2.51 

9 7,322 4.77 12 2.88 18 5.8 

5 7,259 4.73 23 2.67 27 5.86 

6 6,502 4.24 7 3.57 9 4.57 

7 6,425 4.19 9 8.89 9 1.45 

8 5,896 3.84 4 1.88 9 4.93 

10 3,612 2.35 5 1.16 8 3.01 

11 2,909 1.90 13 2.98 17 1.25 

12 2,625 1.71 20 2.3 20 1.35 

13 2,261 1.47 9 0.12 13 2.24 

14 2,192 1.43 2 0.08 6 2.18 

16 2,122 1.38 6 1.03 5 1.57 

23 1,987 1.30 3 0.41 8 1.79 

15 1,613 1.05 1 0.005 2 1.64 

17 1,517 0.99 3 0.51 6 1.25 

25 1,495 0.97 7 0.61 10 1.17 

43 1,482 0.97 13 0.54 14 1.2 

LSU       

1527 26,867 6.98 31 9.34 23 4.84 

1494 24,682 6.41 32 4.82 35 7.87 

1096 22,953 5.96 33 8.85 32 3.34 

4 21,207 5.51 25 5.6 28 5.2 

1627 18,945 4.92 15 4.68 22 5.14 

6 16,087 4.18 14 3.41 18 4.88 

7 13,284 3.45 5 0.08 11 6.51 

243 13,230 3.44 31 1.84 32 4.89 

9 13,117 3.41 13 2.01 12 4.67 

12 13,085 3.40 10 5.47 6 1.51 
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OTU ID # 

Total 

seqs Frequency (%) 

Total A. 

arenaria 

samples 

A. arenaria 

frequency (%) 

Total L. mollis 

samples 

L. mollis 

frequency (%) 

10 11,424 2.97 13 2.04 15 3.81 

11 9,305 2.42 26 2.78 24 2.09 

14 8,022 2.08 7 4.33 7 0.04 

13 7,247 1.88 27 2.23 31 1.56 

16 6,108 1.59 11 0.8 15 2.3 

1344 6,069 1.58 12 1.65 16 1.51 

19 5,101 1.32 10 0.3 12 2.25 

17 4,061 1.05 9 2.21 1 0.0009 

22 3,473 0.90 13 1.36 16 0.49 

20 3,434 0.89 7 1.36 6 0.49 

SSU       

1 28,694 38.90 6 33.65 11 41.49 

2 17,674 23.96 21 1.49 11 35.07 

9 10,793 14.63 34 40.08 6 2.04 

3 6,181 8.38 11 0.33 8 12.36 

5 6,104 8.27 18 16.05 16 4.43 

8 788 1.07 0 0.00 7 1.60 

7 766 1.04 1 0.00 5 1.55 

37 488 0.66 5 1.87 1 0.06 

26 361 0.49 4 1.38 2 0.05 

52 304 0.41 14 1.24 1 0.00 

22 289 0.39 5 0.58 6 0.30 

57 285 0.39 4 0.05 12 0.55 

89 173 0.23 1 0.02 6 0.34 

65 170 0.23 5 0.62 4 0.04 

41 158 0.21 10 0.63 1 0.01 

29 135 0.18 5 0.51 1 0.02 

66 87 0.12 6 0.34 1 0.01 

32 78 0.11 5 0.32 1 0.00 

49 77 0.10 3 0.32 0 0.00 

50 53 0.07 3 0.16 3 0.03 

36 42 0.06 14 0.14 1 0.02 

74 42 0.06 1 0.17 0 0.00 

80 20 0.03 4 0.05 1 0.02 

99 8 0.01 0 0.00 1 0.02 
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Appendix 3.4: The number of sequences for each OTU representing AMF, as detected by the SSU region, in A. arenaria and L. mollis root samples. The overall frequency as a percentage is also given. The 

OTUs are classified as per Fig. 3.6. 

