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Abstract 

 

Leaf samples were collected from 27 barley fields in Iceland in August 2007 in order to 

analyze the diversity of fungal species growing on barley. Twelve fungal species were 

found on 277 successfully analyzed leaves, including two widespread barley pathogens, 

Rhynchosporium secalis and Pyrenophora teres f. teres, the causal agents of scald and net 

blotch, respectively. The genetic structure of the Icelandic R. secalis population was 

studied using thirteen microsatellite markers and results compared to six European R. 

secalis populations. The genetic structure of P. teres was examined with four AFLP 

markers and compared to populations from Finland and Russia. Both studies revealed a 

significant differentiation between the Icelandic and European populations. The mean Fst 

value between the Icelandic R. secalis population and five Scandinavian populations was 

0.165 and pairwise differentiation between the P. teres populations from Iceland and 

Finland was 0.640. Of the P. teres populations analyzed the gene diversity was highest in 

Iceland, with a value of 0.26, compared to 0.17 and 0.04 in the Russian and Finnish 

populations, respectively. The gene diversity in the seven R. secalis populations ranged 

from 0.43-0.73 and was 0.55 in Iceland. The distribution of genetic diversity was notably 

different for the R. secalis and P. teres populations as 84% of the total diversity was 

distributed within populations and only 16% between populations for R. secalis where as 

more than half of the total genetic diversity, or 51%, was distributed between the P. teres 

populations and only 49% distributed within the three populations. The existence of mating 

types 1 and 2 at the same locations was confirmed in both R. secalis and P .teres 

populations from Iceland, providing evidence of sexual reproduction. The virulence of 

Icelandic R. secalis and P. teres populations was assessed on a number of standard barley 

genotypes. Both populations had high pathogenic variation. Fourteen R. secalis isolates 

were grouped into eleven pathotypes and twenty P. teres isolates were grouped into 

nineteen pathotypes. None of the barley cultivars currently used in Iceland were resistant to 

a mixture of Icelandic P. teres isolates. These findings suggest that the Icelandic R. secalis 

and P. teres populations possess high variability both in neutral molecular markers and 

virulence, supporting the classification of both R. secalis and P. teres as high risk 

pathogens with considerable evolutionary potential. It is therefore recommended to use 

quantitative resistance along with major gene resistance in cultivar mixtures and multilines 

in breeding projects for durable resistance to R. secalis and P. teres in Iceland. 



iii  

Ágrip 

 

Blöðum var safnað úr 27 byggökrum á Íslandi í ágúst 2007 til þess að greina 

tegundafjölbreytileika sveppa á byggi. Tólf mismunandi sveppategundir fundust á þeim 

277 blöðum sem greind voru, þar á meðal voru tveir vel þekktir byggsýklar, 

Rhynchosporium secalis og Pyrenophora teres f. teres sem valda augnblett og 

byggbrúnflekk. Erfðasamsetning R. secalis var rannsökuð með þrettán örtunglum og 

niðurstöðurnar bornar saman við sex evrópska R. secalis stofna. Erfðasamsetning P. teres 

var skoðuð með fjórum AFLP erfðamörkum og borin saman við stofna frá Finnlandi og 

Rússlandi. Báðar rannsóknirnar sýndu marktæka aðgreiningu milli íslensku og evrópsku 

stofnanna. Meðal Fst gildið milli íslenska R. secalis stofnsins og fimm stofna frá 

Skandinavíu var 0.165 og aðgreiningin milli P. teres stofnanna frá Íslandi og Finnlandi var 

0.640. Genabreytileikinn í P. teres stofnunum var hæstur á Íslandi, 0.26, samanborið við 

0.17 í Rússlandi og 0.04 í Finnlandi. Genabreytileikinn í R. secalis stofnunum var á bilinu 

0.43-0.73 og 0.55 á Íslandi. Töluverður munur var á dreifingu erfðabreytileikans hjá R. 

secalis og P. teres stofnunum. Af heildarbreytileikanum í R. secalis stofnunum var 84% 

breytileikans innan stofna en einungis 16% milli stofna samanborið við P. teres stofnana 

þar sem 51% heildarbreytileikans var milli stofna en 49% innan stofnanna þriggja. Bæði 

mökunargerð 1 og 2 fannst á sama sýnatökustað hjá báðum stofnum sem gefur vísbendingu 

um að kynbundin æxlun geti farið fram. Sýkingarhæfni íslensku R. secalis og P. teres 

stofnanna var metin á völdum byggyrkjum. Mikill breytileiki í sýkingarhæfni fannst hjá 

báðum tegundum. Fjórtán R. secalis sýni voru greind í ellefu sýkingarafbrigði og tuttugu P. 

teres sýni voru greind í 19 sýkingarafbrigði. Ekkert af þeim byggyrkjum sem algengast er í 

notkun á Íslandi í dag var þolið gegn blöndu íslenskra P. teres afbrigða. Þessar niðurstöður 

benda til þess að íslenskir R. secalis og P. teres stofnar séu með mikinn breytileika, bæði í 

hlutlausum erfðamörkum og sýkingarhæfni, sem styður flokkun bæði R. secalis og P. teres 

meðal hættulegra plöntusýkla með umtalsverða þróunarhæfni. Því er mælt með því að nota 

magnbundnar varnir ásamt varnargenum í yrkjablöndum og fjöllínum í kynbótum fyrir 

varanlegu þoli gagnvart R. secalis og P. teres á Íslandi. 
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1. Introduction 

 

1.1 Barley (Hordeum vulgare) 

  

1.1.1 Cultivation and the barley plant 

Cultivated barley (Hordeum vulgare ssp. vulgare) is a diploid annual cereal grain. It 

belongs to the family Poaceae (syn. Gramineae) and the tribe Triticeae. The Hordeum 

genus is made up of 32 species, including diploid and polyploid, perennial and annual 

types (Bothmer et al., 1995). Barley is often divided into two types depending on the spike 

morphology; two-rowed barley has sterile female lateral spikelets while six-rowed barley 

has fertile spikelets (Briggs, 1978). Wild barley Hordeum vulgare ssp. spontaneum is 

considered to be the progenitor of cultivated barley (Nevo, 1992). The two species have 

similar morphology; the cultivated form has broader leaves, shorter stem and awns, a 

shorter and thicker spike and larger grains (Zohary, 1969). Barley is believed to be one of 

the founder crops of the old world agriculture (Zohary & Hopf, 1993). Archaeological 

remains of barley grain found at various sites in the Fertile Crescent indicate that the crop 

was domesticated about 10,000 B.C. (Badr et al., 2000). Barley is adaptable to a great 

range of climates and is cultivated both in the near-desert areas of North Africa and in sub-

arctic conditions in Iceland. It was ranked fourth in 2004 in quantity produced and in area 

of cultivation of cereal crops in the world (FAO, 2006). The world barley production in 

2006 was 137.43 million metric tons and the area used for barley production was 57.44 

million hectares (USDA, 2008). 

 As reviewed by Hermannsson (1993), barley is thought to have been introduced to 

Denmark and Southern Scandinavia around 3,000 B.C. Soon after the settlement of Iceland 

in 874 A.D. Nordic Vikings brought seed from Norway and started barley cultivation in 

Iceland. Barley was grown at several locations until about 1300 when the price of imported 

barley from Scandinavia decreased significantly. It was not until 1923 that barley was 

successfully grown in Iceland again for several years in a row. Since 1991 barley 

production in Iceland has increased 18 times and in 2007 barley was cultivated on 3,576 

hectares of land and the production was 11,500 tons with an average yield of over 3 tons 

per hectare (Hermannson & Björnsson, 2008). If conditions continue to favor barley 

cultivation in Iceland it is suggested that the annual production in Iceland could double in 

the next ten years. 
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1.1.2 Barley diseases and control methods 

Categorization of barley disease is often based on either cause of infection; bacterial, 

fungal, viral or nematode disease or by which part of the barley plant is infected; root, 

stem, leaf or spike disease. This study focuses on fungal leaf diseases of barley in Iceland. 

Table 1.1 lists several pathogenic fungal species that have previously been described on 

barley in Iceland (Hallgrímsson & Eyjólfsdóttir, 2004). Only Rhynchosporium secalis, the 

causal agent of barley scald, has been identified as a serious pathogen of economic 

importance, with reports of up to 36% yield loss and 10-20% average yield loss 

(Hermannsson, 2004). Many other barley fungal pathogens cause serious diseases in 

Scandinavia, from where seed is imported to Iceland. Barley fungal pathogens in Norway 

and Sweden include species reported in Iceland; Erysiphe graminis, R. secalis, Ustilago 

hordei and Pyrenophora graminea as well as species that have not been reported in 

Iceland; Ustilago nuda, Puccinia hordei, Gaeumannomyces graminis and Ramularia collo-

cygni (Emmerman et al., 1988; Hofsvang & Heggen, 2005). 

 

Table 1.1 Fungal species previously reported on barley in Iceland (Hallgrímsson & Eyjólfsdóttir, 2004) and 
the respective barley disease they cause. 
Fungal species Barley disease 

Claviceps purpurea Ergot 

Pyrenophora graminea Barley stripe 

Erysiphe graminis Powdery mildew 

Pseudoseptoria stomaticola Halo spot 

Rhynchosporium secalis Scald 

Ustilago hordei Covered smut 

Ustilago tritici Loose smut 

 

There are several methods used for control of barley disease. Crop rotation is a natural 

approach to restrain disease proliferation, especially when pathogens overwinter on barley 

stubble and infect sprouting plants the next spring. This method was used in field trials in 

Iceland, when testing for yield loss due to scald, but did not prove to be sufficient on its 

own as yield loss was 11% in the first year of barley production after crop rotation 

(Hermannsson, 2004). Application of fungicides and herbicides for disease control is a 

strategy widely used in many barley growing areas, e.g. 65% of all marketed fungicides in 

Finland in 2004 were used on cereals (Savela & Hynninen, 2004). This method has not 

been used to the same extent in Iceland despite research showing yield increase of up to 
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24% in field trials where fungicides were used to control scald (Hermannsson & 

Sverrisson, 2003). There are disadvantages to the application of fungicides that need to be 

considered. The main concern in recent years has been increased occurrence and spread of 

pathogen strains resistant to major types of fungicides (Lucas, 2006). Fungicide use 

increases the selective pressure on pathogens which can lead to increased frequency of 

resistant mutants especially in pathogen populations with high evolutionary potential 

(McDonald & Linde, 2002). There are several reports of increased frequency of highly 

resistant pathogen strains under the application of a particular type of fungicide (Robbertse 

et al., 2001; Taggart et al., 1999) and in the UK there is a concern that disease control of 

Septoria tritici, the causal agent of septoria leaf blotch, may be compromised by the 

emergence of pathogen strains resistant to more than one chemical (Lucas, 2006). 

 The third method for controlling barley disease is the use of resistant cultivars. 

There are two types of resistance referred to as major gene or gene-for-gene resistance and 

minor gene or quantitative resistance. McDonald and Linde (2002) reviewed the current 

understanding of these interactions. In major gene resistance pathogens produce elicitor 

molecules that are recognized by specific resistance-gene encoded receptors in the plant. 

The plant receptors can trigger several defense reactions which can lead to the death of the 

infected plant cells and inhibition of the pathogen. When mutant virulent strains appear, 

the elicitor changes or stops being produced and the plant receptor stops recognizing the 

elicitor and no defense response is activated. This can lead to a complete breakdown in 

resistance when virulent mutants increase in frequency because host defense systems are 

not activated early enough to prevent infection and subsequent pathogen reproduction. This 

kind of breakdown of major gene resistance following wide distribution over a large 

geographic area is sometimes referred to as a boom-and-bust cycle. Quantitative resistance 

describes the effects of another kind of genes that are considered to have limited individual 

value and rarely provide total resistance but lead to a quantitative resistance response that 

tends to be effective against all strains of a pathogen population. The products of these 

minor genes include phytoalexins, PR-proteins, hydrolytic enzymes and modifiers of host 

defense responses (McDonald & Linde, 2002). 
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1.2 Pathogen population genetics 

 

1.2.1 Evolutionary forces of pathogens 

Studies on pathogen population genetics can reveal the evolutionary potential of the 

populations. This knowledge can give insight into which pathogens pose the greatest risk 

of breaking down host resistance and help choose the right strategy when breeding for 

durable disease resistance. McDonald and Linde (2002) defined the genetic structure of a 

population as the amount and distribution of genetic variation within and among 

populations and that it is a consequence of interactions among five forces that affect the 

evolution of populations: 

1. Mutation - Change in the DNA sequence of individual genes, creating new alleles 

and new virulent pathogen strains that break major gene resistance. 

2. Effective population size - Large populations have more mutants and therefore 

greater evolutionary potential than small populations where loss or fixation of alleles 

by genetic drift is more probable. 

3. Gene and genotype flow - The movement of virulent mutant alleles (genes) and 

genotypes among different field populations. High gene/genotype flow increases the 

effective population size by increasing the size of the genetic neighborhood. 

4. Reproduction - Sexually reproducing pathogens that undergo regular recombination 

can put together new combinations of virulence alleles and therefore are considered to 

pose a greater risk then asexual pathogens. Pathogens with mixed reproduction system 

are hypothesized to possess the highest risk of evolution because the asexual 

reproduction can hold together the fittest combinations of alleles created in the sexual 

cycle and increase the frequency of the selected clones. 

