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SUMMARY

Pyrenophora teres, causal agent of net blotch of barley, exists in
two forms, designated P. teres f. teres and P. teres f. maculata,
which induce net form net blotch (NFNB) and spot form net
blotch (SFNB), respectively. Significantly more work has been
performed on the net form than on the spot form although
recent activity in spot form research has increased because of
epidemics of SFNB in barley-producing regions. Genetic studies
have demonstrated that NFNB resistance in barley is present in
both dominant and recessive forms, and that resistance/
susceptibility to both forms can be conferred by major genes,
although minor quantitative trait loci have also been identified.
Early work on the virulence of the pathogen showed toxin effec-
tor production to be important in disease induction by both
forms of pathogen. Since then, several laboratories have inves-
tigated effectors of virulence and avirulence, and both forms are
complex in their interaction with the host. Here, we assemble
recent information from the literature that describes both forms
of this important pathogen and includes reports describing the
host—pathogen interaction with barley. We also include prelimi-
nary findings from a genome sequence survey.

Taxonomy: Pyrenophora teres Drechs. Kingdom Fungi; Phylum
Ascomycota; Subphylum Pezizomycotina; Class Dothideomycete;
Order Pleosporales; Family Pleosporaceae; Genus Pyrenophora,
form teres and form maculata.

Identification: To date, no clear morphological or life cycle
differences between the two forms of P. teres have been iden-
tified, and therefore they are described collectively. Towards the
end of the growing season, the fungus produces dark, globosely
shaped pseudothecia, about 1-2 mm in diameter, on barley.
Ascospores measuring 18-28 um x 43-61 um are light brown
and ellipsoidal and often have three to four transverse septa and
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one or two longitudinal septa in the median cells. Conidiophores
usually arise singly or in groups of two or three and are lightly
swollen at the base. Conidia measuring 30-174 um x 15-23 um
are smoothly cylindrical and straight, round at both ends, sub-
hyaline to yellowish brown, often with four to six pseudosepta.
Morphologically, P. teres f. teres and P. teres f. maculata are
indistinguishable.

Host range: Comprehensive work on the host range of P. teres
f. teres has been performed; however, little information on the
host range of P. teres f. maculata is available. Hordeum vulgare
and H. vulgare ssp. spontaneum are considered to be the primary
hosts for P. teres. However, natural infection by P. teres has been
observed in other wild Hordeum species and related species
from the genera Bromus, Avena and Triticum, including H.
marinum, H. murinum, H. brachyantherum, H. distichon, H.
hystrix, B. diandrus, A. fatua, A. sativa and T. aestivum (Shipton
et al., 1973, Rev. Plant Pathol. 52:269-290). In artificial inocu-
lation experiments under field conditions, P. teres f. teres has
been shown to infect a wide range of gramineous species in the
genera Agropyron, Brachypodium, Elymus, Cynodon, Deschamp-
sia, Hordelymus and Stipa (Brown et al., 1993, Plant Dis. 77:942—
947). Additionally, 43 gramineous species were used in a growth
chamber study and at least one of the P. teres f. teres isolates
used was able to infect 28 of the 43 species tested. However, of
these 28 species, 14 exhibited weak type 1 or 2 reactions on the
NFNB 1-10 scale (Tekauz, 1985). These reaction types are small
pin-point lesions and could possibly be interpreted as nonhost
reactions. In addition, the P. teres f. teres host range was inves-
tigated under field conditions by artificially inoculating 95 grami-
neous species with naturally infected barley straw. Pyrenophora
teres f. teres was re-isolated from 65 of the species when
infected leaves of adult plants were incubated on nutrient agar
plates; however, other than Hordeum species, only two of the 65
host species exhibited moderately susceptible or susceptible
field reaction types, with most species showing small dark
necrotic lesions indicative of a highly resistant response to
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P. teres f. teres. Although these wild species have the potential to
be alternative hosts, the high level of resistance identified for
most of the species makes their role as a source of primary
inoculum questionable.

Disease symptoms: Two types of symptom are caused by P.
teres. These are net-type lesions caused by P. teres f. teres and
spot-type lesions caused by P. teres f. maculata. The net-like
symptom, for which the disease was originally named, has char-
acteristic narrow, dark-brown, longitudinal and transverse stria-
tions on infected leaves. The spot form symptom consists of
dark-brown, circular to elliptical lesions surrounded by a chlo-
rotic or necrotic halo of varying width.

INTRODUCTION

The fungus Pyrenophora teres Drechsler (anamorph Drechslera
teres [Sacc.] Shoem.) is the causal agent of net blotch of barley
(Hordeum vulgare). Similar to other stubble-borne diseases, net
blotch has become economically important and has emerged as
a major disease in many barley-growing areas worldwide.
Reduced or no-till agricultural practices have probably contrib-
uted to the increase in importance of both net form and spot
form net blotch (NFNB and SFNB) disease (Mathre, 1997;
McLean et al., 2009; Shipton et al., 1973); however, the suscep-
tibility of current cultivars and trends in environmental condi-
tions cannot be ruled out as contributing factors to the increased
importance of the disease. Net blotch can cause typical yield
losses of 10%—40%, with the potential for total loss if suscep-
tible cultivars are planted under extreme environmental condi-
tions (Mathre, 1997; Murray and Brennan, 2010). Furthermore,
infection leads to a reduction in kernel size, plumpness and bulk
density, and negatively affects the malting and feed quality of
barley (Grewal et al., 2008; Mathre, 1997).

The disease was first named because of the typical netting
symptom produced by the pathogen on leaves of susceptible
barley lines (Shipton etal., 1973). In addition, a spot-like
symptom has also been observed and associated with P. teres;
however, the causal agents for these two symptoms cannot be
differentiated morphologically. The differentiation of the two
forms of P. teres into P. teres f. teres (net type) and P. teres f.
maculata (spot type) (Smedegard-Petersen, 1971) has been pro-
posed and widely accepted. Although Smedegard-Petersen
(1971) showed that P. teres f. teres by P. teres f. maculata genetic
crosses were fertile, phylogenetic studies have suggested that
the two forms of P. teres are genetically isolated and should be
treated separately when studying pathogen virulence and host
resistance (Rau et al., 2007).

A wide range of variation in pathogen virulence has been
detected within local and global fungal populations. Host geno-

types also show differential reactions to different isolates,
suggesting that the specific relationship between the host and
pathogen may follow a gene-for-gene-type model. Several
fungal avirulence genes (Beattie et al., 2007; Lai et al., 2007;
Weiland et al., 1999) and major host resistance quantitative trait
loci (QTLs)/genes (Mode and Schaller, 1958; Table 1) have been
identified. In addition, several nonpeptide compounds and pro-
teins produced by P. teres have been identified as phytotoxins
capable of inducing disease-like symptoms (Sarpeleh et al.,
2007, 2008, 2009; Smedegard-Petersen, 1977a). Given the
importance of the disease and the pathogen, knowledge is still
lacking concerning key aspects of the pathogenesis of both
forms of P. teres and the molecular mechanism of the host—
pathogen interaction.

The first review on net blotch was published in 1973 and
included valuable information on the distribution and impor-
tance of the disease, as well as information on the genetics of
the host—pathogen interaction (Shipton et al., 1973). A recent
review by McLean et al. (2009) described SFNB with emphasis
on disease epidemiology and host resistance. The purpose of this
profile is to provide a general overview of the existing knowl-
edge and to summarize the current and ongoing research on the
net blotch pathogen P. teres, including both P. teres f. teres and
P. teres f. maculata, as well as the P. teres—barley interaction. We
also propose potential research areas that will broaden our basic
understanding of this host—pathogen interaction and ultimately
aid in the management of this important disease.

