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Preface
The following dissertation is submitted to the Graduate School of Science and Technology
(GSST), Aarhus University (AU), Denmark in order to fulfill the requirements of obtaining the
degree ‘Doctor of Philosophy’.
This study included both field trials, trials in greenhouse and experimental work in the
laboratory. Additionally, participation in PhD courses equivalent to 30 ECTS points, public
knowledge disseminations, national conferences and meetings and contributions to popular
literature were completed. The work was performed in the period from November 2013 to March
2018 at Flakkebjerg Research Centre, Department of Agroecology, AU and the plant breeding
station Nordic Seed, Dyngby. The main supervisors of the project were senior scientist Lise
Nistrup Jørgensen from the Department of Agroecology and head of breeding and research
Ahmed Jahoor from Nordic Seed. Co-supervisors were senior scientist Annemarie Fejer Justesen
from the Department of Agroecology, molecular breeder Jihad Orabi and wheat breeder Jeppe
Reitan Andersen both from Nordic Seed.
This PhD project focused on both the pathogen Zymoseptoria tritici and the host winter wheat.
The outcome of the project was three manuscripts published, accepted for publication or under
review, one published popular article and two contributions to book chapters accepted for
publication. Manuscript I, which describes identification of four new QTL for Septoria tritici
blotch (STB) in winter wheat, was accepted and published in the journal Plant Breeding.
Manuscript II, which is currently under review in the journal Plant Disease and Protection, is
dealing with stability of resistance and virulence differences in Z. tritici populations. Manuscript
III was accepted for publication in European Journal of Plant Pathology and includes analysis
of population structure, genetic diversity and mutations linked to fungicide resistance in a Z.
tritici population. Manuscript IV comprises a contribution to a book chapter concerning
molecular breeding for wheat diseases.
This research project was funded by Pajbjerg Foundation and the Danish Council for Technology
and Innovation (grant-number 0604-02985B).
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Summary
The fungal pathogen Zymoseptoria tritici causing Septoria tritici blotch (STB) is a devastating
disease causing major yield losses every year in winter wheat. The fungus can sexually recombine
and mutate frequently and thereby new strains are readily developed with new virulence or
insensitivity to fungicides. A high level of gene flow enables new strains to be spread over large
distances with the wind. Disease control is mainly managed by fungicide application. However,
several studies have found specific mutations in the pathogen rendering it resistant to the active
ingredients in the fungicides. Therefore, the disease is becoming increasingly harder to control.
Additionally, breeding for resistant wheat varieties is being employed in order to provide
cultivars for the farming industry to support the control of the disease. Up to date, 18 STB
resistance genes have been identified and located in winter wheat. Additionally, several
chromosomal regions (QTL) on the wheat genome conferring STB resistance have been
identified using molecular markers. However, resistant varieties have in several cases proven to
be only durable for a certain amount of time. Intensive cultivation and the nature of the
resistance gene both have an influence on the durability of the resistance. In this study based on
164 winter wheat varieties screened for STB in the field, four new QTL for STB resistance were
identified in a winter wheat population using more than 13.000 SNP markers. The individual
QTL explained 7-9% of phenotypic variance. When combining all positive QTL theoretically in
single lines an effect of 18% explained phenotypic variance could be assigned. Several studies
have suggested to pyramid or stack several resistance genes in single lines in order to prolong the
durability of resistance. The resistance stability was examined across years and locations in
Denmark using data from the national observation plots. The analysis revealed significant
differences in STB symptoms across both years and locations. The reason was believed to be a
combination of varying weather conditions and changes in virulence of the pathogen
populations. Inoculations of seedlings in the greenhouse with Z. tritici isolates sampled from two
locations in Denmark revealed differences in virulence. Improved resistance stability can be
obtained by analysing the genetic structure of the pathogen population which reveals
information about evolutionary potential. Z. tritici isolates sampled across countries, regions in
Denmark, years and varieties were analysed for genetic structure and the presence of mutations
in the cyp51 gene providing fungicide resistance with AFLP and KASP markers, respectively. The
analysis revealed significant genetic differences between isolates from Denmark and Sweden to
isolates from the Baltic countries and Finland. Furthermore, genetic differentiation was
observed among selected years, which could be attributed to varying weather conditions. Cyp51
mutations were present in all countries and regions. However, several of the mutations were
v

more frequent in Denmark. Lower disease pressure and less fungicide input in the Baltic
countries and Finland compared to Denmark and Sweden are contributing to the lower
frequency of cyp51 mutations in these countries. Some cyp51 mutations were more frequent on
selected varieties. This could indicate some sort of cultivar preference or evolutionary trends
from the pathogen side.
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Sammendrag
Svampepatogenet Zymoseptoria tritici, som forårsager hvedegråplet eller septoria i daglig tale,
er en af de mest alvorlige sygdomme i vinterhvede og er skyld i store udbyttetab hvert år.
Svampen er i stand til både kønnet og ukønnet formering. Svampens kønnede formering og
hyppige mutationsrate medvirker til at udvikle stammer med nye virulenser eller resistens mod
fungicider. Et højt niveau af genflow muliggør at nye stammer kan spredes over store afstande
med vinden. Den primære bekæmpelsesstrategi er anvendelse af fungicider. Midlertidigt har
flere studier påvist specifikke mutationer i patogenet, som gør den resistent mod de aktive
ingredienser i de mest anvendte fungicider. Septoria bliver derfor sværere og sværere at
bekæmpe med fungicider alene. Dyrkning af sorter med god til moderat resistens overfor
sygdommen findes og forædlerne er konstant på jagt efter nye sorter med forbedret resistens. Til
dato er der identificeret og lokaliseret 18 STB resistensgener i vinterhvede. Derudover er der ved
brug af molekylærmarkører identificeret flere regioner på hvedegenomet som udviser resistens
mod STB. Resistente sorter har dog i flere tilfælde vist sig kun at være effektive i et vidst tidsrum.
Intensiv dyrkning af en enkelt sort og sortens resistenstype har begge indflydelse på
holdbarheden af resistensen. I dette PhD projekt blev fire nye QTL, som udviser resistens overfor
septoria, identificeret i en vinterhvede population ved brug af mere end 13.000 SNP markører.
Individuelle QTL forklarede 7-9% af den fænotypiske varians. Ved at teoretisk at kombinere de
fire QTL i enkelte linjer øgedes den forklarende fænotypiske varians til 18%. Flere studier
foreslår at ”stable” flere resistensgener i individuelle hvedelinjer for at forlænge holdbarheden af
resistensen. Stabiliteten af resistensen blev analyseret over år og lokaliteter i Danmark ved brug
af data fra observationsparcellerne. Analysen viste signifikante forskelle i graden af septoria
angreb imellem både år og lokaliteter. Grunden til dette tilskrives en kombination af varierende
vejrforhold og forskelle i virulens mellem patogenpopulationer. Inokulering af kimplanter i
drivhuset med Z. tritici isolater, indsamlet på to forskellige lokaliteter i Danmark, viste forskelle i
virulensen. Analyse af den genetiske struktur af patogenet kan afsløre information om
evolutionspotentialet og dermed bidrage til en bedre forståelse af de lokale variationer, som man
ofte ser med hensyn til både sortsmodtagelighed og opnåede effekter af fungicider. Z. tritici
isolater blev indsamlet over flere lande, regioner i Danmark, år og sorter. Isolaterne blev
analyseret med AFLP og KASP markører for henholdsvis genetisk struktur og for
tilstedeværelsen af mutationer i cyp51 genet, som er linket til fungicidresistens. Analysen viste
signifikant genetisk differentiering mellem isolater fra Danmark og Sverige og isolater fra de
Baltiske lande og Finland. Derudover blev der observeret genetisk differentiering mellem isolater
samlet over flere år som kunne skyldes specifikke forhold på lokationerne herunder vejrforhold.
vii

Cyp51 mutationer var til stede i alle lande og regioner. Men frekvensen af mutationerne var
højest i Danmark. Reduceret sygdomstryk og fungicidforbrug i de Baltiske lande og Finland
sammenlignet med Danmark og Sverige kan være medvirkende til den lavere frekvens af cyp51
mutationer i disse lande. Nogle cyp51 mutationer var mere hyppige på bestemte sorter. Dette
kunne indikere en form for sortspræference eller afspejle forskydninger i den udviklingsmæssige
sortstilpasning fra Z. tritici.
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Introduction
Wheat cultivation
The cultivation and domestication of wheat began thousands of years ago. For more than 8000
years, wheat has been the primary food source for humans in large parts of the world (Curtis
1998). Today, wheat is the most widely grown cereal and constitutes about 20% of all calories
consumed worldwide (Oerke and Dehne 2004; Shiferaw et al. 2013). Wheat is growing optimally
between latitude 30° and 60°N and 27° and 40°S. However, successful cultivation has also been
reported in more extreme conditions from the Arctic Circle to areas near the equator (Curtis
1998). Classification into winter or spring wheat refers to the time of year the crop is sown.
Winter wheat is sown in autumn, and a period of vernalisation is typically required in order to
induce reproductive growth. Spring wheat is sown in spring and is not dependent on
vernalisation in order to induce reproductive growth. Both types of wheat are typically harvested
primo August to primo September in the Northern Hemisphere. However, in regions
experiencing mild winters, e.g. South Asia, North Africa and Middle East, spring wheat is already
harvested in April or May. Common wheat (Triticum aestivum L.) is a hexaploid, self-pollinated
crop. It originates from two hybridisation events. First, around 300.000-500.000 years ago a
hybridisation between Triticum urartu (AA) and Aegilops speltoides (BB) produced the
tetraploid wheat Triticum turgidum subsp. dicoccoides (AABB). Then, approximately 9000
years ago, T. dicoccoides hybridised with Aegilops tauschii (DD) (Peng et al. 2011), which
resulted in the hexaploid wheat, T. aestivum (AABBDD) from which all modern, hexaploid
wheat cultivars are derived. In total, 95% of the world’s wheat production are originating from
hexaploid wheat and 5% from tetraploid durum wheat (Peng et al. 2011). The wheat grown in
most of the Central and Northern parts of Europe is hexaploid wheat, whereas, tetraploid wheat
is typically grown in Southern Europe, in particular in the Mediterranean region.
The climate and water capacity of the soil have a major impact on the amount of harvested
product. This is indicated in Figure 1, which shows the variation in wheat yields across the world.
The highest yields are obtained in North-Western Europe and in New Zealand. Common to those
two areas are temperate summers, adequate precipitation and sunlight during the growing
season combined with advanced agricultural practices.
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Figure 1 Average wheat yield trends worldwide between year 2000 and 2010 for individual
regions. Source: Lin and Huybers 2012
With an estimated population of 9.6 billion in 2050, it is suggested that wheat production will
increase with 60% in order to feed the human population (Wheat Initiative 2018). In Denmark,
wheat constitutes approximately half of the overall cereal production. The majority is used for
animal feed, while a minor part is used for human consumption (Landbrug & Fødevarer 2018).
The area harvested and total wheat yield worldwide and in Denmark have been increasing since
1961 (Figure 2 and 3; FAOSTAT 2017). However, a plateau of both yield and area harvested seem
to have been reached both worldwide and in Denmark. The stagnation of the harvested wheat
area indicates that agricultural land is being increasingly urbanised and/or that available areas
are not suitable for agricultural production for other reasons, such as climate or environment. In
any case, a level has been reached, where the potential to obtain more agricultural land is
limited. Thus, in order to increase total wheat yield without increasing total area, more effective
wheat breeding programmes are needed in order to develop varieties with higher yield and
effective disease resistance. Furthermore, parts of the world lack efficient wheat cultivation,
which provide large areas with untapped potential (Affholder et al. 2013).

2

900
800

240

700
230

600

220

500

210

400
300

200

200
190

100

180

Area harvested DK (ha * 1000)

Area harvested worldwide (ha *
1.000.000)

250

Worldwide
Denmark

0

Figure 2 Wheat area harvested in Denmark and worldwide in the years 1961-2016. The left
vertical axis represents the worldwide area and the right vertical axis represents area harvested
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Figure 3 Total wheat yield worldwide and in Denmark expressed as tons pr. hectare in the years
1961-2016 (FAOSTAT 2017).
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Wheat diseases
The long growing season of winter wheat facilitates infection of the plant with a range of
different pathogens in the field. The impact of pathogens is one of the most important reasons
for loss of wheat yield worldwide (Oerke and Dehne 2004). Out of nearly 200 diseases and pests
attacking wheat; 50 are considered economically important due to their ability to damage crops
(Singh et al. 2016). In general, disease control in wheat is managed by host resistance, fungicide
applications, agricultural practices and integrated disease managements (IPM, see later section).
In areas with a high intensity of wheat production, several pathogens cause significantly reduced
wheat yields. These diseases include Powdery mildew (Blumeria graminis), rust diseases
(Puccinia striiformis, Puccinia graminis and Puccinia triticina), Fusarium head blight
(Fusarium spp.) and Septoria tritici blotch (Zymoseptoria tritici). Septoria tritici blotch (STB) is
regarded as the most devastating foliar disease in Europe and is among the top three most
economically damaging diseases in wheat in the United States (Ponomarenko et al. 2011).
Furthermore, in Denmark, STB is considered to be the most damaging disease affecting winter
wheat causing massive yield losses (Jørgensen et al. 2008). STB is a leaf spotting disease
infecting wheat in regions with extended periods of cool and wet weather. Observations of yield
losses of 30-50% have been reported (Eyal et al. 1987). However, losses are typical lower (Singh
et al. 2016), e.g. in Denmark, it is in the range of 10-20% (Jørgensen et al. 2014). Extensive
chemical control is required in order to control the disease, which yearly costs the European
growers >€400 million in fungicide input (O’Driscoll et al. 2014).
Wheat breeders have had major focus on Z. tritici since the 1970s, where its prevalence was
increasingly reported in the Western Europe (Hardwick et al. 2001; Shaw et al. 2008). Breeding
strategies over the years have primarily focused on breeding for higher yield, which in turn can
increase the susceptibility for diseases (Brown and Rant 2013). Furthermore, several attempts of
increasing STB resistance were complicated by the fact that STB resistance has been associated
with reduced yield (Torriani et al. 2015). The reason for this association can be due to linkage
drag, which describes the linkage between a desired trait and an undesired trait, i.e. a highly
effective resistance gene can be tightly linked to a gene reducing yield. Another reason may be
pleiotropy, which describes the situation where one gene controls several traits (Brown 2002).
However, not all countries observe such a yield penalty when breeding for disease resistance. In
Denmark, breeders have succeeded in developing cultivars with high yield and a good disease
resistance (Sortinfo 2018; Jørgensen et al. 2017).
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The wheat pathogen Zymoseptoria tritici
STB is caused by the haploid, filamentous fungus Zymoseptoria tritici (Desm.) (Quaedvlieg et al.
2011). Before 2011, the year in which the new genus for Septoria-like fungi was recognised, STB
was designated as Septoria tritici (anamorph) and Mycosphaerella graminicola (teleomorph).
Z. tritici is an ascomycete fungus belonging to the family of Mycosphaerellaceae. The pathogen
has a bipolar, heterothallic mating system. Thus, Z. tritici consists of both a sexual (teleomorph)
and an asexual (anamorph) stage. When individuals of the two mating types, mat1-1 and mat1-2,
are combined, sexual spores are produced (Kema et al. 1996). The asexual spore production
allows the pathogen to quickly multiply strains with beneficial fitness traits, e.g. genotypes with
virulence to current resistance genes. The sexual spore production enables new strains to be
developed by recombination. High levels of gene flow following wind-dispersed ascospores
enable strains to rapidly spread over large geographical distances. (Orton et al. 2011; Zhan et al.
2003) (See later section). This heterothallic nature makes infection of the pathogen very
successful and challenging to control.

Infection process of Zymoseptoria tritici
The lifestyle of the pathogen is hemibiotrophic; i.e. it is biotrophic early in the infection stage,
where it feeds from the living cells and necrotrophic in the later stages of infection, where it kills
the host cells. After entering the leaf, the fungus grows very slowly in the apoplast and does not
produce haustoria or other feeding structures. The main food source in the biotrophic stage
includes energy reserves in the germinating spore and nutrients in the apoplast of the plant,
originated by the oxidation of fatty acids and lipids and the activity of hydrolytic enzymes e.g.
plant cell wall degrading enzymes and peptidases (Brunner et al. 2013; Goodwin et al. 2011;
Rudd et al. 2015). The uptake of nutrients from the apoplast of the plant is facilitated by sugar
and amino acid transporters (Brunner et al. 2013). The necrotrophic phase is initiated when the
pathogen is recognised in the plant (see later section). The mechanism behind the switch from
biotrophic to necrotrophic growth stage is not well known. It has been debated whether or not Z.
tritici can be classified as a hemibiotrophic fungus. This is due to the fact that Z. tritici already
feeds on collapsed mesophyll cells during the biotrophic phase. Instead, it has been suggested to
classify Z. tritici as a ‘latent necrotrophic’ (Sánchez-Vallet et al. 2015).
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Epidemiology and disease cycle of Zymoseptoria tritici
The disease cycle is initiated by wind-dispersed ascospores from neighbouring or more distant
infected wheat debris (Figure 4). The ascospores are typically spread in autumn and is
considered to be the primary inoculum for infection (Shaw and Royle 1989; Suffert and Sache
2011). Additionally, early infection is to a lesser extent caused by ascospores from wheat
volunteers, from grass species or splash-dispersed pycnidiospores from neighbouring wheat
volunteers (Suffert et al. 2011). The biotrophic growth stage begins shortly after emergence of
seedlings in the fall when the fungi come in contact with the leaf. After 24-48 hours of growth on
the leaf surface, the long filamentous structures of the fungus, hyphae, will enter the leaf through
stomata (Figure 4). The fungus obtains nutrients from the plant and hyphae will extend within
the mesophyll tissue. Approximately 12-14 days after initial contact, the fungus change from the
biotrophic stage to the necrotrophic stage. In the necrotrophic phase, symptoms appear as
necrotic lesions on the leaves and black fruiting bodies begin to develop inside the lesions
(Figure 4+5). Sexual ascospores and asexual pycnidiospores are produced inside the sexual
fruiting bodies, pseudothecia, and the asexual fruiting bodies, pycnidia, respectively (Cunfer and
Ueng 1999; Sanderson 1972, 1976). The pycnidiospores and ascospores are exuded after a period
of high humidity in a so-called cirrhi (Figure 4+5). High levels of humidity are therefore
important in order to obtain successful infection (Ponomarenko et al. 2011; Raman and Milgate
2012). In agreement with this, spore trap investigations have revealed that sun light and high
temperatures decrease the number of airborne spores exuded from cirrhi (Duvivier et al. 2013;
Suffert and Sache 2011). Pycnidiospores will spread to other plants as a result of physical contact
and rain splash and thereby give rise to new lesions. During the growing season many cycles of
asexual reproduction usually take place, whereas, only a few cycles of sexual recombination
occur. Instead, the majority of the cycles of sexual reproduction take place on plant debris
between growing seasons. A study found that not until July had the number of pseudothecia
reached a level similar to the number of pycnidia (Eriksen and Munk 2003). Combined with the
fact that pycnidia contain significantly higher amounts of spores compared to pseudothecia
(Eriksen and Munk 2003), pycnidiospores are responsible for most of the infection in the
growing season. Fungal material; mycelium, pycnidia and pseudothecia, can overwinter on plant
debris and the disease cycle can be repeated the next season (Figure 4).
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Figure 4 Disease cycle of Septoria tritici blotch. Source: Ponomarenko et al. 2011

The latent period describes the time interval from exposure of the pathogen until symptoms
appear. Z. tritici can grow latently inside the leaf for a period of 12-28 days until symptoms
emerge on the leaves. The length of the latent period is highly dependent on temperature and
relative humidity. At optimum temperatures (15°-20°C) the latent period varies from 14 to 20
days. In colder days (5°C) the latent period can last up to 40 days (Eyal et al. 1987; Shaw 1990).
Furthermore, the infected variety plays a role concerning the duration of the latent period. A
previous study demonstrated that a longer latent period was observed in less susceptible
varieties compared to susceptible varieties (Viljanen-Rollinson et al. 2005). Furthermore, plant
stage and age of the leaf tissue are also influencing the latent period (Suffert 2017). In the latent
period, the fungus is present in the plant, however no symptoms have developed. Therefore,
farmers often have problems deciding when to apply fungicides. By waiting until symptoms
appear on the leaf, the fungicides will only have a limited effect (Fones and Gurr 2015).