OTU Id # Total seqs Frequency (%) 

# L. mollis 

samples 

# A. arenaria 

samples Order Family Genus 

1       28,694  38.90 11 6 Glomerales Glomeraceae Rhizophagus 

2       17,674  23.96 11 21 Glomerales Glomeraceae Glomus 

9       10,793  14.63 6 34 Diversisporales Gigasporaceae Cetraspora 

3         6,181  8.38 8 11 Glomerales Glomeraceae Glomus 

5         6,104  8.27 16 18 Diversisporales Diversisporaceae Diversispora 

8            788  1.07 7 0 Diversisporales Gigasporaceae Scutellospora 

7            766  1.04 5 1 Glomerales Glomeraceae Glomus 

37            488  0.66 1 5 Glomerales Glomeraceae Sclerocystis 

26            361  0.49 2 4 Glomerales Claroideoglomeraceae Claroideoglomus 

52            304  0.41 1 14 Archaeosporales Unassignable Unassignable 

22            289  0.39 6 5 Diversisporales Gigasporaceae Scutellospoa 

57            285  0.39 12 4 Diversisporales Diversisporaceae Diversispora 

89            173  0.23 6 1 Glomerales Glomeraceae Rhizophagus 

65            170  0.23 4 5 Glomerales Glomeraceae Glomus 

41            158  0.21 1 10 Archaeosporales Unassignable Unassignable 

29            135  0.18 1 5 Archaeosporales Unassignable Unassignable 

66              87  0.12 1 6 Diversisporales Acaulosporaceae Acaulospora 

32              78  0.11 1 5 Glomerales Glomeraceae Glomus 

49              77  0.10 0 3 Archaeosporales Unassignable Unassignable 

50              53  0.07 3 3 Diversisporales Gigasporaceae Dentiscutata 

36              42  0.06 1 14 Glomerales Claroideoglomeraceae Claroideoglomus 

74              42  0.06 0 1 Archaeosporales Unassignable Unassignable 

80              20  0.03 1 4 Glomerales Glomeraceae Glomus 

99                8  0.01 1 0 Glomerales Glomeraceae Glomus 
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Appendix 3.5: OTUs classified as AMF which were detected by the ITS and LSU regions, from 

DNA sequences obtained from A. arenaria and L. mollis root samples. The top listed GenBank 

match for each OTU from a published study which is named to the level of genus or species, 

and the query cover and identity values for that match, are given. 

OTU ID# GenBank match name Match accession # Query cover (%) Identity (%) 

ITS     

39 Glomus sp. FM253380.1 100 99 

52 Glomus macrocarpum NR_121448.1 100 98 

54 Glomus intraradices FJ769312.1 100 97 

69 Glomus intraradices AM980842.1 100 99 

70 Rhizophagus cf irregularis FR750117.1 100 96 

74 Glomus sp. FR828471.1 74 84 

88 Glomus intraradices AJ567771.1 100 97 

102 Glomus sp. KC182045.1 75 83 

122 Glomus sp. FM253379.1 100 97 

138 Glomus intraradices AJ567739.1 100 99 

150 Glomus macrocarpum KC182043.1 100 88 

154 Rhizophagus irregularis FR750200.1 100 99 

162 Glomus macrocarpum FR750527.1 100 99 

173 Glomus sp. KM056656.1 100 87 

174 Rhizophagus irregularis FR750197.1 100 100 

198 Glomus sp. HE794039.1 100 86 

212 Glomus macrocarpum FR750544.1 100 96 

226 Rhizophagus intraradices FJ769312.1 100 96 

253 Glomus macrocarpum KC182043.1 75 93 

256 Glomus sp. KM056656.1 100 86 

270 Glomus intraradices AJ567772.1 100 97 

273 Glomus macrocarpum FR750544.1 100 97 

282 Glomus intraradices AJ567766.1 100 97 

287 Glomus macrocarpum NR_121448.1 84 95 

306 Rhizophagus irregularis FR750196.1 100 100 

192 Glomus sp. KC182047.1 74 85 

LSU     

7 Glomus macrocarpum FR750526.1 80 81 

30 Glomus sp. KC182046.1 82 81 

51 Rhizophagus cf irregularis FR750090.1 100 99 

91 Dominikia duoreactiva KR105643.1 100 97 

132 Rhizophagus irregularis FR750198.1 100 97 

153 Glomus macrocarpum KC182042.1 100 99 

179 Rhizophagus irregularis FR750087.1 100 98 

226 Dominikia duoreactiva KR105643.1 100 95 

251 Rhizophagus irregularis FR750196.1 100 100 

275 Diversispora gibbosa KJ850204.1 100 99 

310 Dominikia duoreactiva KR105643.1 100 96 

324 Glomus macrocarpum FR750371.1 100 98 

385 Rhizophagus irregularis FR750199.1 100 99 
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OTU ID# GenBank match name Match accession # Query cover (%) Identity (%) 

