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Summary

Forage production of perennial grass species in the northern hemisphere is limited
by their winter survival ability. The predicted future changes in the environmental
conditions constitute both opportunities and challenges for grass production. Overwintering
diseases caused by snow mould fungi such as Microdochium nivale are one of the limiting
factors for grass production in Scandinavia. Therefore, to reduce the risk of snow mould
attack under future climates, with longer and warmer autumns, the role of cold hardening
independent resistance to snow mould needs to be well understood. Snow mould resistance
in non-hardened plants of cultivars and breeding populations of Festulolium, inoculated
under controlled conditions with an aggressive M. nivale isolate, was associated with the
ploidy level of the entries. Tetraploid entries of Festulolium had a significantly better
resistance to snow mould than diploid entries in three out of four experiments. In addition,
winter survival of cultivars and breeding populations of Festulolium and Lolium perenne in
inoculated field experiments was associated with the degree of northern adaptation of the
entries. Hence, cultivars and breeding populations that had been exposed to natural selection

in northern Norway (above 65° N) showed good levels of winter survival.

Host specialization within M. nivale isolates should be taken into consideration
when screening to identify resistant plant materials is performed. Therefore, it will be
beneficial to improve our understanding of the genetic and phenotypic (pathogenicity)
differences between M. nivale isolates for future snow mould resistance screening. For that
reason, a pathogenicity test of 15 M. nivale isolates and two M. majus isolates was
conducted on four different grass cultivars of Lolium perenne and Festulolium hybrids.
Large variation in pathogenicity was detected between the M. nivale isolates, and isolates
from grasses were more pathogenic than isolates from cereals. The genetic diversity of
nearly 40 M. nivale and M. majus isolates was studied by sequencing four different genetic
regions; Elongation factor-lalpha (EF-1a), Beta-tubulin, RNA polymerase 1l (RPB2) and
Internal transcribed spacer (ITS). Sequence variation was found between M. nivale isolates
from different host plants (grasses vs. cereals) and between isolates from different
geographic regions (Norway and UK vs. North America). Sequence results from the RPB2
and B-tubulin genomic regions were more informative than those from the ITS and EF-/«

genes.



In order to improve the process of screening for resistant plant materials there is a
need for fast and reliable methods. Visual scoring of snow mould symptoms (based on the
proportion of dead tillers to the green tillers) was correlated with the amount of M. nivale
DNA in plant tissue. However, genotypes with severe symptoms and high content of M.
nivale DNA still had good regrowth.

Understanding the nature of resistance to snow mould that is independent of cold
acclimation will help to improve and develop resistant cultivars with improved adaptation to
the predicted future climate. The global transcriptome analysis of two Lolium perenne
genotypes (one snow mould resistant and one susceptible) during early stage of infection
(four days after inoculation) showed that non-cold hardened plants are able to initiate the
defence pathway against snow mould pathogen via regulation of defence response genes.
The resistant genotype showed higher expression levels of genes coding for several
pathogen related proteins such as PR-1, PR-2, PR-3, PR-5, PR-13 and PR-14. In addition,
the snow mould resistant genotype showed activation of the PAMP trigger immunity (PTI)
pathway, especially by the up-regulation of the expression levels of calcium-dependent
protein kinase CDPK, respiratory burst oxidase Rboh and calcium-binding protein CML
CaM/CML. Furthermore, the resistant genotype showed high transcription levels of several
WRKY genes such as WRKY 70 and WRKY 75. Therefore, it is expected that the up-
regulation of these genes will lead to the activation of the salicylic acid pathway. The
candidate genes identified in the transcriptome study constitute potential molecular marker
resources for breeding perennial ryegrass cultivars with improved resistance to pink snow

mould.

Key words:
Festuca pratensis, Festulolium, Lolium perenne, Microdochium majus, Microdochium

nivale, quantitative polymerase chain reaction (QPCR), pathogenicity, genetic diversity,

transcriptome, pink snow mould resistance.



Sammendrag

P& den nordlige halvkule er forproduksjonen av flerarige eng- og beitevekster
begrenset av overvintringsevnen til plantene. De predikerte endringene i framtidige klima
kan medfare bade muligheter og utfordringer i grasproduksjonen. Overvintringssjukdommer
forérsaka av sopper som Microdochium nivale er en av de begrensende faktorene for
grasproduksjonen. For & redusere risikoen for overvintringssjukdommer i det predikerte
framtidige klimaet, med lengre og varmere hgster, er det viktig & forsta betydningen av
kuldeherdings-uavhengig resistens mot disse sykdommene. Resistens mot overvintringssopp
i ulike populasjoner av uherda Festulolium under kontrollerte betingelser var assosiert med
ploidiniva. Tetraploide Festulolium hadde signifikant bedre resistens enn diploide
populasjoner i tre av fire forsgk. Vinteroverlevelse av ulike populasjoner av Festulolium og
Lolium perenne i felt var assosiert med graden av nordlig tilpasning hos populasjonene.
Populasjoner som hadde veert utsatt for naturlig seleksjon i Nord-Norge (over 65° N) hadde

god overvintring.

Det bgr tas hensyn til vert-spesialisering blant M. nivale-isolater ndr man tester
plantemateriale for resistens. Det vil derfor veere nyttig & forbedre var forstaelse av
genetiske og fenotypiske (patogenitet) forskjeller mellom M. nivale-isolater for framtidig
testing av plantemateriale. Av den grunn ble 15 M. nivale-isolater og to M. majus-isolater
testet for patogenitet pa fire ulike sorter av Lolium perenne og Festulolium. Det var stor
variasjon mellom M. nivale-isolatene. M. nivale-isolater fra gras var mer patogene enn M.
nivale-isolater fra korn. I tillegg ble den genetiske diversiteten blant nesten 40 M. majus og
M. nivale-isolater studert ved & sekvensere fire ulike genetiske omrader, elongation factor-
lalpha (EF-1a), B-tubulin, RNA polymerase Il (RPB2) og internal transcribed space (ITS).
Det var sekvensforskjeller forskjeller mellom M. nivale-isolater fra ulike vertplanter (gras
vs. korn) og ulike geografiske omrader (Norge and Storbritannia vs. Nord-Amerika).

Sekvensene fra RPB2- og B-tubulin var mer informative enn de fra ITS og EF-1a.

For & forbedre prosessen med a velge ut resistent plantemateriale er det behov for
raskere og mer presise metoder. Visuell scoring av symptomer pa overvintringssopp (basert
pé andel dade skudd i forhold til grenne skudd) var korrelert med mengde M. nivale DNA i
plantevevet. Likevel var det noen genotyper som hadde store symptomer og mye M. nivale

DNA samtidig som de hadde god gjenvekst.



En forstaelse av den type resistens mot overvintringssopp som er uavhengig av
kulde-herding vil bidra til & forbedre og utvikle resistente sorter tilpasset de forventede
klimaendringene. Transkriptom-analyse av to Lolium perenne-genotyper (en resistent og en
mottakelig) pa et tidlig infeksjonsstadium (fire dager etter inokulering) viste at uherda
planter kan sette i gang forsvarssystemet mot overvintringssopp. Den resistente genotypen
hadde hagyere ekspresjon av gener for flere patogenese-relaterte proteiner som for eksempel
PR-1, PR-2, PR-3, PR-5, PR-13 og PR-14. Hos den resistente genotypen var signalveien for
”PAMP Triggered Immunity” (PTI) aktivert, spesielt var ”Calcium-Dependent Protein
Kinase” (CDPK), ”Respiratory burst oxidase” (Rboh) og ”Calcium-binding protein CML”
(CaM/CML) oppregulert. Den resistente genotypen hadde ogsé hayere ekspresjon av flere
WRKY-gener, som for eksempel WRKY 70 og WRKY 75. Det er antatt at oppregulering av
disse genene vil fare til aktivering av salisylsyre-signalveien. Kandidatgenene som er
identifisert i transkriptomstudiet utgjer en potensiell ressurs for & utvikle molekylare
markgrer for foredling av sorter av flerarig raigras med forbedret resistens overfor

sngmugg..

Ngkkelord:
Festuca pratensis, Festulolium, Lolium perenne, Microdochium majus, Microdochium

nivale, kvantitativ PCR (qPCR), patogenitet, genetisk diversitet, transkriptom, sngmugg



1. Introduction

1.1 Forage production and climate change

Grasslands are considered as one of the largest ecosystems in the world (Reheul et
al. 2010), covering 40.5 % of the world’s terrestrial area (excluding Greenland and
Antarctica). Ryegrasses, such as perennial ryegrass (Lolium perenne L.) and Italian ryegrass
(Lolium multiflorum Lam.), are the most widely used grass species in the temperate zone
(Humphreys et al. 2010), especially in Europe (cover 23% of the grassland). The genus
Lolium is a member of the grass family Poaceae, and can be divided into two main groups
based on pollination behaviour (Humphreys et al. 2010). One group is the inbreeding
species, L. temulentum and L. remotum, which are mainly considered weeds in cereal crops.
The other group represents the outbreeding species and the most economically important
such as L. multiflorum (Italian and Westerwolths ryegrasses) and L. perenne (perennial

ryegrass).

Perennial ryegrass L. perenne is a naturally cross-pollinated species with high degree
of self-incompatibility (Humphreys et al. 2010). Perennial ryegrass is diploid with 7 pairs of
chromosomes (2n=2x=14) with a relatively large genome (2,068 Mb) with 76% of the
genome estimated to be repetitive sequences (Byrne et al. 2015). The Mediterranean region
is likely the origin of perennial ryegrass, and probably it was spread across Europe and

North Africa as a weed of cereal crops by farmer migrations (Kellogg 2001).

Other forage grass species, such as fescues, are important as well, and are important
components of intensively managed grasslands. Fescues are mostly cultivated in the
temperate regions, especially in the northern hemisphere (Rognli et al. 2010). Meadow
fescue (Festuca pratensis Huds.) and tall fescue (Festuca arundinacea Schreb.) are the most
common broad leaved fescues used in forage production (Rognli et al. 2010). Meadow
fescue is a diploid outbreeding species (2n=2x=14), while tall fescue is an allohexaploid
species (2n= 2x=42) (Rognli et al. 2010). Meadow fescue is more suitable for intensive
grazing system; besides it is more prevalent at higher latitude than tall fescue (Rognli 2013).
Based on the geographic origin, tall fescue cultivars can be divided to two main groups,
Continental (originating from Central and Northern Europe, more winter-hardy) and
Mediterranean (originating from Southern Europe and North Africa, less winter hardy and
show summer dormancy) (Rognli et al. 2010). Furthermore, the advantages of using

meadow fescue cultivars are to increase tolerance to abiotic and biotic stress, and adaptation



to grazing and frequent cutting (Rognli 2013). Meadow fescue and tall fescue have been
used extensively during the last 30 years to develop Festulolium, i.e. hybrids between
ryegrasses and fescues (Rognli et al. 2010). The aim has been to combine the high
productivity and forage quality of ryegrasses with the high level of adaptation to
environmental stresses in fescues. Festulolium hybrids have been developed and are being
grown (Pociecha et al. 2009).

Cultivated grasslands for mowing and pasture are one of the most important sectors
in Norwegian agricultural production, covering 65% of Norway’s cultivated land (Fig. 1.
Source: Statistics Norway, http://www.ssb.no/a/english/kortnavn/jordbruksareal en/tab-
2012-11-26-03-en.html , accessed 02 September 2015). The total area of productive of

grassland in Norway increased by 16% from 2013 to 2014 (Statistics Norway,
https://www.ssb.no/en/jord-skog-jakt-og-fiskeri/statistikker/jordbruksavling/aar/2015-02-
09#content, accessed 02 September 2015).
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Fig.1. Development of the total agricultural area in use in Norway (decares), the area of

meadows for mowing and pastures, and cultivated meadows from 2000 to 2012.

Overwintering plants face several challenging conditions during winter and early
spring such as sub-zero temperature exposure, flooding, ice encasement, snow mould attack
and soil heaving (Gusta et al. 2009). Moreover, plant adaptation to winter conditions is
largely dependent on regional environmental conditions, therefore winter adapted plants in
one region may not be winter adapted in another region (Larsen 1994). Winter survival of
grasses is a complex trait, it combines tolerance to several stress factors, such as freezing,
ice encasement, hypoxia and low temperature fungi (Bertrand et al. 2009; Ergon et al. 1998;
Humphreys 1989). One of the major challenges for grass production in Norway is winter
survival, due to its effect on yield and to the high cost of re-establishing meadows after
winter kill (Thorsen & Héglind 2010).

Using different scenarios of greenhouse gas emissions, the Intergovernmental Panel
on Climate Change (IPCC) reported that global temperature will be increasing during the
next 100 years by 1.4 to 5.8 °C and about 4 °C in the northern hemisphere (IPCC 2007).
Therefore it is expected that the temperate zone may move northwards by 500 to 800 km
(IPCC 2007; IPCC 2012). The effects of climate change on agricultural production in the
Nordic region can be characterised by an earlier start of the growing season in the spring

and prolonged growth during autumn, with shorter suitable time for cold acclimation (Carter

10



2008). Hence, it is expected that the length of the growing season (with mean daily
temperature of 5 to 7 °C) will increase by one to two months (Peltonen-Sainio et al. 2008;
Roos et al. 2011). Prediction models based on Norwegian conditions show that temperature
will be increased during all seasons (Thorsen & Héglind 2010); also the number of growing
degree days (the annual sum of degree days above 5 °C) are expected to increase by 100 to
200 ° (Hanssen-Bauer et al. 2003). Forage grass cultivars used today at higher latitudes are
adapted to long day light conditions. Even if the temperature might increase under future
climate, cultivar productivity might not change since light conditions will remain the same
(Rapacz et al. 2014; Uleberg et al. 2014).

In general, grass plants under Norwegian conditions start to cold acclimate at around
10 °C during early autumn and through winter increase their winter hardiness (Larsen
1994). Under future climates, increased temperature and short day length in autumn,
combined with low light intensity, can reduce the hardening period up to 20 days, and that
will reduce the plant’s ability to cold harden (Thorsen & Héglind 2010; Uleberg et al.
2014). The effect of increased autumn temperature on cold acclimation can vary between
forage crop species; timothy and perennial ryegrass plants are more sensitive than red clover
(Rapacz et al. 2014). Moreover, insufficient cold hardening will increase the risk of spring
frost injuries in the coastal regions of Norway, also the risk of ice encasement injury will
increase in the regions with rapid decline during the period of snow cover, such as in
Tromse (69°40' N, 18°56’ E) in Northern Norway (Thorsen & Hoglind 2010). Drought can
also affect grass production in Norway, especially if evaporation during summer increases,
resulting in reduced growth of early cultivars (Olesen & Bindi 2002; Uleberg et al. 2014).
Although climate changes may have positive effects on agricultural production in the
northern hemisphere due to the increased precipitation and higher temperatures (Murray &
Gaudet 2013; Olesen & Bindi 2002; Uleberg et al. 2014); new challenges may face the
currently used cultivars in relation to their degree of adaptation to the new climatic

conditions.
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1.2 Biotic stress and winter survival.

Forage grasses growing in temperate and sub-arctic regions face harsh winter
climates and frequent exposure to lethal low temperatures (Gaudet et al. 1999). However,
deep snow cover acts as an insulation layer protecting the plants from winter injury by
maintaining soil temperature between 0 and -10° C (Bruehl 1982). Snow cover creates
special microclimatic conditions (dark, cold and humid), which reduce photosynthesis and
plant metabolism. Moreover, snow cover provides a suitable environment for low
temperature fungal pathogens. Psychrophilic or low temperature fungi can cause severe
damages to plants under snow cover. Snow mould is one of the main diseases occurring
under such nival environment. Several fungal spices cause snow mould under different

winter conditions (Tronsmo 2013).

The northern hemisphere weather conditions during winter play an important role in
defining the main snow mould pathogen (Gaudet et al. 1999; Tronsmo 2013). In regions
with snow cover lasting longer than 200 days on frozen soil, the main snow mould pathogen
is Sclerotinia borealis (Bubak and Vleugel), Typhula ishikariensis Imai, and low
temperature basidiomycetes (LTB) (Gaudet et al. 1999; Nissinen 1996). In maritime
regions, where snow cover last around 70 days on non-frozen soil, other snow mould
pathogen such as Microdochium nivale (Fr.) Samuels and Hallet, Typhula incarnata Lasch
ex Fr., and Pythium iwayami S. Ito. Hirane are more common (Arsvoll 1975; Bruehl 1982;
Gaudet et al. 1999; Tronsmo 2013). The presence of snow cover gives better conditions for
snow mould pathogens compared to other pathogens, which remain dormant under snow.
Arsvoll (1975) identified more than 30 fungal species on grasses after snow melt, but most

of these fungi were mainly inactive under snow cover.

Cold hardening is one of the most complicated physiological changes in plants
(Gaudet et al. 1999). During cold hardening different plant species shows several
physiological changes, which are mainly characterized by reduction in growth, height, leaf
surface area and relative water content, and by increase in cytoplasmic content (Gaudet et
al. 1999; Krol et al. 1984; Yoshida et al. 1998). Under cold hardening conditions, resistance
to snow mould is achieved rapidly, while freezing tolerance requires longer time and is
achieved gradually (Gaudet et al. 1999) . Snow mould resistance in winter wheat could be

achieved after one or two weeks under cold hardening conditions (Nakajima & Abe 1996),

12



while high level of freezing tolerance requires more than 6 weeks of cold hardening (Gaudet
1994). Moreover, cold harden plants can lose freezing tolerance faster than snow mould
resistance when they are exposed to warm temperatures (Tronsmo 1984). In addition, light
is considered to be an important factor in order to achieve snow mould resistance during
cold acclimation, but it is not necessary for achieving freezing tolerance (Arsvoll 1977;
Gaudet et al. 1999). The relation between freezing tolerance and snow mould resistance is
still unclear, in order to understand this relation, especially in forage grasses, further

research is needed.

1.3 Biotic stress and climate change.

Due to the high level of complexity of the plant-pathogen interactions, it is difficult
to estimate the effect of climate changes on disease development. Hence, one stress factor
can eliminate the effect of another factor, such as high temperature and high ozone level on
barley powdery mildew (Roos et al. 2011). The predictions of the changes in the future
environmental conditions in the Nordic region show that the growing season will be
prolonged, therefore some diseases may find more favourable conditions (Fagelfors et al.
2009; Peltonen-Sainio et al. 2008; Roos et al. 2011). Diseases such as brown and yellow
rust on wheat are expected to increase. However, other diseases such as powdery mildew
and septoria leaf blotch, are expected to decrease due to the expected drier summers (Roos
et al. 2011). Also the predicted increase in precipitation combined with increased
temperature can augment the damage caused by soilborne pathogens, such as Verticillium
wilt, take-all and club root diseases (Evans et al. 2009; Roos et al. 2011). Other diseases are
expected to spread over new areas, such as potato late blight which is expected to spread
towards the north (above 65° N) as the spring becomes warmer and more humid (Fagelfors
et al. 2009; Widmark et al. 2007).
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1.4 Snow mould caused by Microdochium nivale.

1.4.1 Symptoms and disease cycle

M. nivale mainly attacks the plants under snow cover during winter or under humid
and cold conditions during autumn and early spring. When the snow cover melt, disease
symptoms appears as patches of pinkish-white mycelium covering the infected plants (Fig.
2), and after drying the dead leaves form a compressed paper-like layer (Hofgaard 2003;
Tronsmo et al. 2001). During the growing season, infections by M. nivale can vary from
water soaked leaves with pinkish mycelium to leaf lesions with light brown centre and dark
brown margins (Tronsmo 2013). The fungus can cause other diseases, such as Fusarium
patch on turf grasses, and on cereals it can cause stem rot, leaf blotch and Fusarium Head
Blight (FHB) (Simpson et al. 2000; Tronsmo et al. 2001; Tronsmo 2013). The dispersal of
M. nivale occurs by conidial spores, mycelium and ascospores (Tronsmo 2013); inoculum

can also spread by seeds or soil (Fig. 3).

Fig. 2. Attack of M. nivale on Festulolium breeding populations in late April at Bodg,
Northern Norway (67° 17’ N). (Photos by A. Larsen)
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Fig. 3. The life cycle of M. nivale on grasses (Photos by M. Abdelhalim, adapted from (Tronsmo
2013), leaf spot photo was a courtesy of J. Drew Smith)
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1.4.2 The pathogen (host preference and genetic diversity).

The snow mould pathogen was first described by Fries (1825) under the name
Lanosa nivalis. The fungus was later classified under the genus Fusarium as F. nivale Ces.
ex Berlese & Voglino (1886). Wollenweber and Reinking (1935) divided the species in two
varieties, F. nivale var. majus and F. nivale var. nivale. Gams and Miiller (1980) re-
classified the fungus as Gerlachia nivale due to the absence of the conidial foot cell. Later
Samuels and Hallett (1983) synonymised the genus Gerlachia with the genus
Microdochium. Based on the DNA sequences of the elongation factor 1, Glynn et al. (2005)
suggested that var. majus and var. nivale should be considered as separate species. Until
now, fungal conidial morphology has been used as the main method of identification in
most studies of M. nivale and M. majus (Glynn et al. 2005; Hofgaard et al. 2006; Jewell &
Hsiang 2013). The differentiation between M. majus and M. nivale has mainly been based
on conidial size (Fig. 4). The average size of M. majus conidial spore is 4.2 - 6 um width
and 13 - 33 um length, while the width of M. nivale conidial spores are less than 3.8 um
with lengths 8 - 27 pm with 1 to 3 septa (Glynn et al. 2005). In addition, some studies use
molecular identification using PCR (Polymerase Chain Reaction) techniques as an
additional tool confirming the results (Hayashi et al. 2014; Jewell & Hsiang 2013; Nielsen
et al. 2013)

Fig. 4. Conidial spores of M. nivale (A), and M. majus (B). (Photos by M. Abdelhalim)

The sexual stage of the fungus (teleomorphs) was classified first as Calonectria
nivalis Schaffnit (Tronsmo et al. 2001). The genus was later reclassified as Griphosphaeria
and then to Micronectriella by Booth (1971) due to the production of darkly-pigmented

perithecia. Lately, the recognized teleomorph names for M. nivale and M. majus were
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Monographella nivalis (Gams & Muiller 1980). Most of the recent publications use the
asexual stage name (anamorph) M. nivale and M. majus when referring to the two species.
Production of ascospores has not been observed under natural conditions; however,
Litschko and Burpee (1987) found that the production of ascospores of M. majus was

possible under laboratory conditions.

The difference between var. majus and var. nivale (M. nivale and M. majus) has
been observed by several researchers, and has been documented for several aspects such as
host preferences (Diamond & Cooke 1997; Hofgaard et al. 2006; Lees et al. 1995; Mahuku
et al. 1998; Simpson et al. 2000), morphology (Litschko & Burpee 1987), production of
sexual spores (Smith 1983), and recently as molecular and genetic differences (Glynn et al.
2005; Hayashi et al. 2014; Jewell & Hsiang 2013; Maurin et al. 1995; Nicholson et al. 1996;
Parry et al. 1995).

Differences between M. nivale and M. majus in host preferences were reported in
several studies. M. nivale is more pathogenic on winter rye Secale cereale than M. majus
(Simpson et al. 2000), the same is the case with perennial ryegrass (Hofgaard et al. 2006) ;
while M. majus was more pathogenic on winter wheat (Diamond & Cooke 1997; Simpson et
al. 2000). Furthermore, variation in pathogenicity between isolates of M. nivale was found
on grasses (Hofgaard et al. 2006; Holmes 1976) and on cereals (Diamond & Cooke 1999;
Maurin et al. 1995). According to Hofgaard et al. (2006) highly pathogenic isolates grow
faster at 2 °C on PDA media (potato dextrose agar), and have higher activity of the cell

wall-degrading enzymes B-glucosidases.

Genetic diversity between M. nivale and M. majus isolates has been studied using
various molecular techniques. Lees et al. (1995) used restriction fragment length
polymorphism (RFLP) of internal transcribed spacer (ITS) of genomic regions encoding
ribosomal RNA to differentiate between the two species. Moreover, Nicholson et al. (1996)
used the random amplified polymorphic DNA (RAPD) technique to identify genomic
regions specific to each species. Later, Glynn et al. (2005) suggested that M. nivale and M.
majus should be considered as separate species, based on the differences in elongation
factor 1 genome sequences. Recently, Jewell and Hsiang (2013) have used B-tubulin gene
sequences and RNA polymerase Il subunit genes, as well as internal transcribed spacer
(ITS) and the elongation factor 1 alpha gene, to differentiate between M. nivale and M.
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majus isolates from different host plants and different geographic regions. In this study,
isolates from different geographic origin (Europe vs. North America) and different host
plants (grasses vs. cereals) were different based on RNA polymerase Il and B-tubulin genes

sequences.

1.4.3 Pink snow mould and climate change.

The overall changes in the future climate will make it possible to grow perennial
ryegrass in areas where it could not grow before, but the risk of fungal diseases such as
snow mould has to be taken into consideration (Thorsen & Héglind 2010). The snow mould
pathogen M. nivale is a very adaptive fungus. The fungus has two phases. Firstly, a
psychrophilic phase that allows the fungus to grow and attack the plants under cold
conditions (until - 6 °C). Secondly, a mesophilic phase that gives the fungus the ability to
grow in warm weather up to 28 °C (Arsvoll 1975; Tronsmo 2013). Therefore, the ability of
M. nivale to grow at warmer conditions can increase the occurrence of snow mould attacked
plants in areas which have not been severally infested before (Rapacz et al. 2014). Moreover
it is difficult to predict the effect of climate changes on winter pathogens, since these
changes will affect the pathogens as well as the plants (Rapacz et al. 2014). Some studies
predict that climate changes will lead to shorter winters and less snow cover, thus fewer
snow mould attacks on cereals and grasses should be expected in the future (Boland et al.
2004; Rapacz et al. 2014; Roos et al. 2011). On the other hand, extreme weather incidents
will probably be more frequent (Stocker et al. 2013), which could lead to severe snow
mould attacks in some years (Murray & Gaudet 2013; Rapacz et al. 2014). In addition,
insufficient environmental conditions for cold acclimation will reduce snow mould
resistance, which is enhanced by cold hardening. Therefore, grass breeders need to identify
genotypes that combine sufficient adaptation to the future weather conditions with snow

mould resistance that is independent of cold hardening (Rapacz et al. 2014; Tronsmo 2013).
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1.5  Screening for snow mould resistance.

Snow mould disease development is a complicated process, which requires suitable
environmental conditions. The presence of snow cover is the most crucial factor for fungal
establishment. Laboratory methods were developed in order to mimic microclimatic
conditions under snow cover and identify plant material resistant to snow mould (Arsvoll
1977; Hofgaard 2003; Miedaner et al. 1993; Nakajima & Abe 1990). Most of these methods
are labour and time consuming, so in order to overcome this problem other methods have
been developed, such as the detached leaf assay. This method has been used to assess snow
mould resistance of winter rye (Hommg 1994), winter wheat (Diamond & Cooke 1999;
Ergon & Tronsmo 2006) and barley (Browne & Cooke 2005). A molecular technique based
on polymerase chain reaction (PCR) for identification and quantification of the fungal DNA
has been developed (Glynn et al. 2007; Hayashi et al. 2014; Nicholson et al. 1998; Nielsen
et al. 2013) in order to study the correlation between the amount of fungal DNA and disease

development, and also to monitor the distribution of the fungal population.

1.6 Defence response towards snow mould infection.

Snow mould resistance is regarded as a quantitative trait, and resistant cultivars are
mainly characterized by being high yielding with good stress tolerance. However, under
conditions of severe attacks by snow mould, most resistant cultivars will be infested (Ergon
& Tronsmo 2006; Gaudet & Kozub 1991; Gaudet et al. 1999). The plant developmental
stage at the time of infection plays an important role in snow mould development. Older
plants are generally more resistant to snow mould than younger plants (Arsvoll 1977;
Bruehl 1982; Gaudet et al. 1999). Therefore, snow mould resistance can be divided into two
types according to the plant developmental stage. The first is the pre-tillering resistance, in
which, according to Gaudet and Kozub (1991), winter wheat plants express good levels of
resistance to snow mould. The same is the case for winter barley plants at the pre-tilling
stage (Cavelier 1986). The second is the plant age related resistance, which can be related to
increased carbohydrate accumulation. This type of resistance takes place in all cultivars, but
it occurs at a higher rate in resistant cultivars (Gaudet et al. 1999). Moreover, plant size is an
important factor in snow mould resistance. Large plants are more resistant, possibly because

they can relocate their carbohydrate reserves towards the crown tissue more rapidly (Bruehl
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& Cunfer 1971; Gaudet 1994).

