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Abstract

Arbuscular mycorrhizal fungi (AMF) are plant root symbionts that supply limiting nutrients,
largely phosphorus (P), to plants in exchange for carbon. Silicon (Si) is an important defence
element for plants and several reports have observed a relationship between AMF colonisation
and Si uptake. It is unknown how diverse soil microbial communities affect foliar Si and P
concentrations, and whether improvements in foliar Si concentrations due to AMF colonisation
are observed in field conditions. This is the first study to document the dual effects of AMF and
Si application in a non-crop species (Brachypodium sylvaticum) and the effect of different

microbial communities, on plant uptake and deposition of Si and P.

An initial glasshouse experiment used a single species AMF inoculum in combination with a Si
enrichment treatment to investigate the effect on foliar Si and P concentration. The results
showed that AMF improved the uptake of Si and P compared to non-colonised plants, but that
different mechanisms for uptake are likely. Introducing microbial communities isolated from
agricultural and woodland environments as inocula in a controlled environment showed that
microbial diversity alters the efficacy of Si and P supply, and that improvements in the supply
of these were not directly related to AMF colonisation. Finally, B. sylvaticum plants from
woodland were sampled across two years. The results of this sampling did not show any benefit
of AMF on Si and P uptake, but did reveal significant differences in P concentration over time

irrespective of fungal colonisation.

Comparisons between studies using high throughput sequencing demonstrates that the methods
commonly used in mycorrhizal studies may be overlooking important interactions with un-
recorded organisms in the soil and roots of experimental plants. Ecologically relevant studies
incorporating long-term repeated sampling are required to fully understand how microbial

communities can improve Si and P nutrition in plants.
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1 General Introduction

1.1 Rationale

Plant yield improvements over the previous century have been the result of technical and
chemical advances in agricultural practice, alongside highly selective plant breeding. Despite
continued investment into agricultural research and development, yields of global staple crops
have plateaued in recent decades (Ray et al., 2012; Grassini ef al., 2013). The global application
of chemical fertilisers, pesticides and herbicides in intensive agriculture has negatively affected
natural floral (Schmitz et al., 2014), faunal (Beketov et al., 2013) and microbial (Jacobsen &
Hjelmsg, 2014; Nettles et al., 2016) communities, as well as the abiotic soil environment
(Pagliai et al., 2004; Abdollahi et al., 2014). Balancing demands to increase food supply for a
growing population, safeguarding agricultural productivity under a warming climate and
limiting biodiversity loss has led to the movement of ‘ecological intensification’ of agriculture
(Cassman, 1999; Bommarco et al., 2013). Chemical interventions to improve plant productivity
have typically attempted to replicate and enhance existing processes previously achieved
through natural ecosystem functions, particularly symbiotic relationships (Bommarco et al.,
2013). The ecological intensification movement seeks to incorporate and enhance natural
ecosystem functions to improve plant productivity to achieve multiple benefits for plant
productivity, rather than trying to artificially replicate singular functions (Bommarco et al.,

2013; Bowles et al., 2016).

Soil microbial communities are crucial in the functioning of healthy ecosystems, with
rhizosphere organisms playing an important role in defence and nutrient acquisition.
Understanding the processes, turnover and diversity of the biotic component of the soil is also
crucial to inform reliable climate models. Soils represent the greatest terrestrial sink of organic
carbon (C), but current predictions indicate that under a warming climate CO, release from soils
will increase, with microbes utilising formerly recalcitrant stable organic matter compounds
(Frey et al., 2013; Scharlemann et al., 2014). Any loss of diversity as a result of climate change
is also predicted to have significant negative effects on the provision of ecosystem services that
are crucial in sustaining diverse plant communities and agricultural food crops (Delgado-

Baquerizo et al., 2016).

Understanding the functions that soil microbes can provide will potentially lead to
improvements in agricultural productivity and sustainability. Improving the microbial diversity
in these soils will have additional benefits for soil structure, carbon sequestration and providing
pools of microbial genetic diversity, which has implications for healthy ecosystem functioning

and bioprospecting at present and in the future.
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1.2 Arbuscular mycorrhizal fungi

1.2.1 Biology and structure of the arbuscular mycorrhizal symbiosis

Plants have evolved associations with a variety of microbes that have enabled them to alleviate
or overcome numerous environmental stresses. One of the most ancient (¢.450 million years)
relationships forms between plant roots and a specific group of soil fungi from the phylum
Mucoromycota, sub-phylum Glomeromycotina called arbuscular mycorrhizal fungi (AMF)
(Parniske, 2008; Spatafora et al.,, 2016). The signalling pathway leading to arbuscular
mycorrhizal (AM) symbiosis is shared in part with the pathway leading to the formation of the
bacterial Rhizobium-legmue symbiosis, which evolved more recently, suggesting its origin in
the AMF pathway (Genre & Russo, 2016). Over 80% of plants are capable of forming
relationships with AMF, and the persistence of this relationship throughout evolutionary history
is a testament to its benefit to plants (Smith & Read, 2010).

AMF form a key bridge between the soil environment and plants, creating an extended chemical
and microbial environment around the roots; termed the ‘mycorrhizosphere’(Rambelli, 1973;
Linderman, 1988). The primary benefit of AMF to plants is to provide limiting nutrients from
the soil, predominately phosphorus (P), but also nitrogen (N), and in return the fungus receives
plant sugars on which is it dependent for survival (Smith & Smith, 2011; Hodge & Storer,
2014). P is one of the most limiting nutrients for plants, second only to N. Roots are only able to
take up and assimilate P as orthophosphate (inorganic P (P;)), which is highly immobile in the
soil profile and therefore leads to rapid formation of depletion zones surrounding plant roots
(Smith et al., 2011). While the majority of plants are capable of forming the AMF symbiosis,
the environmental conditions are not always conducive to their formation. In high intensity
agricultural systems, plants are typically supplied with a volume of nutrients sufficient for their
growth throughout the growing season, therefore reducing the reliance on AMF associations
(Jensen & Jakobsen, 1980; Koide, 1985; Santos et al., 2006). Further to this, agricultural
practices such as monoculture production, applications of pesticides and repeated tilling of soil
all lead to a depauparate AMF community (Helgason et al., 1998; Daniell et al., 2001).
Agricultural systems apply fertilisers to maintain growth and yield of crops, but the rock
phosphate source for fertiliser production is finite and predicted to be exhausted in as little as 30
years’ time (Branscheid et al, 2010; Cordell & White, 2011). Restoring a functional
rhizosphere community, including AMF, in agricultural systems will offer an alternative to

costly and unsustainable fertilisation practices.
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Figure 1: Diagrammatical representation of the arbuscular mycorrhizal symbiosis in a
latitudinal cross section of root. Labels and structures in blue represent fungal structures
while labels and structures in green represent plant structures.

The key features of an AM symbiosis is shown in Figure 1. The system is composed broadly of
four to five parts, an arbuscule and peri-arbuscular membrane (PAM) which form within the
root cortical cells, storage vesicles, and the intra- and extra-radical mycelia (IRM/ERM) which
form within and outside the root respectively. The arbuscule is a highly differentiated and
branched hyphal (fungal cell) extension that expands to fill a plant root cortical cell (Smith &
Read, 2010). This structure is surrounded by the PAM which is generated by the plant host
tissue. The exchange of compounds required for a successful symbiosis occurs at the PAM and
therefore this structure has a large surface area, closely following the extensions of the
arbuscule and contains a high density of transporters (Pumplin & Harrison, 2009). Vesicles
occur in certain species of AMF and are the storage structures of the symbiosis, once sugars are
acquired by the fungus they are converted to glycogen and lipids for transport and storage in
vesicles (Roth & Paszkowski, 2017). The IRM extends from the point where a fungal structure
called the hyphopodium penetrates the plant root, towards to the arbuscule. Finally, the ERM is
the fourth essential part of the AM symbiosis. This is a structure comprised of branching fungal

hyphae that spreads into the soil around the root acting as an extension of the plant root system
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capable of reaching beyond the depletion zone that forms around plant roots. The smaller
diameter (~4pum) of AMF hyphae (collectively mycelia) compared to fine plant roots (>2mm)
enables access to smaller soil pores and otherwise inaccessible P; from the soil (Miller et al.,

1995; Smith & Smith, 2011).

1.2.2 Diversity and distribution of AMF species

To date approximately 300 species of AMF have been defined using conventional identification
techniques, predominantly based on spore morphology (Robinson-Boyer et al., 2009; SchiiB3ler
& Walker, 2010). There are a number of difficulties in identifying AMF, particularly within
plant roots. Hyphal morphology is more difficult to distinguish and identification beyond the
genus level is not possible, therefore a difference in spore production between species can lead
to inaccurate estimates of abundance and diversity (Merryweather & Fitter, 1998; Sanders,
2004). There has been a transition over the last twenty years to apply comprehensive sequencing
techniques to analyse the diversity of AMF within plant roots to obtain more accurate estimates
of fungal diversity (Taylor et al., 2017). The application of DNA sequencing technology to
diversity studies have revealed the presence of AMF species in plant roots that have never been
successfully documented in spore surveys in the immediate area (Clapp ef al., 1995). With the
ever decreasing costs of sequencing technologies, DNA-based identification has rapidly become
the preferred method for analysing AMF diversity. This has been promoted by the provision of a
curated database exclusively for Glomeromycotan DNA sequences, data from which has
enabled detailed analyses on the global distribution of AMF (Opik et al., 2010; Davison et al.,
2015).

AMF are termed ‘host generalists’ due to their ability to colonise the majority of terrestrial
plants and simultaneously colonising multiple hosts (Smith & Read, 2010). However, recent
evidence suggests that there is some discrimination at an ecosystem level (Davison et al., 2011)
and arising from dispersal limitation (Davison et al., 2016) and host relatedness (Reinhart &
Anacker, 2014). This evidence would suggest that AMF diversity may show different patterns

of diversity similar to plants, but at a broader scale.

1.2.3 AMF and plant stress tolerance
Colonisation by AMF can also induce changes in plant immune responses and chemistry, an
effect that is broadly referred to as mycorrhizal induced resistance (MIR), but effects are
variable depending on species and combinations and the mechanisms are not mutually exclusive
(Figure 3, Pozo et al., 2009; Cameron et al., 2013). Colonisation by AMF induces a complex
chemical interchange where microbe-associated molecular patterns (MAMPs) stimulate the
plants immune system (Zhang & Zhou, 2010). This results in the release of plant

phytohormones, which are subsequently suppressed, but this effectively primes the plant against
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unwanted intruders (Kapulnik et al., 1996; Jung et al., 2012). In particular, Jasmonic Acid (JA)
and derivatives have been correlated with MIR, and proposed as systemic signalling molecules
(Jung et al., 2012; Hilou et al., 2014). The JA pathway typically targets necrotrophic fungi and
chewing herbivores and so AMF primed defences are particularly effective against these groups
(Pozo et al., 2009; Nabity et al., 2013). Transcription analyses of AM plants show that the
majority of up-regulated genes are predicted to have a role as response/signalling genes for
defence or stress, irrespective of AM identity (Liu et al., 2007b; Gerlach et al., 2015). However,
numerous studies have shown that in stressed or challenged plants, different plant-AM fungal
combinations appear to elicit different responses in the plants chemistry, even at a strain level

(Newsham et al., 1995).

AMF also improve soil structure physically, by increasing soil aggregate size, biologically by
altering soil microbial and invertebrate communities and chemically through altered root and
hyphal exudates (Rillig & Mummey, 2006; Leitheit et al., 2014). In drying soils shrinkage can
lead to smaller soil pore spaces that are inaccessible to plant roots, but not the ERM which have
a smaller diameter (Whitmore & Whalley, 2009). Soil structure, relating to soil pore and
aggregate size, is crucial in plant water and nutrient acquisition and also on root anchorage

(Rillig & Mummey, 2006).

AM host plants also exhibit increased tolerance to osmotic (Augé et al., 2015) and salinity
(Porcel et al., 2012) stresses, and heavy metal toxicity (Hildebrandt et al., 2007; Miransari,
2017). AM plants also exhibit improved stomatal conductance, sustained photosynthetic
activity, higher levels of proline and soluble sugars which all contribute to an improved water
status (Augé, 2001; Barzana et al., 2015). Direct transport of water from the soil to the plant via
mycorrhizal hyphae has been recognised since the 1980’s, but it is only since 2009, with the
discovery of water transport channels, aquaporins (AQP) in AMF that the mechanism of this has
been determined (Duddridge et al., 1980; Ruiz-Lozano & Azcon, 1995; Aroca et al., 2009).
Fungal AQP gene expression within the ERM has also been shown to respond to drought stress.
AMF hyphal (ERM) growth increased the expression of two AMF AQP genes (RiAQPFI,
RiAQPF?2) were upregulated in response to drought conditions in maize and axenically grown
carrot roots, resulting in improvements in plant water content (Li et al., 2013b,a). Use of split
pot experiments demonstrate that AMF colonisation in roots within water stressed
compartments led to alterations in plant AQP gene expression, resulting in improved water
uptake, but not in non-colonised controls or in colonised compartments not exposed to stress
(Béarzana et al., 2015). The same two AQP genes were measured in the AMF Rhizophagus
intraradices colonising tomato plants, but only RiAQPF2 showed upregulation in response to
the drought treatment and this was accompanied by an upregulation in a plant AQP gene

(LeNIP3;1) which was not observed in the control treatments (Chitarra et al., 2016). This
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demonstrates that AM can improve root functional responses in response to environmental
stimuli at a small spatial scale, and that there may be some synchrony between AMF and plant

AQP regulation.

AMF AQP may also be crucial in filling in the gaps in the P and N uptake pathway. The uptake
of phosphate by AMF occurs though uptake and accumulation of polyphosphate (PolyP),
although P nutrition is commonly cited as the main benefit of AMF to plant hosts, the exact
mechanisms for transport are still under contention (Smith & Smith, 2011). Kikuchi et al.
(2016) identified three novel AQP in AMF Rhizophagus clarus, one of which, RcAQP3, was
implicated in ammonium uptake. This study showed a strong correlation between rates of PolyP
translocation and RcAQP3 gene expression. Plant transpiration rates were shown to stimulate
the expression and activity of RcAQP3 and control the water flow through the hyphae,
particularly through the tubular vacuoles, where PolyP accumulates. PolyP is then translocated
through the hyphae towards the roots. Through the knock-out of ReAQP3 and measurement of
plant response, Kikuchi et al. (2016) have shown the importance of fungal AQP within the
function of the AM symbiosis.

The benefits of the AM symbiosis for plant growth are numerous, and the mechanisms for these
improvements are progressively being revealed. The effects of AM on AQP gene regulation and
AQP channel gating which enable plants to combat and tolerate abiotic stresses have opened the
avenue for investigating AM impact on other processes regulated by AQP. AQP facilitate
passive transport of water, but also a number of small uncharged solutes and gases such as
carbon dioxide (Uehlein et al., 2003), urea (Beitz et al., 2006), ammonia (Jahn et al., 2004),
hydrogen peroxide (Bienert et al., 2007), boric acid (Takano et al., 2006), silicic acid (Ma et al.,
2006), and arsenic (Zhao et al., 2009) across a natural water or electrochemical gradient. The
diverse role of these compounds in the plant range from osmotic regulation, nutrition, stress

signalling and plant defence.

1.3 Silicon

1.3.1 Silicon availability, uptake and deposition in plants
Elemental silicon (Si) is abundant in soils, but plants can only take up Si in the soluble form
silicic acid (Si(OH),) which is present in soils at concentrations of 0.1mM-0.6mM, However,
soil concentrations of Si(OH), are lower than this in areas of high rainfall and alkalinity and at
extreme temperatures, where plant available Si is deficient (McKeague & Cline, 1963; Haynes,
2014). Silicic acid availability can be affected by numerous environmental factors, such as soil
microbial (Alfredsson et al., 2016) and faunal (Bityutskii ef al., 2016) communities, pH (Gocke
et al., 2013), and litter degradation (Carey & Fulweiler, 2016). Litter degradation is significant,

particularly in an agricultural context where plant residues are often removed post-harvest. The
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dissolution of biogenic Si (Si0,.nH,0) fixed in phytoliths replenishes the bioavailable Si
component in the soil more rapidly than occurs through abiotic weathering processes (Guntzer
et al., 2012b; Carey & Fulweiler, 2016). Some agricultural soils are thus deficient in Si and
there is increasing interest in the use of Si application to crop systems as a way to increase Si
uptake by crops and hence their resistance to both biotic and abiotic stresses (Haynes, 2014;

Meharg & Meharg, 2015; Cooke et al., 2016).

Si uptake by plants has historically been thought to have no associated yield penalties, even
when accumulated in excess, as shown in multiple cases under experimental conditions
(Fauteux et al., 2005; Ma & Yamaji, 2006; Currie & Perry, 2007). However, a recent study
comparing the Si concentration, growth rate and plant size of modern crop cultivars and
ancestral landraces suggests that there is a penalty to the uptake and accumulation of Si, where
high Si accumulating plants were on average 15% smaller than those with low Si accumulation
(Simpson et al., 2017). This yield penalty is predicted to be associated with the active transport

and deposition of Si once inside the plant tissues.

The uptake and transport of Si in grass plants is summarised in Figure 2. Si transport from the
soil is achieved through the uptake of Si(OH), through a constitutively expressed AQP channel
(Lsil) located in the mature roots, more than 10mm from root tips (Ma et al., 2006; Yamaji &
Ma, 2007). In plants there are five sub-groups within the AQP MIP family and the Si channel
(Lsil) is classified within the Nodulin 26-like intrinsic protein (NIP) group (Ma et al., 2006; Xu
et al., 2013). Originally identified in rice, homologs of the Lsi/ gene have been identified in
maize (Mitani et al., 2009), pumpkin (Mitani et al., 2011), wheat (Montpetit et al., 2012) and
other important crop species (Maurel et al., 2015). After passive assimilation into the root
through Lsil, Si(OH), is then actively transported through the endodermal cells across the
casparian strip by Lsi2, a Si efflux transporter. The localisation of Lsil and Lsi2 is different in
rice compared to other grass species, due to the difference in root structure. In maize and wheat
and in other grass species lacking arenchyma, Si can be taken up by the epidermal, cortical and
endodermal cells, while only exodermal cells contain the Lsil AQP channel in rice (Yamaji &
Ma, 2007; Mitani et al., 2009; Montpetit et al., 2012). Transport of Si(OH), through the root
tissues to the stele occurs through the symplast until being transported into the stele by Lsi2 in
wheat and maize, although the xylem loading transporter or channel has yet to be identified in
any plant species (Ma et al., 2011). Transport to aerial plant parts occurs through the xylem at a
rate determined by transpiration (Ma et al., 2007; Kumar et al., 2017a), although uptake and
deposition is inducible by damage to plant tissues and likely related to induction of active Si
transporter Lsi2 (McLarnon et al., 2017). Silicic acid is released from the xylem into foliar
xylem parenchyma by an active process via the transporter Lsi6 (Yamaji et al., 2008). The

Si(OH), then polymerises, with highest concentrations occurring in ‘silica cells” where the cells
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become fully mineralised, a process that only occurs during cell development of young leaves
(Motomura et al., 2006; Kumar et al., 2017a). While transport to the leaves is dependent on
transpiration, the silicification and subsequent death of these cells is determined by a currently
unknown biological process, possibly involving peptides, proteins or sugars that condense
silicic acid to a solid form in foliar cells and phytoliths (Kumar et al., 2017a). There is also
variety in the mechanism of Si deposition across cell types, which is passive at the cell wall of
transpiring plant cells, and active in non-transpiring tissues and in specialised silica cells

independent of transpiration (Kumar et al., 2017b).
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1.3.2 Si and plant defence
Despite being classed as “non-essential” in most plants, Si has important prophylactic effects
against many pests and pathogens (Massey ef al., 2006; van Bockhaven et al., 2013; Hartley &
DeGabriel, 2016). Traditionally, Si defences have been associated with structural defence.
Phytoliths are foliar insoluble silica deposits that strengthen the leaf surface, reducing plant
palatability and digestibility by herbivores (Massey & Hartley, 2006), and epidermal penetration
by pathogens (Kim et al., 2002). Si uptake is variable across species, with grasses (Poaceae
family) typically having the highest Si concentrations and investing most heavily in Si based
physical defences such as silicification of leaf hairs (trichomes) and phytoliths (Epstein, 1999).
The uptake of Si is constitutive but can be increased upon stimulation by herbivory, with plants
that have been previously damaged typically having higher foliar Si concentrations than
undamaged plants (Massey et al., 2007b). Deposition of Si can also vary between and within
species. Phytoliths differ in structure between species and the patterns of Si deposition on the
leaf surface is also very variable. Intraspecific variations in Si deposition also occurs, where less
palatable varieties have been shown to invest more in trichome silicification than softer, more

palatable varieties (Hartley et al., 2015).

The mechanisms for Si related defences can be physical, biochemical, molecular or any
combination of these. Soluble Si in the plant also plays a role in plant protection, priming plant
defence pathways, leading to enhanced levels of defence hormones when plants are attacked
(Ghareeb et al., 2011; Ye et al., 2013; van Bockhaven et al., 2015; Reynolds et al., 2016). The
priming of plant defences by Si is thought to be similar in ways to AMF, with Si based defences
also stimulating the hormone pathways involving salicylic acid (SA) and JA (van Bockhaven et
al., 2013). In the absence of stress, Si-supplemented plants are generally indistinguishable from
controls but when threatened or stressed Si-treated plants have more rapid and enhanced
induction of chemical defences (Fauteux et al., 2005; Ye et al., 2013). Other chemical and
molecular defence theories have been suggested, including Si interacting subtly with iron (Fe)
homeostasis and links to Fe related redox-defences (Islam & Saha, 1969; Liu et al., 2007a).
Also, Si has been shown to influence accumulation of photorespiratory enzymes associated with
defence, and interaction with elemental co-factors of enzymes involved in immune signalling
(Fauteux et al., 2005; Nwugo & Huerta, 2011; Kangasjéarvi et al., 2012). This response has also
been implicated in the improved tolerance of Si supplemented plants on heavy metal tolerance.
Si enriched plants have demonstrated enhanced tolerance to a range of abiotic stresses including
low temperatures (Liang et al., 2008), drought (Eneji et al., 2008), salinity (Li et al., 2015) and

various heavy metal soil contaminants (Adrees ef al., 2015).

24



1.4 AMF and Si

Alternative methods to Si addition that improve Si availability for crop uptake are attracting
interest, and given their well-recognised benefits in P, N and water uptake, attention has turned
to the role of AMF in Si uptake, particularly because Si does not decrease the ability of AMF to
colonise plants as previously thought (Garg & Bhandari, 2015; Maurel ef al., 2015). AMF have
been shown to induce the expression of plant AQPs, including AQP from the NIP sub-family to
which the Si transporter belongs. If AM plants have increased Si compared to un-colonised
plants, then they should have increased protection against a range of environmental stresses.
Both AMF and Si have unique benefits improving plant tolerance to multiple stresses, involving
different plant hormonal responses and physical structures. Application of AMF and Si in
tandem has the potential to provide a holistic and broad coverage of defences against plant

attackers and abiotic stresses (Figure 3).
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Figure 3: Summary of defence mechanisms in plants as a result of AM fungal interactions and Si

application, mechanisms spatially organised to their main areas of impact.

AMF have been shown to have elevated Si concentrations in spores and hyphae under salinity

stress, which demonstrates that there is a mechanism present to take up Si either passively or
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actively in both these structures (Hammer er al., 2011). The mechanism of this uptake is
unknown and transport of any assimilated Si to plant hosts is also unknown (Hammer et al.,
2011). There is evidence that ectomycorrhizal fungi (ECM) can mobilise Si in the soil profile,
resulting in increased plant root concentrations under certain conditions, a mechanism that may
also be true for AMF, which have demonstrated a considerable effect on soil chemistry in the
mycorrhizosphere (Rillig & Mummey, 2006; van Hees et al., 2006). Improvements in Si in AM
plants have been observed under heavy metal stress (Turnau et al., 2007) and manganese stress

(Nogueira et al., 2002) also, compared to non-colonised counterparts.

Experiments that have directly tested the effect of Si and AMF application on Si uptake are few,
but show promising interactive effects. The earliest study looked at Si uptake in mycorrhizal
soybean (Glycine max), and demonstrated higher foliar Si concentrations in AMF colonised
plants and, unlike other elements measured, Si uptake rates were not directly related to P
application and uptake suggesting an alternative method of uptake (Yost & Fox, 1982). By
contrast, Kothari and associates (1990) found that foliar Si concentration was lowest in maize
(Zea mays) colonised by AMF Glomus mosseae (Funneliformis mosseae), but accounting for
differences in root characteristics, mycorrhizal plants demonstrated improved Si uptake
efficiency compared to non-colonised controls (Kothari et al., 1990). Using Rhizophagus
irregularis, Oye Anda et al (2016) demonstrated improved plant growth and Si uptake in
colonised banana (Musa acuminata) plants, and that uptake was responsive to addition of a

soluble Si solution.

The positive effect of AMF on plant Si uptake is also seen under stress conditions. Si
application and mycorrhizal colonisation in chickpea (Cicer arietinum) subjected to salt stress
decreased Na" uptake, while also improving yield and nutrient uptake relative to controls (Garg
& Bhandari, 2015). In isolation, Si addition was found to be less effective than AMF for
improving plant productivity, but was beneficial in improving plant K+/Na+ ratio, while AMF
addition improved the uptake of Si yielding a joint benefit (Garg & Bhandari, 2015). Similarly,
(Garg & Singh, 2017) also showed that the colonisation of AMF R. irregularis further improved
Si uptake under cadmium and zinc stress in two genotypes of pigeonpea (Cajanus cajan) The
results of these two latter studies demonstrate that positive effects of Si uptake and AMF
colonisation are achievable in non-Si accumulating plant species, and across a number of plant

growth limiting conditions (Garg & Bhandari, 2015; Garg & Singh, 2017).

Two recent studies have demonstrated that sugarcane plants colonised by AMF exhibit
significantly higher Si concentrations in roots, particularly in low-Si treatments (Frew et al.,
2017a,b). This effect is consistently found in both commercial and native AMF communities

(Frew et al., 2017a). Root feeding insect performance was also measured in these studies, but
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AMF colonisation appeared to most significantly affect insects in the low-Si soil treatments
(Frew et al., 2017a,b). Where two varieties of sugar cane were used, AMF only decreased the
canegrub performance when Si availability was low and only in one variety of sugarcane tested
(Frew et al., 2017b). It would be expected that improved Si concentration caused by AMF Si
acquisition would have the same effect as addition of a Si treatment, however there may be
more complex regulation in the process, and be dependent on host and fungal combinations. The
addition of the Si treatment may be bringing about other benefits; this study did not amend the
pH of the Si solution addition, so change in soil chemical conditions may have an effect on the
soil grub performance. If AMF are able to enhance plant Si concentrations, either through
improving plant uptake efficiency or through direct transport through the AMF hypha, this
could benefit plant health and productivity (Figure 3, Guntzer et al., 2012).

1.5 IMlumina MiSeq Amplicon Sequencing

Next-generation sequencing (NGS) as a tool for capturing microbial diversity is being applied in
a variety of biological disciplines (Caporaso et al., 2012; Faith et al., 2013; Adams et al., 2015).
While platforms such as Illumina MiSeq are often used on randomly fragmented DNA,
adaptations to the method and sample preparation are enabling analyses to be carried out on
specific parts of the genome used for species barcoding with novel methods to overcome the
limitations of the technology to sequence short fragments (Caporaso et al., 2012; Taylor et al.,
2017). The Illumina Mi-Seq is a powerful benchtop sequencer, capable of generating 17 million
pairs of reads using paired 250 nucleotide sequences (Kozich et al., 2013). It works by binding
amplicons to a sequencing flow cell through the use of primer adaptations. Complementary
base-pairs are called and emit a fluorescent label on incorporation into the DNA strand which is
recorded by the analyser. Similar sequences cluster together and will correspond to operational
taxonomic units (OTUs) generated in downstream processing (Quail et al., 2012). The number
of reads assigned to the cluster is quantifiable so relative abundance can be assessed. There are
two main approaches used to analyse rRNA gene sequences, either using a single or double

PCR approach. This section will describe in detail the double-PCR method.

Preparing samples for amplicon NGS involves several additions to the standard primers used to
amplify specific regions. These adaptations are applied in a two-step process (Kozich et al.,
2013,Figure 4). Through an initial PCR to amplify the region of interest, the standard primers
are attached to specialised sequencing primers and twelve random bases. The sequencing
process clusters fragments together based on sequence similarity of the initial bases in the
fragment, but because the primers remain adhered to the DNA fragment, and conserved regions
make up the early parts of the DNA fragment, differentiation between sequences does not occur

until further into the fragment. The twelve random bases create variable sequence beyond the

27



primers that ensures the sequences are read further along the strand to distinguish sequences and
form clusters based on the variable regions of the DNA fragment. This enables separate colonies
to be distinguishable by the imaging on the MiSeq chip by reading the sequence of a single read
within a colony at each location on the chip. In a second PCR, barcodes (6bp) are added that
bind to the sequencing primers and allow the identification of the sequences in downstream
processing. Adaptors are also added that are complementary to stubs on the sequencing flow

cell so that the fragments adhere to the surface and can be read.

Primer bundle
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1 PCR | | 12n | DNAfragment | 12N | |
2% pCR | 12N | onAfragment | 12N |
Key Barcodle bundle

12 random Adaptor
bases

Figure 4: Adaptations of a DNA fragment for amplicon-based processing using the
Ilumina Miseq platform

1.6 Thesis aims and hypotheses

AMF have a significant impact on the growth and nutrition of plants. The colonisation of plants
by AMF leads to significant changes in plant growth and performance, alongside a complex
alteration of plant gene expression relating to the defence and nutrient uptake pathways. There
has been significant evidence for a link between Si uptake and colonisation by AMF published
in the last two to three years (Garg & Bhandari, 2015; Oye Anda et al., 2016; Garg & Singh,
2017; Frew et al., 2017b). These studies have demonstrated the ability of AMF to improve Si
uptake of a variety of crop species, and under stress and non-stress conditions. However, the
mechanisms of the uptake are still unknown. Although AMF spores and hyphae have been
shown to accumulate Si (Hammer ef al., 2011), AMF also are capable of regulating plant AQP
gene expression and post-translational gating of AQP which may also lead to improvements in

Si uptake (Chitarra et al., 2016; He et al., 2016). This study aimed to develop understanding of
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the mechanism by which Si uptake and deposition is improved by AMF by comparing Si and P

uptake patterns in plants.

Studies using single-species and single-isolate AMF inocula have shown improvements in Si
uptake in crop species but to date no studies have examined the effect of different microbial
communities on the uptake of Si. In this study, the application of high-throughput sequencing
has enabled an accurate assessment of the diversity of root colonising fungi in controlled and
field samples, which has highlighted some potential novel interactions between plant growth
and nutrition and particular microbial species. Previous studies have also focussed purely on
crop species, but understanding microbial and Si interactions in the natural environment is
important to improve understanding of a key pathway in plant defence and community
dynamics. The inclusion of diverse microbial communities and field sampling has enabled
comparisons to be made between glasshouse and natural environments to reveal how important
AMF are within natural communities. This study therefore aimed to understand the tripartite
link between growth of a non-crop plant, silica uptake and microbial communities, with a

special focus on AMF.

Through the use of a variety of experiments at different scales and levels of complexity,
progressing to a study of plants in their natural environment, this thesis aims to investigate the

following hypotheses:

1. Colonisation of plant roots by AMF will improve Si and P uptake and foliar concentration.

2. The application of high-throughput sequencing methods to plant root DNA extracts from
glasshouse experiments and field studies will accurately document the root colonising
fungal communities and enable detailed analysis of species specific contributions to plant
growth and nutrition. It is expected that despite differences in diversity, AMF abundance

will remain a significant factor in Si and P uptake and concentration.

3. Comparative analysis of the experiments in this thesis will reveal whether commonly
applied AMF treatments in glasshouse conditions are valuable in replicating plant response
in the natural environment. It is predicted that using natural inocula in controlled conditions

will generate more ecologically relevant results.
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2 Methods development

This chapter has been included to provide context to the three main data chapters and to
document preliminary experiments that had a significant impact on the direction of the research.
It also includes a detailed overview of the sample preparation and bioinformatics for the next-

generation sequencing data that is used in Chapters 4 and 5.

2.1 Substrate choice experiment

2.1.1 Introduction and background

Substrates suitable for plant growth naturally differ in their chemical composition depending on
the parent material, and how readily available silicon (Si) compounds are available for plant
uptake. For example, aluminosilicate clay material is more susceptible to weathering than quartz
so sandy soils will have higher availability of soluble Si compared to clay-soils (Hodson &
Evans, 1995). Substrates will also vary in pH which will impact the bioavailability of important
compounds such as inorganic P (P;) and silicic acid (Si(OH)4) for plant growth, and affect
microbial activity also (Ehrlich et al., 2010). Availability of Si in substrates can vary widely
between and within different substrates, for example soil concentrations are 1-0.6mM (Epstein,
1999) and the dissolution of Si also varies with pH and is highest at low pH (~4-7) in soil and
clay (Golubev et al., 2006; Haynes, 2014).

This experiment analysed four common plant growth substrates to determine their effect on
plant growth, Si content, and how they interacted with a Si enrichment treatment. The results of
this experiment informed the choice of substrate for future experiments involving Si uptake and

its interaction with mycorrhizal fungi. Two hypotheses were proposed:

1. Plants grown in substrates with a pH range of 4-7 will have higher foliar Si concentrations
than plants grown in substrates with lower or higher pH ranges.