812 Glomus macrocarpum FR750526.1 96 98 

887 Glomus macrocarpum KC182041.1 100 97 

1149 Racocetra alborosea JN689226.1 100 100 

1158 Dominikia duoreactiva KR105643.1 100 93 

1221 Glomus sp. FR773851.1 95 100 

1226 Glomus macrocarpum FR750376.1 95 100 

1242 Glomus sp. FN429106.1 96 98 

1252 Glomus intraradices HM625898.1 98 98 

1326 Dominikia duoreactiva KR105643.1 100 94 

1329 Rhizophagus irregularis FR750198.1 100 98 

1539 Rhizophagus irregularis FR750190.1 99 100 

1654 Glomus macrocarpum KC182042.1 86 99 
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Appendix 3.6: The top listed GenBank matches from a published study and named to at least the level of genus for the 20 most frequently sequenced OTUs 

for the LSU region. The query cover and identity values for that match are given. Where an alternative, equally good match was generated, the lowest taxonomic 

level at which that match agreed with the listed match is given. Names are as given on GenBank, Class and Order (where this could be assigned and where top 

listed matches are in agreement) are as given on MycoBank (www.mycobank.org). The OTUs were obtained from root samples from A. arenaria and L. mollis 

plants. 

OTU ID # GenBank match name Phylum Class Order 

Match  

accession # 

Query  

cover (%) 

Identity  

(%) 

Consensus  

classification 

Total  

seqs Frequency (%)  

1527 Idriella lunata Ascomycota Sordariomycetes Xylariales KP858980.1 100 99 N/A 26867 7.0 

1494 Sarocladium strictum Ascomycota Sordariomycetes Hypocreales HG965074.1 100 99 Hypocreales 24682 6.4 

1096 Alternaria sp. Ascomycota Sordariomycetes N/A KR906715.1 100 99 Hypocreomycetidae 22953 6.0 

4 Plectosphaerella sp. Ascomycota Sordariomycetes N/A FJ430715.1 100 100 Glomerellales 21207 5.5 

1627 Ophiocordyceps arborescens Ascomycota Sordariomycetes Hypocreales AB968414.1 100 96 Hypocreales 18945 4.9 

6 Panaeolus foenisecii Basidiomycota Agaricomycetes Agaricales KC176293.1 100 100 Panaeolus 16087 4.2 

7 Glomus macrocarpum Glomeromycota Glomeromycetes Glomerales FR750526.1 80 81 N/A 13284 3.4 

243 Pyrenophora tetrarrhenae Ascomycota Dothidiomycete Pleosporales JN940090.1 100 98 Pleosporaceae 13230 3.4 

9 Eichleriella leveilleana Basidiomycota N/A N/A AY509553.1 100 97 Basidiomycota 13117 3.4 

12 Cercophora newfieldiana Ascomycota Sordariomycetes Sordariales AF064642.1 100 100 N/A 13085 3.4 

10 Chaetomidium subfimeti Ascomycota Sordariomycetes Sordariales FJ666357.1 100 99 N/A 11424 3.0 

11 Halosarpheia japonica Ascomycota Sordariomycetes N/A HQ009886.1 99 96 Hypocreomycetidae 9305 2.4 

14 Morakotiella salina Ascomycota Sordariomycetes Microascales AY864843.1 100 97 N/A 8022 2.1 

13 Cladosporium macrocarpum Ascomycota Dothidiomycete Capnodiales KC311478.1 100 100 Capnodiales 7247 1.9 

16 Microscypha sp. Ascomycota Leotiomycetes Helotiales JN086728.1 100 99 N/A 6108 1.6 

1344 Corollospora sp. Ascomycota Sordariomycetes Microascales KJ406565.1 100 98 N/A 6069 1.6 

19 Pisorisporium cymbiforme Ascomycota Sordariomycetes Pisorisporiales KM588904.1 100 94 N/A 5101 1.3 

17 Tomentellopsis bresadoliana Basidiomycota Agaricomycetes Atheliales EU118674.1 100 98 N/A 4061 1.1 

22 Microdochium phragmitis Ascomycota Sordariomycetes Xylariales KP858948.1 100 100 N/A 3473 0.9 

20 Exidiopsis sp. Basidiomycota Tremellomycetes Tremellales AY509549.1 100 98 Exidiaceae 3434 0.9 
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Appendix 4.1: Sites where root samples of A. arenaria, L. arenarius (+) and S. sericeus (*) were collected. GPS details and abiotic measurements are given. 