7

Figure 5 Left: Chlorotic lesions on a leaf with dark fruiting bodies (Photo provided by Jihad Orabi).
Middle: Fruiting bodies with protruding pycnidiaspores after a period of high humidity. The arrow
indicates protruding spores. Right: a pycnidium filled with pycnidiospores.

Genetics of Zymoseptoria tritici
The genome sequencing of Z. tritici was published in 2011 (Goodwin et al. 2011). The total
genome size of the Dutch IPO323 isolate was determined to be 39.7 Mb. It consists of 21
chromosomes, of which eight are dispensable, i.e. they can be lost with no apparent effect.
Knowledge of the genetic structure of the pathogen is important when studying host-pathogen
interactions. The genetic structure can reveal information about the evolution of virulence and
fungicide resistance (Linde et al. 2002). Numerous studies have analysed the pathogen using
molecular markers. These studies have found that sexual recombination is occurring regularly
and is the cause of genetic structure of the fungus and high levels of genetic diversity (Chen and
McDonald 1996; Eriksen and Munk 2003). Furthermore, it was found that the Middle East is a
hotspot of Z. tritici diversity (Zhan et al. 2003). Wheat germplasm sampled from the Fertile
Crescent including the Middle East is therefore rich in diversity for STB resistance due to the
long co-evolutionary history between Z. tritici and wheat (McDonald and Mundt 2016).
All natural-infected fields have been found to have a high degree of genotypic diversity and low
clonality (Linde et al. 2002; Zhan et al. 2003). Studies have also found that several Z. tritici
8

strains are present within a single lesion on the leaf adding to the high diversity (Linde et al.
2002). It is highly likely that the coexistence of several different strains within lesions results in
some degree of competition. This will favour the emergence of new strains due to natural
selection, e.g. strains with resistance towards fungicides and virulence to host resistance genes
(see later section) (McDonald and Mundt 2016). Sexually-produced ascospores are capable of
moving large distances due to air-dispersal (Boeger et al. 1993). Thus, new strains, which are
locally adapted to certain conditions, can easily and quickly spread to neighbouring fields. The
high level of dispersion makes STB hard to manage, since fungicides and host resistance is
quickly overcome (McDonald and Mundt 2016).

Controlling STB
Disease control is managed by different cropping practices, the use of fungicides and cultivation
of resistant cultivars (Gladders et al. 2001; Jørgensen et al. 2014; Ponomarenko et al. 2011).
Previous findings demonstrated that the number of wheat crops with severe STB symptoms
decreased with later sowing (Gladders et al. 2001). Early infection occurs as soon as the
seedlings emerge in the fall (Suffert and Sache 2011). Thus, delayed sowing will result in fewer
spores successfully attacking the seedlings, which serve as major source of inoculum in the
spring and summer. As described earlier, the primary inoculum is mainly provided by winddispersed ascospores from wheat debris, thus, crop rotation is an important tool in controlling
STB (Suffert et al. 2011). However, more severe attacks are not observed on second year wheat
versus first year wheat (Jørgensen et al. 2014). Thus, the general severity of STB is often seen as
a result of the level of wheat cropping in a region than on field-specific rotations. Several risk
models have been developed attempting to predict disease outbreaks. A previous study found a
higher level of STB symptoms when the leaf wetness was increased. In line with this, a disruption
in leaf wetness resulted in significantly less pycnidia developed on the leaf (Chungu et al. 2001).
As STB requires humid conditions for infection and a moist leaf area is a prerequisite for
successful infection with STB, humidity factors are the main driver of risk models. Similarly, the
disease spread to neighbouring plants via rain splash and wind. Thus, humid and rainy weather
is favoured by Z. tritici. Earlier work has experimented on developing weather models, in which
the disease outbreak is predicted based on weather conditions, typically using the number of
days with precipitation as a risk parameter (Hansen et al. 1994; Pietravalle et al. 2003; Tyldesley
and Thomsen 1980). Models incorporating the number of attacked plants have also been studied
(Verreet et al. 2000). The current STB risk model in Crop Protection Online (Hagelskjær and
9

Jørgensen 2003) is recommending fungicide treatments following 4-5 days of precipitation,
starting at second node and finishing at the end of flowering (Henriksen et al. 2000). A new
attempt has been made to predict the degree of disease outbreak and severity on the basis of
hours with high relative humidity (Bligaard et al. 2017).
The use of fungicides is the most common method for decreasing significant attacks of STB. Four
main groups of fungicides exist for STB disease control in wheat: I) quinone outside inhibitors
(QoI), II) sterol 14α-demethylase inhibitors (DMI), III) succinate dehydrogenase inhibitors
(SDHI) and IV) multi-site inhibitors. The most important fungicide for STB management has
been DMIs. However, recently the effect of this group of fungicides has been questioned (Cools
and Fraaije 2008; Wieczorek et al. 2015). Due to sexual reproduction and intensive use of
fungicides especially in Western Europe, many populations of Z. tritici have developed
resistance to DMI fungicides (Torriani et al. 2009). Specific mutations in the cyp51 gene of the
pathogen have been found to cause decreased sensitivity to this fungicide group (Cools and
Fraaije 2008; Leroux et al. 2007; Zhan et al. 2006). Mutations in the cyp51 gene will reduce the
affinity of the DMIs to the enzyme encoded by the cyp51 gene. An earlier study identified CYP51
mutations D134G, V136A, V136C, G379A, I381V and S524T as being some of the most recent and
important mutations ( Cools and Fraaije 2013; Heick et al. 2017). In addition, the point mutation
G143A in the cytochrome b complex of Z. tritici was found to cause resistance to QoI fungicides.
This mutation has been found to be widespread in North-Western Europe since 2003 (Torriani
et al. 2009). Recently, point mutations providing resistance to SDHI fungicides have also been
described (Dooley et al. 2016; Rehfus et al. 2017). Strains harbouring cyp51 mutations can easily
spread geographically by wind-dispersed ascospores. How far the ascospores are spread is not
specifically studied. When investigating specific mutations linked to azole fungicides a clear
west/east gradient is observed. It appears that areas like the North Sea or the Baltic Sea can
provide as a barrier against the spread (Heick et al. 2017; Vagndorf et al. 2018, accepted).
Disease intensity and fungicide use are regarded as the main drivers of development of
mutations linked to fungicide resistance (Jørgensen et al. 2018)
In addition to the increasing resistance to fungicides, regulatory constraints exist, which reduce
the number of products and options for control in the future (Jess et al. 2014). Furthermore, use
of fungicides is also expensive and generally regarded as a hazard to the environment. Therefore,
there has been a major focus on resistance breeding in the recent years.
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Host resistance to Zymoseptoria tritici
When a plant recognises a pathogen attack, basal disease resistance is the first line of defence.
The plant recognises pathogen-associated molecular patterns (PAMPs) on the pathogen and a
series of events, termed innate immunity, are initiated in order to defend against the pathogen
(Jones and Dangl 2006). However, the pathogen has various strategies to counteract this basal
defence, including delivery of effector proteins into the plant. These proteins suppress the innate
immunity response and change the physiological and cellular state of the plant in order to make
it more beneficial for pathogen colonization (Boyd et al. 2013; Gururani et al. 2012). In general,
effector proteins are small secreted proteins (SSPs) that target and modulate the metabolism and
defence pathways of the plant (Boyd et al. 2013; Gohari et al. 2015). Several effector proteins
have been characterised in plant pathogens, including Slp1 in the rice blast fungus Magnaporthe
oryzae. Slp1 sequesters plant chitin oligosaccharides preventing their binding to PAMPs thereby
inhibiting the resistance response (Mentlak et al. 2012). Two effectors in Z. tritici, Mg1LysM and
Mg3LysM, were found to be essential for infection (Marshall et al. 2011). The LysM effectors are
fungal proteins consisting of LysM domains and a secretion signal peptide. Mg3LysM was found
to prevent chitin recognition by the plant rendering Z. tritici undetectable in the asymptomatic
phase (Marshall et al. 2011). Furthermore, recent studies have identified additional effector
proteins in Z. tritici, including SSP15 and SSP18 (Gohari et al. 2015; Kettles et al. 2017). Gene
expression analyses of effector proteins in Z. tritici have revealed increased expression of genes
encoding small cysteine rich proteins during the necrotrophic phase. However, disruption of
these genes has shown that they are not essential for virulence (Gohari et al. 2015; Rudd et al.
2015).
The plants have developed a second line of defence, termed effector-triggered immunity, where
R proteins in the plant interact with the effector proteins in the pathogen. This mechanism is
called R gene-mediated pathogen resistance. The pathogen genes encoding the corresponding
effector proteins are often termed avirulence (Avr) genes. The interaction between R and Avr
possesses a gene-for-gene relationship, i.e. a plant containing an R gene is resistant to a
pathogen with the corresponding Avr gene (Gururani et al. 2012). When an R protein recognises
the corresponding AVR protein, defence mechanisms are initiated. An effective and well-studied
mechanism is the signalling cascade leading to the development of a hypersensitive reaction.
This is characterised by programmed cell death of a local cluster of cells near the infection site,
which in turn limits the spread and nutrient access of the pathogen (Crute et al. 1997). The
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resistance response is not well-studied for STB and a hypersensitive reaction has not been
observed (see later section).
The gene-for-gene relationship only facilitates a resistance response if the Avr gene product is
recognised by the R protein of the plant. Table 1 summarises the possible outcomes of the genefor-gene hypothesis.
Table 1 The gene-for-gene hypothesis
Avr gene present

Avr gene absent

R gene present

Resistance

Susceptibility

R gene absent

Susceptibility

Susceptibility

When a pathogen enters a plant and delivers effector proteins, infection will occur in three out of
four outcomes. If an Avr gene is present in the pathogen a resistance response will occur only if
the corresponding R gene is present in the plant. If Avr genes are either mutated or not present,
the plant will be susceptible regardless of the presence of the corresponding R gene (Table 1)
(Crute et al. 1997). Thus, the R gene-mediated resistance is extremely pathogen-specific. A
previous study has demonstrated that a single amino acid substitution in a specific Avr gene in
Leptosphaeria maculans, the causal agent of stem canker in oilseed rape, prevents recognition
by the plant Rlm4 protein (Blondeau et al. 2015). Thus, single mutations in the Avr gene can
prevent recognition and thereby resistance responses. Similar situations are also likely to be
observed in pathogens like Z. tritici with high evolutionary potential, i.e. the ability to change
genetically according to environmental changes (Poland et al. 2009).
Disease resistance can be qualitative or quantitative (Raman and Milgate 2012). Most
agronomical important traits in plants are quantitatively inherited including yield, quality and
many disease resistances. Quantitative traits are phenotypic variations caused by several genes,
which can interact with both each other, a phenomenon termed epistasis, or with the
environment. Additionally, the genes can also control other traits, a phenomenon termed
pleiotropy. However, epistasis and pleiotropy are not specific only for quantitative genes.
Qualitative disease resistance is isolate-specific and caused by a single gene in line with the genefor-gene hypothesis (Table 1). In contrast, quantitative resistance is a non-isolate-specific
resistance often associated with several genes with minor effects, termed quantitative trait loci
(QTL) (Raman and Milgate 2012). Quantitative disease resistance mediates a reduction in
disease severity and not a complete absence of disease. The phenotype observed from qualitative
12

resistance, either resistant or susceptible, is easily recognisable on the plant and can be followed
visually in a segregating population. However, since qualitative resistance follows the gene-forgene hypothesis, the recognition between R and Avr is highly specific as described above. The
relatively fast breakdown of qualitative resistance forces breeders to search for new R genes in
order to introduce them into new cultivars.
Generally, R genes can be divided into groups based on amino acid organisation and membrane
spanning domains. However, the majority of R proteins comprise a nucleotide-binding (NB)
domain and leucine-rich repeats (LRRs), which play an important role in recognition (Gururani
et al. 2012; Rafiqi et al. 2009). These NB-LRR proteins are among the largest proteins in the
plant and hundreds have been identified in Arabidopsis thaliana and rice among other species
(Rafiqi et al. 2009). Recently, a major resistance gene towards STB was cloned in winter wheat
(see later section) (Saintenac et al. 2018).

Host tolerance to Zymoseptoria tritici
Varieties differ in STB susceptibility for two reasons; genetic host resistance causing reduced
growth and infection of Z. tritici as described above or morphological features causing host
tolerance. Disease tolerance is generally the ability of the plant to maintain a high fitness
performance in the presence of disease. Several escape mechanisms have been developed
through evolution in order to avoid or delay infection by pathogens. Studies have proven a strong
association between greater plant height and lower STB levels (Arraiano et al. 2009; Chartrain et
al. 2004b). The disease spread upwards in the canopy of the plant by rain splash. Thus, higher
plants can escape STB infection to some degree due to increased distance between the leaves
(Lovell et al. 1997). Furthermore, delayed emergence of leaves reduces the exposed time frame
and thereby less infection will occur (Arraiano et al. 2009; van Beuningen and Kohli 1990).
However, such escape mechanisms may result in undesirable agronomical properties, e.g.
reduced yield and lodging. A larger study investigated whether intensive breeding and thereby
genetic changes accumulated in winter wheat varieties over time influence disease tolerance. It
was found that certain genetic changes affect tolerance and that disease tolerance in general was
lower in a wheat genetic background from 1996 as compared to an older genetic background
from 1972 (Foulkes et al. 2006). Thus, these studies indicate that intensive breeding for yield in
some cases can compromise disease tolerance.
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Genetics of resistance to Zymoseptoria tritici
Resistance to STB is predominantly a quantitative trait under field conditions (Brown et al. 2015;
Dreisigacker et al. 2015). However, several qualitative resistance genes have been identified from
field trials and by studying single isolate x variety interactions. To date, 18 qualitative resistance
genes, Stb1-Stb18, have been identified (Table 2) (Ghaffary et al. 2011, 2012; Raman and Milgate
2012). Figure 6 provides an overview of the location of QTL and major resistance genes (Brown
et al. 2015). If two or more resistance genes are mapped to the same chromosomal region, an
allelism test is usually performed. An example is the Mlo resistance locus conferring resistance
towards powdery mildew in barley. This locus consists of several alleles on the same locus
providing quantitative resistance (Jørgensen 1992).
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Table 2 An overview of the qualitative genes for STB resistance. Varieties used for
identification, location on the genome and references are indicated. L and S designate long and
short arm of chromosomes, respectively.
Stb gene

Variety

Location

Reference

Stb 1

Bulgaria 88

5BL

(Adhikari et al. 2004)

Stb 2

Veranopolis

1BS

(Liu et al. 2012)

Stb 3

Israel 493

7AS

(Goodwin et al. 2015)

Stb 4

Tadinia

7DS

(Adhikari et al. 2004)

Stb 5

Synthetic 6x

7DS

(Brown et al. 2001)

Stb 6

Flame

3AS

(Brading et al. 2002)

Stb 7

ST6

4AL

(McCartney et al. 2003)

Stb 8

Synthetic W7984

7BL

(Adhikari et al. 2003)

Stb 9

Courtot

2BL

(Chartrain et al. 2009)

Stb 10

Kavkaz-K4500

1D

(Chartrain et al. 2005)

Stb 11

TE9111

1BS

(Chartrain et al. 2005)

Stb 12

Kavkaz-K4500

4AL

(Chartrain et al. 2005)

Stb 13

Salamouni

7BL

(McIntosh et al. 2007)

Stb 14

Salamouni

3BS

(McIntosh et al. 2007)

Stb 15

Riband

6AS

(Arraiano et al. 2007)

Stb 16

M3 synthetic W7976

3DL

(Ghaffary et al. 2012)

Stb 17

M3 synthetic W7976

5AL

(Ghaffary et al. 2012)

Stb 18

Balance

6DS

(Ghaffary et al. 2011)
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Figure 6 Overview of the major resistance genes and QTL providing resistance towards STB in
winter wheat. Source: (Brown et al. 2015)
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The resistance genes, Stb1, Stb2 and Stb3, were the first qualitative genes for STB resistance to
be identified and named (Brown et al. 2015). Prior to that, STB resistance was described as only
a quantitative, polygenic trait. Subsequently, Stb1 was mapped to the long arm of chromosome
5B in the cultivar Bulgaria88 (Adhikari et al. 2004). The Stb2 gene was mapped to the short arm
of chromosome 1B in the cultivar Veranopolis (Liu et al. 2012). Stb11 was also mapped to the
short arm of 1B (Arraiano et al. 2007). Allelism tests have not been conducted in order to
determine whether Stb2 and Stb11 are alleles of the same resistance locus. Stb3 was mapped to
the short arm of 7A in Israel493 (Goodwin et al. 2015).
Stb4 was the first gene to be identified by a controlled inoculation with a single isolate of Z.
tritici (Somasco et al. 1996). Subsequently, Stb4 was mapped to the short arm of chromosome
7D (Adhikari et al. 2004). Stb5 was also found to be located on the short arm of chromosome 7D
in the synthetic hexaploid wheat (Brown et al. 2001). However, no allelism tests have been
performed.
Stb6 was mapped to the short arm of chromosome 3A in the cultivar Flame (Brading et al.
2002). Stb6 is the only STB resistance gene to exhibit a gene-for-gene relationship, as specific
resistance to the Z. tritici isolate IPO323, carrying the corresponding Avr gene (AvrStb6), was
identified for Flame (Brading et al. 2002). This study conforms to the original gene-for-gene
model proposed by Flor (Flor 1971) (Table 1). Recently, the Z. tritici AvrStb6 gene was cloned
and characterised (Zhong et al. 2017). AvrStb6 encodes a small cysteine-rich, secreted protein
and produces an avirulence phenotype on wheat varieties carrying Stb6. In addition, the specific
interaction between AvrStb6 and Stb6 was confirmed, thereby verifying the gene-for-gene
interaction between Stb6 and the corresponding Avr gene (Kema et al. 2018). Several QTL
mapping studies have identified additional STB resistance regions close to Stb6 (Eriksen et al.
2003; Ghaffary et al. 2011; Goudemand et al. 2013; Kelm et al. 2012; Zwart et al. 2010). This
indicates that Stb6 and/or QTL located close to Stb6 are widespread in the wheat germplasm.
However, the QTL located at or near the Stb6 locus could also constitute defeated alleles of the
Stb6 gene, as proposed in a previous study on powdery mildew resistance in barley (Schönfeld et
al. 1996). Together with Stb15, Stb6 is regarded as the most common resistance gene in the
European wheat germplasm (Arraiano and Brown 2006). Stb6 was recently cloned and
characterised in the variety Chinese Synthetic (Saintenac et al. 2018). The resistance gene
encodes a kinase which detects the presence of pathogen effector proteins and confers a
resistance response without a hypersensitive reaction. In addition, a single nucleotide base
change discriminates susceptible and resistant wheat cultivars (Saintenac et al. 2018).
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Stb7 was mapped to the long arm of chromosome 4A in the line ST6 and later in TE9111
(Chartrain et al. 2005; McCartney et al. 2003). Stb12 was also mapped to chromosome 4AL
(Chartrain et al. 2005). However, Stb12 did not provide resistance towards the same isolates as
Stb7. The close proximity of these Stb genes is generally a common feature of plant defence
genes (Brown et al. 2015).
Stb13 and Stb14 were found to provide resistance to the same isolates as Stb7, however, all three
resistance genes were located on different chromosomes (McIntosh et al. 2007). Stb10 was found
to provide resistance against the same isolate as Stb5; however they were not located at the same
chromosomes. Stb15 was found to be a widespread resistance gene, but was not associated with
resistance under field conditions (Arraiano et al. 2007). Stb17 and Stb18 located on chromosome
5A and 6D, respectively, were expressed in the seedling stage but not consistently in the adult
stage (Ghaffary et al. 2011, 2012). One of the more promising and recently identified resistance
genes is Stb16, which was found to be located on chromosome 3D. This gene was identified using
synthetic hexaploid wheat lines which are known to possess a rich source of variation (Ghaffary
et al. 2012). Stb16 was identified to explain a high proportion of genetic variance for STB disease
and conferred resistance at the seedling stage to all tested Z. tritici isolates. It was not
determined if Stb16 is a single qualitative resistance gene (Ghaffary et al. 2012). However,
considering the relatively large phenotypic effect and the quantitative nature of resistance, Stb16
is most likely a qualitative resistance gene (Brown et al. 2015; Raman and Milgate 2012).
In addition to the qualitative genes, several studies have identified QTL for quantitative STB
resistance (Chartrain et al. 2004b; Eriksen et al. 2003; Kelm et al. 2012; Risser et al. 2011;
Simon et al. 2004; Vagndorf et al. 2017). Since 2015, 89 genomic regions have been identified as
carrying QTL to STB resistance (Brown et al. 2015). QTL for STB resistance at both seedling and
adult stages have been identified and found to be distributed over the entire winter wheat
genome (Brown et al. 2015). Some of the identified QTL co-localized with qualitative STB
resistance genes.
Resistance to STB can be expressed both at the seedling and the adult stage (Arraiano et al.
2001) or only at the seedling stage or at the adult stage (Kema and van Silfhout 1997). For the
farmer, resistance expressed only in the seedling stage is not advantageous, since it is more
important to have effective resistance during the spring and summer period when the plant is in
the adult stage.
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Resistance stability
The durability of disease resistance depends on several factors. First of all, the type of resistance
plays a major role. Quantitative resistance is regarded as more durable, because of a lower
selection pressure on the pathogen due to a smaller resistance effect of individual resistance
genes (Poland et al. 2009). Furthermore, since quantitative resistance is often polygenic,
development of a new virulent strain by mutation of one Avr gene in the pathogen does not
necessarily break down host disease resistance completely. Since qualitative resistance genes
often conform to the gene-for-gene hypothesis they are more readily overcome by Z. tritici. The
Avr genes change rapidly, in effect compromising the recognition by R proteins (Cowger et al.
2000). Furthermore, the selection pressure placed on the pathogen population by the presence
of major resistance genes, further facilitates adaptation of the pathogen (Orton et al. 2011).
In agreement with the above-mentioned, intensive cultivation of single varieties increase
selection pressure, thereby speeding up the process of breaking down the resistance gene(s)
(Mundt 2014). Earlier studies have described a so-called ‘boom and bust’ cycle in disease
resistance against several major cereal diseases (Burdon et al. 2014). This describes the
cultivation of a resistant variety over a large area due to its favourable agronomical features, such
as high yield or effective resistance (Stakman, 1957). Thus, the ‘boom’ describes the increase in
frequency of the effective R gene as the area with the variety increases (Figure 7). The pathogen
population, which is increasingly exposed to the R gene, recombine and mutate in the Avr gene
and a switch from avirulence to virulence occurs. Due to selection, STB strains with the mutation
are rapidly fixed in the Z. tritici population resulting in loss of resistance in the cultivar. As
resistance breaks down the market share of the variety typically decreases rapidly. Thus, the
‘bust’ describes the decrease in the frequency of the resistance gene. Subsequently, the cycle
repeats with new varieties carrying new effective resistance genes (APSNET 2017) (Figure 7).
Thus, by intensively cultivating single varieties, the selective pressure exerted by single
resistance genes will increase, leading to relatively fast resistance breakdown.
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Figure 7 Phase diagram representation of the boom and bust cycle (APSNET 2017).