2. Plants treated with additional Si will have a higher Si content than plants without additional
Si supply.

2.1.2 Materials and methods

Preparation of biological materials

Winter wheat (7riticum aestivum var. croft (KWS-UK, Hertfordshire)) plants were grown with
four different substrates: field soil from Yorkshire (Elvington), peat ( J. Arthur Bowers, Lincoln,
U.K ) and perlite were used on their own and in combination (50:50) with terra-green (TG,
calcinated attapulgite clay soil conditioner; Oil-Dri, Cambridgeshire, UK) resulting in six

substrate treatments. All substrates were autoclaved (121°C, 72mins), soil and peat were
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autoclaved twice with a 3 day resting period between autoclave events and prior to seed sowing
while perlite and TG were autoclaved once. An additional Si treatment (Sit+/Si-) was also
applied to the plants, two weeks after germination. Half of the plants received 50ml of
Thornton’s nutrient solution with added Si (Na,Si05.9H,0) at 1.5mM (Si+) while the other half
received a non-amended Thornton’s solution. These treatments were applied twice weekly for
the duration of the experiment and all pots received dH,O throughout the experiment duration
(Thornton & Bausenwein, 2000). Each treatment (substrate, Si +/-) was replicated 8 times, with
a total number of 96 plants. Plants were grown in controlled glasshouse conditions (15-20°C,

16:8hrs light:dark), in a randomised block design.

Table 1: Names, formulas and final concentrations of chemicals used in the Thornton-Bausenwein

nutrient solution. The final Si+ row indicates the chemical addition made for the Si+ treatments.

Stock Chemical Formula Final solution
Solution concentration
(mg/L)

1 Ammonium nitrate NHNO; 120.00

2 Calcium chloride CaCl, 233.10

3 Magnesium sulphate heptahydrate MgS0O,.7H,0 184.85

4 Potassium sulphate K,S0, 87.13

5 Sodium phosphate dihydrate NaH,PO,.2H,0 47.89

6 Iron(III) citrate FeC¢H50, 2.45

7 Micronutrients
Boric acid H;BO; 3.09
Manganese(I]) sulphate tetrahydrate MnSO,.4H,0 1.92
Zinc sulphate heptahydrate ZnS0O,4.7H,0 0.58
Copper(Il) sulphate pentahydrate CuS0,.5H,0 0.25
Ammonium molybdate tetrahydrate (NH4)sMo0,0,4.4H,0 0.09

Si+ Sodium metasilicate nonahydrate Na,Si05.9H,0 426.3

Measurements for pH were taken from three randomly selected pots per treatment (n=36), at
two weeks post-germination, prior to the Si treatment application, and at harvest to monitor any
changes related to the addition of the Si solution. pH of the Thornton’s solution with and
without Si was also measured. pH measurements were taken from fresh substrate, and mixed in

a 1:1 (v:v) with deionised water (dH,O).

At harvest (49-52d after planting) leaf, shoot, and root fractions were separated and the latter
rinsed thoroughly to remove residual substrate. Root length was calculated by the gridline-
intersect method (Tennant, 1975; McGonigle et al., 1990). Measurements were taken per field
of view under a compound microscope at x200 magnification with a cross hair grid attachment
to the lens. One hundred fields of view across two slides were analysed per sample, with
samples randomised and allocated anonymous codes to avoid sampling bias based on the

experimental condition (i.e. samples were analysed ‘blind’). Mycorrhizal structures (arbuscules
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(A), vesicles (V), hyphae (H), and spores (S)) were scored independently, with hyphae being
scored as mycorrhizal only if seen connected to other mycorrhizal structures listed above. If
hyphae were viewed that possessed a similar structure to the mycorrhizal type (i.e. free of
septa/coenocytic, similar diameter) these were labelled as ‘possible mycorrhizal hyphae’ (PH).
Non-mycorrhizal structures were also noted (‘non mycorrhizal’ (NM)). Scores across the two
slides (to add to a sum of 100 fields of view) were then analysed for percentage mycorrhizal

colonisation (MC), minimum and maximum as follows:

Min MC (%) = 100/(A+V+H+S)

Max MC (%) = 100/(A+V+H+S+PH)

Minimum values of colonisation were used throughout this thesis to ensure the values

were most correct, and these scores were overall most consistent.

Dried green leaf material was ground (Retsch MM400 Mixer mill, Haan, Germany) and pelleted
(Specac Atlas™ manual 15ton hydraulic press, Kent, UK) for Si and P analysis using an X-ray
Fluorescence (XRF) gun (Niton XL3t900 GOLDD Analyser, Thermo Scientific, UK)
(Reidinger et al., 2012). The XRF gun was calibrated for measurements using Si-enriched
methyl cellulose and validated using certified reference material from the China National
Analysis Center for Iron and Steel; ‘Bush branches and leaves’ (NCS DC73349) (Reidinger et
al., 2012).

Statistical analysis

Statistical analysis was carried out using Rstudio running R version 3.1.3 (RStudio Team,
2016). Data was checked for normal distribution using the stats::shapiro.test and for
homogeneity of variance using the stats::bartlett.test. Post-hoc tests were used where
appropriate; the stats::TukeyHSD was used following ANOVA tests, while the FSA::dunnTest
was used with the Bonferroni method following Kruskal-Wallis tests. One-way ANOV As were
carried out to examine the effects of Si treatment on foliar Si concentration and biomass within
each substrate type. A non-parametric Kruskal-Wallis test was used to determine significant
differences between substrate types. Linear models incorporating block as a random factor were
compared to simpler models with the dependent factors (substrate and Si treatment) using the
Akaike information criterion (AIC) to determine the model that best fit the data. Changes in pH
were determined with a paired t-test within substrate types and a Mann-Whitney U test across
substrates. Si concentrations were arcsine transformed prior to statistical analyses, graphs are
produced with the raw concentration values, but statistical tests used arcsine values where

appropriate.
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2.1.3 Results
All plants grew successfully to completion of the experiment. Plants grown in the peat substrate
were much smaller in size compared to other treatments (Figure 6) and only three replicates had
sufficient biomass to create a pellet for the Si analysis. The block in which plants were grown in
did not affect the outcome of any statistical analyses, and this factor was removed from analyses

based on the comparison of model AIC values.

The pH of substrates across the experiment was measured to monitor changes caused by the Si
treatments and how this may affect plant growth and Si concentration. The pH of the Si
enriched nutrient solution was not adjusted for this experiment. Silicon enriched nutrient
solution (Sit+) had a pH of ~10.25, significantly higher (t»=-50.0, p<0.001) than the non-Si
enriched nutrient solution (Si-) with a ~ pH 5.48. The addition of Si solution only had a
significant impact on soil-TG substrate pH (t;=-5.167, p=0.035) increasing over the duration of
the experiment (Figure 5). The addition of the lower pH Si- treatment led to a significant
decrease in pH (t=6.51, p=0.023) of the perlite substrate solution from an mean of 8.64 to
7.48 (Figure 5). Overall the pH of the substrates was very diverse ranging from ~3.4 in peat to
~8.3 in perlite. The addition of TG neutralised the pH, increasing or decreasing the pH of

substrate solutions with the exception of the soil substrate.

The substrate had a significant impact on the total biomass of plants (Fs0=59.78, p<0.01). TG
addition significantly increased plant size in peat and perlite substrates compared to the single
substrate treatments (Tukey adjusted P, Peat: p<0.001, Perlite: p<0.001), but decreased plant
size when mixed with soil (Tukey adjusted P, p<0.001; Figure 6). This is possibly related to the
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pH changes seen within these mixed substrates compared to the unmixed substrates (Figure 5).
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Figure 5: Change in substrate pH across the duration of the experiment at two weeks, prior to
treatment with Si solution and at harvest, approximately 7 weeks after germination. Silicon (Si)
treatment refers to the supply of Thornton’s nutrient solution alone (Si-, black) or with added
soluble Si (Si+, blue). Substrates are Peat (shaded circle), peat mixed with Terra-Green (TG, non-
shaded circle), perlite (shaded triangle), perlite mixed with TG (non-shaded triangle), soil (shaded
square), and soil mixed with TG (non-shaded square), n=3 for each treatment.
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Figure 6: Dry weight biomass (g) by plant fractions (Leaf, Stem and Root) of winter wheat (7Triticum aestivum var. Croft) grown in different substrates. The left panel
shows results from plants grown without supplementary Si solution (Si-), and the right panel shows results from plants grown with weekly applications of a 1.SmM soluble

Si solution (Si+), n=8 for all treatments
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Figure 7: Foliar silicon (Si) measurements in winter wheat (7riticum aestivum var. Croft) grown in different substrate types; a) Foliar silicon (Si) concentration and b) Si
uptake efficiency (elemental uptake per unit root length, as calculated by total foliar elemental content/root length (cm). Silicon (Si) treatment refers to the supply of
Thornton’s nutrient solution alone (Si-, grey bars) or with added soluble Si (Si+, white bars). Error bars represent standard error and n=8 for all treatments except for
‘Peat’ where n=3 for Si+ and Si
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The effect of Sit+ treatment was variable depending on the substrate type (Figure 7a). Plants
grown in Peat and Perlite showed the most significant increases in foliar Si concentration as a
result of the Sit+ treatment (Peat: F(;4=103.7, p<0.001; Perlite: F; 14=172.42, p<0.001). Si
concentration in plants grown in perlite roughly doubled with the application of the soluble Si
solution (Si- 1.06%, Si+ 2.03%). When substrates were mixed with TG, there was no increase in
Si concentration associated with the Si+ treatment, yielding similar concentrations to the Si-
treatments (Figure 7). Plants grown in the soil substrate demonstrated the lowest Si

concentrations.

To account for differences in biomass (Figure 6) Si uptake efficiency was calculated (Figure
7b). The only plants that demonstrated a significant improvement in uptake of Si due to the Si+
treatment were those grown in perlite (F 4= 16.85, p=0.001).The addition of terra-green
improved the growth and Si uptake in both peat and perlite substrates, but this was not the case

in the soil treatments.

2.1.4 Discussion
The addition of the Si+ nutrient solution had significant impacts on the pH of some substrates,
particularly perlite and the soil-TG substrate mixture (Figure 5). pH appeared to be related to
plant growth and the addition of TG, a clay substrate, buffered the pH of substrate. This
concurrently led to improvements in plant growth and plant Si uptake efficiency in plants grown
in peat and perlite substrates (Figure 6, Figure 7). This was not the case in plants grown in soil,
where biomass decreased and Si uptake did not change with the addition of TG. However, pH
cannot be the sole factor leading to the improvement in growth of plants grown in peat and
perlite as growth and Si content and uptake were similar between the two despite their varying
pH values (Figure 5, Figure 7 b). This may be due to TG improving the substrate structure and
moisture content, although it should be noted that all plants received sufficient watering

throughout.

There is also the potential of TG providing a source of plant-available Si, as TG is a clay
mineral composed of magnesium-aluminium silicate and potentially not an inert substrate but
capable of influencing plant growth and Si uptake. Interestingly, the addition of Si solution did
not appear to improve the Si concentration of plants grown in substrates mixed with TG. Again,
because TG is a clay-based substrate this may indicate that the Si was binding to the clay
particles. The dissolution, or release of ions and Si into solution varies with pH, and for Si is
highest at pH 4-7 which would explain the high Si concentrations in Peat, Peat-TG and Perlite,
and also the low concentration of Soil and Soil-TG (Golubev et al., 2006; Chen et al., 2011).
Plants grown in soil had the lowest Si concentration, but due to a lower root:shoot ratio

compared to plants grown in other substrates actually outperformed peat and perlite substrates
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in regards to Si uptake efficiency (Figure 7b). Excluding the treatments involving substrate
mixture with terra-green, soil in isolation performed the best in terms of plant growth and Si

uptake efficiency.

Aside from the quantitative results provided, there were some considerations regarding the
harvesting process that influences the decision of substrates to take forward for mycorrhizal
experiments. Harvesting plants from the peat substrate was complex due to the fine flecks of
substrate becoming entangled in the roots and very difficult to remove compared to soil particles
which easily washed away. Similarly, it was difficult to remove plant roots from the perlite
substrate due to the roots growing through the perlite granules. This led to very time-consuming
removal of roots in order to avoid damage so that accurate root length recordings could be
obtained. This will be of particular concern in future experiments looking at the growth of

mycorrhizas and their effects on plant root growth parameters.

Overall, taking into consideration the Si fertilisation by TG, yield penalties by single substrate
treatments of peat and perlite and the complications arising from harvesting plants from these
two substrates, soil appeared to the best substrate for use in future experiments. Sand and TG
mixtures are traditionally used in mycorrhizal studies predominately to create low-nutrient
conditions to encourage mycorrhizal colonisation and also to improve root removal at harvest.
However, this experiment has demonstrated that the use of TG is not appropriate for Si
manipulation experiments. Sand was not considered as an option due to the chemical structure
containing Si. The use of soil also has the benefit of recreating more ecologically relevant
conditions within glasshouse studies and so this will be the substrate taken forward for future

experiments involving mycorrhizas and Si manipulation.
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2.2 Plant host selection for mycorrhizal and silicon manipulation

experiments.

2.2.1 Winter wheat and mycorrhizal colonisation

Rationale

Following on from the substrate experiment, an experiment to test the interaction between Si
and arbuscular mycorrhizal fungal (AMF) colonisation on growth in winter wheat was set up.
This experiment was devised to understand the change in Si accumulation in plants over time

and whether mycorrhizal fungal colonisation affected Si uptake and accumulation.

Materials and methods

This experiment used a two way factorial design using application of a soluble Si application of
Na,Si0;.9H,0 at 1.5mM (Si+) or a dH,O control (Si-) where pH of both Si- and Si+ treatments
was altered to pH 7, and a commercial single species AMF inoculum, Glomus intraradices (syn.
Rhizophagus intraradices, BEG72) accounting for 10% of total substrate volume (PlantWorks,
UK). In addition there were three harvest time-points (4, 7, and 10 weeks after germination).
The four treatments (AMF-/Si-, AMF+/Si-, AMF-/Si+, AMF+/Si+) were replicated seven times
per harvest resulting in a total of 84 replicates over the course of the experiment plus eight

sacrificial pots to check the progress of mycorrhizal colonisation.

At harvest, plant fractions were weighed and dried (70°C, 3 days). Fresh roots were subsampled
for staining. These were cleared in 10% KOH for 3 days at 25°C, then rinsed with dH,O and
acidified for 1 hour in 1%HCI. Roots were stained in a 0.01% acid fuschin-lactic acid solution
for 3days at 25°C before being rinsed once in dH,O and stored in destain solution (1:1:14
dH20:glycerol:lactic acid) until analysis. Samples were randomised and analysed blind for
AMF intra-radical structures (arbuscules, hyphae, vesicles), at 100 fields of view per sample at
x400 magnification to give a percentage of root length colonised (Nikon Eclipse 50i, Melville,

NY) (McGonigle et al., 1990). Non-AM fungal root colonisation was also recorded.

Results

During the experiment sacrificial pots were sampled from to test for colonisation to inform
future experimental harvest time points but no colonisation was observed in these at any point.
Harvests were carried out as planned but very low mycorrhizal colonisation (<1% total root
length) was recorded across the three harvest time points and across the treatments. Due to the
lack of colonisation, Si analysis was performed on the control (AMF-/Si-) and Si supplemented
(AMF-/Si+) alone to reduce experimental costs. Addition of Si solution did not lead to any

significant differences in foliar Si concentration (F(; 35=3.60, p=0.066, Figure 8). Foliar Si

39



concentration did change over the time course of the experiment (F(35=11.53, p<0.001),
increasing significantly between four week old plants to older plants (Tukey adjusted p: Week
7: p=0.028; Week 10: p<0.001), but there was no significant difference between seven and ten
weeks (Tukey adjusted p: p=0.147, Figure 8). Similarly, there was a significant difference in
biomass across the harvests (F(37=232.55, p<0.001), but no significant effect of Si treatment
overall (F(; 37=2.89, p=0.098).
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Figure 8: Foliar silicon (Si) concentration (%) of winter wheat (Triticum aestivum var. Croft) plants
harvested at four, seven and ten weeks post-germination. The Si treatment was either a weekly
application of 1.5mM Si solution (+, white bars) or an equivalent volume of deionised water (-, grey
bars). Error bars represent standard error. The large, bold letters represent significant differences
in Si concentration between harvests, the smaller letters represent significant differences between Si
treatments across harvests.
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Discussion

Overall this experiment demonstrated that Si addition alone was not necessarily beneficial to
plant growth or foliar Si concentration in winter wheat plants. It also demonstrated that either
this variety of winter wheat (var. Croft) was not mycorrhizal dependent, as different crop
varieties can express different levels of mycorrhizal responsiveness (Lehmann et al., 2012), or
that the experimental materials (including the inoculum), setup and growth were not optimal for
AMF colonisation. The quality of the mycorrhizal inoculum may be an issue also whereby
colonisation by AMF may have been suppressed due to the presence of competing fungi in the
plant roots, as non-mycorrhizal structures were noted in the mycorrhizal counts of experimental

plants. Winter wheat was deemed an unsuitable plant to take forward for further experiments.
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2.2.2 Plant host screening experiment
Rationale

Si enrichment in agricultural settings is increasing due to the substantial evidence of its benefit
to plant growth across a number of different crops, and across a range of different stress
conditions (Reynolds ef al., 2016). Enrichment of soil microbial communities in agricultural
systems is also being investigated to provide plants with similar benefits in growth and defence
since agricultural soils were show to be microbially depauperate (Helgason et al., 1998; Thirkell
et al., 2017). Co-inoculation experiments investigating the dual benefits of Si and AMF in crop
species have been published in recent years, demonstrating the novelty of this research area
(Garg & Bhandari, 2015; Oye Anda et al., 2016; Garg & Singh, 2017; Frew et al., 2017b). This
led to the selection of a widely used crop species as the focal species in this project; however the
outcome of the previous experiment involving winter wheat was not successful in regards to
AMF colonisation, which may be due to low mycorrhizal responsiveness. A transition to a non-
crop species would generate more ecologically relevant results, and be important in
understanding the interactions between AMF and Si uptake. This has relevance in natural
systems, particularly with regards to herbivory defence and community structure which has

important considerations for grassland conservation for example.

The aim of this experiment is to see how the growth and foliar Si concentration of four different
native grasses is affected by colonisation by an AMF Glomus intraradices (BEG72, syn.
Rhizophagus intraradices) and Si fertilisation. The results of this experiment will inform the

study species of future experiments.

Materials and methods

Four different species within the Poaceae grass family were selected. Brachypodium sylvaticum
Huds. Beauv., Bromus erectus Huds. (Syn. Bromopsis erecta), Deschampsia cespitosa L.
P.Beauv., and Lolium perenne L.. These plants were chosen based on their life history traits,
their amenability to colonisation by AMF and their varying Si content (Grime et al., 1988,
Harley and Harley, 1987, Massey et al., 2007).

1L Preparation of biological materials

Plants were grown with addition of live (AMF+) or twice sterilised single species AMF
inoculum (AMF-) and addition of Si solution (Si+) or an equivalent volume of deionised water
(dH,0) (Si-), resulting in four treatments (AMF-/Si-, AMF-/Si+, AMF+/Si-, AMF+/Si+). The
AMF inoculum, Rhizophagus intraradices Walker & SchiiBler (Glomus intraradices Schenck &
Smith, (SchiiBler and Walker, 2010)) isolate BEG72 was obtained from PlantWorks, UK in a

zeolite-sand substrate containing spores and root fragments. The growth medium was field soil
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from Yorkshire sterilised by two autoclave events (121°C, 72mins), with three days resting
between and after autoclaving. The AMF inoculum for the AMF- treatment was also sterilised
by the same method. To control for the effect of associated, non-AMF communities in the
rhizosphere, the AMF inoculum was filtered (20pm mesh, followed by Whatman no.1) to obtain
a bacterial filtrate, and 20ml was added to all pots to ensure uniform bacterial communities
across all treatments. Seeds were sown directly in 0.5L pots, with 10% volume of AM
inoculum, sterilised or live. The AMF inoculum (10% total pot volume) was added as a block,
just under the soil surface based on advice received, rather than thoroughly mixing with the soil
as was done previously in Section 2.2.1. This results in a dense patch of inoculum close to the
location of the seed, increasing contact with the AMF propagules in the inoculum, and therefore
increasing the chances of establishing a successful symbiosis. There were seven replicates per
treatment (determined by an a priori power analysis test with an effect size of 0.25 (Thomas,
1997)), grown in controlled glasshouse conditions (15-20°C, 16:8 hrs light:dark), in a
randomised block design. Treatments (AMF-/Si-, AMF+/Si-, AMF-/Si+, AMF+/Si+) were
replicated for each grass species, therefore resulting in a total of 12 treatments, each replicated 7

times (n=84).

Si solution consisted of 1.5mM sodium silicate nonahydrate (Na,SiO;.9H,0), with a pH
amended using 0.5M HCI to match the pH of the dH,O Si- treatment. Control treatments
received equivalent volumes of dH,O. Plants in the Si+ treatment received approximately 45mg
of Si per week (exceeding natural soil concentrations and in line with similar studies

(McKeague & Cline, 1963; Massey et al., 2006)), plus supplementary dH,O when required.

At harvest leaf, shoot, and root fractions were separated and the latter rinsed thoroughly to
remove residual soil. Root length was calculated by the gridline-intersect method (Tennant,
1975; McGonigle et al., 1990). Root sub-samples were taken for mycorrhizal analysis, and their
dry weights (DW) estimated for total root DW biomass (((remaining root fresh weight (FW) +
root FW of AMF subsample) / remaining root FW) x remaining root DW).

11 Si and P measurement

Dried green leaf material was ground (Retsch MM400 Mixer mill, Haan, Germany) and pelleted
(Specac Atlas™ manual 15ton hydraulic press, Kent, UK) for Si and P analysis using an X-ray
Fluorescence (XRF) gun (Niton XL3t900 GOLDD Analyser, Thermo Scientific, UK)
(Reidinger et al., 2012). The XRF gun was calibrated for measurements using Si-enriched
methyl cellulose and validated using certified reference material from the China National
Analysis Center for Iron and Steel; ‘Bush branches and leaves’ (NCS DC73349), and ‘Spinach’
(NCS ZC73013) for the Si and P concentrations, respectively (Reidinger et al., 2012).
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11l Symbiosis development

Roots were cleared in 10% KOH at 70°C for 30 minutes then rinsed thoroughly with dH,O
followed by staining in a 5% ink (Pelikan 4001 Brilliant Black)-5% acetic acid solution for 20
minutes also at 70°C. Root were then rinsed in 1% acetic acid solution and stored in destain
solution (1:1:14 dH,O:glycerol:lactic acid) until analysis. Prior to analysis, samples were
randomised and assigned new IDs to avoid bias. Roots were mounted on glass slides in destain
solution and analysed for intra-radical structures (arbuscules, hyphae, vesicles), at 150 fields of
view per sample at x400 magnification to give a percentage of root length colonised (Nikon

Eclipse 50i, Melville, NY,(McGonigle ef al., 1990)).

V. Statistical analysis

Percentage data was arcsine transformed prior to statistical analysis. Analysis was conducted in
R studio Version 3.1.3, (R Development Core Team, 2011; RStudio Team, 2016). Two Linear
models were created using the Ime4:Imer function (including the random term ‘Block’ to test for
an effect of the block plants were grown in) or stats:Im function in R. The two models were
compared using the Akaike Information Criterion (Akaike, 1973) to determine the model which
best fits the data, and the model with the lowest score was selected for further analysis. The
graphics:plot function was used to plot the data from the simple linear model to view the
distribution of replicates and residuals. Data was checked for normality and homogeneity of
variance using the Shapiro-Wilk normality test (stats:shapiro.test) on the residual data points of
the simpler linear model and Levene's test for homogeneity of variance across groups
(car:leveneTest), respectively. Data was normally distributed and the simpler model excluding
‘Block’ as the random term best described the data. Two-way analysis of variance (ANOVA)
was carried out on mixed-effect linear models where the fixed effects were the AMF and Si
treatments. Correlations were performed on transformed data using the Pearson product-

moment correlation, calculated using the stats:cor.test function in R.
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Figure 9: Total root length colonisation (%) of three grass species, Brachypodium sylvaticm (left panel), Deschampsia cespitosa (central panel), Lolium perenne (right panel)
when grown with a live (AMF+) or sterilised (AMF-) arbuscular mycorrhizal inoculum and a silicon supplement (Si+) or water control (Si-). Grey bars represent
colonisation by AMF, and white bars represent colonisation by non-AMF, error bars represent standard error.
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Results

B. erectus seeds did not germinate under the conditions of this experiment after three weeks in
the glasshouse. The viability of the seeds was checked on growth on moistened filter paper in
Petri dishes and no growth was observed in these circumstances either. Each plant species had a
different growth and emergence rate and was therefore harvested at different times to balance
the risk of plants becoming pot bound with plants having insufficient biomass to be able to
produce pellets for Si analyses. L. perenne was the most rapidly growing species and was
harvested 10 weeks post-germination. B. sylvaticum was harvested 11-12 weeks post-
germination and D. cespitosa 18 weeks post-germination. Roots were analysed for mycorrhizal
structures, but only B.sylvaticum plants showed significant colonisation by AMF. Both L.
perenne and D. cespitosa had within the region of 20-30% of total root length was colonised by

non-AMF fungal structures, and on average 1-2% AMEF colonisation (Figure 9).

Discussion

The failure of B. erectus to germinate and the lack of mycorrhizal colonisation in L. perenne and
D. cespitosa only left B. sylvaticum as a viable option as a host plant to be used in future
experiments. The three data chapters 3, 4, and 5 all focus on the relationship between Si and

fungal colonisation in B. sylvaticum.

This experiment also had an impact on the methods used in subsequent experiments to introduce
fungi to experimental pots. The low rates of colonisation by AMF coupled with the presence of
relatively high root colonisation by other non-mycorrhizal fungi across a range of different
plants led to questions about the quality of mycorrhizal inocula used in the experiment. The
mycorrhizal inoculum is clearly the largest source of contaminants or non-target fungi given the
lower counts in AMF- treatments. Analysis of root samples was conducted blind after samples
were randomised and given arbitrary sample names to avoid bias in the counting stage. The

following section discusses the implications of using commercial and stock pot inocula.

The full analysis of this experiment, focussing on B. sylvaticum is presented in Chapter 3.
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2.3 Verifying mycorrhizal cultures

2.3.1 Rationale
The abundance of non-target fungal structures in experimental plant roots that was seen in early
experiments was of concern. Mycorrhizal trap pots or stock pots are used to bulk up mycorrhizal
inoculum using plants with high mycorrhizal susceptibility. This section details the molecular
analysis of fungi in plant roots of existing stock pots and of a new stock pots set up containing

the PlantWorks inoculum used in the previous two experiments (Sections 2.2.1 and 2.2.2).

2.3.2 Materials and methods

Mycorrhizal stock setup

A 50:50 (v:v) mixture of sand and terragreen (TG, attapulgite clay) was dampened with distilled
water and sterilised by autoclaving (121°C, 72mins). Plant pots were sterilised by immersion in
8% Haychlor bleach overnight (~16hours) and rinsed thoroughly prior to potting. Plantago
lanceolata L. seeds were sterilised by immersion and shaking in a 4% Haychlor solution for 2
minutes, and thoroughly rinsed with deionised water (dH,O) to remove residual bleach. For
each 1L pot, a 20um mesh was cut to size and fitted in the base of the pot, 0.25g of bone meal
and ~50g of original AMF inoculum (roots, spores and substrate) was mixed thoroughly with
1L of autoclaved sand:terragreen mixture and added to the pots. Ten seeds of P. lanceolata were
added to the pots and pots were inserted into sunbags (0.2pm pore; Sigma-Aldrich (Merck),
MO, USA) to prevent cross contamination, labelled and transferred to the mycorrhizal stock
glasshouse (15-20°C, 16:8 light:dark). A further three stock pots were sourced from existing
stocks at the University of York including a Glomus mosseae, Gigaspora rosea and an
additional G. intraradices. The other stock pots were set up by other PhD students and

researchers (~1-2 years previously) using the same method detailed above.

Mpycorrhizal inocula origin and sampling

The single species mycorrhizal inoculum from Plant Works Ltd. (Kent, UK) was used directly
from the source material as an inoculum source in the previous two experiments (Sections 2.2.1,
2.2.2). A sample of the original inocula in a terragreen-vermiculite (1:1, v:v) substrate was used
to set up stock pots to produce further inocula for follow up experiments. The G. mosseae stock
pot was also originally sourced from PlantWorks while the Gig. rosea and G. intraradices were
from stocks originating from BioRhize Ltd. (Dijon, France), which has ceased to operate.
Although the taxonomic names have been overviewed and updated recently (Schiifler &
Walker, 2010), this chapter will refer to the stocks as they were identified by the companies that
supplied them.
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Sampling

Root samples were taken using a 2cm diameter core inserted half way down the pot, generating
approximately 6cm depth of substrate and root mixture. The corer was washed thoroughly
before and between samples with water followed by 70% ethanol. Roots were extracted from
the substrate and washed before drying in a 70°C oven for 3 days. Samples were transferred to
Eppendorf tubes with 2mm stainless steel ball bearings and milled for 1 minute (24 Hertz;

Retsch MM400, Haan, Germany).

DNA extraction and Polymerase Chain Reaction (PCR)

DNA was extracted from milled root material using the PowerPlant™ DNA isolation kit (MO
BIO Laboratories, Inc., CA, USA) following the manufacturers protocol with an additional step
for phenolic removal. DNA was eluted in 50pul of kit buffer and concentrations were determined
by NanoDrop ND-8000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
DNA was stored at -20°C until PCR amplification using a Techne TC-512 thermocycler (Bibby
Scientific, Staffordshire, UK). The ribosomal RNA (rRNA) Internal Transcribed Spacer (ITS)
region was amplified using the ITS1 (5-TCCGTAGGTGAACCTGCGG-3") and ITS4 (5'-
TCCTCCGCTTATTGATATG-3") primer pair (Gardes & Bruns, 1993). Each PCR reaction
mixture contained Sul 5xGo-Taq Flexi buffer, 2ul 25mM MgCl,, 0.5ul 10mM dNTP mix, 0.5ul
of each primer, 0.125ul GoTaq Flexi DNA polymerase, 15.875ul dH,O and 0.5ul template
DNA. Samples were initially denatured for 4 minutes at 94 °C, followed by 32 cycles of 94 °C
for 40 seconds, 52 °C for 40 seconds, and 72 °C for 60 seconds, concluded by a final extension
at 72 °C for 10 minutes. Products were checked by separation on 2% agarose gel by
electrophoresis. PCR products were purified with the QIAquick PCR purification kit (Qiagen,
CA, USA).

Bacterial cloning

DNA concentrations of the purified PCR products were quantified using the NanoDrop ND-
8000 Spectrophotometer to calculate the amount of PCR product required for the ligation
reaction. PCR products were mixed in a 3:1 ratio with a vector (pGEM-T Easy Vector,
Promega) calculated independently for each sample to control for different DNA concentrations.
Each ligation reaction contained 5Sul of 2x Rapid ligation buffer, 1ul of pGEM-T Easy Vector,
lul of T4 DNA ligase and varying volumes of the PCR product dependent on sample
concentration, and dH,O to make up to the final 10ul volume. These reactions were incubated at
4°C overnight. 50ul (100ul control) of Bacterial IM109 high-efficiency bacterial cells were
added to Eppendorf tubes containing 2l of the incubated ligation reaction, these reactions were
heat shocked at 42°C for 45-50 seconds and returned to ice for two minutes. 950ul (900ul
control) of Super Optimal Broth with added glucose (SOC) was added and reactions were
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shaken for 1.Shours at 37°C. 100ul of reaction mixture was plated onto agar enriched with
antibiotic ampicillin and X-gal for blue/white screening. Plates were incubated overnight at
37°C and white colonies demonstrating successful transformation were selected for secondary
PCR under the same conditions described above. This was performed for six samples, two
plates per sample and five colonies selected from each plate. PCR products were cleaned as
above, DNA concentrations verified and samples diluted to 1ng/ul per 100bp for Sanger

sequencing carried out by Source Bioscience (Cambridge, UK).

Sequence processing

Sequence identity was checked using the NCBI Basic Local Alignment Search Tool (BLAST)
for nucleotide sequences. Sequences were trimmed using BioEdit v7.2.5 (Hall, 1999) and
aligned using MEGA v6.06 (Tamura ef al., 2013). A Neighbour-Joining tree with five hundred
bootstrap replications was generated using the MEGA package.

2.3.3 Results
Of the six pots that were analysed (three of Glomus intraradices, one of Gigaspora rosea and
two of Glomus mosseae) only two produced sequences corresponding to arbuscular mycorrhizal
fungi. One of the G. intraradices (2_BioRhize Glomus intraradices, Figure 10) pots was
dominated by sequences of F. mosseae, not the intended species. Another pot set up from the
same initial starting inoculum (1_BioRhize Glomus intraradices) however did not generate any
mycorrhizal sequences. Similarly G. rosea (4_BioRhize Gigaspora rosea) produced a sequence

that corresponded to Rhizophagus irregularis, not the intended species (Figure 10).

Sample three (3_PlantWorks Glomus intraradices), was the most recently sourced stock that
was analysed, and was derived from the same material used as a mycorrhizal inoculum in
Sections 2.2.1 and 2.2.2. No mycorrhizal sequences were identified in this analysis coming from
this stock, but rather the sequences generated were dominated by isolates from the Fusarium
genus, and including one sequence identified as Serendipita sp. (syn. Piriformospora).
Fusarium is a large genus containing saprophytic and pathogenic fungi while Serendipita is
typified by S. indica a plant growth promoting endophytic fungus. Other frequently isolated
species across other samples included Gibellulopsis nigrescens (syn. Verticillum nigrescens), a
common plant pathogen, and isolates from the Myrothecium genus another potential plant

pathogen.