Climate measurements for the UK are from http://www.metoffice.gov.uk/public/weather/climate/, for Australia are from http://www.bom.gov.au/climate/ and 

for New Zealand are from http://cliflo.niwa.co.nz/. 

 

Region Site 

 

GPS pH 

Total 

% C Total % N 

Total P as  

PO4-P (%) 

Annual  

rainfall 

(mm) 

Mean annual 

temperature 

max 0C 

Mean annual  

temperature 

min 0C 

UK Braunton Burrows 51.109548, -4.221072 5.96 2.007 0.028 0.032 910 14.5 7.7 

UK Pembrey Beach 51.666676, -4.284934 6.31 1.435 0.017 0.032 1094.4 13.7 6.8 

UK Broadhaven South 51.609160, -4.922336  6.1 4.933 0.016 0.016 1111 13.7 7.2 

UK Ynyslas Sand Dunes 52.525733, -4.058441 6.34 0.561 0.015 0.017 1074.7 13.5 6.7 

UK Morfa Harlech 52.878913, -4.141249 6.47 0.41 0.014 0.02 1121 13.5 6.9 

UK Newborough Warren+ 53.162736, -4.415484 6.38 0.486 0.013 0.021 841.1 13.2 7.7 

UK Cabin Hill 53.550179, -3.103114 6.49 0.395 0.015 0.014 936.6 13.2 7.2 

Australia Dennington 38.349333, 142.371972 6.79 10.172 Undetectable 0.01 691 18.6 10.4 

Australia Rosebud 38.350611, 144.918861 6.89 0.195 Undetectable 0.004 735 18.6 11.6 

Australia Seven Mile Beach 42.851778, 147.520611 6.81 0.422 Undetectable 0.005 497 17.5 8.1 

Australia Lakes Entrance* 37.882583, 147.996667 6.73 0.143 Undetectable Undetectable 710 19.1 10.3 

New Zealand Kawhia Ocean Beach 38.068111, 174.781417 6.95 0.036 Undetectable 0.057 1414 19.2 8.1 

New Zealand Waikawa Beach* 40.700667, 175.136 6.7 0.082 0.016 0.021 1196 17.1 9.2 

New Zealand Pegasus Bay Beach 43.31175, 172.714972 6.66 0.071 0.013 0.012 582 16.9 6.3 

New Zealand Oreti Beach 46.450111, 168.235528 6.39 0.232 0.012 0.026 1149 14.4 5.5 
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Appendix 4.2: Within dune sequence numbers and number of samples retained following 

rarefying, for sites in three regions. Sequences are derived from A.arenaria root samples. 

Region/Site Number of samples retained Rarefied sequence depth 

UK   

Braunton Burrows 21 4,600 

Pembrey Beach 22 2,900 

Broadhaven South 18 1,400 

Ynyslas Sand Dunes 22 3,000 

Morfa Harlech 23 4,000 

Cabin Hill 22 4,000 

Australia   

Dennington 22 7,000 

Rosebud 22 7,000 

Seven Mile Beach 23 8,400 

NZ   

Kawhia Ocean Beach 22 41,000 

Pegasus Bay Beach 21 39,600 

Oreti Beach 22 23,900 
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Appendix 4.3: Species accumulation curves for dunes in the UK (a), Australia (b) and NZ (c). 

OTUs used to generate these curves were derived from the roots of A. arenaria. 

(b) 

(c) 
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Appendix 4.4: The top 20 most frequently sequenced OTUs for each region, the regions they were recovered from (shown in superscript), and the frequency 

with which they were sequenced in their ‘top 20’ region(s). The top listed match on GenBank, from a published study and named to at least the level of genus, 

is also given, along with the taxonomic affiliation of that match. The names and taxonomy are as given on MycoBank (www.mycobank.org). The query cover 

and identity values are also given. Where these are at least 50% and 97% respectively, and where one is available, the UNITE Species Hypothesis (Kõljalg et 

al. 2013) of the match is given. OTUs are from A.arenaria root samples.  

