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ABSTRACT

Arbuscular mycorrhizal fungi (AMF) are ubiquitous symbionts of most vascular plants and
essential contributors to soil health for whiglason their application in agriculture has been
investigated extensively. In wheat as one of the staple foods where large amounts of fertiliser
and pesticides are used, the integration of mycorrhizal benefits such as increased nutrient uptake
and plant halth is desirable, but mutualistic outcomes of the symbiosis are determined by
variety, agronomic management practices as well as nitrogen (N) and phosphorus (P) content
of the soil. The present study investigated the impact of different fertiliser sqbiogas
digestate, farmyard manure and mineral N) on AMF at five key development stages of two
wheat varieties (Aszita and Skyfall}€fop protection over two cropping seasons 208 and

201819 in a RPdepleted soil. Additionally, the effect of a conmzial AMF inoculum (INOQ
Advantage) on plant performance, yield and grain quality was assesseerodMi®lonisation
(AMF-RC) was consistently higher in the modern variety Skyfall which also showed lower
abundances of native AMF in response to AMF indioaiha Biogas digestate and farmyard
manure application decreased ANRE in both years, whereas mineral N only reduced AMF

RC when soil N was high in the first season following gidsser, but not in the second season
following wheat (i.e. 2 wheat crop) Amplicon sequencing of the ITSg&gion revealed that
mycorrhizal communities in roots were dominated@gmusspp. and were not affected by
agronomic management or variety. Differential abundance analyses based on sequences of the
small subunit (SSU) hweever indicated increased diversity of fine root endopyhtes (FRE) in
response to mineral N. Although the AMF inoculum was not detected in roots using strain
specific primers in digital droplet PCR, inoculation with AMF increased biomass production of
wheatwithout fertiliser and decreased biomass production with mineral N treatment, but these
changes did not affect grain yields. A pot experiment that tested a celhalssd seed coating

with the INOQ Advantage root powder showed negative effects on pianttg but without

root colonisationThe results of this study imply a key role of N that impacts ARAE, FRE

and the effect of biostimulants. The use of such in wheat production requires further
optimisation to guarantee economic benefit for farmers ewbicluding sideffects of

exogenous strains on native AMF.
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CHAPTER 1. INTRODUCTION

1.1 CONSEQUENCES OF AGRICULTURAL DEVELOPMENT

Depending on the agroecological zone, the integration of modern vainetrbgat production
after the 0 Gnteeeniddlebétivedakienturyenatléd a significant productivity
increase leading to lower food prices and higher calorie if{Eakenson & Gollin, 2003)But

this social benefit was only possiblgth extensive use of mineral fertilisers: The Special
Report of the International Panel of Climate Change (IPCC) from 2019 depicts a 240% increase
of cereal yields since 1961 which is accompanied by an 800% increase of nitrogen (N)
application. Besidesisphorus (P) and potash (K), N is one of the essential plant nutrients and
often the limiting factor in cereal productifipadhaet al, 2016) The enormous Mepositions
deriving fromconventional agriculturalpractices have altered the globaticle with drastic
effects on the environme(Bodirskyet al, 2014) Increasing emissions of tiggeenhouse gas
(GHG) nitrous oxide(N20) and eutrophication of terrestrial and water ecosystems lead to
biodiversity lossegLeff et al, 2015; Zhanget al, 2018)as well as pollution of grouncnd
surface waters through nitrate leach{y & Cameron, 2002)Also excessive application of
inorganic P irconventional agriculturieas been linked to eutrophicati@@harpleyet al, 2001)
Additionally, studies have shown that up to 7@®Pthe anthropogenically used P is lost within
food supply chains and cannot be recovdf@dowdhuryet al, 2017) A large proportion of

this loss occurs already at the initetep when P is applied as fertiliser during early crop
development. Only a small amount can be absorbed by the roots, whereas most of P is bound
to clay particles and gets immobilized in the bulk ggilolford, 1997) Hence, most
conwentionally managed soils are saturated with-aeailable P as a result of which farmers

add more fertiliser. These fertilisers are produced from rock phosphate,-r@nevable
resource of which 85% is derived from only three countries worldwidee of them being
where it is used the modElser & Bennett, 2011)n contrast to N, P is limited on a globahke

as the resources are at risk of depletion in the near f¢@&iteert, 2009) Announcing a
potential Pcrises, the Global Phosphorus Research Initiative (GPRI) was founded in 2008 and
since then has urged the implementation of efficiency measures to guduamnte&security
(Cordell & White, 2013)

The fact that we must change our way how to produce food considerably has shaped the EU

elections in 2019 which showed strong vote increases for the Green party

L At this point is has to be acknowledged that agriculture as a form of land use is highly diverse and that there are
various forms of farming systems which might not be considered in this thesis which focuses bEosyyiean

agriculture.
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(europeangreens. eu/ 2019resul ts). One trear |
F o r kabegysas part of the European Green Deal for a more sustainable agriculture. On
November 3t in 2020, the UK on its way out of the EU published an agricultural transition

pl an that describes the O6Path to sgufataai nal
substantial transformation in land use management to stop and compensate for the
environmental impacts of modern agriculture. At the same time, research on agriculture as part

of the solution to future challenges is gaining momentum.

1.2 BACK TO THE ROOTS: SOIL HEALTH A TOP PRIORITY

The need for a reformation of conventional food production and distribution has drawn attention
to more holistic approaches such as sustainable intensification and agroecology which aim to
minimize detrimental impacts afgriculture(Garnettet al, 2013; Gliessman, 2016)he goal

is to save resources while producing high quality food legk anthropogenic inputs and limit

the negative environmental impact on the same or less currently available area of land
(Wezelet al, 2015) Soil degradation as consequence of intensive soil cultivation, erosion and
chemical pollution threatens these objectiy®tavi & Lal, 2015) Therefore, agroecological
practices prioritise soil conservation as a key element for the transformation to environmentally
friendly food productiofFAO, 2011)Si nce t he 197 0s,hatemergetand m 6
describeghe ability of the soil to functionlepending orspecificland usegi.e. relates to its
potential to sustain animal and plant productiyitgl, 2016).This termis distinguished from

0 dl healttdwhich presents soil as a dynartiiéng and finite resourcwiith biotic activity and

is directly linked to plant healtlfLal, 2016) Functionaland healthysoil is not only the
foundation of sustainable farming but also the most important driver for crop health and other
agroecosystem servicéSianinazziet al, 2010) For example, stainable soil cultivation by
direct drilling or the use of cover crops or green manure contribute to water retention, structural
stability and nutrient transfer which ultimately can raise yields to similar levetmagtional
agriculture(Tamburiniet al, 2020) Moreover, enhanced soil quality means increased carbon
cycling capacities which increases soil fertility and carbon sequest(aagn2016) Hence,
agricultural practices that improve soil quakise essential to redu@HG emissions. In fact,

most recent scientific reporter policy makerqe.g. HLPE,2019; IPCC, 2019highlight the

urge to support sustainable intensification methods through agricultural policies to prevent
further loss of resourcegs P e €t al.r2020) As the effects of global warming are becoming
more tangible risks to agronomic productivity, soil health has also become of major concern
for European farmergBorrelli et al, 2020) These concerns are calling out for enhanced
research with focus on the versat#&uctures and processes within the pedosphere and
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rhizosphere. Here, accumulating evidence has assigned an integral role in soil functioning to

microbial activity(Benderet al, 2016)

1.3 FROM FUNGI TO FORK

One group oMmicroorganisrs with particular contribution t@oil healthand hence important

role in agroecology are arbuscular mycorrhizal fungi (AMF). As obligate biotrophs, AMF form
mutualistic relationships with the majority of crop species during which they deliver nutrients
(i,e. P, N and Zn) and water to their host in exchange for energy (i.e. C and lipids)
(Smithet al, 2008; Luginbuehét al, 2017; Savaret al, 2020) AMF associations with plants

are accompanied with a range of benefits which have also been recognised in sustainable
farming practise§Goslinget al, 2006; Rilliget al, 2018; Bitterlichet al, 2020) These benefits

can provide potential yield increaggsijri, 2015; Zhanget al, 2019; Rochat al, 2020)with
reduced fertilizer application and nutrient leachin(Kahiluoto et al, 2009;
Verzeauxet al, 2017) increased toleraedo salinity(Evelinet al, 2009) drought(Al-Karaki

et al, 2004; Garmendiat al,, 2017) pestgImperialiet al, 2017) diseasefAlaux et al, 2018;

Brito et al, 2019) and can even improve the nutritional content of ck@adlegrino & Bedini,

2014; Schubewt al, 2020) More importantly in the context of conservation agriculture, AMF
have been linked to improved soil structure by aggregdfiig & Mummey, 2006)and
ultimately contribute to reduce GHG emissigiBenderet al, 2015)and enhance carbon
sequestratiof\Wilson et al, 2009; Verbruggest al, 2021)

In connection with theustainable intensification of agricultutbere is an increasing appeal

for breeding of crops with improved rhizospheaassociated traits to enhance nutrient use
efficiency and decrease fertiliser losg8awerset al, 2008 Hohmann & Messmer, 2017)
These traits are especially desired in important crops such as wheat which accoumaéd for
of total European cereal production at 131.8 million tonnes per year in(EQi®stat, 2020)
However, not all symbiotic relationships of AMF and plants have shown beneficial outcomes
(Johnsoret al, 1997; Klironomos, 2003)Particularlystudies orthe association of AMF and
wheatreportedvarying results with yield increases up to 2qPellegrinoet al, 2015) while

other studies correlate growth depression to AMF colonis@Rganet al, 2005)with great
differencedetween varietie@zcon & Ocampo, 181;Hetricket al, 1992; Elliottet al, 2019)

The inconsistent results have led to intense discussions about the role of AMF in wheat
production(Rillig et al, 2018; Ryan & Graham, 2018)Jevertheless, decades of research point
towards the pivotal importance of AMR agroecosystem®mith & Smith, 2011for which

reason these symbiotic fungi have been regarded with increasing commercial interest.
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1.3.1 HOW MICROBESSTIMULATE THE ECONOMY

Following the demand to lower environmental impacts of agriculture, plant microbiota have
been investigated for their potential to substitatsupplementhemical inputs. This research

has created an own todromgiircal ey thfatsadepalcl e
effect of microbial inoculants or natural compound formulatioi@ble 1.1). This
categorisation is padilarly difficult to fit to AMF as they provide a broad range of benefits to

plant health. According to the definition by du Jardin (2015), AMF can be categorised as both

A

Obi ostimulantdé or Obi of er t i-tategog ofdedirstwnher eas

Tablel.1 Definitions of biological alternatives to chemical compounds in plant production and
examples (adapted from du Jardin, 2015)

Biological Definition Example organismor
compound

Biocontrol Living organism protecting plants agair Trichodermaspp.

agent theirenemies by e.g. competition, antibios Bacillusspp.
parasitism or Induced Systemic Resista Pseudomonaspp.
(ISR)

Biofertiliser Microbial inoculant to increase t Biofertilisers may also b
availability of nutrients and their utilizatio defined as microbia
by plants, regardlssof the nutrient conter biostimulants improving plan
of the inoculant itself. nutrition  efficiency, i.e.

involve the same organisms

Biostimulant Any substance or microorganism/gro AMF
applied to plants wh the aim to enhanc Rhizobiunspp.
nutrition efficiency, abiotic stress toleran Azotobactespp.
and/or crop quality traits, regardless of Aszospiriliumspp.
nutrients content. Seaweed extracts
Chitosan

Theintegration of biostimulants in the new EU regulation (EU2019/100@ei£onsequence
of a rapidly growing market for microbial inocuiahich has evolved from a few companies in
Europe in the 19908V. Chenet al, 2018)to a worldwide contributor to economic growth
(Sessitschet al, 2018) Accordingto the European Biostimulant Industry Council (EBIC),
biostimulant application provide yield stabilisation anti(®6 increases in response to robust
root development and improdevater use efficiencywww.biostimulants.eu). In agriculture,
certain practice can impede mycorrhizal symbiosis their symbiotic contributions highly
depend on environmental conditions and host ideifibhnsonet al, 2015) Furthermore,
researchers have raised concerns about the risk of inoculation witbca®MF stainsas

these can represent a threat to resident AMF populafi@odriguez & Sanders, 2015;
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Hartet al, 2018) High prices of microbial products are another factor that constraindaeje
application in agricultural cropping syste(h¥doet al, 2011; Bitterlichet al, 2020) However,

as soils are getting depleted of microbial activity as a result of conventional farming practices
(Verbruggenet al, 2010) reintroducirgy AMF by biostimulant application could represent a
key element for the use of mycorrhizal ecosystem services in plant production
(Bender et al, 2016; Tamburiniet al, 2020) But with the uncertaties in symbiotic
interactions of AMF and wheat, thorough research is required to optimize this important

symbiosis in cereal productigRyanet al, 2019)

1.4 AIM SAND OBJECTIVES

This thesis aims to investigatiee development of natural and exogenously applied AMF in
wheat under the impact of different nutrient sources and crop protection programmes. This will

be achieved by

A Monitoring the performance of two contrasting wheat varieties in relation to their
mycarrhizal root colonisation over two growing seasons

A Analysing effects on yield parameters and grain quality as well as native AMF
communities in response to AMF inoculation

A Molecular tracing of exogenously applied AMF strains in the field

A Formulation of AMF inoculum as seed coating for cost efficient biostimulant

application in wheat

The core of the projeds a field experiment that was repeated over two growing seasons which
evaluated a range of agricultural input responses. Particular focus is thet loostspecific
responses of AMF by using two wheat cultivars from different breeding backgrounds. The
impact and interactions of nutrient source, genotype and AMF inoculum are analysed by a range
of parameters from the macroscopic scale (i.e. yield}hto molecular level of fungal
community structures. Here, the fate and behaviour of exogenously introduced AMF strains is
examined after the design and application of stspiecific primers. While characterising the
performance of AMF inoculum under fietnditions, one target is to enhance the applicability

of AMF inocula in wheat production which is approached by the development of a seed coating.
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CHAPTER 2.LITERATURE REVIEW

2.1 ARBUSCULAR MYCORRHIZAL FUNGI

2.1.1 ORIGIN AND DISTRIBUTION

The term mycorrhiza deri ves from Greek a
(mT k, Uungus", and a ertiiza, "root"). It was first used by Frank in 1885rank, 2005)ust

one year after his description of the neutral coexistence of two dissimilar organisms as
0 s y mb(Bmith & Read, 20085ince thenmycorrhiza have been widely investigated under
different scientific and economic aspe@sitoineet al, 2021)and are considered as arguably

the most common and most important symbiosis on €aitkeranet al, 2013) Researchers
distinguish between four different types of mycorrhizal symbiosis which are 1) arbuscular
mycorrhiza, 2) ectomycorrhiza, 3) orchid mycorrhiza and 4) ericoid mycorrhiza
(van der Heijderet al, 2015) While ectomycorrhiza are only found in association with shrubs
and trees, orchid and ericoid mycorrhiza are specialsesrchids and members of the
Ericaceafamily respectively. Fossilised spores and hyphae in plant roots from the Ordovician
date back the association of fungi with land plants to 460 Million years ago and provide proof
for the significance of mycorrhiza ithe evolution of vascular plan{Simonet al, 1993;
Redeckeet al, 2000) More than 100 years of research on this ancient symbiosis have shown
that around 80 % of all plant species form endomycorrhizal associatiakisg arbuscular
mycorrhizal fungi (AMF) the most common type of mycorrhizal symbioses
(Smith & Read, 2008)They have been found on all continents and 34 % of the currently
described AMF species occur on all of thertept antarcticéDavisonet al, 2015) Despite

the ancient character of the symbiosis, tlhsncopolitan distribution and the lack of endemism
has been linked to efficient recent dispersal rather than to paleogeographic events with a
particular role of human activity and the spread of agriculfdmsendahét al, 2009) These
dispersal patterns are now additionally influenbgdhe intended spread of AMF species by

the waldwide trading and application of AMF in form of commercial inocula
(Schwartzet al, 2006)
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2.1.2 PHYLOGENY

Arbuscular mycorrhizal associations are formed by fungi that have long been classified as a
separate monophyletic phylum called Gloomycota(Schifleet al, 2001) which is a sister
group of Ascomycota and Basidiomycota in the subkingdom Dikarya within the kingdom of
fungi (Hibbett et al, 2007) With publication of tle first complete sequenced genome of
Rhizophagus irregularisn 2013, Tisserantet al. (2013) suggested that this common
representative of the Glomeromycota might be closer related to Mucoromycotina than to
Dikarya. More recent phylogenetic analyses $yataforaet al. (2016) have associated
Glomeromycota to a stphylum (Glomeromycotina) within the phylum Mucoromycota
(Fig. 2.1). However, the new order has not been officially accepted by the researcher
community (http://www.amphylogeny.com/) suggestng that the relationship of
Glomeromycotina with the other two sphyla Mucoromycotina and Mortierellomycotina has

not been completely clarifie(Bruns et al, 2018; Walkeret al, 2018) Therefore, recent
publications may refer to Glomeromycotina or new phylogenetic characterisations of soil fungi
that do not consider the new sphyla (Tedersooet al, 2017. Further inconsistencies in
phylogeneticassignment of AMFcan be found up tgenus levelwhereseveral changes of
taxonomic ranks have caused conflicting opinions about systematic schemes
(Redeckeret al, 2013) For example, the model speci@bizophagus irregulari©ias been
renamed tdrRhizoglomus irregularislue toconfusions with a pathogenic fungi with the same
genus naméSieverdinget al, 2014) Nevertheless, there are current papers that do not adapt
the new systerfe.g. Jansat al, 2020)which will also be applied in this thesis.

Above all, analyses of nucleic genomes within single isolates confirmed earlier indications for
sexual reproduction within AMFETisserantt al, 2013; Roparet al, 2016)which havelong

been declared as asexual orgams (Redeckeret al, 2013) These findings open new
perspectives not only regarding taxonomy and species concept defifi#ffonset al, 2018)
butalso to the biology and evolution of AMFildirir et al, 2020)
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Fig. 2.1. Glomeromycotina (red box) within the phylogenetic treetref Kingdom Fungi
according tdSpataforaet al. (2016)

Another ongoing discussion around mycorrhizal phylogeny is the choice of the most suitable
marker region for metagenome studjeskberget al, 2018) With only 342 described species
(http://Iwww.amfphylogeny.com, accessed 11/17/202tdjganised in fourto orders
correspondinglades(Fig. 2.2), the number of known taxwithin Glomeromycotinég much

lower compared to the vast array of sequences that are produced by modern sequencing
technology (Davison et al, 2015) After ten years of AMF profiling byiext generation
sequencing (NGS}here is still no consensus on the ideal genetic barcode that can cover most
of the phylogenetical variety of AMF across different sample tyBesruti et al, 2017)
Universal applicable approaches forable interpretation and comparison of metabarcoding
studies on AMF have yet to be develofetart et al, 2015) Nevertheless, higthroughput
sgjuencing and other evolving molecular tools have initiated a new wave of mycorrhiza
research that will also contribute to the development of new mycorrhizal technqOgiatd

& Rillig, 2020). The most commonly used nuclear marker region in AMF amplicon sequencing
is the small subunit of theuclearribosomal DNA (SSU or 18S DNADpik et al, 2010) but
concerns about the ability of this marker to recover full alpha diversities in microbial

communities have been rais@€tiigeret al, 2009; Schlaeppet al, 2016) Consequently, the
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use of more generakimerstargeting the internal transcribed spacer (ITS) of the ribosomal
DNA has been proposed to assess AMF as part of the mycobiome in environmental samples
(Lekberget al, 2018; Sommermanet al, 2018) However, high variability and limited
database representation of AMF for this marker region might hamper identification of unknown

species in environmental samp(&sockingeret al, 2010)
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Fig. 2.2. Classification of Glomeromycota within the kingdom of fungi (Order, Family, Genus)
according to Redecket al (2013. Dashed lines indicate genera of uncertain position, asterisk
and trianglesnark questionablgenera with respect to data used for deson and/or with
respect to phylogenetic position (www.aptiylogeny.com).

2.1.3 PHYSIOLOGY AND FUNCTIONING OF AMF SYMBIOSIS

Mycorrhizal fungi are obligate biotrophs that require a living plant host to develop and
proliferate. A short asymbiotic phase occdiwing spore germination either for rbost
growth (withoutcontact with the plant ropor in response to signal exchange and recognition
of both symbiotic partner§GianinazziPearson, 1996)Compared to other fungal groups,
spores of AMF are relatively large (30 wnil mm), multinucleated and thiekalled with
storages of carbgirates and lipidéGerdemann & Nicolson, 1963)hese traits enable spores

to endure long periods of dormanyommerup, 1983; Doudst al, 2011)or travel wide
distances across the &thaudharyet al, 2020) Hyphae that eerge from AMF spores are
coenocytic and multinucleated which means that they are considered as a single celhgontain
thousands of independent nud{E&okkoris et al, 2021) Different strains of the same AMF

species can exchange genomic information as well as other cell compartments after fusion of

these hyp ae i n a process (Aadelard et al a 2040s t o mo s i

de la Providenci&t al, 2013)
28

«
p



Attachment of an explorative hyphae to a root cell induces complex signalling processes in both
symbiont cells and is followed by hyphopodium formation by the fungus to penetrate the root
epidermis. In contrast to ectomycorrhiza which colonise the outer rootdaglesurrounding
epidermal cells, AMF spread through intead intercellular hyphae into the inner root cortex
(Bonfante & Genre, 2010)nside the cells of this tissue, AMF form characteristic colonisation
structures of finely branched hy @buwalumwhi ch
bush or little tree) due to their tréike structure. This phenotype of arbuscules is cered as
Arumtype colonisation(Fig. 2.3 A), whereas duringParis-type (Fig. 2.3 B) colonisation
hyphae spread via intracellular passages of cortical cells and form hyphdlLuagilsbuehl &
Oldroyd, 2@.7). The occurrence of these two types of colonisation has been linked to host plant
identity and functionality of their respiratory pathw@®jercyet al, 2017; Cosmet al, 2018)
Arbuscule formation is a dynamic process of two to eight dayalving the synthesis and
degeneration of the periarbuscular membré@iavotet al, 2007) This thin layer around
arbuscule branches represents the interface of AMF symbiosis and harbours a multitude of
transporter proteins that facilitate nutrient exchange between the two synjmotners
(lvanov et al, 2019; Savaryet al, 2020) Colonised plants have been shown to provide
4-20 % of their photosynthates to AMBohnsoret al, 1997) Carbohydrates in the form of
hexoses have long ée identified as the only currency that plants trade to their fungal
symbionts(Helberet al, 2011) Closer investigation of AMF intecions showed that these

fungi lack certain genes that are required for the synthesis of fatty(s¢&geret al, 2014)

Further analyses confirmed that besides sugars, AMF obtain lipids from their plant host
(Bravo et al, 2017; Luginbuehkt al, 2017) In exchange, AMF provide essential minerals
such as phosphorus (@avotet al, 2007; Elliottet al, 2019)and nitrogen (NMé&deret al,

2000; Gwindarajuluet al, 2005; Thirkellet al, 2019)as well as micronutrients and water to

their plant hos{Kothari et al, 1991) The transfer of minerals and asfates is regulated by
both plant and fungus depending on the pa
(Kiers et al, 2011; Nouriet al, 2014; Williamset al, 2017) Mineral nutrients are mobilised

and taken up through networks of fine hyphad2Zlum) which extend the plantsatosystem
beyond the rhizosphere. In this way, plants can gain access to nutrients and water resources that
would not be available via the direct root pathwagcottet al, 2017) Without AMF, plants

have been shown to develop longer roots and higher root hair density to compensate for the
lack of soil exploration and consequent nutrient acquisifi¢athari et al, 1990) This
underlines the important function of the extraradical mycelium which is often contrasted with
the extent of intraradical structuréSawerset al, 2017) Until the beginning of this century,

AMF have been des-abuscilaand) c a s r Hiv 2z shiclc (eferd i)
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anothemphenotypicakharacteristic of these fungi. Depending on the supply of fatty acids by
the host, AMF form vesicle¢Fig. 2.3 C) as storage organs on hyphal branches in the
intercellular space of the root cortékeymeret al, 2017) Similar to spores, vesicles are
relatively robust, can endure nantive periods of symbiosis and can be reproductive stage for
the germination of fungal hypha®losse, 1973)For this reaon, spores and vesicles are
produced during later phases of the symbi@Rianet al, 1994)although their formation can

be affected by environmental conditio(@ehl et al, 2003; Orcharcet al, 2017)and are
speciesdependent toqGerdemann & Nicolson, 1963; Oebt al, 2009) Morphological
criteria of AMF root colonisatiorare not suitable to distinguish between different AMF species
in most casesput spore shape, size and colour can be usedspecies identification
(Janseet al, 2002; Oehekt al, 2010; Salet al, 2015) Although opposing opinions have been
published(Wetzelet al, 2014) such methods have been mostly replaced by molecular tools
which are in particularly advantageous in mycorrhizal research since not all AMF form spores

or can be cultured.
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Fig. 2.3. Microscopy images of AMF colonisation structu(gtined with Chinank) inside
wheat rootsat different growth stage&) Arumtype arbusculeat highest development stage
filling the intracellular space (upper arrow) darsing/senescing branching structures (lower
arrow).B) Paris-type arbuscules in form of intracellular hyphae c@i)sintercellular hyphae
(H), arbuscules (A) and vesicles (Bar scale 50 pm.

2.1.4 FINE ROOT ENDOPHYTES

Besides AMF, there is another groupfafgi that forms arbuscules and that has gained more
attention in the past couple of years. The sp
(FRE) was formerly collected within the speci@&omus tenugHall, 1977) but recent

mol ecul ar analyses showed that these fungi a
(Orchardet al, 201@). ConsequentlyGlomus tenugbasionymRhizophagus tendisvas

renamed td’lanticonsortium tenuand the new genus was assorted fromn@&romycotina to
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the order of Endogonales within the subphylum Mucoromycotina, andadyging lineage

of fungi (Desiroet al, 2017; Walkeet al, 2018) However, the exact phylogenetic position of

FRE is still uncertain and despite their discovery already more than 50 yeaiGragoall,

1963) research on the diversity of FRE is just at the beginfidegiroet al, 2017)

Spores of FRE are much smaller (O 20 Om) t
been recorded during fungal community assessments wusing spore morphology
(Sinanajet al, 2021) The characteristic fine hyphae (841um) and farshaped arbuscules

(Fig. 2.4 A) facilitate differentiation of FRE from AMF by microscopiig. 2.4 B and C).

Instead of vesicles, FRE form terminal or intercalary hyphal swellind$ (8m) which are
sometimes indistinguishable from immature spofekll, 1977; Field et al, 2036;
Orchardet al, 201D; Hoystedet al, 2019) Detailed microscopy studies yi ani naz z i
Pearsoret al. (1981)showed that FRE have thinner cell walls, but are overall similar to coarse
AMF in both their ultrastructural features and colonisation behaviour. Probably due to this high
similarity and their phylognetic invisibility in the large group &lomusspp., there are only

few studies that distinguish between FRE and AMF during root colonisation assessments.
Nevertheless, coccurrence of both fungal symbionts have been frequently reported in
different plant species and environmen{Ryan et al, 2005; Orchardet al, 2017a,b;
Hoystedet al, 2019)

FRE - Hyphae
" with swellings

Fig. 2.4. Microscopy images of root colonisation structures of fine root endophytes (RRE
A) wheat roots (GS6#&lowering) andB) in roots ofPlantago lancelotan contrast to coarse
arbuscular mycorrhizal fungi (AMHEn roots ofC) Plantago lancelotaFungal structureszere
stained with Chinank.

Like AMF, FRE are globally distributed and found in both natural and agricultural soils, but

their functioning in tlese is far less understood than that of AliFchard,et al, 201D).
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Comparative studiesf both fungal groupshowed higher NMiptake by FRE than AMF while

P was delivered in higher amounts by AMF than Eieggestinga complementary role of both
fungal endophytes regding nutrient acquisitioField et al, 2016, 2019)This hypothesis is
supported by the detection of FRE besides AMF in fossils indicating early cooperation of these
two groups in planfungal associationéStrullu-Derrienet al, 2014) Evidence was collected

by the demonstration of nutritional mutualism of FRE in lycophytes and liverworts which
represent groups of the earliest diverging lineages of land p({&e&l et al, 2015%;

Field et al, 2019; Hoystedet al, 2019) Also saprotrophic characteristicthat were
demonstrated in these experimeatsl whichcould either be linked to FRE or associated
microbesindicate tlat Mucoromycotina fungi might harbour the explanation for the obligately
biotrophic lifestyle of Glomeromycotin@ield et al, 2015), but further research is required
Overall, hese findings do not only give FRE a key position in the evolution of vascular plants
but raise new research questions o plotential interaction of FRE in plant nutrition and

ecosystem functioninfyan der Heijderet al, 2015; Desircet al, 2017; Sinanagt al, 2021)

2.2 USE AND EFFICACY OF ARBUSCULAR MYCORRHIZAL
FUNGI IN CROP PRODUCTION

2.2.1 EFFECTS OF AMF ON PLANT PERFORMANCE AND AGROECOSYSTEM
FUNCTIONING

Arbuscular mycorrhizal fungi can contribute significantly to plant nutrition due to their key
function in phosphorus (P) uptak®arschner, 2012) Depending on plant species and
environmental conditions, plants can acquire up to 100 % of their P through the mycorrhizal
pathway(Smithet al, 2004) In particular P in form of inorganic phosphate isoffly depleted

within the root zone, but AMF can overcome this process by solubilisation and transport of
long-chained Pmolecules through the hyphal network to the K{b&rschner, 2012)or this
reason, mycorrhizal fungi have been suggested as a strategy to recover immobilised P from
agricultural soils which would otherwise noteater the Reycle Fig. 2.5) (Bovill et al, 2013;
Cordell & White, 2013)Vice versa, mycorrhizal research has setaty focus on the function

of AMF in agriculture where AMF could improve the nutrient status of crops and reduce
fertiliser inputs(Koide, 1991 Antoineet al, 202). Numerous studies have shown increased P
contents in plants colonised by AMEéompared to nowolonised plantfManske, 1989;
Janseet al, 2008; Goslinget al, 2016)

While the processes that mediateufrake in mycorrhizal symbiosis have been widely

investigated, the role of symbiotic N provided by AMF have just recently started to receive
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more attentiorfBucking & Kafle, 2015) The use o$table isotopes i has helped to establish

how AMF take up and transfer N between different host pléHtsdge et al, 2001;

Leigh et al, 2009; Thirkellet al, 2019) With high certainty, mycorrhizal lptake is driven

by close interactions with other soil microorganisms such as nitrification bacteria that mobilise
and mineralise N i ({Bukovekéetab 2021 Ibis stilhunderadsbptdie r e 0
which form AMF provide N to their host and if this might be regulated by agricultural
managementAzconet al, 1992; Govindarajulet al, 2005; Thirkellet al,, 2019) In western
agriculture, ammonim (NH;") and nitrate (N@) are the main forms in which N is often
excessively applied. In that context, AMF in agroecosystems have shown potential to reduce
both N-leaching and BD emissiongBenderet al, 2015)

Besides P and N, AMF also enhance uptake of other nutrients such as potassium, zinc, iron,
copper, magnesium and mangane@zcon et al, 1992; Kahiluoto et al, 2001;
Maderet al, 2011; Ercoliet al, 2017; Jans&t al, 2020) In some cases, but not always
(Smithet al, 2004; Hodget al, 2010; Elliottet al, 2019) increased nutrient assimilation due

to AMF-RC results in enhanced biomass production and ultimately higher vyields
(Mohammadet al, 2004; Hijri, 2015; Zhanget al, 2019) The driving factor for increased
growth is increased photosynthesis rate which is stirdldtie to the additional-€ink in the
roots(Kaschuket al, 2009; Luciniet al,, 2019) This increased metabolic capacity issoped

by improved water supply for which reason mycorrhizal plants can be more resistant to drought
and heat streq@\l-Karaki et al, 2004; Lehneret al, 2018; Mathueet al, 2019) Other biotic
stressors like heavy metals and salinity have also been shown to be less damaging in plants
associated with AMKEvelin et al, 2009; Bui& Franken, 2018)Additionally to enhanced
metabolism and nutritional benefits, AMF can stimulate the plants immune system leading to
increased capacity of the plant to resist pathogen, nematode and insec{kaitiaekal., 2007;
Bedinietal,2018) Thi s activation of defence mechan
been found to be tightly linkkto plantmicrobe interaction@Conrathet al, 2006) Mycorrhizal

fungi themselves can induce this systemic response, but also affect microbial community
composition in the rhizosphere that can contribute to the plants immune response
(Junget al, 2012; Cameroet al, 2013) Positive results on AMAnduced disease resistance
have mostly been generatedunder controlled conditions(Gernns et al, 2001,
Mustafaet al, 2016) but exist also for field experiments where mycorrhized cassava plants
were more resistant to nematod®séryet al, 2016)and in wheat where inoculation with AMF

increased the survival of frit finfested seedling@mperialiet al, 2017)
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Fig. 2.5. Benefits conferred by arbuscular mycorrhizal fungi (AMF) vs.-oolonised roots
(Jacottet al, 2017) Fungal hyphae (purple) extend nutrient and water acquisition beyond the
depletion zone (grey), but-éRepletion zone will eventually also form around fungal hyphae
Root colonisation can induce system acquired resistance (SAR) mediated by salicylic acid (SA)
and jasmonic acid (JA).

All of the outcomes of AMF symbiosis described here are strongly dependent on environmental
and biotic factors, i.e. plant host andingal identity (Hoeksemaet al, 2010;
Mensahet al, 2015) Not all associations with AMFesult in mutualistic relationship$or

which reason AMF symbiosis should be considered as a mutyadisasitism continuum
(Johnsoret al, 1997; Klironomos, 2003; Johnson & Graham, 20T®)pending on nutrient
status of both symbtic partners, mycorrhizal mediated nutrient uptake can cause-d®hnt

of direct nutrient uptake through the root, hence leading to nutrient deficiency and even reduced
growth(Graham & Abbott, 2000; Smitkt al, 2004; PUschedt al, 2016) Up to now, it remains

a major challenge in mycorrhizal research to elucidate diattters that determine mycorrhizal
growth response (MGR) which would assist to make the benefits of this symbiosis more

predictable and applicab{(8awerset al, 201Q Lehnertet al, 201§.
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At this point it is also importarib note that AMF in natural or agroecosystems are not only a
single microbeplant interaction, but netwotforming associations of multiple fungi that
colonise plant roots simultaneously and connect whole plant commugddieseet al, 2008;
Wagget al, 2011) Mycorrhizal community compositioand even intraspecifidiversity of

AMF specieshave been shown to be relevant éeosystem functioning aratop production
(Daiet al, 2014; Wageet al, 2014)

Another important aspect of AMF in agamsystem is their influence on the sdilutrient
leaching and emissions of greenhouse gamsefacilitated by improved soil aggregation due

to glomalin excretion by AMKRIllig & Mummey, 2006; Wilsoret al, 2009) Here, a pivotal

role has been assigned to the extraradical hwynenot only for the translocation of C into the

soil, but also for the transfer of nutrients, water and signalling molecules between plants
(Bucking & Kafle, 2015) These hyphal networks can expand the bioactive zone of disease
resistance molecules and even allelochemicals for which reason AMF have also been

investigated for their potential to suppress we&isaudoet al, 2010; Bartcet al, 2011)

2.2.2 IMPACT OF AGRICULTURAL PRACTICES ON AMF

The ecosystem services provided by AMF are not always pronounced, because mycorrhizal
development is highly affected by environmental parameters such as soil type, pH, temperature,
light and nutrient avaability ( V o S 2 ¢t lalp208) In agroecosystems, these factors are
expanded by the impact of pesticides, soil treatment, fertiliser inputs and crop rotation
(Goslinget al, 2006) Especially conventionally managed field soils @saallyimpoverished

in AMF-diversity compared to organic production systé®eshlet al, 2004) In particular, the
detrimental effect of inorganic P on AMF development has been characterised as a general
phenomenonSmith & Read, 2008)High inorganic P contents due to extensivenaral
fertilizer use impede mycorrhizal development in conventionally cultivated soils
(Ryan et al., 1994; Méaderet al, 200G&; Kabhiluoto et al, 2009; Hildermanret al, 2010;
Benderet al, 2019) At the same time, studies agree tinat effect of P depends on thesftus

of the soil (Mohammad et al, 2004; Ceballoset al, 2013; Kohl et al, 2016;
Johnsonet al, 2019, crop type or variety (Li et al, 2005; Goslinget al, 2013;

Ercoli et al, 2017;Martin-Robleset al, 2018)and also on the form in whidhis added to the
cropping systeniSmith & Smith, 2011; Zhowet al, 2015; Caruset al, 2018)

Organic systems on the other hand are usually based esyntretic fertilisers such as cattle
manure, more diverse crop rotations including legumes and the use of fertility building crops
such as grasslover leys. These practices promote microbial agtiint the soil which the

system ultimately depends @Werbruggenet al, 2010; Riedcet al, 2021) Longterm field
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experiments by Madest al. (200@&) confirmed that soils from such systems had a greater
capacity to form AMF symbiosifAs a rather modern approach in fertilisation, the impact of
biogas digestate on AM#iversity and functionality habeen scarcely studig@entzel &
Joergensen, 2016; Carusb al, 2018) Multiple field trials investigating the interaction of
different manure types and AMF have showm detrimental effects on AM#Hiversity

(Oehl et al, 2004; Hidermannet al, 2010; Aguilaret al, 2017) Nevertheless, lonterm
application of organic fertilisers can affect the composition of AddFmmunities

(Oehl et al, 2004; Hassaet al, 2013; Qinet al, 2015) Similar results were found in the
comparison of conventionally and-tith systems which showed different amount of spores of
predominating AMF-specieg(Castillo et al, 2006) Conventional tillage has been shown to
disrupt hyphal networks of AMF and result in reduced AMF diversity compared-titl no
farming systemgJanseet al, 2002; Verzeauet al, 2017) Detrimental impact on AMF can
alsooccur in response to pesticide applications and especially to fungicides, even though the
effect depends on the active compound in the chemical and the fungal community structure
(Jinet al, 2013) A recently published lorterm study revealed negative correlation of AMF

RC and accumulating pesticide residueagniculturalsoils (Riedoet al, 2021) The authors
concluded that organic agriculture is less likely to reduce microbial soil life and emphasise that
pesticiderelated studies should consider combinations of active compounds instead of single
pesticidesCrop rotation can affect AMF and their availability to plants in agricultural soils.
Although AMF form associations with most crop species, Brassicaceae andpGHieceae

that harbour important crops like sugar beet, rapeseed, quinoa and spinach are considered as
norrmycorrhizal or rudimentary arbuscule mycorrhizal pld@tssmeet al, 2018) Exclusion

of such from crop rotations can avoid the decline of AMF potefitekberg & Kade, 2005;
Goslinget al, 2006) whereas strong mycorrhizal plants like maize have been shown to increase
AMF diversity in the subsequent crgommermannet al, 2018) Fallow extracts the
phototroph st from the obligative symbiotic fungi for which reason bare fields reduce the
number of propagules in the s@iloudset al, 2011) Shortening of fallow periods is therefore

recommended to increase mycorrhizal potential of $békberg & Koide, 2005)

2.3 INOCULATION WITH AMF FOR ENHANCED PLANT
PERFORMANCE

2.3.1 COMMERCIAL INOCULUM PRODUCTION

Although AMFcan be found in almost every soil around the w{lkelction2.1.1), commercial

AMF-based products are sold ograwingmarket as the benefits of AMF on plant performance
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have attractedincreasing interest from horticultural as well as agricultural growers
(Sessitsclet al, 2018; Bitterlichet al, 2020) However, the obligative biotrophic character of
the symbiosis represents a barrier to lesgale production of mycorrhizal inocyées inoculum
production always requires simultaneous plant cultivation. This obstacle was tried to be
minimised by the developmentiofvitro growing systems that ugegrobacterium rhizogenes

(Ri)- transformed roots on specific nutrient meeeclercket al, 1996) Also referred to as
root organ cultures (AROCO), this system |
transferable for production and application purpdBexiriguez & Sanders, 2019)espite its

high yields of propagules)-vitro AMF propagation is still cost intensive and not yet applicable
for largescde inoculum productioiilJdoet al, 2011; Ceballost al, 2013) Furthermore, not

all AMF can be cultured for which reason only a limited selection of species are available for
sterile production systen{&ianinazzi & Vosatka, 2004But these hurdles might be removed

in the future due to higher demands for biostimulé@tsChenet al, 2018)and advancements

in research to overcome the dependency of AMF on phototrophic(Raits et al., 2020)

The most widely adopted cultivation technique for AMF inoculum is the propagation of
selected strains in inert substrates with strong mycorrhizal plant species in greenhouses
(IDdoet al, 2011) These strains can derive framvitro cultures orin-planta monospecific

trap cultures. Although cheaper thamvitro systems, nosterile production requigestrict
measurements to avoid contamination with undesired microbes. Unintended propagation of
pathogens or invasive species in AMF production is only viable by regular control analyses to
validate the absence of such strains in the inoculum.

After harvest, the AMF inoculum needs to be assessed for quality by infectivity assays. This
step is required in both production systems as it has been shown that long term propagation of
AMF can affect symbiotic functioning of the fung(iokkoris & Hart, 2019) Most probable
number tests (MPN) can be used to assess the viability of the inoculum and to obtain
information about the number of infective propagules (e.g. spores, hyphae or vesicles)
(Wilson & Trinick, 1983).

The final step of the production process is the formulation to improve survival, applicability
and effectiveness of the inoculyireggettet al, 2011; Herrmann & Lesueur, 2013his step

can involve formulation with other beneficial microbes such as plant giprethoting bacteria

like Rhizobiumspp. (Kaschuket al, 20®) or biocontrol agents likelrichodermaspp.
(Collaet al, 2015; Buysenst d., 2016; Rocha, Magt al, 2019)which have been shown to

exert positive effects on plant performance inirtmculation studies with AMF. Application

methods of AMF inocula are less investigated but involve for example the formulation of the
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product & alginate bead®e Jaegeet al, 2011; Buysenst al, 2017)or seed coatinRocha

et al, 2018). Furthermorethe composition of species in mixed inocula can be decisive as some
AMF species have shown to promote each other while others are more likely to become
competitorgThonaret al, 2014)

2.3.2 APPLICATION OF AMF INOCULUM IN AGRICULTURAL SYSTEMS

Inoculation with AMF has been widely promoted as a tool in sustainable agriculture
(Pellegrincet al, 2011, 2015; Zhanet al,, 2019; Oviatt & Rillig, 2020)However, most results
have been generated in greenhouse experimdrgie environmental factorké temperature,
moisture and light can be controllddnder field conditions, the outcome of inoculation with
AMF is not only determined by environmental conditions, but also on the timing and
application methodVerbruggenet al, 2013) For exampleBuysenset al. (2016) reported
increased potato yields after inoculation with AMF ahdchoderma harzianumnof the
preceding cover crolledicago sativaln contrast, microbial inoculation of potato directly had

no effect on tuber yields orait performancéuysenst al, 2017; Alauxet al, 2018). Other
studies report a lack of AMF inoculation effects even if the introduced AMF strains evidentially
established in the fielgKokkoriset al., 201%9) or after preliminary greenhouse trials had shown
positive result§Rosaet al, 2020) Furthermore,hte applied formulation of AMF strains as
well as host genotype determine the effect of AMF symbiosis on the plant or plant community
(Hetrick et al, 1992; Klironanos, 2003; Kiergt al, 2011) Consideration needs to be given
not only to the effect of the crop variety, but also genetic variation within the fungal partner.
Greenhouse studies in rice showed that inoculation with closely related strRinsregularis

had either growth reducirgffects or up to fivéold higher growth responses depending on the
fungal isolatg/Angelardet al, 2010) Smilar results were generated under field conditions in
cassavdPefaet al, 2020)and indicate potential strategies for genetic manipulation of AMF to

improve their application in crop producti@Rodriguez & Sanders, 2015; Savatyal, 2020)

Despite the mentioned obstacles of AMF inoculation in field experiméfijg, (2015)
documented profitability of this practice in potato after data analyses of 231 figkksiidch

used the same strain Bf irregularis(DAOM 197198) in the form of a commercial inoculum.

In contrast to many other field inoculation studies that describe effects of only a single growing
seasor(Al-Karaki et al, 2004; Ceballogt al, 2013; Ercoliet al, 2017) the dataset used by

Hijri (2015) is unique in many aspiscthe field trials were conducted by farmers during a fixed
period of four years and in different areas across Europe and northeast America. This makes

these results particularly valuable since most inoculation trials for research purposes often
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ignore eonomic feasibility e.g. the use of large amounts of inocyBemderet al, 2019)or
unpractical application metho@armeret al, 2007)

Besides positive effects in potato, inoculation of legumes have shown good responses to AMF
inoculation i.e. in chickpedPellegrino & Bedini, 2014; Rocheaet al, 201%), cowpea
(Rochaet al, 2020)and clover(Kohl et al, 2016) Although cereals have been critically
examined for their interaction with AMF (Secti@¥4.3, a comprehensive metaalyses by
Zhanget al (2019)showed overall positive effects of AMF inoculation on maize, rice and
wheat yields. Interestingly, they found no effect of msijtecies inocula or formulation with
other soil microbes which was previously reported to have better effectstiaration with
single AMF speciegMéader et al, 2011; Collaet al, 2015; Tayloret al, 2015) Another
promising crop that has be@mvestigated intensively in the context of AMF inoculation is
cassava, an important staple food in Latin Ameffitadriguez & Sanders, 2015everal field
trials gave significant yield increases amprovednematode resistance after inoculation with

R. irregulariseven under normal-fertilisation (Ceballoset al, 2013; Sénet al, 2016)

With the growing market fomicrobial biostimulants, concerns about potential invasive
character of commercialised strains have been raised among mycorrhizal researchers
(Schwartzet al, 2006; Haret al, 2018; Thomsen & Hart, 2018phtroduced fungi can replace
native strains by competition or anastomosis and alter local microbiome compositions in the
soil (Schlaeppkt al, 2016; Bendeetal., 2019) On the other handative AMFcommunities

which are abundant in organically managegils can outcompete exotic strains
(Benderet al, 2019) Doudset al. (2011) even speculated that indigenous AMF have to be
reduced to less than one propagule’¢menable exogenously applied AMF to establBiit

natural AMF-abundance and composition should not only be considered because of potential
risks associated with inasing biostimulant applications, but also for the exploitation of
locally adapted microbg®oudset al, 2005) These have been showo be superior regarding

plant performance and yield increasesamparisons ofommercial and locally sourced AMF
inocula (Pellegrino & Bedini, 2014; Middletonet al, 2015; Séryet al, 2016)
Berrutiet al.(2016) encouragen-farm production of inoculum to make AMF application more
feasible to farmers, because besides uncertainties of inoculation success, high costs for AMF
inocula represent a hurdle to the implementation of AMF inoculati@yiitultural systems
(Ceballoset al, 2013; Bitterlichet al, 2020)
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24 SYMBIOSIS OF AMF AND WHEAT

2.4.1 HISTORY AND PERSECTIVES OF WHEAT BREEDING

Wheat is one of the oldest domesticated crops that has been tightly linked with the development
of human civilization throughout history. With the onset of agriculture and settlement of men
~10,000 years ago, recurrent hybridiaatiof closely related wild grass species (Triticae)
resulted in the allohexaploid (AA,BB,DD) bread whedtriticum aestivup of today
(Bernhardtet al, 2020) This large and aoplex genome makes wheat more adaptable to
different environmental conditionf/ossFels et al, 2019) but also a difficult crop for
molecular researcfLukaszewskiet al, 2014) Targeted breeding for specific characteristics
represents an essential tool in wheat production and was facilitated at the beginning Bf the 20
century with the switch from mass selection to hybridizatiorlaug, 1983; Harwood, 2012)

The next and probably most prominent turning point ireat production was the release of
semidwarf varieties by the International Maize and Wheat Improvement Centre (CIMMYT)
in 1961 (Harwood, 2012)These varieties were mostly bred for reduced height with enhanced
nutrient uptake and grain filling which made them patrticularly responsive to mineral fertiliser
(Dalrymple, 1985) This trait was efficient in that global grain yields doubled between 1950
and 1985 Shiferawet al, 2013) But to provide continuously increasing yields, conventional
wheat production has become progressively dependent on large amounts of N and P fertiliser
as well as pesticides and herbicidé§orriani et al, 2015; Ladhaet al, 2016;
Rempelost al, 2018) Furthermore, the highielding varieties required constant water supply

for which reason yiel increases were most significant in industrialised countries in temperate
climates(Shiferawet al, 2013) Today, 50 % of the worldwide cultivated common wheat
varieties emanate from these CIMMYihes (Shiferawet al, 2013)

Wheat is the mostidely grown crop and is of great importance for food security as it provides
20 % of t he wo r(HAQ,2R09) Elighkesh yieldeof vshaap grd aghieved in the
temperate zone where under optimal growing conditions like in Western Europe, grain yields
average around 7 t havhereas the world average at 3 tlamuch lowe Rdderet al, 2014)
Economic development and consequent changes dsveamore affluent diet are predicted to
increase the global demand for bread and feed wheat by 70 % in the near future
(Gerbend_eeneset al, 2010; Alexandratos & Bruinsma, 2012)o meet this demand relies
largely on the main wheat producers like the JRoOder et al, 2014) but especially
industrialised countries are urged to reduce their environmental impact by employing more
sustainable agricultural practicd®CC, 2019) Furthermore, food security as well as wheat
production is challenged by changing climate conditions and yield plateaus: after the continuous
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increase in the second half of the"2@entury, yields in industrialised agricultural systems
slowed down in the 1990s and have recently stagnated in many co(Bltifesawet al, 2013)

This phenomenon is most likely due to rising global temperatures that have much stronger
detrimental effects on wheat yields than to other major staple crops e.g. maize or soy
(Lobell et al, 2011; Tiaret al, 2019) At the same time, land degradation amsustainable
farming practices have been associated with stagnation of crop ¢&tls & Lal, 2015)

Hence, to meet increasing food demands in a warming world will require new cultivation
practices and potential expansion of the currently provided agricultural area
(Shiferawet al, 2013; Rodeet al, 2014) The elite wheat breeding programmes have shown

to be on the right track for further yield optimisation evernoin-input production systems
(Hildermannet al, 2010; Vosd-elset al, 2019) Molecular tools that have enabled sequencing

of the full wheat genome will aid to faster breeding successes in the future
(Lukaszewsket al, 2014) but more hastic transformation of agricultural systems are required

to prevent further environmental degradation.