2.3.4 Discussion
Overall, this analysis was dominated by a few species, mostly non-mycorrhizal. It could be
argued that glasshouse contamination could be causing non-mycorrhizal fungi to become

dominant in these pots. However, if this was the sole reason for the contamination of the pots,
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then it would be expected that the sequencing results would be uniform across all samples.
However this is not strictly the case and replicates of the same pots appear to cluster together,
which indicates that the source of contamination may have arisen from the production stage in
the suppliers systems. For example, the sequences generated from the Gig. rosea pot were
unique in producing sequences of an Alternaria sp. and Mortierella alpina that were not found
in other samples. However, some pots that have been set up with the same starting inocula have
produced different results (i.e. comparing 1 and 2 BioRhize Glomus intraradices), and others
have produced similar sequencing outputs (i.e. 5 and 6 PlantWorks Glomus mosseae; Figure
10). This may reflect the ages of the cultures, or the difference in techniques used in the setup,

as these were set up by different people.

Overall, it appears that mycorrhizal stocks, independent of age and origin, contain a variety of
fungi potentially at higher abundance in the roots than the target mycorrhizal species. While
some stocks did contain mycorrhizal sequences, these were not the species that were meant to
be in the cultures. While some stock pot contents are checked through staining and visualisation
with microscopy prior to their use as a source of mycorrhizal inoculum, distinguishing between
species of AMF in the roots is difficult to do visually (Merryweather & Fitter, 1998). This
suggests that without the use of molecular quantification it may be difficult to be certain of the
contents of stock pots. The presence of pathogenic fungi is of concern, but potentially less
significant than the presence of a plant-growth promoting fungus from the Serendipita genus.
The inclusion of this in mycorrhizal experiments may result in it contributing to beneficial plant
response in a way that makes it difficult to disentangle from the effect of mycorrhizal fungi. The
colonisation of roots by AMF is said to be opportunistic and different plant species and varieties
have different mycorrhizal responsiveness and susceptibility to disease. A combination of these
two factors and the overall absence of sequences corresponding to AMF in the PlantWorks G.
intraradices inoculum that was used as the AMF source in previous experiments may reveal
why colonisation was so low. This review of single species mycorrhizal stocks highlights the
importance of verifying the contents of mycorrhizal inoculum sources, including those supplied

direct from the producers, prior to experimentation.
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Figure 10 Neighbour-joining tree displaying relationships between sequences from different
mycorrhizal stocks. 'BioRhize' and 'Plant Works' refer to the source company and the intended
cultured species, Glomus intraradices, Glomus mosseae and Gigaspora rosea. Clusters are annotated
on the right hand side with Blastn assigned taxonomy. Bootstrap values indicate support for nodes.
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2.4 Overview of High-Throughput Sequencing methods

This section is included to present an overview of the methodology involved in the preparation,
sequencing and bioinformatics of samples and data for the Illumina MiSeq sequencing platform

that was used in Chapters 4 and 5.

2.4.1 Sample preparation

30-40mg of dried (70°C 3 days) root material was milled (Retsch MM 400, Haan, Germany)
with two steel grinding balls (lcm diameter) in a 25ml steel capsule (2 minutes, vibrational
frequency 24 Hertz). DNA was extracted using PowerPlant™ DNA isolation kit (MO BIO
Laboratories, Inc., CA, USA). DNA was eluted in 50ul of kit buffer and concentrations were
determined by NanoDrop ND-8000 Spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA). DNA was stored at -20°C until PCR amplification using a Techne TC-512
thermocycler (Bibby Scientific, Staffordshire, UK). DNA amplification was carried out in a
nested PCR approach to produce enough product for sequencing. The DNA regions of interest
were initially amplified using the general eukaryotic NS31 (5°-
TGGAGGGCAAGTCTGGTGCC-3’, Simon et al, 1992)) and ITS4 (3’-
TCCTCCGCTTATTGATATGC-5’, Gardes & Bruns, 1993)) primer pair, which covers the 18s
small subunit (SSU), ITS1, 5.8s and ITS2 regions of the rRNA operon therefore creating a high
volume of template product for the nested PCR. Products of this reaction were diluted 1:100 and
used for PCR amplification using general fungal primers adapted with forward and reverse
Illumina Nextera adapter and linker sequence (ITS1F-ITS4) and the V4 region of the 18s small
subunit (SSU) AMF specific region (NS31 (5°-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGANNWNNNHTTGGAGGGCA-3’)-
AMI (Helgason et al., 1998).

Problematic PCR reactions were used where the basic PCR recipe did not produce product, or
weak bands. PCR products were purified with the GenElute™ PCR Clean-Up kit (Sigma-
Aldrich, St Louis, MO, USA) and DNA concentration determined by Invitrogen™ Quant-iT™
DNA high sensitivity assay Kit (Invitrogen, Life Technologies, Carlsbad, CA, USA). Sample
concentrations were adjusted so all template was at the same concentration (2ng pl™) in a 10pl
volume. These purified products served as the DNA template for barcoded high-throughput
sequencing on the Illumina MiSeq platform (Illumina Inc., San Diego, CA, USA) at the
University of York, UK.

Table 2: Details of the reaction mixture and PCR cycles used on fungal DNA extracts for the initial
long-read PCR (NS31-ITS4) and the PCR amplification using Illumina MiSeq specific primers (ITS
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region: 111-114, AM region: 113-I15). Kits used were Q5 ® High-Fidelity DNA Polymerase (New
England Biolabs, MA, USA) and GoTaq® G2 Flexi DNA Polymerase kit (Promega, WI, USA).

Primary long-read PCR Ilumina MiSeq

Primer pairs NS31-1TS4 ITS1F({11)- NS31(113)-
1TS4(114) AM1(115)
Reaction Sul 5x GoTaq® Flexi buffer Sul 5x Q5 reaction buffer
Mixture (25ul) 2ul 25mM MgCl,
0.5p] 10mM dNTP mix 0.5p] 10mM dNTP mix
0.5 pl each primer 0.5 pl each primer
0.125pu] GoTaq® Flexi DNA  0.125ul High-Fidelity DNA
polymerase polymerase
15.375ul dH,O 17.375ul dH,O
(*problematic samples: 14.875ul)
1ul template DNA 1ul template DNA (diluted 1° PCR)
*problematic samples: + 2.5ul BSA
PCR Cycle
Initial denaturation  Smin at 94°C Smin at 95°C Smin at 95°C
Cycles 30 20 20
Denaturation 30sec at 95°C 30sec at 94°C 30sec at 94°C
Annealing 30sec at 55°C 40sec at 55°C 40sec at 57°C
Extension 2min at 72°C Im10sec at 72°C Im10sec at 72°C
Final extension Smin at 72°C 10mins at 72°C 10min at 72°C

2.4.2 lllumina Miseq sequencing
Amplicons were tagged with the Illumina adapter sequence were then subject to a final round of
amplification to add the unique barcode sequences. Eight cycles of PCR amplification were
performed using NEBNext® High Fidelity Q5 Polymerase 2X mastermix (New England
Biolabs, Ipswitch, MA) and Illumina Nextera® XT index primers (Illumina, USA). Amplicons
were purified using 0.9 x by volume AMPure XP beads (Beckman Coulter, High Wycombe,
UK) and eluted into low TE buffer before quantitation and pooling at approximately equimolar
ratios. Samples were diluted to 4nM before denaturing with 0.2N NaOH ready for loading at
~10 pM, with a 20 % PhiX library spike (Illumina; for added sequence variety). Amplicon pools
were sequenced on an [llumina MiSeq with a 600 cycle kit. The fastq (fasta files with integrated
quality information) were created via the generation workflow in Illumina’s BaseSpace

Sequence Hub.

2.4.3 Sequence processing
Downstream sequence processing was carried out in PuTTY/Unix using the QIIME v.1.9.1
analysis pipeline (Caporaso et al., 2010). The full pipeline for processing sequences ready for
diversity analyses is detailed in Table 3. The databases used for the amplicons differed, ITS
sequences were referenced against the general fungal UNITE database (v7.1, Koljalg et al.,
2005; Abarenkov et al, 2010) while AMF sequences were referenced against the
Glomeromycota specific MaarjAM (v.0.8.1, Opik et al., 2010) database. For the sorting stage
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(Step 18-19, Table 3) OTU sequences were aligned using the EMBL-EBI online Clustal Omega
tool (Goujon et al., 2010), which generates a simple distance phylogeny and a percentage
identity matrix. OTUs that had high similarity (>90% for ITS, >95% for AM amplicons) were
highlighted and taxonomy checked with BLAST (search parameters excluded environmental
samples). Multiple OTUs were collapsed into a single record based on ID, and read counts
aggregated if the BLAST outputs led to the same taxonomic outcome at high confidence
(identical accessions or identity at >97% QC and ID in BLAST). Taxonomic attributes of OTUs
previously assigned as ‘unidentified’ or ‘unassigned’ were edited to reflect the findings of the
BLAST search and non-fungal OTUs were removed. Trophic guilds were assigned to group

OTUs into ecologically meaningful categories using FunGuild (Nguyen et al., 2016).
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Table 3: QIIME analysis pipeline

Action Function Description
Strip off 1st usearch8 Remove the randomised bases added to sequences used in amplicon
13 bases -fastg filter “input file name.fastq” sequencing, so that sequences can be distinguished.
-fastqg stripleft 13
-fastgout “output file name.fastqg”
(repeat for all sequence files )
De- convert fastaqual fastqg.py Raw fastq file (-f) contains sequence and quality information. These need to be
multiplexing | -f “input file name.fastqg” “de-multiplexed” and split into two files, a .fastqual (quality data) file and a

sample files

-c fastg to fastaqual
(repeat for all sequence files)

sequence file (.fna).

Create
mapping files

#SamplelID BarcodeSequence
LinkerPrimerSequence

E4AM TTGGAGG GCAAGTCTGGTGCC

E4ITS TCCGTAG GTGAACCTGCGG

(Create a separate file for each sample)

Create a mapping file so that QIIME can distinguish between the different
amplicons you’ve used. There is no barcode, but this assigns the first 7 bases of
the primer sequence as the barcode sequence and then the rest as a linker
sequence.

Filters out

split libraries.py

b is barcode, defined in Step 3 (7 bases long)

poorer -b 7 -m is the mapping file location from Step 3 (.txt)
sequences, -m Step3 maps/ehlmap.txt -f is the sequence file from Step 2(.fna)
and changes -f Step2/EH1 S66 L001 R1 001.fna -q is the file with quality information from Step 2 (.fastaqual)
sequence -g Step2/EH1 S66 L001 R1 00l.qual -0 is the file path where to create a new directory for the output (a .fna file and
headers -o “Step4/EHL” quality records)
(repeat for all sequence files)
Creates split sequence file on sample ids.py To pull the two amplicon AM and ITS sequences into separate files.

separate .fasta

-i “Step4/EH1/seqgs.fna”
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files for each

-0 “folder name”

amplicon (repeat for all sequence files)
within a
sample
6 | Merges all cat EH1 AMF.fasta EH2 AMF etc. File names to be separated with a space only, no returns or lists.
samples by > concatenatedAMF. fna

amplicon to
generate one
file per
amplicon

(repeat for other amplicon)

The next five steps are to rename the within file sequence headers to make them compatible with later analyses.

7a | sed 's/>/>barcodelabel=/g' concatenatedAMF.fna > step7a AMF.fna

7b|sed 's/ /;/g' stepTla AMF.fna > step7b AMF.fna

7Jc | sed 's/ M/z/g' step7b AMF.fna > step7c AMF.fna

7d | sed 's/z.*//' step7c AMF.fna > step7d AMF.fna

7e | sed 's/;201/1/g' step7d AMF.fna > step7e AMF.fna

8 |Groups identicaljlusearch8 -derep fulllength step7e AMF.fna [Input concatenated file with new headers, -fastaout to define new file name.

segeunces -fastaout step8 AMF.fa -sizeout
9 [Sort clusters by [usearch8 -sortbysize step8 AMF.fa Groups sequences together based on size, excludes singletons or samples with
size -fastaout step9 AMF.fa fewer than two records (minsize 2).
-minsize 2
10 [Removes AMF: For AMF sequences, the MaarjAM database of Glomeromycotan sequences, and
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chimeric

usearch8 -uchime ref step9 AMF.fa

ITS uses the UNITE database of general fungal sequences.

sequences -db giime MaarjAM-master/maarjAM.5.fasta
-strand plus
-nonchimeras stepl0 AMF.fa
11 [Alter OTU python fasta number.py steplO AMF.fa Re-numbers OTUs after the previous re-ordering and sorting steps
labels OTU_ > stepll AMF.fa
12 Maps new OTU [usearch8 -usearch global step7e AMF.fna Input file is the output of Step7e, the complete concatenated table prior to

file onto older
file version for

-db stepll AMF.fa -strand plus -id 0.97
-uc stepl2 AMF.uc

filtering. The ID parameter dictates 97% similarity between sequences. —uc is the
output in the form of a mapping file for the next step.

sample
information
13 |Creates an OTU [python uc2otutab.py stepl2 AMF.uc > The mapping file from step 12 is used to generate an OTU table.
table stepl3 AMF.txt
14 [Convert from |biom convert The following steps require a specific .biom file format so this converts the
xt to .biom file|-1 stepl3 AMF.txt step13 product from a text to biom file.
-0 stepld4 AMF.biom
-—-table-type "OTU table" --to-json
15 [Assign assign taxonomy.py This stage compares the sequence file from Step 11 to the reference databases
taxonomy to -1 stepll AMF.fa fasta files (AMF: MaarjAM, ITS: Unite) to assign taxonomy to the sequences.-o
sequences -0 stepl5 AMF/ is the file path for a new directory with the taxonomy assignments and a log file.
-r maarjAM.5.fasta
-t maarjAM.id to taxonomy.5.txt
16 |Add meta data |biom add-metadata This adds the sample information from the mapped sequence file from Step 14.
to file -i stepl4 AMF.biom Will create a table of OTUs counts for each sample.

-0 S16 AMF.biom
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--observation-metadata

-fp

stepl5 AMF/stepll AMF tax assignments.txt
--observation-header

OTUID, taxonomy, confidence

--sc-separated taxonomy

--float-fields confidence

17

Remove non-
fungal samples

filter taxa from otu table.py

-1 stepl6 AMF.biom

-0 stepl’7 AMF.biom

-n k Plantae,k Protista,k Protozoa

Filters the OTU table, removing any samples that have been assigned as plant,
protist or protozoan by the reference databases. The unite database contains a
minimal amount of sequences on non-fungal samples, but this will remove them
if present.

18

Convert from
.biom to .txt

biom convert

-1 stepl’7 AMF.biom

-0 stepl8 AMF.txt

-—-table-type "OTU table" --to-tsv

This needs to be converted to a text file so that the information can be visualised
and extracted for the next step.

At this stage many sequences will be “unassigned” because the databases are limited and there may be unassigned non-fungal sequences that need to be removed.

Sequences are checked using NCBI BlastN database to assign taxonomy manually, non-fungal samples removed, and similar samples collapsed. The Step 15

taxonomy file is also updated and re-imported for diversity analyses.

19 [Convert from |pbiom convert Import the reduced and curated OTU table and convert from .txt to .biom file
.txt to .biom -i s18 AMF curated.txt
-0 s19 AMF.biom
-—-table-type "OTU table" --to-json
20 |Add sample biom add-metadata This is the same as Step 16, but is necessary to re-add the metadata to the OTU
metadata -1 stepl9 AMF.biom table since both files have been altered.

-0 step20 AMF.biom
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--observation-metadata

-fp

stepl5 AMF/stepll AMF tax assignments.txt
--observation-header

OTUID, taxonomy, confidence

--sc-separated taxonomy

--float-fields confidence

21

Remove rare
samples

filter otus from otu table.py
-1 step20 AMF.biom

-0 step2l AMF.biom

--min count fraction 0.00005

This removes very rare samples which become problematic for normalisation
techniques and can skew the data. This filters by total abundance of each OTU
and removes if present at frequencies of less than 0.005% as recommended in
documentation for Step 22.

22

[Normalise table

normalize table.py
-1 step2l AMF.biom
-a CSS

-0 step22 AMF.biom

This script normalises the abundance data and is used as an alternative to
rarefying samples which can remove an excessive amount of data (McMurdie et
al., 2014). The method CSS (cumulative sum scaling) is from the
metagenomeSeq package(Paulson ef al., 2013)

23

Assign trophic
guilds

python Guilds v1.0.py
-otu step2l plustax.txt
-db fungi -m -u

This assigned fungal trophic guilds to the OTUs. It requires an OTU table with
the taxonomic assignments included in the same file, so a new column with
these is added with the header ‘taxonomy’.
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3 Colonisation by Rhizophagus irregularis increases root
uptake efficiency of silicon and phosphorus in
Brachypodium sylvaticum

3.1 Introduction

Arbuscular mycorrhizal fungi (AMF) are obligate plant symbionts that colonise the roots of
over 80% of land plants (Smith & Read, 2010). AMF exchange plant growth limiting nutrients,
predominately P collected from the soil for photosynthetic carbon (Parniske, 2008). AMF
mobilise P in the soil by forming networks of fine hyphae or extra-radical mycelia (ERM),
which extend beyond the rhizosphere and penetrate small soil pores, thereby evading the P
depletion zone that forms around plant roots, and indirectly improving soil nutrient retention
(Rhodes & Gerdemann, 1975; Smith & Smith, 2011; Cavagnaro et al., 2015). Aside from P
uptake, AMF are capable of directly transporting other compounds to the plant, including water

and nitrogen (N) (Dietz et al., 2011; Hacquard et al., 2013; Hodge & Storer, 2014).

The mechanism by which H,O is taken up by AMF hyphae is mediated by fungal aquaporin
(AQP) channels present in the hyphal cell walls (Giovannetti et al., 2014). Six AQP from two
AMF species, Glomus intradices (syn Rhizophagus intraradices, Aroca et al., 2009; Li et al.,
2013b) and R. clarus (Kikuchi ef al., 2016) have been identified to date and primarily control
hyphal supply of water to plants (Li ef al., 2013a; Calvo-Polanco et al., 2014), but have also
been linked to the facilitation of N and P transport through fungal hyphae (Kikuchi et al., 2016).
AMF colonisation can also have a significant impact on the expression of certain plant AQP
genes, the directional response of which is dependent on plant and fungal species combinations

and application of biotic and abiotic stresses (Uehlein ef al., 2007; Armada et al., 2015).

Silicon (Si) uptake by plants is a multistage process, initially achieved by uptake of silicic acid
(Si(OH),) from the soil through an AQP channel, a ubiquitous membrane protein in plants (Ma
et al., 2006; Maurel et al., 2015). Colonisation by AMF has been shown to stimulate alterations
in AQP gene regulation and channel gating in all five AQP groups, including the NIP sub-
family, to which the Si channel, Lsil belongs (Uehlein et al., 2007; Giovannetti et al., 2012).
There has been some indications that AMF colonisation may improve Si concentrations within
plants under different conditions (Yost & Fox, 1982; Kothari et al., 1990; Hammer et al., 2011).
Within the last few years several studies have directly measured Si concentrations in plants with
an arbuscular mycorrhizal (AM) symbiosis, although the mechanism for improved uptake is still
unknown (Garg & Bhandari, 2015; Oye Anda et al., 2016; Garg & Singh, 2017; Frew et al.,
2017b).
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The ability of AMF to improve plant Si concentration has significant implications for
understanding species interactions and plant defence in natural environments as well as
informing sustainable agricultural practice. Si has been shown to have a number of functional
roles in plants (Cooke & Leishman, 2011; Cooke et al., 2016), but one of the most important is
as a defence against herbivores (Reynolds et al, 2009; Hartley & DeGabriel, 2016) and
pathogens (van Bockhaven et al., 2013). Deployment of these defences depends in part on the
availability of SiOH, in the soil (Garbuzov ef al., 2011) which is in turn affected by numerous
environmental factors, such as soil microbial (Alfredsson et al., 2016) and faunal (Bityutskii et
al., 2016) communities, pH (Gocke et al., 2013), and litter degradation (Carey & Fulweiler,
2016). The use of AMF as a method to improve Si concentration is now being considered,
particularly as Si does not decrease the ability of AMF to colonise plants as previously thought
(Garg & Bhandari, 2015; Maurel et al., 2015).

This existing work on the impact of AMF colonisation on Si uptake has been carried out
exclusively in agricultural species, but native grasses are also Si accumulators (Massey et al.,
2007a) and if AMF can increase plant Si accumulation in natural grasslands, there are important
implications for plant-herbivore interactions (Hartley & DeGabriel, 2016). In this paper we
present the results of the first experiment testing how Si uptake of the native grass
Brachypodium sylvaticum Huds.(Beauv.) changes with AMF colonisation and Si addition. It
was hypothesised that Si and AMF addition will independently improve Si uptake and foliar
concentration, and that these effects will be additive, in line with previous studies. A secondary
hypothesis that foliar P concentration will improve with colonisation by AMF was also tested
by comparing the Si and P concentration and growth parameters of B. sylvaticum plants grown

in a fully factorial randomised block design experiment.

3.2 Materials and methods

The methodology used in this chapter follows that detailed in Chapter 2 Section 2.2.2. Based on
the positive colonisation results of the Brachypodium sylvaticum plants, this chapter focusses on
further analysis of this species alone. In summary, there were four treatments (AMF-/Si-, AMF-
/Si+, AMF+/Si-, AMF+/Si+): addition of live (AMF+) or twice sterilised single species AMF
inoculum (AMF-) and addition of Si solution (Si+) or an equivalent volume of deionised water
(dH,O) (Si-), resulting in four treatments. Each replicated 7 times resulting in 28 B. sylvaticum
plants grown. These were grown in a randomised block design interspersed with the other three
species documented in Chapter 2 (Section 2.2.2). Statistical analyses are as described in Chapter
2, Section 2.2.2. The data fit a normal distribution and homogeneity of variance, and therefore

two-way ANOVA and correlations were able to be carried out.
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3.3 Results

3.3.1 Plant growth and colonisation

Plants of the AMF- treatments showed no presence of AMF structures under microscopic
analysis, but both AMF+ treatments had a substantial level of root length colonised (RLC) by
AMF structures and no detrimental effect of Si application on RLC was observed (Table 4).
Root biomass was significantly affected by AMF colonisation, decreasing on average to 11% of
the total plant biomass, compared to 30% in non-colonised plants (Table 4). Specific root length
can be used as a proxy for root structural characteristics, with higher values indicating a finer
root system (more length (m) per g), and lower values representing a root system formed
primarily of coarser or thicker roots (less length (m) per g). Colonisation by AMF increases
specific root length relative to non-colonised treatments, demonstrating that AMF have a
significant impact on root structural characteristics leading to the development of a root system
dominated by fine roots (Table 4). While the addition of AMF led to a significant reduction in
the size of several root characteristics measured, this was not directly correlated with the
presence of AMF structures in the root. Total root length colonisation was not significantly
correlated to root length (t0=-1.91, p=0.09), specific root length (t,0=-0.27, p=0.79) or root
biomass (t(0=-1.81, p=0.10).

While leaf and root biomass decreased significantly in the AMF+ treatments, compared to
AMEF- controls (F(;2,=7.06, p=0.01; F,=49.29, p<0.01 respectively), stem biomass did not
(Fu22=1.96, p=0.18, Table 1). Despite the dramatic decrease in root biomass in AMF+
treatments, shoot biomass was not reduced to the same extent. The addition of Si solution in
combination with AMF significantly increased leaf biomass and leaf water content, but no other

growth parameters (Table 4).

3.3.2 Foliar Si and P content
Plants colonised by AMF had significantly lower foliar Si concentration than non-colonised
counterparts (F »,=18.28, p<0.01), while the Si+ treatment increased concentration relative to
Si- controls (F(2,=9.29, p<0.01) (Figure 11a). No significant interaction effect was shown
between the AMF and Si treatments (F(;,=1.96, p=0.18). Leaf P concentrations, showed a
pattern similar to Si, with colonisation leading to a significant decrease in concentration
(F122=82.78, p<0.01), and Si treatments causing it to increase (F ,=22.51, p<0.01) (Figure
11c). However, unlike for the Si concentrations, there was a significant interactive effect
(F122=6.04, p=0.02) of the AMF and Si treatments. Overall, the AMF-/Si+ treatments had the
highest Si and P concentrations, and AMF+/Si- had the lowest, reflecting the impacts of the

treatments on root biomass.
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Due to the significantly decreased root fractions of AMF colonised plants, uptake efficiency of
roots was calculated (foliar Si or P content (mg)/root length (cm)). Plants colonised by AMF
had greater Si and P uptake efficiency than non-colonised treatments (Figure 11b, d). The
addition of AMF was the sole factor leading to a more efficient uptake of Si (F2,=14.34,
2<0.01) and P (F(;2,=17.97, p<0.01). There was no significant effect of Si supplementation on
Si (Fq22=1.33, p=0.26) and P (F.,=1.39, p=0.25) uptake, nor was there a significant
interaction effect between AMF and Si treatments (Si: F(;2,=0.003, p=0.96; P: F( »,,=0.004,
p=0.95).

Total leaf Si content was positively correlated to increases in root length in colonised plants
(t0=4.10, p<0.01), but no such relationship was observed in non-colonised plants (t;,=1.13,
p=0.28) (Figure 12a). The same pattern was observed for total leaf P, but the relationship in the
AMF+ treatments was stronger (t10=5.70, p<0.01), and weaker for AMF- treatments (t(;;)=0.19,
p=0.85) compared to the Si data (Figure 12b). The correlations in Figure 12a and 2b show clear
segregation of treatments in terms of AMF addition, but also of Si addition. The total root
length colonised by AMF was found to be an important factor in determining the relationship
between root length and total foliar P content (F(;;7,=12.99, p<0.01), but there was no
interaction detected between these factors for the Si data (F(,7=1.64, p=0.22). These
relationships mirror the uptake efficiencies represented in Figure 11b and d, which provides

evidence of improved nutrient uptake efficiency in AMF treated plants.
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Table 4: Treatment effect of silicon (Si) addition and arbuscular mycorrhizal fungi (AMF) on fungal root length colonisation (RLC, %), dry weight biomass of plant
fractions (g; leaf, stem and root), leaf water content (g) and specific root length (m/g) of Brachypodium sylvaticum plants.

Treatment (n) RLC (%) Dry weight biomass (g) Leaf water content (g)  Specific root length (m/g)
AMF Si Leaf Stem Root

- - 7 0* (+ 0) 1.43° (£ 0.07) 0.64" (+ 0.02) 0.80° (+ 0.07) 2.96" (+£0.23) 32.72% (+ 1.69)

- + 6 0* (+ 0) 1.36® (£ 0.08)  0.65" (£ 0.04) 0.94° (+0.15) 3.07° (£0.13) 31.43% (£ 4.21)

+ - 7 33.14°(£2.88)  0.86" (£ 0.16) 0.48" (£ 0.08) 0.19° (+0.11) 1.74* (+0.38) 52.56° (+ 6.65)

+ + 6 35.67°(x7.15)  1.21*(x021)  0.63*(£0.11) 0.20% (+0.07) 2.35% (+0.42) 39.48" (+ 6.22)

Symbols represent Si/AMF absent (-) Si/AMF present (+). Numerical values presented represent the mean * standard error. Mean values followed by different letters

within the same column indicate statistical differences where p<0.05 assessed by Tukey HSD post-hoc test.
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Figure 11: Treatment effect of silicon (Si-/Si+) and arbuscular mycorrhizal fungi (AMF-/AMF+) on
foliar Si (a) and P (c) concentration (elemental % dry weight), and Si (b) and P (d) uptake efficiency
(elemental uptake per unit root length, as calculated by total foliar elemental content/root length

(cm)). Bars represent mean values of each treatment, and error bars represent standard error.
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the relationship between root length and total foliar Si (a) and P (b). Empty symbols represent non-
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represent treatments receiving supplementary silicon (Si+) and circles represent the treatment that

received a deionised water control (Si -).

66



3.4 Discussion

The data presented in this paper show the significant impact that symbiotic root fungi can have
on plant growth, root architecture, and nutrient status. Plants colonised by AMF showed a
significant reduction in root biomass compared to non-colonised plants, but were capable of
supporting larger relative aboveground biomass, suggesting that the presence of the AMF in the
roots led to higher root function efficiency. This was corroborated with the nutrient uptake data
that showed that per centimetre of root, AMF treated plants were two to three times more
efficient at taking up Si and P compared to non-colonised counterparts. The hypothesis of this
study was that AMF and Si application in tandem would lead to the highest overall Si
concentration. Si addition alone did improve both Si and P concentration, and in tandem with
AMF addition did lead to some small improvements, compared to the non-Si supplemented
treatment. However, accommodating for plant biomass differences, the AMF treatment was the
most significant stimulus for improved nutrient uptake efficiency. This is important in regards to
alternative methods for improving Si uptake in plants in the field, whereby the addition of AMF
can yield multiple benefits in terms of improved nutrition (Leigh et al., 2009; Smith et al.,
2011), defence (Pozo et al., 2009; Hartley & Gange, 2009) and Si supply without costly Si

supplementation.

The most striking data from this paper are the strong correlation of shoot nutrient content and
root length in AMF colonised plants; a relationship that is lacking in non-colonised plants
(Figure 12a,b). This strong relationship in colonised plants demonstrates that increases in root
length are directly linked to total leaf Si and P content. This is supported by the data in Figure
11b and d, whereby per unit length of root, AMF plants are more efficient at nutrient uptake.
Total root length colonised was not found to correlate with root length, nor nutrient
concentration or uptake. However, it was a significant factor in the relationship between total
foliar P content and root length, which was not the case in the total foliar Si concentration. The
fact that the presence of AMF structures in the root is important for P, but not for Si, does
suggest some functional segregation, and different mechanisms for the improvement of uptake
of both nutrients. The idea that total root length colonised is not indicative of symbiont function
has been noted previously (Smith et al., 2004). This strongly suggests that the presence of AMF
in the root is stimulating change that is not related to abundance of fungal structures in the root,
but rather functional symbiont activity. This therefore raises questions about the mechanisms by

which Si uptake is improved in colonised plants.

AMF are capable of supplying a variety of resources from the soil to the plant through the ERM.
This is a well-established mechanism for P, N and water transport, where transporters and

channels have been identified in AMF hyphae and at the peri-arbuscular membrane (PAM),
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where plant and fungus meet within the root and exchange products necessary for the successful
symbiosis (Leigh et al., 2009; Smith et al., 2011; Kikuchi et al., 2016). AQP channels in the
ERM have been implicated in the success of N and P uptake by mycorrhizal fungi, primarily
through their role in facilitating water flow through the hyphae, a process that is stimulated by
plant transpiration (Kikuchi et al., 2016). Transpiration is also the driving force for the transport
of SiOH, from root to leaf tissues (Ma & Yamaji, 2006). However, the polymerisation and
deposition of silica within the leaf is carried out by another, currently unknown, but likely
biological process in the apoplast involving proteins, peptides, or sugars condensing the soluble
SiOH,; (Kumar ef al., 2017a). The data showing an improvement in foliar water content as a
result of joint AMF and Si addition may support this, as Si uptake was also more efficient in the
AMF+/Si+ treatments (Table 4, Figure 11). Further data looking at ERM length and activity of
known AMF AQP genes will clarify the role of AMF in direct supply of Si. Results of other
studies on AMF and Si have speculated that there may be a direct transfer of Si through the
fungal ERM and that Si enters the plant through the arbuscules and PAM (Oye Anda et al.,
2016). This is also supported by the work of Hammer et a/ (2011) who were able to measure the
accumulation of Si in AMF spores and hyphae under salt stress conditions, indicating that there
is some mechanism for AMF hyphae to assimilate Si. The differences in rates of uptake of Si
and P in mycorrhizal plants may therefore be due to differences in plant demand for each of

these elements, water uptake or the varying availability of these nutrients in the soil.

An alternative mechanism for improved nutrient uptake efficiency in AMF colonised plants is
that the colonisation by AMF is stimulating improved plant uptake of resources. The evidence is
conclusive on direct uptake of P, N and water by AMF hyphae, but the differences in patterns of
Si and P uptake in the data may suggest that Si is not taken up in the same manner. Total root
length colonisation was important in the relationship between P content and root length, but this
was not the case for Si content. Colonisation of plants by AMF leads to highly complex
transcriptional responses by plants; colonisation has been shown to up- and down-regulate a
multitude of plant genes, including those coding for AQP channels, both under stress and non-
stress conditions (Ouziad et al., 2006; Uehlein et al., 2007; Barzana et al., 2015; Chitarra et al.,
2016). There are examples of AQP genes coding for channels in the NIP family, to which the Si
channel Lsil belongs, being stimulated by AMF colonisation, providing a potential mechanism
for Si uptake to improve in colonised plants (Giovannetti et al., 2012). In this study specific root
length was significantly increased in colonised plants, which supports the hypothesis that AMF
stimulate plant-based Si uptake (Table 4). This translates to an increase of fine roots thereby
creating a greater root surface area and enabling access to smaller soil pores. A network of finer
roots confers the ability to access water and solute resources inaccessible to coarser roots, which
may be reflected in the higher relative leaf water content in AMF colonised plants (Table 4).

However, an abundance of fine roots does not necessarily lead to an increase in the abundance
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of nutrient transporters in the root system. The Si AQP channel, Lsil that controls the initial
entry of SiOH, into the root is located in mature root regions of lateral and main roots, farther
than 10mm from root tips, and not present in root hairs (Ma et al., 2011). So combined with an
overall decrease in root size and increase in fine roots, AMF stimulated changes in Si uptake
may be increasing the efficiency of transporters but unlikely to be stimulating changes in root
structure that favours an increase in Si channel abundance. More detailed root structural analysis
and monitoring of Si AQP (Lsi/) gene activity in the roots will enable this hypothesis to be

answered.