The mechanism by which cold acclimation is enhancing snow mould resistance is
not completely understood, as well as how it also enhances resistance to other diseases
(Gaudet et al. 2011). Therefore it is generally described as nonspecific defence reactions
triggered by cold stress (Dubas et al. 2011). Several studies have documented the relation
between snow mould resistance and accumulation of soluble carbohydrates during cold
acclimation (Gaudet 1994; Gaudet et al. 1999; Iriki et al. 2005; Mohammad et al. 1997;
@strem et al. 2011; Pociecha et al. 2008; Pociecha et al. 2010; Rapacz et al. 2014; Yoshida
et al. 1998). Snow mould resistant cultivars were characterized by enhanced accumulation
of polysaccharides, especially fructans in crown tissues during autumn and early winter,
followed by a slow consumption rate of the polysaccharides during winter and early spring
(Gaudet et al. 1999; Yoshida et al. 1998). Furthermore, the increase in the degree of the
polymerization of the polysaccharides could reduce the consumption of the components by
M. nivale during infection (Gaudet et al. 1999).

Under snow cover, the plants start to degrade the stored polymerized
polysaccharides such as fructans to simple sugars. This process activates the hexokinase
signal transduction pathway, which triggers gene expression of several genes related to
pathogen defence responses, such as peroxidase, pathogen related (PR) proteins and
thaumatin like proteins (Herbers et al. 1996; Tattersall et al. 1997). Furthermore, plant
exposure to low temperature induces the expression of several forms of anti-freeze proteins,
which could also have non-specific anti-fungal activity (Gaudet et al. 1999). Hon et al.
(1995) found that anti-freeze proteins from winter rye were very similar to the PR proteins
chitinase and B-glucosidase. Furthermore, according to Kuwabara et al. (2002), cold-

induced thaumatin-like proteins revealed also antifungal activity in winter wheat.

Plant responses to snow mould infection is the result of the coordinated interaction
between carbohydrate catabolism and hormone activity (Pociecha et al. 2013). During early
response (6 days after inoculation) pathogen related proteins, such as chitinases (PR3 and
PR4), B-1,3-glucanase (PR2) and thaumatin-like (PR5), were activated in resistant
genotypes of winter wheat (Gaudet et al. 2011). Resistant genotypes of Festulolium were
characterized by high peroxidase activity, intense lignification, and high concentrations of

salicylic acid during early infection (within 6 days after inoculation) (Pociecha et al. 2008;
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Pociecha et al. 2009). The activation of salicylic acid during early stage of infection is
important for regulation of defence responses in plants, mainly to biotrophic plant
pathogens, by activating systemic acquired resistance (SAR) and by producing PR proteins
(Pociecha et al. 2010; Szechynska-Hebda et al. 2013). Therefore, the progression of M.
nivale infection is usually influenced by the physical and the chemical conditions of the
plant tissue. Hence, the fungus behaves as biotroph when the plants are cold acclimated with
fortified cell walls, and the plant defence system is induced. However, when the plants are

susceptible, the fungus behaves as necrotroph (Szechynska-Hebda et al. 2015).

Identifying the mechanisms involved in snow mould resistance will permit
researchers to develop suitable markers in order to select more resistance cultivars.
Moreover, selection for resistance to one snow mould pathogen could increase the resistance
level to other pathogens as well, since according to several reports, resistance to snow
mould is not specific to a certain pathogen (Bruehl 1967; Gaudet & Kozub 1991; Gaudet et
al. 1999; Gaudet et al. 2011). Besides that, the heritability of snow mould resistance is
considered high in winter wheat and grasses and breeding for improved snow mould
resistance should therefore be possible (Amano & Osanai 1983; Gaudet 1994; Tronsmo
1993).

1.6.1 The use of next generation sequencing in understanding plant defence systems.

During recent years, different methods for genome sequencing have been developed
and used to answer several biological questions (Metzker 2010; Nowrousian 2010;
Shendure & Ji 2008). Next-generation sequencing (NGS) allows the sequencing of millions
of bases in one round at low cost (Egan et al. 2012). Furthermore, the costs and capabilities
of these methods have continuously improved during time. NGS technologies produce a
large amount of data, raising many challenges to computational biologists,
bioinformaticians, and researchers, who are striving to assemble and analyse NGS data
(Egan et al. 2012; Nowrousian 2010). The main common feature of all NGS equipment is
the high degree of parallelization, in which millions of sequencing reactions occurs at the

same time within small reaction volumes (Nowrousian 2010; Schuster 2007).
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The use of NGS for obtaining transcriptome sequences is known as RNA deep
sequencing or RNA-seq (Wang et al. 2009). The first studies using RNA-seq were published
in 2008 for the yeasts Saccharomyces cerevisiae (Nagalakshmi et al. 2008) and Arabidopsis
thaliana (Lister et al. 2008). Since then, a large number of studies in other organisms have
used RNA-seq (Marguerat & Bahler 2010). Compared to other methods, such as EST
(Expressed Sequence Tags) sequencing and microarray, the use of RNA-seq technology
provides large amount of data that allow not only the quantification of gene expression, but
the identification of the transcripts at single-nucleotide level without depending on prior
annotation or prior knowledge regarding transcribed regions (Marguerat & Béhler 2010).
The major challenge working with RNA-seq data is the sequence assembly and statistical
model used for identifying differently expressed genes. But due to the high usage demands
on this technology, the data analysis methods are in continuous development (Egan et al.
2012). Therefore, several methods for detecting and analysing differentially expressed genes
are available. Hence, analytical packages for these data are available to be evaluated by
several researchers (Marguerat & Bahler 2010). The two main methods for RNA-seq
transcriptome assembly are; reference based assembly, which is depending on a reference
genome, and de-novo assembly. Ward et al. (2012) compared the two methods, and
concluded that the methods provide comparable results. Although the reference based
assembly provides a statistical outline for distinction expression analysis and assumption
initiation, while the de-novo assembly is more competent for discovering unique sequences

and for providing more possible querying for the transcripts and the expression levels.

RNA-seq has been used in several recent studies to understand the complexity of
plant pathogen interactions. Understanding the resistance mechanism involved at different
stages of infection is always challenging, especially for hemibiotrophic pathogens.
However, the use of RNA-seq technology can help us to gain more insight into this complex
interaction. Recently Zuluaga et al. (2015) studied the transcriptome of tomato (Solanum
lycopersicum) during three infection stages of Phytophthora infestans : biotrophic, the shift
from the biotrophic to the necrotrophic stage, and the necrotrophic stage. This study
revealed the major restructuring of plant metabolism during the different infection stages,
including the major changes in secondary metabolic pathways. Additionally, more than 100
putative resistance genes were induced, and both JA and SA levels showed variable changes
during the infection stages. Also during the biotrophic phase, induction of both PTI

(pathogen-triggered immunity) and ETI (effector-triggered immunity) were observed.
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Plant pathogens can behave differently during the infection of a compatible host
compared to an incompatible host. Kellner et al. (2014) used RNA-seq technology to study
the transcription profile of Zymoseptoria tritici at the early stages of infection of a
compatible host (wheat) and an incompatible host (Brachypodium distachyon). The study
found that the infection regulatory pathways were common in both hosts, and that genes
induced during infection of wheat were in two large clusters, which may represent candidate
pathogenicity islands. Furthermore, in the response to reactive oxygen species produced by
wheat defence mechanism, detoxification genes were up-regulated during plant infection.
These findings indicate that these genes might have a role in determining determine the host

range of this pathogen.

Recently several researchers use RNA-seq to identify the defence responses to
pathogen infection. Lin et al. (2014) used this technique for a comparative transcriptome
study of the molecular responses to the pathogen Phytophthora sojae among ten soybean
near isogenic lines. The study characterized genes of regulatory networks associated with
resistance to P. sojae involved in ethylene (ET), jasmonic acid (JA), reactive oxygen species
(ROS), and MAPK (MAP-kinase) signalling. These findings showed the significant role of
these signalling pathways in molecular defence responses. In another study by Mufioz-
Bodnar et al. (2014), RNA-seq based analysis of cassava plants inoculated with
Xanthomonas axonopodis allowed the identification of host genes and pathways leading to
plant resistance. These genes were involved in several biological processes such as

photosynthesis, jasmonate metabolism and phenylpropanoid biosynthesis.

23



2.  The thesis.

2.1 Project background

Forage production of perennial grass species at the northern hemisphere is limited by
the winter survival ability of these species. Scenarios of the predicted future climate show
that average temperature and precipitation will increase in the Nordic region (IPCC 2007,
Uleberg et al. 2014). The period of the growing season will increase; however, the period
for optimal cold acclimation will decrease (Thorsen & Hoglind 2010; Uleberg et al. 2014).
The predicted changes in environmental conditions constitute an opportunity and at the
same time, a challenge for forage production based on perennial grasses. Therefore,
improved adaptation should be the breeding strategy to counteract the negative effects of

climate change, as well as to make good use of the positive effect (Olesen et al. 2011)

Overwintering diseases caused by snow mould fungi such as M. nivale are one of the
limiting factors for grass production in Scandinavia (Rapacz et al. 2014; Tronsmo 2013). In
order to reduce the risk of snow mould attack under future climates, with inferior
conditions for cold acclimation in the autumn due to higher temperatures, the role of cold
hardening independent resistance to snow mould need to be better understood. Therefore, it
is necessary to identify resistant plant material under non-cold hardening conditions, and to

investigate such materials in order to identify resistance genes using.

In order to improve the screening methods for identification of resistant plant
material, there is a need for faster and more reliable methods. In addition, host
specialization within M. nivale isolates should be taken into consideration when screening
for resistance performed. Therefore, it will be beneficial to improve our understanding of
the genotypic and phenotypic (pathogenicity) differences between M. nivale isolates for

future snow mould resistance screening.
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2.2 Main hypothesis and objectives

A warmer climate will allow forage production based on perennial ryegrass and
ryegrass-like Festulolium in most parts of Norway. Current cultivars suffer severe injuries
caused by low-temperature fungi. ldentification of germplasm with inherent and cold-
induced snow mould resistance will facilitate breeding of robust cultivars adapted for
climatic change. In order to achieve progress in breeding for improved snow mould
resistance, better methods for screening plant materials and characterization of the

pathogen population are needed.

Hypothesis 1: There is genetic variation in germplasm of perennial ryegrass and

Festulolium for snow mould resistance independent of cold acclimation.

Obijective 1: Identify sources of snow mould resistance, which are independent of cold
hardening in different grass populations under controlled conditions, and study the

relationship between resistance under controlled conditions and winter survival in the field.

Hypothesis 2: There is genetic and phenotypic (pathogenicity) variation between and among
isolates of M. nivale and M. majus from different host plants.

Obijective 2: Test pathogenicity of a range of isolates of M. nivale and M. majus and
perform a phylogenetic study to reveal relationships between the isolates based on

sequencing of specific regions of genes.

Hypothesis 3: The amount of fungal DNA in infected plants is correlated with disease

severity and level of resistance, and can be quantified by real-time PCR.

Obijective 3: Perform real-time PCR using specific primers designed to amplify the
elongation factor 1-o gene on DNA extracted at different time-points from a defined set of

genotypes of a L. perenne cultivar inoculated with a single M. nivale isolate.

Hypothesis 4: Studying differentially expressed genes after inoculation with M. nivale of

plants with different levels of snow mould resistance will make it possible to identify
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candidate resistance genes and develop molecular markers to be used in selecting for

resistance.

Objective 4: Perform a global transcriptome investigation using RNA sequencing on RNA
sampled from genotypes with differential snow mould resistance inoculated with M. nivale
in order to identify candidate genes associated with defence responses and host-pathogen
interactions.
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2.3 Methods and results.

2.3.1 Screening for snow mould resistance under field and controlled conditions (Paper

)

For controlled conditions experiments, seeds of 23 cultivars and populations of L.
perenne, Festulolium and F. pratensis (listed in Paper I, Table 1) were germinated in a
greenhouse. Seedlings were transplanted after 2 weeks into new pots. The plants grew
further in the greenhouse for 4 weeks at temperature 18-20°C and 16 h photoperiod. The
experiment was performed twice; during autumn 2011 (exp. A) and during spring 2012
(exp. B). Two isolates of M. nivale (isolate 201050 from Festulolium and isolate 200231
from L. perenne) were used separately as inoculum source during the experiment. In order
to select these isolates, the pathogenicity of 17 isolates was tested (as described in paper
I1). Inoculum was prepared from each isolate using spore suspensions containing 1 x 10°
conidia mI™. The plants were inoculated by spraying each pot containing five plants with
10 ml spore suspension. Inoculated plants were covered with moistened cellulose wadding
and black plastic sheets and then incubated at 2 °C in darkness for eight and twelve weeks.
After incubation, the plants were cut and allowed to regrow for 2 weeks at 22 °C and 16 h
light. Resistance to M. nivale was calculated as relative regrowth, i.e. dry weight (g) of
inoculated plants divided by dry weight of non-inoculated plants within the same
population. Orthogonal contrasts were used to test differences between species and
species/ploidy levels in relative regrowth using PROC GLM in SAS version 9.2 (SAS
Institute Inc., Cary, NC, USA).

The results of this experiments showed that the two M. nivale isolates used in this
study were not significantly different as regards pathogenicity, except in experiment A
after 8 weeks of incubation where the difference in pathogenicity between isolates was
barely significant (Table 2, paper I). Orthogonal contrasts revealed that F. pratensis entries
were on average significantly less resistant than other entries (except in experiment A after
12 weeks of incubation), whereas there was no significant differences in resistance between
L. perenne and Festulolium entries (Table 2, paper I). Furthermore, significant differences
in snow mould resistance were found between amphiploid Festulolium (tetraploid) entries

and diploid entries in most of the controlled experiments, with tetraploid entries such as
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FuRs0463 and FuRs0465 being the most resistant (Fig. 5). Entries adapted to south

Norwegian conditions, such as FURs0465, and continental central European conditions,

such as Felopa (LmFp/T) and Picaro (Lp/D), displayed relatively good levels of snow

mould resistance (Fig. 5)
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Fig. 5. Variation in resistance to M. nivale and winter survival in cultivars and breeding populations of L.
perenne, F. pratensis and Festulolium (Table 1, paper 1). Resistance was measured as relative regrowth (dry
weight of inoculated plants divided by dry weight of non-inoculated plants) after 12 weeks (experiment A and
B) incubation under artificial snow cover followed by 2 weeks of regrowth. Winter survival is the percentage
of plants on the plots alive in the spring of 2013. Error bars indicate standard errors of the mean. Bars marked
with different letters indicate significant differences (using Tukey’s honest significance test at P < 0.05). *
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In the field experiment, seedlings were kept for 3 weeks in the greenhouse at 22 °C
and natural light conditions. In mid-September 2011, the plants were transplanted into the
field. The experimental design was a randomized block design with 4 replicates each with
23 plots (one plot per entry) at As, Norway (59°39'37"N, 10°47'1"E). M. nivale isolate
200231 was chosen for inoculation (the same isolate used in the controlled conditions
experiments). Inoculum was prepared on wheat grains and spread between the plants in
mid-November 2011 and mid-November 2012, while one replicate was kept non-
inoculated. The visual appearance of the tillers of each plant was scored in May 2012 and
2013 using the following scale: 0 = no green tillers, 1 = some green tillers, 2 = less than
50% green tillers, 3 = more than 50% green tillers, and 4 = all tillers green (Fig. 6). The
plants were cut three times during the 2012 growing season, and dry matter yield (DMY)
was determined. In spring 2013, winter survival was recorded as the number of surviving

plants divided by the total number of plants per plot.

Fig. 6. Scale for the visual assessment of snow mould disease severity during field experiment in May 2012.
The scale was as follows: 0 = no green tillers, 1 = some green tillers, 2 = less than 50% green tillers, 3 = more
than 50% green tillers, and 4 = all tillers green (Photos by M. Abdelhalim)

Visual assessment of winter injury after the winter of 2011-2012 showed that the
Festulolium entries FURs0348 and FuRs0353 (diploid and adapted to south Norwegian
conditions) had lowest survival (visual scorings around 2). The other entries showed almost
the same degree of winter injury. The Festulolium cv. Felopa had the highest total yield,

while the L. perenne entry FURa9805 was lowest yielding. Diploid entries of Festulolium
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showed the highest yield, significantly different from tetraploid Festulolium entries, and
analysis of variance based on the proportion of plants surviving the last winter (recorded in
July 2013) showed significant differences between entries (Fig. 5). Among Festulolium and
L. perenne entries, northern adapted cultivars of L. perenne (Fagerlin and LgRa9401) had
the highest winter survival (70 to 80 % of the plants survived). Amphiploid Festulolium
(tetraploid) hybrids, such as Felopa and FURs0467, had higher winter survival than
introgression hybrids (diploid). F. pratensis cultivars had the highest winter survival (Fig.
5).

Correlation analysis showed that resistances observed under controlled conditions
and observed in the field were not correlated. Northern adapted cultivars of L. perenne,
such as Fagerlin and L@Ra9401, showed good winter survival in the field but had only a

moderate snow mould resistance in the test under controlled climate conditions.
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2.3.2 Pathogenicity test (Paper I1)

A pathogenicity test was performed using four grass cultivars from two grass species;
Lolium perenne cv. Figgjo and Ivar, and Festulolium hybrids FURs9812 and FURs0463.
The experiment was performed twice. In the first experiment, plants were incubated for 8
weeks and in the second experiment for 9 weeks after inoculation. Isolates of M. nivale (15
isolates) and M. majus (two isolates) were used in this experiment. The isolates were kept
at -80 °C as a part of the fungal culture collection at NIBIO, Plant Health and
Biotechnology Division; As, Norway (listed in Table 1/ Paper I1). The isolates were
previously identified based on colony and conidial morphology; also asporogenic isolates
were classified using PCR methods by Hofgaard, et al. (2006). Plant materials were
propagated under controlled conditions as described in Paper I1. Inoculum was prepared
using conidial suspensions of the different isolates. Conidial spores were produced by
incubating the fungus on PDA plates at 20 °C for 7 days under 12 hours cycle of near-
ultraviolet (NUV) and white light for sporulation. Conidial suspensions were prepared by
washing the fungal culture with 10 ml sterile distilled water containing 0.2 % TWEEN 20.
Spore suspensions were adjusted to 1 x 10° conidia ml™. The plants were inoculated by
spraying 1 ml inoculum per plant. Incubation and re-growth assessment of plants were
performed under controlled conditions as described in Paper Il. The pathogenicity of

isolates was calculated as 1- relative regrowth as descripted by Hofgaard, et al. (2006).

The results from these experiments showed that M. nivale isolates 200231 (isolated
on L. perenne), 201050 (isolated on Festulolium), 200272 (isolated on F. pratensis) and
201053 (isolated on L. perenne) were the most pathogenic isolates, while isolates 200114
(isolated on D. glomerata) and 200136 (isolated on L. perenne) were least pathogenic (Fig.
7). The two M. majus isolates showed very low pathogenicity on all cultivars (Fig. 7). M.
nivale isolates from grasses were more pathogenic than isolates from cereals (Fig. 8). The
isolate x cultivar interaction was significant only in the 8 week experiment, and was caused

by a differential reaction of the cultivars to the cereal isolates (Table 2, paper II).

31



B M.majus
M.nivalefrom cereals
B M.nivalefrom grasses

=3

°

Pathogenicity (average value)

o
o
o
o

sz )
wwerzn A

ooz )

wwessonz -

bavriooz 4

d4'z22002
11'6v€002

5
8
8
&

& 8 8 B B g
E £ &8 g £ g
s s & £ £ g
g ¢ & & £ g
g i g g
£ 5 oz 5 =z T

S
3
2
£
s

Fig. 7. . Pathogenicity (0 = min; 1= max) of seventeen Microdochium sp. isolates (fifteen M. nivale and two
M. majus) on four different grass cultivars (Figgjo, Ivar, FuRs9812 and FuRs0463). Pathogenicity was
measured as 1- relative regrowth (dry weight of inoculated plants divided by dry weight of non-inoculated
plants after incubation for eight and nine weeks (experiments A and B respectively) under artificial snow
cover, followed by two weeks of regrowth (average value of four cultivars). Isolate number are labelled with
host origin (Lp for L. perenne, Fe for Festulolium, Fp for Festuca pratensis, Ag for Agrostis stolonifera, Sc
for Secale cereale, Tr for Triticum sp, Fr for Festuca rubra and Dg for Dactylis glomerata). Error bars
indicate standard errors of the mean of the two experiments. Bars with the same letter are not significantly
different (P value <0.05).
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Fig. 8. Pathogenicity (0 = min; 1= max) of M. nivale isolates from cereals (mean values of five isolates) and
grasses (mean values of ten isolates) on four different grass cultivars (Figgjo, Ivar, FURs9812 and FuRs0463).
Pathogenicity was measured as 1- relative regrowth (dry weight of inoculated plants divided by dry weight of
non-inoculated plants at eight weeks (experiment A) and nine weeks (experiment B) after incubation under
artificial snow cover followed by two weeks of regrowth. The values are averaged across experiments.
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2.3.3 DNA sequencing of M. nivale and M. majus isolates (Paper I1)

Fungal isolates (as listed in Table 1/ Paper 1) were inoculated on PDA plates and
incubated for seven days at 20° C in darkness. Mycelium was harvested by carefully
scraping it off the media surface using a clean razor blade, and then frozen quickly in liquid
N,. Later the samples were ground using mortar and pestle. DNA was extracted from100
mg ground mycelium using DNeasy Plant Mini Kit (Qiagen Inc., Germany), according to
the manufacturers’ protocol. PCR reactions were performed using specific primers for four
different genomic regions: the Internal transcribed spacer (ITS), Elongation factor 1-alpha
(EF1a), RNA polymerase 11 subunit (RPB2) and S-tubulin. The PCR products were
sequenced in both directions at GATC Biotech (Germany). DNA sequences were analysed
using the Lasergene Segman software (DNAStar Inc.). Previously deposited RPB2 and -
tubulin sequences of M. nivale and M. majus from the NCBI database were also included.
Neighbour-joining (NJ) phylogenetic trees were constructed for each gene by the CLC
Main Workbench version 6.9.1 (CLC Inc., Aarhus, Denmark) software using the maximum

likelihood (ML) algorithm with 1000 bootstrap replicates.

The sequences of the four genomic regions revealed slightly different phylogenetic
structures. For the B-tubulin gene, M. nivale isolates formed two clades; the first represents
isolates from grasses in Norway and North America (with the exception of isolate 200108).
The second M. nivale clade represents only isolates from cereals from Norway, United
Kingdom and North America. For the RPB2 gene, M. majus isolates grouped together in
one cluster, which was divided into two subclades, one represents isolates from Norway
and United Kingdom and the other represents isolates from North America. M. nivale
isolates from Norway and United Kingdom were grouped in one sub-cluster. Isolates from
North America were all in one cluster, which was divided into two sub-clusters
corresponding to the host origin (cereals vs. grasses). The phylogenetic tree based on the
EF-/a gene sequences only showed two major clusters, one represents isolates of M. nivale
and the other represents isolates of M. majus. The ITS sequence analysis revealed low
genetic diversity, but still two major clusters were formed for isolates of M. nivale and M.

majus.
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2.3.4 Quantification of Microdochium nivale by real-time PCR (Paper 111)

The experiment conducted in this study was part of a snow mould resistance test for
selecting resistant and susceptible genotypes for the global transcriptome analysis. In this
experiment, eight genotypes (termed A, B, C, D, E, F, M and K) were chosen randomly
from L. perenne cv. Fagerlin and divided into tillers to obtain sufficient plant materials for
the snow mould resistance test and fungal DNA quantification. Inoculum was prepared
using homogenized mycelium and final inoculum was adjusted based on optical destiny of
0.5 at 430 nm. The plants were inoculated by spraying (1 ml inoculum per plant). Snow
mould resistance test and the visual assessment of the disease symptoms were performed as

described in Paper III.

For the DNA extraction leaves and stems above 5 cm from the soil level were
collected from each genotype at different time points (6 and 8 weeks after inoculation) and
at 1 and 4 days after inoculation from two of the genotypes (genotype F and M). Samples

were kept at -80 °C until DNA was extracted.

Real-time PCR primers specific for M. nivale were designed based on the elongation
factor 1-a gene. Specific real time PCR primers for the plant housekeeping gene
LpGAPDH (Petersen et al. 2004) were used as an internal control for plant DNA. The
amount of fungal and plant DNA in the sample were quantified by a standard curve
algorithm based on cycle threshold value (Ct) using a 10 fold dilution series of known
amount of DNA. The amount of fungal DNA was calculated as pg fungal DNA per pg
plant DNA for each sample.

Quantification of M. nivale DNA showed that genotypes with severe symptoms of
injury contained the highest amount of fungal DNA. Therefore, a significant correlation
was found between disease severity and the amount of M. nivale DNA. However, the
correlation between the amount of M. nivale DNA and relative regrowth was not
significant. Both at one day and at 4 days after inoculation, no significant differences in the

amount of M. nivale DNA was found between genotypes F and M.
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2.3.5 Transcriptional analysis during early infection by M. nivale (Paper 111)

Based on the snow mould resistance test, and the quantification of M. nivale DNA (as
described in paper I11), one resistant genotype (M) and one susceptible genotype (F) of the
perennial ryegrass cv. Fagerlin were chosen for transcriptome analyses (Fig. 9). There were
three groups of plants according to the different treatments: 1) control (non-inoculated and
non-incubated plants), 2) non-inoculated (non-inoculated plants sampled after 4 days of
incubation), and 3) inoculated (inoculated plants sampled after 4 days of incubation). Each
treatment was represented by two biological replicates. Leaf samples were collected for
RNA extraction (a total number of 12 samples) then immediately placed in liquid nitrogen
and stored at -80° C.

Fagerlin

Ths e ke

5] ———
3 !‘i Inoculated with M.nivale isolates
I and incubated in darkness at 2°C
g ) for 5-12 weeks
BLAST and Annotation
by BLAST2GO program
non-incub. Incub. control Incubated and
control (non-noc.) inoculated

(non-inoc.) 4 days) (4 days)
(0 day)

Relative re-growth
caluculated after 6

IRRREE and 8 weeks of
g incubation
N | i .
AR RER -
'RNA extractions Resistant  Susceptible

Fig. 9. The experimental design for the global transcriptome analysis during early infection by M. nivale.
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Extraction of total RNA was performed using the Pure Link RNA Mini Kit (Life
technologies, USA) plus plant RNA Isolation Aid (Life technologies, USA). After the
concentration and quality had been checked, the twelve RNA samples with RIN values
above 7 were used separately to construct cDNA libraries with fragment lengths of 200 bp
(£25 bp). Then, paired-end sequencing was performed using the Illumina sequencing
platform (HiSeq™ 2000) at GATC Biotech Ltd., Germany.

Real time analysis (RTA) output was analysed using the CASAVA software (version 1.6,
Illumina) generating FastQ files with paired-end reads with a length of 100 bp.

After trimming adapter sequences and filtering low quality reads, we followed the
bioinformatics pipeline outlined in Fig. 10 for de novo assembly and further detection of
Differentially Expressed Genes (DEG). Gene expression levels were measured as expected
number of fragments per kilo base of transcript sequence per millions base pairs sequenced
(FPKM). Pairwise comparisons were carried out between all the selected time points by
fitting normalized count data with a Generalized Linear Model (GLM) estimating a
negative binomial distribution to the calculated mean values of the two biologically

independent samples. The DEGs were annotated using Blast2GO® software
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Fig. 10. Work flow of RNA sequence data analysis.