2.4.2 GENOTYPEDEPENDENCY OF AMF IN WHEAT

To reduce chemical inputs, stabilise yield and grain quality and improve stress resistance at the
same time, the agsiation of AMF and wheat has been investigated for more than 50 years.
Mutualistic relationship of AMF and wheat is characterised by increased grain yield which
underlines also the potential financial gains from Ablfplication in wheat production
(Mohammadet al, 2004; Maderet al, 2011; Pellegrincet al, 2015; Zhanget al, 2019)
However, several studies report varying mycorrhizal responsiveness in different wheat varieties
which makes efficiency predictions of AM&pplication in wheat more difficulfAzcon &
Ocampo, 1981; Hetrickt al, 1984; Manske, 1989; Kapulnik & Kushnir, 1991)

Most grasses are less dependent on symbiosis with &bmpared to herbaceous plants
because of their extensively branched root sys{emet al, 2005) Wheat has been
characterised as a facultative mycotréidetrick et al, 1992) but it has been shown that AMF
colonisation in some varieties can even lead to growth deprgssetmck et al, 1992, 1995;

Ryan et al, 2005) From these studies, evidence is accumulating that the difference in
mycorrhizal dependency (MD = yield of plants with AMF/yield of plants without AMF) is a
strong gened trait in wheat(Hetrick et al, 1992) Reciprocal crossing of a high yielding
cultivar with low MD and a langce with high MD indicated chromosomal heritability of MD
(Manske, 1989)but attempts to correlateM$- responsiveness of wheadrietiesand wheat
progenies with the ploidy level gave no clear answer and could not reveal the localisation of
AMF-dependent genes in the wheat gen@iapulnik & Kushnir, 1991; Hetriclet al, 1995)
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Genotypedependent responses of crops to AMF have been found in several other crops
(Tawaraya, 2003)such as citru¢Graham & Eissenstat, 1994)nion (Taylor et al, 2015)
potato(Alaux et al, 2018) sorghum(Leiseretal., 2016) maize(Sawerset al, 2017) barley
(Castilloet al, 2012)and durum wheaSinghet al, 2012; Ercoliet al, 2017) In common

wheat, genotypeependent mycorrhization was first reported by Azcon and Ocampo (1981) in
spring wheat and was further studiedHbgtrick et al. (1992, 1993, 1996 winter wheat. In
several experiments, the authors compared modern wheat varieties, ancestors and landraces
from different countries after inoculation with AMF isolates in the greenhouse
(Hetrick et al, 1992) In these trials, mycorrhizal response was higher in older wheat varieties
(released before 1950) and laackes in comparison to modern wheat lines. From these
observations the authors concluded that breeding conducted in high nutrient environments for
increased nutrient use efficiencygas decreased the MD of modern wheat varieties
(Hetrick et al, 1996) This hypothesis was disproved in several greenhouse and field studies
that found higher or similar AMHRC levels in modern wheat and older varieties odiaces
(Ryanet al, 1994; Hildermanet al, 2010; Ercolet al, 2017; Lehnerét al, 2017) Moreover,
re-analyses of the dataset of Hetratlal by Sawerst al.(2010)using linear regression models

did not find the same correlation of variety and MOmetaanalysis byehmanret al.(2012)
manifested that breeding did not lower responsiveness of modern wheat varieties to mycorrhizal
fungi hence rejecting the theory Bigtricket al.(1993, 1996)However, screenings of different

crop species have shown negative response of domesticated crops tonddtFaddition of
P-fertiliser in contrast to positive AM¥esponse in their wild progenies under the same
conditions MartinrRobleset al., 2018) The authors of this study conclude that modern
varieties might have lost the ability to recognise beneficial symbionts hence resulting in
negative growth responses when the assoaiatith such is not benefitting the plant. These
findings reopened the discussion on varietal differemmeggmrding AMFRthat may or may not

beconsideredn breeding programmes.

2.4.3 ARE AMF RELEVANT FOR WHEAT PRODUCTION?

In contrast to the benefits providegd BMF to other crops (Sectiod.2.1), the importance of

AMF associations with wheat are still under debate among mycorrhizal scientists. The
previously described variation in responsiveness of different wheat varieties to AdE is
factor that fuels this discussion. Another is the ambiguous results that have been reported in
studies with AMF and wheat showing a strong dependency of agricultural management and
environmental conditionfRyan & Graham, 2018 Many greenhouse experiments with AMF

inoculation of wheat show positive effects such as increased biomass production
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(Azcdn & Ocampo, 1981; Oliveirat al, 2016) enhanced nutrient uptak@sliott et al, 2019)

and higher abiotiqLehnertet al, 2018; Mathuret al, 2019) and biotic stress tolerance
(Mustafaet al, 2016) At the same time, there are studies fhahdnegative growth responses

in differentcombinationsof AMF isolates and wheat genotgswith high and low Psupply
(Graham & Abbott, 2000; Let al, 2005, 2006;Garmendiaet al, 2017) This potential
detrimental outcome of AMF and wheat associations wasfirmed in field studies
(Ryanet al, 2005; Daiet al, 2014)while other studiesould not find connection between
AMF-RC and yield or nutrient uptakéRyan et al, 1994; Hildermannet al, 2010;

Mao et al, 2014) But there are also positive reports from field trialsereinoculation with

AMF enhanced wheat growth and yield in a field with almost no indigenous mycorrhizal
population(Mohammadet al, 2004)and increasedrain Zn and Fecontentof durum wheat
(Ercoli et al, 2017) Cabralet al. (2016) observed positiveorrelations of photosynthetic
activity and AMFRC under heat stress anmbculation of wheat with AMF could promote
drought tolerance leading to increased yield in water stressed (AwKsiraki et al, 2004)

Such effects might be particularly beneficial in notgated wheat producing regions where
rising temperatures and unpredictable or missing precipitationiseaienlikely to reduce yields
(Shiferawet al, 2013) For example, a field trial in India showed increhsgneral nutrient
concentrations after inoculation with AMF and plant growth promoting bacteria
(Méaderet al, 2011)

These beneficial effects in wheat with up to 20 % higher N and P contents and yields, as well
as 10 % higher Zn contents in response to AMF inoculation were summarised in-a meta
analyses byellegrinoet al.(2015)comprising results of 38 plibhed field trials Fig. 2.6 A).

This study was often cited as positive example for AMF application in crop production
(Benderet al, 2016; Imperialiet al, 2017; Verzeauxt al, 2017) but was also criticised by
mycorrhizal researchers who were of the opinion that farmers should notleroAS/IF in
wheat production as they found opposing effects in their experimféigts2(6 B) (Ryan &
Graham, 2018)in responseRillig et al.(2018)argued that their statement was too focused on
yields by listing the numerous other advantages of AMF on agroecosystem functioning.
Thereupon,Ryan et al. (2019) emphasied the need of holistic fieldased research that
considers the complex interactions of crop genotype, environment and management
(G x E x M) to draw rigorous conclusions on the role of AMF in agroecosystems
(Ryan & Graham, 2018)he discussion was finalised by a new raatalysis from the Rillig

group that included more field studies and variables and reported edrgesn yields in
response to AMF inoculatiofirig. 2.6 C) (Zhanget al, 2019) Surprisingly, this effect seemed

to be less pronounced in wheat varieties released after Fap®6 D), a factor that was
43



thought not to affect AMF symbiosis (Secti@w.2. From theseobservations the authors
conclude that AMF responsiveness should be considered in modern breeding programmes to
enhance wheat yields and to enhancas® efficiency in wheat as suggested by other

mycorrhizal scientistéSawerset al, 2008;Jacotét al, 2017; P. Campost al, 2018)
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Fig. 2.6. Effects of AMF on yield and crop production parameters of different-fireddulation
datasets with whedt) Meta-analyses by Pellegriret al (2015) on different growth and yield
parameters (AGB = above ground biomass, conc = concentration). A meah sifie

( He d g'ei® sgnifgantly different from zero when its 95% confidence interval does not
overlap zerd) Relation of yield and AMF root colonisation in field trialsRyan & Graham,
(2018)with wheat (n = 4) grown after fallow maintained with tillage (TF), rape seed (C), fallow
maintained with herbicides (CF), linofla) and subterranean clover (R2) Metaanalyses by
Zhanget al (2019) showing crop yields in response to AMF inoculation with effect of different
crops and carbon fixation strategy. Numbers in red and black are study and trial numbers,
respectively. Redlata points represent original trail d&dq Metaanalyses by Zhangt al

(2019) showing impact of year of release (new = after 1950, ancestor = before 1900) on effect
of field inoculation with AMF.
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2.5 SUMMARY

Decade®f research have gathered results from greenhouse and field trials that show a pivotal
role of arbuscular mycorrhizal fungi (AMF) in plant nutrition. This association was particularly
beneficial for vascular plants to conquer land millions of years ags btill evident in natural
ecosystems. In agroecosysterosnventional management practices have shown to deplete
arable soils of microbial activity for which reason commercially propagak¢d have been
recommended to farmer$he application of suchas not yet become standard practice as
inoculation success varies strongly depending on environmental conditions, crop genotype and
application methodThe need of such implementations has raised conflicting opinions in the
mycorrhizal researcher communitghich is currentlyconfrontedwith striking discoveries in
taxonomy evolution and palaeobiolggf mycorrhizalfungi. The new questions arising from
theseresearch areawill be met with rapidly advancing molecular tools, but to answer the
agronomic resarch questions will require more holistic approaches. These should involve both
phenological and molecular dadé crops and thie associated fungal microbiomesder the
impact of differenenvironmental factors. Wheet one of thenain staplefoodsandprobably

the most controversially discussed crop in mycorrhizal reseeneheoptimal conditions for
beneficial outcome of AMKymbiosisremain to be elucidated. The role of specific host and
fungal genotypes, but also the potential contributioiinef root endophytes in this association

deserve further investigation.
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CHAPTER 3.INTERACTIONS OF ARBUSCULAR MYCORRHIZAL
FUNGI AND WHEAT GENOTYPES UNDER
CONTRASTING AGRICULTURAL CONDITIONS

3.1 INTRODUCTION

The constant demand for yield increases in conventional wheat production is accompanied by
the application of large amounts of mineral nitrogen (N) and phosphorus (P) fertilisers
(Shiferawet al, 2013) In less intensive crop production systems, ai@ant proportion of P

is acquired by arbuscular mycorrhizal fungi (AMBmith & Smith, 2011; Smitbkt al, 2011)
Despite a growing body of evidence that AMF are able to mobilise and transfer N from
inorganic and organic sources to their hgsvdgeet al, 2001; Govindarajulet al, 2005;
Benderet al, 2015; Thirkellet al, 2019; Bukovské&t al, 2021) the significance of AMFor

plant N-uptake is still under debafBuicking & Kafle, 2015) Recent studies demonstrated that
AMF contribute to Nacquisition in wheat under controlled conditiq@$u et al,, 2016)and

that mycorrhizal mediated -Mptake can differ significantly between wheat varieties
(Elliott et al, 2019; Thirkellet al, 2020) These findings support the concept of breeding
programmes for wheat varieties that benefit from mycorrhizal symbiosis, but there are
conflicting opinions about this focuSinghet al, 2012; P. Campost al, 2018; Ryan &
Graham, 2018)Besidest he pl ant 6 s mycorrhizak funotionang is stromgly u s
affected by soil nutrient availabilitparticularly N and P(Corkidi et al, 2002) While the
performance of AMF is limited in higR environment§Smith & Read, 2008Yaising the ratio

of N:P has been suggested to enhance the efficiency ofgbiosis(Johnsoret al, 2015;
Piuschekt al, 2016; Verzeaurt al, 2016) This effect in lowP soils can be anticipated by the
addition of N in the form of mineral or organic fertilisers which have shown varying impact on
AMF (Azconet al, 1992; Treseder, 2004; Ercat al, 2017) Excessive application of-N
fertilisers have detrimental impacts on soil microbiota such as AMff et al, 2015;

Ercoli et al, 2017) while optimised Nmanagement is important to promateycorrhizal
diversity in agricultural soils(Liu et al, 2014) For the &tter, increasing the mycorrhizal
potential of a soil by the application of biostimulants that harbour multiple AMF species has
been suggested to improve crop performaiteeksemeaet al, 2010; Goslinget al, 2016;
Tamburiniet al, 2020, but this method was also reviewed as a potential risk for indigenous
AMF specieqHartet al, 2018; Thomsen & Hart, 20183l of these discussion points leave
open questions that are ideally answered by-fi@isled research to suggest optimal agronomic
conditions for AMF and whegRyanet al, 2019)
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3.1.1 AIMSAND OBJECTIVES

The exgriment described in this chapter was conducted to investigate the interaction of AMF
and two contrasting winter wheat varieties under the impact of different fertiliser types and crop
protection programmes in a lel environment. The fertilisers (mineraltrogen, biogas
digestate and farmyard manure) provide inorganic and organic sources of N and will show how
AMF are affected by the respectivesddurce. Furthermore, it was aimed to assess the effects

of an AMFbased inoculum on plant growth and mycorahioot colonisation as well as yield

and grain quality. The data from two consecutive growing seasons could then be analysed under

the assumption that

I.  Agricultural factors Yariety, fertiliser, pesticides) have a significant impact on the
symbiosis of AMF and wheats host genotype, nutrient environment and plant
health have shown to determiifethe outcome of mycorrhizal associations is
beneficial to negativen agroecosystems

[I. By identifying the optimal conditions, AMF can contribute to yield and gieatth
and decrease both fertiliser and pesticidentseh has been demonstratedgaveral
other cropsand ultimately represents the sustainability aspect for applying

biostimulantsor promoting native mycorrhitassocationsin agricultual systems.
In summary, these hypotheses will be tested by the following objectives:

1. Monitoring of colonisation of AMF in root systems of winter wheat at key development
stages under the impact of inorganic and organsodlces under conventional and
organic crop prtection management

2. Assessing the impact of a commercial AMF inoculum on plant health, performance,
yield and grain quality

3. Comparing two wheat varieties from conventional and organic breeding backgrounds
in their response to AMF colonisation under thduiafice of different agronomic
management practices

4. Sample root material for molecular analysis of AMF communities and tracing of AMF

inoculum
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3.2 MATERIALS AND METHODS

3.2.1 FIELD SITE

The field trials were conducted at the research facilities of Newcastle Briivery 6 s Naf f er t
Experimental Farm in Northumberland (54°59'27.26"N, 1°54'26.96"W, Stocksfield, UK) in

two consecutive years from autumn 284718, and from autumn 202819 (hereafter referred

to as the 2018 and 2019 seasons).

3.2.2 CLIMATE CONDITIONS

The climate of the experimental area in Northern England is humid temperéitecool
temperatures during winter and moderately warm summers with precipitation distributed fairly
evenly throughout the year. Weather data at Nafferton Farm was recorded doysie
automatic station located within 700 m of the field trials. The weather of the field site differed
during the two years with dry weather conditions during the summer of 2018 (Appendix A,
Fig. A.1) and high precipitation during the summer of 2019. Warm temperatures in summer
2018 passed to a mild winter season in 22Q89 which was much warmer particularly in

January/February compared to the previous winter 7-2018.

3.2.3 SOIL CONDITIONS

The soil type at the experimental field sites is a uniform sandy clay (Baminet al, 2014)
formed in slowly permeable glacial till deposi@mbic StagnoglegAvery, 1973)and had a

pH of 6.25 in spring 2017 before the start of the experiment. At the same time point, available
phosphorus, potassium and magnesium content mweasuredTable3.1). This analysis was

repeated in spring 2019.

Table3.1. Soil properties (topsoil) for the field trials in 2018 and 2019.

pH P[mg L7 Kmg L] Mg [mg L]
2018 (n=16) 6.4+0.13 6+0.44 66.8+7.74 145.8+7.83
2019 (n=4) 6.8+0.11 8.1+1.49 72+8.86 157+6.18
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Available nitrogen (N) content in the form of ammonium and nitrate, was recorded during the
spring of 2018 and 2019 for plots treated with farmyard manure (FYM) in the autunzer@nd

input plots (n=64) each year at three different soil deptH0,03660 and 6690 cm
(Table3.2). Soil sampling for available N was extended in the second season i.e. the spring of
2019 to include AMFnoculation, crop protection and tlefect of variety to try and identify

any residual effects on N availability from
conducted by NRM Laboratories (Berkshire, UK).
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Table3.2 Soil mineral nitrogen (means = SE) at three depths for field trials in 2018 (n = 4) and
2019 (n = 16) in plots treated with farmyard manure (FYM, 170 kg™N aad plots without

fertiliser and with conventional (conv. CP)anganic crop protection (org. CP).

NOsT N [mg kg?] Depth [cm] 2018 2019
FYM -org. CP 0-30 4.9+1.34 1.8+0.30
30-60 2.3+0.41 1.8+0.46
60-90 1.6+0.26 1.6+0.40
FYM - conv. CP 0-30 3.6x0.75 2.3+0.28
30-60 3.0+0.76 2.2+0.47
60-90 1.6+0.53 1.7+0.30
Zero-input - org. CP 0-30 3.7+£0.98 210.29
30-60 3.6+0.8 1.7+0.27
60-90 1.3+0.53 1.4+0.21
Zero-input - conv. CP 0-30 3.5+£0.21 2.7+£0.48
30-60 3.0+£0.46 3+0.48
60-90 1.5+0.56 2.2+0.43
NH41 N [mg kg!]
FYM -org. CP 0-30 2.8+0.51 2.2+0.27
30-60 0.8+0.09 0.4+0.05
60-90 0.6+0.09 0.4+0.09
FYM - conv. CP 0-30 3.7+0.38 3.0+£0.25
30-60 0.8+0.10 0.3+0.08
60-90 0.7+0.05 0.2+0.05
Zero-input - org. CP 0-30 2.9+0.68 2.0+£0.36
30-60 0.9£0.12 0.4+0.05
60-90 0.6+0.09 0.5+0.15
Zero-input - conv. CP 0-30 2.3+0.48 3.2+0.25
30-60 0.7+0.13 0.3+0.07
60-90 0.6+0.05 0.3+0.07
Total available N [kg ha']
FYM -org. CP 0-30 29.0+4.89 14.8+1.64
30-60 11.6+£1.35 8.4+1.67
60-90 8.51+0.74 7.5£1.53
FYM - conv. CP 0-30 27.3£2.25 20.0+£1.44
30-60 14.3+2.71 9.5+1.84
60-90 8.5+2.08 7.3£1.18
Zero-input - org. CP 0-30 24.7+1.83 15.0+1.68
30-60 17.0£2.83 7.7£1.03
60-90 6.9£1.92 7.0£1.03
Zero-input - conv. CP 0-30 21.8+1.58 22.0+£2.39
30-60 13.9+1.92 12.6+£1.82
60-90 7.7+£2.24 9.1+1.63
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3.2.4 EXPERIMENTAL SET-UP

The interactions of mycorrhizal inoculation, fertility management, variety and crop protection
were assessed in a randomised sglit-split plot factorial design on an area of 0.3 ha

(Fig. 3.1). Each of the four main blocks represented a replicate of the overall 32 tested
conditions leading to a total of 128 plots. Within each replicate block, organic and conventional
crop protectio treatments were compared in twoduicks (24 m x 24 m). Each wheat variety

was drilled into 24 m x 4 m strips, fertiliser sources were applied across the plots (6 m width)
such that individual treatment plots were 6 m x 4 m. For each variety the@nviragculated
treatment (+AMF) and a control without AMF with a 1 m gap between each inoculation
treatment. Between the two different variet

both seasons to provide a buffer zone.

| 24m | | 24m
Il |+awvF
I
El|S
| L
Ell |-amrF
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Fig.3.1. Trial layout of one of the four replicate blocks of the 2018 and 2019 field trials showing
crop protection (dots = conventional crop protection, plain = organic crop protection), and
fertiliser source treatments (ZEero-input, FYM = farmyard manure, MN = mineral nitrogen,

BG = biogas digestate) with + ardAMF inoculated seed of the two winter wheat varieties
Aszita and Skyfall.
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3.2.5 AGRONOMIC MANAGEMENT

All agronomic treatments and applications during the field trran 20172019 are listed in
Table 3.3. Before the setip of the trials, the experimental fields had been covered with a grass
clover mixture in thetwo previous years. Winter wheat was drilled in early autumn after
farmyard manure (FYM) had been applied to the treatment plots at a rate of 170 Kg N ha
Biogas digestate and mineral fertiliser (Ammonium nitrate, Nitram 34.5% N, CF fertilisers UK
Ltd.) were applied in spring at the sameadde. Samples of FYM and biogas digestate were
analysed for nutrient composition at NRM Laboratories (Appendikable A2).
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Table 3.3. Agronomic practices used during the 2018 and 2019 field trials at Nafferton Farm

Application 2018 2019
Previous crop Grass/clover Winter wheat
Sowing date 12 October 2017 26 September 2018
Seed rate 400 seeds rhboth varieties Skyfall 400 seeds

Crop emergence

Herbicides
Autumn
03/11/2017
01/10/2018

Spring-Summer
05/05/2018
10/05/2019

Fungicides
T1

04/05/2018
10/05/2019

T2
30/05/2018
29/05/2019

T3
22/06/2018
21/06/2019

Plant growth regulators

Aszita 550 seeds ™

24 November 2017 15 November 2018

Liberator (400 g [* flufenacet anc Liberator (400 g i
100 g L diflufenican) 0.6 L h&  flufenacet and 100 gt
diflufenican) 0.6 L ha

Axial (55 g L pinoxaden) !Axial 0.3L hat (55 g Lt
0.3 L hat, pinoxaden)

Adigor (47 % w/w methylated  Adigor (47 % w/w methy
rapeseed oil) 1 L hg Fluroxypyr lated rapeseed oil) 1 L Ha
(200 g L', 20.4% w/w)1 L hal  Fluroxypyr (200 g L,

20.4% w/w) 1 L ha

Kestrel (160 g [ (16.2% w/w)
prothioconazole, 80 g1(8.1%
w/w) tebuconazole and 2 L hat, Enterprise
N,N,-Dimethyl decanamide) (140 g L'* boscalid and 50
1 L hat, Bravo 600 g L* Chloro- L™ epoxiconazole)
thalonil, 40.65% w/y 1 L hat 2.5L hat

Turret (500 g ! (40.4%
w/w) chlorothalonil)

Adexar (62.5 g I* epoxiconazole Ceratavo Plus (100 gL
+62.5 g [* fluxapyroxad) 1.5 L  benzovindiflupyr) 0.75 L
hat, Bravo 600 g L' hat, Daconil (500 g [*
chlorothalonil, 40.65% w/wW 1 L chlorothalonil) 2 L ha,
hat Epic (125 g ! epoxF
conazole) 1 L hi&
Kestrel (160 g [* (16.2% w/w)  Kestrel(160 g L' (16.2%
prothioconazole and 80 g'L w/w) prothioconazole &
(8.1% wi/w) tebuconazole) 1 L H 80 g L* (8.1% wiw)
tebuconazole) 1 L hia

applied at T1 Chloromequat 1.25 L hia Chloromequat 1.25 L ha
Fertilisers

FYM (September) 170 kg N hd 170 kg N ha

Biogas digestatgApril) |170 kg N ha 170 kg N ha
2Ammonium nitrate at | 170 kgN hat 170 kgN hat

34.5 % (April)

Combine harvest 24/25 August 2018 29 August 2019

! This herbicide treatment was applied to all plots due to high weed pressure in 2019.
2 Ammonium Nitrate was applied in two applications i.e. 70 k§ihamid-April and 100 kg

two weeks later.
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Wheat was drilled in early autumn using a twin hopper (8 ST, Horsch, Germany) with

a working width o4 m. This machine enabled drilling of wheat seeds at a soil depth of ~ 6 cm
and the simultaneous placement of the inoculum 2 cm below the seed. In the first year, seed
rates were similar for both varietjelsut in the second year were unintentionally higioer
Aszitadue to the incorrect settings of the seed hopiaii¢ 3.3). Crop emergence was assessed

by recording the average of counted plants in two randomly selected areas of 0.5 x 0.5 m for
each plot.

Conventional crop protection and plant growth regulaooav. CP) were applied throughout

the cropping season at the required growth stabasg 3.3). Pesticides were selected based

on their AMF compatibility according t8martRotations (Plantworks Ltd., UK).

3.2.6 WHEAT VARIETIES

Two winter wheat varieties were selected based on their contrasting characteristics
(Table3.4). Both varieties are considered as bread wheats, although classifications are different
due to their release in different countries.

Table 3.4. Variety characteristics of the wheat varieties Skydatl Aszita according to the
breeder and www.wheatatlas.org

Skyfall Aszita
Release 2014, United Kingdom 2004, Switzerland
Breeder RAGT Seeds Ltd. Getreidezlchtung
Peter Kunz
Growth habit Winter Winter
Breeding background Conventional Organic
Yield High Low
Growth Short straw Long straw
Protein content 11.8 % 13.1%
Disease resistance:
A Yellow Rust medium good
A Septoria triticiblotch medium excellent
A Fusarium head blight high very good
A Mildew medium good

Skyfall is a modern, high yielding, semhvarf variety, which is onef the most widely grown
winter wheats on the UK market (RAGT, UK). Skyfall possesses a medium to high resistance
to common wheat diseases such as Fusafaptoria triticiblotch and brown rust or eyespot.
Aszita on the other hand is mostly used in orgaamc biodynamic wheat production

(http://biosorten.de/wiki/Aszita). The variety is characterised by long straw growth of more
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than 1 m and achieves low grain yields, but with high quality.

From the information provided by the breeders, Skyfall and Aszga vary in their
development time with Skyfall being an early flowering variety and Aszita a late flowering
variety. This behaviour leads to slight shiftsthe growth stageg- 4 Zadoks growth stages
difference) but due to practical reasons assesssnantd sampling were conducted for both

varieties on the same day.

3.2.7 AMF INOCULUM

The inoculum(INOQ Advantage, INOQ GmbH, Germany}ed in the field experiment was a
powderof sheared rootsf different host plantslable3.5) that weregrown in bedsfilled with
sterilized sand/vermiculitmixtures (36:65under ambient light and temperature conditions in
northern Germany (Loitz8olkau,52°54'18.0"N 10°50'01.5"E The rootscontained three
different AMF species Rhizophagus irregularis Funneliformis mosseage Funneliformis
caledoniu$ according to the producer. The species composition in the inoculum as well as the
number of propagules was different in the two ping seasonsl@ble3.5). This variation is

due to climate conditions at the seoointrolled production facilities of INOQ GmbH that

impact sporulation and mycorrhizal growth (Louis Mercy, pers. comm.).

Table 3.5. Compositionof host plantand AMF speciesas well asnumber of propagules in
mycorrhizal r Adtvamdwderd @lphpO@Qed at the begi

2018 2019
Host plant species Plantago lanceolataZea Zea mays
mays Ocimum basilicum Plantagolancelota

Euphorbia lathyrism
Allium schoenoprasum
Petroselinum crispum

AMF species

A Rhizophagus irregularis 84 % 53 %

A Funneliformismosseae 15 % 27 %

A Funneliformis caledonius 1% 20 %

Number of propagules 11.08 Bio propagules kg 180 Mio propagules kg

! The proportion oR. irregularis in the inoculum of the first year contained a single strain (Q¢
and two strains (QS81 and MAL1) in the second year (Louis Mercy, pers. comm.)

The inoculum was applied at a rate of 100 ¢ baing sterilised sand as a carrier substrate.
Before drilling, 150 g of INOQAdvantage was mixed thoroughly into 15 kg of sterilised sand
and filled into the hopper tank. After drilling and inoculation in the field, excess inoculum was
collected from the hopper to calculate the actual applied amount. Sterilisedvigaout

inoculum was applied to the plots in the contrAMF treatment.
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3.2.8 SAMPLING FOR BIOMASS AND AMF ROOT COLONISATION

Sampling time points were selected based on physiological time points during wheat
development that would be reflected in mycorrhipat colonisationig. 3.2). The first time

point at crop emergence (GS12) was selected to show potential early colonisation by AMF,
whereas the send time point at GS22 would be reached just after winter giving a base level
of AMF root colonisation before the start of rapid spring growth. The next sampling was
conducted at stem elongation (GS32) after the applicatidmmoggs digestatand mineralN
fertilisers, as well as the first fungicide treatment of the crop protection prograrabie3.3).
Flowering at GS65 marks the shift in the developreigtrain set. The last sampling was done

before harvest at GS90 to assess whether AMF were still colonising roots during maturity.

® FOUNDATION CONSTRUCTION

Six months Two months
From sowing to the start of stem extension. From first node to flowering.
Yield-bearing shoots and primary roots form. Yield-forming leaves, fertile florets, stem reserves
The canopy Is incomplete and light is dull, and deep roots form. Canopy is complete and light
0 growth s slow. Is bright, so growth is fast.

Gs21 GS30 GS39 GS59 Gse7

Ear formation {Flowering

. Stom storage

e

Leaf emerging on main shoot
4 5 10 1" 12 13 14

Root growth

GS00  GS10 G831 GS61 G892

Fig. 3.2. Key development phases and growth stages of winter wheat in tQaHIB, 2018)
For the present study, growth stages (GS) and benchmarks (B) might be shifted to slightly later
calendar dates due to the location of the field trials in thih mdthe UK.

Shoot and root samples were collected at five key development stages of wheat according to
Zadokset al (1974)for the monitoring of plant growth and AMF colonisation of root systems
(Table3.6). Due to their different physiology, Skyfall was usually ahead of Aszita in terms of
development. Dates of sampling varied between the two seasons difterient weather

conditions that affected plant growth and development.
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Table3.6. Sampling dates during the growing seasons ZIP

Sampling Zadoks-growth Description Sampling dates during trials
stage 2018 2019

18t 12-13 Seedling growth 06/12/2017  29/11/2018

2nd 22-23 Tillering 26/03/2018  05/03/2019

3 32-33 Stem elongation 22/05/2018  14/05/2019

4th 62-64 Flowering 19/06/2018  25/06/2019

5t 90-92 Maturity 01/08/2018  14/08/2019

For the first two growth stages, plants were sampled from an area of 0.25 m? in each plot to
extract whole plants from the soil. From GS32 onwards roots and shoots were sampled
separately by cutting off the shoots within the sampling area (@2 at the stem base, prior

to digging the roots out. Tillers were counted and weighed before and after drying at 70°C.
Dried shoot samples were milled (SK300, Retsch, Germany) and filled into tubes prior to
processing for nutrient analysis.

Roots wereextracted from the upper 15 cm of the topsoil layer around the stem bage of 5
selected plants in the same sampling area. Roots were washed under running tap water to
remove all soil residuals and were then transferred into 50 ml Falcon tubes withth@rel E

The samples were stored at 4°C in darkness prior to staining.

3.2.9 ROOT STAINING AND AMF-COLONISATION ASSESSMENT

Root samples were stained using thevirlegar method described Myerheilig et al. (1998)
First, roots were rinsed in tap water to remove ethanol residuesaitpting. Then, samples
were incubated in 10 % KOH solution at 80°C and subsequently iadg¥ate5%-China ink
solution either over night or in the oven. Incubation times in the oven were betw&én 1
depending on the sampling time with younger rootagishorter incubation times than older

roots from later growth stages. Roots were rinsed in tap water between each step.

For the colonisation assessment, 30 randomly chosen root pieces of approx. 1 cm length were
cut from each sample and placed on a calide (24 x 50 mm; Carl Roth GmbH + Co. KG,
Germany). This slide was then pressed on a microscope slide (Menzel Glaser; Thermo Fisher
Scientific, USA) with 70 % Glycerol for sample preservation. Root colonisation [%] by AMF
was assessed under the micrgsc@dPrimo Star, Zeiss, Germanyicroscopy data of the
observed colonisation was entered in a Microsoft Excel spreadsheet (INOQ Calculator
Advanced, Louis Mercy, 2017). This programme calculates mycorrhizal colonisation
parameters as described Tipuveld (1986) which are AMF frequency (F %), AMF intensity
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(M%) and arbuscule intensities (A%) in the whole root system as well as mycorrhizal and
arbuscule intensities in single mycorrhized root fragments (m% and a%). TheG&lO@ator
Advanced extends thimethod for vesicle abundance (V%, v%) and intensities of intraradical
hyphae(H%, h%). Vesicles are quantified by a scal8-8faccording to the intensity of vesicles

in each root fragment similar ranking as for arbuscule abundahbtghal intensitiesvere
obtained by subtraction of arbuscule and vesicle intensities from M% assuming that AMF are
composed of three physiological parameters i.e. hyphae, arbuscules and (Msitgs2017)

These parameters are stated in relation to edwr ¢Ar %, Hr%, Vr%) which add up to the
overall M%. Additionally, the spreadsheet contains a column for the differentiatianumof

and paris-type arbuscules, but this assessment was not possible for the field samples in this
study. For the sake of clayjtresults of AMF colonisation are summarised prioritising F%, M%

and the three mycorrhizal components A%, H% and V%.

3.2.10DISEASE ASSESSMENT

Disease severity, normalised difference vegetation index (NDVI) and leaf greenness (SPAD,
Section3.2.1]) were assessed during the period between flag leaf emergence (GS39) and the
end of flowering (GS69) at 104 day intervals. Assessments weoaducted on 10 randomly
selected tillers within each plot. Overall, four disease assessments on leaves and one assessment
on wheat ears were conducted along with four to five SPAD and NDVI assessments in each
year.

Disease severity was assessed for poydaldew Blumeria graminisf. sp. tritici), yellow

rust Pucchinia striiformid. sp.tritici) andSeptoria triticiblotch ymoseptoria tritigi on the

first, second and third leaf by estimating the % of leaf area coy8rexher, 1977)Diseases
scored on the ears were Fusarium Haayht (Fusariumspp.), yellow rust, powdery mildew as

well as glume blotchRarastagonospora nodorymrhe area under the disease progress curve
(AUDPC) was calculated for each disease and time point using the formula of Shaner and
Finney (1977).

3.2.11SPAD AND NDVI

Chlorophyll content was measured using a Haeld SPAD meter (SPAD 502 Plus; Konica
Minolta, Japan). Ten readings on flag leaves from two areas within each plot were conducted
and summarised to one average value.

The NDVI was measured using a Gre8eeker® (Trimble, USA). Measurements were
conducted by moving the sensor horizontally for around 10 seconds over the crop canopy at a
height of 30 cm. Two duplicate readings were collected per plot to cover the whole plot area.
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3.2.12FINAL HARVEST AND GRAIN ANALYSES

Plant height as well as plant number were assessed on an area of 0.25 m2 from each plot one
week before harvest. Shoots were removed from the area and tillers were counted. Biomass of
ears and shoots was determined separately before andrgftey at 70 °C for 72 hrs. Dried
subsamples of shoots (50 g) were stored for nutrient analyses and a subsample of ears (150 Q)
was threshed (LD350; Wintersteiger, Austria) for yield component analyses. Seeds were
weighed and total seed number, as wethassand grain weight (TGW) were determined using

a C3seed counter (Elmor, Switzerland).

Harvest (Dominator 38; Claas, Germany) was conducted under dry weather conditions after
lodging had been mapped. Total fresh yield was recorded per plot duringnocambBA
subsample of grain (200 g) was collected and dried at 70°C for three days for determination of
grain moisture content. Grain yields throughout are presented at 15% moisture content. The
grain was cleaned (Lainchbury HC1/7 W grain cleaner; Blagirtgering, UK) before TGW
determination.

Grain samples of approx. 500 g were used for grain quality analyses which were conducted in
the laboratory of Coastal Grains Ltd. (Belford, United Kingdom). Protein content, hectolitre
weight and moisture contentene measured by nemnfrared transmittance technology in a
grain analyser (Il nfratec Efalih@numbermeaswenentsDe n r
(Hagberg, 1961 )around 50 g of grain were milled (LM 3100, Perten, Sweden). Depending on
the moisture content, a portion of flour was mixechv@d ml of distilled, deionised water in a

glass tube which was then placed in a Falling number system (FN 1310; Perten, Sweden).

3.2.13PLANT NUTRIENT ANALYSIS

Nutrient and Nconcentration in shoots and flour samples were analysed as descritvahgy
et al. (2020) In brief, contents omacre and micro mineral nutrients were measured by
Inductively Coupled Plasma Optical Spectrometry ¢lQS). As preparation, samples were
digested in nitric acid using a microwave reaction unit (GERs 6, USA). Nitrogen
concentrations were assessedhsytotal combustion method using a vario MACRO cube C/N

Analyzer (Elementar Ltd., Germany).

3.2.14STATISTICAL ANALYSIS

The effects of season and agronomic management practices were analysed in linear mixed
effect models using the nilsmackage (Pinheiro & Bates, 2000)in RStudio
(vs. 4.0.2, R Core Team 2020). Mixed effect models are different to linear models and analyses

of variances as they distinguish between fixed and random effedsvley, 2013) Fixed
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effects describe factors which explain the mean of a variable of interest, whatkas edfects

explain potential variance of the variable. Given the experimental design of the field trial

(Fig. 3.1), season, crop protection, varie§MF inoculum and fertiliser were nested as fixed

effects within blocks. Blocks containing the treatments umadoulatiorlevel were used as

random effects to incorporate possible environmental heterogeneities at the field site

(e.g. soil structure, slegp) i n t he model .sedT hoef |tahset nfeasctteodr eOxfy
design was not included in random effects as fitting these can saturate the model and is therefore

not recommende(Pinheiro & Bates, 2000)

Biomassand AMF root colonisation data was analysed by growth stage to exclude the effect of

plant development. Normal distribution was assessed byplQfing of residuals as a pre

requisite for analyses of variance (ANOVA). The commonly applied artsanefomation of

mycorrhizal colonisation data was refused as most AMF parameters showed normal distribution

within the model(Warton & Hui, 2011) Multiple comparisons of fertiliser treatments were

analysed with Tukey contrasts by general linear hypothesis testing (glht) using the multcomp
package (Hothorn et al, 2008) Posthoc analyses for significant twway inter&tions

PO 0.05) were conducted using the same metho
packaggWickham, 2016)

3.3 RESULTS

There was one plot in the 2018 season with Skyfall, farmyard manure (FYM) and AMF
inoculum application that showed a very low crop establishmenhance was not used for

data collection.

3.3.1 GRAIN YIELD, TOTAL BIOMASS, PLANT HEIGHT AND HARVEST INDEX

Grain yield varied significantly between yegns=(0.006,Table3.7) with 2018 showing higher
yields than 2019. This difference was also visible in a lower harvest index in 2019. Although
plants were significantly taller in 2019 compared to 2018 (0.002), there was no seasonal
variation in total biomas£onventional crop protection (conv. CP) increased grain yield, total
biomass and harvest index but organically managed wheat plants were taller
(p=10.001). Grain yield as well dmrvest indexvere significantly higher in Skyfall compared

to Aszita whit was taller than the serdwarf variety. Inoculation with AMF had no effect on
yield or biomass production, but fertiliser treatment had a significant impact on all yield
parameters. Highest grain yield, plant height and biomass were in response tbmitnogen

(N) and biogas digestate application. Harvest index was highest in plantsogés digestate
treatment and marginally lower in FYM andneralN treated wheat. The lowdsarvest index
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was found in zeranput plots that also showed the lowk&imass production, plant height and
grain yield in comparison to fertiliser treatments. Wheat with FYM showed intermediate grain
yield, height and biomass production, Ihatrvest indexvas not different to thenineral N

treatment.

Table3.7. Effects of season, crop protection, variety, AMBculation and fertiliser on plant
height, total biomass, grain yield and harvest index. ANOM#alues in bold indicate
significant main effects and interactions. Mewiithin columns followed by the same letter are
not significantly differentapO 0. 05 .

Plant height Grainyield Total biomass Harvestindex

[cm] [t ha!] [t hal] [%0]
Year (YR)
2018 (n=127) 77.8+1.62b 6.6+0.18a 8.6+£0.24 51+0.49a
2019(n=128) 86.6+1.57a 4.1+0.16b 8.8+0.31 39+0.56b
Crop protection (CP)
Conventional (n=128) 76.9+1.5b 6.31£0.2a 9.91+0.3a 47.2+0.72a
Organic (n=127) 87.5+1.64a 4.3x0.16b 7.5+0.21b 42.7+0.72b
Variety (VR)
Aszita (n=128) 97.4+0.99a 4.9%#0.16b 9+0.29 40.91+0.56b
Skyfall (n=127) 66.8+0.83b 5.7+0.22a 8.4+0.27 49+0.73a
Inoculation (AMF)
-AMF (n=128) 81.7+1.63 5.2+0.19 8.7+0.28 45.1+0.72
+AMF (n=127) 82.7+1.65 5.4+0.2 8.7+0.27 44.8+0.77
Fertiliser (FT)
Biogas digestatén=64) 86+2.26a 6+0.27a 9.6+£0.39a 46+1.12a
Farmyard manurén=63) 79.8+2.41b 4.9+0.2b 8.5+£0.35b 44.6+0.99ab
Mineral N(n=64) 87.1+2.19a 6.1+0.35a 10.2+0.39a 45.3+1.04ab
Zeroinput (n=64) 75.9+2.16¢c 4.3%+0.22c 6.5+0.28¢c 43.9+1.07b
ANOVA p-values
Main effects
YR 0.002 0.006 ns 00. 00
CP O00.00 OO0.0C 00. 00 00. 00
VR O0. 00 0.004 ns 00. 00
AMF ns ns ns ns
FT O00.00 OO0.0C O00. 00 0.003
Interactions
YR:CP 0.019 ns ns ns
YR:VR ns ns ns ns
CP:VR 0.002 0.019 ns ns
YR:AMF ns ns ns ns
CP:AMF ns ns ns ns
VR:AMF ns ns ns ns
YR:FT O0. 00 0.009 0.008 ns
CP:FT 0.004 O00. 0¢( 0.008 0.041
VR:FT ns ns ns 0.002
AMF:FT ns ns 0.028 ns
YR:CP:VR ns ns ns ns
YR:CP:AMF ns ns ns ns
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YR:VR:AMF ns ns ns ns

CP:.VR:AMF ns ns ns ns
YR:CP:FT ns ns ns ns
YR:VR:FT ns ns ns ns
CP:VR:FT ns 0.044 ns ns
YR:AMF:FT ns ns ns ns
CP.AMF.FT ns ns 0.022 ns
VR.AMF.FT ns ns ns ns
YR:CP:VR:AMF ns ns ns ns
YR:CP:VR:FT ns ns ns ns
YR:CP:AMF:FT ns ns ns ns
YR:VR:AMF:FT ns ns ns ns
CP.VR.:AMF.FT ns ns 0.021 ns
YR:CP:VR.:AMF.FT ns ns ns ns

Crop protection affected plant height differently in the two seagors(.019, Table 3.7).
Average plant height was lower in 2018 compared to 2019 independent dBBIE3.8). In

both field trials plants were taller in plots with org. CP.

Table3.8. Effect of season x crop protection (CP) on plant height.

Means = SE (n=32) Season Conv. CP Org. CP
Plant height [cm] 2018 71.2+1.96 Bb 84.5+2.3 Ba
2019 82.6+2.04 Ab 90.5+2.29 Aa

Means followed by the same uppease letter within a column and the same levase letter within a row
are not significantly differentfqprO Ob YW 5Tukey s HSD test

The interaction of variety x CP significantly affected plant height 0.002) andyrain yield

(p = 0.019) in both season§gble3.7). Aszita was taller than Skyfall independent of growth
regulator applicationTable 3.9). Grain yield of Skyfall was higher with the use of pesticides
(conv. CP) than with org. CP. With the latter, grain yield levels of Skyfak snilar to those

of Aszita which achieved lower yields than Skyfall also with conv. CP.hHneest indeof
Skyfall was higher than Aszita, even though it was lower when org. CP was applied.

Table3.9. Effect of variety x crop protection (CP) on plant height, grain yield and harvest index.

Means + SE (n=32) Variety Conv. CP Org. CP
Plant height [cm] Aszita 90.7+1.21 Ab 104.2+1 Aa
Skyfall 63.1+1.23 Bb 70.6£0.89 Ba
Grain yield [t ha1] Aszita 5.5+0.21 Ba 4.3+0.22 Ab
Skyfall 7+0.32 Ab 4.4+0.22 Aa
Harvest index [%] Aszita 42.5+0.76 Ba 39.2+0.79 Bb
Skyfall 51.8£0.91 Aa 46.2+1.05 Ab

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test

62



The interaction of fertiliser x season influenced all grain yield parameters &arepst index
(Table3.7). In all tested nutrient regimes, plants were taller in 2019 than J@8e@.10). In

2018, plants were tallest in plots treated witimeralN, but the same level was reached with
biogas digestatapplication in 2019. Wheat treated with FYM was taller than wheat without
fertiliser application, but only in 2019. Total crop biomass at harvest was highest in plots with
mineralN application and lowest irerainputplots in 2018. Only in plots withiogas digestate

did biomass production increase from 2018 to 2019 while difeatments showed no
significant variation between seasons. With that incrdaiegas digestateecached similarly

high levels of biomass as in theneral Ntreatment which asslightly lower in 2019 than the
biogas digestatieeatmentGrain yield was lghest in wheat which receivédibgas digestater
mineralN in both seasons. Compared to these two treatments, FYM application resulted in
lower yields which were on a similar level with yields fraerainput plotsin 2018, but higher

in 2019. Under alhutrient regimes, grain yields were lower in 2019 than 2018.

Table3.10. Effect of season x fertiliser on plant height, total biomass and grain yield.

Means + SE (n=32) Fertiliser 2018 2019

Plant height [cm] Biogas digestate ~ 79+2.9 Bb 92.9+3.04 Aa
Farmyard manure 76.1+3.64 Cb 83.4+3.08 Ba
Mineral N 82.4+3.16 Ab 91.7+2.84 Aa
Zeroinput 73.7£3.17 Cb 78.2+2.93 Ca

Total biomass [t hal] Biogas digestate  8.9+0.44 Bb 10.3+0.63 Aa
Farmyard manure 8.1+0.46 Ba 8.8+0.53 Ba
Mineral N 10.5+0.42 Aa 9.9+0.66 ABa
Zeroinput 6.9+0.36 Ca 6.2+0.43 Ca

Grain yield [t ha'] Biogas digestate  7.3£0.31 Aa 4.7+0.31 Ab
Farmyard manure 5.8+0.23 Ba 4+0.24 Bb
Mineral N 7.6£0.44 Aa 4.6+0.38 Ab
Zeroinput 5.5+0.22 Ba 3.1+0.23 Cb

Means followed by the same upgmase letter within a column and the same lewase letter within a row
are not significantly differentfgpO Ob W 5Tukey 6s HSD test

The CP x fertiliser interaction had significant impact on all assessed yield parameters
(Table 3.7). Wheat treated with conv. CP was shorter compaoedtieat with org. CP
(Table 3.11). Independent of CP application, plants were tallest Witlgas digestatand
mineralN followed by FYM and shortest zerainputplots

With or without fertiliser treatment, wheat with org. CP produced less biomass compared to
wheat with conv. CP. With conv. CP, total biomass was highest withitltexalN andbiogas

digestatetreatments and lowest zercinput plots. With org. CP, biomass production in all
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fertiliser treatments was not significantly different, but higher compare@rminput plots
Grain yield was overall higher in wheat that received conv. CP compared to org. CP. In wheat
with conv. CP, highestrgin yield was achieved in responsertimeralN application, followed

by biogas digestatapplication. Lowest grain yield was harvested from FYM anaéhneinput
plots. In wheat with org. CP, highest grain yields were achieved migbas digestate
application followed bymineralN and FYM treatments and lowest yieldszgroinput plots.
Compared to plots with conv. CRarvest indexvas lower with org. CP for all tested nutrient
regimes. In wheat with conv. CRarvest indexvas highestri wheat withbiogas digestatand
mineralN and lowest in wheat following FYM application and without fertiliser input. In wheat
with org. CP harvest indexvas highest witlbiogas digestatand significantly lower irzero
input plotsthan in wheat with feiliser application.

Table3.11. Effect of crop protection (CP) x fertiliser on plant height, total biomass, grain yield
and harvest index.

Means + SE (n=32) Fertiliser Conv. CP Org. CP

Plant height [cm] Biogas digestate  81.842.89 Ab 90.1+3.36 Aa
Farmyard manure 72.6+3.1 Bb 87.1+3.25 Ba
Mineral N 83.1+2.86 Ab 91+3.2 Aa
Zeroinput 69.9+2.52 Cb 81.9+3.21 Ca

Total biomass [t hal] Biogas digestate 11.1+0.56 Aa 8+0.38 Ab
Farmyardmanure 9.4+0.53 Ba 7.5£0.39 Ab
Mineral N 11.9+0.5 Aa 8.410.42 Ab
Zeroinput 7.2£0.43 Ca 5.9+0.33 Bb

Grain yield [t ha1] Biogas digestate  6.8+0.36 Ba 5.2+0.36 Ab
Farmyard manure 5.5+0.29 Ca 4.3+0.24 Bb

Mineral N 7.9+0.41 Aa 4.2+0.32 Bb
Zeroinput 5+0.32 Ca 3.7t0.26 Cb
Harvest index [%)] Biogas digestate  48.1+1.46 Aa 43.8£1.64 Ab
Farmyard manure 46.2+1.4 Ba 42.9+1.36 ABD
Mineral N 48.4+1.4 Aa 42.2+1.35 ABb
Zeroinput 46+1.52 Ba 41.9+1.43 Bb

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test
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The harvest indewaried in the two varieties depending on the applied fertiliger 0.002,
Table 3.7), but was higher in Skyfall than Aszita independent of fertiliser treatment
(Table 3.12). No variation ofharvest indexn response to fertiliser treatments occurred in
Aszita. In Skyfall, highegtarvest indexvas achieved withiogas digestatand lowest without

fertiliser input.

Table3.12. Effect of variety x fertiliser on harvest index.

Means + SE (n = 32) Fertiliser Aszita Skyfall

Harvest index [%0] Biogas digestate  40.7+1.23 Ab 51.241.35 Aa
Farmyard manure 40.7+1.13 Ab 48.6x1.3 BCa
Mineral N 41.3+1.04 Ab 49.3+1.51 Ba

Zeroinput 40.8£1.15 Ab 47+1.65 Ca

Means followed by the same upgease letter within a column and the same lewvase letter within a row
are not significantly differentfgpO Ob YW 5Tukey s HSD test

A significant interaction of AMF inoculation x variety was detected for total biomass
(p=0.028,Table3.7). Without AMF inoculation, biomass produatiavas highest witmineral

N application and lowest without fertiliser applicatiorable 3.13). With AMF inoculation,
total biomass of plots wittbiogas digestate mineral N and FYM application was not
significantly different. Inzeroinput plots, the application of AMF inoculum increased total
biomass. In plots witimineral Ntreatment, total biomass was decreased when AMF inoculum
was applied.

Table3.13. Effect of fertiliser x AMF inoculation on total biomass.

