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1 Introduction

1.1 Hops - Humulus lupulus L.

Hops, Humulus lupulus L., is a dioecious perennial member of the Cannabaceae
family and originates from Asia (Murakami et al. 2006). The two genera of the
Cannabaceae family, represented by Humulus lupulus L. and Cannabis sativa L.
(hemp, marijuana), 2n = 2x = 20 respectively (van Bakel et al. 2011), hypotheti-

cally diverged about 27.8 million years ago (Laursen 2015).

Hops was classified into three species which are H. lupulus, H. scandens and H.
yunnanensis (Small 1978; Barrie 2011). Humulus lupulus is entirely spread in the
Northern Hemisphere (Small 1978; Neve 1991). Furthermore, H. lupulus has
been subdivided into five different taxonomic varieties: 1) var. lupulus for wild
hops and cultivars with European origin, 2) var. cordifolius for Japanese wild
hops, and 3) var. neomexicanus, 4) pubescens and 5) lupuloides, for wild hops
from North America. Distinctive morphological characteristics, such as hairs on
the bine and number of lobes on the leaf, can be detected between the different
varieties (Small 1978). Molecular markers used for cladistic analyses support the

five species delineation, with some caveats (Reeves and Richards 2011).

The history of cultivation and domestication of hops in Europe is unknown. Nev-
ertheless, historical records suggest that hops were already used by the Romans
(Wilson 1975). The origin of European cultivars descended either from the culti-
vation of native wild hops or from migrated plants from the East (Moir 2000). But
only little is known about their migration routes and origin or their phylogenetic
relationships (Neve 1991; Pillay and Kenny 1996; Murakami 2000).

Only the female plants (Figure 1B) are economically important and mainly used
for beer brewing as a flavoring as well as bittering agent and because of their
antibacterial properties ensuring proper yeast fermentation. They are grown for
unfertilized, ripe, female inflorescences (hop cones). Because of its complex pool
of secondary metabolites, hops are used as a source of pharmaceuticals in mod-
ern applications such as biofuel production and animal fodder (Ososki and
Kennelly 2003; Stevens and Page 2004; Nagel et al. 2008; Siragusa et al. 2008;
Miranda et al. 2016).
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The earliest written evidence of hop cultivation mentions a hop garden in Ger-
many in 736 (Neve 1991). It was found in a rule book of a Benedictine monastery
in France that hops were used in beer in the year 822 (Eyck and Gehring 2015).
Nowadays the hop production takes place on both the Southern and Northern
hemispheres between 35" and 55" latitude due to strong photoperiodism require-
ments for flowering (Neve 1991) and encompassed 60,672 ha with a production
of about 116,200 mt in crop 2018 (Hopsteiner 2018).

1.2 Downy mildew caused by Pseudoperonospora humuli

1.2.1 Characteristics of the fungus

Pseudoperonospora humuli, the causal organism of hop downy mildew, is an ob-
ligate biotrophic oomycete pathogen and has been a serious threat in hop grow-
ing areas in recent years (Gent et al. 2017). Especially in humid hop growing
areas it is one of the most severe disease. Resulting losses in yield and quality
vary depending on susceptibility of the variety, timing of infection and weather
conditions. The damage can range from non-detectable in hot and dry years to

heavy crop losses in quantity and quality as well as plant death in humid seasons.

It was first described from diseased hop tissue in Japan by Miyabe and Takahashi
in 1906 as Peronoplasmopara humuli n. sp. and later revised systematically by
Wilson in 1914 (Miyabe and Takahashi 1906; Skotland and Romanko 1964;
Mitchell 2010). P. humuli primarily reproduces asexually through sporangia in a
polycyclic manner throughout the growing season. By the late 1920s, additional
hop growing regions including British Columbia, England, Germany, and the Pa-
cific Northwest reported downy mildew infection. One explanation for the rapid
expansion of the distribution of the disease may be the movement of plant mate-
rials across international borders during establishment of regional hop breeding

programs.
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1.2.2 Epidemiology

Under high disease pressure during flowering, leaves and cones are infected and
become dark brown and dry out completely (Figure 1B). Systemically infected
shoots or laterals referred to as “spikes” emerge in spring following the cessation
of dormancy (Figure 1A). These diseased shoots display stunted growth and
symptoms of chlorosis. An uneven distribution of the infection can lead to both

healthy and infected shoots growing on the same plant.

Figure 1. Symptoms of downy mildew infection. A) primary infection, stunted lat-
eral, B) secondary infection on female inflorescence resulted in completely dried

out cones.

The mycelium of the downy mildew fungus overwinters on material left in the field
or within the plant (Figure 2). As the plant starts to grow in spring, young shoots
are already infected with this overwintering mycelium. The mycelium produces a
microscopic spore-bearing structure, called a sporangiophore, on the underside
of leaves of stunted shoots. This structure causes an asexual type of spores,

called zoospores, which infect cones and leaves.

Sporulation occurs on the abaxial surface with sporangiophores emerging in the
early morning hours when temperatures during night are above 6°C and relative
humidity is greater than 90% (Royle 1970; Royle and Thomas 1973; Royle and
Kremheller 1981). Once temperature is favorable (10 to 21°C) and free water is
present, sporangia release swimming zoospores which enter open stomata. The
infection can become systemic and infected meristem tissue causes growth ab-
normalities such as spikes (basal and lateral) (Skotland 1961; Royle and
Kremheller 1981).
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Figure 2: Life cycle of Pseudoperonospora humuli according to Gent et al.(2009).

The foliar phase of the disease primarily functions as a mechanism of secondary
spread of the pathogen between plants in a hop yard. The crown rot phase is
primarily associated with production of basal spikes or crown death, which may
occur in highly susceptible cultivars (Royle and Kremheller 1981; Woods and
Gent 2016). Lastly, infection of the cone is of primary, industrial concern, due to

loss of yield or quality (Royle and Kremheller 1981).

The role of oospores, the sexual spores of the pathogen in the disease cycle, is
unclear. While oospores can be found in necrotic tissues, their overall importance
in the epidemiology and life cycle of P. humuli has yet to be determined (Parker
2007; Mitchell 2010; Gent et al. 2017).
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1.3 Resistance breeding and resistance related metabolites

1.3.1 History of hop breeding

At the beginning of the 20™ century the first organized hop breeding program
started at Wye College in Kent, England, and was established to release new

cultivars for beer production (Neve 1986; Darby 2006).

Already at that time the requirements for the breeding program were to develop
pathogen resistant varieties with high yield, pleasant aroma and high concentra-
tions of alpha and beta acids (Neve 1986; Patzak 2005). For this purpose hop
plants from North America were introduced into European breeding programs
because of their high concentrations of prenylated compounds (Neve 1986;
Darby 2006).

Other European growing regions established breeding programs after massive
devastation of downy mildew caused by the fungal pathogen Pseudoperonospora
humuli. The first appearance was recorded in Japan in 1906 and shortly thereaf-
ter in North America which marked the greatest threat to hop cultivation up to that
time. New centers of hop research were founded in Germany, Czech Republic
and USA to defy the attack of such pathogens (Biendl et al. 2014).

The reproductive mode of hops affects many aspects of crop management and
breeding. Males and female regenerative organs are dimorphic while families are
highly heterozygous and phenotypically variable. Genetically diverse genotypes
are obtained by single mating followed by phenotypic selection and fixation of
desired genotypes by asexual reproduction. Diverse factors such as a high de-
gree of heterozygosity, dioecy and obligate outcrossing, a poorly understood gen-
der-determination system and a large genome size (2.57 Gb according to
Natsume et al. 2015) contribute to the difficulty of hop breeding (Neve 1991,
Darby 2006; Matthews et al. 2013; Zhang et al. 2017).

1.3.2 Resistance to downy mildew in hops

A natural disease resistance reduces the pathogen growth in or on the plant and
protects plants in two ways. On the one hand, by pre-formed structures and
chemicals, or on the other hand by infection-induced responses of host immune
system (Malamy and Klessig 1992; Mauch-Mani 1996; Dixon 2001).
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Breeding for resistance is one of the most important tasks in developing new hop
cultivars. Released cultivars like the U.K. “Yeoman’ and ‘Challenger’ (Neve and
Darby 1983; Neve 1991) or the American ‘Teamaker’ (Henning et al. 2008) are
well known varieties with downy mildew resistance and have been used as breed-

ing sources for many decades.

However, the underlying biochemical resistance mechanism in hops has not
been completely elucidated, yet. The focus of hop breeding in the past years was
the investigation of resistance associated markers within QTL mapping studies
(Parker 2007; Henning et al. 2015). Such research provided more evidence for
the quantitative nature of downy mildew in hops controlled by multiple loci across
the genome, which was hypothesized decades ago (Neve 1991).

Studies in crops also being attacked by oomycetes such as grapevine and cu-
cumbers revealed the accumulation of stilbenoids and specific host transcrip-
tional responses in resistant genotypes (Pezet et al. 2004; Malacarne et al. 2011).
This kind of investigations might rise the interest of breeders, if such biochemical

processes are also active in resistant hop cultivars.