The main confounding factor in this study has been the substantial size difference between
colonised and non-colonised plants (Table 4). Unusually, foliar P content also decreased with
colonisation by AMF. As the results indicate, P content is intrinsically linked with root length
and unlike similar studies colonisation by AMF significantly decreased root length and biomass
(van der Heijden, 2004; Garg & Singh, 2017). Reports of decreased biomass in colonised plants
are not uncommon, and are attributed to the fungus being a carbon drain when the plant has
adequate nutrient supply (Johnson et al., 1997; Smith & Smith, 2011). In this study, plants were
grown in a soil medium, rather than nutrient limiting media (often sand and attapulgite clay)
commonly used in mycorrhizal studies, which may explain why non-mycorrhizal plants show
higher levels of P as it was not limiting in these conditions. Yield penalties have been observed
in Brachypodium distachyon, where colonisation by certain AMF led to decreased biomass and
P relative to controls (Hong et al., 2012). Biomass gains for Brachypodium plants are highest in
part-shaded conditions, so potentially the glasshouse conditions were unsuitable for the growth
of these plants (Fiizy et al., 2014). The results of this study suggest the plant may be allocating
less growth to the roots as the fungal hyphal network is efficiently increasing the surface area of
absorption of the root system. It could be argued that due to their smaller size, the colonised
plants may be at a different developmental stage to the non-colonised plants, and that the AMF
are having a parasitic effect. With the current data is it difficult to determine developmental
markers by disentangling them from the growth data taken, but this something that should be

considered in future studies.

This work is the first demonstration of improved Si uptake in non-crop species colonised by
AMEF. The results of this study indicate that AMF colonisation leads to dramatic changes in root
size and architecture which can improve Si and P uptake, and while P uptake is related to total
root length colonisation in the root, Si uptake is not. AMF colonised plants had significantly
decreased root biomass but aboveground biomass was not decreased to the same extent
suggesting that the AMF were acting to support the root system. Under glasshouse conditions
used in this study, there is a clear growth penalty associated with being mycorrhizal, but in a

natural system, mycorrhizal plants would likely have a competitive advantage over non-
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mycorrhizal equivalents, where growth resources could be allocated to above ground growth
without detriment to the belowground system. It is currently unclear what the mechanisms
behind the improved uptake efficiency of Si and P by mycorrhizal plants are, however we have
outlined two testable hypotheses: a) AMF colonisation stimulates activity of plant genes
encoding Si AQP channels (perhaps related to improved water supply and transpiration), and b)
AMF hyphae directly take up Si and transport it to the plant, in a similar mechanism to P and N.
Improved plant Si uptake in mycorrhizal plants is supported not only by this work but previous
studies, and these findings open up new opportunities to improve plant nutrition using natural

systems.
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4 How does mycorrhizal community affect Si and P content
of Brachypodium sylvaticum plants?

4.1 Introduction

Rhizosphere organisms improve plant survival by improving availability and supply of
nutrients, and through enhancing natural resistance to biotic and abiotic stresses. The arbuscular
mycorrhizal fungi (AMF, Phylum Glomeromycota) are one of the most widespread and ancient
symbiotic associations (Parniske, 2008; Davison et al., 2011). AMF are obligate biotrophs that
form specialised, highly branched structures in plant root cortical cells called arbuscules, from
which the fungus exchanges limiting nutrients from the soil for photosynthetic carbon (Smith &
Read, 2010). While AMF are the most widely recognised plant growth promoting fungi, there
are a multitude of interactions between microbes in the rhizosphere, and with their plant hosts

that contribute to improving plant resilience to biotic and abiotic stresses (Berg, 2009).

Although the majority of land plants are capable of forming a symbiosis with AMF, the
environmental conditions are not always conducive to their formation (Smith & Read, 2010). In
high intensity agricultural systems, plants are typically supplied with a volume of nutrients
sufficient for their growth throughout the growing season, therefore reducing the reliance on
AMEF associations (Jensen & Jakobsen, 1980; Koide, 1985; Santos et al., 2006). Additional
processes such as monoculture production, applications of pesticides and repeated tilling of soil
all lead to depauperate fungal soil communities (Helgason et al., 1998; Daniell et al., 2001;
Bowles et al., 2016). There is significant evidence for improved ecosystem function with high
species diversity, and this is predicted to be due to an increase in variety of functional traits
within the community (Maherali & Klironomos, 2007). For example, plants can be colonised by
multiple AMF species, but there is a substantial range in the carbon cost and nutrient supply of
these fungi, leading to the acknowledgement of a ‘mutualism-parasitism’ continuum among
AMF (Johnson et al., 1997; Munkvold et al., 2004; Helgason & Fitter, 2009). The success and
efficacy of the symbiosis is dependent on a multitude of factors determined by the identity of
the plant and fungus as well as the abiotic environment and developmental stage (Johnson ef al.,

1997; van der Heijden & Kuyper, 2001).

Intra-specific diversity can also have significant implications on plant growth and nutrition, and
potentially leads to higher levels of functional diversity than interspecific diversity (Munkvold
et al., 2004). Different isolates of the same AMF species can alter plant growth and nutrition
with varied outcomes, even if the isolates originate from the same community (Koch et al.,
2006; de Novais et al., 2014). It is predicted that high levels of intraspecific variation in AMF
species tolerant of soil disturbance may compensate for the lack of species diversity in highly

managed and disturbed environments (Munkvold et al., 2004). Furthermore, plants colonised by
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AMF also demonstrate increased recruitment of plant growth promoting bacteria compared to
non-mycorrhizal plants, and the efficacy and specificity of recruitment depends on the AMF
species colonising the plant (Sood, 2003; Cameron et al., 2013). However, evidence shows that
a similar mechanism exists for a direct recruitment of plant pathogenic bacteria and fungi to the
plant rhizosphere, a mechanism irrespective of plant P status (Scheffknecht et al, 2006;
Mabherali & Klironomos, 2007).

Plant colonising fungi also contribute to a range of other benefits for plants, both directly and
indirectly. For example, colonisation leads to complex effects on the regulation of a variety of
plant genes including those involved in plant water relations and defence. Similarly, the result
and direction of these responses depends on multiple factors including specific combinations of
plant and fungal species and the application of stress (Uehlein et al., 2007). Aside from their
benefits on plant productivity, soil microbes, and particularly AMF perform a variety of
additional useful functions within the soil profile, such as improving soil particle aggregation
(Rillig & Mummey, 2006), reduction of nutrient leaching (Cavagnaro et al., 2015), carbon
sequestration (Wilson et al., 2009) and limiting the release of nitrous oxide (N,O) from the soil

produced by denitrification (Bender ef al., 2014).

In order to study the mechanisms and investigate specific plant responses to fungal root
colonisers, the effects of single species on plant responses are typically examined in isolation.
Single species stock or ‘trap’ cultures are produced by growing mycorrhizal responsive plants
with a single species of mycorrhizal fungi to generate a large number of spores and root
fragments as an inoculum source (Mosse, 1962). However, the long durations of growth and
sub-culturing can lead to the introduction of fungal contaminants (Chapter 2, Section 2.3). Over-
reliance of studies on the effect of AMF in insolation from other beneficial soil fungi, in single-
species and single-isolate additions on plant growth and nutrition has been repeatedly
highlighted in the literature and results in a bias towards easily cultivatable species (van der
Heijden & Scheublin, 2007; de Novais et al., 2014). Comparisons between field and artificial
AMF species assemblies demonstrate that similar richness can be achieved artificially, and plant
benefits can be mirrored, but requires two or three different families of the Glomeromycota to
be present, while most studies focus on the Glomeraceae alone (Maherali & Klironomos, 2007).
Artificial species assemblages can also not bear any real comparison to field conditions. In one
study where Rhizophagus irregularis was added into natural species mixtures, R. irregularis
became the dominant root coloniser at a detriment to plant growth and overall decreased
extraradical mycelia (Symanczik et al., 2015). Using inocula derived from agricultural and
natural soils will enable a comparison to be made on how species in the field interact and affect
plant growth under controlled conditions. This introduces the limitation of adding a high degree

of complexity into the system, but will ultimately create a more realistic evaluation on how
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natural microbial communities affect the growth of plants and relate controlled and targeted

experiments carried out in glasshouses to real-world environments.

In the majority of published studies, there is a tendency for colonisation data presented to focus
purely on the abundance of AMF structures within the root, and to not record other fungi that
are present within the root, or indeed to check the identity of colonising fungi in a robust way
(Chapter 2, Section 2.3). The ability to amplify and sequence all fungal DNA using high-
throughput or next-generation sequencing (NGS) techniques has yet to be applied to the
sequencing of plant roots in glasshouse conditions using traditional inoculum additions of root
fragments and spores, but its use here will evaluate the true diversity of fungi present in these

systems and whether this is a useful and cost-effective technique to use in such systems.

The aim of this study was to evaluate the plant growth and nutritional response of
Brachypodium sylvaticum plants to different fungal inocula sources. NGS techniques were
applied to highlight differences in the microbial communities and relate these to alterations in
plant growth and nutrition, and to evaluate the effectiveness of NGS in an artificial
environment. Using natural inocula sources from commercially available stocks, agriculture,
and woodland we created varying fungal communities at different levels of disturbance. We

predicted that:

1. Plants will have distinct fungal communities associated with each treatment.

2. Plant growth and nutrition will be improved with colonisation of AMF and other symbiotic
fungi, with higher foliar P and Si concentration compared to controls.

3. Plants treated with inocula derived from an undisturbed (i.e. non-agricultural) site will have

higher diversity of root colonising fungi.
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4.2 Materials and methods

4.2.1 Preparation of biological materials
Fungal inocula were obtained from soil or substrates collected from four sources predicted to
have varying fungal diversity: woodland grass, an agricultural field margin, an agricultural
pasture, and a single species AMF stock pot. The woodland sample was obtained from Hetchell
Woods, a site of special scientific interest (SSSI) close to Leeds (SE 376424). The pasture
(SE442423) and field margin (SE441423) samples were taken from the Leeds University field
research unit, close to Bramham, Leeds. A vegetated soil patch of approximately 30x30x10 cm
was collected from each of these sites. The single species stock pot was Plantago lanceolata
plants colonised by single AMF species in a 1:1 sand and attapulgite clay substrate, the identity
of the fungal colonisers (predominately F. mosseae) in the root fragments were checked through
clone libraries and sanger sequencing as described in Chapter 2 (Section 2.3.3). Throughout this
paper, the treatments will be referred to as Control, F. mosseae, Field Margin, Pasture and

Hetchell.

500ml of substrate was repeatedly washed with tap water through a sieve stack until the flow-
through was clear. The sieve stack had 5 sieve sizes, starting with 2mm diameter mesh to
prevent large debris to 600um through to 50um. Spores were collected by backwashing from
each sieve <2mm with 100ml of dH,0O, the backwash from each sieve was mixed together and
20ml of the spore backwash mixture was added to each experimental pot. Control pots received
20ml of dH,O. Bacterial filtrates were added to pots to control for the effect of non-fungal
rhizosphere organisms. 500ml of substrate was mixed with 1L of water and filtered through 10
layers of muslin, followed by Whatman No.1 filter paper (pore size 11um) until filtrate was
clear. 20ml bacterial filtrate from the original source site was added to the respective treatment
pots. Control pots received 20ml of filtrate mixed from the other treatments. Plant roots and
spore washes were added to pots in combination to ensure a full range of fungal propagules was

applied to capture the full diversity within the inocula (Varela-Cervero et al., 2015).

4.2.2 Experimental set-up and harvest
Treatments were replicated eight times, (n=40), based on results of an a priori power analysis
(0=0.05, effect size=0.8 (based on pilot data), power = 0.95). Half-litre volume pots were filled
with twice-autoclaved sieved soil (<2mm) which was allowed to rest 3 days between autoclave
events and after the final autoclave. Plants were grown in glasshouse conditions (16:8h, 20:18°C
day:night) in a randomised block design. Nine seeds were sowed and later thinned to leave one
plant per pot. Plants received 50ml of NaSiO3;.9H,0O every 4 weeks, to ensure Si was not

limiting.
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Plants were harvested 10 weeks after seedling emergence. Roots were removed intact, rinsed
and scanned using an Epson Perfection V700 photo scanner and image data analysed using
WinRhizo (Regent Instruments Inc., Quebec City, Canada) to obtain root characteristics. Roots
were then cut into lcm pieces and randomly sub-sampled for root staining for mycorrhizal
colonisation analysis and stored in 40% ethanol until staining. Remaining root, leaf and stem
were dried separately at 70°C for 72 hours. Root dry weights (DW) were estimated to account
for staining samples ((remaining root fresh weight (FW) + root FW of AMF subsample) /

remaining root FW) x remaining root DW).

Si and P analysis followed the same protocol as described in Section 2.2.2; Materials and
methods; I. Root staining and root length colonisation of AMF and non-AMF was measured

according to the same protocol as described in Section 2.2.2; Materials and methods; I11.

4.2.3 Illumina Miseq sequencing
DNA was extracted and amplified from dried plant roots according to the protocol described in
Chapter 2, Section 2.4. Samples were randomly split across two different sequencing runs, due
to operational costs and availability. From 40 samples, 37 generated PCR products. Of these
samples 27 generated products from both the ITS1F-ITS4 (ITS region) and NS31-AM1 (AM
region) amplicons, 7 and 3 samples only amplified at the ITS and AM regions respectively. This
was not related to the sequencing run which samples were placed. Sequence products were
trimmed, de-multiplexed and quality filtered using QIIME v.1.9.1 (Caporaso et al., 2010). ITS
and AM OTUs were generated and sorted using USEARCH (v.8,Edgar, 2010) using the general
fungal UNITE (v7.1, Koljalg et al., 2005; Abarenkov et al., 2010) and Glomeromycota specific
MaarjAM (v.0.8.1, Opik et al., 2010) databases respectively, at a 97% similarity threshold.
OTU sequences were also aligned using the EMBL-EBI online Clustal Omega tool (Goujon et
al., 2010), which generates a simple distance phylogeny and a percentage identity matrix.
OTUs that had high similarity (>90% for ITS, >95% for AM amplicons) were highlighted and
compared with sequences in the NCBI-BlastN database (search excluded environmental
samples). Multiple OTUs were collapsed into a single record, and read counts aggregated if the
Blast outputs led to the same taxonomic outcome at high confidence. Taxonomic attributes of
OTUs previously assigned as ‘unidentified’” or ‘unassigned’ were edited to reflect the findings
of the BlastN search and non-fungal OTUs were removed. Following this rare (<0.001% of total
reads) OTUs were also filtered out. Trophic guilds were assigned to group OTUs into
ecologically meaningful categories using FunGuild (Nguyen et al., 2016). Species names used
throughout reflect the current accepted species names as published in the IndexFungorum

database, where these have changed recently is documented in Table 5.
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4.2.4 Statistical analysis
All percentage data (for Si and P, and fungal colonisation) was arcsine square root transformed
prior to statistical analyses. Statistical tests and production of graphs was carried out in RStudio
version 3.1.2 (R Development Core Team, 2011; RStudio Team, 2016). Plant growth, Si & P
and alpha diversity data were tested for normality and homogeneity of variances following the
methods outlined in Chapter 2 Section 2.2.2. One-way analysis of variance (ANOVA) was
carried out on mixed-effect linear models where the fixed effects were the fungal community
treatments and Si treatments. Correlations of root length data and fungal abundances were
performed on transformed data using the Pearson product-moment correlation, calculated using
the stats:cor.test function in R. Significant differences in fungal guild related between treatments

were assessed using multivariate analysis of variance (MANOVA).

For the MiSeq data, to normalise the OTU table values for statistical analysis the python
package normalize table.py using the CSS algorithm was implemented as suggested by
(Paulson et al., 2013; McMurdie ef al., 2014) an alternative to rarefying. Fungal a-diversity and
richness was calculated on the normalised OTU tables using the Shannon Diversity index, and
the Chaol estimation respectively, ANOVA tests were implemented to determine significant
differences. Differences in fungal community composition between treatments were determined
by performing a PERMANOVA (R function vegan:adonis) on a Bray-Curtis dissimilarity

matrix of the CSS normalised OTU abundance tables, incorporating block as a random factor.
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4.3 Results
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Figure 13: Dry weight biomass (g) of Brachypodium sylvaticum plants grown with different inocula.
Biomass is shown within different plant fractions, leaf (black bars), stem (grey bars) and root
(white bars). Error bars represent standard error, n=8 for all treatments.
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Figure 14: Total Root Length (cm) of Brachypodium sylvaticum plants grown under the varying
inoculum treatments as determined by WinRhizo. Sample size, n=8 for all treatments and error

bars represent standard error.

4.3.1 Plant growth and colonisation
Total plant biomass differed significantly between treatments (F435=3.25, p=0.02), primarily
driven by differences in leaf biomass (F35=4.34, p<0.01), where Field Margin inoculated
plants had significantly higher leaf biomass than Hetchell and Control treatments (Figure 13).
Stem and root biomass did not differ significantly between treatments (stem: F35=2.16,
p=0.09, root: F35=2.01, p=0.11). However, total root length did vary significantly between
treatments (F35=4.11, p<0.01, Figure 14). The results of a MANOVA test demonstrate that
this difference was purely driven by differences in fine root length (F435=4.46, p<0.01), where
the plants receiving the inoculum from Hetchell woods had significantly lower length of fine
roots than plants treated with the Pasture inoculum (Tukey p=0.002, Figure 14). Root length
was not found to be significantly correlated with AMF or non-AMF root length colonisation
(AMF (excluding control treatments): t30=2.01, p=0.52, Non-AMF: t33=-0.12, p=0.90). Plants

grown with the inoculum from the Pasture field and Hetchell woods showed relatively similar

78



levels of colonisation by AMF and non-AMF fungi, but showed significant differences in root

length characteristics (Figure 14, Figure 15).

All treatments receiving a fungal inoculum exhibited relatively low levels of colonisation by
AMF (< 10%), but in line with other experiments (Table 4) and no mycorrhizal structures
identified in the control treatments (Figure 15). Statistical analysis on the fungal inoculum
treatments (excluding the control) showed a weak difference (F24=3.04, p=0.05) between
levels of mycorrhizal colonisation, with the single species F.mosseae treatment containing the
highest abundance of AMF structures within the root (Figure 15). Non-AMF colonisation was
higher in all treatments than the AMF colonisation, including the single species F. mosseae
treatment, but there were significant differences in the non-AMF colonisation (F,=3.77,
p=0.03) between treatments also, with Field Margin demonstrating the highest concentration of

non-AMF colonisation at around 28% (Figure 15).

4.3.1 Foliar Si and P content
There were significant differences in foliar Si concentration values between treatments
(Fa3s5=3.16, p=0.03, Figure 16a) but not for foliar P concentration (F35=1.46, p=0.24, Figure
16¢). Due to variations in root length between treatments (Figure 14) Si and P uptake per unit
root length was calculated. This measure can be considered a measure of uptake efficiency, with
higher values indicating more nutrient uptake per unit of root length. Differences in Si uptake
between treatments were accentuated when accounting for root length differences (F435=7.48,
p<0.01), results from a post-hoc test showed that plants receiving the Pasture inoculum
demonstrated significantly lower Si uptake efficiency compared to other all treatments (Tukey
p<0.05) except for the control treatment (Figure 16b). Similar results were observed in the P
uptake by root length, where plant uptake efficiency of P was significantly affected by inoculum
addition (F(435=5.69, p<0.01) but to a lesser extent than Si uptake. Similarly, the results of the
post-hoc test illustrated that plants receiving the Pasture inoculum were significantly different
from plants treated with the F. mosseae single species, Hetchell and Field Margin inocula
(Tukey, p<0.05, Figure 16d). Overall, Si content and uptake was more variable across

treatments than P content and uptake.
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Figure 15: Total root length colonised (%) of Brachypodium sylvaticum roots by AMF and non-

AMF fungal structures for each inoculum treatment. Sample size, n=8 for all treatments and error

bars represent standard error.
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Figure 16: Foliar Si (a) and P (c) elemental concentration of dry weight leaf biomass in
Brachypodium sylvaticum plants grown with different inoculum treatments. Si (b) and P (d) uptake

by plant root length. Sample size, n=8 for all treatments and error bars represent standard error.

4.3.2 Fungal Diversity
OTU tables were generated for the AM (NS31-AM1) and ITS (ITS1F-ITS4) amplified regions.
Initial sequence reads after the split library stage (Step 6, Table 3) were 1,855,103 sequences for
the ITS amplicon and 1,305,286 sequences for the AM amplicon. Extensive filtering and cross-
referencing with sequence databases was required and a high proportion of amplified sequences
were non-fungal or very rare and subsequently removed or collapsed into one OTU due to high
sequence similarity. After this, sequence reads for the ITS amplicon totalled 1,077,443 and
324,830 in the AM dataset. This corresponded to 94 OTUs decreasing to 36 in the ITS region
after the removal of plant and non-fungal sequences and 83 OTUs generated using USEARCH
decreasing to 3 post-filtering for the AM region after the removal of plant, non-fungal and non-

AMF sequences. Consequently, after removal of non-fungal and rare OTUs, some samples had
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too few reads (<100) to be kept in analyses and were also removed to avoid skewing the data
where other samples typically possessed several thousand sequence reads in total. This resulted
in a decrease in sample size in the ITS subset from 34 samples to 24, and from 30 samples to 7
in the AM subset. This lead to an uneven depth of sampling across the treatments. For the AM
subset there were no samples from the Control or Field Margin groups and fewer than three
samples from the Field Margin, Pasture and Hetchell groups so further statistical analysis on

this dataset was not possible.

There was, nevertheless, an apparent trend in the distribution of OTUs within the AM subset
samples, with plant receiving inoculum from the single species inoculum (F. mosseae)
predominately having high abundance of Rhizophagus irregularis (VITX00114), while the other
treatments showed greater abundance of two different Glomus OTUs (both VTX00105).
Interestingly, the visual analysis of fungal colonisation using staining and microscopy
techniques did yield broadly similar results to the sequencing outputs. Field Margin samples had
the lowest observed colonisation by AMF visually, and also showed no amplification of AMF
sequences (Figure 15). Similarly, the single species F. mosseae treatment showed the highest
level of AMF colonisation, and had the highest average value of reads across the AMF OTUs
amplified (~1570), although none of these corresponded to F. mosseae isolates. Pasture
treatments also showed higher colonisation by AMF in the visual analysis compared to Hetchell
treatments, and this again was seen in the average number of AMF read counts for each
treatment (10358, and 4 respectively). Control treatments did amplify some Glomeromycotan

OTUs, but across all replicates this was only 3 reads.
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Diversity metrics

Shannon diversity metrics were used for a-diversity. Values were found to not be significantly
different, suggesting overall diversity of each treatment was similar (F4,=0.89, p=0.50). There
was also no significant block effect (F7,,=1.61, p=0.22). Analysis on B-diversity indicated that
significant differences between fungal communities were evident across different treatments
(PERMANOVA: F423=1.266, p=0.048). This difference demonstrates that the Pasture
treatment is somewhat distinctive in community composition compared to the other treatments,
despite some overlap (Figure 17). To investigate the functional characteristics of the fungi
within each treatment, fungal trophic guild composition was analysed (Figure 18). A MANOVA
test indicated there were significant differences between guild composition between treatments
(Wilks® A= 0.07, F4,19=3.17, p=0.02), a result driven by differences in saprotroph abundance
across treatments (F4 19=3.16, p=0.04). Control treatments had significantly higher numbers of
saprophytic fungi compared to plants grown with Hetchell woods derived inoculum (Tukey
p=0.024). No other significant differences in guild contribution between treatments, due to the

high variability in the composition of fungi within treatments (Figure 17).

OTU taxonomy and guild (as determined by analysis through FunGuild) is detailed in Table 5.
The most widespread OTUs (‘Core OTUs’), occurring in nearly all samples and representing
~60% of the total reads corresponded to Olpidiaster brassicae (47% of all reads, present in all
samples) and Serendipita indica (12% of all reads, present in 21 samples). An intermediate
grouping (‘intermediate OTUs’), covered 33% of all reads and corresponds to 11 OTUs, found
in 1 - 13 samples. This intermediate grouping contains OTUs from across all fungal phyla,
including two Glomeromycetes (AMF), and is predominately made up of saprophytic and
symbiotic fungi. The remaining 24 OTUs (‘rare OTUs’) make up 7% of the total reads, and are
found in 1 — 11 samples, this group contains a large number of Sordariomycetes (Ascomycota)

and is broadly dominated by saprophytic and pathogenic fungi.
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Figure 17: Non-metric multi-dimensional scaling (NMDS) plot generated using Bray-Curtis
dissimilarities matrix of a normalised OTU table. Dots represent individual samples. Ellipses
represent standard error of the (weighted) average of scores. Inoculum treatments are overlaid on
the ordination represented by the coloured ellipses which represent the standard error of the
weighted averages of scores. Control (black, n=3), single species inoculum F. mosseae (red, n=7),
and inocula derived from Field Margin (yellow, n=3), Pasture field (purple, n=5) and Hetchell
woods (green, n=6).
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Figure 18: Mean relative abundance of fungal sequences within plant roots grown under
experimental conditions. Sequences generated from Illumina sequencing of the ITS1f-ITS4 region
and represented by trophic guild (assigned by FunGuild) for each of the inoculum treatments;

Control (n=3), single species inoculum F. mosseae (n=7), and inocula derived from Field Margin

(n=3), Pasture field (n=5) and Hetchell woods (n=6).
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Table S: Identity and read information for all 39 operational taxonomic units (OTUs) generated in this study. Taxonomy was checked against NCBI Blast and MaarjAM
databases, QC = Query Coverage, ID = Maximum identity, Accession= Accession reference number for closest hit, VI= Virtual Taxon generated by the MaarjAM
database. No. reads is a total read count value across all samples that contained this OTU (No. samples). Guilds marked with a star are most probable assignments based

on the literature.

OTU No. No. Blast assigned taxonomy  Species synonymy and isolate QC ID Accession/ Phylum Trophic
reads samples information VT* mode

ITS region (ITS1F-ITS4)

1 506384 24 Olpidiaster brassicae Olpidium brassicae 100 99 AB205207 Chytridiomycete Pathotroph

2 132698 21 Serendipita indica Piriformospora indica 100 99 KC176326 Basidiomycete Symbiotroph

3 84056 13 Cladosporium herbarum 100 100 KX611004 Ascomycete Pathotroph-
Symbiotroph

4 53715 9 Coprinopsis lagopus Coprinus lagopus 100 100 JN943127  Basidiomycete Saprotroph

5 51372 10 Rhizophagus intraradices Clone U3.2,Glomus intraradices 100 98  AJ567352  Glomeromycete Symbiotroph

6 48133 Rhizopus arrhizus Rhizopus oryzae 100 100 KX922855 Zygomycete Saprotroph

7 35378 8 Vishniacozyma victoriae Cryptococcus victoriae 100 100 KY105839 Basidiomycete Saprotroph-
Symbiotroph

8 27825 1 Meliniomyces sp. 100 94  EF093175  Ascomycete Saprotroph-
Symbiotroph

9 25020 7 Buckleyzyma phyllomatis Sporobolomyces phyllomatis 100 96 KY101786 Basidiomycete  Pathotroph

10 14633 4 Vermiconia calcicola 100 100 KP791762  Ascomycete Saprotroph

11 12918 1 Talaromyces diversus Penicillium diversum 100 95 KIJ775702  Ascomycete Saprotroph

12 10856 8 Rhizophagus irregularis DAOM229456, Glomus 100 100 HF968929  Glomeromycete Symbiotroph

irregulare

13 10488 1 Clitocybe sp. 100 99  KJ680990  Basidiomycete Saprotroph

14 9104 4 Humicola sp. 100 100 KJ528986  Ascomycete Saprotroph

15 7409 1 Baeospora myosura 100 100 JF907779 Basidiomycete Saprotroph
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OTU No. No. Blast assigned taxonomy  Species synonymy and isolate QC ID Accession/ Phylum Trophic
reads samples information VT* mode
16 6750 3 Myrmecridium schulzeri 100 99 EU543253  Ascomycete Saprotroph
17 6435 6 Fusarium oxysporum 100 100 KX655587 Ascomycete Pathotroph
18 5886 1 Entophylctis sp. 54 99 AY997049 Chytridiomycete Unassigned
19 5471 4 Fusarium sporotrichioides 100 100 KY081692  Ascomycete Pathotroph-
Saprotroph
20 4319 2 Order Chytridales 47 99 EF432822  Chytridiomycete Unassigned
21 3662 2 Operculomyces laminatus 47 95 NRI119590 Chytridiomycete Unassigned
22 2980 2 Chaetomium piluliferum 100 100 KF915989  Ascomycete Saprotroph
23 2463 11 Microdochium bolleyi 100 100 KY365586 Ascomycete Pathotroph-
Symbiotroph
24 2428 2 Plectosphaerella cucumerina 100 99 KY468524 Ascomycete Pathotroph
25 2352 3 Schizothecium glutinans Podospora glutinans 100 99  AY615207 Ascomycete Saprotroph
26 1714 1 Mucor circinelloides 100 100 KY933391 Zygomycete Saprotroph
27 760 1 Family Lasiosphaeriaceae 100 99  KT948028  Ascomycete Unassigned
28 564 1 Unidentified fungal endophyte 98 99 FN392300  Unidentified Unassigned
29 452 2 Latorua caligans Torula caligans 100 99  FJ478093 Ascomycete Pathotroph-
Saprotroph
30 337 3 Rhizophagus intraradices Clone M31.17, 100 99  FJ769310 Glomeromycete = Symbiotroph
Glomusintraradices
31 302 1 Chaetomium globosum 100 100 KX421416 Ascomycete Saprotroph
32 187 2 Dokmaia sp. 100 97 GU973777  Ascomycete Saprotroph*
33 133 1 Rhizophagus irregularis Clone 15.8m, Glomus irregulare 100 99  JF820477 Glomeromycete  Symbiotroph
34 111 2 Ambispora sp. Clone 2.8 45 90 FN820281  Glomeromycete Symbiotroph
35 87 2 Naganishia uzbekistanensis  Cryptococcus liquefaciens 100 100 KY104336 Basidiomycete  Pathotroph
36 61 1 Ascochyta sp. 100 100 AF520641  Ascomycete Pathotroph
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OTU No. No. Blast assigned taxonomy Species synonymy and isolate QC ID  Accession/ Phylum Trophic
reads samples information VT* mode

AMF region (NS31-AM1)

1 89562 7 Rhizophagus intraradices BEG 121 100 100 AJ536822/ Glomeromycete Symbiotroph
VTX00105

2 65997 7 Rhizophagus irregularis DAOM?229456 100 99  HF968850/ Glomeromycete Symbiotroph
VTX00114

3 7594 4 Glomus sp. Glo 10 100 98  AY129570/ Glomeromycete Symbiotroph
VTX00105
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4.3.3 Relationships between fungal diversity and plant growth parameters
As noted in earlier sections, there were significant differences among treatments in terms of
certain measurements, particularly root length, leaf biomass and Si and P content and uptake. To
investigate this further in relation to the fungal diversity in the root, a correlation matrix was
created to visualise relationships between these parameters (Figure 19). Correlations that were
significant post-bonferroni correction (circles with a white X), had correlation values exceeding
r=0.7 and a p value of <0.05 (Figure 19). Vermiconia calcicola and Ambispora sp. Showed the
highest correlation (»=0.97, p<0.01) co-occurring in a Hetchell (Block 3) and Pasture (Block 4)
sample at high frequencies. Similarly, Fusarium sporotrichioides and Operculomyces laminatus
were highly correlated (»=0.93, p<0.01) and found co-occurring at high read count in a single
sample Pasture (Block 5). Copinopsis lagopus and R. intraradices (OTUS), were found to be
correlated (+=0.86, p<0.01) and co-occurring at similar abundances across several F. mosseae,
Pasture and Hetchell treatments, both were also found to be present in a control sample (Block
6), indicating potential sample contamination. Other significant correlations between OTUs
included Plectospharella cucumerina and Schizothecium glutinans (r=0.78, p<0.01) co-
occurring in Field Margin and Hetchell (both Block 1) samples and between S. glutinans and

Latorua caligans, although these two were only co-occuring in one sample, Hetchell (Block 1).

There were no significant correlations between any OTUs and physiological parameters after
the correction; however, some interesting trends should be highlighted. Only two OTUs showed
any relationship with Si and P (Figure 19). OTU 32, representing an unknown species of the
Dokmaia genus, present in a Pasture (Block 4) and Hetchell (Block 1) sample demonstrated a
weak negative correlation with Si (#=-0.46, p>0.05) and P (=-0.39, p>0.05) content in plants.
Buckleyzyma phyllomatis (OTU 9) was shown to be weakly positively correlated with P content
(r=0.52, p>0.05). S. glutinans, which correlated significantly with other OTUs also
demonstrated a weak negative correlation with root area (r=-0.41, p>0.05). Chaetomium
piluliferum and S. indica also showed an antagonistic relationship (r=-0.44, p>0.05), where the
two samples that C. piluliferum was present in (Field Margin, Block 1; Pasture, Block 4)
showed no reads, or very low read counts (3 hits) of S. indica respectively. Other circles

showing weak positive correlations largely represent co-occurrence in certain samples.
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Figure 19: Correlations between OTUs (excluding those that occur in 1 sample only) and key plant
measures, generated using the Pearson method. Si and P concentration relate to foliar
concentrations (%) that have undergone arscine transformation prior to analysis. The value for
root length colonised has also been arcsine transformed. Larger, darker circles represent stronger
correlations, blue indicates a positive correlation, red represents a negative correlation. Circles
present on the graph represent a significant correlation prior to a Bonferroni correction for
multiple comparisons; circles marked with a white X indicate a significant correlation post

correction.

The following section briefly comments on the species of interest and particularly those found

to have significant correlations in the above analysis.