TAXONOMY AND RELATEDNESS TO OTHER
PYRENOPHORA SPECIES

The perfect stage of Pyrenophora teres Drechs. was first
described by Drechsler (1923). As a result of the heterothallic
nature of P. teres, the production of the sexual stage, including
fertile ascocarp formation, requires two opposite mating geno-
types (McDonald, 1963; Rau et al., 2005; Smedegard-Petersen,
1978). The imperfect stage was originally placed in the genus
Helminthosporium, but this genus was subsequently revised,
whereupon Helminthosporium teres Sacc. was placed into the
new genus Drechslera based on its ‘cylindrical, not curved
conidia, germinating from every cell, and its association with the
Pyrenophora teleomorph’ (Alcorn, 1988; Shoemaker, 1959). Rau
et al. (2005) used mating-type gene sequences to reinforce the
inclusion of P. teres into the Pleosporales group, probably some-
where between Phaeosphaeria nodorum (Phaeosphaeriaceae)
and Leptosphaeria maculans (Leptosphaeriaceae). This study
also clearly separated P. teres from the Cochliobolus species
(Rau et al., 2005). This is consistent with the conclusions of
Zhang and Berbee (2001) based on internal transcribed spacer
(ITS) sequences and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene sequences.
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Table 1 Summary of published net blotch resistance quantitative trait loci (QTLs) or genes.
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Chromosome
Population (type)* Formt Plant stage Isolate (origin) location R? (%)* QTL/gene name Reference
Steptoe x Morex (DH) NF Seedling ND89-19 (USA) 4p 31 — Steffenson et al., 1996
6ML 14 —
6MS 10 —
NF Adult ND89-19 (USA) 1P 21 —
3P 20 —
2P 15 —
3M 16 —
7P 1" —
Igri x Franka (DH) NF Seedling WRS1240 (Canada) 3HL 100 Pt,a Graner et al., 1996
Arena x Hor 9088 (F2) NF Seedling 04/6T (—) 6H 22.6 — Richter et al., 1998
6H 10.3 —
3HL 19.2 —
Alexis x Sloop (DH) NF Seedling NB34 (Australia) 2HS 1" QRpts2S Raman et al., 2003
3HL 17 QRpts3L
Arapiles x Frankin (DH) NF Seedling NB34 (Australia)
2HS 13 QRpts2S
2HL 7 QRpts2L
3HL 16 QRpts3la
Sloop x Halcyon (DH) NF Seedling NB50 (Australia) 3HL 9 QRpts3Lb
4H 64 QRpts4
Sloop-sib x Alexis (RIL) NF Seedling NB34 (Australia) 6HL 1" QRpts6L
2HS 9 QRpts2S
3HL 13 QRpts3L
Tallon x Kaputar (DH) NF Seedling NB52B, NB54, NB81 and 6H 46-83 — Cakir et al., 2003
NB97(Australia)
2H 20-29 —
NB52B, NB54, NB81 and NB97 3H 24-31 —
(Australia)
VB9524 x ND11231 (DH) NF Adult NB77 (Australia) 6H 65 —
NF Seedling 6H 66 —
Chevron x Stander (DH) NF Seedling ND89-19 (USA) 6HS 64 — Ma et al., 2004
2HS 7 —
VB9524 x ND11231 (DH) NF Seedling NB77 (Australia) 6H 75.2 — Emebiri et al., 2005
2H 22.8 —
OUH602 x Harrington (RIL) NF Seedling 30199013 (USA) 4H 9-10 Rpt-4H-5-7 Yun et al., 2005
3H 12 Rpt-3H-4
1H 10 Rpt-1H-5-6
Rolfi x C19819 (DH) NF Seedling P7, P8, P40 and P58 (Finland) 6H 65 — Manninen et al., 2000
Rolfi x C19819 (DH) NF Seedling 84-28-1 (USA), 92-46/15 (Canada), 6H 60-88 Rpt5 Manninen et al., 2006
UK80-2(UK) and 27-36 (Finland) H Minor —
2H Minor —
3H Minor —
5H Minor —
7H Minor —
Q21861 x SM89010 (DH) NF Seedling 15A (USA), ND89-19 (USA) and 0-1  6H 84-89 — Friesen et al., 2006a
(Canada)
Alexis x Sloop (DH) NF Adult NB329, NB333 and NB330 2HC 14.5-19.2 QNFNBAPR Al/S-2H Lehmensiek et al. 2007
(Australia)
3HL 17.6-30.4  QNFNBAPR.AI/S-3H
4HC 10.7-14.0 QNFNBAPR Al/S-4H.b
THS 7.3-8.7 QNFNBAPR Al/S-7Ha
WI2875-1 x Alexis (DH) NF Adult NB329, NB333 and NB330 2HC 8.5-10.7 QNFNBAPR.W/AI-2H
(Australia)
3HL 9.6-11.0 QNFNBAPR.W/AI-3H
4HL 7.4-12.5 QNFNBAPR.W/AI-4H
5HS 8.0-12.3 QNFNBAPR.W/AI-5H
Arapiles x Franklin (RIL) NF Adult NB329, NB333 and NB330 THS 10.9-12.1 QNFNBAPR Ar/F-1H
(Australia)
2HS 16.4 QNFNBAPR Ar/F-2H
THS 6.9 QNFNBAPR Ar/F-7H
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Table 1 Continued.

Chromosome
Population (type)* Formt Plant stage Isolate (origin) location R% (%)* QTL/gene name Reference
CDC Dolly x TR251 (DH) NF Seedling WRS1607 (Canada) 6H 60 QRpt6 Grewal et al., 2008
Seedling WRS858 (Canada) 6H 65 QRpt6
2H 8 QRptts?
4H 5 QRptts4
NF Adult Natural infection 5H 7 QRptts5
(Melfort, SK, Canada) 6H 42-60 QRpt6
3H 5 QRptta3
5H 6 QRptta5
7H 6 QRpt7
Rika x Kombar (DH) NF Seedling 15A (USA) 6H 100 rpt.r Abu Qamar et al., 2008
Rika x Kombar (DH) Seedling 6A (USA) 6H 100 rpt.k
M120 x Sep2-72 (RIL) NF Seedling 3010001, 30190005-2, 6H-bin2 25.0-44.0 — St. Pierre et al., 2010
30199019-1, )
30199012-2 and 30199010-3 (—)  Obin6 19.0-480 —
Galleon x Haruna Nijo (DH) SF Seedling 43/96/1, 49/96/9, 49/96/10, 50/96/9 7H 27-74 Rptd Williams et al., 1999
and 10/97 (Australia)
C19214 x Stirling(DH) SF Seedling — 7H 52 Rpt4 Williams et al., 2003
Keel x Gairdner (DH) SF Seedling — 7H 46 Rpt4
Tilga x Tantangara (DH) SF Seedling — 7H 27 Rptd
Chebec x Harrington (DH) SF Seedling — 7H 74 Rpt4
VB9104 x Dash (DH) SF Seedling — 7H 9 —
TH Minor —
3H Minor —
Galleon x Haruna Nijo (DH) SF Adult — 7H 18 —
7H 20 —
H 27 —
5H 19 —
4H 8 —
VB9104 x Dash (DH) SF Adult — 7H 17 —
5H 9 —
4H 10 —
C19214 x Stirling (DH) SF Adult — 7H 35 —
Keel x Gairdner (DH) SF Adult — 7H 32 —
Chebec x Harrington (DH) SF Adult — 7H 7 —
Léger x Cl 9831 (DH) SF Seedling WRS857 (Canada) 2H — — Molnar et al., 2000
LG1 — —
LG3 — —
CDC Dolly x TR251 (DH) SF Seedling WRS857 (Canada) 4H 21 QRpts4 Grewal et al., 2008
7H 13 QRpt7
6H 8 QRpt6
Q21861 x SM89010 (DH) SF Seedling NZKF2 (New Zealand) 4H 64 — Friesen et al., 2006a
Rolfi x C19819(DH) SF Seedling P1332 and P1333 (Finland) 5H 65-84 Rpt6 Manninen et al., 2006

*Resistant parental lines are indicated by bold type.
tNF, net form net blotch; SF, spot form net blotch.

+QTL effects containing ranges mean that the experiments were performed for multiple locations or multiple isolates and the effects for individual treatments fall

into this range.
—, no information is available for this entry.

Two other Pyrenophora species, P. graminea Ito & Kurib.
[anamoph Drechslera graminea (Rabenh. Ex Schlecht.) Shoem.]
and P. japonica Ito & Kurib. [anamorph Drechslera japonica (Ito
& Kurib.) Shoem. = Drechslera tuberosa (Atk.) Shoem.] are mor-
phologically very similar to P. teres and also cause foliar
disease on cultivated barley. Mycologists considered them to
be three different species based on the small differences in
morphology (shape, size and colour) of the ascocarp, conidia
and conidiophore (Ito and Kuribayashi, 1931; Shoemaker, 1962;
Sivanesan, 1987). However, the typical symptoms on barley
leaves incited by the three species are quite different, and

therefore disease phenotyping is commonly used to differenti-
ate between the three fungi. Pyrenophora graminea causes
long and extended necrotic stripes on barley leaves, and is a
seed-borne pathogen (Mathre, 1997). Smedegard-Petersen
(1977b, 1978) demonstrated that P. graminea was able to
cross with P. teres in culture, indicating a close genetic rela-
tionship between the two species. In recent molecular phylo-
genetic studies, clusters containing P. graminea were the
closest neighbours of the clusters that contained P. teres
(Bakonyi and Justesen, 2007; LeiSova et al., 2005a, b; Rau
etal., 2005; Zhang and Berbee, 2001). Interestingly, it was
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shown that P. graminea was more related to P. teres f. macu-
lata than to P. teres f. teres (Bakonyi and Justesen, 2007;
LeiSova et al., 2005a, b; Rau et al., 2007).