Some disease resistance genes have been found to be durable for several years, whereas some are
only effective for a short time. Genes for wheat stripe rust resistance have proven to be effective
for more than 60 years (Chen 2013). In contrast, the STB resistance gene in the cultivar Gene
proved ineffective after only 3 years (Cowger et al. 2000). During those three years, Gene was
intensively cultivated in Oregon, US. In order to avoid effective resistance genes to be overcome,
it has been recommended to pyramid several resistance genes and QTL (Brown et al. 2015;
Chartrain et al. 2004a; Ghaffary et al. 2011; Pilet-Nayel et al. 2017). By supplying the breeding
lines with a ‘background’ of quantitative genes, the durability of resistance can be extended
mainly because several genes are mediating a resistance effect. The pyramiding of genes can be
achieved by using molecular markers in the breeding programmes to ensure the presence of
several both qualitative and quantitative resistance genes in a line (see later section).
Deployment of variety mixtures has also been suggested to provide a stable disease resistance.
Growing mixtures is based on the principle that they can reduce total pathogen inoculum and
selection for virulence is reduced (Leonard 1969). An earlier study demonstrated reduction in
STB symptoms of 40-45% depending on the disease pressure by using cultivar mixtures (Gigot et
al. 2013). Unpublished data from Denmark demonstrates a reduction in STB symptoms of up to
30% when growing cultivar mixtures compared to the average of growing single cultivars (Pers.
comm. Rose Kristoffersen, AU).
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Molecular breeding for STB resistance
Phenotyping of quantitative traits can be complex due to epistatic effects, effects of
environments and QTL by environment interactions (Zhu et al. 2008). Marker-assisted breeding
can be used, where molecular markers tightly associated with traits of interest can replace timeconsuming phenotyping. The large genome size of wheat and the huge proportion of repetitive
sequences (~80%) have complicated genomic research wheat (Brenchley et al. 2012; Gupta et al.
2008). However, the sequencing of the large wheat genome combined with major advance in
molecular marker technologies have made it possible to study the wheat genome in detail
(IWGSC 2014). Particularly, the Single Nucleotide Polymorphism (SNP) markers are of great
interest in studying winter wheat, since they do not consider the numerous repetitive sequences.
Furthermore, a dramatic reduction in expenses to genomic technologies has opened the
possibility of using molecular markers actively in pre-breeding programmes. Molecular markers
can be used to analyse genetic variation and associate it with a trait of interest. Association
studies rely on linkage disequilibrium (LD) to study the correlation between phenotypic
variation and genetic polymorphisms. LD is “the non-random association of alleles at different
loci” (Flint-Garcia et al. 2003). Thus, LD declines with physical and genomic distance. Mating
system, population structure and recombination hot spots are all factors affecting LD.
QTL mapping often involves a bi-parental mapping population, which allows detection of rare
alleles. However, the level of genetic diversity is quite low in this type of population. In contrast,
genome-wide association studies (GWAS) are typically performed in populations of different
nature, providing the potential to harbour a higher level of genetic diversity. GWAS survey
genetic variation across the whole genome and link it to various complex traits, thereby
identifying DNA markers of potential use for plant breeding (Zhu et al. 2008). Hence,
association mapping is widely used to identify trait-linked markers and more than a dozen plant
species have been investigated for both quality and disease resistance (Zhu et al. 2008; Korber et
al. 2016; Godoy et al. 2018). Several recent studies have identified new QTL loci conferring
resistance to STB (Kidane et al. 2017; Vagndorf et al. 2017). Additionally, a study on Fusarium
head blight resistance identified four new QTL for resistance using SNP markers (Massman et al.
2011). Most of the identified Stb genes have been identified with simple sequence repeat (SSR)
markers or lower resolution markers, e.g. restriction fragment length polymorphism (RFLP)
markers or amplified fragment length polymorphism (AFLP) markers (Table 2). These
techniques can be quite labour-intensive and expensive. These are some of the reasons why it is
difficult to incorporate the known Stb genes extensively in breeding programs. Newer marker
techniques, such as kompetitive allele specific PCR (KASP) markers are easier to implement in
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breeding programmes, since they are based on single nucleotide differences and the analyses are
easy to conduct in the laboratory. Furthermore, former studies claim that the majority of the
current Stb genes have a limited effect and have therefore no value in breeding programmes
(Arraiano et al. 2007; Chartrain et al. 2009; Ghaffary et al. 2011).

Integrated pest management
Integrated pest management (IPM) is a principle that relies on a series of practices that aim to
keep disease levels low and to minimise the use of pesticides in order to ensure sustainable use
(European Parliament 2009). Under this directive, the adoption of the eight general IPM
principles (Barzman et al. 2015) are mandatory for all professional users of pesticides
throughout the European member states from 1. January 2014.
Several countries focus on resistance breeding and the cultivation of resistant varieties as one of
the main strategies in order to avoid disease. Additionally, several cultural practices are used in
IPM. As mentioned earlier, sowing date has an impact on disease severity. Furthermore, crop
density could have an impact on disease epidemics as well as the nitrogen input, which serve as a
stimulator to several diseases, including STB (Jørgensen et al. 2014). Lastly, effective crop
rotation and tilling in whole regions are important in order to prevent inoculum spreading from
wheat debris (Jørgensen et al. 2014). In the recent years, many countries have developed a
warning system for specific diseases (Jørgensen et al. 2014). As mentioned earlier in this thesis,
the warning system for STB is mainly based on precipitation (Hansen et al. 1994; Tyldesley and
Thomsen 1980). Several countries have had success with these warning systems for controlling
STB (Jørgensen et al. 2014), but widely used systems are still not seen. In many countries STB is
considered a high risk disease, which requires 2-3 fungicide treatments per season. Following
this intensive use, problems with fungicides resistance have been very pronounced. Widespread
use of anti-resistance strategies have been difficult to implement as only limited groups of
fungicides with different modes of action are available (Heick et al. 2017). Thus, by combining
both biological and chemical tools, IPM is essential in order to provide sustainable disease
management (Lamichhane et al. 2016).
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Material and methods

The following chapter provides a short outline of the experimental work that was performed
during this study. A more detailed description is given in the material and methods section in
each manuscript.

Manuscript I
The methods deployed in Manuscript I are mainly related to purifying DNA from the winter
wheat material, phenotyping and data analysis. The winter wheat material consisted of 164
wheat varieties, mainly breeding lines from Nordic Seed. The varieties were sown in 96 well pots
(Figure 8A). At day 7, leaf material was collected in 1.2 mL tubes for DNA purification (Figure
8B). DNA was purified using the CTAB method (Figure 8C) (Orabi et al. 2014; Rogers and
Bendich 1985). Concentration and purity of DNA was determined and the DNA was send to
TraitGenetics, Germany for SNP genotyping using a 15K SNP wheat marker array (Figure 8D).
Data processing resulted in 13.006 SNP markers (Figure 8E). Additionally, the winter wheat
material was phenotyped in field trials distributed at three locations in Denmark over three years
and three replications (Figure 8F). Percentage leaf area covered with STB was determined at
least two times during the growing season. Analysis of genotype and phenotype data and
genome-wide association analysis was performed using Excel 2010, R 3.2.2 TASSEL 5.0 (Figure
5G). The genome-wide association analysis was performed with a generalised linear model in
TASSEL.
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Figure 8 A) The winter wheat population sown in 96 well pots. B) Leaf material was cut and stored
for purification in 96 well tubes. C) DNA was purified using the CTAB method D) and send to
TraitGenetics for SNP genotyping. E) In total, 13.006 SNP markers were used for subsequent
analysis. F) The winter wheat material was phenotyped on three locations in Denmark over three
years. G) Excel, R and TASSEL were used for analyses.
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Manuscript II
Manuscript II comprises the analysis of data from national observation plots across years and
locations. Additionally, a seedling test in greenhouse was conducted. Here, 26 varieties were
sown in small pots and incubated for eleven days (Figure 9A). Inoculum was prepared from two
locations in Denmark approximated 200km apart by sampling leaves in the field with clear
symptoms of STB including pycnidia (Figure 9B). The leaves were clipped on to filter paper and
soaked in water to obtain protrusion of spores from pycnidia. Cirrhi were transferred from a
single pycnidium with a sterilised needle to PDA plates and grown at 20°C under 12 hours white
light and 12 hours darkness for 5 days. Five single spores from each location were pooled in
water and the concentration was adjusted to 2x106 spores/mL. The inoculum was sprayed
directly onto the leaves. To ensure a high humidity, the pots were sealed off with a lid and
wrapped in plastic bags for 48 hours (Figure 9C). After 48 hours, lids were removed and the pots
were placed in the greenhouse with 95% humidity and 19°C/17°C day/night temperature (Figure
9D). Percentage leaf area covered with STB symptoms were estimated at 19 and 21 days post
infection (Figure 9E-F). STB data from the national observation plots sampled by the Tystofte
Foundation was used as a comparison to the seedling test and to investigate resistance stability
across locations and years (Figure 9G). The data was analysed by using the software Excel 2010
and R 3.2.2 (Figure 9H).
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Figure 9 A) Eleven days old seedling grown in greenhouse ready for inoculation. B) Inoculum
was prepared from isolates sampled from Horsens (red) and Flakkebjerg (blue). C) Sprayinoculated seedlings were sealed with lids for 48 hours to ensure high humidity. D) After 48
hours seedlings were grown under high humidity in greenhouse. E-F) Percentage leaf area
covered with STB symptoms was assessed 19 (E) and 21 (F) days after inoculation. G) National
observation plots sampled by Tystofte Foundation were used for comparison to the seedling
data.

26

Manuscript III
The methods applied in Manuscript III comprise purification of DNA from the Z. tritici
population, genotyping with AFLP markers and analysing the data. The Z. tritici population
consists of 183 isolates sampled over several years, varieties, locations in Denmark and in the
Northern zone of Europe. Isolates were sampled by picking leaves in the field with clear
symptoms of STB including pycnidia (Figure 10A). The leaves were clipped on to filter paper and
soaked in water to obtain protrusion of spores from pycnidia (Figure 10A). Cirrhi were
transferred from a single pycnidium with a needle to PDA plates and grown at 20°C under 12
hours white light and 12 hours darkness for 5 days (Figure 10B). Fungus mycelium was scraped
off the plates and DNA was purified using the CTAB method (Figure 10C) (Orabi et al. 2014;
Saghai-Maroof et al. 1984). DNA was genotyped using three pairs of AFLP primer combinations
(Figure 10D) (Vos et al. 1995; Zeller et al. 2000) and presence of mutations linked to fungicide
resistance was detected using KASP markers (Kildea et al. 2014) and Taqman qPCR (Fraaije et
al. 2005). For AFLP analysis, a binary matrix was recorded by scoring bands in the range 50-550
base pairs using the software GeneMarker 2.6.3 (Figure 10E). Additionally. GenAlEx 6.5 and R
3.2.2 were used for data analysis.
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Figure 10 A) Leaves sampled with visible STB symptoms. After soaking in water for 24 hours,
spores are protruding from pycnidia. B) PDA plate with single isolates. C) DNA purification from
single isolates using the CTAB method. D) AFLP markers analysis performed on PCR machine. E)
Binary matrix recorded by scoring bands. F) Analysis performed using GeneMarker, GenAlEx and R.
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Hypotheses and objectives of PhD project
One of the main problems with controlling STB in wheat is the ability of the disease to sexually
recombine and mutate. Effective fungicides and resistant varieties have been shown to have
decreased effect over time and in different locations. Therefore, the overall goal of this study was
to find new resistance genes in a Nordic wheat material, to analyse the resistance stability in
Denmark and to investigate the population structure and diversity of Northern populations of
Zymoseptoria tritici. The winter wheat material consisted of 164 varieties, mainly from the
breeding programme of Nordic Seed. The Z. tritici population consisted of 183 isolates sampled
in Denmark, Sweden, Latvia, Lithuania and Finland. The thesis is divided into four manuscripts
which are published, accepted or submitted.

Generally, the following hypotheses were constructed in order to address the aims of this thesis



Genome-wide association mapping can provide new and durable resistance to STB.



Seedling tests in greenhouse may be a quick method for testing resistant cultivars with
different pathogen populations.



Resistance stability varies across years and locations.



Due to high evolutionary potential of Z. tritici, virulence differences can exist.



Highly genetic diverse populations of Z. tritici exist in the Northern zone.



CYP51 mutations are contributing to population structure of Z. tritici in the Northern
zone.

Manuscript I consists of a genome-wide association mapping study of the Nordic wheat material.
STB disease assessments were performed in field trials in Denmark distributed over three years
and three locations in three replicates. The winter wheat material was genotyped using a 15k
SNP wheat array from Trait Genetics. The objectives and questions were

a)

Perform genome-wide association mapping with phenotyping and genotyping
results in order to find new STB resistance genes
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b)

Is it beneficial to stack several QTL in single lines?

Manuscript II investigates the stability of STB resistance across years and locations using the
national observation plots. Seedling tests in greenhouse were performed using 30 winter wheat
varieties inoculated with isolates sampled from two different locations in Denmark. Additionally,
part of the varieties was evaluated for STB in big plot and small plot field trials in order to
compare the three methods. The objectives and questions were

a)

Analyse stability of STB resistance across years and locations

b)

Test inoculation method to reveal if it is possible to quickly screen varieties for
resistance in greenhouse

c)

Analyse possible differences in virulence between the two populations of Z. tritici

d)

Investigate the correlation between seedling tests in greenhouse, big plot field
trials and small plot field trials. Can they be used in combination when screening
resistant varieties?

Manuscript III analyses the Nordic and Baltic population of Z. tritici with AFLP markers.
Furthermore, KASP markers are used for identifying the presence of specific mutations in the
cyp51 gene conferring resistance to DMI fungicides. The objectives and questions were

a)

Examine population structure and diversity in populations of Z. tritici sampled in
the Nordic and Baltic regions

b)

Analyse the frequency of CYP51 mutations in the population and investigate
whether the mutations are contributing to population structure
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c)

How can knowledge of the evolutionary potential be used for stable STB
resistance?

Manuscript IV is a contribution to a book chapter published in the book entitled Next Generation
Plant Breeding concerning molecular breeding in wheat. The chapter describes disease
resistance breeding in Septoria tritici blotch, Fusarium and yellow rust in wheat and provides an
overview of the current resistance genes to the three diseases.
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Manuscript list

I)

Genome-wide association study reveals novel quantitative trait loci
associated with resistance towards Septoria tritici blotch in North
European winter wheat. (Published in Plant Breeding – DOI: 10.1111/pbr.12490).
Scientific research paper.

II)

Resistance stability to Septoria tritici blotch and comparison of screening
methods for ranking STB disease. (Submitted to Journal of Plant Diseases and
Protection). Scientific research paper.

III)

Population structure and frequency differences of CYP51 mutations in
Zymoseptoria tritici populations in the Nordic and Baltic regions.
(Accepted for publication in European Journal of Plant Pathology). Scientific
research paper.