A total number of 178 and 165 million reads of 100 bp were generated for the
susceptible (F) and resistant (M) genotype, respectively. The de novo assembly yielded
261,978 contigs for the susceptible genotype, with N50 of 1,784 bp, and 188,355 contigs
for the resistant genotype with N50 of 1,672 bp. Using the genotype specific assemblies,
we identified 2,354 and 3,748 differentially expressed transcripts (with false discovery rate
(FDR) < 0.05) between incubated-noninoculated and incubated-inoculated plants in the
susceptible and resistant genotype, respectively, with several up-, down- and contra-
regulated transcripts (Figure 2. Paper I11). When using the reference-based assembly
mapping, we identified 95 and 210 differentially expressed transcripts between incubated-
noninoculated and incubated-inoculated plants in the susceptible and the resistance
genotype, respectively (Figure 2. Paper I11). Nearly 75% of the differentially expressed
transcripts had blast hits to the extracted NCBI database. Among the transcripts with blast
hits, 40-52% of the differentially expressed transcripts were annotated using Blast2GO.
Seven GO terms were enriched when comparing the differentially expressed transcript sets
from incubated-noninoculated vs incubated-inoculated plants of the two genotypes (Fig.6,
Paper I11). Interestingly, five GO terms were overrepresented in the resistant genotype, in
terms related to cell wall cellulose metabolic process, cell wall pectin metabolic process,

cell morphogenesis, actin nucleation and organelle epidermal cell differentiation.
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The results of this study showed that several genes involved in the initiation of pathogen-
associated molecular pattern (PAMP) immunity were detected, like cysteine-rich receptor-
like protein kinase (CRK), calcium-dependent protein kinase (CDPK), calcium-binding
protein CML (CaM/CML), and NADPH oxidase. Pathogen related genes like PR-1, -1,3-
Glucanase (PR-2), chitinase 11/V (PR-3), thaumatin-like (PR-5), and lipid-transfer protein
(PR-14) were up-regulated in the resistant genotype under incubation and inoculation
conditions (Table 3, Paper I11). Several potential candidate genes for pathogen resistance
were identified in this study such as chitinase 5, lipid transfer protein, serine-glyoxylate
aminotransferase and WRKY 75. A hypothetical model for gene regulation in the plant-
pathogen interaction pathway after four days of incubation with the pink snow mould
pathogen, based on the pathogen related DEGs identified in this study, is presented in Fig.
6, Paper IV.
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2.4  General discussion.

Pathogenesis test was conducted at first, in order to select suitable isolates for further
experiments (paper I1). In this study, M. nivale isolates from grasses were significantly
more pathogenic than isolates from cereals when tested on the four grass cultivars,
confirming the results of Hofgaard, et al. (2006). They found that M. nivale isolates from
grasses were highly pathogenic towards perennial ryegrass, that highly pathogenic isolates
grew faster on PDA (potato dextrose agar) media at 2 °C, and had higher activity of B-
glucosidases cell wall-degrading enzymes. According to the results presented in paper Il,
isolates 200231 (host origin L. perenne) and 201050 (host origin Festulolium) were the
most pathogenic isolates when tested on L. perenne and Festulolium cultivars. Thus, these
two isolates were chosen for screening grass populations for snow mould resistance under
controlled conditions (paper I). Isolate 200231 was used as inoculum for the transcriptome
analysis following snow mould infection in controlled conditions (paper I11), and artificial
inoculation of the field experiment (paper 1). The difference in pathogenicity between
isolates 200231 and 201050 used in snow mould resistance tests under controlled
conditions (paper I) were not significant in most of the experiments. The interaction
between isolates and cultivars was only significant in one out of four experiments
presented in paper 1. This interaction was probably due to the longer incubation period (12

weeks), which largely reduced the plant re-growth and several cultivares were killed.

In the study presented in paper I, snow mould resistance was evaluated in non-cold
acclimated plants under controlled conditions in order to simulate the circumstances of
warmer autumns and shorter cold acclimation periods expected in the future. The results
from this study showed that the degree of adaptation and the genetic background of the
entries had significant influences on their responses to snow mould infection. Hence,
entries adapted to south Norwegian conditions, such as FURs0465, and continental central
European conditions, such as Felopa (LmFp/T) and Picaro (Lp/D), had an inherently good
level of snow mould resistance independent of cold acclimation. Therefore, these entries
may be considered as good sources for snow mould resistance under future climatic
conditions.

Resistance to snow mould is considered to be a quantitative trait, and under field conditions
it can be masked by the winter survival ability of the plant (Ergon et al. 2003; Gaudet 1994;

Hofgaard, et al. 2006). We found that artificial inoculation in the field experiment was
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most efficient when the weather conditions were favourable for M. nivale, i.e. during the
winter of 2012-2013 when the snow cover lasted quite long, from the beginning of January
until the end of April (Fig. 11). Winter survival under field conditions was largely
determined by the degree of northern adaptation of each entry. Moreover, the selection for
only two winters in Bode (67° 17’ N) increased winter survival of FURs0463 (30% of
plants survived) in comparison to Fabel (3 % of plants survived), a southern adapted
cultivar from which FuRs0463 was selected. In addition to that, entries of L. perenne
adapted to North Norwegian conditions, such as Fagerlin and LgRa9401, showed good
winter survival. Therefore, these differences reflect the higher inherent potential for
adaptation in the plant breeding material adapted to North Norwegian conditions compared
with conditions that are more southern. Therefore, plant material adapted to North
Norwegian conditions, such as the L. perenne cultivar Fagerlin, was chosen for further

studies to identify the genetic sources of snow mould resistance using global transcriptome

analysis (RNA-seq) as presented in paper Il1.

Fig. 11. Field trail for snow mould resistance assessment at As, Norway in May 2012 and 2013. (Photos by
M. Abdelhalim)
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The screening method for snow mould resistance represented in paper I, showed
several limitations. This method is labour and time consuming, as well as requiring large
and expensive facilities such as greenhouses and controlled climate chambers. Another
technique for assessing fungal biomass in the host tissue was developed using quantitative
polymerase chain reaction (qQPCR). This method was based on monitoring the accumulation
of the amplicons from elongation factor 1-o gene using fluorophores that associate with
double-stranded DNA, such as SYBR Green (as presented in paper I11). The results from
this experiment showed significant correlation between the amount of M. nivale DNA and
disease severity (based on the visual assessment of disease symptoms). However, no
significant correlation was found between the amount of M. nivale DNA and snow mould
resistance (calculated as relative regrowth). Despite this fact, the method was useful for
selecting suitable genotypes for the transcriptome study (paper I11). For instance, genotype
F had a high content of fungal DNA and a relatively low relative regrowth; and genotype
M had a relative low amount of fungal DNA and a high relative regrowth. Consequently,
both these genotypes were selected for studying global transcriptome changes in the plant

genotypes during early stages of snow mould infection.

In order to explore the variation in pathogenicity between isolates on the genetic
level, the nucleotide sequence of four different genomic regions (as listed in paper I1) were
used to study the genetic variation between approximately 40 isolates including M. nivale
and M. majus. The results from this study showed larger genetic variation between M.
nivale isolates than between M. majus isolates, which could be due to the existence of host
preferences between M. nivale populations in comparison to M. majus. Furthermore, these
findings agreed with the previous studies by Maurin et al. (1995), Glynn et al. (2005) and
Mahuku et al. (1998). Sequence analysis of the RNA polymerase Il gene revealed
differences between isolates according to their geographic origins. Hence, all North-
American isolates of M. nivale were placed in one cluster, and M. majus isolates from
Norway grouped in one cluster. This finding agrees with a recent study by Jewell and
Hsiang (2013), showing that isolates of different geographic origin (Europe vs. North
America ) were different based on RNA polymerase 1l gene sequences. On the other hand,
B-tubulin, Internal transcribed spacer (ITS), and Elongation factor 1-alpha (EF1a) gene
sequences did not reveal clear differences between isolates reflecting geographic origin.
Moreover, the RNA polymerase Il gene sequences showed differences between Norwegian

isolates from cereals and grasses, which support the assumption of the existence of host
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specialization among M. nivale isolates. This assumption was also supported by the
differences between isolates in pathogenicity. This result is considered very important for
grass breeders as well as plant pathologist because fungal populations with high levels of
genetic diversity, such as M. nivale, are more likely to have a wider host range, to faster
overcome host resistance or to develop resistance to fungicides, than those with low genetic
diversity (McDonald & McDermott 1993). Therefore understanding plant pathogen
population structure may have a large impact on snow mould management and grass

production.

Management of diseases caused by M. nivale relies on resistance breeding,
preventive application of fungicides in field, and seed treatment (Tronsmo et al. 2001). A
sustainable crop production in future calls for reduced use of fungicides and integrated pest
management (Bonos et al. 2006). Both for the purpose of resistance breeding as well as for
precise and knowledge-based fungicide application, the current methods for disease
assessment need to be improved (Tronsmo 2013). There is a need to understand better the
response to snow mould infection at the genetic and molecular level, and implement
molecular techniques in resistance testing. This will help to select suitable plant material
for future breeding programs. In the study presented in paper I11, we have taken advantage
of the high throughput RNA sequencing technologies to study transcriptome changes in
one resistant and one susceptible genotype of the Norwegian perennial ryegrass cultivar
‘Fagerlin’ during early infection by pink snow mould. However, even if the quantification
of M. nivale DNA at this early stage of infection (one and four days after inoculation)
showed no significant difference between the resistant and the susceptible genotype,
differences in transcript levels as a response to M. nivale inoculation was found. Plants of
the resistant genotype had higher expression levels of PR-1a, PR-2, PR-5, and PR-14 four
days after inoculation with M. nivale than the susceptible genotype. The higher expression
levels of these PR-proteins are often used as markers for activation of the SA (salicylic
acid) signaling pathway (Gaudet et al. 2003; Gaudet et al. 2011; Pociecha et al. 2009; Sels
et al. 2008). These results agree with a previous study by Gaudet et al. (2011) in winter
wheat, the authors describe the early response to snow mould infection in resistant plants (6
days after inoculation) by the activation of pathogen related proteins such as PR-3, PR-4,
PR-2 and PR-5. In the present study, the transcriptome analysis of the snow mould resistant
genotype showed activation of the PAMP trigger immunity (PTI) pathway, particularly by

the upregulation of the expression level of calcium-dependent protein kinase CDPK,
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respiratory burst oxidase Rboh and calcium-binding protein CML CaM/CML. Furthermore,
during this stage, the activation of pre-invasive penetration defence such as stomatal
closure take place, as well as the activation of early post-invasive defence such as cell wall
fortification by callose formation (Pociecha et al. 2013; Ton et al. 2009). Several important
transcription factors that belong to the WRKY and NBS-LRR gene family were highly
expressed in resistant plants. The high expression level of these transcription factors was

also found in snow mould resistant winter wheat plants (Gaudet et al. 2011).

The results from this study can be used in further research, since it demonstrate the
role of the pathogenesis related proteins during snow mould infection. Our global
transcriptome analysis shows that non-cold hardened plants are able to integrate the
defence pathway against the snow mould pathogen via the regulation of defence response

genes.

2.5 Main conclusions and future perspectives.

In order to breed grass cultivars that are adapted to future climates, it is important to
maintain high levels of genetic variation. Therefore, more knowledge about the phenotypic
and genotypic variation in the current germplasm is required to increase productivity of the
cultivars and maintain good levels of genetic variation. Identification of plant materials
with good snow mould resistance that is independent from cold acclimation will help the
breeders to develop new cultivars that are able to adapt to the future climates with longer
and milder autumns. The study described in paper | showed that screening for snow mould
resistance under controlled conditions could help in distinguishing the most resistant and
the most susceptible genotypes and to separate snow mould resistance from other winter
stress factors. Furthermore, winter survival under field conditions was largely determined
by the degree of northern adaptation. Therefore, to improve winter survival of non-adapted
materials, natural selection for several generations might be necessary. The sources of
resistance to snow mould identified in this study, especially from Norwegian adapted
cultivars and populations, should be investigated further. Cultivars and populations adapted
to central European conditions could be considered used as source of snow mould

resistance under future climates.

The use of quantitative PCR as a method to evaluate the severity of snow mould

infection (as described in paper I11) revealed that this method could be used to assist the
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selection of snow mould resistant plant materials. However, the method can be more useful
if the samples are collected from the suitable tissue at the appropriate time point. The
method needs to be improved in order to be able to detect differences in fungal DNA from

different isolates.

The results of paper Il showed that isolates from grasses were significantly more
pathogenic on the four grass cultivars than isolates from cereals. Therefore, it is important
to perform pathogenicity test in order to define the host preference of M. nivale isolates
ahead of selecting isolates for future snow mould resistance screening. Moreover,
differences between isolates based on the geographic origin and host plants were found
using the gene sequences of RPB2 and B-tubulin. Despite the fact that the results from this
study were based on genomic sequences of 4 genes using nearly 40 isolates, further
investigations using more candidate genes and a larger number of isolates will be

necessary.

Transcriptome analysis of one susceptible and one resistant genotype of Lolium
perenne revealed that expression levels of plant defence-related genes such as PR-1a, PR-2,
PR-5, and PR-14 provide a possible mechanism for the non-cold induced snow mould
resistance. Therefore, these results will permit the researchers to develop suitable markers
to select resistant cultivars. Moreover, identifying several candidate genes associated with
defence response might provide a scientific basis for further investigations to attain more
in—depth understanding of host-pathogen interactions. The hypothetical model for plant-
pathogen interaction pathway after four days of incubation with M. nivale (presented in
paper 111) can be used as a base for future research to investigate this pathway at different

stages of snow mould infection.

The work presented in this thesis provides increased knowledge for the grass
breeders, particularly on the effect of the cultivar background (adaptation and ploidy level)
on snow mould resistance. In addition, it provides genetic evidence for plant responses to
snow mould infection. Therefore, the use of this genetic information as markers for
resistance, beside the implementation of the fungal DNA quantification, can be used for
screening large numbers of genotypes for snow mould resistance. Moreover, the studies
performed in this thesis, in relation to the snow mould pathogen M. nivale, provide strong

evidence for the existence of differences in host preferences between the fungal isolates.
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This knowledge should be considered in the selection of suitable isolates for screening

different grass species, breeding populations and genotypes for snow mould resistance.
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ABSTRACT

Pink snow mould caused by Microdochium nivale is a serious cereal and grass disease in
several temperate regions. In this study, resistance to snow mould was evaluated under
controlled conditions in nine promising breeding populations and two cultivars of Festulolium,
three cultivars of Festuca pratensis, six cultivars and two breeding populations of Lolium
perenne and one cultivar of hybrid ryegrass using non-hardened plants. In addition, winter
survival was evaluated in field plots inoculated with M. nivale. Under controlled conditions,
tetraploid entries of Festulolium had significantly better resistance to snow mould than diploid
entries in three out of four tests. Diploid and tetraploid entries of L. perenne showed similar
levels of resistance under controlled conditions. In the field trial, entries of both L. perenne and
Festulolium that had been exposed to natural selection in northern Norway (above 65° N)
showed good levels of winter survival. In general, under controlled conditions snow mould
resistance of Festulolium entries was associated with ploidy level, whereas under field conditions
winter survival of L. perenne entries was associated with their degree of northern adaptation.
However, resistance to snow mould in non-hardened plants tested under controlled conditions

was not correlated with winter survival in the field.

Key words: Pink snow mould; Microdochium nivale; Festuca pratensis; Festulolium; Lolium

perenne; resistance.



INTRODUCTION

Microdochium nivale (Fr.) Samuels & Hallett (teleomorph Monographella nivalis
(Schafnitt)) (Smiley et al. 1992) is the most widespread and opportunistic pathogen on grasses,
and it is a serious pathogen in cold, temperate regions of the northern hemisphere (Tronsmo et
al. 2001). M. nivale thrives in a wide range of environmental conditions, and causes pink snow
mould on turf, forage grasses and winter cereals. In synthetic media (culture) it can grow at
temperatures from -6°C to 28°C (Arsvoll 1977) and in the field at temperatures below 0°C
(Larsen 1994). In Norway, snow mould caused by M. nivale is considered as the most prevalent
snow mould on both cereals and grasses (Arsvoll 1973; Ergon et al. 2003; Larsen 1994). Unlike
other snow mould fungi, M. nivale do not require snow cover to be able to cause damage and for
that reason pink snow mould is common in the coastal regions of Norway (Larsen 1994). Injuries
by M. nivale in forage grasses are most severe under snow covering unfrozen soil at temperatures
between 0 °C and 5 °C (Arsvoll 1973; Smith 1981). M. nivale infects different parts of the plant
both above and under the soil surface. Microclimatic conditions, especially ambient air
temperature and humidity, highly influences the infection process (Smith 1981).

Snow mould resistance is ensued from a combination of the genotype and the
environmental conditions. Low temperature leads to cold acclimation (hardening) and enhanced
resistance, and sub-lethal low temperature is thus the most important environmental factor
affecting snow mould resistance (Ergon et al. 2003). Most studies of snow mould resistance have
been conducted using cold acclimation as a pre-treatment; therefore association between frost
tolerance and snow mould resistance was found in cold-hardened plants (Tronsmo 1984b).
However, no such correlation was found in unhardened plants (Hofgaard et al. 2003; Tronsmo
1984b), and variation in snow mould resistance in unhardened plants of different grass species is
sparsely documented by experiments in controlled climate. However, there are large differences
between cultivars of different origin, as demonstrated for cultivars of timothy from northern and
southern Norway, Denmark and the Netherlands (Tronsmo 1994). Testing of snow mould
resistance in the field is complicated due to the difficulty of separating injuries due to snow
mould from other winter damage caused by e.g. ice encasement, carbohydrate depletion and low

photosynthetic efficiency (Ergon et al. 1998). According to Gaudet (1994) there is no direct



correlation between snow mould resistance and frost tolerance, but cultivars with high frost
tolerance often show higher resistance to snow mould. Similarly, no strong correlation was found
between snow mould resistance and frost tolerance in perennial ryegrass (Hofgaard et al. 2003).
Snow mould resistance in grasses increases after cold acclimation during autumn, while the
resistance decreases during late spring (April) (Arsvoll 1977; Pronczuk and Zagdanska 1993;
Tronsmo 1984a). In mild winters, resistance to snow mould is the decisive factor for winter

survival (Pronczuk and Zagdanska 1993).

Due to climate change, particular stressors affecting environmentally sensitive traits in
plants will escalate in certain regions and decline in others (Murray and Gaudet 2013).
According to the fifth assessment report of the intergovernmental panel on climate change
(IPCC), different scenarios of the future climate indicate that the average global temperature will
increase by 1 °C to 3.7 °C by 2100, particularly during winter and especially at higher latitudes
(Stocker et al. 2013). Shorter periods of snow cover will be expected, and the severity of snow
mould may decrease significantly (Rapacz et al. 2014). On the other hand, extreme weather
incidents will probably be more frequent (Stocker et al. 2013), which could lead to severe attack
by snow mould in some years (Rapacz et al. 2014). For northern Scandinavia, higher
temperatures and more precipitation in autumn are projected (Uleberg et al. 2014), and this will
counteract cold acclimation of perennial plants. Robust cultivars of perennial grasses that can
survive winters either with or without cold acclimation will be needed in the future. Breeding for
disease resistance is considered to be the main strategy to increase snow mould resistance in
winter cereals and grasses (Gossen et al. 2001). New cultivars of grasses should be selected
based on tolerance to freezing, ice-encasement and resistance to low temperature fungi (Larsen
1994). Breeding programs have been designed to transfer genes responsible for cold (dstrem et
al. 2010) and drought tolerance (Humphreys et al. 1997) from Festuca into Lolium. F. pratensis
is an important source for introgression of genes for cold tolerance into ryegrass (Humphreys et
al. 2003). The first Festulolium hybrids, Prior and Elmet, were registered 30 years ago in Europe,
and currently more than 30 Festulolium hybrids have been registered worldwide (Kopecky et al.
2005). The main goal of Festulolium breeding is to combine the stress tolerance of the fescues
(Festuca spp.) with the early growth, high yield and high nutritional value of the ryegrasses

(Lolium spp.) (Breese et al. 1981). F. pratensis is the most freezing tolerant among the Festuca



spp. and the species best adapted at the northern hemisphere. Identification of traits of
importance for winter survival will help the breeders to map and select for the major genes
responsible for both biotic and abiotic stress responses and to integrate those genes into new
cultivars (Humphreys et al. 2003). In addition to that, winter survival is controlled by many
environmental factors that lead to unreliable results, making the selection procedure difficult
under such variable conditions (Pronczuk and Zagdanska 1993). Experiments need several
replications during different seasons in order to give reliable results (Pronczuk and Zagdanska
1993). Earlier studies have demonstrated that cold hardening has a major effect on augmenting
resistance to snow mould (Arsvoll 1977; Gaudet et al. 2011). Furthermore understanding the
nature of snow mould resistance, independent of cold acclimation, will help to develop resistant

cultivars with improved adaptation to the predicted future climate.

The aim of the present study was to identify plant material of Festulolium and Lolium
perenne with good adaptation to non-cold hardening conditions. The level of resistance against
M. nivale was evaluated in diploid and tetraploid Festulolium and L. perenne populations and
cultivars, and Festuca pratensis cultivars, under controlled climatic conditions. These results
were further compared with the degree of winter survival of M. nivale-inoculated plants of the

same cultivars and populations under field conditions.



MATERIALS AND METHODS

1. Plant Material

Basic information on the 23 entries and populations of L. perenne, Festulolium and F.
pratensis is presented in Table 1. The plant material consisted of diploid Festulolium
introgression lines (L. perenne x F. pratensis and L. multiflorum x F. arundinaceae),
amphidiploid (tetraploid) Festuloliums (L. perenne x F. pratensis, L. multiflorum x F.
arundinaceae and L. multiflorum x F. pratensis) and three diploid F. pratensis cultivars of
Nordic origin. Entries of L. perenne were divided according to their ploidy level: five diploid
entries (two Norwegian entries and three central European) and three Norwegian tetraploid

entries, also one hybrid ryegrass cultivar (L. multiflorum x L. perenne).

2. Testing Snow Mould Resistance under Controlled Conditions
2.1 Growing Conditions

Seeds were germinated at 18-22°C in a greenhouse, after 2 weeks, seedlings were
transplanted into 10 cm pots (five seedlings per pot) with three replicates for inoculation and
three non-inoculated replicates as control for each incubation period. The plants grew further in
the greenhouse for 4 weeks at temperature 18-20°C and 16 h photoperiod in pots with a fertilized
soil mixture (Gartner jord, TIERBO). The greenhouse was supplemented with a light source
(Constant Color CMH™ Lamps 400W) at about 250 pmol. The plants were fertilized weekly
with a mixture of 80 g/L Kristalon™ fertilizer 06-12-36 and 60 g/L of YaraLiva® Calcinit 15.5-
0-0 (Yara International ASA, Oslo, Norway). The experiment was performed twice; experiment
A was conducted during autumn 2011 and repeated in spring 2012 (experiment B).

2.2 Inoculation with M. nivale

The plants were inoculated with two isolates of M. nivale separately (not mixed) in the
experiment. Isolate 201050 was isolated from Festulolium at Bjarke Experimental Farm
(Graminor AS), Norway (60°48'4" N, 11°7'49" E) and isolate 200231 was isolated from L.
perenne at As, Norway (59°39'37" N, 10°47'1" E). Isolates were identified according to
Hofgaard et al. (2006a).. Isolates were obtained from the fungal culture collection at NIBIO,

Plant Health and Biotechnology Division, As, Norway. In order to select these isolates, the



aggressiveness of 20 isolates was tested (data not shown). Inoculum was prepared (as described
by Browne and Cooke 2004) by cultivating the fungal isolates on potato dextrose agar (PDA)
plates incubated at 20°C for 7 days under 12 hours cycles of near-ultraviolet (NUV) and white
light. Conidial suspensions were prepared by adding 10 ml sterile distilled water to each plate
and scraping the agar with a glass objective slide. Spore suspensions of each isolate were
adjusted with distilled water containing 0.2 % TWEEN 20 to 1 X 10° conidia ml"*. The plants
were inoculated 6 weeks after sowing by spraying each pot containing five plants with 10 ml
spore suspension. Distilled water was used to mock inoculate control plants. Inoculated plants
(three pots per entry per isolate) were randomly distributed among separate trolleys, while non-
inoculated plants were placed in separate trolleys. Immediately after inoculation, the plants were
covered with moistened cellulose wadding and black plastic sheets to maintain high humidity
during incubation at 2°C in darkness. Non-inoculated plants were treated the same way as
inoculated plants. The plants were incubated for 8 and 12 weeks in both experiments.

2.3 Evaluation of Snow Mould Resistance

After incubation for 8 and 12 weeks, the plants were cut to five cm above the soil surface
and allowed to regrow in a greenhouse at 22°C and 16 h supplemental light as described above.
After 2 weeks of regrowth, the plants were harvested (all parts above soil surface) and dried at
60°C for 3 days in order to measure dry weight (g DW pot™). Resistance to M. nivale was
calculated as relative regrowth, i.e. dry weight (g) of inoculated plants divided by dry weight of
non-inoculated plants within the same population after regrowth. Relative regrowth values
approaching 1 indicate high resistance as described by Hofgaard et al. (2006a).

3. Assessment of Winter Survival in Field
3.1 Growing Conditions

Seeds were germinated at 18-20°C in a greenhouse at the end of July 2011. After 2
weeks, the seedlings were transplanted into 5.5 cm plastic pots (one plant per pot) and kept in the
greenhouse for 3 weeks at 22°C under natural light conditions before they were moved outside
for adaptation to natural conditions for 1 week. The plants were then transplanted into the field in
mid-September 2011 in a completely randomized block experiment with four replicates each
with 23 plots (one plot per entry) at an experimental field at the Norwegian University of Life



Sciences, As, Norway (59°39'37"N, 10°47'1"E). Each plot consisted of 24 single plants planted
in a 4x6 row/column design with 15 cm between the plants in each direction. Weather data
during the two following winter seasons were obtained from the nearest weather station

(http://Imt-cloud.bioforsk.no/agrometbase/getweatherdata.php). Snow depth, air and soil

temperature were observed from October until May each year (Fig. 2), and resistance to winter
injury was scored visually in the spring (end of May) each year.

3.2 Inoculation with M. nivale

A highly aggressive isolate of M. nivale (isolate 200231, originally isolated from L.
perenne) was chosen for inoculation, based on a preliminary screening (data not shown). Three
replicates were inoculated in mid-November 2011 and mid-November 2012, while one replicate
was kept non-inoculated. Inoculum of M. nivale was prepared on wheat grains according to
Miedaner et al. (1993). Sterilized wheat grains were inoculated, and then incubated at 15°C for
10 days. Field inoculation was performed by adding two gram of infested grains (30- 35 grains)
to each plant. Non-inoculated plants were sprayed twice with the fungicide Stratego EC 250
(Bayer Crop Science AG Monheim, Germany) before planting into the field and before

inoculation.

3.3 Visual Assessment of Injuries

The degree of winter injuries was recorded in May 2012 and 2013, following the start of
spring growth. The visual appearance of the tillers of each plant was scored using the following
scale: 0 = no green tillers, 1 = some green tillers, 2 = less than 50% green tillers , 3 = more than
50% green tillers , and 4 = all tillers green (Hofgaard et al. 2003). The plants were cut three times
during the 2012 growing season, dry matter yield (kg per plot) and percentage of the first cut to
the total yield were determined. In spring 2013, winter survival was recorded as the number of
surviving plants divided by the total number of plants per plot.

4. Statistical Analyses
Statistical analyses were performed using PROC GLM in SAS version 9.2 (SAS Institute
Inc., Cary, NC, USA). Orthogonal contrasts were used to test for differences between species as

follows: F. pratensis vs. L. perenne and Festulolium, L. perenne vs. Festulolium, diploid vs.


http://lmt-cloud.bioforsk.no/agrometbase/getweatherdata.php

tetraploid L. perenne, and diploid vs. tetraploid Festulolium. Pearson correlation coefficients
between greenhouse and field data (except F. pratensis entries) were estimated using Minitab
statistical software version 16 (Minitab Inc., State College, PA) F. pratensis entries were
excluded from the correlation analysis due to the difference between F. pratensis and the other
species in developmental stage at the time of inoculation during the experiments in controlled
conditions. Differences between entries in snow mould resistance and winter survival were tested
using Tukey’s honest significance test, and differences between entries in dry matter yield and
the degree of winter injury were tested using Fisher's Least Significant Difference (LSD) test,
both tests performed using Minitab statistical software (version 16). The Ryan-Einot-Gabriel-
Welsch (REGWQ) multiple range test in SAS was used to test for differences between species
and species/ploidy levels in relative regrowth under controlled climate conditions, and dry

weight of the first cut in the field following inoculation.