1.3.3 Resistance related metabolites in plants

Antimicrobial metabolites contribute to resistance against various pathogens
mostly in an induced manner (Malamy and Klessig 1992; Dixon 2001; Thordal-
Christensen 2003). However, the investigation of secondary metabolites and their
complex role in resistance were difficult to assess due to the lack of appropriate
tools to exactly determine metabolite localization and transport mechanisms in

plant tissues or cells.

Many stress-induced compounds are classified as phytoalexins which are anti-
microbial chemicals synthesized in response to pathogen attack. Included are
pterocarpans, prenylated isoflavonoids, stilbenes, isoflavans, psoralens, couma-
rins, 3-deoxyanthocy- anidins, flavonols and aurones (Dixon 2001). Higher levels
of salicylic acid in response to exposure to UV light and ozone or infection in
crops, such as in cucumber, tobacco and Arabidopsis, are part of a signaling
process result in systemic acquired resistance (Dixon and Paiva 1995; Dixon
2001).
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For example, phenylpropanoids act in multiple aspects of plant responses to-
wards both biotic and abiotic stresses. They are not only key contributors of the
plants resistance towards pathogens, but are also indicators of plant stress re-

sponses upon variation of mineral treatment or light (La Camera et al. 2004).

Secondary metabolites are well-known disease defense compounds, and, for ex-
ample, biochemical markers for powdery mildew in hops have been investigated
(Cerenak et al. 2009). Testing extremely susceptible or resistance cultivars, a
Slovenian research group afforded resistance markers (e.g. santalene, ger-
macrene-D or alpha-selinene) which had a correlation between powdery mildew

infection and the abundance of secondary metabolites.

1.4 Untargeted metabolomics and secondary metabolites

1.4.1 The metabolome

The collectivity of all metabolites within an organism is referred to as the metab-
olome (Fiehn 2002). Primary metabolites relate to amino acids, organic and fatty
acids, sterols, sugars and sugar alcohols (Krafova et al. 2012) whereas second-
ary metabolites mainly refer to defensive compounds such as phytohormones
and chemicals discussed in section 1.3.3 including their precursors, intermedi-
ates and derivatives (Croteau et al. 2000; Wasternack 2007; Kralova et al. 2012;
Tiago et al. 2017). Due to their involvement in cellular and physiological energet-
ics, signaling and structure metabolites play an important role in biological sys-

tems (Vinayavekhin et al. 2010).

Basically, the metabolome is the result of gene expression (Sumner et al. 2003).
Therefore, metabolites are heavily influenced by biotic and abiotic factors and as
a corollary: the whole metabolome is affected by such factors (Dixon and Paiva
1995; Kralova et al. 2012). Biotic factors such as mycorrhizal fungi (Kogel et al.
2010), pathogens (Paranidharan et al. 2008; Cerenak et al. 2009; Chong et al.
2009; Thakur and Sohal 2013; Lazazzara et al. 2018) and herbivores (Kutyniok
and Muller 2012) can change the constitution of the metabolome. Moreover, abi-
otic factors in the environment, perhaps climate change, will have persistent con-

seqguences for the plant metabolome (Tiago et al. 2017). Therefore, a major goal
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in plant biology is to investigate the biochemical pathways and conditions of plant

secondary metabolism to understand their relation to other organisms.

1.4.2 Untargeted metabolomics

Recently, metabolomics has benefited from considerable improvements in mass
spectrometry as well as data analysis and interpretation (Carreno-Quintero et al.
2013). Metabolomics is applied to understand complex biological systems on me-
tabolite level using high-throughput quantification, in most cases mass spectrom-
etry, and identification technology combined with statistical methods (Fiehn et al.
2000).

Two main approaches to identify and quantify a complete set of metabolites in
biological organisms or objects are (1) targeted and (2) untargeted metabolomics
(Fiehn 2002; Patti et al. 2012).

(1) In a targeted approach an hypothesis about the importance of a particular set
of metabolites and their biological role already exists (Hollywood et al. 2006;
Lokhov and Archakov 2009). Since the identities of the detected metabolites and
their belonging to classes is known prior the measurements the analytical work-
flow can be optimized to measure content of a specific set of compounds. In-
creased analytical depth due to enhanced sensitivity, higher precision and the
possibility to use absolute quantification of metabolite levels are the main ad-

vantages of this approach (Fiehn 2002).

(2) In an untargeted metabolomics study on the other hand, the compounds in a
given sample are (mostly) unknown. Thus, the focus in such a study is the unbi-
ased detection and guantification of a metabolome with its small molecule con-
stituents as complete as possible with the purpose to generate novel hypotheses
about their biological importance (Hollywood et al. 2006; Lokhov and Archakov
2009). The main advantage of an untargeted approach is the possibility to ana-
lytically detect novel, unexpected regulations of metabolite levels. Often relative
quantification suffices to compare metabolite levels in several groups of biologi-

cally variant samples.

Both targeted and untargeted metabolomics are quantitative methods providing

limited information about the underlying molecular mechanisms which are re-
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sponsible for altered metabolite levels. Since the early works on secondary me-
tabolite profiling in model plants (von Roepenack-Lahaye et al. 2004) untargeted
metabolomics has been preferably used as a diagnostic tool (Ellis et al. 2007) for
the determination of biomarkers (Shulaev 2006), the unbiased fingerprinting of
plant products (Farag et al. 2012), for metabolite based phylogeny (Farag et al.
2013) and also for the determination of developmental stages of organisms
(Riewe et al. 2017).

Advantages of modern mass spectrometry (MS) technologies are the detection
and quantification of low molecular weight metabolites with high sensitivity even
at very low concentrations and the identification of metabolites within a large
number of different chemical classes (Riewe et al. 2017; Knoch et al. 2017).
Additionally, structural information received from tandem mass spectrometry
allows precise identification (Farag et al. 2012). Thus, mass spectrometry plays
an important role in many metabolomics studies analyzing the composition of

small molecules.

Moreover, the constantly improving MS-based data analysis including mass
spectral deconvolution and peak detection is an important tool in metabolomics
research. XCMS and CAMERA are open source freewares containing novel
algorithms for efficient Liquid chromatography/mass spectrometry (LC/MS)
metabolite data processing (peak-picking and alignment) (Smith 2010; Kuhl et al.
2012). In general, resulting data matrices contain mass-to-charge (m/z) values
and corresponding intensities of detected ions. Retention times of preceding
separations, like chromatography, can be also used to index metabolites (Riewe
et al. 2017).

Untargeted metabolomics on hops has been performed by the Wessjohann
group, comparing various analytical methods for the detection of cultivars (Farag
et al. 2012, 2014), genetic changes (Gatica-Arias et al. 2012) or medicinal
properties (Farag et al. 2013).
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1.4.3 Metabolomics-assisted breeding

The plant metabolome is part of the link between the phenome and the genome
and can be characterized as the readout of the plant physiological status. There-
fore, researchers were highly motivated to unravel the underlying genetic pro-
cesses of plant metabolism and its natural variation (Wen et al. 2014; W. Chen
et al. 2014). Due to the latest technology improvements in genotyping and high-
throughput profiling, metabolite-based genome-wide association study
(mMGWAS) became a capable tool to dissect the biochemical and genetic

background of metabolism (Luo 2015).

Researcher have investigated the interdependences between resistance and
metabolite levels involved in protecting the plant from pathogen attack (Pezet et
al. 2004; Riedelsheimer et al. 2012; Lazazzara et al. 2018). Especially in the
process of grape breeding, resistance correlated metabolites, such as,
resveratrol and the viniferins, have been used for decades as metabolic markers
for selecting genotypes with potential resistance to Plasmopara viticola, the
downy mildew on grapevines (Pool et al. 1981; Malacarne et al. 2011; Chitarrini
et al. 2017).

1.5 Application of molecular genetics

1.5.1 Molecular markers, marker-assisted and genomic selection

Molecular markers are polymorphisms found naturally in populations that reveal
variation at DNA sequence level (Semagn et al. 2006). The technology of molec-
ular markers allows plant breeders and geneticists to locate and understand the
basics of the numerous gene interactions determining complex traits (Carreno-
Quintero et al. 2013). The latest and third generation of detecting molecular mark-
ers include single nucleotide polymorphisms (SNP). A SNP occurs when a single
nucleotide in the genome of an individual differs between members of a biological
population. SNPs are the most abundant molecular markers with higher fre-
guency and far higher prevalence than Simple Sequence Repeats (SSRs). While
individual SSRs may have much higher polymorphic information content, SNPs
as a class of markers have a high level of polymorphism and because of high

density distribution, SNPs can often be found near or within a gene (He et al.
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2014). Therefore, SNPs can be used to generate ultra-high-density genetic maps,
for phylogenetic analysis, for mapping traits and for fast identification of individu-
als (He et al. 2014).

