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Summary

The barley powdery mildew-causing fungBlkimeria graminisf. sp. hordeiis considered a
high-risk pathogen and has been studies intensbaly for its agricultural importance and as
a model for obligatory biotrophy. In the Czech Reapy the fungus has been receiving
attention for decades but relying solely on phepioty, e.g. assessments of virulence
frequencies. Recently the whole genome sequen@&luoheria graminisf. sp. hordei was
released, costs of next-generation sequencing bdeygped down and a pioneering study
suggested the power of molecular markers to stpdyied and time dynamics d@lumeria
graminisf. sp. hordei populations. Building on the recent progress, @oitkl DNA markers
were designed to further exploit their capability differentiate isolates captured in a
geographically limited area. In whole-genome seqasn(lllumina MiSeq) of ten Czech
isolates captured in 2014, there were identified48% transposable element-based
polymorphisms, 65,535 single nucleotide polymorptisand 9,068 simple sequence repeats.
Primer pairs were designed for 10 repeat-juncti@arkers, 21 simple sequence repeats and
for 20 amplicons carrying at least one single moigdie polymorphisms. Repeat-junction
markers yielded only 10 % of polymorphic markers bearly 67 % of simple sequence
repeat markers resulted into polymorphic and reyeinde patterns. Out of 20 primer pairs for
Sanger sequencing, only 4 were excluded aftemlrtiéisting, i.e. 80 % have potential to be
used in the future. In total, 232 isolates wereeaged for 158 polymorphisms: 141 simple
sequence repeat alleles and 17 single nucleotijenpgphisms. Neighbor-joining algorithm
was used to visualize power of the markers to wbigoate individual isolates. In the
cladogram, 97.4 % of all isolates could be unamiigly identified. Screened isolates
originated from 17 and 15 defined locations in @mech Republic collected in seasons 2014
and 2015, respectively but no correlation betweenotype and geographical origin was
revealed. Surprisingly, no isolates with identic@t of polymorphisms were identified
between two subsequent seasons. It was thus sadgé#sat sexual reproduction, i.e.
recombination, and/or migration of spores may @agnore important role than expected,
especially in a region in the heart of Europe.

Key words: Blumeria graminis DNA markers, genetic diversity, population storet
powdery mildew, simple sequence repeats, singldeatide polymorphism, transposable

elements



Souhrn

Blumeria graminis f.sp. hordei je patogenni houba #pobujici onemoami jeémene
nazyvaneé padli travni. Vzhledem k rozsahtsgbovanych ztrat je tento patogen intengivn
studovan. Pozornost je m@novana také proto, Ze se stal modelem pro studibigabni
biotrofie. V Ceské republice jeB. graminis intenzivré studovana uZ desitky let, av3ak
vyhradré s vyuzitim fenotypovani, tj. na zakkadhodnoceni frekvence znamych virulenci.
Nedavno vSak byla zvejnéna referetini genomova sekvence tohoto organizmu. Pokles
nakladi na celogenomové sekvenovani umoZnitedi®Ezné studium vyuZitelnosti
molekularnich markér za &elem studia diverzity populadd. graminis f.sp. hordei se
slibnymi vysledky. Na zakladtéchto poznatk byly proto navrzeny dalSi DNA markery
scilem umoznit rozliSeni izokat pochazejicich z geograficky omezené oblasti.
Z celogenomovych sekvenci (lllumina MiSeq) deseyibranych izolai pochéazejicich

z Ceské republiky (rok 2014) bylo detekovano 84 47fepdialnich marker zaloZzenych na
transponovatelnych elementech, 65535 jednonukleofch polymorfizni a 9 068
mikrosateliti. Primery byly navrZzeny pro 10 markepro mista inzerce transponovatelnych
element, 21 mikrosatelit a 20 amplikofi obsahujicich jednonukleotidové polymorfizmy.
Pouze 10 % markér odvozenych zinzénich mist transponovatelnych elemertylo
polymorfnich. Na druhou stranu 67 % mikrosatelitylo polymorfnich. Z 20 pérprimefi
navrzenych zadelem detekce jednonukleotidovych polymorfizfwylo az 80 % pouzitelnych
a mize byt v budoucnu zdrojem markeCelkem 232 izoldit bylo hodnoceno naiffomnost
158 polymorfizmi: 141 fiznych alel mikrosatelita 17 jednonukleotidovych polymorfiZm

K vizualizaci rozliSovaci schopnosti tohoto paneharkef (tj. variability detekovanych
genotym) byl pouzitneigbor-joiningalgoritmus a v takto ziskaném kladogramu bylo 9%,4
studovanych izoldt charakterizovano jedideou sadou polymorfizin Studované izolaty
pochézely ze 17 (rok 2014) 15 (rok 2015) pesr& vymezenych lokalit v ramcCeské
republiky, avSak korelace mezi genotypy izbl&@ jejich geografickym {jpvrodem nebyla
patrna. Krond toho nebyl identifikovan jediny izolat, ktery by snezi oBma sezonami
vyznaoval shodnou sadou polymorfiZiinJe proto prawpodobné, Zze sexualni reprodukce
(tedy rekombinace) nebo disperze spoisgiva k diverzié patogenu vice, nez se dosud
piedpokladalo, zejména pak v relativmalé oblasti ve s¢du evropského kontinentu.

Kliéova slova: Blumeria graminis, DNA markery, geneticka diverzi@dnonukleotidovy

polymorfizmus, mikrosatelit, padli, struktura pogecg, transponovatelny element
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1 Introduction

Powdery mildew disease is a common cause of reldyiedds as well as deterioration
of end-product quality. The disease causing funBlusneria graminisinfects four major
Poaceaecrops: wheafriticum aestivuni., barleyHordeum vulgard.., oatAvena sativd..
and ryeSecale cerealk. B. graminisf.sp. hordei (Bgh) theforma specialisattacking barley,
has been accepted as a model to study both hasHgainteractions and mechanisms
underlying obligatory biotrophy. In agriculture etlsignificance oBgh is illustrated by its
inclusion on the list of Top Ten fungal pathogebegnet al, 2012; Wyand and Brown,
2003). Barley powdery mildew disease causes saamfi losses worldwide and the Czech
Republic, for which malting barley is an importadonomic commodity, iS no exception
(Dreiseitl, 2010).

Due to its agricultural importanc&gh has been studied from numerous points of
view: spore germination (Kunadt al, 1979; Wrightet al, 2000), leaf surface recognition by
Bgh conidia (Nielsenet al, 2000) andBgh adaptation to barley resistance genes
(e.g. Dreiseitl, 2003). Finally, reference genoraguence was obtained only a few year ago
(Spanu et al, 2010), triggering numerous follow-up studies, tsugs avirulence gene
clustering (Skamniotet al, 2008), estimation of TE content (Amselezh al, 2015), or
coevolution of virulence effectors with retroelerteeifAmselemet al, 2015; Sacristan and
Garcia-Arenal, 2008).

However, studies of the pathogen phylogeny hawn lpgimarily focused on ff. spp.
classification (e.g. Trocht al, 2014) or on a position dgh among other powdery mildews
(Takamatsu, 2013a) because the resolution of usedkems was not sufficient for
characterization at a sub-species level. First DidArkers employed iBgh population
genetics were RFLP markers used to desdBigk population in Denmark (Damgaard and
Giese, 1996). Subsequently, a combination of RAR® SCAR markers was employed in a
study carried out in France (Caffiet al, 1999). Despite increasing utilization of DNA
markers,Bgh phenotyping even nowadays plays the most impontalaet in Bgh isolate
characterization as illustrated by recent studiesedfor example in the Czech Republic
(Dreiseitl, 2015), Latvia (Kokina and Rashal, 201?)Poland (Tratwal and Bocianowski,
2014). It is assumed that a combination of phenotymnd genotyping approaches might
further deepen our understandingBagfh diversity, spatial structure and dispersal pattern

Because of its parasitic lifestylBgh has closely co-evolved with its host, the major

components of the continuous host-pathogen arneshr@ing arsenal dgh effector proteins



encoded by avirulence genes and correspondingaeses genes in barley (Schulze-Lefert
and Panstruga, 2011). Except for fungicide usetrabaf powdery mildew disease relies on
breeding of resistant barley varieties Bgth can acquire new avirulence genes rapidly, thus
breaking the host resistance. In order to makedmérol of the disease more effective, better
understanding of molecular mechanisms underlyingt-pathogen interactions is essential
(Oberhaensliet al, 2011). Major outcomes of intensiBgh research include cloning and
mapping of barley resistance genes as well as fngaulence genes (Pedersenal, 2002;
Seeholzert al, 2010). TheBgh genome has been sequenced and annotated (8pahu
2010) and components 8fgh proteome described (Bindschedgdral, 2009; Kuschet al,
2014), enabling subsequent molecular studies.

Bgh genetic diversity has remained largely unclearfigéy due to labor intensive
research of an obligatory biotroph. Increased egmpémnt of techniques of molecular biology
promises faster progress in deciphefdgh population structure and dynamics. DNA markers
have been shown as an effective tool for populadtodies (Sunnucks, 2000) and the present
work thus follows the pioneering study by Kominkogt al. (2016, submitted), which
revealed high resolution power of molecular markeéos distinguish Bgh isolates
unambiguously. Besides enriching the previouslyettgyed genotyping panel, this work
aimed to asse®ghdiversity in the Czech Republic in two subsequeassns.

When rapid and high-throughput methodology of reaidtevelopment is established,
molecular studies can be combined with traditica@roaches based on differential tests to
develop molecular markers tightly associated vBihh genes essential for a successful
infection, e.g. avirulence genes. Molecular markaso have the potential to further our
understanding of seasonal changeBgh populations and decipher relative contributions of
recombination, gene flow, genetic drift and migvatito Bgh diversity. Taken together,
knowledge of structure of local populations and n@@isms giving rise to new strains can
help ensure longevity of resistant barley variefiesduced in the future, thus contributing to
more efficient control oBgh epidemics. Last but not least, if efficient stratég studyBgh
population genetics is developed, it can be appbeatherformae specialesf B. graminisor

other fungi whosén vitro cultivation is demanding or impossible.



2 Background

2.1 Blumeria graminis f.sp. hordei
2.1.1 Powdery mildew pathogen in brief

Taxonomy of B.graminis f.sp. hordei and disease symptoms

The obligate biotropBlumeria €yn.Erysiphe) graminis(DC.) Speer f.sphordei
Marschal(Bgh), the causing agent of barley powdery mildew, wesognized as the sixth
most important plant-pathogenic fungus becausés afsk potential (Deaet al, 2012). The
B. graminis is a filamentous fungus of the phylurAscomycota(order Erysiphale$
(Schweizer, 2007; Thomas al, 2001). BarleyHordeum vulgard.. is an exclusive host of
Bgh and since similarly specialized host-parasite ratgons have been described, the
B. graminisspecies has been classified into host-speciesiatstdorms(formae speciales
ff.spp). These include three more special forms infestiageal crops (f.spavenaeon oat
Avena satival.., f.sp. tritici on wheatTriticum aestivurmL. andf.sp.secalison rye Secale
cerealeL.) and fourformae specialesausing powdery mildew of wild grasses (fjgpaeon
genus Poa, f.sp. bromi on genusBromus, f.sp. agropyri on genusAgropyron and
f.sp.dactylidison genudactylis). B. graminisff. spp. from cultivated monocots indeed show
high level of host specialization but the spedificio a single host, and thus the f. sp.
classification, oformae specialefom wild grasses has been questioned (Inetra, 2007;
Trochet al, 2014; Wyand and Brown, 2003). Whighis a useful model organism to study
both host-parasite interactions and population genef pathogens causing powdery mildew,
the disease is not restricted to monocotyledoustplanly (McDonald and Linde, 2002;
Wyand and Brown, 2003). Species attacked by dingsiphalesinclude legumeg¢Fabaceae
Lindl.) (e.g. Silleroet al, 2006), cultivated fruit trees from tiiosaceadamily (e.g Pessina
et al, 2014) as well as genera of mapheerL.) and oak(QuercusL.), fruit-bearing plants
like strawberry(Fragaria L.) (e.g. Moriet al, 2015) and grapgVitis L.) (e.g. Feechast al,
2008) and also ornamentals, e.g. lild8yringal.) (Sekoet al, 2008). Overall, powdery
mildews affect around 10,000 angiosperm speciel witot powdery mildews showing
significantly broader host range (Deatral, 2012; Glawe, 2008).

The most apparent symptom of powdery mildew disess presence of white,

powdery pustules on the surface of host tissups;dily leaves. If ascocarps (sexual fruiting

10



bodies) develop, they form dark-colored colonieshimi white asexual colonies (fdgh
reproduction, see page 12). AlthouBlgh usually does not kill their hosts, the infection
nevertheless affects underlying tissues and numselbsochemical processes occurring in
them. To support furtheBgh development, nutrients rerouting from host to pgémocells
occurs. In response to infection, plants show aed rates of respiration and transpiration as
well as reduced photosynthesis and chlorosis irpthee of oldeBgh colonies (Bothet al,
2005; Bushnell and Allen, 1962).

Geographical distribution of  B. graminis f.sp. hordei and its importance for Czech

agriculture

Bghis a common and worldwide-spread pathogen butatuit is more abundantly
present in areas with high density of its host, ire colder latitudes of the Northern
Hemisphere (Leffet al, 2004). The first infection can occur early in thear and persist
throughout the whole growing season. The infectianses major reductions in yield as well
as in quality of harvested grains which result onsiderable economical losses. The
importance of powdery mildew for Czech agricultwas described by Dreiseitl (2011), who
observed that between 1989 and 2000, 40 % of whdadey epidemic and 50 % of spring
barley epidemic was caused Bgh The extent of losses caused by powdery mildew is
largely depended on time of infection. If the dse@&ccurs early enough, number of barley
offshoots, and thus harvestable grains, can beeadbrkeduced. Even though yield reduction
by 20 % or more is rather rare, losses as higlD&% fhave been reported. The value of barley
production in the Czech Republic depends on a numibfactors, however, Dreiseitl (2010)
estimated the annual value at 4 billion CZK and ltsses caused Bgh were estimated at

200 million CZK, i.e. 5 % of annual production.
Barley, the exclusive host of Blumeria graminis f.sp. hordei

Barley, however, is not of regional importanceyorBeing cultivated on 1,580,000
km? (9 % of world arable land), barley was the toprfioicrop worldwide in early 2000s (Leff
et al, 2004). The global production for 2014/2015 seasas estimated at 138.3 million tons
and about 40 % (58.4 million tons) was harvestetthenEuropean Union. Barley produced in
the Czech Republic represents nearly 2 million emsually. There, barley is grown on about
25 % (1.4 million ha) of cultivated land and ittlee second most commonly grown cereal

after wheat. About 70 % of Czech barley is spriagieties but nevertheless, winter barley

11



plays an important role in powdery mildew epidemscit serves aBghinoculum reservoir
(Dreiseitl, 2005; Kist and Potrésilova, 2014). Barley produced in the Czech Repuisli
mainly used for malting and as stock feed, besities, it is country’s important export

commodity (Russell and Mikulasova, 2015).
2.1.2 The pathogen'’s life cycle

The reproductive strategies dfungi are largely variable, exhibiting sexual
(i.e. recombinant) or asexual (i.e. clonal) modéseproduction as well as combinations
thereof. Considering reproductive strategies akssification criterion, Taylor et al. (1999)
described three distinct meiosporic groups and mitesporic group ofFungi. Bgh was
classified as &eterothallic type with a definite asexual phasdlecting the existence of both
sexual and asexual phase in its life cycle. Indeeth of the stages have been described in
detail and can be distinguished with naked eye.ukdasexual fruiting bodies are visible as
dark-colored dots, while asexually formed coloraes white to yellowish (Glawe, 2008).