RESULTS

1. Snow Mould Resistance under Controlled Conditions

We found that the M. nivale isolates used in this study (200231 and 201050) was not
significantly different as regards pathogenicity, except in experiment A after 8 weeks of
incubation where the difference in pathogenicity between isolates was barely significant (Table
2; P<0.045).. Differences in snow mould resistance between species were more significant in the
tests performed during spring (experiment B, F-values of 12.19”" and 8.45 ") than in the tests
performed in the autumn (experiment A, F-values of 2.52" and 2.86"). Orthogonal contrasts
revealed that F. pratensis entries were on average significantly less resistant than other entries
(except in experiment A after 12 weeks of incubation), whereas there was no significant
differences in resistance between L. perenne and Festulolium entries (Table 2). Significant
differences in resistance were also found between diploid and tetraploid Festulolium entries (F-
values of 7.14™, 5.67" and 17.22"""), except for experiment A after 8 weeks of incubation; with
tetraploid Festulolium being most resistant. Conversely, no statistically significant differences
were found between diploid and tetraploid L. perenne entries (except for experiment B after 8
weeks of incubation, F=17.20"""); although diploid L. perenne entries in general seem to be most
resistant. Interactions between isolates and entries and between isolates and species were not
significant (except between isolate and entries in experiment A after 12 weeks of incubation,
F=2.41"). Relative regrowth measured 2 weeks after incubation for 12 weeks under artificial
snow cover (experiment A and B) showed that tetraploid Festulolium entries, such as FURs0465
and FuURs0463, were most resistant (Fig. 1). Entries that were generated through natural selection
in Northern Norway (above 65° N), such as FURs0463, also showed good resistance levels. In
general, tetraploid Festulolium entries showed highest resistance levels in both experiments, and
F. pratensis cultivars were the most susceptible (Table 3).

2. Field Experiment
Weather data (duration and depth of the snow cover, as well as soil and air temperatures)
from October to May 2011-2012 and 2012-2013 are presented in Fig. 2. The climate in the two

years was very different. The 2011 late autumn was very mild compared to the late autumn of
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2012, resulting in a deeper and longer lasting soil frost in 2012. Also the snow cover was very
shallow and transient in the winter 2011-2012 compared with the following winter.

After the winter of 2011-2012, visual assessment of winter injury showed that the
Festulolium entries FURs0348 and FuRs0353, both diploid and adapted to south Norwegian
conditions, had lowest survival (visual scorings around 2). The other entries showed almost the
same degree of winter injury, with a visual scorings around 3 (Table 4). Total dry matter (DM)
yield was recorded by harvesting three times (week 25, 30 and 36) during the growing season of
2012 (Table 4). The Festulolium cv. Felopa had the highest total yield equivalent to 6.54 t ha,
while the L. perenne entry FuRa9805 was lowest yielding (2.94 t ha™). Only the dry weight of
the first cut showed significant differences between species and entries. F. pratensis was
significantly lower yielding compared to other species, while diploid entries of Festulolium
showed the highest yield, significantly different from tetraploid Festulolium entries (Table 3 and
5).

After the winter of 2012-2013, the visual assessment of winter injury (in May 2013) did
not reveal clear differences between entries (Table 4). However, analysis of variance based on
the proportion of plants surviving the last winter (recorded in July 2013) showed significant
differences between entries (Fig. 1). F. pratensis cultivars had the highest winter survival.
Among Festulolium and L. perenne entries, northern adapted cultivars of L. perenne (such as
Fagerlin and LgRa9401) had the highest winter survival, almost 70 to 80 % of the plants
survived. Moreover, amphiploid Festulolium (tetraploid) hybrids such as Felopa and FURs0467
had higher winter survival than introgression hybrids (diploid); no plants of FURs0026,
FuRs0348 and FuRs0353 survived (Fig. 1).

3. Correlation Analysis.

Correlation analysis based on the data from controlled conditions and the field
experiments showed no significant correlations between snow mould resistance under controlled
conditions and the degree of winter injury under field conditions (Table 6).

Tetraploid Festulolium hybrids (such as FURs0465 and FuRs0463) showed high snow
mould resistance under controlled conditions but their winter survival in the field was low.

Northern adapted cultivars of L. perenne, such as Fagerlin and LgRa9401, showed high winter
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survival in the field but had only a moderate snow mould resistance in the test under controlled
climate conditions. A significant positive correlation was found only between the visual
assessment of winter injury and the percentage of plants surviving the winter 2012-2013.
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DISCUSSION

1. Snow mould resistance under controlled conditions

The main objective of the present study was to identify plant materials of L. perenne and
Festulolium with good adaptation to the extended growth season caused by climate warming at
higher latitudes. Warmer autumns may give inferior conditions for cold acclimation. Cold
hardening is essential for development of maximal resistance to snow moulds in grasses
(Tronsmo 1984b; Tronsmo 1994), and current cultivars of perennial grasses may be more prone
to snow mould injuries in the future climate. Thus, we need forage grass cultivars with adequate
levels of winter survival and snow mould resistance adapted to the new climate. Little is known
about the variation in snow mould resistance of cultivars and breeding populations of L. perenne
and Festulolium developed for northern regions. In this study, we wanted to evaluate snow
mould resistance in non-cold acclimated plants in order to mimic the expected future conditions
during warmer autumns, and compare this with winter survival of the same plant materials in the
field.

Two experiments (A and B) were conducted (once during autumn and once during
spring) and the plants were incubated for 8 and 12 weeks after inoculation. We used different
lengths of the incubation period because in our experience, a longer incubation period is needed
when inoculating with fungal spores compared to inoculation with a mycelial suspension.
Moreover, the perennial ryegrass and Festulolium plants at 6 weeks age were quite well
developed at the time of inoculation. Significant differences in snow mould resistance between
species were detected in both test A and B, but highly significant differences (P<0.001) were
only found in the experiment performed during spring. Arsvoll (1977) also found that snow
mould resistance under controlled conditions depends upon the growth conditions before
inoculation. In both our tests, differences in resistance between entries were less distinct (lower
F-values) after a long incubation period (12 weeks). Therefore, it is difficult to detect differences
in resistance if the plants are propagated at higher temperatures or at longer photoperiods also if
the plants are incubated for longer periods. Similar results were found by Arsvoll (1977). In the
current study no significant interactions were found between species and isolates. Two M. nivale
isolates from different host plants were used to reveal host preferences between isolates since

plant materials used in this study consisted of different grass species. However, differences in
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pathogenicity between the isolates were not-significant in most of our experiments. The
interaction between isolates and entries was only significant in experiment A after 12 weeks of
incubation. However, no significant difference was found between isolates in this experiment.
The significant isolate x entry interaction was most likely due to the longer incubation period
generally reducing plant regrowth and several entries died, especially entries inoculated with
isolate 200231 which was more pathogenic than isolates 201050.

F. pratensis is generally known to have better winter survival than both L. perenne and
Festulolium (Pociecha et al. 2008). Nonetheless, in the present study entries of F. pratensis had
the lowest resistance to snow mould, measured as relative regrowth. The reason may be the
plants were at a much younger developmental stage at the time of inoculation due to the slower
establishment of F. pratensis. Thus, this result may reflect that the test method used in this study,
is unsuitable for comparing grass species with very different rates of germination and growth. In
a study of injury caused by M. nivale or Sclerotinia borealis in cultivars of Phleum pratense and
F. pratensis, the variation in plant development did not appear as a confounding factor (Tronsmo
1984a). However, both P. pratense and F. pratensis have slower development than L. perenne
and Festulolium. An alternative approach for comparing different grass species is to test older
plants that have been cut once or twice.

In the present study, we found significant differences in snow mould resistance between
amphiploid Festulolium (tetraploid) entries and diploid entries in most of the controlled
experiments, with tetraploid entries such as FURs0463 and FURs0465 being the most resistant
ones. Amphiploid hybrids demonstrated better winter survival than diploid introgression hybrids
under Nordic conditions (Jstrem et al. 2013). Also the entries degree of northern adaptation had
significant influence on their responses to snow mould infection. However, we found that entries
adapted to south Norwegian conditions, such as FURs0465, and continental central European
conditions, such as Felopa (LmFp/T) and Picaro (Lp/D), were able to achieve a good level of
snow mould resistance. Furthermore, this might reflect the genetic background of the material
and not only the area of adaptation.

Due to global warming, future weather conditions during autumn may not be sufficient
for cold acclimation of most of the current cultivars. Regional climate change projections
conclude that the largest warming is projected for northern Europe, and that the duration of the

snow season will very likely be shorter (Christensen et al. 2007). Under future climate,
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occurrence of snow mould attack may be less frequent, but more serious outbreaks can be
expected in some years (Murray and Gaudet 2013; Rapacz et al. 2014). Thus, southern adapted
materials may be considered as good sources for snow mould resistance under future climatic

conditions with shorter cold acclimation periods.

2. Field experiment

In the present study, F. pratensis cultivars survived well during both winters, which can be
explained by these cultivars being highly adapted to harsh winter conditions. In addition to the
different weather conditions during the two years, a reduced winter survival from first to the
second (and third) year for the non-native species (L. perenne and Festulolium) is as expected.
Furthermore we found that artificial inoculation in the field experiment was most efficient when
the weather conditions were favourable for M. nivale, i.e. during the winter of 2012-2013 when
the snow cover lasted quite long, from the beginning of January until the end of April. On the
contrary, the winter conditions during the winter of 2011-2012 were not suitable for snow mould
development, most entries survived well and very little variation in winter survival was revealed
(Table 4). Therefore, a non-significant correlation was found between the degree of winter injury
and the percentage of the first cut to the total yield. Resistance to snow mould is considered to be
a quantitative trait, and under field conditions it can be masked by the winter survival ability of
the plant (Ergon et al. 2003; Gaudet 1994; Hofgaard et al. 2006b).
In the present study, winter survival under field conditions was largely determined by the degree
of northern adaptation of each entry, except for F. pratensis entries, which survived equally good
irrespective of origin. A southern adapted diploid introgression hybrid (FURs0467) showed better
winter survival (32% of plants survived) than hybrid FURs0348 developed from surviving plant
materials of a population from United Kingdom (0% survival). Although both being bred by
introgression method and selected under Norwegian conditions these differences reflect the
higher inherent potential for adaptation in the plant breeding material originating from Nordic
conditions compared with more southern conditions. Furthermore, the Festulolium entry
FuRs0463, which was selected from the southern adapted cultivar Fabel (FURs9806) under
Northern Norwegian conditions, showed good winter survival. Hence, the selection for only two
winters in Bode (67° 17’ N) increased winter survival of FURs0463 (30% of plants survived) in

comparison to Fabel (3 % of plants survived). In order to improve winter survival of non-adapted
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materials, natural selection for several generations will be necessary since adaptation processes
takes a long time. Natural selection of Festulolium has proved successful (Casler et al. 2002) and
therefore, such material could be useful in breeding program for future climates. The adaptation
type of L. perenne entries also had considerable impact on their response towards snow mould
infection. Entries adapted to North Norwegian conditions, such as Fagerlin and LgRa9401,
showed good winter survival and they showed moderate resistance towards snow mould in the
controlled condition experiments. Winter survival depends on many factors and traits; one of
them is snow mould resistance. Previous studies have shown that P. pratense and F. pratensis
populations originating from Northern Norway were more resistant to snow mould fungi and had
less winter injury than southern adapted populations (Arsvoll 1977; Jamalainen 1974). Climatic
conditions in Scandinavia provide great potential for utilizing Festulolium hybrids (@strem et al.
2013), which combine the high productivity of Lolium with the high winter survival of Festuca
(Rapacz et al. 2005). The major problems facing Festulolium breeding programs are low seed
production and genetic instability, mainly because the domination of the ryegrass genome over
the fescue genome (Kopecky et al. 2005; Thomas et al. 2003). The risk of losing Festuca genes
responsible for winter survival and disease resistance during the backcrossing is considerable
(QDstrem et al. 2013). Identification of the different traits responsible for winter survival and
disease resistance will help breeders to select and map the major genes responsible and integrate
those genes into new hybrids (Humphreys et al. 2003). According to @strem et al. (2013) natural
selection under Nordic conditions generally should result in better winter survival ability of the
Festulolium hybrids.

Our results did not reveal significant correlations between snow mould resistance of non-
hardened plants under controlled conditions and winter survival under field conditions. This may
indicate that cold acclimation exerts a major influence on the expression of snow mould
resistance. However, snow mould resistance testing under controlled conditions could help in
identifying the most resistant and the most susceptible genotypes or populations, and to separate
snow mould resistance from other winter stress factors. Moreover, the sources of resistance to
snow mould identified in this study, especially from Norwegian adapted entries, should be
exploited in further breeding programs, taking into consideration that also entries adapted to
central European conditions could be good sources of snow mould resistance under future

climates.
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Table 3. Relative regrowth (resistance #) under controlled climate conditions and dry weight of

the first cut in the field following inoculation averaged within species and species/ploidy levels.

Controlled climate conditions experiments ®

Experiments A B
Dry weight of first

Incubation period ~ 8weeks  12weeks  8weeks 12 weeks cut ®
Festuca pratensis 0.53b 0.1lab 0.61b 0.35¢ 0.68d
Festulolium / D 0.56ab 0.08ab 0.83a 0.44bc 0.96a
Festulolium / T 0.61ab 0.06b 0.75a 0.63a 0.84b
Lolium perenne /D 0.69a 0.11ab 0.83a 0.51ab 0.78bc
Lolium perenne /T 0.65ab 0.18a 0.65b 0.44bc 0.87ab

# Resistance towards two Microdochium nivale isolates in 22 cultivars and candivars of L.
perenne, F. pratensis and Festulolium under controlled climate conditions during autumn (exp.
A) and spring (exp. B). Resistance was measured as relative regrowth, i.e. dry weight of
inoculated plants divided by dry weight of non-inoculated control plants.

® Dry weight (Kg) of inoculated plots (3 replications, 24 plants in each) during the 2012
growing season.

Ploidy level is indicated as diploid (D) and tetraploid (T). Different letters indicate significant
differences based on Ryan-Einot-Gabriel-Welsch (REGWQ) multiple range test (P <0.05).
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Table 4. Dry matter yield (DMY t ha™) and the degree of winter injury in the spring of 2012
and 2013.

DMY 20122 (t  Winter injury >  Winter injury °

Entry Species 4
ha™) (2012) (2013)

Fure F. pratensis 3.97cd 2.6abc 2.4a
Norild F. pratensis 3.95cd 2.5¢cd 2.4a
Stella F. pratensis 4.24bhcd 2.6abc 2.0a
FuRs0356 Festulolium 5.02abcd 2.8abc 0.1b
FuRs0026 Festulolium 4.73abcd 2.8abc 0.0b
FuRs0467 Festulolium 6.21ab 2.9ab 0.2b
FuRs0348 Festulolium 5.99abc 1.9e 0.0b
FuRs0353 Festulolium 6.42a 2.1de 0.0b
FuRs0142 Festulolium 4.96abcd 2.7abc 0.1b
FuRs9812 Festulolium 4.4abcd 2.6abc 0.1b
FuRs9806 Festulolium 4.2bcd 2.5abc 0.0b
FuRs0463 Festulolium 4.59abcd 2.7abc 0.1b
Felopa Festulolium 6.54a 2.6abc 0.2b
FuRs0465 Festulolium 4.88abcd 2.5abc 0.0b
Arka L. perenne 5.31abc 2.8abc 0.0b
Fagerlin L. perenne 4.75abcd 2.8abc 0.4b
FuRa9805 L. perenne 2.94d 2.8abc 0.0b
Picaro L. perenne 5.33abc 2.9a 0.0b
Figgjo L. perenne 6.05abc 2.7abc 0.0b
Ivar L. perenne 4.61abcd 2.7abc 0.1b
LoRa9401 L. perenne 3.91cd 2.8abc 0.6b
Fjaler L. perenne 4.47abcd 2.7abc 0.1b
Fenre L. perenne 5.21abc 2.6abc 0.0b

® Total dry mater yield (tonne per hectare) over 3 cuts during the growing season of 2012.

® The degree of winter injury was measured by visual scoring during the growing season of
2012 (May 2012) and 2013 (May 2013). Visual assessment was done according to the
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following scale: 0 = no green tillers, 1 = some green tillers visible, 2 = green tillers found in
less than half of the total plant area, 3 = green tillers found in more than half of the plant area,
and 4 = green tillers observed in the whole plant area. Different letters indicate significant

differences based on Fisher's Least Significant Difference (LSD) test (P < 0.05).
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Abstract

Microdochium majus and Microdochium nivale cause important diseases in grasses
and cereal crops in the temperate regions. Both fungi can infect the plants during winter as
well as under cool humid conditions during spring and fall. In the present study, the relation
between pathogenicity and genetic diversity of different strains of both species were
investigated. A pathogenicity test of 14 M. nivale isolates and two M. majus isolates was
conducted on four different grass cultivars of Lolium perenne and Festulolium hybrids. A
large variation in pathogenicity was found between the M. nivale isolates. Furthermore, M.
nivale strains originally isolated from grasses were more pathogenic than isolates from
cereals. The genetic diversity of M. nivale and M. majus isolates was studied by sequencing
four different genetic regions; Elongation factor-lalpha (EF-1«), Beta-tubulin, RNA
polymerase Il (RPB2) and Internal transcribed space (ITS). Phylogenetic trees based on the
sequence of the four genes, resolved M. nivale and M. majus isolates into separate clades.
Higher genetic diversity was found among M. nivale isolates than among M. majus isolates.
Furthermore, genetic differences were found between M. nivale isolates from different host
plants (grasses vs. cereals) and different geographic regions (Norway and UK vs. North-
America). Sequence results from the RPB2 and B-tubulin genomic regions were more
informative than those from the ITS and EF-/a genes. The genetic and phenotypic
differences detected between Norwegian M. nivale isolates from cereals and grasses support

the assumption of the existence of host specialization within M. nivale isolates.

Key words:

Microdochium majus, Microdochium nivale, pink snow mould, genetic diversity and
pathogenicity



Introduction

Microdochium nivale (Fr.) Samuels and I. C. Hallett is the most prevalent low
temperature pathogen in cereals and grasses in Norway (Arsvoll 1973; Ergon et al. 2003;
Larsen 1994). The fungus was first described by the Swedish mycologist E.M. Fries (1825)
under the name Lanosa nivalis. Fries characterized the fungus by its ability to attack wheat
and grass plants under snow cover (Noble & Montgomerie 1956). Due to its similarity with
Fusarium species, it was given the name Fusarium nivale (Tronsmo et al. 2001). The fungus
has been reclassified several times (Booth 1971; Gams 1989; Glynn et al. 2005; Samuels &
Hallett 1983). The fungus produce conidia of two different sizes and with different number
of septa and was according to this divided into two varieties, var. majus and var. nivale, by
Wollenweber (1930). Gams and Muller (1980) reclassified the fungus as Gerlachia nivale
due to the absence of conidial foot cell. Later Samuels and Hallett (1983) showed that the

fungus rather belong to the genus Microdochium.

Molecular genotyping techniques have been applied to investigate genetic
differences between isolates of Microdchium var. majus and Microdchium var. nivale. Parry
etal. (1995) were able to differentiate between the two varieties using restriction enzyme
analysis of the Internal Transcribed Spacer (ITS) region. Lees et al. (1995) confirmed the
distinction between the two varieties by using RAPD (Random Amplified Polymorphic
DNA) genotyping. Lees et al also detected higher levels of diversity in var. nivale isolates
than in var. majus isolates. Later Glynn et al. (2005) suggested that var. majus and var.
nivale should be two different species, Microdochium majus and Microdochium nivale,
based on the elongation factor 1 alpha gene sequences. Several studies have used
constitutive genes such as RNA polymerase Il (RPB2) and the B-tubulin gene to study
fungal population structure in relation to host or geographic origin (Einax & Voigt 2003;
Myllys et al. 2001; Pavlic et al. 2009). Recently Jewell and Hsiang (2013) used B-tubulin
and RPB2, elongation factor 1 alpha (EF-/a) gene sequences, in addition to the ITS region
to differentiate between M. nivale and M. majus isolates from different host plants and
different geographic regions. In that study, isolates from different geographic origin (Europe
vs. North America) and different host plants (grasses vs. cereals) were different based on

RPB2 and B-tubulin genes sequence.

Variation in pathogenicity between M. majus and M. nivale has been reported in

several studies on grasses (Hofgaard et al. 2006; Holmes 1976) and on cereals (Diamond &



Cooke 1999; Maurin et al. 1995). Isolates of M. nivale were more pathogenic on winter rye
than M. majus isolates (Simpson et al. 2000), as well as on perennial ryegrass (Hofgaard et
al. 2006), while M. majus isolates were more pathogenic on winter wheat (Diamond &
Cooke 1997; Simpson et al. 2000). Furthermore, differences in pathogenicity was found
among isolates of M. nivale from grasses and from cereals (Arsvoll 1973; Hofgaard et al.
2006; Litschko & Burpee 1987; Smith 1983). Host specialization within the groups of M.
nivale isolates has been studied by molecular genotyping techniques such as RAPD and
IGS-RFLP (the intergenic spacer restriction fragment length polymorphisms) (Mahuku et al.
1998), and also by DNA sequencing (Jewell & Hsiang 2013). Moreover, both studies
indicate the existence of host specialization especially within M. nivale isolates. In the study
by Mahuku et al. (1998) isolates from different grass species (100 isolates ) were grouped

in four clusters according to their host using IGS-RFLP analysis .

An effective strategy for disease control should be based on knowledge of the
population structure of the plant pathogen, and how the level of genetic variation between
the pathogen populations reflects the interaction between the pathogen and the host plant
(Allard 1990; McDonald & McDermott 1993). Therefore, the aim of our study was to
characterize genetic and phenotypic (pathogenicity) diversity of different Norwegian
isolates of M. nivale and M. majus by testing pathogenicity of 17 isolates (15 isolates of M.
nivale and two isolates of M. majus) and sequencing the genomic regions of four genes;
Elongation factor-1 alpha (EF-1a), Beta-tubulin, RNA polymerase 1l (RPB2) and Internal
transcribed space (ITS).



Materials and methods

1. Fungal isolates, identification and cultivation

The isolates used in this study were mainly collected in the period from 1975 to
2010, M. nivale isolates were mainly isolated from leaves of both cereals and grasses
displaying snow mould symptoms, whereas most of the M. majus isolates were isolated
from symptomatic leaves or seeds of wheat (Table 1). M. nivale isolates NG26 and NG42,
and M. majus isolates NG3 and NG36 were kindly provided by Simon Edwards, Harper
Adams University, UK. One isolate of M. majus (OP2A) was kindly provided by Roy
Browne, University College Dublin, Ireland. The isolates were preserved at — 80 °C as
mycelium on 5 mm PDA (potato dextrose agar) plugs in 1.5 ml microfuge tubes in the
fungal culture collection at NIBIO, Plant Health Division, As, Norway (Table 1). Fungal
isolates were identified to species based on colony and conidial morphology according to
Gerlach and Nirenberg (1982). Asporogenic isolates (7 isolates listed in Table 1) were

classified using polymerase chain reaction (PCR) according to Glynn et al. (2005).
2. Pathogenicity test

A pathogenicity test was performed on the grass species Lolium perenne cvs. Figgjo
and lvar, and Festulolium hybrids FURs9812 and FURs0463. Seeds were germinated in a
greenhouse at (18 to 22) °C and 16 h photoperiod. The greenhouse was supplemented with a
light source (Constant Color CMH™ Lamps 400W) of about 250 pumol photosynthetic
active radiation (PAR) m™ s, After two weeks, the seedlings were transplanted to 10 cm
pots containing fertilized soil mixture (Gartner jord, Tjerbo); 5 plants per pot and 6 pots per
cultivar (3 for inoculation and 3 as controls). The plants were fertilized weekly with a
mixture of 80 g/L Kristalon™ fertilizer 06-12-36 and 60 g/L of YaraLiva® Calcinit 15.5-0-
0 (Yara International ASA, Oslo, Norway).

Isolates of M. nivale (15 isolates) and M. majus (two isolates) were selected for this
study (as listed in table 1). To recover the isolates after storage, they were inoculated onto 9
cm PDA plates and incubated for 10 days at 9 °C in darkness. The isolates were then
transferred to new plates and incubated at 20 °C for 7 days under 12 hours cycles of near-
ultraviolet and white light for sporulation. Conidial suspensions were prepared by washing
the agar with 10 ml sterile distilled water containing 0.2 % Tween 20, and adjusted to 1 x

108 conidia mI™,



Each of the 17 isolates was inoculated on each of the four cultivars (3 pots per isolate) by
spraying 10 ml of the spore suspensions per pot, as described by Hofgaard et al. (2006).
Controls were sprayed with distilled water containing 0.2 % Tween 20. Inoculated plants
were randomly distributed on four trolleys, while non-inoculated plants were placed on two
separate trolleys. To maintain high humidity during incubation at 2 °C in darkness, all plants
(including controls ) were covered with moist cellulose wadding and black plastic sheets
immediately after inoculation. The experiment was conducted twice, the first time
(experiment A) plants were incubated for 8 weeks after inoculation and the second time

(experiment B) plants were incubated for 9 weeks after inoculation.

After incubation, the plants were cut to 5 cm above the soil surface and allowed to
regrow in the greenhouse under the same conditions as described above. After two weeks of
regrowth, all plant material above the ground were harvested and dry weights (g /pot) were
determined. Pathogenicity was calculated as 1- relative regrowth (as described by Hofgaard
et al. 2006).

Analysis of variance in pathogenicity between isolates was performed using PROC
GLM in SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). Significant differences
between isolates (P < 0.05) in pathogenicity were calculated by Ryan-Einot-Gabriel-Welsch
(REGWQ) multiple range test in SAS.

3. DNA extraction

Isolates of M. nivale (30 isolates) and M. majus (14 isolate) were selected for DNA
sequencing. Isolates were a part of the same collection as mention above (isolate description
was listed in table 1). Fungal isolates were inoculated on PDA plates and incubated for one
week at 20 °C in darkness. Mycelium was harvested by carefully scraping it off the agar
surface using a clean razor blade, and then frozen quickly in liquid nitrogen and grinded
using a mortar and a pestle. DNA was extracted from100 mg grinded mycelium using
DNeasy Plant Mini Kit (Qiagen Inc., Germany), according to the manufacturer’s protocol.
DNA quality was verified by agarose gel electrophoresis. DNA was stored at — 20 °C prior
to PCR amplification.



4. PCR amplification and sequencing

PCR amplification was performed in a 25 pl volume containing 2.5 ul of Taq
polymerase buffer (10 x GeneAmp PCR buffer contain 15 mM MgCl,), 10 pmol each of
forward and reverse primer (Invitrogen Ltd, UK), 200 uM dNTP, 1.0 unit Taqg DNA
polymerase (AmpliTaq - Applied Biosystems, Foster City, CA) and 2 ul of fungal DNA.
For ITS amplification the cycling protocol was performed according to White et al. (1990).
For the EF-1a gene amplification the protocol was according to Glynn et al. (2005). For the
RPB2 gene and the B-tubulin gene the amplification protocols were as described by Jewell
et al.(2013) . The PCR products were visualized using gel electrophoresis and a UV-
transilluminator (GelDoc 1000 gel documentation system, BioRad). The PCR products were

purified and sequenced in both directions at GATC Biotech (Germany).
5. Sequence data analysis

DNA sequence data were assembled and analysed using the Lasergene Segman
software (DNAStar Inc.). Genomic sequences used in further analyses have been deposited
in the NCBI GenBank® database (accession numbers: KT736151 - KT736180 for EF-1a,
KT736181 - KT736220 for ITS, KT736221 - KT736256 for B-tubulin and KT736257 -
KT736288 for RBP2). Fragments of 723, 647, 404, and 399 bp were used to produce
multiple sequence alignments for RBP2, B-tubulin, EF-1a and ITS respectively. Available
sequence of RPB2 and B-tubulin for isolates from North America were obtained from the
NCBI GenBank® database (supplementary Table 1). The sequence alignments were
performed using the CLC Main Workbench version 6.9.1 (CLC Inc. Aarhus, Denmark) with
default parameters. Neighbour-joining (NJ) phylogenetic trees were constructed for each
gene by the CLC software using maximum likelihood (ML) algorithm with 1000 bootstrap
replicates. Pairwise comparison was computed based on aligned sequence using CLC
Genomic Workbench version 6.9.1 (CLC Inc. Aarhus, Denmark) to estimate the percentage
of identity (percentage of identical residues in alignment position to overlapping alignment
between sequences), as well as the pairwise distance based on the Jukes-Cantor distance.
The sequences of Microdochium bolleyi were used as out-group for RPB2 and B-tubulin
genes. The branch tips of each tree were labelled with isolate number, species (M or N for
M. majus or M. nivale, respectively), host origin (C or G for cereals or grasses,
respectively), and geographic origin (NA for North America, NO for Norway, UK for
United Kingdom and IR for Ireland). .