Molecular breeding methods, such as marker-assisted selection (MAS) and ge-
nomic selection (GS) have the capability to complement conventional breeding
selection methods by providing a direct, precise and sophisticated system (He et
al. 2014, B. Singh and Singh 2015). Huge advantages afforded by MAS and GS
over conventional breeding methods are (1) the possibility of screening large
numbers at a very early stage in the selection process and (2) no dependence of
marker composition on environmental influences. Furthermore, MAS and GS do
not require the pathogen of investigation for selection nor is the breeder depend-
ent on developmental stages (B. Singh and Singh 2015). However, successful
application of DNA-based selection requires an understanding of the complex
genetic architecture underlying variation in the phenotype. More specifically, GS
requires the identification of the marker-trait-association of each individual SNP,
which entails the screening of the whole genome of the plant of interest (Gupta
et al. 2010; D. Singh et al. 2011; Kumar et al. 2011; J. Chen et al. 2011), while
on the other hand, MAS requires targeted selection of genomic regions based on
SNPs with large non-additive independent effects.

1.5.2 Genotyping-by-sequencing

The continuously decreasing cost of sequencing technologies and advances in
high throughput-screening led to genome-wide SNP genotyping using the
method called Genotyping-by-Sequencing (GBS) (Elshire et al. 2011). Recently,
Matthews, Coles and Pitra were the first group to apply GBS to hop breeding
(Matthews et al. 2013).

Genotyping-by-sequencing is used to identify differences in SNP variation in a
given set of individuals and combines existing methods - genotyping and next-
generation sequencing (NGS). GBS protocols can have multiple forms but all of
them share the following core steps. First step is the sequencing of the DNA from
the individuals under observation followed by the second step which maps the

sequencing reads to a reference whole genome or transcriptome sequence
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(Elshire et al. 2011). Subsequent procedures are SNP calling, filtering, genotyp-
ing and imputation, continued by haplotype identification and further downstream
analysis (Elshire et al. 2011).

Established applications of GBS are general marker discovery, recombination
characterization and haplotype identification to quantitative trait loci (QTL) analy-
sis, genome-wide association studies (GWAS) and genomic selection. In many
plant breeding programs GBS has been successfully used in implementing
GWAS, genetic linkage analysis, genomic diversity study, genomic selection and
molecular marker discovery (He et al. 2014). Zhang et al. (2017) have developed

a high-density molecular maker system for Humulus spp., using GBS.

1.5.3 Linkage analysis and association study

Genetic association and linkage analysis are the common strategies to unravel
the genetic background of specific traits and diseases (Schaid, Chen, and Larson
2018). The main difference between these two approaches is that association
analysis concentrates on the relation between a specific allele and the trait within
populations whereas linkage analysis explores the relation between the transfer
of a genetic locus and the trait within families. Applying both approaches many

different types of variants could have been detected (Carlson et al. 2004).

Mainly in human genetics genome-wide association studies helped researcher to
investigate common variants underlying complex diseases or traits (Carlson et al.
2004). A genome-wide association study is defined to identify genetic associa-
tions with observable traits or the presence or absence of a disease or condition.
Furthermore, it relies on the information of millions of SNPs and their pattern of
linkage disequilibrium (LD) across the entire genome. In out-crossing species ,
for example in maize, LD usually extends short distances with less than 1500 bp
(Gaut and Long 2003). Arabidopsis as an inbreeding species LD can vary from 1

to 50cM (millions of bp) or even more (Nordborg et al. 2002).

For a successful association mapping the candidate gene needs to have a meas-
urable effect on a phenotypic trait with the candidate markers being either within
or directly up- or downstream of this gene. In association mapping, markers as-

sociated with the phenotype are more broad-based rather than cross-specific
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which makes association mapping more powerful for detection of common alleles

within populations than linkage mapping (Carlson et al. 2001).

1.6 Objectives of this study and experimental design

Objectives of the study

Downy mildew caused by Pseudoperonospora humuli generates economically
important losses in hop. Thus, disease resistances for a sustainable farming in
the future are among the main goals in breeding at present. The primary objec-
tives of this research were to identify genes, SNP markers and secondary me-
tabolites associated with and predictive for the resistance to downy mildew, in
order to (1) increase the knowledge in disease resistance (2) facilitate breeding
of resistant genotypes and (3) find novel bioactive compounds applicable as bio-
cides for sustainable hop production. An F1 mapping population was produced
by a bi-parental mating among characterized single plant varieties contrasting in
disease resistance, to obtain a full-sibling population with large variation in downy
mildew symptom development. Quantitative disease resistance assessment after
controlled inoculation with spores, followed by metabolite profiling at a discrete
developmental stage was applied to identify metabolites with a putative role in
resistance. The whole association panel (family) was genotyped-by-sequencing
towards identifying putative genes associated with the resistance to downy mil-
dew and with the metabolites associated with this phenomenon. While functional
gene studies were beyond the scope of this dissertation, identified metabolites

with tentative protective activity were tested functionally.

Experimental design

The goal of this study was the integration of metabolomic, phenotypic and genetic
information to understand pathogen response on a biochemical molecular level.
The isolation of molecular selection markers and chemical correlates of re-

sistance was accomplished within the following objectives.
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Step 1: Phenotyping of downy mildew resistance

Development of an F1 bi-parental mapping population consisting of 192 full-
siblings under controlled ex situ conditions.
Scoring of downy mildew resistance (DMR) of all individuals of the family by

monitoring secondary infection on leaves.

Step 2: Untargeted metabolomics

Developing a LC-MS method for the untargeted metabolomics suitable for
high-throughput-screening.

Applying untargeted metabolomics to quantitate differences in total second-
ary metabolite content profiles determined by LC-MS in a mapping popula-
tion, for both infected and mock treated complete progeny sets.

Identifying metabolites enhanced in response to inoculation with

Pseudoperonospora humuli using ANOVA.

Identifying disease-protecting metabolites using Pearson correlation.

Step 3: Genotyping-by-sequencing and genome-wide association study

Discovering GBS SNPs in the mapping population.

Performing GWAS with disease incidence and metabolite profiles of infected
and mock-infected plants (general linear model).

Discovering genetic markers for DMR and control of secondary metabolites
(general linear model).

Characterizing genetic markers for control of secondary metabolites corre-
lated to DMR (trait dissection).

The principle of the correlation and association analysis is shown below in Fig-

ure 3.

general linear model

Genotype DMR Phenotype

trait dissection

Metabolome

Figure 3: Correlation and association analysis of genetic, metabolic and pheno-

typic data.
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2 Material and methods

2.1 Mapping population

Optimization experiment

Vigorous, healthy and synchronous plant growth was necessary for the infection,
sampling and disease scoring. The control of confounding effects was most im-
portant in order not to stress the plants which might have correlated to environ-
mental factors rather than the disease attack. Therefore, plants were grown under

continuous conditions not to distort the metabolic readout.

A method describing growth conditions of seedlings in an incubator for hop
metabolomics has not been proven before, so a proof-of-concept experiment was
essential to learn more about the handling of seedlings in an incubator. Due to
the limited quantity of seeds the mapping population (‘Yeoman’ x ‘21588m’) an
alternative cross from the existing Hopsteiner seed collection was selected. For
this reason a downy mildew resistance segregating cross originated from the re-
sistant USDA female ‘Teamaker (Henning et al. 2008) and the susceptible
Hopsteiner male ‘#242’ (Hopsteiner 2014) was germinated and 142 F1-plants

were established for the optimization experiment.
Mapping population

The mapping population for the study with variation in downy mildew resistance
was produced by crossing the resistant line ‘Yeoman’ (female) (Neve 1991) with
the susceptible line 21588m’ (male) (USDA 2018). The crossing partners were
grown for 150 days in an experimental nursery in Yakima, WA, USA, until flower-
ing occurred, and pollination was conducted by cross pollination. After 60 days
flowers were harvested, and seeds were collected by sieving the pollinated

cones.

Due to costs of GBS sequencing and metabolomic analysis the number of off-
springs were set to 192, which reflects the number of two deep well plates used
for sequencing format (2x96). This seemed to be an appropriate size in terms of
costs, feasibility and statistical power for such a genetic and metabolic study com-
pared to former published studies (Morreel et al. 2006; Heuberger et al. 2014;

van den Oever et al. 2016).
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Since downy mildew is a systemic infection it was necessary to start with asymp-
tomatic material, therefore, seeds without any infection were used. Additionally,
to minimize environmental influences plants were grown in an incubator which

guaranteed homogeneous growth and infection conditions.

Unfortunately, the parents, which were only available from field and greenhouse
at that time, could not be grown and tested within this experiment. Due to safety
and quarantine rules it was not allowed to include plants grown outside the S1
area at the Leibniz-Institute for Plant Biochemistry (IPB). The risk to bring in pest
and pathogens from field or greenhouse was too high and chemical applications

prior the experiment would have distorted their reaction against the pathogen.
Seed germination

Seeds were placed in a plastic container on paper towel and misted with pure
H20. The container of seeds was stored in a refrigerator set between 3-4°C for
six weeks. After seed stratification dormancy was broken and the seeds could be
germinated in moist Jiffy pots (Jiffy, 44mm) on June 15", 2015 and grown in an
incubator (CLF PERCIVAL, DR-66VL) (Figure 4). 192 random selected geno-
types (males and females, undetermined) were used to perform the study. Plants

were watered once a week to keep the Jiffy pots moist.

-

Figure 4: Mapping population grown in the incubator, week 9 after germination.