OTU ID 

 

Top 20 region (frequency) GenBank match name Phylum Class Order 

Match  

accession #  Match UNITE SH 

Query  

cover (%) 

Identity  

(%) 

618 (A,NZ,UK) Aust (9.22%) Zopfiella sp. Ascomycota Sordariomycetes Sordariales HQ631038.1 N/A 98 92 

4745 (A,NZ,UK) Aust (7.44%) Acremonium sclerotigenum Ascomycota Sordariomycetes Hypocreales KJ194115.1 SH217985.07FU 100 99 

4484 (A,NZ,UK) Aust (6.10%) Sarocladium spinificis Ascomycota Sordariomycetes Hypocreales KF269096.1 SH024467.07FU 100 98 

31(A,NZ,UK) Aust (4.58%) Emericellopsis sp. Ascomycota Sordariomycetes Hypocreales HQ649791.1 SH217328.07FU 100 100 

13 (A,NZ,UK) Aust (4.42%), NZ (1.26%), UK (1.18%) Olpidium brassicae Chytridiomycota Chytridiomycetes Spizellomycetales AB625456.1 SH216672.07FU 100 100 

7 (A,NZ,UK) Aust (3.07%), NZ (1.84%), UK (3.55%) Plectosphaerella cucumerina Ascomycota Sordariomycetes Phyllachorales HM216207.1 SH190975.07FU 100 100 

2 (A,NZ,UK) Aust (2.77%), NZ (5.25%), UK (7.16%) Microdochium bolleyi Ascomycota Sordariomycetes Xylariales AM502265.1 SH213512.07FU 100 100 

15 (A,NZ,UK) Aust (2.7%), UK (2.33%) Dokmaia monthadangii Ascomycota Incertae sedis Incertae sedis DQ780454.1 SH198996.07FU 100 100 

11 (A,NZ,UK) Aust (2.66%), NZ (1.48%) Apodus oryzae Ascomycota Sordariomycetes Sordariales AY681200.1 SH220574.07FU 100 97 

17 (A,NZ,UK) Aust (2.13%) Sarocladium strictum Ascomycota Sordariomycetes Hypocreales JQ676174.1 SH210203.07FU 100 100 

20 (A,NZ,UK) Aust (2.09%), NZ (1.62%) Podospora aloides Ascomycota Sordariomycetes Sordariales AY999120.1 SH201193.07FU 100 98 

4106 (A,NZ,UK) Aust (2.02%) Zopfiella karachiensis Ascomycota Sordariomycetes Sordariales AY999128.1 N/A 100 88 

27 (A,UK) Aust (1.8%) Lasiosphaeria ovina Ascomycota Sordariomycetes Sordariales JN673050.1 N/A 52 94 

60 (A,NZ,UK) Aust (1.55%) Pleosporales sp. Ascomycota Dothidiomycetes Pleosporales HQ649925.1 SH215535.07FU 100 97 

24 (A,NZ,UK) Aust (1.53%) Glomus sp. Glomeromycota Glomeromycetes Glomerales FM253380.1 N/A 100 99 

68 (A,NZ,UK) Aust (1.41%) Stachybotrys microspora Ascomycota Sordariomycetes Hypocreales KC305349.1 N/A 47 93 

10 (A,NZ,UK) Aust (1.25%), NZ (1.98%), UK (5.31%) Lewia infectoria Ascomycota Dothidiomycetes Pleosporales JF340283.1 SH216783.07FU 100 98 

2303 (A,UK) Aust (1.23%) Oliveonia pauxilla Basidiomycota Agaricomycetes Cantharellales HQ441576.1 N/A 100 84 

53 (A,NZ,UK) Aust (1.12%) Fusarium oxysporum Ascomycota Sordariomycetes Hypocreales JN116702.1 None 100 100 

4535 (A,NZ,UK) Aust (1.11%), NZ (1.7%) Fusarium graminearum Ascomycota Sordariomycetes Hypocreales HG970335.1 None 100 99 

http://www.mycobank.org/
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OTU ID 

 

Top 20 region (frequency) GenBank match name Phylum Class Order 

Match  

accession #  Match UNITE SH 

Query  

cover (%) 

Identity  

(%) 

4 (A,NZ,UK) NZ (3.84%) Marasmius purpureobrunneolus Basidiomycota Agaricomycetes Agaricales EU935556.1 N/A 97 87 

5 (A,NZ,UK) NZ (7.36%) Oliveonia pauxilla Basidiomycota Agaricomycetes Auriculariales HQ441576.1 N/A 61 85 