Means = SE (n = 32) Fertiliser -AMF +AMF

Total biomass [t hal] Biogas digestate ~ 9.7+0.47 Ba 9.5+0.63 Aa
Farmyard manure 8.4+0.57 Ca 8.5+0.41 Aa
Mineral N 10.7+0.53 Aa 9.6£0.57 Ab
Zeroinput 6+£0.32 Db 7.1+0.45 Ba

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfgpO Ob W 5Tukey 6s HSD test

3.3.2 YIELD COMPONENTS

Thousand grain weight (TGW) was lower in 2019 compared to ZDdl€3.14). Application

of conv. CP increased TGW and ears per m2. Variety differences were visible in all measured
yield components with higher plarasd ears per m? in Aszita, but lower grains per ear and
TGW in comparison to Skyfall. In both varieties, fertiliser application affected ear number and

TGW significantly ¢ < 0.001). Highest ear number was found in plants wwtheral N
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treatment and lowesvithout fertiliser input. Application dbiogas digestatend FYM achieved
similar ear numbers and these two treatments also showed highest TGW.
Table3.14. Effects of season, crop protection, variety, AMBgulation and fertiliser on yield

components. ANOVAb-values in bold indicate significant main effects and interactions. Means
within columns followed by the same letter are not significantly differegpGat 0 . 0 5 .

Plants nr2 Ears m2 Grains perear  TGW [g]
Year (YR)
2018 (n=127) 99+1.79 330.2+6.72 30.8+0.45 42.3+0.28a
2019 (n=128) 109.5+2.45 324.1+9.4 29.6+0.64 39.1+0.32b

Crop protection (CP)
Conventional (n=128) 108.3+2.07 352+8.59a 30.4+0.55 42+0.33a

Organic (n=127) 100.2+2.27 302.1+7.08b 30+0.56 39.3+0.29b
Variety (VR)

Aszita (n=128) 108.5+2.31a 341+8.4a 27.9+0.48b 39.1+0.21b
Skyfall (n=127) 100+2.01b 313.2+7.76b  32.4+0.55a 42.3+0.37a
Inoculation (AMF)

-AMF (n=128) 106.4+2.08  326+8.41 30.4+0.52 40.5+0.33

+AMF (n=127) 102.1+2.3  328.31£7.95 30+0.59 40.91£0.34

Fertiliser (FT)
Biogas digestate (n=64) 100.9+3.19 337.3x11.1b 30.9+0.78 41.7+0.45a
Farmyard manure (n=62 107.7£2.82 318.2+9.52b 29.7+0.71 40.9+0.42a

Mineral N (n=64) 104+3.2 384.4+10.59¢ 31.1+0.76 40+0.54b
Zeroinput (n=64) 104.5+3.19 268.6+10.15c 29+0.86 40.1+0.44b
ANOVA p-values

Main effects

YR ns ns ns 0.009
CP ns 0.008 ns 0.002
VR 0.007 0.025 00.00: O0.00
AMF ns ns ns ns

FT ns 00.00 ns 00.00
Interactions

YR:CP ns ns 0.035 ns
YR:VR 0.012 ns ns ns
CP:VR ns ns ns 0.003
YR:AMF ns ns ns ns
CP:AMF ns ns ns ns
VR:AMF ns ns ns ns
YR:FT ns ns ns ns
CP:FT ns ns 0.021 00.00
VR:FT ns ns ns 00.00
AMF:FT ns 0.015 ns ns
YR:CP:VR ns ns 0.017 ns
YR:CP:AMF ns ns ns ns
YR:VR:AMF ns ns ns ns
CP:.VR:AMF ns 0.033 ns ns
YR:CP:FT 0.007 0.029 0.006 0.022

YR:VR:FT ns ns ns ns
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CP:VR:FT ns ns ns 00.00

YR:AMF:FT ns ns ns ns
CP:AMF:FT ns 0.030 ns ns
VR:AMF:FT ns ns ns ns
YR:CP:VR:AMF ns ns ns ns
YR:CP:.VR:FT ns ns ns ns
YR:CP.:AMF.FT ns ns ns ns
YR:VR:AMF.FT ns ns ns ns
CP:VR:AMF:FT ns 0.009 ns ns
YR:CP:VR:AMF:FT ns ns ns ns

The season x crop protection interaction had significant impact on grains ppr=e@035,

Table 3.14). In 2018, ears with org. CP had lower grain numbers than with conv. CP
(Table3.15). In 2019, there was no difference in grain numbers per ear between crop protection
programmes. From 2018 to 2019, grain numbers decreased in plots with conv. CP, but were not

significantly differentbetween seasons in plots with org. CP.

Table3.15. Effect of season x crop protection on grains per ear.

Means = SE (n=32) Season Conv. CP Org. CP
Grains per ear 2018 32+0.63 Aa 29.6+0.61 Ab
2019 28.7+0.85 Ba 30.4+0.94 Aa

Means followed by the same upgzase letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test

Season x variety showed a significant interaction on plants pgr #8.012,Table3.14). In
2018, plant numbers of Aszita and Skyfall were not significantly different; but were higher in
Aszita in 2019 Table3.16).

Table3.16. Effect of season x variety on plant number.

Means = SE (n=32) Season Aszita Skyfall
Plants nr? 2018 99.4+2.4 Ba 98.6+2.68 Aa
2019 117.5£3.63 Aa 101.4+3 Ab

Means followed by the same uppease letter within a column and the same lowaese letter within a row ar
not significantly differentfopO Ob YW 5Tukey 6s HSD test

The varieties responded differently to CP whghgnificantly affected TGW = 0.003,

Table 3.14). Thousand grain weighfTGW) was overall higher in Skyfall than Aszita
(Table3.17). For this parameter, both varieties showed higher values with conv. CP compared
with org. CP.
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Table3.17. Effect of varety x crop protection (CP) thousand grain weight (TGW).

Means = SE (n = 32) Variety Conv. CP Org. CP
TGW [g] Aszita 39.4+0.26 Ba 38.8+0.33 Bb
Skyfall 44.7+0.39 Aa 39.8+0.47 Ab

Means followed by the same uppease letter within a column and the same levase letter within a row
are not significantly differentfqnO Ob YW 5Tukey s HSD test

Another interaction for CP was found in combination with fertiliser wiaitacted grains per

ear p=0.021,Table3.14) and TGW p< 0.001). Grains per ear were not significantly different
between fertiliser treatments ameto-input plots with conv. CP. With org. CP, grains per ear

were higher with fertiliser application than without fertiliser inplal§le 3.18). Zero fertliser
treatment showed decreased grains per ear in organically managed plots compared to the
pesticide treatment.

Thousand grain weight§ GW) were overall higher with conv. CP in comparison to org. CP.
With conv. CP, highest TGW was found wiliiogas digstateand mineral N application
whereas the latter showed lowest TGW when no pesticides were applied. With org. CP, FYM
andbiogas digestatshowed highest TGW armroinput plotsyielded lower TGW. The latter

were still higher than those from plants with thmeralN-treatment.

Table 3.18. Effect of fertiliser x crop protection (CP) on grains per ear and thousand grain
weight (TGW).

Means + SE (n = 32) Fertiliser Conv. CP Org. CP

Grains per ear Biogas digestate 29.8+1 Aa 32.1+1.19 Aa
Farmyard manure 29.5£0.91 Aa 29.8+1.1 Aa
Mineral N 31.4+1.16 Aa 30.8£0.99 Aa
Zeroinput 30.8+£1.28 Aa 27.2+£1.08 Bb

TGW [g] Biogas digestate 42.9+0.69 Aa 40.4+0.5 Ab
Farmyard manure 41.5+0.65 Ba 40.3x0.51 Ab
Mineral N 42.910.59 Aa 37.1+0.56 Cb
Zeroinput 40.9+0.67 Ba 39.4+0.54 Bb

Means followed by the same uppease letter within a column and the same |evzse letter within a row ar
not significantly differentfopO Ob YW 5Tukey ds HSD test

The interaction of fertiliser x variety affected TG¥nificantly @ = 0.001, Table 3.14).
Independent of fertiliser treatment, TGW was higher in Skyfall than in Aszatialg¢3.19). In
both varieties, highest TGW were achieved wiibgas digestatapplication, whereas in
Skyfall similar levels were found also with FYNdalication. In Aszita, lowest TGW was found
without fertiliser input. In Skyfall, TGW values were slightly highdthout fertiliserthan in

the mineralN-treatment.
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Table3.19. Effect of fertiliser x varietyon thousand grain weight (TGW).

Means = SE (n = 32) Fertiliser Aszita Skyfall

TGW [0] Biogas digestate 39.8+0.41 Ab 43.5+0.66 Aa
Farmyard manure 39.1+0.38 Bb 42.8+0.59 ABa
Mineral N 39.1+0.48 Bb 40.9+0.96 Ca
Zeroinput 38.4+0.39 Cb 41.9+0.65 BCa

Means followed by the same uppease letter within a column and the same levase letter within a row
are not significantly differentfgpO Ob YW 5Tukey s HSD test

A significant AMF xfertiliser interaction was found on esper m? p = 0.015,Table3.14).
While inoculation had no effect on this parameter when fertiliser was applied, ear masber
higher in plots without nutrient input and AMifoculum (Table3.20).

Table3.20. Effect of fertiliser x AMF inoculation on esiper nf.

Means = SE (n = 32) Fertiliser -AMF +AMF

Earsm2 Biogas digestate 337.6+13.15 Ba  337+18.12 Ba
Farmyard manure 318.2+15.94 Ba 318.1+10.46 BCa
Mineral N 400.5£13.71 Aa 368.4+15.86 Aa
Zeroinput 247.8+12.68 Cb  289.4+15.15 Ca

Means followed by the same uppease letter within a column and the same levase letter within a row
are not significantly differentfgpO Ob W 5Tukey 6s HSD test

3.3.3 CROP GROWTH

3.3.3.1 CROP EMERGENCE

Plant emergence was higher in Aszita tiskyfall (p = 0.001,Table 3.21). Germination %
varied significantly between seasops=(0.037) and was higher in 2018 compared to 2019.
Table3.21. Effects of season, crop protection, variety, AMF inoculation and fertiliser on crop

emergence. ANOVA-values in bold indicate significant main effects and interactions. Means
within columns followed by the sametier are not significantly differentptO 0. 0 5 .

Plants n2 Germination [%]
Year (YR)
2018 (n=127) 232.745.23 58.2+1.31a
2019 (n=128) 237.8+7.67 50.4+1.4b
Crop protection (CP)
Conventional (n=128) 246.4+5.41 56.9+1.16
Organic (n=127) 224.1+7.29 51.7+1.61
Variety (VR)
Aszita (n=128) 256.9+6.54a 55.2+1.53
Skyfall (n=127) 213.7+£5.36b 53.4+1.34
Inoculation (AMF)
+AMF (n=128) 234+5.84 54.1+1.29

-AMF (n=127) 236.6+7.22 54.5+1.58
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Fertiliser (FT)

Farmyard manurén=63) 235.1+6.86 54.2+1.47
Zeroinput (n=64) 235.51+6.27 54.4+1.41
ANOVA p-values

Main effects

YR ns 0.037
CP ns ns
VR 00.001 ns
AMF ns ns
FT ns ns
Interactions

YR:CP ns ns
YR:VR ns 0.011
CP:VR ns ns
YR:AMF ns ns
CP:AMF ns ns
VR:AMF ns ns
YR:FT ns ns
CP:FT ns ns
VR:FT ns ns
AMF.FT ns ns
YR:CP:VR ns ns
YR:CP:AMF ns ns
YR:VR:AMF ns ns
CP:.VR:AMF ns ns
YR:CP:FT ns ns
YR:VR:FT ns ns
CP:VR:FT ns ns
YR:AMF:FT ns ns
CP.:AMF:FT ns ns
VR AMF.FT ns ns
YR:CP:VR:AMF ns ns
YR:CP:VR:FT ns ns
YR:CP:AMF:FT ns ns
YR:VR:AMF:FT ns ns
CP:.VR:AMF:FT ns ns
YR:CP:VR:AMF:FT ns ns

The only interaction that had an impact on crop emergence was season x paxiéyl1,
Table 3.21). In 2018, germination % was lower in Skyfall than Aszita, whereas in 2019
germination % in Aszita was lower compared to the previous fighdl season and not
significantly different to SkyfallTable3.22).
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Table3.22. Interaction of season x variety on germination %.

Means £ SE (n =32) Season Aszita Skyfall
Germination [%0] 2018 62.1+1.3 Aa 54.2+2.07 Ab
2019 48.2+2.17 Ba 52.6+1.73 Aa

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfqnO Ob YW 5Tukey ds HSD test

3.3.3.2 FOUNDATION PHASE

Wheat seedlings (GS12) showed lower shoofmaiss in 2018 than 2019gble3.23). At the

same growth stage, plant numbers and root biomass were higher in Aszita than Skyfall. Also,
plots with AMF inoculum application showed higher plant number, but this effect did otit res

in increased shoot biomass. Wheat seedlings with conv. CP had highéryreaight DW)
compared to wheat seedlings with org. CP. Both effects of AMF inoculum and conv. CP were
not observed after the winter period at tillering (GS22). At this gratabe, Skyfall showed
higher shoot and root biomass than Aszita (0.001). At the same time point, wheat treated
with FYM showed higher biomass production in both roots and shoots compared to wheat
without fertiliser input p < 0.001). Plant numbers andot DW were lower in 2019 at GS22
compared to 2018.
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Table3.23. Effects of season, crop protection, variety, AMF inoculation and fertiliser on plant numbers and shoot and root dryeaeighraivth
stages (GS12 and GS22). ANOYAvalues in bold indicate significant main effects and interactions. Means withimeslfollowed by the same
letter are not significantly differentptO 0. 05 .

Seedling growth (GS12) Tillering (GS22)

Plants nr2 Shoot DW [g n1?] Root DW [g m?] Plants n12 Shoot DW [g n1?] Root DW [g m?]
Year (YR)
2018 (n=127) 277.619.24 6.4+0.23b 3.6+0.15 288.2+8.86a 23.9+1.28 5.7+0.33a
2019 (n=128) 250.6+10.96 9.2+0.4a 3.4+0.19 227.3+x10.14b 29.7+1.8 3.2+0.25b
Crop protection (CP)
Conventional (n=128) 274.7+10.84 8.1+0.4 3.8+0.16a 266.9+10.33 28+1.61 4.7+0.32
Organic (n=127) 253.1+9.51 7.5+0.34 3.2+0.16b 247.9+10.08 25.6+1.59 4.2+0.34
Variety (VR)
Aszita (n=128) 286.3+10.88a 7.8+0.38 3.9+0.16a 274.319.41a 20.6%0.89b 3.7+0.26b
Skyfall (n=127) 241.3+8.76b 7.8+0.37 3.1+0.16b 240.4+10.68b 33.1+1.79a 5.2+0.37a
Inoculation (AMF)
-AMF (n=128) 247.1+10.51b 7.4+0.35 3.3+0.15 248.6+10.85 26.2+1.51 4.3+0.32
+AMF (n=127) 281.249.59a 8.3+0.39 3.7+0.18 266.5+9.52 27.5+1.7 4.5+0.34
Fertiliser (FT)
Farmyard manurén=63) 269.5+10.12 8.1+0.35 3.8+0.16a 268.6+11.51 31+1.79a 5.5+0.36a
Zeroinput (n=64) 258.6+10.41 7.5+0.39 3.3+0.18b 246.6+8.71 22.7+1.2b 3.4+0.24b
ANOVA p-values
Main effects
YR ns 0.027 ns 0.028 ns 0.026
CP ns ns 0.018 ns ns ns
VR 0.007 ns 0.002 0.017 00.001 00. 001
AMF 0.023 ns ns ns ns ns
FT ns ns 0.028 ns 00.001 00. 001
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Interactions
YR:CP

YR:VR

CP:VR
YR:AMF
CP:AMF
VR:AMF
YR:FT

CP:FT

VR:FT

AMF:FT
YR:CP:VR
YR:CP:AMF
YR:VR:AMF
CP:VR:AMF
YR:CP:FT
YR:VR:FT
CP:VR:FT
YR:AMF:FT
CP:AMF.FT
VR:AMF:FT
YR:CP:VR:AMF
YR:CP:VR:FT
YR:CP:AMF.FT
YR:VR:AMF:FT
CP:VR:AMF:FT
YR:CP:VR:AMF:FT

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
0.042
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.013
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ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
0.015
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.045
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.014



At the seedling stage, interaction of AMF inoculum x season had different effects on shoot DW
(p=0.042,Table3.23). Shoot DW of seedlings was lower in 2018 than in 20Ebike 3.24).
Inoculation with AMF increased shoot biomass in 2019, but not in 2018.

Table3.24. Effect of season x AMF inoculation on shoot dry weighteaiiting stage (GS12).

Means £ SE (n=32) Season - AMF +AMF
Shoot DW [g m 2] 2018 6.4+0.33 Ba 6.4+0.33 Ba
2019 8.3+t0.58 Ab 10.1+0.51 Aa

Means followed by the same upgease letter within a column and the same leease letter within a row ar
not significantly differentfopO Ob W 5Tukey s HSD test

Root biomass of seedlings varied depending on fertiliser anépgpRcation p = 0.013,
Table3.23). Root biomass with CP was significantly lower without fertiliser input than with
FYM, but there was no difference b&ten these two nutrient regimes in plots with org. CP
(Table3.25). With FYM, root DW was higher in org. CP plots than with conv. CP.

Table 3.25. Effect of fertiliser x crop protection (CP) on root dry weight at seedling stage
(GS12).

Means = SE (n = 32) Fertiliser Conv. CP Org. CP
Root DW [g m ] Farmyard manure  3.8+0.24 Ab 3.7£0.2 Aa
Zeroinput 3.9+0.22 Ba 2.7+£0.23 Aa

Means followed by the same upgzase letter within a column and the same levzse letter within a row a
not significantly differentfopO Ob YW 5Tukey ds HSD test

At tillering, plant numbers with conv. CP were loweearoinputplotscompared to plots with
FYM (Table3.26), but FYM application had no impact otapt number in plots with org. CP.
Plots with conv. CP and FYM showed higher plant nusittemn FYMplots with org. CP, but

there was no difference betwesgrainput plotswith and without conv. CP.

Table 3.26. Effect of fertiliser treatment x crop protection (CP) on plant number at tillering
(GS22).

Means + SE (n = 32) Fertiliser Conv. CP Org. CP
Plants nr2 Farmyard manure 293.5+15.09 Aa 242.8+16.45 Ab
Zeroinput 240.4+12.69 Ba 252.9+12.04 Aa

Means followed by the same uppease letter within a column and the same levae letter within a row ar
not significantly differentfopO Ob W 5Tukey s HSD test
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Root biomass at tillering was higher in 2018 than in 2019 independently of CiPa#ippl
(Table3.27). In 2019, wheat with conv. CP had higher root DW than wheat with org. CP,
whereas pesticide application did not affect root DW in 2018.

Table3.27. Effect of season x crop protection (CP) on root dry weaglitlering (GS22).

Means = SE (n = 32) Season Conv. CP Org. CP
Root DW [g m?] 2018 5.5+0.5 Aa 5.8+0.44 Aa
2019 3.8+0.33 Ba 2.6+£0.34 Bb

Means followed by the same upgease letter within a column and the same lewaee letter within a row ar
not significantly differentfopO 0. 05 by Tukeydés HSD test.

3.3.3.3 CONSTRUCTION AND PRODUCTION PHASE

Plant growth atater growth stages was mostly affected by fertiligex (0.001,Table 3.28),

variety and season with higher shoot biomass in 2019 at GS32 and GS64 compared to 2018.
Tiller numbers at GS32 were higher in plots witmeralN and FYM treatment and lowest in

plots without fertiliser. This was still the casdlatvering, but herebiogas digestatand FYM

showed the same tiller number per m2 which was lower than tiller numbenaral Nplots.

Shoot biomass of Skyfall was higher compared to Aszita at G532(001), but the effect
diminished with anthesis and reversed at matunhere Aszita showed higher biomass
production than Skyfall. At this final assessment, wheat with conv. CP produced more biomass
than wheat grown with org. CP. Wheat grown without fertiliser had lowest shoot weight and
tiller number compared to other fdider treatments. At GS32 whemineral N andbiogas
digestatdnad just been applied, highest shoot DW was still found with FYM while tiller number
was already increased in the MN treatment. This increase resulted in highest tiller number and
shoot DW at &64 while FYM andiogas digestatehowed similar values in both parameters.
Tiller numbers ofbiogas digestatand FYM were still not significantly different at GS90,
however shoot DW of wheat withiogas digestatevas now more similar tanineralN and

lower in FYM.
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Table3.28. Effects of season, crop protection, variety, AMF inoculum and fertiliser on tiller and shoot dry weight after applicatieerafN and

biogas digestate in spring. ANOMgvaluesin bold indicate significant main effects and interactions. Means within columns followed by the same

letter are not significantly differentptO 0. 05 .
Stem elongation (GS32)

Flowering (GS64) Maturity (GS90)

Tillers m2  Shoot DW [g m? Tillers m2 Shoot DW [g m?] Tillers m2 Shoot DW [g m?]
Year (YR)
2018 (n=127) 508+9.51 214.14+6.54b 446.6+8.4 695.9+16.86b 339.9+7.64 312.54+9.99b
2019 (n=128) 555.8+14.33 270+10.34a 448+12.91 923.1+27.43a 344.9+9.37 412.5+14.53a
Crop protection (CP)
Conventional (n=128) 550.6+13.13 248+9.43 459.2+10.19 838.3+24.72 369.9+9.1a 392.7+14.5a
Organic (n=127) 513.2411.29 236.2+8.54 435.3+11.49 781.3+24.91 314.7+7.16b 332.4+11.23b
Variety (VR)
Aszita (n=128) 520.7+12.72 207+7.86b 459.2+9.67 813.3+23.08 351.748.72 416+14.25a
Skyfall (n=127) 543.3+11.91 277.6+9.01a 435.3111.94 806.5+26.7 333.148.31 308.9+10.11b
Inoculation (AMF)
-AMF (n=128) 523.2+11.91 234.818.11 448.5+10.75 825.9+24.67 341+8.5 365.6+14.12
+AMF (n=127) 540.8+12.76 249.61+9.81 446.1+11.07 793.8425.13 343.848.61 359.7+12.31

Fertiliser (FT)
Biogas digestate (n=64) 525.1+18.94b

245.5+£14.41b

441.7+13.54b

837.8+35.61b

346.8+11.09b

394.3+19.72ab

Farmyard manure (n=63) 560.3+15.99al 278.5+12.9a 426.3+13.19b 792.4+35.45b | 337.8+12.11b  362.9+18.65b
Mineral N (n=64) 590+16.6a 253.2+9.93ab 542.9+15.13a 979.8+29.93a | 400.1+10.85a  417.4+18.19a
Zeroinput (n=64) 452.9+13.25¢ 192+10.96¢ 377.9+11.9c 629.5+24.6¢ 285.1+9.88¢c 276.1+12.92c
ANOVA p-values

Main effects

YR ns 0.026 ns 0.043 ns ns

CP ns ns ns ns 0.008 0.020

VR ns 00.001 ns ns ns 00.001
AMF ns ns ns ns ns ns

FT 00.00 00.001 00.001 00.001 00.00 00.001
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Interactions
YR:CP

YR:VR

CP:VR
YR:AMF
CP:AMF
VR:AMF
YR:FT

CP:FT

VR:FT

AMF:FT
YR:CP:VR
YR:CP:AMF
YR:VR:AMF
CP:VR:AMF
YR:CP:FT
YR:VR:FT
CP:VR:FT
YR:AMF:FT
CP:AMF:FT
VR:AMF:FT
YR:CP:VR:AMF
YR:CP:VR:FT
YR:CP:AMF:FT
YR:VR:AMF:FT
CP:VR:AMF:FT
YR:CP:VR:AMF:FT

ns
ns
ns
ns
ns
ns

00 .

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

00 00 .

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

001

ns
ns
ns
ns
ns
ns
0.006
ns
0.037
0.035
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

7

ns
ns
ns
ns
ns
ns
0.001
ns
ns
0.019
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.027
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.031
ns
ns
ns
ns
ns

0.033
ns

ns
ns
ns
ns
ns
ns
00 .
ns
ns
0.027
ns
ns
ns
ns
ns
ns
ns
ns
0.003
ns
ns
ns
ns
ns
0.044
ns

001



The effect of fertiliser application on tiller number and shoot DW varied significantly between
seasonsy< 0.001,Table3.28) and affected plant growth at all growth stages. In 2018 at GS32,
highest tiller number was found in plots with FYM application, but these were lower in
comparison to 2019T@able 3.29). In that year, all fertiliser treatments showed higher tiller
numbers tharzzerainput plots which was different to 2018 where tiller numbergencinput
andbiogas digestatreated plots were equally low. Tiller numbergzercinput plotsdid not

differ between the two field trials but were higher in plots ithgas digestatapplication in
2019 compared to 2018. At stem extension in 2018, shoot biomassigteer in wheat with
FYM and mineral N than withbiogas digestatand without fertiliser application. In 2019,
mineral Ntreated wheat anzeroinput wheat showed the same level of shoot biomass, which
was not significantly different to the previous ye@hoot biomass was higher with FYM and
biogas digestatim 2019 than in 2018 and comparedrimeralN andzeroinputin 2019.

At flowering, wheat withmineral N-treatment had the highest tiller number in both seasons.
Lowest were found izercinput plots, and these were also lower in 2019 compared to 2018.
Plots with FYM application showed similarly low tiller numbers in 201&a®input plots,

but were higher compared zercinput plotsin 2019. Shoot biomass at anthesis was highest in
plots with mineral N, followed by FYM andbiogas digestateWheat without fertiliser
application had similarly low levels of shoot DW in both seasons, whereas all fertiliser
treatments achieved higher biomass in 2019 than in 2018.

In contrast to previous growth sty the interaction season x fertiliser only affected shoot DW
and not tiller number at maturity. Here, shoot DW of all treatments was higher in 2019
compared to 2018. Biomass was lowestencinput plotsand was higher in 2019 than 2018.
This increase as most visible wittbiogas digestatapplication where similar levels as the

mineralN application were reached in 2019.
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Table3.29. Effect of season x fertiliser treatmentloothtiller number and shoot dry weight at
stem elongation (GS32) and flowering (GS64), and on shoot dry weight at maturity (GS90).

Means = SE (n = 32) Fertiliser 2018 2019

GS32

Tillers m2 Biogasdigestate 453.4£149 Cb 596.9+30.06 Aa
Farmyard manure 515.1+20.98 Ab 604+21.65 Aa
Mineral N 597.6+£15.65 Ba 582.4+29.51 Aa
Zeroinput 466.1+12.87 Ca 439.8+23.17 Ba

Shoot DW [g m?] Biogas digestate  179.8+10.07 Bb 311.2+21.55 Aa
Farmyard manure 242.6x14.5 Ab 313.2+19.48 Aa
Mineral N 257.8+11.61 Aa 248.6+16.26 Ba
Zeroinput 177+9.35 Ba 207+£19.65 Ba

GS64

Tillers m= Biogas digestate  453.5+14.65 Ba  429.9+22.85 Ba
Farmyard manure 410.7+12.42 Ca  441.4+22.92 Ba
Mineral N 520.2+17.47 Aa  565.6+24.34 Aa
Zero-input 400.8+13.74 Ca  355.1+18.81 Cb

Shoot DW [g m?] Biogas digestate  681.7+26.22 Bb 993.8+53.8 Ba
Farmyard manure 651.4+30.09 BCb  929+53.62 Ba
Mineral N 855.7+36.19 Ab  1103.9+36.58 Aa
Zeroinput 593.3+x22.53 Ca 665.7+43.21 Ca

GS90

Shoot DW [g m?] Biogas digestate = 306.9+17.55 Bb 481.7+27.91 Aa
Farmyard manure 304.8+21.87 Bb 419.1+26.71 Ba
Mineral N 384.3+18.36 Ab 450.5+£30.61 ABa
Zeroinput 253.7£15.34 Cb 298.5+20.26 Ca

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfgpO Ob W 5Tukey 6s HSD test

A significant variety x fertiliser interaction affectadler number at GS64p(= 0.037,
Table 3.28). Tiller number of both varieties was not significantly different in the respective
fertiliser treatmentgTable 3.30). In zercinput plots however, tiller numbers were higher in
Aszita than in Skyfall. In comparison to fertiliser treatmenésginput showed lowest tiller
number in both varieties, whereas highest occurred in plotswiiteralN application.

Table3.30. Effect of fertiliser x variety on tiller number at anthesis (GS64).

Fertiliser Aszita

Biogas digestate 461.6+19.6 Ba
Farmyard manure 441.8+17.56 BCa
Mineral N 529.2+17.59 Aa 556.6+24.68 Aa

Zeroinput 404.1+16.25 Ca 351.8+16.36 Ch

Means followed by the same uppease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeydés HSD test.
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Tiller number p = 0.035, Table 3.28) and shoot DW { = 0.019) at flowering varied
significantly in plots with AMF inoculum treatment depending on the applied fertiliser. Tiller
number was significantly lower in plots with AMF amdneralN application compared to the
mineralN treatment without inoculatiofTable3.31). Highest shoot DW was achieved in ron
inoculated plots withmineralN treatment but was decreased when AMF inoculum had been
applied. Shootveights of FYM anddiogas digestate&eated plots were not affected by AMF
inoculum application, and neither was #eecinputtreatment which showed lowest shoot DW.
The same interaction of fertiliser x AMF inoculation was observed at G$%0 (Q.027,
Table3.28). Shoot DW was lower in plots with AMF amdineralN application compared to
norinoculated plots withmineral N. Shoot DW witlout fertiliser was higher with AMF

inoculum application than without but were still lowest compared to fertiliser treatments.

Table3.31. Effect of fertiliser treatment AMF inoculation with effect orbothtiller number
and shoot dry weight dfiowering (GS64)and on shoot dry weight at maturity (GS90)

Means + SE (n = 32) Fertiliser -AMF +AMF

GS64

Tillers m-2 Biogas digestate ~ 430.8+17.4 Ba  452.6+20.86 Ba
Farmyard manure 422+15.05 Ba 430.7£22.09 BCa
Mineral N 570.8+19.83 Aa 515.1+22.08 Ab
Zeroinput 370.5+£16.08 Ca 385.4+17.72 Ca

Shoot DW [g m?] Biogas digestate  833.4+48.13 Ba 842.1+53.25 Aa
Farmyard manure 798.7+42.97 Ba 786+57.48 Aa
Mineral N 1055.8+42.43 Aa 903.7+38.31 Ab
Zeroinput 615.8429.28 Ca 643.2+39.87 Ca

GS90

Shoot DW [g m?] Biogas digestate  404.6+26.17 ABa  384+29.81 Aa
Farmyard manure 360.9+30.06 Ba 364.8+22.29 Aa
Mineral N 443.3£27.02 Aa 391.5+23.9 Ab

Zeroinput 253.5+£17.27 Cb 298.7+18.63 Ba

Means followed by the same upgease letter within a column and the same leease letter within a row are
not significantly differentfopO 0. 05 by Tukeybés HSD test.
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3.3.3.4 SPAD

SPADreadings were significantly higher in 2018 than 20p9Q(

0 . Tabld 3.32).

Application of conv. CP resulted in higher SPA&adings at all assessed growth stages. SPAD

was slightly higher in Skyfall than gxita throughout the assessed growth period. Fertiliser

application had strong impact on SPAD at all growth stgge®(001) showing highest values
in plots treated wittmineralN at GS45. From GS58 to GS74, plots wilogas digestate

application showedimilar SPAD levels tonineralN, but with lower values at GS82. Farmyard

manure application andercinput plots showed lower SPAD compared toineral N and

biogas digestatevlycorrhizal inoculation had no effect on SPAD at any measured time point.

Table3.32. Effects of season, crop protection, variety, AMF inoculum and fertiliser on SPAD
at different growth stages of wheat. ANO\WAvalues in bold indicate significant main effects
and interactions. Meanwithin columns followed by the same letter are not significantly

differentapO 0. 0 5.

SPAD SPAD SPAD SPAD
GS45 GS58 GS74 GS 82
Year (YR)
2018 (n=127) 46.6£0.41a  44.5+0.43a 38.9t0.54a 35.3+0.71a
2019 (n=128) 39.4+0.39b 32+0.6b 24.7+0.75b  12.1+0.53b
Crop protection (CP)
Conventional (n=128) 43.8+0.52a 40.5+0.7a 35+0.89a 26.4+1.36a
Organic (n=127) 42.1+£0.5b 36£0.77b  28.6+£0.84b 21+0.97b
Variety (VR)
Aszita (n=128) 42.4+0.52b  37.5£0.82b 29.9+0.99b 22+1.27b
Skyfall (n=127) 43.6+0.5a 39+0.69a  33.7+x0.78a 25.4+1.11a
Inoculation (AMF)
-AMF (n=128) 43+0.51 37.9+£0.77 31.4+0.94 23.6+1.23
+AMF (n=127) 43+0.51 38.6£0.74  32.2+0.88 23.8£1.18
Fertiliser (FT)
Biogas digestate (n=64)  45.2+0.7b 41.8+1.03a 35.3x1.31a 25.7+#1.97b
Farmyard manure (n=63 39.7+0.49b  35.3+0.79b 28.6+1.04b  20.3%1.51c
Mineral N (n=64) 47.9+0.51a 41.5+1.2l1a 36.2+1.35a 28.3+1.62a
Zeroinput (n=64) 39.2+0.52c  34.4+0.86b 27.2+1.02b 20.5+1.46¢C
ANOVA p-values
Main effects
YR 00.00 00.00 OO0.0C ©00.00
CP 0.002 0O0.00 OO0.0C 0.002
VR 0.002 0.009 00.0C 0.002
AMF ns ns ns ns
FT 00.00 00.00 O00.0C 00.00
Interactions
YR:CP ns 0.006 ns 0.009
YR:VR 0.004 00.00 OO0.0C ns
CP:VR ns ns ns ns
YR:AMF ns ns ns ns
CP:AMF ns ns ns ns
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VR:AMF ns ns ns ns

YR:FT 0.002 ns 0.021 00.00
CP:FT 0.022 00.00 00.0C 00.00
VR:FT ns 0.016 ns ns
AMF:FT ns ns ns ns
YR:CP:VR ns ns 0.004 ns
YR:CP:AMF ns ns ns ns
YR:VR:AMF ns ns ns ns
CP:.VR:AMF ns ns ns 0.044
YR:CP:FT ns O0. 00 0.001 ns
YR:VR:FT ns 0.012 ns ns
CP:VR:FT ns ns ns ns
YR:AMF:FT ns ns ns ns
CP.AMF.FT ns ns ns ns

VR AMF.FT ns ns ns ns
YR:CP:VR:AMF ns ns ns ns
YR:CP:VR:FT ns ns ns ns
YR:CP:AMF:FT ns ns ns ns
YR:VR:AMF.FT ns ns ns ns
CP.VR:AMF.FT ns ns ns ns
YR:CP:VR:AMF.FT ns ns ns ns

The interaction of season x CP significantly affected SPAD at G$58)(006,Table3.32)
and GS82if = 0.009). SPAEreadings were higher with conv. CP compared to wheat with org.
CP in both seasor(3able3.33). SPADvalues were higher in 2018 than 2019 at both growth

stages independent of CP.

Table3.33. Effect of crop protection (CP) x season on SPAD at GS58 and GS82.

Means + SE (n =32) Season Con. CP Org. CP

GS58 2018 45.8+0.61 Aa 43.2+0.55 Ab
2019 35.2+0.84 Ba 28.8+0.64 Bb

GS82 2018 39.9+0.84 Aa 30.7£0.78 Ab
2019 12.8+0.95 Ba 11.4+0.45 Bb

Means followed by the same uppease letter within a column and the same levase letter within a row ar
not significantly differentfopO 0. 05 by Tukeyés HSD test.

Seasonal variations affected SPA€adings in the two wheat varieties at fiirst three
measured growth stages i.e. GS45, GS58 and GE1e3.32). SPAD of both Aszita and
Skyfall was higher in 2018 than 201Baple 3.34). In 2018, there was no difference between
Aszita and Skyfall at both GS45 and GS74, but Skyfall had lower SfeA@ings at GS58. In
2019, Skyfall showed higit SPAD than Aszita at all three growth stages.
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Table3.34. Effect of variety x season on SPAD at GS45, GS58 and GS74.

Means £ SE (n = 32) Season Aszita Skyfall

GS45 2018 46.5£0.54 Aa 46.7+0.62 Aa
2019 38.2+0.51 Bb 40.5+0.57 Ba

GS58 2018 45.1+0.57 Aa 44+0.63 Ab
2019 30+0.76 Bb 34+0.85 Ba

GS74 2018 38.8+0.68 Aa 3910.84 Aa
2019 21+0.99 Bb 28.4+0.92 Ba

Means followed by the same upgease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeyds HSD test.

The fertiliser x season interaction had a significant impact on SPAD at (S49.002,
Table3.32), GS74 p = 0.021) and at GS8p  0.001). At these growth stages, SPAD was
higher in 2018 compared to 2019, but variations aecuin response to the applied fertilisers
(Table 3.35). At GS45 in both seasons, highest SPAD was found in plots miitleral N
followed by biogas digetste treatmentLowest values were detected in the FYM aedo
input The same pattern applied at GS74, but there was no significant difference ®ogesn
digestateandmineral Ntreatments anymore. At GS82 in 20h@neralN andbiogas digestate
readhed the same SPAD level which was higher than both the FYMenednput. In 2019,
highest SPABreadings were measuredrmineralN-treated plots with lowest values in plots
with FYM and without fertiliser. The latter however was not significantly diffefeom plots

with biogas digestate

Table3.35. Effect of fertiliser x season on SPAD at GS58, GS74 and GS82.

Means = SE (n = 32) Fertiliser 2018 2019

GS45 Biogas digestate = 49.7+0.62 Ba 40.6+0.55 Bb
Farmyard manure 43+0.31 Ca 36.3+0.37 Cb
Mineral N 51.2+0.32 Aa 44.6£0.51 Ab
Zeroinput 42.4+0.45 Ca 35.9+0.45 Cb

GS74 Biogas digestate  43.4+0.93 Aa 27.2+1.38 Ab
Farmyard manure 35.8+0.51 Ba 21.4+0.87 Bb
Mineral N 42.4+1.07 Aa 30+1.94 Ab
Zeroinput 34.2+0.62 Ba 20.2+0.84 Bb

GS82 Biogas digestate 40.2£1.1 Aa 11.2+0.98 Bb
Farmyard manure 31.2+1.09 Ba 9.4+0.61 Cb
Mineral N 38.6£1.58 Aa 17.9+1.17 Ab
Zercoinput 31.1+1.03 Ba 9.9+0.58 BCb

Means followed by the same uppease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeydés HSD test.
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The interaction of fertiliser x CP was significant for all measured growth stagbke.32).

SPAD was consistently lower in org. CP plots compared to plots with conv. CP except for the
FYM-treatment at GS49 &ble3.36). Plots with conv. CP showed highest SPAD waitimeral

N application, followed byiogas digestateeatmentand lowest values in the FYM amdro

input at all assessed growth stages. More variation occurred irCérgulots, wheréiogas

digestateapplication achieved higher SPABadings thamineralN-application at both GS58

and GS74, whereas levels were lower than nfigeral N treatment at GS45 and not

significantly different at GS82. SPAEeadings with FYM apjptation were lower thahiogas

digestateandmineralN values at all time pointsnd were only at GS45 significantly higher

thanzercinputplots

Table3.36. Effect of crop protection (CP) x fertiliser of?8D readings at GS45, GS58, GS74

and GS82.

Means = SE (n = 32) Fertiliser Con. CP Org. CP

GS45 Biogas digestate  46.5+0.91 Ba 43.9+1.04 Bb
Farmyard manure 39.8+0.72 Ca 39.5+0.67 Ca
Mineral N 49+0.66 Aa 46.8+0.73 Ab
Zeroinput 40.1+0.76 Ca 38.2+0.67 Db

GS58 Biogas digestate  43.9+1.24 Ba 39.8£1.59 Ab
Farmyard manure 35.9+1.03 Ca 34.7£1.2 BCb
Mineral N 46.9+0.84 Aa 36.2+1.85 Bb
Zeroinput 35.4+1.22 Ca 33.3x1.22 Cb

GS74 Biogas digestate ~ 39+1.53 Ba 31.5+1.94 Ab
Farmyard manure 29.5+1.43 Ca 27.6x1.5 BCb
Mineral N 43.2+1.08 Aa 29.2+1.75 Bb
Zeroinput 28.4+1.54 Ca 25.9+1.34 Cb

GS82 Biogas digestate  27.8+3.06 Ba 23.6x2.47 Ab
Farmyard manure 21.6+2.45 Ca 19.1+1.77 Bb
Mineral N 34.4+2.34 Aa 22.1+1.68 Ab
Zeroinput 21.7+2.41 Ca 19.3+1.67 Bb

Means followed by the same upgease letter within a column and the same leease letter within a row are
not significantly differentfopO 0. 05 by

Tukeyos

test .

The interaction of variety x fertiliser had significant impact on SRA&dings atGS58
(p=0.016,Table3.32). At this growth stage, SPAD was higher in Skyfall witbgas digestate
compared to AszitaT@ble3.37). In both varieties, SPAIbeadings were highest withiogas

digestateandmineralN fertiliser and lower with FYM andercinput
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Table3.37. Effect of fertiliser xvariety on SPAD readings at GS58.

Means + SE (n = 32) Fertiliser Aszita Skyfall

GS58 Biogas digestate  40.4+1.62 Ab 43.2+1.27 Aa
Farmyard manure  35+1.29 Ba 35.620.92 Ba
Mineral N 40.3+1.99 Aa 42.7+1.37 Aa
Zeroinput 34.4+1.31 Ba 34.4+1.15 Ba

Means followed by the same uppease letter within a column and the same lewvase letter within a row are
not significantly differentfopO 0. 05 by Tukeyds HSD test.

3.3.3.5 CANOPY FORMATION

The normalised difference vegetation index (NDVI) was higberthe last three measured
growth stages in 2018 compared to 2019 and was also higher in conv. CP than org. CP at the
same time pointsT@ble 3.38). The NDVI was significantly higher in Aszita compared to
Skyfall at both GS45 and GS58, but not at later growth stages. Plots with AMF inoculation
showed higher NDVI at GS4% E 0.008) but this effect was not observed at later growth
stages. Fertiliser trément affected NDVI significantly at all assessed growth stages

(p < 0.001). Highest NDVI was measured in theneralN treatment which was at a similar

level tobiogas digestatapplication at GS58 and GS74. Plots without fertiliser input showed
lowest NDVI and similar values to the FYM treatment at GS74. The FYM treatment showed
higher levels of NDVI at GS45 and GS58 but decreased to lower levelzettwinputat GS82.

Table 3.38. Effects of season, crop protection, variety, AMF inoculum and fertiliser on

normalised difference vegetation index (NDVI) at different growth stages of wheat. ANOVA
p-values in bold indicate significant main effects and interactions. Means within columns
followed by the same letter are not significantly differeqg@ 0. 05 .

NDVI NDVI NDVI NDVI
GS45 GS5h8 GS74 GS82
Year (YR)
2018 (n=127) 0.60+£0.008 0.56+0.009a 0.49+0.006a 0.40+0.006a
2019 (n=128) 0.59+0.007 0.46+0.007b 0.39+0.007b 0.28+0.005b
Crop protection (CP)
Conventional (n=128) 0.60+£0.008 0.53+0.008a 0.47+0.008a 0.36+0.009a
Organic (n=127) 0.60+0.007 0.49+0.009b 0.41+0.007b 0.32+0.006b
Variety (VR)
Aszita (n=128) 0.63+0.007a 0.53+0.009a 0.44+0.008 0.34+0.007
Skyfall (n=127) 0.56+0.007b  0.49+0.008b  0.44+0.008 0.34+0.008
Inoculation (AMF)
-AMF (n=128) 0.59+0.008b 0.51+0.009  0.44+0.008 0.34+0.007
+AMF (n=127) 0.61+0.007a 0.51+0.009  0.44+0.008 0.34+0.008
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Fertiliser (FT)

Biogas digestate (n=64) 0.64+0.007b
Farmyard manure (n=63) 0.55+0.008c

Mineral N (n=64)
Zeroinput (n=64)
ANOVA p-values
Main effects

YR

CP

VR

AMF

FT

Interactions
YR:CP

YR:VR

CP:VR

YR:AMF
CP:AMF
VR:AMF

YR:FT

CP:FT

VR:FT

AMF:FT
YR:CP:VR
YR:CP:AMF
YR:VR:AMF
CP:VR:AMF
YR:CP:FT
YR:VR:FT
CP:VR:FT
YR:AMF:FT
CP:AMF:FT
VR:AMF:FT
YR:CP:VR:AMF
YR:CP:VR:FT
YR:CP:AMF:FT
YR:VR:AMF:FT
CP:VR:AMF:FT
YR:CP:VR:AMF:FT

0.68+0.007a
0.52+0.008d

ns

ns
00. 0C
0.008
O00. 0C

ns
0.035
ns
ns
ns
ns
O00. 0C
0.014
ns
ns
ns
ns
ns
ns
ns
0.016
ns
ns
ns
ns
ns
ns
ns
ns
0.039
ns

0.56+0.011a
0.47+0.008b
0.58+0.012a
0.44+0.009c

0.012
0.005

O00. 00.

ns

00. 00 .

0.003

O00. 00.

ns
ns

0.041
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
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0.48+0.011a
0.40+0.007b
0.49+0.012a
0.39+0.008b

0.002
00.0C
ns
ns
O00. 0C

0.004
0.009

ns

ns

ns

ns
O00. 0C
00.0C
0.004

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.36+0.012b
0.30+0.008d
0.38+0.011a
0.31+0.007c

00.00
0.007

ns

ns
00.00

ns
ns
ns
ns
ns
ns
00.00
00. 00
0.002
ns
ns
ns
ns
ns
0.007
ns
0.037
ns
ns
ns
ns
ns
ns
0.047
ns
ns



Significant interactions of season x CP were found at G§58)(003,Table3.38) and GS74
(p=0.004). At both growth stages, NDVI readings were higher in 2018 than P& 3.39).
At GS58 in 2019, NDVI was higher in plots with conv. CP compared to org. CP. At GS74,

NDVI with conv. CP was significantly higher compared to org. CP in both seasons.

Table3.39. Effect of crop protection (CP) x season on NDVI at GS58 and GS74.

Means £ SE (n=32) Season Conv. CP Org. CP

GS58 2018 0.56+0.013 Aa 0.56+0.012 Aa
2019 0.5£0.01 Ba 0.42+0.007 Bb

GS74 2018 0.5£0.011 Aa 0.47+0.006 Ab
2019 0.44+0.01 Ba 0.34+0.005 Bb

Means followed by the same uppease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeyds HSD test.

Differing weather conditions in the two seasons also affected carmmrage in the two
varieties at GS45p(= 0.035,Table 3.38), GS58 p = 0.001) and GS74p(= 0.009). In both
varieties, NDVireadings were higher at g growth stages in 2018 than 2019 except for
Skyfall at GS45 where NDVI measurements were not significantly different between seasons
(Table3.40). At GS45, GS58 and GS74 in 2018, Aszita showed higher NDVI than Skyfall. At
GS58 in 2019, NDWalues of Aszita and Skyfall were not significantly different and at GS74

in 2019, NDVtHreadings were lower in Aszita than Skyfall.

Table3.40. Effect of variety x season on NDVI at GS45, GS58 and GS74.

Means = SE (n = 32) Season Aszita Skyfall

GS45 2018 0.65+0.011 Aa 0.56+0.01 Ab
2019 0.62+0.008 Ba 0.57+0.01 Ab

GS58 2018 0.6+0.011 Aa 0.53+0.011 Ab
2019 0.46+0.009 Ba 0.46+0.011 Ba

GS74 2018 0.5+0.008 Aa 0.48+0.01 Ab
2019 0.38+0.009 Bb 0.41+0.011 Ba

Means followed by the same uppease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeyds HSD test.

The fertiliser x season interaction had a significant impact on NDVI at all neeaguowth
stages f§ < 0.001,Table 3.38). At GS45, highest NDVieadings were found in plots with
mineralN and these values were rsagnificantly different in both seasongable3.41). Plots

with biogas digestatapplication showed second highest NDVI which reached higher levels in
2018 compared to 2019. Plots without fertiliser and those with FYM application showed similar

NDVI in 2018, but levels were lower irercinput plotsand higher in plots treated with FYM
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in 2019.

At GS58, NDVI was lower in 2019 than 2018 in all fertifiseeatments andercinput plots.

In both years, NDVI was highest in plots withineral N andbiogas digestateeatment. In
2018, NDVI levels in FYM anaerainput plotswere not significantly different, but in 2019,
NDVI-values were lower iaercinput plotsthan in wheat with FYM.

At GS74, NDVI levels were higher in 2018 than 2019 in all fertiliser treatments as wehaas
inputplots In 2018, NDV#values inbiogas digestatandmineralN were higher compared to
FYM andzercinputplots In 2019 atGS74 biogas digestatehowed significantly lower NDVI
levels than thenineral N treatment. The NDVI in wheat with FYM arméreinput was on
similar levels which were lower than thosebadgas digestatandmineralN in that year.

At GS82, NDVI in 2018 sowed similar levels as in the previous growth stages with highest
values inmineralN andbiogas digestatplots and lowest in FYM andercinput plots In
contrast to previous growth stages, plots without fertiliser showed higher NDVI than plots with
FYM application at GS82 in 2019.

Table3.41. Effect of fertiliser x season on NDVI at GS45, GS58, GS74 and GS82.

Means + SE (n = 32) Fertiliser 2018 2019

GS45 Biogas digestate  0.66+0.012 Ba 0.62+0.007 Bb
Farmyard manure 0.54+0.014 Cb 0.56x0.01 Ca
Mineral N 0.68+0.011 Aa 0.67+0.009 Aa
Zeroinput 0.53+0.012 Ca 0.51+0.01 Db

GS58 Biogas digestate  0.63+0.012 Aa 0.5+0.009 Ab
Farmyard manure 0.5+0.013 Ba 0.44+0.007 Bb
Mineral N 0.64+0.009 Aa 0.52+0.017 Ab
Zeroinput 0.48+0.011 Ba 0.39+0.008 Cb

GS74 Biogas digestate  0.54+0.009 Aa 0.42+0.013 Bb
Farmyard manure 0.43+0.007 Ba 0.36+0.008 Cb
Mineral N 0.54+0.011 Aa 0.45+0.018 Ab
Zeroinput 0.43+0.007 Ba 0.35+0.008 Cb

GS82 Biogas digestate 0.44+0.01 Aa 0.28+0.009 Bb
Farmyard manure 0.35+0.005 Ba 0.24+0.005 Cb
Mineral N 0.44+0.011 Aa 0.32+0.011 Ab
Zercoinput 0.35+0.006 Ba 0.27+0.008 Bb

Means followed by the same upgease letter within a column and the same leease letter within a row are
not significantly differentfopO 0. 05 by Tukeybés HSD test.