For its entire nutritional dependence on a liviiast, the timing oBgh reproduction
needs to be synchronized with its host’s life cyeldich explains why the annual sexual
stage (teleomorph) does not occur until late in lblagley growth season, i.e. in the fall
(Glawe, 2008; Wolfe and McDermott, 1994). Thus, ultenate aim of sexual reproduction is
the formation of diploid chasmothecia (formerlyistethecia), specialized structures capable
of overwintering and producing haploid ascosporeseothe environmental conditions
become favorable again. Then, the chasmothecialabgier and break open, releasing the
ascospores. On average, the contribution of ascesgoBgh epidemic is relatively small,
however, their importance becomes apparent fromatteptation and increasing variability
point of view. In other words, the sexual cycle hias potential to give rise to many new
allelic combinations during ascospores formatiorardbver, ascospores may play a bigger
role in seasons with weather unfavorable for adede@elopment or when the transmission
from spring- to autumn-sown barley populationsrsted (Pariaucet al, 2009; Ridoutt al,
2006; Ridout, 2009; Zharet al, 2005).

On the other hand, the asexual state (anamorplti)eigoredominant phase that is
known for its very rapid progress and massive aetwwe of conidiophores on leaves but also
other aerial plant organs. Conidiophores are dasatsensitive and short-lived fruiting
bodies but nevertheless capable of prolific produactof oval-shaped asexual spores,

conidiospores, that are organized in chains angedi&d by wind easily. The repetitive
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asexual generations of annual life cycle thus nakedery mildew a polycyclic disease and
enable rapid increase in the frequencies of adgaots allele combinations, ultimately
contributing to epidemic spread of the disease (Madd and Linde, 2002; Ridout, 2009;
Zhanget al, 2005).

As mentioned earlieBgh can survive either in forms of asexual coloniea®sexual
ascospores inside chasmothecia in the absencestf Aonother factor that contributes to
spread of barley powdery mildew disease is growahgvinter and spring barley cultivars.
Such continuity of host populations creates soedafjreen bridgethat limits seasonal
bottlenecks and makes it easier for the pathogdratsfer from one host plant to another.
This makesBgh a high-risk pathogen with a high potential for gesnd genotype flow
(McDonald and Linde, 2002; Wolfe and McDermott, 429

2.1.3 Host cell infection: cytological changes

Being a biotrophic ectoparasite, the pathogenrsigal and reproduction is limited to
a living host’s epidermal cells and the infectiongess consists of a number of consequential
morphological differentiation steps. The infectibegins with a unicellular ascospore or
conidium landing on a susceptible host. Physicaltaxt with the host surface needs to be
established and a germ tube forms. However, umtiker Erysiphales Bgh germinates with
primary and secondary germ tube. Shorter and mapedherging (0.5 to 2 hours after
inoculation) primary germ tube secures attachmethe leaf surface, absorbs water from the
infected cell and eventually penetrates througheghidermal cell wall. The secondary germ
tube forms after 3 to 4 hours and in the presefheefnctional primary germ tube becomes a
foundation for the development of a haustorium. ©fmrmed, the secondary germ tube
swells, elongates and finally (8to 10 hours latdifferentiates into a hooked digitate
appressorium, a specialized infection structure. By to 18 hours after inoculation, a
penetration peg emerges from beneath the maturesggpium and penetrates the leaf cuticle
and epidermal cell wall, which is achieved throwgltombined effect of increased turgor
pressure in the appressorium and enzymatic degwadat the host cell wall. Once in the
inner environment of the host cell, the penetrafieg starts differentiating into haustorium, a
specialized intracellular hypha providing nutriergguired for growth of hyphae forming on
the leaf surface. Other roles of haustorium inclhdst perception and control of host defense
mechanisms and metabolism through effector deli@anstruga and Dodds, 2009). To

secure formation of additional haustoria, the myerel proliferates and gives rise to
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secondary, elongating appressoria. Growth of circablonies observable on the leaf surface
iIs dependent on ambient temperature. Under optomadlitions, the newly formed colonies
are visible to the naked eye in 3 days post-indmraand the sporulation begins 4 to 5 days
post-inoculation. Aerial reproductive structuresrelep from somatic hyphae and a single
colony can release 300,000 spores (Catanzzriél, 2007; Gieseet al, 1997; Jgrgensen,
2013; Kunohet al, 1979; Panstruga and Dodds, 2009; Pryce-Jenal 1999; Wrightet al,
2000).

As a result of a successful host cell penetratimih invaded hyphae and host cell
undergo structural changes. Haustoria are sealezpiohermal cell wall with a neckband,
whose molecular composition has not been charaetéryet. A separate compartment,
extrahaustorial matrix, is formed between host asftosol and fungal extrahaustorial
membrane, which is derived from plant plasma mendaralthough derived from plant
plasma membrane, the extrahaustorial membrane sbmws unique characteristics. It lacks
several components of plasma membrane, while @ atntains transmembrane protein
RPWS8. Interestingly, Arabidopsis RPW8 was idendifi@s a resistance protein conferring
non-race specific resistance to the host. Presehae host protein on the host-pathogen
interface proves established vesicular traffickmgfween the two organisms, which is an
important part of plant-pathogen interaction (Cagaiti et al, 2007; Giraldo and Valent,
2013; Opalsket al, 2005; Wanget al, 2009).

2.1.4 Host cell infection: gene expression changes and Bgh proteins

The development oBgh during infection has been studied at the levey@fie expression,
too. Both et al. (2005) analyzed gene expression throughout aseycl ofBghrace IM82
and observed a global switch in gene expressiondagt the pre-germination stage and post-
penetration stage. The authors suggested thab8ered changes reflected alternation of the
fungus primary metabolism and occurrence of cellplacesses specific to penetration and
hyphae and haustorium development. Furthermore,beunof up-regulated genes was
homologous to described or putative proteins aasetiwith pathogenicity and virulence of
other fungi.

Over 800 proteins expressedhiyphae, haustoria and conidiaBgh DH14 isolate (a
source for reference genome sequence) were idghiifi vivo and their function was
predicted (RNTHER classification). Haustorial proteome was rich imrotpins of

monosaccharide metabolism which is consistent i feeding function of haustoria.
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Proteins of nucleic acid metabolism were relativelgre abundant in hyphae. This reflects
active proliferation and nuclear division duringhatia production. Finally, proteins identified
in conidia included enzymes of lipid, carbohydrated phosphate metabolism that are
required for storage compound breakdown during esgmrmination. In contrast to tissue-
specific proteins were heat-shock proteins (HSP&pse presence was confirmed in
haustoria, hyphae as well as conidia (Bindscheatlat, 2009). More recently, the abundance
of HSPs was confirmed in an silico analysis ofBgh DH14 isolate genome. However,
protein families with the largest number of predictmembers are EKA (= effectors with
similarity to avirulence proteins AMiand AVR,19 and CSEP (= candidate secreted effector
proteins; proteins involved in host colonizatidogth protein families playing a role in plant-

pathogen interaction (Kusdt al, 2014).

Proteins of plant-pathogen interaction

Upon successful invasion of a host cell, its ineevironment has to be changed so
that it is favorable for further colonization byetipathogen and its reproduction. To modify
cellular processes of the host, the pathogen sscreimerous effector molecules inhibiting
plant defense response and enhancing pathogeendeul Effectors can be either proteins or
secondary metabolites, however, this text will ®aun the effector proteins only. Based on
reference genome sequence, existence of 1,30Qa@ffeotein paralogues has been proposed
(Catanzaritiet al, 2007; Pedersest al, 2012; Schmidet al, 2014). Possible explanation for
their abundance as well as their organization witheBghgenome are discussed later. Here,
proposed functions of selected effector proteiesdascribed.

In the plethora of effector proteins, particuléteation has been paid to avirulence
factors. Encoded b&VRgenes, they are usually small in size (less tit¥nadnino acids) and
common among other eukaryotic plant-infecting pgéms as well as bacteria (Catanzaatti
al., 2007; Schmidtet al, 2014). Although they too act as effectors enhamanfection,
according to thegene-for-genemodel, they are recognized by compatible resistgiRe
proteins of the host upon entering the host cétir(R971). Thus, if a given pathogen strain
lacks effector(s) capable of action in the hog,ittfection fails and the host is said to possess
nonhost resistance (Schweizer, 2007). Both, aviadeproteins irBgh and R proteins in
barley have been identified.

There are at least 25 avirulence proteins in tK& Eamily, the most intensively

studied proteins being AV and AVR., both with paralogues in other powdery mildew
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causing fungi. Contributing to successful infectitiley are expected to be expressed in the
fungal haustorium as it is the only tissue in direantact with the intracellular environment
of the host. However, unlike rust and oomyceteuwsirce proteins, AVRoand AVR; lack
N-terminal secretory signal sequence, and thus xsteace of a secretory pathway
independent of endoplasmic reticulum was propo8atsglemet al, 2015; Catanzariet al,
2007; Ridoutt al, 2006). In barley, more than 85 R proteins hawenlgiscovered, including
MLA jpand MLK;, recognizing AVRioand AVR;,, respectively (Schmidit al, 2014). Being
receptor-like in nature, R proteins recognize caibp@avirulence proteins secreted into the
cytoplasm of the host cell and trigger a radicdué response - necrosis of the infected cell.
This hypersensitive response is typical of genegfare interactions and restricts pathogen
invasion to neighboring cells (Catanzasgtial, 2007; Ridoutet al, 2006). Expression of R
proteins by plant hosts thus provides an altereagxplanation for nonhost resistance
(Schweizer, 2007).

Another family of abundant proteins comprise ofBPS. Initially, nearly 25@gh
CSEPs were compared with proteins Bfysiphe pisiDC. and Golovinomyces orontii
(Castagne) V.P. Heluta, infecting p@aisum sativumL.) and Arabidopsis thaliana(L.)
Heynh., respectively. Only a fraction (10 CSEPsYyewvshared among all three powdery
mildews, indicating that CSEPs might be highly spespecific (Spanet al, 2010). Since
then, a total of 491 CSEPs was identified in #gh genome. Their function remains
unknown, however, haustorial expression was comefitnfor vast majority of them.
Specifically, short (100-150 amino acids) CSEPs lskeved to be involved in haustoria
formation (Bindschedleet al, 2011; Pederseeat al, 2012; Spanet al, 2010). An example
of well-studiedBgh (isolate DH14)candidate secreted effector protein is CSEP005&hak
thought to support fungal growth at the site ofgieation (Zhanget al, 2012). Involvement
of CSEPs in the infection process is also suppdriethe fact that majority of haustorially-
expressed CSEPs are down-regulated during an iretdstepinoculation (Hacquaret al,
2013).

Independently, five Blumeria effector candidates(BEC1 to BECS5) showing
differential expression throughowgh infection process were identified. However, only
BEC3and BEC4were not identified previously as CSEP. Basedhair texpression profiles
and amino acid composition, possible roles durimg infection process were assigned to
BEC2 to BEC4. BEC2 is thought to act in the apdplaspace, preparing the host cell for
fungus entry. BEC3 and BEC4 were suggested to wavied in pathogen penetration and
onset of haustoria formation. Taken together, furgfector proteins in general might be
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released very early in the infection process, pbgsalready during primary germ tube
penetration. Hence, effectors do not probably @layle in haustorium formation only but
also inhibit very early defense response, prevgntell death of invaded plant cells (Nowara
et al, 2010; Schmidet al, 2014).

2.1.5 Blumeria graminis f.sp. hordei genome

TheBghgenome size was estimated to be approximately 12Q3yanuwet al, 2010).
The closely related wheat powdery mildes: graminisf.sp.tritici, Bgt) is predicted to have
a genome larger than 170 Mb (Parlargeal, 2011). Other powdery mildew species also
have genomes up to four times larger than non-pigrdscomycetesuggesting that genome
expansion is a common phenomenon among obligatotyophs (Spanet al, 2010).

Such extreme genome expansion can be explainethtbgsive proliferation of
transposable elements (TEs). The most recent det&ion of TE content irBgh DH14
isolate is 67 % (Amselemat al, 2015) and the proportion of repetitive DNA in tBgt
genome might even exceed 90 % (Wickerl, 2013). The most abundant TEs in Bgh
genome are non-long terminal repeat (non-LTR) tetnsposons: LINEs and SINEs
(Parlangeet al, 2011; Spanet al, 2010). LINEs and SINEs were estimated to com@##&8
% and 11 % of th&gh genome. Nonetheless, accounting for over 20 %he@Bgh genome,
LTR TEs also represent a significant proportiontted Bgh genome. In contrast to Class |
(RNA transposons), the contribution of DNA transpus (Class Il) to the size of thggh
genome is less than 2 % (Amseletral, 2015).

With the Bgh DH14 genome assembly available, questions aboudigtabution of
TEs and coding sequences throughouBthlegenome arose. While evidence for clustering of
coding sequences exists, there is some discrepagayding distribution of TEs. Two known
clusters of avirulence genes were described, orthkenh containing botVR.10 and AVR.
(Ridoutet al, 2006; Skamniotet al, 2008).CSEPgenes belonging to the same family tend
to be clustered as well (Pederstral, 2012). Based on an analysis of a representaticteop
of the Bgh genome (accounting for 9 % of the genome), clustenf TEs was excluded
(Spanuet al, 2010; Spanu, 2012). However, another group diastidentified two loci rich
in TE sequences, suggesting clustering of TEsast lm some genome regions (Oberhaensli
et al, 2011).

