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Genetic variation for virulence and RFLP markers
in Pyrenophora teres

H.-L. Wu, B.J. Steffenson, Y. Li, A.E. Oleson, and S. Zhong

Abstract: Pyrenophora teres f. teres (causing net blotch) and Pyrenophora teres f. maculata (causing “spot form” of
the disease) are important foliar pathogens of barley. In breeding for resistance to disease, it is important to have a
thorough knowledge of the degree of genetic variation in the pathogen. This study was undertaken to assess genetic
variation in a small, but geographically diverse collection of P. teres isolates. Isolates derived from single conidia were
evaluated for their virulence phenotypes on 25 differential barley genotypes. Fifteen pathotypes were identified from a
collection of 23 P. t. f. teres isolates, and 4 pathotypes, from a collection of 8 P. t. f. maculata isolates. In general, the
P. t. f. teres isolates exhibited a broader spectrum and a higher level of virulence on the host differentials than the P. t.
f. maculata isolates. Eight barley genotypes were resistant to all 19 pathotypes identified and should be useful in
breeding barley for resistance to both forms of P. teres. Genetic variation was also examined by restriction fragment
length polymorphism (RFLP) analysis. A 0.46-kb DNA fragment (ND218) generated by the polymerase chain reaction
from genomic DNA of a California isolate of P. t. f. teres was used as a probe. Every P. teres isolate tested with
ND218 exhibited a unique RFLP pattern. Cluster analysis, based on both the virulence phenotypes and RFLP patterns,
indicates that P. teres possesses a high degree of diversity at the species and subspecies levels. The high degree of
polymorphism revealed by ND218 will make this probe a useful tool for the DNA fingerprinting of P. teres isolates.
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90Résumé : Le Pyrenophora teres f. teres (responsable de la rayure réticulée) et le Pyrenophora teres f. maculata
(responsable de la forme « tachetée » de la maladie) sont d’importants agents pathogènes des feuilles de l’orge. Lors
de la sélection pour la résistance à la maladie, il est important d’avoir une connaissance approfondie du niveau de
variation génétique de l’agent pathogène. Cette étude a été entreprise afin d’évaluer la variation génétique dans une
petite, mais géographiquement variée, collection d’isolats de P. teres. Les phénotypes de virulence ont été déterminés
pour des isolats issus de conidies uniques à l’aide de 25 génotypes différentiels d’orge. Quinze pathotypes ont été
identifiés dans une collection de 23 isolats de P. t. f. teres, et 4 pathotypes, dans une collection de 8 isolats de P. t.
f. maculata. En général, les isolats de P. t. f. teres avaient une gamme plus large et un niveau de virulence plus élevé
sur les hôtes différentiels que les isolats de P. t. f. maculata. Huit génotypes d’orge étaient résistants aux 19 pathotypes
identifiés et devraient être utiles en amélioration génétique de l’orge pour la résistance aux deux formes de P. teres. La
variation génétique a aussi été étudiée par l’analyse du polymorphisme de la longueur des fragments de restriction
(PLFR). Un fragment d’ADN de 0,46 kb (ND218) a été généré par réaction en chaîne de la polymérase à partir de
l’ADN génomique d’un isolat californien de P. t. f. teres et a été utilisé comme sonde. Chaque isolat de P. teres
analysé avec ND218 possédait son propre patron de PLFR. L’analyse typologique, basée à la fois sur les phénotypes de
virulence et les patrons de PLFR, montre que le P. teres possède un niveau élevé de diversité tant pour l’espèce que
pour les sous-espèces. Le niveau élevé de polymorphisme révélé par ND218 fera de cette sonde un outil utile de
détermination d’empreintes génétiques d’ADN pour les isolats de P. teres.