The interaction of fertiliser x CP affected NDVI at all measured greteipes Table3.38). In
plots with conv. CP, highest NDVI was achieved witimeralN fertiliser at all growth stages,

followed bybiogas digestatapplication Table3.42). From GS58 onwards, NDVI with FYM
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application and irzerainput plots were not significantly different and lower when compared

to the mineral N and biogas digestatéreatments. In plots with org. CP, there was little

difference betweemineralN andbiogas digestaten NDVI but with a tendency for higher
levels inbiogas digestat&reated plots at GS74 and GS82. Within fertiliser treatments, NDVI

readings inmineralN treatments were higher with conv. CP than with org. CP at all growth

stages. The same applies to FYihgas digestatandzercinput, but only at GS74yhereas

NDVI in these treatments was not affected by CP at other growth stages.

Table3.42. Effect of fertiliser x crop protection (CP) on NDVI at GS45, GS58, GS74 and GS82.

Means = SE (n = 32) Fertiliser Conv. CP Org. CP

GS45 Biogas digestate  0.65+0.009 Ba 0.63+0.01 Aa
Farmyard manure 0.55+0.011 Ca 0.55+0.013 Ba
Mineral N 0.69+0.008 Aa 0.65+£0.011 Ab
Zeroinput 0.53+0.011 Da 0.52+0.011 Ca

GS58 Biogas digestate  0.58+0.013 Ba 0.55+0.018 Aa
Farmyard manure 0.47+0.01 Ca 0.47+0.013 Ba
Mineral N 0.62+0.008 Aa 0.53+0.02 Ab
Zeroinput 0.44+0.01 Ca 0.43+0.015 Ba

GS74 Biogas digestate  0.51+0.013 Ba 0.44+0.016 Ab
Farmyard manure 0.41+0.007 Ca 0.38+0.011 BCb
Mineral N 0.56+0.008 Aa 0.42+0.014 ABb
Zeroinput 0.41+0.009 Ca 0.38+0.012 Cb

GS82 Biogas digestate  0.38+0.02 Ba 0.34+0.013 Aa
Farmyard manure 0.3+0.011 Ca 0.29+0.011 Ca
Mineral N 0.42+0.015 Aa 0.33+0.011 ABb
Zeroinput 0.32+0.011 Ca 0.31+0.009 BCa

Means followed by the same uppzase letter within a column and the same |evase letter within a row are
not significantly differentfopO 0. 05 by

Tukeyobs

HSD test.

The interaction of variety x fertiliser affected NDVI at GSH8=(0.027,Table 3.38), GS74
(p=0.004) and GS82(= 0.002). At GS58, both varieties showed highest NDVI Wwitlgas
digestateand mineral N, lower valies in FYM and loweswith zercinput (Table3.43). The

NDVI of wheat withmineralN fertiliser was not significantly different between Skyfall and

Aszita, whereas the other treatments had higher NDVI values in Aszita than Skyfall.

At GS74, NDVI was highest in plots withineralN andbiogas digestatand lower in FYM

and zercinput plots With mineral N NDVI readings were higher in Skyfall than Z.
Without fertiliseron the other hand, NDVI was higher in Aszita than SkyAtliGS82, NDVI

of Aszita was lowest in plots with FYM, followed kmercinput plots, biogas digestate

application and highest imineral Ntreated plots. In SkyfalhiogasdigestateandmineralN
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reached similarly high NDVI levels, with lower levels in FYM astoinput NDVI of Skyfall

was lower than Aszita inercinputplotsbut higher followingbiogas digestatapplication.

Table3.43. Effect of fertiliser x variety on NDVI at GS58, GS74 and GS82.

Means £ SE (n = 32) Fertiliser Aszita Skyfall

GS58 Biogas digestate  0.58+0.018 Aa 0.55+0.013 Ab
Farmyard manure 0.49+0.012 Ba 0.44+0.009 Bb
Mineral N 0.58+0.021 Aa 0.57+0.013 Aa
Zeroinput 0.46+0.013 Ca 0.41+0.011 Cb

GS74 Biogas digestate  0.47+0.017 Aa 0.48+0.015 Aa
Farmyard manure 0.4+0.009 Ba 0.39+0.01 Ba
Mineral N 0.48+0.018 Ab 0.5£0.016 Aa
Zeroinput 0.4+0.013 Ba 0.38+0.008 Bb

GS82 Biogas digestate  0.35+0.017 Bb 0.37£0.017 Aa
Farmyard manure 0.3+0.011 Da 0.3x0.011 Ba
Mineral N 0.37+£0.013 Aa 0.39+0.018 Aa
Zeroinput 0.32+0.01 Ca 0.31+0.011 Bb

Means followed by the same uppease letter within a column and the same leease letter within a row are
not significantly differentfopO 0. 05 by Tukeyds HSD test.

3.3.4 DISEASE

The observed diseases on wheat leaves during field trials at Nafferton Far8eptenga tritici

blotch (STB,Zymoseptoria tritici and yellow rustRuccinia striiformisf. sp.tritici). Diseases

on ears were Fusarium head blight (FHBusarium spp.), rust andglume blotch
(Parastagnospora nodoruniTable3.44). There were only verplv levels of powdery mildew
(Blumeria graminisf. sp. tritici) in each trial season, for which reason this disease was not
included in the statistical analyses.

Incidences of STB were very low in 2018 andgheme blotchand FHB were detected in that
seasn. Yellow rust on the other hand dominated both years, but disease development was
considerably reduced following the application of conv. @R (0.001,Table3.44). Septoria

tritici blotch on the other hand occurred in wheat with conv. CP, but not at the same level as in
plots with org. CP. Overall, the conv. CP programme reduced disease incidences of both foliar
and ear diseases except fimme blotd. Varieties responded differently to foliar pathogens
with Aszita showing higher susceptibility to STB and Skyfall showing higher susceptibility to
yellow rust but the latter was not significant on the flag leaf. Regarding ear diseases, higher
FHB was olerved in Skyfall than Aszitg & 0.002).While AMF inoculation had no effect on
disease levels, fertiliser affected the levels of STB on Leaf 2 and Leaf 3. Highest STB occurred

in combination withmineralN and the lowest levels were observed in biwgas digestate
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Plots with FYM application showed intermediate STB symptom development. Disease levels
of yellow rust(p < 0.001) as well aglume blotch(p = 0.018) and rust on eas£ 0.002) were
significantly higher in thenineralN treatment comparea the organic fertiliser and control

treatments.

91



Table 3.44. Effects of season, crop protection, variety, AMF inoculum and fertiliser on disease AUDPC (Area under disease progres$s curve)
Septoria triticiblotch and yellow rust on leaves and Fusarium head blight (FtdB)and Glume blotch (GB) on ears. ANOWAvalues in bold
indicate significant main effects and interactions. Means within columns followed by the same letter are not signiffeastlyajpO 0. 0 5 .

Ear diseases
Leaf 3 FHB Rust GB

Yellow Rust
Leaf 2

Septoria triticiblotch
Leaf 2 Leaf 3

Leaf 1 Leaf 1

Year (YR)

2018 (n=127)

2019 (n=128)

Crop protection (CP)
Conventional (n=128)
Organic (n427)
Variety (VR)

Aszita (n=128)
Skyfall (n=127)
Inoculation (AMF)
-AMF (n=128)

+AMF (n=127)
Fertiliser (FT)

Biogas digstate (n=64) 9.2+2.03 30.7+5.63b 88.2+8.35c | 120+£26.12b 97.8+18.45b 65.8+13.15h 0.1+0.04 2.1+0.5b 0.4+0.23k
Farmyard manure (n=62 14.3+2.53 38.5+7.15at 101.6+8.47b(107.7+£19.14t 132.3+22.68t 85.5+19.63h 0.3+0.15 2.6+0.8b 0.3+0.13k
Mineral N (n=64) 11.842.81 48.5+6.76a 124.5+12.787 335.9+59.98: 450.8+78.72¢ 430.2+86.67¢ 0.5+0.21 7.3+1.59¢ 2.6+1.15¢
Zeroinput (n=64) 14.942.34 40.6+4.7ab 111.8+8.26al 129.5+25.38t 192+38.04b 143.4+31.85k 0.2+0.12 3.2+0.9b 0.7+0.33k
ANOVA p-values
Main effects

1.3£0.52b 17.8+2.24b 80.4+5.55b| 96.8£12.09b 199.5+29.33 258.2+41.37¢ 0+0Ob  3.5+0.74 00
23.8+1.94a 61.4+5.04a 132.7+7.338 249.7+34.84¢ 231.2+38.76 80.6+18.1b|0.6+£0.14¢ 4.1+0.75 2+0.61

6.9+1.23b 15.3+2.15b 66.2+5.07b| 0.5+0.21b  2.4+0.76b 16.2+3.85b|0.1+0.05k 0.1+0.08c 0+0.03
18.2+2a 63.9+4.9a 146.9+6.62a 346+31.34a 454.4+40.33:357.2+46.25¢0.5+0.13¢ 7.5+0.95¢ 1.9+0.61

15+1.99a 45.6+5.01a 131.6+6.91a 193.2+33.52 138.3£26.99t 97.3+20.6b| 0+0.01b 3.5+0.73 1.3+0.56
10.1+1.4b 33.6+3.51b 81.4+6.13b| 153.3+17.95 284.6+37.6a 246+41.4a |0.6+0.14¢ 4.1+0.76 0.7+0.25

13.4+1.82 40.6+4.71 106.1+6.82| 173.6+25.83 196.5+28.73 183.9+36.4
11.7+1.64 38.6+x3.97 107+6.99

0.3+0.1 3.5+0.66 0.8+0.32
172.9+28.01 232+38.23 166.6+32.16 0.3+0.11 4.1+0.82 1.2+0.53

YR 0.004 0.003 0.005 0.021 ns 0.010 ns ns ns
CP 0.002 O00.0( O0.0Q OO0O.0C OO0O.0C OO0.0Q 0.020 0.001 ns
VR 0.047 0.011 O00. 0QC ns 0.005 O0. 0(Q 0.002 0.632 ns
AMF ns ns ns ns ns ns ns ns ns
FT 0.047 0.015 00.0q0q O0.0C OO0O.0C OO0.0(Q 0046 ©OO. 0 0.003
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Interactions
YR:CP

YR:VR

CP:VR
YR:AMF
CP:AMF
VR:AMF

YR:FT

CP:FT

VR:FT

AMF:FT
YR:CP:VR
YR:CP:AMF
YR:VR:AMF
CP:VR:AMF
YR:CP:FT
YR:VR:FT
CP:VR:FT
YR:AMF:FT
CP:AMF:FT
VR:AMF.FT
YR:CP:VR:AMF
YR:CP:VR:FT
YR:CP:AMF:FT
YR:VR:AMF:FT
CP:VR:AMF:FT
YR:CP:VR:AMF:FT

0.007
ns
ns
ns
ns
ns

0.012

00. 0

ns
ns
ns
ns
ns
ns
00 .
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0.012
O0. 0
ns
ns
ns
ns
ns
O0. 0
ns
ns
0.009
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
00 .
ns
ns
ns
ns
0.001
00 .
ns
ns
00 .
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0(Q

0(Q

0

0.004
0.019
ns
ns
ns
ns
00 .
00 .
00 .
ns
0.021
ns
ns
ns
00 .
00 .
00 .
ns
ns
ns
ns
00. 0C
ns
ns
ns
ns

o oo
eoNeNe]

o oo
oNeNe]
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ns
ns

0.006
ns
ns
ns
ns

00 .
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

0C

0.006
ns
ns
ns
ns

0.020
0.002
0.011
ns
ns
ns
0.046
0.018
0.024
0.040
0.011
ns
ns
ns
0.018
0.024
0.012
0.040
ns
0.042
ns
0.012
ns
0.042
ns
ns

ns ns
0.029 ns
ns ns
ns ns
ns ns
ns ns
0.008 0.003
O0. 0 0.002
ns ns
ns ns
0.024 ns
ns ns
ns ns
ns ns
0.015 0.002
0.043 ns
0.049 ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns



Disease symptom development of STB on Leaf 1 and 2 was higher in 2019 than 2018
(Table 3.45). In both seasons, STB levels were higher in org. compared to the conv. CP
treatment. In contrast to STiellow rustlevels on flag leaves were the same in both trial years,

but only in plotswith conv. CP. Wheat with org. CP showed significantly higretlow rust

on flag leaves in 2019 compared to 2018. Leaf 3 on the other hand showed less disease in 2019
in both conv. and org. CP treatments. Fusarium head blight did not occur in 2018 otimch

at higher levels on ears with org. CP than conv. CP in 2019.

Table 3.45. Effect of crop protection (CP) x season on AUDPC (area under disease progress
curve) ofSeptoria triticiblotch (STB), leaf yaébw rust and Fusarium head blight (FHB).

Means £ SE (n =32) Season Conv. CP Org. CP

Foliar diseases

STB Leaf 1 2018 0.2+0.21 Bb 2.4+1.01 Ba
2019 13.5+2.17 Ab 34.1+2.66 Aa

STB Leaf 2 2018 2.2+0.53 Bb 33.3+3.52 Ba
2019 28.4+3.6 Ab 94.4+7.41 Aa

Yellow rust Leaf 1 2018 0.8+0.32 Ab 192.9+17.22 Ba
2019 0.3+0.27 Ab 499+54.03 Aa

Yellow rust Leaf 3 2018 30.1+7.18 Ab 486.4+72.09 Aa
2019 2.3+1.47 Bb 138.7+29.72 Ba

Ear disease

FHB 2018 0+0 Aa 0+0 Ba
2019 0.1+0.11 Ab 1+0.25 Aa

Means followed by the same uppease letter within a column and the same levase letter within a row ar
not significantly differentfopO 0. 05 by Tukeyb6s HSD test.

Foliar disease levels as well as rust and FHB on ears were affected by thexsgasety
interaction Table3.44). In 2018, STB symptoms on Leaf 2 of Aszita were not significantly
different to Skyfall, but were higher in 2019able 3.46). Symptoms of STB on Leaf 3 of
Skyfall did not vary between seasons, whereas Aszita showed higher STB disease levels in
2019 than 2018.

In both varieties, AUDP@devels ofyellow ruston flag leaves were higher in 2019 than 2018.
Disease levels ofellow ruston Skyfall were higher than Aszita in 2018 and lower in 2019. On
Leaf 3, yellow rustlevels in Aszita were not affected by seasonemehs Skyfall showed
significantly lower disease in 2019 than 2018.

Yellow rustlevels on earsof Skyfall were higher in 2018 and lower in 2019 than Aszita.
Fusarium head blight was not detected in 2018 but was higher in Skyfall than Aszita in 2019.
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Table 3.46. Interaction of variety x season &eptoria triticiblotch (STB) and leaf yellow rust
as well as rust and Fusarium head blight (FHB) on ears.

Means = SE (n =32) Season Aszita Skyfall

Foliar diseases

STB Leaf 2 2018 14+2.63 Ba 21.5+3.6 Ba
2019 77.2+7.9 Aa 45.7+5.67 Ab

STB Leaf 3 2018 78.4x4.75 Ba 82.3+10.07 Aa
2019 184.8+8.96 Aa 80.5+7.09 Ab

Yellow rust Leaf 1 2018 70.8+13.77 Bb 122.9+19.45 Ba
2019 315.6+62.16 Aa 183.7+£29.84 Ab

Yellow rust Leaf 3 2018 112+28.87 Ab 404.5+73.4 Aa
2019 61.2+23.05 Aa 79.8+22.34 Ba

Ear diseases

Rust 2018 1.5+0.39 Bb 5.4+1.38 Aa
2019 5.4+1.36 Aa 2.8+0.62 Bb

FHB 2018 0+0 Aa 0+0 Ba
2019 0+0.01 Ab 1.2+0.27 Aa

Means followed by the same uppease letter within a column and the same leease letter within a row ar
not significantly differentfopO 0. 05 by Tukeyds HSD test.

In both varietiesyellow rustlevels were higher in org. CP compared to the conv. CP treatment
(Table3.47). Independent of CP, Aszita showed lowelow rustthan Skyfall on Lea® and
Leaf 3. With org. CP, Skyfall showed higher FHB than Aszita, but disease levels between the
varieties were not significantly different with conv. CP.

Table 3.47. Effect of crop protection (CP) x varietn leaf yellow rust and Fusarium head
blight (FHB).

Means + SE (n =32) Variety Conv. CP Org. CP

Foliar disease

Yellow rust Leaf 2 Aszita 0.7+0.36 Bb 247.8+44.03 Ba
Skyfall 4+1.44 Ab 547.4455.49 Aa

Yellow rust Leaf 3 Aszita 2.6+1.47 Bb 170.6+34.04 Ba
Skyfall 29.8+7.2 Ab 454.4+72.39 Aa

Ear disease

FHB Aszita 0+0 Aa 0+0.01 Ba

Skyfall 0.1+0.11 Ab 1+0.25 Aa

Means followed by the same uppease letter within a column and the same leease letter within a row ar
not significantly differentfopO 0. 05 by Tukeydés HSD test.
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Independent of fertiliser treatment, STB levels on flag leaf and Leaf 3siggriéicantly higher

in 2019 than 2018T@ble 3.48). There was no response to fertiliser treatment of STB

development on flag leaves in 2018, bidgasdigestateshowed lower disease levels than the

other in 2019. On Leaf 3, STB levels were highest witheralN application and lowest with

biogas digestatandzercinputin 2018. In 2019, wheat withut fertilisershowed similaSTB

levelsas themineralN treatment, whereadisease levels/ere lower in plots with FYM and

biogas digestatéreatment. Yellow rust on the flag leaf and Leaf 3 was highest following

mineralN fertiliser application in both seasons. Glume blotch did not occur in 2018 but was

found at higher levels witmineralN compared to other fertiliser treatments in 2019.

Table3.48. Effect of fertiliser x season d@eptoria triticiblotch (STB), leaf yellow rust as well

as eaglume blotch.

Means + SE (n = 32) Fertiliser 2018 2019

Foliar diseases

STB Leaf 1 Biogas digestate 2+1.89 Ab 16.4+3.15 Ba
Farmyard manure 0.7£0.37 Ab 27.8+3.74 Aa
Mineral N 1.4+0.68 Ab 22.3+4.96 ABa
Zeroinput 1.2+0.55 Ab 28.6+3.14 Aa

STB Leaf 3 Biogas digestate 61.4+7 Cb 115.1+13.7 Ca
Farmyard manure  79.7£10.69 Bb 123.4+12.11 BCa
Mineral N 108.8+16.14 Ab 140.3+19.69 ABa
Zeroinput 71.7+6.36 BCb 152+11.52 Aa

Yellow rust Leaf 1 Biogas digestate 68.9114.27 Bb 171.1+48.99 Ba
Farmyard manure  56.6+12.59 Bb 158.8+34.09 Ba
Mineral N 174.6+£35.2 Ab 497.1+£108.2 Aa
Zeroinput 87.3+22.79 Bb 171.6+44.53 Ba

Yellow rust Leaf 3 Biogas digestate 99.8+22.26 Ba 27.7£9.43 Bb
Farmyard manure 125.9+33.27 Ba 39.7+£16.03 Bb
Mineral N 604.4+135.97 Aa 148.6152.8 Ab
Zeroinput 203+51.15 Ba 66+27.9 Bb

Ear diseases

Glume blotch Biogas digestate 0+0 Aa 0.7£0.45 Ba
Farmyard manure 0x0 Ab 0.6£0.25 Ba
Mineral N 0+0 Ab 5.242.22 Aa
Zeroinput 0+0 Ab 1.4+0.64 Ba

Means followed by the same upgease letter within a column and the same leease letter within a row are

not significantly differentfopO 0. 05 by Tukeybés HSD test.
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The CP x fertiliser interaction affected disease levels on both leaves arfdades3.44). In
response to FYM anderainput, conv. CP was effective for the reductionyellow ruston

leaves and rust on ears as well as STB in fertiliser treatmieadite.49). Zero fertiliser input
showed highest STB symptom development with co@¥ compared to the fertiliser
treatments, whereas wheat with org. CP showed highest STB levels follavimsgal N
application on Leaf 2 and 3 and on flag leaves in response to FYM. When conv. CP was applied,
plants withmineralN andbiogas digestatshowed lowest STB levels on Leaf 2 and 3.

Yellow rust on leaves was highest followingneralN application independent of CP. With
conv. CP, wheat withiogas digestatapplication showed similgrellow rustsymptom levels

on flag leaves amineralN-treaed wheat, but with org. CBiogas digestateimilaryellow rust

levels like FYM andzercinputwhich were lower compared to theneralN-treatment.

Diseases on ears did not vary in response to fertiliser treatment with conv. CP. In the absence
of pestcides, highest levels of FHB were recorded after FYM application. Highest disease
levels of eawellow rustwere recorded in thieiogas digestatandmineralN treatment while

glume blotch was found mostly in plots wittineralN application.
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Table 3.49. Effect of crop protection (CP) x fertiliser d®eptoria tritici blotch (STB) leaf

yellow rust as well as Fusarium head blight (FHB), rust and Glume blotch on ears.

Means = SE (n = 32) Fertiliser Conv. CP Org. CP

Foliar diseases

STB Leaf 1 Biogas digestate 4+1.76 Bb 14.4+3.46 Ca
Farmyard manure 6.2+1.73 Bb 22.3+4.33 Aa
Mineral N 2.1+0.89 Bb 21.6£5.02 ABa
Zeroinput 15.2+3.85 Aa 14.6+2.74 BCa

STB Leaf 2 Biogas digestate  10.6+3.01 BCb 50.8+9.68 Ba
Farmyard manure  16+3.95 Bb 61.1+12.62 Ba
Mineral N 6.8t2.51 Cb 90.2+8.18 Aa
Zeroinput 27.916.07 Aa 53.3£6.52 Ba

STB Leaf 3 Biogas digestate 56.849.4 Cb 119.7+11.45 Ba
Farmyard manure 73.2+10.91 Bb 129.9+10.99 Ba
Mineral N 43+6.87 Cb 206.1+13.71 Aa
Zeroinput 91.7+11.16 Ab 132+11.23 Ba

Yellow rust Leaf 1 Biogas digestate 0.8+0.48 ABb  239.2+43.08 Ba
Farmyard manure 0£0.04 Bb 215.4+27.22 Ba
Mineral N 1.3+0.67 Ab 670.4+86.04 Aa
Zeroinput 0+0 Bb 258.9+39.19 Ba

Yellow rust Leaf 2 Biogas digestate 1.1+0.6  Bb 185.4+27.12 Ca
Farmyard manure 0.7+0.37 Bb 255.6+30.78 BCa
Mineral N 6.7£2.78 Ab 796.3+105.62 Aa
Zeroinput 0.8£0.53 Bb 353.2+56.21 BCa

YR Leaf 3 Biogas digestate 8.5£3.2 Bb 119+21.46 Ba
Farmyard manure 8.3+3.22 Bb 157.3+33.39 Ba
Mineral N 34.5+£13.13 Ab 718.4+130.04 Aa
Zeroinput 13.6£5.94 Bb 255.4+52.15 Ba

Ear diseases

FHB Biogas digestate 0+0 Ab 0.2+0.09 Ba
Farmyard manure 0.2+0.21 Aa 0.5+0.22 ABa
Mineral N 00 Ab 1+0.41 Aa
Zeroinput 0.1+0.06 Aa 0.4+0.24 Ba

Rust Biogas digestate 0.1+0.04 Ab 4.2+0.86 ABa
Farmyard manure 0.3£0.31 Ab 4.8+1.48 Ba
Mineral N 0+0 Ab 14.5+2.62 Aa
Zercoinput 0£0 Ab 6.3x1.63 Ba

Glume blotch Biogas digestate 0+0 Aa 0.7£0.45 Ba
Farmyard manure 0.1+0.11 Aa 0.5+0.24 Ba
Mineral N 0+0 Ab 5.2+2.22 Aa
Zeroinput 0£0 Ab 1.4+0.64 Ba

Means followed by the same uppease letter within a column and the same leease letter within a row are
not significantly differentfopO 0. 05 by Tukeydés HSD test.
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The two wheat varieties responded differently in termgetlbw ruston leaves ath FHB on

ears in response to fertiliser applicat{@able3.50). Both varieties showed highsallow rust
following mineralN application. Flag leaves of Skyfall showed lower AUDIREels following
biogas digestatapplication than in thenineralN and control treatments. Flag leaves of Aszita
showed morgellow rustthan Skyfall whermmineralN was applied, whereas disease Isve
response to the other fertiliser treatments were not significantly different between the two
varieties. On Leaf 3jiogas digestat@as the only fertiliser that showed similar levelgyeifow
rustin both varieties. Apart from that, symptoms werghleir in Skyfall compared to Aszita.
Symptoms of FHB on ears were higher in Skyfall than Aszita, but not significantly different
whenbiogas digestatwas applied. For Aszithjogas digestat@as the only fertiliser treatment
where FHB symptoms occurredtkat a very low level. In Skyfall, highest incidences of FHB
were found followingmineral N application with slightly lower levels with FYM arzkro

inputbut again FHB incidence was very low.

Table3.50. Effect of variety x fertiliser on disease levels of leaf yellow rust as well as Fusarium
head blight (FHB).

Means = SE (n = 32) Fertiliser Aszita Skyfall

Foliar diseases

Yellow rust Leaf 1 Biogas digestate  142.1+46.36 Ba 97.9+24.33 Ca
Farmyard manure 112.1+32.55 Ba 103.3+20.69 BCa
Mineral N 413+107.17 Aa 258.7+52.47 Ab
Zeroinput 105.7+40.19 Ba 153.2+31.07 Ba

Yellow rust Leaf 3 Biogas digestate  47.8+14.85 Ba 79.7£20.77 Ba
Farmyard manure 53.5+16.16 Bb 112.1+34.16 Ba

Mineral N 202.4+65.58 Ab 550.5£135.54 Aa
Zeroinput 42.8+16.4 Bb 226.2+53.73 Ba
Ear disease
FHB Biogas digestate 0+0.02 Aa 0.2+0.08 Ba
Farmyard manure 0+0 Bb 0.7£0.29 ABa
Mineral N 00 Bb 1+0.41 Aa
Zeroinput 0+0 Bb 0.5+0.24 ABa

Means followed by the same uppease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeydés HSD test.
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There was a significant fertiliser x AMF inoculum interaction on ear F@EB=(0.04,
Table3.44). FHB levels showed no response to fertiliser without AiNidculation, but with
the AMF inoculum, FHB levels varied depending ortilieer treatment Table 3.51). Here,
biogas digestatand FYM showed lower FHB levels compared to rtiaeralN andcontrol

treatments.

Table3.51. Effect of fertiliser x AMF inoculum on Fusarium head blight (FHB).

Means = SE (n = 32) Fertiliser - AMF + AMF

Ear disease

FHB Biogas digestate 0.1+0.07 Aa 0.1+0.06 Ba
Farmyard manure 0.5+0.29 Aa 0.1+0.08 Ba
Mineral N 0.3x0.21 Aa 0.7£0.37 Aa
Zeroinput 0.2+0.11 Aa 0.3+0.22 ABa

Means followed by the same uppzase letter within a column and the same lowzese letter within a row ai
not significantly differentfopO 0. 05 by Tukeyds HSD test.

3.3.5 MYCORRHIZAL ROOT COLONISATION

The intensities of mycorrhizal colonisation struetisuch as arbuscules (A%), hyphae (H%)
and vesicles (V%) in wheat roots followed the same pattern as mycorrhizal intensities (M%).
For this reason, M% was selected to give an overview of mycorrhizal development in wheat
over the two cropping seasons 2Gk& 2019 Fig. 3.3). Mycorrhizal colonisation intensities

in root systems of wheat varied between seasons anemostly affected by variety and
fertiliser treatments. Peaks of M% were reached at floweg@f§64)in 2018 and at stem
elongation(GS32)in 2019. Mycorrhizal colonisation intensity was not affected by CP in 2018
but was increased in response to conv. &t &llering in 2019 Fig. 3.3 A). Varying effects

of fertiliser treatment on M% were observdeg 3.3 B) with strong decreases in 2018 in
response tonineralN andbiogas digestatapplication and a constant lower M% with FYM. In
2019, the application ahineralN only affected M% at maturity (GS98ut had no impact on

AMF root colonisatioAMF-RC) at stem elongation and flowering. Wheat without fertiliser
input showed highest M% at all assessed time points. Skyfall showed overall higher M% than
Aszita and this difference was more pronounced ir®26an 2018Kig. 3.3 C). No main effects

on M% were observed in response to inoculum application at all growth stages.
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Fig. 3.3. Mycorrhizal intensity [%] in wheat roots over two cropping seasons (2018 and 2019)
as affected byA) organic and conventional crop protecti@e¢.i Apr. n =32, Mayi Aug.

n = 64, B) fertiliser treatment (farmyard manure applied in autumn, mineral N and biogas
digestate applied in spring) compared¢ocinput(n = 32),C) variety Aszita and Skyfall with

and without AMF inoculum applicatiobgc.i Apr. n =16, Mayi Aug. n = 33. Data points
show means + SE.
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3.3.5.1 SEEDLING GROWTH

Variety-specific colonisation patterns were already visible at seedling growth where Skyfall
showed higher AMF frequencies (F%) and M% than Aspifa ( 0 . TaldeB.52). Arbuscule
(A%) and hyphae (H%) abundances were higher in Skyfall too, but there was no significant
difference in vesicle abundance (V%). Application of FYM reduced all AAGparameters

in wheat roots.

Table 3.52. Effects of season, crop protection, variety, AMF inoculum and fertiliser on
mycorrhizal colonisation parameters (F = frequency, M = intensity, A, V and H = arbuscule,
vesicle and hyphaagbundances) at seedling stage (GS12). AN@MAlues in bold indicate
significant main effects and interactions. Means within columns followed by the same letter are
not significantly differentapO 0. 05 .

Seedling growth (GS12)

F% M% A% V% H%
Year (YR)
2018 (n=127) 32.9+1.88 6.8+0.6 3.8+0.39 0£0.02 4.4+0.39
2019 (n=128) 38.3+2.05 9.5+0.89 5.7#0.58 0.2+0.08 5.9+0.54

Crop protection (CP)
Conventional (n=128) 36.8+2.05 8.4+0.75 4.8+0.5 0.1+0.04 5.4+0.46

Organic (n=127) 34.4+1.94 7.9+0.81 4.6+0.52  0.2+0.07 5+0.5
Variety (VR)

Aszita (n=128) 30.3+1.75b 5.7+0.5b 3.3+0.32b  0£0.01  3.7+0.32b
Skyfall (n=127) 41+2.0la 10.6+0.89a 6.2+0.6a 0.2+0.08 6.7+0.54a
Inoculation (AMF)

-AMF (n=128) 36.5+2.03 8.8+0.86 5.3x0.58  0.2+0.07 5.4+0.52
+AMF (n=127) 34.7£1.97 7.5+0.68 4.1+0.42 0.1+£0.04 5+0.44

Fertiliser (FT)

Farmyard manurén=63) 31.1+1.81b 6.5+0.62b 3.5+0.37b  0+0.01b 4.4+0.42Db
Zeroinput (n=64) 40.1+2.01a 9.8+0.87a 5.9+0.59a 0.2+0.08a 6+0.52a
ANOVA p-values

Main effects

YR ns ns ns ns ns
CP ns ns ns ns ns
VR O00.0 O0.0( O0. 0C¢ ns 00.0
AMF ns ns ns ns ns
FT O00.0 OO0.0( OO0.O0C 0.006 0.003
Interactions

YR:CP ns ns ns ns ns
YR:VR ns ns ns ns ns
CP:VR ns ns ns ns ns
YR:AMF ns ns ns ns ns
CP:AMF ns ns ns ns ns
VR:AMF ns ns ns ns ns
YR:FT ns 0.025 0.019 ns ns
CP:FT ns ns ns ns ns
VR:FT ns ns ns 0.043 ns

AMF:FT ns ns ns ns ns
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YR:CP:VR ns ns ns ns ns

YR:CP:AMF ns ns ns ns ns
YR:VR:AMF ns ns ns ns ns
CP:VR:AMF ns ns ns ns ns
YR:CP:FT ns ns ns ns ns
YR:VR:FT ns ns ns ns ns
CP.VRFT ns 0.046 ns ns 0.040
YR:AMF:FT ns ns ns ns ns
CP.AMF.FT ns ns ns ns ns
VR:AMF:FT 0.023 ns ns ns ns
YR:CP:VR:AMF ns ns ns ns ns
YR:CP:VR:FT ns ns ns ns ns
YR:CP:AMF.:FT ns ns ns ns ns
YR:VR.:AMF.FT ns ns ns ns ns
CP:.VR:AMF:FT ns ns ns ns ns
YR:CP:VR:AMF:FT ns ns ns ns ns

In 2018, M% and A% were not significantly different in seedlings between the FY deaad
input treatments, but in 2019, FYM application significantly decreased both M% and A%
(Table3.53). In plots with FYM application, there was no significant difference in A% and M%
between the two seasons but inzkesinputtreatment, M% and A% were higher in 2019 than
2018.

Table 3.53. Effect of seaso x fertiliser on mycorrhizal intensities (M%) and arbuscule
abundances (A%) in wheat roots at seedling growth (GS12).

Means = SE (n = 32) Season Farmyard manure Zero-input

M% 2018 6.1+0.83 Aa 7.4+0.87 Ba
2019 6.9+0.93 Ab 12.1+1.39 Aa

A% 2018 3.3t0.54 Aa 4.2+0.57 Ba
2019 3.840.5 Ab 7.5£0.95 Aa

Means followed by the same upgmase letter within a column and the same lewase letter within a row
are not significantly differentfgpO Ob W 5Tukey 6s HSD test

Although vesicle numberd/%) were low during early growth, V% in rosystems of wheat
seedlings were significantly affected by the variety x season intergotiob.(43,Table3.52).

In 2019, Skyfall showed higher V% mpared to Aszita, whereas no difference occurred in
2018 {Table3.54).

Table3.54. Effect of season x vagiy on vesicle abundances (V%) in wheat roots at seedling
growth (GS12).

Means = SE (n=32) Season Aszita Skyfall
V% 2018 0+£0.02 Aa 0.1+0.04 Aa
2019 0.1+0.02 Ab 0.3+0.15 Aa

Means followed by the same uppease letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeyds HSD test.
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3.3.5.2 TILLERING

Mycorrhizal colonisation after winter was higher in Skyfall tieszita (Table 3.55). Besides

variety, fertiliser application impacted &IMF-RC parametergy< 0.001) except for V%. Plots

without fertiliser showed almost twice the level&¥IF-RC as wheat treated with FYM.

Table 3.55. Effects of season, crop protection, variety, AMF inoculum and fertiliser on
mycorrhizal colonisation parameters (F = frequency, M = intensity, A, V and H = arbuscule,
vesicle and hyphae abundances tillering (GS22). ANOVAp-values in bold indicate
significant main effects and interactions. Means within columns followed by the same letter are

not significantly differentapO 0. 05 .

Tillering (GS22)

F% M% A% V% H%
Year (YR)
2018(n=127) 44.242.32 11.6+0.96 5.8+0.57 0.1+0.03 8+0.69
2019 (n=128) 38.2+2.62 12.1+1.28 7.3+0.86 0.3+0.09 7.4+0.76
Crop protection (CP)
Conventional (n=128) 42425 12.3+1.14 6.7+0.71 0.1+0.03 8.1+0.77
Organic (n=127) 40.4+2.5 11.3+1.13 6.4+0.77 0.3x0.08 7.3+£0.67

Variety (VR)
Aszita (n=128)
Skyfall (n=127)
Inoculation (AMF)
-AMF (n=128)
+AMF (n=127)
Fertiliser (FT)

34.2+2.48b 8.3+0.83b

40.8+2.48 11.8+1.1
41.6+2.53 11.9+1.17

Farmyard manurén=63) 31.7+2.14b 7.2+0.75b 3.5%+0.38b
50.6+2.26a 16.4+1.15a 9.5+0.81a

Zero-input(n=64)
ANOVA p-values

Main effects

YR ns ns

CP ns ns

VR O0.0( O0. O
AMF ns ns

FT O0.0( O0. O
Interactions

YR:CP ns ns
YR:VR 0.008 0.032
CP:VR ns ns
YR:AMF ns ns
CP:AMF ns ns
VR:AMF ns ns
YR:FT ns 0.038
CP:FT ns ns
VR:FT ns 0.004
AMF:FT 0.006 ns
YR:CP:VR ns ns
YR:CP:AMF ns ns

YR:VR:AMF ns ns
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4.2+0.43b 0.1+0.02b 5.8+0.62b

6.7+0.71
6.4+0.77

ns
ns

00. 0

ns

00. 0

ns

0.016
ns
ns
ns
ns
ns
ns

0.006
ns
ns
ns
ns

0.2+0.04
0.3+0.08

0.2+0.08
0.3+0.05

ns
ns

0.031
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

48.3+2.19a 15.4+1.23a 9+0.86a 0.3+0.09a 9.7+0.75a

7.5%+0.73
7.91+0.72

5+0.55b
10.3+0.72a

ns

ns
0.003

ns
O00. 0!

ns
ns
ns
ns
ns
ns
ns
ns

0.020
ns
ns
ns
ns



CP:VR:AMF ns ns ns ns ns

YR:CP:FT 0.012 0.027 ns ns 0.011
YR:VR:FT ns ns ns ns ns
CP:VR:FT ns ns ns ns ns
YR:AMF:FT ns ns ns ns ns
CP.:AMF.FT ns ns ns ns ns
VR:AMF.FT ns ns ns ns ns
YR:CP:VR:AMF ns ns ns ns ns
YR:CP:VR:FT ns ns ns ns ns
YR:CP:AMF:FT 0.036 ns ns ns 0.018
YR:VR:AMF.:FT ns ns ns ns ns
CP:.VR.:AMF.FT ns ns ns ns ns
YR:CP:.VR:AMF.FT ns ns ns ns ns

Mycorrhizal colonisation parameters at tillering were significantly affected by the season x
variety interactionTable3.55). Aszita showed higher F% and M% in 2018 than 2019, but A%
was not significantly different between the two seasdiablé 3.56). Mycorrhizal intensities

(M%) and A% in Skyfall were lower in 2019 compared to the previous season, but F% was the
same in both years. Mycorrhizal frequencies did not differ between the two varieties in 2018
but werehigher in Skyfall than in Aszita in 2019. Mycorrhizal intensities and A% were higher

in Skyfall than Aszita in both seasons.

Table3.56. Effect of season x variety on mycorrhizal frequencies (F%), intesigi@o) and
arbuscule (A%) abundances in wheat roots at tillering (GS22).

Means = SE (n = 32) Season  Aszita Skyfall

F % 2018 41.4+3.47 Aa 47.2+3.03 Aa
2019 27+3.09 Bb 49.5+3.19 Aa

M% 2018 9.9+1.22 Ab 13.4+1.44 Ba
2019 6.8+1.06 Bb 17.3£1.95 Aa

A% 2018 4.6+0.62 Ab 7.1+0.93 Ba
2019 3.8£0.61 Ab 10.9+1.36 Aa

Means followed by the same upgmase letter within a column and the same lewase letter within a row
are not significantly differentfgpO Ob W 5Tukey 6s HSD test
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A significant interaction was found for fertiliser x season which had impact on M%
(p = 0.038,Table3.55) at tillering. However, Tukeypost hoc test kealed only lower M% in
FYM-treated plots compared teercinput plots with no differences between seasons
(Table3.57).

Table 3.57. Effect of fertiliser x season on mycorrhizal intensities (M%) in wheat roots at
tillering (GS22)

Means = SE (n = 32) Fertiliser 2018 2019
M% Farmyard manure 8+0.97 Ba 6.4+1.14 Ba
Zeroinput 15.1+1.39 Aa 17.7+1.83 Aa

Means followed by the same uppease letter within a column and the same levase letter within a row ar
not significantl yTukdy&®s ed$SD ftoestp. O 0. 05 by

The effect of fertiliser on M%, A% and H% in wheat roots at tillering varied between the two
varieties Table3.58). Root colonisabn intensity (M%) as well as A% and H% were higher in
Skyfall than in Aszita independent of fertiliser application. In both varieties, application of
FYM decreased all the componentsAdfiF-RC.

Table 3.58. Effect of fertiliser x variety on mycorrhizal intensity (M%), arbuscule (A%) and
hyphae (H%) abundances in wheat roots at tillering (GS22).

Means = SE (n = 32) Fertiliser Aszita Skyfall

M% Farmyard manure 5.2+0.85 Bb 9.2+1.16 Ba
Zeroinput 11.4+1.2 Ab 21.3+¥1.54 Aa

A% Farmyard manure 2.2+0.34 Bb 5+0.6 Ba
Zeroinput 6.2+0.63 Ab 12.9+1.25 Aa

H% Farmyard manure 3.9£0.34 Bb 6.1+0.6 Ba
Zero-input 7.6+£0.63 Ab 13.1+1.25 Aa

Means followed by the same upgzase letter within a column and the same lewase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test

There was a significant interaction of fertiliser x inoculationtiéring (p = 0.006,
Table 3.55). Mycorrhizal frequencies (F%) were significantly lower in wheat with FYM and
without inoculum compared to plots wi#MF treatment Table3.59). Wheat without fertiliser
input had overall higher F% and was not affected by inoculum application.

Table 3.59. Effect of fertiliserx AMF inoculum on mycorrhizal frequencies (F%) in wheat
roots at tillering (GS22).

Means + SE (n = 32) Fertiliser -AMF +AMF
F% Farmyard manure 27.8+2.44 Bb 35.6£3.44 Ba
Zeroinput 53.8+2.85 Aa 47.4+3.45 Aa

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test
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3.3.5.3 STEM ELONGATION

Mycorrhizal root colonisation intensity (M%) as well as A%, V% ar¥d Bt stem elongation

were lower in 2018 than 20194ble3.60). Similar to previous growth stages, Skyfall showed
higherAMF-RC than Aszita |§ < 0.001).Application ofbiogas digestatandmineral N~ 2-3

weeks prior to this sampling reduced F%, V% and H%. These two fertiliser types tended to
have similar effects on AMRC, but on average the lowest M% and H% were found following
biogas digestatapplicaton. Mycorrhizal frequencies and H% were highest in the FYM and
zercinput The latter treatment showed highest V% compared to plants that received fertiliser
inputs. Arbuscule abundances (A%) at this growth stage were not significantly diffexrert in

inputandmineralN-treated plots and iniogas digestatand FYMtreated plots respectively.

Table 3.60. Effects of season, crop protection, variety, AMF inoculum and fertiliser on
mycorrhizal colonisation parameters (F = frequency, M = intensity, A, V and H = arbuscule,
vesicle and hyphae abundances) at stem elongation (GS32). Al@¥&ldes in bold indicat
significant main effects and interactions. Means within columns followed by the same letter are
not significantly differentapO 0. 05 .

Stem elongation (GS32)

F% M% A% V% H%
Year (YR)
2018 (n=127) 63.9+1.44 18+0.85b 9.8+0.49b 0.6+0.08b 11.8+0.6b
2019 (n=128) 55.5+1.75 28.7+1.31a 15.1+0.74a 2.1+0.29a 18.8+0.86a

Crop protection (CP)
Conventional (n=128) 61.8+1.51 24.5+1.27 12.9+0.67 1.6+0.26 16.1+0.86

Organic (n=127) 57.5+1.75 22.2+1.12 12+0.66 1.1+0.16 14.5+0.75
Variety (VR)

Aszita (n=128) 52.5+1.65b 18.6+1.02b 10+0.58b 0.5%£0.13b 12.4+0.68b
Skyfall (n=127) 67+1.35a 28.2+1.22a 14.9+0.69a 2.3+0.26a 18.3+0.84a
Inoculation (AMF)

-AMF (n=128) 590+1.59 22.9+1.14 12.4+0.67 1.3x0.2 14.9+0.76
+AMF (n=127) 60.4+1.69 23.8+1.26 12.4+0.67 1.4+0.24 15.7+0.85

Fertiliser (FT)
Biogas digestate (n=64 53.9+2.61b 19.5+1.54b 10.8+0.86b 0.7+0.16b 12.6+1.04c
Farmyard manure (n=6. 63.6+2.09a 23.1+1.46ak 11+0.7b 1.3+0.21b 16.1+1.09ak

Mineral N (n=64) 56.1+2.1b 23.8+1.93ak 13.6+1.09a 1.3+0.34b 14.9+1.26bc
Zeroinput (n=64) 65.1+2.17a 27+1.71la 14.2+1.02a 2.1+0.44a 17.6+1.09a
ANOVA p-values

Main effects

YR ns 0.005 0.014 0.050 0.004
CP ns ns ns ns ns

VR 00.0(t O00.0C O0O.0' O0.0 OO0.0C¢
AMF ns ns ns ns ns

FT O0.0( O0.0C O0.0¢ O0O.0 OO0.O0C
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Interactions

YR:CP ns 0.024 0.045 ns 0.020
YR:VR 0.023 0.002 ns 0.009 (0.001
CP:VR ns ns ns ns ns
YR:AMF ns ns ns ns ns
CP:AMF ns ns ns ns ns
VR:AMF ns ns ns ns ns
YR:FT O00.0( O0.0C OO0.0' ns 00. 0
CP:FT ns ns ns ns ns
VR:FT ns ns ns ns ns
AMF.FT ns ns ns ns ns
YR:CP:VR ns ns ns ns ns
YR:CP:AMF ns ns ns ns ns
YR:VR:AMF ns ns ns ns ns
CP:VR:AMF ns 0.029 ns ns 0.022
YR:CP:FT ns ns ns ns ns
YR:VR:FT 0.025 ns ns ns ns
CP:VR:FT ns ns ns ns ns
YR:AMF:FT 0.048 ns ns ns ns
CP:AMF.FT ns 0.031 0.029 ns 0.049
VR:AMF:FT ns ns ns ns ns
YR:CP:VR:AMF ns ns ns ns ns
YR:CP:VR:FT ns ns ns 0.018 ns
YR:CP:AMF.FT ns ns ns ns ns
YR:VR:AMF.FT ns ns ns ns ns
CP:.VR:AMF.FT ns ns ns ns ns
YR:CP:VR:AMF:FT ns ns ns ns ns

There was a significant interaction of CP x seaso\bi-RC (Table 3.61). Mycorrhizal
intensity (M%) as well as A% and H% were higher in 2019 than 2018. Crop protection had no
effect on these parameters in 2018, but incredddB-RC rates compared to plots without

conv. CP were scored in 2019.

Table3.61. Effect of season x crop protection (CP) on mycorrhizal intensity (M%), arbuscule
(A%) and hyphae (H%) abundances in wheat roots at stem elongation (GS32).

Means = SE(n =32)  Season Conv. CP Org. CP

M% 2018 17+0.96 Ba 18.9+1.41 Ba
2019 31.9+1.96 Aa 25.5+1.64 Ab

A% 2018 9.1+0.55 Ba 10.4+0.82 Ba
2019 16.6+1.05 Aa 13.6+1.01 Ab

H% 2018 7.4+0.43 Ba 8.4+0.65 Ba
2019 13.1+0.79 Aa 10.9+0.79 Ab

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test
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Seasonal effects oAMF-RC were also visible between the two varietidalfle 3.62).
Mycorrhizal frequencies (F%) and M% as well as V% and H% of Aszita were significantly
lower than Skyfall in both seasons. In 2019, F% in Aszita was lower than in 2018, whereas no
difference between seasons was found in Skyfall. Mycorrhizal intensiiekl% were lower

in 2018 in both varieties. Vesicle numbers (V%) were lower in Skyfall in 2019, whereas Aszita

showed the same V% in both years.

Table3.62. Effect of season x variety on mycorrhizal freque(€p), intensity (M%), vesicle
(V%) and hyphae (H%) abundances in wheat roots at stem elongation (GS32).

Means = SE (n=32) Season Aszita Skyfall

F% 2018 59.3+2.09 Ab 68.5+1.81 Aa
2019 45.7+2.27 Bb 65.5+1.99 Aa

M% 2018 15.7+1.25 Bb 20.3+1.09 Ba
2019 21.5+1.53 Ab 36.1+1.68 Aa

V% 2018 0.2+0.05 Ab 1+0.14 Ba
2019 0.7£0.26 Ab 3.6£0.45 Aa

H% 2018 10.8+0.88 Bb 12.8+0.8 Ba
2019 14+1 Ab 23.8£1.11 Aa

Means followed by the same uppease letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob YW 5Tukey s HSD test

The effect of fertiliser oMAMF-RC parameters varied significantly between sea§ord.001,
Table3.60). In 2018, F% was reduced in respondaiogas digestatendmineralN application,
but only bybiogas digestatapplication in 2019Table 3.63). Mycorrhizal frequencies (F%)
levels were not significantly different between years inrtfieeralN treatment, whereas all
other fertiliser treatments showed lower F% in 2019 compared to 2018.

Mycorrhizal intensities were reduced tmyneralN application in 2018, but not in 2019. In the
same yearhiogas digestatshowed lowest M% rates, followed by FYM application. Pairwise
comparison of this parameter between trial years showed that M% atwaS3#gher in 2019

in all fertiliser treatments except fbiogas digestaterhere colonisation intensities were the
same in both years. Also A% was not different between seasonsbisias digestate
application, but increased from 2018 to 2019 in resptinte other fertiliser sources. In 2018,
A% was reduced bgnineralN application, but not in 2019 where A% was decreased only in
response tbiogas digestatand FYM application.

Hyphae abundance$1%) were negatively affected bsnineral N in 2018 andby biogas
digestatan 2019. There was no effect of season on H% in wheatbitias digestatehereas
the same parameter increased in all other tested fertiliser regimes from 2018 to 2019.
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Table 3.63. Effect of season x fertiliser on mycorrhizal frequency (F%), intensity (M%),
arbuscule (A%) and hyphae (H%) abundances in wheat roots at stem elongation (GS32).

Means = SE (n = 32) Fertiliser 2018 2019

F% Biogas digestate = 62.8+2.46 Ba 44.7+4.09 Bb
Farmyard manure 69.4+2.23 ABa 58+3.25 Ab
Mineral N 53.6+£3.01 Ca 58.6£2.91 Aa
Zeroinput 69.9+2.85 Aa 60.3+3.09 Ab

M% Biogas digestate 18.4+1.7 Aa 20.6+2.6 Ca
Farmyard manure 19.3x1.65 Ab 26.8£2.22 Ba
Mineral N 13.1+1.41 Bb 34.4+2.43 Aa
Zeroinput 21.1+1.77 Ab 3291256 Aa

A% Biogas digestate  10.5+1.08 Aa 11.1+1.37 Ba
Farmyard manure 9.8+0.84 ABD 12.2+1.08 Ba
Mineral N 7.5£0.75 Bb 19.8+1.33 Aa
Zeroinput 11.3+1.12 Ab 17.2+1.54 Aa

H% Biogasdigestate 11.8+1.11 ABa 13.5£1.78 Ba
Farmyard manure 13.1+1.28 Ab 19+1.6 Aa
Mineral N 8.4+1.01 Bb 21.5+1.64 Aa
Zeroinput 13.911.19 Ab 21.241.59 Aa

Means followed by the same uppease letter within a column and the same levase letter within a row
are not significantly differentfqpO Ob W 5Tukey s HSD test

3.3.5.4 FLOWERING

At flowering, all fertiliser input sources significantly reduced allessedAMF-RC parameters
(p < 0.001,Table3.64) with higher levels in Skyfall than in Aszita observed 0. 00 1) .