Pyrenophora japonica was first recognized as a species
causing leaf spot and producing long smooth conidia that had
secondary conidiophores. Based on the classification of the time,
this was in contrast with P. teres which was known to cause net
form symptoms and not to produce secondary conidiophores (Ito
and Kuribayashi, 1931; Shoemaker, 1962). Kenneth (1962) and
Smedegard-Petersen (1971) were unable to separate morpho-
logically the isolates causing spot or net form from Israel and
Denmark, respectively, because of the overlapping characteris-
tics shared by the two groups. McDonald (1967) identified an
isolate which was similar to the original description of P.
japonica, but could be crossed with a known P. teres isolate and
therefore was referred to as a mutant strain of P. teres. The
inter-fertility of P. japonica and P. teres was also observed by
Smedegard-Petersen (1971); therefore, he proposed the follow-
ing intraspecific taxa: P teres f. maculata for isolates inducing a
spot-type symptom, and P. teres f. teres for those inducing the
typical net-type symptom. Scott (1991) did not agree with the
rejection of P. japonica as an independent species when he
studied the spot form isolates from South Africa. However, later
studies by scientists in South Africa suggested that P. japonica
was not a separate species, and should be treated as a synonym
of P. teres (Campbell et al., 1999; Crous et al., 1995; Louw et al.,
1994, 1995).

The form name P. teres f. maculata, causal agent of SFNB, has
been widely accepted by barley pathologists and geneticists.
DNA markers and mating-type gene sequences indicate that P.
teres f. teres and P. teres f. maculata are very closely related;
however, multiple studies have indicated that the two forms are
divergent genetic groups and are phylogenetically independent
(Bakonyi and Justesen, 2007; Campbell et al., 2002; Lehmensiek
etal., 2010; LeiSova etal., 2005a, b; Rau et al., 2003, 2007;
Serenius et al., 2005). Campbell et al. (1999) once again dem-
onstrated the successful in vitro mating of the two forms, and
showed that most of the resulting progeny produced intermedi-
ate symptoms of jagged-type spots on barley leaves. In a further
study, net x spot hybrid progeny were shown to be genetically
stable (Campbell and Crous, 2003). Natural hybridization
between the two forms in nature is still questionable; however,
some studies have shown that it is possible (Campbell et al.,
2002; LeiSova et al., 2005a).

DISEASE SYMPTOMS

The pathogen can infect and cause disease on leaves, leaf
sheaths, stems and kernels of barley plants. Infection of the
kernel can transfer the pathogen into a new field and can serve
as primary inoculum. However, the symptoms on the leaves
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define the disease and these are the symptoms that are of most
economic importance. As with other plant diseases, symptom
expression, such as lesion size and the presence of necrosis and
chlorosis, is dependent on host genotype, pathogen virulence
and environmental conditions.

NFNB symptoms were first described by Atanasoff and
Johnson (1920) and were subsequently used to name the
disease. The pathogen initiates direct penetration of the leaf
surface and, within 24 h, small circular and elliptical dot-like
lesions are seen at the penetration site and soon grow along and
vertical to the leaf vein, eventually developing into dark-brown
blotches containing longitudinal and transverse striations
forming a net-like pattern (Fig. 1). On highly resistant barley
lines, dot-like lesions alone are present without the development
of a net-like pattern (Fig. 1). Susceptible reactions may also
include the presence of chlorotic or water-soaked areas around
the dark-brown, net-like necrotic lesions. Severe infection can
lead to the complete death of leaves with a dry appearance
(Mathre, 1997).

Smedegard-Petersen (1971) proposed the separation of the P.
teres species into two forms (see section on Taxonomy and
relatedness to other Pyrenophora species) on the basis of
symptom development. The two forms were designated P. teres
f. maculata and P. teres f. teres for isolates inducing spot-type
and net-type symptoms, respectively. Spot-type symptoms
consist of dark-brown, circular to elliptical lesions measuring
3 mm x 6 mm, surrounded by a chlorotic zone of varying width
(McLean et al., 2009). Less virulent isolates produce smaller
sized necrotic lesions or lesions with no surrounding chlorosis
(Fig. 1). The spot-type symptom is very often confused with
barley spot blotch caused by Cochliobolus sativus, and exami-
nation of the spore type is necessary to characterize the causal
agent (Mathre, 1997; McLean et al., 2009).

Various groups have designed specific polymerase chain reac-
tion (PCR) primer sets capable of differentiating P. teres f. teres
from P. teres f. maculata (Keiper et al., 2008; LeiSova et al.,
2005a; Williams et al., 2001). These form-specific markers have
been developed from amplified fragment length polymorphism
(AFLP) markers (LeiSova et al., 2005a), random amplified poly-
morphic (RAPD) markers (Williams et al., 2001) and microsatel-
lite markers (Keiper et al., 2008). The primer sets developed have
the potential to differentiate between the two P. teres forms
without symptom analysis, and are therefore useful in the char-
acterization of the pathogen.

LIFE CYCLE AND CONTROL

Both forms of net blotch are classified as stubble-borne diseases
because the fungus usually produces the ascocarp (pseudoth-
ecia) as an over-seasoning structure on infected barley debris left
(on the surface) after harvest (Figs 2 and 3). As a result of their
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Fig. 1 Disease reactions for combinations of host lines and pathogen
isolates showing major pathogen gene—host gene interactions. Top panel: a
single Pyrenophora teres f. teres isolate on two host lines (two leaves of each
line are shown) yielding a high level of resistance on Rika (top two leaves),
but a high level of susceptibility on Kombar (bottom two leaves). Middle
panel shows the same host line Rika inoculated with two different P. teres f.
teres isolates: 15A (top two leaves) and 6A (bottom two leaves). Rika and
Kombar both harbour dominant susceptibility genes segregating in repulsion
(Abu Qamar et al., 2008). Bottom panel: barley cultivar Lacey inoculated
with two different P. teres f. maculata isolates varying in virulence.

similarities, the life cycle of the two forms are addressed jointly.
The pseudothecia are spherical structures seen as many dark
dots on the surface of barley straw (Fig. 2). Pseudothecia are
1-2 mm in diameter and are covered by dark, hair-like setae

(Mathre, 1997; McLean et al., 2009; Fig. 2). The pseudothecia of
P. teres have been observed in both field and laboratory envi-
ronments, but, because of the heterothallic nature of P. teres,
successful development of the sexual fruiting body requires
strains with opposite mating types (Rau et al., 2005), as well as
specific environmental conditions (Kenneth, 1962; McDonald,
1963). Club-shaped and bitunicate asci, measuring 3061 pum x
180-274 um, develop within the mature and fertile pseudoth-
ecia (Fig. 2) (Mathre, 1997; Webster, 1951). Each ascus generally
contains eight ascospores that are 18-28 um x 43-61 um in
size, light-brown and often have three or four transverse septa
and one or two longitudinal septa only in the median cells
(Mathre, 1997; Webster, 1951) (Fig. 2). Mature ascospores are
actively discharged, dispersed by wind and serve as primary
inoculum early in the growing season (Jordan, 1981) (Fig. 3). In
some cases, seed-borne mycelium and conidia released from the
stubble of barley or an alternative host can also serve as primary
inoculum for early season infection (Jordan and Allen, 1984;
Louw et al., 1996; McLean et al., 2009; Shipton et al., 1973).