5. Selection - The main force that drives changes in frequency of alleles. This can 

occur through wide distribution of a major resistance gene leading to an increase in 

frequency of a virulent mutant, eventually breaking the major gene resistance. This has 

been observed in many agricultural ecosystems that are based on monoculture and 

genetic uniformity where strong directional selection operates on the pathogen 

population. 

The knowledge of pathogen genetic structure can be used to make predictions regarding 

the relative risk posed by different pathogens. According to a model for risk assessment of 

pathogen populations, designed by McDonald and Linde (2002), the pathogens in the 
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highest risk category have a mixed reproduction system, high potential for gene flow, large 

effective population size and high mutation rates. 

 

1.2.2 Resistance breeding methods 

McDonald and Linde (2002) also proposed guidelines based on the evolutionary potential 

of the pathogen to choose appropriate types of resistance and decide how to employ major 

resistance genes in breeding programs. Figure 1.1 displays examples of some of the ways 

major gene resistance can be used. 

 

 

 
 
 
 
 
 
 
 
 
 

 
Figure 1.1 Different methods for employment of major gene resistance. Cultivar mixtures with different 
resistance genes (left), several resistance genes pyramided into a single cultivar (center), disruptive selection 
by rotating major gene resistance through time and space (right). Figures modified from McDonald and 
Linde (2002). 
 

Pyramiding a number of resistance genes into a single cultivar is a popular method in 

resistance breeding. Pathogens will then have to mutate in accordance with several 

resistance genes as opposed to only one major resistance gene. The use of cultivar mixtures 

within a single field, representing different kind of resistance genes, is another method that 

has showed promising results in rice cultivation where disease-susceptible rice varieties 

planted in mixtures with resistant varieties yielded 89% more than when they were grown 

in monocultures (Zhu et al., 2000). The third method displayed in Figure 1.1 demonstrates 

rotation of major gene resistance where cultivars with different major gene resistance are 

used at a different time and location to disrupt directional selection on the pathogen. 
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1.3 Scald (Rhynchosporium secalis) 

 

1.3.1 Overview 

Rhynchosporium secalis (Oudem.) J. J. Davis is a haploid, imperfect fungus. It is the 

causal agent of barley scald, also known as leaf blotch (Shipton et al., 1974). Scald occurs 

in all major barley-growing regions of the world and it is a serious disease in cool, semi-

humid areas especially with dense crop canopies where leaves remain wet for long periods 

(Zhang et al., 1992). Considerable yield losses are reported in Central and West Asia, 

North Africa, Europe, America and Australia (Cromey, 2003; Turkington et al., 2003; 

Yahyaoui, 2003). Scald has been the only reported barley disease in Iceland in recent years 

and barley is the only reported host plant of R. secalis in Iceland. A number of other plants 

in Iceland, native and imported, have though been identified as host plants for R. secalis 

and these are listed in Table 1.2. 

The fungus has three main infection routes. Seed can be infected with R. secalis 

and this is a possible infection route of scald to new geographical locations (Lee et al., 

1999). The pathogen can overwinter on barley residues, weeds, grasses and volunteer 

barley and infect the next generation of barley plants as they germinate in a previously 

infected barley field (Khan & Crosbie, 1988). The third infection route is when the fungus 

starts sporulating on lesions on the leaf surface and spores and mycelia spread to nearby 

plants due to wind or water-splashing (Ayesu-Offei & Carter, 1971; Shipton et al., 1974). 

 Scald lesions reduce the photosynthetic area on the leaves, thus reducing yield 

(Auriol et al., 1978). Scald damage lowers quality characteristics including 1000-kernel 

weight and kernel plumpness (Khan & Crosbie, 1988). Reduced quality has a particularly 

negative effect on malting barleys, since the grain is size selected to eliminate the 

unsuitably small fraction prior to malting (Garvin et al., 1997). When the stem is heavily 

infected it can break and grain maturation stops (Hermannsson & Sverrisson, 2003).   

 

1.3.2 Symptoms and infection process 

When plants germinate from infected seed or get infected at an early growth stage the 

fungus infects the stem as it grows and also appears in leaves. Symptoms appear on the 

stem, leaves (Figure 1.2) and sometimes on the spike and awn after heading (Hermannsson 

& Sverrisson, 2003). R. secalis has a relatively long incubation period compared to other 

fungal leaf diseases of barley, with symptoms appearing within 10-14 days under optimum 

conditions (Patil, 2001). Lesions first appear on barley leaves as small dark or gray spots. 
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The spots expand into oval lesions with gray centers and brown margins. When infections 

are severe lesions can enlarge and coalesce and the entire leaf may be affected and killed 

(Caldwell, 1937).  

 

Table 1.2 Reported host plants for R. secalis that have been found in Iceland.  

Possible hosts  Icelandic name Reference 

Agrostis stolonifera Skriðlíngresi Mäkelä, 1972 

Agrostis capillaris* Hálíngresi Mäkelä, 1972 

Alopecurus geniculatus Hnjáliðagras Mäkelä, 1972 

Alopecurus pratensis* Háliðagras Pennycook, 1989 

Bromus inermis Sandfax Conners, 1967 

Dactylis glomerata* Axhnoðapuntur Foister, 1961 

Deschampsia caespitosa Snarrótarpuntur Mäkelä, 1972 

Elymus repens Húsapuntur Ginns, 1986 

Festuca rubra Rauðvingull Mäkelä, 1972 

Hordeum jubatum Íkornabygg Sprague, 1950 

Hordeum vulgare Bygg Richardson, 1990 

Lolium multiflorum Ítalskt rýgresi Mäkelä, 1972 

Lolium perenne Vallarrýgresi Mäkelä, 1972 

Phleum pratense Vallarfoxgras Mäkelä, 1972 

Poa annua Varpasveifgras Mäkelä, 1972 

Poa pratensis Vallarsveifgras Mäkelä, 1972 

Secale cereale Rúgur Foister, 1961 

*Reported as hosts for Rhynchosporium orthosporum (Guðleifsson, 1981) 

 

In the infection process of R. secalis on barley the fungus is mostly confined to 

subcuticular regions of host leaves and lives primarily above anticlinal cell walls of leaves 

during early stages of pathogenesis (Ayesu-Offei & Clare, 1970; Wevelsiep et al., 1993). 

After penetration through the cuticle, hyphae grow extracellularly between cuticle and the 

outer epidermal cell wall through most of its life cycle (Jørgensen et al., 1993). R. secalis, 

unlike other foliar pathogens, does not degrade plant cell walls, nor does it form haustoria 

to penetrate host cells for nutrient uptake (Lehnackers & Knogge, 1990). The availability 

of nutrients is critical for pathogenic fungi after penetration and the fungus must therefore 

kill the host cells to stimulate the release of nutrients (Lehnackers & Knogge, 1990; Rohe 

et al., 1995).  
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Figure 1.2 Scald (R. secalis) infected leaves collected from Icelandic barley fields. 
 

1.3.4 Origin and colonization history 

How and when pathogens emerge and how they spread among and within their host 

populations is the subject of genetic epidemiology of infectious disease. Most studies in 

this area have focused on human pathogens, e.g. Plasmodium species that causes malaria 

(Escalante et al., 2005). Plant pathogens have been a less prominent subject but with 

exceptions. Goodwin et al. (1994a) studied the oomycete Phytophthora infestans, a causal 

agent of the potato late blight disease that was responsible for the Irish potato famine, and 

found that it existed as a single globally distributed clone that originated in Mexico on wild 

Solanum species. The wheat leaf blotch pathogen Mycosphaerella graminicola is a 

different kind of an example as it was found to undergo regular sexual reproduction and 

appeared to be globally panmictic, though no clones existed beyond spatial scales of 1 or 2 

meters (Zhan et al., 2003). 

As previously mentioned, domestication of barley is believed to have started in the 

Fertile Crescent around 10,000 B.C. (Badr et al., 2000). Until recently it had been 

hypothesized that R. secalis emerged in association with barley during this domestication 

and was introduced into Europe through the migration of Neolithic farmers. The center of 

origin of a pathogen is generally also its center of genetic diversity (Zaffarano et al., 2006). 

This means that if R. secalis originated as a pathogen of barley a high genetic diversity 

would be expected in the Fertile Crescent. Zaffarano et al. (2006), on the other hand, found 

the highest allele richness in R. secalis isolates from Scandinavia and Switzerland in a 

study of 31 field populations from five continents, suggesting that R. secalis may not have 

originated in the center of origin of barley or in the secondary center of diversity of barley 

in Ethiopia. Further studies on the genetic history of R. secalis have placed the emergence 

of R. secalis after the domestication of barley (5000-7000 years later) and it has been 



9  

proposed that the modern population of R. secalis originated in Northern Europe following 

a host shift, most probably from a wild grass onto cultivated barley shortly after barley was 

introduced into Northern Europe and spread southwards from there (Brunner et al., 2007). 

This suggests that domestication and agricultural practices played a major role in the 

emergence of the scald disease, the adaptation of the pathogen to new hosts and its 

worldwide dissemination (Zaffarano et al., 2008). 

 

1.3.5 Population biology and diversity  

Several studies on R. secalis populations from different countries have revealed wide 

genetic and pathogenic variation (Burdon et al., 1994; Jørgensen & Smedegaard-Petersen, 

1995; McDermott et al., 1989; Salamati & Tronsmo, 1997; Tekauz, 1991; Williams et al., 

2003). Different methods used in these studies include virulence tests (Araz & Maden, 

2006; Xi et al, 2002), variation in colony color (McDonald et al, 1989), ribosomal DNA 

(Newton et al., 2001), isozymes (Goodwin et al., 1993) and DNA marker analyses 

(Bouajila et al., 2007; Kiros-Meles et al., 2005; McDonald et al., 1999).  

Salamati et al. (2000) studied the spatial distribution of genetic variation within and 

among populations of R. secalis from eight fields in four countries. The results showed that 

9% of the total genetic variability was distributed among continents, 4% was distributed 

among fields within continents, 13% was distributed among collection stations within a 

field and 74% was distributed within collection areas of approximately 1 m2 within fields. 

Another study on R. secalis isolates from ten fields in West Asia and North Africa, on the 

other hand, revealed that genetic diversity among and within populations accounted for 

80% and 20% of the total genetic diversity, respectively (Korff et al., 2004). 

Isolates secured from different scald lesions taken from the same plant or even 

different spores isolated from the same lesion may vary significantly for virulence and 

RFLP markers (Brown, 1985; McDonald et al., 1999). This pathogenic diversity means 

that R. secalis populations could potentially change rapidly in response to selection exerted 

by newly introduced barley resistance genes or fungicides (Zhan et al., 2008). This can 

render either of them ineffective within a few growing seasons of their widespread 

commercial deployment (Newton et al., 2001; Oxley et al., 2003; Xi et al., 2003).  

 The source of the genetic diversity in R. secalis has been the subject of several 

studies leading to suggestions including asexual genetic exchange (Forgan et al., 2007; 

Newman & Owen, 1985), frequency-dependent selection (Goodwin et al., 1993; 

McDermott et al., 1989), spontaneous mutation and migration (Goodwin et al., 1994b; 
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Williams et al., 2003) and sexual reproduction (Linde et al., 2003; McDonald et al., 1999; 

Salamati et al., 2000). Additional factors influencing genetic diversity in R. secalis 

populations could be a large effective population size (McDermott et al., 1989), gene flow 

within regions by air-borne ascospores (Zhan et al., 2008) and gene flow between regions 

by seed trade (Zaffarano et al., 2006). 

Although a teleomorph has not yet been recognized for R. secalis recent studies 

showed that most of the alleles at isozyme loci in R. secalis population from Australia were 

in gametic equilibrium (Burdon et al., 1994) and similar results were obtained for RFLP 

loci in several populations (Salamati et al., 2000). The degree of gametic equilibrium can 

be used as an indirect measure of the significance of genetic exchange and recombination 

in presumably asexual populations (Leung et al., 1993). Linde et al. (2003) studied the 

frequency of mating type alleles in R. secalis populations from six countries and found that 

they occurred in equal frequencies in most of the populations, suggesting frequency 

dependent selection consistent with sexual reproduction. Both mating types were 

frequently found occupying the same lesions or leaf, providing opportunity for isolates of 

opposite mating type to interact and reproduce sexually. A very close relationship among 

R. secalis and species of the discomycete genera Tapesia and Pyrenopeziza has been 

revealed and based on those results the teleomorph of R. secalis, if it exists, most likely 

will be a small apothecium produced directly on dead, infected host tissue (Goodwin, 

2002).  

 

1.3.6 Genetic interactions 

The most frequently studied interactions between R. secalis and barley are the gene-for-

gene interactions between the pathogen’s avirulence genes and the resistance genes of the 

plant. A small family of necrosis-inducing peptides (NIPs) has been identified in filtrates 

of R. secalis and in infected susceptible plants (Wevelsiep et al., 1991). The product of the 

gene NIP1 was also found to elicit a defense response on barley plants carrying the Rrs1 

resistance gene (Rohe et al., 1995) but peptides NIP2 and NIP3 have not been found to 

elicit a resistance response (Hahn et al., 1993). When barley cultivars with the Rrs1 gene 

interact with the NIP1 elicitor, several defense reactions are triggered (Hahn et al., 1993) 

but those do not include a hypersensitive response (Lehnackers & Knogge, 1990). After 

spore germination and cuticle penetration, a few epidermal cells collapse and fungal 

growth is stopped (Schürch et al., 2004). When NIP1 is not recognized or not present many 

more epidermal cells collapse followed by collapse of mesophyll cells, resulting in visible 
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lesions on barley leaves (Lehnackers & Knogge, 1990). Rohe et al. (1995) found that all 

avirulent isolates of R. secalis on Rrs1 carried the NIP1 gene, whereas the virulent isolates 

appeared to either lack the gene or contain an allele with a single nucleotide substitution 

resulting in elicitor inactivity of the gene product.  