Results
1. Pathogenicity and host specialization

Significant and large differences in pathogenicity were found among M. nivale and
M. majus isolates (Fig. 1). Plants infected with M. nivale isolates 200231, 201050, 200272
and 201053 had the lowest relative regrowth (lower than 0.1), while plants inoculated with
isolates 200114 and 200136 had the highest relative regrowth (higher than 0.9) (Fig. 1). M.
majus isolates (two isolates) showed very low pathogenicity on all four grass cultivars (Fig.
1). M. nivale isolates from grasses were more pathogenic (mean value of the relative
regrowth was 0.4) than isolates from cereals (mean value of the relative regrowth was 0.6),
when inoculated on the four grass cultivars (Fig. 2). Moreover, the interaction between

isolates and cultivars was significant only in experiment A (Table 2).
2. Sequence variation between isolates

The sequence of the four different genomic regions RPB2, ITS, EF-1a and -tubulin
revealed slightly different phylogenetic structures. However, the RPB2and the B-tubulin
separated M. nivale and M. majus isolates clearer than the other two did. For the B-tubulin
gene, all isolates of M. majus formed a single clade with a bootstrap value of 99 % and 99.6
% sequence identity, while the M. nivale isolates formed two clades with bootstrap values of
100 % and pairwise distance of 0.05 (Fig. 3a). The first M. nivale clade represents isolates
from grasses (17 isolates) in Norway and North-America with 99.6 % sequence identity,
with the exception of isolate 200108 that was isolated from wheat in Norway. The second
M. nivale clade represents only isolates from cereals (10 isolates), originating from Norway,
United Kingdom and North-America with 99.4 % sequence identity. For the RPB2, also all
M. majus isolates grouped together in one cluster, which was divided into subclades, all
with bootstrap values of 100 % and pairwise distance of 0.07 (Fig. 3b). One clade represents
isolates from Norway and United Kingdom (8 isolates from Norway and 1 isolate from UK)
with 99.4 % sequence identity; the other represents isolates from North-America (3 isolates)
with 97.2 % sequence identity. Furthermore all M. nivale isolates from Norway and United
Kingdom (21 isolates from Norway and two isolates from UK) were grouped in one sub-
cluster with a bootstrap value of 100 % and 96.4% sequence identity. Isolates from North-
America (6 isolates) were all in one cluster, which was divided into two sub-clusters

corresponding to the host origin (cereals vs. grasses).



The phylogenetic analysis based on the EF-1a gene sequence (Fig. 4a) only showed two
major clusters with pairwise distance of 0.08, one represents isolates of M. nivale (20
isolates with 99.7 % sequence identity) and the other represents isolates of M. majus (10
isolates with 96.1 % sequence identity). No clear sub-clusters were formed and we found no
clear difference between isolates based on the origin of their host. The ITS sequence
analysis (Fig. 4b) revealed low genetic diversity, but still two major clusters were formed
for isolates of M. nivale and M. majus with pairwise distance of 0.02 (28 isolates with 99.2

% and 12 isolates with 99.8 % sequence identity respectively).



Discussion

The main aim of this study was to investigate pathogenicity of M. nivale isolates
from different host plants and the genetic variation among isolates of M. nivale and M.
majus. Therefore, a pathogenicity tests was conducted with 15 isolates of M. nivale and two
isolates of M. majus on four different grass cultivars. The nucleotide sequences of four
different genomic regions were investigated in approximately 40 isolates including M.

nivale and M. majus.

We detected large differences in pathogenicity between the 17 M. nivale isolates.
Since M. nivale isolates are regarded as more pathogenic on grasses than M. majus
(Hofgaard et al. 2006), only a few M. majus isolates were used in this study. This result
confirmed previous studies using different species of grasses (Hofgaard et al. 2006; Holmes
1976) and cereals (Diamond & Cooke 1999; Maurin et al. 1995). According to Hofgaard et
al. (2006) highly pathogenic isolates had faster growth on PDA at 2 °C, as well as higher
activity of the cell wall-degrading enzyme B-glucosidases than isolates with low
pathogenicity. This may indicate that pathogenicity and host specialization of an isolate may
be related to cell wall composition of the host and the isolate’s ability to produce specific
cell wall degrading enzymes. The present study showed that isolates from grasses were
significantly more pathogenic on the four grass cultivars than isolates from cereals. This
result agrees with a previous study by Hofgaard et al. (2006), who investigated the
differences in pathogenicity between M. nivale isolates and found that isolates from grasses
were highly pathogenic towards perennial ryegrass. Significant interaction between isolates
and cultivars was only found in experiment A, the reason for this could be that cultivars
from different species show different resistances level during this experiment, whereas
significant difference was found between Festulolium and Lolium perenne cultivars

(Festulolium cultivars were more resistance ).

In order to study the genetic variation between isolates, the nucleotide sequence of
four genomic regions (RPB2, EF-/a and B-tubulin as well as the ITS) were sequenced in
almost 40 isolates of M. nivale and M. majus from Norway, United Kingdom and Ireland.
Clear genetic differences between the two fungal species were detected in all four genomic
regions. This results agrees with previous studies by Glynn et al. (2005) and by Jewell and
Hsiang (2013), while in the latter study the ITS sequences could not differentiate between

the two species. In the present study the differences between isolates based on the
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geographic origin and host plants were found using the gene sequences of RPB2 and B-
tubulin. Moreover, our results do support the proposition by Glynn et al. (2005) that M.

nivale and M. majus should be considered as two separate species.

Furthermore larger genetic variation was found among M. nivale isolates in
comparison to M. majus. This result agrees with the previous studies by Maurin et al.
(1995), Glynn et al. (2005) and Mahuku et al. (1998). Fungal populations with high level of
genetic diversity such as M. nivale are more likely to have a wider host range, and to
develop resistance to fungicides than those with low genetic diversity (McDonald &
McDermott 1993; Walker et al. 2009). Therefore understanding plant pathogen population

structure may have a large impact on snow mould management and grass production.

In order to study the association between geographic origin of the isolates and
sequences variation, the gene sequences of RPB2 and B-tubulin from six North-American
isolates were obtained from NCBI GenBank®. Only one of the studied genes (RPB2)
clustered M. nivale isolates according to their geographic origins; North-American isolates
were placed in one cluster with a bootstrap value of 100 %, while isolates from Norway and
UK formed another cluster. The p-tubulin gene sequences revealed less clear difference
between isolates connected to their geographic origin. This result agrees with a recent study
by Jewell and Hsiang (2013) who found that isolates from different geographic origin
(Europe vs. North America) were genetically different based on the RPB2 gene sequence,

whereas the B-tubulin gene sequence did not reveal that difference.

The B-tubulin gene sequences, revealed differences between M. nivale isolates
connected to the host plants they were isolated from (cereals vs. grasses). M. nivale isolates
from cereals formed one cluster with a bootstrap value of 54 %, while isolates from grasses
(except isolate 200108 from cereals) formed another cluster with a bootstrap value of 50%.
M.nivale has a wide host range, but different isolates show different host preferences.
Therefore, more investigation is required to understand the relation between host preference

and genetic variation in M. nivale and M. majus populations.

In conclusion, the result from this study supports the classification of M. nivale and
M. majus as two different fungal species. The genotypic and phenotypic (pathogenicity)
differences detected between Norwegian M. nivale isolates from cereals and grasses in our
study, support the assumption of the existence of host specialization within M. nivale

isolates. Further studies may reveal that the “pathotypes” of this species should be regarded
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as separate species or subspecies. In conducting screening tests for snow mould resistant
cultivars of different grass species, it is therefore important to select isolates of the right

“pathotype” of the fungus.
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Table 1. Geographic and host-plant origin of Microdochium nivale and M. majus isolates,

and the different genomic regions sequenced from each isolate.

Genomic regions sequenced

inal isol Geographi
Isolate D Original isolate Species  Host plant corgin ITs® e B 5PBZ
name tubulin
200101® 3920 M. majus Hordeumvulgare Norway  +° - + -
200105® 4896 M. majus  Triticum sp. Norway  +  + + +
200106 4897 M. majus  Triticum sp. Norway + + + -
200107® 4898 M. majus  Triticum sp. Norway  + - + +
200109 4900 M. majus  Triticum sp. Norway + + + +
200112 4925 M. majus Triticum sp. Norway - - + +
200130 4/91 M. majus Poa annua Norway - - + +
200132 13/91 M. majus  Triticum sp. Norway + + + +
200276° NG3 M. majus  Triticum sp. England  + + + -
200278 NG36 M. majus  Triticum sp. England + + + +
200284 OP2A M. majus Triticum sp. Ireland + - + -
200349%  67/03 M. majus  Triticum sp. Norway + + + -
200404 122/03 M. majus Triticum sp. Norway + + + +
200434 12/04 M. majus  Triticum sp. Norway + + + +
200103% 4222 M. nivale Lolium perenne Norway + + + +
200104°% 4223 M. nivale Secale cereale Norway + - + +
200108® 4899 M. nivale Triticum sp. Norway - + + +
200111 4902 M. nivale Triticum sp. Norway - + + +
200113 177 M. nivale Phleum pratense  Norway + + - +
200114%  4/83 M. nivale Dactylis Norway + - - +
glomerata
200116 39/83 M. nivale Festuca pratensis  Norway + - - -
200118®  3/86 M. nivale Loliumperenne  Norway  +  + + -
200119 4/86 M. nivale Lolium perenne Norway + + + +
200120%  19/87 M. nivale Secale cereale Norway + + + +
200122@  21/87 M. nivale Lolium perenne Norway + + + +
200124 28/87 M. nivale Lolium perenne Norway + + + +
200131 6/91 M. nivale Festuca pratensis Norway + - + -
200136%  5/93 M. nivale Lolium perenne Norway + + + +
200231%  3/98 M. nivale Lolium perenne Norway + + + +
200258@  30/98 M.nivale Lolium perenne  Norway  +  + + +
200272%  1/99 M. nivale Festuca pratensis Norway + + - -
200277 NG26 M. nivale Triticum sp. England + + + +
200279% NG42 M. nivale Triticum sp. England + + + +
200444 22/04 M. nivale Secale cereale Norway + + + +
200518°  02/06 M. nivale A\9rostis Norway  + - + +
stolonifera
200555 39/06 M. nivale Festuca rubra Norway + + + +
200559  43/06 M. nivale Triticum sp. Norway + + + +
200566  50/06 M. nivale A9rosts Norway + +  + :
stolonifera
200846°%  148/08 M. nivale Festuca rubra Norway + + - -
201049 49/10 M. nivale Festulolium Norway + - - -
201050%  50/10 M. nivale Festulolium Norway  + + + +
201052 52/10 M. nivale Lolium perenne Norway + - - +
201053% 53/10 M. nivale Lolium perenne Norway + - - +
201054%  54/10 M. nivale Lolium perenne Norway + - + +
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@ Asporogenic isolates were classified using PCR according to Glynn et al. (2005); + The
amplicon was sequenced and analysed in this study; - The amplicon did not give a good
quality sequence. ® Isolates used in the pathogenicity test. ” Internal Transcribed Spacer
region. ¢ Elongation factor-1a. “RNA polymerase II.

17



81

'S|aA3] UsaMIa] SaoualalIp Joj anjead,
"S|9AS| U3aMIQ S3OURJSLIP J0J aNJeA o,

¥0'0 6C 200 er'T 09 013
SN0 ve'T 900 2T 9200 LT 00 LT 2y (sa103ds) sieAnInD «Soye|os]
1000 g9’/ 9g'0 €L0 2000 199 ST 1€°0 Z (sa108ds) sreAnnd
6.L°0 800 €000 €000 6€0°0 447 0T’0 0T'0 T (d7 "sA 84) sa10ads sreanind
1000> v6'vE 89'T G6'1C 1000> 9/ €80 6.°0T €T (wbuio 1s0y) sare|os|
1000 18T 290 290 1000> 80y S0'T S0'T T (5355210 "SA §[e8190) UIBO
1S0Y S81e|0SI 3eAIU "I\
. arenbs salenbs . arenbs salenbs 92IN0S

. B1S ed UBaI jo wns . B1S ed UBOIN jo wns

111 8dA1 11 8dA1 40

g Juswiiadx3

V Juswadx3

"ymmoJaBal Jo sxeam oMy Aq pamo)|o) g Juswiiadxa
UI SY99M 3UIU puUe \/ JuswiLIadxa ul uoleqnaul Jo syaam 1ybia Jaye painseaw sem Aloiusboyred “(£970sdNd pue g186s4n4 ‘e ‘olb6iq)
SIeAIND SSelb JUBIBLIP IN0J U0 3[eAIU “|Al JO Sa1e|osI GT Jo Auoluaboyied ayy ul (japow Jeaul| [edauab syl uo paseq) aoueLeA Jo sisAjeuy "z ajgel



B M.majus

B M.nivalefrom cereals

B M.nivalefrom grasses

200276.Tr

71 200114.Dg

200349.Tr

200559.Tr

o

Vv

(8]

—%0%00

— 7 e

<
o

x < N
[=) [=) =)

ymnoaBal anirejaa -1 (enjen abeaane) Alo1usboyred

200120.Sc

200279.Tr

200104.Sc

19



0c¢

'(S0°0> anJeA d) aiaip Ajpuediyiubis Jou ate Jana| awes

ay1 YIM sieg "sjuswiLIadxa oM) ay} JO Ueaw ay) JO SI01Ia pIepuels aledlpul steq Jos3 “(eresawolb *q 4oy B pue eagnJ 4 4oy 14 ‘ds WNoILI] J0j 1] ‘[ealad

'S 104 9S ‘eJa}1u0|0ls 'Y Jo} By ‘sisuaresd "4 o) d4 ‘wnijojnsaH 1o} 84 ‘auuasad 7 o} d7) uibLio 1soy Yum pajjage] si dj Sarejos| ‘(SJeAn|nd Inoy Jo anfea
abelane) yimoiBal Jo syaam 0M1 AQ Pamo]|0) ‘JaA0d MOUS [el1o1)1LIe Japun (AjaAndadsal g pue v sluswiliadxa) syaam aulu pue 1ybis 1oy uonegnoul Jaye sjuejd
palejnaoul-uou Jo 1ybiam Aip Aq papialp siueld parejnooul 4o ybram Aip) yimoaBal aallejal -T se painseaw sem Al1oiusboyied “(£970SdN4 pue Z186SdNH ‘JeA|
‘0[BB14) sieA1 nd sself JuaiayyIp 1noy uo (snlew ‘|A] 0] puR 3JRAIU *|A] USaYLY) $81e|0SI “ds WNIYI0POIdIA UdsIUuaAss JO (Xew =T ‘ulw = o) Auoluaboyred ‘T “Hi4



T¢

"SJuBWILIadXa OMI 8} JO UBBW 3U} JO SI0LI3 PJepurls ajedlpul Sieq 40113 “Yimolbal JO SYaam om]

AQ pamo||0} J8A0D MOUS [RIDI4ILR Japun uoltegnaul Jaye (g juswiiadxa) syaam aulu pue (v Juswiladxa) syaam 1ybia 1e sjue|d pajejnaoul-uou Jo ybiam Aip Aq
papiAIp siueld parejnooul 4o 1ybram AIp) yimoabal aallejal -T se painseaw sem Aloiusboyred “(£9y0sHN4 pue z186sHNH ‘JeA| ‘olb614) siean na sseib jualayip
InoJ uo (Sare|osi ual Jo anjeA abelane) sasself pue (Sa1e|0SI aAl) JO anjeA abeliane) S|ealad WOJ) S31.|0S] 3JeAlU ‘A JO (Xew =T ‘ulw = o) Auoiuaboyred ‘g "Hi4

sasselb wouysyeniu W S[ealad wouyafeniu yy

ol6biqm

JeA| 3

€970 S4N4 0
C186 SUNd @

yimouBal annejal -T (anjea abelane) Aoiusboyred




1497109 "I} 610L0

[44

6200

VN'O'N 10196
VNN £0196
VNN L0196
VN'D'N 90066
VNN 69066 o7
VNN 18066
ON'O'N £50107
ON''N 1100 “
ON'D'N FO100Z
ON'D'N 750107
ONDN 0z1007 |*
ON'D'N 685002 o
MNN TN
ON'O'N FFFO0Z
ON'D'N 111007
MON 9N
ON'D'N 801007 —
OND'N 9€1007
ON'O'N 611002

ON"D'N I€700T
ON"D'N 0$0107
ON™D'N £0100T
ON"O'N €11007
ON™D'N PSOT0T

ON'D'N FTI00T
ON"O'N 857007
ON'I'N TTI00T
ON"D'N 815007
ON'D'N £6£007

MW 9EON
ON' D' LO100T |_

f

001
ON'D'IN $EF00T

ON'D'IN T€1002
ON'D'IN $0P00T
ON'D'IN $01002
ON'D'IN T1100Z
ON'D'IN 601007
ON"D'I 0€1007

[

VNN $9066
VNIV 19066
VN DN 6¥066

¥N'O'N 90066
N'D'N 0T100T

ON'D'N PPRO0T re
VNN 69066 —
MYIN TPON —
MNDN 9TON —

ON"D'N TT100T

VN'O'N ¥8066

ON'D'N 685007

ON'D'N F0100T
DN §££00T

VN'O'N £0196 —
VNN L0196

6000
1821109 "I 0700 |

13109 W 61020 001

001

ON'O'N 995007 —] g
VN'D'N 10196 —
9N 815002

ON"D'N 811007 —

08

001

001

(a)

ON'D'N 857007
ON'O'N FT100T _|
ON'O'N 771007
ON'O'N FS0107 —
ON''N 611007
ON'D'N 801007
ON'O'N £11007
ON''N 9€1007
ON''N 050107
ON'9'N £01007
ON''N 1€2007

VDN LT066 |_
MW IEON I_
ON"D'IN 9L200T

001

U)W ¥2dO 66
VN'D'IN 6¥066 |_

ON"D'IN 6¥€00T | g9
ON'DIN 901007
ON"D'IN 601002
ON'D'IN 101007
VNN 19066
ON"D'IN LOT00T
ON"D'IN T1100T
ON"D'IN $0100T
ON"D'IN $0K00T
ONO'IN OELON
ON DN TE100T
ON'D'IN PEFO0

oy

(®)



€¢

(puejai] 1oy | pue wopbury] pauun oy MN ‘AemioN 10}

ON ‘BollaWy YLIoN Joy WN) uibrio oa1ydesBoab pue ‘(Ajaandadsal ‘sasselh 10 s[ealad 4oy 9 10 D) uibuo 1soy ‘(Ajaannoadsal ‘ajeau “ |\ 10 snlew *|A 1oy N 10 A)
$a193ds ‘Jaquunu a1e|0SI YIM paj|age] aJe 8aJ1 ay} Jo sdn ay aouanbas auab || asesswAjod wNY aus (q) ‘aouanbas auab urjngni-¢ ayy (8) uo paseq pajonJisuod
aJam svaJ) a1duabolAyd ay | sarealjdas delisiooq 000T Yim wiyiioble (TIA1) pooylaxi| wnwixew Buisn paurelqo saasl onsusbojAyd Buiulop-inoqyubiaN ¢ B4



ON'O'NIET00T

£00°0

ON'O'N 721007
ON'O'N 857002
ON'O'N £1T00C
ON'I'N 742000
ON'D'N 655002
ON'I'N F#T100T
ON'ON 0100
ON'O'NF1100T
ON'D'N 0T100C
ON N P00
ON'O'N 9¥800C

OND'N 911007
ON'D'N 6+0107

=
EN

ON'N 78010 l
TN TN
AN ITON | 8

ON'D'N FOT007

ON'D'N §55007 86

ON'O'N 8IS00T
ON'O'N 080102

ON' D' 601007
ON' DN S0100T
ON'D'IN L0T00T
WArINY0
AN 9EON
ON' D' 90T00C
ON' )W TET00T
ON' DI 101002
ON'D'I bERO0T
ON' DI 6¥€00T
ON'D'IN9LT00T
ON' D' F0F00T

ON'D'N 995007
ON'O'N T€2007
ON'D'N €0100

(@) ON'Y'N 611002
ON''N 961007

ON"D'N €010T
ON'D'N 81100

0L

Ve

€100

ON'D'IN S0100T
ON'D'IN 601002 Le

N 6¥€00T

D' IEON

(e)

ON'D'I Z€100T
ON'D'IK 901007
ON'D'IN 801007 [gf
ON'D'IX PEROOT Jgp
ON'D'IK 9L200T ot
ONY'IN poro0z
ON'D'N €01007

ON''N 9€1007

ON'D'N 9$8007

ON''N 998007 fog

ON'D'N 655007

ON'ON €11007 S

ON''N 811007

ON'N $21007

ON'O'N $85007 —

ON'N 611007

ON'O'N 857007

54
w

MTIN 9TON

oNoN ooz | '€

9
ON'D'N 021002

AN TON
ON'O'N #pP00T
ON'I'N 271002

ON'D'N 1€2007 ———
ON'O'N 7L200T
ON'D'N 080107




S¢

‘(puejal) 104 H| pue wopbury pauun 104 N ‘AemioN 1oy ON ‘edlswy YLION 10} WN) uibuo o1ydelfoah

pue ‘(A|aAndadsal ‘sasselh 10 S|ealad 10} 9 10 D) ulblio 1soy ‘(AjaAnodadsal ‘sfealu *|A o snlew ‘A 10} N 10 |A) sa19ads ‘daquinu 81ejosI YIIM paj|age] ate

S9a.1 ay1 Jo sdn ay "aouanbas auab (S1]) Jededs paqriosued] [eusaiul ayr (q) pue aousnbas ausb (0T-43) eydje-T 40198} uoiehuols ayl (8) uo paseq pParontisuod
sem 811 o11auabolAyd ay | serearjdas desisiooq 0O0T Yum wyitiobie (TIA) pooyraxl] wnwixew Buisn paurelqo seal anausbolAyd Bululor-inoqubisN v ‘614



9¢

zdady 97S08ZX(
ulngni-¢ 08508ZX( 'dswnonil  dfeAlu "IN 90066
zddy GPS08ZXC
ulngni-¢ 69S08ZX( 'dswnonul  8feAlu N 8066
zdady vPS08ZXC
ulngni-¢ T8G08ZX( 'ds wnonul  8feAlu I 69066
zdady TGS08ZXC
ulngni-¢ 0,G08ZXr  stisnjed spsosby  afeAlu ' L0796
zgady 0SS08ZX(
ulngni-¢ 21508ZX(  siisnjed snsosby  afeAlu N €0196
29dy 25508ZXe
ulngni-g T/G08ZXC  stisnjed spsosby  afeAlu ' T0T96
zdady €5508ZXC ‘dswnonuy  snfew 'y 9066
ulngni-g 99508ZX( ‘dswnonuy  snfew 'y 12066
29dy ¥SG08ZXC
uingni-¢ 19508ZX( ‘dswnonuy  snfew 'y 67066
29dy GGG08ZX(
ulingnl-¢ 89508ZX[ ‘dswnonuy  snfew 'y 19066
9ousnbas aua9  Jaquunu UOISS3IIY swued 1soH sa10ads Q| 21e|05]

IUBGUID 19ON 8y} Woy paurelqo saousnbas sush snfew ‘| pue sjeAlu WNIYOOPOIDI JO SISQUINU UOISS300. pue S| 81e|0s| T 3|qe.L

Sa|0/e1 Arejuawie[ddng



Paper 11

Kovi M.R., Abdelhalim M., Ergon A., Kunapareddy A., Tronsmo A.M.and Rognli
O.A






Global transcriptome changes in perennial ryegrass during early infection by pink
snow mould

Kovi Mallikarjuna Rao', Mohamed Abdelhalim®, Anil Kunapareddy®, Ashild Ergon’, Anne
Marte Tronsmo® and Odd Arne Rognli*®

!Department of Plant Sciences, Norwegian University of Life Sciences, NO-1432 As,
Norway

SCorresponding author

E-mail: odd-arne.rognli@nmbu.no

Email addresses:

KMR: mallikarjuna.rao.kovi@nmbu.no

MA: mohamed.abdelhalim@nmbu.no

AK: kanil98@gmail.com

AE: ashild.ergon@nmbu.no

AMT: anne-marte.tronsmo@nmbu.no

OAR: odd-arne.rognli@nmbu.no



mailto:odd-arne.rognli@nmbu.no
mailto:mallikarjuna.rao.kovi@nmbu.no
mailto:mallikarjuna.rao.kovi@nmbu.no
mailto:mohamed.abdelhalim@umb.no
mailto:kanil98@gmail.com
mailto:ashild.ergon@nmbu.no
mailto:anne-marte.tronsmo@nmbu.no
mailto:odd-arne.rognli@nmbu.no

Summary

Lack of resistance to pink snow mould (Microdochium nivale) is seen as a major
constraint for adaptation of perennial ryegrass (Lolium perenne L.) at higher latitudes.
Plants generally become more resistant to snow moulds after cold acclimation, and almost
all investigations of genetic variation in resistance have been performed using cold
acclimated plants. However, there may be variation in resistance mechanisms that are
functioning independently of cold acclimation. In this study our aim was to identify
candidate genes involved in such resistance mechanisms. We first characterized variation in
resistance to M. nivale among non-acclimated plants of eight genotypes from the Norwegian
cultivar ‘Fagerlin’ and selected one resistant and one susceptible genotype for transcriptome
analysis. Total RNA was extracted from leaf blade tissue of plants exposed to three different
treatments: non-inoculated and non-incubated plants, non-inoculated plants after four days
of incubation, and inoculated plants after four days of incubation. cDNA libraries were
prepared and paired-end sequencing performed using Illumina Hiseq 2000. Transcriptome
profiles, GO enrichment and KEGG pathway analysis indicate that defence response related
genes are differentially expressed between plants incubated at non-inoculated and
inoculated conditions, within both resistant and susceptible genotypes. A significant up-
regulation of defence related genes as well as genes involved in cell wall cellulose
metabolic processes and aryl-alcohol dehydrogenase (NADP+) activity was observed in the
resistant genotype. The candidate genes identified in this study might be potential molecular
marker resources for breeding perennial ryegrass cultivars with improved resistance to pink

snow mould.

Keywords: Lolium perenne, Microdochium nivale, RNA sequencing, de novo assembly,
disease resistance, plant-pathogen interaction.



Introduction

Perennial ryegrass (Lolium perenne L.,) belongs to the Poaceae family. It is a diploid
species (2n=2x=14) native to Europe, Asia and Northern Africa (Humphreys et al. 2010). It
is the an important forage grass in the temperate regions of the world because of its high
forage quality and yield. Out of 52 million ha of grasslands in Europe, 23% is cultivated
with Lolium species, with perennial ryegrass being the most widespread species. Perennial
ryegrass has low resistance against pink snow mould, however, tetraploid cultivars have

better resistance than diploid and turf cultivars (Humphreys et al. 2010).

Winter injury is regarded as a serious constraint for the production of winter cereals
and grasses at northern latitudes (Arsvoll 1975; Nakajima & Abe 1996). The fungus
Microdochium nivale (Fr.) Samuels & Hallet is considered to be the most widespread cause
of biotic winter injury of these crops (Tronsmo et al. 2001). It is an opportunistic species
causing pink snow mould on winter cereals, turf and forage grasses at low temperatures,
with or without a snow cover. High humidity, constant temperatures at or below 0° C under
snow cover is highly favourable to snow mould disease development (Arsvoll 1973; Smith
1981). During the growing season, this fungus also causes leaf blotch in oat, foot rot,
seedling blight and head blight in cereals (Parry et al. 1993) and microdochium patch
disease on golf courses (Gange and Case 2003).

Resistance to snow mould is enhanced by cold acclimation (Arsvoll 1977; Tronsmo
1984, Nakajima and Abe 1996). During this process the plant undergoes numerous
physiological and bio-chemical changes which are essential for winter survival (Sandve et
al. 2011). Some of these changes are also thought to increase resistance to diseases, e.g.
cellular dehydration and accumulation of defence-related proteins and fructans (Kuwabara
and Imai 2009). Genetic variation in cold-induced resistance to pink snow mould in triticale
have been shown to be associated with changes in physical and chemical properties of the
leaf surface and cell walls (Szechynska-Hebda et al. 2013), and with photosynthetic
acclimation and peroxidase activity (Szechynska-Hebda et al. 2015).