After initial colonization, the fungus produces a large number
of conidia which serve as secondary inocula (Figs2 and 3).
Conidia are borne on top of conidiophores that are slightly
swollen at the base and usually arise singly or in groups of two or
three. Conidia measuring 30174 um x 15-23 pum are smooth,
cylindrical and straight, round at both ends, subhyaline to yellow-
ish brown, and often with four to six pseudosepta (Fig. 2) (Mathre,
1997; McLean et al., 2009; Webster, 1951). Conidia are produced
throughout the growing season and are dispersed by strong wind
or rain to cause new infections on plants locally, or can be carried
longer distances potentially to new barley fields (Jordan, 1981;
Mathre, 1997) (Fig. 3).The dispersion, germination and successful
infection of conidia are greatly influenced by the relative humid-
ity, temperature, leaf wetness and other environmental factors
(van den Berg and Rossnagel, 1990, 1991; Jordan, 1981). During
the growing season, several secondary cycles can occur, causing
high disease severity on susceptible plants if environmental con-
ditions are favourable (Fig. 3). At the end of the growing season,
the fungus colonizes the senescent tissue, ultimately producing
pseudothecia, the protective teleomorph structure used for over-
seasoning (Figs 2 and 3).

Although not commonly found, Smedegard-Petersen (1972)
first showed that P. teres also produces pycnidia and pycnid-
iospores on the host and in culture. The globose- to pear-shaped
pycnidia are yellow to brown, 64-172 um in diameter, and
produce hyaline, nonseptate and spherical and ellipsoidal pycn-
idiospores measuring 1.0-1.9 um x 1.4-3.2 um (Mathre, 1997).
Jordan (1981) also observed pycnidia developing on infected
straw, leaf fragments and seed. Attempts by Jordan (1981) to
infect barley leaves with pycnidiospores were unsuccessful;
therefore, the role of pycnidiospores in the P. teres life cycle is
not clear.
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Fig. 2 Sexual and asexual dispersal structures of
Pyrenophora teres f. teres. (a) Conidia (grey
arrow), conidiophores (black arrow) and mycelium
(white arrow). Scale bar, 40 um. (b) Conidia
containing three to five septa. Scale bar, 40 um.
(c) Barley straw containing dark fungal
pseudothecia. Scale bar, 2.5 mm. (d) Immature
pseudothecia showing the globose shape and the
dark-brown, hair-like setae. Scale bar, 1 mm.

(e) The breakage of a pseudothecia showing
immature, bitunicate asci (black arrow), and a
mature asci (white arrow) in which the inner wall
has erupted and a few ascospores have been
ejected. Scale bar, 80 um. (f) Close look at the
ascospores that have three or four transverse
septa and one or two longitudinal septa in the
median cells. Scale bar, 20 um.

NFNB and SFNB have different global distribution patterns,
usually with one form being predominant in a given area
(McLean et al., 2009). No significant life cycle differences have
been found between P. teres f. teres and P. teres f. maculata to
explain this pattern (McLean et al., 2009). Furthermore, the rela-
tive importance of the two forms has recently changed dramati-
cally in regions of North America and Australia (Liu and Friesen,
2010; Louw et al., 1996; McLean et al., 2009). SFNB has caused
epidemics in areas of Canada and Australia (MclLean et al.,
2009), where it has not been reported previously as a major
problem. We have also recently seen an increase in SFNB in
North Dakota, where it has not been reported previously (Liu and
Friesen, 2010). These epidemics could be a result of changes in
host resistance, pathogen virulence or, possibly, environment.

Pathogen profile of Pyrenophora teres 7

Louw et al. (1996) pointed out that a change in the predominant
form of P. teres from P. teres f. teres to P. teres f. maculata in the
Western Cape Province, the main barley production region of
South Africa, was probably caused by selection pressure pro-
vided by the SFNB-susceptible cultivar ‘Clipper’ being planted on
93% of the commercial barley fields in this region. Clipper was
also resistant to the local races of P. teres f. teres, decreasing the
competition for leaf tissue.

Currently, several methods have been applied to manage
NFNB and SFNB, including fungicides, cultural practices and host
resistance. The use of rotation and other cultural practices to
reduce or eliminate primary inoculum in a field are important
means of cultural management. Chemical control using fungi-
cides, either on the seed to reduce primary inoculum or on the
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Fig. 3 Life cycle of Pyrenophora teres f. teres and P. teres f. maculata.

upper leaves to reduce tissue loss during seed filling, can be
attempted, although foliar application of fungicide is not always
economically justified. Although effective long-term control
should be based on the growth of resistant cultivars (Mathre,
1997; Shipton et al., 1973), the virulence of both P. teres f. teres
and P. teres f. maculata is highly variable (see section on Patho-
gen specialization and virulence diversity), and therefore resis-
tance breeding will continue to be challenging.

INFECTION PROCESS

Very little research has been performed on the P. teres f. macu-
lata infection process or the comparison of the infection
process of the two forms of P. teres. van den Berg and Ross-
nagel (1990) showed that the time required for infection of P.
teres f. maculata was shorter than that required for infection of
P. teres f. teres, but cautioned that additional experiments
would be needed to verify this result. The infection process
starts with the germination of conidia or ascospores that land
on the surface of leaves. Both spore types are able to germi-
nate within a few hours in the presence of water and suitable

Potential yield loss

Colonization of
senescent host

Survival in
crop residue

temperatures (van den Berg and Rossnagel, 1990; Kenneth,
1962; Shipton et al., 1973). Once conidia land on barley leaves,
germ tubes usually arise from one of the terminal cells, but
occasionally from as many as four cells simultaneously (Van
Caeseele and Grumbles, 1979). Hyphae form germ tubes that
can grow to varying lengths before forming a swollen, club-
shaped appressorial structure used by the fungus for penetra-
tion (Van Caeseele and Grumbles, 1979). The formation of
appressoria is a complicated process, and Ruiz-Roldan et al.
(2001) have shown that signal transduction involving the
mitogen-activated protein kinase (MAPK) gene PTKT is
required for appressorium formation. Several cytological
studies have shown that P. teres usually penetrates directly
through the cuticle into epidermal cells (Jergensen et al., 1998;
Keon and Hargreaves, 1983; Van Caeseele and Grumbles,
1979), and this type of penetration is accomplished by both
enzymatic hydrolysis of the cuticle and cell wall, as well as by
pressure generated from the appressoria. Lightfoot and Able
(2010) have shown that there are distinct differences between
the two forms of P. teres. Unlike P. teres f. teres, P. teres f.
maculata often forms intracellular vesicles, and tends to grow
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closer to the epidermal cells, and is not able to affect cells with
which it is not in contact. Pyrenospora teres f. maculata is also
slower to germinate, and growth after germination is slower
relative to that of P. teres f. teres. In response to fungal pen-
etration, host cells occasionally form papillae or papillae-like
deposits in an attempt to stop the entry of the fungus
(Jergensen et al., 1998; Keon and Hargreaves, 1983).

After successful penetration of the outer epidermal cell wall,
the fungal hypha develops into a large intracellular vesicle
(primary vesicle). Subsequently, a secondary intracellular vesicle
develops within the epidermal cell, at which time functional
disruption of the infected cell, as well as the adjacent epider-
mal cells, occurs (Keon and Hargreaves, 1983). From the sec-
ondary intracellular vesicle, intracellular hyphae emerge and
grow through the lower epidermal cell wall into the mesophyll
tissue, where additional hyphal growth is essentially intercel-
lular. In a susceptible interaction, host cells attached or adja-
cent to intercellular hyphae show various degrees of disruption
and start to die within 2 days of inoculation (Keon and Har-
greaves, 1983). Hargreaves and Keon (1983) demonstrated that
isolated live barley mesophyll cells are able to attach to
hyphae in fungal cultures, suggesting that there are low-
molecular-weight compounds produced by the fungal or host
cells that lead to the movement of intercellular hyphae to
mesophyll cells during infection. As the infection progresses,
chlorotic areas start to develop around the initial necrotic
lesions and, interestingly, microscopic examination reveals that
these areas are free of fungal hyphae; however, chloroplasts in
the cells of these areas are disrupted (Keon and Hargreaves,
1983). This is probably caused by diffusible toxins or effectors
secreted from the fungal hyphae or, possibly, host response
leading to the death of adjacent cells via programmed cell
death. There is mounting evidence in other necrotrophic plant—
pathogen systems involving fungi closely related to P. teres
that necrotrophic effectors (host-selective toxins) can stimulate
the host to undergo programmed cell death (Kwon et al., 1998;
Manning et al., 2009; Rasmussen et al., 2004). In addition, clas-
sical resistance-like genes containing both nucleotide-binding
(NB) domains and leucine-rich repeat (LRR) domains have been
implicated in host-controlled susceptibility in response to both
nonproteinaceous and proteinaceous virulence effectors
(Lorang etal., 2007; Nagy and Bennetzen, 2008; J.D. Faris,
USDA-ARS, Fargo, ND, USA, personal communication). Given
the relatedness of the pathogens and the similarity in symptom
development, it is possible that necrotrophic effectors are
involved in the interaction with both P. teres f. maculata and P.
teres f. teres. Pyrenophora teres has been shown to form
appressoria and to penetrate directly into epidermal cells,
between epidermal cells and, occasionally, through stomata.
Lightfoot and Able (2010) have differentiated P. teres f. teres
and P. teres f. maculata on the basis of infection characteris-
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tics. Lightfoot and Able (2010) have shown that P. teres f. teres
rarely forms intracellular vesicles, but rather infects and feeds
as a necrotroph throughout the infection process by growing
only intercellularly, and is able to affect cells not immediately
associated with the mycelium. However, P. teres f. maculata
initially forms haustorial-like intracellular vesicles, feeding simi-
larly to a biotroph, followed quickly by a switch to necrotrophic
growth. On the basis of this description, P. teres f teres would
be classified as a necrotroph and P. teres f. maculata would be
classified as a hemibiotroph.