Despite the contradiction about TE clustering,oatgbution of TEs to reshuffling,

amplification and diversification of genes interspa between the repetitive sequences has
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been accepted. Such genome flexibility is of paldéic importance for genes encoding
proteins involved in host-pathogen interactionschanges of effector proteins provide a
mechanism to escape recognition by the host. Migéon of bothEKA and CSEPgenes
probably occurred through action of TEs. For exampVR. effector family coevolved
closely with TEla class of LINE retrotransposonsdé&senet al, 2012; Sacristaet al,
2009). In fact, the relationship between retrotpms®ns and effector genes might be even
tighter than that. An analysis 8gh CC148 isolate genome revealed tAatRi; and AVR.10
have evolved from the truncated ORF1 of claddNE retrotransposons with two ORFs
(elementsSatineand Kryze) A striking similarity - 99 % nucleotide identity was found
between ORF1 ofSatine and AVR.106 The authors thus suggested that recycling and
neofunctionalization of degenerate TE products nbay a mechanism to generate the
variability of avirulence and effector genes, thusreasing the change that fungal proteins
will not be recognized by the host R proteins. Aitgh the reference DH14 isolate lacks both
AVR; andAVRyg, it is intriguing to think that at least some camy AVRparalogues evolved
through the described mechanism as well (Amseadeai, 2015). It is also worth noting that
sequence divergence 8VR. genes has been observed amongftinmae specialesf B.
graminis suggesting a possible mechanism underlying tihe sbst specialization (Raffaele
and Kamoun, 2012; Sacristahal, 2009; Sacristan and Garcia-Arenal, 2008).

Given the large size of tiggh genome, a relatively small number of protein-cgdin
sequences (6,470 annotated genes according to éBlu@eBlumeria Sequencing Project;
27 April 2016) might be surprising. It turns ougwever, that the gene loss largely reflects
parasitic lifestyle oBgh Among genes that are believed to be reduced tegnabsent in
the Bgh genome are genes of anaerobic fermentation, gliybasynthesis, inorganic nitrate
and sulfur assimilation, and thiamine biosynthesibich is in agreement with the fungus
dependence on a host. Another feature of biotrg@eyns to be a convergent loss of primary
and secondary metabolism enzymes. Unlike in otlhegdl pathogens, plant cell wall
depolymerizing enzymes are significantly reduced,(Spantet al, 2010).

On the other hand, genes important for virulenoe &ost invasion are amply
represented in thBghgenome. There are at least 1,EHA genes, paralogues AVR; and
AVR.10 and nearly 50€SEPgenes were identified iBgh haustoria and their expression has
been understood to some extent. Both protein fam#eem to be required for successful host
infection and their function in this process wascdssed earlier (Kusat al, 2014; Pedersen
et al, 2012). Another unusually expanded protein famdgmprise fungus-specific,

pathogenesis-related kinases, many of them pos$ibiyia specialespecific as theBgt
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genome contains about a third of pathogenesiseklkinase genes identified in tiBgh
genome.

Taken together, th&gh genome illustrates evolutionary trade-offs of oalayy
biotrophic lifestyle. First, irreversible gene ladisables release from host-dependent life and
reproduction but on the other hand, TEs contridatgenome flexibility that can generate
genetic variation, and ultimately adaptation to thossistance genes, without sexual
reproduction. Second, functional and evolutionahgaome at the costs of excess DNA
maintenance (Parlangg al, 2011; Raffaele and Kamoun, 2012; Spanal, 2010). Another
conclusion drawn on content of tBgh genome says th&gh probably reached its maximal

adaptation and further evolutionary innovation seemlikely (Kemen and Jones, 2012).

Comparison of Blumeria graminis f.sp. hordei genome to other powdery mildews

Sequencing of selected orthologous regionBgifand Bgt genomes revealed that
protein-coding sequence are collinear, while tleepof intergenic regions composed of TEs
is far less preservedsuch observation suggests that most of the TE-resigenome
reorganization happened after the divergenceBgih and Bgt (Oberhaensliet al, 2011;
Wicker et al, 2013). This is in agreement with a large diffeeim TE content between the
two formae specialef57 % inBghgenome (Amselerat al, 2015) and 85 % iBgt (Parlange
et al, 2011)] and a high degree of repetitive DNA simiijathroughout theBgt genome,
suggesting only recent reshuffling of tBgtgenome (Parlanget al, 2011).

Slightly over 90 % of predicteBgt genes have homologous sequences irBtite
genome, suggesting very similar gene content betwee twoformae specialesMoreover,
about a third of the homologs belong @SEP gene family, whileCSEP genes were not
identified in powdery mildews of other genera. Ténéadings imply thaCSEPsareBlumeria
specific genes, with a couple GSEPfamilies significantly expanded iBghin comparison
to Bgt (Hacquardet al, 2013; Kuschet al, 2014; Wickeret al, 2013). While a large
proportion of bottBghandBgt genome is comprised of transposable elements withLiTR
being predominant, the TE composition seem to etyveen thdormae specialesLINEs
are the most abundant repeats in both genomeséwdstimation of SINEs is significantly
different: 3 % of théBgtgenome in comparison to 11 %Bgh (Parlangeet al, 2011).

Comparison of genomes ddgh and more distant powdery mildew&ysiphe
pisiDC. (pea powdery mildew) andsolovinomyces orontii (Castagne) V. P. Heluta

(Arabidopsis thaliangowdery mildew) revealed that genomes of these poyvhildews are
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up to four times larger than genomes of most asceteyg. Besides that, systematic analysis
of core ascomycete genes was performed, reveadliigp@ologous genes missing in all three
powdery mildews. Many of these genes are not ptesemgenomes of other obligatory
biotrophs, suggesting that gene loss is common grobhgatory biotrophs. Also, consistent
with expanded diversity d@SEPsn Blumeriagenomes is the finding that only a tiny fraction
of Blumeria CSEPsvere found in genomes of pea and Arabidopsis poymaddews (Spanu,
2012).

2.1.6 Evolution of Blumeria graminis f.sp. hordei

Evolution of Bghwas studied with regard to othfrmae specialegas well as other
pathogens causing powdery mildew disease. Theas iagreement that powdery mildews
form a monophyletic group (Takamatsu, 2013a). @ally, phylogenetic studies within the
group were based on morphology of the fungi and-pathogen relationships. However, the
development of molecular methods resulted in rearegdion of traditional classification with
respect to the newest findings. rDNA internal traiieed spacer (rDNA-ITS) regions are
common sequences to use in phylogenic enquireshaydwere also suggested to serve as a
DNA barcode forFungi, however their use in phylogeny Bfysiphaleswas refused by some
authors(Alvarez and Wendel, 2003; Takamatsu, 2004; Wyand Brown, 2003). Thus,
coding sequences, such as 18S, 28S, and 5.8S rBa&l&, been used instead. (Metial,
2000).

Most recently, EKA and CSEP genes received attention in phylogenetic studies.
Analysis of candidateEKA genes revealed they have arisen multiple timeslifferent
lineages, supporting their putative role in thepaaton ofBlumeria graminigo various hosts
(Amselemet al, 2015). In another study, the ratio nbnsynonymous to synonymous
substitutions was estimated f&ISEP genes. This ratio was revealed to be unusualliz,hig
meaning that these sequences are under selecgsaupe to evolve rapidly (Wicket al,
2013). FurthermoreCSEPswere suggested to lumeriaspecific proteins which supports
the hypothesis oBlumeria species being only distantly related to other pawdrildews
(Takamatsu, 2013b)

Based on molecular phylogenetic analyses and wddeeproductive isolation of the
four formae specialeaffecting cultivated monocotBghwas proposed to be a sister clade to
Bgt (Inumaet al, 2007) and this finding was later supported byitamithl molecular analyses

as well as by phylogenic trees based on phenotyaeacteristic§ Takamatsu, 2013a). This is
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also in agreement with conclusions based on TEebstselies (Wickeet al, 2013). Work of
Wyand and Brown (2003) identified close relatiomeenBgt andB. graminisf.sp. secalis
which is reflective of the phylogeny of their hgstgheat and rye (Inumat al, 2007).
However, the remaining two host-specific forms weot proven to reflect the phylogeny of
their respective hosts. Overall, the evidence oflggeny shared betwedd graminis and
host plant species remains ambiguous, probablytalimst-jumping that occurred multiple
times duringB. graminisevolution (Inumeet al, 2007; Wyand and Brown, 2003).

Due to their agronomical importance, there wereesd attempts to estimate the
divergence time oBgh andBagt. Initially, the calculation was based on conserveéergenic
sequences and estimated to occur approximately illi@rmyears ago (Oberhaengdit al,
2011). However, Wickeet al. (2013) based their estimation on a number of gukishs in
synonymous sites of more than 5,200 homologs andleded that divergence of wheat and
barley powdery mildews occurred later than oridindlelieved, approximately 6.3 million
years ago. The later estimation seems to be magate as the intergenic sequence-based
molecular clock might be “faster” due to extensiVE activity. This new finding also
suggests thaBgh andBgt diverged after the divergence of their hosts 1Q@2Zanillion years
ago (Chalupskat al, 2008).

2.1.7 Diversity studies of Blumeria graminis
Studies based on pathotype classification

Before molecular markers became a widespread tooldiversity estimations,
structure ofBgh populations - as well as those of other pathogeosuid be described in
terms of pathotypes only. A classification intohg#tpes is based on pathogenicity of studied
isolates to a set of plant hosts carrying differesistance genes. Based on the severity of
symptoms Bgh pathotypes are classified on a nine-point scaldfi@Caet al, 1999; Dreiseitl
and Pickering, 1999; Usaret al, 2007). Testinggh virulence to known resistance genes
enables comparison of populations from distant giggigc regions, e.g. EuropersusChina
(Dreiseitl and Wang, 2007) or the Czech Repulisusisrael (Dreiseitket al, 2006), as well
as estimations of population complexity and idérdiion of prevailing virulence frequencies
within a given population. Furthermore, this applo@nables selection &gh pathotypes
present in subsequent seasons, e.g. Dregdeitl (2013) or Dreiseitl (2011).

The structure oBghpopulations has been intensively studied in thec@Republic at

least since mid-1970s but primarily by the meanBgiiphenotyping (Dreiseitl, 2005). Apart
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from CzechBgh populations, the pathogepathotypes were studied at numerous other
locations, including sites of only sporadégh occurrence, e.g. New Zealand (Dreiseitl and
Pickering, 1999) or North Dakota, USA (Dreiseitdadteffenson, 2000).

Although studying pathotypes based on their vitoéeprovides valuable information
about population structure and dynamics, unforelgait is not possible to link described
virulence phenotypes directly to genotypes of respe Bgh isolates. For this reason, it is
necessary to focus on diversity at the level of DasAwell. Thankfully, recent develop in the

field of molecular biology makes it possible.

Molecular marker-based studies

The first molecular markers used to assess populdtversity were based on enzyme
variants, isoenzymes. Isozymes catalyze the samehdmical reaction but vary in their
amino acid composition. Of particular importance alozymes, allelic versions of the same
gene. The changes in amino acid sequence trangibeshanges in protein net charge and
ultimately in electrophoretic mobility. Thus, theadysis of isoenzymes/allozymes is based on
separation by native gel electrophoresis and sulesecptaining. Although isozyme/allozyme
analysis is relatively inexpensive and fast, nunddgoolymorphic alleles is usually limited.
Furthermore, fresh samples and protein isolatidhiwishort time from sampling are required
(Nybomet al, 2014; Schliétterer, 2004; Weisiegal, 2005).

An example of isozyme-based studyBgh is the work of Koch and Kdéhler (1990).
Isozymes of ten enzymes together with analysisnspacific proteins were used to study
variation amondghisolates as well as among the four ff. spp. foumdwtivated monocots.
Although 131 distinct isozymes were identified, tbbserved polymorphism in banding
patterns was very low (only 8 bands differed amihregsamples). Nevertheless, assessment of
homology was possible, leading to conclusion theg mmost homologous ff. spp. were
B. graminisf.sp.secalisandB. graminisf.sp.tritici .

Another drawback of isozymes/allozymes is thats¢hemarkers do not allow
identification of changes in DNA sequence direclifnianks to rapid progress in molecular
biology, this was soon compensated for with devalempt of first DNA-based molecular
markers. Each type of DNA markers has its advastayer other DNA markers as well as
over isozymes/allozymes. For example, microsagslliare more likely to be neutral than
allozymes and mutate at a higher rate (Delmettt., 1999; Schiétterer, 2004).
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DNA markers that first replaced allozyme analystied on use of restriction
enzymes, e.g. restriction fragment length polymmph(RFLP), but the true boom of DNA
markers was triggered with the invention of PCRaldimg analysis of a specific genomic
region in a large number of individuals simultangguSince then, DNA markers have been
employed in a variety of applications, ranging frgmpulation studies to map construction
and integration. Many types of DNA markers havenbdeveloped, utilizing polymorphism
either in DNA sequence or DNA repeats and detectigation in single loci or multiple
genomic locations simultaneously (Nybatnal, 2014; Schlbtterer, 2004).

Since early 1990s, DNA markers have been emplagedtudy Bgh diversity.
Diversity of EuropearBgh populations have been studies using RFLP and RAREkers,
and first SCAR and VNTR (variable number of tandepeats) markers were developed, too
(Caffier et al, 1999; Damgaard and Giese, 1996; McDernatttal, 1994). Except for
assessin@ghdiversity, AFLPs were used in combination with REL&hd SNPs to construct
first genetic map oBgh In the case of AFLPs and RFLPs, high degree ofdiogy between
target sequences and LTR retroelements was revé@ledeet al, 1999; Pederseat al,
2002).

In the last decade, simple sequence repeats [$&Rs used to study cereal-infecting
fungi such a$’arastagonospora nodorufstukenbroclet al, 2005) andZymoseptoria tritici
(Goodwinet al, 2007). Only few years ago, SSRs were finally usegopulation studies of
Bgh too. Tuckeret al. (2015) and Wangt al. (2014) used SSRs only to study diversity of
Bghand closely relateBgt, respectively. Kominkovét al. (2016, submitted) employed SSRs
in combination with ISBPs and SNPs to study diwgrsf Bghisolates in the Czech Republic
and compare them with selected isolates from adagh collection. Although several TE-
based marker systems have been developed and@ghegenome is extremely rich in
repetitive sequences, to the best of my knowletlag,study is also the only example of use
of TE-based markers to stuBghdiversity.

In the last decade, single nucleotide polymorph{§NP) has become an important
and widespread type of polymorphism. WiBgh reference genome sequence and NGS
sequencing platforms available, the popularity NPS is reflected in emerging studies of this
type of polymorphism in the genome Bf graminis In the work of Hacquardt al. (2013),
genome sequence of the reference isolate and tdibcal isolates A6 and K1 from Sweden
and Germany, respectively were compared. A mogaictare of alternating monomorphic
and polymorphic DNA blocks was revealed. Moreov&sl|ate-specific monomorphic blocks
showed SNP densities as low as 0.05 SNP/kb andgasals 1.68 SNPs/kb. Such striking
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contrast of SNP occurrence within the same genom abserved in thBgt genome, too
(Wickeret al, 2013).

Taken together, so far published studies basetl bat pathotype and molecular
characterization oBgh have revealed that large genetic variation is taaed through
frequent asexual reproduction and readily availédocal selection exists in the pathogen
populations (Hacquaret al, 2013; Wolfe and McDermott, 1994). This thesis fito
describe diversity and dynamics of tv8Bgh population from the Czech Republic taking

advantage of DNA molecular markers.

