





Figure 12: A comparison of different methods for cloning R genes. Genetic structuring: mutational
genomics and map-based cloning interrogate the narrow genetic base of just one to two
accessions. On the other hand, the pangenome variation can be accessed through the use of a
diversity collection for association genetics, without the need for lab-generated population
structures. Genotyping: complexity-reduction strategies can be used, such as R-gene enrichment
sequencing and chromosome flow sorting, whilst WGS sequencing is a more costly but potentially
more informative and unbiased approach. Genotype-trait correlation: all three of these methods
aim to discover a correlation between host genotypes and the trait of interest — ideally, leading to
the identification of a candidate gene. This can be achieved by analysing mutations, mapping
intervals or the significance of sequence features associated with the trait of interest (GWAS).
Cloned gene(s): association mapping has the potential to identify multiple genes from one
sequence-configured population, whilst mutational genomics and biparental mapping typically only
allow the mapping of a single gene per population. Figure reproduced from Hafeez et al. (2021).
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1.17. INTRODUCTION TO THE CURRENT STUDY

There is much to discover about the structure and function of Stb genes, which confer
resistance to the third-most-important disease of wheat worldwide, STB. The first step is
to clone these genes in wheat and its relatives in order to investigate both known and
novel sources of resistance. Well-curated and sequence-configured diversity panels of
wheat relatives and landraces do not only provide inherent population structures
amenable to genetic studies, but also allow us to gather additional information about the
diversity of candidate genes. Studies employing association genetics are also efficient in

that the same panel can be employed for multiple studies.

In this project, myself and my colleagues have explored STB resistance in two diversity
panels. The first, Aegilops tauschii, is discussed in Chapter 2. The D-genome progenitor of
wheat has contributed much to wheat breeding, including an STB resistance gene of
recent importance, Stb164q. The diploid genome, high genetic diversity and apparent near-
immunity to Z. tritici of Ae. tauschii makes it an attractive subject. We aimed to test the
suitability of Ae. tauschii as a host for wheat-adapted Z. tritici isolates and hypothesised
that Stb genes could be mapped in this system through association genetics. We also
aimed to test the effect of the resistance gene Stb164 in the Ae. tauschii panel. These aims
are addressed through the analysis of pycnidia and necrosis responses to two key isolates,

IPO323 and cfz008.

In Chapter 3, the second diversity panel we investigated is introduced: the Watkins
collection of wheat landraces. This collection provides the opportunity to study
interactions with STB in a well-adapted yet highly genetically diverse context. We tested
the presence of genotype- and isolate-specific effects in responses of Watkins landraces to
isolates of Z. tritici using linear mixed modelling, in both detached leaf and seedling
conditions. Means were estimated from these models to reduce the impact of
environmental experimental design factors on subsequent analyses. We hypothesised that
certain phenotype distributions which appeared to be more binomial were likely to be
more amenable to association mapping, and selected isolates eliciting such responses for
testing on a larger subset of the Watkins diversity panel. We also hypothesised that
damage phenotypes can be a useful measure of pathogen colonisation, whilst rapid-onset
and widespread necrosis of leaf tissue may be associated with resistance or disease
escape. These phenotypes and their relationship with pycnidia cover were investigated
through inoculation of key lines with two isolates of Z. tritici and different inoculum

doses. Finally, we predicted that there may be Watkins landraces that possess exceptional
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broad-spectrum resistance. The most resistant lines were screened against a further set of
six isolates, resulting in the identification of at least five lines with robust broad-spectrum

resistance to Z. tritici that could be used in wheat pre-breeding.