 At least fourteen major resistance genes to R. secalis have been identified in barley 

(Abbott et al., 1992, 1995; Beer, 1991; Garvin et al., 1997, 2000; Jørgensen et al., 1993; 

Søgaard & von Wettstein-Knowles, 1987). None of these genes have been cloned and for 

most barley cultivars it is not possible to know which resistance gene or genes they contain 

(Schürch et al., 2004). In addition only a part of these genes have been mapped to a 

specific chromosome and some of them may be different alleles at one locus (Bjørnstad et 

al., 2002). 

Fungicide resistance of R. secalis populations has also been studied, revealing 

different kind of resistance responses. Under continuous widespread use of benzimidazole 

fungicides, resistant isolates rapidly become predominant in local populations and then 

spread to neighboring populations (Taggart et al., 1999). In contrast, resistance to triazole 

fungicides evolves more slowly because it is polygenic and may involve several 

mechanisms (Cook et al., 2004). A single gene mediated resistance of R. secalis 

populations to benzimidazole fungicides is also well documented (Locke & Phillips, 1995; 

Wheeler et al., 1995). 

 

1.4 Net blotch (Pyrenophora teres f. teres) 

 

1.4.1 Overview 

Pyrenophora teres f. teres (anamorph Drechslera teres (Sacc.) Shoemaker, syn. 

Helminthosporium teres) is a dothideomycete, haploid fungus that causes net blotch on 

barley (Erikson, 2005). P. teres has two differentiated forms, P. teres f. teres and P. teres f. 

maculata, the causal agent of barley spot type net blotch (Smedegård-Petersen, 1971). Net 

blotch is considered one of the most important diseases of barley in all major barley 

growing areas of the world (Mathre, 1997) and causes considerable yield loss (Kangas et 

al., 2005; Steffenson et al., 1991). There are no previous reports of P. teres infecting 

barley or any other plants in Iceland. Table 1.3 lists several possible host plants for P. teres 

that are found in the Icelandic Flora. In Finland, P. teres has only been encountered on 

barley although related Pyrenophora species have commonly been found on other cereals 

and grasses (Mäkelä, 1975). Only 15 gramineous species (Hämet-Ahti et al., 1998) out of 
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95 reported as being hosts of P. teres f. teres (Brown et al., 1993) belong to Finnish Flora. 

The absence of many alternative host species in the Finnish Flora suggests that difficulties 

occur in the maintenance and dispersal of P. teres (Serenius et al., 2005). 

 

Table 1.3 Reported host plants for P. teres that have been found in Iceland. 

Possible hosts Icelandic name Reference 

Avena fatua Flughafrar Brown et al., 1993 

Avena sativa Hafrar Ginns, 1986 

Bromus inermis Sandfax Brown et al., 1993 

Deschampsia caespitosa Snarrótarpuntur Brown et al., 1993 

Deschampsia flexuosa Bugðupuntur Brown et al., 1993 

Festuca rubra Rauðvingull Brown et al., 1993 

Hordeum jubatum Íkornabygg Brown et al., 1993 

Hordeum marinum Strandbygg Brown et al., 1993 

Hordeum vulgare Bygg Richardson, 1990 

Lolium multiflorum Ítalskt rýgresi Grand, 1985 

Lolium perenne Vallarrýgresi Anonymous, 1960 

Lolium temulentum Skaðak Brown et al., 1993 

Secale cereale Rúgur Richardson, 1990 

Triticum aestivum Hveiti Toth et al., 2008 

 

P. teres can infect barley seed and overwinter on infected barley residue or alternative host 

plants (Berg & Rossnagel, 1991; Brown et al., 1993; Jordan, 1981). The primary infection 

route of P. teres during the beginning of the growing season is through production of 

asexual conidia and sexual ascospores on barley residues which infects sprouting barley 

(Berg & Rossnagel, 1991; Jordan, 1981). Secondary infection route is by wind and rain 

splashing of passively liberated haploid asexual conidia to upper leaves and surrounding 

plants mainly within the same field during the growing season (Berg & Rossnagel, 1991). 

To complete the life cycle sexual reproduction occurs on straw debris and leaf fragments 

(Jordan, 1981). During sexual reproduction P. teres is diploid and forms bitunicate asci 

within perithecia (Erikson, 2005).  

Net blotch symptoms are most commonly seen on barley leaves and leaf sheaths, 

but can also occur on flowers and grain (Jordan, 1981). P. teres f.teres produces brown 

netted lesions on barley leaves although symptoms can vary according to environment and 

host genotype (Scott, 1992; Williams et al., 2001). Figure 1.3 displays symptoms of P. 

teres infected barley leaves from naturally infected fields in Iceland. 
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Figure 1.3 Net blotch (P. teres) infected leaves collected from Icelandic barley fields. 
 

1.4.2 Population biology and diversity  

Genetic variation in P. teres populations from several countries has been studied using 

molecular markers, morphological features, and virulence tests as research on population 

genetics of fungal pathogens has become more significant within the field of plant 

pathology (Arabi et al., 2003; Jalli & Robinson, 2000; Peever & Milgroom, 1994; 

Steffenson & Webster, 1992; Tuohy et al., 2006; Wu et al., 2003). High levels of genetic 

variation have been reported in P. teres populations from the Czech Republic (Leisova et 

al., 2005a), Finland (Peltonen et al., 1996; Serenius et al., 2005), Sardinia (Rau et al., 

2003) and Sweden (Jonsson et al., 2000) but lower levels have also been reported in Brazil 

(Frazzon et al., 2002). 

As previously mentioned, populations of sexually reproducing plant pathogens are 

often genetically more variable than those reproducing asexually (Goodwin et al., 1992). 

The frequency of sexual reproduction of P. teres depends mainly on agronomic 

management because only barley stubbles make it possible for the fungus to produce a 

sexual stage and spread to the next crop in the same field or to nearby fields in subsequent 

growing seasons (Leisova et al., 2005a). Since P. teres is heterothallic and self-sterile, two 

isolates of different mating type are needed for sexual reproduction (McDonald, 1963). In 

Finland both mating types occurred at two locations in approximately 1:1 ratio and there 

was a significant lack of genetic differentiation (Fst = 0.017) between isolates belonging to 

different mating types indicating sexual reproduction in Finnish P. teres populations 

(Serenius et al., 2005). Another study on Finnish P. teres populations, on the other hand, 

found that the genetic structure of P. teres did not change much across growing seasons 

which might be due to the fungus reproducing mainly asexually (Peltonen et al., 1996). 
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Peever and Milgroom (1994) deduced from the multilocus structure within population of 

P. teres that sexual reproduction was frequent in four of five populations analyzed and 

AFLP genotyping of P. teres populations from Sardinian barley landraces also suggested a 

significant level of sexual reproduction (Rau et al., 2003). Highly variable populations of 

P. teres have also been reported where only one of the two mating types has been found, 

suggesting high mutation rates, large population size or retrotransposons as possible 

sources of variation (Serenius et al., 2007).  

Genetic differentiation of P. teres populations means that long distance genotype 

flow is low, even if it is possible with contaminated seed and human aid (Rau et al., 2003; 

Serenius et al., 2005). Peever and Milgroom (1994) found high levels of genetic 

differentiation (Gst = 0.46) between populations from USA, Canada and Germany and 

suggested that the genetic differentiation in P. teres populations from the three countries 

was due to genetic drift combined with restricted migration and local adaptation to 

alternative hosts. Interestingly similar population differentiation levels were found between 

P. teres populations in Sardinia (Fst = 0.43) at a much smaller scale (Rau et al., 2003). 

Serenius et al. (2007) studied P. teres populations from Northern Europe, North America, 

Russia and Australia and also revealed high genetic differentiation (Fct = 0.238) between 

populations from different countries. 

The occurrence of net and spot type of P. teres increases the overall diversity in P. 

teres populations (Serenius, 2006). P. teres is considered one species with two forms 

which are able to reproduce sexually with each other in the laboratory (Smedegård-

Petersen, 1978) even though it is still uncertain whether recombination and hybrids occur 

in nature (Campbell & Crous, 2003). Rau et al. (2003) evaluated the genetic structure of P. 

teres in Sardinian landraces of barley and resolved the isolates into two strongly divergent 

groups, corresponding to net and spot forms of P. teres. The absence of intermediate 

genotypes and low number of shared markers between the groups indicated that 

hybridization between the two forms is rare or absent under field conditions in Sardinia 

(Rau et al., 2003). On the contrary an intermediate group between the two P. teres forms 

was observed in a population from the Czech Republic, although it was rare and not 

confirmed to occur in nature (Leisova et al., 2005a). 

 

1.4.3 Genetic interactions 

Signal transduction pathways in filamentous fungal cells have been hypothesized to be 

critical to the establishment of disease (Ruiz-Roldán et al., 2001). Mitogen-activated 
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protein kinase (MAPK) signal transduction pathways in particular have been associated 

with virulence of several fungal pathogens (Lev et al., 1999; Müller et al., 1999; Takano et 

al., 2000). Ruiz-Roldán et al. (2001) cloned the MAPK gene PTK1 from P. teres and 

found that it is expressed during in vitro growth on complete medium, under conidiation-

inducing conditions and during infection of barley leaves. The role of PTK1 was also 

studied, revealing that mutants carrying an interrupted copy of the gene lost their ability to 

infect barley leaves and could not colonize host tissue following artificial wounding (Ruiz-

Roldán et al., 2001). 

A significant difference in the virulence phenotypes of P. teres isolates has been 

detected in various populations (Arabi et al., 2003; Gupta & Loughman, 2001; Robinson & 

Jalli, 1996; Tekauz, 1990). Based on the common differential barley lines used in these 

studies it is estimated that as many as 20 resistance genes could be present in cultivated 

barley germplasm (Lai et al., 2007). Several studies on the genetic control of resistance to 

P. teres in barley have revealed many different sources of race-specific resistance 

(Afanasenko et al., 1999; Cakir et al., 2003; Friesen et al., 2006; Ma et al., 2004; 

Manninen et al., 2006; Weiland et al., 1999) and race non-specific resistance (Arabi et al., 

1990; Harabi et al., 1993). Afanasenko et al. (2007) studied the genetics of host-pathogen 

interactions in P. teres f. teres using fungal isolates from four countries and twelve 

resistant barley cultivars. Resistance was mostly isolate specific and controlled by one, two 

or three genes and avirulence in P. teres was determined by one or two genes suggesting a 

gene-for-gene interaction in the P. teres-H. vulgare pathosystem. 
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2. Aims of study 

 

The overall objective of this study was to increase the knowledge of barley pathogens in 

Iceland in order to underpin future breeding projects for durable disease resistance in 

Icelandic barley cultivars. The study was made up of three main aims: 

1. Collect field samples from all barley growing regions in Iceland to identify major 

barley fungal pathogens using molecular methods, including species-specific PCR 

and ribosomal gene sequencing. 

2. Assess the genetic diversity, genetic differentiation and evolutionary potential of 

major barley pathogens in Iceland using marker analysis as well as the presence 

and frequency of mating types. 

3. Evaluate the virulence of Icelandic populations of major barley pathogens in 

Iceland using virulence tests on standard barley genotypes and determine the 

resistance of the most frequently used barley cultivars in Iceland. 
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3. Materials and Methods 

 

3.1 Fungal species identification 

 

3.1.1 Sample collection 

Leaves were collected from Icelandic and Scandinavian barley cultivars at 27 locations in 

Iceland during August 2007 and 2008. Each leaf was collected from a different plant in 

naturally infected barley fields. Sixty leaves were collected from each field at six main 

locations (see Figure 4.1) using a hierarchical sampling strategy (McDonald et al., 1999). 

The remaining leaves were collected randomly from 21 different locations. 

  

3.1.2 Fungal culture and DNA isolation 

Each leaf from the sample collection in 2007 was placed in an 8x16 cm paper bag, dried at 

room temperature for 2-3 days and kept at -23°C until fungal isolation. Small leaf 

segments of 5-10 mm were cut from lesions on the leaves and sterilized according to 

Salamati and Tronsmo (1997). After sterilization the leaf pieces were put on WGA plates 

and incubated at 16°C in the dark for 10-14 days. Fungal mycelium and spores were 

scraped off the plates and total DNA extracted using Microbial DNA Isolation Kit (MoBio, 

cat. no. 12224). 

 

3.1.3 Primers and PCR conditions 

All PCR reactions consisted of 20 µL volumes containing: 1x PCR buffer (NEB), 3 mM 

MgCl2, 0.8 mM total dNTP´s, 0.3µM of each primer, 1 U Taq polymerase (NEB) and 1 µl 

of DNA. Reactions were performed in Px2 Thermal Cycler (Thermo) under conditions 

listed in Table 3.1. Sequences of ribosomal and species-specific primers are listed in Table 

3.2. 

 

Table 3.1 Conditions for different PCR reactions used in the species identifications. 