No differences were observed with regard to spore germina-
tion, number and length of germ tubes, or number of penetration
points when comparing NFNB resistant and susceptible host
lines (Keeling and Banttari, 1975), but growth of the fungus after
penetration was significantly slower in resistant host tissue.
Keeling and Banttari (1975) also speculated that there was a
release of antifungal compounds on the leaf surface, however, it
is difficult to determine how this aids in resistance, as there was
no significant difference in growth and penetration success of
the pathogen when comparing the resistant and susceptible
barley lines used in this experiment.

MOLECULAR HOST-PATHOGEN INTERACTION

Relatively little is known at the molecular level about the mecha-
nisms by which P. teres interacts with barley. Signal perception,
production and transduction are believed to be important in
both the host and pathogen during the initial interaction. A
MAPK gene (PTK7) has been cloned from P. teres and has been
shown to be critical in appressoria formation during infection.
The strain resulting from the knockout of PTKT in P. teres
produces no appressoria, leading to the loss of pathogenicity
(Ruiz-Roldan et al., 2001). Several genes involved in signal trans-
duction and gene regulation are upregulated during the early
stages of spore germination (Dilger et al., 2003). In a differential
display RT-PCR expression experiment, Vergara et al. (2003)
identified a differentially expressed P. teres cDNA fragment
whose transcription was specifically induced in the presence of
barley leaf cell walls. This sequence showed homology to many
genes coding for regulatory proteins, suggesting that this gene
may be involved in the differential regulation of pathogenicity
mechanisms.

Reactive oxygen species (ROS) are often produced in a
resistance response to pathogen attack, especially in a gene-
for-gene-type interaction currently known as effector-triggered
immunity (ETI). Able (2003) showed an interesting correlation
between ROS accumulation and pathogen growth using a
single barley line and two P. teres f. teres isolates, one
virulent and one avirulent. Although preliminary, this work
shows the potential for involvement of ROS in the P. teres
interaction.
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Several studies have investigated the host genes involved in
both compatible and incompatible interactions. Krupinska et al.
(2002) identified the host gene HvS40 which appears to be
involved in the P. teres—barley host-pathogen interaction.
Expression of HvS40 was found to be induced by jasmonic acid
and salicylic acid. High levels of expression were observed exclu-
sively in leaf tissue that showed necrosis and chlorosis after
infection with P. teres, but was undetectable in surrounding
uninfected tissue, suggesting that this gene plays an important
role during pathogen infection.

Reiss and Bryngelsson (1996) examined gene expression
during pathogen attack in barley leaves, and found a large
number of common genes induced by Puccinia hordei, Erysiphe
(Blumeria) graminis and P. teres . teres. They identified a number
of pathogenesis-related (PR) proteins, such as peroxidases,
B-1,3-glucanases, chitinases, PR-1a and 1b, and several
thaumatin-like proteins (PR-5 family). The accumulation of these
PR proteins in barley leaves was also detected in leaves treated
with a toxin extract from the culture filtrate of P. teres. A sub-
sequent study by Reiss and Horstmann (2001) identified eight
thaumatin-like proteins (TLP1-TLP8) expressed in barley in
response to P. teres f. teres infection.

Bogacki et al. (2008) evaluated defence response (DR) genes
using suppressive subtractive hybridization (SSH), and identified
several candidate DR genes that were associated with a P. teres
incompatible interaction. Two libraries were created in this study,
one each for P. teres f. maculata and P. teres f. teres. A pool of
unique transcripts identified by SSH was used to identify 45 DR
genes. Twenty-eight of these genes were shown to be differen-
tially expressed, with P. teres f. maculata and P. teres f. teres
showing similar expression profiles. The similarity in profiles
should not be surprising as a substantial amount of evidence has
shown that, beyond the initial pathogen-specific recognition,
there is a convergence of signalling so that, once recognition
takes place, common genes involved in DR are activated (Feys
and Parker, 2000; Schulze-Lefert and Vogel, 2000). One of these
genes, Rar1, was first identified in barley, and was shown to be
necessary for the downstream signalling beyond resistance gene
recognition (Schulze-Lefert and Vogel, 2000). Although previous
host studies have shown the genetics of resistance to the two
forms of P. teres to be independent on the basis of chromosomal
location, the downstream pathways are probably common for
both pathogen forms.

HOST RESISTANCE

The earliest published work on the inheritance of resistance to
net blotch on barley showed resistance to be inherited in a
Mendelian fashion (Geschele, 1928). The vast majority of work
on net blotch resistance before 1971 is presumed to be that of
NFNB, as the splitting of P. teres into the two forms, P. teres f.

teres and P. teres f. maculata, was not proposed until 1971
(Smedegard-Petersen, 1971), and therefore net blotch would
have been identified on the basis of the netting symptom.
Thereafter, several studies still did not differentiate between
the two forms, but it is assumed that the net form was being
used. Schaller (1955) and Mode and Schaller (1958) demon-
strated that at least three major, incompletely dominant resis-
tance genes were effective against P. teres isolates collected in
California. These genes were designated Pt;, Pt, and Pt;. Addi-
tional single dominant genes were later identified in other
breeding lines (Frecha, 1958; Gray, 1966; McDonald and Bucha-
non, 1962). The first report of the physiological specialization
of the pathogen was given by Khan and Boyd (1969a), and this
knowledge was then used to evaluate resistance sources that
correlated with virulence differences (Khan and Boyd, 1969b).
The knowledge of both host and pathogen variability and the
presence of major dominant resistance genes and variability in
the pathogen corresponding to these resistance genes led to
further work to evaluate this important host—pathogen system
as a gene-for-gene-type interaction. Bockelman et al. (1977)
were the first to use trisomic analysis to locate dominant resis-
tance on barley chromosome 3 (3H) in the cultivar ‘Tifang’,
chromosome 2 (2H) in CI7584, and 3 (3H) and 5 (1H) in
C19819. The early work on the net blotch system was a good
start to the identification of a correlation between the host and
pathogen in an era where less was known about these non-
biotrophic interactions. However, it was probably limited by the
available genetic tools of the day. More recently, with the
advent of new molecular genetic techniques, it has been pos-
sible to decipher more precisely the host response, especially
with regard to quantitative inheritance of resistance/
susceptibility. This has led to a much more complex view of the
host—pathogen interaction.

Previous to molecular marker studies, several groups identi-
fied resistance to be quantitatively inherited, especially in adult
plants and under field conditions (Arabi et al., 1990; Douglas
and Gordon, 1985; Robinson and Jalli, 1997; Steffenson et al.,
1996; Steffenson and Webster, 1992a), showing that the inher-
itance of field resistance may be more complex than that previ-
ously revealed for seedlings. Ho et al. (1996) and, later, Abu
Qamar et al. (2008) identified three and two major recessive
resistance genes, respectively, in seedlings, indicating the poten-
tial for a complexity of virulence and avirulence effectors present
in the pathogen (see section on Pathogen specialization and
virulence diversity).