Lower-level infected plant set n=192, upper level mock plant set n=192.
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Growth conditions in the incubator

Optimization of growth conditions in the incubator brought the desired effect of
shorter internodes and more compact plants within the 192 test genotypes. Light
conditions were reduced from 250 pumol/m?/s to 130 umol/m?/s and temperatures
were also lowered at day and night (day: from 20°C to 18°C; night from 18°C to
16°C) and relative humidity was set to 75%. These conditions provided the best

environment for homogeneous growth.
Cloning and fertilization of seedlings

The seedlings were cloned seven weeks after germination. Sterile softwood
wedges (Oasis, 102 cell counts per tray) were used for propagation into two iden-
tical sets, one for infection and one for mock treatment (Figure 5). After four
weeks, cuttings were repotted into 5x5 cm pots using sterilized and steamed pot-
ting soil. To stimulate axillary meristem growth and root development apical
growth tips were pinched after two sets of leaves were developed. Plants were
fertilized applying 500 ml “Kamasol brilliant blau”, N/P/K- ratio of 8/8/6 in a 0.2 %

concentration directly into each tray 20 and 35 days after cloning.

Inoculation with Leaf sampling Disease
P. humuli 192 infected Phenotyping

7 weeks 48 h 5 days
Germination F1
192 genotypes
Yeoman x USDA 21588m

6 weeks
Cloning

Genotyping-by-
seqeuncing (GBS) — -
7 weeks 48 h

Mock treatment Leaf sampling
with H,O 192 mock

Figure 5: Timeline of preparation of the mapping population, inoculation with

P. humuli and leaf sampling.

A detailed explanation for the timing of all executed treatments will be given in

the following sections.
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2.2 Inoculation with Pseudoperonospora humuli

To elicit the downy mildew infection phenotype and study resistance and the ef-
fect on the metabolome, the fungus P. humuli was cultivated and later inoculated

on the hop plants of the mapping population.

2.2.1 Maintenance of the Pseudoperonospora humuli sporangia

Since P. humuli is an obligate biotrophic fungus, it does not grow on artificial
media so the German susceptible cultivar ‘Hallertauer Mittelfrih’ (Biendl et al.
2014) was used as propagation host. The plants were grown and infected in the
greenhouse at Hopsteiner Mainburg using the identical conditions and inoculation

method described below.

The original intention was to use a German field isolate for this study. However,
the crop year 2015 was exceptionally dry and hot and spores were not available.
Instead, an aggressive isolate from Wye Hops, Ltd, U.K. was utilized to infect the
maintenance plants in order to have viable and fresh spores for the experiment.
The goal of the study was to get a better understanding about the resistance
mechanism independent from the source of spores while the switch to the U.K.
isolate did not play a significant role. Another advantage was, that the resistance
of “Yeoman’, used as the resistance source genetic donor in this study, is rated

according to U.K. phenotyping results and has a resistance to this specific isolate.

2.2.2 Inoculation

Seven weeks after cloning the majority of plants were in the BBCH 19 stage of
growth (Rossbauer 1995) and the inoculation with downy mildew was performed
(Figure 5). Incubator conditions were set to 16°C day and 15°C night temperature
during the infection with 99% relative humidity to guarantee perfect infection con-
ditions (Royle and Thomas 1973; Neve 1991; Mitchell 2010). The sporangia were
washed off from infected leaves with 4°C cold deionized H20. The abaxial leaf
area was inoculated with a suspension of P. humuli (1 x 10° sporangia/ml| ad-
justed with Neubauer hemocytometer) using a hand-held atomizer (CAMAG, re-
agent sprayer) until the whole leaf was covered with fine droplets. After inocula-
tion, plants in trays were covered for 24 hours in darkness with lids to keep hu-

midity as high as possible to ensure optimum infection conditions (Royle and
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Thomas 1971, 1973; Cohen and Eyal 1980; Johnson and Skotland 1985; Mitchell
2010).

Five days post-infection the conditions were set back to day 18°C/night 16°C and
plants were covered with lids again applying high humidity to improve sporulation
on the infected leaves. Seven days post infection leaves were visually evaluated
based on the occurrence of sporulation. The mock plant set was sprayed only
with deionized H20 but was otherwise treated identical as compared to the in-
fected set. To prevent any cross-contamination with P. humuli from drips from the
upper set, mock-infected plants were grown on upper level (Figure 4) in the incu-

bator and each procedure was always started with the mock set.

2.3 Phenotyping of downy mildew resistance

Disease scoring

The infection of downy mildew on the abaxial side of the leaf is complicated to
screen. An automated phenotyping method has not been developed yet and the
infection had to be scored visually. To assess the infection phenotype, a visual
disease scoring of the infected phenotypes was performed seven days post in-
oculation. In each of the two independent experiments all genotypes were scored
three times in random order. Five categories denoting increasing susceptibility
(Table 1) were used to assess the downy mildew infection based on the leaf area
showing sporulation, chlorosis and necrosis, which is a common method used in

plant phenotyping (Bundessortenamt 2000).

Table 1: Rating of sporulation on diseased leaves.

Rating Diseased leaf area
1 = resistant no sporulation
3 = tolerant 1-20 % of leaf area infected
5 = medium 21-50 % leaf area infected
7 = susceptible 51-80 % leaf area infected
9 = highly susceptible 81-100 % leaf area infected
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To prove the reliability of the inoculation assay, the experiment including the scor-
ing was performed twice. For each experiment the downy mildew resistance phe-
notype was calculated as the mean of all three phenotypic assessments.

The t-test was used for statistical comparison of reliability and repeatability of
both phenotyping set across average disease indices. For the combined pheno-
type-chemotype analysis, phenotypic mean values of the first experiment were
used only because both data domains were collected from a single experiment.

Broad-sense heritability

The broad-sense heritability defined as h?= Ve/Ve (Allard 1960) was calculated
with the R package ‘Ime4’ (Bates et al. 2015) while Vg stands for variation in gen-
otype and Vp for variation in phenotype. The calculation was used to capture the
proportion of phenotypic downy mildew resistance variation due to the genetic
background. Input data for the calculation of hz were the disease scores of both
phenotyping experiments taking three replicated phenotyping scores in each of

two phenotyping events as variance in phenotype into account.

2.4 Untargeted metabolomics of secondary metabolites

2.4.1 Sample preparation for LC-MS measurements
Leaf sampling

All plant material (mock/infected) was harvested at the middle of the light period
within two hours. Harvesting of three of in average ten fully developed leaves per
individual was executed 48 hours after inoculation. The timing was chosen ac-
cording comparable downy mildew studies in grapevine where metabolic
changes could be observed (Bollina et al. 2010; Toffolatti et al. 2012; Chitarrini et
al. 2017). The harvest happened within the S1 incubator room as quick as possi-
ble without disturbing the plants or transferring them to a location of uncontrolled
conditions. Shading, cooling or mechanical quenching while harvesting was re-

duced to the minimum.

Approximately 200 mg of fresh material was cut off, folded and transferred to the
20 ml scintillation vial. The uncapped vial was immediately dipped completely into

liquid nitrogen to terminate any further biochemical reaction. The procedure from
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cutting the leaf until shock-freezing in liquid nitrogen did not take longer than 10
seconds. The opened scintillation vial was placed on dry ice for ten minutes to
allow for the evaporation of liquid nitrogen before closing the vial with a screwcap.

The samples were stored until further usage at -80°C.
Extraction of secondary metabolites

Deep frozen sample material was re-randomized and homogenized applying two
stainless steel beads to each scintillation vial and using a robotic cryogrinder
(30Hz, five minutes). Additionally, a pool sample was generated containing 10mg
+/- 2 mg of each homogenized individual sample. The ground and homogenized
material of each individual sample was balanced regarding genotype and treat-
ment and 150 mg +/- 10 mg fresh weight was extracted with 1.5 ml pure methanol
by shaking for 15 minutes followed by 15 minutes ultrasonification at 4°C. After
centrifugation for 15 minutes at 14000 rpm at 4°C, 300 pl of the supernatant were
aliquoted into LC-MS vials and dried for 3 hours at 10 mbar in a speedvac. The
dried vials were filled with argon, crimped and stored in sealed bags with silica
gel at -80°C until LC-MS analysis. All used reagents and equipment for the ex-

traction of polar compounds are listed in Table 2.

Table 2: Used reagents and equipment for the extraction of polar compounds.