Olpidiaster brassicae (OTU 1) - Pathotroph

O. brassicae showed the highest occurrence in this experiment, occurring in all samples. This
species has a broad host range, infecting many crop species as well as weeds that can act as
reservoirs (Hartwright et al., 2010). The combination of this broad host range and a particularly
long soil spore viability period of twenty years make this a very difficult pathogen to eradicate

(Campbell, 1985). It is not clear whether all plants that are infected by this species show

symptoms of infection, no visible infection signs were noted in this experiment.
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Serendipita indica (OTU 2) - Symbiotroph

The root endophyte S. indica (syn Piriformospora indica) was identified in 21 out of 24
samples. However, most read counts were low (<200), with the exception of the F. mosseae
treatment, where read counts for all replicates were within the 10,000 range. This species has
been seen before during investigation of single species stock pot cultures of mycorrhizal fungi
(Chapter 2, Section 2.3.3). This Basidiomycete fungus belongs to the novel family
Serendipitaceae (Weil} ef al., 2016), and has been identified as a model mutualistic fungus due
to its ability to be cultured axenically and colonise the model plant species Arabidopsis thaliana
(Peskan-Berghofer et al., 2004). This species has also been linked to improvements in plant
nutrition, including P (Yadav et al., 2010; Ghanem et al., 2014), and resistance to disease
(Schifer et al., 2009), herbivore attack (Cosme ef al., 2016), and abiotic (Waller et al., 2005;
Mohd et al., 2017) stresses, conferring similar benefits as AMF (Nath et al., 2016). Despite
performing similar roles, there does not appear to be any competitive exclusion between AMF
and S. indica, due to distinct colonisation patterns and niche partitioning (Schifer et al., 2009;
Newsham, 2011). S. indica typically forms within root hairs and requires cell-death dependent
colonisation, whereas AMF colonise differentiated and physiologically active cortical cells

close to the vascular bundle (Deshmukh et al., 2006).

Glomeromycota (OTUs 5, 12, 30, 33, 34) - Symbiotroph

From the 36 OTUs generated with the ITS region, 5 were identified as belonging to the phylum
Glomeromycota, compared to the AM region, which identified only three OTUs. The only
treatment that showed no presence of arbuscular mycorrhizal sequences was the field margin
treatment. Control samples did show presence of Glomeromycota OTUs in two out of the three
samples, but only a single figure number of reads across all samples. The plants which received
F. mosseae single species inocula contained three different OTUs corresponding to R.
irregularis (two separate isolates) and R. intraradices, neither of which were the intended
‘single species’ that the inoculum was determined to contain (Chapter 2, Section 2.3.3). In fact,

no OTUs recorded corresponded to F. mosseae in this experiment.

Cladosporium herbarum (OTU 3) - Pathotroph-Symbiotroph

Reads from this species were recorded in 13 samples, but most showed only a few reads and
there was no amplification in control treatments. Four samples did show high read counts
however, one replicate from the Field Margin treatment (Block 1: 22,021 reads), two replicates
from the Pasture treatment (Block 2:39284; Block 4: 92) and one replicate from the Hetchell
treatment (Block 7: 22634). This species is of particular interest due to its ability to solubilise P
from the soil, and improve AMF colonisation (Singh & Kapoor, 1998). However, there was no

correlation shown between this species and any AMF or P uptake. Interestingly, this species (or
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rather species complex (Schubert et al., 2007)) is said to be one of the most common fungi
globally, frequently found to be growing on decomposing leaves but also found as an

endophyte, and frequently isolated from the environment (Bensch et al., 2012).

Buckleyzyma phyllomatis (OTU 9) - Pathotroph

This basidiomycete yeast was the only OTU to show a positive relationship with P
concentration (Figure 19). The literature on this species is very limited, and there is no record of
it being isolated from plants within the UK. This OTU had 96% similarity with records of B.
phyllomatis.

Vermiconia calcicola (OTU 10) - Saprotroph

This OTU was strongly amplified in 4 samples, and was found to be strongly correlated with
OTU 34, which has been assigned as a species from the Genus Ambispora with low confidence
due to the low query coverage. Interestingly V. calcicola is a newly identified, extremotolerant
species has previously only been shown to colonise stone (Isola et al., 2016). While this is
unusual, the results of the BlastN search consistently had high matches for members of the

Vermiconia genus and other fungi regularly isolated from monuments and stone.

Fusarium sporotrichioides (OTU 19) - Pathotroph-Saprotroph

This species was found across 4 samples. The fungus F. sporotrichioides is defined as a
pathotroph, and is widely studied due to its capability of producing a potent mycotoxin
(trichothecenes), which causes disease symptoms in a large range of plant species (Hohn &
Beremand, 1989; Cosic et al., 2012; Moya-Elizondo et al., 2013; Ivanova et al., 2016). F.
sporotrichioides was significantly correlated to Operculomyces laminatus (OTU 21) due to their
co-occurrence in a single Pasture sample. This recently described chytrid species was present in
one sample (Pasture, Block 5), but unfortunately there is very little information about the

biology of O. laminatus (Powell et al., 2011).

Plectosphaerella cucumerina (OTU 24) - Pathotroph

This Ascomycete species was positively correlated with Schizothecium glutinans, occurring in
the Hetchell and Field Margin samples. This species employs a variety of feeding mechanisms,
as it can survive in the soil saprophytically (Palm et al., 1995), cause plant disease as a
necrotrophic fungus (Pétriacq et al., 2016), and act as a biocontrol agent as a nematophagous
fungus (Atkins et al., 2003)
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Schizothecium glutinans (OTU 25) - Saprotroph

This ‘dung-loving’ (coprophilous) fungus, also known as Podospora glutinans was amplified in
3 samples, from Field Margin and Hetchell treatments. While current literature refers to this as a
coprophilous species, there are records of it colonising plant roots also. Kwasna et al (2008)
also recorded this species in their analysis of tree roots (Betula, Fagus and Larix), matching the
same accession (AY615207) as in this study. Interestingly, the same authors carried out a study
in wheat roots, and also recovered sequences of P. glutinans, matching the same record on the
NCBI database and again a first recording for this species in wheat (Kwasna et al., 2010). It has
been noted that the Podospora-Schizothecium genus complex is in need of complete revision

(Cai et al., 2005).

Chaetomium species (OTU 22, 31) - Saprotroph

While not demonstrating a significant correlation, C. piluliferum (OTU 22) was the only OTU to
demonstrate any negative relationship with another OTU (S. indica, OTU 2). Members of this
genus are particularly interesting however, and demonstrate a source of varied metabolites
(presumably deriving from their role as saprophytes) which had led them to be highlighted as a
potential biocontrol agent (Zhang et al., 2012). C. globosum (OTU 31) for example has recently
been demonstrated to have a direct negative impact on F. sporotrichioides (Jiang et al., 2017).
There were no incidences of samples containing either of the Fusarium species (OTU 17, 19)

also containing either of the Chaetomium species (OTU 22, 31) present in this study.

Microdochium bolleyi (OTU 23) - Pathotroph-Symbiotroph

A dark septate endophyte (DSE), defined as an opportunistic pathogen and frequently isolated
from plant roots, particularly grasses and Arabidopsis (Newsham, 2011; Mandyam et al., 2013)
was found in low levels throughout 11 out of 24 treatments, and was a noticeable outlier. The
role of DSE in plants is not clear, and this species has been shown to have a range of impacts on
plants from parasitic to mutualistic, and in certain conditions have been referred to as ‘surrogate
mycorrhizas’ although there is no consensus on the mechanism for exchange of resources
between these endophytes and the plant host (Haselwandter & Read, 1982; Bledsoe et al., 1990;
Jumpponen, 2001).

Dokmaia sp. (OTU 32) - Saprotroph

This OTU occurred in two samples, and was shown to be weakly, negatively correlated with
foliar Si and P contents. There is very little in the literature regarding this genus, but it has
typically been isolated from decaying organic matter (Promputtha et al., 2003; Ezeokoli ef al.,
2016)
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4.4 Discussion

Overall, the addition of different inocula had significant impacts on the growth and nutrient
uptake of B. sylvaticum plants, as well as the fungal species isolated from their roots. Conditions
for plant growth and set up were identical for all treatments in this study, with the exception of
the root and spore filtrates added as inoculum, so it is highly probable that the observed

differences in plant response are caused by the fungal communities in the roots.

NGS techniques were applied here to analyse the diversity of fungi within the roots. Of the 40
replicates used in this experiment, only 24 demonstrated successful amplification of fungi and
were subsequently used in analysis. There are two reasons for why this technique was not
successful in amplifying products from all samples: 1) the primer pairs were not selective
enough to be able to exclude plant DNA and 2) fungal colonisation was sufficiently low to not
be amplified during the sequencing process. In the absence of high fungal abundance, plant
sequences were amplified preferentially and were subsequently discarded. The use of this
method did however highlight the presence of rarer fungi that may have otherwise been
overlooked through other conventional methods of amplification and analysis, particularly in
cloning and visual analyses of colonisation. It may be the case that other samples which lacked
the highly abundant OTUs (OTU 1 and 2) may have contained interesting diversity at low
abundance that was not picked up through this technique, particularly as rarer OTUs were
filtered out for the purposes of normalising the dataset. The results of the NGS analysis have
yielded interesting results, but there are a number of shared OTUs between treatments that
suggest that the treatments do not have distinct communities, despite the clear differences in the
plant growth and colonisation results. It is noted that due to the reduced dataset of 24 samples,
repeated analysis of some of the initial plant growth data did not yield significant differences

between treatments and these are commented on throughout the discussion.

It was hypothesised that the application of different inoculation treatments would result in
distinct fungal communities isolated from the plant roots. Overall, the application of the
different inoculum treatments did lead to treatments having significant differences in
community assemblages (Section 4.3.2, Diversity metrics). However, this relationship appeared
to be driven by differences between the Control and Pasture treatments, while the single species
F. mosseae, Field Margin and Hetchell treatments showed significant overlap (Figure 17).
Distinct communities, with highly individual OTUs assemblages were not evident, and there
was a high incidence of co-occurrence of many OTUs across samples, particularly of O.
brassicae which was present in all samples (Table 5). However, analysis of the functional guilds
also highlighted some key differences between the treatments, particularly where Control
treatments contained a significantly higher proportion of saprophytic fungi compared to the

other treatments. This is most likely due to the addition of the autoclaved roots as a control of
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the addition of live roots as an inoculum source in the other treatments. This is an interesting
result as it implies that administrating a sterilised treatment to control for the addition of roots in
other treatments is actually causing other guilds of fungi to colonise the plant roots. In essence
this creates another treatment category rather than a base-line comparison for the other
treatments. The single species F. mosseae treatment also showed interesting diversity results.
Both the visual microscopy analysis and the NGS data show that non-AMF species colonised
the plants within the F.mosseae treatment at a higher rate than the target AMF species. S. indica
was able to successfully colonise all seven replicates analysed, whereas AMF were only present
in four of these samples. This presents an issue when attempting to disentangle which effects are

being caused by each species, when both are very similar functionally.

It was also hypothesised that both plant growth and nutrition would be improved with higher
levels of AMF colonisation. Plants grown with inoculum from the Pasture field and Hetchell
woods showed relatively similar levels of colonisation by AMF and non-AMF fungi, both in the
root staining analysis and in the sequence analysis (Section 4.3.2). Interestingly, plants within
the Pasture treatment were predominately colonised by two isolates of R. intraradices (OTU 5,
30), while plants of the F. mosseae treatment were almost exclusively colonised by R.
irregularis (OTU 12), and not F. mosseae. In the one F. mosseae replicate (Block 2) that was
colonised at very low levels by R. intraradices (OTU 5), there was no colonisation by R.
irregularis (OTU 12). This effect was only seen in one treatment but it may be an indication of
competitive exclusion, as it has been noted previously in the literature, R. irregularis frequently
becomes dominant in mixed species inoculums to the detriment of other AMF (Symanczik et

al., 2015).

The treatments had a significant effect on plant growth. For biomass, dry leaf mass was very
variable, with plants grown with the Field Margin inocula being significantly larger than
Control and Hetchell treatments. Interestingly, Field Margin treated plants showed the lowest
level of AMF colonisation, and growth suppression by AMF has been noted previously in
glasshouse experiments using B. sylvaticum (Chapter 3, Section 3.3.1). While Pasture and
Hetchell plants had a similar biomass across all plant fractions, Pasture plants had significantly
higher root length compared to Hetchell plants, demonstrating differences in root structure
between the treatments. Fine root length is crucial to nutrient and water uptake (McCully, 1999)
and has been shown to decrease with mycorrhizal colonisation in monocots (Kothari et al.,
1990; Gutjahr ef al., 2009, 2015). This was not observed in this study. Overall, Pasture had the
second highest level of colonisation by AMF, behind plants growth with the single species
inoculum F. mosseae. Neither of these plants demonstrated reductions in fine root length
compared to controls and treatments lacking in AMF colonisation. Howver, it should be noted

that statistical analysis using the 24 samples that produced usable data from the MiSeq, revealed
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that the significant differences between root length were no longer present (F419=1.67, p=0.20).
Alternatively, other species colonising the plant roots may be causing changes in plant root
growth. There was a weak negative relationship between OTU 25 (S. glutinans) and total root
length highlighted in the correlation analysis, and this OTU was present at high levels in a
Hetchell sample (Block 1), which was the treatment that had the lowest fine root length.
However, this OTU was also present at much higher levels in the highly diverse Field Margin

sample (Block 1) which did not exhibit growth suppression of fine roots.

Foliar Si and P content and concentration were strongly linked to the physical characteristics of
the plants, Si concentration was significantly different across treatments, but P concentration
was not. Accounting for the differences in root length there was high variability in the efficacy
of different treatments in Si and P uptake. For example, plant receiving the Hetchell woods
inoculum yielded similar Si and P concentrations as the Pasture samples despite having similar
leaf biomass and significantly lower length of fine roots (Figure 16b and d). Two OTUs were
highlighted in the correlation analysis as being weakly related to Si and P uptake, primarily
OTU 32 (Dokmaia sp.) was shown to be negatively related to the Si and P contents of the plants
but only occurs in one sample at high frequencies (Pasture, Block 4). It would be expected that
higher levels of colonisation by AMF would improve the uptake efficiency of P, and potentially
also Si as has been shown previously (Chapter 3, Section 3.3.2). If this were the case, we would
expect to see the plants grown with F. mosseae inoculum and the Pasture inoculum to
outperform plants from the other treatments. This clearly is not the case with regards to the
Pasture treatment, and the F. mosseae treatment is not significantly different to the control or
even the Field Margin treatment which also showed low to no AMF colonisation. However, in
plant roots colonised by a variety of fungi, the specific combinations of these may be more

important for function rather than individual species.

It was unexpected that plants receiving the Hetchell woods inoculum would show such low
colonisation by AMF, considering the presence of Brachypodium species at the source site. It
was predicted that inocula from Hetchell woods would contain a fungal community is already
adapted to colonising the roots of Brachypodium plants, and would therefore resemble a distinct
community, distinguishable from the other treatments. However, there was only 1 occurrence of
a single OTU (OTU 29, Latorua caligans) which was found exclusively in a Hetchell woods
replicate. Evidently the Pasture treatment was the most effective natural inocula in delivering
AMF colonisation, however this treatment yielded the poorest nutrient uptake results, including
surprisingly for P uptake, it is difficult to attribute this to any specific fungus within the pasture
treatment due to the variability of the data, but it is important to show that presence of AMF in
the roots does not always lead to improved nutrient uptake. By using a natural inoculum from an

agricultural field, which contains a frequently used laboratory species of AMF, we can
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demonstrate that applying a single species AMF inoculum in a glasshouse environment will not

yield the same results in a field setting.

Overall, the addition of different fungal inocula to B. sylvaticum has led to interesting
differences in the growth and nutrient uptake of these plants. There were distinctly different
responses in particular between the Pasture field treatment and the Hetchell woods treatments.
The results of the NGS analysis have highlighted some interesting relationships between the
OTUs and have shown that the plants grown with inoculum from the Pasture and Control
treatment led to a distinct fungal community colonising these plants. Interestingly, the effect of
supplying a sterilised version of the treatment to the Control plants actually acted as a treatment
in itself, leading to a higher percentage of saprophytic fungi colonising the roots of these plants.
The single species AMF treatment also yielded unintended results, with S. indica another plant
growth promoting fungus outperforming the target AMF species. The consequences of this
could be important for interpreting plant responses, as high colonisation by this fungus in
conjunction with AMF would make it difficult to disentangle the contributions of each species.
Overall, this experiment has demonstrated the importance of analysing the fungal diversity of
treatments, even within control and single-species treatments. These results highlight the
importance of accurately recording of root fungal colonisation of non-target species in the
results of glasshouse experiments. Fungal communities in different environments clearly have
the potential to have significant impact plant physiology and nutrition and future work should
focus on identifying the functional contributions of these root colonising fungi when present in

plant roots.
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5 Community dynamics of fungi colonising Brachypodium
sylvaticum roots and effects on foliar silicon and
phosphorus concentrations

5.1 Introduction

Diverse fungal communities are important for plant growth and survival, and the interactions
between microbes that colonise plant roots are as important as the identity of the individual
fungi that colonise them. There are a number of interactions that can happen between microbes
within the rhizosphere, and these can be competitive and antagonistic, mutualistic and passive,
or mutually beneficial (Johansson et al., 2004; Philippot et al., 2013). It is these interactions that
make the study of plants and microbes in-situ so important. Artificially generated plant and
fungal combinations can be unrepresentative for plant function in the natural environment due
to the difficulty of culturing certain species (Helgason et al., 2002). Studying the fungal
community within plant roots in the field at a fine scale has largely been made possible through
the use of novel molecular sequencing methods. These enable accurate identification of fungal
colonising species which is not possible to do at such high resolution with morphological
analyses (Taylor et al., 2017). This has particular advantages for investigating the effect of soil

heterogeneity on soil microbial communities, particularly of root colonising fungi.

The heterogeneity of the microbial community in soil is driven by a number of abiotic and biotic
factors that dictate the dispersal capabilities of these fungi. Soil conditions are also prone to
change within short distances, due in part to the underlying geology of the region, the vegetation
overstory and external influences caused by fauna (Concostrina-Zubiri et al., 2013; Steven et
al., 2013; Bender ef al., 2016). Changes in soil abiotic conditions, particularly pH, are important
in determining nutrient and solute availability. For example, silicon, an important defence
element in grasses, is taken up by the plant in the form of silicic acid (Si(OH)4), which is
available in the soil at concentrations of 0.1-0.6mM (Yost & Fox, 1982; Epstein, 1999). Soluble
Si is most available in slightly acidic soils (pH4-7), at pH 9.8 silicic acid disassociates to form
H;3Si0OH,” which adsorbs to aluminium (Al) and iron (Fe) hydrous oxides (Golubev et al., 2006;
Haynes, 2014). Plant available phosphate availability however, follows the opposite trend, with
plant available P decreasing in acidic soils as inorganic P binds to Al;" which is present at
higher concentrations in the soil at acidic pH (<5.5) (Kluber et al., 2012; Jiao et al., 2016). Plant
growth is dependent on high levels of available P, which is usually limiting due to the low

mobility of P in the soil profile, but exacerbated by reduced pH in acidic conditions.

Arbuscular mycorrhizal fungi (AMF) are plant root symbionts that substantially increase the
supply of P to plants in limiting conditions, and receive carbon from plants in return (Smith &

Read, 2010). AMF have the potential to improve plant P uptake in acidic conditions, by
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immobilising Al;", although AMF do vary in their ability to tolerate extreme pH values (van
Aarle et al., 2002; Aguilera et al., 2011). Fungal communities (Dumbrell et al., 2010a), mycelial
biomass (van Aarle et al., 2002) and root colonisation (Coughlan et al., 2000) have been shown
to be significantly affected by pH. Soil pH has repeatedly been shown to be the overarching
deterministic factor in affecting the growth and communities of AMF, outweighing the impact
of other variables measured due to its substantial effect on other soil properties (Dumbrell et al.,

2010a; Kluber et al., 2012; Carrino-Kyker et al., 2016).

Hetchell Woods is a site of special scientific interest (SSSI), located near Leeds, UK
(53°52°36.54”N, 1°25°45.94”W). The area is unique in comprising an area where soil pH varies
dramatically over a distance of a few metres, which results in dramatic changes in plant and
microbial communities (Dumbrell et al., 2010). A series of studies have been published on the
AMF colonising plant roots at Hetchell Woods, making the AMF community at this site one of
the most extensively catalogued in Europe (Dumbrell et al., 2010a,b, 2011). Previous studies at
this location have demonstrated how abiotic soil factors, particularly pH are capable of
influencing the mycorrhizal community (Dumbrell ef al., 2010a). They have also demonstrated
how AMF communities change throughout the year (Dumbrell et al., 2011). Over winter
months where carbon supply from plants is low, diversity and evenness of AMF communities in
plant roots is high, while as the supply of carbon rapidly increases in spring months the
dominance of individual, opportunistic species increases, thereby reducing evenness in these
communities (Dumbrell et al., 2010b, 2011). Temporal variation has also been shown to be
significant in pasture and arable settings, with effects of season having a stronger deterministic

effect on AMF communities compared to large scale fertiliser inputs (Hazard et al., 2014).

Although extensive work has been carried out at Hetchell Woods, what remains to be studied is
whether the patterns in AMF community structure are also applicable to non-AMF root
colonising fungi across a pH gradient and how replicable the effects are between years, given
the variation across seasons. In the Dumbrell et a/ (2010b, 2011) papers the authors observed
that the AMF taxa that become dominant in plant roots in spring and summer months are not
consistent, suggesting that the successful dominant taxa are opportunists in the right place at the
right time. If this is the case we would perhaps expect to see variability in the identity of the
dominant AMF species between years. This trend may be applicable to other groups of root
colonising fungi, which share similar life history traits with mycorrhizal fungi. This study will
link changes in microbial root colonising communities to the foliar Si and P concentrations of
Brachypodium sylvaticum plants in their natural environment, across a pH gradient. It was

predicted that:
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1. In increasingly alkaline conditions, silicic acid availability in the soil will decrease, while P
availability will increase, leading to decreased foliar Si concentrations and increased foliar P
concentrations.

2. Fungal colonisation will be lower in very acidic soil, and microbial communities and
richness will change in accordance with changes across the transect distance, related to
changes in the pH profile.

3. Dominant AMF root colonisers will differ between the two sampling years, and it will be

determined whether similar trends are observed in the non-AMF fungal colonisers.

5.2 Materials and methods

5.2.1 Sampling protocol
Samples were collected in the summer of 2015 (6" August) and 2016 (6™ July) along a 10m
transect with increasing distance from the limestone outcrop. Historical weather records were
obtained for the Met Office stations Church Fenton (~12miles from Hetchell Wood) for long
term records (1981-2010). Data from Bramham station (~3.5 miles from Hetchell Wood) was
used for records during the sampling period as Church Fenton ceased to function in 2013 and
Bramham records were inaccessible for long-term historical data. According to the work carried
out by Dumbrell ef al. (2010a) the transect is predicted to cover a change of pH from ~4.5 to
7.5. Three separate B. sylvaticum plants were collected within each 1m” for replication along the
transect along with soil samples from the immediate area below the extracted plants. Plants and
soil were placed in plastic zip-lock bags, transported back to the University of York and stored

at 4°C until processing which was completed within 3 days.

Plants were separated into leaf, stem and root fractions. Roots for DNA extraction and staining
were only used if connected to the B. sylvaticum plants to ensure these results corresponded to
the foliar nutrient analyses. Soil was sieved (<2mm) and tweezers were used to remove root
fragments to prepare the soil for pH measurements. Soil and plant material were dried at 70°C
for 3days to a week according to the methods of (Dumbrell ef al., 2010a). Soil pH was measured
using 0.01M CaCl, (soil:solution ratio of 1:5 (w:v)) on dried soil. Root samples for each sample
were divided; half was stored in 40% ethanol until mycorrhizal colonisation analysis and half
dried at 70°C for DNA extraction. For full mycorrhizal count procedure see Section 2.2.2;
Materials and methods; III. DNA was extracted, amplified and sequenced according to the
protocols detailed in Chapter 2, Section 2.4. Samples were randomly split across two different

sequencing runs, due to operational costs and availability.

5.2.2 Statistical analysis
All percentage data (for Si and P, and fungal colonisation) was arcsine square root transformed
prior to statistical analyses, but original concentration values are used for the production of
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graphs. Statistical analysis and graph production was carried out using Rstudio running R
version 3.1.3 (R Development Core Team, 2011; RStudio Team, 2016). Root colonisation,
nutrient (Si and P) and pH data was checked for a normal distribution and homogeneity of
variance following the methods outlined in Chapter 2, Section 2.2.2. In the case where data did
not fit a normal distribution or had unequal variances, a Kruskal-Wallis test was used in the
stead of a one-way ANOVA. Post-hoc tests were used where appropriate; the stats::TukeyHSD
was used following ANOVA tests, while the FSA::dunnTest was used with the Bonferroni
method following Kruskal-Wallis tests. Statistical tests were performed to examine whether
distance along the transect and year of sampling had an effect on root colonisation, nutrient
content and pH data and whether the distance factor was more significant in one year than
another. This was tested using ‘Distance’ along the transect and ‘Year’ of sampling as two

independent variables, and testing for interaction effects.

For sequence data analysis, fungal a-diversity and richness was calculated on normalised OTU
tables (Chapter 2, Table 3, Step 22) using the alpha_diversity.py to calculate Shannon Diversity
index, and the Chaol estimation. The Kruskal-Wallis test was used to determine significant
differences between alpha diversity metrics. Differences in fungal community composition were
determined by performing a PERMANOVA (R function vegan::adonis) on a Bray-Curtis
dissimilarity matrix of the CSS normalised OTU abundance tables (Chapter 2, Table 3, Step
21). A non-metric multidimensional scaling (NMDS) plot was also generated using the Bray-
Curtis dissimilarity matrix using the vegan:MetaMDS function. To identify specific taxa that
differed as a result of sampling year, the differential abundance.py package was implemented to
test for significant differences in abundance of specific OTUs between the two years. A similar
test that allows comparisons between more than two groups, compare categories.py, was used
to test whether there were any taxa present in a single location, or at particularly high abundance
in a single location along the transect. To compare the OTUs sequenced in this study to those in
the Dumbrell ef al.(2011) AMF amplicon sequences were aligned using MEGA v6.06 (Tamura
et al., 2013) and a Neighbour-Joining tree with five hundred bootstrap replications was

generated, also using the MEGA program.

5.3 Results

5.3.1 pH
Kruskal-wallis non-parametric tests were used to determine differences in pH values across the
dataset. pH did not change significantly over the distance of the transect in either year (2015:
H=15.41, p=0.08; 2016: Hy=15.79, p=0.07) and there were no significant differences in pH
between the two years (H(;=3.10, p=0.08). Although there was no change in pH across the

transect, values for soil pH were more variable in the first 5 metres, closer to the limestone
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outcrop and pH in 2016 was more variable than in 2015 (Figure 20). Due to the lack of pH
gradient, rather than treating pH as a deterministic or independent variable in statistical tests, pH
was incorporated into linear models as a random variable. These models were compared with
simpler models without the random term and models were selected based on lowest Akaike
Information Criterion (AIC) values, indicating a more representative model of the data (Akaike,

1973).
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Figure 20: Change in soil pH across the transect distance for the two sampling years. Shaded boxes
represent samples from 2015, while the white boxes represent samples taken in 2016. The heavy line
within the box represents the median value, with the upper and lower hinges showing the 75" and
25" quartile respectively. The whiskers extend to 1.5 times the interquartile range.
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Table 6: Monthly records from the Bramham and Church Fenton Meteorological Office weather
stations. Average values for June and July from 1981-2010 at the Church Fenton station are shown
alongside individual records Bramham station for the week prior to sampling in 2015 and 2016,
prior to and during sample collection.

Church Fenton 1981-2010 average Average temperature (°C)  Total average rainfall

Month Minimum Maximum  (mm)

June 9.6 18.8 54.8

July 11.8 21.2 50.2

August 11.7 20.8 57.9

Bramham 2015-2016 average Average temperature (°C) Rainfall (mm)

Month Year Minimum Maximum  Total Average

June 2015 7.8 19.0 28 0.9
2016 10.1 18.8 554 1.8

July 2015 10.5 20.3 86.0 2.8
2016 12.1 21.6 30.4 1.0

August 2015 11.2 21.3 124.6 4.0
2016 12.5 21.3 86.8 29

Bramham station weekly average

w/c 31* July 2015 10.1 21.8 3.0 0.4

w/c 30" June 2016 9.0 19.1 8.8 1.3

5.3.2 Root length colonisation
Total root length colonised was determined by microscopic analysis of stained fungal structures
in the root, separated into arbuscular mycorrhizal structures (AMC) and ‘other’ fungal structures
or non-mycorrhizal colonisation (NMC). AMC was significantly different across the transect
(F939=3.55, p<0.01) and between years (F( 39=8.08, p=0.007). This relationship was also
apparent in NMC across the transect (F(939=2.36, p=0.03) and between years (F(;39=4.34,
p=0.05), but the relationship was much weaker than for AMC. Overall AMC decreased in 2016,
while NMC increased (Figure 21). The highest recorded value for AMC in both 2015 and 2016
appeared to be at the 1m distance, closest to the limestone outcrop (Figure 21). Overall fungal
root length colonisation did not change between the two years (F; 39=0.181, p=0.672), but the
distance did become a significant factor when analysing the two years together (F39=3.539,
p=0.003) and this seemed to be driven by the very low colonisation at Sm along the transect..
There was no significant interaction between distance and year for either AMC (F 439=0.76,

9=0.65) or NMC (F 530/=0.97, p=0.48).
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Figure 21: Total root length colonised (%) by fungal structures of Brachypodium sylvaticum plants as determined by staining and counting method. Samples were

collected. along a 10 metre transect during two years. The left panel shows colonisation in plant roots collected during 2015, and the right panel shows colonisation in root

of plants collected in 2016. Black bars represent arbuscular mycorrhizal fungal (AMF) colonisation, and the white bars represent non-AMF colonisation.
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Figure 22: Foliar Si and P concentration (% of leaf dry matter) of Brachypodium sylvaticum plants across a two year period. Shaded bars represent samples from 2015,
and white bars represent samples collected in 2016. Error bars represent standard error.
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5.3.3 Siand P
Foliar Si concentration did not change over the distance of the transect (Fy35=0.78, p=0.64),
nor did it differ between years (F(33=0.02, p=0.89) and there was no interaction between
distance and year (F(33=0.84, p=0.58). Foliar P concentration was more variable and did vary
somewhat across the transect, but not significantly (F33=2.08, p= 0.057) but values were
significantly different between years (F(; 35=47.51, p<0.001) and there was no interactive effect
between distance and year (Fo 35=0.88, p=0.55). No significant correlation between total root
length colonisation by AMF and foliar P concentration was evident (Pearson’s tgs=-1.91,
p=0.06) although there was a slight negative trend. However, there was a significant, negative

correlation between AMF colonisation and foliar Si concentration (tssy=-2.08, p=0.042).

5.3.4 Fungal diversity
Two samples for the ITS amplicon and three samples for the AMF amplicon did not produce
enough PCR product to be carried forward for sequencing. In the preliminary sequence
preparation steps, several samples did not produce usable sequences for the generation of OTU
tables. This was not related to the sequencing run which samples were placed. Efforts were
made to recover samples by lowering the quality thresholds during the split library.py stage, but
several samples still did not generate useable sequences for the generation of OTU tables. OTU
tables were generated separately for the AMF (NS31-AM1) and ITS (ITS1F-ITS4) amplified
regions. Extensive filtering and cross-referencing with sequence databases was required and a
high proportion of amplified sequences were non-fungal or very rare and subsequently removed
or collapsed into one OTU due to high sequence similarity. This resulted in 193 OTUs
generated using QIIME decreasing to 15 post-filtering for the AM region after the removal of
plant and non-AMF sequences, and 331 decreasing to 109 in the ITS region after the removal of
plant and non-fungal sequences and collapsing highly similar sequences (>99% similarity) as
determined by a sequence alignment using the EMBL-EBI ClustalW. Consequently, after
removal of non-fungal and rare OTUs, some samples had too few reads (<100) to be kept in
analyses and were also removed. This resulted in a decrease in sample size in the ITS subset
from 58 samples to 33, and from 57 samples to 15 in the AM subset. OTUs were re-labelled
post filtering and the assigned numbers reflect decreasing abundance. Therefore OTU 1 will
allocated to the most abundant taxa in the analysis, while OTU 109 and OTU 15 will represent
the taxa with the lowest abundance in the ITS and AMF amplicon, respectively. The filtering
led to an uneven depth of sampling across amplicons and the transect, and between years. This

is detailed in the appropriate tables and figures.

Of the 109 OTUs generated by the ITS amplicon, 36 OTUs represented 90% of the total
sequences across all samples (Table 7). Overall the analysis shows that the root colonising

fungal community is diverse and not dominated by a few high abundance species. The most
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frequently isolated taxon was OTU1 [tersonillia perplexans, this plant pathogen was represented
in 13 samples and accounted for 10% of all reads. This was also the most dominant OTU
sequenced from the 2015 samples, accounting for 14.41% of all reads, slightly less than twice
that of the next most abundant OTUs at ~8%. Two OTUs had similarly high read counts in the
samples collected in 2016, OTUs 7 and 8, which both accounted for ~11% of all reads
individually (Table 7). For the AMF amplicon, there were only 15 OTUs in total (Table 8). The
AMF primer pair was more successful in amplifying AMF species than the ITS primer pair,
which amplified four AMF sequences corresponding to Rhizophagus irregularis (OTU 15) and
three unidentified Glomus species (OTUs 26, 42, 94). The dominant AMF amplicon taxon
changed depending on the sampling year, with OTU 1 Glomus sp. (VIX00122) being the
dominant taxon in 2015 accounting for 39% of all sequence reads. In 2016 however, results
show a more even community, with three OTUs (1, 3 (VTX00163), and 5 (VTX00342)) sharing
similar shares of the overall sequence reads (25-28%). AMF amplicon sequencing was only
successful in four samples in 2016, two of which (at 1m and 7m along the transect) showed
colonisation dominance by OTU 1, while the other two had a higher overall diversity and

richness (Table 8).