Since the introduction of markers and QTL analysis, several
studies have identified NFNB QTLs on each of the seven barley
chromosomes (Table 1); although not as much work has been
performed on SFNB resistance, several locations have also been
identified for this form. The majority of these studies used seed-
ling data, but several of the NFNB studies (Cakir et al., 2003;
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Grewal et al., 2008; Lehmensiek et al., 2007; Steffenson et al.,
1996) and one of the SFNB studies (Williams et al., 2003) also
used adult plant data to evaluate the inheritance of resistance.
Several studies have identified major effects for seedling resis-
tance to NFNB on chromosome 6H near the centromere
(Table 1). Both Grewal et al. (2008) and Cakir et al. (2003) com-
pared seedling and adult plant resistance within the same popu-
lations, and showed that this 6H locus was effective at both the
seedling and adult plant stages, indicating that, at least in some
cases, seedling resistance is also effective at the adult plant
stage. Additional adult plant resistance studies have also iden-
tified this 6H locus (Table 1).

Based on the accumulation of information on host resistance
and corresponding information on pathogen virulence, durable
resistance to this pathogen could be accomplished by the
pyramiding of multiple resistance genes (Douiyssi et al., 1998),
as most single resistance sources are overcome by known
pathotypes/biotypes of the pathogen. In addition, it is probable
that effectors, such as necrotrophic effectors, may be produced
by both forms of this pathogen. Typically, these effectors of
virulence interact directly or indirectly with dominant host sus-
ceptibility genes (Wolpert et al., 2002); therefore, if virulence
factors, such as necrotrophic effectors, are produced by the
pathogen, breeding for resistance would probably require the
removal of sensitivity genes, as well as the incorporation of
resistance genes, making breeding complicated. The potential
for different modes of pathogen attack indicates the need to
identify the molecular mechanisms of pathogen virulence.

Recently, many studies on net blotch resistance have included
SFNB evaluations. The identification, mapping and characteriza-
tion of the resistance loci effective against P. teres f. maculata
have shown that SFNB resistance genes are genetically distinct
from those effective against NFNB (Friesen et al. 2006a; Grewal
etal., 2008; McLean et al., 2009; Table 1). Major genes have
been identified for SFNB resistance on barley chromosomes 4H,
5H and 7H, with other minor QTLs being identified (Table 1).
Different host genes confer resistance to the different forms of
the pathogen (Table 1), suggesting that a separate host—
pathogen evolutionary process is present for the two forms, and
that the two forms of net blotch should be considered separately
in a barley breeding programme.

Relatively more is known about the inheritance of NFNB resis-
tance, but, because of the more recent importance of SFNB,
research emphasis has increased in the SFNB area. Based on the
current knowledge, the NFNB system is probably a combination
of classical major dominant resistance genes with additional
effects induced by major or minor virulence effectors and non-
specific toxins. The SFNB system also includes some major genes
that are probably involved in the recognition of specific patho-
gen effectors. As with NFNB, SFNB also involves some minor
QTLs affecting resistance.

Pathogen profile of Pyrenophora teres 1"

Before rational and durable resistance breeding can take
place for either form of this disease, more information on the
mechanism of disease, including both the mechanism(s) of
virulence of the pathogen and the mechanism(s) of resistance/
susceptibility in the host, is necessary. The cloning of host
resistance/susceptibility genes in the host for both NFNB
and SFNB will help to piece this complex puzzle together from
the host side, and the availability of a genome sequence for
both P. teres f. teres and P. teres f. maculata, as well as the
availability of pathogen mapping populations, are great tools
that can be used to decipher the pathogen side of this
interaction.

POPULATION DIVERSITY

Population diversity and genetic structure have been shown to
be important in the management of fungal diseases, especially
for the successful deployment of host resistance and the effec-
tive use of fungicides. It has been noted that P. teres from
different localities or within one area vary greatly morphologi-
cally (McDonald, 1967; Shipton et al., 1973). The wide variabil-
ity has made it difficult to characterize and distinguish P. teres
on the basis of previously described criteria alone (Shipton
et al., 1973). Since the 1990s, molecular techniques have been
used to investigate the population diversity of P. teres and to
speculate on the evolutionary forces that drive change in the
fungal population. Investigations have been conducted on P.
teres populations from a wide range of geographical locations
worldwide, including the USA, Canada and Germany (Peever
and Milgroom, 1994), Finland (Peltonen et al., 1996), Sweden
(Jonsson et al., 2000), South Africa (Campbell et al., 2002; Leh-
mensiek et al., 2010), Italy (Rau etal., 2003, 2005), Czech
Republic (LeiSova et al., 2005a, b) and Australia (Lehmensiek
etal., 2010; Serenius etal., 2005). Using RAPD, AFLP or
mating-type genes, most of the P. teres diversity studies have
shown a high level of variability within the P. teres popula-
tions, even on a small scale in terms of sampling area, com-
pared with other fungi (Campbell et al., 2002; Lehmensiek
etal., 2010). Genetic differentiation was also high between
populations that were separated by a long distance, indicating
limited gene flow (Jonsson etal., 2000; Lehmensiek et al.,
2010; Peever and Milgroom, 1994). Many phylogenetic studies
have shown that P. teres f. maculata and P. teres f. teres iso-
lates are separated into two genetically divergent groups, indi-
cating that the two forms of P. teres should be treated
separately (Rau et al., 2007). Furthermore, studies have shown
that genetic divergence is slightly higher among the P. teres f.
teres population than among the P. teres f. maculata popula-
tion (Lehmensiek et al., 2010; Rau et al., 2003; Serenius et al.,
2005). As P. teres is capable of reproducing both sexually and
asexually, its population structure would be largely dependent
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on the relative importance of the two styles in the life cycle of
the fungus. Random sexual reproduction has been shown to be
important in many P. teres populations, as no significant
gametic disequilibrium has been detected (Jonsson et al., 2000;
Peever and Milgroom, 1994; Rau et al., 2003); conversely, other
studies have suggested that reproduction within some P. teres
populations occurs mainly asexually (Campbell et al., 2002;
Lehmensiek et al., 2010). Using hundreds of isolates from Italy,
Rau et al. (2005) studied systematically the mating-type genes
of P. teres, and found the ratio of the two mating-type genes
to be consistently 1:1, suggesting that sexual reproduction is a
major force driving the population structure. However, Serenius
et al. (2005) investigated the distribution of the two mating-
type genes in several geographically distinct populations, and
concluded that the importance of sexual reproduction is highly
variable between regions. Overall, the population genetic
analyses suggest that sexual reproduction occurs at a signifi-
cant level within the worldwide population of P. teres, but the
relative contribution of sexual and asexual reproduction varies
between regions, possibly based on environmental differences.

PATHOGEN SPECIALIZATION AND
VIRULENCE DIVERSITY

As noted in the previous section, Khan and Boyd (1969a) were
the first to document physiological races of P. teres f. teres using
barley differential lines. Using two barley lines, four different
races could be differentiated, showing that a distinct host—
pathogen interaction was present. Since this time, studies using
large sets of differential barley lines have been completed to
show diversity in physiological races or pathotypes for both
forms of the pathogen. For P. teres f. teres, these studies have
included collections from Australia (Gupta and Loughman, 2001;
Khan, 1982; Khan and Boyd, 1969a), New Zealand (Cromey and
Parks, 2003), Canada (Tekauz, 1990), USA (Steffenson and
Webster, 1992b; Wu et al., 2003), Europe (Arabi et al., 2003; Jalli,
2004; Jalli and Robinson, 2000; Jonsson et al., 1997) and Asia
(Sato and Takeda, 1993). Although more emphasis has been
placed on the net form, several studies have included collections
of P. teres f. maculata. These include collections from the USA
(Wu et al., 2003), Canada (Tekauz, 1990), the Mediterranean
(Karki and Sharp, 1986) and Australia (Gupta and Loughman,
2001). Several common differential lines have been used in these
studies, so that comparisons can be made concerning virulence
diversity worldwide, as well as within studies locally.

Khan and Boyd (1969a) showed that all P. teres isolates,
presumably P. teres f. teres, collected in Western Australia were
virulent on the popular Australian cultivar ‘Beecher’; however,
Khan (1982) showed that the change in barley cultivars towards
NFNB resistance was quickly followed by a change in virulence
of the pathogen population. Beecher, which at one time occupied

more than 75% of the barley production area in Western Aus-
tralia, was largely replaced by the cultivar ‘Dampier’, which was
then replaced by the NFNB-resistant cultivar ‘Clipper’, which was
released in the early 1970s. Pyrenophora teres f. teres isolates
collected after 1976 were clearly shown to have lost virulence on
the cultivar Beecher (Khan, 1982). Gupta and Loughman (2001)
have shown that the P. teres f. teres population remained pre-
dominantly avirulent on Beecher into the 1990s. Cromey and
Parks (2003) showed that none of the New Zealand-collected P.
teres f. teres isolates were virulent on Beecher, whereas Steffen-
son and Webster (1992b) found that 38% of the isolates col-
lected in California were virulent on Beecher, and Jonsson et al.
(1997) showed that 30% of a Swedish collection of P. teres f.
teres isolates were virulent on Beecher. Beecher is just a single
example of a resistance source, and illustrates the plasticity of
the pathogen population that is subject to the predominant
cultivars grown.