Reagent/equipment Supplier
Polyvials® V — Natural | Zinsser Analytic, GmbH, Frankfurt/Main, DE
HDPE

-86°C ULT Freezer, DW- | Haier Deutschland GmbH, Bad Homburg, DE
86L578J

Methanol absolute ULC/MS | Biosolve B.V., Valkenschwaard, NL

2ml extraction vial Sarstedt AG & Co, Nimbrecht, DE
Vortex Genie 2 Scientific Industries, Inc, Bohemia, USA
Eppendorf Centrifuge 5417R | Eppendorf AG, Hamburg, DE

1.0 ml conical vials CTZ Klaus Trott, Kriftel, DE

Magnetic steel panel caps CTZ Klaus Trott, Kriftel, DE
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Speedvac RVC 2-33 Martin Christ GmbH, Osterode am Harz, DE

Argon Air LIQUIDE Deutschland GmbH, Dusseldorf,
DE

Cryo Grinder Labman Automation Ltd., North Yorkshire, UK

Stainless steel beads, 8mm | Walzkdrper Edelstahl, INTEC Industrie- und
Werkstattbedarf GmbH, Quedlinburg, DE

2.4.2 Analysis of secondary metabolites using mass spectrometry

Following the study design, sample collection and preparation, LC-MS analysis
collecting MS data was performed. The data was then preprocessed, including
peak picking and filtering, prior to uni- or multivariate statistical analysis. Metab-
olites were then identified by accurate mass and retention time, combined with
MS/MS fragmentation spectra for structural elucidation, to be placed in a biolog-
ical context. Additionally, reference compounds were used to validate the anno-

tation procedure.
LC-MS analysis

Randomized and balanced samples were re-solubilized in 500 pl 100% methanol
by 5 minutes ultrasonification, centrifuged for 15 minutes at 6200 g and stored in
an autosampler at 4°C prior analysis (max. 24 hours before injection). 3 ul extract
were injected into a 1.2 ul loop of an ultra-high-pressure injector and analytes
were separated by UHPLC using a C18-column at 50°C (50 mm length x 1 mm
i.d., 1.8 um particle o0.d.) and the mobile phases 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B). The gradient was 0.5 min: 1% B, 1.75 min:
30% B, 2.25 min: 60% B, 3.75 min: 90% B, 4 min: 99% B, 4.5 min: 99%B, 4.75
min: 1%B, 5 min: 1% B. The flow rate was 800 pl/min. MS spectra were recorded
at a frequency of 5 Hz from 100 to 1500 m/z, dry temperature: 250°C, capillary
voltage: 4500/-3000 (positive/negative mode), nebulizer pressure: 4 bar, dry gas:
12 L/min, dry temperature: 250°C. Data was externally and internally calibrated
and exported as net.CDF file as described previously (Riewe et al. 2017) MS/MS
spectra were collected from a pooled sample in auto-MS/MS mode using a

scheduled precursor list with target information and identical settings as for the
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MS analysis. All used reagents and equipment for the LC-MS measurements of

polar compounds are listed in Table 3.

Table 3: Used reagents and equipment for the LC-MS analysis.

Reagent/equipment Supplier

Agilent 1290 Infinity Binary LC Systems | Agilent Technologies, Santa Clara,
USA

ACQUITY UPLC BEH C-18 Column Waters, Cooperation, Milford, USA

Buffer A

Water ULC/MS Biosolve B.V., Valkenschwaard, NL
0.1% Formic acid Biosolve B.V., Valkenschwaard, NL
Buffer B

Acetonitrile Biosolve B.V., Valkenschwaard, NL
0.1 Formic acid Biosolve B.V., Valkenschwaard, NL
Bruker Maxis Il QTOF Bruker Corporation, Billerica, USA

MPS2 MultiPurposeSampler for LC/MS | GERSTEL GmbH & Co. KG, Mihl-
heim, DE

Ultra-high-pressure injector Vici AG International, Schenkon, CH
Raw data processing

LC-MS chromatograms in net.CDF format were processed using ‘xcms’ (Smith
2010; Kuhl et al. 2012) and ‘CAMERA’ as described previously by Riewe et al.
(2017). The initial peaktables had 37386/20899 (positive/negative mode) peaks.
Peaks eluting before 4 s or after 270 s and peaks found in more than two blank
extracts with a median higher than half of the sample median (background) were
discarded. m/z were modelled using annotation errors as described before to in-
crease mass accuracy. Peak areas were normalized to fresh weight and median
value per metabolite for each of the four extraction batches. Metabolite profiles
often contain extreme single outliers or even true values, thus, the median is ra-
ther used than mean normalization (Lisec et al. 2006). MS/MS spectra were pro-

cessed exactly as described before.
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Peak annotation

All m/z were queried against the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Release 86.0, Kanehisa and Goto 2000) as [M+H]*, and ad-
ducts including [M+Na]*, [M+CH30OH+H]* (positive mode), [M-H]", [M-H20-H] or
[M+FA-H] (negative mode) using KEGGREST (Tenenbaum 2018). Sum formu-
lae, KEGG-IDs, names, reactions, pathways and BRITE annotations were re-
trieved for each identified m/z.

For validation of the peak annotation process, 45 reference compounds known
to be present in hops were used as authentic standard (Table 13 supplementary
data). Additionally, MS/MS spectra of reference compounds and all detected me-
tabolites in the pool sample were considered for the validation of the peak anno-
tation. Recorded MS/MS spectra in positive and negative mode were uploaded
at Global Natural Products Social Molecular Networking (GNPS) for database
query.

All annotations belonging to the KEGG BRITE classes two hierarchy levels down-
stream “phytochemical compounds” were tested regarding overrepresentation
using a Chi2-test. The sum of correlated basepeaks (FDR < 0.1) determined in
infected and mock set divided by the total number of basepeaks was used as
probability.

2.4.3 Pathogen-metabolite and metabolite-resistance statistical analysis

Variance of P. humuli induced metabolic changes

Metabolite data was logio-transformed for ANOVA testing using R (R Core Team
2014). False discovery rate (FDR) corrections were applied as described
Benjamini and Hochberg (1995). Metabolite variances with FDR corrected
p<=0.05 were considered as significant.

Correlation between metabolites and downy mildew resistance

Metabolite data was logio-transformed and Box-Cox-transformed (Box and Cox
1964) for Pearson correlation testing between metabolite abundance and DMR
using R (R Core Team 2014). False discovery rate (FDR) corrections were ap-
plied as described by Benjamini and Hochberg (1995). DMR correlations with an
FDR corrected p<=0.05 were considered as significant.
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2.5 Downy mildew protection assay

The correlation analysis (see section 3.2) showed that certain phenylpropanoids
are significantly involved in the resistance against downy mildew. Moreover, es-
pecially these compounds are pre-established prior infection and have a putative
protective activity. After the noticeable correlation analysis, it was intended to test

their protective activity in planta.

Ten downy mildew susceptible genotypes (27, 31, 34, 43, 45, 46, 101, 148, 156,
168, see sample list in supplementary data) were cloned and cultivated as de-
scribed in 2.1 in order to produce asymptomatic test plants. Selected phenylpro-
panoids were separately dissolved in H20 and added to final concentration of
1 mM (protection), a concentration expected to show no osmotic effect but po-
tential protection. Pure H20 was used as control (mock). P. humuli suspension
was prepared as described in 2.2 (infection) and again H20 was used as control
(mock). 50 days after propagation, three replicates of each genotype were
sprayed with either protection or mock solution and two hours later additionally
infection or mock (Table 4) in 2 x 2 factorial design. Seven days later, the plants

were disease phenotyped as described in 2.3.

Table 4: Treatments in the bioassay for activity testing of selected phenylpro-

panoids.
Treatment Phenylpropanoid protection Infection
A Protection Infection P. humuli
B Mock (H20) Infection P. humuli
C Protection Mock (H20)
D Mock (H20) Mock (H20)

Treatment A was sprayed with the ,protection-mix“ of phenylpropanoids and in-
fected two hours later according to the inoculation experiment in section 2.2.
Treatment B was mock-sprayed with deionized H20 and infected with P.humuli
to show the effect without ,protection®. In treatment C the effect of the mix on the
plant, e.g. toxic or growth-related effects, could be evaluated, while treatment D

was assigned as a control (unaffected growth) with the application of H20 only.
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The statistical evaluation was made using the t-test between treatment A and B

checking the significance of the effect on disease control.
Tested phenylpropanoids

Chlorogenic acid, p-coumaric acid and coniferyl aldehyde (all from Sigma Aldrich,
Table 5) were sprayed on the lower side of the leaves two hours prior infection
(same procedure as described in chapter 2.2). Each compound was dissolved by
ultrasonification in deionized water at a concentration of 1mM and mixed equally

together for application.

Table 5: Selected phenylpropanoids tested in bioassay (Kanehisa and Goto

2000).

Chlorogenic acid p-coumaric acid Coniferyl aldehyde
CAS: CAS: CAS:
202650-88-2 501-98-4 458-36-6
KEGG ID KEGG ID KEGG ID
C00852 C00811 C02666
Molecular formula: Molecular formula: Molecular formula:
Ci16H1809 CoHsO3 Ci10H1003
Molecular weight: Molecular weight: Molecular weight:
354,31 g/mol 164,16 g/mol 178,18 g/mol
HO”’)JO\OH i i
OB | [y~
HO" ™" N0
OH /U\/\@[OH OH HO
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2.6 Genotyping and genetic mapping

The objective of the genome-wide mapping in this study was to display the
marker-trait association of downy mildew resistance and the genetic conditions
of secondary metabolites correlated to resistance. The question was, if these
traits of interest overlap on a molecular marker level and if they are regulated by
the same loci on a genetic map. Molecular marker systems including nonrefer-
enced genotyping-by-sequencing (GBS) markers (Matthews et al. 2013) and ge-
nome-wide association study (Henning et al. 2015; Hill et al. 2016) have been
developed and used for genetic mapping of disease resistance in hops before. In
this study the GBS approach outlined in Elshire et al. was applied (Elshire et al.
2011).