Mots clés : rayure réticulée de l’orge, Pyrenophora teres, Hordeum vulgare, diversité génétique du pathogène.
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Introduction

Net blotch of barley (Hordeum vulgare L.), caused by the
fungus Pyrenophora teres Drechs. f. teres Smedeg.
[anamorph: Drechslera teres (Sacc.) Shoem. f. teres
Smedeg.], is a common disease wherever the crop is grown
(Mathre 1997; Shipton et al. 1973). The net blotch pathogen
causes lesions that initially appear as spots and short yellow
streaks on leaves. On susceptible genotypes, these infection
sites expand into longer longitudinal and transverse necrotic
streaks that produce a net-like pattern (Mathre 1997). Yield
losses due to net blotch have been reported to range from
10 to 40% (Mathre 1997). In 1967, a different form of
P. teres was described by McDonald (1967). This form,
later designated as Pyrenophora teres Drechs. f. maculata
Smedeg. (Smedegård-Petersen 1971), causes elliptical le-
sions that are distinctly different from the typical reticulate
type caused by P. t. f. teres. Pyrenophora t. f. maculata is
morphologically indistinguishable from P. t. f. teres and has
been reported in many areas of the world (Mathre 1997).
Yield losses due to this pathogen have been estimated at
10–20% (Arabi et al. 1992; Karki and Sharp 1986).

When breeding barley for resistance to disease, it is im-
portant to have a thorough knowledge of the degree of ge-
netic variation in the pathogen. Pyrenophora t. f. teres is
known to vary in its virulence on barley, and distinct
pathotypes have been reported from many production areas,
including the Mediterranean region (Bockelman et al. 1983;
Harrabi and Kamel 1990), North America (Singh 1962;
Steffenson and Webster 1992), Australia (Khan and Boyd
1969), and Europe (Afanasenko and Levitin 1979;
Smedegård-Petersen 1971). Variation for virulence has also
been detected in P. t. f. maculata on barley (Bockelman et
al. 1983; Karki and Sharp 1986; Khan 1982; Tekauz 1990;
Tekauz and Mills 1974).

Virulence phenotypes can be useful for assessing genetic
variation in fungal pathogens; however, virulence markers
are often limited in number and subject to host selection
(Leung et al. 1993), thus limiting their application in ge-
netic variation studies. Molecular markers such as restric-
tion fragment length polymorphism (RFLP), randomly
amplified polymorphic DNA, and amplified fragment length
polymorphism offer an alternate means by which genetic di-
versity can be measured in pathogens (Kohli et al. 1992;
McDonald and Martinez 1990; Majer et al. 1996; Milgroom
et al. 1992; Mueller et al. 1996; Peever and Milgroom 1994;
Zhong and Steffenson 2001). Molecular markers have the
advantage of being numerous and not subject to host selec-
tion. The objective of this study was to assess the genetic
variation of a small, but geographically diverse collection of
P. t. f. teres and P. t. f. maculata isolates, using both viru-
lence and RFLP markers.

Materials and methods

Fungal isolates
Twenty-three isolates of P. t. f. teres and 8 isolates of P. t.

f. maculata were evaluated for their virulence phenotypes.
These isolates were from 12 different barley-growing re-
gions of the world (Table 1) and represent a small, but di-
verse collection of P. teres isolates. All isolates were

derived from single conidia taken from leaf tissue according
to the method of Steffenson and Webster (1992). The cul-
tures were maintained on silica gel at 4°C until needed. Fif-
teen of 23 P. t. f. teres isolates and 5 of 8 P. t. f. maculata
isolates were selected for RFLP analysis based on geo-
graphic origin. For comparison purposes with P. teres, three
isolates of Pyrenophora graminea Ito & Kuribayashi, one
isolate of Pyrenophora tritici-repentis (Died.) Drechs., and
three isolates of Cochliobolus sativus (Ito & Kuribayashi)
Drechs. ex Dastur, respectively, causal agents of leaf stripe
on barley, tan spot on wheat, and spot blotch on barley,
were also included in the RFLP analysis (Table 1).

Assessment of virulence phenotypes
Twenty-five differential barley genotypes were used for

characterizing the virulence phenotypes of P. teres isolates
(Table 2), 22 of which were previously used by Steffenson
and Webster (1992) to investigate the virulence diversity of
P. t. f. teres isolates from California. Lines ND B112 (CIho
11531) and FR 926-77 (no CI or PI number assigned) were
also included in this study because they carry genes for re-
sistance to P. t. f. teres, which are likely different from
those already described (B.J. Steffenson, unpublished data).
ND B112 was derived from the cross CIho 7117-77 × ‘Kin-
dred’ (Wilcoxson et al. 1990), and FR 926-77 is a line de-
veloped by A.B. Schooler at North Dakota State University
(Ceniceros 1990). Also included was ‘Hector’ (CIho
15514), a Canadian two-rowed cultivar developed from the
cross ‘Betzes’ × ‘Palliser’, which is highly susceptible to
many isolates of P. t. f. teres (B.J. Steffenson, unpublished
data). Although this differential-host set was specifically se-
lected for typing virulence in P. t. f. teres, it was thought to
be sufficiently diverse and, therefore, useful for differentiat-
ing pathotypes of P. t. f. maculata.