2.2 DNA molecular markers

Three types of DNA markers - repeat junction megk€RJMS), simple sequence
repeats (SSRs) and single nucleotide polymorphig8i$Ps) - were employed in the
experimental part of the thesis. Development o$¢hmarker types, polymorphism detection,

applications and their advantages and limitatioesdascribed in detail.

2.2.1 Transposable elements and repeat junction mar  kers

Transposable elements constitute a significanpgateon of eukaryotic genomes and
are thus a suitable genome component for developmiemolecular markers. TEs are
dynamic elements of genomes that frequently insgd new genomic locations through
copy-and-paste (Class | - retrotransposons) omaodtpaste (Class Il - DNA transposons)
mechanism. Further classification of TEs distingass between long terminal repeat (LTR)
elements and non-LTR transposable elements (LINESINE elements). TE classification
system based on this division was proposed by Wiekeal. (2007) and will be used
throughout the rest of the text. It is not rare T& insertions to be nested one into another,
which oftentimes give rise to unique TE junctions, boundaries between TE sequence and
sequence of target locus. Many insertions are aketdr selection, resulting in their stable
maintenance in genomes. In summary, activity ofiEonsidered to largely contribute to
genomic diversity and evolution of the species (Bx#men, 2000; Feschotet al, 2002;
Kalendaret al, 2011; Mazaheret al, 2014; Wanjuget al, 2009; Youet al, 2010).

TE-based markers rely on discovered or predictedtjons and five classes of TE
markers based on PCR have been developed up tordptat junction markers (RJMs),

repeat junction-junction markers (RJJMs), insersdr-based polymorphisms (ISBPs), inter-
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retrotransposon amplified polymorphisms (IRAPs) arefrotransposon-based insertion
polymorphisms (RBIPs). Of particular importance pmpulation studies are RIMs because
they were shown to generate highest number of prnpais by available computational tools
and, unlike other TE-based markers, they are di® ta capture genes. RIM primer pairs
consist of a primer specific for the junction amsbter primer complementary to any type of
sequence (unique sequence or another TE) in naigbbd of the junction. The resulting
amplicons are scored for presence/absence, usihglgetrophoresis and PCR product
visualization (Devost al, 2005; Kalendaet al, 2011; Mazaheret al, 2014; Youet al,
2010).

RJMs are suitable for high-throughput genotypind aome RJM applications include
studying functional genome diversity (Yadewal, 2015) and genetic diversity assays (You
et al, 2010). RJMs were also successfully used for ey reconstruction, to construct
physical and genetic linkage maps in wheat as alin radiation mapping, e.g. of the D
genome of bread whedtiticum aestivumL. (Wanjugi et al, 2009). Major drawbacks of
RJMs are i) the need for junction sequence infoionah order to design specific primers and
i) the fact that transposon arrangements can bevéoiable to use them for comparisons of

distant lineages (Kalendat al, 2011; Wanjuget al, 2009).

2.2.2 Simple sequence repeats

Simple sequence repeats a.k.a microsatellitesstasfstandem repeated units one to
six nucleotides in length and are highly abundantukaryotic genomes, both in genic
(developed as EST-SSRs) and non-coding regionsiiviaget al, 2005; Wanget al, 2014).
Although SSRs are prone to point mutations, thenndiving force for polymorphism
generation is slipped-strand mispairing during Dkaplication. This mechanism explains
existence of a number of alleles varying in thegtarof the repetitive motif at a single SSR
locus. Since DNA sequences flanking the repeats@mserved, primer pairs can be designed
to these regions. Thus, the variation is size dRR@plicons reflects the variation in number
of repetitive units (Akkayat al, 1992; Goodwiret al, 2007). PCR products are separated by
gel electrophoresis to size individual alleles.eptiatively, using fluorescently labeled primer,
size of amplicons can be determined by capillagctebphoresis. Fluorescent labeling also
enables multiplex analysis and scoring with avédaoftware (Tuckeet al, 2015).

There are several features of SSRs that make a@hesny powerful genetic marker for

a variety of studies: relatively easy and cheapebtigament (definitely for sequenced species),
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their relative abundance in genomes and good gerumwerage, relatively rapid mutation
rate, high polymorphism, co-dominant inheritancesesand reproducibility of assays (PCR).
However, a significant drawback of SSR applicatiorstudies of fungi is the need fde
novodevelopment of SSR markers for every studied speasethe cross-amplification even
between closely related fungi, e8gh and Bgt, is very low. Possible solution might be
development of genic SSRs, in which case primees dgsigned for more conserved
sequences. Unfortunately, SSRs are also hard ¢tonaite (Fazekast al, 2010; Powelkt al,
1996; Robinsort al, 2004; Schiétterer, 2004; Waegjal, 2014).

Simple sequence repeats were used to study dwefsdomesticated crops such as
sunflowerHelianthus annuug. (Filippi et al, 2015), riceOryza satival.. (Chakravarthi and
Naravaneni, 2006) arSlorghumaccessions (Agrama and Tuinstra, 2003). The yaoieBSR
applications include fingerprinting (including for@c purposes), population genetic and
taxonomy studies, construction of genetic maps,af.gordeum vulgard.. (Varshneyet al,
2007), as well as genetic and physical map integrdVVarshneyet al, 2005). For association
studies, however, it should be kept in mind th&led of the same size may have different

evolutionary origin (Estoupt al, 1995).

2.2.3 Single nucleotide polymorphisms

SNP is a polymorphism in the smallest buildingt wiiDNA, i.e. a single nucleotide.
Besides transitions and transversions, small indeés considered SNPs, too (Riju and
Arunachalam, 2010). SNPs represent the most abutyja of allelic variation and are thus
an increasingly popular type of molecular markeas&l on comparison of thrBghisolates,

a frequency of isolate-specific nucleotide variants estimated atl SNP/kb. SNPs can be
found both in coding and non-coding sequences.eSagenic (i.e. in coding sequences)
mutation can have deleterious effect on an indaigufitness, SNPs in coding regions are
rather rare - less than 4 % in tBgt genome (Wickeet al, 2013). Nevertheless, both genic
and genomic SNPs are used. Discovery of SNPs inngorkgions take advantage of
numerous EST databases. They can also be diréckigdl to gene function and are thus
called ‘perfect markers.” However, genomic SNPsehagme advantages, too. They can be
identified in any region of the studied genome.tlk@emmore, genomic SNPs are usually
neutral to selection, making them more suitabledigersity estimations (Batlest al, 2003;
Haywardet al, 2012).
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The very first approaches to SNP discovery welaively low-throughput but on the
other hand, sequence knowledge was not requireaseltiays, SNP discovery was based on
recognition of changes in restriction sites, DNAfmsmational changes or Targeting Induced
Local Lesions in Genomes (TILLING) relying on usé @ mismatch-specific enzyme.
Nowadays, SNP discovery is possible through segugnaf PCR products, in a process
called local SNP discovery (Shattuck-Eidegtsal, 1990). Recently, SNP discovery has
largely benefited from next-generation sequenchi@$), which enabled global silico SNP
discovery. However, for SNP discovery based on NG, a reference genomic sequence is
required and is thus easier to achieve in modatispdKumaret al, 2012; Liet al, 2009;
Morin et al, 2004). An effort to simplify SNP discovery in namdel species resulted in
introduction of restriction site-associated DNA seqcing (RAD-seq) (Ettest al, 2011).

The most demanding approach to determine sequefc@tion is by gel
electrophoresis performed under conditions that blenadistinguish differences in
electrophoretic mobility of amplified fragments sad by differences in their DNA sequence
(Schlotterer, 2004). More advanced methodologiessuch as allele-specific probe
hybridization, primer extension assays and allplcBic PCR - rely on detection of
fluorescence signal. In comparison to previouslgcdssed molecular markers, SNP
genotyping can be easily performed in a high-thhpudg mode, i.e. via Sanger sequencing or
newly developed genotyping-by-sequencing and micayaapproaches (reviewed by Chen
and Sullivan, 2003; Kwok and Chen, 2003). Techne®gurrently available thus make
SNPs suitable for autoimmunization and ultimatelgr fhigh-throughput analysis.
Furthermore, SNPs have a great potential for agSoni studies between allelic forms of
genes and phenotypes (Goldstein, 2001; Warad, 2015). Biallelic nature of SNPs is a two-
edged characteristics - while SNP scoring is lessrg@rone, they are also of smaller
informational value. Thus, to obtain more informati multiple SNPs from a given region of
genome, so called haplotypes, should be examinafhIigRi, 2002; Wangt al, 2015).

SNP markers have been successfully used in catistnof high density genetic maps
necessary for quantitative trait loci mapping, dendiversity studies, association mapping as
well as in marker-assisted selection (Kunedral, 2012; Wanget al, 2015). Sequence
variants can be aligned to one another and basdwumlogy of examined sequences, the
extent of homology can be deduced from the aligrir\&eisinget al, 2005).
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3 Aims and objectives
Aims

This thesis builds on previous findings (Kominkatéal, 2016 submitted) and aims
to enrich a panel of available DNA markers spedticBlumeria graminid.sp.hordei to use
them in screening dlumeria graminid.sp.hordeiisolates captured in 2014 and 2015 in the

Czech Republic and to assess the pathogen divergtg country.
Research objectives
1. Genomic DNA extraction frorBlumeria graminid.sp.hordeiisolates
2. Next-generation sequencing and sequence analysis
3. Development and optimization of suitable molecuotarkers
4. Molecular characterization of select®timeria graminid.sp.hordeiisolates

5. Literature review, data evaluation and interpretabf results
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4 Materials and Methods

Fungi and plants

Molecular analyses were performed on E@meria graminisf. sp. hordeiisolates.
The conidiaof 119 and 113Bgh isolates were captured in summer 2014 and 2015,
respectively (Tabs. Il and IIl), using phytopathgtal machine for collecting spores from the
air mounted on the roof a car, as described prsiyareiseitl, 2015; Schwarzbach, 1979).
All capture sites were located along the routethémain barley growing areas of the Czech
Republic (Figs. 2 and 3). In 2015, Bghisolates from location HE and Bghisolates from
location KM (Tab. Ill) were collected manually. Thapture dates were chosen in accordance
with expected intensive production Bfjhconidia in the month of June. TiBgh isolates
were kindly provided by Doc. Ing. Antonin Dreise(@iSc. (Agrotest Fyto Ltd., Kro#z).

Seeds oBgh-susceptible barleyHordeum vulgarel.) cv. Stirling used for conidia
multiplication were kindly provided by Doc. Ing. fmin Dreiseitl, CSc. Seedlings of
cv. Stirling were grown in soil pots in a growthachber for approximately 14 days. The
growth conditions for plants and &l. graminisisolates were as follows: 19 °C/12 h and
17 °C/12 h, with fluorescent light intensity 35 pimos* and 50% humidity.

The isolate oBlumeria graminisf.sp. tritici (Bgtm258)captured in Olomouc, Czech
Republic in 2010 was used as an outgroup. It wasiptied on leave segments of susceptible
Triticum monococcuni. plants, under the same conditions Bgh isolates. The growth
conditions ofBgtm258and T. monococcunplants were the same as fBgh isolates and
barley plants.

Multiplication of inoculum

The Bgh conidia were cultivated on detached leaf segmestpraviously described by

Dreiseitl and Wang (2007). In brief, about 25 mmdgrimary leaf segments were cut from
14 day old barley seedlings and placed in Pethelig140 mm in diameter) on 0.8% agar
with 35 ppm benzimidazole, adaxial surface facipgvards. Petri dishes were placed at the
bottom of a metal inoculation tower and spores ésted approximately 14 days after the
previous inoculation were shaken on a clean ~ 8rs Square of clean black paper to control
the amount of inoculum visually. The paper squaes then rolled and the inoculum was

blown through a hole (15 mm in diameter) in the erppart of 30 cm tall metal inoculation
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tower (Fig. 1). To ensure proper inoculation, tperss were allowed to settle down for 30
seconds before placing the closed Petri dish igath chamber. Conidia from fully grown
mycelia were harvested into 2mL micro-centrifugatiabes after approximately 14 days and

the samples were stored at -80 °C until used.
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Figure 1: Inocula were multiplied using an inoculation tower. (A) A photograph of the inoculation tower used for inoculum
multiplication. (B) First, spores were shaken on a clean 5 x 5¢cm square of clean black paper. (C) Second, the paper square
was rolled and the inoculum was blown into the inoculation tower through a hole in the upper part.

DNA extraction

Genomic DNA was extracted according to the prdtateveloped previously by
Kominkovéaet al. (2016, submittedith minor modifications. 10-15 mg of spores were
treated with 30QL solution consisting of 1 % (w/v) Lysing Enzyme®rh Trichoderma
harzianum a.k.a. Glucanék (Sigma-Aldrich, USA), 1 % (v/v) Triton™ X-100 (Sitp-
Aldrich, USA) and 4 % (v/v) B-mercaptoethanol(Sigma-Aldrich, USA) and 285uL
50mM EDTA pH 5.6 (Sigma-Aldrich, USA) per samplehel spores were gently but
completely suspended and incubated at 37 °C fayu2sh In the half of the incubation time,
the mixture was vortexed briefly. After incubatia250 pL lysis buffer [0.83 % (w/v) L-
ascorbic acid (Sigma-Aldrich, USA), 0.05 % (w/v)otginase K (Roche Diagnostics,
Switzerland), 1.67 % (v/v) SDS, 6.67 % (vf9mercaptoethanol, 500mM NaCl, 100 mM
Tris-HCI pH 8.0 and 50mM EDTA pH 8.0 (Sigma-AldrictSA)] were added. The tubes
were inverted few times during the 70 minutes lamgubation at 65 °C. The lysate was
cooled on ice and DNA was extracted with 250 phenol (pH 7.0), hand shaken and
centrifuged for 5 minutes. The aqueous phase wattpd into a fresh tube and phenol was

removed using extraction to 2pQ of chloroform:isoamyl alcohol 24:1 mixture and
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centrifuged for 3 min. The obtained aqueous phaase tnansferred to fresh tube and freed
from residual phenol with additional chloroform#soyl alcohol extraction (50QL) as
described above. Extracted DNA was precipitateth %yl 3M NcAc (pH 5.2) and 44QL
pre-chilled isopropanol. After inverting gently aBdminute centrifugation, the supernatant
was discarded. Precipitated DNA was washed with B0@thanol twice. First, 70% ethanol
was used and after 5 minutes of centrifugation disdarding the supernatant, 96% ethanol
was used the same way. The washed DNA was air doedbout 15 minutes at room
temperature and dissolved in 2D sterile re-distilled water. Finally, the sampiesre treated
with 10 ug/ml RNase A (Sigma-Aldrich, UK). All centrifugatmosteps were carried out in a
pre-cooled Jouan GR 20-22 centrifuge (Thermo, U&A)0,000 g and 4°C.