Although several common differential lines, such as Beecher,
have been used in various virulence diversity studies worldwide
(Cromey and Parks, 2003; Gupta and Loughman, 2001; Jonsson
et al., 1997; Khan, 1982; Khan and Boyd, 1969a; Steffenson and
Webster, 1992b; Tekauz, 1990; Wu et al., 2003), Afanasenko
et al. (2009) have proposed a set of nine differential lines to be
used to standardize the characterization of the global P. teres f.
teres population. This set is by no means comprehensive, but can
be used to make direct comparisons between P. teres f. teres
populations in different barley-producing regions if similar envi-
ronmental conditions are used.

Although resistance to P. teres f. teres and P. teres f. maculata
is under different genetic control, studies that have investigated
the virulence of P. teres f. maculata have often used some of the
same lines as employed for P. teres f. teres (Gupta and Lough-
man, 2001; Karki and Sharp, 1986; Wu et al., 2003).

Some studies have reported somewhat less virulence diversity
in the P. teres f. maculata population (Gupta and Loughman,
2001; Wu et al., 2003); however, this may not be a true reflection
of the population, as fewer and less in-depth studies on P. teres
f. maculata have been published. Karki and Sharp (1986) used a
set of 20 lines to compare virulence in P. teres f. maculata
populations collected in the Mediterranean and Montana, USA
and, although no pathotype designations were identified, it was
found that one-half of the barley lines used showed a differential
response either between or within the two populations col-
lected. Tekauz (1990) evaluated a Canadian population and
identified 20 different pathotypes based on the reaction on a
12-barley-line set, three of which were common to the Karki and
Sharp (1986) set.

Collectively, these studies show that the virulence of P. teres f.
teres and P. teres f. maculata is diverse on both a local and
global level. This is shown by the fact that common differential
lines harbouring resistance can be effective against virulence in
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an entire local population, but completely ineffective against a
population collected in another region, and resistance within a
single differential line can be effective against only a percentage
of a local population.

TOXINS

Both forms of P. teres induce rapid necrotic and chlorotic death
of plant leaf tissue after inoculation. This type of lifestyle is
often attributed to the production of an array of toxins from
the fungus. Net blotch necrotic lesions appear as early as 24 h
after inoculation, and complete symptom development and
sporulation can occur within 1 week. Water-soaked and chlo-
rotic areas develop rapidly surrounding the dark-brown
necrotic lesion. Both Keon and Hargreaves (1983) and
Smedegard-Petersen (1977a) found that the chlorotic area sur-
rounding the necrotic lesion was free of fungal hyphal growth,
consistent with the release of diffusible toxins during the
fungal infection.

Smedegard-Petersen (1977a) used both P. teres f. teres and
P. teres f. maculata to produce and partially characterize
two chemically and structurally similar phytotoxic compounds,
named toxin A and toxin B, which were able to induce necrosis
and/or chlorosis. Using the same isolates, Bach et al. (1979)
purified toxin A and toxin B, as well as a new toxin form, named
toxin C. It was determined that the chemical structures of the
three toxins were the same or similar to aspergillomarasmine A.
Toxin A was identified as N-(2-amino-2-carboxyethyl) aspartic
acid, toxin B as anhydroaspergillomarasmine A and toxin C as
aspergillomarasmine A. The three toxins differed in their ability
to induce toxic reactions. Weiergang et al. (2002) studied the
biological activity of the three toxins by testing them on different
barley cultivars. Toxin C was found to be the most active and was
capable of inducing distinct necrotic symptoms and zones of
light-yellow chlorosis at a concentration of 0.25 mm. Toxin A was
able to cause mainly dark-yellow chlorotic symptoms, but little
necrosis, at concentrations of 0.75 mm. Only slight symptoms
were induced by 0.75 mM toxin B, showing that it was a weak
toxin. Friis et al. (1991) further investigated the structural con-
figuration of the three toxins and the possible biosynthetic
pathway for the production of the toxins. It was found that toxin
C (aspergillomarasmine A) was the major toxin produced by P.
teres in culture and, as the pH decreased in the culture during
fungal growth, toxin C was converted into toxin B (anhy-
droaspergillomarasmine A) without any enzymatic catalysis. It
was also determined that toxin A [N-(2-amino-2-carboxyethyl)
aspartic acid], produced by P. teres, serves as a direct precursor
of toxin C.

In the most resistant or susceptible barley lines, good corre-
lation has been found between the reaction to toxins and reac-
tion to disease caused by P. teres f. teres and P. teres f. maculata,
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leading some to suggest that toxins may be used for the in vitro
selection of barley lines in the early stages of a breeding pro-
gramme (Sharma, 1984; Weiergang et al., 2002).

Recently, Sarpeleh et al. (2007) have reported the identifica-
tion of phytotoxic proteinaceous metabolites from culture fil-
trates of both P. teres f. teres and P. teres f. maculata. In
contrast with previously reported toxins, these proteinaceous
metabolites were able to induce brown necrotic spots or
lesions on susceptible cultivars, similar to net blotch disease
symptoms. The toxins induced only light reactions on resistant
cultivars, but induced no reaction on other plant species,
including wheat, triticale, rye and faba bean. The toxins were
shown to be fairly heat stable, and the activity in planta was
shown to be light and temperature dependent (Sarpeleh et al.,
2007, 2008). In addition to proteinaceous toxins, the authors
also identified some lower molecular weight compounds
(LMW(Gs) that caused chlorosis on barley leaves. Further inves-
tigation indicated that the LMWCs produced probably have the
same or similar chemical structures to the previously reported
toxins A, B and C, and the activity of the LMWCs were nonhost
selective, but light and temperature dependent (Sarpeleh et al.,
2009).

In general, the toxic compounds identified to date are not
specific to any isolate and, although some differences in sen-
sitivity have been observed between resistant and susceptible
lines, strong host selectivity has not generally been found (Sar-
peleh et al., 2007, 2008). This indicates that, beyond the major
gene-for-gene-type interactions present in this host—pathogen
system, there are several relatively minor virulence factors
(toxins) that are important to the pathogen. The investigation
of the molecular mechanisms of host-toxin interactions is
still in its infancy, and progress is being made in this critical
area.

GENETICS OF PATHOGEN
AVIRULENCE/VIRULENCE

Many studies have investigated the virulence variation in both
forms of P. teres, revealing a large number of pathotypes based
on their reactions to barley differential lines (see above). In
addition, numerous host genetic studies have shown that single
major dominant or recessive genes confer resistance to a par-
ticular P. teres pathotype and, in some cases, that resistance is
overcome by another P. teres pathotype. This strongly suggests a
specific evolutionary relationship between the host and patho-
gen that may fit a gene-for-gene- or inverse gene-for-gene-type
model. The identification and cloning of the fungal genes con-
ferring avirulence or virulence will provide powerful tools for
studying the barley—P. teres interaction at the molecular level.
Weiland et al. (1999) were the first to use a P. teres mapping
population to study the genetics of P. teres f. teres avirulence.
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They used molecular markers to map a single gene, designated
AvrHar, conferring low virulence on ‘Harbin’, a barley line that
had previously been shown to have a single major gene confer-
ring resistance to P. teres (Mode and Schaller, 1958). Harbin is
also a line that has historically been used in pathotype evalua-
tions worldwide (Cromey and Parks, 2003; Jalli, 2004; Jalli and
Robinson, 2000; Jonsson et al., 1997; Khan and Boyd, 1969b;
Steffenson and Webster, 1992b; Wu et al., 2003). Using the same
fungal population and AFLP markers, Lai et al. (2007) revealed
two additional genes (AvrPral and AvrPra2) controlling the
avirulence of the other parental isolate, P. teres f. teres isolate
0-1 (Canadian isolate), towards barley line ‘Prato’. Interestingly,
AvrPra2 mapped to the same locus as AvrHar, but avirulence
segregated in repulsion. Currently, we are attempting to clone
the AvrHarlAvrPra2 region via a map-based approach. Prelimi-
nary data from the first few steps of chromosome walking indi-
cate that this gene is probably located within a highly repetitive
DNA region (Liu et al., 2008).