 Initial Denaturation Denaturation Annealing Extension Cycles Final Extension 

ITS 95°C for 6 min 95°C for 30 s 55°C for 45 s 72°C for 1 min 33 72°C for 10 min 

R. secalis 95°C for 6 min 95°C for 30 s 55°C for 30 s 72°C for 30 s 30 72°C for 10 min 

P. teres f. teres 96°C for 6 min 96°C for 30 s 58°C for 45 s 72°C for 1 min 34 72°C for 10 min 

P. gramineae 96°C for 6 min 96°C for 30 s 58°C for 45 s 72°C for 1 min 34 72°C for 10 min 

Cladosporium spp. 96°C for 6 min 96°C for 30 s 54°C for 30 s 72°C for 1 min 34 72°C for 10 min 
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Table 3.2 Information on fungal specific and species specific primers. 

Target organism Primer Pair Sequence (5’-3’) Reference 

All fungal species ITS1 TCCGTAGGTGAACCTGCGG White et al., 1990 

 ITS4 TCCTCCGCTTATTGATATGC  

R. secalis RS8 TTGTTTTTAGTGATGTCTGAG Lee et al., 2001 

 RS9 AGGCACCGCCACTGATTTTAGGG  

P. teres f. teres PTTF CTTGATGCGCTGGAGTGAGA Leisova et al., 2006 

 PTTR TGCATTTCCACCTACTGGTATGTAC  

P. graminea PG2F CTTCTTAGCTGGGGCTACCGTC Bates et al., 2001 

 PG2R ACCGACTCGGGAAAAGAGCA  

Cladosporium spp. CladF CCKGGATGTTCATAACCCTTTG Dean et al., 2005 

 CladR CCCGAACACCCTTTAGCG  

 

3.1.4 Species identification 

A sample of 10 µL from each PCR reaction was analyzed by gel electrophoresis on a 1.5% 

agarose gel with 1x TAE and stained with ethidium bromide. DNA fragments were 

visualized using ImageQuant300 (GE) for the presence of species-specific and ribosomal 

fragments. ITS fragments were cut from gel and DNA extracted using Nucleospin Extract 

II kit (Macherey-Nagel). Sequencing was done by Eurofins MWG Operon (Martinsried) 

and sequence results compared to data from NCBI database (www.ncbi.nlm.nih.gov) using 

BLAST function. 

 

3.2 R. secalis microsatellite analysis 

 

3.2.1 Origin of DNA  

Table 8.3 lists details of 37 Icelandic R. secalis samples that were recognized in the species 

identification (see 3.1) and used for population genetic analysis. Linde et al. (2005) 

described primer pairs for 14 polymorphic microsatellite loci, 13 of which were used in 

this study (the Rhyncho_10 loci was excluded). Microsatellite data for six other R. secalis 

populations were provided by Bruce McDonald (ETH, Zurich) for comparison. 

 

3.2.2 PCR conditions and sequencing 

PCR reactions were performed in 20 µL volume containing 2 µL of undiluted DNA, 2 µL 

of 10x reaction buffer (NEB), 1 µL of dNTP mix, 1 µL of primer mix and 0,25 U of Taq 

polymerase (NEB). PCR reactions were performed for one locus at a time. Conditions 
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were 96°C for 2.5 min, 35 cycles of denaturation for 30 s at 96°C, annealing for 30 s at 

55°C and elongation for 45 s at 72°C, with final cycle extension for 5 min at 72°C.  

Before electrophoresis PCR products for loci 1, 2, 3, 4, 5 and 7 were mixed, using 1 

µL of each PCR product and diluting to a final volume of 30 µL. Multiplexing was also 

performed for loci 8, 9, 10, 13 and 6, 11, 12, 14, respectively. Four µL of the combined 

PCR products were mixed with 9 µL of HiDi formamide and 0.25 µL of GeneScan-

500LIZ size standard (Applied Biosystems). Samples were then denatured for 3 min at 

95°C and cooled on ice for 2 min. Fragments were separated on ABI 3730 capillary 

sequencer (Applied Biosystems) and analyzed using GeneScan version 3.7 software 

(Applied Biosystems). 

 

3.2.3 Data analysis 

Population pairwise Fst indices (Reynolds et al., 1983; Slatkin, 1995) were calculated 

using the computer software Arlequin (Excoffier et al., 2005) and the genetic distances 

displayed in UPGMA tree view using Phylip software (Felsenstein, 1989). Arlequin was 

also used to define the number of haplotypes and calculate average gene diversity over loci 

(Tajima, 1983; Nei, 1987). The number of unique alleles was obtained with FSTAT 

(Goudet, 2001). GenAlex (Peakall & Smouse, 2006) was used for calculating genetic 

distance matrix and for principal coordinate analysis (PCA). Analysis of molecular 

variance (AMOVA) was also performed using GenAlex. Recent migrations between 

populations were studied by assigning individuals to the population in which the likelihood 

of their genotype is highest. This was carried out by the software GeneClass (Cournuet et 

al., 1999) using a likelihood-based Bayesian method (Rannala & Mountain, 1997). 

 

3.3 P. teres AFLP analysis 

 

3.3.1 Origin of DNA 

DNA was extracted from 26 Icelandic P. teres isolates also used in the P. teres virulence 

test (see 3.7) with a Microbial DNA Isolation Kit (MoBio, cat. no. 12224). These samples 

(details in Table 8.4) were used for population genetic analysis with four AFLP primer 

combinations. Marjo Serenius (MTT Finland) provided comparable data for a P. teres 

population from Jokioinen, Finland and Olga Afanasenko (VIZR) provided data for a P. 

teres population from Krasnodar, Russia. 
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2.3.2 Restriction, ligation and amplification 

Restriction and ligation were done according to Serenius et al. (2005). Preamplification 

was performed in 20 µL reaction containing 1x buffer, 1.5 mM MgCl2, 0.8 mM dNTP´s, 

0.25 U Taq polymerase, 7 pmol of primer PstI+A, 15 pmol of primer MseI+O and 5 µL of 

DNA from the ligation step. The PCR program was 19 cycles of denaturation at 94°C for 

30 s, annealing at 56°C for 1 min and elongation at 72°C for 1 min. 

 The selective amplification was performed using 5 µL of diluted (1:5) PCR product 

from the preamplification step and 5 pmol of each selective primer. The PCR conditions 

were 9 cycles of 94°C for 30 s, 65°C for 30 s and 72°C for 30 s with the annealing 

temperature lowered by 1°C for each cycle, 24 cycles of 94°C for 30 s, 56°C for 30 s, 72°C 

for 30 s and final elongation for 1 min at 72°c. The following primer combinations were 

used; PstI+AT (FAM label at 5’ end) together with MseI+AG and MseI+GA and PstI+AG 

(HEX label at 5’ end) together with MseI+AT and MseI+GC (Serenius et al. 2005). 

Capillary electrophoresis, data processing and scoring were done according to Serenius et 

al. (2007). 

 

3.3.3 Data analysis 

Arlequin computer software (Excoffier et al., 2005) was used to calculate population 

pairwise Fst indices (Reynolds et al., 1983; Slatkin, 1995), number of haplotypes, 

percentage of polymorphic loci and average gene diversity over loci (Tajima, 1983; Nei, 

1987). Phylip software (Felsenstein, 1989) was used to display a UPGMA tree view of 

genetic distances. GenAlex (Peakall & Smouse, 2006) was used for calculating genetic 

distance matrix and for principal coordinate analysis (PCA). Analysis of molecular 

variance (AMOVA) and frequency calculations were also performed using GenAlex. 

 

3.4 R. secalis mating type analysis 

Icelandic R. secalis isolates, used in microsatellite analysis (see 3.2) were studied for the 

frequency of mating types 1 and 2, using a mating type specific PCR. Separate PCR 

amplifications were performed for the MAT1 and MAT2 primer pairs (Linde et al. 2003) 

in 20 µL reaction volumes containing 3 µL of total DNA, 2 µL of 10x reaction buffer 

(NEB), 1 µL of dNTP mix, 2 µL of primer mix and 0.25 U of Taq polymerase (NEB). PCR 

conditions were 96°C for 2 min, 34 cycles of denaturation for 1 min at 96°C, annealing for 

1 min at 55°C and elongation for 1 min at 72°C, with final cycle extension for 5 min. Ten 
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µL of the PCR product were separated on a 1% agarose gel with 0.5x TBE and stained 

with ethidium bromide. 

 

3.5 P. teres mating type analysis 

Icelandic P. teres isolates, previously used in AFLP analyses (see 3.3), were studied for the 

frequency of mating types 1 and 2, using a mating type specific PCR. Amplifications were 

performed in 15 µL reactions containing 1x PCR buffer, 3 mM MgCl2, 0.8 mM dNTP’s, 4 

pmol of each primer (Serenius et al., 2005), 1 U Taq polymerase and 2 µL DNA. Samples 

were denatured for 1 min at 94°C, then 34 cycles of denaturation for 30 s at 94°C, 

annealing for 30 s at 56°C, extension for 30 s at 72°C and 1 min of extension at 72°C after 

the final cycle. Ten µL of the PCR product were separated on a 1.5% agarose gel with 0.5x 

TAE and stained with ethidium bromide. 

 

3.6 R. secalis virulence test 

 

3.6.1 R. secalis isolation 

Scald infected leaves were collected from six locations in Iceland in August 2007 (Table 

8.1). Each leaf was placed in an 8x16 cm paper bag, dried at room temperature for 2-3 days 

and kept at -23°C until fungal isolation. Small segments were cut from lesions on the 

leaves and sterilized in 70% ethanol for 10 s and in 0.5% NaOCl for 90 s and rinsed twice 

with distilled water before drying on filter paper. The sterilized leaf pieces were then put 

on WGA plates, covered with aluminum foil and kept at room temperature in the dark for 

about seven days. 

 

3.6.2 Preparation of pure cultures and inoculum 

Fourteen pure cultures were prepared by transferring mycelium from the lesions onto new 

WGA plates under a stereo-microscope (50x magnification) using a sterile needle. Plates 

were kept at room temperature in darkness for 14 days. Single spore cultures were 

prepared by taking a piece of agar with R. secalis culture and putting it in an Eppendorf 

tube with 0.75 mL of distilled water. Tubes were shaken and poured on new WGA plates. 

After a few days the mycelium became visible through a microscope and single spore 

cultures could be transferred to new WGA plates and stored for 14 days in darkness at 

18°C. 
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The mycelium was recovered by rubbing with microscope glass and re-suspended 

in 10 mL of distilled water. The conidia quantity was evaluated by microscope observation 

on a haemocytometer sample glass (model Tiefe Depth 0.2 mm) and the concentration 

adjusted to 1 x 106 spores per mL. 

 

3.6.3 Plant material and greenhouse inoculum 

Sixteen barley differential genotypes were used (Table 3.3). Two seeds for each genotype 

were sown together with 8 genotypes per pot in two replicates. Seeds were sown in nutrient 

supplemented peat and pots placed in a greenhouse at 18-20°C during the day and 15°C 

during the night with 16h + 8h photoperiods. Two weeks after planting, at the 2-3 leaf 

stage, the relative humidity in the greenhouse was raised to 100% and plants were 

inoculated with a homogenized conidial suspension, using 0.4 mL per genotype and 3.2 

mL per pot. Leaf symptoms were scored on the second leaf, 21 days after inoculation, 

using the scale of Jackson and Webster (Jackson and Webster, 1976). 

 

Table 3.3 MacKey’s near-isogenic lines (recurrent parent ‘Ingrid’) with resistance to R. secalis. Lines 
provided by NordGen. 
Cultivar From Resistance type*  

MacKey1    

MacKey2 CI 8067 Rrs3 (Rh1)  

MacKey3 CI 7566 Rh2, rh6  

MacKey4 CI 8162 Rh3, rh6  

MacKey5 CI 7565 Rh4, Rh10  

MacKey6 CI 14400 Rh5, rh6  

MacKey7 CI 7157 Rh1, rh6  

MacKey8 CI 668 Rh9, Rhx  

MacKey9 CI 7323 Rh2, Rh3  

MacKey10 CI 8828 Rh (unknown)  

MacKey11 CI 2266 Rh6, Rh7  

MacKey12 CI 1024 Rh (unknown)  

MacKey13 CI 1233 Rh (unknown)  

MacKey14 CI 2222 Rh8  

MacKey15    

Annabell    

*Adapted from Table 2 in Goodwin et al. (1990). 
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3.7 P. teres virulence test 

 

3.7.1 P. teres isolation 

Net blotch infected leaves were collected from seven locations in Iceland in August 2007 

(Table 8.2). Each leaf was placed in an 8x16 cm paper bag, dried at room temperature for 

2-3 days and kept at -23°C until fungal isolation. Small segments were cut from lesions on 

the leaves and sterilized in 50% ethanol for 15 s and in 2% NaOCl for 30 s and rinsed 

twice with distilled water before drying on filter paper. The sterilized leaf pieces were then 

put on V8 agar plates and kept at 16°C in the dark for 48 hours and then at 12 hour 

photoperiods for about 7 days. 

  

3.7.2 Preparation of pure cultures and inoculum 

Twenty single spore cultures were prepared by checking for conidia in the dark part of the 

mycelium on the V8 plates using a stereo-microscope (50x magnification). A single spore 

was transferred to a new V8 plate using a sterile needle and plates kept at 16°C under 

normal light for 14 days before transfer to new V8 plates. 