Concentration of DNA in each sample was measuréth WicoGreefi dsDNA
Quantitation Reagent (Molecular Probes, Inc., USAQ Turner BioSystem fluorometer
(USA) according to the manufacturer’'s protocol. [@ueof extracted genomic DNA was
checked using electrophoresis in randomly choserpkes. 1uL DNA was mixed with 4ulL
re-distilled water and IuL 6x STOP C loading buffer (100 mM EDTA, 1% SDS,
0.05 % bromphenol blue, 0.05 % xylene cyanol an® 22 glycerol). Samples were allowed
to migrate in 0.8% agarose (Serva, Germany) and DBE buffer (45 mM Tris-HCI pH 8.0,
45 mM boric acid and 1 mM EDTA) for approximatelp éninutes (5 V/cm). Owl B2
(Thermo Scientific, USA) electrophoresis chambed &fP-500 V (Major Science, USA)
power supply were used. The gel was stained in%.8hidium bromide (Sigma-Aldrich,
USA) and visualized with Syngene UV transillumimatmd GeneSnap software (Syngene,
UK).

NGS lllumina library construction and sequencing

DNA sequencing libraries of 10 isolates were pregdrom 50 ng of extracted DNA
per isolate using Nextera XT DNA Library Preparatkit (Illumina, USA) according to the
manufacturer’'s instructions with the following mbcltions. The tagmentation reaction
contained 6 uL ATM (amplicon tagment mix) and tlhsequent incubation step lasted for
6 minutes. Libraries were amplified in C 1000™ That Cycler (Bio-Rad, USA) starting
with 72 °C for 3 minutes and 95°C for 30 seconddlofved by 14 cycles of 95 °C for
10 seconds, 55 °C for 30 seconds and 72°C for @@nsks, and finished by final extension at
72°C for 5 minutes. Then, the reactions were fieishvith a continuous 10°C step. The

library normalization step was omitted and instealtl libraries were quantified by qPCR
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using the KAPA Library Quantification Kit for llluma Genome Analyzer Platform (KAPA
Biosystems, Inc., USA). To assist with insert sséimation, agarose gel electrophoresis was
employed. Following equimolar library pooling, thieal library concentration was checked
again. The libraries were paired end sequenceg UdiBeq Reagent Kit v3 (600 cycles)
(Mlumina, Inc., USA) according to the manufactiseinstructions at the Institute of
Molecular and Translational Medicine (Olomouc, Gz&epublic).

Sequence analysis and primer design

Obtained whole-genome sequences were used td saledidate molecular markers
of three types: repeat junction marker (RJM), sempkquence repeat (SSR) and single
nucleotide polymorphism (SNP). Selection of cantidaNPs was performed as follows. The
SNPs were called from reads of the ten isolatggetl against thBlumeria graminisf.sp.
hordeiDH14 version 3 reference sequence generated d§ltié@en consortium (Sparet al,
2010). BWA software (Li and Durbin, 2010) was usednap the paired-end reads from each
isolate to theBgh reference genome sequence and variant detectisnpardormed using
GATK software (DePristet al, 2011). As a last step, home-made script was tsedrt and
select ~ 65,000 stringent SNPs per isolate. Torensunplification of unique sequences, the
candidate sequences were also masked for transp@atments using ti@lumeria graminis
f.sp. tritici transposable element database (TREP) develop&tlidker et al. (2013). Only,
SNPs polymorphic in four to six isolates were cdased informative.

To detect RIMs and SSRs, MaSuRCA assembler (Zanial, 2013) was used to
obtain an assembly of eadBgh isolate. However, for candidate RJM and SSR marker
selection, only the assembly Bghisolate O4 was used for it was sequenced with itdleelst
coverage (23 x). The RIMs and SSRs with 2bp tordpeat motifs were detected directly on
contig assemblies using isbpFinder.pl (Paek al, 2010) and ssrFinder.pl scripts,
respectively. To search for TE junctions Bgt TREP was used as source of TE motifs.

Primer pairs for chosen candidate sequences vesigroed using Primer3web version
4.0.0 (Untergrasst al, 2012) and its default settings except that theerlength was 18 to
23 nucleotides with an optimum of 20 nucleotided @R optimum was 60 °C. The optimal
PCR product length was marker-dependent. ~ 50@bgRIMs, 90 bp to < 200 bp for SSRs
(depending on the length and number of repeat)yaitsl ~ 300 bp to 450 bp for SNPs. SSRs
with the highest number of repeat units were piied for primer design. RIJM primers were

designed so that at least one primer was spanhe@E junction.
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PCR amplification and PCR amplicon separation

Besides newly designed primer pairs, fpemer pairs originally developed by
Kominkovaet al. (2016, submitedwere used for PCR amplifications. Each PCR reaction
(total volume of 15ulL) contained 1 x PCR buffer (10mM Tris-HCI, 50mM KC
1.5mM MgC}), 1 x Cresol Red (0,01 % aesolsulfonephthalein; 1.5 % sacharose), 200
of each dNTP, 1tM of each primer, 0.6 U ofag polymerase and 50 pg genomic DNA. To
rule out the option of amplification failure, a mer pair (0.75 to 1M of each primer)
specific for glyceraldehyde-3-phosphate dehydrogengene (GPD) developed previously
(Kominkova, 2011) was used as an internal standHEné. combination of GPD primers
(Table 1) was chosen so that the internal stangesduct could be easily differentiated from
RJIM- or SSR-specific amplicons. The primer annggie@mperature of these reactions was set

according to the optimal temperature for RIJM an& $8mer pairs.

Table I: Primer pair combinations amplifying fragments of glyceraldehyde-3-phosphate dehydrogenase gene, an internal
standard used in selected PCR reactions

primer sequence (5’ - 3) in silico product size [bp]

BghGPDF2  ACGCACCCATGTTTGTCAT 102
Bgh GPDR2  CCAATGGGGCAAGACAGTTA

BghGPDF2  ACGCACCCATGTTTGTCAT

BghGPDR3  GCACCAGTGCTGCTAGGAAT 259

PCR reactions were performed in C 1000™ or C ID&@ch™ Thermal Cycler (Bio-
Rad, USA). The PCR amplification steps includedraimal denaturation of 95 °C for 5 min
followed by 40 cycles of 30 s at 95 °C, 30 s at pinener-specific annealing temperature
(see Tabs. IV, V and X), elongation at 72 °C fors3@nd a final 10 min long extension step
at 72 °C. Then, the reaction was finished with aticmous 4°C step.

The PCR amplicons were separated and visualized%rand 6% non-denaturing
polyacrylamide gels [acrylamide-bisacrylamide 18ctording to the required concentration,
Bio-Rad Laboratories, Inc., USA; 45 mM Trizfhhase (Sigma-Aldrich, USA), 45 mM boric
acid (Lach-Ner, Czech Republic), 1 mM EDTA (Sigmih#ch, USA), 0.00073 % TEMED
(Bio-Rad Laboratories, Inc., USA) and 0.067 % AFSsga-Aldrich, USA) were run in
0.5x TBE buffer [45 mM Trizmabase (Sigma-Aldrich, USA), 45 mM boric acid (LaNk¥,
Czech Republic) and 1 mM EDTA (Sigma-Aldrich, USA)ntaining 0.005 mg ethidium
bromide (Sigma-Aldrich, USA). 4% gels were usedéparate RJM and SNP products and
SSR alleles were separated on 6% gels. Beforerigdatle samples, the gel was run at 300 V

for 60 to 90 minutes to allow ethidium bromide tmrup the gel. The PCR products were
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separated at 350 V, time of separation being dep@rah size of amplicons and in the case of
SSR markers also on size differences among individileles. The power supply MP-500 V
(Major Science, USA) and Standard Power Pack Pa&n(@&rd&, Germany) were used. The
gels were visualized using INGENIUOS documentatsystem and GeneSnap software

(Syngene, UK).

Sanger Sequencing

Prior to running sequencing reactions, 20 to 400h&CR product (assessed from
intensity of bands) were Exo-SAP purified. Besi@&3R products, each purification reaction
(total volume of 7uL) contained 1 U of Exonuclease | (Thermo Scieatifi USA), 0.5 U of
FastAP Thermosensitive Alkaline Phosphatase (The8uaentific™, USA) and 1 x PCR
buffer (10mM Tris-HCI, 50mM KCI and 1.5mM Mggl The mixture was incubated for
30 minutes at 37 °C and enzymes were inactivatéa 96 °C for 5 minutes. The incubations
were performed in C 1000™ or C 1000 Touch™ Ther@aller (Bio-Rad, USA).

Purified PCR products were cycle sequenced usig®y® Terminator v3.1 Cycle
Sequencing Kit{Applied Biosystems, USA). Each sequencing reacfiaume of 10ulL)
contained 1.5iL of sequencing buffer, 0.875. of DBX64, 0.125uL of BigDye®, 10uM
primer and 10-20 ng of template DNA. Sequencingtrea were performed on C 1000™ or
C 1000 Touch™ Thermal Cycler (Bio-Rad, USA). Theaateon began with initial
denaturation at 98 °C for 5 min, followed by 60 legcof 10 s at 96 °C, 5 s at the 50 °C and
an elongation at 60 °C for 4 min. Then, the reacti@s finished with a continuous 4°C step.
Prior to subsequent analysis, sequencing reactiens purified on Biomek NXP (Beckman
Coulter, USA) automation workstation using magnebeads Agencoutt CleanSe§
(Beckman Coulter, USA) using manufacturer instutsi Finally, capillary electrophoresis
was performed on ABI™ 3730x|I DNA analyzer (AppliBobsystems, USA).

Data analysis and cladogram construction

Variability of Bgh genotypes was visualized in a cladogram. Scoringdentified
polymorphisms was adjusted to the presence/absetuee of RIMs, i.e. all polymorphisms
were converted to a binary code. In the case ofsS8Rch polymorphic allele was scored
separately. For SNP analysis, sequences of PCRicamplwere aligned using MEGAG6
(Koichiro et al, 2013) and manually edited if needed. Each pasititth nucleotide variation

was scored separately for presence/absence ofveblseucleotide variants. This strategy
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made it possible to obtain a set of binary data format compatible with tools of PHYLIP
version 3.695 (Felsenstein, 2005). First, inputsfiwere analyzed with restdist.exe in the
fragment mode and in the next step, neighbor.eaks tvas employed to obtain an unrooted

tree. FigTree version 1.4.2 was used to visuaheectadogram.
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Figure 2: Geographical origin of Bgh isolates captured in the Czech Republic in June 2014. The color code of capture routes

corresponds to color code for genotype visualization (Fig. 4).

Table II: Bgh isolates captured in June 2014 and their geographical origin

Capture route

Distance [km] Isolates (total number of isolates)

A1-2, A1-3, A1-4, A1-5, A1-6, A1-7, A1-9, A1-10, A1-11,
A1-12, A1-13, A2-1, A2-3, A2-4, A2-5, A2-8, A2-9, A2-10,

Kroméfiz - VySkov - Brmo 70 A2-11, A2-12, A2-13, A2-16, A2-17, A2-18, A2-19, A2-20,
A2-22, A2-22, A2-23, A2-25, A2-27 (31)

Brno - Lechovice 55 B1-1, B1-2, B1-3, B1-4, B2-1, B2-2, B2-3, B2-4, B2-5 (9)

Brno - Breclav 60 C1,C2

VySkov - Olomouc - Pfaslavice 55 D1, D2

PrasI’awce; Ostrava Vitkovice - Mankovice - 165 E1, E3

Velké Bystfice

Olomouc - Zabfeh na Moravé 45 F1

Krométiz - Otrokovice - Rikovice - Kroméfiz 70 G1

Prostéjov - Kroméfiz 50 H1, H2, H3

freway D1 km 90 - Praha Stodulky 115 11,12,13, 14,15, 16, 17, 18, 19, 110 (10)

Praha freeway D5 km 4 - Plzefi - Praha 145 KA1

freeway D5 km 4

Praha StodUlky - Karlovy Vary 120 L1,L2,L3, L4,L5,16,L7,L8,L9,L10,L11,L12(12)

Praha - Teplice - Lovosice 115 M1, M2, M3, M4, M5, M6, M7 (7)

Praha - Mlada Boleslav - Bfezina 100 N1, N2, N3, N4, N5, N6, N7, N8 (8)

Praha - Hradec Kralové - Chlumec nad 155 01, 02, 03, 04, 05, 06, 07, 08, 09, 010, 011, 012,

Cidlinou 013 (13)

Brno - freeway D1 km 90-199 220 X1, X2, X3, X4, X5, X6, X7, X8, X9 (9)

Prazsky okruh (freeway D0) 40 Y1

KroméfiZ - Napajedla - StraZnice - Kroméfiz 345 21,72,73,74,75,26, 27 (7)

isolates in bold were sequenced
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Figure 3: Geographical origin of Bgh isolates captured in the Czech Republic in June 2015. The color code of capture routes
corresponds to color code for genotype visualization (Fig. 4).