IV)

Book chapter in Next Generation Plant Breeding on Marker-Assisted
Plant Breeding in Wheat. Accepted for publication in InTech.
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Manuscript I

Genome-wide association study reveals novel
quantitative trait loci associated with resistance towards
Septoria tritici blotch in North European winter wheat

(Manuscript published in Plant Breeding – DOI: 10.1111/pbr.12490)
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Manuscript II

Resistance stability to Septoria tritici blotch and
comparison of screening methods for ranking STB
disease

(Manuscript is currently being reviewed for publication in Plant Disease and Protection)
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Resistance stability to Septoria tritici blotch and comparison of
screening methods for ranking STB disease

Authors: Nana Vagndorf, Annemarie Fejer Justesen, Jeppe Reitan Andersen, Ahmed Jahoor,
Susanne Sindberg and Lise Nistrup Jørgensen

Abstract
Septoria tritici blotch (STB), caused by the ascomycete fungus Zymoseptoria tritici (formerly
known as Mycospaerella graminicola), is a devastating foliar disease causing major yield losses
in wheat each year particularly in North-western Europe. Based on varieties ranked for
susceptibility to STB in national trials, it was revealed that Danish Z. tritici populations are very
dynamic, both over time and geographical distance. The STB ranking of varieties varied
significantly between locations and years indicating differences in virulence between local
populations. Comparison of results from seedling tests and field trials reveal that these two types
of screenings can be used in combination, since a high correlation was observed in variety
rankings for STB susceptibility. Inoculation experiments with seedlings demonstrate that there
are significant differences in the virulence of pathogen populations originating from different
locations within Denmark. Significant changes were observed in the variety, Mariboss, across a
number of years. The increased susceptibility in this variety was seen following an intensive
cropping period supporting a boom and bust scenario. In conclusion, results from this study
stress the importance of cultivating a diverse set of varieties in order to avoid the boom and bust
scenario. Furthermore, varieties should be tested for resistance in several locations in order to
ensure an effective and durable resistance.
Keywords: Septoria tritici blotch, disease resistance, resistance stability, disease assessment
methods, winter wheat
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Introduction
One of the most important foliar diseases of wheat (Triticum aestivum L.) is Septoria tritici
blotch (STB) caused by the ascomycete fungus Zymoseptoria tritici (synonym Mycospaerella
graminicola). The disease is known to cause massive yield losses worldwide and is economically
important due to expensive disease control using significant input of fungicides (Eyal and
Prescott 1987; Ponomarenko et al. 2011). Based on estimates from a European survey, STB is
considered to be the most prevalent and yield-reducing disease in several countries in Europe
(Jørgensen et al. 2014). Z. tritici can reproduce both sexually and asexually and has a bipolar
heterothallic mating system (Kema et al. 1996b). The initial symptoms of the disease are small
chlorotic lesions on the leaf. As they enlarge, small, darker fruiting bodies appear containing
asexual spores, called pycnidiospores, which spread to neighbouring plants by rain splash.
Sexually-produced ascospores can be spread by the wind to neighbouring fields (Goodwin 2012).
In addition, fungal mycelium can overwinter on plant debris. Disease control is mainly managed
by applying fungicides, by growing resistant varieties and by delayed sowing (Ponomarenko et al.
2011). In order to efficiently control crop diseases including STB, several IPM (Integrated Pest
Management) principles are promoted. Among other things, these principles include cultivating
varieties with good disease resistance, monitoring disease during the growing season and using
risk models for optimising fungicide input (Jørgensen et al. 2008). An intensive effort to
improve variety resistance to STB is an ongoing challenge all over the world. Numerous earlier
studies have identified resistance genes towards STB using molecular markers (Brading et al.
2002; Adhikari et al. 2004b; Brown et al. 2015; Vagndorf et al. 2017). The application of
molecular markers in plant breeding enables breeders to efficiently incorporate desired genes
into breeding lines (Raman and Milgate 2012). However, today’s knowledge about the presence
of specific STB resistance genes in grown varieties is not complete. If high-yielding resistant
varieties are available for farmers, this is the preferred method for disease control as it will
reduce the need for fungicides (Cowger et al. 2000). Resistance to Z. tritici can be either
qualitative or quantitative. Qualitative resistance is isolate-specific and mediates an effective,
however not durable, resistance (Brown et al. 2015). Mostly, qualitative resistance is controlled
by one gene, which interacts specifically with the avirulence gene in the pathogen according to
the gene-for-gene hypothesis (Flor 1971). An earlier study identified a specific interaction
between the variety Flame and the Z. tritici isolate IPO323 (Kema et al. 2000; Brading et al.
2002). Here, the qualitative resistance gene in Flame interacted specifically with the avirulence
(Avr) gene in IPO323. The gene-for-gene relationship combined with the rapid emergence of
new Z. tritici strains enables the pathogen to quickly overcome the host resistance (Brown et al.
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2015). In 1992, the variety Gene was highly resistant towards STB in Oregon, US. However, in
1995 the resistance was lost and the variety became susceptible towards STB (Cowger et al.
2000). Similarly, the resistance of the variety Obelisk became less effective during the 1980s in
the Netherlands (Kema and van Silfhout 1997). Thus, breakdown of resistance can occur in
varieties with qualitative STB resistance due to emergence of virulence in the Z. tritici
population. Quantitative resistance is not isolate-specific and mediates a less effective resistance;
however, the resistance tends to be more durable and is typically encoded by several genes with
smaller effects. In order to avoid effective resistance to be overcome it has been recommended to
pyramid several resistance genes and QTL (Chartrain et al. 2004a; Ghaffary et al. 2011; Brown et
al. 2015). Earlier studies have described a so-called ‘boom and bust’ cycle in disease resistance,
which has been recognised for several major cereal diseases (Burdon et al. 2014). Here, a
resistant variety is grown over a large area leading to an increase in frequency of the resistance
gene (‘boom’). Mutations and recombination in the pathogen population exposed to the
resistance gene can facilitate a switch from avirulence to virulence. Due to selection imposed by
the corresponding resistance gene, the frequency of pathogen strains with the mutation is
increased leading to efficiency loss of the resistance gene. This, together with competition from
newer varieties, will typically result in ending the cultivation of the variety (‘bust’) (Stakman
1957; APSNET 2017).
The capability of the pathogen to overcome variety resistance can be ascribed to mutations and
the ability to sexually recombine (Brading et al. 2002; Zhan and McDonald 2004; Brunner et al.
2008). Earlier studies using molecular markers have revealed that Z. tritici exhibits a high level
of genetic variability (Schneider et al. 2001; Kabbage et al. 2008; El Chartouni et al. 2011;
Vagndorf et al. 2018 accepted). Genetic diversity has been observed both among different
continents and within a single lesion on a leaf (McDonald et al. 1995; Chen and McDonald 1996;
Linde et al. 2002; Zhan et al. 2002, Vagndorf et al. 2018, accepted). Furthermore, studies have
found a lack of population structure at regional scale due to long-distance gene flow and high
levels of sexual recombination events (Linde et al. 2002; Naouari et al. 2016). The high diversity
of Z. tritici is problematic in managing STB disease.
The aims of this study were to:
1) Investigate the stability of resistance to STB across different years and locations in
Denmark using national observation plots.
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2) Compare the ranking of varieties based on susceptibility to STB using different testing
methods including seedling tests in greenhouse with artificial inoculation and adult plant
screenings with natural inoculation in small plot and big plot field trials.
3) Compare seedling rankings in green house using two separate populations of Z. tritici
originating from two locations in Denmark separated by 200 km.

Material and methods
Big plots
Every year, national observations plots with winter wheat varieties are tested for disease severity
using 15-25m2 plots at different locations in Denmark. These trials are carried out with one
replicate. Data from eight locations representing different parts of Denmark in 2016 were
selected for evaluating the diversity in STB susceptibility among the varieties. Disease values
from the following locations were used: Abildgaard, Bramming, Foulumgaard, Tølløse,
Koldkærgaard, Karise, Flakkebjerg and Horsens (Figure 1). Percentage leaf area covered with
STB symptoms at growth stage 73-75 was determined (Meier 2001). Data were collected by staff
from the Tystofte Foundation (www.tystofte.dk).
To obtain an overview of the stability of resistance ranking across years, average disease scores
from each year were used. (The number of locations per season: 2014=6, 2015=6 and 2016=14).
Lastly, for comparison and correlation to other STB screening methods, disease values from two
locations in 2015, Dyngby/Horsens and Flakkebjerg, were used. Horsens and Dyngby are located
only 30 km apart (Figure 1) and were used as representatives for the comparison study.
In order to test for differences in the degree of STB susceptibility between varieties cultivated in
different years and different locations a one-way ANOVA was performed.
Small plots
Field trials with small plots using 2 x 1 m rows were performed in 2015 at three locations in
Denmark (Dyngby, Lolland and Flakkebjerg) with three replicates each year (Vagndorf et al.
2017). Disease assessments were performed by estimating the percentage leaf area covered with
STB symptoms at growth stage 71-75 (Meier 2001). Average disease scores from Dyngby and
Flakkebjerg, respectively, were used in this study for comparison with and for correlation to big
plot trials and greenhouse trial.
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Inoculum for green house trial
Single spore isolation was prepared by sampling leaves with STB symptoms in field trials at
Horsens and Flakkebjerg in 2015 (Figure 1). The leaves were dried at room temperature in the
laboratory. Dried leaf sections with symptoms were placed on filter paper and soaked in water
for 24 hours at room temperature. Pycnidiospores from a single fruiting body were then
transferred to Potato Dextrose Agar (PDA) plates and incubated at room temperature at 12 hours
light / 12 hours darkness for approximately seven days. Two inoculum sources were prepared by
dissolving fungal material from five isolates sampled from Horsens and five isolates sampled
from Flakkebjerg, respectively, in water and filtered through gaze. A hemocytometer was used
for counting the number of spores, and the concentration was adjusted to 2x106 spores/mL.
Immediately before inoculation a few drops of Tween20 were added to reduce surface tension.

Figure 1 Overview of the locations used in this study. Red, blue and black stars represent Horsens,
Dyngby and Flakkebjerg, respectively. Red, blue, black, orange, yellow and green dots represent
Bramming, Abildgaard, Foulumgaard, Koldkærgaard, Tølløse and Karise, respectively
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Greenhouse trial
In total, 26 different winter wheat varieties differing in STB resistance were sown in pots with 6
seeds in each. The seedlings were grown in the greenhouse at 19°C during the day and 17°C
during the night. The varieties were inoculated as eleven-day-old seedlings. The experiment was
conducted in four replicates. In order to optimise conditions for infection the second leaf was cut
off before inoculation and emerging leaves were cut off subsequent to inoculation. Inoculum was
sprayed on seedlings using a vaporizer and compressed air. The pots were closed with a lid and
wrapped in plastic bags for 48 hours to ensure high humidity. Subsequently, the seedlings were
grown in a greenhouse with 95% humidity and 19°C/17°C day/night temperature. The seedlings
were assessed for percentage leaf area covered with STB at 19 and 21 dpi (days post inoculation).
Data from 21 dpi assessments were used in the analysis, since they comprised the most robust
data. A t-test was performed to test for differences in STB susceptibliity between the two isolate
sets within varieties. A two-way ANOVA was applied to test for differences in STB susceptibility
between varieties. Excel 2010 and R (version 3.2.3) were used for analysing the data.
Table 1 lists the varieties used in this study and an indication of which method was used to assess
for STB severity.
Table 1 Varieties used for testing different methods for assessing STB severity
Variety

Big plot

Small plot

Greenhouse

NOS 7191-06.28

x

x

x

Cardos

x

x

x

Florida

x

x

x

Hereford

x

x

x

Mariboss

x

x

x

MS Septoria

x

x

x

Asano

x

x

x

Ohio

x

x

x

Substance

x

x

x

Benchmark

x

x

Elixer

x

x

Jensen

x

x

Kadett

x

x

Kaldi

x

x
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Kalmar

x

x

Kvarn

x

x

KWS Cleveland

x

x

KWS Dacanto

x

x

KWS Lili

x

x

Nakskov

x

x

Nuffield

x

x

Pistoria

x

x

Torp

x

x

Sheriff

x

x

NOS 16104.01

x

x

NOS 16114.01

x

x

Ambition

x

x

KWS Magic

x

x

NOS 708-507

x

x

Sleipner

x

x

Tabasco

x

x

Tuareg

x

x

Albert

x

Alfa

x

Ararat

x

Contact

x

Inspiration

x

Paroli

x

Rotax

x

Torkil

x

Results
Variations in STB susceptibility between years
In order to examine whether a difference in STB susceptibility for individual varieties was
detectable between different years, data from national trials in Denmark in the years 2014-2016
were analysed for selected varieties (Figure 2).
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Figure 2 STB assessments from big plot trials over three seasons for selected varieties. An
average of all locations each year was used. Significance was calculated by ANOVA. P-value
<0.05 * and p-value <0,01 ***

The yearly ranking of varieties based on susceptibility to STB is based on an average disease
score from different locations. The number of locations per year ranged from 6 to 14. Data from
national trials indicate a significant difference in STB susceptibility according to year in selected
varieties. Mariboss became significantly more susceptible to STB during the years 2014-2016. In
2014, Mariboss was relatively resistant to STB as only 6% leaf area was covered with STB. In
2016, Mariboss had become more susceptible as STB symptoms covered approximately 25% leaf
area. The increase in STB susceptibility in Mariboss was approximately 150% from 2015 to 2016.
However, the increase in the same period in MS Septoria, which is known to be highly
susceptible to STB, increased with approximately 100%. An ANOVA indicated that there was a
significant variation between both varieties and years (Table 2). Thus, the level of STB symptoms
in each variety is affected by year of assessments. Furthermore, the data suggest that effective
STB resistance, defined by a stable and high level of resistance over several years, currently
exists in only a few varieties such as, Sheriff and Creator, since they display the lowest level of
STB severity (Figure 2).

52

Table 2 ANOVA of disease scores from national trials over three years
Degrees of

Sum of

Mean of

F-value

P-value

freedom

Squares

Squares

Variety

13

1751.9

134.8

8.9

1.365*10-6***

Year

2

380.9

190.5

12.7

1.429*10-4***

Residuals

26

390.3

15.0

Variations in STB susceptibility between locations
In order to reveal differences in STB susceptibility between locations, data from eight Danish
observation plots from July 2016 were analysed. The big plot trials indicate that the virulence of
Z. tritici is dynamic (Figure 3). Data clearly demonstrate that varieties vary in STB susceptibility
across locations. Furthermore, an ANOVA confirmed significant differences between varieties
and locations (Table 3). Thus, the amount of disease on each variety is dependent on the
location, indicating that virulence differ across locations. The variety MS Septoria is highly
susceptible to STB and therefore indicates the difference in disease levels between locations.
Particularly, Mariboss showed a significant variation in its ranking between different locations.
It was among the most susceptible at three locations (Abildgaard, Bramming and Foulumgaard)
but showed increased resistance at Karise and Koldkærgaard compared to other varieties.
However, disease pressure was also lower at these locations as indicated by the lower STB levels
in MS Septoria.
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Figure 3 Data from national observation plots (big plots) in Denmark. Selected varieties and
locations in Denmark were assessed for STB severity over one week in July 2016 at growth stage
73-75. Per cent leaf area covered with STB symptoms is indicated. The locations are indicated on
the horizontal graph

Table 2 ANOVA of STB disease scores from eight different locations in Denmark in July 2016
Degrees of

Sum of

Mean of

F-value

P-value

freedom

Squares

Squares

Variety

7

12856.1

1836.6

11.3

2.2*10-08***

Location

7

4616.0

659.4

4.0

0.001***

Residuals
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8003.1

163.3

Variations in virulence between local populations of Z. tritici in seedling tests
In order to investigate differences in virulence between local Z. tritici populations, seedlings of
varieties with differing levels of STB resistance were inoculated with isolates from two different
locations in Denmark. In total, 26 varieties were assessed for STB severity on 19 and 21 dpi by
scoring per cent leaf area with disease symptoms. A clear visual difference was observed between
the varieties (Figure 4).
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Figure 4 A selection of leaves from the seedling test on 21 dpi. A: Sleipner, B: Mariboss, C:
Torkil, D: Sheriff, E: Tabasco, F: KWS Magic, G: NOS 7191-06.28

The correlation coefficients between the four replicates ranged between 0.72 and 0.92. Based on
the high correlation, an average disease score was calculated for each inoculation and used for
further analysis. The average STB severity of varieties inoculated with isolates originating from
location ‘Horsens’ and ‘Flakkebjerg’ at 21 dpi, respectively, was compared (Figure 5).
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Figure 5 The average STB disease score at 21 dpi from greenhouse trials with isolates sampled
in 2015 from Flakkebjerg (dark blue) and from Horsens (light blue). The per cent leaf area
covered with STB is indicated on the vertical axis. Significance was calculated using a t-test. Pvalue < 0.05 * and p-value < 0,01 ***

The average disease score on varieties were 54.7% and 59.5% when inoculated with Flakkebjergsampled and Horsens-sampled isolates, respectively. Many of the varieties were similar in STB
levels regardless of the origin of the inoculum. The susceptible control MS Septoria was highly
susceptible for both isolate sets. In contrast, the Nordic Seed breeding line NOS 7191-06.28
displayed a high level of resistance to both isolate sets. ANOVA revealed a significant variation
between the varieties and between the two isolate sets. Furthermore, a significant interaction
between varieties and isolate sets was observed (Table 4). Thus, the degree of STB on the
varieties is dependent on which isolate set is used for inoculation. The Nordic Seed breeding line,
NOS 16104.01, had on average 15% leaf coverage with STB when inoculated with Horsenssampled isolates and 55% leaf coverage when inoculated with Flakkebjerg-sampled isolates.
Additionally, more than 50% STB leaf coverage was detected in Tabasco when inoculated with
Horsens-sampled isolates and less than 30% when inoculated with Flakkebjerg-sampled isolates.
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Table 4 ANOVA of the average disease score from the greenhouse trial. A highly significant pvalue is indicated with ***
Degrees of

Sum of

Mean of

F-value

P-value

freedom

Squares

Squares

Variety

25

130312

5212.5

34.9473

<2.20*10-6***

Isolate set

1

1216

1216.4

8.1554

4.878*10-3***

Variety x

25

16526

661.0

4.4320

3.41*10-9 ***

156

23268

149.2

Isolate set
Residuals

Comparison of small plot, big plot and greenhouse trials
In an earlier study, small plot field trials with 164 winter wheat varieties were assessed for STB
on three locations, including Flakkebjerg and Dyngby, in 2015 (Vagndorf et al. 2017). Among
these, 30 varieties were also included in the national trials with big plots or in seedling tests in
greenhouse. Average disease values from the small plot trials in Dyngby and Flakkebjerg, the
greenhouse trial with inoculations from the Horsens and Flakkebjerg isolate populations and the
big plot trials in Horsens and Flakkebjerg were compared pairwise. As the greenhouse trial
revealed significant differences between Z. tritici populations for some varieties, the comparison
of disease screenings was performed only within locations. Pairwise correlation coefficients for
disease screenings were calculated for varieties included in all trials (Table 5). Furthermore, the
disease scores from greenhouse trials, small and big plots were visualised in a graph for
comparison (Figure 6). Figure 6A shows disease scores of overlapping varieties in all three
disease screening methods. Figure 6B shows disease scores of overlapping varieties in
greenhouse trials and small plots.
A high correlation was found between small plots and greenhouse trials in Dyngby/Horsens
(0.69) and big plots and greenhouse trials in Flakkebjerg (0.82). The lowest correlation was
found between big plots and small plots in both locations (0.47-0.51). The Nordic Seed breeding
line NOS 7191-06.28 displayed low disease levels with all three STB screening methods.
Furthermore, all three assessments confirmed the high susceptibility of the variety MS Septoria
(Figure 6A).
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Table 5 Correlation coefficients (r2) for average STB scores for specific varieties included in
three different STB resistance screening methods, including STB seedling tests in greenhouse,
small plot and big plot field trials. Values for greenhouse trials were average disease scores from
varieties inculated with isolates from Flakkebjerg and Horsens. Values for small plots were
average disease scores from trials at Flakkebjerg and Dyngby in 2015 and values for big plots
were average disease scores from national trials at Flakkebjerg and Dyngby in 2015
No. of varieties