2.6.1 Isolation of genomic DNA and sequencing
DNA extraction

For DNA extraction and sequencing, 50 +/- 5 mg of fresh leaf material was sam-
pled into 96-deep-well plates, lyophilized to absolute dryness and sent to LGC
Genomics (Berlin, Germany). Additionally, 50 +/-5 mg of fresh leaf material of
both parents, grown in the greenhouse at Hopsteiner Mainburg, were taken, ly-
ophilized to absolute dryness and sent to LGC Genomics, too. Total genomic
DNA for library construction and sequencing, as applied in Maghuly et al. (2018),
was isolated from the leaf material using the high throughput DNA extraction
method published by Xin and Chen (2012) with additional enzyme treatment in a
subsequent normalization step. The subsequent workflow was executed for the
192 offsprings and two parents according to the following protocol wrote and pro-

vided by LGC Genomics, Berlin.
Restriction digest

100-200 ng of genomic DNA were digested with 2 Unit Msll (NEB) in 1 times
NEB4 buffer in 20ul volume for 2 hours at 37°C. The restriction enzyme was heat

inactivated by incubation at 80°C for 20 min.
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Preparing indexed Illumina libraries
a) Ligation reaction and final repair

15 pl were transferred to a new 96well PCR plate, mixed on ice first with 3 pl of
one of the 192 L2 Ligation Adaptors and then with 12 pl Mastermix (combined of
4.6 ul D1 water/ 6ul L1 Ligation Buffer Mix/ 1.5 pl L3 Ligation Enzyme Mix). Liga-
tion reaction were incubated at 25°C for 15 min and heat inactivated at 65°C for
10 min. 20 pl Final Repair Master Mix were added to each tube and the reaction

was incubated at 72°C for 3 min.
b) Library purification, amplification and pooling

Reactions were diluted with 50 pl TE 10/50 (10mM Tris/HCI, 50mM EDTA,
pH:8.0) and mixed with 80 pl Agencourt XP beads, incubated for 10 min at RT
and placed for 5 min on a magnet to collect the beads. The supernatant was
discarded and the beads were washed two times with 200 ul 80% ethanol. Beads
were air dried for 10 minutes and libraries were eluted in 20 pl Tris Buffer (5 mM
Tris/HCI pH 9).

10 pl of the 192 Libraries were separately amplified in 20ul PCR reactions using
MyTagq (Bioline) and standard Illumina TrueSeq amplification primers. Cycle num-

ber was limited to 14 cycles.

5 pl from each of the 192 amplified libraries were pooled. 10 pl from each of the
parent’s amplified libraries were pooled to achieve a higher coverage in the later
sequencing. PCR primer and small amplicons were removed by Agencourt XP
bead purification using 1 volume of beads. The PCR enzyme was removed by an
additional purification on Qiagen MinElute Columns. The pooled Library was
eluted in a final volume of 20ul Tris Buffer (5 mM Tris/HCI pH:9).

Normalization, reamplification, size selection and sequencing

Normalization was done using Trimmer Kit (Evrogen). 1 ug pooled GBS library in
12 pl water was mixed with 4 pl 4x hybridization buffer, denatured for 3 min at
98°C and incubated for 5 hours at 68°C to allow reassociation of DNA fragments.
20 ul of 2x DSN master buffer was added and the samples was incubated for 10
min at 68°C. One Unit of DSN enzyme (1U/ul) was added and the reaction was

incubated for another 30 min. Reaction was terminated by the addition of 20l
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DSN Stop Solution, purified on a Qiagen MinElute Column and eluted in 10pl Tris
Buffer (5 mM Tris/HCI pH:9).

The normalized library pool was amplified in 100ul PCR reactions using MyTaq
(Bioline) and standard Illlumina TrueSeq amplification primers. Cycle number was
limited to 14 Cycles. The nGBS library was finally size selected on a LMP-Aga-
rose gel, removing fragments smaller than 300 bp and those larger than 400 bp.
Sequencing was done on an lllumina NextSeq 500 using V2 Chemistry (300 cy-

cles).

2.6.2 Single nucleotide polymorphism calling

The TASSEL (Trait Analysis by Association Evolution and Linkage) software was
used for SNP calling in both parents and all 192 offsprings of the F1 mapping
family in this study (Bradbury et al. 2007; Glaubitz et al. 2014). The first step
involved the quality check and trimming of adapters using Fastq-mcf. Fastg-mcf
detects and removes primer and sequencing adapters from the raw sequencing
data. Additionally, it removes the poor-quality reads (the reads that contain N’s)

and discard sequences that are too short (less than 50 bp).

The draft genome of ‘Shinshu Wase’ (Natsume et al. 2015) was used for the SNP
calling. This reference genome with its total size of 2.05 GB covers approximately
80% of the estimated genome size of hop (2.57 Gb) and contains about 130,000
scaffolds. Tassel 5 GBS v2 Pipeline (Glaubitz et al. 2014) was applied to identify
tags with at least 10x total coverage and BWA aligner was used to map the re-
sulted tags sequences to the reference genome (H. Li and Durbin 2009). Sources
of erroneous SNP calling are ambiguous, and misalignments are caused by gene
duplication, the incomplete reference genome as well as low-complexity regions.
SNPs with an excessive coverage can be false positives. Once coverage per
sample exceeds 120 counts per tag, heterozygosity rates and minor allele fre-
guency are significantly increased, and such SNPs were removed from the anal-

ysis. The working steps followed in this study are outlined below in Figure 6.
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Raw data
(fastq format)

Sequence quality check and
adapter trimming (fastg-mcf)

Mapping reads to the
reference genome (BWA aligner)

SNP calling
(TASSEL)

General linear
model (GLM)

Figure 6: Analysis of the GBS sequencing data using the TASSEL pipeline.

After the SNP calling, individuals were additionally checked for site coverage and
discarded if not meeting a coverage of >60%. The association studies with the
observed phenotypic traits were performed using the general linear model calcu-

lation in TASSEL which is described in more detail in section 2.6.5.

2.6.3 Relatedness of offsprings

In order to identify mislabeling or sources of contamination such as pollen impu-
rity each offspring of the mapping family was considered for quality control. The
relatedness of each genotype against each parent was calculated using VCFtools
and visualized using R (R Core Team 2014) according to Hyma et al. (2015).

Progeny that failed to cluster with most other progeny was flagged for removal.

2.6.4 Linkage mapping of single nucleotide polymorphisms
Linkage maps

A linkage map represents the relative location of genetic markers on the chromo-
somes of an organism determined by recombination frequency between them
after passing from parents to children through meiosis. The recombination fre-
guencies between pairs of marker are estimated within structured mapping pop-
ulations and are converted to genetic distances (B. Singh and Singh 2015). Soft-
ware solutions like JoinMap® (Van Ooijen 2011) are able to calculate genetic
maps based on the genotyping data. The likelihood of a separation or a linkage

is tested against a certain cut off, the Logarithm of Odds (LOD). In this study a



2 Material and methods 39

linkage analysis with in the mapping population using JoinMap® 4.0 (Van Ooijen
2011) was conducted, applying the “2-way pseudo-testcross” strategy outlined by
Grattapaglia and Sederoff (Grattapaglia and Sederoff 1994) as in other linkage
analysis of hop (Seefelder et al. 2000; Koie et al. 2005; Cerenak et al. 2006;
Henning et al. 2015). As hop typically shows a high level of heterozygosity (Neve
1991), and being dioecious, this approach is expected to be an appropriate alter-
native to a backcross strategy. The constructed, statistical linkage map served
as the frame of ordered SNPs for the subsequent association analysis results.
The marker ordering and the correlated linkage into groups of markers, gave ad-
ditional, positional information about associations with observed traits. The addi-
tional information from the grouping offered potential to understand the genetic
phenomena of the underlying DMR correlated metabolites. For example, a larger
number of trait-associated SNPs near each other, can indicate a genetic locus
with multiple DNA variations affecting the degree of a trait, and thus, intercorrob-
orate and strengthen confidence in the individual SNP associations.

SNP filtering for linkage mapping

In former linkage mapping studies, a filtering process was necessary to eliminate
markers which do not follow certain Mendelian segregation patterns prior to cal-
culation of linkage and order. Also, quality criteria of SNP calling and coverage of
the population were also applied as filtering. SNP presence across both parents
and occurring within >95% offspring resulted in high-confidence markers
(Matthews et al. 2013). Furthermore, SNPs based on parental genotype with dis-
torted segregation patterns were filtered using Rqtl (Broman et al. 2003) for the
calculation. For the analysis in the present study, markers were grouped in three
segregation types. In segregation type | (nn x np) were exclusively markers which
were expected to pass from the mother in 1:1 ratio to the offsprings of the F1
population. The mother is heterozygous (np), the father homozygous (nn). Seg-
regation type Il (Im x Il) is exactly the opposite in that the father is heterozygous
(Im) and the mother is homozygous (). Segregation type Il (hk x hk), where both
father and mother are heterozygous, contains markers from both father and
mother segregating in a 1:2:1 ratio. Markers containing single alleles with unpre-
dicted allele states across less than 5% of individuals were nevertheless kept in

the study but the allele was set to missing data. All markers were additionally
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filtered for their Mendelian segregation pattern in JoinMap® using the Chi? test of
the software. Ad hoc tolerances for segregation distortion were set. Individuals
with high levels of missing data (= 5%) were also eliminated from the analysis.