Species richness (Chaol) and alpha diversity (Shannon index) were higher in 2016 compared to
2015, in both amplicons (Table 9). The Chaol estimate of species richness did not show any
significant differences across the distances measured for the ITS amplicon (Kruskal-Wallis:
H=4.91 p=0.84), but did indicate that there were differences between years (H(=13.60,
p<0.001,Table 9). Shannon-diversity index, a measure of the diversity within groups also
showed no significant differences in diversity of root colonising fungi across the distance of the
transect (H«=5.38 p=0.80) but there was a significant difference between years (H,=12.98,
»<0.001). For the AMF amplicon, there were no significant differences between the diversity of
AMF colonising plant roots across the transect distance (H)=4.617, p=0.594) or between years
(H1=0.017, p=0.896). Species richness of AMF also did not change across the transect
(H=4.953, p=0.550) or between years (H;,=0.017, p=0.895).
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Table 7: The most abundant taxa (representing 90% of total sequences) or operational taxonomic units (OTUs) of the ITS region amplified by the ITS1F-ITS4 primer

pair. Sample counts and proportion of sequence reads (%) are shown for all samples, as well as separately for 2015 and 2016 samples. Taxonomy was assigned through

NCBI blast and trophic guild is assigned using FunGuild.

OTU

9]

o 9

11
12

13

14
15

16

Sample
count”

13
11
9

10

~N o0 o0

%b

10.64
8.56
6.16

6.01
5.34

3.79
3.68
3.67
3.21

3.20
3.18
2.86

2.84

2.46
2.34

2.13

2015 2016

Count % Count %

12 14.41 1 0.01
4 8.81 7 7.84
7 8.27 2 0.21
9 4.89 1 9.16
6 7.22 2 0.01
6 5.10 2 0.10
4 0.93 4 11.44
2 1.01 5 11.19
12 4.20 10 0.43
7 4.34 0 0.00
10 3.23 9 3.02
1 3.87 2 0.01
3 3.84 0 0.00
1 2.14 4 3.36
7 3.15 2 0.06
3 2.89 0 0.00

Taxonomic assignment
(synonymous taxonomy)

Itersonilia_perplexans
Phallus_impudicus

Olpidiaster brassicae
(syn. Olpidium_brassicae)
Penicillium_chrysogenum
Cladosporium sp.

Neoascochyta sp.
Sebacina_cystidiata
Ophiosphaerella sp.
Vishniacozyma victoriae (syn
Cryptococcus_victoriae)
Heterobasidion _annosum

Myrmecridium_schulzeri

Naganishia albida

(syn. Cryptococcus_albidus)
Hymenoscyphus herbarum
(syn. Calycina_herbarum)
Ascomycota sp.
Rhizophagus_irregularis
(syn. Glomus irregulare)
Psathyrella_spadiceogrisea

QC*

100
100
98

100
100

98

100
100
100

100
100
100

100

97
100

98

D¢

100
92
96

100
100

100
100
97

100

100
100
100

97

98
100

97

Accession

KU563636
KU516101
AB205213

KU947079
KY921924

KT389526
JQ665511

KT692575
KY105837

KU645332
KC989072
KY102595

JN033407

GQ996144
HF968934

DQ389682

Phylum

Basidiomycota
Basidiomycota
Chytridiomycota

Ascomycota
Ascomycota

Ascomycota
Basidiomycota
Ascomycota
Basidiomycota

Basidiomycota
Ascomycota
Basidiomycota

Ascomycota

Ascomycota
Glomeromycota

Basidiomycota

Trophic guild

Pathotroph
Saprotroph
Pathotroph

Pathotroph
Pathotroph-
Symbiotroph
Symbiotroph
Saprotroph
Saprotroph-
Symbiotroph
Saprotroph
Saprotroph
Saprotroph-
Symbiotroph
Saprotroph

Symbiotroph

Saprotroph
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17 7 1.62 3 0.44 4 496  Serendipita_herbamans 100 100
18 1 1.50 1 2.03 0 0.00  Phomatospora_biseriata 100 96
19 2 144 0 0.00 2 5.51  Hymenoscyphus sp. 97 97
20 5 127 4 1.71 1 0.00  Hemimycena_gracilis 95 98
21 6 125 0 0.00 6 4.78  Cadophora sp. 100 99
22 5 1.21 1 0.00 4 4.61  Cyathicula sp. 100 100
23 2 1.03 2 1.39 0 0.00  Psathyrella_lutensis 100 99
24 5 1.00 3 0.86 2 1.40  Rhizoctonia sp. 100 99
25 7 095 3 0.66 4 1.78  Geminibasidiaceae 97 95
26 6 093 4 1.22 2 0.12  Glomus sp. 100 96
27 2 093 1 0.91 1 0.99  Mycena sp. 100 86
28 3 089 0 0.00 3 3.41  Helotiales sp. 100 97
29 5 0.88 1 0.51 4 1.93  Exophiala sp. 100 95
30 3 081 2 1.10 1 0.02  Coprinellus micaceus 100 100
31 4 077 0 0.00 4 2.93  Darksidea sp. 100 87
32 4 074 2 1.00 2 0.01  Helotiales sp. 100 93
33 2 0.74 1 0.06 1 2.68  Corticiaceae sp. 100 85
34 1 0.69 1 0.94 0 0.00  Coprinopsis_lagopus 100 100
35 3 0.69 3 0.93 0 0.00  Aspergillus flavus 100 100
36 3 069 1 0.53 2 1.14  Mycena sp. 100 81

NR_144842
KX549454
KT268833
DQ490623
KX610415
KC989059
FN396145
JQ859888
NR 111878
AJ504638
JF908444

KX438326
KX610445
KX449450
KT270207
KX438326
AB8318854
IN943127
MF120213

JF908409

Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Glomeromycota
Basidiomycota

Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota

Basidiomycota

Symbiotroph
Saprotroph
Saprotroph
Saprotroph
Symbiotroph
Saprotroph
Saprotroph

Symbiotroph
Pathotroph-
Saprotroph

Saprotroph
Saprotroph

Saprotroph
Pathotroph-
Saprotroph
Pathotroph-
Saprotroph

* Sample count is the number of samples (out of 33) that contained sequences for this OTU.

" The number of reads this OTU represents out of the total number of reads across all samples.

“Query coverage (QC, %) of the submitted sequence against the top hit on BLAST.

! The maximum identity (ID, %) of matched nucleotides of the submitted sequence against the top hit on BLAST.
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Table 8: Details of all operational taxonomic units (OTUs) amplified by the NS31-AM1 Illumina primer pair. Total read counts across all samples (‘Sample count’, n=15)
and isolation frequency (%) detailing how often the OTU was amplified in different samples. This is replicated for each sampling year, 2015 and 2016. Taxonomy was
assigned using the MaarjAM database, or NCBI Blast (in bold), whichever had the highest query coverage and identity. Virtual taxa from the MaarjAM database were

included regardless of database used.

OTU Sample %" 2015 2016 Assigned taxonomy Virtual Qct  Ip! Accession
ID count” Count % Count % (isolate information) taxon number

1 12 36.80 8 39 4 25 Glomus sp. VTX00122 100 100 HF568332
2 7 22.79 5 24 2 14 Rhizophagus irregularis (DAOM229456) VTX00114 100 100 HF968850
3 5 15.09 3 13 2 28 Glomus sp. VTX00163 100 100 LN621058
4 5 9.11 3 10 2 1 Glomus sp. VTX00072 100 100 LN621104
5 5 8.46 3 5 2 25 Glomus sp. VTX00342 100 93.3 LN619907
6 4 4.68 2 5 2 2 Glomus sp. VTX00153 100 100 LN620070
7 3 2.22 1 2 2 1 Glomus sp. VTX00214 100 100 FR728571
8 5 0.47 3 0 ) 2 Rhizophagus irregularis VTX00247 100 99 FJ009612
9 1 0.09 0 0 1 1 Claroideoglomus lamellosum VTX00193 99 99 KU136434
10 2 0.08 0 0 2 1 Glomus sp. VTX00122 99.6 100 LN620004
11 1 0.08 0 0 1 1 Glomus sp. VTX00129 100 100 LN620841
12 2 0.06 0 0 2 o0 Claroideoglomus sp. VTX00057 100 100 HF568164
13 1 0.03 0 0 1 0 Funneliformis mosseae VTX00067 100 100 KU136407
14 2 0.02 1 0 1 0 Funneliformis constrictum VTX00064 100 100 KU136431
15 1 0.02 0 0 1 0 Archaeospora trappei vTX00245 100 97 AJ006800

* Sample count is the number of samples (total n=15, 2015 n=11, 2016 n=4) that contained sequences for this OTU.
® The number of reads this OTU represents out of the total number of reads across all samples.

“Query coverage (QC, %) of the submitted sequence against the top hit on BLAST.

4 The maximum identity (ID, %) of matched nucleotides of the submitted sequence against the top hit on BLAST.
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Table 9: Alpha diversity metrics Chaol and Shannon-Diversity Index across the two sampling
years, 2015 and 2016 for the ITS and AMF amplicon. Different letters indicate a significant

difference between values within each amplicon.

Amplicon  Sampling Sample size Chaol Species richness Shannon
Year diversity
ITS 2015 26 13.54° 3.59°
2016 10 26.54 4.31°
AMF 2015 11 5.32° 0.57*
2016 4 7.00° 1.04*
Beta Diversity

With the use of the vegan::adonis PERMANOVA permutation test on the ITS amplicon Bray-
Curtis dissimilarity matrix, the effect of the independent variables ‘Distance’ along transect,
‘Year’ of sampling and pH on sample communities was assessed. Both Year and Distance
generated significant effects independently, the most significant factor accounting for 34.5% of
the total variation (F(,35=3.082, p=0.001) was the year of sampling, followed by Distance
accounting for 7.7% of the total variation (F35=1.638, p=0.003). pH was not a significant
factor accounting for only 2.41% of the total variation (F( 35=1.030, p=0.442). Convergent
solutions for the NMDS using the ITS amplicon Bray-Curtis dissimilarity matrix were found at
5 attempts, with a stress value of 0.26. Figure 23 displays the clear separation of communities of
the ITS samples by year and distance between data points demonstrates their similarity, so data
points that are close together have similar community structures. The length of the arrows
represents the strength of the correlation between the factor and the ordination, and the direction
indicates the direction in which this variable changes most rapidly. This demonstrates that
changes in the foliar P concentration changes most rapidly in the direction with the 2016

samples (Figure 23).

The differential abundance.py that was used to test differences in OTU abundance between
years highlighted 21 OTUs that varied in abundance significantly between the two years after a
post-hoc multiple comparison correction (Table 10). With the exception of OTU 11, an
unidentified Ascomycete, all OTUs that showed significant differences between years were
higher in abundance in 2016 compared to 2015. The results of the compare categories.py test to
highlight differences between OTU abundance across the distance of the transect did not show

any significant differences (data not shown).
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Figure 23: Non-metric multidimensional scaling plot performed on a bray-curtis simmilarity
matrix generated from a normalised OTU table. Shaded circles and solid ellipse represent
communities from 2016 (n=10), and the non-shaded circles and dashed ellipse represent samples
from 2015 (n=26). The length of arrows for the NMC (non-mycorrhizal root colonisation), AMC
(arbuscular mycorrhizal root colonisation), Si (foliar silicon concentration), P (foliar phosphorus
concentration) and pH demonstrate the strength of correlation between this factor and the

ordination.

The OTUs that had significantly different abundance between the two sampling years (Table
10) were plotted on a correlation matrix to explore whether these OTUs showed a relationship
with other parameters measured. Particularly to identify if there was any relationship between
OTU abundance and foliar P concentration, which was significantly lower in plants sampled in
2016 (Figure 22, Figure 24). This analysis was performed on a reduced dataset that only used
samples where the NGS data was successful (Section 5.3.3). P concentration was shown to be
weakly, negatively correlated to pH in the multiple correlation analyses, although not

significantly after post-hoc multiple comparison corrections. Looking to the complete dataset,
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this relationship was explored further. The weak correlation was found between P concentration
and pH (ts6=-2.38, p=0.021), indicating that at the higher recorded pH values (6.5-7) P
concentration was lower than a more acidic values, although it appears this relationship may be
being driven by low sample numbers at low pH values, although these values did not exceed
Cook’s distance and so remained in the analysis. Analysing 2015 and 2016 records separately,
there was no demonstrable trend or relationship shown between pH and foliar P concentration
(2015: ta8=-1.65, p=0.11; 2016: t26=0.63, p=0.53). pH also appeared to have a weak negative
effects on three OTUs in this analysis, all of these showed a small positive effect on the P

concentration.
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Table 10: OTUs (Operational taxonomic units) that differed significantly in abundance between the two sampling years; 2015 and 2016. Calculated using the Qiime

differential _abundance.py package, p-values displayed are adjusted using the Bonferroni correction for multiple comparisons.

OTU Isolation frequency Mean read count Adjusted  Species ID Phylum Trophic mode
2015 2016 2015 2016 P value

21 1 6 1 9448 <0.001 Cadophora sp. Ascomycota Symbiotroph

22 4 5 5 9126 0.005 Cyathicula sp. Ascomycota Pathotroph-Saprotroph

63 0 4 0 710 0.016 Apodus deciduus Ascomycota Saprotroph

28 2 5 2 6739 0.016 Helotiales sp. Ascomycota -

31 0 5 0 5799 0.016 Darksidea sp. Ascomycota Symbiotroph

14 3 5 11979 6639 0.023 Ascomycota sp. Ascomycota -

46 1 5 1 3157 0.028 Neonectria sp. Ascomycota Pathotroph

57 1 5 1 1425 0.033 Ascomycota sp. Ascomycota -

66 0 2 0 586 0.033 Amanita sp. Basidiomycota  Saprotroph

54 0 2 0 1588 0.033 Microdochium sp. Ascomycota Pathotroph-Symbiotroph

50 1 3 1 1880 0.033 Sporobolomyces roseus Basidiomycota  Pathotroph

8 3 5 5623 22134 0.038 Ophiosphaerella sp. Ascomycota Saprotroph

81 0 2 0 178 0.039 Pezizaceae sp. Ascomycota -

7 6 6 5200 22630 0.039 Sebacina cystidiata Basidiomycota ~ Symbiotroph

88 0 2 0 94 0.039 Epicoccum nigrum Ascomycota Pathotroph

29 6 5 2833 3817 0.039 Exophiala sp. Ascomycota Saprotroph

68 1 2 1 498 0.039 Mortierella gamsii Zygomycota Saprotroph

94 0 2 0 70 0.039 Glomus sp. Glomeromycota  Symbiotroph

19 2 7 2 10896 0.039 Hymenoscyphus sp. Ascomycota Saprotroph-

97 0 2 0 59 0.039 Solicoccozyma aeria Basidiomycota  Saprotroph

(aka Cryptococcus aerius)
70 0 2 0 391 0.052 Dictyosporium sp. Ascomycota Saprotroph
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Figure 24: Correlations between OTUs (operational taxonomic units) that differ significantly
between sampling years (2015-2016) and key plant measures, generated using the Pearson method.
Si and P relate to foliar silicon and phosphorus concentrations (%), respectively, which have
undergone arscine transformation prior to analysis. The value for root length colonisation of AMF
(arbuscular mycorrhizal fungi) and non-AMF has also been arcsine transformed. Larger, darker
circles represent stronger correlations, blue indicates a positive correlation, red represents negative
correlation. Circles present on the graph represent a significant correlation prior to a Bonferroni
correction for multiple comparisons; circles marked with a white X indicate a significant
correlation post correction.

5.3.5 Comparisons with other studies on Hetchell Woods
The ITS and AMF amplicon sequencing results of this study were compared to the results
obtained in the glasshouse experiment in Chapter 4 to compare how effective the natural
inoculum was at providing fungi to colonise plants within a controlled glasshouse experiment.
The inoculum for Chapter 4 was collected during November 2015, so the taxa overlap may not

be entirely representative. There were six taxa within the ITS amplicon identified that were
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represented in both studies, and one shared AMF amplicon OTU (Table 11). In the glasshouse
experiment in Chapter 4 (Section 4.3.2) 18 ITS and 3 AMF amplicon OTUs were isolated from
plants grown with the Hetchell Woods generated inoculum while this study produced 109 OTUs
from the ITS amplicon and 15 OTUs from the AMF amplicon across the two years studied.

Table 11: Shared Operational Taxonomic Units (OTUs) between the glasshouse experiment in
Chapter 4, and this study for both ITS and AMF amplicons.

Chapter 4 This study (Chapter 5)

OTU  Taxonomy Accession  OTU Taxonomy Accession

ITS amplicon

3 Olpidiaster brassicae AB205207 1 Olpidiaster brassicae AB205213

2 Serendipita indica KC176326 95 Serendipita indica KC176326

3 Cladosporium KX611004 5 Cladosporium sp. KY921924
herbarum

4 Coprinopsis lagopus JN943127 34 Coprinopsis lagopus JN943127

7 Vishniacozyma KY105839 9 Vishniacozyma KY105837
victoriae victoriae

12 Rhizophagus irregularis HF968929 15 Rhizophagus irregularis HF968934

AMF amplicon

2 Rhizophagus irregularis HF968850/ 2 Rhizophagus irregularis HF968850/
(DAOM 229456) VTX00114 (DAOM 229456) VTX00114

The AMF amplicon results of this study were compared to the AMF OTUs generated in the
Hetchell Woods study by Dumbrell et a/ (2011, Table S3) to assess whether any species are
consistently isolated from the plant roots at this site. The findings of the Dumbrell et a/ (2011)
paper demonstrated that there were significant differences in AMF communities across various
seasons, so for this comparison only the OTUs that were amplified from the two sampling
events in July were used to ensure complementarity with this study. This study used the primer
pair NS31-AM1 to sequence the ‘AMF region’, while Dumbrell et al (2011) used the NS31-
WANDA primer pair, which has significant overlap with the primer pair used in this study.
Unlike in the comparison of OTUs to Chapter 4, there were no identical accessions (Table 11,
Figure 25). Seven OTUs (OTUs 1,2,4,6,7,10,14) clustered closely and shared a virtual taxon ID
(VTX) with sequences published in the Dumbrell er al (2011) paper (Table 8, Figure 25).
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Figure 25: Neighbour-joining tree displaying relationships between sequences from this study
(Haskell_AccessionNumber_OTUnumber) and the 52 OTUs that were present in samples collected
in July from the Dumbrell ez al. (2011) study (Dumbrell_AccessionNumber). Clusters are annotated
on the right hand side with BLAST assigned taxonomy and MaarjAM virtual taxon numbers
(VTX). Where annotation states ‘various’ this indicates 3+ different taxa/VTX represented within a
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single cluster, ‘various sp.’ indicates 3+ different species while ‘sp.’ refers to unknown species.

Bootstrap values indicate support for nodes.

5.4 Discussion

The results of this study have foremost demonstrated the importance of repeated sampling in
natural environments. Many of the measured variables differed significantly between the two
sampling years, most striking was the difference in foliar P concentration, with values
increasing significantly in 2016 (Figure 22). Colonisation of plant roots by AMF and non-AMF
also varied between years based on the microscopy results (Figure 21), and a number of OTUs
were present in plant roots at higher abundances in 2016 compared to 2015 (Table 10).
Comparatively, distance along the transect did not appear to be as crucial as sampling time in
determining fungal communities colonising roots and nutrition of B. sylvaticum plants. This was
not what was predicted in the original hypotheses, as it was also predicted that the distance
would cover a strong pH gradient based on previous work in the area. In this study there was no
evidence of a pH gradient across the transect although pH values were much more variable at

distances close to the limestone outcrop (Figure 20).

The primary hypothesis of this experiment was that at lower pH, silicic acid would be present at
higher concentration in the soil profile and therefore lead to higher foliar Si concentrations.
Across the limited pH profile found in this study, there was no evidence of foliar Si
concentration being affected by pH. Interestingly there did appear to be a small interaction
between pH and P concentration, although not in the direction hypothesised, with lower values
at the higher, more neutral pH values (6.5-7), compared to the lower, more acidic pH values.
This is a weak relationship and may be driven by unequal sample sizes of pH readings across
the samples. It was predicted that P availability would be affected by changes in pH, but no

significant difference in pH was detected betweeen years (Figure 20).

The relationship between pH and P may be influenced by the interaction of fungal taxa
colonising plant roots. Both Si and P foliar concentrations showed a weak negative relationship
with AMC, but only the relationship with Si was significant. The absence of a relationship is
unusual, but the observation of a negative trend is unexpected given the widely documented
benefits of AMC on plant P and Si content (Smith & Smith, 2012; Oye Anda et al., 2016; Garg
& Singh, 2017). There were no AMF OTUs that were shown to interact with P or Si in the
correlation analysis. However, three OTUs from the ITS amplicon that were significantly
different between the two sampling years were shown to be negatively affected by pH, and

positively correlated to foliar P concentration, although these correlations were not significant
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after applying a post-hoc correction (Figure 24). OTU 26 (Cyathicula sp.), OTU 48
(Sporobolomyces roseus) and OTU 62 (Apodus deciduus) were all shown to be positively
related to P concentration, and negatively related to pH (Figure 24). None of these OTUs were
classed as plant symbionts, but rather a mixture of saprophytes and pathogens. The OTU that
was identified as an unidentified Cyathicula species was found in samples collected in 2015 and
2016, but only at high abundance in the latter (Table 10). Species within this genus are
saprophytic fungi and teleomorphs, or the sexual stage, of species in the Chalara genus,
members of which are causative agents of ash dieback (C. fraxinea) (Carpenter & Dumont,
1978; Gams & Philippi, 1992). A. deciduus, a saprophytic fungus in the order Sordariales was
found exclusively in root samples collected in 2016, in four of the ten samples in this sampling
group (Cai et al., 20006). S. roseus is a Basidiomycotan yeast frequently isolated from grass
leaves and seed heads that is predicted to be antagonistic to common plant pathogenic fungi
(Bashi & Fokkema, 1977; Hertz et al., 2016). There were no records of this fungus being
isolated from plant roots, but the taxonomy was assigned with high confidence with a 100%

query coverage and identity with NCBI BLAST.

Given the low frequency of isolation of these OTUs within the sampling periods and the weak
correlations it is unlikely that they are the causative agents of the improvements of foliar P
concentration witnessed. However, the presence of these taxa in the soil and along with other
fungi that do not colonise plant roots may have an impact on the P cycling within the soil.
Microbial activity is crucial in the turnover of P and maintaining concentrations of biologically
available P in the soil profile (Stewart & Tiessen, 1987; Crews & Brookes, 2014). Minimal
changes in pH have the potential to determine soil microbial communities which may in turn

have an indirect impact on foliar P concentration (van Aarle et al., 2002; Zhalnina et al., 2015).

A significant difference between foliar P was demonstrated between the two sampling periods,
but this does not appear to be directly driven by pH, which did not vary significantly between
years. Inorganic (P;) P is the primary form available for plant uptake, yet the availability of P; is
negatively correlated with soil moisture (Magid & Nielsen, 1992). Microbial P on the other
hand increases with soil moisture, and it has been proposed that microbes and plants may
compete for available P in the soil (Liebisch ef al., 2014). Rainfall records between the two
sampling years were very different (Table 6). The 2015 samples were taken at the beginning of
August, a particularly dry period with only 3mm of rain in the week prior to sampling, while
July 2015 overall was a wetter month than average (Table 6). Samples for 2016 were collected
in early July which followed an average rainfall in June and a drier than average July although
decreased rainfall occurred largely after sampling (data not shown). The foliar P concentration

measured is not an ephemeral P solution but P incorporated into the leaf cells, so the immediate
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weather may not be the best indication of the plant uptake. The drier conditions in the months

prior to sampling in 2016 may be the reason for the increased P concentration in these plants.

It was also hypothesised that fungal colonisation would be lower in acidic soil, and while root
AMC and NMC varied significantly across the transect, there was no evidence of this being
related to pH. The sequencing data also revealed that fungal communities were different over
the transect distance, although there were no individual OTUs that were unique to particular
distances along the transect. While AMC indicated that the amount of the root colonised by
AMF was variable across the transect distance and decreased in 2016, this was not matched by
the sequencing data which demonstrated that only one AMF OTU differed significantly between
years and the abundance increased in 2016, albeit at low sequence read depth (70 reads). NMC
increased in 2016 according to the microscopic analysis, and the sequencing results appear to
support this statement, with non-AMF OTUs dominating the table of OTUs that differed
significantly between years (Table 10).

The results for the AMF amplicon support the third hypothesis, along with previous findings on
AMF communities studied at Hetchell Woods and as part of a wider meta-analysis (Dumbrell et
al., 2010b). This study suggested that AMF communities colonising plant roots are dominated
by a single AMF taxon and that the identity of this dominant taxon is variable. It was
hypothesised that this would lead to different AMF taxa dominating the colonisation in plant
roots in different years, and based on the share of sequence reads this is supported by the data
collected in this study (Table 8). However, while roots collected in 2015 were clearly dominated
by a single OTU (OTU 1), the 2016 results show a more even community, with three OTUs
(1,3,5) sharing similar overall sequence reads. AMF amplicon sequencing was only successful
in four samples in 2016, two of which (at 1m and 7m along the transect) showed colonisation
dominance by OTU 1, while the other two had a higher overall diversity and richness. This
suggests that the scale at which AMF are capable of becoming dominant in plant roots occurs is
very small, potentially at a plant-by-plant basis, rather than a universal dominance in a particular
location. The results from 2015 support this, as replicates collected within the same metre show
dominance by different OTUs, reflected in the ‘sample count’ column in Table 8 which
illustrates that OTUs are not uniformly represented across samples. For example in 2015 at 9m
along the transect, one plant sampled was exclusively colonised by OTU2 Rhizophagus
irregularis, while another was dominated by OTU1, an unidentified Glomus species. This is
further supported by the findings from the colonisation analyses which was conducted on the
full dataset, whereby at each metre along the transect AMC varied with no clear trend across the
transect. Regrettably, the sample sizes for the sequencing data in this study were unequal across
the transect and between years due to poor quality sequencing runs, so this cannot be examined

in further detail.
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Of the total 70 OTUs that were recorded in the Dumbrell et a/ (2011) survey, during the two
July sampling events 52 OTUs (35 and 36 OTUs at each sampling date within July) were
isolated. Fifteen AMF OTUs were observed in the current study (Table 8), seven of which
matched those found in the Dumbrell e a/ (2011) study (Figure 25). The lower abundance of
taxa captured by this analysis may be due to the fact that this study focussed on one plant
species across a smaller sampling area, and a different primer pair and sequencing methodology.
Alternatively, the differences may be attributed to the temporal separation of sampling at this
site as the Dumbrell ez a/ (2011) study sampled in 2007-8. The results of this present study have
demonstrated the differences in microbial community between two years, so it would not be
unreasonable to expect shifts in the AMF community composition between this study and the
previous survey in 2007-8. It is difficult to speculate on how significant the effect of time is on
soil and root colonising fungi due to the lack of research on this subject, particularly in
monitoring community dynamics in natural systems without experimental manipulations

(Wilson et al., 2009; Rousk et al., 2011).

The comparison of OTUs isolated in this study compared to Chapter 4 showed approximately
80% lower OTU richness in the glasshouse experiment, indicating that the inoculum did not
accurately recreate the natural community of Hetchell Woods. However, it did demonstrate that
the inoculum was successful in introducing certain species from Hetchell Woods that were
capable of successfully colonising plant roots (Table 11). This may be related to the findings
mentioned earlier, that opportunistic fungi colonise plant roots rapidly and through competitive
exclusion prevent further colonisation. The inability of natural AMF species to perform well in
artificial, glasshouse systems has been noted previously (Helgason et al., 2002). This may
therefore indicate that a similar dominance process occurs in glasshouses, where plants grown
from seed, or with no previous exposure to fungal inoculants, are rapidly colonised by a fungus
at close proximity and subsequently less likely to form diverse AMF communities due to

antagonistic behaviours of microbes within the roots.

There are a number of additional possible reasons for the lack of significant overlap between
this study and Chapter 4, primarily the fact that the inoculum for the glasshouse experiment was
collected in November 2015. The effect of season on the performance and presence of AMF in
particular has been fairly well studied and diversity and community evenness of root colonising
fungi has been observed to be higher in the winter season, before varied, opportunistic species
proliferate and dominate during the spring and summer months (Dumbrell et al., 2011; Hazard
et al., 2014). A comparison of the OTUs generated by roots collected in November 2007 from
the Dumbrell ef al (2011) to the OTUs of roots in the July sampling period revealed that the
November samples had lower diversity than in July (17 OTUs compared to 35-36), and that

there were no OTUs unique to the November samples. This may indicate that the lower number
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of OTUs generated in the Chapter 4 analysis could be due to there being a lower overall pool of
fungi present to colonise roots. The inclusion of a spore filtrate in the experimental set-up was
intended to overcome this, but root fragments provide a more rapidly colonising source of fungi.
The root fragments included in the inoculum for Chapter 4 originated from a variety of different
plant species, rather than just B. sylvaticum, which could also be leading to a lack of overlap in

the sequences obtained from these two experiments.

Overall, this study has shown interesting results on a variety of levels, primarily that repeated
sampling is important in observing how natural systems operate. AMC and NMC varied
significantly between years, as did the abundance of a range of fungal taxa and foliar P
concentration. Secondly, root AMF communities in natural systems, and potentially in
glasshouse systems also, are largely typified by the dominance of a single AMF taxon which
supports previous findings (Dumbrell et al., 2010b). This study focussed on a single plant
species in a natural environment, and results suggest that the spatial scales that dictate fungal
communities in roots is very small, potentially on a plant-by-plant basis. This was not strictly
the case for non-AMF colonising fungi, which did not show a particular dominance by a single
taxon, presumably due to the variety of niches occupied in plant roots by different fungi.
Finally, we were able to show that natural spore filtrates and root fragments were capable of
introducing natural fungal species into experimental pots in glasshouses, but that a significant
loss in diversity was observed and that glasshouse contaminants are still capable of
outcompeting natural inoculants. All of this is crucial in understanding the role of the soil biotic
component on plant production and soil abiotic processes. Further studies are required that
sample natural systems without experimental manipulation to understand natural variability in

soil microbial communities.
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6 General Discussion

The primary hypothesis of this study was that colonisation by AMF would improve Si and P
uptake and foliar concentration, to contribute novel information to the rapidly growing field of
AMEF related improvements in Si uptake. The results of Chapter 3 demonstrate that colonisation
by AMF is capable of significantly altering root growth, Si and P uptake and concentrations.
The findings of this chapter suggested that colonisation by AMF was important in the
relationship between Si uptake and root length, demonstrating that incremental increases in root
length are strongly related to foliar Si and P content, but only in colonised plants. However, the
results of Chapter 4 are a contrast to this. The presence of AMF within the roots, as determined
by the visual and sequencing analyses, was not found to be related to Si or P uptake. That said,
there were significant differences in Si and P concentration and uptake due to the different
treatments and microbial communities, but from the data obtained it was difficult to draw any
major conclusions in relation to causative agents. In the field setting of Chapter 5, there was a
negative relationship observed between AMF colonising plant roots and Si and P concentration,
but it was not possible to collect information on plant size (especially roots) in order to
investigate the uptake rates of Si and P. This relationship is unusual but a similar decrease in
shoot P concentration was observed in Chapter 3 (Figure 16), due to the smaller size of AM

plants.

The two potential mechanisms for AMF improved Si uptake are that the colonisation of AMF
improves the ability of plants to take up Si, either through changes in root structure or AQP
gene expression and modulation. The second mechanism is that AMF hyphae in the ERM
assimilate silicic acid and transport it, either passively or actively to the plant in a similar
mechanism to P, N and water (Hammer et al., 2011; Kikuchi et al., 2016). Interestingly the
results of the glasshouse experiments in Chapter 3 and 4 show a remarkably similar pattern in Si
and P uptake and deposition in plants across the treatments, which may suggest a similar uptake
mechanism (Figure 11, Figure 16). However, the results of the field study in Chapter 5 may
suggest otherwise. Comparing the Si and P concentrations within the same year illustrates that
Si concentration does not show the same pattern as P concentration (Figure 22). Further to this,
P concentration increased significantly from 2015 to 2016, but no significant change was
observed in the Si concentration data. The plants grown in the glasshouse experiments evidently
were grown in controlled conditions with no application of stress or damage. The uptake of Si
plants is a passive process initially, but transport from root to shoot is active, and deposition of
Si is regulated by processes that occur in foliar tissues (Kumar et al., 2017a). The Si uptake was
strongly correlated with root length in AMF colonised plants only (Chapter3) and co-occurred
with an improvement in plant water status, which suggests that plant transpiration is a driving

force for the uptake. AMF are known to improve the water status of plants and the uptake and
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transfer of water to plants through AQP in the ERM has been shown to facilitate the transport of
N and P through the ERM also. Uptake of Si through plant AQP is also shown to be driven by
the transpiration stream. While this study has provided additional evidence for the role of AMF

in Si uptake and nutrition in plants, further work is required to determine the mechanism.