Table lll: Bgh isolates captured in June 2015 and their geographical origin

Capture route Distance [km] Isolates (total number of isolates)
Viykov - Olomouc - Pfaslavice 55 D1, D2, D3
Praslavice - Ostrava Vitkovice - Mankovice - E1,E2, E3, E4, E5, E6, E7, E8, E9, E10, E11, E12, E13
. " 165
Velka Bystfice (13)
KroméFiz - Otrokovice - Rikovice - KroméFiz 70 G1, G2
L HE2, HE3, HE4, HE5, HE6, HE7, HES, HE9, HE10, HE11,
Hrubgice - collected manually
HE12 (11)
freway D1 km 90 - Praha Stodulky 115 11,12
Praha freeway D5 km 4 - Plzeni - Praha 145 K1, K2, K3, K4, K5, K6 (6)
freeway D5 km 4

KM1, KM2, KM3, KM4, KM5, KM6, KM7, KM8, KM9, KM10,
Kroméfiz - collected manually - KM11, KM12, KM13, KM14, KM15, KM16, KM17, KM18,
KM19, KM20, KM21 (21)

L1,L2,L3, L4,L5,L6,L7,L8, L9, L10, L11L, L12, L13, L14,

Praha Stodlky - Karlovy Vary 120 L15, L16, L17. L18 (18)

Praha - Teplice - Lovosice 115 M1, M2, M3, M4, M5, M6, M8, M9, M10, M11, M12, M13,
M14, M15, M16, M17, M18, M19, M20, M21, M22, M23 (21)

Praha - Mlada Boleslav - Bfezina 100 N1

Praha - Hradec Kralové - Chlumec nad 155 o1

Cidlinou

Brno - freeway D1 km 90-199 220 X1

Prazsky okruh (freeway D0) 40 Y1,Y2

KroméfiZ - Napajedla - StraZnice - Kroméfiz 345 21,22
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Table IV: SSR markers tested for the presence of length polymorphism

DH14 reference

contig Marker ~ Repeat motif Primer sequence (5-3') Ta[°C] Number of polymorphic alleles Internal standard
o 000610 obm31  TGAA(29) ; ggggéﬁé;gg%%%mccm 55 17 ho
) 005527 obm32 TGAA(25) ; g?;ég’g#;%?é@gggfg : CGTGTCA 52 16 no
o o omws ooy | TOACTOAGOASTRCMATARGRA ! ”
N/A obm34 AAAT(15) ; ggﬁgig¥éﬁi¥¢g2€?¢é¥gm 52 N/A GPD F2/R3
) 003977 obm35 CACT(14) ; ng¢g'l('3 ;géggAgT%ﬁ%AgﬁCATA 55 15 no
o ome  mm [ OTTCMMSOSCORR  Seoubemni
o e omy  TioAm) | COCTACCACGAGACCITACG 55 ! ”
N/A obm38  ATG(30) ; %?ggg\?:?é\;giémg%ﬂ‘vm 55 N/A GPD F2/R2
VA omw  awGy | ATAGSCOGCCARATCGGS 55 alest 12 ”
N/A obmd0  ATT(20) ; GCGCAGATTTCTGGCAAA 55 NIA o

GGCAGATTTTTCAAAATGATGATG
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Table IV - continued: SSR markers tested for the presence of length polymorphism

DH14 reference

contig Marker  Repeat motif Primer sequence (5'-3') Ta[°C] Number of polymorphic alleles Internal standard
T s -
o s ome  ToA | [OAMMATGAGGOTTGIOS 5 i ”
° 005961 obm43 TAA(19) ; é???gggg#ggggﬁ?:ﬁgAAAATGA 52 6 GPD F2/R3
° 001472 obm44 (CT)Y19 ; é’éggggf A%%?%%&CTEACT?T 55 8 GPD F2/R3
o« oo s (ops | [OTTACTCTACCCTGIGAGCT 55 ; .
° 004373 obm46 TG(16) ; .?%'.A g (? :gmg; ((;3 g.l'_o‘ ATg 812 52 9 no
o« wm e s [ DO s ; -
o e im [ COKCIHSSOTOS s -
s wwn  me [ COCTATRCCCSMT -
o wT amo s [ soeeeo : : -
o 005538 obm67  (GAT)13 ;Eﬁ?gﬁ?ggﬁgfggg}%%? 55 7 ho

@ indicates SSR markers used for genotyping
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Table V: RJM markers tested for presence/absence variation

rez:;:ce Marker Primer sequence (5'-3') left element Hunetion right element " Sislézz F;g]duct Ta[*C]
contig (class, order, superfamily) * (class, order, superfamily) *

® 003577 0bmo1 ; ¥EATGAJSTTTCCC(§:ATTTTTGTT22;§CCA (retrotranspos?risliTR, unknown) (retrotransposo\r:,th)INE, unknown) 486 59
004339 0bms52 ; ig:;;gggigmgﬁ;:ﬁm (retrotranspc?spoanr,tall_TR, Gypsy) (retrotranspﬁtsrl;r?aLTR, Copia) 485 50
000086 0bm53 ; ggﬂ;gi?gggg:;ﬂ?ﬁ (DNA-transpoiZ(ra}?TlR, Mariner) (retrotranspos;-ringlNE, unknown) 518 50
003016 0bmd4 ; gg%{;%&?ﬁr?g;gg:ggg: TC (DNA-transposon’\,l?J\rginown, unknown) low copy DNA 484 50
002565 0bms5 ; igggﬁg'fggggi;;iﬁgﬁg%GG (retrotransposolr?jélNE, unknown) (retrotransposgrzi,ulfTR, unknown) 515 5
002350 0bm36 ; ﬁg;ggTC%CTAF%TATATCITATCT%%TTTTAC low copy DNA (retrotranspgsect)rrlﬁTR, Gypsy) 504 50
000296 0bms57 ; %é\ggéf\lg?g:g&i\%ﬁ (retrotransposo\r:?gINE, unknown) (DNA-transposon'\,l?J\rginown, unknown) 505 5
003639 0bmb8 ; ggii%ﬁéiééé%%%ﬁ?ﬁc (retrotranspfspoar:,tall_TR, Gypsy) (retrotranspoégﬁl:ngnl\]E, unknown) 518 5
008599 0bm59 ; ?giglgg?gﬁréi%iig‘%e (retrotranspcl)-ls%SntEaLTR, Gypsy) (retrotransposorlg,i P:SINE, unknown) 524 50
004219 obm60 F TCTTGCTGTAGCTTCAACACC Nova Crius 503 55

RTGTCCACATCGTTTCATCTTC

(DNA-transposon, unknown, unknown)

(retrotransposon, LTR, unknown)

® indicates RIM marker used in this study
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5 Results

The main aims of the thesis were i) developmennofecular markers which could
unambiguously discriminate isolates Bfumeria graminisf.sp. hordei from the Czech
Republic and ii) their employment in studyiBgh diversity in the Czech Republic. In order
to do so, the essential steps were first, extraaifogenomic DNA of sufficient quality and
quantity, second, whole-genome sequencing of tdecteel Bgh isolates and lastly,

identification of candidate polymorphisms (RIMsRSS&nd SNPs) and their validation.

5.1 DNA extraction and NGS lllumina sequencing

Genomic DNA extraction yields ranged from 62 ng#®) ng (mean 230 + 102.6 ng)
using 10-15 mg oBghspores. About 50 pg of DNA was sufficient for PGRations.

Ten Bghisolates exhibiting the largest virulence varidpiljunpublished data) were
sequenced with lllumina MiSeq. The RAW sequencéhl woverage from 10 to 23 fold were
processed and assembled using MaSuRCA assembléx M The obtained reads
(SNP markers) and resulting assemblies (RJM and BfaFkers) were used for marker

development.

Table VI: Sequencing and assembly statistics for ten selected Bgh isolates
Isolate B1-2 B2-1 B2-2 C2 16 110 M3 N7 04 26 Mean

Coverage 18 13 10 10 15 14 14 14 23 12 14

No. of

218,469 25859 21,302 15566 27,217 41,390 42542 13,685 77,903 6,136 49,007
scaffolds

Min.
scaffold 185 300 300 374 300 300 303 380 300 334 307.6
length [bp]

Max.
scaffold 38,890 9,128 10,332 8,110 9,070 23,099 28,137 8416 48,206 6,400 18978.8
length [bp]

Nso [bp] 1,088 1455 1374 1400 1545 2,097 2454 1217 2402 847 15879
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5.2 Marker development

The analysis of NGS sequences of tgh isolates identified 84,471 ISBP/RIJM
polymorphisms, 65,535 SNPs and 9,068 SSR polymsmphi Out of all identified SNPs,
only those polymorphic in four to fiBghisolates were considered as suitable candidates for
marker development. Based on polymorphisms ideutiin the whole-genome sequence of
Bgh isolate O4 (isolate with highest sequencing cow@ragrimer pairs for 10 candidate
RJMs (Tab. V) and 21 candidate SSRs (Tab. IV) wiessgned. To assess SNP, variability in
all sequenced isolates was considered and primes fost 20 amplicons containing at least
one SNP (Tab. X) were designed.

Seven primer pairs were designed to target SSRs teira-nucleotide repeat units,
seven for tri-nucleotide repeat units and severdiaucleotide repeat units. However, five of
seven markers developed for tri-nucleotide unitsewot used for genotyping, and thus
markers newly added to the current genotyping pemgeted primarily motifs with tetra- and
di-nucleotide repeat units (~ 43 % of the panelhga®rimer pairs were preferentially
designed for SSRs with highest number of repeatsudetected in the whole-genome
sequence oBghisolate O4. The relationship between number ofaepeits and number of
identified alleles could thus be examined. SSR seges with the highest numberinfsilico
identified subunits were those consisting of tmddaetra-nucleotide repeat units. The two
reproducible SSR markers with tri-nucleotide repgats both contained 19 subunits in the
SSR motif. Six reproducible SSR markers with tetnaleotide repeat units, on average
contained 19 repeat units in a SSR motif (minimdrbloand maximum of 28 repeat units per
a SSR motif). In contrast, six reproducible SSR keex with di-nucleotide repeat units
consisted of 16 repeat units on average (minimurt3obnd minimum of 19 repeat units).
Depending on the length of a repeat unit, an awecdd4, 11.5 and 7.8 alleles were identified
in SSR motifs with repeat units 4, 3 and 2 nuctiiin length, respectively (Tab. VII).

SSR markers were first tested on a subset of &ghisolates to confirm presence of
polymorphic patterns. In the initial screening, atimer pairs showed polymorphisms and
were thus used oBghisolates from at least one season. However, se@&hrBarkers were
not suitable for genotyping because of i) non-rdpoible patterns when an internal standard
was used at the same tirfebm34and obm38) ii) excess satellite band producti@@bm39,
obm40and obm41)or iii) smeared PCR producfsbm48and obm49)under the used PCR
conditions. Taken together, 14 SSR markers withoaycible polymorphic patterns enabled
scoring of 141 polymorphic alleles (Tab. IX).
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Table VII: Number of in silico identified repeat units and number of experimentally confirmed alleles for
SSR markers used in this study.

Marker Number of subunits Number of experimentally

in 04 isolate identified alleles
obm31 28 19
obm32 25 18
tetra-nucleotide basic obm33 24 11
repeat units obm35 14 17
obm36 13 8
obm37 11 11
average 19.1 14
tri- nucleotide basic obm42 19 17
repeat units obm43 19 6
average 19 11.5
obm44 19 8
obm45 18 8
di- nucleotide basic obm46 16 9
repeat units obm47 16 8
obm50 14 7
obm67 13 7
average 16 7.8

Besides development of new primer pairs, four $&Rkers designed previously by
Kominkovaet al. (2016, submitted) were used on tBgh collections from both seasons.
Except for alleles already identified in the collen of CzechBghisolates captured in 2012,
new alleles were identified for both primer paiesgeting a SSR sequence with tetra-
nucleotide repeat unit. In the caseobim24 there were four alleles described originally and
another allele (140 bp in length) was identifiedriaBghisolates collected in 2014 and 2015.
Marker obm29was originally characterized with five alleles pr{fKominkovaet al. 2016
submitted) but additional four alleles (104 bp, HPO 96 bp and 86 bp in length) were
revealed in season 2014 and confirmed in seasdn (d@&b. VII).

Table VIII: Nomenclature and PCR product sizes of obm24 and obm29 alleles newly described in Bgh
isolates captured in seasons 2014 and 2015

Marker Alleles Allele size estimation [bp]
obm24  o0bm24.6 140

0bm29.6 104
obm29  0bm29.7 100

0bm29.8 96

0bm29.9 86

RJMs were also tested on a set of eiBfgh isolates first. Although onlypbm51
marker revealed a polymorphic presence/absencerpait the initial testing, all RIMs were
tested on thd3gh collection from season 2014 to confirm this findingdeed, out of ten

candidate RJMs designed to capture the variabolitidentified TE junctions, nine primer
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pairs were excluded i) for the lack of presencedabs variationfobm52, bom53, obm355)
i) because multiple target sequences were amghlifgdm56, obm57, obm58, obmb58i)
iii) the amplification was not reproducibl@bm54, obm60)The only polymorphic RIM
(obm51)was designed for a LTR-SINE junction and the pripar yielded a PCR product of
expected length in 70 % and 90 % of screeBgl isolates collected in 2014 and 2015,

respectively.

Figure 3: Selected polymorphic markers. (A) obm32 - 15 out of 18 identified alleles, first lane: GeneRuler 100 bp Plus DNA
Ladder. (B) obm33. (C) obm51. Alleles of SSR markers obm32 and obm33 were resolved on 6% polyacrilamide gels. PCR
products obtained with RUIM marker obm57 were separated on 4% polyacrilamide gels. PCR product size estimations were
based on migration of GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher Scientific, USA).

Primer pairs designed to assess variability in SNRab. X), were tested on foBgh
isolates to i) confirm presence of a single PCRdpob of an expected size and ii) exclude
amplifications of heterogeneous sequences. Only psmeer pair(obm80)yielded several
bands and primer pawmbm77was excluded from further use due to presenceewvérsl
amplicons of the same size but varying in sequeMogeover, two primer pairfobm72and
obm75)failed to amplify the target DNA under the stand®@R conditions. Out of the
remaining 16 primer pairs, 3 randomly chosen pripaers(obm73, obm8andobm86)were
used on thd3gh collection. The amplicon 358 bp in length contdir® SNPsobm73) the
400bp amplicon contained 2 SNdmM81)and the amplicon 376 bp long contained 3 SNPs
(obm86) Out of the eight nucleotide variants, seven ratade variations were present in both

seasons but orlebm81.1)emerged in the season 2015 for the first time.
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Furthermore, SNPs identified in a collection ofe€lz Bgh isolates from 2012
(Kominkova et al., 2016, submitted) were scored as well. Three pripeirs described
previously(obm6, obom&ndobm20)were used to assess SNPs in the obtained amplizons
sequences amplified withbm6andobm20primer pairs, new SNPs were discovered. In the
case ofobm@ three new SNPs were revealed alongside the afifpar SNPs. In amplicons
produced withobm20primer pair, there were seven variable position2012 and additional

two variants were revealed in 2014 and confirmegrésent in isolates captured in 2015.

5.3 Diversity of B. graminis f.sp. hordei in the Czech Republic in
seasons 2014 and 2015

The genotyping panel applied on 1Bgh isolates collected in 2014 and 1Bgh
isolates from season 2015 comprised 18 most polymorand most reliable markers: 14 SSR
markers and 4 primer pairs targeting sequencesShiRs. In total, 158 polymorphisms could
be scored with this panel, 141 of polymorphismsipe&S SR alleles (~ 89 % of the panel) and
17 polymorphisms being SNPs (~ 11 %). RJIM markessewot used because of their lower
information value and lack of time. Out of 2Bghisolates, 97.4 % were identified as unique
genotypes. Two isolates (A1-5 and Al-12) could betunambiguously identified in the
collection from 2014 and two more undistinguishgtdée's (HE4 and HES5, HE11 and HE12)
occurred in 2015 (Fig. 4). The unresolved pairsBgh isolates originated in the same
geographical region but showed different virulenteslifferential tests (unpublished data).