Linkage mapping using JoinMap®

This procedure consisted of a “2-way pseudo-testcross” where two separate
maps, one maternal (type 1) and paternal (type Il) linkage map, were constructed
with the mapping population using the ‘BC1’ option in JoinMap®. The markers
which could be mapped were used in a second step to create a map for type |
and type Il and for type Il and type Il as intermediate steps for the later consen-
sus map. The combined male and female map was developed using the cross-
pollinated coding scheme ‘CP’ option including type Il segregating markers (pre-
sent in both male and female maps) to develop the final consensus map. Markers
were placed into linkage groups (LG) using default settings in JoinMap® v4.0 and
a cut-off of recombination frequency of 0.4 and a LOD value higher than 4.0. The
theoretical basis for the selection of LOD scores is discussed by Freeman et al.
(Freeman et al. 2006). The LOD was selected to maintain as many markers in

the analysis as possible.

Gametic phase was determined based on recombination frequency internally by
the software. The optimal marker order was determined by using jump threshold
of 5.0 and the ripple value of 1.0. To convert recombination data to map distances
the Kosambi mapping function (Kosambi 1943) was used. The regression map-
ping with default settings over several stages calculated the marker placement
and distance along linkage groups. The first step was the establishment of a
framework map with a reliable marker order. In the second step markers were
removed from the analysis until maps could have been constructed within two
mapping rounds. These iterative mapping approaches of adding markers to a
framework map are commonly employed (Vision et al. 2000; Cheema and Dicks
2009; Ma et al. 2012).

2.6.5 Marker-trait association through genome-wide association mapping

Genome-wide association mapping seeks to identify specific functional genetic
variants linked to phenotypic differences in a specific trait. The aim of the GWA

in this study was to provide marker-trait association for downy mildew resistance
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and metabolite abundance. The resulting association p-values were then mapped
on the developed linkage maps giving a better understanding of the genetic struc-
ture of the putative DMR control factors.

Traits of interest for the association analysis in this study were
1) downy mildew resistance based on DMR phenotype and
2) all non-redundant metabolites (basepeaks) of negative and positive ion
mode within the infected and mock-infected set.

To investigate the marker-trait association the general linear model (GLM) in
TASSEL (Bradbury et al. 2007) was applied. For DMR GWAS the minor allele
frequency was set to >1% accepting all individuals while the GWAS for the me-
tabolite data was set to minor allele frequency >1% accepting only individuals
with minimum sample count >90%. The reason for the different settings was to
get as much information out of the DMR GWAS and to reduce the computational
work in the metabolite GWAS calculating thousands of metabolic traits simulta-

neously.

Subsequently, GLM results were checked for inconsistency by displaying quan-
tile-quantile (Q-Q) plots of estimated -log10 (P) and the expected -logl0 (P)
(Pearson and Manolio 2008). The Q-Q plot helps to assess the number and mag-
nitude of obtained associations between genotyped SNPs and the observed trait,
compared to the association statistics expected under the null hypothesis of no
association (The Wellcome Trust Case Control Consortium 2007). A distinct de-
viation of observed and expected association may be an indicator for false posi-
tive or artefacts which needs to be reviewed.

The most common way to reduce the false-positive rate is by applying the Bon-
ferroni correction. The conventional p-value (usually p=0.05) is divided by the
number of performed tests (number of SNPs) and used as significance cut off in
the following analysis (Hochberg 1988). This method has been criticized as far
too conservative because the correction assumes independent associations of
each SNP with the observed trait but individual SNPs are known to be correlated

to some degree due to linkage disequilibrium (Pearson and Manolio 2008).

Nevertheless, Bonferroni (Hochberg 1988) correction has generally been the

most commonly used correction for multiple comparisons in GWAS and was also
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used in this study. Manhattan plots were used to display the positional associa-
tions to DMR and the association overlap with significantly DMR correlated com-
pounds on the established genetic linkage maps.

2.6.6 Sequence analysis using BLAST

In order to identify possible candidate genes on the assembled pieces of the hop
genome, scaffolds of ‘Shinshu Wase’ reference genome (Natsume et al. 2015)
used in building the SNP marker system in our study were investigated. SNPs
significantly associated to DMR and additional association SNPs which are in
linkage disequilibrium with r2 > 0.5 to these DMR markers were used in the
BLAST search. Basically, markers in strong linkage disequilibrium can be consid-
ered as linked because their observed frequencies of particular combinations of
alleles at two loci is higher than expected for random association. This became
an important concept in genetic studies to identify and localize genes related traits
of interest (Slatkin 2008; Sved and Hill 2018). Therefore, entire scaffolds contain-
ing these association SNPs were BLAST (Basic Local Alignment Search Tool)
aligned to the plant unigene database (Altschul et al. 1990) at NCBI (NCBI 2018).
Scanning the scaffolds for homologies with known plant gene sequence sug-
gested putative genes with a homology match. Sequences of candidates were
further considered among knowledge of biosynthetic pathways for plant second-
ary metabolites and resistance function using ‘The Arabidopsis Information Re-
source’ (TAIR, release version 10, Lamesch et al. 2012).
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3 Results

3.1 Phenotyping of downy mildew infection displays large

variation

3.1.1 Optimization and mapping population for inoculation experiments

Optimization experiment

At the beginning of the experiments an optimization of the phenotyping assay
was necessary to establish strong and homogeneous plant material. Additionally,
necessary training and practice of logistics for the propagation, the inoculation
with P. humuli and the leaf sampling within a short period of time was accom-
plished, in order to systematically influence the metabolic readout as less as pos-
sible. Temperature and light modifications as well as inoculation training resulted

in successfully grown, infected and phenotyped plants.
Mapping population

192 genotypes were germinated and grown to fully developed plants using the
experience out of the optimization experiment (Figure 7). The plant development
beginning with the germinated seed growing to an advanced hop plant was com-
parable with expected greenhouse performance. The different plant stages of

germination and propagation described in section 2.1 are shown in Figure 7.

Figure 7: A) Germinated seedlings in Jiffy pots, week 2, B) seedlings week 6, just
before cloning, C) cloned genotypes in Oasis wedges, week 6, D) fully developed

plants, week 13, just before inoculation.
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3.1.2 Phenotyping of the disease

Disease scoring

To receive reliable data for the genome-wide association study and correlation
analysis of DMR, phenotyping after inoculation of the mapping population was
performed in two temporally independent experiments with three replicate tech-

nical phenotyping for each experiment.

Ideal conditions for infection with the fungus on the abaxial side of the leaf are
relative humidity above 90% RT and temperatures between 15-21 °C where a
clear sporulation can be detected (Royle 1970; Royle and Thomas 1973; Royle
and Kremheller 1981). Seven days after inoculation the symptoms of an infection
were visible and fully developed for which nearly ideal conditions were present.
Additionally, the appearance of all scoring values including the lowest and highest
category of 1 and 9, respectively, demonstrated that the infection was fully devel-
oped in the most susceptible individuals of the population and the scoring seven
days after infection was scheduled at the correct developmental stage. The mock
treated plants showed no infection at all, not even at 14 days after inoculation,
indicating no contamination happened between the different treatments. Figure 8

illustrates the different levels of infection from A) resistant to E) highly susceptible.

Figure 8: Different levels of downy mildew infection seven days after inoculation
across the mapping population. A) resistant=1, B) tolerant =3, C) medium=5, D)

susceptible=7, E) highly susceptible=9. Pot size=5 x 5 cm.
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Disease scoring of optimization experiment

The optimization achievements resulted in a consistent infection within the test
population of 142 individuals. The distribution of the disease scores from 1 to 9
showed that the inoculation was applied correctly and the infection with P. humuli
could be evaluated. In Figure 9 the frequencies of all disease scores are shown.
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Figure 9: Frequency of mean values of disease scores of n=142 disease pheno-
typed hop individuals used for the optimization of the phenotyping experiment.

Disease scoring of the mapping population

The downy mildew scoring along the mapping family showed a normal distribu-
tion in both independent inoculation tests (Figure 10). Because there were no
significant differences between replicated phenotyping scores, data was aver-
aged across the scorings for further correlation analysis. The first experiment
showed a slightly higher median (Phenotyping I; M=5.57) in comparison to the
second experiment (Phenotyping Il; M=5.39) without any significant difference
between the groups (1(382)= -1.0934, p=0.2749), therefore the downy mildew
phenotyping assay could be described as consistent and the trait as quantitative
(Figure 11).
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Figure 10: Frequency of mean values of disease scores of n=192 disease phe-
notyped hop individuals. A) Inoculation experiment 1 and B) inoculation experi-

ment 2.
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Figure 11: Distribution of disease scores in both independent inoculation experi-
ments (n=192). Lines are medians, boxes are interquartiles and whiskers 1.5x

the interquartile range.
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Broad-sense heritability

The calculated heritability for the trait “downy mildew resistance” in this mapping
family was h? = 0.81. The high broad-sense heritability value for these conditions
and population suggests that the DMR trait variation is genetically determined in
the population in this study. Therefore, efforts to limit environmental and system-
atic influence on trait variation were successful, thus, genetic effects on the trait
are accurately measurable and amenable to association with markers. Further-
more, the high heritability in a controlled family makes the prospect of transla-
tional application into feasible genetic selection tools for use in other families and

environments in a breeding program tenable.