Inoculum was prepared and applied as previously de-
scribed (Steffenson et al. 1996). The infection phenotypes
of isolates were assessed 10–14 days after inoculation, us-
ing the pictograph rating scales of Tekauz (1985) for P. t.
f. teres and P. t. f. maculata. Only the central portions of the
second leaves of plants were scored so as to avoid some of
the atypical lesions that commonly occur on the leaf tips
and edges. A disease reaction of 0 (immune) was included
for leaves with no visible sign of infection. For P. t. f. teres,
infection responses 0, 1, 2, 3, 4, 5, and combinations
thereof were considered indicative of host resistance or a
low infection response (LIR; i.e., low pathogen virulence)
because the lesions remained restricted (≤15 mm in length,
0.5–1.25 mm in width) in size and were associated with a
limited amount of chlorosis, if present at all. Infection re-
sponses 6, 7, 8, 9, 10, and combinations thereof were con-
sidered indicative of host susceptibility or a high infection
response (HIR; i.e., high pathogen virulence) because the
lesions were large (>15 mm in length, >1.25 mm in width)
and associated with extensive chlorosis. For P. t.
f. maculata, infection responses from 1 to 5 and 7 to 9
[types 4 and 6 were not included in the scale of Tekauz
(1985)] were considered indicative of LIRs and HIRs, re-
spectively, according to the same criteria described for P. t.
f. teres. All isolates were evaluated for their infection phe-
notypes at least two times, using a completely randomized
design. Designations of pathotypes were based on the viru-
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lence phenotypes (LIR/HIR) of isolates on the 25 host ge-
notypes (Table 2). The pathotype nomenclature follows the
system described by Steffenson and Webster (1992). Each
number in a pathotype designation corresponds to the num-
bered host genotype upon which that isolate is virulent (i.e.,
elicits an HIR) (Table 2). For example, a pathotype desig-
nated 15-20-25 indicates that this isolate is virulent on host

genotypes of ‘Prato’ (No. 15), ‘Cape’ (No. 20), and
‘Hector’ (No. 25). Isolates exhibiting LIRs on all of the
host genotypes were designated as pathotype 0.

The relatedness of P. t. f. teres isolates was determined
by analyzing their infection responses on host differentials
using the PROC CLUSTER procedure from the SAS Sys-
tem (SAS Institute Inc. 1989). Similarity coefficients were
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Isolate Geographic origin Source Pathotypea

Pyrenophora teres f. teres
ISR3434 Israel R. Kenneth 9-15-20
MORZ-28 Morocco J.R. Burleigh 0b

UK80-12 United Kingdom V.W.L. Jordan 22-25
AUSKH565 Australia T.N. Khan 0
WRS102-1 Saskatchewan, Canada A. Tekauz 1-2-3-6-7-10-13-16-18-25
WRS858-1 Manitoba, Canada A. Tekauz 11-22-25
NOR3206 Norway H.A. Magnus 3-10-15-19-20-21-25
NZ1A New Zealand J.E. Sheridan 22-25
MTSid84 Montana, U.S.A. H. Bockelman 2-6-7-13-16-18-25
MN1A Minnesota, U.S.A. R.D. Wilcoxson 6-13-16-18-25
CA86-79-1 California, U.S.A. B. Steffenson 1-2-6-7-10-13-16-20-25
CA84-28-1 California, U.S.A. B. Steffenson 11-22-25
CA86-21-1 California, U.S.A. B. Steffenson 15-25
CAARM84F California, U.S.A. B. Steffenson 3-10-15-19-21-25
CA86-72-2 California, U.S.A. B. Steffenson 15-20-25
CA84-51-1 California, U.S.A. B. Steffenson 15-20-25
CA86-57-1 California, U.S.A. B. Steffenson 15-20-25
CA84-8-2 California, U.S.A. B. Steffenson 25
CA85-53-1 California, U.S.A. B. Steffenson 3-10-15-19-21-25
CA86-60-2 California, U.S.A. B. Steffenson 3-10-15-19-20-21-25
CA86-82-2 California, U.S.A. B. Steffenson 20-25
CA86-75-2 California, U.S.A. B. Steffenson 15-20-25
ND89-19 North Dakota, U.S.A. B. Steffenson 1-2-6-7-10-13-16-18-25
ND89-39 North Dakota, U.S.A. B. Steffenson —