While there are 12 sister groups formed Byh isolates (Fig. 4), i.e. pairs dgh
isolates with similar genotypes, that were captunethe same region (unresolved pair Al-
12 2014/A1-5 2014 and Al 2015, A2-16 2014 and A452(E1 2015 and E11 2015,
E10 2015 and E13 2015, I3_2014 and 110_2014, KMB52thd KM6_2015, KM13 2015
and KM19 2015, L4 2015 and L8 2015, L5 2014 and P035, L8 2014 and L9 2014,
M1 2014 and M13 2015, N2 2014 and N7_2014), theativeopology of a cladogram
obtained with neighbor-joining algorithm does neteal any correlation between genotypes
of Bghisolates and their geographical origin (Fig. 4st&i groups formed bBgh isolates
captured in the same location but in different seasare of an interests: unresolved pair Al-
12 _2014/A1-5 2014 and Al 2015, L5 2014 and L13_2(0M% 2014 and M13_2015.
However, any generalizations about inter-seasomallasity of predominant genotypes
originating in the same region cannot be drawnates with a similar set of polymorphisms
Al1-10 2014 and M7_2015 were captured at locationssiply as far away as 300 km.
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Similarly, isolates L1 2014 and E12_2015 originatemim locations up to 390 km apart.
Furthermore, 4Bgh isolates captured in 2015 (A3, KM11, KM12, M3) fodnindividual

branches separated from the remaining BgBisolates (next to the root of the cladogram).
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Figure 4: A cladogram constructed with neighbor-joining algorithm (PHYLIP) to visualize variability of genotypes identified
with a set of 18 primer pairs. In the amplicons, 158 polymorphisms were present: 141 SSR alleles and 17 SNPs. Out of 232
Bgh isolates, 97.4 % were characterized with unique set of polymorphisms and thus unambiguously identified. The six Bgh
isolates that could not be resolved with used marker panel (asterisk), however, possessed different virulences (data not
shown), revealing limited resolution power of used marker panel to distinguish Bgh isolates originating from rather limited
geographical locations. Taxon color code corresponds to the geographical origin of Bgh isolates (see Figs. 2 and 3).
Branches in blue represent Bgh isolates captured in 2014, black branches represent Bgh isolates capture in 2015. Bgtm258
isolate was used as an outgroup.
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Table IX: Alleles and estimated PCR product sizes of markers added to the genotyping

panel of Blumeria graminis f.sp. hordei

Allele size Allele size Allele size Allele size
Marker  Alleles estimation [bp] Marker  Alleles estimation [bp] Marker Alleles estimation [bp] Marker Alleles estimation [bp]
obm31.1 340 obm32.1 214 obm33.1 168 obm35.1 160
obm31.2 260 obm32.2 194 0bm33.2 160 0bm35.2 152
obm31.3 236 0bm32.3 190 0bm33.3 156 0bm35.3 148
obm31.4 202 obm32.4 170 & 0bm33.4 136 0bm35.4 144
obm31.5 194 obm32.5 158 E 0bm33.5 120 obm35.5 140
obm31.6 190 obm32.6 154 2 0bm33.6 116 0bm35.6 128
obm31.7 186 __obm32.7 146 _g obm33.7 108 obm35.7 124
obm31.8 178 ‘; obm32.8 142 o 0bm33.8 96 9 obm35.8 120
S obm31.9 154 i 0bm329 138 0bm33.9 88 g 0bm35.9 108
_§ 0bm31.10 150 % 0bm32.10 134 0bm33.10 80 © 0bm35.10 104
© obm31.11 142 S obm32.11 114 obm33.11 76 obm35.11 100
obm31.12 138 obm32.12 110 0bm35.12 92
obm31.13 114 obm32.13 106 0bm35.13 84
obm31.14 78 obm32.14 102 obm35.14 132
obm31.15 66 obm32.15 98 obm42.1 127 obm35.15 156
obm31.16 54 0bm32.16 90 obm42.2 121 0bm35.16 128
obm31.17 214 obm32.17 86 obm42.3 118 obm35.17 116
obm31.18 122 0bm32.18 78 obm42.4 106
obm31.19 86 obm42.5 103
obm42.6 88
obm36.1 96 obm37.1 132 obm42.7 79 obm43.1 116
obm36.2 92 obm37.2 124 q obm42.8 76 - o0bm43.2 113
© 0bm36.3 84 obm37.3 116 _§ obm42.9 70 E o0bm43.3 110
"E’ obm36.4 80 obm37.4 112 © obm42.10 67 2 obm43.4 107
2 obm36.5 76 Y obm37.5 108 obm42.11 109 obm43.5 101
obm36.6 68 _’g obm37.6 104 obm42.12 100 0bm43.6 89
obm36.7 120 ° obm37.7 100 obm42.13 94
0bm36.8 88 obm37.8 96 obm42.14 91
obm37.9 84 obm42.15 85
0bm37.10 80 obm42.16 130
obm37.11 76 obm42.17 184
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Table IX - continued: Alleles and estimated PCR product sizes of markers added to the genotyping panel for Blumeria graminis

f.sp. hordei
Allele size Allele size Allele size
Marker  Alleles estimation [bp] Marker  Alleles estimation [bp] Marker  Alleles estimation [bp]
obm44.1 110 obm45.1 100 obm46.1 98
obm44.2 104 obm45.2 96 o0bm46.2 96
< obm44.3 101 - obm45.3 94 obm46.3 94
g obm44.4 99 E obm45.4 9 e obm46.4 92
- obm44.5 97 =2 obm45.5 89 _’g obm46.5 90
obm44.6 95 obm45.6 83 ° obm46.6 86
obm44.7 91 obm45.7 79 obm46.7 84
obm44.8 85 obm45.8 81 obm46.8 82
0bm46.9 76
obm47.1 103
obm47.2 99 obm50.1 92 obmé67.1 112
- obm47.3 97 o0bm50.2 86 obm67.2 85
g obm47.4 93 S 0bm50.3 80 5 obm67.3 76
2 obm47.5 91 E  obmb0.4 72 E  obm67.4 70
obm47.6 85 © obm50.5 84 ° obm67.5 64
obm47.7 95 0bm50.6 82 obm67.6 55
obm47.8 105 obm50.7 88 obm67.7 88
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Table X: Primer pairs designed for amplicons containing SNPs. SNPs in sequences amplified with primer pairs obm73, obm81 and 0obm86 were confirmed experimentally, for the rest of
primer pairs, SNP variants are expected variations based on sequence analysis.

DH14 refere|_1ce marker  primer sequence (5'-3') Ta[°C] SNP variants S.N.P N n s:ll_co product notes
supercontig position size [bp]
AGTCCGTGACACCTACTCAGG 0bm20.8 AT 469 new polymorphisms in a primer pair
®  contig 00781 o0bm20 55 single A 524 developed by Kominkova et al.
R TGAGGCTTGGGTAGAAGTCAA 0bm20.9 insertion 471 (2016, submitted)
F TCCATACACGGCTAAGAACA .
000195 obm71 55 AIG 84 332 to be used in the future
R CACACAGCACAGCACACATG
F ACCGAGTCCCTTTCTATTTAAGCT .
T 001608 obm72 55 CIT 84 307 does not amplify
R TCCGTTCACAGTAACCCAGC
F GCTAGCAGCGAGTGTCCTTA obm73.3 AIC 104
° 003540 bm73 55 358 included in th typi I
oom R CCGCTTCGATCTTTCAAAACGA obm73.2 AC 108 included in the genotyping pane
obm73.1 CIT 270
F CTTCTCTAACCACCGCCGTA ,
005427 obm74 54 CIT 52 302 to be used in the future
R CAGCCAGTACGCCAAAGAAA
F TTTCTTCGCACTCACCCTCC ,
T 005442 obm75 54 CIT 230 388 does not amplify
R AGTAATGGTCAAATGGTAGTGGG
F CCATAACCTTTCCCAAGCACC .
005453 obm76 55 AIC 221 433 to be used in the future
R TAGAGTGGCAGCTGTGTTGG
F GTGGATGGCTGTGGTTTTGG ,
T 005459 obm77 55 CIT 194 400 yields heterogenous sequences
R CCAGAGACCACCACCAAGAG
F ATTCGCCAAAGAATTGCATC ,
005464 obm78 55 CIT 211 437 to be used in the future
R TAAGGCATGGATGCTGTCTG
F TTGTGTGCAGGTTATGGAGT ,
005465 obm79 52 AIG 232 440 to be used in the future
R TCATGCACGGACCTTTGTAT
F CGGTCGGACAATGGCCTT
T 005466 obm80 R 54 AIG 247 496 several PCR products

ACGAAATCTCTGCTTGTAACTCT



Table X - continued: Primer pairs designed for amplicons containing SNPs. SNPs in sequences amplified with primer pairs obm73, obm81 and obm86 were confirmed experimentally, for the
rest of primer pairs, SNP variants are expected variations based on sequence analysis.

DH14 referel_"nce marker primer sequence (5-3') Ta[°C] SNP variants S.N.P . n s:ll_co product notes
supercontig position size [bp]
F TGGCAAATTTTCAGAGGCAGG obm81.2 AIG 167 . , .
[ ) 005469 obm81 R CGAAACAGCGGCAAACTTGA 55 obm81.1 AT 187 400 included in the genotyping panel
F  GCCGCGATTTCTTTCTTGCA )
005470 obm82 55 AIG 127 303 to be used in the future
R GCTGAATTCCGCCGGTAAAC
F  ACCATTTGTCTCTAGGGCCG .
005472 obm83 54 AIG 197 443 to be used in the future
R TCTGTGGGTACGAGCATTGT
F  AGAACCACTCAGACTACCCA .
005474 obm84 54 AIG 239 400 to be used in the future
R AGCTAAACAGTAAACCTCCCTTGA
F  TCTATGTGTTGTTTGAGTCACTCCA .
005478 obm85 55 CIT 232 400 to be used in the future
R GTGTGGCCTGGTTGAGAGAA
F CCCACCTCAGACTCCACCTA obm86.1 AlG 214
) 005483 bm86 55 376 included in th typi [
%M R AGTCAGGAAAACCATGGGCA obmé6.2 AT 223 inGiced in fie genoyping pane
obm86.3 CIT 226
F  GGTCAAGGCCTAGTCCACTT )
005483 obm87 55 AIG 161 343 to be used in the future
R TCCTCGCAACGTGAATGACA
F  ATGGTCCCTCAGCGATTTGG .
005486 obm88 56 AT 63 310 to be used in the future
R AATCAAGGGTGCGTGATGGG
F  TCTCGTCACTAAGGATCCCGA .
005496 obm89 55 AIG 186 422 to be used in the future
R TGCGAGTCATGTGTTGTGGA
F  CCAACACGTCCAGATTCCCA .
005502 0bm90 55 AIG 218 413 to be used in the future
R GCCCTACCATCCATCGCTAC

T indicates primer pairs excluded from the genotyping panel; ® indicates primer pairs used for genotyping; * SNP position determined from the first nucleotide of the forward primer



6 Discussion

Blumeria graminisf.sp. hordei is an agriculturally important fungal pathogen.
Although studied intensively, the pathogen phylggkeave been primarily focused on ff. spp.
classification (e.g. Trocht al, 2014) or on a position @ghamong other powdery mildews
(Takamatsu, 2013b) because the resolution of DNAkera was not sufficient to assess
diversity within a singldorma specialis Diversity studies oBgh populations have therefore
relied primarily on phenotyping, i.e. assessmentvotilences or fungicide resistance
(Mcdonald and Mcdermott, 1993). The earliest noanaltyping-based diversity studies of
cereal powdery mildews were based on biochemicakens Isoenzyme variants were
sufficient to identify predominant genotypes inleat the cereal ff. spp. but isozyme analysis
of Bghisolates from a number of European countries regeahly low polymorphism level
(Koch and Koéhler, 1990; Koch and Kéhler, 1991).drain, DNA markers started to be used
in population studies: RFLPs (Damgaard and GieS96;10O’'Dell et al, 1989), RAPDs
(Mcdonald and Mcdermott, 1993; Wolfe and McDermad@94) or SCARs combined with
RAPDs (Caffieret al, 1999). In a@Bghgenetic map construction, including mapping of seve
avirulence genes, AFLPs and RFLPs were employedi(Beret al, 2002).

Although the earliest population studies utiliziD§lA markers illustrate the need for
more molecular studies, development of additionatkars has remained limited. Previous
analysis of 138B. graminisisolates (12Bghisolates of Czech origin, Bghisolates from the
South African Republic and Bgt isolate) has revealed an extremely low sequencersity
in coding sequences (Kominkova, 2011). Thus, usenaf-coding sequences to assess
diversity has been thus proposed: TEs constituteaféarge portion of thdgh genome
(Amselemet al, 2015), SSRs have been widely employed in pomragienetics (Cavalli-
Sforza, 1998; Sunnucks, 2000) and SNPs have beawneasingly popular DNA marker
(Morin et al, 2004), yet none of the markers has been explsystematically irBgh In the
pioneering work by Kominkova (2013), random segeestaffolds from reference sequence
of Bghisolate DH14 (Spanu 2010) were selected. The aldaffvere annotated and putative
ISBP and SSR features were tested as potentiatewf polymorphisms within isolates
from the Czech Republic. In contrast to gene- arfstbhased markers, SSR, ISBP, and SNP
markers from non-coding regions showed fairly gdedel of polymorphism for marker
development and enabled unambiguous discriminaifon3.2 % of 97 Czech isolates. To

further increase the reliability and efficiencyrofirker development, the present study aimed
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to develop new markers from genomic sequences Bgé isolates from the Czech
Republic. The strategy for marker discovery empibiere yielded 84,471 candidate ISBP,
65,535 candidate SNP and 9,068 candidate SSR msarReémer pairs were designed for
10 RIMs, 20 amplicons containing at least one SINP24 SSR maotifs.

Bgh TEs have remained largely unexploited as a sourd@N& markers, except for
mapping of 42 LTR-retrotransposon loci (Pederseal, 2002). In the above mentioned work
of Kominkovaet al. (2016, submitted), 20 ISBP/RIJM markers were designg only two
primer pairs enabled detection of reproducible gmes/absence variation (PAV). Ten RIM
primer pairs designed here targeted a variety ofjdrietions but only one RJIM yielded
reproducible PAV pattern (Tab. V). In other wordsen though ISBP/RIJM polymorphisms
were the most abundant, the success rate remdieddwest (10 %). The low reliability of
the ISBP/RJM polymorphic sites could be due to mlmoation of insufficient sequencing
coverage and presence absence nature of the pglisor or due to high conservation of the
insertion sites. However, Oberhaensti al. (2011) compared TE content and distribution
between two selected genomic region8gh and closely relateBgt and they revealed very
limited conservation of TEs between the two ff. .spphis is indicative of intensive TE
reshuffling since the divergence BghandBgt, which is estimated to occur 10 million years
ago. Given the high activity of TEs, it is thus mising that RIJIMs developed in this study
failed to capture more variability in TE junctioms a collection of over 200 isolates.
Kominkovaet al. (2016, submitted) applied their set of ISBPs/RJMsa worldwideBgh
collection but neither this approach resulted etagher degree of polymorphism.