 The mycelium and conidia from a few plates of each isolate was recovered by 

rubbing with microscope glass and re-suspended in 10 mL of distilled water. The conidia 

quantity was evaluated by microscope observation on a haemocytometer sample glass 

(model Tiefe Depth 0.2 mm) and the concentration adjusted to 4 x 104 conidia per mL. 

 

3.7.3 Plant material and greenhouse inoculum 

Seventeen barley differential genotypes were used (Table 3.4). Two seeds for each 

genotype were sown together with 8 or 9 genotypes per pot in two replicates. Seeds were 

sown in nutrient supplemented peat and pots placed in a greenhouse at 18-20°C during the 

day and 15°C during the night with 16h + 8h photoperiods. Two weeks after planting, at 

the 2-3 leaf stage the relative humidity in the greenhouse was raised to 100% and plants 

were inoculated with a homogenized conidial suspension, using 0.4 mL per pot. Leaf 

symptoms were scored on the second leaf 10 days after inoculation using the Tekauz scale 

(Tekauz, 1985). 
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Table 3.4 Differential barley genotypes for P. teres and known resistance types. 

Cultivar Name or probable number of resistance genes Reference 
CI 2750 Pt2, Pt3 Mode & Schaller, 1958 

Harbin Pt2 Mode & Schaller, 1958 

K 8755 1 Afanasenko et al., 2007 

K 20019 2-4 Afanasenko et al., 1999 

Manchurian 1  

Tifang 1 Schaler, 1955; Bockelman et al., 1977 

CI 9819 Rpt1 1b, Rpt 2c, Rpt5 Bockelman et al., 1977; Manninen et al., 2006 

CI 9825 1-4 Khan & Boyd, 1971; Afanasenko et al., 1999 

CI 5791 1-3 Khan & Boyd, 1969; Selim et al., 1973; Afanasenko et al., 1999 

CI 2330   

Beecher 1 Selim et al., 1973 

CI 9214   

Skiff   

CI 11458   

Prior   

Corvette   

Pirkka   

 

3.8 Barley resistance test 

 

3.8.1 Preparation of inoculum 

A mixture of P. teres isolates, previously used in the virulence test (see 3.7.1) was used. 

The mycelium was recovered from each plate by rubbing with microscope glass and re-

suspended in 10 mL of distilled water. The conidia quantity was evaluated by microscope 

observation on a haemocytometer sample glass (model Tiefe Depth 0.2 mm) and the 

concentration adjusted to 4 x 104 conidia per mL 

 

3.8.2 Plant material and greenhouse inoculum 

Twenty one barley cultivars from four countries were used (Table 4.9). Genotypes were 

sown in complete randomized block design with two seeds per pot in three replicates. 

Seeds were sown in nutrient supplemented peat and pots placed in a greenhouse at 18-20°C 

during the day and 15°C during the night with 16h + 8h photoperiods. Two weeks after 

planting, at the 2-3 leaf stage, the relative humidity in the greenhouse was raised to 100% 

and plants were inoculated with a homogenized conidial suspension, using 0.4 mL per pot. 

Leaf symptoms were scored on the second leaf 10 days after inoculation (Tekauz, 1985). 
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4. Results 

 

4.1 Species identification 

A total of 372 barley leaf samples were processed and inoculated on WGA plates for 

fungal isolation. Following total DNA extraction molecular methods were used for fungal 

species identification. ITS sequencing results were used to identify 78 samples. Species-

specific primers for Rhynchosporium secalis, Pyrenophora teres f. teres, Pyrenophora 

gramineae and Cladosporium spp. were used to screen all samples and the presence of a 

specific PCR fragment was used for positive identification. Table 4.1 lists fungal species 

names and the respective barley disease for pathogenic fungi. 

 Figure 4.1 shows separate results for the six major sample locations and combined 

results for all locations in Iceland. Visual assessment was used to identify bacterial growth 

on WGA plates. Out of the 372 leaf samples initially processed and inoculated for fungal 

growth, 72 samples were a mix of two fungal species or a fungal species and bacteria and 

in total 15 plates had bacterial growth. Fungal identification was possible on 277 out of the 

372 leaves. Cladosporium spp. were identified on 59% of the 277 leaves. R. secalis and P. 

teres f. teres were found on 19% and 16% of the identified leaves, respectively. 

 

Table 4.1 List of fungal species identified on barley (H. vulgare) in Iceland and the respective barley disease 
they cause. 
Fungal species Number of samples Barley disease 

Rhynchosporium secalis 53 Scald 

Pyrenophora teres f. teres 45 Net blotch (net type) 

Pyrenophora graminea 18 Barley stripe 

Microdochium nivale 1 Pink snow mold 

Fusarium avenaceum 1 Crown rot 

Didymella exitialis 1 Leaf scorch 

Epicoccum nigrum 1 Epicoccum leaf spot 

Stagonospora spp. 12  

Botryotinia fuckeliana 3  

Itersonilia perplexans 1  

Cladosporium spp. 164  

Unidentified endophyte 34  
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Figure 4.1 Detailed results of fungal species identification. Main sample locations are shown as green 
squares and other sample locations as red circles. Separate results for the six main locations and combined 
results for the other locations are displayed as well as combined results for all locations. 
 

4.2 Genetic diversity of R. secalis 

To assess genetic diversity within the Icelandic R. secalis population R. secalis positive 

samples from the species identification analysis (see 4.1) were analyzed using thirteen 

microsatellite markers, along with six populations of R. secalis from four other countries 

for comparison. All the markers were polymorphic in all populations with the exception of 

locus Rhyncho_9 in the Icelandic population. The seven populations were made up of 213 

samples representing 179 haplotypes. The clonality, based on the number of haplotypes, 

ranged from 0% for the Icelandic and Swedish populations to 40% for the Norway-3 

population, with an average clonality of 16% for the seven populations. A total of 232 
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alleles were sampled for the thirteen loci and the average gene diversity over all loci in all 

populations was 0.62. Gene diversity over loci was highest in the populations from Finland 

and Norway, followed by Sweden and Iceland and the lowest gene diversity was found 

within the Swiss population (Table 4.2). Allele frequencies and the number of private 

alleles differed significantly between populations. The number of private alleles was 

highest in populations from Finland and Switzerland, or 22 and 17, respectively (Table 

4.2). 

A high percentage of the total genetic diversity of the seven populations in this 

study was distributed on a small spatial scale with 84% of the genetic diversity distributed 

within populations and only 16% between populations. The six populations used for 

comparison represented a single, naturally infected barley field each. The Icelandic 

population was made up of samples collected on a spatial scale of around 400 km.  

 

Table 4.2 Results of R. secalis microsatellite analysis. 

Population Samples Haplotypes 
% of 
clones 

Number of 
alleles 

Number of 
unique alleles 

Gene diversity 
over loci 

Norway-1 (NO1) 31 25 19.4 99 12 0.72 

Norway-2 (NO2) 31 30 3.2 127 14 0.69 

Finland (FI) 40 32 20.0 127 22 0.73 

Norway-3 (NO3) 40 24 40.0 100 12 0.65 

Sweden (SW) 7 7 0 49 3 0.58 

Switzerland (CH) 27 24 11.1 66 17 0.43 

Iceland (IS) 37 37 0 89 9 0.55 

TOTAL 213 179 16.0* 232 89 0.62* 

*Mean values for all populations. 

 

Principal coordinate analysis (PCA) shows the relationship between distance matrix 

elements based on the first two principal coordinates of the R. secalis microsatellite data 

(Peakall & Smouse, 2006).  The Swiss (CH) R. secalis population was clearly separated 

from all other populations where as the Scandinavian populations (NO, FI, and SW) 

clustered together (Figure 4.2). A majority of the Icelandic genotypes were distinguished 

from the other populations apart from a slight overlap with the Scandinavian populations. 
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Figure 4.2 Principal coordinate analysis of R. secalis microsatellite data. 
 

Pairwise comparison of genetic differentiation (Fst) between populations is shown in 

Figure 4.3 and Table 4.3. The Scandinavian populations all branched together, leaving the 

Icelandic and Swiss populations clearly differentiated both from the Scandinavian 

populations and each other. The Fst values within the significant level (P<0.05) ranged 

from 0.050 between the Norwegian-1 and Norwegian-3 populations to 0.448 between the 

Swiss and Swedish populations. The mean Fst value between the Icelandic populations and 

the Scandinavian populations was 0.165. 

 

Figure 4.3 Tree view (UPGMA) of pairwise genetic differentiation (Fst) between R. secalis populations.  
 

 

 

 

Coord. 1 (30.3%)

C
o

o
rd

. 
2
 (

1
8

.1
%

)

NO-1

NO-2

FI

NO-3

SW

CH

IS



29  

Table 4.3 Pairwise genetic differentiation (Fst) between R. secalis populations (P<0.05 is indicated in bold). 
 NO1 NO2 FI NO3 SW CH 

NO2       0.075      

FI         0.063 0.074     

NO3       0.050 0.103 0.087    

SW         0.110 0.046 0.095 0.145   

CH         0.344 0.352 0.339 0.383 0.448  

IS         0.145 0.164 0.151 0.144 0.221 0.434 

 

Analysis of recent migrations in the seven R. secalis populations using a likelihood-based 

Bayesian method (Rannala & Mountain, 1997) revealed nine possible migrants from 213 

samples in all populations, five of them coming from the Swedish population (Table 4.4). 

According to this estimate, only one of the 37 samples in the Icelandic population was a 

migrant and no samples had migrated from Iceland to the other populations. 

 

Table 4.4 Recent migrations in R. secalis populations. Significance level P<0.001 and total population size 
estimated at 1000 individuals per population. 
 NO1 NO2 FI NO3 SW CH IS 

NO1 28 - 1 - 2 - - 

NO2 - 30 1 - - - - 

FI  - - 40 - - - - 

NO3 - - 1 38 1 - - 

SW - - - - 7 - - 

CH - - - - 2 25 - 

IS - 1 - - - - 36 

 

Mating type specific primers were used to analyze the frequency of mating types in the 

Icelandic R. secalis population. The presence of both mating types 1 and 2 was confirmed 

and the ratio between different mating types was close to 1:1 as 14 samples were identified 

as mating type 1 and 20 samples as mating type 2 (results not shown). The Icelandic 

population was made up of samples from four locations and both mating types were 

identified in all locations. 

 

4.3 Genetic diversity of P. teres 

The genetic structure of three populations of P. teres from three countries was assessed 

using AFLP analysis with four primer combinations. The total number of loci used was 

237 and the number of polymorphic loci was 184 in the Icelandic population, 50 in the 
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Finnish population and 127 in the Russian population. The three populations were made up 

of 122 samples representing 122 haplotypes, meaning that every isolate was represented by 

a unique AFLP fingerprint. 

The average gene diversity for all loci in all populations was 0.16. Gene diversity 

over loci was highest in the population from Iceland, followed by Russia and the lowest 

gene diversity was within the Finnish population (Table 4.5). A significant difference in 

allele frequencies and number of private alleles was found among populations. The number 

of private alleles was highest in the Icelandic population (89) and more than ten times 

lower in Finland (8). 

More than half of the total genetic diversity, or 51%, was distributed between 

populations and the remainder was distributed within the three populations. The Russian 

and Finnish P. teres populations were collected from a single barley field each and the 

Icelandic population was made up of samples collected on a spatial scale of around 400 

km. 

 

Table 4.5 Results of P. teres AFLP analysis. 

Population Samples Haplotypes 
% of poly-
morphic loci 

Number of 
private alleles 

Gene diversity 
over loci 

Iceland (IS) 26 26 78 89 0.26 

Finland (FI) 52 52 21 8 0.04 

Russia (RU) 44 44 54 32 0.17 

TOTAL 122 122 51* 129 0.16* 

*Mean values for all populations. 

 

The principal coordinate analysis (PCA) for the three P. teres populations shows that the 

samples within the Finnish population were more compact compared to the large 

distribution within the Icelandic and Russian populations (Figure 4.4). The three 

populations were clearly distinguishable from each other apart from a slight overlap 

between a few Finnish and Icelandic samples. 

 
 
 
 
 
 
 
 
 



31  

Coord. 1 (52.7%)

C
o

o
rd

. 
2
 (

2
3
.7

%
)

IS

FI

RU

Figure 4.4 Principal coordinate analysis of P. teres AFLP data. 
 

Pairwise genetic differentiation (Fst) was calculated between the three populations and all 

values were within a significant level of 0.05. The Fst values between the Icelandic 

population and the Finnish and Russian populations were 0.640 and 0.382, respectively 

and 0.527 between the Russian and Finnish populations. A UPGMA tree view based on the 

Fst distance matrix shows a significant differentiation between all three populations 

(Figure 4.5).  

 

 
Figure 4.5 Tree view (UPGMA) of pairwise genetic differentiation (Fst) between P. teres populations. 
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A mating type specific PCR was used to analyze the frequency of mating types in the 

Icelandic P. teres population. The isolates were collected from four different locations in 

Iceland and both mating types 1 and 2 were present in samples from all four locations. 

Twelve samples were identified as mating type 1 and fourteen samples as mating type 2, 

close to an overall 1:1 ratio for the Icelandic population. 

 

4.4 Virulence of Icelandic R. secalis isolates 

The virulence of R. secalis isolates from Iceland was examined using a set of near isogenic 

lines with 15 barley genotypes and cultivar Annabell as a susceptible check (Table 3.3). 