Previous studies on snow mould resistance have almost exclusively been performed
on cold acclimated plants. However, some genetic variation in resistance is also present in
non-acclimated winter wheat (Ergon and Tronsmo 2006), and this resistance may be masked
when testing cold acclimated plants. Cold acclimation-independent resistance may be more

specific to M. nivale, and is likely to be important to prevent diseases caused by M. nivale
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during the growing season, such as microdochium patch. It may also be increasingly
important with the predicited climate change, involving milder winters and more frequent

deacclimateion events (Rapacz et al. 2014).

The use of molecular techniques for precise quantification of the fungal biomass in
infected plants can facilitate the selection process for disease resistant genotypes (Heid et al.
1996; Nishio et al. 2005). Usage of real-time PCR in quantification of plant pathogens
infestation have increased in the last two decades. It is quicker, more specific and sensitive
compared to traditional methods based on symptom assessment or plant dry weight (Gachon
et al. 2004). Therefore, Elongation factor la (EF-la) gene was used in our study for
accurate quantification of M. nivale DNA during snow mould infestation. The elongation
factor 1la (EF-1a) gene has formerly been used to recognize M. nivale and M. majus as
separate species (Glynn et al. 2005). The elongation factor 1a (EF-1a) has also been used to
study the genetic variation among isolates (Jewell & Hsiang 2013). Moreover, Nielsen et al.
(2013) developed a real time PCR assay based on this gene sequence using SYBR Green in
order to investigate the population of M. nivale and M. majus over time in Danish cereals.
Additionally, competitive PCR methods have also been developed for M. nivale and M.

majus quantification in infected tissues (Nicholson et al. 1996).

As plant responses are complex and include various physiological processes,
transcriptome analysis is an important tool to understand them (Martin et al. 2013). Next-
generation sequencing (NGS) technologies have become revolutionary tools creating
outstanding possibilities for understanding the complex transcriptomes (Shendure & Ji
2008). The wuse of whole transcriptome sequencing (RNA-seq) provides more
comprehensive understanding of transcription initiation sites, improved detection of
alternative splicing events and the detection of gene fusion transcripts (Shendure & Ji, 2008;
Lu et al. 2012). These technologies are able to handle de novo sequencing of large genomes,
revealing individual genome differences within the same species and quantify gene
expression (Tarazona et al. 2011; Xu et al. 2011). In particular, it now enables global
transcriptome studies to be performed in non-model species that have lacked many of the

array based assays that are successfully used to study gene expression in the model species.

In the present work, we have taken advantage of the high throughput RNA
sequencing technologies to study the global transcriptome changes in perennial ryegrass

during early infection by pink snow mould (Supplementary Fig. 1). Also we performed a



guantitative PCR test specific for M. nivale that could be used to evaluate different grass
genotypes for snow mould resistance. The aim of this study was to identify genes involved

in snow mould resistance independent of cold acclimation in perennial ryegrass.

Materials and Methods

Plant materials and growth conditions

Mother plants of eight randomly selected genotypes of perennial ryegrass, cultivar
Fagerlin, were divided into multiple ramets and planted in a fertilized soil mixture
(Gartnerjord, TJERBO) and grown in the greenhouse at 20-22°C (day/night) and 18 hours
light period with light intensity (Constant Color CMH™ Lamps 400W) at about 200-250
pumol m? s™. The plants were fertilized weekly with a mixture of 80 g/L Kristalon™
fertilizer 9-5-25 (N-P-K) and 60 g/L of YaraLiva® Calcinit 15.5-0-0 (Yara International
ASA, Oslo, Norway), diluted to a conductivity of 2 mS/cm.

Snow mould resistance test

Isolate 200231 of M. nivale (isolated from L. perenne at As, Norway (59°N)) was
obtained from the fungal culture collection at the Norwegian Institute of Bioeconomy
Research (NIBIO), As, Norway. The inoculum was prepared according to Tronsmo (1993)
and Hofgaard et al. (2006). Briefly, the fungus was incubated at 9 °C, in darkness, on potato
dextrose agar (PDA) for two weeks. Erlenmeyer flask containing 100 ml potato dextrose
broth (PDB) was then inoculated with four plugs (5mm diameter) of fungal mycelium and
incubated at 15 °C in darkness. Fungal mycelium was harvested after 10 days by filtering
through cheesecloth. The mycelium was homogenized in distilled water containing 0.01%
TWEEN® 20 (SIGMA) using an Ultra Turrax. The inoculum was diluted to an optical
destiny of 0.5 at 430 nm. Plants were inoculated by spraying (1 ml inoculum per plant on
average) and the control plants were sprayed with distilled water. After inoculation, the
plants were covered with moist cellulose wadding and black plastic sheets to simulate snow
cover and then incubated at 2 °C in darkness for six and eight weeks. Each week during

incubation, the plants were repositioned in the room.

After incubation, the plants were moved to a greenhouse at 20-22 °C and 18 hours of
light for recovery. The plants were cut at five cm above the soil surface and allowed to
regrow for two weeks. The regrown plants were harvested (all parts above soil surface) and
dried at 60 °C for three days in order to measure dry weight (g DW plant™). Relative

regrowth was calculated for each inoculated plant as the dry weight divided by the average
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dry weight of non-inoculated plants within the same genotype. Relative regrowth values
approaching 1 represents resistant plants. Disease severity was visually scored two days
later according to the following scale: 0 = no green tillers, 1 = some green tillers visible, 2 =
green tillers found in less than half of the total plant area, 3 = green tillers found in more
than half of the plant area, and 4 = green tillers observed in the whole plant area. After
visual assessment of the symptoms, plant leaves and stems were harvested (5 cm above soil

surface) and kept at -20 °C for DNA extraction for fungal quantification.

Real-time PCR for fungal quantification

Plant materials (leaves and stems above five cm from soil) were collected from the
eight genotypes at two different time points (6 and 8 weeks after inoculation), also from
genotype F(S) and M(R) at 1 and 4 days after inoculation. For the samples collected after 6
and 8 week after inoculation, plant materials were stored at -20 °C until DNA was extracted.
For samples collected after 1 and 4 days, the same plant materials treated for gene
expression analysis (see below section) were utilized for fungal DNA quantification. For
DNA extractions, samples were frozen quickly in liquid N, and grinded using mortar and
pestle. DNA was extracted from the grinded plant tissue using DNeasy® Plant Minikit
(QIAGEN) according to manufacturer’s protocol (Qiagen Inc., Germany). The quality of the
extracts was measured using a NanoDrop® ND-1000 UV-Vis Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and visualized by electrophoresis
through 1.5% agarose gels.

Real-time PCR primers specific for M. nivale were designed based on the elongation
factor 1-a gene sequence by Glynn et al. (2005) using Primer Express software version 2
(Applied Biosystems®, Foster City, USA) based on the following parameters; amplicon
Length of 50 to 150 bases (for optimum PCR efficiency), primer Length of 20 bases,
melting temperature (Tm) of 58 °C to 60 °C (Optimal 59 °C), G + C content being between
30 and 80 %; and the last five nucleotides at the 3’ end do not contain more than two G + C
residues. The following primer set was chosen based on the regions of identity within the
elongation factor 1-a gene sequence between isolates, forward primer EF1-F: 5'-
GGTCTTGGCTTGCACAAACA-3" and reverse primer EF1-R: 5'-
AGCACAACAGGCGTGGATAAG-3".



Quantification of plant and fungal DNA was carried out by real time PCR in a total
volume of 25 pl, using 2x SYBR® Green PCR master mix (Applied Biosystems ), 300 nM
of each primers (Invitrogen Ltd, UK) and 2 pl of 10x diluted template DNA. Specific real
time PCR primers for the plant housekeeping gene LpGAPDH (Petersen et al. 2004) were
used as internal control for plant DNA. PCR was performed on Applied Biosystems
7900HT instrument with a standard 96-well block (Applied Biosystems). For all the PCR
reactions the following cycling parameters were used: 50°C for 2 min, 95°C for 10 min, 40
cycles of 95°C for 15 s and 60°C for 1 min followed by dissociation curve analysis at 60°C-
95°C. The data was analysed using Sequence Detection Software (SDS) Version 2.2.1
(Applied Biosystems). The amount of fungal and plant DNA in the samples were quantified
by a standard curve algorithm based on cycle threshold value (Ct) using a 10-fold dilution
series of known amount of DNA, starting with 5 ng for fungal DNA and 100 ng for plant
DNA and three technical replicates. Samples were tested in two technical replicates. The
amount of fungal DNA was calculated as pg fungal DNA per pg plant DNA for each

sample.

Plant treatment, tissue sampling and RNA extraction for gene expression analysis

Leaf samples were collected from genotype F, a susceptible genotype (hereafter
termed S) and genotype M, a resistance genotype (actually less susceptible, here after
termed R), which had been exposed to three different treatments: non-incubated and non-
inoculated plants (NI-NI), incubated and non-inoculated plants (I-NI) after four days of
incubation, and incubated and inoculated plants (I-1) after four days of incubation, with two
biological replicates, a total number of 12 samples. The collected samples were immediately
placed in liquid nitrogen and stored at -80°C until used for RNA extraction. The frozen leaf
samples were crushed with a pestle and mortar and total RNA was extracted using the Pure
Link RNA Mini Kit (Life technologies, USA) and Plant RNA Isolation Aid (Life
technologies, USA). On-Column DNAse kit was used to remove the DNA contamination.
The concentration and quality was checked using the Nanodrop (Nanodrop Technologies,
Wilmington, DE, USA) and Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)

equipment.



cDNA library construction and Illumina sequencing

Twelve RNA samples with RIN (RNA Integrity Number) values above seven were
used to construct separate cCDNA libraries with fragment lengths of 200 bp (£25 bp). Then,
paired-end sequencing was performed by GATC Biotech Ltd., Germany (http://www.gatc-

biotech.com/en/index.html) using the Illumina sequencing platform (HiSeq™ 2000). Real

time analysis (RTA) output was analysed using the CASAVA software (version 1.6,
Illumina), generating pass filtering FastQ files with Qphred +64 quality values. Paired-end
reads with a length of 100 bp were generated. The quality of the reads was analysed using

FastQC (http://www.bioinformatics.babraham. ac.uk/projects/fastqc/)

De novo and reference based transcriptome analysis

After trimming adapter sequences and filtering low quality reads using the sickle

program (https://github.com/najoshi/sickle/blob/master/README.md), the bioinformatics
pipeline (Supplementary Fig. 2) was followed for de novo assembly and further detection of
differentially expressed genes. Briefly, the clean reads derived from the two genotypes
susceptible (S) and resistant (R) were used to construct separate de novo assemblies for each
genotype using the Trinity assembler (release 2013-02-25) (Grabherr et al. 2011) with the
following settings; Trinity.pl --seqType fq --JM 20G --left F_1_Lolium.fg-QT.gz --right
F_2 Lolium.fg-QT.gz --CPU 16 -min_contig_length 200 --SS_lib_type FR --full_cleanup --
min_kmer_cov 2 --output Trinity 201 2>&1 > logfile.lolium-F. The de novo assembled
transcripts were then used as a reference to map back the individual reads by Bowtie.
Further, we estimated transcript abundances in each genotype and treatment combination
using RSEM version 1.1.11 (Li and Dewey 2011). A maximum of one mismatch (—bowtie-n
1) was allowed in the seed region of the reads. In another approach, to facilitate comparison
of the two genotypes, we aligned all clean reads from each genotype and treatment
combination to a reference transcriptome of an inbred L. perenne genotype, generated from
a combination of root, stem, leaf sheath, leaf and meristem samples (Farrell et al. 2014), and

estimated transcript abundance as described above.
De novo assembly validation by CEGMA

CEGMA software (version 2.4) (Paraa et al. 2007) was used to assess the
completeness of the S and R transcriptome assembly datasets. This program assesses the
presence and coverage of a set of 248 extremely conserved core eukaryotic genes (CEGSs). It

is routinely used for evaluating genomic assemblies, however, it has also been used for
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evaluating transcriptome assemblies (Faino et al. 2012; Nakasugi et al. 2013).The software
was run with default parameters with the included reference dataset of 248 ultra-conserved
Core Eukaryotic Genes (CEGS).

Identifying differentially expressed genes, BLAST and functional annotation

Gene expression levels were measured as expected number of fragments per
kilobase of transcript sequence per millions mapped reads (FPKM) (Trapnell et al. 2010).
The transcript matrix files derived from RSEM program were processed with the edgeR
program (Robinson et al. 2010) using perl script (DE_analysis.pl) in the Trinity pipeline for
detecting differentially expressed genes determined with a False Discovery Rate (FDR) of
0.05. Briefly, pairwise comparisons were carried out between all the selected time points
and edgeR analysis was performed by fitting normalized count data with a generalized
linear model (GLM) estimating a negative binomial distribution to the calculated mean
values of the two biologically independent samples. For each gene, fold changes and P
values (pval) as well as P values adjusted (padj) for multiple testing with the Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995), were used to control FDR. The
sequence with padj of less than 0.05 was deemed to be significantly differentially expressed
genes (DEGs). The variance stabilized data obtained from edgeR was used as input for
clustering, and for constructing multidimensional scaling plots using R integrated in the
Trinity pipeline. The transcripts showing differential expression at any time point during

snow mould infection were clustered using a K-means clustering algorithm.

The DEGs were annotated using Blast2GO (Conesa et al. 2005; Conesa and Gotz,
2008). An E-value threshold of 10 was used for the BLASTx search, and 10°° for the
annotation, with a cut-off value of 55 and a GO weight Hsp-hit value of 20. The enrichment
analysis for the differential gene ontology term distribution was performed with a p-value
significance cut-off value of 0.01. Gene ontology classifications of differentially expressed
genes in the resistant (R) and susceptible (S) genotypes were generated using the web
histogram tool WEGO (Ye et al. 2006). Pathway analysis was performed using the KEGG

function implemented in the Blast2GO tool.

Validation of RNAseq expression profiles by qRT-PCR
Expression patterns of five defence related genes (Chitinase 2, Chitinase 5, WRKY
transcription factor, Thaumatin-like PR3, Pathogenesis-related protein 1 and 5)

differentially expressed between I-NI and I-1 samples identified in this transcriptome studies



were analysed using gRT-PCR. The same RNA used for sequencing was used for
validating the genes by qRT-PCR. Based on the transcriptome sequences of the five genes,
primers (Supplementary Table 3) were designed using primer express software version 2
(Applied Biosystems®, Foster City, USA). Efficiency test of the primers was performed on
different samples for normalization of the expression level. The EXPRESS two-Step qRT-
PCR kit, which includes the SuperScript VILO cDNA Synthesis kit, was used for generating
the single-stranded cDNA that was later used for quantifying the amount of specific gene
expression using forward and reverse primers, following the manufacturer’s instructions.
cDNA synthesis was done using up to 2.5 pg of the total RNA in 20 pl reaction. Five pl of
cDNA (5x diluted) was used in each well of Fast Optical 96 well plate along with other
components making the total volume 20 pl. The fast cycling program was then set at 95°C
for 20 sec, 40 cycles of 95°C for three sec (denaturation) and 60°C for 35 sec (annealing).
Then each plate (with samples) for each gene with a bar code was placed in ABI7500 qRT-
PCR machine. The SYBR® Green dye was used to detect the amplified products. The
expressions of the specific genes were normalized by using LpGAPDH (EC 1.2.1.12) as the
reference gene. The expression of the target gene relative to the reference gene at 4 days
after inoculation using the 2**“T method where the AACT = (CT of target — CT of
reference) 4 days after inoculation — (CT of target — CT of reference) before inoculation,
which gives the mean relative expression of target genes at this time point (Livak &
Schmittgen 2001).
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Results

Snow mould resistance test

The eight genotypes of L. perenne cv. Fagerlin varied in resistance towards snow
mould. Based on the relative regrowth, these differences were significant. Genotype F had
the lowest relative regrowth, while genotype M had the highest relative regrowth (Fig. 1).
Thus, we selected two genotypes based on their responses to snow mould infection for
transcriptome analysis, genotype F as a susceptible genotype (hereafter termed S) and

genotype M as a resistance genotype (here after termed R).

Quantification of M. nivale DNA

Quantification of M. nivale DNA in leaf and stem tissue of the eight genotypes
showed that genotypes with severe symptoms of injury (such as genotype F) contained the
highest amount of fungal DNA. Genotypes that had the lowest amount of fungal DNA (such
as genotype C) also had the lowest scoring of visual disease severity (Fig 2). There was a
significant correlation between disease severity and the amount of M. nivale DNA. The
correlation was negative due to the ranking system of the visual symptoms (Supplementary
Table 1). However, the correlation between the amount of M. nivale DNA and relative
regrowth was not significant. Samples collected from a resistant genotype (M) and a
susceptible genotype (F) after 1 and 4 days from inoculation showed no significant
difference in the amount of M. nivale DNA. However, more fungal DNA was detected after

4 days in the susceptible genotype (Supplementary Fig. 3).

De novo based susceptible (S) and resistant (R) transcriptome assemblies

A total of 178 million reads and 165 million reads of 100 bp were generated for the
S and R genotypes, respectively (Table 1). Separate transcriptome assemblies were
generated for each genotype using all their respective reads. The de novo assembly yielded
261,978 contigs for the S genotype, with N50 of 1,784 bp, and 188,355 contigs for the R
genotype with N50 of 1,672 bp (Table 1). The longest assembled contigs in the S and R
genotype were 17,632 and 12,882 bp, respectively. To estimate the quality of the
assemblies, we compared them to the Brachypodium distachyon coding sequence consisting
of 31,029 entries. There were 27,135 B. distachyon sequences (87.45%) that had a
significant hit in the S transcriptome assembly and 27,399 (88.30%) that had a significant
hit in the R transcriptome assembly. Further, we used the CEGMA pipeline (Paraa et al.
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2007) to evaluate the completeness of our assemblies. The percentage of complete CEGs in
R and S assemblies are 82.66 and 93.95, respectively, and the percentage of partially
complete CEGs ranged from 90.73 to 98.79 (Table 2). The average number of orthologs per
CEG in the R and S assemblies is 3.72 and 3.83, respectively, and the percentage of
detected CEGs that had more than one ortholog was 96.1 and 97.0, respectively.

Differentially expressed transcripts detected by de novo and reference based methods

In order to estimate the expression levels of each assembled transcript at the
different time points, the reads from each sample were mapped onto their respective
genotype specific de novo assemblies and also to the reference inbred L. perenne
transcriptome (Farrell et al. 2014). In the case of each sample, more than 83-90% of the
reads mapped onto the assembled transcripts. Using the genotype specific assemblies in a
series of pairwise comparisons between samples, 2,354 and 3,748 differentially expressed
transcripts were identified with false discovery rate (FDR) < 0.05 between NI-NI and I-1
samples; 1,602 and 3,080 between NI-NI and I-NI samples; and 83 and 275 between I-NI
and I-1 samples in the S and the R genotype, respectively, with several up-, down- and
contra-regulated transcripts (Figure 3Al; Figure 3B1). When using the reference based
assembly mapping, 880 and 1,391 differentially expressed transcripts were identified
between NI-NI and I-1 samples; 755 and 1,050 between NI-NI and I-NI samples; and 95 and
210 between I-NI and I-1 samples in the S and the R genotype, respectively, with several up-

, down- and contra-regulated transcripts (Figure 3A2 and Figure 3B2).

In addition, heat maps were generated for each genotype based on the differential
expression data from edgeR in order to determine the sample relationships (Fig. 4). A clear
separation was seen between non-incubated (NI) and incubated (I) samples in both
genotypes, where incubated inoculated (I-1) and incubated non-inoculated (I-NI)
grouped together (Fig. 4). Even the expression data generated from reference based
mapping clearly differentiated between incubated and non-incubated samples. Both S and R

incubated grouped together and were separated from non-incubated samples (Fig. 4).

Annotation and GO of differentially expressed transcripts
Approximately 75% of the differentially expressed transcripts had blast hits to the

Viridiplantae database extracted from NCBI. The top hit species are Brachypodium

distachyon followed by Hordeum vulgare, which are most closely related L. perenne.
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Among the transcripts with blast hits, 40-52% of the differentially expressed
transcripts were annotated using Blast2GO. Putative descriptions and functions were
assigned to the transcripts predominantly based on annotations from H. vulgare and B.
distachyon and Arabidopsis thaliana. Gene Ontology classifications of DEGs at I-NI vs. I-I
conditions in genotypes R and S were generated using WEGO (Ye et al. 2006). The results
are summarized in three main GO categories: cellular component, molecular function and
biological process (Fig. 5). Comparisons of the functional categories of genotype R with
those of genotype S reveal differences in terms of the biological processes. DEGs responses
to stress, biotic stimulus were highly represented in the R genotype, while DEGs response to

death is only seen in S genotype

Fisher's exact test from Blast2GO was used for GO enrichment analysis between R
and S to determine if any gene ontology (GO) terms were over- or under-represented in the
various sets of differentially expressed transcripts. A total of seven GO terms were enriched
when comparing the differentially expressed transcript sets from I-NI vs. I-I conditions of
the two genotypes (Fig. 6). Out of these, five were overrepresented in the R genotype, in
terms related to cell wall cellulose metabolic process, cell wall pectin metabolic process,
cell morphogenesis, actin nucleation and organelle epidermal cell differentiation.
Transcripts assigned to aryl-alcohol dehydrogenase (NADP+) activity and phycobilisome

were present only in R genotype.

In addition, several genes involved in the initiation of pathogen-associated molecular
pattern (PAMP) immunity, like cysteine-rich receptor-like protein kinase (CRK), cyclic
nucleotide gated channel (CNGC), calcium-dependent protein kinase (CDPK), respiratory
burst oxidase (Rboh), calcium-binding protein CML (CaM/CML), and NADPH oxidase
were detected in these studies. Several pathogen related genes like PR-1, B-1,3-Glucanase
(PR-2), chitinase 11/V (PR-3), thaumatin-like (PR-5), and lipid-transfer protein (PR-14) are
upregulated in genotype R compared with genotype S under I-1 conditions (Table 3). We
also found several potential pathogen resistance candidate genes like chitinase 5, lipid
transfer protein, serine-glyoxylate aminotransferase and WRKY 75 highly upregulated in the
R genotype under I-NI treatment compared with the I-I treatment (Table 3). All potential
candidate genes involved in the response of L. perenne to inoculation with M. nivale are
listed in Table 3 with homologues in A. thaliana and B. distachyon. A hypothetical model

for gene regulation in the plant-pathogen interaction pathway after four days of incubation

13



with the pink snow mould pathogen, based on the pathogen related DEGs identified in this
study, is presented in Fig. 7.

Furthermore, the Kyoto encyclopedia of genes and genomes (KEGG) database was used to
detect different pathways in response to M. nivale in the S and R genotypes. Blast to the
KEGG database showed that 5009 DEGs were involved in 135 pathways (Supplementary
Table 2). Pathways with highest representation among the genes were involved in purine
metabolism (5.19%, 260 genes), biosynthesis of antibiotics (5.09%, 255 genes), thiamine
metabolism (4.25 %, 213 genes), starch and sucrose metabolism (2.91%, 146 genes) and

aminobenzoate degradation (2.61%, 131 genes).

Validation of transcripts by Real-time PCR

In order to validate the expression profiling by Illumina sequencing, the expression
levels of six genes, including two chitinase genes, three PR-related genes and one WRKY
family gene were further analysed by gRT-PCR. The results showed that all the genes
showed differential expression levels between S and R genotypes (Supplementary Fig.5).
The expression patterns of five genes (chitinase 5, chitinase 2, PR-1, PR-3 and WRKY)
showed similar expression patterns as detected in RNA seq analysis, thus 83% of gPCR data

was correlated with the RNAseq data.
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Discussion

Snow mould resistance test and quantification of M. nivale DNA.

With the aim of facilitating the selection process for plant genotypes with a high
resistance to snow mould. Real-time PCR was used for a precise quantification of M. nivale
DNA in 8 genotypes of L. perenne. Fungal DNA was quantified in plants directly after
incubation at 2 °C for 6 and 8 weeks. No correlation was found between the amount of M.
nivale DNA and snow mould resistance calculated as relative regrowth. Nevertheless, some
of the genotypes had a high content of fungal DNA and a relatively low relative regrowth
(genotype F); whereas others had a relative low amount of fungal DNA and a high relative
regrowth (genotype M). Therefore these genotypes (genotype F as susceptible (S) genotype
and genotype M as resistant (R) genotype) were selected for gene expression analysis.
However, this method could not detect significant difference in the amount of M. nivale
DNA between resistant and susceptible genotype after one and four days from inoculation.
Higher expression of disease related genes was detected in the resistant than in the
susceptible genotype. These findings underline the role of defence response during this early
stage of infection and show that this response can be independent from the level of the

fungal infestation.

Significant correlation was found between the amount of M. nivale DNA and visual
assessment of disease severity. However, after 8 weeks of incubation, disease severity was
similar across genotypes, while significant differences in the quantity of M. nivale DNA
were detected. The different results from the two methods could be due to the high
sensitivity of the real-time PCR method. Furthermore, the plants incubated for a longer
period (8 weeks) had a higher amount of fungal DNA than the plants incubated for 6 weeks,
which is in agreement with other studies reporting that longer incubation period increases
snow mould infestation even in resistant genotypes (Gaudet et al. 2011; Tronsmo 2013). In
general, neither visual assessment of disease severity, nor the amount of M. nivale DNA in
leaves is good indicators of snow mould resistance in L. perenne. In the present study, plant
regrowth after inoculation and incubation for several weeks with M. nivale was not
correlated with fungal biomass or disease severity. Some genotypes such as M and K
showed severe symptoms on their leaf tissues, but still had good regrowth, possibly because
the lower stem was not infected. On the other hand, genotype C had a poor regrowth despite

limited symptoms and fungal DNA detected in the leaves.
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The use of quantitative PCR assay could be considered a useful method for breeders to
utilize in the selection of snow mould resistant materials. However, if the amount of fungal
DNA shall be used as a screening method for resistance, it has to be based on infestation of
lower stem tissue of the plants. Moreover, the application of quantitative real-time PCR will
facilitate the understanding of the environmental effect in disease development (Schaad &
Frederick 2002; Schena et al. 2004).

Comparisons between de novo and reference based assembly mapping
High throughput sequencing capabilities have made the process of assembling a

transcriptome easier, even for the non-model organisms without a reference genome. But
the quality of a transcriptome assembly must be good enough to capture the most
comprehensive catalogue of transcripts and their variations, and to carry out further
transcriptomic experiments (Marchant et al. 2015). The CEGMA analysis (Table 2) showed
high coverage of ultra-conserved CEGs in the assemblies of the S and R genotypes,
demonstrating their completeness in terms of gene content. However, a common question is

whether reference based assembly gives better results than a de novo based assembly.

In this study, we compared both de novo and reference based assembly mapping
(Farrel et al. 2014), and detected a larger number of differentially expressed transcripts in a
pair wise comparisons between NI-NI and I-I; NI-NI and I-NI conditions, than the pair-
wise comparison between I-NI and I-I condition (Fig. 3). It was expected that there would
be a larger number of transcripts differentially expressed when plants were transferred from
growth (non-incubation) conditions (at 20-22°C and 18 hours of light) to incubation
conditions (2°C and darkness without light) due to the significant changes in temperature
and light. This was seen both for the susceptible (S) and the resistant (R) genotypes as
several differentially expressed transcripts may be involved in a rapid response to cold stress
and photoperiod, in addition to abiotic stress related genes. On the other hand, very few
differentially expressed transcripts were observed between I-NI and I-1 (2°C and darkness
without light) conditions in both S and R genotypes. The annotation results of the detected
transcripts between I-NI and I-1 conditions in both de novo and reference based mapping
identified similar genes involved in biotic stress, immune response, cell death. Thus
showing the potential of de novo method in capturing the essential transcripts even in the
absence of reference genome, which also demonstrated in raspberry studies by Ward et al
(2012).
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Potential candidate genes in response to snow mould infection
To our knowledge, this is the first transcriptome study using RNA-seq to understand

the response of L. perenne to the early infection of pink snow mould (M. nivale). Several of
the differentially regulated genes such as disease related proteins, calmodulin binding
proteins, lipid transfer proteins, and flavonoid biosynthesis (Table 3) detected in R and S
genotypes between the I-NI and I-I conditions are involved in different defence-response
mechanisms. The R genotype showed higher expression levels of several pathogenis related
proteins such as PR-1, PR-2, PR-3, PR-5, PR-13 and PR-14. These results are similar to
Gaudet et al. (2003) where winter wheat snow mould resistance was associated with the
accumulation of PR-1a, PR-2, PR-5, and PR-14. The higher expression levels of these PR-
proteins are often considered as markers for activation of the salicylic acid (SA) signalling
pathway (Gaudet et al. 2003; Sels et al. 2008; Pociecha et al. 2009; Gaudet et al. 2011).
Pociecha et al. (2009) also demonstrated that resistant genotypes of Festulolium are
characterized by high SA concentrations during snow mould infection. PR proteins seem to
be part of a larger set of SA and jasmonic acid (JA)-dependent defence responses in which
each PR protein may contribute differently to the snow mould infection. For instance the A.
thaliana mutant ein2, which is defective in ET/JA signalling, showed low expression level
of PR-12, PR-3 and PR-4 and high susceptibility to B. cinerea (necrotrophic pathogens).
Conversely, the salicylic acid induction—deficient mutants of Arabidopsis expressed PR-2
and PR-5 and accumulated high levels of camalexin after pathogen inoculation (Nawrath
and Metraux, 1999).