Table 3.64. Effects of season, crop protection, variety, AMF inoculum and fertiliser on
mycorrhizal colonisation parameters (F = frequency, M = intensity, A, V and H = arbuscule,
vesicle and hyphae abundances) at flowering (GS64). AN@MAlues in bold indicate
significant main effects and interactions. Means within columns followed by the same letter are
not significantly differentapO 0. 05 .

Flowering (GS64)

F% M% A% V% H%
Year (YR)
2018 (n=127) 57.8+1.59 24.8+1.12 13.840.64 1.5+0.21 15.7+0.77
2019(n=128) 58+1.61 26.4+1.06 13.7+0.54 1.5+0.21 17.7+0.75
Crop protection (CP)
Conventional (n=128) 60.3+1.45 26.5+1.06 14.2+0.57 1.6+0.2 17.3%£0.75
Organic (n=127) 55.5+1.71 24.7+#1.12 13.2+0.6 1.4+0.22 16.1+0.77
Variety (VR)
Aszita(n=128) 52.2+1.6b 21.5t1b 11.9+0.56b 0.5+0.08b 14.1+0.71b

Skyfall (n=127) 63.7+1.43a 29.7+1.06a 15.6+0.57a 2.5+0.26a 19.4+0.74a
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Inoculation (AMF)
-AMF (n=128)
+AMF (n=127)
Fertiliser (FT)

57.8+1.62 25.8+1.1
58.1+1.58 25.4+1.08 13.6+0.56 1.5+0.22 16.6+0.77

13.9+0.62

1.5+0.2

16.9+0.76

Biogas digestate (n=64) 51.7+2.28b 21.7+1.47b 11.8+0.81b 1.2+0.23b 14.1+1.02b
Farmyard manure (n=6: 56.9+2.11b 24.8+1.34b 13.6+0.81b 1.5+0.24b 16.1+0.87b
55.4+2.21b 23.741.52b 12.4+0.73b 1+0.26b 15.8+1.12b
67.7+£1.95a 32.1+1.54a 17.1+0.84a 2.3+0.41a 20.9+1.la

Mineral N (n=64)
Zeroinput (n=64)
ANOVA p-values
Main effects

YR

CP

VR

AMF

FT

Interactions
YR:CP

YR:VR

CP:VR

YR:AMF
CP:AMF
VR:AMF

YR:FT

CP:FT

VR:FT

AMF:FT
YR:CP:VR
YR:CP:AMF
YR:VR:AMF
CP:VR:AMF
YR:.CP:FT
YR:VR:FT
CP:VR:FT
YR:AMF:FT
CP:AMF:FT
VR:AMF:FT
YR:CP:VR:AMF
YR:CP:VR:FT
YR:CP:AMF:FT
YR:VR:AMF:FT
CP:VR:AMF:FT
YR:.CP:VR:AMF:FT

ns
ns
O0. O
ns
O00. 0

ns
ns
ns
ns
ns
ns

O00. 0

0.009
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
O00. 01
ns
00. 0

ns
ns
ns
ns
ns
ns
00. 0
0.010
ns
ns
ns
0.041
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
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ns
ns
O0. 0O
ns
O00. 0

ns
ns
ns
ns
ns
ns
O00. 0
0.041
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
00 .
ns
00 .

ns
ns
ns
ns
ns
ns
0.011
0.038
ns
ns
ns
ns
ns
ns
ns
0.041
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
0 O0°0.
ns
0o Oo0.

ns
ns
ns
ns
ns
ns

0.002

0.017
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns



At flowering, all assessedMF-RC parameters were affected by the season x fertiliser
interaction Table3.64). The 201&easorshowed a uniform pattern in all parameters where the
highestAMF-RC levels were reached in tteeroinput plots and the lowest levels occurred
with application ofmineral N and biogas digestat¢Table 3.65). Samples from the FYM
treatment showed intermediate cakation rates except for V% which was not significantly
different to thezercinputtreatment.

In 2019, there was no statistical difference in V% between fertiliser treatmentsr@ndput
plots Other AMFRC parameters such as F% and M% were lowett wogas digestatand
FYM whereagmineralN application showed almost the same colonisation leve¢asnput
plots Application ofbiogas digestateesulted in similar levels of all AMIRC parameters at
flowering in both seasons. Zenmaput plots showd decreased F% in 2019 but yielded overall
the same AMFRC ratesn the two seasons. Roots from the FYM treatment showed lower F%,
V% and A% in 2019 compared to 2018.

Table 3.65. Effect of season x feriler on mycorrhizal frequency (F%), intensity (M%),
arbuscule (A%), vesicle (V%) and hyphae (H%) abundances in wheat roots at flowering
(GS64).

Means + SE (n = 32) Fertiliser 2018 2019

F% Biogas digestate  48.4+3.27 Ca 54.9+3.12 Ba
Farmyardmanure 61.1+2.67 Ba 52.8£3.14 Bb
Mineral N 50.9£2.59 Cb 59.8+3.45 ABa
Zeroinput 71+2.55 Aa 64.4+2.88 Ab

M% Biogas digestate  19.5+2.06 Ca 23.9+2.05 BCa
Farmyard manure 26.7+1.86 Ba 23+1.9 Ca
Mineral N 18.8+1.6 Cb 28.6£2.32 ABa
Zeroinput 34.1+2.28 Aa 30.2£2.04 Aa

A% Biogas digestate  11.1+1.2 Ca 12.4+1.08 Ba
Farmyard manure 15.3+1.21 Ba 11.9+1.02 Bb
Mineral N 10.3+0.88 Cb 14.6+1.04 ABa
Zeroinput 18.5£1.23 Aa 15.7¢1.11 Ab

V% Biogas digestate 1+0.24 BCa 1.3+0.4 Aa
Farmyard manure 1.8+0.36 ABa 1.2+0.3 Ab
Mineral N 0.3x0.14 b 1.7+£0.47 Aa
Zeroinput 2.810.63 Aa 1.9+0.51 Aa

H% Biogas digestate 12.2+1.43 Cb 16+1.41 BCa
Farmyard manure 16.7+1.14 Ba 15.5+1.32 Ca
Mineral N 12.4+£1.18 Cb 19.3+1.72 ABa
Zeroinput 21.7+£1.71 Aa 20.1+1.4 Aa

Means followed by the same upgease letter within a column and the same levase letter within a row
are not significantly differentfqgpO Ob YW 5Tuk ey &. s

112

HSD

test



Also the fertiliser x CP interaction affected all assessed AdFHparameters at flowering
(Table3.64). With conv. CP, F% was lowest in wheat treated with FYMbiogas digestate
whereaszerainput and mineral N treatnent were not significantly differentTéble 3.66).
Without CP treatment howevamineral N showed lower F% compared zercinput Only
biogasdigestatereduced M% in wheat with conv. CP, whereas all fertilisers reduced M%
compared to theercinputtreatment with org. CP. The application of conv. CP increased M%
compared to org. CP for timeineralN treatment, but M% was not affected by CP i& ttther
fertiliser sources The same pattern of the interaction as described for M% was observed for
A%. Vesicle intensities were not affected by fertiliser application when conv. CP was used. In
wheat with org. CP however, fertiliser application reducéd significantly compared to the
zeroinput plots Themineraland FYM treatments showed lower V% with org. CP than with
conv. CP. Treatment withiogas digestatgecreased H% compared to other fertiliserszamd

input. With org. CP, all fertiliser treatemts showed lower H% tharercinput Within the

mineralN treatment, H% was lower in roots with org. CP than conv. CP.

Table3.66. Effects of fertiliser x crop protection (CP) on mycorrhizauency (F%)intensity
(M%), (A%), vesicle (V%) and hyphae (H%) abundances in wheat roots at flowering (GS64).

Means = SE (n = 32) Fertiliser Conv. CP Org. CP

F% Biogas digestate 53t3 Ca 50.3x3.47 Ba
Farmyard manure 58.6£2.8 BCa 55.1+3.19 Ba
Mineral N 62.9+2.86 ABa 47.812.83 Bb
Zeroinput 66.8+2.44 Aa 68.6£3.07 Aa

M% Biogas digestate = 22.6+2.11 Ba 20.8+2.06 Ba
Farmyard manure 25.6+1.97 ABa 24+1.83 Ba
Mineral N 27.7+2.36 ABa 19.7+1.68 Bb
Zeroinput 30+1.91 Aa 34.3+2.37 Aa

A% Biogas digestate ~ 12.6+1.24 Ba 10.9+1.03 Ba
Farmyard manure 13.9+1.19 ABa 13.2+1.11 Ba
Mineral N 14.3+1.05 ABa 10.5+0.91 Bb
Zeroinput 16+1.07 Aa 18.2+1.29 Aa

V% Biogas digestate 1.2+0.29 Aa 1.1+0.36 Ba
Farmyard manure 1.91t0.4 Aa 1.1+0.23 Bb
Mineral N 1.3+0.42 Aa 0.7+0.29 Bb
Zercoinput 1.8+0.46 Aa 2.9+0.66 Aa

H% Biogas digestate = 14.4+1.43 Ba 13.8+1.49 Ba
Farmyard manure 16.6+1.25 ABa 15.6+1.23 Ba
Mineral N 18.6+1.76 Aa 13.1+1.23 Bb
Zeroinput 19.6+1.39 Aa 22.2+1.69 Aa

Means followed by the same uppease letter within a column and the same lewvase letter within a row
are not significantly differentfgpO Ob YW 5Tukey 6s HSD test
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3.3.5.5 MATURITY

Seasonal variations in mycorrhizal colonisatanameters were still visible at the last assessed
time point just prior to harvest showing higher F% and H% in 2018 than Zaib%3.67). At

the sameaime point, wheat with conv. CP showed significantly higher F%, M% and A% than
wheat with org. CP. Fertiliser and variety still significantly € 0.001) affected AMF
colonisation patterns with the highest colonisation ratezeneinput plots and in Skyall

respectively.

Table 3.67. Effects of season, crop protection, variety, AMF inoculum and fertiliser on
mycorrhizal colonisation parameters (F = frequency, M = intensity, A, V and H = arbuscule,
vesicle andhyphae abundances) at maturity (GS90). ANOWAalues in bold indicate
significant main effects and interactions. Means within columns followed by the same letter are
not significantly differentapO 0. 05 .

Maturity (GS90)
F% M% A% V% H%
Year (YR)
2018 (n=127) 50.3+1.84a 23.1+1.23a 9.5+0.64 1.2+0.16 17.1+0.88a
2019 (n=128) 39.2+1.93b 16.7+1.01b 8.2+0.51 1+0.16 11.4+0.72b

Crop protection (CP)
Conventional (n=128) 48.1+1.95a 21.9+1.14a 9.9+0.57a 1.3+0.18 15.6+0.83

Organic (n=127) 41.3+1.91b 17.8+1.15b 7.8+0.57b 1+0.14 12.84£0.83
Variety (VR)

Aszita (n=128) 37+1.82b 15+0.96b 6.8+0.48b 0.4+0.08b 10.8+0.71b
Skyfall (n=127) 52.5+1.84a 24.7+1.19a 11+0.61la 1.9+0.19a 17.6+0.86a
Inoculation (AMF)

-AMF (n=128) 44.5+2.07 20.3+1.23 8.9+0.56 1.2+0.16 14.7+0.92
+AMF (n=127) 449+1.83 19.3+1.09 8.9+0.6 1.1+0.16 13.7+0.75

Fertiliser (FT)

Biogas digestate (n=64 42+2.67b 17.9+1.51b 7.6£0.73b 1+0.17b 13.1+1.13b
Farmyard manure (n=6. 48.9+2.57ak 23+1.6b 10.4+0.82a 1.5+0.26a 16.3+1.17b
Mineral N (n=64) 35.1+2.69b 13.5+1.29c 5.8+0.57b 0.6+0.15b 9.8+0.99c
Zeroinput (n=64) 52.9+2.61a 25.1+1.74a 11.7+0.91a 1.4+0.29ab 17.7+1.23a
ANOVA p-values

Main effects

YR 0.026 ns ns ns 0.022
CP 0.045 0.043 0.046 ns ns

VR O00.0C O0.0' O0.0! OO0.0! OO0. O
AMF ns ns ns ns ns

FT O0.0C O0.0' OO. O 0.006 00. 0
Interactions

YR:CP ns ns ns ns ns
YR:VR ns ns ns ns ns
CP:VR ns ns ns ns ns
YR:AMF ns ns ns ns ns
CP:AMF ns ns ns ns ns
VR:AMF ns ns ns ns ns

YR:FT ns 0.032 0.028 0.037 ns
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CP:FT 0.008 ns ns ns ns

VR:FT ns ns ns ns ns
AMF:FT ns ns 0.017 ns ns
YR:CP:VR ns ns ns ns ns
YR:CP:AMF ns ns ns ns ns
YR:VR:AMF ns ns ns ns ns
CP:.VR:AMF ns ns ns ns ns
YR:CP:FT ns ns ns 0.025 ns
YR:VR:FT ns ns ns ns ns
CP:VR:FT ns ns ns ns ns
YR:AMF:FT ns ns ns ns ns
CP.AMF.FT ns ns ns ns ns
VR.AMF.FT ns ns ns ns ns
YR:CP:VR:AMF ns ns ns ns ns
YR:CP:VR:FT ns ns ns ns ns
YR:CP:AMF:FT ns ns ns ns ns
YR:VR:AMF:FT ns ns ns ns ns
CP.VR:AMF.FT ns ns ns ns ns
YR:CP:VR:AMF.FT ns ns ns ns ns

The previously described interaction of season x fertiliser application was still visible at GS90
where it affected M%, A% and V% able3.68). In 2018, M% was highest @ercinput plots

and with FYM application and lowest in threneralN treatment. In 2019mineral Nandbiogas
digestateshowed similar reduction of M% compared to higher levels in FYMzandinput

plots. Mycorrhizal intensities (M%) were overall lower in 2019 than in 2018 except for the
mineralN treatment where similar levels were scored in both seasons.

Arbuscule abundances (A%) were lowerzaroinput plotsin 2019 when compared to 2018,
whereas all fertiliser treatments achieved similar A% levels in both seasons at this growth stage.
In 2018, highest A% was scored froinput and with FYM applicabon while lowest levels

were found withmineralN. In 2019, A% was decreased in responsbkidgas digestatand
mineralN treatments, whereas A% levels in plots with FYM application were lower but not
significantly different tozerainput plots Vesicle dundances (V%) varied between fertiliser
treatments in 2018 with higher levels in FYM aatoinput compared to thenineralN and
biogas digestatéreatments. In 2019 however, there was no significant difference of V%
between the fertiliser treatments ar@toinput plots.
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Table 3.68. Effect of fertiliser x season on mycorrhizal intensity (M%), arbuscule (A%) and
vesicle (V%) abundances in wheat roots at maturity (GS90)

Means = SE (n = 32) Fertiliser 2018 2019

M% Biogas digestate 20.4+2.03 Ba 15.3+2.19 ABb
Farmyard manure 27.9+2.14 Aa 18.3x2.09 Ab
Mineral N 13.9+2.09 Ca 13.1+1.55 Ba
Zeroinput 30.3+2.52 Aa 20+2.08 Ab

A% Biogas digestate  7.9+1.06 Ba 7.3£1.03 Ba
Farmyard manure 12+1.2 Aa 8.9+1.06 ABa
Mineral N 5£0.81 Ca 6.6+0.8 Ba
Zeroinput 13.3t1.42 Aa 10.1+1.1  Ab

V% Biogas digestate  0.8+0.16 Ba 1.3+t0.29 Aa
Farmyard manure 2+0.45 Aa 1.1+0.25 Aa
Mineral N 0.5£0.15 Ba 0.7£0.26  Aa
Zeroinput 1.7£0.36 Aa 1.1+0.45 Aa

Means followed by the same upgease letter within a column and the same leease letter within a row are
not significantly differentfopO 0. 05 by Tukeybés HSD test.

At GS90, fertiliser x crop protection showed a significant interaction that affected F%
(p=0.008,Table3.67). With conv. CP, F% was highest withdattiliser application, whereas
with org. CP similar levels were reached with the FYM treatmEable 3.69). A significant
difference was only found fanineralN application where root systems with org. CP showed

lower F% than wheat with conv. CP.

Table3.69. Effect of fertiliser x crop protection (CP) on mycorrhizal frequency (F%) in wheat
roots at maturit (GS90)

Means = SE (n = 32) Fertiliser Conv. CP Org. CP

F% Biogas digestate =~ 43.4t4.2 Ba 40.5£3.35 Ba
Farmyard manure 48+3.68 Ba 49.9+3.65 Aa
Mineral N 43.8£3.74 Ba 26.7£3.28 Cb
Zeroinput 57.1+3.59 Aa 48.6+3.68 ABa

Means followed by the same upgzase letter within a column and the same levase letter within a row are
not significantly differentfopO 0. 05 by Tukeybés HSD test.

The AMF inoculum x fertiliser interaction had a significant impact on A% at maturity
(p = 0.017,Table 3.67). Inoculated plots with FYM showed higher Atan wheat without
AMF application Table3.70). In wheat without AMF inoculum, lowest A% were found with
mineral N fertilisation. With AMF applicationmineral Nandbiogas digestateeduced A%

compared to the FYM amzkreinputtreatment
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Table3.70. Effect of fertiliser x AMF inoculation on arbuscule abundances (A%) in wheat roots
at maturity (GS90)

Means = SE (n = 32) Fertiliser -AMF +AMF

A% Biogas digestate  8.6x1.24 Ba 6.5+0.76 Ba
Farmyard manure 8.9+0.83 Bb 12.1+1.38 Aa
Mineral N 5.840.87 Ca 5.9+0.76 Ba
Zeroinput 12.3+1.19 Aa 11.1+1.37 Aa

Means followed by the same upgease letter within a column and the same leease letter within a row ar

not significantly differentfopO 0. 05 by Tukeybés HSD test.

3.3.6 GRAIN QUALITY

in 2018 thagd019
(Table3.71). Grain from wheat with conv. CP showed lower protein content compared to org.
CP (p=0.029), but conv. CP increased both specific weightriagbergfalling number Al

measured grain quality parameters were higher in Aszita than Skyfall. Fertiliser treatment had

Specific weight and Hagbergfalling number were higher

a significant impact on all measured grain quality paramgier9(001).Highest grain protein
content and specific weight were observed followmgeralN application, bufalling number
was highest witlbiogas digestatapplication. Lowest protein content and specific weights were

measured in grain from the FYM amdrcinput treatment

Table3.71. Effects of season, crop protection, variety, AMF inoculation and fertdisprotein
content, specific weight and Hagbéatling number (HFN) of grain. ANOVAs-values in bold
indicate significant main effects and interactions. Means within columns followed by the same
letter are not significantly differentptO 0. 05 .

Protein content [%] Specific weight [kg hH] HFN [s]
Year (YR)
2018 (n=127) 10.9+0.15 75.6+0.26a 290.4+4.81a
2019 (n=128) 11.2+0.17 72.5+£0.39b 191.8+7.29b
Crop protection (CP)
Conventional (n=128) 10.8+£0.16b 74.9+0.29a 254.6+6.97a
Organic (n=127) 11.2+0.16a 73.2+0.41b 226.8+7.99b
Variety (VR)
Aszita (n=128) 12.2+0.13a 77.3£0.15a 298.2+4.81a
Skyfall (n=127) 9.9+0.12b 70.9+0.28b 182.2+6.25b
Inoculation (AMF)
-AMF (n=128) 10.9+0.16 73.9+0.36 238.3+7.36
+AMF (n=127) 11.1+0.17 74.3+0.36 243.1+7.82
Fertiliser (FT)
Biogas digestate (n=64 11.2+0.21b 74.7+0.48b 255.4+£11.09¢
Farmyard manure (n=6. 10+0.16¢ 73.7+£0.49c 236.5+10.67k
Mineral N (n=64) 12.8+0.2a 74.3£0.57a 233.2+11.3b
Zeroinput (n=64) 10.1+0.16¢c 73.6+0.51c 237.4+9.81b
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ANOVA p-values
Main effects

YR ns 0.002 00.00
CP 0.029 0.002 0.002
VR 00.001 00.001 00.00
AMF ns ns ns

FT 00.001 00.001 00.00
Interactions

YR:CP ns 0.010 0.002
YR:VR ns 0.024 00.00
CP:VR ns ns ns
YR:AMF ns ns ns
CP:AMF ns ns ns
VR:AMF ns ns ns
YR:FT 00.001 ns ns
CP:FT ns 00.001 0.037
VR:FT 0.038 ns ns
AMF.FT ns ns ns
YR:CP:VR ns ns ns
YR:CP:AMF ns ns ns
YR:VR:AMF ns ns ns
CP:VR:AMF ns ns ns
YR:CP:FT ns ns ns
YR:VR:FT ns ns 0.005
CP:VR:FT ns ns ns
YR:AMF:FT ns ns ns
CP:AMF:FT ns ns ns
VR:AMF:FT ns ns ns
YR:CP:VR:AMF ns ns ns
YR:CP:VR:FT ns ns ns
YR:CP:AMF.FT ns ns ns
YR:VR:AMF.FT ns ns ns
CP:VR:AMF:FT ns ns ns
YR:CP:VR:AMF:FT ns ns ns

The season x CP interaction influenced specific weight 0.010,Table 3.71) andHagberg

falling numbel(p = 0.002). Specific weight was lower in the org. CP treatment in both seasons.
In both CP treatments, specific weight was higher in 2018 compared to Palile 3.72).

Falling numbers were higher in 2018 than 2019 independent of CP application. But in 2019,
grain from wheat with conv. CP showed highating numberghan grain with org. CP.
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Table3.72. Effect of season x crop protection on specific weight and Hadhbigg number
(HEN) of grain.

Means = SE (n = 32) Season Conv. CP Org. CP

Specific weight [ kg ht'] 2018 75.910.35 Aa 75.4+0.39 Ab
2019 74+0.43 Ba 71.1+0.62 Bb

HFN [s] 2018 289.7+7.68 Aa 291+5.87 Aa
2019 219.949.85 Ba 163.6£9.59 Bb

Means followed by the same upgease letter within a column and the same lewaee letter within a row ar
not significantly differentfopO 0. 05 by Tukeydés HSD test.

In both varieties, specific weight ardlling numberwere lower in 2019 compared 2018
(Table3.73). Both quality traits were also lower in Skyfall than Aszita.

Table3.73. Effect of season x variety on specific weight and Haglbahing number (HFN)
of grain.

Means = SE (n = 32) Season Aszita Skyfall

Specific weight [kg ht'] 2018 78.4+0.1 Aa 72.8£0.14 Ab
2019 76.2+0.19 Ba 69+0.42 Bb

HFN [s] 2018 333.9+4.25 Aa 245.5+3.5 Ab
2019 262.61£5.91 Ba 121+45 Bb

Means followed by the same uppease letter within a column and the same loease letter within a row a
not significantly differentfopO 0. 05 by Tukeyds HSD test.

Cropping season had different effects on grain protein content depending onpliee ap
fertiliser (Table 3.74). In both years, highest protein contents were reachedmitbral N,
followed bybiogas digestatapplication. Grain witfFYM and zercinput treatments showed

the lowest protein content. Wheat witiogas digestatapplication showed lower protein
contents in 2019 than 2018, whereas grain protein was significantly higher in 2019 than 2018

in response taineralN.

Table3.74. Effect of season x fertiliser on grain protein content.

Means + SE (n = 32) Fertiliser 2018 2019

Protein content [%] Biogas digestate 11.4+0.3 Ba 11+0.3 Bb
Farmyard manure 9.9+0.21 Cb 10.2+0.23 Ca
Mineral N 12.4+0.23 Ab 13.2+0.31 Aa
Zercoinput 9.8+0.2 Cb 10.4+0.23 Ca

Means followed by the same uppease letter within a column and the same leease letter within a row a
not significantly differentfopO 0. 05 by Tukeyds HSD test.
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The fertiliser x crop protection interaction significantly affected grain speeiight
(p=10.001,Table3.71) andHagbergalling numbei(p = 0.037). Highest values for both quality
traits were in grain with conv. CP in respornediogas digestatandmineralN application,
whereas FYM andercinput showed similar lower leveld &ble3.75). With org. CP, highest
specific weights were found in response tolifugas digestatand FYM treatments, although
the latter was not significantly different to lower valuesmimeral N andzercinput plots
Overall, grain specific weight was highertiwconv. CP compared to org. CP. With conv. CP,
falling numbemwas highest wittbiogas digestatandmineralN and lower in grain following
FYM application andwvith zercinput With org. CPfalling numbemwvas lowest in wheat with
mineralN application anthighest withbiogas digestateut the differences were relatively small
and all values were <250 s. Overall, conv. CP increda#ithg numberin all fertiliser

treatments when compared to org. CP.

Table3.75. Effect of fertiliser with crop protection (CP) on specific weight and Hagtagligg
number (HFN) of grain.

Means + SE (n = 32) Fertiliser Conv. CP Org. CP
Specific weight Biogas digestate  75.6£0.55 Aa 73.9£0.76 Ab
[kg hl-] Farmyard manure 74.3+0.59 Ba 73.2£0.79 ABDb
Mineral N 75.7£0.53 Aa 72.8+0.93 Bb
Zeroinput 74.2+0.61 Ba 73.1+0.81 Bb
HFN [s] Biogas digestate  268.3+14.9 Aa 242.6+16.35 Ab
Farmyard manure 248.9+13.65 Ba 223.7+16.39 Bb
Mineral N 255.3+14.42 ABa 211.8+16.66 Cb
Zeroinput 245.8+13.02 Ba 229+14.73 Bb

Means followed by the same uppzase letter within a column and the same levzse letter within a row a
not significantly differentfopO 0. 05 by Tukeybés HSD test.

The interaction of fertiliser x variety affected grain protein consggmificantly ¢ = 0.038,
Table3.71). Aszita showed an overall higher grain protein content than Skyfall, and in both
varieties highest values were falim response tmineralN application Table3.76). Lowest

values in both varieties were in the FYM a@toinputtreatments.

Table3.76. Effect of fertiliser x variety on grain protein content.

Means = SE (n = 32) Fertiliser Aszita Skyfall

Protein content [%]  Biogas digestate 12.5£0.18 Ba 9.91+0.2 Bb
Farmyard manure 11.1+0.1 Ca 9+0.13 Cb
Mineral N 14+0.17 Aa 11.5+0.17 Ab
Zeroinput 11.1+0.1 Ca 9.1+0.13 Cb

Means followed by the same uppzase letter within a column and the same lewaese letter within a row ai
not significantly differentfopO 0. 05 by Tukeydés HSD test.
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34 DISCUSSION

The association of arbuscular mycorrhizal fungi (AMF) with wheat has revealed contradictory
results with regards to growth response and economic béRganh & Graham, 2018)The

field trials at Nafferton Farm could not assess the latter aspect as the applied mycorrhizal
inoculum did not increase grain yield or quality. The two seasons showed differing responses
of AMF to agronomic management practices for which reason @ sk@son is required to
corroborate the results of this study. The greatest difference was the responses of AMF root
colonisation (AMFRC, including mycorrhizal intensities and AMIelonisation parameters

such arbuscules and hyphae) to minbré&rtiliserwhere AMFRC was drastically reduced in

the first year, but had similar colonisation levels to the -ferdiser input treatment which
showed highest AMIRC levels in both years. Comparedze&rcinput plots organic fertiliser

in the form of farmyard @nure (FYM) and biogas digestate reduced ARIE in both years.
Consistent was also the effect of variety that showed higher-REFn the modern variety
Skyfall than Aszita. These two varieties watgeocontrasting regarding disease susceptibility,
yield and grain quality. The application of conventional crop protection
(conv. CP) prolonged AMHRC by maintaining a higher SPAD later in the season likely as a
result of extended leaf area duration. The organic crop protection (org. CP) treatment showed

highdisease levels followingnineralN application which lowered AMIRC for that treatment.

3.4.1 EFFECT OF SEASONAL VARIATIONS ON WHEAT PERFORMANCE

The results of the present study are based on two seasons of field trials with very contrasting
weather conditiongAppendix A, Fig. A.1) such that almost all assessed parameters show
significant season x treatment interactions. The first field trial (2018) was characterised by low
precipitation rates especially during the production phase (Apnié), whereas high
precipitation in 2019 during the same phase increased disease and weed pressure (visual
observation but no data collected). Also agronomic management was varied bésviven t

trial seasons for example regarding seed rate which was with 550 s@edsahn higher in

2019 than the 400 seeds?mased in 2018Table 3.3). Even though plant numbers of Aszita

were higher at the end of the season 20Eble 3.16), it is not expected that the altered seed

rate of Aszita affected mycorrhizal parameters.

Vegetative growth largely depends on moisture which explains the increases in shoot height in
2019 vhere precipitation rates were higher than in 2018 especially during the stem elongation
phase in May (Appendix Arig. A.1 A). Despite higher water supply in 2019, td@mass

was the same in both field trial seasons whereas grain yiedt&@.7) were much higher after
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the dry summer of 2018. This contrast indisadradeoff between grain production and shoot
growth in 2019 which was confirmed by lower harvest indices. As the ratio of harvested grain
to harvested total bioma@d. R. Smithet al, 2018) theharwest indexs most of all determined

by variety and as expected was lower in the talFjoeiding variety Aszita compared to the
semidwarf, highyielding variety Skyfall. Both varieties achieved highest yields witheral

N or biogas digestatdollowed by FYM and lowest yields without fertiliser. Despite slightly
higher grain yields, parameters such as SPARDble 3.32) and grain protein content
(Table3.71) in plots with FYM application were similar to those measured in plots without
fertiliser. This indicates that FYM argkroinput plots represented -Nimited systems in the
present study since N is often the limiting nutrient that determines yield ateshpcontent in
low-protein crops like whegDebaekeet al, 2006; Buchet al, 2016) Nutrient concentrations

of shoot parts (N & P) that are required to @onf this hypothesis were measured
(Section3.2.13 but could not be added to the results of this study due to time limitations.
In contrast to FYM, the other orgarfertiliser used in this study in the formlmibgas digestate
stood out with similar yield levels and highlearvest indexhan themineral N treatment
(Table3.7). The same effect was found in other studies that compared digestates with mineral
N-fertilisers(Andruschkewitsclet al, 2013; Caruset al, 2018; Reret al, 2020) but only for
applications of the liquid digestate fraction which can contair8GP of the NH'-N
(Moller & Muller, 2012) Although the application obiogas digestatbas been linked with
decreased soil microbial biomggmdruschkewitsclet al, 2013; Wentzeét al, 2015) biogas
digestateas a biproduct of bioenergy production represents an incgeagiportunity for

sustainable cropping systeif@aruscet al, 2018; Magistralet al,, 2020)

Higher precipitation in the spring and summer of 2019 enhanced eiska®lopment
(Table3.44) which is likely to have been a key factor contributing to the lower yields and grain
quality (Table3.71). Skyfall showed significantly higher infection with yellow rust than Aszita
in both years Table 3.44) with highest levels in plots treated withineralN (Table 3.48).
Although this effect@quires confirmation from Montent analyses of shoots, increased disease
symptoms withmineral N treatment could be explained by highewuptake of Skyfall in
comparison to Aszita which was indicated in SRAgadings Table 3.32). Increased N
availability in leaves favours spread and development of the biotrophic patRogemia
striiformisf. sp.tritici (Neumanret al, 2004) Consequently, graiyield (Table3.11) as well

as thousand grain weight were decreased witineral N application and in the absence of
pesticides Table 3.18) whereyellow rustincidences were highestdble3.49). This marks a

potential advantage bfogas digestatevermineralN which is that wheat withiogas digestate
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showed lower disease levels timeralN-treated plants while achieving the same yield levels
(Magistrali et al, 2020) Aszita on the other hand sheahighersymptom development of
Septoria triticiblotch than Skyfall in 2019. In contrast to 2018, the spredseptoria tritici
blotchin 2019 was likely facilitated by higher precipitation (Appendix/Fg. A.1 A) that
favoured splasidispersal of the pathogetymoseptoria tritic(Torriani et al, 2015) Another
factor that could have aided to build up disease pressure of STB was that 2019 had wheat as the
previous crofKirkegaardet al, 2008) whereas the first season was drilled after a grias®r

ley. SinceSeptoria triticiblotchis a major threat in wheat producti@ffones & Gurr, 2015)
increasing focus on breeding fSeptoria tritici blotch -resistance in modern varieties might
explain the lowerSeptoria tritici blotch-disease in Skyfall compared Aszita which was
releaseden yearsearlier than Skyfall Table 3.4) and hence could have lost its resistance to
Septoria triticiblotch (Brown et al, 2015)

3.4.2 MYCORRHIZAL DEVELOPMENT

Most fieldbased studies on wheat report-2D % AMFRRC (Friedel et al, 2008;
Hildermannet al, 2010; Castilloet al, 2012; Bakhshandeét al, 2017; Ercoliet al, 2017;

Tian et al, 2019)which is in linewith the 20-30 % mycorrhizal intensities (M%gbserved
during the field trials at Nafferton Farrfig. 3.3). Mycorrhizal inoculum potential of the soil

at Nafferton Farm must have been high considering the early colonisation of wheat seedlings
six weeks after drilling and under low light and tengperes in both seasons. Due to these
conditions, field trials with winter wheat in the US found no ARE until late in the growing
seasorf{Hetrick & Bloom, 1983; AlKarakiet al, 2004) On the other handRyanet al.(1994)

report colonisation rates ~ 30 % already 4 weeks after drilling on an organic farm following
pasturem Southern Australia. In their study, wheat sampled from an adjacent conventionally
manged field was not colonised at this time point. Hence, the low -saihfént and also the
preceding years of grastover lay and organic crop management most likelydaed the
establishment of a rich mycorrhizal community in the soil at Nafferton Farm. In contrast to
findings of other studigkyan & Angus, 2003; Sommermaenal, 2018) there was no impact

of preceding crop on AMIRC at the seedling stage between the two sea3abhte(3.43).

Minor increases in AMARC were bund between seedling growth (GS12) and tillering (GS22)

in both years which corroborates resultsAbfKaraki et al. (2004) and Hetrick et al. (1984)

who found no AMFdevelopment in wheat roots during winter months at similar temperatures.
After tillering, peak colonisation was achieved earlier in 2019 than 2018 independent of

agronomic management or varieBjid. 3.3). This steep increase of AMRC in wheat roots
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between GS22 and GS32 in 2019 may be linked to higher precipitation and soil temperatures
after a mild winter (Appendix AFig. A.1). These conditions favoured plant and root growth
which resulted in higher shoot biomass at stem elongation compared to lower values in the 2018
season Table 3.60). More than half of total biomass of a wheat crop occurs during the
construction phase i.e. GS&54 (AHDB, 2018)for which reason stem elongation matke

onset of enhanced nutrient and water demand. Assuming thata&kticiation is actively
regulated by both symbiotic partnékserset al, 2011) enhanced growth and nutrient ceemd
increases AMFRC mostly in the form of A% (Mandyam & Jumpponen 2008;
Hazardet al, 2014) In the present study, A% and H%#re equally contributing tAMF-RC

at all growth stages for which reason it cannot be deduced from A% values that nutrient transfer
between fungus and wheat was increased at this growth stage. Monitoring cREBMF
assessments throughout the growing seasdwliom perenneand Trifolium repensshowed
highest AMFRC when plant growth rates increased (June) and the temporal dynamics were
similar in both yeargHazardet al, 2014) Also in wheatfield trialsreporthighest colonisation

at heading stag@\l-Karakiet al, 2004; Smitret al, 2015) The present findings indicate that
peak AMFRC in wheat is shaped by root growthrésponse to higher precipitation and warmer
temperatures.

Overall, the assessment of AMEC at multiple growth stages of wheat seems crucial to
understand AMF development in response to environmental conditions and agronomic
management. Most fieldasd studies on the interaction of AMF and wheat as&bis-RC

once ortwice around tilleringand flowering (Hildermannet al, 2010; Daiet al, 2014;
Verzeauxet al, 2016; Bakhshandeét al, 2017) but the assessment of a minimum of three
time points has been recommendRglan & Graham, 2018With five assessed growth stages,

this study belongs to the more extensive evaluations of-R@Fn wheat in the éld.

3.4.3 VARIETY-DEPENDENT MYCORRHIZAL ROOT COLONISATION

Host genotypalependent variations in mycorrhizal colonisation of wheat have been widely
reported in greenhouse experimer{szcén & Ocampo, 1981; Hetriclet al, 1992;
Singhet al, 2012; Lehneret al, 2017) but are not always pronounced under field conditions
(Ryan et al, 1994; Friedelet al, 2008; Hildermannet al, 2010; Maoet al, 2014;
Bakhshandelet al, 2017; Ercoliet al, 2017) For this reason, it was fortunate to observe
constantly higher AMRRC in Skyfallcompared tdAszita since the two varieties had not been
screened previously with respect to ANRE. However, both varieties have been used in other
studies: Skyfall acquired more P through AMF in comparison to two other modern wheat
varieties and showed an intermadiaoot length colonisation of 34% in a study by
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Elliott et al. (2019) Another study with the same compilation of varieties identified Skyfall as
particularly dependent on mycorrhinzediated nutrient uptak@hirkell et al, 2020) Aszita

on the other hand was revealedas of the least colonised among 94 different wheat varieties
in a greenhouse screening bghnertet al. (2018) While Elliott et al. (2019) concluded that
breeding has weakened the response of modern wheat varieties t(HeMEK et al, 1992)
Lehnertet al. (2018) could not link yar of release of the screened varieties with ARIE.

Their findingsare in line with a metanalysis by Lehmanet al (2012) andsupport the
detection of higher AMARC in the modern wheat variety in this study. The reason for higher
AMF-RC in Skyfall howger cannot be clarified solely based AMF-RC data and would
require more detailed comparison of Skyfall and Aszita regarding root architecture, root length
and volume, exudates etfAzcén & Ocampo, 1981; Hetricket al, 1992, 1993;
Lucini et al, 2019)as well as gene expression pattéBmwverst al, 2008)in different nutrient
environments(Janos, 2007; Ryan & Graham, 201&jutrient use efficiecy has been
highlighted among the different drivers that determine A&8Bociations with wheat
(Yao et al, 2001; P. Campost al, 2018) but there has not been a clear link to genctype
dependent AMFassociationgKoide (1991)hypothesised that modern wheat varieties might be
more likely to associate with AMF as they require larger amounts of nutrients to produce high
grain yields with appropriate protein contents. It was also suggested that shorter stems favour
AMF-responsiveness as tall growing varieties allocate more C to shoot growth
(Friedel et al, 2008; MartinRobleset al, 2018) This would explain why Skyfall showed
higher colonisation levels than Aszita, but it should be noted thatREIEloes not necessarily
correlatewith effectiveness of mycorrhizal symbio¢@Gorkidi et al, 2002;Smithet al, 2015;
Leiseret al, 2016; Hohmann & Messmer, 2017; Sawetsal, 2017) In fact, empirical
evaluation of mycorrhizal studies has shown little evidence for the use ofRGA&s measure

for AMF effectiveness(Treseder, 2013)More meaningful for the assessment of AMF
efficiency of Skyfall and Aszita would be the mycorrhizal growth response (MGR,
Hetrick et al, 1992 or mycorrhizal responsiveness that describe the-bm®fit in plant
performance as the ratio of colonised and ramtonised plant§Janos, 2007 )Furthermore, the
assessment of mycorrhizal mediated nutrient uptake have been proven as suitable tools for the
evaluaion of wheat varieties regarding mycorrhizal efficien¢¥lliott et al, 2019;
Thirkell et al, 2020) The implementation of both measures under field conditions is not
straightforward as they require nramnycorrhizal controls and the potential adufit of radic
labelled isotopeéKahiluotoetal., 2000; Ryaret al, 2005; Smitret al, 2015) While the first

has been described as nearly impossible under field condiBarith & Smith,2011) the latter

can be of particular importance as nutrient concentrations in shoot parts do not always reflect
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nutrients taken up through the mycorrhizal pathi@&yithet al, 2015; Thirkellet al,, 2020)
Combining the assessnien o f mycorrhizal medi at ed nutrie
phenotypingdéd for varietal compari-snorhizalan be s
plants since the performance of plants without AMF is based on different pathways than those
harbouring AMF (Sawerset al, 2008; Thirkellet al, 2019 Lehnertet al, 2018. Finally, the

extraradical mycelium has been identified as anotheampater that can vary between crop

varieties and that can affect the efficiency of mycorrhmatiated uptake of nutrients

(Sawerset al, 2017) To measure the extent of hyphal networks in field trials requires hyphal

traps, a method which was efficiently used in previous studies on (ibeat al, 2014)and

which has been encouraged to complement AR assessments in mycorrhizal research

(Ryan & Graham, 2018)

3.4.4 IMPACT OF FERTILISER SOURCE ON MYCORRHIZAL ROOT
COLONISATION

Strong seasonal variations were detected for AQ-in response to fertiliser treatments
(Fig. 3.3 B). The probably most intriguing finding in this regard is the ambivalent effect of
mineral N in both field trials: in 2018mineral N application prior to sampling at stem
elongation (GS32) reduced AMRC to the lowest levels of all the fertiliser treaims
(Table 3.62). In 2019, wheat without fertiliser and withineral N fertiliser showed highest
colonisation levels through to maturi(S90)where AMF-RC was lower withmineral N
compared to the control treatmefable 3.68). Although there have been strong variations
among studiesTreseder (2004showed an overall negative effect of alféttilisers on AMF.
Also Ercoli et al. (2017) found lowest AMFRC in durum wheat, but only with maximum
fertiliser rates of 40 kg N Nawhile two or less applications showed no effect on ARIE.
Their findings imply that AMF tolerate N up to a certain threshold which might be applicable
to results of the present study. Here, this threshold was not defirfediliger application as
the same rate was applied in both years (170 kg\ kence, the detrimental effectrofneral

N on AMF in 2018 might be due to variations in satrogen supply between the two seasons.
In the present study, -Bvailability in soils at the beginning of spring prior taineral N
application was higher in 2018 than in 20T@l§le 3.2). The first field trial was drilled after
two years of grasslover ley, whereas the second field trial wag%nheat crop i.e. following
winter wheat Table 3.3). Precropping with grasslover enriches soil NMaderet al, 2007)
which can affect AMF in the following crofdohnsoret al, 2015) On the other hand, wheat
diverts a lot of its N to the grain which is removed from the field lea&ilayv N residue after
harvesi{Swainet al, 2014) This was evident in a comparison of soil sassmollected in early
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spring 2019 that showed loweraVailability (especially of nitrate) in topsoil layers30 cm)

from plots with Skyfall compared to Aszita (Appendix Bable Al). Higher Nuptake in
modern wheat varieties was also demonstrate@iietalscreening of wheatacross different
agronomic system@ildermannet al, 2010; Blichiet al, 2016) Lower N-concentrations in
spring 2019 might have favoured AMEC whereas Mertiliser additions in the spring of 2018
after grassclover may have exceeded the N threshold of AMF. Further soil analysis of samples
from spring 2018 would be required to prove this theory, but only samples from trials in 2019

were analysed with respect to treatment effects.

The presumed Rhreshold that was cresd in mineral N-plots does not explain whyiogas
digestateand FYM decreased AMRC in both years since organic fertilisers were applied at
similar N-rates asnineralN. Due toseveral reports of no or positive impacbajanic fertilisers

on AMF (Méaderet al, 2011; Hazarcet al, 2014; Qinet al, 2015; Aguilaret al, 2017;
Kokkoris et al, 201%), it was unexpected to observe reduced ARIE in respnse to FYM

(Fig. 3.3 B). Main effects indicate a reduction of AMEC in response to FYM during early
seedling growth (GS12), but the interaction of season x fertiliser showed lower M% and A%
only in 2019 where FYM had been applied for two consecutive y&akdg3.53).

In contrast to studies on manure and AMF, there is a limited number of investigations on the
effect ofbiogas digestaten AMF. Renet al. (2020)found no impact obiogas digestaten
AMF-RC in yegrass roots and report even increases in hyphal length. More details can be
derived from a field trial with AMFnoculation of Triticale that differentiated between liquid
and solid digestate fractions besides mineral NPK fertil€arusoet al, 2018) Although
AMF-RC in that study was only found at late growth stages (hard dough), AMF development
was the same in plots without fersidir, with NPK and with the liquidiogas digestatiaction.

With solid biogas digestatdiowever, AMF intensities (M%) and frequencies (F%) were
increasedCaruscet al, 2018) The authors explain these AMEsponses with the low amount

of available P in the solithiogas digestatéraction compared to the liquid fraction. Also
Wentzel & Joergensen (2016)ked the redution of AMF-RC in ryegrass to increases of plant
available P after the application of biogas slurry. Although fractiobgoghs digestatapplied

during field trials at Nafferton were not separated, the addition of P in both organic fertilisers
may havebeen responsible for the reduction of ANRE in wheat roots. This effect was more
pronounced withhiogas digestateompared to FYM as the latter contained less available P
(Appendix A, Table A2). Mutualistic functioning of AMFsymbiosis and increased fungal
biomass has been assumed fead\ition to lowP soils, whereas in soils with highcBntent,

N-addition can have the oppositdfeet (Johnsonet al, 2015; Azconet al, 1992;
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Plschekt al, 2016) While the addition of N in form ahineralN fertiliser increased the N:P
ratio of the soil at Nafferton Farpaddition of P in form of organic fertilisers lowered the N:P
ratio leading to less mutualistic AMF symbiosis for which reason AAFdecreased.

3.4.5 FINE ROOT ENDOPHYTES

There could be another explanation whyaxtiliser did not aféct AMFRC in 2019 which is

that it was not AMF that dominated root colonisation, but another group of fungi that can play
arole in Nacquisition. Many of the recorded root colonisation patterns observed by microscopy
were similar to those of fine root @ophytes (FRE, data not shown). The presence of these
fungi in root samples would explain why vesicle abundances (V%) were low throughout the
cropping seasons as FRE do not form vesicles, but hyphal swellings that were observed in
addition to the charactistic fanrshaped arbuscules and finely branched hygh&i ani naz z i
Pearsoret al, 1981; Orcharet al, 2017b) After recognising these colonisation structures of
FRE in root samples from the field season 2018, it was decided not to differentiaterbetwe
AMF and FRE due to the phylogenetic assignmerEloimus tenueo Glomeromycotina at

that time. Considering the new phylogenetic assignmeBlarhus tenuéo the subphylum of
Mucoromycotina at the end of 20{8rchardet al, 2017%; Walkeret al, 2018) reassessment

of the root samples from both field seasons would be required to define the extent-of FRE
colonisation compared to AMF. As a compromise, it was decided to validate the presence of
FRE based on moleculavidence which will be further discusseddhapter 5

There are several reports on the association of FRE with whisdtick et al, 1984;
Ryanet al, 2005; Smittet al, 2015; Sinanagt al, 2020) but there is little information on the
impact of agronomic management practices on these fungi. Rec&lbibynoz et al. (2021)
identified different environmental factors that characterise distinct ecological niches of FRE
and AMF. They did not test the effect of N, but showed that like AMF, FRE are negatively
affected by P which would confirm threduction of fungal root colonisation in wheat treated
with bothbiogas digestatand FYM (Sectior8.4.4. Earlier studies biglienzaet al. (2006)

had shown the resistance BRE to N-accumulation in grass species whereby ARIE
decreasedThese findings couldexplain why fungal root colonisation was not decreased in
response toineralN in 2019, bawhy this wasot the case in the previous season remains to

be clarified. One explanation could be the higher precipitation rates in spring 2019 as FRE have
been found to respond positively to waterloggi(@rchard et al, 2016) and rainfall
(Albornozet al, 2021) It cannot be excluded that precipitation events around the time of the
application ofmineralN in 2019 caused potential leachingnoiheralN leading to less AM¥F
inhibition than in the previous season. But it is not likely that this was the casepsireral
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N was taken up by the crop effectively in both years as clearly confirmed by SPAD, crop
performance and yield data. Overall, the finding of contrasting respafisé§IF-RC to
mineralN and a potential link to FRE is intriguing and requires further research in particular
for this group of fungi which might haweerole to play towards increasing the efficiency of

nutrient acquisition in agricultural systeif&nanajet al, 2020)

3.4.6 CROP PROTECTION EFFECTS ON MYCORRHIZAL ROOT
COLONISATION

In contiast to reports aboutnegative effects of pesticides on AMR wheat production
(Riedoet al, 2021) F%, M% and A% were higher with conv. @Bmpared to nosprayed

wheat at the end of the growing seas®able 3.67). Depending on the mode of action,
fungicides can have suppressive or stating effects on AMHRC which was mostly
demonstrated for seeapplied compounddinet al, 2013; Caruset al, 2018) But since foliar
sprays were used for conv. CP in this study, direct impact of the applied chemicals on AMF are
unlikely (HageAhmedet al, 2019) Hence, the maintenance of AMF symbiosis in form of
higher AMFRC in conv. CP plots compared to wheat with org. CP at maturity must be linked
to improved crop health as a result of CP applicatiziedhiouet al, 2004)and is likely due

to the prolonged green canopy 8kyfall. Although not always pronounced in different
environments, increased leaf area duration-pogitesis can contribute to-tkanslocation
during grain filling which results in increased protein content and grain yield
(Bogardet al, 2011; Simmondst al, 2014) Theleaf area duratiowas not directly measured

in this study, but an additional SPAD and NDVI assessment was conducted in 2018 in plots
with conv. CP whee flag leaves were still photosynthetically active in contrast to the senesced
leaves in plots with org. CP. This assessment showed significantly higher SPAD and NDVI in
Skyfall compared to AszitaAppendix A Table A3) which would explain the significant
difference ofAMF-RC in the two varietiest GS90in that year Fig. 3.3 C). As AMF have

been shown to stimulate-tptake angbhotosynthesis flag leaves of durum wheat and barley
(Gernnset al, 2001; Garmendiat al, 2017) prolonged greeness in combination with

prolonged AMF association could contribute to improved yield.