Pyrenophora teres f. maculata
DEN2.7 Denmark V. Smedegård-Petersen 0
DEN2.6 Denmark V. Smedegård-Petersen 10-20
DEN2.2 Denmark V. Smedegård-Petersen 0
DEN2.1 Denmark V. Smedegård-Petersen 0
NZKF2 New Zealand J.E. Sheridan 10-22
NZ2A New Zealand J.E. Sheridan —
AUSKH604 Australia T.N. Khan 0
WRS1049-1 Manitoba, Canada A. Tekauz 10-20
NOR1066 Norway H.A. Magnus 20

Pyrenophora graminea
WRSAT82-67-3 Manitoba, Canada A. Tekauz —
CA90-1 California, U.S.A. B. Steffenson —
NOR3300 Norway H.A. Magnus —

Pyrenophora tritici-repentis
PTi-2T5 North Dakota, U.S.A. J. Jordahl —

Cochliobulus sativus
ND85F North Dakota, U.S.A. B. Steffenson —
ND89-33 North Dakota, U.S.A. B. Steffenson —
ND90Pr North Dakota, U.S.A. B. Steffenson —

Note: A dash indicates missing or nonapplicable data.
aPathotypes were determined based on the virulence phenotypes (LIR/HIR, low pathogen virulence/high pathogen virulence) of isolates on the 25 barley

genotypes.
bMycelial fragments were used as inocula. For all other isolates, conidia were used as inocula.

Table 1. Fungal isolates tested for virulence phenotypes and restriction fragment length polymorphism.



generated using the quantitative city-block method with the
following equation (Priestley et al. 1984):
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where n is the total number of differential hosts (n = 25),
Xgj and Xkj are the infection responses caused by isolates g
and k, respectively, on host genotype j, and R is the range of
infection responses, which is a function of the host geno-
type j, and varies from 0 to 10.

In this study, individual host genotypes commonly dis-
played two (occasionally three) different infection re-
sponses to a pathogen isolate across replicates. For the
cluster analysis, the most commonly observed infection re-
sponse (i.e., the mode) was used. Values of the similarity
coefficient lie within the range of 0 to 100, where 0 indi-
cates complete similarity and 100 represents complete dis-
similarity. A phenogram was constructed based on this data
set using the average linkage method (SAS Institute Inc.
1989).

DNA isolation, Southern hybridization, and RFLP
analysis

Mycelium of the 20 individual isolates for RFLP analysis
was harvested from 100 mL of liquid medium (glucose,
4.0 g; peptone, 30 g (Difco, Sparks, Mich.); K2HPO4, 1.0 g;
MgSO4·7H2O, 0.5 g; Fe(NO3)2, 0.447 mg; ZnSO4, 0.88 mg;
MnSO4, 0.4 mg; and double-distilled H2O; for a final vol-
ume of 1.0 L) 5 days after being inoculated with conidia
and cultured with shaking at 22°C. The 20 isolates were se-
lected on the basis of geographic origin. Genomic DNA was
isolated from lyophilized mycelium, using a method based
on that of Murray et al. (1980), and digested with HindIII
(New England Biolabs, Beverly, Mass.) in the reaction
buffer as recommended by the manufacturer. Polymerase
chain reaction was performed with genomic DNA templates
from a California isolate of P. t. f. teres, using primers Pt-3
(5′-ATGGATGCACGCAACGCTGC-3′) and Pt-4 (5′-AGC-
TCCCTAAGCATAGCCCC-3′) of Baltazar (1990). Four to
seven amplification products, with sizes of 0.2–1.1 kb, were
obtained (Wu 1993). A 0.46-kb product from polymerase
chain reaction was cloned and labeled by nick translation to
provide a radioactive hybridization probe for RFLP analy-
sis. Southern analysis and other DNA manipulations were
carried out according to the methods of Sambrook et al.
(1989).