Beattie et al. (2007) investigated the genetic control of aviru-
lence in a P. teres f. teres population derived from two Canadian
isolates segregating for avirulence to the barley cultivar ‘Heart-
land’. A single gene, AVrheauans, Was identified, controlling
avirulence/virulence, and this gene was assumed to be different
from AvrHar, as both parental isolates were virulent on Harbin
barley. Using bulked segregant analysis, two AFLP markers were
identified that flanked this gene locus, both at a genetic distance
of 3 cM.

To investigate the genetics of the barley—P. teres interaction,
Afanasenko et al. (2007) used classical genetics to analyse the
segregation of host resistance and fungal avirulence in multiple
host and P. teres. f. teres populations. This work concluded that
both host resistance and fungal avirulence were controlled by
one or two major genes, sometimes involving epistatic genes. In
general, the genetic relationship between barley lines and P.
teres isolates was shown to be specific, and this pathosystem
was suggested to follow a gene-for-gene model (Afanasenko
etal., 2007).

Pyrenospora teres is a haploid fungus, and thus it is difficult to
determine the dominance of the genes involved in virulence. The
term ‘effector’ has been proposed to describe the fungal proteins
that serve as virulence factors, avirulence factors or both
(Kamoun, 2007); therefore, the genes identified and mapped
previously in P. teres f. teres (Beattie et al., 2007; Lai et al., 2007;
Weiland et al., 1999) may encode proteins that function as effec-
tors. Thus, the cloning and functional characterization of these
genes are needed to fully elucidate the mechanism of the
barley—P. teres f. teres interaction. No P. teres f. maculata viru-
lence or avirulence genes have been mapped or identified
directly, although, on the basis of the diversity in the host resis-
tance to P. teres f. maculata, it would be logical to assume that
effectors are produced that elicit the host response to the

pathogen, and that these effectors are independent of the P.
teres f. teres interaction.

GENOMICS

Aragona et al. (2000) used pulsed field gel electrophoresis to
investigate the genome size of P. teres. A total of six megabase-
sized bands were resolved, ranging from 2.0 to 6.0 Mb. On the
basis of the band intensity, Aragona et al. (2000) concluded that
two of the bands contained multiple chromosomes, and that
there were probably nine chromosomes present in P. teres, con-
sistent with a genome size of at least 35 Mb. Cytological karyo-
type analysis using the germ tube burst method for the physical
observation of chromosomes also showed that at least nine
chromosomes are likely in P. teres (Z. Liu and T. L. Friesen,
unpublished data).

The value of whole genome sequences in uncovering novel
effectors cannot be overestimated (Friesen et al., 2006b, 2007,
2008a, b; Hane et al., 2007; Liu et al., 2009; Tyler, 2009). Further-
more, new genome sequencing methods have become substan-
tially more affordable. However, read lengths are much shorter
and so the assembly, and hence annotation of the assembly, is
more difficult. In view of this, our group has acquired a genome
sequence scan of a P. teres f. teres isolate using Illumina
sequencing chemistry with 75-bp paired end reads. The sequenc-
ing run yielded over 833 Mbp of sequence data, or approxi-
mately 20x coverage. Scaffold assembly yielded Ns, = 408 and
Lsp = 26 790 bp, with a total assembly size of 41.95 Mbp (Ns, is
a weighted median statistic, such that 50% of the entire assem-
bly is contained in contigs or scaffolds equal to or greater than
this value; Lsy is the length of the scaffold that separates the half
of the assembled genome from the remainder of smaller scaf-
folds, if the sequences are ordered by size). Comparisons of the
scaffolds with Sanger-sequenced BACs showed that complex or
gene-rich regions assembled effectively, but that low-complexity
regions tended to be repetitive sequences, displaying over-
represented read coverage and short scaffold assemblies. Thus,
the actual P. teres f. teres genome size is likely to be larger than
42 Mbp and longer paired-end 454 Roche sequences are being
performed to help assemble the low-complexity regions. The
genome of P. teres f. teres is larger than that of other similar
fungal plant pathogens characterized to date, such as Mag-
naporthe grisea, which was estimated at 37.88 Mbp (Dean et al.,
2005), and Stagonospora nodorum, which was estimated at
37.16 Mbp (Hane et al., 2007).

Some 12 453 coding sequences of 30 amino acids or longer
have been predicted from the initial assembly. Annotation and
interpretation of the assembly are ongoing and will incorporate
large-scale proteomics (Bringans et al., 2009) and transcriptomic
support. The authors invite the P. teres research community to
collaborate on this task.
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FUTURE PROSPECTS

Several key areas of research are currently being pursued. The
genomic sequencing of both P. teres f. teres and P. teres f.
maculata has been initiated and will open up the door to new
pathogen research, as well as increase the rate at which current
discoveries can be made. As pointed out earlier, neither the
mechanism of virulence nor the mechanism of host resistance has
been revealed. One major question that needs to be answered is
what drives the co-evolution of these two closely related host—
pathogen systems? Does the net blotch system consist of effec-
tors of avirulence and classical resistance-like genes? Does P.
teres have an arsenal of necrotrophic effectors (host-selective
toxins) similar to the closely related species P. tritici-repentis or
other Dothideomycete genera? Or are effectors with a dual role
present, that is, avirulence effectors that also have a virulence
function (Stergiopoulos and de Wit, 2009), such as is possible at
the AvrHarlAvrPra2 locus (Lai et al., 2007)? Complete verification
of how the pathogen induces disease and how the host recog-
nizes the pathogen to protect itself will not be known until the
pathogen and host genes are cloned and components of the
pathways involving these gene products are revealed. This work
has been initiated in several ways, including genomic sequencing,
genetic mapping and the identification of major genetic regions
associated with virulence/avirulence, protein identification and
expression of candidate virulence effector genes, and mapping
and characterization of host resistance/susceptibility genes.

As noted earlier, P. teres f. maculata, causing SFNB, has
recently become a problem of epidemic proportions in several
important barley-producing regions worldwide. Significantly less
emphasis has been placed on this form in the past, and therefore
the knowledge of SFNB, from both the host and pathogen side,
is behind that of NFNB. Several key areas of research are needed
involving SFNB. Only a handful of resistance sources effective
against SFNB have been evaluated, and therefore emphasis on
evaluating current populations, as well as developing new popu-
lations involving diverse resistance sources, is needed. The char-
acterization of the genetics of pathogen virulence of P. teres f.
maculata is also lacking, and the development and evaluation of
P. teres f. maculata populations would begin to provide clues as
to how this form of the pathogen induces disease. Available
information on the P. teres f. maculata infection process and life
cycle is also lacking, and is a necessary area of research in order
to look at the differences from and similarities to P. teres f. teres.

Although not considered as a ‘model system’, the P. teres—
barley interaction has several characteristics that make it a trac-
table model for investigation.

1. Foremost, the net blotch pathogen forms cause significant
damage worldwide, and therefore net blotch is an economi-
cally important disease.
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2. Because P. teres is a haploid heterothallic fungus and crosses
can easily be generated in the laboratory, pathogen mapping
populations have been and can be developed for the
mapping, characterization and eventual cloning of genes
associated with virulence/avirulence, and genetic maps could
also be used to complement genome assembly.

3. The fungus is amenable to transformation, and therefore
site-directed gene disruption for the functional characteriza-
tion of the genes involved in virulence is theoretically possible.

4. Genomic sequence information for both forms of the patho-
gen will soon be available and will speed the process of
identification of the genes associated with virulence and
growth of the pathogen.

5. A significant amount of genetic information on host
resistance/susceptibility is available, including several host
mapping populations used to locate major resistance/
susceptibility genes. These host lines are useful for decipher-
ing the gene-for-gene relationship between pathogen
virulence/avirulence and host resistance/susceptibility.

6. Several pathotype studies have been conducted worldwide,
investigating the diversity of virulence of the fungus. Several
common barley differential lines have been used repeatedly,
making virulence comparisons of different regions possible.
These studies have shown that a large amount of virulence
diversity is present worldwide. Based on a co-evolutionary
model, the same amount of diversity is present in the host,
making this an exciting system to investigate.
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