The differences in plant performance in response to org. and conv. CP were more pronounced
in 2019 because disease and weed pressure were higher compared to the dry season in 201€&
(Table3.44). This higher stress level in plants with o8P was clearly visible in an interaction

of season x CP at stem elongation which resulted in decreaseeR&M#Fth org. CP in 2019

while no difference was found in 28{Table3.61). At flowering however, the interaction of
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fertiliser x CP affected all AMIRC parametersi@ble3.65) suggesting that theffect occurred

in both trial seasons. Peasbc testing revealed that conv. CP only enhanced A@Fin
combination with mineral N whereas all other nutrient regimes showed the same
mycorrhization independent of chemical inputs. This interaction indidasétghe significant
increases of disease levels as a consequengenefal N application reduced mycorrhizal
development in wheat most likely because of reducesink capacities due to less
photosynthetic leaf ard&ernnset al, 2001)

Arbuscular mycorrhizal fogi have been shown enhancesystemic defence reactions in the
case of a pathogen or pest attack by inducing the inherent immune system of plants
(Junget al, 2012) Besides root diseases where AMF can also have direct impachogg@as

(Pozo & AzconAguilar, 2007) the interaction of biotrophic foliar pathogens and AMF have
been investigated because both fungal groups rely on a living host and are affected by nutrient
availability (Panstruga & Kuhn, 2019A greenhouse experiment l&ernnset al. (2001)
showed enhanced sporulation of the powdery mildew causing patiBbger@ria gaminis

f. sp. hordeii in barley inoculated with AMF. But in contrast to diseased-mggcorrhizal
controls, pathogen infection reduced neither yield nor grain quality in mycorrhizal plants
(Gernnset al, 2001) From their findings, the authors conclude that AMRgmicultural soils

might be important to stabilise yields under pathogen attack. The results from the field trials at
Nafferton suggest that under high disease pressure following higlaiNbility, the
preservation of AMF symbiosis might be too costlytfte plant for which reason AMRC is
reduced. Nutrient availability as a driving factor for disease susceptibility was alsolfgpund
Mustafaet al. (2016) who investigatethe impact of AMFinoculation on powdery mildew in
wheat Blumeria graminisf. sp. tritici). They showed that with reduced application of
P-fertiliser, AMFinoculation could significantly reduce haustoria formation of the pathogen,
whereas higher-Bupply reduced AMIRC. Based on their findings, it cannot be concluded if
the reductiorof AMF-RC occurred in response teadition or increased disease infection

3.4.7 EFFECTS OF AMF INOCULUM ON WHEAT PERFORMANCE

The application of AMF inoculum at the beginning of each field trial had no effect on the main
agronomic parameters such as graindy{@able3.7) or grain quality Table3.71). Hence, the
results of this study do not support the positive effects of AldiEulation on wheat yields as
reviewed in the literaturéPellegrinoet al, 2015; Zhanget al, 2019) bu proof for the
establishment of inoculation is requirgdh@pte 4). There were few direct effects of AMF
inoculum on plant performance. The firstavabserved in seedlings where plant number was

higher with AMFinoculum application {able 3.23) that ultimately increased biomass
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production Table3.24), but the latter difference was only significant in 2019. Although there
have been reviews about the contribution of AMF to seedling establishmeratural
ecosystemgvan der Heijden & Horton, 2009k is unlikely that AMF inoculum application

was the reason for higher plamimbers six weeks after drilling since this effect was not
abundant at tillering. Then again, crop canopy was marginally increased at GS45, but like early
plant counts at establishment, this effect was not observed in NDVI measurements later in the
seasor{Table3.38).

Considering these random effects of the inoculum, it was surprising to meag@aEses in

total biomass at harvest with AMF inoculatiable3.13). Furthermore, the inoculateéro

input plots showed significantly higher ear numbgalfle3.20) while plant numbers were not
increased. A possible explanation for this effect could be found in a pot experiment with barley
where AMF inoculation induced late tillering, however without contribution tddyie
(Gernnsetal., 2001) This was also the case in the present field trials where the increased total
biomass following AMF inoculum application rercinputplots had no effect ograin yields

Then again, late tillering potentially leading to higher ear number would have been determined
well before final harvest, but tiller numbers were not increasednminput plots with AMF
inoculation.The opposite to the previously described effect fwaad in plots withmineralN
application and AMFnoculation. At flowering, tiller numbers and shoot biomass were lower

in plots withmineralN fertiliser and AMF inoculum applicatiom&ble 3.31). The same was
found at maturity and at final harvest where less total biomass was harvested from plots with
mineralN and AMFinoculum application{able3.13). Unlike the effect of AMF inoculum in
zeroinput plots, decreased total biomass in plots witmeral N fertiliser and with AMF
inoculation was not reflected in lower ear nunsbdyut seed numbers were etreased
(Appendix A, Table A4, Table A5). Nevertheless, grain yield in platsthis fertiliser treatment

were not affected by AM#noculation Table3.7). Reduced biomass production in mytazal

plants has been linked to imbalances in symbiotic nutrient exchange which is mostly determined
by the nutritional status of the plant, but also fungal iden{@prkidi et al, 2002;
Kierset al, 2011; Pellegrinet al, 2011; Puschedt al, 2016) As the soils at Nafferton Farm

were mostly Rdepleted, the addition of N should have favoured mycorrhizal benefits on plant
growth, but the pposite was found with this reduction in total biom&spossible explanation

could be that the inoculated AMF strains replaced native ABR€hlaeppiet al, 2016;
Benderet al, 2019)which are likely better adapted to local soil conditions and ultimately
provide greater benefits to the host pléRellegrinoet al, 2011; Johnsoret al, 2015;
Middletonet al, 2015) In association with AMF that might be less efficient hufake, the

depletion of P could be even more pronaateading to reduced growth and reduced tillering
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as described in multiple studies on wheat with -Pwsupply (Manske, 1989;
Hetricket al, 1992; Graham & Abbott, 2000; kt al, 2005; Ryaret al, 2005) This hypothesis
implies why biomass was only decreased in plots mitheralN and AMF treatment and not

when organic fertilisers were applied as these provided both N and P (AppefailaA2).

Overall, it is not guaranteed that the applied AMF inoculum ultimately affected wheat growth
as the described effects were relatively sniab{e3.13), but evidence for inoculation success
would be expected in terms of increased ARE (Al-Karakiet al, 2004; Farmeet al, 2007,
Buysenset al, 2016; Ecoli et al, 2017; Alauxet al, 2018) Except for small reductions of
arbuscule abundances (A%) at seedling growth with AhtiEulation Table3.52), there were

no main effects on AMIRC. At tillering and at maturity, inoculated wheat with FYM
application showed higher AMfequencies (F%,Table 3.59) and A% (Table 3.70)
respectively. With arbuscules being the interface for symbiotic nutrient exchange, increased
A% especially at early growtstages would be assumed to affect plant performance, but this
was not observed. Besides the reports on increasedR® response to inoculation, there

are a considerable number of inoculation trials which have shamweffect on AMFRC
(Pellegrinoet al, 2012; Middletonet al, 2015; Smithet al, 2015; Schlaeppet al, 2016;
Buysenset al, 2017) These controversial findgs indicate that AMIRC may not be a suitable
parameter to assess inoculum establishment where a high level of native AMF are present in
the soil(Hartet al, 2018) Instead, molecular markers have been suggested for the tracing of
inoculated AMF straingKokkoris et al, 201%; Rosaet al, 2020) That native AMF were
abundant at Nafferton Farm was observed already six weeks after drilling with wheat seedlings
being colonised by AMF in both inoculated and +iwoculated plots Table 3.52). Hence,
competition with indigenous AMF might have hindered inoculum establishment
(Verbruggeret al, 2013; Buysenst al, 2017) This scenario becomes more likely considering

the extremely low dosage of 100 g*that was applied to the field. However, the low quantity
could have been compensated by the high concentration of propagules in the inoculum
(Table 3.5). The amount of applied propagules was higher in theyf@at and lower in the
second year compared to rates describedEinpli et al. (2017) who used 9.3 g mi.e.

8,333 spores m( = 83.3 Mio propagulelsal). They reported strong increases in AIRE in

a field trial with durum wheat as well as higher gralsdhcentrations in unfertilised plots with
AMF-inoculation, but no effects on grain yield. In their case, the increase inRA®MWas only

found in anold variety of durum wheat. The results of the current field trials 2018 and 2019
show no differences between Aszita and Skyfall in response to AMF inoculation as no

variety x AMFinoculation interaction was observed. These could be expected considering
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studies that showed different root colonisation and nutrient use efficiency of wheat varieties in
association withRhizophagus irregularigzinder controlled conditionéElliott et al, 2019;
Thirkell et al, 2020) Since the inoculum used during field trials at Nafferton Farm harboured
three AMF species, effects of AMRoculation on wheat might be more pronounced, or vice
versa, less effective due to competition among inoculated st(darssaet al, 2008;
Thonaret al, 2014) The applied rate of AMF inoculum was probably even lower as it was
observed that particles of the root powder disintegrated during mixing with sand and stuck to
plastic surfaces. For this reason, it was decided to develop a more direct agproheh
application of AMF powder in wheat production i.e. seed coattigapter §. Buysenset al.
(2017)trapped propagules &%. irregularisin alginate beads and applied these at a rate of 1,560
propagules per potato plant in a field trial after calculating the required amount of inoculum to
colonise 90 % of the plant. Despite this precise application method and preceding pot
experiments, neffects on crop yield or AMHRC were observed in their study as the inoculum
hardly establishe@uysenset al, 2017) The outcome of their study might be similar to the
results of the present field trials, for which reason moleculaeacel will be presented in the
following chapter to validate the effects of the AMPeculum observed in both seasons
(Chapter 4.

3.5 CONCLUSION

The colmisation of wheat roots by AMF in both varieties was mostly shaped by environmental
conditions and closely linked to wheat growth stage. Consistently lower AMF root colonisation
(AMF-RC) in Aszita compared to Skyfall do not support the notion that brepdiggammes

have reduced AM¥esponsiveness in modern wheat varieties although this is based on limited
evidence i.e. two varieties. Further information about nutrient uptake and concentrations
(particularly P and N) in the two varieties are needed siifdE-RC alone cannot be used to
draw conclusions about mycorrhizal efficiency in varietal comparisons. The same applies to the
assessments of different growth stages of wheat where it was assumed that [aRCAMF
senescing wheat could have negative ingagt yield and grain quality. Leaf senescence
(measured by SPAD) was delayed following the application of conventional crop protection in
Skyfall for which reason beneficial (or negative) impacts of prolonged AMF symbiosis are
expected in particular undeP limitations in modern varieties with high mycorrhizal
responsiveness. If mycorrhizempatible fungicides should be considered in breeding
programmes for mycorrhizaésponsive wheat varieties, inputs of mineral fertilisers should be
adjusted accordinglgs the application of mineral N decreased ARIE when no fungicides

were applied. This was not the case in-femilised plots and with application of organic
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fertilisers where biogas digestate seems to be a promising alternativeei@l N regarding

grain yields and disease susceptibility, but negative impacts on-R®lkvere found in both
seasons. This effect may have been due to P that was added by the applicatiofaohigati
manureandbiogas digestatdn contrast, the addition of N in the fowmimineralN to a lowP

soil can have both positive and negative impacts on AA@Fand most likely depends on the
N-status of the soil. The role of fine root endophytes in this variable responstetoliser

poses an intriguing research question, wasence of these fungi at Nafferton Farm requires
validation at the molecular level. The same applies to the AMF strains that were used in the
inoculum in low dosages and faced strong competition from the local and potentially more
adapted AMF populatiorMarginal, but significant increases in total biomass at harvest with
AMF-inoculation in the absence of applied fertiliser were contrasted by reduced biomass
following AMF-inoculation in plots withmineral N application which indicate a potential
growth pramoting effect of the inoculum under low nutrient supply. But like all the described
effects, further field trials as well as more detailed investigations of mycorrhizal efficiency are
required to validate conclusions about the role of AMF in wheat. Théget still not be
applicable to different locations or environmental conditions which have been shown to have

strong impact on AMFsymbiosis in the present study
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CHAPTER 4.MOLECULAR TRACING OF AMF INOCULUM USING
STRAIN-SPECIFC PRIMERS

4.1 INTRODUCTION

Inoculation successes with AMF under field conditions are usually reported with regard to
biomass or other plant performance parameters, but proof of inoculum establishment is often
missing(Hartet al, 2018) The problem here is the discrimination of the abundances of natural
and introduced AMF communities forhiech reason molecular tools are required to clarify the
fate and success of fungal inoculafidekkoris et al, 201%). High genetic variability in AMF

form an obstacle to molecular tracing of specific strains as even single isolates can harbour
multiple haplotype¢Koch et al, 2004; Roparst al, 2016) Therefore, the choice of a suitable
molecular marker is essential to obtairffiient phylogenetic resolution while avoiding highly
variable regions as found in mycorrhizal nucleic D(B&rstleret al, 2008; Crollet al, 2008)

The ribosomal large subunit of the mitochondrial ribosonNAPMtLSU) as a more conserved
region of the genome has been recognised for distinguishing variability between AMF isolates
(Raabet al, 2005; Borstleet al, 2008, 201Q)

Common methods for the tracing of inoculated AMF strains are quamit®®CR

(Krak et al, 2012; Pellegrinet al, 2012; Buysenst al, 2017; Alauxet al, 2018)and nested
PCR(Farmeret al, 2007; Williamset al, 2017; Thilagar, 2018More recently, digital droplet

PCR (ddPCR) has been introduced to mycorrhizal research with the potenfitdte tatherto
applied methodgKokkoris et al,, 201%, 202@&; Barcelbet al, 2020;Rosaet al, 2020) High
precision and sensitivity of ddPCR enables the detection and quantification of rare molecules
(Hindsonet al, 2011)which are characteristics that have been extremely valuable in clinical
studies and have more recently also been applied in ecological $Kwk&sris, et al, 202Db).

The technology behind ddPCR is based on an assumption of a Pdissiliution of the target
molecule in up to 20,000 droplets which are generated in a specific oil emulsion of the PCR
master mix with the template DNA sam@Basu, 2017)Each droplet represents a single
endpoint PCR amplification that prodesca fluorescent signal if the target DNA sequence was
present in that particular reaction. The original concentration of the target molecule in the
sample DNA extract dictates the probability of an individual droplet giving a positive signal
and thus cambe calculated from the number of positive count droplets in relation to negative

count droplets without the need for standard cu(i?@sheiroet al, 2012)
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4.1.1 AIMS AND OBJECTIVES

This work aimed to develop oligonucleotide DNA target sequences that are specific for an
isolate ofRhizophagus irregulasi(R.i.) which was the main component of the AMF inoculum
(INOQ Advantage) that was applied in the field experiments reported eddepter 3
Table3.5). These target sequences could then be used in ddPCR to trace this fungal strain in
soil and root samples and ultimately investigate if, and to what extent, the strain colonised roots
of the wo tested wheat varietie€ljapter 3Table3.4). Furthermore, high specifigitof the

target sequence will enable the discrimination of the inoculum strain from native R.i. strains.
Abundances and responses of native R.i. strains to inoculation, crop protection and wheat
variety will be analysedsingless specific primers that atifp most R.i. haplotype.

In summary, the aims will be achieved by:

1. Identifying polymorphisms within the mtLSU region of selected R.i. strains

2. Designing highly specific molecular targets based on these sequences

3. Comparing target specificity with otheriRisolates

4. Running strairspecific markers in optimized ddPCR assays with DNA extracted from
wheat roots recovered from field trials and environmental samples

5. Demonstrating absence of the introduced-genotype in the field prior to inoculation

6. Investgating impacts of inoculation and agronomic factors on native R.i. strains

4.2 MATERIALS AND METHODS

Preparation work for the molecular tracing of the inoculum strains were conducted at the
laboratory ofDr Jan Jansa at the Institute of Microbiology in Prague (MBU, Czech Academy
of Science)Extractions of DNA from field samples and digital droplet PCRs (ddPCR) were
conducted at Newcastle University in the laliPadf. Neil D. Gray andProf. lan Head.

In brief, the steps for primer design at MBU included DNA extraction from root organ cultures
(ROC) which were then used for amplification and sequencing of the mtLSU region by PCR
(Fig. 4.1 A). Edited sequences were aligned with each other and a gene bank library as a
template for the design of straspecific primers.

For molecular tracing of inoculum strains by ddPCR, DNA was extracted from root and soil
sampleskig. 4.1 B). These samples were used and tested with the newly designed primers in
endpoint PCRs and then run in ddPCR assays. The resultssta@stically analysed after
threshold setting.
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Fig. 4.1. Stepsduring the procedure &) primer desigrfor the inoculum straistarting with
DNA extraction from root organ culturefllowed by amplification with RNEprimersthat
yielded sequences of the mtLSU region which wieesused as base for the design of specific
oligo nucleotidesB) molecular tracing ofheinoculum strainn the field starting with DNA
extraction from root samples, amplification of mtLSU with new oligo targets first by normal
PCRandthen by ddPCRThe process was finalised by threshold setting of ddPCR results

4.2.1 DNA EXTRACTION FROM RHIZOPHAGUS IRREGULARIS ISOLATES

To identify DNA sequence variations between the AMF inoculum strain QS81 from INOQ
GmbH compared to other R.i. strains, DNA was extracted from a selection of 13 different ROC
of R.i. with different origins Table4.1). All isolates were grown for two months in a specific
ROC system developed by Martin Rozmos (MBU Prague) using transformed chicorgrroots
modified StrulldRomand medium(Declerck et al, 1996) All steps with the ROC were

conducted under sterile conditions.

Table4.1. Sample list oRhizophagus irregularigsolates from INOQ and MBU used during
primer design

Isolate Place of origin Environment Lab Reference/Project

MA1 Mayotte, Coconi Garden soil INOQ WAnAfforest-at
MA2  Mayotte, Kahani Forest soil (Padza INOQ  lands using endo

MA3 Mayotte, Kahani Grassland (Padza INOQ ;n;:)ccgrh(!z?searsld Ioicarlltre
MA4 Mayotte; Kahani Bare soil (Padza) INOQ

QS69 Czechia Unknown INOQ  Savaryet al.(2018) here:
QS73  Subculture of QS69 - INOQ ESQLSE91

QS81  Subculture of QS69 - INOQ

STS1 Germany, Loitze Field soil INOQ  EIPAgri

L1 Czechi a, L Grassland MBU f ez 8§ letav(®16)
L2 Czechi a, L Grassland MBU ez 8§ letav(®16)
L4 Czechi a, L Grassland MBU f ez 8§ letav(®16)
L21 Czechi a, L Grassland MBU f ez § letav(B16)
L23 Czechi a,e L Grassland MBU f ez § letav(B16)
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For DNA extraction from ROC, roots were removed from the surface of the culture medium.
The material was subsequently ground using a pestle and mortar with the addition of
300500 pl lysis buffer from the DNeasy PowerSoil kit (Qiagen, Germany). The ligag

pipetted into PowerBead tubes filled with lysis buffer from the same kit. Samples were stored

at 4 °C until further processing.

For DNA extraction from pure fungal material, culture medium containing mycelium was
extracted with a sterile spoon andg#d in glass bottles filled with 500 ml of 10 mM citric
buffer (pH 6.0Doner & Bécard, 1991Bottles were agitated on a shaker until all residues were
dissolved and hyphae visibly conglomerated in the liquid. The bottle contetthevapassed
through sterilised 5 um Teflon filters using a vacuum pump. Fungal material was collected from
the filter membrane and homogenised with the addition of lysis buffer using a pestle and mortar.
The liquid was pipetted into lysis buffer filled WerBead Tubes for storage until further
processingAs a control treatment, both procedures for DNA extraction from roots and hyphae
were conducted for an empty ROC without AMF inoculation.

As the first step of DNA extraction, all samples were incubat&®°C for 10 min in the heating
block. Then, cells were lysed in the PowerBead Tubes using a vortex mixer for 10 min at max.
speed. Subsequent steps were conducted using the DNeasy PowerSoil kit following the
manufacturers protocol. Samples were elutetivio steps using 50 ul of elution buffer from

the Kkit.

4.2.2 AMPLIFICATION AND SEQUENCING OF THE MTLSU REGION OF
RHIZOPHAGUS IRREGULARIS

Prior to sequencing, DNA from the selected isolates was amplified by polymerase chain
reaction (PCR) using RNprimers by Rabet al. (2005) and Borstleet al. (2008) as well as
newly designed primers by Jansa (201Bakje 4.2). Each reaction was set up in 25 ul
containing 1 ul of DNA template, 12.5 ul of Combi PPP Master Mix (TopBio, Czechia), 0.5 pl
forward primer (25 uM) and 0.5 pl reverse primer (25 uM) as well as 10.5 ul of nuclease free
water. PCRs were run with initial denaturation at 95°C for 2 min, fatblay 35 cycles of 95°C

for 15 sec, 50°C for 30 sec, 72°C for 1 min and finalized with a 5 min extension step at 72°C.
Results were checked by gel electrophoresis (1 % agard&eeftidium bromide). Amplicons

were purified using the QiaQuick PCR purifica kit (Qiagen, Germany) following the

manufacturers protocol.
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Table4.2. Primers (forward = fwd, reverse = rev) used for amplification and sequencing of
mtLSU region ofRhizophagus irregularisolates

Primer Seque nr3cde 5 Orientation Used for: Reference
PCR Sequencing

RNL1 AGACCCGAARCCWRGTGATCT fwd Raabet al. 2005
RNL5 GAGCTTCCTTTGCCATCCTA rev X X Raabet al. 2005
RNL7 CTTCTGCTTTCGGCGAAGAG rev X Raabet al. 2005
RNL7c AATACCAACATACTCATTAC rev X Jansa 2019
RNL12 CATTATATGCTCCGGCGTAG fwd X Raabet al. 2005
RNL14 AGGATAGGCCTGGAAACCAAGC rev X Raabet al. 2005
RNL15 CTGAGCTGTTACGCTATC rev X Raabet al. 2005
RNL26 CTTGTGCAAGTAGGCCTTCT rev X Borstleret al.2008
RNL28 CCATGGCCAAGTGCTATTTA fwd X Borstleret al.2008
RNL29 TAATAAGACTGAACGGGTGT fwd Borstleret al.2008
RNL30 TAGCATCGGGCAGGTATCAG rev Borstleret al 2008
RNL63rev. CTACGCCGGAGCATATAATG rev Borstleret al 2008
mt5rev TAATAAGACTGAACGGGTGT rev Jansa 2019

Amplicons of DNA from fungal mycelium were submitted for Sanger sequencing at the Centre

for DNA sequencing at MBU. Two sequencing runs with different primer sets were required to

obtain the full mtLSUsequence of the selected strainale4.2). The sequences were edited

in Chromas (vs. 2.6.6, Technelysium Pty Ltd, Australia) and contiguous sequences (contigs)

were produced by merging the two shorter but partially overlapping sesgieranually in N3
Word (Microsoft Corporation, 2018)

4.2.3 SEQUENCE PROCESSING AND PRIMER DESIGN

To identify polymorphisms within the aligned sequences, but also in comparison to known R.i.

haplotypes that could possibly be abundant in the field soil at ftaff€arm, the sequences

were aligned with the mtLSU region sequences of a selection of R.i. haplotypes extracted from

GenBank (http://www.ncbi.nlm.nih.gov).
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Table 4.3. Reference library oRhizophagus igularisisolates from previous studies used
during strairspecific primer design based on mitochondrial ribosomal DNA sequences.

Isolate Mt genome Origin Reference
accession no.

C2 KU127234.1 Tanikon, Switzerland Roparset al. 2016

A4 KU162859.1  Téanikon, Switzerland Roparset al. 2016

B3 KU127233.1 Téanikon, Switzerland Roparset al. 2016

A5 KU127232.1 Tanikon, Switzerland Roparset al. 2016

Al KU127231.1 Téanikon, Switzerland Roparset al. 2016

FACE#494 FJ648425.1 Eschikon,Switzerland Lee & Young, 209
MUCL46241 JQ514225.2 Quebec, Canada Formeryet al. 2012
DAOM234179 KC164354.1 Quebec, Canada Beaudeet al.2013
MUCL46239 JQ514223.2 Quebec, Canada Formeryet al. 2012
DAOM234328 JX993114.1 Finland de la Providenciat al.2013
DAOM197198 NC_014489.1 Quebec, Canada de la Providenciat al.2013
DAOM240415 JX993113.1 Manitoba, Canada de la Providenciat al.2013
MUCL41833 KY347874 Canary Islands, Spair Buysenset al 2017
L8 FN377590 Landskron, France  Borstleret al 2010

All sequences were aligned using the MUSCLE tool in the Molecular Evolutionary Genetics
Analysis software (MEGA XKumaret al, 2018) Phylogenetic relationships were inferred by
applying the Neighboudoining method in the same software. Evioloary distances were
computed using the Maximum Composite Likelihood algorithm with a bootstrap test for 2000
replicates. Target specific sequences suitable for use as pfonére R.i. isolate QS81 were
designed by Jan Jansa using the softwdledelD (version 6, PREMIER Biosoft, USA).

4.2.4 CROSSREFERENCE TESTING

Primer sequences were testad silico with the GenBank tool PriméBLAST
(https://www.ncbi.nim.nih.gov/tools/primdalast/). Based on these results, two sets of oligos
composed of forwar and reverse primers, as well as FAM1 and BHQ1 dual labelled HPLC
purified TagMan probes were synthesised (Eurofins, Luxembourg). The primer pairs were first
tested without probes by normal (epdint) PCR using 12.5 ul of MegaMixlue (Microzone

Ltd, UK), 1.25 pl of each primer (10 uM), 5 pl dd& and 3 pl of hyphal DNA extract templates
from R.i. isolates Table4.1). PCR conditions were 5 min at 95%@r initial denaturation,
followed by 30 s at 95 °C, 30 s at 55°C and 1 min at 72°C in 35 cycles, with termination for 5
min at 72°C. DNA from four field samples from inoculated and-immculated plots were

included in each PCR run to see if inoculum diéde was possible even without probes.
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4.2.5 GENOMIC MATERIAL FOR ASSAYS WITH STRAIN SPECIFIC MARKERS

Abundances of the AMF inoculum strains was mainly assessed 2018&eld trial at growth

stage (GS) 32 (stem elongati@hapter 3Table3.6) where the highest AMF colonisation had

been observed during colonisation assessméitapter 3 Fig. 3.3). Additionally, samples

from other time points (GS90 2018, GS12 2018, GS22 2019) sedested but quality
assessments of DNA extractions showed that most séthamples had been degradied

which reason onlya small number ofamples could be analysedl root samples (~15 mg)

had been collected from plots with crop protection, A¥IF inoculation and zero fertiliser
application treatmenthapter 3Section3.2.4.

To prove delivery of the inoculum to the field soil, DNA was extracted from tmaireng
sandinoculum mixture (250 mg) that had been sampled from the hopper after drilling
(Chapter 3 Section3.2.5. DNA from soil samples (250 mg) of inoculated and uninoculated
plots sampled at-B0 cm depth in spring 2019 (during the tillering phase and about one month
before GS32) were used as positive and negative emvaotal controls respectively. To
evaluate the presence of the targeted mtLSU haplotypes in the field prior to inoculation, DNA
was extracted from five randomly selected soil samples which had been collected from the same
site before the start of the fietdals (March 2017). All samples were extracted using the
DNeasy PowerSoilPro Kit (Qiagen, Germany) following the manufacturers protocol. Prior to
DNA extraction, samples were homogenised using a FastPdelg ( MP Bi omedi c a
at 6 m & with 2 x 40 £c and an incubation step for 5 min at 4°C between sessions. Each DNA
extraction was accompanied by positive (AMF inoculum) and negative controlsQiidbNA
concentrations were measured by fluorometri
theQbi t E dsDNA high sensitivity assay kit (]I
protocol.

4.2.6 DIGITAL DROPLET PCR

Each ddPCR assay was set up in 22 pl reactions with a standard master mix of 17ul containing
10 pl Supermix for probes (no dUTBIjo-Rad Laboratories, USA), 2 ul forward and reverse
primer (0.9 uM), 0.5 ul probe (0.25 puM), 2.5 pl debland 5 pl of template DNA. The master

mix was distributed in specific ddPCR-9&ll plates (BieRad Laboratories). After adding a
single sample DNA taplate to a single well, the plates were sealed with a Pierdeaibléeat

Seal (PX1 PCR Plate sealer, BioRad Laboratories), vortexed and spun down (PCR plate
spinner, VWR, USA) to facilitate an even distribution of the DNA template in the master mix.
Droplets were then generated automatically in the AutoDG-R&id Laboratories) using the

droplet generation oil for probes (BRad Laboratories). The resultant-@@ll plate with the
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droplets was sealed and placed in a thermo cycler (C1000 ToueRaHibdoratories). After

endpoint amplification by PCR, droplets were analysed in the Droplet Reader (QX200, Bio
Rad Laboratories). Dropl et counts and signal
Quant aSoft E ( v-RadLaboralories$). Radhath Was exparted into QXManager
Software (Standard Edition vs. 1.1, BRad Laboratories) for manual threshold adjustment and
visualisation. Runs with less than 10,000 generated droplets were excluded from the analyses
since data collection from 12,0a®,000 droplets have been recommended byRgid.

4.2.7 OPTIMIZATION OF DIGITAL DROPLET PCR ASSAYS

Each primer set was run with a temperature gradient using a positive control as DNA template
to identify optimal annealing temperatures for probes and primers. PCR conditions for the
temperature gradient were 10 min at 95°C, followed by 39 cycles of-atepahermal profile

of 30 s at 94 °C for denaturation, annealing from 50 to 58°C for 1 min each, and termination at
98°C for 10 min and 12 °C for 10 min. This programme was adjusted for assays with field
samples according Mvitte et al. (2016)to more cycles (44), lower ramp rate (1°€isstead

of 2.5 °C &) and doubled annealing times.

Troubleshooting in environmental samples was conducted by construction of a dilution series
(up to 100fold) and the spiking of samples with positive controls. Field samples were run
undiluted and in Bold dilutions as it was recognised that some undiluted samples were
accompanied by a lot of noise. All assays were run with three negative teoopitatds (NTC)

per plate using dd¥D instead of DNA to exclude potential contamination during the assay

setup.

4.2.8 STATISTICAL ANALYSES

If contamination was detected in NTCs, the acquired concentration of target sequéncas pl
subtracted from the sampdeggnals. Copy numbers per gram of sample (Cpgs) were calculated
from these values using a formular adopted from Kokleired. (2019a):

7N e T T s vy \ ] ey !'Yd) ’ »n D X T e
6N Vowe owcmﬁ?@@—d)ZO@OUTu Y

The Quantalife val ue wa softwasem@ingatogetlreadimg andh e Qu a
was multiplied by the ratio of reaction volume (RV, 22 pl) and template volume used in the

assay (TV, 5ul). Diluted samples were then multiplied with the dilution factor (DF) and with

the initial elution volume of the WA sample (EQ, 50 pl). The subsequent value was divided

by the quantity of material that was used for DNA extraction from the respective sample (QS)
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which was known for soil (250 mg) and root samples (15 mg), but not for pure culture samples.

Hence, copieper ROC are stated per sample and not per gram of fungal material.

The effects of crop protection, variety and inoculation on copy numbers were analysed using
the same model and test procedure as used for field data (linear mixed effect model
Section3.2.19 without fertiliser as fixed effect since only samples from Zepuit plots were

used for ddPCR assays. Copy numbers were cube root transformed to achialgyneohich

was assessed by @@otting of residuals. Data sets from runs with stspecific and
haplotypespecific primers were analysed separately in RStudie€C¢Re Team, 2019).
Spearmandés correlation anal ysesplatédusngthg nur
ggplot2packaggWickham, 2016)

4.3 RESULTS

4.3.1 MTDNA MARKERS FOR R.Il. ISOLATES

Sequencing of selected isolatesRi¥fizophagus irregulari¢R.i.) indicated significant length
polymorphisms within the mitochondrial large subunit (mtLSU) of strains from INOQ
(~ 2300 bp) and MBU (~1550 bp). A provisional alignment after the first sequencing showed
that INOQstrains harbor a long insertion oband 800 bp towards the end of the mtLSU region
(Fig. 4.2, RNL5 downstream).

(RNL1RNL28 RNL29 MBU-intron  gNL12 .
5|- —  — T —) 3
3¢ — — 4— — 4— S — ——5

RNL14 RNL15 mtSrev RNL7 RNL63rev. RNL26 RNL7¢  RNL30 RNLS

Shared intron

Fig. 4.2. Map of RNL-primers (adapted from Raadt al 2005) used for amplification and
sequencing of mtLSU region &hizophagus irregularigsolates from INOQ and MBU. Grey
boxes mark introns specific for strains from the respective lab. Red box marks théevariab
region on a shared intron where primers for inoculum strains were located.

Alignment of the mtLSU sequences revealed three distinct haplotypes which grouped those R.i.
isolates with almost identical sequen¢Emy. 4.3). The main differentiation were two introns
which characterised strains from the respective |lgs 4.2, grey boxes). A further grouping
criterion was a variable region between these two intrbigs 4.2, red box) that occurred in
L-lines (L1, L2, L4, L21, L23) from Czechia and the group of haplotypes similar to QS81
(QS73, QS69, MA3, MA4). In comparison to thdihes, INOQstrains with thigntron showed

a Ginsertion which was only found in one isolate of the library strains (MUCL41833,

Table4.3). The whole intron was missing in stragisiilar to MA1 (STS1, MA2) which had
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been part of the AMF inoculum used during the 26d&onWith the lack of this intron or any
other characteristic region of this strain, it was only possible to design target sequences for
strains like QS81 (haplotypspecific primers, HSP), but not for MAL.

QS69 |
. QS73
Target stramns *| \a4 | intronwith C-indel
82| | MA3
[ ]! Qss1d
&7 KY347874-MUCL41833
B
L21
L-lines (Czechia) 62 L4 r lack C-indel
80 L2
- 123 J
97 MA1
Lok lack intron
MA2
KU162859-A4
JX993113-DAOM240415
JQ514225-MUCL46241
KC164354-DAOM234179
- JQ514223-MUCL46239
JX993114-DAOM234328
2 KU127233-B3
. KU127232-A5
5 KU127231-A1
® FJ648425-FACE494
% NC014489-DAOM197198
- KU127234-C2
80 FN377590-L8

P
0.0020

Fig. 4.3. Phylogeny of selected strains &hizophagus irregularisR.i)) used for the
development of oligonucleotide primers and probes targeting the mitochoimbsmimaRNA

large subunit gene. Strains within coloured rectangles represent R.i. isolates from Czechia
(green) and INOQ GmbH (red). Target strains for primdesign were those similar to QS81.
Brackets describe groups of haplotypes based on characteristics in their sequence alignment
with library strains (not coloured). Branch numbers show percentages of trees in which the
associated taxa cluster togetherthie bootstrap test (1000 replicates). Branch lengths show
evolutionary distances according to Maximum Composite Likelihood method.
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Additionally, more general primers (specgsecific primers, SSP) targeting most mtl-SU
haplotypes of R.i. were designexlassess if native strains of R.i. could be detected in the field
samples despite the presence or absence of the inoct&bie 4.4). Application of hese
primers was made to clarify at what ratio inoculated and native R.i. strains occurred in the field

and if the inoculated strains replaced native R.i. strains to any extent.

Table4.4. Oligo sets designed by Jansa (2019) with different specificity grades for the detection
of Rhizophagus irregularistrains in field samples

Specificity Oligo  Orientation SequenXxX@® 50 Tm Product
Haplotype Primer sense TACCTATGCCGCTACG 48.8
specific Primer  antisense GCTTCCACAATATTATATCATG 49.2

TagMan antisense TTTTCAACCATGTTTAGACCA 51.8

100 bp

Species Primer sense GGCAAGGGGTGAAAAGC 53.1
specific  primer  antisense AGCTGCGTGGCTTCC 527 127bp
TagMan sense AATCTAACCTGGAGATA 67.0

4.3.2 PRIMER SPECIFICITY TESTS

Crossreference testing with the new primers by PCR confirmnesilico results of primer
BLAST (data not shown) as only haplotypes like QS81 were amplified with HigP4(4 A)
whereas all strains were amplified with S$Ry(4.4 B). No amplification was achieved in

field samples using HSP, but faint bands of the correct amplicon fragment size (in addition to
the bands of smaller fragment size resulfrogn primer dimer) were visible in reactions with

SSP in samples with and without inoculation.

A
1w INOQ strains  Field samples —

; : 1 ' 1
% — MAI MA3 StS1QS81 - + - + B s 121 I3 MA2 MA4 QS69QS73 L1 L2 L4 =B
= - - o — -— e - -
0.1
B

INOQ strains  Field samples

S—
— . 1T I 1 __‘

MAl MA3StS1QS81 - + - + 1 B [21 123 MA2 MA4 QS69QS73 L1 I2 14 I B
—— - —
B | - e» e e a» e a» e» e e

Fig. 4.4 Validation of primer specificity and amplicon size (c.f. 50 bp ladder) by PCR using
two sets of oligos withA) haplotypespecificity for QS81 (INOQ strains) arf8l) species
specificity for all otherRhizophagus irregularibaplotypes. Positive control was DNA from
AMF-inoculum (1), water as blank (B). Field samples represent samples from inoculated (+)
and uninoculated) plots.
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Cross reference tests by ddPCR showed similar results tpcémdPCR with positive signals
predominantly in QS8like haplotypes using the HSP asskig(4.5A) and complete response

in all selected R.i. strains with SSP asda.(4.5 B). In assays with HSP, positive droplets
were detected also in strains from Czechidirfes). These few stronger signals derived from a
population of weakerignals deriving from a cloud of unspecified amplification products

( 6 d ulsreastipns with SSP on the other hand, enhanced noise derived from positive signals

was observedl 6 r ai nd)
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Fig. 4.5. Amplitude plots for amplification of mtLSU of selected culture isolates of
Rhizophagus irregularigR.i.) using,A) haplotypespecific primers for QS8like haplotypes
andB) speciesspecific primers for RimtLSU. Positive(blue) signals are distinguished from

negative signals (grey) by a threshold around
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4.3.3 TRACING OF INOCULUM STRAINS IN FIELD SAMPLES

DNA from the sandnoculum mix used in both 2017 and 2018 showed positive signals using
the HSP assay with,211.5copy number per gram samp(ep no.g?) and 47842 cp no. g
respectively. This result implies that the inoculum was delivered to the soil successfully during
drilling in both years. Nevertheless, soil samples from the field trial did not ahnphification

when they were run with the same asdalg.(4.6). This finding was also the case for soil
samples collected from the field site beforecmam application which indicated that the
haplotype of the inoculated strain of R.i. was not present in the field prior to inoculation, but

was also absent after inoculation at the assessed time point.
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Statistical analyses could not be applied to data from the HSP assays as positive signals were
scarce even when samples were run at different dilutiigs4.7 A). In root samples, positive
signals were achieved only after the spiking of diluted samples with DNA from the AMF
inoculum Eig. 4.7 B). These runs yielded strong signals and indicate that the lack of

amplification with HSP in root samples is unlikely to be linked to PCR inhibitors.

1 15 110 1100 1 15 L0100 1 15 110 1100 N N N I
[ J ) | ]

L

I I

l
Ml Ml MO

B 16000 %‘.&‘_@h "‘{J:"""?J-;.h'ha o S B #

g
o

8000

Amplitude

g

I:5 1:10 I:5 1:5
MO-spiked MO-spiked MO M1

Fig.4.7. Dilution series of field samples taken from plots which were inoculated (M1) and from
plots which were not inoculated (M0) using haplotgpecific primers for QS81A) Dilution

series with root samples (taken at GS32) andteomplate control (N), the posie control was

DNA extracted from the AMF inoculum (IB) Assessment of inhibition in PCR reactions by
spiking (MO-spiked, 0.1 pl of AMF inoculum DNA) root samples (taken at GS22). Positive
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The few samples from earlier time points that were analysed showed no or a very scarce
numbers of signals that would indicate potential detection of the-Q&8dtype. One positive
droplet occurred in a sample from G3Béat was harvested at the end of the first growing season

in 2018, but this observation was accompanied by a positive signal in an uninoculated sample
(Fig. 4.8 A). A selection of samples at the seedling stage (GS12) of the second growing season
(autumn 2018) showed no signs of amplification in inoculated sanflgs4(8 B). Instead,
positive signals were detected in the root sample that was adjacent to the positive control (AMF
inoculum) on the plate, indicating possible crosatamination of samples during ddPCR
assays. The only albeit weak indicatior the presence of QS81 was found in one sample from
GS22 Fig. 4.8 C) which had also shown positive signals at GS90 (plot 131).
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Fig. 4.8. Amplitude plots of ddPCR assays with haplotgpecific primers targeting inoculum
strain QS81 in inoculated (+) and nmoculated {) root samples fromA) GS90 of the first
growing season (2018) with sand + inoculum mix (SI) as positive coByaGS12 of the
second growing season (A)landC) GS22 of the second growing season (2019) and pure
inoculum DNA (1) as positive controRositive (blue) signals are distinguished from negative
signals (grey) by a threshold at & = 4000.
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Positive signals in sangs harvested at GS32 occurred in both inoculated samples and samples
without AMF inoculation Fig. 4.9 A, blue circles). Terfold dilution did not reppduce these
patterns but showed scarce signals of which one appeared in the previously described sample
from plot 131 Fig. 4.9 B). Overall, assays witHSP yielded positive signals in only 20 % out

of all the reactions with inoculated samples (n = 66), whereas 14 % were positive for samples

which were not inoculated (n = 59).
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uninoculated plots-J with haplotypespecific primers targeting inoculum strain QS&.
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4.3.4 DETECTION OF NATIVE R.l. STRAINS IN ROOT SAMPLES

Contrary to assays with HSP, 75% (n = 110) of the samples assayed with primers targeting most
haplotypes of R.i. (SSPTable 4.4) yielded positive amplification signals. However, these
signals were accompanied by a lot of noise.(4.10) which hampered clear separation of
positive and negative signal clouds by threshold setting and did not vanish after dilution of

samples (Appendix Big. B2).
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Fig. 4.10. Amplitude plots of ddPCR assays with spedpscific primers folRhizophagus
irregularisi n r oot samples of 0Aszitabd (ASZ) anoc
harvested from plots with (+) and withod} AMF inoculation. No template controls (N) were

run to exclude contamination, DNA from the AMF inoculum (I) served as positingols.

Outliers (O) were identified after plotting of statistical analyses refitstive (blue) signals

are distinguished from negative signals (gr

R.i-abundances varied greatly between samples which resultidge standard errors in
statistical analysesTéble 4.5). Despite these deviations, copy numbers of R.i. were
significantly higher in the roots of Skyf@ompared to Aszitap(= 0.012,Table4.5).

Inoculum application appeared to lower Ropy numbers, but this effect was only visible in

the convenbnal crop protection treatmer € 0.036)
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Table 4.5. Effects of crop protection, variety and AMF inoculation on copy numbers of
Rhizophagus irregulari@etected by the use of speeggecific primers) in root samples from
zerainput (without fertiliser and pesticides) plots at GS32 in May 20lLfnbers presented
are means 5E of the meanANOVA p-values in bold indicate significant main effects and
interactions.Meanswithin columns followed by the same letter are not significantly different
atpO 0.. 05

Copy no. per gram sample

Crop protection (CP)

Conventional (n = 16) 82x10 + 298x10
Organic (n = 16) 24x10 * 6.70x10
Variety (VR)

Aszita (n = 16) 3.0x10 * 1.71x10b
Skyfall (n = 16) 75x10 + 2.62x10a
Inoculation (AMF)

-AMF (n = 16) 8.2x10 * 3.00x10
+AMF(n = 16) 23x10 + 5.48x10
ANOVA p-values

Main effects

CP ns

VR 0.012

AMF 0.053
Interactions

CP:VR ns

CP:AMF 0.036
VR:AMF ns
CP:VR:AMF ns

Norrinoculated plots with conventional crop protection showed significantly higher R.i.
abundances than samples from plots without crop protedtaiig4.6). Inoculation with AMF
reduced R.1mtLSU copy numbers in sprayed plots but had no effect in plots without crop

protection.

Table4.6. Interaction means + Sf = 8) of AMF inoculation with impact of crop protection
(CP) on copy numbers &hizophagus irregulariper gram root.

- AMF inoculation + AMF inoculation
Conventional CP 1.4 x1¢ +5.27x 10 Aa 2.3x 10 +6.97x 1 Ab
Organic CP 24x10 +1.06x 1 Ba 2.4x 10 +8.95x 10" Aa

Means followed by the same uppease letter within a column and the same lovaese letter within a row ai
not significantly differentfopO 0. 05 by Tukeydbés HSD test.
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Plotting of the interaction of crop protection and AMF inoculation revealedsanples with
particularly high copy numbers from the same bldalk.(4.11 A, circled). These two samples
had already stood out in amplification plotsttwdense clouds of positive signal_d. 4.9,
O-markings) and indicate locati@pecific variation in R.i abundances at the field site.
Interestingly,these variations only occurred in nRimoculated plots and in both varieties

(Fig.4.11 B, circled), but not in the adjacent inoculated plots of #mesvariety.
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Fig. 4.11. Boxplots showing the interaction o&) crop protection (conventional vs. organic)
and AMF inoculation in four replicate blocks (n = 2) a@Bgvariety and AMFinoculation

(n = 8) with impact on copy numbers Rhizophagus irregulari;n wheat roots. Circled data
points mark outliers within théata set.

Exclusion of outliers did not reduce standard deviations but removespsitdic variations in
R.i.-abundances in the statistical analyses as well as marginal main effects of AMF inoculum
application Table4.7). ANOVA of the dataset without outliers showed the vargpendent
abundance of R.i. in root samplgs £ 0.007). The same analyses showed an interaction

between AMF inoculation and variety £ 0.046) which was not significant when outliers were
included Table4.6).
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Table 4.7. Effects of crop protection, variety and AMF inoculation on copy numbers of
Rhizophagus irregulari@etected by the use of speesgecific primers)n root samples from
zerainput plots at GS32 in May 2019 after removal of outliddambers presented are means
+ SE of the meanANOVA p-values in bold indicate significant main effects and interactions.
Means within columns followed by the same letter are not significantly differef®at 0 . 0 5 .

Copy no.

per gram sample

Crop protection (CP)
Conventional (n = 14)
Organic (n = 16)
Variety (VR)

Aszita (n = 15)
Skyfall (n = 15)
Inoculation (AMF)
-AMF (n = 14)
+AMF(n = 16)
ANOVA p-values
Main effects

CP

VR

AMF

Interactions

CP:VR

CP:AMF

VR:AMF
CP:VR:AMF

45x%x 10
2.4%x 10P

1.4x 1P
5.3x 10

45x%x 10
2.3x 1P

1.71x 10
6.70x 10"

+ +

456x 10*b
1.56x 10Pa

+ H+

1.76x 1
5.48x 10"

+ +

ns
0.007
ns

ns
ns

0.047
ns

Without inoculation, roots of Skyfall showed higher abundances of R.i. compared to Aszita

whereas this effect vanished in plots with AMpplication Table4.8). Copy numbers were

significantly reduced in Skyfall treated with AMF inoculum, but no effect was observed in

Aszita. This tendencwas already indicated when outliers

were still included.@.11 B).

Table 4.8. Interaction means + SEh = 8) of two wheat varieties with impact of AMF
inoculation on copy numbers Bhizophagus irregulariper gram root sample.

Variety - AMF inoculation + AMF inoculation
Skyfall 8.3x 1P £2.92x 1 Aa 2.7x 10 +7.88x 10" Ab
Aszita 7.3x 10° +2.67x 10* Ba 20x 10 +7.91x 10* Aa

Means followed by the same uppease letter within a column and the same leease letter within a row al

not significantly differentfopO 0. 05 by Tukeyos
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4.3.5 CORRELATION OF ROOT COLONISATION AND RHIZOPHAGUS
IRREGULARIS COPY NUMBERS IN WHEATROOTS

As higher AMF colonisation rates in Skyfall had been observed through microscopy
assessmentEhapter 3Fig. 3.3 C), it was questioned whether there was a connection of this
observation anche mtLSUcopy numbers of R.i. A weak but significant (R = 0.8%,0.027)
correlation of copy numbers with root colonisation assessméigs4.12 A) indicates a
significant contribution of R.i. to mycorrhizal intensities in wheat roots at the assessed growth
stage Fig.4.12A). In more detail, copy numbers were correlated with vesiite 4.12B) and
hyphae Fig. 4.12 C) abundances, but not with arbuscule abundances (R =®32)s).
Correlation analyses of mtLStbpy numbers with AMF colonisation parameters for Aszita
and Skyfall separately were not significant (das&shown).

>
vy

@i R=039,p=0027 151 R=0.42,p=0.016 404 R=0.36,p=0.04

Mycorrhizal intensity [%)]
Vesicle abundances [%]
Hyphae abundances [%] ()
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Fig. 4.12. Correlationanalysisof A) mycorrhizal intensity (M%)B) vesicle (V%) and C)
hyphae abundanc@d%) with copy numbers of mtLSU per gram root sample of wae&S32
(May 2019) after ddPCR with speciespecific primerstargeting most haplotypes of
Rhizophagus irregularisS p e ar ma n 0 s coefficientRedésaribes theelationshipof
AMF root colonisation parameters aondberoot transformedntLSU copy numbers. This

relationship iditted as a linear model (black ling)th 95% confidence intervals (grey shading)
andis significantfopO 0.. 05

155



4.3.6 ABUNDANCE OF NATIVE RHIZOPHAGUS IRREGULARIS STRAINS IN
FIELD SOIL

Soil samples from before and during field trials assessed with the SSP assay showed positive
signals which indicates that R.i. was present at the field Sige 4.13). There was no clear
pattern of signals from inoculated and uninoculated plots as positive signal yield was generally
low. An interesting observation was found in one sample (block 4, @GF;) which showed

a double band when run with the SSP assay. In contrast to other soil samples, this sample had
not been diluted during the ddPCR assay as DNA yield was lower compared to the extremely
high yields from other soil samples (>1000 ng)uRedwing the dilution factor from 100 to

50-fold yielded more positive signals in the same soil samples and reproduced the double band

for this samples but did not result in similar patterns in other soil sankjie4.(3B).