Fourteen pure culture isolates from six locations in Iceland were used (Table 8.1). The 

susceptibility of the sixteen standard barley genotypes ranged from an average score of 0.1 

for genotype 10 to an average score of 3.7 for genotype 16 on the Jackson and Webster 

scale of 0-4 (Jackson & Webster, 1976). All barley genotypes were susceptible (maximum 

score ≥2.5) to at least one isolate except for genotypes 5 (Rh4, Rh10), 9 (Rh2, Rh3) and 10 

(Rh unknown) and all genotypes were resistant (minimum score ≤2) to at least one isolate 

except for genotypes 13 (Rh unknown) and 16 (Annabell, susceptible check) (Table 4.7). 

Ten genotypes, scoring on average 2 or less on the virulence scale, were considered 

resistant to the Icelandic R. secalis population and six genotypes were designated as 

susceptible.  

The virulence spectrum of the R. secalis isolates was unique for each isolate but the 

average virulence only ranged from 1.2 for SA12 to 2.1 for VH12. Each isolate was both 

completely virulent and non-virulent on genotypes in the differential set. Different 

virulence patterns on a susceptible reaction (score ≥2.5) were used to group isolates as 

pathotypes with a method adapted from Tekauz (1991). Eleven pathotypes were designated 

from the 14 R. secalis isolates. Isolates KO12, MO25 and SB1 belonged to the same 

pathotype as well as isolates KO24 and VH55. 

 
 
 
 
 
 
 
 
 
 
 



33  

Table 4.6 Virulence of R. secalis isolates on MacKey near-isogenic lines. 

  Genotypes         
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KO9 3,0 1,0 2,5 0,0 0,0 0,0 0,0 2,0 1,0 0,0 2,5 3,5 3,0 2,5 3,5 3,5 1.8 1.4 0,0 3,5 
KO12 3,5 2,0 1,0 0,0 0,0 0,0 0,0 1,5 0,5 0,0 3,5 3,5 3,5 1,5 3,5 3,5 1.7 1.5 0,0 3,5 
KO21 3,5 1,0 0,0 0,0 0,0 0,0 0,0 2,5 1,0 0,0 3,5 3,5 3,0 3,0 4,0 4,0 1.8 1.7 0,0 4,0 
KO24 3,0 0,5 1,5 3,0 0,0 3,5 3,5 2,0 0,0 0,0 2,5 1,0 3,0 1,5 3,5 3,5 2.0 1.4 0,0 3,5 
KO38 2,5 1,0 1,5 0,5 0,0 0,0 0,0 0,5 0,0 0,0 1,5 3,0 2,5 0,5 3,0 3,5 1.3 1.3 0,0 3,5 
MO25 3,5 1,5 0,0 0,5 0,0 0,0 0,0 1,5 0,5 0,0 3,0 2,5 3,5 2,0 3,0 4,0 1.6 1.5 0,0 4,0 
SB4 2,5 1,0 0,0 3,0 0,0 3,0 1,5 1,0 0,0 0,0 3,0 3,0 3,0 3,0 3,5 4,0 2.0 1.4 0,0 4,0 
SA12 3,0 0,5 0,0 0,0 0,0 0,0 0,0 0,0 0,5 0,0 3,0 2,5 3,5 1,0 1,5 4,0 1.2 1.5 0,0 4,0 
SA23 2,0 0,5 1,5 2,5 0,5 1,0 1,0 2,0 1,0 0,0 4,0 3,5 3,5 1,5 3,5 3,5 2.0 1.3 0,0 4,0 
VH12 2,5 1,0 0,0 3,0 0,5 3,0 3,0 1,5 0,0 0,5 3,0 2,0 3,0 2,5 3,5 4,0 2.1 1.3 0,0 4,0 
VH16 3,5 2,0 1,5 1,0 0,0 0,5 0,5 1,0 0,5 0,5 3,5 3,5 3,5 3,0 3,5 3,5 2.0 1.4 0,0 3,5 
VH55 2,5 1,0 0,0 3,0 0,0 3,0 2,5 1,0 0,0 0,0 3,5 2,0 3,0 2,0 2,5 3,5 1.8 1.3 0,0 3,5 
KO2 3,5 2,5 0,0 0,0 0,0 0,0 1,0 1,0 0,5 0,5 3,0 3,5 3,0 2,5 3,5 4,0 1.8 1.5 0,0 4,0 
SB1 3,0 0,5 1,5 0,5 0,0 0,0 0,0 2,0 0,0 0,0 3,0 2,5 3,0 1,0 4,0 3,5 1.5 1.5 0,0 4,0 
Mean 3.0 1.1 0.8 1.2 0.1 1.0 0.9 1.4 0.4 0.1 3.0 2.8 3.1 2.0 3.3 3.7     

Std. Dev. 0.5 0.6 0.9 1.3 0.2 1.4 1.2 0.7 0.4 0.2 0.6 0.8 0.3 0.8 0.6 0.3     

Min 2,0 0,5 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 1,5 1,0 2,5 0,5 1,5 3,5     

Max 3,5 2,5 2,5 3,0 0,5 3,5 3,5 2,5 1,0 0,5 4,0 3,5 3,5 3,0 4,0 4,0     

 

4.5 Virulence of Icelandic P. teres isolates 

Variation in the virulence among 20 single-spore P. teres isolates (details in Table 8.2) 

from Iceland was assessed using 17 differential barley genotypes with different kind of 

resistance background (Table 4.8). The susceptibility of the standard barley genotypes 

ranged from an average score of 2.2 for CI 5791 to an average score of 8.4 for Corvette on 

the Tekauz scale of 1-10 (Tekauz, 1985). Genotypes that scored under 4 on the Tekauz 

scale were considered resistant. Accordingly, five genotypes, CI 5791, CI 9825, K 20019, 

CI 9214 and CI 11458, were considered resistant to the Icelandic P. teres population in this 

study, some of which have a reported number of resistance genes conferring resistance to 

P. teres as shown in Table 3.4. Only CI 5791 was resistant to all isolates. The average 

score for CI 9819 was also below 4. However, main part of the data was missing due to the 

poor germination of the genotype and the results are not comparable with the data from 

other genotypes. Corvette was the only cultivar that was susceptible to all P. teres isolates 

used in the virulence test. All the other genotypes had a resistant and susceptible reaction 

against the P. teres isolates. 
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The P. teres isolates displayed high variation for virulence and all the isolates had a 

unique virulence pattern. The average minimum and maximum virulence for all 20 isolates 

ranged from 2.0 to 8.6 with an overall average of 4.6. Each of the 20 isolates was both 

virulent and non-virulent on genotypes within the differential barley set as all isolates had a 

minimum virulence of 2-3 and a maximum virulence of 5-10. The diversity of the average 

virulence of each isolate ranged from 3.3 for SA56 to 5.8 for VH34. Pathotypes were 

designated as proposed by Steffenson and Webster (1992) where isolates are numbered 

corresponding to the differential barley hosts that exhibit a high infection response (ratings 

from 6-10) to that isolate. Nineteen pathotypes were designated from the 20 Icelandic P. 

teres isolates. Isolates SA54 and KS7 were grouped together as the same pathotype. 

 

 Table 4.7 Virulence of P. teres isolates on standard barley genotypes. 
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HV27 5,0 7,0 3,5 2,0 5,5 5,5  - 2,0 2,0 5,5 2,0 2,5 2,5 3,5 5,5 8,5 8,5 4.4 2.3 2 9 
HV44 6,5 7,0 3,5 3,0 5,0 6,5 3,0 2,0 2,0 4,0 5,0 3,5 3,5 2,5 7,5 9,0 5,5 4.6 2.1 2 9 
HV60 4,5 8,0 4,0 2,5 4,0 6,0  - 3,0 1,5 6,5 2,5 2,0 4,5 2,0 4,5 9,0 9,5 4.6 2.5 2 10 
SB7 7,0 7,0 4,5 4,5 3,0 5,5  - 2,5 1,5 2,5 5,0 2,5 2,5 4,0 5,0 9,0 3,5 4.3 2.0 2 9 
SB10 4,0 2,5 3,0 4,0 4,0 2,0  - 4,5 2,0 3,0 3,5 2,5 4,5 2,0 5,0 7,0 7,0 3.8 1.6 2 7 
SA36 4,0 3,5 4,0 5,0 5,5 4,0 2,0 5,0 2,0 5,5 3,5 4,0 6,0 3,5 4,5 9,0 7,0 4.6 1.7 2 9 
SA47 3,0 3,0 3,0 3,0 3,0 2,0 2,0 3,0 2,0 3,0 3,0 2,5 5,5 3,5 5,0 8,5 8,5 3.7 2.0 2 9 
SA54 6,0 3,5 3,5 2,0 3,5 2,0  - 5,0 2,0 3,5 4,5 3,0 7,5 3,5 4,5 7,5 7,5 4.3 1.9 2 8 
SA56 4,0 3,5 3,5 4,0 3,5 2,5  - 2,0 2,0 2,0 4,0 2,0 4,5 3,0 3,5 4,5 5,0 3.3 1.0 2 5 
MO18 7,0 5,5 6,0 5,5 4,0 5,5  - 3,5 3,0 3,5 6,0 5,5 3,5 4,0 4,5 10 2,5 5.0 1.8 3 10 
MO22 6,5 8,5 4,0 3,0 5,5 7,0  - 2,5 2,0 5,5 4,0 4,0 5,0 5,0 7,0 9,5 8,0 5.4 2.2 2 10 
MO26 5,5 7,5 3,5 5,5 5,5 5,0  - 3,5 2,0 6,0 5,0 5,0 3,5 4,0 7,0 9,5 5,0 5.2 1.8 2 10 
MO57 5,5 8,5 5,5 4,5 6,0 6,5  - 4,5 2,0 3,5 6,0 4,5 5,0 3,5 7,0 8,5 7,0 5.5 1.8 2 9 
VH34 6,0 8,5 4,5 3,5 5,5 6,0  - 3,0 2,0 8,5 5,0 3,0 6,0 6,5 7,5 8,5 9,0 5.8 2.2 2 9 
KS2 3,0 4,0 3,0 4,0 5,0 3,5  - 4,0 3,0 3,5 4,0 2,5 6,0 3,5 5,5 10 8,0 4.5 2.0 3 10 
KS7 6,0 3,5 4,0 3,0 5,0 3,0  - 2,0 2,0 4,0 3,5 2,5 6,0 3,5 4,5 8,0 8,5 4.3 1.9 2 9 
KS21 4,0 3,0 6,5 6,0 6,0 3,5  - 4,0 3,0 4,0 6,0 5,5 7,0 2,5 5,5 8,0 8,5 5.2 1.8 3 9 
KS24 5,0 3,0 5,0 4,0 3,5 2,0 7,0 6,5 2,0 5,5 4,5 4,0 7,0 4,0 5,5 8,0 7,5 4.9 1.8 2 8 
KS27 3,0 5,5 4,0 5,0 3,5 2,5 2,0 4,5 3,5 3,5 5,0 4,5 6,0 4,0 5,5 8,0 8,0 4.6 1.7 2 8 
KS35 6,5 4,0 4,0 2,5 4,0 2,5  - 2,5 2,0 4,5 3,0 2,5 4,5 3,0 3,0 8,5 9,0 4.1 2.1 2 9 
Mean 5.1 5.3 4.1 3.8 4.5 4.2 3.2 3.5 2.2 4.4 4.3 3.4 5.0 3.6 5.4 8.4 7.2         

Std. Dev. 1.3 2.2 1.0 1.2 1.0 1.8 2.2 1.3 0.5 1.6 1.2 1.1 1.4 1.0 1.3 1.2 1.9         

Min 3 3 3 2 3 2 2 2 2 2 2 2 3 2 3 5 3       

Max 7 9 7 6 6 7 7 7 4 9 6 6 8 7 8 10 10       
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4.7 Barley resistance to Icelandic P. teres isolates 

The net blotch resistance of 21 Scandinavian and Icelandic barley cultivars, representing 

the most frequently used cultivars in Iceland, was assessed with a resistance test using a 

mixture of P. teres isolates from Iceland. Disease severity was scored using the Tekauz 

scale (Tekauz, 1985) and cultivars rated accordingly (Table 4.9). Seventeen cultivars were 

rated as susceptible (S), Kunnari from Finland, Teista from Iceland and Barbro from 

Sweden were considered mildly-susceptible (MS) and Saana from Finland was mildly-

resistant/mildly-susceptible (MR-MS) with a mean virulence score of 6.  

 

Table 4.8 Resistance of Scandinavian barley cultivars to P. teres isolates from Iceland. 

Genotype Origin Row Type Mean Score Phenotype 
Tiril Norway 6r 9 S 

Ven Norway 6r 9 S 

Arve Norway 6r 9 S 

Lavrans Norway 6r 8 S 

Olsok Norway 6r 8 S 

Judit Sweden 6r 9 S 

Filippa Sweden 2r 8 S 

Rekyl Sweden 2r 8 S 

Barbro Sweden 2r 7 MS 

Erkki Finland 6r 8 S 

Kunnari Finland 6r 7 MS 

Rolfi Finland 6r 8 S 

Saana Finland 2r 6 MR-MS 

246-12 Iceland 6r 9 S 

247-1 Iceland 6r 9 S 

248-1 Iceland 6r 9 S 

Kría Iceland 2r 8 S 

Skegla Iceland 2r 8 S 

Skúmur Iceland 6r 8 S 

Lómur Iceland 6r 8 S 

Teista Iceland 2r 7 MS 

 

 

 

 

 

 



36  

5. Discussion 

 

5.1 Species identification 

As reviewed by Atkins and Clark (2004), traditional identification methods of fungal 

species often rely on experienced, skilled laboratory staff with the ability to identify 

disease symptoms or morphological characteristics of pathogens. Although these methods 

are fundamental in fungal diagnostics they can lead to problems in identification, resulting 

in inaccurate diagnosis (Atkins & Clark, 2004). This can lead to incorrect selection of 

disease control strategies, whether based on the use of fungicides or on resistant cultivars. 