WRKY proteins, another important defence related group of proteins, constitutes a
superfamily of transcription factors, involved in the regulation of different physiological
platforms in plants, including pathogen defence, trichome development and senescence. In
this study, WRKY65, WRKY70 and WRKY75 were upregulated after inoculation with snow
mould (Table 3). It is also reported that WRKY transcription factors contributed to the
defence against Pseudomonas syringae in tomato and play a partially conserved role in

basal defence in tomato and Arabidopsis (Bhattarai et al. 2010).

Plant-pathogen interaction pathway
The plant immunity system consists of two main levels (Jones & Dangl 2006). The

first level is based on the perception of pathogen-associated molecular patterns (PAMPS),
which activates the PAMP-triggered immunity pathway (PTI). The second level is the

recognition of pathogen effectors, which activates pathogen related PR genes in a process
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called effector-triggered immunity (ETI). In the present study, the transcriptome analysis of
the snow mould resistant genotype showed that the PAMP trigger immunity (PTI) pathway
was activated (Fig. 7), particularly by the up-regulation of the expression level of calcium-
dependent protein kinase CDPK, respiratory burst oxidase Rboh and calcium-binding
protein CML CaM/CML. Therefore, the activation of the PTI inhibits the snow mould
pathogen from colonizing the plant tissues by increasing the production of reactive oxygen
species and cell wall reinforcement. These results are similar to the studies in Festulolium,
where resistant genotypes are characterized by high peroxidase activity, intensive
lignification, callus formation and high concentrations of reactive oxygen species during the

stage of early infection (within 6 days from inoculation) (Pociecha et al. 2008, 2009).

Transcription factors, such as WRKY, play important role in defence responses
towards several plant pathogens (Seo & Choi 2015). Moreover, the transcription level of
WRKY genes are up-regulated by several stress factors, in particular pathogen infection
(Ishihama & Yoshioka 2012). In Arabidopsis, 49 out of 72 WRKY genes tested responded
to bacterial infection or salicylic acid (Dong et al. 2003), and 8 Arabidopsis WRKY genes
(WRKY18, WRKY 38, WRKY 53, WRKY 54, WRKY 58, WRKY 59, WRKY 66, and
WRKY 70) were characterized as direct targets of NPR1, a key regulator of SA signalling
(Wang et al. 2006). In the present study, the resistant genotype showed high transcription
levels of several WRKY genes such as WRKY 70 and WRKY 75. Therefore, it is expected
that the up-regulation of these genes will lead to the activation of the salicylic acid pathway
(Dong et al. 2003; Chen et al. 2013). Furthermore, our results also showed down-regulation
of WRKY 18 and WRKY 33, which are responsible for the activation of the JA pathway
and the deactivation of the SA pathway (Eulgem & Somssich 2007; Ishihama & Yoshioka
2012). Moreover, in a study by Gaudet et al. (2011), the expression levels of WRKY 34 and
WRKY 16 were up-regulated in snow mould resistant genotypes of winter wheat, which led
to the activation of the JA pathway. However, other studies showed that M. nivale infection
is usually influenced by the physical and the chemical conditions of the plant tissue, thus the
fungus behaves as a biotroph when the plant defence system is induced and the SA pathway
is activated (Dubas et al. 2011; Szechynska-Hebda et al. 2013; Szechynska-Hebda et al.
2015).
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Differences in gene ontologies between R and S genotypes
GO enrichment analysis by Fischer’s exact test revealed that several GO terms are

over- expressed in the R genotype (Fig. 6). Arabidopsis thaliana defence-related protein
ELI3 is an aromatic aryl-alcohol dehydrogenase (NADP+) (Somssich et al. 1996).
Expression of this gene was shown to be rapidly and transiently stimulated in cultured
parsley cells upon treatment with a cell wall preparation (elicitor) from the phytopathogenic
oomycete Phytophthora sojae, and histochemical studies revealed local and rapid
accumulation of ELI3 mRNA around infection sites in parsley leaves (Schmelzer et al.
1989). The presence of this gene in other plant species, such as potato (Solanum tuberosum),
alfalfa (Medicago sativa), and A. thaliana, was also demonstrated (Trezzini et al. 1993).
Plant-type cell wall cellulose metabolic process, cell wall pectin metabolic process, cell
morphogenesis and epidermal cell differentiation plays a crucial role in plant-pathogen
interactions (Bellincampi et al. 2014). These GO terms are significantly overexpressed in R
genotype. Plants have developed a system for sensing pathogens and monitoring the cell
wall integrity, upon which they activate defence responses that lead to a dynamic cell wall
remodelling required to prevent disease (Bellincampi et al. 2014). Significant enrichment of
these GO terms in the R genotype show that these gene systems are involved in defence

responses to pink snow mould infection in perennial ryegrass.

Conclusions

In this study, we have conducted transcriptome analysis of a susceptible (S) and a
resistant (R) genotype of L. perenne in response to early infection of snow mould disease.
Here we report for the first time the genes that are differentially expressed between a
susceptible and a resistant genotype using RNA sequencing. Our studies showed that many
pathogen related genes are upregulated during snow mould infection in the resistant
genotype. Further GO enrichment analysis confirmed that specific GO terms related to plant
defence are over-represented in the resistant genotype. A list of putative candidate defence
associated genes identified in this study might provide a scientific basis for further
investigations to attain more in-depth understanding of host-pathogen interactions and

development of resistant cultivars by marker-assisted breeding.

19



Acknowledgements

This work was funded by the Research Council of Norway (NFR) project VARCLIM
(project number 199664). The authors kindly thank @yvind Jargensen for excellent
technical support in handling the plant material.

20



References

Arsvoll, K. (1973). Winter damage in Norwegian grasslands, 1968-1971=
Overvintningsskadar i grasmark i Noreg, 1968-1971. Meldinger fra Norges
landbrukshoegskole (52 (3).

Arsvoll, K. (1975). Fungi causing winter damage on cultivated grasses in Norway: Norbok.

Bellincampi, D., Cervone, F., & Lionetti, V. (2014). Plant cell wall dynamics and wall-
related susceptibility in plant—pathogen interactions. Front. Plant Sci, 5:228.

Benjamini, Y., & Hochberg Y. (1995) Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. J R Statist Soc B, 57(1):289-300.

Bhattarai, K.K., Xie, Q.G., Mantelin, S., Bishnoi, U., Girke, T., Navarre, D.A., &
Kaloshian, 1. (2008). Tomato susceptibility to root-knot nematodes requires an intact
jasmonic acid signaling pathway. Molecular Plant—Microbe Interactions, 21: 1205—
1214.

Chen, X,, Liu, J., Lin, G., Wang, A., Wang, Z. & Lu, G. (2013). Overexpression of
AtWRKY28 and AtWRKY75 in Arabidopsis enhances resistance to oxalic acid and
Sclerotinia sclerotiorum. Plant cell reports, 32 (10): 1589-1599.

Conesa, A., & Gotz, S. (2008). Blast2GO: A comprehensive suite for functional analysis in
plant genomics. Int. J. Plant Genomics, 2008: 619832.

Conesa, A., Gbtz, S., Garcia-Gomez, J.M., Terol, J., Talén, M., & Robles, M. (2005).
Blast2GO: a universal tool for annotation, visualization and analysis in functional
genomics research. Bioinformatics, 21: 3674-3676.

Dong, J., Chen, C. & Chen, Z. (2003). Expression profiles of the Arabidopsis WRKY gene
superfamily during plant defense response. Plant molecular biology, 51 (1): 21-37.

Dubas, E., Golebiowska, G., Zur, I. & Wedzony, M. (2011). Microdochium nivale (Fr.,
Samuels & Hallett): cytological analysis of the infection process in triticale (x
Triticosecale Wittm.). Acta physiologiae plantarum, 33 (2): 529-537.

Ergon, A., Klemsdal, S.S., & Tronsmo, A.M. (1998) Interactions between cold hardening
and Microdochium nivale infection on expression of pathogenesis-related proteins in
winter wheat. Physiol Mol Plant Pathol, 53: 301-310.

Ergon, A., & Tronsmo, A. M. (2006). Components of pink snow mould resistance in winter
wheat are expressed prior to cold hardening and in detached leaves. Journal of
phytopathology, 154(3), 134-142.

Eulgem, T. & Somssich, I. E. (2007). Networks of WRKY transcription factors in defense
signaling. Current opinion in plant biology, 10 (4): 366-371.

Faino, L., de Jonge R., & Thomma B.P. (2012). The transcriptome of verticillium dahliae-
infected nicotiana benthamiana determined by deep rna sequencing. Plant Signal
Behav, 7 (9): 1065-9.

Farrell, J.D., Byrne, S., Paina, C., & Asp, T. (2014). De novo assembly of the perennial
ryegrass transcriptome using an RNA-Seq strategy. PLoS ONE, 9:e103567.

Gachon, C., Mingam, A. & Charrier, B. (2004). Real-time PCR: what relevance to plant
studies? Journal of Experimental Botany, 55 (402): 1445-1454.

Gange, A. C., & Case, S. J. (2003). Incidence of microdochium patch disease in golf putting
greens and a relationship with arbuscular mycorrhizal fungi. Grass and Forage
Science, 58(1), 58-62.

Gaudet, D. A., Laroche, A., Frick, M., Davoren, J., Puchalski, B. & Ergon, A. (2000).
Expression of plant defence-related (PR-protein) transcripts during hardening and
dehardening of winter wheat. Physiological and Molecular Plant Pathology, 57 (1):
15-24.

21



Gaudet, D. A., Wang, Y., Frick, M., Puchalski, B., Penniket, C., Ouellet, T., Robert, L.,
Singh, J. & Laroche, A. (2011). Low temperature induced defence gene expression
in winter wheat in relation to resistance to snow moulds and other wheat diseases.
Plant Science, 180 (1): 99-110.

Gaudet, D., Laroche, A., Frick, M., Huel, R. & Puchalski, B. (2003). Plant development
affects the cold-induced expression of plant defence-related transcripts in winter
wheat. Physiological and molecular plant pathology, 62 (3): 175-184.

Glynn, N. C., Hare, M. C., Parry, D. W. & Edwards, S. G. (2005). Phylogenetic analysis of
EF-1 alpha gene sequences from isolates of Microdochium nivale leads to elevation
of varieties majus and nivale to species status. Mycological Research, 109 (8): 872-
880.

Grabherr MG, Haas BJ, Yassour M, et al. (2011). Full-length transcriptome assembly from
RNA-seq data without a reference genome. Nat Biotechnol, 29(7): 644-52.

Heid, C. A, Stevens, J., Livak, K. J. & Williams, P. M. (1996). Real time quantitative PCR.
Genome research, 6 (10): 986-994.

Herbers, K., Meuwly, P., Frommer, W., Metraux, J. & Sonnewald, U. (1996). Systemic
Acquired Resistance Mediated by the Ectopic Expression of Invertase: Possible
Hexose Sensing in the Secretory Pathway. The Plant cell, 8 (5): 793.

Hofgaard, I. S., Wanner, L. A., Hageskal, G., Henriksen, B., Klemsdal, S. S. & Tronsmo, A.
M. (2006). Isolates of Microdochium nivale and M.majus differentiated by
pathogenicity on perennial ryegrass (Lolium perenne L.) and in vitro growth at low
temperature. Journal of Phytopathology, 154 (5): 267-274.

Hon, W.C., Griffith, M., Chong, P., & Yang, D.S.C. (1994) Extraction and isolation of
antifreeze proteins from winter rye (Secnle cereale L.) leaves. Plant Physiol, 104:
971-980.

Hon, W.C., Griffith, M., Mlynarz, A., Kwok, Y. C. & Yang, D. S. (1995). Antifreeze
proteins in winter rye are similar to pathogenesis-related proteins. Plant physiology,
109 (3): 879-889.

Humphreys, M., Feuerstein, U., Vandewalle, M. & Baert, J. (2010). Ryegrasses. In Fodder
crops and amenity grasses, pp. 211-260: Springer.

Ishihama, N. & Yoshioka, H. (2012). Post-translational regulation of WRKY transcription
factors in plant immunity. Current opinion in plant biology, 15 (4): 431-437.

Jewell, L. E. & Hsiang, T. (2013). Multigene differences between Microdochium nivale and
Microdochium majus. Botany, 91 (2): 99-106.

Jones, J. D. & Dangl, J. L. (2006). The plant immune system. Nature, 444 (7117): 323-329.

Kiyomoto, R. & Bruehl, G. (1977). Carbohydrate accumulation and depletion by winter
cereals differing in resistance to Typhula idahoensis. Phytopathology, 67: 206-211.

Kuwabara, C., Takezawa, D., Shimada, T., Hamada, T., Fujikawa, S. & Arakawa, K.
(2002). Abscisic acid- and cold-induced thaumatin-like protein in winter wheat has
an antifungal activity against snow mould, Microdochium nivale. Physiologia
Plantarum, 115 (1): 101-110.

Kuwabara, C. & Imai, R. (2009). Molecular basis of disease resistance acquired through
cold acclimation in overwintering plants. Journal of Plant Biology, 52 (1): 19-26.

Li, B. & Dewey, C.N. (2011). RSEM: accurate transcript quantification from RNA-seq data
with or without a reference genome. BMC Bioinformatics, 12, 323.

Livak, K. J. & Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the the 2(-Delta Delta C(T)) method. Methods, 25
(4): 402-408.

22



Lu, J., Du, Z.-X., Kong, J., Chen, L.-N., Qiu, Y.-H., Li, G.-F., Meng, X.-H. & Zhu, S.-F.
(2012). Transcriptome analysis of Nicotiana tabacum infected by Cucumber mosaic
virus during systemic symptom development. PloS one, 7 (8): e43447.

Marchant, A., Mougel, F., Almeida, C., Jacquin-Joly, E., Costa., J., & Harry, M. (2015). De
novo transcriptome assembly for a non-model species, the blood-sucking bug
Triatoma brasiliensis, a vector of Chagas disease. Genetica, 143 (2): 225-39.

Martin, L.B.B., Fei, Z., Giovannoni, J.J., & Rose J.K.C. (2013) Catalyzing plant science
research with RNA-seq. Front. Plant Sci. 4:66.

McCarthy, D.J., Chen, Y. & Smyth, G.K. (2012). Differential expression analysis of
multifactor RNA-seq experiments with respect to biological variation. Nucleic Acids
Res, 40: 4288-4297.

Nakajima, T. & Abe, J. (1996). Environmental factors affecting expression of resistance to
pink snow mold caused by Microdochium nivale in winter wheat. Canadian journal
of botany, 74 (11): 1783-1788.

Nakasugi, K., Crowhurst, R.N., Bally, J., Wood, C.C., Hellens, R.P., & Waterhouse, P.M.
(2013). De novo transcriptome sequence assembly and analysis of rna silencing
genes of nicotiana benthamiana. PLoS ONE, 8 (3): 59534.

Nawrath, C. & Métraux, J.P. (1999). Salicylic acid induction-deficient mutants of
Arabidopsis express PR-2 and PR-5 and accumulate high levels of camalexin after
pathogen inoculation. The Plant Cell, 11: 1393-1404.

Nicholson, P., Lees, A., Maurin, N., Parry, D. & Rezanoor, H. (1996). Development of a
PCR assay to identify and quantify Microdochium nivale var. nivale and
Microdochium nivale var. majus in wheat. Physiological and Molecular Plant
Pathology, 48 (4): 257-271.

Nishio, Z., Iriki, N., Takenaka, S., Kawakami, A., Kuroki, M., Saito, K., Ito, M., Tabiki, T.
& Murray, T. (2005). A real-time PCR assay for quantification of Typhula
ishikariensis, cause of speckled snow mold in winter wheat. Phytopathology, 95 (6):
S75-S76.

Parra, G., Bradnam, K., & Korf, I. (2007). CEGMA: A pipelineto accurately annotate core
genes in eukaryotic genomes. Bioinformatics, 23: 1061-1067.

Pociecha, E., Plazek, A., Janowiak, F., Janeczko, A. & Zwierzykowski, Z. (2008).
Physiological basis for differences in resistance to Microdochium nivale (Fr.)
Samuels and Hallett in two androgenic genotypes of Festulolium derived from
tetraploid F1 hybrids of Festuca pratensis x Lolium multiflorum (Festulolium).
Journal of Phytopathology, 156 (3): 155-163.

Pociecha, E., Plazek, A., Janowiak, F., Waligorski, P. & Zwierzykowski, Z. (2009).
Changes in abscisic acid, salicylic acid and phenylpropanoid concentrations during
cold acclimation of androgenic forms of Festulolium (Festuca pratensis x Lolium
multiflorum) in relation to resistance to pink snow mould (Microdochium nivale).
Plant Breeding, 128 (4): 397-403.

Rapacz, M., Ergon, A, Hoglind, M., Jargensen, M., Jurczyk, B., @strem, L., Rognli, O. A.
& Tronsmo, A. M. (2014). Overwintering of herbaceous plants in a changing
climate—still more questions than answers. Plant Science.

Robinson, M.D., McCarthy, D.J., & Smyth, G.K. (2010). edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics,
26, 139-140.

Sandve, S. R., Kosmala, A., Rudi, H., Fjellheim, S., Rapacz, M., Yamada, T. & Rognli, O.
A. 2011. Molecular mechanisms underlying frost tolerance in perennial grasses
adapted to cold climates. Plant Sci, 180, 69-77.

23



Schmelzer, E., Kruger-Lebus, & S., Hahlbrock, K. (1989). Temporal and spatial patterns of
gene expression around sites of attempted fungal infection in parsley leaves. Plant
Cell, 1, 993-1001.

Sels, J., Mathys, J., De Coninck, B. M., Cammue, B. P. & De Bolle, M. F. (2008). Plant
pathogenesis-related (PR) proteins: a focus on PR peptides. Plant Physiology and
Biochemistry, 46 (11): 941-950.

Seo, E.Y., & Choi, D. (2015). Functional studies of transcription factors involved in plant
defenses in the genomics era. Brief Funct Genomics, 14:260-7.

Schaad, N. W. & Frederick, R. D. (2002). Real-time PCR and its application for rapid plant
disease diagnostics. Canadian journal of plant pathology, 24 (3): 250-258.

Schena, L., Nigro, F., Ippolito, A. & Gallitelli, D. (2004). Real-time quantitative PCR: a
new technology to detect and study phytopathogenic and antagonistic fungi.
European Journal of Plant Pathology, 110 (9): 893-908.

Shendure, J. & Ji, H. (2008). Next-generation DNA sequencing. Nat Biotechnol, 26 (10):
1135-45.

Smith, J. D. (1981). Snow molds of winter cereals: guide for diagnosis, culture, and
pathogenicity. Canadian Journal of Plant Pathology, 3 (1): 15-25.

Somssich, I.E., Wernert, P., Kiedrowski, S., & Hahlbrock, K. (1996). Arabidopsis thaliana
defense-related protein ELI3 is an aromatic alcohol:NADP+ oxidoreductase. Proc
Natl Acad Sci, 93 (24): 14199-14203.

Szechynska-Hebda, M., Hebda, M., Mierzwinski, D., Kuczynska, P., Mirek, M., Wedzony,
M., Lammeren, A. v. & Karpinski, S. (2013). Effect of cold-induced changes in
physical and chemical leaf properties on the resistance of winter triticale (x
Triticosecale) to the fungal pathogen Microdochium nivale. Plant Pathology, 62 (4):
867-878.

Szechynska-Hebda, M., Wasek, 1., Gotebiowska, G., Dubas, E., Zur, I. & Wedzony, M.
(2015). Photosynthesis-dependent physiological and genetic crosstalk between cold
acclimation and cold-induced resistance to fungal pathogens in triticale
(Triticosecale Wittm.). Journal of plant physiology, 177: 30-43.

Tarazona, S., Garcia-Alcalde, F., Dopazo, J., Ferrer, A. & Conesa, A. (2011). Differential
expression in RNA-seq: a matter of depth. Genome research, 21 (12): 2213-2223.

Tattersall, D. B., Van Heeswijck, R. & Hoj, P. B. (1997). Identification and characterization
of a fruit-specific, thaumatin-like protein that accumulates at very high levels in
conjunction with the onset of sugar accumulation and berry softening in grapes.
Plant Physiology, 114 (3): 759-769.

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J.,
Salzberg, S.L., Wold, B.J., & Pachter, L. (2010). Transcript assembly and
quantification by RNA-Seq reveals unannotated transcripts and isoform switching
during cell differentiation. Nat Biotechnol, 28: 511-515.

Trezzini, G.F., Horrichs A., & Somssich, I.E. (1993). Isolation of putative defense-related
genes from Arabidopsis thaliana and expression in fungal elicitor-treated cells. Plant
Molecular Biology, 21 385-389.

Tronsmo, A. M. (1993). Resistance to winter stress factors in half-sib families of Dactylis
glomerata, tested in a controlled environment. Acta Agriculturae Scandinavica B-
Plant Soil Sciences, 43 (2): 89-96.

Tronsmo, A. M., Hsiang, T., Okuyama, H. & Nakajima, T. (2001). Low temperature
diseases caused by Microdochium nivale. Low temperature plant microbe
interactions under snow. Hokkaido National Agricultural Experiment Station,
Sapporo: 75-86.

24



Tronsmo, A. M. (2013). Snow Moulds in a Changing Environment—A Scandinavian
Perspective. In Plant and Microbe Adaptations to Cold in a Changing World, pp.
305-317: Springer

Wang, D., Amornsiripanitch, N. & Dong, X. (2006). A genomic approach to identify
regulatory nodes in the transcriptional network of systemic acquired resistance in
plants. PLoS Pathog, 2(11): e123.

Ward, J.A., Ponnala, L., & Weber, C.A. (2012). Strategies for transcriptome analysis in
nonmodel plants. Am J Bot, 99: 267-276.

Xu, L., Zhu, L., Tu, L., Liu, L., Yuan, D., Jin, L., Long, L. & Zhang, X. (2011). Lignin
metabolism has a central role in the resistance of cotton to the wilt fungus
Verticillium dahliae as revealed by RNA-Seq-dependent transcriptional analysis and
histochemistry. Journal of experimental botany, 62 (15): 5607-5621.

Ye, J., Fang, L., Zheng, H., Zhang, Y., Chen, J., Zhang, Z., Wang, J., Li, S., Li, R., Boloud,
L., & Wang, J. (2006) WEGO: a web tool for plotting GO annotations. Nucleic
Acids Res, 34: W293-W297.

25



9¢

000°000°G9T

GGe'88T

288'CT

29T

T0Z

000°000°8.LT

8.679¢

2€9'LT

v8L'T

102

speal ay} 4o wng
sB1Iuo9 Jo "ou [e101
(dg) yibus| Bruoa "xe
(dg) oSN

(dq) ybus| Bruoa uiy

(¥) adAioush juelsisay

(s) adAiouab sjgndaosng

*Sa1quUasse awod1Iasuel) 0AOU 8P 8] JO SoNSLIgIdRIRYD ‘T 9|qe.L

S9lqeL



Lc

saua9 onoAIe3N3 8100 :$930 ;

00°L6 0796
€8¢ cLe
6.°86 €L°06
S6°E6 99'¢8

Bojoy1I0 T Uey) aJow YIm SHID Palaalep JO %
939 Jad shojoy1io Jo Jaquinu abeisny
pajuasaidal Ajjelred 1ses| 1e Jo %

pajuasaidal Ajiny Jo %

(S) adA1ouab sjgndeasns  (Y) adAiouab jueisisey

$930 8vZ J0 1IN0

"uolrepIjeA AJqWIasse 0AOU-ap 10 SIsA[eue WYINDTD 40 S1Nsay " a|qel



8¢

1S 161 € ursjold souesisal asessiq ¢ T96TSATIPRIG  T'0EL9vDELY  Zhes 00 08Szdwiod
ITe 8eT ursjold souelsisal aseasiq  T'S8TOZOTIPRIG  T'09TYIDTLY  2Zbds 09 +6THzdwod
TLTT 6ST urejoid souelsisal asessiq  Z'09562Z0TIPRIG  T'OLPYTOELY  Thes 00 £96ezdwod
ov'0 006~ Josinoaud uisusye@  T'08€6YOEIPRIG  T'02T209ZLY  Zbss 09 eppezdwiod
9ze  TL0- aseunIyo |1 sselD  T'Ovezebelprig  T'00SZTOELY  zZbes 00 2TEgzdwod
9T'e e Gaseunlyd ToeryIlgipeig  T0ZPYSOELY  Tbes 09 86Zczdwiod
¥'6 106" Zoeseunmyd  TOOvEBYIpRIG  T0269TDELY  ghes 00 §95.Tdwoo
896~ 870 ursload xooys yeay Bulpuig-uinpowed  T°T€8000zIPRIG  T'0S06YOELY  Thes 00 #G0.TdW0d
G0T- L€0 ursjosd Buipuig unpowed  z'092G00€1pRlg  T'08G/G9DSLY  Thes 09 ##0.Tdwod
v.'6 9e'8 S{s aseupy uigioud Juspuadap-wnioed  T'06EvZOYIPRIG  T'0/9G€DTLY  Thes 00 2699TdWod
€80T TTT GX{s aseuny uiajoud Juspuadap-wnioed  T'06vZByIPRIG  T08GEZ9OSLY  Thas 007 G9/5Tdwod
L0°L 150~ T aseury uisjold Juspuadsp- wnioed  T°2£9T90TIPRIG  T'OYTIYOZLY  Thes 00 £TEGTdWOD
96'TT  09'%- ursold passaidal-uixny  Z'0TTTEBYIPRIG  $°02295DTLY  Zbss 00 205Tdwod
ISTT  STTT Z J0)0e) asuodsal uIxny  T'087650zIpeIg  £'00029DG1Y  Tbes 09 G/87Tdwod
ISTT  S00- Z Jo1oey asuodsal uIxny  T°08¢650zIpRIg  £°00029DGLY  Tbas 00 9ppeTdwod
¥'TT- 9007 urgloud Jonqiyur esediyy  Z'0098€byIpRIG  T0EL/2921V  Thes 00 GypeTdwod
9¢T-  GOTI- urslold proe o1s10sqy  T°2Z00TOGIpRIG  €0€89TOVLY  Zhes 00 £00ZTdWOD
9€'0- 86°0T ursloud proe oIsiosqy  T°2200TOSIpRIG  €0£89TOYLY  Thes 00 0g/TTdWOd
8STT  v6°C- ursjoid sAnIsUBSUI PIoB IS0y €£°068.00z1pRIg  T'0SG809ELY  Thes 00 959TTdWO0d
8TT- 8.8 aseajold s9z  2'00%79hTIPRIG Zbss 09 98/0Tdwod
@&rs)  (1s) anbojowoy  anbojowoy

11 IN-I uonduaseq uoAyoeisip eURIRYL Al aouanbas
@ Wm__ C wW__ wnipodAyoedg  sisdopiqely

‘(adAjouab ajqndaosns) s pue ‘(adAioush juelsisal) o ‘sadAioush uljiebe4 Ao ¢ suuaiad wnijo]

OM] Ul 3[BAIU |\ 0] 3suodsal Ul PaAjoAUI sausl arepipued [enusiod se paIapIsuod aq Ued Jey) saush passaldxa Ajfenuaiayip Jo 1siT "€ ajqel



S0°0-
987
T6°€
¥8'€T
AN
L'eT-
qret
TT°€T
68°TT
8¢t
99'6
8'TT-
10°CT
v.0-
¥6°0
€0°¢
99°0T
1T
9T'¢
99°0T
4
00T
€6'9
€46
V'8
T0°¢-
9¢'¢e