Although Czech isolates are very diverse in tigemotype (Fig. 4), it is possible that
transposition does not occur continuously to creageificant variability between isolates of a
singleforma specialisAlternatively, the distance of TE insertion ditem genes might play a
role as TEs orthologous betweBgh andBgt were less likely to be identified with increasing
distance from coding regions (Oberhaesslkal, 2011). If this is the case, future development
of ISBPs and RJMs should consider DNA adjacentEgunction. Nevertheless, RIM primer
pairs yielding a single PCR amplicqpbm52, bom53, obm55) all isolates might be a
source of SNPs as described before (Kominlaival, 2016 submitted) and their amplicons
will be examined for SNP presence in the future.

High abundance of TEs in tli&ggh genome is promising, but if their multiplication
occurred within a limited time span, it may expléie results observed here. On the other
hand, regions flanking the insertion sites may hageumulated mutations and REMAP

markers (Kalendar and Schulman, 2006) may be mifi@eat than RIJMs. However, this
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hypothesis has to be tested. Additionally, a pracedo employ MITEs as polymorphic
markers in rice have been described but unfortinatehe Bgh genomeMITES constitute

for less than 1 % (Amselert al, 2015; Casat al, 2000). In the ascomyceteusarium
oxysporum f.sp. dianthi race-specific primer pairs targetingnpala and Fotl DNA
transposons were successfully employed to diffexenseveral races. However, it failed to
distinguish very closely related pathotypes undgtishable by other approaches, including
RFLP and RAPD profiles (Chiocchedt al, 1999). This observation is thus another example
of limited variability in TEs between closely reddtsamples. Because of TE abundance in the
Bgh genome, as described e.g. by Amseknal. (2015) and confirmed here, and expected
association of TEs with genes involved in viruleneay. effector proteins, TEs and their
utilization as molecular markers should continuesteive attention in the future.

20 primer pairs to score SNPs were designed. Twwohem did not yield any
amplification products and two primer pairs targeteultiple genomic regions (Tab. X). In
total, 4 primer pairs were thus excluded from farthse, while the remaining 16 primer pairs
(80 %) are a promising source of SNPs. Out of @atdi16 primer pairs, 3 randomly chosen
primer pairs were tested for reliability. Amplicoogan average length of 378 bp contained
2.67 SNPs per amplicon on average. The observesemee of several SNPs within a
relatively short genomic region is in agreementhwdistribution of SNPs discovered
previously (Kominkovéet al, 2016 submitted). Hacquaet al. (2013) also suggested an
existence of DNA blocks rich in isolate specific B8\ Together with high reproducibility,
genome-wide distribution and automated analysif?Shre powerful type of polymorphism
for future high-throughput studies.

Out of three types of polymorphisms employed ie fiiesent study, SSRs were the
least frequent. Low number of SSR loci has beentified in other fungi, too (Dutecét al,
2007). However, the multi-allelic nature of SSRskesathem highly informative. Unlike in
the case of TE-based markers, SSR markerB.fgraminishave been developed previously
(Tucker et al, 2015; Wanget al, 2014). Kominkovaet al. (2016 submitted) used the
reference genome sequence to design 10 primer fpai&SR motifs with di-, tri-, tetra- and
hexa-nucleotide repeat units. When applied on lecadn of Czech isolates captured in 2012,
four of the primer pairs resulted into reproducilplelymorphic patterns and the average
number of alleles per primer pair was 4.5. The sprmeer pairs were also used to scrégi
isolates from 2014 and 2015 and additional thrésdesl were identified, thus increasing the
average allele number to 5.5 (data not shown)rdstmgly, the new alleles emerged in SSR

motifs consisting of tetra-nucleotide repeat unitkhough the given primer set is way too
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small to draw any general conclusions, increasedidity in SSRs with longer repeat units
agrees with observation made by Dutetlal. (2007) and Wanet al. (2014) and confirmed
in this work.

SSR markers developed in other laboratories wesed uto study diversity of
AustralianBghand Chines®gt populations. In development of SSR markersBgh, Tucker
et al. (2015) also used the reference genome sequendeofC80 primer pairs, 8 were
polymorphic and on average yielded 7 alleles pengar pair. Wanget al. (2014) introduced a
protocol to discover SSRs in enrichBdt libraries. The enrichment-based strategy resulted
into 31 primer pairs but only 5 yielded polymorphlpooducts, with the mean number of
alleles being 5.8. Here, reproducible SSR markeslgd on average 11 alleles per primer
pair. DNA replication slippage is more likely tocur in sequences consisting of high number
of basic repeats and as a result, SSR motifs dorsisf high number of repeat units produce
higher number of alleles (Dutectt al, 2007; Wanget al, 2014). Such correlation was
observed in our set of SSR markers, too (Tab. AR markers developed here included a
significant proportion (~ 43 %) of SSRs with tetracleotide repeat units, while the primer
pairs of Tuckeret. al (2015) flanked SSRs with di- and tri-nucleotideaajpunits only. This
might have contributed to significantly increaseamber of polymorphic alleles, farther
supporting the observations of Duteehal, 2007 and Wangt al, 2014. Taken together,
SSR discovery strategies by both Tuclatr al. (2015) and Wanget al. (2014) were
successfully employed to assess diversity of 98hore B. graminisisolates but a strategy
based on NGS seems to enable more rapid SSR digasith higher success rate. It was also
possible to mine specifically for SSR with longepeat units, thus increasing chances for a
high number of alleles per marker. Finally, SSR longer than eight repeats were reported
to be hard to isolate (Dutedt al, 2007) and NGS-based SSR discovery could overcome
that.

Another limitation of enrichment-based strategyhat SSR motif to be enriched for
has to be known in advance. In contrast, NGS-b&&d discovery proposed here enabled
primer design for any motifs and moreover, showgdificantly higher success rate. 21 SSR
markers were designed and reproducible polymorpéiterns were obtained with 14 primer
pairs (~ 67 %). It is hypothesized that the rekivhigh proportion of polymorphic markers
was achieved thanks to utilization of whole gen@eguences of multiplBghisolates. The
fact that isolates originating in the same geogiahregion like all isolates screened might

have contributed as well.
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In an enriched library prepared by Duteehal. (2007), SSRs with tri-nucleotide
repeat units were scarce. In SSR-enriched libraniepeanutArachis hypogaed., the
efficiency of tri-nucleotide SSR isolations was rsfgantly lower in comparison to di-
nucleotide SSR library (Yuaet al, 2010). In the present study, primer pairs fentrcleotide
repeat motifs showed significantly reduced reliftompared to primer pairs for SSRs with
di- and tetra-nucleotide repeat units (each acaogrior ~ 43 % of newly developed SSR
markers). In contrast, five out of eight polymoipls§SRs developed by Tucker al. (2015)
consisted of tri-nucleotide repeat units. It is Mkelown that bacteria do not tolerate long SSR
motifs and this may be the reason for difficultgasation of libraries enriched for long tri-
nucleotide SSRs as observed by Wanal. (2014). In contrast to this finding, there is no
evidence that NGS sequencing libraries may be teffeloy size of SSR motifs (Tucket al,
2015).

Screening with primer pairs developed for polynmgms identified inBgh isolates
from 2012 (Kominkovéet al, 2016 submitted) revealed that they can be applied set of
isolates captured up to three years later. Moreaew SSR alleles and SNPs were identified
in recentBghisolates. It will be thus interesting to examine thngevity of markers designed
previously as well as occurrence of new polymonpisian the target sequences. Also, it
would be interesting to examine the resolution poafemarkers designed specifically to
capture variability in the CzedBgh population when applied to isolates from other ¢oes.
For effective mapping dBgh spore migration and epidemic predictions, this pgém has to
be studied internationally and development of aensial genotyping panel is thus necessary.

The previously developed genotyping panel was cm®g of 9 primer pairs targeting
32 polymorphisms. Marker discovery strategy utiliziwhole-genome sequences of ten
CzechBgh isolates enabled its enlargement with additionalnidye primer pairs: 1 RJM,
14 SSRs and 3 primer pairs for amplicons contain8igPs, contributing 174 more
polymorphisms. However, in this work, 28jh isolates and an outgroup isold&gtm258
were screened for the most reproducible 158 polpiniems: 141 SSR alleles and 17 SNPs.
In the collection of 23Bghisolates, 226 unique genotypes were identified hHiggree of
Bgh diversity is in agreement with findings of Drei$€i2015) who described 495 unique
pathotypes in a collection of 5Bghisolates captured between 2011 and 2014.

A panel capable of unambiguous identification 8f49% ofBghisolates (Fig. 4) is a
significant improvement as compared to 73.2 % afueBghisolates with the original panel
of molecular markers. The six unresolved isolatessgnt in the examineBgh collection

formed three pairs identical in their compositiohpmlymorphisms: Al-5 2014 and Al-
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12_2014, HE4_2015 and HE5_2015, HE11 2015 and HEXS (Fig. 4). The phenotypic
analysis however revealed that each isolate padesanique set of virulences (unpublished
data). Since irresolvable pairsB®fhisolates originated in the same geographical lonatiit

is hypothesized that the resolution power of DNArkees might be limited in some cases,
when isolates originate in a rather limited geobregl region.

TheBghisolates originated from 17 and 15 geographicatioas in 2014 and 2015,
respectively. Nonetheless, the obtained cladogegetts any correlation between genotypes
and geographical origin. O’Hara and Brown (1997 49@8) hypothesized that powdery
mildew epidemics start at a large number of intetsites but they soon overlap and merge,
leading to aggregation of clones and in a largdéestarandom pathotype patterns in field
conditions. This agrees with population structuzeealed inBgh population in the Czech
Republic in 2012 (Kominkovét al, 2016 submitted) as well as in Denmark (Damgaart a
Giese, 1996), China (Zhet al, 2010), Morocco (Jensest al, 2013) and most recently in
Australia (Tuckeret al, 2015). Taken together, lack of clear spatial riigtion within
individual countries fits into the context of preus studies that concluded that in Europe,
there is one large and widespread pool of variatiih existing potential for interactions of
Bghfield populations across the whole continent (rexié by Wolfe and McDermott, 1994).

It is believed thaBgh survives in a form of sexually produced chasmotherid one
would thus expect to be able to identify @yh isolate(s) that overwinter between two
subsequent season. However, no tgh isolates were alike between the two seasons.
Sampling at the beginning of the epidemic doescapture genetic variability that may arise
later in the season. Possible sources of changegopulation structure might be
recombination (sexual reproduction in midsummerhew selection pressure introduced by
winter barley varieties grown towards the end @& season (Brown, 1994). Overwintering
Bghisolates would then differ in their genotype frosolates widespread at the beginning of
the summer epidemic.

Migration of Bghspores also contributes to population diversityc®©mtroduced to a
new location, mutations or recombination with locgénotypes may cause further
diversification (Brown and Hovmgller, 2002). Thisctor might be of particular importance
for regions in the heart of Europe, exposed toaare spores from neighboring as well as
more distant countries. In fact, pathotype immigratfrom Germany and Poland has been
described (Dreiseitl, 2003). Another documenBgh migration route connects the Czech
Republic and Great Britain (Brown and Hovmgllerp2p Finally, the possibility thaBgh
isolates identical between the two seasons werplginot included in both collections must
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be kept in mind because the employed sampling rdegineferably captures predominating
pathotypes/genotypes.

Given the obligatory biotrophic life style &gh, DNA markers represent a powerful
tool for future inquiries abouBgh diversity in the Czech Republic, Europe and pogsibl
worldwide. Diversity studies carried out for longeriods of time are required for detailed
understanding of population structure, dynamics dactors contributing to it. Host
population structure, environmental conditions &modhan interventions, such as fungicides
used, introduce selection pressureByh populations (Wolfe and McDermott, 1994; Zatu
al., 2010). Furthermore, migration from Europe to INdkfrica as well as general west to east
migration over the European continent was docunteftenseret al, 2013). Taken together,
complex studies considering factors contributinddgh diversity and large scale migration
monitoring are essential for epidemic prediction aiftimately effective control of powdery
mildew disease. SincBgh population is affected by population of its hosteyironmental
conditions and studies taking all these factors aunsideration are desirable.
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7 Conclusions

The present thesis aimed to develop a panel of Did#kers capable of unambiguous
identification ofBlumeria graminid.sp. hordeiisolates. The markers were used to analyze a
population structure of this high-risk and agriawdly important fungal pathogen. The

following conclusions were drawn:

= In whole-genome sequences of ten sele@&gt isolates, 84,471 candidate ISBP,
65,535 candidate SNP and 9,068 candidate SSR masieze identified, confirming the

high abundance of transposable elements iBtitegenome.

= Design of primer pairs for SNPs exhibited the hgjl®iccess rate in comparison to
development of RIJMs and SSRs.

= The success rate of SSR markers was significamglyeh than previously reported
for Bgh Moreover, SSR markers used in this work yieldesubstantial number of

polymorphic alleles per primer pair.

= 1 RJM, 14 SSR markers and 3 primer pairs for Sasgguencing (enabling scoring
of 8 SNPs in total) were added to the panel of DiNdtkers specific foBgh

= A collection of 232Bgh isolates was screened for 158 polymorphisms (14R SS
alleles and 17 SNPs), leading to unambiguous ifiestions of 97.4 % oBghisolates

in the collection. DNA markers, specifically SSRsdaSNPs, have the potential to
unambiguously identify number @&gh isolates originating in a geographically limited

region.

= Based on DNA polymorphisms, high diversityBgh populations in two subsequent
seasons was unraveled and substantial inter-sdasoiadility was suggested.

= Bgh isolates originated at 17 and 15 geographical iocatin 2014 and 2015,

respectively but no correlation between genotypmegaographical origin was revealed.

= |n combination with phenotype data, DNA markers cantribute to decipheBgh
population structure, dynamics and sources of dityein Bgh populations, including

sporemigration.
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9 Abbreviations

AFLP
APS
ATM
BEC
Bgh
Bgt
CASP
CSEP
ff. spp.
f. sp.
GPD
EDTA
EKA
EST
HSP
ISBP
LINE
LTR
MITE
NGS
ORF
PAV
RAPD
RFLP
RJM
SCAR
SINE
SNP
SSR
TE
TEMED
VNTR

amplified fragment length polymorhism
ammonium persulfate

amplicon tagment mix (Nextera XT DNA Library Prep)
Blumeria effector candidate

Blumeria graminis f.sp. hordei

Blumeria graminis f.sp. tritici

cleaved amplified polymorhic sequence
candidate secreted effector proteins

formae speciales

forma specialis

glyceraldehyde-3-phosphate dehydrogenase

ethylenediaminetetraacetic acid disodium salt dihydrate

effectors with similarity to avirulence proteins AVR« and AVRa1o

expressed sequence tag

heat-shock protein

insertion site-based polymorphism

long interspersed element

long terminal repeat

miniature inverted—repeat transposable element
next-generation sequencing

open reading frame

presence absence variation

random amplified polymorphic DNA
restriction fragment length polymorphism
repeat junction marker

sequence characterized amplified region
short interspersed element

single nucleotide polymorphism

simple sequence repeat

transposable element
N,N,N',N'-tetramethylethylenediamine

variable number of tandem repeats
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