Each autoradiogram from the RFLP experiments was
scored for the presence (1) or absence (0) of a specific band
for every fungal isolate. The equation of Nei and Li (1979),

S
N

N
Nxy

x
y= +

2

was used to generate similarity coefficients (S). In this
equation, x and y are the two isolates being compared, Nxy
is the number of RFLP bands shared by the two isolates,
and Nx and Ny are the number of RFLP bands in each iso-
late. A phenogram was constructed with the NTSYS-pc
program (Exeter Publishing, Setauket, N.Y.), using the un-

weighted pair-group method with arithmetic averaging
(UPGMA) from Dice similarity values. The validity of the
resulting clusters was confirmed using the COPH and
MXCOMP programs in the software package.

Results

Assessment of the virulence phenotypes
Fifteen pathotypes were identified from the 23 P. t.

f. teres isolates evaluated (Table 1). The mode and range of
infection responses elicited by each isolate on the differen-
tial barley genotypes are given in Table 2. Pathotypes 11-
22-25 and 15-20-25 were most common, as each comprised
17.4% of the total number of isolates. Pathotypes 0, 22-25,
3-10-15-19-21-25, and 3-10-15-19-20-21-25 were the next
most common and each comprised 8.7% of the isolates. The
other pathotypes identified each comprised only 4.3% of the
isolates. The most complex pathotype (i.e., with the broad-
est virulence spectrum) was 1-2-3-6-7-10-13-16-18-25 (iso-
late WRS102-1), which was virulent on 10 differential
genotypes (Tables 1 and 2). Pathotypes 1-2-6-7-10-13-16-
20-25 (isolate CA86-79-1) and 1-2-6-7-10-13-16-18-25
(isolate ND89-19) were the next most complex, each exhib-
iting virulence on nine host genotypes. Virulence on ‘Hec-
tor’ and ‘Cape’ was common as 87 and 35% of the isolates,
respectively, exhibited HIRs on these host genotypes (Ta-
ble 2). ‘Hector’ was susceptible to all pathotypes, except
pathotypes 0 (isolates MORZ-28 and AUSKH565) and 9-
15-20 (isolate ISR3434). The host genotypes of ‘Rojo’,
‘Coast’, CIho 9819, CIho 5791, CIho 7584, CIho 5822, ND
B112, and FR 926-77 were resistant to all of the pathotypes
identified in this study.

The mode and range of infection responses elicited by
P. t. f. maculata isolates on the differential barley genotypes
are given in Table 3. Four pathotypes were identified from
the eight isolates tested. Pathotype 0 (isolates DEN2.7,
DEN2.2, DEN2.l, and AUSKH604) was most common,
comprising 50% of the isolates, followed by pathotype 10-
20 (isolates DEN2.6 and WRS1049-1) at 25% and
pathotypes 20 (NOR1066) and 10-22 (NZKF2) at 12.5%
each (Tables 1 and 3). Generally, the P. t. f. maculata iso-
lates were less virulent than the P. t. f. teres isolates based
on lesion size and the amount of associated chlorosis. Most
of the differential barley genotypes were resistant to P. t.
f. maculata with the exception of ‘Kombar’, ‘Cape’, and
‘Rika’, which were susceptible to some pathotypes.

From the cluster analysis of infection responses to P. t.
f. teres, a phenogram was generated (Fig. 1). At a distance
of 13.8% (equivalent to a 86.2% similarity level), the
phenogram has three clusters. Cluster I (uppermost in
Fig. 1) contains most of the California isolates (CA84-28-l,
CA86-21-1, CA84-8-2, CA84-51-1, CA86-57-1, CA86-72-
2, CA86-75-2, and CA86-82-2, with the latter five isolates
being more closely related at a distance of 5.8%), although
one isolate each from the United Kingdom (UK80-12),
Canada (WRS858-1), Australia (AUSKH565), New Zealand
(NZ1A), and Israel (ISR3434) is also included in this clus-
ter. Isolates representing pathotypes 0, 25, 15-25, 20-25, 22-
25, 9-15-20, 11-22-25, and 15-20-25 were grouped in this
cluster (Table 1). Isolates with virulence on ‘Algerian’,
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Pathotypea