6 (A,NZ,UK) NZ (3.78%) Cladorrhinum brunnescens Ascomycota Sordariomycetes Sordariales FM955446.1 N/A 100 84 

12 (A,NZ) NZ (3.33%) Exidia glandulosa  Basidiomycota Tremellomycetes Tremellales AY509555.1 N/A 100 89 

19 (NZ) NZ (1.28%) Cercophora sp. Ascomycota Sordariomycetes Sordariales KC507224.1 N/A 98 94 

21 (A,NZ) NZ (1.2%) Schizothecium curvisporum Ascomycota Sordariomycetes Sordariales AY999119.1 N/A 100 82 

23 (A,NZ,UK) NZ (1.87%) Neoeriomycopsis aristata Ascomycota Sordariomycetes Incertae sedis KR476743.1 N/A 62 83 

28 (A,NZ,UK) NZ (1.79%) Oliveonia pauxilla Basidiomycota Agaricomycetes Auriculariales HQ441576.1 N/A 98 83 

54 (NZ) NZ (1.15%) Deconica crobula Basidiomycota Agaricomycetes Agaricales AY129359.1 None 96 97 

969 (A,NZ) NZ (1.49%) Cladorrhinum brunnescens Ascomycota Sordariomycetes Sordariales FM955446.1 N/A 100 84 

2679 (A,NZ,UK) NZ (9.14%) Zopfiella sp. Ascomycota Sordariomycetes Sordariales HQ631038.1 N/A 100 90 

3708 (A,NZ) NZ (4.87%) Cladorrhinum brunnescens Ascomycota Sordariomycetes Sordariales FM955446.1 N/A 100 83 

16 (A,NZ,UK) UK (3.86%), NZ (1.45%) Immersiella caudata Ascomycota Sordariomycetes Sordariales AY999135.1 N/A 100 96 

29 (A,UK) UK (2.83%)  Podospora carpinicola Ascomycota Sordariomycetes Sordariales NR_103589.1 N/A 100 96 

33 (A,UK) UK (3.6%)  Glomus macrocarpum Glomeromycota Glomeromycetes Glomerales FR750527.1 SH200108.07FU 100 98 

36 (A,UK) UK (1.9%)  Oliveonia pauxilla Basidiomycota Agaricomycetes Auriculariales HQ441576.1 N/A 99 84 

46 (A,UK) UK (1.54%)  Coprinopsis gonophylla Basidiomycota Agaricomycetes Agaricales FN396147.1 N/A 90 93 

48 (A,NZ,UK) UK (3.4%)  Psathyrella ammophila Basidiomycota Agaricomycetes Agaricales FN396112.1 SH031723.07FU 93 99 

64 (A,NZ,UK) UK (1.45%)  Delastria sp. Ascomycota Pezizomycetes Pezizales JN048884.1 N/A 28 98 

71 (A,NZ,UK) UK (1.93%)  Microdochium phragmitis Ascomycota Sordariomycetes Xylariales AM502263.1 SH203161.07FU 100 99 

104 (UK) UK (1.41%)  Podospora aloides Ascomycota Sordariomycetes Sordariales AY999120.1 N/A 100 95 

1422 (A,NZ,UK) UK (2.42%)  Pyrenochaetopsis poae Ascomycota Dothidiomycetes Pleosporales KJ869117.1 SH198996.07FU 100 98 

3664 (A,NZ,UK) UK (2.59%)  Podospora carpinicola Ascomycota Sordariomycetes Sordariales NR_103589.1 SH201192.07FU 100 97 

4067 (A,NZ,UK) UK (2.05%)  Podospora inaequalis Ascomycota Sordariomycetes Sordariales AY999117.1 SH201194.07FU 99 97 

4395 (A,NZ,UK) UK (1.25%)  Lewia infectoria Ascomycota Dothidiomycetes Pleosporales JF340283.1 SH216783.07FU 99 97 

4460 (A,NZ,UK) UK (1.23%)  Podospora sp. Ascomycota Sordariomycetes Sordariales HQ829072.1 SH201181.07FU 100 98 

70 (A,UK) UK (1.15%)  Peziza ammophila Ascomycota Pezizomycetes Pezizales AF491622.1 SH187211.07FU 96 100 

http://www.ncbi.nlm.nih.gov/nucleotide/25046054?report=genbank&log$=nucltop&blast_rank=1&RID=D1JWCWB8015


 

113 
 

 

 

Appendix 4.5: Relationship between geographic distance and similarity of fungal communities in A.arenaria roots at dunes in Australia (a), NZ (b) and the 

UK (c). 
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Appendix 4.6: Relationship between geographic distance and similarity of fungal communities in 

A.arenaria roots at multiple dunes in the UK (a), Australia (b) and NZ (c). The dashed lines show 

a fitted log-linear binomial model with b its slope (mean ± 1 SEM) estimated using a leave-one-out 

jackknife as per Millar et al. (2011).  