r2 Flakkebjerg

r2 Dyngby/Horsens

Big plot vs small plot

23

0.51

0.47

Big plot vs greenhouse

12

0.82

0.49

Small plot vs greenhouse

16

0.54

0.69
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A

B

Figure 6 (A) Comparison of the average STB disease score from greenhouse trials, small plots
and big plots. (B) Comparison of the average STB disease score from greenhouse trials and small
plots. Values for greenhouse trials were average disease scores from inoculations with the isolate
set from Horsens. Disease values for small plots were average disease scores from the field trial
at Dyngby in 2015 and disease values for big plots were average disease scores from national
trials at Horsens in 2015
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Discussion
In this study, it was demonstrated that varieties display different levels of disease severity to STB
in different years and different locations. Besides intensive cultivation of specific winter wheat
varieties and virulence changes in the pathogen, changing climatic conditions are known to
result in variations in STB severity (Shaw 1990; Shaw and Royle 1993). High humidity will
release spores from lesions of the leaves and wind and rain splash will easily spread the spores to
neighbouring plants and fields. Thus, one year with rainy weather will expectedly facilitate a
higher level of STB disease symptoms compared to a dry year with less rain fall. Varying STB
severity during 2014-2016 could partly result from different climatic conditions between years.
In general, it seemed that STB disease pressure was higher in 2016, as indicated by high disease
levels in the susceptible check MS Septoria (Figure 2). This study showed significant difference
in STB severity between different locations (Table 3). Earlier studies have found that Western
Denmark experiences more rainfall than the Eastern part of Denmark (Jørgensen et al. 2017).
This corresponds to the data presented here, where relatively low levels of disease severity were
observed at Flakkebjerg, Tølløse and Karise, which all are located in the Eastern part of
Denmark, compared to Abildgaard, Bramming, Foulumgaard which are located in the Western
part of Denmark (Figure 3).
Variations in STB severity between years and locations can also be due to differences in virulence
between Z. tritici populations. This was demonstrated when seedling tests comprising two sets of
isolates originating from two different locations in Denmark, showed significant interaction
between the varieties and the isolate sets. Thus, STB severity is dependent on which isolate set is
used for inoculation; indicating that local populations of Z. tritici can have different virulence to
specific varieties. An earlier study on STB resistance stability found varieties highly resistant at
one location to be susceptible at another location. Differences in virulence profiles were
suggested to be the main reason for this observation (Schilly et al. 2011). The high rate of sexual
recombination and thereby development of new races can give rise to regional differences in the
virulence of Z. tritici as is seen in this study. Therefore, varieties resistant to STB in one location
are not necessarily resistant in another location. Thus, it is essential to consider breeding for
resistant varieties in different locations in order to select for varieties that display a robust
resistance in many environments. The significant interaction indicates that some varieties are
more resistant when inoculated with isolates from one location than when inoculated with
isolates from another location. As an example of this, the Nordic Seed breeding line, NOS
16104.01, showed resistance towards Horsens isolates and susceptibility towards Flakkebjerg
isolates. This may be due to the presence of qualitative resistance genes in NOS 16104.01. While
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qualitative resistance genes provide an efficient resistance towards single strains of the
pathogen, they can easily be overcome by other Z. tritici strains which have acquired resistance.
Thus, despite that relatively few isolates have been used as representatives for the two locations,
isolates from Flakkebjerg may have overcome the qualitative resistance gene in NOS 16104.01,
whereas this is not the case for isolates from Horsens. Sheriff and the Nordic Seed breeding line
NOS 7191-28.06 are resistant when inoculated with both sets of isolates. Varieties displaying
resistance regardless of isolate set could contain quantitative resistance genes or a combination
of both qualitative and quantitative resistance genes. Quantitative resistance often provides a
moderate and overall resistance and are more difficult to overcome for the pathogens. Thus, it
would be expected, that cultivation of varieties with such robust resistance to STB could provide
a broad and durable resistance. Earlier studies have indicated that by stacking several qualitative
resistance genes a prolonged and effective disease resistance is acquired (Mundt 2014).
Similarly, cultivars with known effective resistance to STB have been found to possess several
qualitative resistance genes (Chartrain et al. 2004a), indicating that by pyramiding STB
resistance genes an effective resistance is obtained.
Several studies have found a significant interaction between specific Z. tritici isolates and winter
wheat varieties by using single-spore inoculations indicating a gene-for-gene relationship
(Ahmed et al. 1996; Kema et al. 1996a; Cowger et al. 2000; Czembor et al. 2011). However, by
using single or very few isolates, it can easily be overlooked that the Z. tritici populations are
highly diverse and under constant change.
Both data from the national observations plots (Figure 3), which indicates major regional
variation in susceptibility as well as the population difference recognised by the seedling tests
(Figure 5), indicates that there is a need for applying local specific strategies for control of STB.
Regarding disease management, this could have significant impact on local disease risks and the
actual number of fungicide applications needed in a given season (Jørgensen et al 2017). Thus,
when breeding for resistant varieties it is important to ensure that the ranking of STB
susceptibility is carried out at several locations as is also commonly done in Danish national
observation plots with locations spread across 8-15 sites. The presented data also indicates, that
it is important to follow widely grown varieties in trials every year to detect major changes in
susceptibility over time in order to avoid recommending cropping of varieties with major loss of
resistance. Cropping of variety-mixtures is another option, which has been seen to reduce the
STB severity. A French study demonstrated that susceptible varieties were consistently protected
in a mixture under different STB pressure (Gigit et al. 2013).
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Three different STB resistance screening methods were evaluated in this study; data from
greenhouse trials, small plots and big plots were compared from two locations. The highest
correlation was observed between small plot trials and greenhouse trials, whereas the lowest
correlation was observed between big plot trials and small plot trials. As the plants in the
greenhouse trials were artificially inoculated with a high spore concentration and grown under
optimal disease conditions, these trials represent a more severe level of disease symptoms
compared with field trials, which were prone to natural infection. Surprisingly, a poorer
correlation between small plot trials and big plot trials was observed. The reason for this might
be that the small plots generally are less robust due to their smaller plot size (2 rows x 1 m).
Furthermore, by analysing the raw data, it became evident that a few varieties in each correlation
were standing out. The difference of Asano and Substance between small plots and big plots in
Dyngby was 43% and 45% leaf area covered with STB, respectively. The average difference
between small plots and big plots of all varieties in Dyngby was 23% leaf area covered with STB.
Asano and Substance are highly susceptible to yellow rust and the levels in 2015 were also fairly
high (sortinfo.dk). The STB assessment of these varieties is therefore complicated, since the high
level of yellow rust symptoms can mask the STB symptoms making it harder to perform the
assessment. By omitting Asano and Substance from the calculation, the correlation between
small plots and big plots in Dyngby increases from 0.47 to 0.58. The same was observed in the
comparison of small plots and big plots in Flakkebjerg. The two varieties, Ohio and Pistoria,
differentiated with 19% and 13% leaf area covered with STB, respectively, and the average was
3%. Thus, it seems that single varieties are the cause for the poor correlation between small and
big plots. Many resources could be saved if testing and verification of STB resistance were
performed in greenhouse on seedlings rather than in field trials on adult plants. However, an
earlier study indicated that differences exist between adult plant and seedling resistance (Kema
and van Silfhout 1997). Resistance genes that are only effective in the adult plant stage cannot be
successfully tested in seedling tests. Similarly, resistance only effective at seedling level will be
less relevant for practical agriculture. Furthermore, another study on fungal diseases in wheat
have revealed that the resistance response and the expression of resistance genes are dependent
on the environment (Klahr et al. 2007). Thus, the environmental factor needs to be taken into
account.
The variety Mariboss had an average STB score of approximately 6% in 2014, whereas in 2016
the average disease score increased to approximately 25% in national trials (Figure 2).
Additionally, historical data for Mariboss reveal a large increase in the area cultivated in the
years 2010-2014 (landbrugsinfo.dk). In 2010, Mariboss was grown on 5% of the wheat acreage in
Denmark, whereas in 2014 this was increased to 40% (Table 6).
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Table 6 Overview of the per cent cultivated wheat area in Denmark during the years 2010-2016
for selected varieties of winter wheat based on certified seeds. Source: Landbrugsinfo.dk
2010 2011 2012 2013 2014 2015 2016 2017
Hereford

36

41

37

KWS Dacanto

23

12

13

9

3

7

16

20

18

5

5

7

5

2

3

23

27

KWS Cleveland
Torp
Mariboss

5

Jensen
Other varieties

59

14

22

33

40

35

18

6

2

13

25

20

9

4

1

43

28

12

7

11

55

5

The large area cultivated with Mariboss and the significant increase in susceptibility of the
variety from 2014 to 2016 indicates that Mariboss has gone through the ‘boom and bust’ cycle.
The ‘boom’ occurred during the period 2010-2014 where the resistance genes in Mariboss were
present over a large area, imposing a strong selection pressure for virulence on local septoria
populations. In the following years the area dropped due to competition from newer varieties
and efficiency loss of the resistance genes, indicated by the higher STB susceptibility from 2014
to 2016 (Figure 2). Thus, our analysis of data from national trials indicates that Mariboss
initially may have contained effective resistance genes against STB. However, after intense
cultivation over large areas in Denmark the resistance was overcome by Z, tritici. This is in
accordance with previous observed resistance breakdown in the varieties Gene and Obelisk in
the US and Netherlands, respectively (Kema and van Silfhout 1997; Cowger et al. 2000). To date,
no studies have revealed neither number nor type of STB resistance genes in Mariboss. However,
this study indicates that Mariboss contains single qualitative genes. This is based on the fact that
the resistance of Mariboss was relatively easy to overcome by Z. tritici as indicated by the
increase in STB severity in 2015 and 2016. The gene-for-gene relationship, which is often
observed for qualitative resistance, can be overcome by the pathogen due to the high specificity
between Avr genes and R genes in the host variety (Cowger et al. 2000; Brading et al. 2002).
Gene was known to contain both Stb6 and Stb10, however, it is not known which resistance gene
was the cause for the breakdown (Brown et al. 2015). Furthermore, virulence has been showed to
evolve towards Stb4 in California (Jackson et al. 2000). Additionally, the Danish variety,
Hereford, has similarly been grown on extensive acreage (Table 6) and has since 2009 showed
an increasing level of susceptibility to STB (Vagndorf et al. 2018, submitted). Similarly, the
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acreage cultivated with the newer variety Torp has increased from 3% to 27% during the period
2015-2017 (Table 6). Furthermore, the STB severity in Torp was increased from 9% leaf area
covered with STB in 2015 to 19% in 2017. If this trend is continuing, the STB resistance in Torp
may break down as has been observed in Mariboss. An earlier study has proposed that resistance
stability towards STB is highly dependent on the level of selection pressure to the pathogen
population (Schilly et al. 2011). Thus, by reducing the cultivation intensity of specific varieties,
the durability of resistance will probably increase.
In summary, this study indicates that STB attack and ranking of specific varieties vary according
to year and location. The differences are due to variations in virulence in local Z. tritici
populations, but also varying weather conditions have an impact on the overall severity. With
this in mind, it is important to breed for moderately to highly resistant varieties displaying a
broad and robust resistance and to avoid varieties, which display location-specific resistances.
Three different resistance screening methods ranking STB susceptibility were examined in this
study. A relatively good correlation was observed between greenhouse trials on seedlings and
small plot trials on adult plants. It is recommended to combine the methods ensuring testing at
different localities, which represent different virulent populations of Z. tritici and in the
greenhouse similarly to apply updated and representative populations. Historically, several
examples of the ‘boom and bust’ cycle have been demonstrated. Latest, the resistance of the
intensively cultivated Mariboss has become ineffective towards STB in Denmark following
cultivation on a major acreage. Thus, it is important to diversify the varieties grown or to grow
mixtures in order to reduce selection pressure. Based on this study, we recommend farmers and
breeders to sell and grow a set of different varieties in order to diversify the varieties grown
reducing the selection pressure likely leading to resistance breakdown.
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Abstract
Septoria tritici blotch caused by the fungus Zymoseptoria tritici (formerly Mycosphaerella
graminicola) is one of the most yield-reducing diseases worldwide. Effective disease
management involves the use of resistant cultivars and application of fungicides. In this study,
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the population structure and genetic diversity of 183 Z. tritici isolates from Denmark, Sweden,
Finland and the Baltic countries were analysed by molecular markers. In population structure
analysis, isolates from Denmark and Sweden were grouped together, whereas isolates from the
Baltics and Finland were grouped together. Analysis of genetic diversity and ϕ-values confirmed
the division of Nordic and Baltic regions. Danish isolates sampled from different regions and
different varieties were not genetically different. However, significant genetic differences were
detected between isolates sampled from different years in Denmark and for isolates sampled
from specific cultivars in different years. Additionally, the frequency of several known point
mutations in the gene cyp51, conferring decreased sensitivity to DMI fungicides, was
investigated. Several of the examined mutations were detected at a lower frequency in Baltic
isolates compared to Danish and Swedish isolates. Analysis of the Danish population revealed a
significant increase in specific mutations over the years. Lastly, some mutations were
significantly more frequent in isolates derived from certain varieties. By using different
resistance sources in breeding programmes and application of a wide range of fungicides, a
sustainable and efficient disease management can be obtained.

Introduction
Winter wheat is one of the most commonly grown cereals in Europe and is the most important
food grain source for humans (FAOSTAT 2016). Fungal diseases are a major constraint in wheat
production, influencing both quality and yield (Oerke 2006). However, disease management is
both time consuming and economically challenging. One of the most yield-reducing diseases in
winter wheat is septoria tritici blotch (STB) causing yearly yield losses of 10-30% (Jørgensen et
al. 2014). STB is caused by the ascomycete fungus Zymoseptoria tritici belonging to the family
Mycosphaerellaeceae in the class Dothidemycetes. The fungus is hemibiotrophic and it is
capable of both sexual and asexual reproduction. Asexual pycnidiospores are spread from plant
to plant by rain splash and ascospores produced by the sexual stage are able to travel far
distances with the wind (Eyal et al. 1987; Shaw and Royle 1989; Suffert and Sache 2011). The
pathogen can overwinter on plant debris and autumn-sown crops; thus the disease cycle can be
repeated the following season. Management of STB relies heavily on using resistant varieties and
by frequent fungicide application. Up till now, a total of 18 STB resistance genes have been
identified and several resistance areas have been located on the wheat genome (Ghaffary et al.,
2011, Ghaffary et al., 2012; Raman & Milgate, 2012). The introduction of resistant varieties in the
control of STB has proved to be effective and to minimise the need for fungicides. However,
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highly resistant varieties have commonly proved to become more susceptible after a number of
years of growing. This was seen in the cultivar Gene in 1992, when it was highly resistant. In
1995, the cultivar lost its resistance and became susceptible towards STB (Cowger et al. 2000).
Furthermore, data from national trials in Denmark (http://sortinfo.dk) support that there is a
shift towards higher susceptibility in commonly grown varieties over time (Figure 1). The degree
of STB is measured relative to the susceptible reference variety ‘Severin’ (also known as MS
Septoria) during trials from 2009 to 2016. The increased susceptibility of the varieties can
indicate a gain of virulence in Z. tritici over time.

Fig. 2 The degree of STB for selected varieties relative to the susceptible cultivar MS Septoria
from 2009-2016 (Sortinfo)

In addition to exploiting varietal resistance, disease management is combined with fungicide
application in order to keep disease levels sufficiently low. Four main groups of fungicides are
typically used for disease control in wheat: I) quinone outside inhibitors (QoI), II) sterol 14αdemethylase inhibitors (DMI), III) succinate dehydrogenase inhibitors (SDHI) and IV) multi-site
inhibitors. In Northern Europe, for more than 30 years STB has been controlled using DMIs
alone, or in combination with QoI and SDHI fungicides. Problems related to fungicide resistance
in the Z. tritici populations in Northern Europe is widespread following intensive use of
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fungicides (Lucas et al. 2015; Wieczorek et al. 2015). Several mutations in the cyp51 gene of the
pathogen have been found to cause decreased sensitivity to DMI fungicides (Zhan et al. 2006;
Leroux et al. 2007; Cools and Fraaije 2008). In addition, the point mutation G143A was found to
cause resistance to QoI fungicides (Torriani et al. 2009), and point mutations have recently been
described for SDHI fungicides (Dooley et al. 2016a; Rehfus et al. 2017). Mutations, sexual
reproduction and gene flow contribute to diversity in Z. tritici populations and have an impact
on the emergence of fungicide resistance (Zhan and McDonald 2004; Brunner et al. 2008).
Previously, population structure and genetic diversity of Z. tritici were intensively analysed using
molecular markers (Schneider et al. 2001; Zhan et al. 2003; Banke et al. 2004; Razavi and
Hughes 2004; Berraies et al. 2013). These studies have gained insight into the centre of origin
and the genetic structure of the pathogen. Knowledge about the centre of origin is crucial for
resistance breeding since it is a promising area to search for new sources of resistance. The
genetic structure can reveal information about the ability of the pathogen to evolve in response
to resistant varieties and fungicide application (Linde et al. 2002). The studies indicate that
sexual recombination is a regular occurrence and contribute to the genetic diversity and
population structure of Z. tritici (Chen and McDonald 1996; Eriksen and Munk 2003).
Furthermore, several studies have shown that most of the genetic diversity is found within
smaller spatial scales, such as within a field. However, there is not much genetic diversity among
larger geographical scales (McDonald and Mundt 2016).
In this study, the genetic diversity and the population structure of Z. tritici in Nordic and Baltic
regions are studied using the amplified fragment length polymorphism (AFLP) marker
technique. This technique is capable of identifying a high amount of genetic diversity with a few
primer combinations (Zeller et al. 2000). To our knowledge, no detailed data on diversity and
population structure are available on the Nordic and Baltic population of Z. tritici. Isolates from
Denmark, Sweden, Finland, Lithuania and Latvia (Lithuania and Latvia are in the following
referred to as ‘the Baltic countries’) were analysed for population structure and genetic diversity.
The main objectives of this study were: I) to determine the genetic diversity and population
structure of Z. tritici populations at different spatial and temporal scales, including sampling
region in the northern zone of Europe, sampling region in Denmark, sampling year in Denmark,
sampling variety in Denmark and sampling year in a single variety and II) to investigate whether
mutations causing resistance to DMI fungicides contributed to population structure in the Z.
tritici population by using Kompetitive Allele Specific PCR (KASP) markers (Kildea et al. 2014).
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Material & methods
Z. tritici population
A population of 183 Z. tritici isolates was used in this study (Table 1). The isolates originated
from countries in the northern zone of Europe, i.e. Denmark, Sweden, Finland and the Baltic
countries. Due to a limited number of isolates from the Baltic countries and Finland and the
geographical close proximity of these countries, they were merged into one group. Isolates from
Denmark were sampled from ten different locations and from two different widely grown
varieties, cv. Hereford (Solist x Deben) and cv. Mariboss (Hunter x K 6011.05) in the years 20112015. These locations were merged into two regions based on the geography of Denmark: a
western and an eastern region. Detailed information about the Z. tritici population can be found
in Table 1 in Supplementary Material.

Table 3 Overview of the Z. tritici population
Geographical sampling

Sampling

Sampling

Sampling

Number of

region

location

year

variety

isolates

Denmark (DK)

West Denmark

2011-2015

Hereford,

83

East Denmark

2011-2015

Mariboss

70

Hereford,
Mariboss
Sweden (SE)

2013

The Baltics + Finland (BA)

2010

Total

Olivin

18
12
183

Leaves with clear pycnidia symptoms were collected over several years and locations. An area on
the leaf with many isolated pycnidia was attached onto filter paper and placed in a petri dish.
Using a sterile needle, cirrhi from a single pycnidium were transferred onto potato dextrose agar
(PDA) supplemented with 0.01% streptomycin and incubated at 20°C under 12 hours white light
/ 12 hours darkness for five days. Mycelium was scraped off PDA plates and freeze-dried for
DNA extraction. The previously described CTAB method with modifications was used for DNA
purification (Saghai-Maroof et al. 1984; Orabi et al. 2014).
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AFLP analysis
AFLP analysis was done according to the method described by Vos et al. (1995) and modified by
Zeller et al. (2000). Manufacturers’ recommendations were followed in the use of buffers and
enzymes. Table 2 in Supplementary Material lists all the primers for the AFLP reactions. Three
different primer combinations were used; Pst1-AA x Mse1-CA, Pst1-AC x Mse1-CC and Pst1-CA x
Mse1-GG. Prior to the experiment, a pilot experiment was conducted. Here, the primer
combinations were tested on a selection of Z. tritici isolates to screen for optimal
polymorphisms. For the initial restriction digest, a concentration of 100 ng/µL DNA was used.
Samples with no DNA were randomly incorporated in the experiment as negative controls and
for method validation. Additionally, samples from the pilot experiment were randomly
incorporated in the main experiment as positive controls. Furthermore, samples from ABI 3130
DNA analyser (Applied Biosystems, Foster City, CA, USA) was used to detect the AFLP
fragments. All AFLP bands in the 50-550 base pairs range were scored by using the GeneMarker
genotyping software program version 2.6.3 (Soft Genetics, State College, PA, USA). In addition,
all bands were checked manually for the presence or absence of a band and recorded in a binary
matrix where ‘1’ designated presence and ‘0’ designated absence of a band. The bands were at all
times scored relative to each other in order to avoid false positives. Thus, only bands present in
at least two isolates were included in the analysis and bands only present in one isolate were not
included in the analysis. However, bands only present in one isolate were rarely detected. The
binary matrix was used for the subsequent statistical analysis.
Analysis of fungicide mutations
The Z. tritici population was screened for the presence of amino acid changes in the CYP51
enzyme conferring DMI resistance by using KASP markers. KASP markers tested for the
presence of the point mutations D134G, V136A/C, S524T, A379G and I381V as previously
described (Kildea et al. 2014). Furthermore, presence of the G143A point mutation in the
cytochrome b complex associated with QoI resistance was analysed by Taqman qPCR as
previously described (Fraaije et al. 2005).
Data analysis
The software STRUCTURE (version 2.3.4) was used for population structure analysis by
estimating the number of hypothetical subpopulations. A model-based clustering method
estimated the number of subgroups (K) and the probability membership estimation for each
genotype to different subgroups. A hypothesis of two to twelve subgroups was set and a Markov
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chain Monte Carlo (MCMC) of 100000 burn-in phases followed by 100000 iterations was run
independently ten times using an admixture model. The output from STRUCTURE produced the
log-likelihood for each K for the observed data, Pr (X│K) (Pritchard 2010). The number of
optimal subgroups was calculated as described previously (Evanno et al. 2005). GenAlEx
software was used for calculating principal coordinates in order to perform a principal
component analysis (PCA). The coordinates were verified with a diversity add-in from Excel.
Analysis of molecular variance (AMOVA) was used to test the hierarchical genetic structure of
the populations, and population divergence between groups was determined by calculating ϕvalues in GenAlEx. Furthermore, GenAlEx was used for analysing genetic diversity and number
of private alleles. Unbiased gene diversity was calculated the following way according to GenAlEx
software (Peakall and Smouse 2012);
Diversity, ℎ = 1 − (𝑝2 + 𝑞 2 )
𝑁
)∗
𝑁−1

Unbiased diversity, 𝑢ℎ = (

ℎ

where, p is band frequency and 𝑞 = 1 − 𝑝

Results
Genetic diversity
Analysis of the Z. tritici population with three AFLP primer pairs amplified in total 278 bands.
The primer pairs were applicable and produced 99.6% polymorphic bands (Table 2). All 183
isolates possessed different genotypes.