A 12000

10000

| B 7000

8000

6000

Amplitude

4000

2000

+ - 4+ -+ -+ - 81 82831 S8+ -+ -+ -+

Block 1 Block 4 Block 2 Block 3 Block 1 Block3  Block2  Block 4

Fig. 4.13. Amplitude plos of ddPCR assay with specispecific primers forRhizophagus
irregularis in soil samples from the experimental field site before inoculatiorS§land
sampled from inoculated (+) and uninoculatgdl(ots during field trialsA) 100-fold dilution

exceptblock 4, -AMF. DNA from AMF inoculum (I) was used as positive contfbhreshold

was set ab- = 4 0 B)®0-fadnddution exceptblock 4, -AMF. Threshold was set at
& = 3000. Positive signals are marked as bl ue
4.4 DISCUSSION

The increases in market share of microbial products/biostimu(&eissitschet al, 2018)
requires the need to clarify the fate and side effects of the applied microbes on the environment
(Schwartzet al, 2006; Rodriguez & Sanders, 2015; Hetrtal, 2018) This clarification was

the objective of the present study that aimed to trace specific strains based on the mitochondrial
DNA (mtDNA) polymorphisms of an isolate &hizophagus irregulariéR.i.) which had been
introduced during field trials to observe potential effects on plant growth and performance. The
application of newly designed haplotyppecific primers (HSP) showednly a few
amplification events that would indicate successful establishment of the AMF inoculum strain

in the field. More responses were gained from application of spspesfic primers (SSP)
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that amplified most R-strains in the field. These resulsvealed negative effects of AMF
inoculation on native R.i. populations inside wheat roots ofvdreety6 Sky f al | 6 whi
shown overall higher abundance of this fungal species. Further research is required to validate
these observations since they wér@sed on analyses of only one time point and were

potentially biased by signal interferences during digital droplet PCR (ddPCR) assays.

4.4.1 NOVEL MARKERS FOR QS8iLIKE HAPLOTYPES

When it comes to the tracing of commercially produced AMF inocula in fieldlamments, it

is often necessary to distinguish to the isolate level as these products usually contain
cosmopolitan species which might already be present in the(Auatbine et al, 2021)
Therefore, the target haplotype needs to be compared to a broad range of other haplotypes to
exclude amplification of native strains of the same spéKialskoris et al, 2019a) Ideally, the

local haplotype is known e.g. from root organ cultures (ROC) and can be excluded directly via
strainspecific primer design, but this step is impeded by obstacles ofiAMiEo cultivation
(Declercket al, 2005)and the great diversity among haplotypes that has been described for
R.i. (Koch et al, 2004; Borstleet al, 2008, 201Q) These variationsrere found insamples

from all over the world, therefore it was surprising to observe almost identical sequences among
the selected cultures isolates with different geographical origin that were used in this study
(Table4.1). Although identical isolates of the same strain have been fiouinelds of 30 km
distance(Formeyet al, 2012) there is a low chance to extract the same haplob§pbe
mitochondrial large subunitmtLSU) from soils in Mayotte and Germg. Moreover, it is
dubious that the selection of Risolates turned out to be highly similar or identical within the
respective labsHig. 4.3). Crosscontamination of strains might be an explanation for this
observation and is not unusual during propagation and-csitilring processes
(Walker & Vestberg, 1994; Vosatket al, 2012) As shown in many dispersal studies, AMF

are highly mobile and spread easily through the(@ivaudharyet al, 2020) Therefore, to
prevent crosgontamination of strains in opgmoduction facilities for AMF inoculum requires

strict control measurgson Altenet al, 2002; Declerclet al, 2005) With accumulating proof

of diverging functionality among mycorrhizal straifisarmeret al, 2007; Penat al, 2020)

regular quality controls of AMF inoculum should involve sequencing approaches to confirm
the propagation of the target strain. The oligo targets ideshtifiel used in this study and their
specificity demonstrated by PCRig. 4.4 A) and ddPCRKig. 4.5) represent suitable tools for

this purpose with QS8like isolates. In fact, the primers could probably be used even without
Tagmanprobeswhich would reduce costs on the one hand might bwer assay specificity

at the same time.
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Alignment with several library strains aimed to compensate for the lack of genetic variation
that was found between the selected isolate cultures. At the same time, this step of the analysis
showed that strainskié MUCL41833 harbour the targetedir@lel and would hence be
amplified if present in the experimental environment. Even though this strain originated from
the Canary IslandsTéble4.3) and the haplotype was proven to be absent from the field site
before inoculation Kig. 4.6), the new markers target amunique polymorphism which
represents a limitation for their applicability. On the other hand, the primers could also be
applied in trials with MUCL41833 which has shown yield increases in pfuldoving cover

crop inoculationBuysenset al, 2016) Theauthors of tlk study established gPCR assays with

new primers for this haplotyd@®uysenset al, 2017; Alauxet al, 2018) but mapping of their
markers in the alignment of the present analysis detected their selected target sequence in the
L-lines from Czechia (data not shown). Therefore, the oligo targets described in this study might
be more suitable for the tracing of MUCL41833 as their specificity is based on a single
nucleotide polymorphism. This observation emphasises that-spaaifiagty of molecular
markers is not only limited by the presence of native AMF strains, but also depends on the
reference sequences that are aligned with the target sequence during primer design. These issues
are considerations that need to be tackled by thghrim-silico andin-situtesting when it comes

to the design of universally applicable primers for the tracing of promising AMF strains that
would save costs and time in future inoculation stu@@sradi & Bonen, 2012)The new
molecular markers for the QS8hplotype providewmising traits for this purpose, but ddPCR

runs for strain specificity showed that atamget amplification can occur with these primers too

(Fig. 4.5 A). Thereforeall steps described in this studypuld need repetition and comparison

with more mtLSUhaplotypes and other AMF species to guarantee sole amplification of the

targeted R.tisolate.

4.4.2 AMF INOCULUM PERSISTANCEUNDER FIELD CONDITIONS

The application of HSP in ddPCR assays did not show clear responses that would indicate the
presence of theargeted QS8haplotype in wheat roots from plots which had been inoculated
with the sameR.i. strain at the beginning ofaeh field trial. Here, the previously discussed
indications for crossontamination of strains raise the question if the applied root powder
actually contained the target strain QS81. This was confirmed by using DNA extracts from the
same AMF inoculum asgsitive control in normal PCR and during ddPCR assays with HSP
(e.q.Fig. 4.7 A andFig. 4.8 B). The R.i. strain QS81 was also detected in the inociskama

mix that had passed through the hopper during drilling which proved that the inoculum was
delivered to the soil, but there was little to no indmatior the presence of the inoculum strain
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in environmental samples.

At the mainly assessed time point of GS32 in May 2019, positive signals were scarce in root
samples and could not be clearly assigned as true amplification of then@f8lype because
signals were also derived from notoculated plots. Although it has been recommended to
ignore counts of one to four droplets in ddPCR resu\¥itte et al, 2016;
Kokkoriset al, 2021), these signals could be signs for siarget amplification or indicatthat
inoculated fungi spread to namoculated plots ( J anou gtk ay §2017,
Kokkoris et al, 201%). This spreading is not excluded in the experimental design where plots
with and without inoculation were only 1 m apart in the field and AMF hyphae can grow
3.2 m yrt (Powell, 1979) However extensively spreading exiradical mycelium would
indicate competitiveness of thetroducedAMF strain( J a n o wegat, @018)and since
signals were overall rare in root samples from inoculated plots it is more likely that the QS81
haplotype was not psent in wheat roots from this growth stage. Moreover, extensive mycelium
of the inoculated strain should have been detectable in soil samples from the same time point,
but these showed no amplificatidfig. 4.6). Then again, only a few soil samples were analysed
and amplification of mycorrhizal DNA in soil samples can be hampered due to excess DNA of
other soil organisms or the presence of PCR inhib{asceloet al, 2020) Hyphal traps for

the collection of pue fungal material in the root zone could have been used to circumvent these
obstacles, but the method was not used in this project.

Interestingly, the few observed positive droplets tended to appear in samples from the same
location Fig. 4.8 and Fig. 4.9). In one of the samples from an earlier growttige (GS22,
tillering), a population of clear positives was observed, whereas no signals occurred in non
inoculated sampled={g. 4.8 B). The signals we reproducible (data not shown) and derived
from the same plot that showed positive signals also at GS32 (ploFi84.9 B). These
findings suggest sitepecific establishment of the AMF inoculu(Farmeret al, 2007;
Kokkoris et al, 201%), however on a verlow level. Amplification success with HSP in one
sample is not sufficient to speculate that the AMF inoculum colonised whesegobér in the
season and ultimately did not persist until later growth stages. To prove this hypothesis would
require analyses involving more samples from earlier time points, especially from seedlings.
The few samples that were available from this ghostage had shown very low DNA
concentrations which could explain why no amplification occurfégl 4.8 B). Nevertheless,

high sensitivity of ddPCR wdd most likely detect traces of the target fRaplotype if the

AMF inoculum had established after six weeks or was still present from the first growing

season.
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According to INOQ, the AMF inoculum contained the Btrain MA1 beside&unneliformis
mosgae Funneliformis caledoniurand R.i-strain QS8XChapter 3Table3.5). The ratios of

the respective R:strain however were not stated in the pr@dlescription. Sequences of MA1
could not be used for primer design due to the lack of characteristic polymorphisms in the
mtLSU of this strainKig. 4.3). Hence, sequencing of other mtDNA genes such as thernbx3
intergenic regior(Kokkoris et al, 2019a)would be required to identify suitable markers for
this isolate. For the present study this means that the establishment of MA1 in the field could
not be validatedbut since QS81 did not persist in wheat roots and was not present in the soil it
is questionable if MA1 was able to do so.

Although the limited performance of the AMF inoculum is not convincing from a practical
point of view, this is not an uncommon ebgation(Buysenset al, 2017; Alauxet al, 2018)

and represents an obstacle for lasgale application of biostimulants in agriculture

(du Jardin, 2015; Haret al, 2018) Besides agronomic factors like high nutrient content
(Méaderet al, 200@), the use of pesticidgRiveraBecerrilet al, 2017)or tillage practices
(Janseet al, 2002)that hamper AMF symbiosidhére are numerous reasons that explain why
the AMF inoculum did not establish in the fielhich will be elaborated in the General

Discussion Chapter 7.

4.4.3 IMPACT OF INOCULATION AND HOST GENOTYPE ON NATIVEAMF

It cannot be completely excluded that the viability of the applied inoculum was reduced during
transportation or storage, but it is more likely that competition with natural AMF that occupy
the @ame ecological niche hampered establishment of the introduced gkak®t al, 2012;

J anou gtlkalo 2087; Niwaet al, 2018) This hypothesis gained more support with the
results from ddPCR assays using spespeific primers (SSP) that amplified atbe native

R.i strains. With sitespecific variations, the analyses conducted revealed high abundances of
this fungal group in both wheat roofsid. 4.10) and field soil Fig. 4.13) and showed that it
contributed significantly to AMF root colonisation at the assessed time pané(12). Here,

higher abundances in the modern wheat variety Skyfall compared to Aszita indicate host
genotypespecific root colonisation behaviour of Ri.wheatwhich hasheen demonstrated in
many other studiee.g. Hetricket al, 1992; Lehneret al, 2017; Elliottet al, 2019) More
intriguingly was the impact of AMinoculation on R.i. in the two contrasting wheat varieties.
Although it was not possible to detect AMF inoculum strains in soil or root samples
(Sectiord.4.2), inoaulation with AMF affected abundances of local R.i. strains. This effect was
first indicated in two samples from the same block where both wheat varieties showed lower

copy numbers in inoculated plots compared to extremely high mtLSU copy numbers of R.i. in
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plots without AMF inoculationKig. 4.11 A). These sitespecific variations of R.i. abundances

in the field were also visible in ddPCR assays with smmples and SSIFif. 4.13) but could

not be linked to the field history. Removal of the two outlier samples validated the effect of
AMF inoculation leding to decreased mtLSU copy numbers of local R.i. strains in Skyfall
(Table4.8). As there were indications for the presence of the AMF inoculummsQ8B81 at

earlier growth staged$-(g. 4.8 C), the observed decreases of native R.i. strains could indicate
that the R.i. inoculum strain occupied the ecological niche at earlier growth stages of R.i. but
then withdrew from wheat roots as part of seasonal species dynamics as described by
Gaoet d. (2019). In their study, R.i. predominated among fungal communities identified in
sorghum roots and the rhizosphere until six weeks after seeding, but then declined in favour of
other AMF species. Their results from field trials are in line witliitro experiments on the
colonisation behaviour of R.i. ifart et al. (2001)which classified Glomeraceass fast root
colonisers. These reports suggest that decreased copy numbers of R.i. were attributable to the
inability of the native R.i. strains to replace the inoculum strain inside wheat roots of Skyfall
after colonisation by the inoculum strain QS81lishecl. But this assumption is opposed to the
correlation of mtLSU copy numbers of R.i. with microscopy data that confirmed significant
contribution of R.i. to the AMF root colonisation intensities at the assessed time point
(Fig.4.12). Moreover, proof for c@olonisation of both native and inoculated R.i. strains would
require proof of inoculum establishment in the first place, but this was not coafimtbe

present analyses.

It is more likely that the declines in mtLSU copy numbers of native R.i. were due to intra
specific competition of AMF in the rhizosphere that has been shown to result in reduced root
colonisation(Wilson, 1984; Kochet al, 2011; Symanczilet al, 2015; Niwaet al, 2018;
Rochaet al, 2019). Krak et al. (2012) showed that emoculation of two R.i. strains
significantly reduced mtLSU copy numbers in plant roots compared to single inoculation
treat ment setal(2043) obsegvéddhe Same phenomenon as a consequence of AMF
inoculation into an estéibhed fungal community which did not only have detrimental effects
on AMF root colonisation, but also on growthMédicago sativaThey related these effects to
oversaturation of propagules which might have happened also in the present field triad where
potent AMF inoculum with high amounts of propagules was added to an agroecosystem with
rich solil life. The results of this experiment demonstrate that the competitive potential of an
inoculum can vary between host plant genotypes since the inoculunoteftect on native

R.i. strains in roots of Aszitd éble4.8).

A study by Elliottet al (2019) found only positive effects among three wheat vasgeti
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including Skyfall in response to inoculation with a commercial-cain grown in a non
sterilised field soil under greenhouse conditions. Their reports are contrary to the observed
interactions in the present study of native and exogenouswitth underlinesthe differences
among soil ecosystems and consequently varying effectiveness of commercial AMF inocula
(Schwartz et al, 2006; Hartet al, 2018; Thomsen & Hart, 2018\ recommendation to test
biostimulant products under field conditions seems obvious, but the present findings reveal
once more the complexity of agronomic and environmental conditions tkat afbculation
success with AMEVerbruggeret al, 2013) At the same time, the analyses show loldlPCR

can be used to depict these complex interactions which will be useful for future inoculation

studies that have access to this tool.

4.4.4 DDPCR FOR ANALYSES OF AMF COMMUNITIES IN ENVIRONMENTAL
SAMPLES

After the proven robustness of ddPCR in medicihalies(Sandert al, 2011) the results of
assays with straispecific primers (SSP) showed that protocols with environmental samples
still require optimisation. This was attempted by adjusting gaghple dilution and cycling
conditions, but unspecific signals from negative droplet clouds still occuFigd 4.10).
Therefore, it has to be taken into account that the previously discussed effects of inoculum and
host genotype on mtLSU copy numbers of native R.i. could be biased since it was not possible
to separatelear negative and positive signals. If not set properly, too high or too low thresholds
might include norspecific amplification or exclude real positives which ultimately affects copy
number counts and the deduced treatment eft@¢itse et al, 2016; Kokkoriset al, 202D).

The most commomignal interferencedescribedior ddPCR assays are descending droplets
frompositives i gnal ¢l ouds whi c¢ch h(aViteet ah P046) Ramevasn t er me
also found in the present study but only in assays with SSP and pure fungal DNA samples
(Fig. 4.5 B). The predominant form of noise observed in the current study however might
represent the opposite to rain and wil/ be fu
rising from neg@tive signal clouds occurred in most root samples run with SSP and have not
previously been described in the literature. In fact, even the patent holder and producer of
ddPCR was not able to give advice in this matter {aal, pers. communication). T+old

dilution of samples resolved the issue partially but did not facilitate ideal droplet separation
(Appendix B,Fig. B2). The reproducibility of noissignals indicates actual amplification in
these droplets that is likely derived from A@inget sequences such as other microbial or plant
DNA (Dreoet al, 2014) Lievenset al. (2016)point out that specific primer design is crucial

to exclude nortarget amplification which might explain why dust in environmental samples
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only appeared with SSP but not with HSP. This pattern was reversed looked different in culture
samples where dust agred only with HSP and here mostly in thdines Fig. 4.5 A) which
harboured the same variable region as the Q@lotype but without the-ihdel (Fig. 4.3).

The absence of both amplification and noise in ddPCR assays with environmental samples and
HSP hence indicates that neither QJiB& haplotypes nor R:haplotypes similar to the
L-lines were present at the field site. PCR inhibition due to chenvoapasition of samples

can be excluded since spiking with DNA from root powder clearly detected the targeted
haplotype as compound of the AMF inocululig( 4.7 B). Thus, interference in form of dust

in ddPCR might occur when the target as well as highly similar sequences are abundant in high
concentrations.

Increasing annealing temperatures has been suggested to enhance primer specificity
(Lievenset al, 2016; Witteet al, 2016) while Demeke and Dobnik (2018) recommend
lowering annealing temperatures to reduce noise. In the present $tuldfp@R assays were

run with the same annealing temperature (52°C). However, temperature gradient assays had
shown multiple optimal annealing temperatures (Appendi¥ig, B1. A, B), so potential
adjustments might change the results from assays with root samples. Another explanation for
the occurrence of intermediate droplet signals could be found in the fact that our primers
targeted circular mtDNA wibh delayed fluorescence signals in digital PCR studies when no
restriction enzymes were applied in adva(8anderst al, 2011) Predigestion of plasmids

is recommended by BiRad and was found to reduce intermediate fluorescent signals in
ddPCR(Demeke & Dobnik, 2018)lo prevent this issue, we used an extended PCR programme
with 44 cycles which should provide sufficient time for denaturalisation and fasaptin of

the target DNA(Kokkoris, et al, 202Db). Increasing cycle number has also been suggested to
reduce noise in ddPCR.ievenset al, 2016) but this was not the case in the present study.
Programmes with less cycles and without-jppeatment of mtDNA worked for the ddPCR
assays of Kokkorist al. (2019a) and other studies using gPCRmalecular tracing of AMF
inoculum under field conditiondBuysenset al, 2017; Alauxet al, 2018) This suggests that

the reason for dust is not related to the structure of mtDNA, but to the specificity of the applied

primers.

In contrast to root samples, ddPCR with soil samples and SSP showed raf sigise which
is contrary to protocols from Barcedd al (2020) who describe several cleaning steps prior to
successful amplification of mycorrhizal DNA in soil samples. The role of PCR inhibitors in
ddPCR has been assessed for clinical sanipliegle et al, 2013) but not for environmental

samples. Therefore, ibanot be excluded that root samples contained compounds that inhibited
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PCR andultimately delayed fluorescent signals, hence underestimating actual presence of R.i.
in this sample type. Then again, the only undiluted soil sample yielded the highest noimbers
positive signals in the form of a double baktj(4.13) which was also indicated in some root
samples Fig. 4.10). Double bands have been described in previous studies -terget
amplification due to sequence variations that create different fragment lengths and ultimately
intermediate fluorescee(Lievenset al, 2016; Jacchiat al, 2018) These studies also showed

that double bands can be eliminated by adjustment of annealing temperatures, but this was not
tested in the present study.

In summary, repetition of ddPCRsays with altered annealing temperatures might be the first
step to optimize the application of the here designed SSP targeting R.i. in environmental
samples. If this does not reduce signal interference, it is most likely that dust and double bands
were @used by amplification of other Rhaplotypes that were present at the field site
(Borstler et al, 2010) Hence, the application of more spéaxiprimers for native RA.
haplotypes probably represents the best option to reduce ddPCR interferences in this case. To
gain insight into local RAmtLSU haplotypes would be facilitated by sequencing of amplicons
from noninoculated plots which had showaint bands during primer specificity tests after

PCR with SSPKig. 4.4 B). Based on these sequences it would be possible to design haplotype
specific primers for native R.i. strains. This approach would also represent a more targeted
approach to distinguish beterm local and exotic strains than using generatgRiimers, but it

is not guaranteed that all native Fhaplotypes can be revealed.

4.5 CONCLUSIONS

The main objective of this chapter was to assess if the AMF inoculum strain QS81 colonised
wheat roots durig field experiments in the second year. Application of newly designed
molecular markers targeting the mitochondrial large subunit (mtLSU) with high specificity for
this haplotype oRhizophagus irregulari¢R.i.) showed that the strain was neither present

the field before inoculation, nor after inoculation in the soil or in roots when highest mycorrhizal
colonisation occurred. Here, native R.i. strains contributed significantly to the fungal
community inside wheat roots in which Skyfall showed overajhér R.i abundances than
Aszita. Genotypeapecific effects were also visible in response to AMF inoculation. Although
only one sample from an earlier growth stage indicated presence of the inoculum strain, mtLSU
copy numbers of native R.i. declined wheryfak had been inoculated with AMF harbouring

root powder. Intraspecific competition due to excess propagule numbers after inoculation in
an established fungal community could be the reason why the inoculum did not establish in the
field and hampered nag R.i. from colonising wheat roots. These detailed observations ef host
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genotype dependent microbial interactions were only possible by total quantification of
molecular signatures of R.i. using digital droplet PCR (ddPCR), but further optimisation steps
as well as analyses of more samples from different time points are required to validate the
results from the present analyses.

Overall, the new molecular markers that result from this study will be useful in future
experiments that involve the same fRaplotype as used for field inoculation in this project.
Their application will aid to elucidate the fate of AMF inocula in the environment and
ultimately assist to improve the effectiveness of biostimulants and their application in
sustainable agricultur@ he results described in the current study however do not support the

use of such products in wheat, especially if native AMF are already present in the field.

165



CHAPTER 5.ENDOPHYTIC FUNGAL COMMUNITIES IN WHEAT
ROOTS UNDER THE IMPACT OF DIFFERENT
AGRICULTURAL MANAGEMENT PRACTICES

5.1 INTRODUCTION

Barcode sequencing aliclearribosomal DNA(nrDNA) is a common toofor theanalyss of
microbiomes and has revealed how AMF atengly affected by agronomic management
practices in agricultural soils Besides itlage (Jansaet al, 2003 and crop rotation
(Sommermannet al, 2018) particularly nitrogen (N) (EgertonWarburton et al, 2007;
Williams et al, 2017)as well aphosphorus (P) input@ijri et al, 2006 Goslinget al, 2013)

are consideretb shapeamycorrhizalcommunity structurdn contrast, there are only few studies
such asn onion(Goslinget al, 2016)and wheaf{Mao et al, 2014)that report host genotype
specific AMF associationBut there are severatudiesthatusednext generation sequencing
(NGS) to demonstrate thatome AMF specieare more resistant to specific conditions than
others while positive and negative growth responses of crops have been associated with the
abundance of certain spec{@ai et al, 2014; Bendeet al, 2019) Hence, molecular analyses

of the fungalmicrobiome should supplement phenotypic data in field experiments as it can
harbour  crucial information about the functionality @ of agroecosystems
(Rodriguez & Sanders, 2013)ith the increasing interest for mycorrhizal biotechnology in
crop productionNGS has been suggested a toofor the assessment qtiality and purity of
commercial AMF inoculgVoséatkaet al, 2012) However, the outcome MGS studies of
AMF highly depend on the molecular marker us@dart et al, 2015) A popularmarker for
mycobiomesbutdue to its lowspecies resolutioaften criticised in the context &MF is the
internal transcribed spacer region (IT&chochet al, 2012; Lekberget al, 2018) The
discussion around this marker derives from its hypervariability especially in the ITS1 region
which is shorter than the more conservative ITS2 reiibiery et al, 2012) Thereforemost
phylogenetic classifications of AMF have been based on sequence variations of the small
subunit (SSUNrDNA (Opik et al, 2010) This markemwasused for the novel classification of
fine root endophytes (FRE) within the sphylum MucoromycotingOrchardet al, 2017%;
Walker et al, 2018) This group of fungi hasecentlygainednew attentionin terms of plant
evolution (Field et al, 201%), but also regardingsymbiotic functioningwith potential
application incrop production(Sinanajet al, 2020) Colonisation structures of FRE in root
sampleof the present studyere observed during microscopy assessnvemitsh suggests that
Mucoromycotinavere abundant at the field siteut their presence remains yet to be confirmed

by molecular analyseét the same time, these studies represent theafiygtoachunder field
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conditionsto investigate host genotyyspecificity of FREN wheat withthe impact offertiliser
application The latter is likely to affect Mucoromycotinaaccording togreenhouse studies
which showed similarities between AMF and FRE in response ratrient inputs
(Albornoz et al, 2021) In the present study,rgat variabns of mycorrhizal colonisation
following mineralnitrogen (N)fertiliserapplication raised the hypothesis that Mucoromycotina
FRE might be less affected by mineral N than Glomeromyc¢@hapter 3 Section3.4.5.

Overall, the presence of FRE besides AMF in wheat opens new perspectives to answer crucial
ecological characteristics of FRE for which reason these foagnot be ignored during

mycobiome analyses.

5.1.1 AIMS AND OBJECTIVES

This chapter describes three amplicon sequencing approaches targeting different marker
regions on the nucleaibpsomalDNA (nrDNA) using lllumina MiSeq technology. The first
dataset was pduced fromRhizophagus irregulari¢R.i.) isolates which had been used for
strainspecific primer designQhapter 4Table4.1). These samples were analysed to compare
phylogenetic segregation based on mitochondrial large subunit (mtLSU) analpeXNA.
Additionally, two samples from the AMF inoculum (INOQ Advantage, INOQ GmbH) were
sequenced to validate the identity of the three AMF species that had been applied during field
trials (Chapter 3Table3.5). The same sequencing run included DNA from a selection of root
samples to gain preliminaigformation on the presence of AMF phylotypes in the field trials
reported previously without assessing the impact of agricultural management.

The second approach targetedAiMF community in roots where the highest root colonisation
was detected (at steelongation, GS32) during the second field season 2019. These samples
were analysed to investigate the impact of conventional and organic crop protection, fertiliser
type and wheat variety on composition of the mycobiome. For the latter factor, it was
hypothesised that Aszita and Skyfall from organic and conventional breeding backgrounds
respectively show distinct patterns in thaycorrhizal community composition

From the same growth stage (stem elongation, GS32, 2019), a subset of samples was extracte
from roots for the third sequencing approach that focused on the relative abundance of FRE in
comparison to AMF. This dataset was further examined to evaluate how these two groups were
influenced by minerahitrogen (Njfertiliser application and wheatvety. In summary, the

objectives of this chapter were:

1. Investigate genetic segregation of.isolates used for primer design basedddNA

2. Validate AMF species identity in the root powder used for inoculation in the field
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3. Gain insights into AMF comomities present inside wheat roots
4. Characterise the impact tdrtiliser (organic vs. mineral), variety and crop protection
on mycorrhizalcommunities
5. Acquire information on the FRE community present at the field site and investigate the

impact ofN-appication and wheat variety

5.2 MATERIALS AND METHODS

The three sequencing approaches targeted three different markers associated with fungal
nuclear ribosomal DNANfDNA). For objective 13 and in cooperation with Dr Jan Jamga

the Institute of Microbiologyn Prague (MBU, Czech Academy of Scien@phested PCR was
conducted to amplify the ITSt2gion of AMF using primer mixes according to
Krigeret al (2009) in the first run and ITS4 and AM 5.8S in the secondFign %.1, green).

For objective 4 and in cooperation with the Geomicrobiology group of Prof. Neil D. Gray and
Prof. lan Head at Newcastle University, more general primers were applisshgieaendpoint
PCR that targeted the ITS1 region of most fungal grokjas %.1, blue). For objective 6 and

in cooperation with Prof. Gafy. Bendingand Dr Sally Hilton at Warwick University, selected
root samples were run with primers targeting the small subunit (SS/D8&A gene) of AMF

that would also include FREFiQ. 5.1, red).

Mucoro-F-TAG —> SSUmMAf LSUmMAT+—
AMV4.5NFtrun ITSIf AM5.8S
— —
SSU (18S) ITS1{5.8S| ITS2 LSU
— —
AMDGR ITS2 ITS4

) L J
Y T

Mucoro-R-TAG_W

FRE & AMF General fungi | | AMF

Fig. 5.1. Position and orientation of primers (arrows) and Krigener mixes (bent arrows)

for the amplification of the small subunit (SSU/18S gene, red) of fine roopbyptis (FRE)

and arbuscular mycorrhizal fungi (AMF), internal transcribed spacer region 1 (ITS1, blue) and
mycorrhizal specific ITS2 region (green) were used for tagged amplicon sequencing of the
nuclear ribosomal DNA.

5.2.1 ITS2-SEQUENCING OF AMF COMMUNITIES, RHIZOPHAGUS

IRREGULARIS ISOLATES AND ROOT POWDER SAMPLES

To gain the preliminary insights into AMF communities at the field site, DNA was extracted
from a selection of root samples from both wheat varieties (Aszita and Skyfall) without fertiliser

or convetional crop protection and from three different sampling time points: the last sampling
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of the first growing season (grain ripening, GS90, 2018) and the subsequent first two sampling
points of the second growing season (seedling growth, GS12 and till&Big, 2019
(Chapter 3Table3.6). Roots were ground with liquid nitrogen using a sterilised mortar and
pestle. Samples wereslgd in heated SLS buffer (65°C, 45 min) from the innuPREP Plant DNA
extraction kit (Analytik Jena, Germany). Subsequent DNA extraction steps were followed
according to the maDNAfwascelutad frem the filtar tuksetimtwac t i o
centrifugaton steps with the addition of 50 pl of elution buffer onto the membEiNA yields

and quality were determined by spectrophotometry (Synergy HT, BioTek, USA) and by gel
electrophoresis using ethidium bromide stained- h@arose gels.

To assess straingegation of th&hizophagus irregulari@R.i.) isolates that were used during
primer designChapter 4Table4.1), DNA was extracted from root organ cultures (hyphae and
colonised roots) using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) as described in
Sectiond.2.1 To validate species identity in the AMF inoculum used for field inoculation, one
gram of root powder from the production Btinneliformis mosseaeand Funneliformis
caledoniuminoculum (INOQ GmbH, Germany) was ground using a ball mill (MM200, Retsch,
Germany). DNA was extracted using the same kit and protocol as for R.i. isolates described in
Section4.2.1

All samples were amplified using a nested PCR approach targeting the ITS region of
GlomeromycotgKrugeret al., 2009) For the first reaction, 2.5 ul of each primer mix (SSUmAf
and LSUmAr, Table 5.1) were added at 1 pM equimolar concentration to a master
containing 12.5 ul of 2xPPP Combi (TopBio, Czechia) with 4% preatling Pfu Polymerase
(ThermoFisher Scientific, USA), 5.5 pl ddBl and 2 pl template DNA. After initial
denaturation for 5 min at 95°C, 38 cycles were run starting with 95 °C forotpslyymerase
activation, followed by annealing for 1.5 min at 58°C and elongation at 72°C for 3 min. The
reaction was terminated with final extension at 72°C for 10 min. Based on the band intensities
during gel electrophoresis (1% agarose, 10 % ethidioomide), the purified amplicons
(QiaQuick PCR purification kit, Qiagen, Germany) were used either diluted (1:10 or 1:100) or
undiluted in the subsequent PCR step.

The second PCR was run with 1.5 pl of the tagged primer AM 5.8S and TE®#6.1) at

0.5uM concentration in a master mix containing 12.5 pl of 2x PPP Combi, 8 pQlcidd

2 ul of DNA template. The PCR conditions were set to initial deaétum at 95 °C for 5 min,
followed by 20 cycles starting with 30 s at 95°C for polymerase activation, followed by
annealing for 10 s at 58°C and elongation for 1 min. The reaction was terminated with a final

extension for 10 min at 72°C. The PCR productyenchecked on agarose gels with the
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expectation of a band between 350 and #p. Amplicons were purified as described
previously and then fused with flagged primers by applying 1.25 pl (10 uM) of each primer to
a master mix containing 12.5 gkPPP Comhi8 pl ddHO and 2 pl of DNA template in a PCR

with the following programme: 5 min of initial denaturation, 10 cycles of 30 s at 95°C, 10 s at
58°C and 30 s at 72 °C. The reaction was terminated with final extension for 10 min at 72°C.
The resulting amplens were purified and concentration was measured by PicoGreen
fluorescence (QuanT, Invitrogen, USA) before samples were sent for sequencing on a
2x300 bp platform (lllumina MiSeq).

Table 5.1. Primer mixes and primers used for the amplification of the ITS2 region of
mycorrhizalnrDNA in a nested PCR approach.

Primer Sequenx@® 50 Product Reference
15'PCR reaction
SSUMAf TGGGTAATCTTTTGAAACTTYA
TGGGTAATCTTRTGAAACTTCA
LSUmAr GCTCACACTCAAATCTATCAAA ~1800 bp Kriigeret al, 2009
GCTCTAACTCAATTCTATCGAT
TGCTCTTACTCAAATCTATCAAA
GCTCTTACTCAAACCTATCGA
2" PCR reaction
AM 58S  TCGCATCGATGAAG AACG ~ 350400 bp i ez 8§ letaly 219
ITS4 TCCTCCGCTTATTGATATGC Whiteet al, 1990

5.2.2 ITS1-SEQUENCING OFTHE FUNGAL MICROBIOME IN ROOT SAMPLES

For the analyses of AMF communities in wheat as influenced by agricultural management
practices, DNA was extracted from the root samples of the gliing seasofGS32, stem
elongation,Chapter 3. Cell lysis and DNA extractions were conducted using the DNeasy
PowerSoilPro Kit (Qiagen, Germany) as described in Sedtiba In consequence of the lack

of positive signals from inoculated roots during ddPCR as$zyapter 4 Sectiond.3.3 it was
decided to exclude inoculation as a factor from the microbiassessment. Therefore, only
samples from the three fertiliser treatments (biogas digestate, mineral N and farmyard manure)
together with the control plots as well as both varieties and with organic and conventional crop
protection were further processedr fsequencing. Extraction yields were measured by
fluorometric qguanti ficati on (QubitE Fluor ome
sensitivity assay kit (Invitrogen, USA). DNA quality was assessed by spectrophotometry
(NanoDrop Lite, Thermo Fisher, USA)oTguarantee amplifiability, samples were run in a
provisional PCR with the IT®rimers for fungi targeting the ITS regiqiTS4 and ITS3,

170



White et al, 1990) When all quality criteria where met, samples were transferred in 20fold
dilutions to NUOMICS, the seaencing facility at Northumbria University (Newcastle upon
Tyne, UK). Samples were processed following the protocol of the Earth microbiome project
(D. P. Smithet al, 2018) using specific primersT@ble5.2) for the amplification of the fungal
ITS1 region in lllumina MiSeq V3 chemistry.

Table5.2. Primers used for amplification of the fungal ITS@iom onnuclearibosomal DNA.

Primer Sequenx® 50 Product Reference
ITS1f CTTGGTCATTTAGAGGAAGTAA ~ 230 bp Smithet al, 2018
ITS2 GCTGCGTTCTTCATCGATGC White et al, 1990

5.2.3 SSUSEQUENCING OF FINE ROOT ENDOPYHTES IN CONTRAST TO
COARSEARBUSCULAR MYCORRHIZAL FUNGI

From the same growth stage as selected for-gegflencing (stem elongation, GS32, 2019),

12 root samples were sent to Prof. GarBending and Dr Sally Hilton at Waick University.

This subset was composed of samples from both wheat varieties without AMF inoculation and
with crop protection as these had shown higher AdIBt colonisation than nesprayed
samples Chapter 3Fig. 3.3 A). Half of the samples were roots from plots wtitle mineral
nitrogen treatment whereas the other half were from the control plots witferglieer input.

In the lab at Warwick University, DNA was extracted by Sally Hilton using the same protocol
as described in Sectioh2.5 Amplicons for the analyses of FRE and AMF were produced
using two different primer sets targeting the small subunit (SSU) afrbiA of FRE and

AMF (Table5.3). The first primer set with adapted primers3stoet al. (2005)targeted both

Glomeromycotina and Mucoromycotina, whereas Mugotmers targeted only FRE.

Table 5.3. Primers used for the amplification of SSU of fine root endophytes (FRE) and
arbuscular mycorrhizal fungAMF).

Primer Sequenx® 506 Product Reference
AMV4.5NFtrun AAGCTCGTAGTTGAATTT ~ 300 bp adapted from
AMDGR CCCAACTATCCCTATTAATCAT Satoet al 2005
MucoroF-TAG GTTGAATTTTAGCCYTGGC ~440 bp Sally Hilton,
MucoroR-TAG_W CCCAAAAACTTTGATTTCTCW 2020

For the amplification with adapted S§ldmers AMV4.5NFtrun and AMDGR (AMprimers),
15 ng of DNA were used in a master mix containing 12.5 pl 2% Qigh Fidelity Hot Start
Master Mix (New England BioLaBsInc., USA), 1.25 pul of each primer (10 pM) and 5 pl
ddH0O. The PCR programme started with denaturation & 9& 30 s, followed by 35 cycles

starting with polymerase activation at 98°C for 10 s, annealing at 60°C for 15 s and elongation
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at 72°C for 20 s. Final extension was conducted at 72°C for 5 min.

PCR reactions with Mucoromycespecific primers (FREprimers) were performed in a
reaction volume of 25 ¢ {Fidetitp2XtMastenMixnagd 1Q5UHE Hot
(0.5 uM) of each primer. Thermocycling consisted of an initial denaturation°@t @8 30 s

followed by 35 cycles of polymerase activatetrd8C for 10 s, annealing at 55°C for 15 s and
elongation at 72°C for 20 s. The reaction was terminated with final extension for 5 min at 72°C.
Amplicons were checked by gel electrophoresis expecting a band of ~448ldeS.3). The

PCR products were purified using paramagnetic SPRI (Solid Phase Reversible Immobilisation)
beadqRohland & Reich, 2012)

5.2.4 PIPELINE BASED PROCESSING OFAMPLICON SEQUENCING DATA

Each dataset was analysed using a pipéfire (R Core Team, 2019) with code provided by
Dr Peter J. LearyBioinformatician, University of Zurich, Switzerland)he main packages of
the pipelineare described iffable5.4. Not all steps were conducted for each dataset since the
procedure also depended on the results of the preceding step thrdaiialysis would be

meaningful in the context of the objectives of the study (Sebtibd).

Table5.4. Most relevant steps in the pipeline for processing and analysis of three sequencing
datasets (ITS2, ITS1, SSU) using different packages in R and MEGAX for phylogenetic
analyses. Code and workflow are describe€bifaharet al.(2016.

R-Package/Software Procedure ITS2 ITS1 SSU

DADA2 Import of demultiplexed FASTQ files X X xt
Quality inspection
Trimming and filtering of reads
Error rate estimation
Sequence inference (ASVs)
Chimera checking and removal
Assigning taxonomy

decontam Identification and removal of contaminant  x2 X
ASVs

Phyloseq Diversity indices (Evenness, observed X X X
richness, Sdivarsity)o n 6 s

Betadiversity (NMDS)

Visualisation of taxonomy composition
Phylogenetic tree in  BLAST of ASVs in Genbank X X
Multiple sequence alignment

MEGAX Maximumikelihood modelling

DESeq2 Stabilising variance transformation X
Differential abundance analysis
PCoA

1 DADA2-pipeline and decontamination assessment were conducted by Sally Hilton, Warwick Univers
2 No negative controls were run during lllumina MiSeq run for ITS2 (Jan Jansa, pers. comm.), therefor
decontam was usexdth DNA from a noncolonised root agan cultures as control sample
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5.2.4.1 DADA2

Sequences of all runs were provided already demultiplexed and with primer sequences
removed. As the first step in the pipeline, the quality of forward and reverse reads was inspected
by plotting. Sequences were trimehat both ends to exclude reads with quality scores < 30. A
maximum of two expected errors (maxEE) per read were accepted. After removing low quality
sequences from the data set, the remaining reads were fed into the subsequent step which
containsthecharct eri stic feature of DADA2 (6Divisi
contrast to most traditional sequencing pipelines for microbial community profiling, DADA2
does not cluster sequence reads randomly to operational taxonomic units (OTU) based on a se
similarity threshold. Instead, DADA2 forms amplicon sequencing variants (ASVs) during
sequence inference before errors can be integr@edahanet al, 2017) The DADA2
algorithm circumventsghis scenario by creating and applying a-s&lined error model to the
sequencing data. This error model was acquired from the data set and checked by plotting.
Then, paired ends were merged under the exclusion off@ooe sequences and chimera were
removed accordingly. The UNITE databggéljalg et al, 2013)was used for subsequent
taxonomy assignment of ITSequencing runs and SILVA132 vs. 2qTQuastet al, 2013)was

used for analysis of the SSU dataset. These sequeaogsrovided by Dr Sally Hilton already
denoised and with assigned taxonomy using DADA2 Qi i(BulgeRdf al, 2019)

5.2.4.2 DECONTAMINATION AND FILTERING

Taxonomy tables, meta data and ASV tables from the DADUétput were imported into
phyloseqMcMurdie & Holmes, 2013)Before data evaluation and visualisation with the same
package, sequences were assessed for contamination using-pghekage decontam
(Davis et al, 2018) This was aly conducted for ITSlatasets as contaminants had already
been removed from the SSlataset (Sally Hilton, pers. comm.). For this step, the negative
control that was run with the samples during sequencing was analysed for potential ASVs and
their probabity to occur also in true samples. If that was the case, these ASVs were removed
from the dataset. Further filtering was conducted based on the prevalence of ASVs at phylum
level. Phyla containing rare ASVs that occurred in less than five samples wdel bhias
GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and removed if clear taxoassignment

to genudevel (100 % query cover) was not possible.
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5.2.4.3 PHYLOSEQ

The Rpackage phyloseq was used for visualisation of relative abundances as well asaalculati
and plotting of ecological metrics such as
diversity index (combination of richness and evenness). Relative abundances were calculated
as the quotient of the ASV counts divided by the total librarycfitiee respective sample. For

the investigation of treatment effects (i.e. fertiliser, variety, crop protection) on mycobiome
composition, beta diversity was visualised by-moetric multidimensional scaling (NMDS) of
Bray-Curtis dissimilarities. All plotsvere edited with ggplot@Vickham 2016)

5.2.4.4 PHYLOGENETIC ANALYSIS BY TREE CONSTRUCTION

All tables (ASV, taxonomy and metadata) were also exported from R to Microsoft Excel
(Microsoft Corporation, 2019pr visualisation of relative abundances as pie charts. In Excel,
the ASVs of interest were filtered from the tables and each representative sequence was run
using the online BLASTool (https://blast.ncbi.nim.nih.gov/Blast.cgi) to identify closely
related reference sequences in GenBank. The accession numbers,-5éiBAce and isolate
information of the organism with highest quegver were gathered in a dtosoftWord
document together with the respective ASVs and a selection of more distantly related sequences
(outgroup). All sequences were uploaded into MEGAKXIimar et al, 2018)for multiple
alignment using MUSCLE following the steps described Hsll (2013) The resulting
alignment formed the basis for inference of a maxinfilkglinood phylogenetic tree after
identification of the most optimal sulistion model h the same software which was in most
cases the Tamurag@arameter moddlamura, 1992)This model was applied together with a
bootstrap test for phylogeny (1000 iterations) and partial deletion of missing datatritig)

for the heuristic search were obtained by applying the Neighlmnomg method to a matrix

of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach.

5.2.4.5 DESEQ2

Differential abundance analyses were conducted witte Rpackage DESeq2

(Love et al, 2014)which can be useahimicrobiome studiet extract ASVs that are more or

less frequent in specific groups under consideration of the expaahtesign. This analysis

was done for the present data when treatment effects were detected based on NMDS or
hierarchical clustering and confirmed by statistical testing (Se&idry. DESeq2 uses a
negativebinomial generalised linear model that gives log2 fold changes on all counted ASVs.
The model accounts for overdispersion of the data (variance > mean) for which reason DESeq?2

has been discussd¢o be more reliable than other normalisation methods such as rarefaction
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(McMurdie & Holmes, 2014)Treatment groups are compared with BteSegfunction that
uses a Waldest to test the fHhypothesis (i.e. there are no differences between treatment
groups). Additional to th@-values of the Waldest, DESeR produces Benjamifiiochberg
adjustedp-values which lowers the false discovery réeisset al, 2017) The results of the
differential abundance analysis were plotted as heatmap using the pheatkage in R
(Kolde, 2019) Additionally, principial coordinates analysis (PCoA) was used to visualise
similarities and dissimilarities of the ASVs identified by DESeq2.

5.2.5 STATISTICAL ANALYSES

Alpha diversity measures wecompared by neparametric testing using Kruskélallis and
Wilcoxon ranksum tests for statistical comparison of multiple groups and two groups
respectively in RStudiR Core Team, 2019) To i ncorporated)y andotnh
analyses of mycobiome composition, the datasets were investigated using -&fi@zechodel

as described i®ection3.2.14(Chapter 3 assessing the main effects and interactions of crop
protection, variety and fertiliser treatment on fungal communities. If the data was not normally
distributed according to QQlotting of residuals, neparametric testing (KruskaVallis) was

applied. Betadiversity ordination as NMDS was statistically documented to test the hypothesis

if mycobiome communities could be grouped in response to differanteats. Samples were
compared with permutational multivariate analysis of variance (PERMANOVA) using the
adonisfunction of the vegaipackage in ROksaneret al, 2020) Prior to the analyses, ASV

counts were normalised with DESeflve et al, 2014) Based on the produced Euclidean
distance matrix, the dispersion of homogeneity within treatment groups was assessed using the
betadispeifunction from the vegapackage. Groups showing a sufficient homogeneity of
variances withp O 0. 05 wer e NOWA If ignificahEtReMment effects on
mycobiome composition were detected fjo® 0. 05, pairwise compar.i
groups was conducted using tpairwise.adonisZunction of the pairwiseAdonipackage
(Martinez Arbizu, 2017)Treatnent groups showing significant differencesfod 0. 05 wer
analysed in DESeq2 for differential abundance of ASVs (Sebtbd.5.

175



5.3 RESULTS

5.3.1 ANALYSIS OF RHIZOPHAGUS IRREGULARIS ISOLATES AND AMF
INOCULUM BASED ON ITS2REGION

Sequencing of the ITS&gion ofnrDNA from root organ cultures (ROC) which had been used
for strainspecific primer designGhapter 4 Table4.1) resulted in 134,858 sequences. These
were separated into a total of 18 ASVs which were all identifie@hasophagus irregularis

(R.i., Fig. 5.2). Root powder samples from the AMF inoculum production process were also
assigned to R.i and did not contain the expected spdaieseliformis mosseaeand

F. caledonium According to prevalence assessment, no contamination by other fungal taxa
occurred (Appendix CFig.C1). However, plotting of relative abundances whd that the
negative control (chicory roots from empty ROC) contained ASVs assigned to R.i. This was
not detected by the prevalence method because this ASV had the most abundant sequences in
the whole data set. Nemargeted DNA amplification in this sangpvas already visible during
nested PCR with Krugeasrimers (Appendix CFig.C2).

Hyphae Root Root powder
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Fig. 5.2. Relative abndances [%)] of fungal genera assorted to ASVs in root organ cultures of
Rhizophagus irregularisolates used for inoculum straspecific primer design.

Each of the R.isolates contained multiple populations of ASVs which revealed three groups
accordilg to nonmetrical multidimensional scaling (NMDS5ig. 5.3): the L-lines from
Czechia were identical to each other irrespective of whether the DNA kaddmated from

root or hyphae. The contaminated control sample was more closely related to this group than
to other isolates which indicates that the ASV found in this sample originated fromlities.L

The QSlines from the INOGnoculum formed agroup with MA3ASVs separate of the
L-lines while STs1, MA1 and MA2ZSVs from the same lab formed another group with similar

distances to the other two groups.
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Fig. 5.3. Non-metric multidimensional scalinGNMDS) of BrayCurtis distances of different
isolates ofRhizophagus irregularisvith DNA extracted from roots and hyphae. Boxes mark
groups of isolates from the lab of INOQ GmbH (green label) and MBU Prague (yellow label).

5.3.2 FIRST INSIGHTS INTO AMF COMMUNI TIES IN WHEAT SAMPLES OF
THE FIELD TRIALS

Fungal community analyses based on ITS2quencing of the root samples from different
growth stages of wheat from control plots (two wheat varieties, no fertiliser or AMF
inoculation, organic crop protection) thie field experiment yielded 140,479 sequences which
were separated into 117 ASVs. After removal of features that could not be assigned to the
phylum level, it was found that the main phyla of this sequencing run were Glomeromycota,
followed by Mortierellanycota and Basidiomycot&i@. 5.4 A). Most abundant genus within
Glomeromycota wa&lomusspp. (28 %) followed biRhizophaguspp. (19 %)Funneliformis

spp. andDiversisporaspp. Fig. 5.4 B). Sequences of the genDeminikiaspp. (0.11%) were

only found in one sample ar®@keptoglomuspp. only contributed 0.04 % to the ASVs within
Glomeromycota. A large proportion (40.72 %) loé tsequences within this phylum could not

be assigned at the genus level.
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Fig.5.4. Composition o) fungal phyla an@®) Glomeromycota genera from ITS2quencing
of root samples of wheat.

Several root sanigs from the field experiment could not be sequenced for ITS2 as it was not
possible to recover amplicons during nested PCR (AppendiigX;2 B), prokably due to

DNA degradation (data not shown). Also, library sizes for Glomeromyszrjaences based on
ITS2 varied with some samples showiogly Mortierellomycota(data not shown) and no
AMF-sequencefFig. 5.5). Wheat roots at maturity (GS96)the first trial season (2018)ere
dominated by R.i. whereas AMF communities at seedling growth (GS12) and tillering (GS22)
in the second season (2018) were more diverseaccording torichness calculations
(Appendix C, Fig.C3). This predominance oRhizophagusspp. at GS90 contrasted with
absence of theame genus at GS22 wh&mmusspp andFunneliformisspp. dominated AMF

communities.
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Fig. 5.5 Relative abundances [%] of Glomeromycota genera in wheat roots (zero fertiliser, org.
cropprotection) at three sampling time points. First panel shows final harvest of first field trial
(2018) at maturity (GS90). Second panel shows first sampling (2018) at seedling growth (GS12,
in the second season (2019). Third panel shows sampling ab¢jl{&522) in the 2019 season.
X-axis shows numbers of plots of two varieties (not shown) within blocks at the field site.
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5.3.3 CLOSER INVESTIGATION OF THE ITS2SEQUENCE POPULATION
ASSIGNED TO THE GENUSRHIZOPHAGUS SPP.