  

(c) 
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Appendix 4.7: Slope and standard error for distance-decay relationships across sites in three 

regions based on 1000 bootstrap analyses following the methods of Millar et al. (2011). Data come 

from sequences from A. arenaria root samples. 

 

Region/Site Slope 

UK  

Braunton Burrows -0.0023 ± 0.0018 

Pembrey Beach -0.0098 ± 0.002 

Broadhaven South -0.0026 ± 0.0025 

Ynyslas Sand Dunes -0.0028 ± 0.0033 

Morfa Harlech -0.0013 ± 0.0020 

Cabin Hill 0.0009 ± 0.0019 

Australia  

Dennington -0.0014 ± 0.0014 

Rosebud -0.0005 ± 0.0011 

Seven Mile Beach -0.0015 ± 0.0013 

New Zealand  

Kawhia Ocean Beach -0.002 ± 0.001 

Pegasus Bay Beach -0.0015 ± 0.0013 

Oreti Beach -0.0019 ± 0.0014 
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Appendix 4.8: Plots of fungal communities associated with A. arenaria roots at multiple dunes in 

the UK (a), Australia (b) and NZ (c), based on 4th-root transformed data, using non metric 

multidimensional scaling with samples identified by dune position (front, middle or back). 

 

  

(c) 
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Appendix 4.9: OTU richness per sample for dunes in the UK (a), Australia (b) and NZ (c). 

Samples are identified by their dune position (lower, middle or upper). 

  

(c) 
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Appendix 4.10: The top 20 most frequently sequenced OTUs for sites where root samples from 

two dune grass species were collected in the UK, Australia and NZ. For each OTU the total 

sequences, the frequency of occurrence as a percentage of all fungal sequences, the number of root 

samples in each host it was obtained from and the frequency of occurrence in each host as a 

percentage of all fungal sequences in that host, is given. 

 

UK      

       

OTU ID Total seqs Frequency (%) 

Total A. arenaria  

samples 

A. arenaria  

frequency 

Total L. arenarius  

samples 

L. arenarius  

frequency 

2 19,218 5.49% 14 5.11% 17 5.77% 

7 4,334 1.24% 8 2.17% 11 0.57% 

10 26,536 7.58% 23 15.62% 24 1.81% 

15 12,325 3.52% 14 1.52% 8 4.96% 

23 5,738 1.64% 10 0.25% 7 2.64% 

29 10,565 3.02% 11 3.41% 12 2.74% 

39 6,568 1.88% 4 2.76% 6 1.25% 

46 20,799 5.94% 15 6.52% 10 5.53% 

48 26,255 7.50% 11 7.08% 20 7.80% 

56 3,905 1.12% 1 0.003% 2 1.92% 

65 19,014 5.43% 19 2.00% 24 7.91% 

67 4,037 1.15% 12 2.58% 8 0.13% 

69 8,284 2.37% 6 1.44% 6 3.03% 

71 4,206 1.20% 11 2.87% 3 0.002% 

100 10,269 2.94% 6 2.04% 10 3.58% 

109 6,783 1.94% 6 4.63% 2 0.003% 

122 3,325 0.95% 17 1.73% 16 0.39% 

127 6,957 1.99% 1 0.0007% 5 3.42% 

132 5,493 1.57% 11 3.56% 8 0.14% 

138 5,315 1.52% 3 3.60% 5 0.03% 

140 2,147 0.61% 1 1.46% 2 0.005% 

141 5,514 1.58% 18 2.14% 18 1.17% 

178 3,304 0.009% 0 0.00% 2 1.62% 

1422 3,170 0.91% 9 0.55% 6 1.16% 

3664 8,926 2.55% 7 1.05% 9 3.63% 

4067 45,036 12.87% 17 5.27% 22 18.34% 

4395 19,654 5.62% 23 9.08% 24 3.13% 

4460 2,197 0.63% 1 0.0007% 4 1.08% 
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Australia       