In Chapter 4, association genetics is performed on 300 Watkins landraces with the aim of
mapping loci linked with resistance to Z. tritici isolates. Phenotype data from IPO323 was
employed to test the power of this method and data to detect the known Septoria
resistance gene, Stb6. Following this proof-of-concept, analyses in Chapter 3 and the
known presence of major genes conferring resistance to these isolates in wheat led us to
predict that we would be able to map candidate genes for resistance to IPO88004 and
IPO90012 via GWAS. This resulted in the successful mapping of an interval containing
Stb15. Analyses of the region and haplotypes in the Watkins panel led to a candidate gene
encoding a lectin receptor-like kinase (LecRK). Haplotypes were analysed for Stb6 and the
Stb15 candidate gene, and we hypothesised that the removal of functional haplotypes of
these genes from the GWAS would allow the detection of other resistance genes with
smaller effects. This was not successful for IPO323 data, but the removal of the Stb15
candidate did lead to a more defined and significant interval on chromosome 2B
associated with resistance to IPO88004. We also hypothesised that there may be specific
traits associated with the phenotype of early-onset and widespread necrosis (super
necrosis) discussed in Chapter 3. Mapping this phenotype in IPO90012 led to the

identification of a significant association on chromosome 4D.

The overall aim of this thesis is to evaluate the utility of diversity panels of wheat
landraces and the diploid progenitor Ae. tauschii for mapping genes associated with
responses to Z. tritici. I hope to increase our knowledge of the canon of Stb genes as well

as identifying sources of resistance useful for wheat breeding.
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2.1. INTRODUCTION

2.1.1. Advantages of working with Ae. tauschii

here are many advantages to working with the D-genome progenitor of wheat,

Aegilops tauschii. Firstly, it has a smaller (4.3 Gb) genome in comparison to the 16

Gb genome of wheat. Ae. tauschii is also a diploid, which makes its genetics
simpler to understand and manipulate (Figure 13). Working in the D-genome alone can
provide opportunities to study genes that may be masked by widespread genes on other
subgenomes. An example for Septoria resistance is Stb6, which is in the A genome and
widespread in bread wheat (Chartrain et al., 2005c); this gene may be masking a second

source of resistance to the isolate IPO323 (Chartrain et al., 2005a).

One of the most favourable aspects of Ae.
tauschii is the vast amount of resources
available. Diversity from Ae. tauschii can be
introduced into bread wheat through the
generation of SHWs, formed by crossing Ae.
tauschii with tetraploid wheats (McFadden
and Sears, 1947). SHWs can harbour >80%
more diversity in the D genome than elite
wheats (Bhatta et al., 2018). The large number
of SHWs already generated (Mujeeb-Kazi et
al., 1996; Ogbonnaya et al., 2013; Gaurav et

al., 2022) can often mean that traits of interest

from Ae. tauschii are already incorporated

Aegilops tauschii Triticum aestivum into SHWs. One of the two cloned Stb genes,

Stb16g, was mapped to chromosome 3D of

the SHW line M3, demonstrating the

Figure 13: Comparison of spikes and

chromosome numbers between wheat and
Ae. tauschii. A genome = blue; B genome = tauschii (Ghaffary et al., 2012; Saintenac et al.,

importance of Septoria resistance from Ae.

red; D genome = green. 2021).

The genetic resources available for this species are now vast. A reference-quality genome
assembly of accession AL8-78 has been generated (Luo et al., 2017) and whole-genome

shotgun data (7.5 to 30x coverage) of 242 diverse Ae. tauschii accessions was generated by
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the Open Wild Wheat Consortium (http:/ /www.openwildwheat.org/; Gaurav et al.,

2021b). This provides a huge and valuable resource for rapid gene cloning that can be

used to accelerate wheat improvement.

2.1.2. Septoria resistance in the D-genome

A small amount of research has previously been published pertaining to the Ae. tauschii-Z.
tritici interaction. Around 99% of the 127 Ae. tauschii accessions tested by Assefa and
Fehrmann (1998) were highly resistant to a mixed field culture of Z. tritici collected in
Missouri; the majority were immune, with four accessions showing lesions and just one
accession found to be susceptible. This is consistent with a study by McKendry and
Henke (1994) that also found resistance and immunity in Ae. tauschii to be prevalent,
especially south of the Caspian Sea in Iran and in eastern Afghanistan. A host of multiple-
disease resistant Ae. tauschii lines have been observed from these regions, including to leaf
rust, stem rust, powdery mildew and tan spot (Cox et al., 1992) as well as resistance to
foliage-feeding aphids (Singh et al., 2018). More recently, Ajaz et al. (2021) found varying

levels of resistance to Z. tritici amongst five Ae. tauschii accessions tested.