Table 4 Primer pair combinations, number of amplified loci and number of polymorphic loci
Primer-pair combination

Number of amplified loci

Number of polymorphic loci

Pst1-AA / Mse1-CA

122

122

Pst1-AC / Mse1-CC

73

73

Pst1-CA / Mse1-GG

83

82

Total

278

277
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Initially, analysis of genetic diversity was performed according to geographical origin in the
northern zone. In total, 153 isolates were from Denmark. Thus, they were analysed
independently based on sampled region, year and variety. Lastly, isolates sampled from the same
variety in Denmark were analysed based on sampling year (Table 3). In general, a high
percentage of polymorphic loci were detected. Isolates from the Baltic countries and Finland had
the lowest percentage of polymorphic loci. Unbiased gene diversity (h-values) ranged from 0.155
to 0.336, where the lowest was from the Baltic countries and Finland and the highest gene
diversity was from Denmark sampled in 2013. The number of private alleles ranged from 0 to 17.
The Danish isolates, which were also the population with the highest number of individuals,
contained 17 private alleles. When isolates from the two different varieties were sampled,
Hereford isolates had eight private alleles, while Mariboss isolates had one private allele.
Furthermore, when only Mariboss isolates were analysed, individuals sampled in 2015 possessed
7 private alleles, while individuals from the three previous years possessed 0, 3 and 3 private
alleles, respectively. The number of private alleles in isolates sampled in Hereford was evenly
distributed between different years.

Population structure
The 183 Z. tritici isolates representing three geographical regions in the northern zone were
grouped into two genetic groups (K=2), when analysed with STRUCTURE (Figure 2). Isolates
from the Baltic countries and Finland clustered in Group 1 and the majority of isolates from
Denmark and Sweden in Group 2. A few isolates from Denmark were assigned to Group 1. It was
investigated, if isolates from Denmark and Sweden could be divided into several groups by
increasing the number of groups to K=3. However, no additional information about population
structure was generated.
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Table 5 Overview of the results from analysis of genetic diversity. h designates unbiased gene
diversity. DK, SE and BA designate isolates sampled in Denmark, Sweden and the Baltic
countries + Finland, respectively
Populations
Northern zone
DK

Number of isolates

% of polymorphic loci

h

Private alleles

153

99.6%

0.276

17

SE

18

82.7%

0.246

0

BA

12

54.7%

0.155

0

Year in DK
2011

15

88%

0.321

0

2012

26

89%

0.298

0

2013

22

92%

0.336

1

2014

40

91%

0.300

0

2015

50

95%

0.300

0

Region in DK
West DK

83

99,3%

0.318

0

East DK

70

99,6%

0.306

1

Variety in DK
Hereford

87

99%

0.311

8

Mariboss

66

97%

0.315

1

Year, Mariboss
2012

5

62%

0.311

0

2013

12

80%

0.320

3

2014

20

87%

0.308

3

2015

29

90%

0.300

7

Year, Hereford
2011

15

88%

0.271

1

2012

20

85%

0.246

2

2013

10

85%

0.286

2

2014

20

84%

0.254

0

2015

21

89%

0.276

0
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Fig 2 Distribution of Z. tritici isolates based on a population structure analysis with K=2. In the
bottom, a map of the northern zone indicating from where isolates were sampled. The two red
dots on Denmark represent the western and eastern region of Denmark. The yellow dots indicate
the three sampling regions in Sweden. Lastly the three green dots represent isolates sampled in
the Baltic countries and Finland

The population structure analysis was confirmed by a PCA (Figure 3). The PCA plot revealed that
isolates from Denmark and Sweden cluster together (red circle) and isolates from the Baltic
countries and Finland cluster together (blue circle). A few Danish isolates circle cluster together
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with Baltic and Finnish isolates or in between. The first principle component (PC1) explains 17%
and PC2 explains 7%.

Fig 3 Principal component analysis of the Z. tritici population. The plot is color-coded according
to geographical origin; BA = the Baltic countries + Finland, DK = Denmark, SE = Sweden. The
red circle marks the majority of isolates from Denmark and Sweden. The blue circle marks the
isolates from the Baltic countries and Finland

AMOVA based on geographical origin revealed that 83% of the molecular variation occurred
within each region and 17% among regions (Table 4). The ϕ-values confirmed the results from
STRUCTURE and the PCA plot (Table 5). Isolates from Denmark and Sweden did not differ
genetically indicated by the low ϕ-value and non-significant p-value. However, isolates from the
Baltic countries and Finland differed significantly from isolates from Denmark and Sweden
indicated by the higher ϕ-values and highly significant p-values.
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Table 6 AMOVA of 183 Z. tritici isolates from three geographical regions in the northern zone.
*** designates highly significant p-value
Source

Df

SS

MS

Est. var.

%

Among regions

2

540.992

270.496

8.692

17%

Within regions

180

7598.188

42.212

42.212

83%

Total

182

8391.180

50.905

100%

P-value
0.001***

Table 7 ϕ-values and p-values in brackets for isolates from three different geographical regions.
*** designates highly significant p-value. DK, SE and BA designate isolates sampled in Denmark,
Sweden and the Baltic countries + Finland, respectively
DK

SE

DK

0

SE

0.001 (0.513)

0

BA

0.323 (0.001***)

0.386 (0.001***)

BA

0

Population structure of the Danish Z. tritici population
In order to investigate population structure of Danish isolates based on sampling region,
sampling year and sampling variety, an AMOVA was performed (Table 6) and ϕ-values were
analysed (Table 7). Based on isolates sampled in different years in Denmark, the AMOVA
demonstrates that 97% of the molecular variation occurs within each year and only 3% among
the years (Table 6). The ϕ-values indicate that isolates from 2013 and 2015 are genetically
distinct from the isolates sampled in the other years (Table 7). Sampling locations in Denmark
were merged into two regions. The AMOVA revealed that 100% of the molecular variation was
occurring within each region and 0% among regions (Table 6). This was confirmed by analysis of
the ϕ-values and the related p-values, which showed no genetic difference of populations from
West and East Denmark (Table 7). An analysis was conducted, where the isolates were divided
into two groups based on host variety. The AMOVA and the ϕ-values indicate that there was no
genetic difference between isolates sampled from Hereford and isolates sampled from Mariboss.
Furthermore, the AMOVA revealed that 100% of the molecular variation occurred within the
population (Tables 6 and 7). Lastly, it was investigated whether the observed changes in
susceptibility in the recent years could be reflected in changes in population structure within
isolates sampled from Mariboss and Hereford over four years. The AMOVA reveals that there is
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a significant difference among samples collected in Mariboss and Hereford from different years.
For Mariboss, 96% of the molecular variation is occurring within years and 4% among years
(Table 6). Analysis of the ϕ-values indicates that isolates sampled in 2015 significantly differed
from isolates sampled in 2013 and 2014. However, isolates sampled in 2012 did not differ from
isolates sampled in 2015 (Table 7). For Hereford, the AMOVA showed that 97% of the variation
occurred within populations and 3% among populations (Table 7). Analysis of the ϕ-values
indicate that isolates sampled in 2013 and 2015 are genetically different compared to isolates
sampled in the other years.
Table 8 AMOVA on isolates sampled from different years, regions and varieties in Denmark and
isolates sampled individually from Mariboss and Hereford in different years in Denmark. ***
designates highly significant p-value
Source of variation

df

SS

MS

Est.

%

P-value

var.
Year in DK
Among years

4

311.519

Within years

148

Among regions
Within regions

77.880

1.204

3%

6308.414 42.623

42.623

97%

1

56.369

56.369

0.170

0%

151

6563.291

43.466

43.466

100%

Among varieties

1

47.073

47.073

0.047

0%

Within varieties

151

6575.587

43.527

43.527

100%

Among years

3

208.983

69.661

1.819

4%

Within years

62

2641.259

42.601

42.601

96%

Among years

4

250.262

62.566

1.204

3%

Within years
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3415.226

42.163

42.163

97%

0.001***

Region in DK
0.067

Variety in DK
0.269

Sampling year, Mariboss
0.001***

Sampling year, Hereford

82

0.002***

Table 9 ϕ-values and p-values in brackets for isolates sampled in Denmark. The analyses were
performed based on sampled year, region, variety and year in Mariboss and Hereford,
respectively. M designates Mariboss. H designates Hereford. * designates significant p-value. ***
designates highly significant p-value

2011

2012

2013

2014

2011

0.000

2012

0.004 (0.280)

0.000

2013

0.034 (0.020*)

0.037 (0.010***)

0.000

2014

0.013 (0.140)

0.000 (0.140)

0.038 (0.010***)

0.000

2015

0.025 (0.010***)

0.019 (0.010***)

0.067 (0.010***)

0.027 (0.010***)

West DK

East DK

M2014

M2015

West DK

0

East DK

0.004 (0.067)

0

Hereford

Mariboss

Hereford

0.000

Mariboss

0.001 (0.269)

0.000

M2012

M2013

M2012

0.000

M2013

0.077 (0.061)

0.000

M2014

0.000 (0.478)

0.037 (0.046*)

0.000

M2015

0.005 (0.343)

0.078 (0.002***)

0.032 (0.004***)

0.000

H2011

H2012

H2013

H2014

H2011

0.000

H2012

0.005 (0.228)

0.000

H2013

0.045 (0.036*)

0.044 (0.009***)

0.000

H2014

0.016 (0.109)

0.000 (0.529)

0.048 (0.021*)

0.000

H2015

0.031 (0.004***)

0.033 (0.028*)

0.065 (0.002***)

0.027 (0.024*)

2015

0.000

H2015

0.000

Analysis of mutations related to fungicide resistance
The frequency of the CYP51 mutations was analysed based on division of isolates into three
regions in the northern zone (Figure 4a). The mutations D134G, V136C and S524T were only
present in isolates from Denmark. Mutations V136A and I381V were present in all regions, but
most frequent in Denmark. Lastly, A379G was present in all regions; however significantly more
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frequent in the Baltic countries and Finland (p-value = 0.007). It was analysed if there was a
difference in the frequency of the different CYP51 mutations based on sampling year, sampling
region and sampled variety in Denmark. The frequency of mutations D134G and V136A
increased with year (Figure 4b). There was a highly significant difference between the years in
mutations D134G (p-value = 0.0003) and V136A (p-value = 0.0008). There was no significant
difference in frequencies between the years in the other mutations. Furthermore, it was
investigated whether the frequency of CYP51 mutations varied between regions in Denmark
(Figure 4c). A weak significant difference in the V136C mutation was observed between isolates
sampled from West Denmark and isolates sampled from East Denmark (p-value = 0.037). The
frequency of V136C was slightly more frequent in West Denmark than in East Denmark. The
other mutations occurred in similar frequencies in the two regions. Lastly, it was investigated
whether the frequency of CYP51 mutations varied between sampling varieties in Denmark. There
was significant difference in the frequency of the V136A mutation (p-value = 0.0004) and the
A379G mutation (p-value = 0.008) between sampling varieties (Figure 4d). The frequency of the
V136A mutation was significantly higher in isolates sampled from Mariboss than from Hereford,
whereas the frequency of the A379G mutation was significantly higher in isolates sampled from
Hereford than from Mariboss.
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Fig 4 Frequency (%) of CYP51 mutations in the Z. tritici population. a Frequency (%) of CYP51
mutations in the northern zone, b in Denmark based on sampling year, c in Denmark based on
sampling region and d in Denmark based on sampling variety. DK, SE and BA designate isolates
sampled in Denmark, Sweden and the Baltic countries + Finland, respectively. * indicates
significant difference. *** indicates highly significant difference

The frequency of the point mutation, G143A, conferring QoI insensitivity was measured in the
population. There was no significant difference in the frequency of the G143A mutation between
isolates grouped according to geographical region in the northern zone. Furthermore, the
frequency of the G143A mutation did not vary between sampled year, sampled variety or
sampled region in Denmark.
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Discussion
In this study, a population of 183 Z. tritici isolates from three geographical regions in the
northern zone was analysed with AFLP markers. We found a high number of polymorphic loci,
which is in agreement with an earlier study using AFLP markers in a population of Z. tritici
(Kabbage et al. 2008). Furthermore, out of the 183 isolates analysed, there were 183 different
genotypes, thus no clonality was observed. A previous study only found identical genotypes from
isolates sampled within the same lesion or the same leaf (Zhan et al. 2003). Thus, the high
degree of genotype variants found in this study was expected, since isolates were sampled with
fields as the smallest unit.

Population structure and genetic diversity of Z. tritici populations
The unbiased genetic diversity ranged from 0.155 to 0.336. The lowest diversity was found
among isolates from the Baltic countries and Finland. The low gene diversity could be explained
by the low number of isolates representing this geographical region (n = 12). Furthermore, the
degree of STB is not that prevalent in the Baltic region compared to Denmark and Sweden,
mostly because of less conducive weather conditions for STB in this area. The lower incidence of
STB could lead to less genetic diversity in the Baltic population of Z. tritici.
Analysis of population structure of the Z. tritici population revealed that two groups were
optimal. Group 1 contained only isolates from the Baltic countries and Finland and group 2
contained mainly isolates from Denmark and Sweden. ϕ-values confirmed the significant
difference between isolates from Denmark and Sweden and isolates from the Baltic countries
and Finland. This is likely because Denmark and Southern Sweden are closer geographically
than the two countries are to the Baltic countries and Finland, where the Baltic Sea forms as a
natural barrier. The high genetic similarity between Danish and Swedish isolates might be due to
the relatively short geographical distance between Denmark and Southern Sweden, thus windblown spores can possibly reach Sweden from Denmark with the common west-wind during the
wheat-growing season. Furthermore, many of the same varieties are grown in Denmark and
Sweden; thus promoting growth of similar pathogens. Lastly, the conditions for STB are more
favourable in Denmark and Sweden than in the Baltic countries and Finland. These findings
were confirmed by an earlier study with a Tunisian population of Z. tritici. Here it was revealed
that all isolates from Tunisia clustered in one group and failed to show any population structure.
When non-Tunisian isolates were added, more groups were detected. However, isolates from
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Tunisia remained clustered in one group (Boukef et al. 2012). Thus, only populations of isolates
scattered over large geographical distances seem to be genetically sufficiently distinct to be
separated in population structure analysis, which is in agreement with the results from this
study. AMOVA revealed that 83% of the molecular variation occurs within the population and
17% among populations. This is in agreement with previous diversity studies in Z. tritici which
state that the majority of molecular variation occurs within the population (McDonald and
Mundt 2016; Naouari et al. 2016).
When analysing isolates sampled from Mariboss only, the number of private alleles increased
with years. Data from Sortinfo demonstrate that both Hereford and Mariboss have become more
and more susceptible over the years (Figure 1) indicating that the pathogen can overcome the
variety resistance. The increasing number of private alleles could indicate changes in the
genome, which possibly could be linked to virulence or aggressiveness. However, the reason for
the difference in number of private alleles could also be due to differences in population sizes or
variance in sampling and in the population. A genome-wide association analysis using a high
number of SNPs could reveal DNA markers linked to the increased virulence of aggressiveness in
isolates sampled from Mariboss in different years.