Si uptake is inducible when plants become stressed or damaged and the uptake of Si is
beneficial to plant growth and defence, yet Si is still classed as a non-essential element (van
Bockhaven et al., 2013; Hartley & DeGabriel, 2016). Contrastingly P is regarded as the most
important, and frequently limiting plant nutrient (Smith ef al., 2011), hence the regulation of
uptake of each of these elements is likely to be very different. In the controlled glasshouse
conditions the foliar Si and P concentration was similar, but in the natural environment when
competition for P is high and availability is patchy and ephemeral, there was no overlap in the
patterns of Si and P concentration. Comparisons for uptake between the glasshouse and field
studies are not possible as root length measurements were not possible due to the difficulty of
extracting full root systems from field environments. This does not lead to a clear assumption
about whether AMF enable plants to assimilate Si directly or indirectly, as P concentration did
not appear to be related to the presence of AMF either. The results from Chapter 5 suggest that
rainfall may be related to P availability, and as Si uptake is principally controlled through
transpiration (Ma et al., 2007; Kumar et al., 2017a), investigations into how water availability
affects the uptake of Si and P under controlled conditions and in the field would be of interest.
Unsurprisingly, it appears that glasshouse studies are not capable of replicating natural

conditions even with the use of natural inocula.

The use of NGS methods to assess fungal diversity in Chapters 4 and 5 generated mixed results.
The main limitation has been the loss of samples during and after the sequence processing. The
reasons for this may be related to low quality template DNA, although quantities were checked
at various stages pre and post-PCR prior to submission and were adjusted to meet the
requirements of the MiSeq platform. Alternatively, the primer sets used may not be ideal for
sequencing root colonising fungi or rather are not specific enough. The NS31-AM1 pair should
exclude plant sequences but still a large number of plant sequences had to be removed from
AMF amplicon samples from both Chapter 4 and 5. The primer pair ITS1F-ITS4 is also a large
fragment covering both ITS1 and ITS2, and similar studies have instead preferentially used the
shorter region ITS2 only (Granzow et al., 2017). The issue of amplification of non-target DNA
is an issue as low abundance organisms may be shadowed during the base calling stage of the
MiSeq run. For Chapter 5, samples were split between two MiSeq plates due to space sharing
with other lab members, and the quality of the initial run was much poorer than the second. This
resulted in most sequences from the first run being discarded at the split library stage, even at a

lower quality threshold. Several studies have been published that sample soil and roots from
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glasshouse experiments to assess the fungal communities using the MiSeq platform (Edwards et
al., 2015; Granzow et al., 2017). However, to date there have been none that are carried out in
autoclaved soil. The low diversity seen in the samples of Chapter 4 may be due to this, which
may explain the high number of plant reads that were amplified, due to the low abundance of

fungal DNA, coupled with a high prevalence of plant DNA.

Despite the limitations, the sequencing results did provide interesting information about the
fungal communities that emerge in glasshouse experiments. The application of the same
sampling methodology for Chapter 4 and Chapter 5 enabled comparisons to be drawn about the
efficacy of natural inocula in colonising plants in controlled conditions. It allowed parallels to
be drawn between the data of Chapters 4 and 5 as well as against existing data from publications
(Dumbrell et al., 2011). Alternative methodologies such as bacterial cloning and Sanger
sequencing are also costly and time-consuming, and likely have lower coverage than the MiSeq

method.

The third hypothesis related to assessing the methods used across different experiments in this
study and how replicable the results from glasshouse to field study could be. The single species
inoculum used in Chapter 4 had previously been assessed using bacterial cloning and Sanger
sequencing to determine the identity of the fungal root colonisers. The results of the mycorrhizal
stock pot analysis (Chapter 2, Section 2.3) revealed that the majority of sequences were
identified as Funneliformis mosseae, despite the original stock pot culture species being defined
as Glomus intraradices (syn Rhizophagus intraradices). No OTUs in Chapter 4 corresponded to
F. mosseae, but all AMF sequences from the roots of plants grown with the F. mosseae single
species inocula corresponded to Rhizophagus irregularis which was observed once in the initial
screen (Chapter 2, Section 2.3). This raises interesting questions about the conditions by which
fungi colonise plants under experimental conditions. As noted in Chapter 5, the colonisation of
plant roots by AMF is opportunistic and often results in a dominant species excluding others
(Dumbrell et al., 2010b). This dominance of root colonisation has been noted previously for R.
irregularis in experimental conditions, where this species outcompeted native AMF species
(Symanczik et al., 2015). In documenting the inoculum composition prior to the experiment,
and comparing it to the species isolated in the plant roots as a result of the addition of the
inoculum it highlights the importance of understanding the mechanisms of AMF colonisation.
In addition, Serendipita indica (syn. Piriformospora indica), a common plant growth promoting
root symbiont was present at the highest read counts within the F. mosseae treatment and in the
stock pot screen in Chapter 2 (Section 2.3). Although there is no competitive exclusion between
AMF and S. indica, there is likely to be some division of plant carbon to each partner and it will
be difficult to disentangle the beneficial effects on plant growth between these two functionally

similar organisms (Schéfer ef al., 2009; Newsham, 2011).
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The addition of autoclaved inoculum is a common and established practice in the set-up of
glasshouse experiments to control for the potential addition of any nutrients from the roots or
substrate (Gerdemann, 1965; Griimberg et al., 2015). However, the result of the community
analyses in Chapter 4 demonstrates that the inclusion of autoclaved roots may be having an
unexpected effect by introducing saprophytic fungi into the pot environment (Figure 18). The
methods used in this experiment subjected the roots to a double autoclaving with a resting
period of three days in-between and after each autoclave. This is intended to kill any organisms
that are stimulated to grow by the autoclave process, but may indicate that spores present in
inocula may be capable of surviving the process and grow in the duration of the experiment. It
may be that these species do not colonise plant roots but are present and active in the substrate
during the experiment which may have an effect on nutrient availability. This is an important
consideration for any inoculum addition experiment, as evidence shows that different species
and treatments in glasshouse conditions leads to dominance of certain taxa, despite the same
starting inocula, although in this case the inocula was sourced from the growing medium

(unsterilised soil) (Granzow et al., 2017).

6.1 Conclusion

Overall, this project has successfully shown that AMF are capable of improving the Si and P
uptake of a non-crop species under controlled glasshouse conditions (Chapter 3). In addition,
the application of NGS methods to verify root colonising communities has highlighted some
potential oversights in the current techniques used in artificial glasshouse experimental
manipulations using AMF inocula. Verifying the microbial communities in stock pot cultures
and control treatments, which is often overlooked in glasshouse experiments using single
species inocula, is particularly important as identification by staining and microscopy is open to
error, differences between scorers, and it is challenging to discriminate between colonising taxa
within the root. The comparisons of AMF communities between Chapters 3, 4, and 5 have
supported previous findings that suggest that colonisation of roots results in an uneven AMF
community, with a single AMF species as the dominant coloniser. This may be the reason why
certain species are difficult to culture in controlled conditions (Helgason et al., 2002). Adding
diverse microbial inocula to experiments can make interpretation of results more difficult, and
yet still does not generate communities that are representative of natural communities,
particularly as the controlled conditions will preferentially select for certain species adapted to
the temperature and moisture regimes applied. If mechanisms for the uptake of Si in AMF are to
be determined, then culture experiments where roots are colonised by a single species or isolate
are the most logical forward step (Voets et al, 2005, 2009). Utilising these systems and

producing a split-pot style experiment under sterile conditions will be the most valuable in
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producing informative results on the mechanisms for improved mycorrhizal uptake of Si(Figure
26).

H,: Can AMF directly assimilate Si?

- Hyphal only access to Si enriched media

- Reverse transcription RT PCR for
measurement of AMF and plant AQP

- Measurement of foliar and root Si

- Control: Si enrichment in the AMF
colonised root section

H,: Can AMF systemically improve
plant S1 uptake?

- Non-colonised root sections access
Si enriched media directly

- Reverse transcription RT PCR for
measurement of AMF and plant AQP

- Measurement of foliar and root Si

- Control: Replicated without AMF

Figure 26: Proposed future experiments and hypotheses to test the mechanisms of improved Si
uptake seen in plants colonised by arbuscular mycorrhizal fungus. Plantlets will be grown in petri-
dishes (represented by the blue circles) in Si enriched, or basic agarose media with a single
species/isolate arbuscular mycorrhizal fungus. Hyphae and/or roots will be permitted to grow over
a dividing section to access different resources.

127



7 References

van Aarle IM, Olsson PA, Soderstrom B. 2002. Arbuscular mycorrhizal fungi respond to the
substrate pH of their extraradical mycelium by altered growth and root colonization. New

Phytologist 155: 173—-182.

Abarenkov K, Henrik Nilsson R, Larsson K-H, Alexander 1J, Eberhardt U, Erland S,
Heiland K, Kjoeller R, Larsson E, Pennanen T, e al. 2010. The UNITE database for

molecular identification of fungi - recent updates and future perspectives. New Phytologist 186:

281-285.

Abdollahi L, Schjenning P, Elmholt S, Munkholm LJ. 2014. The effects of organic matter
application and intensive tillage and traffic on soil structure formation and stability. Soil and

Tillage Research 136: 28-37.

Adams RI, Bhangar S, Pasut W, Arens EA, Taylor JW, Lindow SE, Nazaroff WW, Bruns
TD. 2015. Chamber bioaerosol study: outdoor air and human occupants as sources of indoor

airborne microbes. PLOS ONE 10: ¢0128022.

Adrees M, Ali S, Rizwan M, Zia-ur-Rehman M, Ibrahim M, Abbas F, Farid M, Qayyum
MF, Irshad MK. 2015. Mechanisms of silicon-mediated alleviation of heavy metal toxicity in
plants: A review. Ecotoxicology and Environmental Safety 119: 186—-197.

Aguilera P, Borie F, Seguel A, Cornejo P. 2011. Fluorescence detection of aluminum in
arbuscular mycorrhizal fungal structures and glomalin using confocal laser scanning

microscopy. Soil Biology and Biochemistry 43: 2427-2431.

Akaike H. 1973. Information theory and an extension of the maximum likelihood principle. 2nd

International Symposium on Information Theory. Akademia Kiado, Budapest, 267-281.

Alfredsson H, Clymans W, Stadmark J, Conley D, Rousk J. 2016. Bacterial and fungal
colonization and decomposition of submerged plant litter: consequences for biogenic silica

dissolution. FEMS Microbiology Ecology 92: fiw011.

Armada E, Azcon R, Loépez-Castillo OM, Calvo-Polanco M, Ruiz-Lozano JM. 2015.
Autochthonous arbuscular mycorrhizal fungi and Bacillus thuringiensis from a degraded
Mediterranean area can be used to improve physiological traits and performance of a plant of

agronomic interest under drought conditions. Plant Physiology and Biochemistry 90: 64—74.

Aroca R, Bago A, Sutka M, Paz JA, Cano C, Amodeo G, Ruiz-Lozano JM. 2009.

128



Expression analysis of the first arbuscular mycorrhizal fungi aquaporin described reveals
concerted gene expression between salt-stressed and nonstressed mycelium. Molecular Plant-

Microbe Interactions 22: 1169-1178.

Atkins SD, Clark IM, Sosnowska D, Hirsch PR, Kerry BR. 2003. Detection and
quantification of Plectosphaerella cucumerina, a potential biological control agent of potato
cyst nematodes, by using conventional PCR, real-time PCR, selective media, and baiting.

Applied and Environmental Microbiology 69: 4788—-4793.

Augé RM. 2001. Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis.

Mycorrhiza 11: 3-42.

Augé RM, Toler HD, Saxton AM. 2015. Arbuscular mycorrhizal symbiosis alters stomatal
conductance of host plants more under drought than under amply watered conditions: a meta-

analysis. Mycorrhiza 25: 13-24.

Barzana G, Aroca R, Ruiz-Lozano J. 2015. Localized and non-localized effects of arbuscular
mycorrhizal symbiosis on accumulation of osmolytes and aquaporins and on antioxidant

systems in maize plants. Plant, cell & environment 38: 1613—-1627.

Bashi E, Fokkema NJ. 1977. Environmental factors limiting growth of Sporobolomyces
roseus, an antagonist of Cochliobolus sativus, on wheat leaves. Transactions of the British

Mycological Society 68: 17-25.

Beitz E, Wu B, Holm LM, Schultz JE, Zeuthen T. 2006. Point mutations in the
aromatic/arginine region in aquaporin 1 allow passage of urea, glycerol, ammonia, and protons.
Proceedings of the National Academy of Sciences of the United States of America 103: 269—
274,

Beketov MA, Kefford BJ, Schiifer RB, Liess M. 2013. Pesticides reduce regional biodiversity
of stream invertebrates. Proceedings of the National Academy of Sciences of the United States
of America 110: 11039—-11043.

Bender SF, Plantenga F, Neftel A, Jocher M, Oberholzer H-R, Ko6hl L, Giles M, Daniell
TJ, van der Heijden MG. 2014. Symbiotic relationships between soil fungi and plants reduce
N20 emissions from soil. The ISME Journal 8: 1336—1345.

Bender SF, Wagg C, van der Heijden MGA. 2016. An underground revolution: biodiversity
and soil ecological engineering for agricultural sustainability. Trends in Ecology & Evolution

31: 440-452.

129



Bensch K, Braun U, Groenewald JZ, Crous PW. 2012. The genus Cladosporium. Studies in
Mycology 72: 1-401.

Berg G. 2009. Plant—microbe interactions promoting plant growth and health: perspectives for
controlled use of microorganisms in agriculture. Applied Microbiology and Biotechnology 84:

11-18.

Bienert GP, Mgller AL, Kristiansen KA, Schulz A, Meller IM, Schjoerring JK, Jahn TP.
2007. Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes.

Journal of Biological Chemistry 282: 1183—-1192.

Bityutskii N, Kaidun P, Yakkonen K. 2016. Earthworms can increase mobility and
bioavailability of silicon in soil. Soil Biology and Biochemistry 99: 47-53.

Bledsoe C, Klein P, Bliss LC. 1990. A survey of mycorrhizal plants on Truelove Lowland,
Devon Island, N.W.T., Canada. Canadian Journal of Botany 68: 1848—1856.

van Bockhaven J, Spichal L, Novak O, Strnad M, Asano T, Kikuchi S, Hofte M, De
Vleesschauwer D. 2015. Silicon induces resistance to the brown spot fungus Cochliobolus
miyabeanus by preventing the pathogen from hijacking the rice ethylene pathway. New
Phytologist 206: 761-773.

van Bockhaven J, De Vleesschauwer D, Hofte M. 2013. Towards establishing broad-spectrum
disease resistance in plants: silicon leads the way. Journal of experimental botany 64: 1281—

1293.

Bommarco R, Kleijn D, Potts SG. 2013. Ecological intensification: harnessing ecosystem

services for food security. Trends in Ecology & Evolution 28: 230-238.

Bowles TM, Jackson LE, Loeher M, Cavagnaro TR. 2016. Ecological intensification and
arbuscular mycorrhizas: a meta-analysis of tillage and cover crop effects. Journal of Applied

Ecology Early View.

Branscheid A, Sieh D, Pant BD, May P, Devers EA, Elkrog A, Schauser L, Scheible W-R,
Krajinski F. 2010. Expression pattern suggests a role of MiR399 in the regulation of the
cellular response to local Pi increase during arbuscular mycorrhizal symbiosis. Molecular plant-

microbe interactions : MPMI 23: 915-926.

Cai L, Jeewon R, Hyde K. 2005. Phylogenetic evaluation and taxonomic revision of

Schizothecium based on ribosomal DNA and protein coding genes. Fungal Diversity 19: 1-21.

130



Cai L, Jeewon R, Hyde KD. 2006. Phylogenetic investigations of Sordariaceae based on
multiple gene sequences and morphology. Mycological Research 110: 137-150.

Calvo-Polanco M, Molina S, Zamarreio AM, Garcia-Mina JM, Aroca R. 2014. The
symbiosis with the arbuscular mycorrhizal fungus Rhizophagus irregularis drives root water

transport in flooded tomato plants. Plant & cell physiology 55: 1017-1029.

Cameron D, Neal A, van Wees S, Ton J. 2013. Mycorrhiza-induced resistance: more than the

sum of its parts? Trends in plant science 18: 539-545.

Campbell RN. 1985. Longevity of Olpidium brassicae in air-dry soil and the persistence of the
lettuce big-vein agent. Canadian Journal of Botany 63: 2288-2289.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer
N, Peiia AG, Goodrich JK, Gordon JI, ef al. 2010. QIIME allows analysis of high-throughput
community sequencing data. Nature Methods 7: 335-336.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, Owens SM,
Betley J, Fraser L, Bauer M, et al. 2012. Ultra-high-throughput microbial community analysis
on the Illumina HiSeq and MiSeq platforms. The ISME journal 6: 1621-1624.

Carey JC, Fulweiler RW. 2016. Human appropriation of biogenic silicon - the increasing role

of agriculture. Functional Ecology 30: 1331-1339.

Carpenter SE, Dumont KP. 1978. Leotiaceae 1. Nannfeldt’s Phialeoideae: The Genera
Belonioscypha, Cyathicula and Phialea. Mycologia 70: 1223—-1238.

Carrino-Kyker SR, Kluber LA, Petersen SM, Coyle KP, Hewins CR, DeForest JL, Smemo
KA, Burke DJ. 2016. Mycorrhizal fungal communities respond to experimental elevation of

soil pH and P availability in temperate hardwood forests. FEMS Microbiology Ecology 92:
fiw024.

Cassman KG. 1999. Ecological intensification of cereal production systems: yield potential,
soil quality, and precision agriculture. Proceedings of the National Academy of Sciences of the

United States of America 96: 5952—-5959.

Cavagnaro TR, Bender SF, Asghari HR, van der Heijden MGA. 2015. The role of

arbuscular mycorrhizas in reducing soil nutrient loss. Trends in Plant Science 20: 283-290.

Chen H, Zhao J, Zhong A, Jin Y. 2011. Removal capacity and adsorption mechanism of heat-
treated palygorskite clay for methylene blue. Chemical Engineering Journal 174: 143—-150.

131



Chitarra W, Pagliarani C, Maserti B, Lumini E, Siciliano I, Cascone P, Schubert A,
Gambino G, Balestrini R, Guerrieri E. 2016. Insights on the impact of arbuscular mycorrhizal

symbiosis on tomato tolerance to water stress. Plant Physiology 171: 1-15.

Clapp JP, Young JPW, Merryweather JW, Fitter AH. 1995. Diversity of fungal symbionts

in arbuscular mycorrhizas from a natural community. New Phytologist 130: 259-265.

Concostrina-Zubiri L, Huber-Sannwald E, Martinez I, Flores Flores JL, Escudero A.
2013. Biological soil crusts greatly contribute to small-scale soil heterogeneity along a grazing

gradient. Soil Biology and Biochemistry 64: 28-36.

Cooke J, DeGabriel JL, Hartley SE. 2016. The functional ecology of plant silicon: geoscience
to genes. Functional Ecology 30: 1270-1276.

Cooke J, Leishman MR. 2011. Is plant ecology more siliceous than we realise? Trends in

Plant Science 16: 61-68.

Cordell D, White S. 2011. Peak phosphorus: clarifying the key issues of a vigorous debate
about long-term phosphorus security. Sustainability 3: 2027-2049.

Cosic J, Vrandecic K, Jurkovic D, Postic J, Orzali L, Riccioni L. 2012. First Report of
Lavender Wilt Caused by Fusarium sporotrichioides in Croatia. Plant Disease 96: 591-591.

Cosme M, Lu J, Erb M, Stout MJ, Franken P, Wurst S. 2016. A fungal endophyte helps
plants to tolerate root herbivory through changes in gibberellin and jasmonate signaling. New

Phytologist 211: 1065-1076.

Coughlan AP, Dalpé Y, Lapointe L, Piché Y. 2000. Soil pH-induced changes in root
colonization, diversity, and reproduction of symbiotic arbuscular mycorrhizal fungi from

healthy and declining maple forests. Canadian Journal of Forest Research 30: 1543—1554.

Crews TE, Brookes PC. 2014. Changes in soil phosphorus forms through time in perennial

versus annual agroecosystems. Agriculture, Ecosystems & Environment 184: 168—181.

Currie HA, Perry CC. 2007. Silica in plants: biological, biochemical and chemical studies.
Annals of Botany 100: 1383—1389.

Daniell T, Husband R, Fitter A, Young J. 2001. Molecular diversity of arbuscular
mycorrhizal fungi colonising arable crops. FEMS Microbiology Ecology 36: 203-209.

Davison J, Moora M, Jairus T, Vasar M, Opik M, Zobel M. 2016. Hierarchical assembly

132



rules in arbuscular mycorrhizal (AM) fungal communities. Soil Biology and Biochemistry 97:

63-70.

Davison J, Moora M, (")pik M, Adholeya A, Ainsaar L, Ba A, Burla S, Diedhiou AG,
Hiiesalu I, Jairus T, ef al. 2015. Global assessment of arbuscular mycorrhizal fungus diversity

reveals very low endemism. Science 349: 970-973.

Davison J, ()pik M, Daniell TJ, Moora M, Zobel M. 2011. Arbuscular mycorrhizal fungal
communities in plant roots are not random assemblages. FEMS Microbiology Ecology 78: 103—
115.

Delgado-Baquerizo M, Maestre FT, Reich PB, Jeffries TC, Gaitan JJ, Encinar D, Berdugo
M, Campbell CD, Singh BK. 2016. Microbial diversity drives multifunctionality in terrestrial

ecosystems. Nature Communications 7: 10541.

Deshmukh S, Hiickelhoven R, Schifer P, Imani J, Sharma M, Weiss M, Waller F, Kogel
K-H. 2006. The root endophytic fungus Piriformospora indica requires host cell death for
proliferation during mutualistic symbiosis with barley. Proceedings of the National Academy of

Sciences of the United States of America 103: 18450-18457.

Dietz S, Biilow J von, Beitz E, Nehls U. 2011. The aquaporin gene family of the
ectomycorrhizal fungus Laccaria bicolor: lessons for symbiotic functions. New Phytologist 190:

927-940.

Duddridge JA, Malibari A, Read DJ. 1980. Structure and function of mycorrhizal

rhizomorphs with special reference to their role in water transport. Nature 287: 834—836.

Dumbrell AJ, Ashton PD, Aziz N, Feng G, Nelson M, Dytham C, Fitter AH, Helgason T.
2011. Distinct seasonal assemblages of arbuscular mycorrhizal fungi revealed by massively

parallel pyrosequencing. New Phytologist 190: 794—804.

Dumbrell A, Nelson M, Helgason T. 2010a. Relative roles of niche and neutral processes in

structuring a soil microbial community. The ISME journal 4: 337-345.

Dumbrell AJ, Nelson M, Helgason T, Dytham C, Fitter AH. 2010b. Idiosyncrasy and
overdominance in the structure of natural communities of arbuscular mycorrhizal fungi: is there

a role for stochastic processes? Journal of Ecology 98: 419-428.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. Bioinformatics
26: 2460-2461.

133



Edwards J, Johnson C, Santos-Medellin C, Lurie E, Podishetty NK, Bhatnagar S, Eisen
JA, Sundaresan V. 2015. Structure, variation, and assembly of the root-associated

microbiomes of rice. Proceedings of the National Academy of Sciences of the United States of

America 112: E911-920.

Ehrlich H, Demadis KD, Pokrovsky OS, Koutsoukos PG. 2010. Modern views on
desilicification: biosilica and abiotic silica dissolution in natural and artificial environments.

Chemical Reviews 110: 4656—-4689.

Eneji AE, Inanaga S, Muranaka S, Li J, Hattori T, An P, Tsuji W. 2008. Growth and
nutrient use in four grasses under drought stress as mediated by silicon fertilizers. Journal of

Plant Nutrition 31: 355-365.

Epstein E. 1999. Silicon. Annual review of plant physiology and plant molecular biology 50:
641-664.

Ezeokoli OT, Gupta AK, Mienie C, Popoola TOS, Bezuidenhout CC. 2016. PCR-denaturing
gradient gel electrophoresis analysis of microbial community in soy-daddawa, a Nigerian
fermented soybean (Glycine max (L.) Merr.) condiment. International Journal of Food

Microbiology 220: 58-62.

Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Seedorf H, Goodman AL,
Clemente JC, Knight R, Heath AC, Leibel RL, e al. 2013. The long-term stability of the
human gut microbiota. Science 341: 1237439.

Fauteux F, Rémus-Borel W, Menzies JG, Bélanger RR. 2005. Silicon and plant disease
resistance against pathogenic fungi. FEMS Microbiology Letters 249: 1-6.

Frew A, Powell JR, Allsopp PG, Sallam N, Johnson SN. 2017a. Arbuscular mycorrhizal
fungi promote silicon accumulation in plant roots, reducing the impacts of root herbivory. Plant

and Soil: 1-11.

Frew A, Powell JR, Hiltpold I, Allsopp PG, Sallam N, Johnson SN. 2017b. Host plant
colonisation by arbuscular mycorrhizal fungi stimulates immune function whereas high root
silicon concentrations diminish growth in a soil-dwelling herbivore. Soil Biology and

Biochemistry 112: 117-126.

Frey SD, Lee J, Melillo JM, Six J. 2013. The temperature response of soil microbial efficiency
and its feedback to climate. Nature Climate Change 3: 395-398.

134



Fiizy A, Bothe H, Molnar E, Biré B. 2014. Mycorrhizal symbiosis effects on growth of chalk
false-brome (Brachypodium pinnatum) are dependent on the environmental light regime.

Journal of Plant Physiology 171: 1-6.

Gams W, Philippi S. 1992. A study of Cyathicula strobilina and its Chalara anamorph in
vitro. Persoonia - Molecular phylogeny and evolutionary of fungi 14: 547-552.

Garbuzov M, Reidinger S, Hartley SE. 2011. Interactive effects of plant-available soil silicon

and herbivory on competition between two grass species. Annals of Botany 108: 1355-1363.

Gardes M, Bruns TD. 1993. ITS primers with enhanced specificity for basidiomycetes -

application to the identification of mycorrhizae and rusts. Molecular Ecology 2: 113—118.

Garg N, Bhandari P. 2015. Silicon nutrition and mycorrhizal inoculations improve growth,
nutrient status, K+/Na+ ratio and yield of Cicer arietinum L. genotypes under salinity stress.

Plant Growth Regulation 78: 371-387.

Garg N, Singh S. 2017. Arbuscular mycorrhiza Rhizophagus irregularis and silicon modulate
growth, proline biosynthesis and yield in Cajanus cajan L. Millsp. (pigeonpea) genotypes under

cadmium and zinc stress. Journal of Plant Growth Regulation: 1-18.

Genre A, Russo G. 2016. Does a common pathway transduce symbiotic signals in plant-

microbe interactions? Frontiers in plant science T: 96.

Gerdemann JW. 1965. Vesicular-arbuscular mycorrhizae formed on maize and tuliptree by

Endogone fasciculata . Mycologia 57: 562-575.

Gerlach N, Schmitz J, Polatajko A, Schliiter U, Fahnenstichh H, Witt S, Fernie AR, Uroic
K, Scholz U, Sonnewald U, ef al. 2015. An integrated functional approach to dissect systemic

responses in maize to arbuscular mycorrhizal symbiosis. Plant, Cell & Environment 38: 1591—

1612.

Ghanem G, Ewald A, Zerche S, Hennig F. 2014. Effect of root colonization with
Piriformospora indica and phosphate availability on the growth and reproductive biology of a

Cyclamen persicum cultivar. Scientia Horticulturae 172: 233-241.

Ghareeb H, Bozsé Z, Ott P. 2011. Transcriptome of silicon-induced resistance against
Ralstonia solanacearum in the silicon non-accumulator tomato implicates priming effect.

Physiological and Molecular Plant Pathology 75: 83—89.

Giovannetti M, Balestrini R, Volpe V, Guether M, Straub D, Costa A, Ludewig U,
135



Bonfante P. 2012. Two putative-aquaporin genes are differentially expressed during arbuscular

mycorrhizal symbiosis in Lotus japonicus. BMC Plant Biology 12: 186-200.

Giovannetti M, Tolosano M, Volpe V, Kopriva S, Bonfante P. 2014. Identification and
functional characterization of a sulfate transporter induced by both sulfur starvation and

mycorrhiza formation in Lotus japonicus. New Phytologist 204: 609—619.

Gocke M, Liang W, Sommer M, Kuzyakov Y. 2013. Silicon uptake by wheat: effects of Si
pools and pH. Journal of Plant Nutrition and Soil Science 176: 551-560.

Golubev S V., Bauer A, Pokrovsky OS. 2006. Effect of pH and organic ligands on the kinetics
of smectite dissolution at 25°C. Geochimica et Cosmochimica Acta 70: 4436—4451.

Goujon M, McWilliam H, Li W, Valentin F, Squizzato S, Paern J, Lopez R. 2010. A new
bioinformatics analysis tools framework at EMBL-EBI. Nucleic Acids Research 38: 695-699.

Granzow S, Kaiser K, Wemheuer B, Pfeiffer B, Daniel R, Vidal S, Wemheuer F. 2017. The
effects of cropping regimes on fungal and bacterial communities of wheat and faba bean in a
greenhouse pot experiment differ between plant species and compartment. Frontiers in

microbiology 8: 902.

Grassini P, Eskridge KM, Cassman KG, Yang HS, Khush GS. 2013. Distinguishing
between yield advances and yield plateaus in historical crop production trends. Nature

Communications 4: 211-252.

Griimberg BC, Urcelay C, Shroeder MA, Vargas-Gil S, Luna CM. 2015. The role of
inoculum identity in drought stress mitigation by arbuscular mycorrhizal fungi in soybean.

Biology and Fertility of Soils 51: 1-10.

Guntzer F, Keller C, Meunier JD. 2012a. Benefits of plant silicon for crops: a review.

Agronomy for Sustainable Development 32: 201-213.

Guntzer F, Keller C, Poulton PR, McGrath SP, Meunier J-D. 2012b. Long-term removal of
wheat straw decreases soil amorphous silica at Broadbalk, Rothamsted. Plant and Soil 352:

173-184.

Gutjahr C, Casieri L, Paszkowski U. 2009. Glomus intraradices induces changes in root
system architecture of rice independently of common symbiosis signaling. New Phytologist 182:

829-837.

Gutjahr C, Sawers RJH, Marti G, Andrés-Hernandez L, Yang S-Y, Casieri L, Angliker H,
136



Oakeley EJ, Wolfender J-L, Abreu-Goodger C, et al. 2015. Transcriptome diversity among
rice root types during asymbiosis and interaction with arbuscular mycorrhizal fungi.
Proceedings of the National Academy of Sciences of the United States of America 112: 6754—
6759.

Hacquard S, Tisserant E, Brun A, Legué V, Martin F, Kohler A. 2013. Laser
microdissection and microarray analysis of Tuber melanosporum ectomycorrhizas reveal
functional heterogeneity between mantle and Hartig net compartments. FEnvironmental

Microbiology 15: 1853—-1869.

Hall T. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis

program for Windows 95/98/NT. Nucleic acids symposium series 41: 95-98.

Hammer EC, Nasr H, Pallon J, Olsson PA, Wallander H. 2011. Elemental composition of
arbuscular mycorrhizal fungi at high salinity. Mycorrhiza 21: 117-129.

Hartley SE, DeGabriel JL. 2016. The ecology of herbivore-induced silicon defences in
grasses. Functional Ecology 30: 1311-1322.

Hartley SE, Fitt RN, McLarnon EL, Wade RN. 2015. Defending the leaf surface: intra- and
inter-specific differences in silicon deposition in grasses in response to damage and silicon

supply. Frontiers in plant science 6: 35.

Hartley SE, Gange AC. 2009. Impacts of plant symbiotic fungi on insect herbivores:

mutualism in a multitrophic context. Annual Review of Entomology 54: 323-342.

Hartwright LM, Hunter PJ, Walsh JA. 2010. A comparison of Olpidium isolates from a
range of host plants using internal transcribed spacer sequence analysis and host range studies.

Fungal Biology 114: 26-33.

Haselwandter K, Read DJ. 1982. The significance of a root-fungus association in two Carex

species of high-alpine plant communities. Oecologia 53: 352-354.

Haynes RJ. 2014. A contemporary overview of silicon availability in agricultural soils. Journal

of Plant Nutrition and Soil Science 177: 831-844.

Hazard C, Boots B, Keith AM, Mitchell DT, Schmidt O, Doohan FM, Bending GD. 2014.
Temporal variation outweighs effects of biosolids applications in shaping arbuscular

mycorrhizal fungi communities on plants grown in pasture and arable soils. Applied Soil

Ecology 82: 52-60.

137



He F, Zhang H, Tang M. 2016. Aquaporin gene expression and physiological responses of
Robinia pseudoacacia L. to the mycorrhizal fungus Rhizophagus irregularis and drought

stress. Mycorrhiza 26: 311-23.

van Hees PAW, Rosling A, Lundstrom US, Finlay RD. 2006. The biogeochemical impact of

ectomycorrhizal conifers on major soil elements (Al, Fe, K and Si). Geoderma 136: 364-377.

van der Heijden MGA. 2004. Arbuscular mycorrhizal fungi as support systems for seedling
establishment in grassland. Ecology Letters 7: 293-303.

van der Heijden EW, Kuyper TW. 2001. Does origin of mycorrhizal fungus or mycorrhizal

plant influence effectiveness of the mycorrhizal symbiosis? Plant and Soil 230: 161-174.

van der Heijden MGA, Scheublin TR. 2007. Functional traits in mycorrhizal ecology: their
use for predicting the impact of arbuscular mycorrhizal fungal communities on plant growth and

ecosystem functioning. New Phytologist 174: 244-250.

Helgason T, Daniell T, Husband R. 1998. Ploughing up the wood-wide web? Nature 394:
431-431.

Helgason T, Fitter AH. 2009. Natural selection and the evolutionary ecology of the arbuscular
mycorrhizal fungi (Phylum Glomeromycota). Journal of Experimental Botany 60: 2465-80.

Helgason T, Merryweather JW, Denison J, Wilson P, Young JPW, Fitter AH. 2002.
Selectivity and functional diversity in arbuscular mycorrhizas of co-occurring fungi and plants

from a temperate deciduous woodland. Journal of Ecology 90: 371-384.