Three main lineages of Ae. tauschii have been identified: Lineage 1, comprised almost
entirely of subspecies tauschii, is distributed in the eastern Caspian region, from Syria and
Russia to Afghanistan, Pakistan and China; Lineage 2, composed mainly of ssp.
strangulata, is distributed mostly westerly, in Iran, Azerbaijan and Georgia; Lineage 3 is
restricted to present-day Georgia (Wang et al., 2013; Arora et al., 2017; Gaurav et al., 2022).
The D-genome of modern bread wheat arose from Ae. tauschii accessions from both
Lineage 1 and Lineage 3; such accessions are of particular interest for this reason,
especially given high levels of multiple disease resistance (Cox et al., 1992) and Z. tritici
resistance (McKendry and Henke, 1994) in Lineage 2 Ae. tauschii spp. strangulata
accessions and superior dough quality (Delorean et al., 2021) and blast resistance (Arora

et al., 2022) traits in Lineage 3.

There are several aspects of the Aegilops tauschii genome to which its valuable, multiple-
disease resistance may be attributable. The reference-quality genome assembly of Ae.
tauschii spp. strangulata accession AL8/78 revealed that the chromosomes of Ae. tauschii
have been evolving an order of magnitude faster than other grasses (Luo et al., 2017).
Large amounts of highly similar repeated sequences and dispersed duplicated genes

(more than many other sequenced genomes) may cause frequent errors in recombination
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that drive rapid genome evolution through gene duplications and structural chromosome
changes (Luo et al., 2017). A fast pace of genome evolution is especially important in the

context of maintaining resistance to dynamic pathogens such as Z. tritici.

Major genes for resistance to Z. tritici have already been mapped to the wheat D-genome
chromosomes 1, 3, 6 and 7, with QTLs identified on all apart from chromosome 5D
(Figure 14). Stb16q has been tested against a large number of Z. tritici isolates and shows
strong resistance to all of them, as well as being expressed in both the adult and seedling
stages (Ghaffary et al., 2012). This locus was discovered on chromosome 3D of the SHW
line M3, and is therefore within the Ae. tauschii gene pool. Unfortunately, virulence to this
gene has emerged in field populations in Ireland (Kildea et al., 2020) and France
(Orellana-Torrejon et al., 2022). Investigating other sources of resistance to these virulent

isolates is therefore of increasing priority.
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Figure 14: Major genes and QTLs conferring resistance to Z. tritici that have been mapped to the D-
genome chromosomes of wheat. Adapted and reproduced here with permission from Brown et al.

(2015).
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With genetic diversity far exceeding that of its domesticated relative, there is every
opportunity to unearth not just these sources of resistance in Ae. tauschii, but also
resistances that were not incorporated or that have evolved in modern Ae. tauschii since
the final polyploidisation of wheat. The significant challenge remaining is to find effective
methods for dissecting the genetic basis of Septoria resistance in Ae. tauschii, starting with

the pathology.

2.1.3. Summary of chapter findings

Responses of Ae. tauschii to wheat-adapted isolates of Z. tritici are suggestive of a marginal
host relationship, similar to that observed in interactions with Triticum monococcum and
Brachypodium distachyon. There were few compatible interactions between Ae. tauschii and
the Z. tritici isolate IPO323, but a greater variety of responses was observed in response to
cfz008 which is virulent to the Ae. tauschii-derived gene Stb16q. k-mer-based association
mapping efforts using Ae. tauschii whole-genome shotgun data were not successful when
pycnidia responses to either isolate were used. Necrosis responses, on the other hand,
were associated with several loci, and the loci at 4DL and 6DS were associated with low
levels of necrosis in response to both isolates. This could suggest that there are race-non-
specific genes at these loci that confer a reduction in damage in Ae. tauschii. However, the
strong effect of accession on necrosis data warrants further testing to determine whether
these loci are associated with response to Z. tritici. There are also unanswered questions

regarding the role of necrosis in Septoria interactions to consider.
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2.2. MATERIALS AND METHODS