The Danish isolates were sampled over five years from 2011-2015. Analysis of the ϕ-values
demonstrated that isolates sampled in 2015 and 2013 were standing out. Comparing data of field
plot observations 2011-2015 from Sortinfo revealed that differences in STB symptoms exists
among years; in 2015 the lowest degree of STB symptoms was recorded, followed by 2013. The
ability of Z. tritici isolates to recombine and mutate give reason to believe that isolates sampled
in two successive years were more identical than isolates sampled with years apart. However,
this was not the case in this study. Isolates sampled in 2011 were not significantly different from
isolates sampled in 2012 or 2014. However, they were significantly different from isolates
sampled in 2013 and 2015. Thus, other factors than time seem to influence genetic diversity,
such as the degree of disease in a given year as mentioned above. The lower level of STB
symptoms in 2013 and 2015 was linked to less favourable weather conditions. The growth of STB
is well known to be dependent on humid weather conditions (Shaw 1990). Data from Danish
Metrological Institute (DMI.dk) reveal that the temperature was several degrees lower in 2013
compared to the other years. Furthermore, less precipitation was detected in the spring 2013
compared to the other years. Thus, years with more precipitation and higher temperatures will
often display increased levels of STB.
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When isolates sampled at several sites in Denmark were grouped into two overall locations: East
and West Denmark, the ϕ-values showed that there was no significant difference between these
two groups. The lack of genetic difference between the regions in Denmark is confirmed by the
population structure analysis, which indicated that the isolates were not clustered based on
sampling site in Denmark. The missing genetic difference at regional scales in Denmark was
previously attributed to long distance gene flow (Linde et al. 2002) and a high degree of sexual
recombination. Regional gene flow has been ascribed to ascospores from sexual recombination
being spread by the wind and travel long distances (Fraaije et al. 2005). Regional gene flow
might occur within Denmark and could explain the lack of genetic difference within the country.
The same factor could be part of the explanation for the lack of differences seen between Swedish
and Danish isolates. However, more profound analyses are needed to conclude anything on gene
flow.
There was no genetic difference between isolates sampled in Mariboss and isolates sampled in
Hereford. This is in agreement with a previous study, in which isolates sampled from two
varieties, a susceptible and a resistant, were compared (Schneider et al. 2001). Thus, there does
not seem to be a genotypic preference of the pathogen in general for a particular variety. Lastly,
isolates sampled from Mariboss and Hereford were analysed independently based on sampling
year to examine whether changes take place over time. If such a shifting was seen, it could
probably explain the shift in susceptibility seen over a number of years. Analysis of ϕ-values of
isolates sampled in Mariboss revealed that isolates sampled in 2015, the year where Mariboss
was most susceptible, were significantly different from isolates sampled in 2013 and 2014.
However, isolates sampled in 2012 and 2015 did not differ. Data from Sortinfo reveal that the
level of infection in Mariboss in 2015 was very similar to 2012. Furthermore, only five isolates
were sampled from Mariboss in 2012, which could give bias due to low sampling size. The
significant genetic difference of isolates in 2015 might explain the shift in susceptibility of
Mariboss. However, more analyses ought to be conducted to reach to a firm conclusion.
Similarly, significant difference with respect to sampling year was also observed for isolates
sampled from Hereford. A significant genetic difference was observed for isolates sampled in
2013 and 2015. This is in accordance with the analyses including all isolates regardless of
sampling variety, where isolates sampled in 2013 and 2015 also differed from other years. In
general, all AMOVA tests revealed that most of the molecular variation originates from within
populations. Thus, populations are constituted by genetically distinct individuals. This is in
agreement with earlier diversity studies on this pathogen (Zhan et al. 2003). The high rate of
sexual recombination of Z. tritici contributes to significant genetic variation within populations
(El Chartouni et al. 2011; Berraies et al. 2013).
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Fungicide resistance
The frequency of several mutations linked to fungicide resistance was investigated on the Z.
tritici population. The frequency of CYP51 mutations in the Nordic / Baltic population was in
accordance with a previous study (Heick et al. 2017). Most of the investigated mutations
occurred at lower frequencies in isolates sampled from the Baltic countries and Finland. The
Baltic countries and Finland have fewer problems with STB and less intensive use of fungicides.
In addition, these countries allow fungicides with a wider range of active ingredients compared
to Denmark and Sweden (Jørgensen et al. 2017). Therefore, it is expected that Z. tritici
populations in these countries adapt more slowly to fungicides; hence resistance takes longer to
be established. In comparison, the Danish isolates are more intensively exposed to the same
fungicide groups; thus resistance is established faster by recombination and mutations. It is
generally assumed that isolates harbouring mutations conferring fungicide resistance have a
fitness cost and the fungicide resistance is only advantageous in selective environments, where
intensive use of the particular fungicide takes place (Boukef et al. 2012). This is in agreement
with a higher prevalence of CYP51 mutations in Denmark known to have a more intensive use of
DMI fungicides. In this study, it was investigated whether a difference could be observed in the
CYP51 mutation frequency of isolates sampled in Denmark. Frequencies of D134G and V136A
mutations have increased significantly over the years. A previous study found an increase in
D134G and V136A mutations from isolates sampled in 2009 to isolates sampled in 2014 in
Denmark ( Heick et al. 2017). Additionally, data from 2016 have confirmed that these mutations
continue to increase in frequency (Jørgensen et al. 2017). The V136A mutation is significantly
more frequent in isolates sampled in Mariboss compared to samples from Hereford and vice
versa for the A379G mutation. These findings might indicate that cultivars play a role when
selecting for new pathogen haplotypes. Although both cultivars are expected to be similarly
treated with fungicides, it appears that in terms of CYP51 mutations, Mariboss isolates are more
in line with haplotypes commonly found in the current (2015) Danish Z. tritici population than
the more conserved isolates sampled from Hereford. The fact that a difference was observed in
the frequency of CYP51 mutations between isolates sampled from different varieties was rather
surprising. This could indicate that a linkage between isolate virulence or preference for certain
cultivars could be linked to specific CYP51 mutations under the influence of fungicide strategies.
The two mutations D134G and V136A are closely linked in the cyp51 gene of Z. tritici; thus they
are often inherited together, which our results also indicate since both mutations are equally
frequent. The frequency of CYP51 mutations in different regions in Denmark is not significantly
different, except for V136C. However, the difference in frequency of the V136C mutation is
vaguely significant. The two mutations A379G and I381V are similarly closely linked in the cyp51
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gene. From this study, it seems that the frequency of the A379G mutation is decreasing and the
frequency of the I381V mutation remains at a high level. This indicates that haplotypes
harbouring the I381V mutation are kept stable in the populations and that haplotypes having
A379G is slowly beginning to disappear from the population as a response to specific fungicide
treatments.
The frequency of the G143A mutation conferring QoI resistance was almost identical for the
three geographical regions: Denmark, Sweden and the Baltic countries and Finland. A previous
study found that the G143A mutation was significantly more frequent in Denmark and Sweden
than in the Baltic countries (Heick et al. 2017). The number of individuals from the Baltic
countries and Finland was low in this study (n = 12); therefore the inconsistency might be due to
sample size.
In conclusion, no genetic difference was found between isolates from Denmark and Sweden.
However, isolates sampled from the Baltic countries and Finland differed significantly from
Danish and Swedish isolates. No genetic difference was observed between isolates from different
sampling sites in Denmark, which could be explained by regional gene flow. However, further
analyses are needed in order to verify this. Significant genetic difference was observed between
sampling years in Denmark. Some of the variation is probably attributed to different weather
conditions and levels of disease in specific years. This study shows that the population of Z.
tritici in Denmark is not genetically different based on geography. It seems that the level of
disease in each season has an impact on the genetic evolution of the pathogen. Previous studies
have found a high mutation rate and high levels of sexual recombination in Z. tritici. Thus,
deployment of the same varieties with similar resistance backgrounds over large areas and
intensive use of specific fungicides in Denmark enables Z. tritici to change both in aggressiveness
to specific cultivars and in sensitivity to fungicides, as also proposed by McDonald and Mundt
(2016). With this in mind, it should generally be recommended to cultivate a range of varieties
with different resistance sources, alone or in cultivar mixtures in order to prevent quick changes
in aggressiveness. It is expected that if several sources of resistance are used it will take much
longer for the pathogen to overcome the resistance (Grimmer et al. 2014). Furthermore, the use
of fungicides should be varied; thus mixtures of active ingredients with different mode of actions
or alternations ought to be used since the pathogen can mutate and recombine in order to
overcome the fungicides. Thus, for sustainable disease management it is important to grow
resistant cultivars, apply fungicides only when needed and use active ingredients with different
modes of action to delay fungicide resistance build-up and to avoid yield losses.
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Highlights
Manuscript I


Four new QTL for STB resistance were identified in winter wheat



A higher degree of resistance was observed when pyramiding several of the QTL in single
lines

Manuscript II


National observation plots indicate differences in STB severity across years and locations



Local climate conditions and differences in virulence in local Z. tritici populations
contribute to variations in disease severity



Seedling tests in greenhouse with artificial inoculation were proven as a successful
method to quickly test seedling resistance of varieties



Artificial inoculation of seedlings in greenhouse with Z. tritici isolates from two locations
in Denmark revealed virulence differences



The Danish variety, Mariboss, has probably lost its resistance due to an intensive
cropping period following the boom and bust principle



In order to obtain durable resistance it is recommended to diversify cultivation of single
varieties, pyramiding of resistance genes in breeding lines or growing cultivar mixtures to
decrease selection pressure exerted by single resistance genes

Manuscript III


Z. tritici isolates sampled in Denmark and Sweden were genetically differentiated from
isolates sampled in the Baltic countries and Finland



Z. tritici isolates sampled in Denmark were genetically different across years, but not
across regions or varieties



Weather conditions and differences in virulence are important concerning the severity of
the disease



The frequency of the majority of CYP51 mutations were highest in Z. tritici isolates
sampled in Denmark and lowest in isolates sampled in the Baltic countries and Finland
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An increase in the frequency of certain mutations was observed across years in Danish
isolates



No difference in the frequency of mutations in isolates sampled across regions in
Denmark was detected



Some mutations were more frequent in isolates sampled from certain varieties

Manuscript IV


Short description of the three wheat diseases Septoria tritici blotch, Fusarium head blight
and yellow rust



An overview of all or parts of the found resistance genes to the above-mentioned diseases
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General discussion
One of the main issues with STB are the ability of the fungus to sexually recombine and mutate
in order to develop new strains that can spread across large geographical distances. This causes
major challenges and difficulties in controlling the disease. Several studies demonstrate
examples of pathogen virulence to host resistance genes and resistance to fungicides (Cools and
Fraaije 2008; Cowger et al. 2000; Kema and van Silfhout 1997; Leroux et al. 2007; Zhan et al.
2006). As STB is one of the most important fungal diseases on wheat worldwide and especially
in the North Western part of Europe, it is essential that sustainable methods for disease control
are established.

Host resistance to STB
Earlier studies have identified 18 qualitative Stb genes and several QTL for STB resistance (Table
2). However, a majority of the qualitative resistance genes has proved to be ineffective against
the current European population of Z. tritici (Brown et al. 2015). In the present study, it was
hypothesised that a GWAS could identify new and durable resistance. Manuscript I identified
four QTL for STB resistance. At least two of these were determined as new resistance sources,
whereas two QTL could be allelic to Stb3 or Stb2 and Stb11, respectively, as these genes were
located on chromosomes identical to the two QTL found in this study. The four QTL explained
between 7% and 9% of the phenotypic variance for STB resistance. Consequently, we suggest that
the identified QTL confer quantitative resistance rather than qualitative resistance. Former
studies have identified Stb genes which explained 12-68% of the phenotypic variance (Ghaffary
et al. 2011, 2012). However, these studies employed single isolate inoculations in controlled
environments, whereas natural inoculation in field trials was employed in Manuscript I. Several
problems can arise by using inoculum based on single spore isolates. Firstly, single isolates do
not resemble the populations found under natural conditions. Even though a resistance gene can
provide high levels of resistance towards a single Z. tritici isolate, it does not necessarily provide
resistance in the field or across different locations. In the field, a range of Z. tritici individuals
exist simultaneously. Thus, by using field trials and natural infection putative resistance genes
providing resistance towards the current Z. tritici populations can be identified. Secondly, STB
infection levels are highly affected by environment (Klahr et al. 2007; Schilly et al. 2011). Thus,
when searching for new resistance genes, it is important to phenotype in several locations and
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across several years in order to identify resistance genes effective in several environments.
Lastly, inoculation studies with single isolates are mostly performed on seedlings. Differences
exist in adult plant and seedling resistance. Thus, resistance genes identified as highly effective
at the seedling stage are not necessarily effective in the adult stage (Arraiano et al. 2001; Kema
and van Silfhout 1997). However, single spore isolate inoculations in greenhouse can also be
beneficial. For example, highly effective qualitative resistance genes can be identified by using
single spore isolates in greenhouse. These can be used in combination with other resistance
genes to obtain an effective and durable resistance. Additionally, phenotyping in field trials with
natural infection often includes several years and locations. Hence, it is highly time-consuming
and resource-demanding. Controlled inoculations on seedlings in the greenhouse are less timeconsuming, easier to manage and can avoid contamination with external infection types. These
are probably the reasons why the majority of association studies in STB resistance are performed
with controlled single spore inoculations (Arraiano et al. 2007; Ghaffary et al. 2012; Kelm et al.
2012; Risser et al. 2011; Simon et al. 2010).
In this study, three different disease assessment methods were compared (Manuscript II). A
seedling test in the greenhouse with artificial inoculation was tested. The method was successful
and a clear visual difference was observed between the varieties after inoculation and incubation
(Manuscript II). The seedling test was compared to small plot and big plot field trials within the
same year and location, and a good correlation was found among all experiments. However,
seedling tests in greenhouse cannot be used solely for resistance verification. In spite of the high
correlation between the three methods, some varieties revealed to have a low correlation
between the big plot field trial and the small plot field trial. These varieties were also found to be
highly susceptible to yellow rust, which complicated the visual assessments of STB in field trials.
Thus, seedling tests can be used in combination with field trials when verifying resistant
varieties. For trials focusing on STB resistance, the aim should be to avoid attack of other
diseases. Fungicides targeting specific diseases could be applied, e.g. strobilurins, which are part
of the QoI fungicides, are known to be effective against rust diseases and ineffective to STB
(Anonymous 2017).
It can be difficult to postulate whether a newly found resistance region is a QTL or a single
qualitative resistance gene and whether it should be designated as a Stb gene. Earlier community
discussions on nomenclature suggested that the resistance gene should explain at least 50% of
phenotypic variance in order to be designated as a Stb gene. However, Ghaffary et al. (2012)
found that the percentage of explained variation was highly dependent on which isolates were
used for inoculation. Even though, the 18 Stb genes in Table 2 are described as qualitative
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resistance genes, they do not all follow the classical genetic definition of qualitative resistance
(St. Clair 2010). As opposed to qualitative resistance genes, QTL describe the variations observed
in different varieties concerning specific traits. However, as mentioned earlier in this thesis, STB
is a quantitative trait, thus qualitative resistance genes providing complete resistance do not
exist in nature. As previously demonstrated, complete resistance is possible under controlled
conditions with one variety and one Z. tritici isolate (Arraiano et al. 2001; Brading et al. 2002;
McCartney et al. 2003). However, in the field a range of different Z. tritici populations will infect
the plant and the environment can influence the resistance response. Thus, qualitative Stb genes
may display a qualitative resistance response under controlled conditions, but not when
cultivated in the field.
The LOD scores and percentage explained variance were lower in our investigation compared to
similar studies on STB resistance (Manuscript I) (Ghaffary et al. 2011, 2012). This could partly be
explained by the fact that STB resistance is regarded as a quantitative trait as mentioned above
(Brown et al. 2015). Furthermore, the wheat material used in this study was mainly consisting of
breeding lines of which many shared at least one parent. Therefore, the wheat germplasm was
rather narrow leading to a low genetic diversity and possible major resistant sources might be
missing from the material. Additionally, resistance genes could already be fixed in the winter
wheat material facilitating a resistance response.
To obtain durable resistance, several studies recommend to stack or pyramid several resistance
genes in single lines (Brown et al. 2015; Palloix et al. 2009; Parlevliet 2002). The four QTL found
in this study could potentially be stacked in new breeding lines. The QTL analysis revealed that
by stacking the QTL in a single line, a significantly lower disease score was calculated compared
to the average disease score from field trials (Manuscript I). Furthermore, the four QTL together
explained 18% of the phenotypic variation. This is in line with previous findings demonstrating
that by stacking several resistance genes in single lines the durability of resistance can be
prolonged (Chartrain et al. 2004a; Mundt 2014). The mechanism behind the prolonged
resistance of gene pyramids is not fully understood. Former studies hypothesised that the chance
of the Z. tritici population developing virulence to all of the stacked resistance genes, is the
product of the chances of developing virulence to each single resistance gene (Schafer and Roelfs
1985; Wheeler and Diachun 1983). Thus, it is highly unlikely for the pathogen to quickly develop
complete virulence when several resistance genes are stacked in the host plant.
Molecular markers linked to the resistance genes enable and accelerate the process of stacking
the genes in single lines in breeding programmes. By developing for instance KASP markers for
121

the identified QTL, implementation of these in breeding lines can be performed in a targeted
manner. Previously, this has been successfully employed in wheat lines resistant to wheat stripe
rust (Jianhui et al. 2017). However, markers suitable for marker-assisted selection are not
available for Stb genes at present. As described in the Introduction, microsatellite markers are
available for a majority of the Stb genes. However, these markers are not suitable to use on a
large number of wheat lines due to high workload in the laboratory. Furthermore, it is
questionable how tight linkage exists between the marker and the resistance gene. For example,
the distance between the most tightly linked markers to Stb5 and Stb13 is more than 7 and 8
centimorgans, respectively (McIntosh et al. 2007; McCartney et al. 2003). The recent cloning of
the Stb6 gene identified a single nucleotide polymorphism inside the exon of the gene (Saintenac
et al. 2018). This SNP can be used to design a KASP marker, which facilitates high throughput
compared to microsatellite markers.

Resistance stability
The stability of STB resistance has been varying drastically and been a serious issue in breeding
for STB resistance. Examples of varieties having lost their resistance to STB after a period of
cultivation have been reported in both US and the Netherlands (Cowger et al. 2000; Kema and
van Silfhout 1997). Results from this study found that disease levels varied significantly across
years and locations (Manuscript II). Two reasons seem to be the cause for this variation;
differences in climate conditions and virulence differences in local Z. tritici populations across
years and locations. Z. tritici favours humid conditions, in which spores can be released from
fruiting bodies and spread to neighbouring plants and fields by rain splash and wind (Shaw
1990; Shaw and Royle 1993). Thus, years or locations with higher levels of precipitation will
expectedly facilitate more severe STB symptoms. Additionally, differences in virulence of Z.
tritici can give rise to variations in STB symptoms. Sexual recombination, mutations and high
levels of gene flow contribute to the evolvement of new pathogen isolates and thereby differences
in virulence between strains. A seedling test in the greenhouse with artificial inoculation using Z.
tritici populations from two locations confirmed virulence differences as hypothesised. Some
varieties were resistant when inoculated with isolates from one location and susceptible when
inoculated with isolates from the other location (Manuscript II). A previous study on resistance
stability found similar variation across the tested locations (Schilly et al. 2011). In effect,
breeding for resistance should be conducted across several locations and years to ensure durable
resistance across all environments.
122

The stability of disease resistance is also dependent on the cultivation intensity of the variety
with the particular resistance gene. The boom and bust cycle describes how intensive cultivation
of a variety with an effective resistance gene leads to resistance breakdown due to increased
selection pressure exerted on the pathogen by the particular resistance gene (Burdon et al. 2014;
Stakman 1957). The boom and bust cycle has been documented in several diseases, including
rusts and powdery mildew of cereals (McDonald & Linde 2002). The cultivar Mariboss was
grown on an increasing area from 2011 to 2014 in Denmark. Subsequently, STB symptoms
increased from 2014 to 2016. Simultaneously with the increase in STB symptoms, the area
cultivated with Mariboss reduced dramatically (Figure 11).
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Figure 11 Overview of cultivation and STB susceptibility of Mariboss over time. The left vertical
axis represents the cultivation of Mariboss in Denmark in the years 2011-2016. The right vertical
axis represents the percentage STB on Mariboss in 2011-2016.

Intensive cultivation of single cultivars will cause a high selection pressure exerted by the
resistance gene(s) on the pathogen population. Thus, data indicates that intensive cultivation of
Mariboss in 2011-2014 have resulted in changes in pathogen virulence and as a result a
breakdown in resistance from 2015-2016 was seen (Manuscript II). To avoid the boom and bust
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cycle, several strategies can be employed. The high selection pressure on single resistance genes
could be decreased by growing variety mixtures, given that the different varieties harbour
different resistance genes. A previous study found that susceptible cultivars were better
protected against STB when cultivated in mixtures with resistant cultivars (Gigot et al. 2013).
Furthermore, preliminary data in an ongoing study find significantly decreased STB symptoms
in different cultivar mixtures with and without fungicide input (Pers. comm. Rose Kristoffersen,
AU). Additionally, stacking several resistance genes in single varieties during the breeding
process is important, as described earlier in this thesis. Brun et al. (2010) tested the durability of
the Lm6 gene providing resistance towards the fungus Leptosphaeria maculans in rapeseed with
and without a background of quantitative resistance. Virulence developed after only 3 years
without quantitative resistance, whereas virulence did not develop in the quantitative resistance
background (Brun et al. 2010). Thus, by stacking several genes, including quantitative resistance
genes, a more durable resistance can be obtained. No specific cases relating to STB resistance
has been described, but it is expected that this would be a similar case for Z. tritici.

Genetic structure of Z. tritici
The genetic structure and levels of gene flow can reveal information about evolutionary potential
of the pathogen which highly affects the durability of disease resistance (McDonald and Linde
2002). The genetic structure can be defined as the amount and the distribution of genetic
variation within and among populations of the pathogen. Five evolutionary forces exist;
mutation, genetic drift, gene flow, mating system and selection. Interaction among these five
evolutionary forces determines the genetic structure of the pathogen, and consequently the
evolutionary potential of the pathogen populations (McDonald and Linde 2002).
As mentioned, the main problems with Z. tritici are the ability of sexual recombination,
mutations and high levels of gene flow. In combination, these characteristics make the pathogen
difficult to control. Mutations and sexual reproduction enable the pathogen to develop new and
more virulent strains. Strains displaying tolerance towards fungicides and strains with virulence
to resistance genes in the host can therefore quickly arise. As hypothesised in this thesis, the
diversity studies with molecular markers confirmed a high degree of genetic diversity in Z. tritici
populations across geographical regions, years and varieties (Manuscript III). This is in
agreement with previous studies concerning Z. tritici diversity (Banke et al. 2004; Berraies et al.
2013; Razavi and Hughes 2004; Schneider et al. 2001; Zhan et al. 2003). A population structure
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analysis revealed a high level of genetic similarity between isolates from Denmark and Sweden.
In contrast, both isolates from Denmark and Sweden displayed a low level of genetic similarity to
isolates from the Baltic countries and Finland. This can be due to the closer geographical
distance between Denmark and Sweden than to the Baltic countries and Finland. The isolates
from Sweden were sampled in the southern part of the country and were therefore
geographically close to Denmark. The close geographical distance permits some degree of gene
dispersion between countries. In contrast, the Baltic Sea can act as a natural barrier between
Denmark/Sweden and the Baltic countries and Finland. Additionally, the climate conditions and
the varieties cultivated are to some extent similar in Denmark and Sweden, whereas neither
Denmark nor Sweden share varieties with the Baltic countries and Finland. Furthermore, the
Baltic countries and Finland have lower levels of STB compared to Denmark and Sweden. This
could be due to less favourably conditions for the fungus in these countries, which traditionally
have had a higher dominance of Stagnospora nodorum blotch and tan spot. Lastly, the Baltic
countries have drier summers and colder winters, which are not favourable for STB. Thus, the
differing conditions for Z. tritici in the two regions has most likely made the pathogen evolve in
different directions and thereby also leading to genetically distinct populations.
The frequency of CYP51 mutations in the pathogen populations was generally lower in the Baltic
countries and Finland compared to Denmark and Sweden (Manuscript III). This is in line with
previous findings (Heick et al. 2017). A combination of the lower disease pressure in the Baltic
countries and Finland and the fact that these countries apply fewer fungicides with a wider range
of active ingredients, decreases the rate of which the pathogen adapts to the fungicides. The
evolution of fungicide resistance is thought to be highly dependent on fungicide application. An
optimised and minimised fungicide application will delay the development of resistance and the
durability of the fungicides will increase (Jørgensen et al. 2017).
Studies found that Z. tritici isolates from Denmark and Lithuania displayed a high sensitivity to
DMI fungicides for several years (Heick et al. 2017), whereas isolates from Ireland displayed a
highly decreased sensitivity to DMI fungicides in the previous years (Dooley et al. 2016). This is
in agreement with the frequency of specific mutations in the cyp51 gene in isolates sampled in
Lithuania, Denmark and Ireland (Table 3). Furthermore, countries with the lowest frequency of
cyp51 mutations like Denmark and Lithuania also have lower fungicide input and lower number
of treatments compared to Ireland, which are known to have a higher disease pressure and a
high fungicide input (Table 3). Thus, the decreased sensitivity towards DMI fungicides in isolates
from Ireland is linked to a higher frequency of certain CYP51 mutations, which most likely have
developed following intensive use of fungicides. A previous study have suggested the existence of
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a west-east gradient of DMI resistance (Heick et al. 2017). A more resistant population of Z.
tritici seems to exist in UK and Ireland. Denmark and Sweden have an intermediate resistant
population, whereas the Baltic countries experience a population being more sensitive to DMI
fungicides. Z. tritici populations from Finland seem to be intermediate with a medium to high
sensitivity to fungicides and geographically located in the middle of the west-east gradient. This
is in accordance with findings in Manuscript III, where the frequency of cyp51 mutations was
lower in the Baltic countries and Finland compared to Denmark and Sweden. Unfortunately, due
to low samples sizes, this study could not verify the intermediate fungicide sensitivity of the
isolates from Finland.