€4°¢T
e8¢
9L.'T-
€6'v-
0Ty
LET
[40h7
0T's
LSV
09°¢T
¥S0
9T'¢
G80
(474
G8'6-
it
6v'9
0L°€
€9'6
LT'T-
€6'TT
186
65°¢CT
oT'T
9.'6
S0°S
[474°)

utalold aseuny dv N
uigloud Jagsuen pidi
uig1o.d Jaysueny pidig

uiao.d asereydsoydosAd H a1uebiou]
uiajoad Buronpui-uoiss| ax1|-4H
aseuaboipAyap joulpnsiH

0/ utsjoad xo0ys 1eaH

0/ utsioad xo0ys 1esH

T aselonpal a1e|AX0A|9

aseuaboipAyap areydsoyd-g-apAyapleladk|o
M I|-6aJo uigroid xog-4

uigo.d xog-4

uiajo.d yeadal-yojay xog-4

zdel 10198} uonduosuel) aAlsuodsal-ausjAylg
449 101084 UONdLIoSUL.L) BAISUOSaI-aURJAYIT
T 10108} uonduosuel) aalsuodsal-aus|Ay1g
|-z uidoid aanisuasul-suaAy13

J0308) uonduiosuey jeubis ausjAylg

10198} uonduosuen feubis ausjAy1g

¢1ddi u1er04d 9oURISISA BSRASI

Twdl utsjold aoue)sIsal aseasiq

TwdJ utsiold aoueIsIsal asessiq

Twdl utsjold aoue)sIsal aseasiq

TwdJ utsiold aoueIsIsal asessiq

Twdl utsjold aoue)sIsal aseasiq

gefi uisloid aourlsISal aseasiq

€ uiso.d aourIsISal aseasiq

1°0.85¥0zIpeig
1°05.G¢0yipeig
1°05.G¢2Byipeig
1°0550€0TIpRIg
2'00TG.0TIpRIg
T0reLTOTIPRIG
1°02.€00TIpe.g
T°02,£00TIpRIg
1°080970¢1Ipe.g
T0£69¢bg1pRIg
2'021670TIpRIg
T0zsTEbEIpRIg
£:09¢T00gIpRIg
£°069970TIpeIg
1°00TZ00ZIpRIg
£°069970TIpeIg
1°08£80071pe.g
1°08.£90TIpRIg
1°08.€£90TIpe.g
2056TZbyIpRIg
T°LTEGEbyIpRIg
T L1E5e0YIpRIg
2'€655T0eIpRIg
1°/887¢byipeig
1°€655T0EIpRIg
T'Lzesebzipeig
2'196T50TIpRIg

1°088¢vOCLY
T'0vS8€OCLY
T'0rS8E0CLY
C'069STOTLV

VA4 4%914R
T'068€9951V

1005209491V
100520951V
T'0€G5COELY
¥'0LeveOclV
1°029¢vOCLY

T'0L2SSOT1V
€0T6ESOTLY
€0ECVTOELY
€0T6ESOTLY
T'08CE09049LY
1°060L¢9¢1V
T'0LL0COELY
1°209899OT1V
T'0r0L09ELY
T'0r0L09ELY
1'08,699OTLV
T'0ELOVOELY
T'0ELIVOELY
T09vPTOELY
T'OrSeLOTLY

6¢

ebas 00 £55Tedwoo
TGbas 09 05 TEdWOd
Tbas 0o 0geTedwod
Zbes 19 /ee18dwod
cbas 0o gTeTedWwoo
6Thas 00 T0ETEAWOD
gbas 09 z,0Tsdwod
Thas 00 yToTEdWOod
0Tbas 09" 6560€£dWOd
Thas 00 £580sdwoo
cbas 09 8y,0sdwod
ebas 00 ge90edwod
cbas 09 600sdwod
Zbas 09 £800gdwod
,bas 09 T5862dwo02
6bas 09 6z06zdwod
Zbas 09 86682dwod
ebas 00 2068zdwod
Zbas 09 geggzdwod
Zbas 09 ygzdwoo
LThas 09 16/ /zdwod
Thas 00 06g/zdwod
Zbas 09 9gz/zdwod
Thas 00 zT0/zdwod
gbas 09 #569zdwod
Thas 09 66TSZdWOD
Thas 19 88617zdwod



aT'¢ct
198
STy
wT
TN
LE°6-
€r'8-
6€8-
LEO0
ce0-
viT-
90°¢T-
GE'6
€0¢ctT
¥'0T-
LEO0
09'S
89T
8r'y
Tect
Ge'T
L6°L-
99°¢T
8¢°0
LS°0
[4Ro
60°0-

L0°6-
S¢'T-
S6°T
TL°0-
0907
900
¥8'T-
¢l
8¢°0-
veT
€0
T0°€
87'0-
0¢'6
6.'G-
81'8-
0S0
TeE-
QLT
144
6’8
€e¢
900
06°0T
L¥'0
LG°CT
G8'ET

u1aio4d Ajiwey urewop uiewney |

Tz u1gioud ax1|-TdMS

pa1e100sse-101dadal aseuly aulu0aIyl-aulas
aseJajsuenoulwre aje|AxoA|B-auries
2dIs aseuny uIg)0d-auluOaIy} BULIAS
15qd aseury uiaoid-auluoaiy) auLles
TG0 8seun| UI8)0Jd-auluoaly} auLias
TG0 8Seuny UI8)0Jd-suluoaly} auLIaS
aseury| u1a104d-auluoaiy} auLds

aseuny u1s101d-auluoaIy} suLdS

1dd asereydsoyd uiaoad suiuoaiyy auLles
1dd asereydsoyd uiajoud auluoaiyr suLias
Z uIa104d asepixo 1sing Alojelidsay

¥ 41 patejal-dnoJb ses Jenjjadeaiui jueld
V aWwolyd01Ayd

uis104d parejal-usboyred

G uIsj04d pajejal-sisausboyled

¥ ura104d parejal-sisauaboyred

T uIsjo4d palejal-sisauaboyled

T u1a104d parejal-sisauaboyred

uajoad aoue)sISal aseasip DHV-aN
usjoad aoue)sIsal aseasip DHV-9N

T aseuabolpAysp H(d)avN

aseuny| u1s10.d PPdvIN

aseury urajoid ¥ypdvIN

utajoad aseuny dvIN

aseeydsoyd aseury dvIN

T'0v¥S00yipeig
1°200296TIpRIg
T'0789ebTIpRIg
Z'05.6¢0¢1pRIg
2'099800T1IpeIg
2'29£9/0TIpeig
T'0e5eebzIpeig
z0eseebzipeig
T'0vv.L2byipeig
1°029.00TIpeig
£yT9550¢eIpeIg
£yT9650¢eIpeIg
5'0606T0zIpeIg
T066££0€1PRIg
2'0250T0TIpRIg
1°20.800z1pRIg
T'0v¥S00yIpe.g
T°0£6vT0yIpeIg
T°075.50TIpeIg
T°026790TIpRIg
1°0955T0GIpRIg
2°095620TIpRIg
1°0.6€50zIpeig
2°0,90T6G1pRIg
1°06.570gIpeig
T°051S.6TIpRIg
2'05v.e0zIpeig

T'099TTOVLV
T'096SVOC1V
T'0T9STOELY
T'09€ETOCLY
T'0r8¢¢O4alY
1°00820951V
C'080EEDVLY
T°'080€EOYLY
T'0BEETOELY
T'0G6EEOYLY
T'0r86€9CLY
T'0r86€OCLY
T'090799T1V
T'0LVSEOVLV
¢'0L5609TL1V
¢'0848.9T1V
T'0G0S.9T1V
T°'02LY09ELY
1°08L5¢9OV1V
T°0r09¢9C1Y
106092971V
TOLYPTOELY
T'08TL0OTLY
¢'0LSESOTLY
S'0LS€SOTLV
108999941V
T'0L2SS9€ELY

(013

thas 09 0.861dwo2
Thas 00 gzegydwoo
thas 09 T0991dwod
Thas 09 z5osydwod
thas 09 TOTHidwod
Thas 00 £81EdWod
thas 09 zgszidwod
Thas 09 96 THdwod
thas 09 05188dwWo2
Thas 00 06T.£dwod
thas 09 yey9sdwod
Thas 00 86T9cdwod
Thas 09 06655dwod
Thas 0o gg8ggedwod
thas 09 g1zZ5edwWod
Thas 00 9zecdwod
thas 09 y5ziedwod
Thas 00 g9geedwod
thas 09 T5yesdwod
Thas 00 09ggedwoo
L€bas 09" g9ezedwod
Zbas 09 yTozEdWoo
gbas 09 8.6Tsdwod
ybas 00 996TEdWO2
0¢bas 09" yeTEAWOD
gbas 0o 891£dwod
6¢bas 09 6Y9TEAWOD



113

‘uoleqnoul Jo sAep  Ja1e SuonIpuod
(1-1) payejnaoul pue pajeqnaul Japun adAjoush (S) ajqndadsns pue (4) Juelsisal 8y usamiag abueyd pjoj ayy Jo ¢6oj ayL  ‘uoreqnaul Jo shep
13)Je suonIpuod (IN-1) paye|ndoul-uou pue pajegnaul Jopun adAjouah (S) ajqndaosns pue () uelsisal ay) usamiag abueyd pjoj ayy Jo ¢6o] ay L

S6°6-
896~
T¢'6
€T0
8¢'6
6v'T
¥8'T
S0°0
¥€0
Sv'S-
S6°0T
6E'T-
v8'¢-
L9ET
148>

G8°0T-
0¢0
6€0
6v'¢c-
L6°0-
€90
L¥'0-
ve8-
S0'Y
[4 94
€V'0T-
S6°T
166~
L6°T-
96'6-

G u1910.d pareldosse-ssalis Jabuiy oulzZ
ot wisro.d Jabuly ourz

9 uigo.d pareldosse-ssaas Jabuly ouiz
¥ uieroud 18buly ouiz

ee udoid Jabuly ouiz

G/ uizoid Bulpulg-YNG AMEM

0/ utdr01d Bulpulg-YNQ AMEM

G9 urajoud BulpuIg-wNG AMHM

TG utg01d Bulpulg-YNG AMEM

€€ urajoud Bulpuig-wNG AMHM

Z uioud Buipulg-wNa AMEM

8T ursjoud Bulpuig-wNG AMHEM

8T u1gr01d BuIpuIg-YNQ AMEM

2 awAzus Buirehnfuoa-Buninbign

€ uiaoad pajejal-sisausboyred unewney |

1°0586€0gIpeIg
T'0v1870TIpRIg
1°9£0900TIpRIg
2'1165ebyIpRIg
2°06650071pRIg
1°0906T6YIpRIg
1°099.T0TIpeIg
1°9066v0zIpRIg
1°0£5810ZIpRIg
1°0820006z1pRIg
T°0.£€€byIpeig
1°02,0906¢1pRIg
1°0.80€0TIpRIg
Z°00vS06zIpRIg
1°096.00¢1pe.g

T'0E9CTOELY
T'09€L09T LV
1°085.¢9¢1V
T'G8Y9TOCLY
1°'0865999€LY

T'080ETOGLY
T'00V9VOCLY

1°08¢6¢OTLY
T'0T8Y99G1V
T'0LY8EDCLY
104299941V
¢'008TEOYVLY
¢'008TEOVLY
1°094¢09¢1V
T'0S9TTOV LV

Thas 09 6G/6dwod
1has 09 opysedwos
Thas 00 zz16dwoo
1has 09 0esgdwos
Thas 0o 80/8dwod

Zbas 09 Te9gdwoo
1bhas 09 gzT8dWoOo

Thas 0o TTT8dWO2
1has 09 656,dwoo
Thas 00 £z9,dwod
1has 09 229,dwoo
Thas 00 2TEE/dWod
1has 09 9e69dwoo

Thas 00 T1/2/19dwod
1has 09 9505dwoo



Supplementary Table 1. : Correlations between relative regrowth (g dry weight),
visual scoring of symptoms and the amount of fungal DNA in plant tissue of 8
genotypes of L. perenne cv. Fagerlin, after inoculation with M. nivale and incubation
for 6 and 8 weeks at +2 °C.

Variables (1) )] (3

(1) Relative regrowth® -

(2) Visual scoring of symptoms"™ 20.106 -

(3) The amount of fungal DNA® 0.023 ™ 0497 -

Correlation is significant at the 0.01 level; " Correlation is not significant.
@ Relative regrowth (dry weight of inoculated plants divided by dry weight of non-
inoculated plants) after incubation under artificial snow cover followed by two weeks
of regrowth.
®) visual assessment was done according to the following scale: 0 = no green tillers, 1
= some green tillers visible, 2 = green tillers found in less than half of the total plant
area, 3 = green tillers found in more than half of the plant area, and 4 = green tillers
observed in the whole plant area.
© The amounts of fungal DNA (pg. fungal DNA/ng plant DNA).
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Supplementary Table 2. List of pathway-enriched differentially expressed genes in the

resistant (R) and susceptible (S) genotype under incubated and inoculated (1-1)

conditions after 4 days of incubation.

Differentially expressed ~ Pathway

Pathway genes (No./%) 1D

Purine metabolism 260 (5.19%) map00230
Biosynthesis of antibiotics 255 (5.09%) map01130
Thiamine metabolism 213 (4.25%) map00730
Starch and sucrose metabolism 146 (2.91%) map00500
Aminobenzoate degradation 131 (2.61%) map00627
Glycolysis / Gluconeogenesis 90 (1.80%) map00010
T cell receptor signaling pathway 77 (1.54%) map04660
Galactose metabolism 70 (1.40%) map00052
Methane metabolism 69 (1.38%) map00680
Glyoxylate and dicarboxylate metabolism 67 (1.34%) map00630
Carbon fixation in photosynthetic organisms 65 (1.30%) map00710
Phenylpropanoid biosynthesis 59 (1.18%) map00940
Pyruvate metabolism 57 (1.14%) map00620
Glycerolipid metabolism 52 (1.04%) map00561
Amino sugar and nucleotide sugar metabolism 51 (1.02%) map00520
Fructose and mannose metabolism 51 (1.02%) map00051
Glycine, serine and threonine metabolism 50 (1.0%) map00260
Pentose phosphate pathway 49 (0.98%) map00030
Drug metabolism - other enzymes 46 (0.92%) map00983
Pyrimidine metabolism 43 (0.86%) map00240
Carbon fixation pathways in prokaryotes 36 (0.72%) map00720
Valine, leucine and isoleucine degradation 35 (0.70%) map00280
Glutathione metabolism 34 (0.68%) map00480
Cyanoamino acid metabolism 34 (0.68%) map00460
Tryptophan metabolism 30 (0.60%) map00380
Glycerophospholipid metabolism 30 (0.60%) map00564
Fatty acid degradation 29 (0.58%) map00071
alpha-Linolenic acid metabolism 27 (0.54%) map00592
Metabolism of xenobiotics by cytochrome P450 27 (0.54%) map00980
Phenylalanine metabolism 27 (0.54%) map00360
beta-Alanine metabolism 26 (0.52%) map00410
Phosphatidylinositol signaling system 26 (0.52%) map04070
Oxidative phosphorylation 25 (0.50%) map00190
Pentose and glucuronate interconversions 25 (0.50%) map00040
Ubiquinone and other terpenoid-quinone

biosynthesis 24 (0.48%) map00130
Arginine and proline metabolism 23 (0.46%) map00330
Nitrogen metabolism 23 (0.46%) map00910
Terpenoid backbone biosynthesis 23 (0.46%) map00900
Cysteine and methionine metabolism 23 (0.46%) map00270
Alanine, aspartate and glutamate metabolism 23 (0.46%) map00250
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Propanoate metabolism 23 (0.46%) map00640

Ascorbate and aldarate metabolism 23 (0.46%) map00053
Citrate cycle (TCA cycle) 22 (0.44%) map00020
Butanoate metabolism 22 (0.44%) map00650
Lysine degradation 21 (0.42%) map00310
Sphingolipid metabolism 21 (0.42%) map00600
Tyrosine metabolism 21 (0.42%) map00350
Linoleic acid metabolism 20 (0.40%) map00591
Inositol phosphate metabolism 20 (0.40%) map00562
Porphyrin and chlorophyll metabolism 19 (0.38%) map00860
Sulfur metabolism 18 (0.36%) map00920
Retinol metabolism 18 (0.36%) map00830
Pantothenate and CoA biosynthesis 17 (0.34%) map00770
Phenylalanine, tyrosine and tryptophan

biosynthesis 17 (0.34%) map00400
Chloroalkane and chloroalkene degradation 16 (0.32%) map00625
Other glycan degradation 16 (0.32%) map00511
Arachidonic acid metabolism 15 (0.30%) map00590
Aminoacyl-tRNA biosynthesis 15 (0.30%) map00970
Arginine biosynthesis 13 (0.26%) map00220
Caprolactam degradation 13 (0.26%) map00930
Histidine metabolism 13 (0.26%) map00340
Tropane, piperidine and pyridine alkaloid

biosynthesis 12 (0.24%) map00960
Ether lipid metabolism 12 (0.24%) map00565
Steroid hormone biosynthesis 12 (0.24%) map00140
One carbon pool by folate 11 (0.22%) map00670
Limonene and pinene degradation 11 (0.22%) map00903
Biosynthesis of unsaturated fatty acids 10 (0.20%) map01040
Nicotinate and nicotinamide metabolism 10 (0.20%) map00760
Selenocompound metabolism 10 (0.20%) map00450
Valine, leucine and isoleucine biosynthesis 9 (0.18%) map00290
Streptomycin biosynthesis 9 (0.18%) map00521
Lysine biosynthesis 9 (0.18%) map00300
Isoquinoline alkaloid biosynthesis 9 (0.18%) map00950
Fatty acid elongation 9 (0.18%) map00062
Plant-pathogen interaction 8 (0.16%) map04626
Geraniol degradation 8 (0.16%) map00281
Glycosphingolipid biosynthesis - globo series 8 (0.16%) map00603
Benzoate degradation 8 (0.16%) map00362
Vitamin B6 metabolism 8 (0.16%) map00750
Steroid biosynthesis 8 (0.16%) map00100
Flavonoid biosynthesis 8 (0.16%) map00941
Steroid degradation 7 (0.14%) map00984
Caffeine metabolism 7 (0.14%) map00232
Toluene degradation 7 (0.14%) map00623
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Photosynthesis

N-Glycan biosynthesis

Cutin, suberine and wax biosynthesis
Novobiocin biosynthesis

Various types of N-glycan biosynthesis
Carotenoid biosynthesis
Chlorocyclohexane and chlorobenzene
degradation

Monobactam biosynthesis
Monobactam biosynthesis

Styrene degradation
Glycosaminoglycan biosynthesis - heparan
sulfate / heparin

Glycosaminoglycan degradation
Xylene degradation

Glucosinolate biosynthesis

Glycosphingolipid biosynthesis - ganglio series

Synthesis and degradation of ketone bodies
Taurine and hypotaurine metabolism
Biotin metabolism

Butirosin and neomycin biosynthesis
C5-Branched dibasic acid metabolism
Carbapenem biosynthesis

Naphthalene degradation

Zeatin biosynthesis

Indole alkaloid biosynthesis
Benzoxazinoid biosynthesis

Isoflavonoid biosynthesis

Riboflavin metabolism

Ethylbenzene degradation

Folate biosynthesis

Insect hormone biosynthesis

Lipoic acid metabolism

Primary bile acid biosynthesis
Sesquiterpenoid and triterpenoid biosynthesis
Diterpenoid biosynthesis

Fluorobenzoate degradation

Stilbenoid, diarylheptanoid and gingerol
biosynthesis

Biosynthesis of terpenoids and steroids
Aflatoxin biosynthesis

Tetracycline biosynthesis

Phosphonate and phosphinate metabolism
mTOR signaling pathway

Polyketide sugar unit biosynthesis

Other types of O-glycan biosynthesis
D-Alanine metabolism
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7 (0.14%)
7 (0.14%)
7 (0.14%)
7 (0.14%)
6 (0.12%)
6 (0.12%)

6 (0.12%)
6 (0.12%)
6 (0.12%)
6 (0.12%)

6 (0.12%)
6 (0.12%)
5 (0.10%)
5 (0.10%)
5 (0.10%)
5 (0.10%)
4 (0.08%)
4 (0.08%)
4 (0.08%)
4 (0.08%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
3 (0.06%)
2 (0.04%)
2 (0.04%)
2 (0.04%)
2 (0.04%)
2 (0.04%)
2 (0.04%)

2 (0.04%)
2 (0.04%)
2 (0.04%)
2 (0.04%)
2 (0.04%)
2 (0.04%)
1(0.02%)
1 (0.02%)
1(0.02%)

map00195
map00510
map00073
map00401
map00513
map00906

map00361
map00261
map00261
map00643

map00534
map00531
map00622
map00966
map00604
map00072
map00430
map00780
map00524
map00660
map00332
map00626
map00908
map00901
map00402
map00943
map00740
map00642
map00790
map00981
map00785
map00120
map00909
map00904
map00364

map00945
map01062
map00254
map00253
map00440
map04150
map00523
map00514
map00473



D-Glutamine and D-glutamate metabolism 1 (0.02%) map00471
Peptidoglycan biosynthesis 1 (0.02%) map00550
Flavone and flavonol biosynthesis 1 (0.02%) map00944
Biosynthesis of vancomycin group antibiotics 1 (0.02%) map01055
Biosynthesis of ansamycins 1 (0.02%) map01051
Atrazine degradation 1 (0.02%) map00791
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Supplementary Table 3. Real-time PCR Primers for quantification of gene expression.

Target gene  Primer name sequence (5°-3") Reference

PR-5 PR-5F GCAGCTGAACAGCGGCGAGACGTGGAAC  Zhang et al.
PR-5R GCCGGTGCTGCAGGAGAAGCCCATGC (2011)

PR-1 PR1-F2 AGCACAAGGCTGCAGTCGTA This study
PR1-R2 CTTGCAGTCGCCGATCCT

Thaumatin-  Thi-F2 AACTGCCCGGATGCCTATC This study

like PR3 Thi-R2 CGTTGCAGCCGTGTGTTTT

Chitinase 5 Chi5-F1 CCAGTGGTGGCGTTCAAGA This study
Chi5-R1 CACCCCATGCACGTTGGT

Chitinase2  Chi2-F2 CCCGATGTTGAACGACTTCTG This study
Chi2-R2 TCGGTTTCTACAAGCGCTACTG

WRKY WRKY-F1 CGCTCCACCCTCTTCTTCAC This study
WRKY-R1 TGTGCTGTGTGCAGGAACTACTAC

LpGAPDH  LpGAPDH-F  CATCACCATTGTCTCCAACG Petersen et al.
LpGAPDH-R  AACCTTCAACGATGCCAAAC (2004)

37



14 B 6weeks ]l 8weeks

e 12 . a1 |a
2 ab
g 101
-} 3b
2
s 08 I',, b
g 06
B
= 04
02
00 | . .
A B C E F M

Figure 1. Resistance to M. nivale in 8 genotypes, measured as relative regrowth (dry
weight of inoculated plants divided by dry weight of non-inoculated plants) after 6
and 8 weeks incubation under artificial snow cover followed by two weeks of
regrowth. Error bars indicate standard errors of the mean, and bars marks with
different letters indicate significant differences (P<0.05).
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Figure 2. Symptoms visual assessment and the mount of M. nivale (isolate 200231)
DNA (pg. fungal DNA/ng plant DNA), in 8 genotypes of L. perenne cv. Fagerlin after

6 and 8 weeks from inoculation. Error bars indicate standard errors of the mean, and
bars marks with different letters indicate significant differences (P<0.05).
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Figure 3. The number of differentially expressed transcripts identified using de novo
assembly method (Al) and the reference (inbred L. perenne transcriptome) based
assembly method (A2) with FDR<0.05. Venn diagrams showing the number of up-,
down- and contra-regulated transcripts that were common and specific for the
pairwise comparisons using de novo assembly (B1) and the reference based assembly
(B2). R; resistant genotype, S; susceptible genotypes. NI-NI; non- incubated and non-
inoculated plants, I-I; incubated and inoculated plants after 4 days of incubation, I-NI;
incubated and non-inoculated plants after 4 days of incubation.
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Figure 4. Heat maps of differentially expressed genes detected using de novo
assemblies and reference based assembly for each genotype and grouped according to
their expression patterns. X-axis represents the experimental conditions. R; resistant
genotype, S; susceptible genotype. NI-NI; non- incubated and non- inoculated plants,
I-1; incubated and inoculated plants after 4 days of incubation, 1-NI; incubated and
non-inoculated plants after 4 days of incubation.
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Figure 5. Gene ontology classifications of differentially expressed genes observed
during pairwise comparisons of incubated non-inoculated (I-NI) and incubated
inoculated (I-1) in resistant (R) and susceptible (S) genotypes generated by WEGO
tool (http://wego.genomics.org.cn/cgi-bin/wego/index.pl) generated automatically by
the web histogram tool WEGO (http://wego.genomics.org.cn/cgi-bin/wego/index.pl)
using the newest GO archive provided. The results are summarized in three main GO
categories: cellular component, molecular function and biological process. The right
y-axis indicates the number of genes in a category. The left y-axis indicates the
percentage of a specific category of genes in that main category.
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Figure 6. Annotation differences between resistant (R) and susceptible (S) genotypes
detected by Fischer’s exact test.
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Figure 7. Hypothetical modules for plant-pathogen interaction after 4 days of
incubation with snow mould pathogen M. nivale derived by KEGG plant-pathogen
interaction pathway (http://www.genome.jp/kegg/) and network of WRKY
transcription factors (Eulgem & Somssich (2007) . The recognition of pathogen-
associated molecular pattern (PAMP) initiate PAMP trigger immunity via the
activation of cysteine-rich receptor-like protein kinase (CRK), cyclic nucleotide gated
channel (CNGC), calcium-dependent protein kinase (CDPK), respiratory burst
oxidase (Rboh), calcium-binding protein CML (CaM/CML), and NADPH oxidase.
The activation of PAMP trigger immunity initiate the production of reactive oxygen
species (ROS), which might activate the plant hypersensitive response (HR) , cell wall
reinforcement, as well as stomata closure. Defence responses are also instigated upon
recognition of the fungal effectors in the host cell by serine/threonine-protein kinase
PBS (PBS) and the activation of MAP kinase cascades such as mitogen-activated
protein kinase kinase kinase (MAPKKK), mitogen-activated protein kinase kinase
(MAPKK), and mitogen-activated protein kinase (MAPK). Effectors triggered
immunity (ETI) initiate the production of several pathogen related proteins such as
PR-1, -1,3-glucanase (PR-2), chitinase 11/V (PR-3), thaumatin-like (PR-5), and lipid-
transfer protein (PR-14). Both PAMP triggered immunity and effectors triggered
immunity alternate the production of salicylic acid (SA) and jasmonic acid (JA) by the
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action of distinct transcription factors WRKY such as WRKY 75, WRKY 70, WRKY
18, and WRKY 33. Pathogen-triggered SA signaling also by the activation of
serine/threonine-protein  kinase2 (SRK2), auxin receptors, and abscisic acid
responsive element binding factor (ABF).
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Supplementary figure 1. Overview of experimental design.
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Supplementary figure 2. Work flow of RNA sequence data analysis.

47



0.09 -

< 0.08 - m1Day m4Days
Z

a) 0.07 -
ra)

S 006 -
o

o 005 -
c

3 004
2 003"
S 002
c

& 001 -
£ o

F©) M(R)

Supplementary figure 3. Amount of fungal DNA (pg. fungal DNA/ng plant DNA) in
two genotypes of L. perenne cv. Fagerlin (resistant genotype M (R) and susceptible
genotype F (S) inoculated with M. nivale (isolate 200231). Samples were collected 1
and 4 days after inoculation. Error bars indicate standard errors of the mean.
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Supplementary figure 5. Validation of gene expression of 6 selected genes by qRT-
PCR. CHI2; Chitinase 2, CHI5; Chitinase 5, WRKY; WRKY transcription factor,
THI; Thaumatin-like PR3, PR1 ; pathogenesis-related protein 1, PR5; pathogenesis-
related protein 5. Expression level was calculated based on 24" method. R; resistant
genotype, S; susceptible genotypes. NI-NI; non- incubated and non- inoculated plants,
I-1; incubated and inoculated plants after 4 days of incubation, 1-NI; incubated and

non-inoculated plants after 4 days of incubation.
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