221

Plant and pathogen material

A panel of 151 non-redundant Ae. tauschii ssp. strangulata accessions (Lineage 2) was

tested (Arora et al., 2019; Gaurav et al., 2022). These accessions originated from the region

surrounding the Caspian Sea in the Middle East (Table 1).

Table 1: Aegilops tauschii ssp. strangulata (Lineage 2) accessions included in the current study and
their origins. Table adapted from Supplementary Table 2 of Arora et al. (2019).

JICGRU No. Project Original Country of Origin State/Province/City
Accession Source
No.
TOWWC002 BW_01001 NSGC Iran Mazandaran
TOWWC003 BW_01002 NSGC Iran Golestan
TOWWC004 BW_01003 NSGC Iran Golestan
TOWWCO005 BW_01004 NSGC Iran Golestan
TOWWC006 BW_01005 NSGC Iran Mazandaran
TOWWC007 BW_01006 NSGC Iran Mazandaran
TOWWC008 BW_01007 ICARDA Azerbaijan Agsu
TOWWC009 BW_01008 ICARDA Azerbaijan Askeran
TOWWC010 BW_01009 ICARDA Azerbaijan Baku
TOWWC011 BW_01010 ICARDA Azerbaijan Aliabad
TOWWC012 BW_01011 ICARDA Azerbaijan Lankaran
TOWWC013 BW_ 01012 ICARDA Azerbaijan Shabran
TOWWC016 BW_01015 IPK Azerbaijan
TOWWC017 BW_01016 [PK Azerbaijan
TOWWC020 BW_01019 IPK Azerbaijan
TOWWC021 BW_01020 [PK Azerbaijan
TOWWC022 BW_01021 IPK Azerbaijan
TOWWC023 BW_01022 [PK Azerbaijan
TOWWC025 BW_01024 IPK Turkmenistan
TOWWC026 BW_01025 IPK Armenia
TOWWC027 BW_01026 IPK Turkmenistan
TOWWC028 BW_01027 IPK Armenia
TOWWC031 BW_01030 Vavilov Russia North Caucasian
Institute
TOWWC032 BW_01031 KSU Uzbekistan
TOWWC033 BW_01032 KSU Turkey Shemsdin
TOWWC034 BW 01033 KSU Turkey Shemsdin
TOWWC040 BW_01039 KSU Azerbaijan
TOWWC042 BW_01041 KSU Azerbaijan Shaki
TOWWC043 BW_01042 KSU Azerbaijan [smailli
TOWWC044 BW 01043 KSU Azerbaijan Fizuli
TOWWC045 BW_01044 KSU Azerbaijan Zangilan
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TOWWC046

TOWWC047
TOWWC048
TOWWC049
TOWWCO050
TOWWCO051

TOWWCO056
TOWWCO057
TOWWCO058
TOWWCO059
TOWWCO060
TOWWCO061
TOWWCO063
TOWWC064
TOWWC066
TOWWC067
TOWWC069
TOWWCO070
TOWWCO071
TOWWCO072
TOWWCO073
TOWWC074
TOWWCO075
TOWWCO077
TOWWCO078
TOWWCO079
TOWWCO080
TOWWCO082
TOWWCO083
TOWWC084
TOWWCO085
TOWWCO086
TOWWC087
TOWWCO088
TOWWCO089
TOWWCO090
TOWWC092
TOWWCO095
TOWWC096
TOWWC097
TOWWC098
TOWWCO099
TOWWC100
TOWWC101
TOWWC103