In recent years several new methods in fungal molecular diagnostics have emerged, the 

most prolific field being PCR technology, where applications also include studies of 

fungicide resistance, pathogen population structures and detection of airborne inoculum 

(McCartney et al., 2003). 

Several factors can affect the correct identification of fungal pathogens of barley. 

Visual scoring of R. secalis symptoms does not detect early-season symptomless infections 

(Fountaine et al., 2007) and individual cultivars tend to react differently to R. secalis 

infections at different plant growth stages (Oxley et al., 2003). Disease symptoms of 

several fungal leaf pathogens are similar and lesions caused by P. teres f. teres and P. teres 

f. maculata can be confused with each other (Williams et al., 2001) even though the 

species have different virulence patterns and trigger a different defense response from the 

plant host (Scott, 1992; Ho et al., 1996). Because the resistance to the two forms of P. teres 

is inherited independently it is important that the pathogen is correctly identified. Several 

studies have focused on molecular methods to differentiate between P. teres f.teres and P. 

teres f. maculata (Leisova, et al. 2005b; Williams, 2001).  

In this study nine fungal species were fully identified including three major barley 

pathogens that were represented by more than ten samples, R. secalis, P. teres f. teres and 

P. graminea. Only R. secalis had been previously reported as a barley pathogen in Iceland 

and although barley has been described as a host for P. graminea (Hallgrímsson & 

Eyjólfsdóttir, 2004) this study is the first to report P. graminea as a barley pathogen in 

Iceland. P. teres f. teres is also a new barley pathogen in Iceland and there are no previous 

reports of this fungus in Iceland. P. teres infected leaves were present in five out of the six 

major sample locations indicating that net blotch has spread to most barley growing areas 

in Iceland. Six of the fungal species identified in the study were only found in three or 
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fewer samples. M. nivale, F. avenaceum and E. nigrum are reported causal agents of barley 

diseases (Mathre, 1997; Tsukiboshi, 2003) and have been found previously in Iceland on 

soil or plant residue but not on barley (Hallgrímsson & Eyjólfsdóttir, 2004). D. exitialis 

(Ascochyta spp.), the causal agent of Ascochyta leaf scorch on barley (Punithalingam, 

1979), is new to the Icelandic fungal Flora as well as I. perplexans, that has not been 

described as a pathogen or endophyte of barley. Botryotinia fuckeliana is a well known 

pathogen of several plant species, causing a serious disease in grapevine (Elad, 1994). It 

has been reported on several plant species in Iceland (Hallgrímsson & Eyjólfsdóttir, 2004). 

An unidentified endophyte was found in 34 samples, including 31 from the same sample 

location. ITS sequencing data showed a close relation to Aureobasidium pullulans, a 

cosmopolitan saprophyte used as a biological agent to control post-harvest disease in 

apples (Castoria et al., 2001). There are no previous reports of A. pullulans as a plant 

endophyte in Iceland. 

The study also revealed two fungal genuses, Stagonospora and Cladosporium. 

Several Stagonospora species are known to cause disease on barley and other cereals. 

These include Stagonospora avenae, the causal agent of speckled leaf blotch, and 

Stagonospora nodorum, the causal agent of leaf and glume blotch on barley (Mathre, 

1997). S. nodorum has been found on many plants in Iceland (Hallgrímsson & 

Eyjólfsdóttir, 2004) but S. avenae has not been recorded previously in Iceland. Sequencing 

results were insufficient for detailed species identification within the Stagonospora genus 

of fungi. A surprisingly high level of Cladosporium species was found on leaves of 

Icelandic barley plants. Cladosporium spp. are found on a number of different plants all 

over the world but are not known to infect barley plants suggesting other explanations for 

leaf lesions. Lesions on barley leaves, can be caused by other means than living pathogens. 

Leaf spots not caused by fungi, bacteria or virus are sometimes called physiological leaf 

spots (PLS) and include non-parasitic leaf spots, cultivar specific spots and spots caused by 

nutrient deficiency or by the mlo resistance gene (Behn et al., 2004; Obst & Gehring, 

2002). It is also hypothesized that high levels of Cladosporium species detected in this 

study can be explained by Cladosporium species outgrowing the fungal pathogens that 

caused the barley leaf lesions during the fungal isolation process. 

  Several factors must be taken into consideration when the species identification 

results are interpreted. The samples analyzed here were collected in the third week of 

August 2007. Up to this date the growing season had been quite unique because of 

relatively high temperatures and limited precipitation in all parts of the country (Jónsson, 
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2007). Optimum conditions for both scald and net blotch include high humidity levels and 

mild temperature (Zhang et al., 1992; Steffenson & Webster, 1992). This suggests that the 

conditions during the 2007 barley growing season in Iceland would have favored neither 

scald nor net blotch proliferation. The homogenous growing conditions during the fungal 

isolations process, with respect to growth-media, temperature, lighting, leaf sterilization 

and inoculation period also need to be considered. These conditions were adapted from an 

isolation protocol for R. secalis (Salamati & Tronsmo, 1997) and do not necessary 

represent optimum growing conditions for other fungal pathogens or endophytes of barley 

in Iceland.  

 This is the first time that species diversity of fungal barley pathogens is carried out 

in Iceland and it was limited to samples from one barley growing season. Future sample 

collections at fixed locations and subsequent analyses of fungal species are required to be 

able to estimate accurately the prevalence of ongoing pathogens and geographical 

localization of particular pathogens. Despite this study revealing several new fungal 

species on barley in Iceland, including a number of pathogenic fungi, it is hypothesized 

that as conditions for barley cultivation in Iceland continue to improve and research in 

plant pathology advances, additional pathogens will emerge. 

 

5.2 Genetic structure of major barley pathogens in Iceland 

 

5.2.1 Expectations on the population structure 

When the history of barley production in Iceland is examined (see chapter 1.1.1) it is clear 

that there was very limited barley cultivation for more than six centuries, from about 1300 

until 1923. During that period barley and other grains were imported from Scandinavia 

(Hermannsson, 1993). Further, there are reports that between the years 1965-1980, barley 

was only cultivated at two locations, both of which are in the south part of Iceland 

(Hermannsson, 1993). Most of the seed currently used by barley farmers in Iceland is 

imported from Norway and Sweden as production of quality seed is difficult in Iceland. 

This study gives the first reports of net blotch on barley in Iceland where as the first 

mention of scald was in 1984 (Bragason, 1985). The only reported host for both of these 

species in Iceland is barley, where it has only been cultivated continuously for less than 

100 years compared to centuries of barley cultivation in Scandinavia (Bjørnstad, 2005). 

Based on this information, limited genetic differentiation is expected between R. 

secalis and P. teres populations in Iceland and populations from Scandinavia as long 
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distance dispersal is mainly associated with man-mediated transfer of infected seed and 

possible other plant material (Lee et al., 1999; Jordan, 1981). The time available for 

evolution of the Icelandic populations is also expected to be much shorter than for the 

corresponding populations from Scandinavia, resulting in less genetic variation in 

Icelandic R. secalis and P. teres populations. When interpreting the results it has to be 

considered that the populations from Iceland represent samples collected at several 

locations, separated by up to 400 km, and from different host cultivars. The other 

populations on the other hand were made up of samples collected from a single field. 

  

5.2.2 R. secalis population genetics 

Both the pairwise genetic differentiation (Fst) (Table 4.3) and principal coordinate analysis 

revealed a surprisingly high differentiation between the Icelandic R. secalis population and 

the other populations. The Scandinavian populations were clustered together where as the 

Icelandic and Swiss populations formed distinct groups. This was not anticipated due to the 

short duration of barley cultivation in Iceland and factors influencing genetic variation. 

Similar population differentiation (Gst) has been reported between populations in 

Scandinavia (Salamati et al., 2000) and between populations from Scandinavia and 

Switzerland (Zaffarano et al., 2006) as was revealed in this study. 

Only 16% of the total genetic variation was between populations and 84% was 

within populations. As previously mentioned all populations, except for the one from 

Iceland, represented a single field each, and distribution within populations would, thus, 

correspond to distribution within fields. Unfortunately, there is no information on the 

distribution within certain regions of Iceland, fields or sample plots within fields. 

However, in a study that included two R. secalis populations from Norway and one from 

Finland 87% of the total genetic diversity was found within a field (Salamati et al., 2000). 

Zaffarano et al. (2006) used RFLP markers to study the gene diversity of 31 field 

populations of R. secalis from five continents and found that gene diversity within fields 

was highest in Norway, 0.53, and only slightly lower in Finland, or 0.48, but was as low as 

0.17 in populations from Eritrea. This study, using microsatellite markers revealed even 

higher values of gene diversity in field populations from Norway and Finland (Table 4.2) 

and the population from Iceland also had a high average gene diversity of 0.55. The 

Icelandic population had surprisingly many haplotypes, no clonality and nine unique 

alleles, raising further questions about the origin of the Icelandic R. secalis population. In 

addition, analysis of recent migrations predicted only one migrant in the Icelandic 
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population, thus opposing the hypothesis that R. secalis was only recently introduced to 

Iceland with infected barley seed from Scandinavia. 

The equal frequency of both mating types within the Icelandic R. secalis population 

supports frequency-dependent selection consistent with sexual reproduction. Even though 

both mating types were found within the same field, further research is needed to establish 

whether both mating types occur on the same leaves or lesions providing opportunities for 

isolates of opposite mating type to interact and reproduce sexually. The high pathogenic 

variation observed in the virulence test and high levels of genetic variation revealed in the 

microsatellite analysis also suggest the presence of a teleomorph, formed during the sexual 

reproductive stage. 

 

5.2.3 P. teres population genetics 

Serenius et al. (2007) studied the genetic differentiation (Fst) between P. teres populations 

from Finland and Russia using the same AFLP primers as in this study and found it to be 

0.550. The genetic differentiation (Fst) between populations from Russia and Finland 

reported in this study was 0.527. There was a significant differentiation between the 

Russian, Finnish, and Icelandic populations, with a Fst value of 0.640 between the Finnish 

and Icelandic populations (see Figures 4.4 and 4.5). These findings are of particular 

interest as limited differentiation has been hypothesized between these populations based 

on the history of barley production in Iceland, seed import to Iceland and long-distance 

dispersal of the pathogen. P. teres isolates from different locations in Finland had a 

similarity coefficient of approximately 63% but isolates could not be grouped according to 

geographical origin as similar genotypes were found from different locations in Finland 

and different genotypes were present on the same plant (Peltonen et al., 1996). Another 

study on P. teres populations from Finland revealed genetic differentiation of 0.303 

between two populations, 400 km apart, indicating low migration and gene flow among 

Finnish P. teres populations (Serenius et al., 2005). More than half of the total genetic 

diversity, 51%, was distributed between the three populations in this study, with the 

remainder distributed within populations. Peever and Milgroom (1994) studied P. teres 

populations from Canada, USA and Germany and revealed similar results, with 54% of the 

genetic variation within populations and 46% among populations. They hypothesized that 

the explanations for the high levels of genetic differentiation among P. teres populations, 

compared to many other fungal populations, included genetic drift combined with 
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restricted migration and selection due to local adaptation of P. teres to alternative hosts 

(Peever & Milgroom, 1994). 

 There was a significant difference in the number of polymorphic markers and 

number of private alleles between the three populations in the study presented here. The 

Icelandic population had 184 polymorphic markers and 89 private alleles, the Russian 

population had 127 polymorphic markers and 32 private alleles, whereas the Finnish 

population contained 50 polymorphic markers and only 8 private alleles. A parallel study 

on Russian and Finnish P. teres populations found 52 polymorphic markers in the Finnish 

population and 171 in the Russian population (Serenius et al., 2007). The gene diversity 

over loci was 0.26 in the Icelandic population, 0.04 in the Finnish population, and 0.17 in 

the Russian population further demonstrating the large genetic variation in the Icelandic 

population. A RAPD analysis of two Swedish P. teres populations reported slightly lower 

gene diversity values than in the Icelandic population (Jonsson et al., 2000). 

The mating type analysis, along with high genetic diversity and pathogenic 

variation, provided evidence for sexual reproduction in the Icelandic P. teres population. 

Both mating types were found at all locations and the overall frequency was close to 1:1. 

In Finland, the genetic differentiation (Fst) between isolates belonging to different mating 

types was only 0.017, indicating that genetic exchange has occurred between different 

mating types (Serenius et al., 2005). As with the R. secalis analysis, further research is 

needed to establish evidence for these kinds of interactions between different mating types 

in the Icelandic population. 