Table 3 Frequency (%) of mutations in the cyp51 gene and the average number of treatments
per season for the three countries (Lise N. Jørgensen et al. 2017).
Country
Lithuania
Denmark
Ireland

Fungicide
input
Low
Medium
High

D134G

V136A

1
14
19

1
22
60

V136C
A379G
Frequency %
2
21
3
34
8
46

I381V

S524T

96
86
92

0
3
52

Treatments
pr. season
1.5
2.5
3.5

Development of resistance to fungicides is often associated with a fitness cost (Boukef et al.
2012). Thus, it is only advantageous for the pathogen to develop resistance in an environment
with intensive use of fungicides. By minimising and using a wider range of fungicides, the
durability of the fungicides is prolonged since selection pressure on the pathogen is decreased
when several active substances are used.
By analysing isolates sampled in Denmark across regions and years, a significant genetic
differentiation across years, but not across regions was identified (Manuscript III). The lack of
genetic differentiation across regions in Denmark can arise from gene flow. Earlier studies have
found a significant amount of regional gene flow in STB that can be ascribed to ascospores
travelling long geographical distances with the wind (Fraaije et al. 2005; Linde et al. 2002).
Thus, it is highly likely that some degree of gene flow occurs from West to East Denmark with
the dominating west wind. However, further studies are needed in order to conclude on how far
ascospores can be expected to disperse. Results from Manuscript II and III seem contrasting,
since Manuscript II detects virulence differences between two Z. tritici populations located
200km apart, whereas Manuscript III finds no population structure between isolates from
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different regions in Denmark, including the two locations in Manuscript II. As mentioned above,
long distance gene flow may contribute partly to the virulence differences. However, the
difference is probably due to the nature of the markers and genes that are investigated.
Manuscript III uses neutral markers, whereas Manuscript II uses virulence markers which are
under selection. Thus, pathogen virulence changes fast due to a high selection pressure, whereas
the neutral markers are not under a high selection pressure.
Isolates sampled in 2013 and 2015 were significantly different from both each other and from
other isolates (Manuscript III). Weather data indicates that 2013 was a cold year with less
precipitation than normal (http://dmi.dk). Thus, since STB is highly dependent on humid
conditions (Shaw 1990), variations in the weather can also change the conditions for the fungus
from year to year. This will affect development of the pathogen and the frequencies of different
isolates within the population due to a higher fitness of these strains in certain environmental
conditions. Furthermore, the rapid changing of the pathogen by mutating and sexually
recombining may also have contributed to genetic differences between years.
Isolates sampled from Mariboss across years were analysed to examine if any changes in the
populations could be linked to the observed boom and bust scenario for the variety (Figure 11).
The analysis revealed significant differences between isolates sampled in 2015 to those sampled
in 2013 and 2014. Unfortunately, isolates from 2016, the year where Mariboss became highly
susceptible, were not included in the analysis. Thus, it is difficult to state anything conclusive.
The number of private alleles increased in isolates sampled from Mariboss across years from
zero in 2012 to seven in 2015. The private alleles could have an influence on the changes in
virulence leading to a higher degree of susceptibility in Mariboss. However, this is a speculative
hypothesis that needs further analysis.
The presence of certain mutations linked to fungicide resistance was different in Mariboss and
Hereford, respectively. The mutation, A379G, was significantly more frequent in Hereford than
in Mariboss and vice versa for V136A. As Hereford is an older variety and A379G has been seen
to decrease in frequency across years, the findings could indicate that a relationship exists
between varieties and the selection of pathogen haplotypes with specific CYP51 mutations. Thus,
Mariboss isolates are mostly represented with a more “modern” Z. tritici population, whereas
Hereford isolates mostly represent an older Z. tritici population. This could indicate that
pathogen isolate frequencies evolve according to the cultivar dominating the field and the
applied fungicide application programme. No other studies have currently identified a
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simultaneous selection for specific cyp51 mutations, which are driven or linked to specific
cultivars.
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Conclusion and Perspectives
Scientists all over the world predict the world population to increase by nearly 25% in 2050, of
which a majority will be in the developing countries. Therefore, the demand for food resources
will increase as well. Additionally, increased urbanisation will decrease the agricultural area
demanding a more efficient cereal production. Since, wheat constitutes a major part of providing
food for the world population, disease control is highly important. This project was done in the
light of the increasing problems with controlling STB and the need for a more efficient wheat
breeding, which can provide resistant cultivars to the farming community.
Intensive use of fungicides contributes to development of new Z. tritici strains which show
resistance to the active ingredients in the fungicides. Furthermore, virulence to host resistance
genes can quickly develop. Monitoring the current status of the pathogenicity of the disease
isolates is an important step in order to develop sustainable disease management strategies.
Additionally, new durable host resistance genes are needed. Four QTL for STB resistance were
identified in this study. With the use of KASP marker technology, these QTL could easily be
incorporated in breeding lines. The pyramiding of qualitative and quantitative resistance genes
is currently characterised by several groups of scientists to be the best solution for a more
durable disease control.
The development of virulence to host resistance genes and mutations inhibiting the performance
of fungicides are the main problems with Z. tritici. Even though an ongoing search for new
resistance genes and fungicides with different modes of actions will help to give new options for
control, it is important to study new methods and ways, which can increase the durability of both
the chemical and genetic control options. In this study, an example of intensive cultivation of a
single cultivar in Denmark leading to resistance break-down was presented. Furthermore,
evidence of virulence differences between Z. tritici populations located 200km apart display the
ability of the fungus to quickly adjust to local conditions. Additionally, the frequency of CYP51
mutations was linked to the usage of fungicides. All results demonstrate that Z. tritici is able to
quickly change according to the environment. Possible solutions to prolong the lifetime of
resistance genes could be to diversify cultivars sown in a given area or grow cultivar mixtures.
This will prolong the durability of resistance due to a decrease in selection pressure on the
pathogen population. Additionally, reducing the disease risk will also decrease the need for
fungicides, which again minimise the selection pressure. Growing cultivar mixtures may not be
attractive for the farmers. Furthermore, the grain buyers often demand single cultivars for
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human consumptions. Even though, the breeders are more interested in selling single cultivars,
if organised and promoted they could be achieving similar revenue from mixtures as they can
from single varieties.
The durability of fungicides can be increased by diversifying and decreasing the fungicide input.
In the future, strict regulations are expected to decrease the number of fungicides available.
Therefore, it is of uttermost importance that the allowed fungicides are durable for the longest
time possible. Following and updating the IPM principles are therefore important.
The recent cloning of the first Stb resistance gene is a significant step in analysing STB resistance
genes thoroughly and study their effect and mode of providing resistance. A single nucleotide
change was detected in the gene encoding Stb6 between varieties with the resistance gene and
varieties without this gene. The recent development in the genome-editing CRISPR-Cas
technology has made it possible to introduce changes in the wheat genome without introducing
foreign DNA (genetically modified organism (GMO)). With the CRISPR-Cas technology, a single
nucleotide base change could be conducted in AvrStb6 susceptible varieties rendering them
resistant. Thus, a variety without Stb6 could in theory become positive for Stb6 by a single
nucleotide base change. New possibilities will arise if the CRISPR-Cas technique can be
implemented in plant breeding. A potential new resistance allele conferring STB resistance could
be inserted into breeding lines by gene editing. Newer association studies often use SNP
markers. Thus, a single base pair change is often identified between resistant and susceptible
lines. CRISPR-Cas can change a single base pair by gene editing (Gaudelli et al. 2017). Thus, the
technique facilitates an easy method to introgress resistance allelles into susceptible lines.
However, there are still several obstacles before reaching this. The CRISPR-Cas technology is at
the moment not at a state where it can be used actively in plant breeding in Denmark and other
countries within the European Union. Several researchers suggest that the technology should not
be treated as GMOs, since no foreign DNA is inserted (Eriksson et al. 2018). It is expected that a
decision will be made soon whether genome-editing technologies, like CRISPR-Cas should be
regulated according to GMO regulations or not. This decision will be crucial concerning how next
generation plant breeding will be handled in the future.
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Supplementary material
This section contains the supplementary data from Manuscript I (S1) and III (S2-3).

Table S1 List of all lines with their haplotype for 4 QTLs on chromosomes 1B, 2A, 5D and 7A.
Lines name
Mariboss
NOS 15042.11
NOS 15046.17
7191-06 09
7191-06 13
7198-06 23
7034-08.18
7094-08.20
7128-08.18
7132-08.19
7137-08.14
7151-08.06
7160-08.26
7200-08.16
7211-08.05
7218-08.19
AS17081.10
as17122.19
17047.2
17056.2
17074.19
NOS 15055.10
7191-06 29
7053-08.06
17053.07
17126.06
17132.18
13009.36
7093-08.02
LGW 56
7191-06 14
7002-08.05
17046.09
17063.17
17108.16
17112.1
Torrild
16114.13
7243-06 14
NOS 708-507
NOS 709-1494

QStb.NS-1B
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
AA
AA

QStb.NS-2A
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
TT
TT
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QStb.NS-5D
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
TT
TT
TT
TT
TT
TT
TT
CC
CC
CC
TT
TT
TT
TT
TT
TT
TT
TT
CC
CC

QStb.NS-7A
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
GG
GG
AA
AA
AA
AA
AA
AA
AA
AA
AA
GG
AA
AA
AA
AA
NA
GG
GG
GG
AA
AA

16104.08
NOS 709-084
17058.18
17072.17
7272-06 27
7313-07 12
16104.01
7081-08.03
17077.13
7024-08.03
7014-08.11
Ambition
Audi
Ferrari
Maserati
Skagen
Gedser
Torp
Nuffield
KWS Dacanto
Tuareg
Denman
Tabasco
NOS 7214-05 11
NOS 709-335
NOS 14095.23 A
NOS 15035.27
NOS 15005.26
16050.05
16104.05
16110.03
16114.03
7200-06 16
7243-06 06
7266-06 08
7266-06 10
7266-06 13
7266-06 24
7269-06 13
7271-06 09
7271-06 22
7272-06 06
7272-06 13
7344-06 07
7344-06 21
7344-06 35
7384-06 03
7384-06 07
7016-08.05
17019.14

AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA

TT
TT
TT
TT
TT
TT
NA
CC
CC
NA
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
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CC
TT
TT
TT
TT
TT
CC
CC
CC
NA
NA
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT

AA
AA
AA
AA
GG
GG
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA

17080.2
17130.1
Sj 7343501
Pistoria
KWS Magic
BB71
KWS Loft
SJ 856302
UN 5260
Hybery
LGW 70
LGW 66
Senat
MS Brunrust
Sleipner
Florida
SU Anapolis
7193-06 13
Elixer
Substance
Jensen
Leyland
Capricorn
Anja
KWS Cleveland
JB Asano
Frument
Hereford
Ritmo
NOS 15005.22
7191-06 30
7193-06 01
7193-06 06
7193-06 11
7193-06 12
7193-06 18
7193-06 28
7193-06 30
7193-06 32
7198-06 08
7199-06 03
7200-06 04
7200-06 12
7200-06 15
7200-06 17
7239-06 18
7239-06 21
7243-06 17
7272-06 32
7273-06 15

AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA

CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
NA
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
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TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
NA
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT

AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
GG
GG
NA
NA
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG

7344-06 19
7378-06 16
7384-06 12
7384-06 15
7050-08.07
7060-08.10
17035.18
17092.01
17111.05
Ellvis
Julius
Nakskov
Genius
R 10924
RW41088
KWS Esko
KWS Mojito
Tobak
SEWC111
KWS W227
Landsknect
MS Septoria
Cardos

AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA
AA

CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC

TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT
TT

* NA designates missing genotypes

Table S2 Overview of Z. tritici isolates used in this study
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Year
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

Variety
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss

Country
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
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Location
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg

GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG
GG

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012

Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Hereford
Hereford
Hereford
Hereford
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Hereford
Hereford
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Hereford
Hereford
Hereford
Hereford
Mariboss
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford

Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
135

LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
LRØ
Lolland
Lolland
Lolland
Lolland
Lolland
Lolland
Lolland
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion
Gefion

73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015

Hereford
Hereford
Hereford
Mariboss
Mariboss
Mariboss
Hereford
Hereford
Hereford
Mariboss
Mariboss
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford
Hereford

Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
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LRØ
LRØ
LRØ
Ytteborg
Ytteborg
Ytteborg
Ytteborg
Ytteborg
Ytteborg
LRØ
LRØ
Thy
Thy
Thy
Thy
Thy
Østdansk landbrugsrådgivning
Østdansk landbrugsrådgivning
Østdansk landbrugsrådgivning
Skals
Skals
Skals
Skals
Skals
Skals
Skals
Skals
Rønde
Rønde
Rønde
Rønde
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013

Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss
Mariboss

Olivin
Olivin
Olivin
Olivin
Olivin
Olivin
Olivin
Olivin
Olivin
Olivin
Olivin

Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Denmark
Finland
Latvia
Latvia
Latvia
Latvia
Latvia
Latvia
Lithuania
Lithuania
Lithuania
Lithuania
Lithuania
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
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Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Flakkebjerg
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup
Hinnerup

Sörby, Västerås
Sörby, Västerås
Sörby, Västerås
Sörby, Västerås
Sörby, Västerås
Sörby, Västerås
Dalarna, Hedemora
Dalarna, Hedemora
Dalarna, Hedemora
Dalarna, Hedemora
Dalarna, Hedemora

177
178
179
180
181
182
183

2013
2013
2013
2013
2013
2013
2013

Olivin
Olivin
Olivin
Olivin
Olivin
Olivin
Olivin

Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden

Dalarna, Hedemora
Glättestorp, Kvänum
Glättestorp, Kvänum
Glättestorp, Kvänum
Glättestorp, Kvänum
Glättestorp, Kvänum
Glättestorp, Kvänum

Table S3 Primers used for AFLP analysis. bp designates number of base pairs
Name
Pst1-Adapter 1
Pst1-Adapter 2
Pst1- 0
Pst1-AA
Pst1- AC
Pst1- CA
Mse1-Adapter 1
Mse1-Adapter 2
Mse1-CA
Mse1-0
Mse1-CC
Mse1-GG

Sequence
CTCgTAgACTgCgTACATgCA
TgTACgCAgTCTAC
gACTgCgTACATgCAg
gACTgCgTACATgCAgAA
gACTgCgTACATgCAgAC
gACTgCgTACATgCAgCA
gACgATgAgTCCTgAg
TACTCAggACTCAT
gATgAgTCCTgAgTAACA
gATgAgTCCTgAgTAA
gATgAgTCCTgAgTAACC
gATgAgTCCTgAgTAAGG
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Label

6-FAM
NED
VIC

bp
21
14
16
18
18
18
16
14
18
16
18
18
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Appendix
List of additional articles, public disseminations and other activities that have not been included
in this PhD project.

Journal articles
Hvedesorterne får mere septoria over tid. Nana Vagndorf, Jeppe Reitan Andersen,
Ahmed Jahoor, Lise Nistrup Jørgensen. Landbrugsavisen; Magasinet MARK. August 2017. p.
36-37. This paper is a popular article addressed to farmers and consultants concerning how STB
develops over time both due to different weather conditions and due to virulence differences in
pathogen populations. Furthermore, it is described how stacking of several resistance genes can
prolong resistance. The article is showed in Figure 12.
Resistance stability of septoria. Nana Vagndorf, Susanne Sindberg, Ahmed Jahoor,
Annemarie Fejer Justesen, Lise Nistrup Jørgensen. Applied Crop Protection 2017. Aarhus
Universitet – DCA – Nationalt Center for Fødevarer og Jordbrug. 2018. Accepted.

Posters
Zymoseptoria tritici population structure, genetic diversity and fungicide
resistance. Nana Vagndorf, Thies Marten Heick, Annemarie Fejer Justensen, Jeppe Reitan
Andersen, Ahmed Jahoor, Lise Nistrup Jørgensen and Jihad Orabi. 2017. Presented at Z. tritici
Community Meeting, Kiel.
Genome-wide association mapping reveals new QTL associated with resistance
against Septoria tritici blotch in winter wheat. Nana Vagndorf, Nanna Hellum Nielsen,
Vahid Edriss, Jihad Orabi, Jeppe Reitan Andersen, Annemarie Fejer Justensen, Lise Nistrup
Jørgensen and Ahmed Jahoor. 2016. Presented at 9th International Symposium on Septoria
Diseases of Cereals, Paris.
QTL analysis against Septoria tritici blotch in winter wheat. Nana Vagndorf, Nanna
Hellum Nielsen, Vahid Edriss, Jihad Orabi, Jeppe Reitan Andersen, Annemarie Fejer Justensen,
Lise Nistrup Jørgensen and Ahmed Jahoor. 2016. Presented at Plant and Animal Genome
Conference, San Diego.
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Knowledge disseminations
Er hvedesorternes resistens mod septoria stabil? Nana Vagndorf, Ahmed Jahoor,
Annemarie Fejer Justensen, Susanne Sindberg and Lise Nistrup Jørgensen. Plantekongres 2018.
Oral presentation.

Contributions
Manuscript I
Experimental work, including sowing, DNA purifying and shipment for genotyping of the winter
wheat material was performed by the PhD student. Field work, including phenotyping and
artificial inoculations was performed by the PhD student in 2016. In 2014 and 2015, colleagues
from Flakkebjerg, AU performed the field work. Analysing and handling the genotypic data was
performed by the PhD student, including, association analyses. Writing the manuscript was
performed by the PhD student.

Manuscript II
Data from the national observation plots was provided by Tystofte. Analysis of the data was
performed by the PhD student. Experiments in the greenhouse with inoculations were
performed by the PhD student including the subsequent analysis. Writing the manuscript was
performed by the PhD student.

Manuscript III
Sampling of Z. tritici isolates was performed for several years back and was therefore only
performed by the PhD student in 2015. Experimental work, including purification and
cultivation of all isolates, DNA isolation and AFLP analyses were performed by the PhD student.
Analysis with KASP markers for detection of Cyp51 mutations and TaqMan qPCR for detection
of a mutation linked to QoI resistance were performed by Thies M. Heick. Data analysis,
including AFLP and KASP genotyping, population structure and diversity was performed by the
PhD student. Writing the manuscript was performed by the PhD student.
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Manuscript IV
The PhD student wrote a chapter called Marker-Assisted Plant Breeding in Wheat for the book
entitled Next Generation Plant Breeding. The part concerning wheat diseases was written by the
PhD student. The part concerning wheat quality was written by Peter Skov Kristensen.
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Figure 12 Article from Landbrugsavisen, August 2017.
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