BW_01045

BW_01046
BW_01047
BW_01048
BW_01049
BW_01050

BW_01055
BW_01056
BW_01057
BW_01058
BW_01059
BW_01060
BW_01062
BW_01063
BW_01065
BW_01066
BW_01068
BW_01069
BW_01070
BW_01071
BW_01072
BW_01073
BW_01074
BW_01076
BW_01077
BW_01078
BW_01079
BW_01081
BW_01082
BW_01083
BW_01084
BW_01085
BW_01086
BW_01087
BW_01088
BW_01089
BW_01091
BW_01094
BW_01095
BW_01096
BW_01097
BW_01098
BW_01099
BW_01100
BW_01102

KSU

KSU
KSU
KSU
KSU
KSU

KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU
KSU

Azerbaijan

Armenia
Armenia
Armenia
Uzbekistan

Syrian Arab
Republic

Georgia
Georgia
Georgia
Georgia
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
Iran
Turkey
Turkey
Iran

Iran

[ran
Former USSR

Russian Federation

Turkmenistan
Azerbaijan
Iran

Iran

Iran

Iran

Iran

Iran

Iran
Azerbaijan
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Basut-Chay State

Reserve

Zangiota
Ras al-Ayn

Kumisi
Kumisi
Signhnaghi
Signhnaghi
Shirvan
Shirvan
Saatly
Shamakhi
Shamakhi
Agsu

Agsu

Agsu

Hakkari
Hakkari
Mazandaran
Mazandaran

Amol

Balkan
Shabran
Mazandaran
Golestan
Hamadan
Aliabad
Mazandaran
Guilan
Golestan
Goychay



TOWWC104 BW_01103 KSU Azerbaijan

TOWWC105 BW_01104 KSU Azerbaijan Sabirabad
TOWWC106 BW_01105 KSU Azerbaijan

TOWWC107 BW_01106 KSU Azerbaijan

TOWWC108 BW_01107 KSU Azerbaijan Masalli
TOWWC109 BW_01108 KSU Azerbaijan Shamakhi
TOWWC110 BW_01109 KSU Azerbaijan Shamakhi
TOWWC112 BW _ 01111 KSU Azerbaijan Shamakhi
TOWWC113 BW 01112 KSU Azerbaijan Shamakhi
TOWWC114 BW 01113 KSU Azerbaijan Kutkashen
TOWWC115 BW 01114 KSU Azerbaijan Yardymli
TOWWC116 BW 01115 KSU Turkmenistan

TOWWC117 BW_01116 KSU Azerbaijan

TOWWC118 BW 01117 KSU Azerbaijan

TOWWC119 BW 01118 KSU Azerbaijan Shamakhi
TOWWC120 BW_01119 KSU Azerbaijan Agsu
TOWWC121 BW_01120 KSU Azerbaijan Shaki
TOWWC122 BW 01121 KSU Azerbaijan Kutkashen
TOWWC123 BW_ 01122 KSU Azerbaijan Davachi
TOWWC124 BW _ 01123 KSU Azerbaijan Ezmarail
TOWWC125 BW 01124 KSU Azerbaijan Shamakhi

TOWWC126 BW_01125 KSU
TOWWC127 BW_01126 KSU
TOWWC129 BW_01128 KSU
TOWWC130 BW_01129 KSU

TOWWC131 BW_01130 KSU Iran Gilan
TOWWC133 BW 01132 KSU Iran Guilan
TOWWC134 BW 01133 KSU Iran Markazi
TOWWC135 BW_ 01134 KSU Russian Federation  Dagestan
TOWWC136 BW 01135 KSU Iran Alborz
TOWWC137 BW_01136 KSU Iran Tehran
TOWWC138 BW 01137 KSU Iran Mazandaran
TOWWC139 BW_01138 KSU Iran Mazandaran
TOWWC140 BW _ 01139 KSU Iran Alborz
TOWWC141 BW_01140 KSU Iran Mazandaran
TOWWC142 BW 01141 KSU Iran Mazandaran
TOWWC143 BW 01142 KSU Iran Gorgan
TOWWC144 BW 01143 KSU Iran Aliabad-e Katul
TOWWC145 BW 01144 KSU Iran Aliabad-e Katul
TOWWC147 BW_01146 KSU Iran Golestan
TOWWC148 BW_01147 KSU Iran Golestan
TOWWC149 BW 01148 KSU Iran Golestan
TOWWC152 BW_ 01151 KSU Iran Mazandaran
TOWWC153 BW 01152 KSU Iran Mazandaran
TOWWC154 BW_ 01153 KSU Iran Mazandaran
TOWWC155 BW 01154 KSU Iran Mazandaran
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TOWWC156 BW_ 01155 KSU Iran Mazandaran