       

OTU ID Total seqs Frequency (%) 

Total A. arenaria  

samples 

A. arenaria  

frequency 

Total S. sericeus  

samples 

S. sericeus  

frequency 

2 12,899 0.81% 20 1.57% 22 0.10% 

3 41,983 2.63% 20 3.74% 20 2.63% 

8 27,761 1.74% 24 0.71% 23 2.70% 

10 12,721 0.80% 23 0.55% 20 1% 

11 43,136 2.71% 22 1.89% 23 3.47% 

16 24,374 1.53% 15 2.23% 11 0.88% 

18 17,771 1.11% 20 1.62% 20 0.65% 

20 31,254 1.96% 20 2.90% 18 1.96% 

24 18,472 1.16% 22 2.32% 17 0.08% 

27 77,582 4.87% 18 0.48% 23 4.87% 

36 29,192 1.83% 17 3.79% 9 0.004% 

40 12,418 0.78% 16 0.44% 15 1.09% 

47 31,639 1.98% 20 1.19% 24 1.98% 

52 25,961 1.63% 17 1.73% 13 1.53% 

62 11,832 0.74% 16 0.24% 16 1.21% 

68 10,283 0.64% 13 1.33% 11 0.004% 

73 8,481 0.53% 21 0.08% 22 0.95% 

129 6,983 0.44% 7 0.91% 2 0.0002% 

147 7,554 0.47% 8 0.80% 10 0.17% 

1117 10,778 0.68% 18 0.84% 13 0.52% 

1656 14,683 0.92% 13 0.02% 15 1.76% 

1787 23,366 1.47% 14 0.02% 17 2.82% 

2303 24,704 1.55% 17 1.67% 15 1.43% 

2621 13,978 0.88% 23 0.44% 18 1.28% 

3584 25,368 1.59% 15 1.27% 19 1.89% 

3618 381,631 23.93% 23 32.39% 24 16.04% 

4106 50,955 3.20% 18 3.83% 20 2.60% 

4484 228,704 14.34% 24 7.44% 24 20.77% 

4745 135,656 8.50% 24 5.73% 24 11.09% 
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New Zealand      

       

OTU ID Total seqs Frequency (%) 

Total A. arenaria 

samples 

A. arenaria  

frequency 

Total S. sericeus  

samples 

S. sericeus  

frequency 

4 49,693 3.08% 24 0.89% 24 3.08% 

5 107,735 6.68% 24 7.55% 24 6.22% 

6 51,809 3.21% 24 5.04% 24 2.24% 

7 33,247 2.06% 24 3.32% 24 1.39% 

10 25,101 1.56% 24 2.73% 23 0.93% 

11 80,062 4.96% 23 3.15% 24 5.93% 

12 22,983 1.42% 24 3.95% 23 0.08% 

17 35,214 2.18% 21 0.74% 23 2.95% 

18 49,993 3.10% 22 2.58% 22 3.38% 

22 38,584 2.39% 21 1.83% 21 2.70% 

25 56,570 3.51% 23 0.83% 24 4.94% 

26 92,527 5.74% 23 1.38% 24 8.06% 

30 35,068 2.17% 17 0.46% 24 3.09% 

32 26,669 1.65% 17 2.05% 20 1.44% 

42 35,337 2.19% 17 5.02% 19 0.68% 

43 33,260 2.06% 13 5.89% 19 0.02% 

59 11,616 0.72% 19 2.03% 19 0.02% 

72 16,577 1.03% 3 0.10% 10 1.58% 

75 15,906 0.99% 12 0.005% 17 1.51% 

79 14,703 0.91% 12 0.06% 24 1.37% 

80 13,314 0.83% 11 1.98% 19 0.21% 

97 10,613 0.66% 10 1.88% 12 0.007% 

116 8,082 0.50% 12 1.40% 15 0.02% 

171 7,600 0.47% 18 1.33% 14 0.47% 

1573 20,479 1.27% 19 0.40% 19 1.73% 

1629 117,982 7.31% 23 0.63% 24 10.88% 

2146 21,835 1.35% 13 0.05% 22 2.05% 

2679 44,751 2.77% 24 7.47% 24 0.27% 

3708 46,141 2.86% 24 4.84% 24 1.80% 

4535 87,315 5.41% 23 3.37% 24 6.50% 
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