Hertz M, Jensen IR, Jensen L@, Thomsen SN, Winde J, Dueholm MS, Serensen LH,
Wollenberg RD, Serensen HO, Sondergaard TE, et al. 2016. The fungal community changes
over time in developing wheat heads. International Journal of Food Microbiology 222: 30-39.

Hildebrandt U, Regvar M, Bothe H. 2007. Arbuscular mycorrhiza and heavy metal tolerance.
Phytochemistry 68: 139—146.

Hilou A, Zhang H, Franken P, Hause B. 2014. Do jasmonates play a role in arbuscular
mycorrhiza-induced local bioprotection of Medicago truncatula against root rot disease caused

by Aphanomyces euteiches? Mycorrhiza 24: 45-54.

Hodge A, Storer K. 2014. Arbuscular mycorrhiza and nitrogen: implications for individual

plants through to ecosystems. Plant and Soil 386: 1-19.

138



Hodson MJ, Evans DE. 1995. Aluminium/silicon interactions in higher plants. Journal of
Experimental Botany 46: 161-171.

Hohn TM, Beremand PD. 1989. Isolation and nucleotide sequence of a sesquiterpene cyclase

gene from the trichothecene-producing fungus Fusarium sporotrichioides. Gene 79: 131-138.

Hong JJ, Park YS, Bravo A, Bhattarai KK, Daniels DA, Harrison MJ. 2012. Diversity of
morphology and function in arbuscular mycorrhizal symbioses in Brachypodium distachyon.

Planta 236: 851-865.

Islam A, Saha RC. 1969. Effects of silicon on the chemical composition of rice plants. Plant
and Soil 30: 446-458.

Isola D, Zucconi L, Onofri S, Caneva G, de Hoog GS, Selbmann L. 2016. Extremotolerant

rock inhabiting black fungi from Italian monumental sites. Fungal Diversity 76: 75-96.

Ivanova H, HreHova D), Pristas P. 2016. First Confirmed Report on Fusarium
sporotrichioides on Pinus ponderosa var. jeffreyi in Slovakia. Plant Protection Science 52:

250-253.

Jacobsen CS, Hjelmse MH. 2014. Agricultural soils, pesticides and microbial diversity.
Current Opinion in Biotechnology 27: 15-20.

Jahn TP, Meller ALB, Zeuthen T, Holm LM, Klaerke DA, Mohsin B, Kiihlbrandt W,
Schjoerring JK. 2004. Aquaporin homologues in plants and mammals transport ammonia.

FEBS letters 574: 31-36.

Jensen A, Jakobsen I. 1980. The occrrence of vesicular-arbuscular mycorrhiza in barley and
wheat grown in some Danish soils with different fertilizer treatments. Plant and Soil 55: 403—

414.

Jiang C, Song J, Zhang J, Yang Q. 2017. Identification and characterization of the major
antifungal substance against Fusarium Sporotrichioides from Chaetomium globosum. World

Journal of Microbiology and Biotechnology 33: 108.

Jiao F, Shi XR, Han FP, Yuan ZY. 2016. Increasing aridity, temperature and soil pH induce
soil C-N-P imbalance in grasslands. Scientific Reports 6: srep19601.

Johansson JF, Paul LR, Finlay RD. 2004. Microbial interactions in the mycorrhizosphere and
their significance for sustainable agriculture. FEMS Microbiology Ecology 48: 1-13.

139



Johnson NC, Graham JH, Smith FA. 1997. Functioning of mycorrhizal associations along the

mutualism-parasitism continuum. New Phytologist 135: 575-585.

Jumpponen A. 2001. Dark septate endophytes - are they mycorrhizal? Mycorrhiza 11: 207—
211.

Jung S, Martinez-Medina A, Lopez-Raez J, Pozo M. 2012. Mycorrhiza-induced resistance
and priming of plant defenses. Journal of chemical ... 38: 651-664.

Kangasjirvi S, Neukermans J, Li S, Aro E-M, Noctor G. 2012. Photosynthesis,
photorespiration, and light signalling in defence responses. Journal of Experimental Botany 63:

1619-1636.

Kapulnik Y, Volpin H, Itzhaki H, Ganon D, Galili S, David R, Shaul O, Elad Yi, Chet I,
Okon Y. 1996. Suppression of defence responses in mycorrhizal alfalfa and tobacco roots. New

Phytologist 133: 59-64.

Kikuchi Y, Hijikata N, Ohtomo R, Handa Y, Kawaguchi M, Saito K, Masuta C, Ezawa T.
2016. Aquaporin-mediated long-distance polyphosphate translocation directed towards the host

in arbuscular mycorrhizal symbiosis: application of virus-induced gene silencing. New

Phytologist 211: 2102-2108.

Kim SG, Kim KW, Park EW, Choi D. 2002. Silicon-induced cell wall fortification of rice
leaves: a possible cellular mechanism of enhanced host resistance to blast. Phytopathology 92:

1095-1103.

Kluber LA, Carrino-Kyker SR, Coyle KP, DeForest JL., Hewins CR, Shaw AN, Smemo
KA, Burke DJ. 2012. Mycorrhizal response to experimental pH and P manipulation in acidic
hardwood forests. PLoS ONE 7: ¢48946.

Koch AM, Croll D, Sanders IR. 2006. Genetic variability in a population of arbuscular

mycorrhizal fungi causes variation in plant growth. Ecology Letters 9: 103—110.

Koide R. 1985. The nature of growth depressions in sunflower caused by vesicular-arbuscular

mycorrhizal fungal infection. New Phytologist 99: 449-462.

Koéljalg U, Larsson K-H, Abarenkov K, Nilsson RH, Alexander 1J, Eberhardt U, Erland S,
Heiland K, Kjeller R, Larsson E, ef al. 2005. UNITE: a database providing web-based

methods for the molecular identification of ectomycorrhizal fungi. New Phytologist 166: 1063—
1068.

140



Kothari SK, Marschner H, Romheld V. 1990. Direct and indirect effects of VA mycorrhizal
fungi and rhizosphere microorganisms on acquisition of mineral nutrients by maize (Zea mays

L.) in a calcareous soil. New Phytologist 116: 637-645.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013. Development of a
dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on
the MiSeq Illumina sequencing platform. Applied and environmental microbiology 79: 5112—
5120.

Kumar S, Milstein Y, Brami Y, Elbaum M, Elbaum R. 2017a. Mechanism of silica
deposition in sorghum silica cells. New Phytologist 213: 791-798.

Kumar S, Soukup M, Elbaum R. 2017b. Silicification in grasses: variation between different

cell types. Frontiers in Plant Science 8: 438.

Kwasna H, Bateman GL, Ward E. 2008. Determining species diversity of microfungal
communities in forest tree roots by pure-culture isolation and DNA sequencing. Applied Soil

Ecology 40: 44-56.

Kwasna H, Bateman GL, Ward E. 2010. Microbiota in Wheat Roots Evaluated by Cloning of
ITS1/2 rDNA and Sequencing. Journal of Phytopathology 158: 278-287.

Lehmann A, Barto EK, Powell JR, Rillig MC. 2012. Mycorrhizal responsiveness trends in
annual crop plants and their wild relatives—a meta-analysis on studies from 1981 to 2010. Plant

and Soil 355: 231-250.

Leifheit EF, Veresoglou SD, Lehmann A, Morris EK, Rillig MC. 2014. Multiple factors
influence the role of arbuscular mycorrhizal fungi in soil aggregation—a meta-analysis. Plant

and Soil 374: 523-537.

Leigh J, Hodge A, Fitter A. 2009. Arbuscular mycorrhizal fungi can transfer substantial

amounts of nitrogen to their host plant from organic material. New Phytologist 181: 199-207.

Li T, Hu Y-J, Hao Z-P, Li H, Chen B-D. 2013a. Aquaporin genes GintAQPFI and
GintAQPF?2 from Glomus intraradices contribute to plant drought tolerance. Plant signaling &
behavior 8: €24030.

Li T, Hu Y-J, Hao Z-P, Li H, Wang Y-S, Chen B-D. 2013b. First cloning and
characterization of two functional aquaporin genes from an arbuscular mycorrhizal fungus

Glomus intraradices. New Phytologist 197: 617-630.

141



Liang Y, Zhu J, Li Z, Chu G, Ding Y, Zhang J, Sun W. 2008. Role of silicon in enhancing
resistance to freezing stress in two contrasting winter wheat cultivars. Environmental and

Experimental Botany 64: 286-294.

Li H, Zhu Y, Hu Y, Han W, Gong H. 2015. Beneficial effects of silicon in alleviating salinity

stress of tomato seedlings grown under sand culture. Acta Physiologiae Plantarum 37: 71.

Liebisch F, Keller F, Huguenin-Elie O, Frossard E, Oberson A, Biinemann EK. 2014.
Seasonal dynamics and turnover of microbial phosphorusin a permanent grassland. Biology and

Fertility of Soils 50: 465-475.

Linderman RG. 1988. Mycorrhizal interactions with the rhizosphere microflora: The

mycorrhizosphere effect. Phytopathology 73: 366-371.

Liu G, Greenshields DL, Sammynaiken R, Hirji RN, Selvaraj G, Wei Y. 2007a. Targeted
alterations in iron homeostasis underlie plant defense responses. Journal of Cell Science 120:

596-605.

Liu J, Maldonado-Mendoza I, Lopez-Meyer M, Cheung F, Town CD, Harrison MJ.
2007b. Arbuscular mycorrhizal symbiosis is accompanied by local and systemic alterations in

gene expression and an increase in disease resistance in the shoots. The Plant Journal 50: 529—

544.

Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M, Ishiguro M, Murata Y,
Yano M. 2006. A silicon transporter in rice. Nature 440: 688—691.

Ma JF, Yamaji N. 2006. Silicon uptake and accumulation in higher plants. Trends in Plant
Science 11: 392-397.

Ma JF, Yamaji N, Mitani-Ueno N. 2011. Transport of silicon from roots to panicles in plants.
Proceedings of the Japan Academy Series B - Physical and Biological Sciences 87: 377-385.

Ma JF, Yamaji N, Mitani N, Tamai K, Konishi S, Fujiwara T, Katsuhara M, Yano M.
2007. An efflux transporter of silicon in rice. Nature 448: 209-212.

Magid J, Nielsen NE. 1992. Seasonal variation in organic and inorganic phosphorus fractions

of temperate-climate sandy soils. Plant and Soil 144: 155-165.

Maherali H, Klironomos JN. 2007. Influence of phylogeny on fungal community assembly
and ecosystem functioning. Science 316: 1746—1748.

142



Mandyam KG, Roe J, Jumpponen A. 2013. Arabidopsis thaliana model system reveals a

continuum of responses to root endophyte colonization. Fungal Biology 117: 250-260.

Massey F, Ennos A, Hartley S. 2006. Silica in grasses as a defence against insect herbivores:

contrasting effects on folivores and a phloem feeder. Journal of Animal Ecology 75: 595-603.

Massey F, Ennos A, Hartley S. 2007a. Grasses and the resource availability hypothesis: the
importance of silica-based defences. Journal of Ecology 95: 414-424,

Massey F, Ennos A, Hartley S. 2007b. Herbivore specific induction of silica-based plant
defences. Oecologia 152: 677-83.

Massey F, Hartley S. 2006. Experimental demonstration of the antiherbivore effects of silica in
grasses: impacts on foliage digestibility and vole growth rates. Proceedings of the Royal Society

of London B: Biological Sciences 273: 2299-2304.

Maurel C, Boursiac Y, Luu D-T, Santoni V, Shahzad Z, Verdoucq L. 2015. Aquaporins in
Plants. Physiological Reviews 95: 1321-1358.

McCully ME. 1999. ROOTS IN SOIL: Unearthing the Complexities of Roots and Their
Rhizospheres. Annual Review of Plant Physiology and Plant Molecular Biology 50: 695-718.

McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA. 1990. A new method which
gives an objective measure of colonization of roots by vesicular-arbuscular mycorrhizal fungi.

New Phytologist 115: 495-501.

McKeague J, Cline M. 1963. Silica in soils. Advances in Agronomy 15: 339-396.

McLarnon E, McQueen-Mason S, Lenk I, Hartley SE. 2017. Evidence for active uptake and

deposition of Si-based defenses in Tall Fescue. Frontiers in Plant Science 8: 1199.

McMurdie PJ, Holmes S, Hoffmann C, Bittinger K, Chen Y. 2014. Waste not, want not:
why rarefying microbiome data is inadmissible. PLoS Computational Biology 10: e1003531.

Meharg C, Meharg AA. 2015. Silicon, the silver bullet for mitigating biotic and abiotic stress,

and improving grain quality, in rice? Environmental and Experimental Botany 120: 8—17.

Merryweather J, Fitter AH. 1998. The arbuscular mycorrhizal fungi of Hyacinthoides non-
scripta 1. Diversity of fungal taxa. New Phytologist 138: 117—-129.

Miller R, Jastrow J, Reinhardt D. 1995. External hyphal production of vesicular-arbuscular

143



mycorrhizal fungi in pasture and tallgrass prairie communities. Oecologia 103: 17-23.

Miransari M. 2017. Arbuscular mycorrhizal fungi and heavy metal tolerance in plants. In: Wu
Q, ed. Arbuscular Mycorrhizas and Stress Tolerance of Plants. Singapore: Springer Singapore,

147-161.

Mitani N, Yamaji N, Ago Y, Iwasaki K, Ma J. 2011. Isolation and functional characterization
of an influx silicon transporter in two pumpkin cultivars contrasting in silicon accumulation.

The Plant Journal 66: 231-240.

Mitani N, Yamaji N, Ma J. 2009. Identification of maize silicon influx transporters. Plant and

Cell Physiology 50: 5-12.

Mohd S, Shukla J, Kushwaha A, Mandrah K, Shankar J, Arjaria N, Saxena PN, Narayan
R, Roy SK, Kumar M. 2017. Endophytic fungi Piriformospora indica mediated protection of

host from arsenic toxicity. Frontiers in Microbiology 8: 754.

Montpetit J, Vivancos J, Mitani-Ueno N, Yamaji N, Rémus-Borel W, Belzile F, Ma J,
Bélanger R. 2012. Cloning, functional characterization and heterologous expression of TalLsil,

a wheat silicon transporter gene. Plant Molecular Biology 79: 35-46.

Mosse B. 1962. The establishment of vesicular-arbuscular mycorrhiza under aseptic conditions.

Journal of General Microbiology 27: 509-520.

Motomura H, Fujii T, Suzuki M. 2006. Silica deposition in abaxial epidermis before the
opening of leaf blades of pleioblastus chino (Poaceae, Bambusoideae). Annals of Botany 97.:

513-519.

Moya-Elizondo EA, Arismendi N, Montalva C, Doussoulin H. 2013. First report of Fusarium

sporotrichioides causing foliar spots on forage corn in Chile. Plant Disease 97: 1113—-1113.

Munkvold L, Kjeller R, Vestberg M, Rosendahl S, Jakobsen 1. 2004. High functional
diversity within species of arbuscular mycorrhizal fungi. New Phytologist 164: 357-364.

Nabity PD, Zavala JA, DeLucia EH, IT B, K O, MR B, EH D, JA R, AW L, N Y. 2013.
Herbivore induction of jasmonic acid and chemical defences reduce photosynthesis in Nicotiana

attenuata. Journal of Experimental Botany 64: 685—694.

Nath M, Bhatt D, Prasad R, Gill SS, Anjum NA, Tuteja N. 2016. Reactive oxygen species
generation-scavenging and signaling during plant-arbuscular mycorrhizal and Piriformospora

indica interaction under stress condition. Frontiers in plant science 7: 1574.

144



Nettles R, Watkins J, Ricks K, Boyer M, Licht M, Atwood LW, Peoples M, Smith RG,
Mortensen DA, Koide RT. 2016. Influence of pesticide seed treatments on rhizosphere fungal

and bacterial communities and leaf fungal endophyte communities in maize and soybean.

Applied Soil Ecology 102: 61-69.

Newsham KK. 2011. A meta-analysis of plant responses to dark septate root endophytes. New
Phytologist 190: 783-793.

Newsham KK, Fitter AH, Watkinson AR. 1995. Multi-functionality and biodiversity in
arbuscular mycorrhizas. Trends in Ecology & Evolution 10: 407-411.

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, Schilling JS, Kennedy PG.
2016. FUNGuild: An open annotation tool for parsing fungal community datasets by ecological

guild. Fungal Ecology 20: 241-248.

Nogueira MA, Cardoso EJBN, Hampp R. 2002. Manganese toxicity and callose deposition in

leaves are attenuated in mycorrhizal soybean. Plant and Soil 246: 1-10.

de Novais CB, Borges WL, Jesus E da C, Junior OJS, Siqueira JO. 2014. Inter- and
intraspecific functional variability of tropical arbuscular mycorrhizal fungi isolates colonizing

corn plants. Applied Soil Ecology 76: 78—86.

Nwugo CC, Huerta AJ. 2011. The Effect of Silicon on the Leaf Proteome of Rice ( Oryza

sativa L.) Plants under Cadmium-Stress. Journal of Proteome Research 10: 518-528.

Opik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij JM, Reier U, Zobel M. 2010.
The online database MaarjAM reveals global and ecosystemic distribution patterns in arbuscular

mycorrhizal fungi (Glomeromycota). New Phytologist 188: 223-241.

Quziad F, Wilde P, Schmelzer E, Hildebrandt U, Bothe H. 2006. Analysis of expression of
aquaporins and Na+/H+ transporters in tomato colonized by arbuscular mycorrhizal fungi and

affected by salt stress. Environmental and Experimental Botany 57: 177-186.

Oye Anda CC, Opfergelt S, Declerck S. 2016. Silicon acquisition by bananas (c.V. Grande
Naine) is increased in presence of the arbuscular mycorrhizal fungus Rhizophagus irregularis

MUCL 41833. Plant and Soil 409: 77-85.

Pagliai M, Vignozzi N, Pellegrini S. 2004. Soil structure and the effect of management
practices. Soil and Tillage Research 79: 131-143.

Palm ME, Gams W, Nirenberg HI. 1995. Plectosporium, a new genus for Fusarium
145



tabacinum, the anamorph of Plectosphaerella cucumerina. Mycologia 87: 397—406.

Parniske M. 2008. Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nature

Reviews Microbiology 6: 763-775.

Paulson JN, Stine OC, Bravo HC, Pop M. 2013. Differential abundance analysis for

microbial marker-gene surveys. Nature methods 10: 1200—1202.

Peskan-Berghofer T, Shahollari B, Giong PH, Hehl S, Markert C, Blanke V, Kost G,
Varma A, Oelmiiller R. 2004. Association of Piriformospora indica with Arabidopsis thaliana
roots represents a novel system to study beneficial plant-microbe interactions and involves early
plant protein modifications in the endoplasmic reticulum and at the plasma memb. Physiologia

Plantarum 122: 465-477.

Pétriacq P, Stassen JHM, Ton J. 2016. Spore density determines infection strategy by the
plant pathogenic fungus Plectosphaerella cucumerina. Plant Physiology 170: 2325-2339.

Philippot L, Raaijmakers, J. M., Lemanceau P, Van Der Putten WH. 2013. Going back to
the roots: the microbial ecology of the rhizosphere. Nature Reviews Microbiology 11: 789—799.

Porcel R, Aroca R, Ruiz-Lozano JM. 2012. Salinity stress alleviation using arbuscular

mycorrhizal fungi. A review. Agronomy for Sustainable Development 32: 181-200.

Powell M, Letcher P, Longcore J, Longcore J. 2011. Operculomyces is a new genus in the

order Rhizophydiales. Mycologia 103: 854-862.

Pozo M, Verhage A, Garcia-Andrade J, Garcia J, Azcon-Aguilar C. 2009. Priming plant
defence against pathogens by arbuscular mycorrhizal fungi. In: Azcon-Aguilar C,, In: Barea
JM,, In: Gianinazzi S,, In: Gianinazzi-Pearson V, eds. Mycorrhizas-Functional Processes and

Ecological Impact. Berlin Heidelberg: Springer, 123—135.

Promputtha I, Hyde KD, Lumyong P, McKenzie EHC, Lumyong S. 2003. Dokmaia
monthadangii gen. et sp. nov., a synnematous anamorphic fungus on Manglietia garrettii.

SYDOWIA-HORN 55: 99-103.

Pumplin N, Harrison MJ. 2009. Live-cell imaging reveals periarbuscular membrane domains
and organelle location in Medicago truncatula roots during arbuscular mycorrhizal symbiosis.

Plant Physiology 151: 809—819.

Quail MA, Smith M, Coupland P, Otto TD, Harris SR, Connor TR, Bertoni A, Swerdlow

HP, Gu Y. 2012. A tale of three next generation sequencing platforms: comparison of Ion

146



Torrent, Pacific Biosciences and Illumina MiSeq sequencers. BMC Genomics 13: 341.

R Development Core Team. 2011. R: A Language and Environment for Statistical Computing
(RDC Team, Ed.). R Foundation for Statistical Computing 1: 409.

Rambelli A. 1973. The rhizosphere of mycorrhizae. In: Marks GC, ed. Ectomycorrhizae: Their
ecology and physiology.299-343.

Ray DK, Ramankutty N, Mueller ND, West PC, Foley JA, Feng Y. 2012. Recent patterns of

crop yield growth and stagnation. Nature Communications 3: 1293.

Reidinger S, Ramsey M, Hartley S. 2012. Rapid and accurate analyses of silicon and
phosphorus in plants using a portable X-ray fluorescence spectrometer. New Phytologist 195:

699-706.

Reinhart KO, Anacker BL. 2014. More closely related plants have more distinct mycorrhizal

communities. 4oB Plants 6: plu051.

Reynolds OL, Keeping MG, Meyer JH. 2009. Silicon-augmented resistance of plants to
herbivorous insects: a review. Annals of Applied Biology 155: 171-186.

Reynolds OL, Padula MP, Zeng R, Gurr GM. 2016. Silicon: potential to promote direct and
indirect effects on plant defense against arthropod pests in agriculture. Frontiers in plant science

7:744.

Rhodes L, Gerdemann J. 1975. Phosphate uptake zones of mycorrhizal and non-mycorrhizal

onions. New Phytologist 75: 555-561.

Rillig MC, Mummey DL. 2006. Mycorrhizas and soil structure. New Phytologist 171: 41-53.

Robinson-Boyer L, Grzyb I, Jeffries P. 2009. Shifting the balance from qualitative to

quantitative analysis of arbuscular mycorrhizal communities in field soils. Fungal Ecology 2: 1—
9.

Roth R, Paszkowski U. 2017. Plant carbon nourishment of arbuscular mycorrhizal fungi.

Current Opinion in Plant Biology 39: 50-56.

Rousk J, Brookes PC, Baath E. 2011. Fungal and bacterial growth responses to N fertilization
and pH in the 150-year ‘Park Grass’ UK grassland experiment. FEMS Microbiology Ecology
76: 89-99.

147



RStudio Team. 2016. RStudio: Integrated Development for R.

Ruiz-Lozano JM, Azcon R. 1995. Hyphal contribution to water uptake in mycorrhizal plants as

affected by the fungal species and water status. Physiologia Plantarum 95: 472-478.

Sanders IR. 2004. Plant and arbuscular mycorrhizal fungal diversity - are we looking at the
relevant levels of diversity and are we using the right techniques? New Phytologist 164: 415—
418.

Santos JC, Finlay RD, Tehler A. 2006. Molecular analysis of arbuscular mycorrhizal fungi
colonising a semi-natural grassland along a fertilisation gradient. New Phytologist 172: 159—

168.

Schifer P, Pfiffi S, Voll LM, Zajic D, Chandler PM, Waller F, Scholz U, Pons-Kiihnemann
J, Sonnewald S, Sonnewald U, ef al. 2009. Manipulation of plant innate immunity and
gibberellin as factor of compatibility in the mutualistic association of barley roots with

Piriformospora indica. The Plant Journal 59: 461-474.

Scharlemann JP, Tanner EV, Hiederer R, Kapos V. 2014. Global soil carbon: understanding

and managing the largest terrestrial carbon pool. Carbon Management 5: 81-91.

Scheffknecht S, Mammerler R, Steinkellner S, Vierheilig H. 2006. Root exudates of
mycorrhizal tomato plants exhibit a different effect on microconidia germination of Fusarium
oxysporum f. sp. lycopersici than root exudates from non-mycorrhizal tomato plants.

Mycorrhiza 16: 365-370.

Schmitz J, Hahn M, Briihl CA. 2014. Agrochemicals in field margins — An experimental field
study to assess the impacts of pesticides and fertilizers on a natural plant community.

Agriculture, Ecosystems & Environment 193: 60—69.

Schubert K, Groenewald JZ, Braun U, Dijksterhuis J, Starink M, Hill CF, Zalar P, de
Hoog GS, Crous PW. 2007. Biodiversity in the Cladosporium herbarum complex
(Davidiellaceae, Capnodiales), with standardisation of methods for Cladosporium taxonomy

and diagnostics. Studies in Mycology 58: 105-156.

Schiiller A, Walker C. 2010. The Glomeromycota: a species list with new families and new
genera. Edinburgh & Kew, UK: The Royal Botanic Garden;, Munich, Germany: Botanische
Staatssammlung Munich; Oregon, USA: Oregon State University.

Simon L, Lalonde M, Bruns TD. 1992. Specific amplification of 18S fungal ribosomal genes

148



from vesicular-arbuscular endomycorrhizal fungi colonizing roots. Applied and environmental

microbiology 58: 291-5.

Simpson KJ, Wade RN, Rees M, Osborne CP, Hartley SE. 2017. Still armed after
domestication? Impacts of domestication and agronomic selection on silicon defences in cereals.

Functional Ecology Early Rele.

Singh S, Kapoor KK. 1998. Effects of inoculation of phosphate-solubilizing microorganisms
and an arbuscular mycorrhizal fungus on mungbean grown under natural soil conditions.

Mycorrhiza 7: 249-253.

Smith SE, Jakobsen I, Gronlund M, Smith FA. 2011. Roles of arbuscular mycorrhizas in
plant phosphorus nutrition: interactions between pathways of phosphorus uptake in arbuscular
mycorrhizal roots have important implications for understanding and manipulating plant

phosphorus acquisition. Plant physiology 156: 1050—1057.

Smith S, Read D. 2010. Mycorrhizal symbiosis. 3rd Edition, Academic Press.

Smith SE, Smith FA. 2011. Roles of arbuscular mycorrhizas in plant nutrition and growth: new

paradigms from cellular to ecosystem scales. Annual review of plant biology 62: 227-250.

Smith SE, Smith FA. 2012. Fresh perspectives on the roles of arbuscular mycorrhizal fungi in
plant nutrition and growth. Mycologia 104: 1-13.

Smith SE, Smith FA, Jakobsen 1. 2004. Functional diversity in arbuscular mycorrhizal (AM)
symbioses: the contribution of the mycorrhizal P uptake pathway is not correlated with

mycorrhizal responses in growth or total P uptake. New Phytologist 162: 511-524.

Sood SG. 2003. Chemotactic response of plant-growth-promoting bacteria towards roots of

vesicular-arbuscular mycorrhizal tomato plants. FEMS Microbiology Ecology 45: 219-227.

Spatafora JW, Chang Y, Benny GL, Lazarus K, Smith ME, Berbee ML, Bonito G,
Corradi N, Grigoriev I, Gryganskyi A, et al 2016. A phylum-level phylogenetic
classification of zygomycete fungi based on genome-scale data. Mycologia 108: 1028—1046.

Steven B, Gallegos-Graves LV, Belnap J, Kuske CR. 2013. Dryland soil microbial
communities display spatial biogeographic patterns associated with soil depth and soil parent

material. FEMS Microbiology Ecology 86: 101-113.

Stewart JWB, Tiessen H. 1987. Dynamics of soil organic phosphorus. Biogeochemistry 4: 41—
60.

149



Symanczik S, Courty P-E, Boller T, Wiemken A, Al-Yahya’ei MN. 2015. Impact of water
regimes on an experimental community of four desert arbuscular mycorrhizal fungal (AMF)

species, as affected by the introduction of a non-native AMF species. Mycorrhiza 25: 639-647.

Takano J, Wada M, Ludewig U, Schaaf G, von Wirén N, Fujiwara T. 2006. The
Arabidopsis major intrinsic protein NIPS5; 1 is essential for efficient boron uptake and plant

development under boron limitation. The Plant Cell 18: 1498—1509.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGA6: Molecular
Evolutionary Genetics Analysis Version 6.0. Molecular Biology and Evolution 30: 2725-2729.

Taylor JD, Helgason T, Opik M. 2017. Molecular community ecology of arbuscular
mycorrhizal fungi. In: Dighton, J, White JF, ed. The fungal community : its organization and

role in the ecosystem.3-26.

Tennant D. 1975. A test of a modified line intersect method of estimating root length. The
Journal of Ecology 63: 995-1001.

Thirkell TJ, Charters MD, Elliott AJ, Sait SM, Field KJ. 2017. Are mycorrhizal fungi our
sustainable saviours? Considerations for achieving food security. Journal of Ecology 105: 921—

929.
Thomas L. 1997. Retrospective Power Analysis. Conservation Biology 11: 276-280.

Thornton B, Bausenwein U. 2000. Seasonal protease activity in storage tissue of the deciduous

grass Molinia caerulea. New Phytologist 146: 75-81.

Turnau K, Henriques FS, Anielska T, Renker C, Buscot F. 2007. Metal uptake and
detoxification mechanisms in FErica andevalensis  growing in a pyrite mine tailing.

Environmental and Experimental Botany 61: 117-123.

Uehlein N, Fileschi K, Eckert M, Bienert GP, Bertl A, Kaldenhoff R. 2007. Arbuscular

mycorrhizal symbiosis and plant aquaporin expression. Phytochemistry 68: 122—129.

Uehlein N, Lovisolo C, Siefritz F, Kaldenhoff R. 2003. The tobacco aquaporin NtAQP1 is a
membrane CO, pore with physiological functions. Nature 425: 734-737.

Varela-Cervero S, Vasar M, Davison J, Barea JM, épik M, Azcon-Aguilar C. 2015. The
composition of arbuscular mycorrhizal fungal communities differs among the roots, spores and
extraradical mycelia associated with five Mediterrancan plant species. FEnvironmental
Microbiology 17: 2882-2895.

150



Voets L, Dupré de Boulois H, Renard L, Strullu D-G, Declerck S. 2005. Development of an
autotrophic culture system for the in vitro mycorrhization of potato plantlets. FEMS

Microbiology Letters 248: 111-118.

Voets L, de la Providencia IE, Fernandez K, 1Jdo M, Cranenbrouck S, Declerck S. 2009.
Extraradical mycelium network of arbuscular mycorrhizal fungi allows fast colonization of

seedlings under in vitro conditions. Mycorrhiza 19: 347-356.

Waller F, Achatz B, Baltruschat H, Fodor J, Becker K, Fischer M, Heier T, Hiickelhoven
R, Neumann C, von Wettstein D, ef al. 2005. The endophytic fungus Piriformospora indica
reprograms barley to salt-stress tolerance, disease resistance, and higher yield. Proceedings of

the National Academy of Sciences of the United States of America 102: 13386—13391.

Weil M, Waller F, Zuccaro A, Selosse M-A. 2016. Scbacinales - one thousand and one
interactions with land plants. New Phytologist 211: 20—40.

Whitmore AP, Whalley WR. 2009. Physical effects of soil drying on roots and crop growth.
Journal of experimental botany 60: 2845-2857.

Wilson GWT, Rice CW, Rillig MC, Springer A, Hartnett DC. 2009. Soil aggregation and
carbon sequestration are tightly correlated with the abundance of arbuscular mycorrhizal fungi:

results from long-term field experiments. Ecology Letters 12: 452—461.

Xu H, Cooke J, Zwiazek J. 2013. Phylogenetic analysis of fungal aquaporins provides insight

into their possible role in water transport of mycorrhizal associations. Botany 91: 495-504.

Yadav V, Kumar M, Deep DK, Kumar H, Sharma R, Tripathi T, Tuteja N, Saxena AK,
Johri AK. 2010. A phosphate transporter from the root endophytic fungus Piriformospora

indica plays a role in phosphate transport to the host plant. Journal of Biological Chemistry
285:26532-26544.

Yamaji N, Ma JF. 2007. Spatial distribution and temporal variation of the rice silicon
transporter Lsil. Plant physiology 143: 1306—1313.

Yamaji N, Mitatni N, Ma JF. 2008. A transporter regulating silicon distribution in rice shoots.
The Plant Cell 20: 1381-1389.

Ye M, Song Y, Long J, Wang R, Baerson SR, Pan Z, Zhu-Salzman K, Xie J, Cai K, Luo S,
et al. 2013. Priming of jasmonate-mediated antiherbivore defense responses in rice by silicon.

Proceedings of the National Academy of Sciences of the United States of America 110: E3631-

151



3639.

Yost RS, Fox RL. 1982. Influence of mycorrhizae on the mineral contents of cowpea and

soybean grown in an oxisol. Agronomy Journal 74: 475-481.

Zhalnina K, Dias R, de Quadros PD, Davis-Richardson A, Camargo FAQO, Clark IM,
McGrath SP, Hirsch PR, Triplett EW. 2015. Soil pH determines microbial diversity and
composition in the park grass experiment. Microbial Ecology 69: 395-406.

Zhang Q, Li H-Q, Zong S-C, Gao J-M, Zhang A-L. 2012. Chemical and bioactive diversities
of the Genus Chaetomium secondary metabolites. Mini-Reviews in Medicinal Chemistry 12:

127-148.

Zhang J, Zhou J-M. 2010. Plant immunity triggered by microbial molecular signatures.
Molecular Plant 3: 783-793.

Zhao FJ, Ma JF, Meharg AA, McGrath SP. 2009. Arsenic uptake and metabolism in plants.
New Phytologist 181: 777-794.

152