TOWWC157 BW_01156 KSU Iran Mazandaran
TOWWC159 BW_ 01158 KSU Iran Mazandaran
TOWWC160 BW_ 01159 KSU Iran Mazandaran
TOWWC162 BW 01161 KSU Iran Guilan
TOWWC163 BW 01162 KSU Iran Guilan
TOWWC164 BW 01163 KSU Iran Guilan
TOWWC165 BW 01164 KSU Iran Gilan
TOWWC166 BW 01165 KSU Iran Gilan
TOWWC167 BW _01166 KSU Iran Gilan
TOWWC168 BW 01167 KSU Iran Ardabil
TOWWC169 BW 01168 KSU Iran

TOWWC171 BW_01170 KSU Iran East Azerbaijan
TOWWC172 BW 01171 KSU Iran Mazandaran
TOWWC173 BW_ 01172 KSU Iran Mazandaran
TOWWC176 BW 01175 KSU Iran Mazandaran
TOWWC177 BW_01176 KSU Iran Mazandaran
TOWWC178 BW _ 01177 KSU Iran Mazandaran
TOWWC179 BW_01178 KSU Iran Mazandaran
TOWWC180 BW 01179 KSU Azerbaijan Shamakhi
TOWWC182 BW 01181 KSU Azerbaijan Shamakhi
TOWWC183 BW 01182 KSU Azerbaijan

TOWWC185 BW_ 01184 KSU Armenia Yerevan
TOWWC186 BW 01185 KSU Georgia Thilisi
TOWWC187 BW_01186 KSU Georgia Gori
TOWWC190 BW_ 01189 CSIRO Iran Gorgan
TOWWC191 BW_01190 CSIRO Iran

TOWWC193 BW_ 01192 UC Davis Armenia

TOWWC194 BW 01193 UC Davis Iran Mazandaran
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Various wheat control lines were included in all assays, with lines selected based on

known response to Septoria (relevant isolates listed) or due to strategic importance (Table

2).

Table 2: Wheat lines included in Septoria assays and reasons for their inclusion. Selections based

on information from Arraiano & Brown (2006), Brown et al. (2015) and Chartrain et al. (2004).

*Seed provided by Cyrille Saintenac, INRA, France.

Line Reason for inclusion
Bastard Il Resistant to IPOS2006
Tadinia* Contains the D-genome gene Stb4

CS (Chinese Spring)
Synthetique/Synthetic 6x*
Taichung 29

Riband

Hereward

Cellule

CS Stb16g*

CS stb16g*

Flame

KK

Longbow

Contains the D-genome gene Stb5

Highly susceptible control

Susceptible to IPO323 and IPO92006

Resistant to IPO323, contains Sth6

Widely resistant, resistant to IPO92006
Near-isogenic line of Chinese Spring with Stb16q
Near-isogenic line of Chinese Spring without Stb16q
Resistant to IPO323, contains Sth6

Susceptible to IPO94269, resistant to IPO323

Widely susceptible control
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IPO323 was tested as it is the reference isolate of Z. tritici and elicits consistent phenotypes
in wheat. The isolates cfz006, cfz008 and cfz013 were isolated by INRA BIOGER and the
Kema lab at Wageningen University & Research (WUR) from Z. tritici field populations in
France growing on the cultivar Cellule. These isolates were known to be virulent on
Stb16q and included in order to test for resistance in the Ae. tauschii panel that is not

masked by Stb16q.