 

5.2.4 Possible explanations for high levels of variance and effects on resistance breeding 

How can the surprisingly high genetic variation and genetic differentiation of the Icelandic 

R. secalis and P. teres populations be explained? Considering the history of barley 

cultivation in Iceland, together with the geographical isolation of the country and the 

nature of the pathogens, low genetic variation and limited differentiation from the 

Scandinavian populations would be expected, contrary to what was found. There are no 

reports of either of these pathogens in Iceland until in recent years and then only on barley. 

This does though not rule out the possibility that they have been present for longer.  

If R. secalis and P. teres were introduced with infected seed at the beginning of 

barley cultivation around 874 the presence of previously unreported alternative hosts 

would be needed to maintain the populations and the genetic diversity through the 

centuries when no barley was cultivated in Iceland. Tables 1.2 and 1.3 list several plant 
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species that have been found in Iceland and reported as hosts for P. teres and R. secalis in 

other countries. Some of these species can not be considered a permanent part of the 

Icelandic Flora and only a few of them are indigeneous in the country. Another possibility 

is that the pathogen populations were introduced to Iceland around 1923 during the second 

phase of barley production in Iceland. Even though barley has been continuously cultivated 

since that time it was only grown at two locations for 15 years during that period, seriously 

limiting the pathogen population size and the evolutionary potential. This contradicts the 

high genetic variation found in both R. secalis and P. teres populations in this study and 

the differentiation from populations in countries importing barley seed to Iceland. Further 

research is needed to assess the validity of these options and to effectively explain the 

genetic diversity and differentiation found. This would include research on alternative 

hosts found in Iceland and analyses on the genetic structure of field populations from 

different locations in Iceland.  

According to the model for risk assessment (McDonald & Linde, 2002) R. secalis 

has high evolutionary risk, based on mixed reproduction system, moderate gene and 

genotype flow and large effective population size. The model assumes constant mutation 

rates and efficient selection for all pathogens (McDonald & Linde, 2002). Even though this 

study does not provide information on the effective population size or gene and genotype 

flow it is still hypothesized that the Icelandic R. secalis and P. teres populations have high 

evolutionary potential. Evidence for sexual reproduction was present in both cases and 

gene and genotype diversity was significant. When this is considered in relation to the 

decision diagram to aid resistance breeding programs, also proposed by McDonald and 

Linde (2002) the strategy should be to use quantitative resistance along with major gene 

resistance in cultivar mixtures and multilines or on regional basis, depending on the risk 

imposed by gene and genotype flow. Pyramiding of major resistance genes or the 

prolonged use of single resistance gene on a wide geographic scale is not recommended. 

 

5.3 Virulence of P. teres and R. secalis  

Fourteen R. secalis isolates were inoculated on to seedlings of a differential series of barley 

containing a range of major resistance genes for the fungus. Broad range of virulence was 

observed as 11 pathotypes were designated from the 14 isolates. Ten genotypes were 

considered resistant to the Icelandic isolates and six genotypes were susceptible. The 

Icelandic R. secalis population seems to possess some degree of seemingly unnecessary 

virulence as no known major resistance genes have been deployed in Iceland. R. secalis 
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isolates from central Norway (Salamati & Tronsmo, 1997) and Denmark (Jørgensen & 

Smedegaard-Petersen, 1995) seem to possess even greater virulence where the majority of 

the standard barley genotypes were considered susceptible. On the other hand, 17 out of 18 

standard barley genotypes were resistant to R. secalis isolates from Finland (Robinson et 

al., 1996). Salamati and Tronsmo (1997) suggested several explanations for the diversity 

of virulence in the Norwegian isolates; unidentified resistance genes in local cultivars, 

infected seed from other areas and a favorable climate for infection. These suggestions 

might also explain the significant virulence of the Icelandic isolates to several standard 

barley genotypes representing known resistance genes. This study indicates sources of 

partial and total resistance of standard barley genotypes to Icelandic R. secalis isolates. 

Genotypes MacKey5 (Rh4, Rh10), MacKey9 (Rh2, Rh3) and MacKey10 (Rh unknown) all 

proved highly resistant to all the Icelandic isolates and possess known resistance genes that 

could be used in future breeding programs against scald in Iceland. 

 The P. teres virulence test differentiated 20 Icelandic P. teres isolates into 19 

pathotypes using 17 standard barley genotypes. Significant difference in resistance reaction 

of the genotypes was observed. Five genotypes had a mean resistance reaction, two 

genotypes were susceptible and nine had an intermediate resistance response. Only CI 

5791 was resistant to all isolates. This cultivar has a number of reported resistance genes 

(Table 3.4) that can possibly be used in P. teres resistance breeding in Iceland. Variation in 

virulence among the Icelandic isolates was observed in this study and in comparable 

studies on P. teres isolates from Sweden (Jonsson, et al., 1997) and Finland (Robinson & 

Jalli, 1996), even though no selective pressure had been placed on the isolates in these 

countries through deployment of major gene resistance. Robinson and Jalli (1996) 

speculated that variation was likely to be due to a combination of evolutionary forces 

including natural selection, random genetic drift and gene flow. 

 A mixture of P. teres isolates from Iceland was used to inoculate 21 barley 

cultivars from Iceland, Finland, Sweden and Norway. Seventeen cultivars were completely 

susceptible in a greenhouse seedling test to the Icelandic isolates and only one cultivar, 

Saana from Finland, was partially resistant. Jonsson et al. (1997) studied the virulence of 

six Swedish P. teres isolates on 57 commercial barley cultivars from northern Europe and 

found them all susceptible to all isolates. Similar results were obtained by Robinson and 

Jalli (1996) who found that six commercial Nordic barley cultivars were susceptible to 

each of 20 Finnish P. teres isolates. It is suggested that the high level of virulence of these 
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Scandinavian P. teres isolates to common barley cultivars represents the high evolutionary 

potential of the pathogen. 
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6. Conclusions 

Twelve different fungal species were found on 277 successfully identified leaves from 

naturally infected barley fields in Iceland. These included two widespread major barley 

pathogens, R. secalis and P. teres. This study reveals the first report of P. teres in Iceland 

and out of the twelve species, only R. secalis and P. gramineae had been described on 

barley in Iceland before. 

The analysis of the genetic structure of the R. secalis and P. teres populations 

showed that the Icelandic populations differentiated significantly from the European 

populations, underlining their uniqueness. The gene diversity of the Icelandic P. teres 

population was higher than in populations from Finland and Russia and the Icelandic R. 

secalis population was also characterized by high gene diversity. No clonality was 

observed in the Icelandic populations as both were represented by maximum number of 

haplotypes. About half of the total genetic diversity was distributed among the P. teres 

populations where as 84% of the genetic diversity in the R. secalis study was distributed 

within populations and only 16% between populations. The existence of mating types 1 

and 2 was confirmed in both populations, providing evidence of sexual reproduction. 

Further research is needed to explain the genetic differentiation and high genetic variation 

of the Icelandic populations in relation to the history of barley production in Iceland. 

 The virulence of Icelandic R. secalis and P. teres populations was assessed on a 

number of standard barley genotypes. Isolates were differentiated into several pathotypes 

indicating a broad virulence spectrum. Potential resistance genes for breeding programs are 

recommended. None of the commercial barley cultivars currently used in Iceland proved 

resistant to Icelandic P. teres isolates. 

 These findings support the classification of both R. secalis and P. teres as high risk 

pathogens with considerable evolutionary potential. This needs to be considered in 

resistance breeding projects for disease resistance in local barley cultivars. It is 

recommended to use quantitative resistance along with major gene resistance in cultivar 

mixtures and multilines for durable resistance to R. secalis and P. teres in Iceland. 
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8. Appendix 

 

Table 8.1 Details for R. secalis samples used in the virulence test. 

Isolate Location Host cultivar 

 Name Latitude  Longitude   
KO2 Korpa 64°09’ 21°44’ Kría 
KO9 Korpa 64°09’ 21°44’ Kría 
KO12 Korpa 64°09’ 21°44’ Kría 
KO21 Korpa 64°09’ 21°44’ Olsok 
KO24 Korpa 64°09’ 21°44’ Olsok 
KO38 Korpa 64°09’ 21°44’ Kría 
SA2 Stóra Ármót 63°59’ 20°56’ Filipa 
SA12 Stóra Ármót 63°59’ 20°56’ Filipa 
SA23 Stóra Ármót 63°59’ 20°56’ Filipa 
VH12 Vindheimar 65°30’ 19°21’ Swå01448 
VH16 Vindheimar 65°30’ 19°21’ Erkki 
VH55 Vindheimar 65°30’ 19°21’ Kríló 
MO25 Möðruvellir 65°46’ 18°14’ Swå02220 
SB1 Efri Brúnavellir 64°02’ 20°31’ Unknown 
SB4 Hofstaðir 65°41’ 19°22’ Unknown 
 

 

Table 8.2 Details for P. teres samples used in the virulence test. 

Isolate Location Host cultivar 

 Name Latitude  Longitude   
KS2 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS7 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS21 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS24 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS27 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS35 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
SA36 Stóra Ármót 63°59’ 20°56’ Filipa 
SA47 Stóra Ármót 63°59’ 20°56’ Filipa 
SA54 Stóra Ármót 63°59’ 20°56’ Filipa 
SA56 Stóra Ármót 63°59’ 20°56’ Filipa 
VH34 Vindheimar 65°30’ 19°21’ Voitto 
HV27 Hvanneyri - - Olsok 
HV44 Hvanneyri - - Voitto 
HV60 Hvanneyri - - Voitto 
MO18 Möðruvellir 65°46’ 18°14’ Lavrans 
MO22 Möðruvellir 65°46’ 18°14’ Skúmur 
MO26 Möðruvellir 65°46’ 18°14’ Teista 
MO57 Möðruvellir 65°46’ 18°14’ Tiril 
SB7 Refsmýri 65°13’ 14°33’ Unknown 
SB10 Vallanes 65°11’ 14°32’ Unknown 
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Table 8.3 Details for R. secalis samples used in the microsatellite analysis. 

Isolate Location Host cultivar 

 Name Latitude  Longitude   
KO2 Korpa 64°09’ 21°44’ Kría 
KO6 Korpa 64°09’ 21°44’ Kría 
KO9 Korpa 64°09’ 21°44’ Kría 
KO12 Korpa 64°09’ 21°44’ Kría 
KO15 Korpa 64°09’ 21°44’ Olsok 
KO18 Korpa 64°09’ 21°44’ Olsok 
KO19 Korpa 64°09’ 21°44’ Olsok 
KO21 Korpa 64°09’ 21°44’ Olsok 
KO23 Korpa 64°09’ 21°44’ Olsok 
KO24 Korpa 64°09’ 21°44’ Olsok 
KO27 Korpa 64°09’ 21°44’ Olsok 
KO29 Korpa 64°09’ 21°44’ Olsok 
KO32 Korpa 64°09’ 21°44’ Olsok 
KO38 Korpa 64°09’ 21°44’ Kría 
KO43 Korpa 64°09’ 21°44’ Kría 
KO44 Korpa 64°09’ 21°44’ Kría 
KO48 Korpa 64°09’ 21°44’ Kría 
SA2 Stóra Ármót 63°59’ 20°56’ Filipa 
SA3 Stóra Ármót 63°59’ 20°56’ Filipa 
SA4 Stóra Ármót 63°59’ 20°56’ Filipa 
SA12 Stóra Ármót 63°59’ 20°56’ Filipa 
SA23 Stóra Ármót 63°59’ 20°56’ Filipa 
SA24 Stóra Ármót 63°59’ 20°56’ Filipa 
SA28 Stóra Ármót 63°59’ 20°56’ Filipa 
SA31 Stóra Ármót 63°59’ 20°56’ Filipa 
SA34 Stóra Ármót 63°59’ 20°56’ Filipa 
SA37 Stóra Ármót 63°59’ 20°56’ Filipa 
SA46 Stóra Ármót 63°59’ 20°56’ Filipa 
SA59 Stóra Ármót 63°59’ 20°56’ Filipa 
VH12 Vindheimar 65°30’ 19°21’ Swå01448 
VH16 Vindheimar 65°30’ 19°21’ Erkki 
VH20 Vindheimar 65°30’ 19°21’ Olsok 
VH53 Vindheimar 65°30’ 19°21’ Ven 
VH55 Vindheimar 65°30’ 19°21’ Kríló 
SB2 Einarsstaðir 65°37’ 15°03’ Unknown 
SB4 Hofstaðir 65°41’ 19°22’ Unknown 
SB5 Gunnarsstaðir - - Unknown 
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Table 8.4 Details for P. teres samples used in the AFLP analyses. 

Isolate Location Host cultivar 

 Name Latitude  Longitude   
KS2 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS3 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS6 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS7 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS8 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS10 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS21 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS22 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS23 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS24 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS25 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS26 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS27 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS29 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS30 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS34 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
KS35 Kleppjárnsstaðir 65°28’ 14°25’ Unknown 
SA13 Stóra Ármót 63°59’ 20°56’ Filipa 
SA36 Stóra Ármót 63°59’ 20°56’ Filipa 
SA47 Stóra Ármót 63°59’ 20°56’ Filipa 
SA54 Stóra Ármót 63°59’ 20°56’ Filipa 
SA56 Stóra Ármót 63°59’ 20°56’ Filipa 
VH14 Vindheimar 65°30’ 19°21’ Skúmur II 
VH44 Vindheimar 65°30’ 19°21’ Skúmur II 
VH57 Vindheimar 65°30’ 19°21’ Judit 
SB8 Hlaðir 65°46’ 18°11’ Unknown 

 