Phylogenetic analysis confirmed thRhizphagusspp. was not present in the selected samples
from GS22 of 2019Kig. 5.6). The same analyses showed that some of the most abundant ASVs
(with ASV1 having the highest counts within the whole data set) which had been extracted from
the R.i- ROCs were also present in the field: ASV3 was found in thesRain QS81 and in

high abundance in plot 36 (Skyfall) but only at GSBi@ (5.6, blue box). Sequencing variants
from the same plot at early growth stages (GS12 and GS22) in the second season (2019) showed
different clustering. Another overlap ofiRhaplotypes in field samples and ROCs occurred for
ASV2 which was found in the plots 126 (Skyfall) and 120 (Aszita) of the field trial. This
haplotype was identical with ASVs in the isolates MA1, Stsl and MA2 which were often
located in phylogenetic prarity to the root powder sampleBig. 5.6, red boxes) indicating

the origin of the R.i. strain that contaminated the inoculufupineliformisspp. Noneof the

ASVs found within L-lines from Czechia werdetectedin root samples from the field at
Nafferton Farm. Sequencing variants frortines and nofcolonised chicory roots clustered
together confirming the previously suggested cazsgamination of te control sample with

this haplotypeKig. 5.6, green box). Also, unique sequences which did not show 3@¥tap

with the GenBank strains such as ASV7 or ASV12 were identified and showed different
arrangement of R:strain groups thanrpviously observed in NMDS ordinatiofri¢. 5.3).

These two ASVs were only found in i8es and MAlines respectively which could relate

the original lackground of these Risolates being from different countrie€Hapter 4
Table4.1).
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ASV1 L-lines and control

FR693710.1 Uncultured clone I8-20 Alguacil et al. 2011, unpublished
MK275287.1 Rhizophagus irregularis strain S13-a4, Tunisia

ASV21 L-lines

ASVSI control only

KY114667.1 Glomeromycotina sp. isolate XF7 22, roots in wetland ecosystem, southern China

{ ASV76 Rhizophagus spp. plot 36/GS12

8 MH702393.1 Uncultured Glomeromycotina clone Cu2 D17 isolate from sea daftodil Italy
)
9

w

ASV12 only MA3 and MA4

% . ASV2 Plot 120/GS90 and 126/GS12 MA2group and both Funneliformis spp. root powder
[ | 4‘_[ MKS21688.1 Rhizophagus irregularis clone PHSS, lab host: Zea mays

ASV43 R. irregularis plot 43/GS12 MA2-group

ASV7 QS-lines only (excluding MA3)

7
= ASV28 MAI and Stsl
:’_E HG425867.1 Uncultured Rhizophagus clone MIP ME4 | Zea mays roots, Czechia
1 HF968930.1 Rhizophagus irregularis clone 0312 7 31, fallow field, Ontario, Canada

————————— KF914400.1 Rhizophagus cf. irregularis GCFI3 18S, Courty et al. 2014, unpublished

ASVIS MA2group and E mossae root powder

= —l_‘:‘ ASV3 plot36/GS90 and QS81-like-isolates
% KM208466.1 Uncultured Glomeromycota clone RHS3 39. paddy wetland, rice roots and rhizosphere soil. China
5 ASV31 MA2group and both Funneliformis spp. root powder
1 ® _E MK521693.1 Rhizophagus irregularis clone PHS 22, Zea mays roots, Czechia
3 ASV66 both Funneliformis spp. root powder
g ASV16 L-lines
» # FR693684.1 Uncultured Glomus clone I8-7, Alguacil e7 al. 2011, unpublished
ASVI7 all QS81-like isolates

JEB20478.1 Glomus irregulare isolate AMykor clone 15.9, Sedzielewska et al. 2011, unpublished
KY114664.1 Glomeromycotina sp. isolate XF7 7, roots in wetland ecosystem, southern China
FM865596.1 Glomus sp. Att1485-12 isolate Att1485-12 clone pHS60-5, agr. field soil, Germany
MK521691.1 Rhizophagus irregularis clone BEG140 17, Zea mays roots, Czechia
ASV29 E caledonius root powder
AJ968409.1 Glomus intraradices (BEGTS) clone 1055.3, pot culture, Waedenswil, Switzerland
ASV9 all QS81-like isolates
ASV4 MA2group and Emossae and plot 126/GS90
ASV6 L-lines
ASV74 Rhizophagus spp. plot 36/GS12
10 _E ASV33 R. intraradices and plot 36/GS12

£l AM495153.1 Uncultured Glomus 18S clone 1292-50, host: Oregano, Alsace France
MN452854.1 Mortierella elongata isolate MNSO1 6 9, soybean field, Minnesota, USA
—E MT366014.1 Mortierella minutissima strain JL87, soil, USA

100

miE

ASVS Mortierella minutissima, most plots

Fig. 5.6. Phylogenetic tree dRhizophaguspp amplicon sequencing variants (ASVs, bold)
based on the ITS&gion of culturedr. irregularisisolates and DNA extracted from wheat
roots at three growth stages (GS). The green box marks thecortasnination event of the
control sample and-lines. Thered boxes mark the cressntamination event ¢gfunneliformis

spp. inoculum with R.i. stragn The blue box marks presence of QS8ibculum nrDNA
haplotype in the field. Reference strains and strain information (if provided) were extracted
from GenBankNode labels show bootstrap values (1000 iterations) of maxihiehhood

test (log likelihood734.92).Mortierella spp. was included as an outgroup.
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5.3.4 IMPACT OF AGRICULTURAL PRACTICES ONMYCORRHIZAL
COMMUNITY COMPOSITION

From the MiSegqun with general fogal primers targeting the ITS1 region, 3,207,784
sequences and 3,121 ASVs were recovered after filtering. No contaminants were discovered
(Appendix C, Fig.C4). Most ASVs were assigned to the phyla Ascomycota (68.62 %
Fig. 5.7 A) and Basidiomycota (15.87 %). \ilh Glomeromycota (11.78 %) represented the
third most abundant phylum, the Mucoromycota was the phylum with the lowest relative ASV
representation (0.002 %) after Mortierellomycota (2.54 %) and Olpidiomycota (1.19 %).

From the 377,797 reads that wereigiesd to the phylum Glomeromycota, the largest
proportion was assigned tbhe family Glomeraceag8.32 %,Fig. 5.7 B). A 6.95 %fraction

was assigned to Archaesporaeess the secondhost abundantamily. Only 2.44 % were
assigned to ASVs of the Paraglomeraceae, followed by 1.29 % of Diversisporaceae. Sequences
of the families Ambisporaceae (0.99 %) and Claroideoglomeraceae (0.01 %) represented the

AMF with the lowestabundances

A 251% 200%  1109 B ., 000%129%  244%

U

0.99%

= Ascomycota = Glomeraceae

= Basidiomycota ® Ambisporaceae

Glomeromycota Archaesporaceae

Mortierellomycota m Claroideoglomeraceae

# Mucoromycota ® Diversisporaceae

1 Olpidiomycota = Paraglomeraceae

Fig.5.7. Composition of\) fungal phyla an@®) Glomeromycotdamiliesin the form of relative
abundances [%)].

There was no visible effect of wheat variety, crop protection or fertiliser source on relative
abundances of the detecteMF genera Fig. 5.8). Glomusspp.dominated samples from each
treatment. According to taxonomy interferences with the UNfaEbaseGlomussequences

were all identified asGlomus invermaium The other most abundant genera such as
Rhizophagusand Paraglomuswere also found more or less evenly distributed across
treatmentsFunneliformisoccurred in low abundances and was present in all treatment groups.

A fraction (6 %) of the sequences could not be assigned to the genus level and were mostly
composed of unassigned Glomeraceae, Achaesporaceae, Diversisporaceae and Ambisporaceas

decreasing in abundance in this order (data not shown).
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Fig. 5.8. Relative abundances [%] of genera within Glomeromycota in response to organic and
conventional crop protection (CP), fertiliser source and variety (n = 4).

Statistical comparison oGlomeromycotagenera Table 5.5.A,B) did not show significant

effects of agricultural practices or variety on mean relative abundances of AMF. Only variety

seemed to affectbmndance of the genu3ominikia according to ANOVA, but podtoc

analyseshowed that there was no significant difference betweetwthgarieties.
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Table5.5.A. Effects of crop protection, variety and fertiliser source on relative abundances of AMF genera in wheat roots (GS32) in theoB019 seas
Numbers presented are means + standard error of the mean. Ap@aldes in bold indicate significant main effects and intevas. Means within
columns followed by the same letter are not significantly differept@i05.

Ambispora Archaespora Diversispora Dominikia Funneliformis Glomus Paraglomus

Crop protection (CP)
Conwentional(n=32) 0.01+0.003  0.06+0.019 0.01+0.004 0.01+0.003 0.02+0.005 0.77+0.041 0.03+0.008

Organic(n=32) 0.01+0.004  0.03+0.008 0.01+0.005 0.01+0.002 0.01+0.003 0.82+0.029 0.02+0.008
Variety (VR)

Aszita (n=32) 0.01+0.003  0.06+0.019 0.01+0.005 0.01+0.002a 0.02+0.004 0.75+0.041 0.03+0.008
Skyfall (n=32) 0.01+0.003  0.02+0.007 0.01+0.005 0.01+0.003a 0.01+0.005 0.84+0.027 0.02+0.007

Fertiliser (FT)
Biogas digestate (n=16 0.01+0.005 0.03+0.011 0.01+0.005 0.01+0.003 0.01+0.004 0.82+0.044  0.03+0.012
Farmyard manure (n=1 0.01+0.005 0.04+0.019 0.01+0.004 0.01+0.006 0.01+0.008 0.78+£0.055  0.02+0.011

Mineral N (n=16) 0.01£0.005 0.06+0.021 0.01+0.003 0.01+0.003 0.02+0.006 0.81+0.041 0.03x0.007
Zeroinput (n=16) 0.01+0.004 0.04+0.03 0.02+0.011 0.01+0.004 0.01+0.006 0.76%0.062 0.03+0.012
ANOVA p-values

Main effects

CP ns ns ns ns ns ns ns

VR ns ns ns 0.030 ns ns ns

FT ns ns ns ns ns ns ns
Interactions

CP:VR ns ns ns ns ns ns ns
CP:FT ns ns ns ns ns ns ns
VR:FT ns ns ns ns ns ns ns

CP:VRFT ns ns ns ns ns ns ns
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Table5.5.B. The effect of crop protection, variety and fertiliser source on relative abundances of AMF genera in wheat roots (G&2P)10
season. Numbers presented are means * standard error of the mean. pN&IWés in bold indicate significant main effeand interactions. Means
within columns followed by the same letter are not significantly different at p<0.05.

Rhizophagus  Septoglomus Unassigned Claroideoglomus Oehliat Paleospora
Crop protection (CP)
Conwentional(n=32) 0.02+0.008 0.01+0.004 0.07+£0.015 0£0.0002 0+0 0+0
Organic(n=32) 0.02+0.011 0+£0.001 0.06+0.016 0£0 0.002+0.0023 0£0.002
Variety (VR)
Aszita (n=32) 0.02+0.008 0.01+0.004 0.08+0.017 0£0.0002 0£0 0+0
Skyfall (n=32) 0.03+0.011 0£0.002 0.04+0.012 0£0.0001 0.002+0.0023 0£0.002
Fertiliser (FT)
Biogas digestatén=16) 0.02+0.008 0.01+0.008 0.05%£0.016 0£0.0001 0£0 0+0
Farmyard manurén=16) 0.02+0.012 0.01+0.005 0.08+0.027 0£0.0003 0£0 0+0
Mineral N(n=16) 0.01+0.003 0£0.001 0.05£0.015 0£0 0.005+0.0046 0£0.005
Zeroinput (n=16) 0.04+0.021 0.01+0.003 0.08+£0.025 0£0.0001 0£0 0+0
ANOVA p-values
Main effects
CP ns ns ns ns ns ns
VR ns ns ns ns ns ns
FT ns ns ns ns ns ns
Interactions
CP:VR ns ns ns ns ns ns
CP:FT ns ns ns ns ns ns
VR:FT ns ns ns ns ns ns
CP:VR:FT ns ns ns ns ns ns

! Residuals of these genera were not normally distributed, Ipevakeies show KruskalVallis test results instead of ANOVA.
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There was neffect of agronomic practices or variety on the algharsity of Glomeromycota
in wheat roots using liner mixegffect modelsTable5.6). The same oabme was found after

nonparametric testing (Appendix €ig.Cb5).

Table5.6. The effect of crop protectip variety and fertiliser source on alpti@ersity indices

of arbuscular mycorrhizal communities in wheat roots (GS32) ir2@hé season. ANOVA
p-values in bold indicate significant main effects and interactions Means within columns
followed by thesame letter are not significantly different at p<0.05

Observed richness  Evenness Shannon
Crop protection (CP)
Conventional (n=32) 15.5+£1.82 0.65+0.03 1.63+£0.116
Organic (n=32) 14.6+1.33 0.63+0.025 1.59+0.09
Variety (VR)
Aszita (n=32) 15.3+1.8 0.66+0.033 1.63+0.123
Skyfall (n=32) 14.8+1.36 0.62+0.021 1.58+0.082
Fertiliser (FT)
Biogas digestate (n=16) 15.1+2.16 0.62+0.041 1.53+£0.142
Farmyard manure (n=16) 14.74£2.33 0.65+0.041 1.7+0.181
Mineral N (n=16) 15.9+1.8 0.61+0.036 1.63+0.134
Zeroinput (n=16) 14.5+£2.75 0.69+0.037 1.58+0.136
ANOVA p-values
Main effects
CP ns ns ns
VR ns ns ns
FT ns ns ns
Interactions
CP:VR ns ns ns
CP:FT ns ns ns
VR:FT ns ns ns
CP:VRFT ns ns ns

Ordination ofBray-Curtis distances did not show any distinct groupings of samples which
indicates no consistent pattern of bdieersity in AMF community composition in response

to fertiliser treatmentHig. 5.9 A). For both wheat varieties with and without crop protection,
there were clusters of samples with similar genus compositions around eCiBtesy
dissimilarity of O indicating high similarityOrdination including block in NMDS showed that
these clusters most likely indicate similarity of AMF communities at the respective sampling
location Fig. 5.9 B).
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Fig. 5.9. Nonrmetric multidimensional scaling (NMDS) of Br&yurtis distances of
mycorrhizal community composition with effect A) Crop protection, variety and fertiliser.
B) Effect of samplig location (Block) on AMF community diversity at trial site.

Permutational ANOVA of a normalized distance matrix of the Glomeromycota sequencing
counts did not show main effects of treatments, but there was a significant interaction of crop
protection xvariety < 0.016,Table5.7).

Table5.7. Permutational Analysis of Variance (PERMANOVA) of the effects and interactions
of crop protection, variety and fertiliser on Glomeromycota community composition associated
with wheat roots at GS32 of field trial season 2098 R-values in bold indicatsignificant
differences between treatment groupsgf@ 0. 05 .

Main effects Df Sums of Square: Mean Squares F- Model R?  Pi(>F)
Crop protection (CF 1 1290 1290.5 1.00394 0.02 ns
Variety (VR) 1 1289 1289.4 1.00310 0.02 ns
Fertiliser (FT) 3 3828 1276.0 0.99265 0.05 ns
Interactions

CP:VR 1 1330 1330.0 1.03473 0.02 0.016
CP:FT 3 3859 1286.3 1.00070 0.05 ns
VR:FT 3 3862 1287.3 1.00145 0.05 ns
CP:VR:FT 3 3816 1272.0 0.98956 0.05 ns
Residuals 48 61699 1285 0.76197

Total 63 80973 1

Pairwise comparison revealed that AM&mmunities varied in Aszita and Skyfall with conv.
CP { = 0.027,Table 5.8). However, differentiabbundance analyses with DESeq2 did not
confirm this contrast of treatments and showed no significant differences in any of the treatment

groups (data not shown).
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Table 5.8. Pairwise comparison of the intetem crop protection (OCP = organic crop
protection, CCP = conventional crop protection) and variety (ASZ = Aszita, SKY = Skyfall).
P-values in bold indicate significant differences between treatment group®©for0 . 0 5 .

Pairwise comparison Df Sum of Squaes R2 F-Model P:(>F)
OCPxASZ vs CCPxASZ 1 1241 0.03299 1.0235 ns
OCPxASZ vs OCPxSKY 1 1446 0.03251  1.008 ns
OCPxASZ vs CCPxSKY 1 1256 0.03256  1.0097 ns
CCPxASZ vs OCPxSKY 1 1324 0.03223  0.9992 ns
CCPxASZ vs CCPxSKY 1 1174 0.03333 1.0345 0.027
OCPxSKY vs CCPxSKY 1 1380 0.03279 1.0172 ns

5.3.5 ANALYSES OF FINE ROOT ENDOPHYTES USING GENERAL AND
SPECIFIC SSUPRIMERS

Sequencing of the nuclear ribosomal small subunit (SSU) with primers targeting both fine root
endophytes (FRE) and AMF (adapt®ateprimers, further referred to as Aptimers) yielded
241,089 sequences. These were assignable to 252 ASVs after removing saprophytes
(Mortierellomycotina) and contaminating sequences from the dataset. More than half of the
ASVs (145) were assigned asubbromycotina which accounted for 44 of all reads

(Fig. 5.10 A). The remaining reads were composed of Glomeromycotina (107 ASVs) which
accounted ford7.5 % of all reads. Glomeromycoti#d&Vs were predominantly genus
Rhizophaguspp. followed by a much smaller fractionAribisporaspp. Eig. 5.10B). Other
common Glomeromycotgenera (e.gFunneliformisspp.,Glomusspp.) were represented in

the dataset by fewer readdd. 5.10 B). Most of the Mucoromycotina reads were assigned as
unculturedendogonaceaand only 0.4 % of these were assigned to the géndegone

Relative abundances of the main fungal orders wi@lomeromycotina and Mucoromycotina
showed small variations among treatments and across bléals 510 A). Statistical
comparison of AMF:FRE ratiosidinot reveal any effects of variety or fertiliser treatment on

the two subphyla in wheat roots at this growth stage (Appendiale.C2).
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A Mineral N Zero input B

(1)(_;2 : - Genus Counts  %-reads

0:50_ . . . . g Unassigned 123,874 51.38
) =~ Rhizophagus 111,781 46.37
=~ 0254 i .
:‘ 0.00 - Ambispora 1,980 0.82
2 1.004 Endogone 996 0.41
< 0.75- % |  Funneliformis 892 0.37
5 0.50 2 | Glomus 628 0.26
3 0.251 [ Septoglomus 565 0.23
B (1)88: Archaeospora 210 0.09
% 0'75_ - Acaulospora 135 0.06
& O~ E— Diversispora 18 0.01

0.25 - B Claroideoglomus 13 0.01

0.00 - - - , - Sum 241,089

Aszita Skyfall Aszita Skyfall
Variety

B Archacosporales [l Endogonales

Order
B Glomerales

Fig. 5.10. Composition of Mucoromycotina and Glomeromycotina reads based on tagged
amplicon sequencing of SSW) Relative abundances [%] of ASVs assorted to orders within
Mucoromycota in root samples of two wheatieties (Aszita and Skyfall) treated with mineral
nitrogen or without fertiliser input replicated in three blocks=(8); B) List of all detected
genera as well as unassigned Mucoromycotina and Glomeromycotina in root samples with
respective count numkeof amplicon sequencing variants (ASVs) based on-&fjuencing.

Neither Mucoromycotina nor Glomeromycotina diversity was affected nbgeral N
application or variety when ASVs generated with AKMmers were compared (Appendix C,
Fig.C.7). Statistical analyses using linear mixefflect models showed that there was no effect

of variety and/omineralN on relative abundance of Mucoromycotina or Glomercotina
(Table5.9). There was no impact on orders within these subphyla either, but the already very
low relative abundances of a group of unassignesn@&tomycetes were significantly reduced

in response tmineralN application.
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Table5.9. Effect of wheat variety and mineral N fertiliser on relative abundances of Mucoromycota subphyla and orders in w{@&B@)atsthe

2019 season. ANOVA-values in bold indicate significant main effects and interactions. Means within columns foligwleel same letter are not
significantly different ap < 0.05 according to TukeMSD test.

Subphylum Order
Unclassified
Glomeromycotina Mucoromycotina | Archaesporales Diversisporales Endogonales Glomerales  Glomeromycetes

Variety (VR)
Aszita (n=6) 0.43+0.062 0.47+0.038 0.01+0.006 00 0.47+0.038 0.41+0.067 0.01+0.002
Skyfall (n=6) 0.46+0.069 0.43+0.051 0.01+0.004 0£0.001 0.43+0.051 0.45+0.068 0+0.002
Fertiliser (FT)
Mineral N (n=6) 0.45+0.075 0.45+0.043 0.01+0.006 00 0.45+0.043 0.44+0.08 0+0.001b
Zeroinput (n=6) 0.45+0.055 0.45+0.048 0.01+0.004 0£0.001 0.45+0.048 0.43+0.053 0.01+0.002a
ANOVA p-values
Main effects
VR ns ns ns ns ns ns ns
FT ns ns ns ns ns ns 0.021
Interaction
VR:FT ns ns ns ns ns ns ns
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Primers for the specific amplification of FRE produced 86,922 reads of the phylum
Mucoromycota and were grouped into 121 ASVs solely assigned twdbee Endogonaceae
within the ordelEndogonalesOnly 5 % of these sequence types could be assigned to the genus
Endogone the remaining 9%0 were described as unassigrieadogonaeae Despite this
homogenity of taxonomic assignment, differences in ASVs were detected and showed
increased alphdiversity of theEndogonales response taineralN-appliction, but evenness

and richness were not affected by fertiliser applicatiog.6.11 A). There waso difference

in diversity measures when the two wheat varieties were compared regandiogonales

ASVs (Fig.5.11B).
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Fig. 5.11. Box plot showing alpha diversity measure€afiogonalesn samples analysed by
amplicon sequencing of small subunit (SSU) assessing the impagnaheralN application
vs. zerainput and B) wheat variety. Numbers indiep-values for pairwise comparison by
Wilcoxon-rank test (ns = not significant,®0.05, ** 00.01, *** 00.001).
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Closer investigation of the bethversity of Endogonaleshowed clustering of all samples
(except plot 37) which had been treated wiiheral N (Fig.5.12A). This effect was confirmed
by PERMANOVA of the zeranput andmineral N-treatedsamples § = 0.02). In contrast,
Endogonalegommunities produced by the Aptimers showed no clustering of samples in
repsonse tanineralN application Fig. 5.12 B) and were not significantly different in response
to fertiliser treatmentp(= 0.21). Neither NMDS nor PERMANOVA showed effects of wheat
variety on betaliversity of Endogonalesn both SSUdata sets KHig. 5.12, prre = 0.88,
pam = 0.22).

A FRE-primers B AM-primers
MN vs. ZE PERMANOVA MN vs. ZE PERMANOVA
p=0.02 p=021
10- Stress value = 0.043 ®52 Stress value = 0.13 A g3
‘ A124 Fertiliser
®152 _
0.25 4 e Mineral N
. :
rg« o5 g} B Zero input
= S 0.00 4 45 e 116
L4 ag3| ~Z. A 37 @149 Variety
. )
o5 2025 - ®115 ® 5 A121 Aszita
-0.57 4 Skyfall
421 * 5
-1.0 -0.5 0.0 0.5 -0.3 0.0 03 0.6
NMDSI NMDSI1

Fig. 5.12. Betadiversity of Endogonalesn wheat roots (GS32) of two wheat varietiels
mineralN application in the 2019 season assessed usingnedmc multidimensional scaling
(NMDS) and ERMANOVA. A p-valueO 0 indix&es significant differences of community
composition.A) Analyses baskon amplification of the small subunit (SSU) using specific
FREprimers.B) Analyses based on SSmplification of Endogonalesising more general
AM -primers. Numbers show pltdbels.

Differential abundance analyses of the FREner sequences extractadist of 23 ASVs that
contributed to variations iEndogonale communities in response taineral N application
(Appendix C,Table.C3). The key driveihere was ASV3 which occurred in all samples but
showed the highest abundances in experimental plotswiiigralN (Fig. 5.13). Overall, there

were more ASVs that occurred in higher abundancesneralN-treated plots than in control
plots. There were a few ASVs like ASV29 or ASV57 that showed higher abundarargnol c

plots than in samples withineralN-application. In contrast to ASV3, ASV1 was less abundant

in themineralN-treated plots, but reached very high abundances in one sample from a control
plot without fertiliser(plot 152) Variety as a factor didat contribute to variation in this

sequencing data set (Appendixkig.C8).
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Fig. 5.13. Heatmap of ginature ASVsof Endogonalesdentified by differential abundance
analyses. Colour code shows regulariseettagsformed variances of normalised A8dMuints

in relation to mineraN (MN) application and zermput (ZE) as well as two wheat varieties
grown n three different blocks (replicates).

The EndogonalesASVs that were identified during differential abundance analyses were
BLAST-searched to create a phylogenetic tree with a selection of reference strains. Most
sequences were similar to BMMihes isdated from different liverwort species by Rimington

et al. (submitted 2019, unpublished) where the highest sequence homology was found between
ASV47 and isolate BMVT_30Hig. 5.14). Another match between an ASV and a reference
strain with reliable bootstrap support was found between OTU4 by Orehatd(2016) and

ASV1. There were also more distinct sequences like Z3HASV32 and ASV18 that formed

their own clade without association to reference strains from GenBank. ASV3 was further
separated from these ASVs and from the rest of the reference library and formed a clade with

other ASVs that were more abundantrimeral N-plots, however with low bootstrap support.
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7— ASV41 Uncultured Endogonaceae
1 ASV34 Uncultured Endogonaceae

.0| ASV31 Uncultured Endogonaceae
! ASV33 Uncultured Endogonaceae

2 . ASV17 Uncultured Endogonaceae

7 ASVI15 Uncultured Endogonaceae
85 ASV7 Uncultured Endogonaceae
84 ASV3 Uncultured Endogonaceae

—— ASV18 Uncultured Endogonaceae

ASV32 Uncultured Endogonaceae

33 L ASV30 Uncultured Endogonaceae
ASV57 Uncultured Endogonaceae
KX434773.1 Mucoromycotina sp. isolate OTUO Orchard et al. 2016 Australia

9 17 ASV16 Uncultured Endogonaceae
6l KC708397.1 Mucoromycotina sp. MIB 8532 clone 1 UK Desiro ef al. 2013
MH174477.1 Mucoromycotina sp. isolate BMVT 12 India Rimington et al. 2019 unpublished

MHI174558.1 Mucoromycotina sp. isolate BMVT 08 Spain Rimington et al. 2019 unpublished

94 — ASV21 Uncultured Endogonaceae
oL

14_ ASV26 Uncultured Endogonaceae
3 KC708407.1 Mucoromycotina sp. MIB 8771 clone 1b New Zealand: South Island Desiro et al. 2013
9 KX434777.1 Mucoromycotina sp. isolate OTU4 Australia Orchard ef al. 2016
10

ASV40 Uncultured Endogonaceae

19 ASV56 Uncultured Endogonaceae

g

29 ASVY1 Uncultured Endogonaceae
5l
5

ASV64 Uncultured Endogonaceae

86 ASV36 Uncultured Endogonaceae
' ASV29 Uncultured Endogonaceae
63L_ ASV51 Uncultured Endogonaceae

—— ASV47 Uncultured Endogonaceae

90
{ MHI174565.1 Mucoromycotina sp. isolate BMVT 30 New Zealand Rimington ef al. 2019 unpublished
99

MH174500.1 Mucoromycotina sp. isolate BMVT 30 Italy Rimington et al. 2019 unpublished

KX434782.1 Mucoromycotina sp. isolate OTU10 Australia Orchard ef al. 2016

AF006511.1 Endogone pisiformis, Mulbry et al. 1998 unpublished

Fig. 5.14. Phylogenetic tree ofEndogonalesbased on amplicon sequencing variants
(ASVs, bold) from SSkbkequencing of fungal communities with FRpecific pmers.
Phylogenetic distances were inferred using the Maximum Likelihood method and Tamura 3
parameter model. Node labels show bootstrap values (1000 iterations) of maxelimnod

test (log likelihood =1200.54) Endogone pisiformisvas included as agroup.
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5.4 DISCUSSION

In contrast tanost reports about the sensitivityasbuscular mycorrhizal fungi (AMREpwards
anthropogenic influencdg.g. Verzeauet al, 2016; Riedeet al, 2021) there were no effects

of agricultural practices on fungal community composition (8acdh.3.49 which might be
explained by low taxonomic resolution of IT@#aedaet al, 2018) The less variable ITS2
region has been criticised for the same re¢Benruti et al, 2017) but in the pregd study it

was possible to identify the same groupRbizophagus irregulari€R.i.) strains based on ITS2

as found after Sangsequencing of the mitochondrial large subunit (mtLBig, 5.3). Using

the same approach showed that the AMF inoculum which had been applied to the field trials
containednly R.i. instead of the supposednneliformisspp. Fig. 5.2). The consequences for

the interpretation of the field trial results in this study will be further discuss€thapter 7
Intriguingly, ITS2sequencing detected Rstrains in the inoculum powder and cultured
isolates that were identical to those at Nafferton Farm which might give indications about the
fate ofthe R.i-inoculum in the field. Another interesting observation was made during analyses
of thefine root endophyteHRE) communities based on variations in the small subunit (SSU):
Endogonalesliversity was increased with the application of mineral nitrogen (Sesi&B),

but this effect was only detected using specific FiRiEhers and at with more general primers.
Overall, all three sequencing approaches touched on some of the obstacles which have caused

frequent discussion in molecular research of Af&rtet al, 2015; Stefanet al,, 2020)

5.4.1 STRAIN POLYMORPHISM ANALYSES BASED ON THE ITSzREGION OF
RHIZOPHAGUS IRREGULARIS

One major challenge in molecular studies of AMF is the huge number of heterogent&is n
and the genetic variation within these fungi throughout their life ¢y@&koriset al, 202@).

In the present study, this feature of AMBswexamined in the phylogenetic analyses of selected
R.i. isolates and amplicon sequencing variants (ASVs)Rbizophagusspp from the
experimental field trial siteFjg. 5.6). In some cases, ASVs from the same-Ralate were
more closely related to reference strains or those from the field than to other ASVs from the
same mycelium. This lack of phylogenetic stiring based omucleic ribosomal DNA
(nrDNA) was also reported byhiéry et al. (2012) who investigated intrgporal sequence
variation of ITS inDiversisporaspp. They concluded that this phenomenon confirms the
hypothesis of random partitioning béterogeneous nucleotypes that are distributed across the
coenocytic myceliun{Kuhn et al, 2001) The same probably occurred in the present study
where DNA had been extracted fromhale cultures instead of single spores as it was

accomplished in other studie@Borstler et al, 2008; E. C. H. Cheret al, 2018;
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Kokkoris et al, 2021). Although not all strains show heterokaryo@oparset al, 2016)
intra-isolate variation based omDINA sequences has been described many tijgHijri &
Sanders, 2005; Stockinget al, 2009)and has led to critical reviews on the use of ITS as a
marker region for AMKBrunset al, 2018; Maedat al, 2018) For this reason, phylogenetic
analyse®f AMF based on ITS should be interpreted with ¢&eorgeet al, 2019)and might
also explain the low bootstregupport found irthe ITS-based phylogenetic tree in the present
study Fig. 5.6).

To avoid the problesiassociated with the use afDNA, mitochondrial DNA (mtDNA) has
frequently been suggested to provide more reliakdéndizvel resolution which has particularly
been demonstrated for R(Raabet al, 2005; Borstleet al, 2008, 2010; Crolét al, 2008)
Some of these studies opposed their own findings frorsEkfsiencing approaches of the same
isolate to prove the superity of mtDNA (Borstler et al, 2008; Formeyet al, 2012)
Therefore, in the current study it was unexpected to observe the samelastars of R.i.
cultures from INOQ GmbH and from Czechia based on 13&fuencingFig. 5.3) as found by
analyses of the mtLSU of the same isold@sapter 4Fig. 4.3). It should be noted that these
clusters were not observed in phylogenetmalgses after alignment of individual ASVs
(Fig. 5.6) which implies that only the combination of these different sequences made up the
characteristic gnotype of the respective strains. This demonstrates the importance of
considering ASVs as single features instead of clustered sequences in foparational
taxonomic units QTUs when it comes to strailevel detection(Hart et al, 2015;
Callahanret al, 2017; Stefanet al, 2020) For AMF, the ITSregion has been declared as not
suitable for specieassignment for which reason many studies have used long fragrhtrgs o
nrfDNA region Fig. 5.1) for strairlevel identification (Stockinger et al, 2010;
Kruger et al, 2012; Schlaeppet al, 2016) To my knowledge, the differentiation of AMF

strains basd on ITS2sequence variations has not been previously reported.

The detection of the same ITS2guences in R.i. isolates frdOQ root powder samples
intended to include onlyFunneliformis spp. demonstrate that the prevention of cross
contamination inAMF inoculum production under nesterile conditions is not that simple

(von Altenet al, 2002; IJdcet al, 2011) In the phylogenetic analyses of thisdst, an attempt

was made to track where the contamination of both the control sanmaeldnizedchicory

roots) and the root powder samples originated fiign. £.6). In the case of the control sample
from ROC:s it is obvious that the contamination must have occurred during nested PCR which
was confirmed by clustering of the ASVs from this sample witimes from the MBUlab in

both NMDS and phylogenetic analysésg( 5.3 and Fig. 5.6). Furthermore, it is noticeable
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how the root powder samples lefinneliformisspp. clustered only with MABke haplotypes

which could indicate that the contaminating train in these inoculum batches was derived

from one of the MAZ2like isolates. As there were no traced=ahneliformisspp. sequences in

both root powder sampleBi@. 5.2), the contamination of this reial probably occurred at an

early stage of the production process. Hence, regular sequencingyitb cultures and
inoculum samples as a quality control measure is needed to ensure propagation of the target
species or strai(Moséatkaet al, 2012)

5.4.2 SIMILARITY OF R.l. BETWEEN FIELD SAMPLES AND IN THE
INOCULUM

Another intriguing detail of the ITS8ataset analyses was that the-Rolate QS81 and the
R.i.-haplotypes found in thEunneliformisspp:-root powder samples shared two of the most
abundant ASVs (ASV2 and ASV3) with the Robpulation at the field ®8t(Fig. 5.6, blue and

red boxes). In contrast, ASVs from Czechialifles) were not detected in root samples from

the field. Both QS81and root powdesamples were the main components of the same AMF
inoculum which was used during inoculation of the field trial in each growing season
(Chapter 3Table3.5). Even though assessed root samples were obtained fremotaated

plots, these findings could indicate potential mixing of exogenous and nativstr&ns.

Fusion of hyphal networks ovb AMF isolates leading to exchange of nuclei via anastomosis
has been described in AMF tissue cultures but has been rarely documented in field experiments
(de la Providencia et al, 2004) A comparable phenomenon was reported by
Schlaeppiet al (2016) who observed the colonisation of an inoculated R.i. strain in a wheat
field which almost replaced the native R.i. population. Also Pellegtiab (2012) successfully

applied amrDNA-based marker to trace an exogeneusneliformismosseasstrain up to two

years after inoculation. In contrast to the present approach, both studies used a much larger
nrDNA fragment spanning SSU, the whole ITS region aardspof the LSU regiofKrliger et

al., 2009, 2012; Pellegrinet al,, 2012; Berrutet al, 2017) Sequencing of this up to 2500-bp

long fragment has been suggested as the most optimal method to achieve reliable AMF taxa
resolution (Redeckeret al, 2013, & @ll, 20513 Khenva§ainGao et d. (2019)
reported immigration and extinction of mycorrhizal OTUs in sorghum over a whole growing
season based on ITS2. Something similar was observed in the present study where R.i.
dominated relative abundances around grain maturity (G88€n it wasmostly represented

by those highly abundant ASVs (ASV3 and ASV2) which were also found in the inoculum
strains QS81 and in MARKke strains Fig. 5.6). The high similarity of INOQstrains and the
R.i.-ASVs found in the field at GS90 would represent a desirable signal for the detection of
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successful AMFnoculationwhich hasbeen frequently requested by the scientific community
(Gianinazzi & Vosatka, 2004; Schwasgtal, 2006; Schlaeppet al, 2016) Thomsen & Hart
(2018)pointed out that in particular generalists like R.i. possess characteristics that assist this
species to rapidly invade new environments. Applied to the present study, this assumption
would support the hypothestsat the R.i. strains from the AMF inoculum spread outside of the
inoculated plots and were able to outcompete native R.i. populations during the field trials. If
this could be done within the time frame of one cropping season however remains to be
elucidaed

If the first years 2018 AMF inoculum was as potent as assumed, it would be expected to be
able to detect the same ASVs of R.i. in the subsequent field season, but different ASVs were
found at GS12Kig. 5.6) and there was no R.i. in any of the analysed samples at GS22 of the
second field trial in 2019Fig. 5.5). This indicates that different nucleotypes dominated root
colonisation in seedlings at the beginning of the second field season which could be explained
by selective pressure due to differing environmental conditions or management practice
(Jansaet al, 2002; Sommermanat al, 2018) Plasticity of AMF genomes in response to
environmental conditions and host identity has been demonstrateditro
(Kokkoriset al, 20219), but if the same can be detected inftblel using such a highly variable
marker region like ITS2 requires further investigation with a much greater and more consistent
set of sampledlternative to the above discussion about apparent colonisation and considerable
spatial dispersal of an inoculum is the notion simply that these strains are present as indigenous
R.i. Mycorrhizal fungi are ubiquitously distributed and identical AMF sgdiave been
identified across continen{(Borstleret al, 2008; Davisoret al, 2015) This was also possible

in the current study where strains of fine root endophytes (FRE) from the field at Nafferton
Farm showed high similarity to those described in soils intl&on Australia as it will be
discussedn Section5.4.5

5.4.3 ARTEFACTS OF MOLECULAR RESEARCH ON AMF

A common problem in molecular profiling of AMF conaimities in environmental samples is

that taxa composition can be biased depending on the applied molecular marker and the
database used for taxonomic assignnj@eirgeet al, 2019; Stefanet al, 2020) Both issues

were encountered during analyses of the three sequencing runs of the present study but could
be optimised in future analyses. One of the most obviousctssfhat was also found in the
present study is that ITSdrimers amplify mostly Ascomycota which leads to the dilution of
Glomeromycota read$ig. 5.7 A). Therefore, the use of general fungal primers has not been
recommended for research questions that focus on AMBhout et al, 2014;
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Tedersoetal , 2015 ;etal, @A The us8 of AMFspecific primer mixes prior to
sequencing has been proposed for higher taxonomic resolKtiggef et al, 2009)whichwas
demonstrated in the ITSs&quencing run of the present styéhg. 5.4). With this approach,
wheat roots at GS22 seemed to be colonised by a more diverse AMF com(Rigigyb),
whereasthe mycorrhizal microbiome was almost solely occupiedth®y genusGlomus
according to ITS&equencing of roots sampled two months later at GBig2 %.8). Glomus
spp.arevery common in arable soi{slijri et al, 2006; Goslinget al, 2013; Leiseet al, 2016;
Sommermanret al, 2018)and have developed lifstrategies to persist under Roptimal
environmental conditiongVerbruggen & Kiers, 2010)However,only SSU and ITSt
sequencing approaches are directly comipiaras these sequence®re generated from the
same sample¥Vhen these results atempared, it is noticeable that according to ITBdmus
predominated in the wheat roots at GS3dg.( 5.8) while SSUsequencing revealed
Rhizophagusasthe prevalent genu&ig.5.10B). These differenof SSU and ITSaxonomic
assignmenbased on the databases SILVA and UNIi&S been discussed mycorrhizal
research(Kohout et al, 2014; Berrutiet al, 2017; Georgest al, 2019)which shoull be
preventedby frequent updates of the more AMPBecific databasé Ma a r [Opilki al,
2010; Stefanet al, 2020) The samebstale wasfoundin thelTS-sequencing approaches
this studywhich assigneall GlomusASVs to the specigSlomus invermaiumr his taxon was
renamed t&Rhizophagus invermaius 2016according to the official AMFphylogeny(Walker
2016, unpublishedwww.amfphylogeny.com) but was not updatedin the UNITE datébase
The adaptationof the new namén UNITE would clearly change the picture of the current
analyses as then both SSU and iif&abarcoding studies would shB\izophaguas the most
abundant AMF genu®ut it should be noticed th&ixonomy assignment of Glomeromycota
based on ITS has been declared as not reliable for higher ranks thanléaeli(f edersocet
al., 2015; Thiéryet al, 2016) Then again, the presence®@lomus invermaiunfalso referred
to asRhizoglomus invermaiunm temperate agricultural soiteas been reported befai®éle

et al, 2015; Oehl & Koch, 2018put it is questionable if allomusASVs in the present study
can be assigned to this single tax®hat the Glomusgroup deserves further investigation in
the context of wheat productiomas demonstrated ia field study byDai et al. (2014)that
showed negative correlations @fomusabundances with nutrient concentratiomstrient use
efficiency and biomass production of organically managed wid&aham & Abbott (2000)
even groupe@lomussp. andGlomus invermaiums 6 aggressive col oni ser s
induce growth depression depending esupply and growth stage. Since the molecular data
of this study was not correlated with biomassadit remains open if this impact would have

been observed under the experimental conditions of the current field study.
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5.4.4 EFFECTS OF AGRICULTURAL MANAGEMENT ON THE MYCOBIOME
ACCORDING TO ITSESEQUENCING

Probably the most surprising outcome of the IFB8f@pencing study was the lack of treatment
effects onAMF community composition and diversity: No differences betwaeycorrhizal
communities with fertiliser treatment (organic vs inorganic) were found when compared to
samples without fertilisemitrogen (N}input in both varieties with or without crop protection

(Fig. 5.8, Table 5.5). These findings conflict with the literature that showed lowdtF
diversity in response to NLeff et al, 2015; Qinet al, 2015; Bakhshandeét al, 2017,
Verzeauxet al, 2017)or phosphorusK)-fertilisers(Goslinget al, 2013) According to these
studies, we would expect similar results at least in samples miitleral N application,
especially since the second year of the field trial was assessed where the same amount of
mineralN fertiliser had already been applied in theyyas yearAdaptation to the addition of

N could have favoured root colonisation by fungal species that are more resistant to high
nutrient concentrationgEgertonWarburton et al, 2007) Consequently, the observed
predominance of geralists like Glomus spp. which are less affected by agricultural
management could be interpreted as an effectfeftisation itself(EgertonWarburtoret al,

2007; Porra-Alfaro et al, 2007; Daiet al, 2014; Liuet al, 2014; Qinet al, 2015) On the

other hand, it is questionable whether such selection processes would be detectable one year
following the first fertiliser applicationEgertonWarburtonet al. (2007) suggest seasonal
differences are important in the response of AMF téefftilisation, but they also report
community composition homogenisation after three years. Consideringriimed, it should

be noted that in the current study the assessed time point was -8nlyegks after the
application of botimineralN and biogas digestate which could be too soon to observe potential
effects of these two treatments ANF. Furthermore, aplicon sequencing was conducted for

only one growth stage which can provide limited idea of the actual effects of the agricultural
management practices under the assessed conditions. Hence, analyses from the previous field
season as well as later sampliinge points are required to validate this hypothesis for the
present study. Time is also an important factor that should be considered in the context of
pesticide applications. Fungicides can have significant impact on AMF community composition
and AMF diwersity in soils which can even affect plant growthin et al, 2013;
HageAhmedet al, 2019) but such effects were not observed in the Fd&tasetHowever,

no soil samples were analysed that could indicate if the applied pest@idest initially
hamper AMF spore germinatigpodd & Jeffries, 1989)Such detrimental effects of chemical
compounds could have selected for AMF species that could pass this bottleneck which again

would hghlight the competitiveness @lomusspp
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Thefew investigations on the effect of biogas digestate on AMF specifabalhotreport AMF
diversity (Carusoet al, 2018; Reret al, 2020) butwould be intriguing considering that the
application of this fertiliser type adds high concentrations of plant available nutrients to the soill,
but also a whole microbial cocktail from the anaerobic digestion process that could potentially
interact withAMF (Wentzel & Joergensen, 2018)hile some studies suggest thaganic
fertilisers contribute to AMF community diversity (Gosling et al, 2006)
Hazardet al.(2014)found no effects on AMF communities in response to application of up to

5 Mg DM ha? of biosolids which could also be applied to the present study wiegas
digestateor FYM did not affecimycorrhiza diversityfTable5.6). The lack of treatment effects
could also be explained by the soil chemical properties that are essential drivers for AMF
community dynamicéEgertonWarburtonet al, 2007) With 170 kg N appliegherha this study
investigated the effé®f a reduced Mpplication and not the recommended 220 kg Niha
conventional agricultural practi¢€erzeawet al, 2017) Optimum Nmanagement was shown

to be essential for the protection of AMF divergityu et al, 2014) But even if this threshold

was met in the tested system, we would still expect a difference between plots with fertiliser
treatments compared to control plass their nutrient status was likely to bdifited in the

2019 seaso(Chapter 3Table3.2). This indicates that the observed homogeneity of the fungal
mycobiome must be explained by conditions that date back to conditions before the experiment.
A long-term field study bySommermaneet al.(2018)showed the impact of the previous crop

on Glomusspp. which dominated wheat roots in both of their separate ITS1 and ITS2 amplicon
sequencing approachékhey found effects of extensive and intensive fertiliser on a few less
abundant AMF genera whilBlomusspp. was only marginally affected by tillage, but not by
other farming practices\Neither precrop nor tillage were subject of this study but represent
interesting research questions, for example to identify potential changes in AMF composition
in the first cropping season after a graks/er ley in comparison to being grown as a second

wheat crop.

It was presumed that the two contrasting wheat varidssta and Skyfall may show
differences in their mycobiome compositjdout this was not the case or at least was not
detected with the applied bioinformatic and statistical approaches (Seaifnlt is not clear

if the interaction of crop protection x varietyable 5.7) that revealed differeanAMF-
community compositionn Aszita and Skyfall with conv. CPTéble 5.8) was actually
significant as it was not possible to confirm differences between groups using DESeq?2
(Section 5.44). There is not much information about varispecific AMF community

composition in crops whereas the speaspscific differences of mycobiomes are well
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documentedqGoslingetal, 2 0 1 3 ; etfak 2085). Io fad, a simultaneous experiment

in adjacent fields at Nafferton Farm with potato revealed quite a different AMF community
composition (e.gParaglomusas the most abundant genus) than the present study using the
same molecular tools (Salisa Sitalarasan, pers. comm.). In whegiaoet al.(2014)provided

the rare evidence that AMF community assembly canabpet a variety level, whereby 21
wheat varieties showed significantly different AMF mycobiomes under field conditions, but
their composition was also correlated with drought stress tolerance. However, these variations
had no effects on wheat performaiigkoet al, 2014) Although opposing opinions have been
published(Leiser et al, 2016; Ryan & Graham, 20183%uch findings support the idea of
microbeorientated plant breeding which has been raised by mycorrhizal researchers
(Taylor et al, 2015; Hohmann & Messmer, 2017;P. Campos et al, 2018
Bitterlich et al, 202Q. Recent reviews on factors that drive AMF communities in their
association with plants point out that host identity might be less important than, for example,
environmentatonditions(Lekberg & Waller, 2016;Kokkoris et al, 202®). Considering the
prevalence oGlomusindependent of agricultural management practices used, it is questionable
if a specific wheat variety could elicit a more effective fungal symbiosis under given
environmental conditionéiers et al, 2011) Hence, it might be more meaningful to create
favourable conditions for AMF in agricultural systems rather than selecting for strong genetic
traits in host plants.

5.4.5 ABUNDANCE OF FINE ROOT ENDOPHYTES ARE AFFECTEDBY
NITROGEN FERTILISER

There were noticeable differences in the two dataddisdogonalesequences also referred

to as fine root endopyhtes (FRBjJable 5.3): with the nore general primers targeting both
Mucoromycotina and Glomeromycotina (Aptimers) it was possible to assess the ratio of
AMF and FRE, but no effects of agricultural management practices were detected
(Appendix G Table.C2). In contrast, with the more specific FREmMers, abundances of
certain Endognalesassigned ASVs were altered in responsenineral N use Fig. 5.12).
Sequence analyses with Aptimers showed that the number of reads of Mucgomtina and
Glomeromycotina were almost the same (Sedi@¥5 which indicates that FRE occurred in
high abundance in wheat roots probably in eguaportionto AMF.Cec ol oni sati on ¢
symbiosis by the two fungal subphyla is a common observation in studies that differentiate
between AMF and FRERyan et al, 2005; Orchardet al, 2016; Orchard, 20L7

Field et al, 2019; Hoystedet al, 2019) To distinguish between AMF and FRE during

microscopy has been encourag@yan & Graham, 2018)but wasonly repeatedor the
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12 samples used for SSunplicon sequencin@hapter 7 Section7.3.4. For now, evidence

is provided that FRE were part of the mycobiome in wheat roots during the field trials which
confirms observations of characteriskndogonalesolonisation structures by microscopy.
Further, it was demonstrated that the provigeders can be used to differentiate between
Glomeromycotina and Mucoromycotina, but with different resolution for community shifts.
Therefore, it would be interesting to compare both primer pairs regarding efficiency with those
that have been used for ethsame purpose in other studi¢Besiro et al, 2017;
Hoystedet al, 2019; Sinanagt al, 2020)

The only detected impact of agricultural managememhpcorrhizalcommunity composition

in root samples was found in the sequencing approach with specific prim&rsdimgonales
whereby the application afineralN increased alphdiversity Fig. 5.11 A) and resulted in
significantly higher abundances of certain ASVs compared t@lsamwithout fertiliser input

(Fig. 5.13). Thesefindings are surprising considering the evidence for detrimental impact of
N-fertilisersonsoil microbomes(Leff et al, 2015) However, diversity indices do not represent
real biological numbers and might not be relevant in the studies of a single family
(Endogonaeag especially considering the high inspecific variation ohrDNA as found in

the closely related Glomeromycotina (Secttod.1). Furthermore, tlsi effect ofmineralN on

FRE was only detected with FREimers, but not with AMprimers Fig.5.12). This difference

might be explained by potentialiprer-bias(Georgeet al, 2019)and can only be circumvented

by using longer fragments for DNA barcodi(®fockingeret al, 2010; Redeckest al, 2013)

or selective amplification approaches prior to sequenc{kguger et al, 2009;
Stefaniet al, 2020) A longer fragments also required tadentify reliable elationships of
ASVs (Orchardet al, 201®) which explains théow bootstrap support for most branclods

the SSUbasedphylogenetic tre€Fig. 5.14). Then again, matches with strong support (99 %)
were found in ASV47 with BMVT_30 by Rimingtoet al (2019) and in ASV1 with OTU4

from the study by Orchamet al. (2016)whereby thdatter is identical té’lanticonsortium tenuis

that was described by Walket al (2018) (GaryD. Bending, pers. comm.). With this
observation, we can confirm that this genus was present in the field soil at Nafferton Farm. The
same ASV1 also stood out in analyses regarding treatment effects where it occurred in zero N
treatmentand at a higher level than whemneralN was applied Kig. 5.13). These results
would indicate preference of this taxon for Nvenvironments, but thisypothesis requires
further investigation since this ASV occurred in high abundances in only one sample. More
interestingly would be the comparison of ASV3 and ASV1 which occurred in contrasting

patterns regardingiineral N application Fig. 5.13). These two highly abundant sequences
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