Table 3: Isolates tested on the Ae. tauschii collection. For references re avirulences see Brown et al.

(2015). Avirulence to Stb16q tested by Cyrille Saintenac (personal communication).

Isolate Year Isolated Origin Known avirulence to R genes
IPO323 1981 The Netherlands Stb5, Stb6, Stb18, Stb16q.
Cfz006 2016 Northern France Virulent on Stb16q.

Cfz008 2016 Northern France Virulent on Stb16q.

Cfz013 2016 Paris, France Virulent on Stb16q.

2.2.2.  Experimental design for pathology assays

An alpha lattice design was used as the experiment consisted of incomplete blocks (40-
well seedling trays). This allowed the effects of tray and position in the CER (controlled
environment room) to be estimated through subsequent statistical analyses. The design
was generated using the ALPHA setting of the Gendex programme from Design

Computing (http:/ /designcomputing.net/gendex/). This programme is based on the

design principles set out in Patterson and Williams (1976).

2.2.3. Standard infection protocol for pathology assays

The following methods are based on those described by Arraiano et al. (2001a), which in
turn closely followed the methods set out by Kema et al. (Kema et al., 1996b).

Multiple seeds of the lines tested were pre-germinated in petri dishes on filter paper
(Whatman 90 mm, Whatman International Ltd, Hadstone, UK) and 4 ml of 0.2 ppm

gibberellic acid added. Petri dishes were placed in the dark at room temperature for 48
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hours, then moved to the lab bench in daylight for a further 24 hours. Germinated seeds
were then planted in John Innes peat-based F2 compost in 40-well trays. Trays were
placed in a Conviron controlled environment cabinet with a 16-hour photoperiod: day
temperature 18°C, night temperature 12°C. When the second leaf was fully expanded,

usually at around 14 days after gemination, inoculum was prepared.

Sporulating cultures of M. graminicola were grown on potato dextrose agar (PDA) plates
for five to seven days under near ultra-violet light (Snijders Micro Clima-Series™
Economic Lux Chamber, Snijders Labs, Tilburg, The Netherlands) for 16 h per day at
18°C. Cultures were then flooded with 3 ml of sterile distilled water and scraped to
release conidia. The concentration of conidial suspension was then adjusted to the desired
inoculum concentration; this was typically 10¢ spores ml'. This was adjusted down from
107 spores/ml based on the findings of Fones et al. (2015). Conidial concentration was
assessed through the use of a Fuchs-Rosenthal counting chamber (Hawksley, Lancing,
UK) using the equation: (average spore number) x 16 x 5000. For the experiment testing
the effect of inoculum dose, serial dilutions were employed to achieve concentrations of
106, 105, 104 and 10° spores mL-1. Two drops of polyoxyethylene-sorbitan monolaurate
(Tween-20; Sigma-Aldrich Chemie Gmbh, Germany) were added per 50 ml of spore

suspension.

Excess leaves were cut away so that only the primary seedling leaf remained. Seedlings
were then evenly sprayed with spore suspension (20 ml per tray), assisted by the use of a
turn table (home-made at the JIC), using a Clarke Wiz Mini Air Compressor spray gun kit
(Clarke Tools, Dunstable, England).

2.2.3.1. Seedling assays

Assays on Ae. tauschii were performed in a walk-in cabinet with conditions: 16 hour
photoperiod, 20°C day and 16°C night temperature, humidity of 70%, and photosynthetic
photon flux density (PPFD) of 334 microEinstein/m? at plant height. Trays were placed on
matting atop metal racks which allowed drainage of excess water. Two metal racks were
used, each surrounded by a plastic tent to maintain high humidity around the plants.
After inoculation, plants were placed in propagators, two trays per propagator, which
were closed and covered with a black plastic bag for dark incubation. Black bags were
removed after 48 hours and propagator lids were kept over trays until seven days after

inoculation to increase humidity and therefore the success of infection by Z. tritici. New
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