3.2 Pre-formed metabolites are correlated with downy mildew

resistance

3.2.1 Untargeted profiling and annotation of specialized metabolites

Untargeted profiling

Polar metabolites from all 384 samples were extracted and analyzed using high-
resolution liquid chromatography-mass spectrometry (LC-MS) in both positive
and negative ion mode. Per extract, 27324 positive mode and 16256 negative
mode redundant chromatographic m/z features were recorded (Table 6) and left
after background subtraction, forming 10781 (positive) and 7361 (negative) non-
redundant pseudospectra with basepeaks likely representing individual metabo-
lites (Kuhl, Tautenhahn et al. 2012). All m/z were queried against compounds in
the KEGG database (Kanehisa and Goto 2000) with an error tolerance of 0.5
ppm, but only annotations of monoisotopic basepeaks with an isotope pattern fit

of <60 mSigma (Thiele, McLeod et al. 2011) were considered.
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Table 6: Summary of positive and negative peak tables, basepeak annotations

and MS/MS spectra of pool sample and authentic standards.

Positive Negative  Total
Feature characteristic mode mode
m/z features after background subtraction 27324 16256 43580
Pseudospectra/basepeaks (non-redundant analytes) 10781 7361 18142
Identified sum formulae 3312 4047 7359
Unique LC-MS IDs 12567 17896 30463
m/z features with annotation(s) 2567 2287 4854
Pseudospectra/basepeaks with annotation(s) 1774 1942 3716
MS/MS spectra of pseudospectra/basepeaks 4327 1948 6275
MS/MS spectra of authentic standards 15 11 26

The high abundant and over-represented acids in hops, lupulon and colupulon
were both at saturation limit. It was assumed that these compounds might have
no influence on the downy mildew resistance in hops. Therefore, the dilution of
the leaf extract and the measurement of metabolites were optimized in the way
that the majority of compounds was in the linear detection area and also minor
components could be detected with the limitation in neglecting the activity role of
lupulon and colupulon. The injection volume was set to the lowest possible vol-
ume of 1.2 pL in order to maximize the chromatographic separation. In Figure 12
the total ion (TIC) and basepeak chromatogram of the pool sample in positive

and negative ion mode are shown.
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Figure 12: Total ion chromatogram of the pool sample in A) positive ion mode
and B) negative ion mode. Basepeak chromatogram of the pool sample in C)
positive ion mode and D) negative ion mode.

Authentic standards were used to validate the putative peak annotation in KEGG.
Therefore, well known hop compounds were included in the study and measured
along with all leaf samples in the MS and MS/MS analysis. The following example
shows the validation of the compound putatively annotated as rutin. This metab-
olite could be validated because of its perfect match in accurate mass, isotope
pattern (msigma <60), retention time an MS/MS spectrum. In Figure 13 the ex-
tracted ion chromatogram (EIC) and MS/MS spectra of rutin in the pool sample

and authentic standard is shown.
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Figure 13: Validation of rutin in a pool sample with authentic standard in positive
mode. A) Extracted ion chromatogram of m/z = 611.1607+/-0.005 Da of pool sam-
ple (blue) and rutin (red). B) MS/MS spectrum of pool sample with precursor
m/z=611.1595, rt=77.2, 20.0-50.0 eV and C) MS/MS spectrum of pure rutin
standard with precursor m/z=611.1594, rt=76.9, 20.0-50.0 eV.

Annotation of specialized metabolites

One or more KEGG sum formulae/structures were assigned to 512 (positive) and
666 (negative) basepeak m/z, and 259 (positive) and 395 (negative) of these
basepeaks had a “phytochemical compound” annotation. Table 7 lists the number
of “phytochemical compounds” tentatively detected two levels down the KEGG
BRITE compound specific hierarchical relationships. While the number of de-
tected alkaloids, fatty acids and amino acids related compounds was low in both
modes (<15 per class), the number of flavonoids, phenylpropanoids, and terpe-
noids was relatively high (> 60). In general, there was consistence in the number

of detected metabolites per class between positive and negative mode.
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Table 7: Features/annotations up- or down-regulated 24 hours after inoculation

with Pseuperonospora humuli and correlated to disease score seven days after

inoculation.
Positive mode Negative mode
Feature type/annotation up/down/total up/down/total
m/z (after background subtraction) 8971/1330/27324**  4165/505/16256***
Pseudospectra/base peaks 2825/533/10781*** 1853/256/7361***
Base peaks with KEGG annotations 265/20/512*** 286/11/666***
KEGG BRITE phytochemical annotations 143/8/259*** 179/6/395***
Alkaloids 4/2/12 4/1/5
derived from ornithine 0/0/1 0
derived from lysine 0/0/2 0/1/1
derived from nicotinic acid 0 1/0/1
derived from tyrosine 3/0/3 2/0/2
derived from tryptophan and anthranilic acid 3/2/8 3/1/4
derived from histidine 0 0
derived by amination reactions 0 0
Others 0 0
Flavonoids 42/0/75*** 44/0/103***
Flavonoids 34/0/63*** 34/0/82***
Isoflavonoids 16/0/23** 26/0/45***
Complex flavonoids 6/0/10 3/0/12
Phenylpropanoids 30/1/61*** 37/1/91***
Monolignols 4/1/18 9/0/37*
Lignans 17/0/21** 24/0/40%**
Coumarins 10/0/27* 19/1/38**
Shikimate/acetate-malonate derived 16/0/22** 8/0/16*
Stilbenoids 12/0/17* 4/0/12
Others 4/0/5 4/0/4
Terpenoids 81/5/132%** 127/4/255***
Hemiterpenoids (C5) 0 0
Monoterpenoids (C10) 13/1/19* 22/0/54***
Sesquiterpenoids (C15) 29/0/43*** 57/0/108***
Diterpenoids (C20) 42/0/58*** 65/0/106***
Sesterterpenoids (C25) 0 0
Triterpenoids (C30) 15/0/28** 50/1/79***
Steroids 6/0/8 23/1/39***
Carotenoids and apocarotenoids 6/4/20 2/2/10
Others 0 0
Polyketides 22/1/37** 36/1/69***
Anthraquinones 8/0/11* 5/0/12
Pyrones 4/0/15 11/1/25*
Others 10/1/12* 21/0/34***
Fatty acids related compounds 0/0/4 5/0/11
Fatty acids 0/0/4 5/0/11
Amino acid related compounds 1/0/3 1/0/2
Betalains 0/0/1 0
Cyanogenic glucosides 1/0/1 0
Glucosinolates 0 0
Others 0/0/1 1/0/2
Others 3/0/5 4/0/8
Naphthoguinones 0/0/2 1/0/2
Tannins and galloyl derivatives 0 0
Others 3/0/3 3/0/6
correlated/total correlated/total
Pseudospectra/base peaks 177/10781 118/7361
Phenylpropanoids 4/61* 8/91***
Coumarins 3/27* 6/38***
Monolignols 3/18** 6/37***

*FDR-P <0.05, **FDR-P <0.005, ***FDR-P <0.0005
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3.2.2 Downy mildew infection triggers massive mobilization of specialized

metabolites

To test if a biochemical defense response 48 hours after infection is in effect, the
levels of salicylic acid were compared (validated by an authentic standard) be-
tween the infected and the mock set. In average, the 192 infected plants con-
tained 2.1x more salicylic acid than their 192 mock controls (FDR = 5.8E-34).
From this relative high degree of induction of phytochemicals (see Figure 14) it is
concluded that early molecular defense processes are ongoing and detectable a

few hours after infection.
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Figure 14: Pseudoperonospora humuli-induced phytochemical response in the
hop leaf. Logz-fold changes of all basepeaks recorded in A) positive and B) neg-
ative ion mode 48 hours after infection. In grey the insignificant responses and in

black the significant FDR <0.05 corrected inductions after infection are shown.

All non-redundant features for differential abundance were tested using ANOVA.
It was found that the levels of 3358 out of 10781 (31%, positive) and 2109 out of
7361(29%, negative) basepeaks were significantly altered between the infection
and mock set (Table 7 and Figure 14). Of these significantly altered basepeaks,
2825 (84%, positive) and 1853 (88%, negative) were up-regulated. This clear
trend towards up-regulation is even more evident for the basepeaks with phyto-
chemical annotation. 151 (58%, positive) and 185 (46%, negative) of these me-
tabolites were elevated (Table 7 and Figure 15) and out of these, 143 (95%, both

modes) and 179 (97%, negative) were up-regulated.
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Figure 15: Logz-fold changes of basepeaks with phytochemical annotation in A)
positive and B) negative mode. In grey the insignificant responses and in black

the signi