Source of genotype 0 25 15-25 20-25 22-25 9-15-20 11-22-25 15-20-25

1. ‘Tifang’ 0/0–1 1/1–2 1/1–2 3/3–4 1/1–2 1/1–3 2/1–3 1/1–3
2. ‘Canadian Lake Shore’ 1/0–1 1/1–2 1/1–2 3/2–4 1/1–2 1/1–2 3/1–4 1/1–3
3. ‘Atlas’ 3/1–4 2/2–3 2/2–3 3/2–5 2/1–4 2/1–4 2/1–4 2/1–4
4. ‘Rojo’ 1/1–4 2/2 1/1–2 2/2–3 3/1–3 2/1–3 1/1–4 2/1–3
5. ‘Coast’ 1/0–1 2/1–2 1/1–2 2/1–4 2/1–3 1/1–2 2/1–3 1/1–2
6. ‘Manchurian’ 1/0–1 2/1–3 2/1–3 3/3–5 2/1–3 2/1–4 2/1–4 3/2–4
7. ‘Ming’ 1/0–1 1/1–2 1/1–3 2/2–4 1/1–3 2/1–4 2/1–4 1/1–3
8. CIho 9819 1/1–2 1/1–2 1/1–2 2/1–3 1/1–3 1/1–3 1/1–3 1/1–2
9. ‘Algerian’ 1/1–2 3/2–5 3/2–3 2/2–3 2/1–4 7/7–8 2/1–3 3/2–4
10. ‘Kombar’ 3/3–4 2/2–3 2/2–3 2/2–4 3/3–5 1/1–3 4/3–5 3/2–4
11. CIho 11458 1/1 2/1–3 1/1–2 2/2–3 2/1–4 2/1–4 9/7–10 1/1–3
12. CIho 5791 1/0–1 1/1–2 1/1–2 1/1–2 1/1–3 1/1–2 1/1–2 1/1–2
13. ‘Harbin’ 1/0–1 1/1–2 1/1–2 2/1–3 1/1–2 2/1–3 3/1–4 1/1–3
14. CIho 7584 1/1–2 1/1–2 1/1–2 2/2–3 2/1–4 1/1–2 2/1–3 2/1–2
15. ‘Prato’ 1/1–3 1/1–2 7/5–8 5/3–5 2/1–3 6/5–7 2/1–4 8/7–10
16. ‘Manchuria’ 1/0–1 1/1–2 3/1–4 3/3–4 2/1–4 2/1–3 2/2–5 2/2–4
17. CIho 5822 1/1–2 2/1–3 2/1–3 2/1–3 1/1–3 2/1–2 2/1–5 2/1–3
18. CIho 4922 1/0–1 1/1–2 1/1–2 2/1–3 2/1–3 1/1–4 2/1–4 3/1–4
19. ‘Hazera’ 2/1–3 2/2 3/2–4 2/2 3/1–4 2/2–3 1/2–4 2/1–3
20. ‘Cape’ 2/1–2 4/3–4 4/3–5 7/5–8 3/2–5 7/7–8 4/3–5 7/6–8
21. ‘Beecher’ 3/1–4 2/2–3 2/2–3 2/2–4 1/1–3 3/3–5 2/1–4 2/1–4
22. ‘Rika’ 1/0–1 2/1–3 1/1–2 1/1–2 9/8–10 3/1–3 9/7–10 2/1–3
23. ND B112 1/0–1 2/1–3 1/1–2 3/3–4 1/1–4 1/1–2 2/1–3 2/2–3
24. FR 926–77 1/0–1 2/1–3 1/1–2 3/2–4 2/1–5 1/1–3 3/1–4 2/1–4
25. ‘Hector’ 1/0–1 8/7–8 8/7–9 9/8–10 10/8–10 1/1–3 9/7–10 7/7–10
Total no. isolates/%: 2/8.7 1/4.3 1/4.3 1/4.3 2/8.7 1/4.3 4/17.4 4/17.4

Note: The mode represents the most common infection response observed on the barley genotypes to isolates within a specific pathotype. The range
aPathotype nomenclature is according to Steffenson and Webster (1992).

Table 2. Infection responses (mode/range) exhibited on 25 barley genotypes to 15 pathotypes of Pyrenophora teres f. teres differen-

Fig. 1. Phenogram obtained by cluster analysis of the similarity matrix of infection responses from 23 isolates of Pyrenophora teres f.
teres on 25 barley genotypes.



CIho 11458, and (or) ‘Rika’ were unique to this cluster.
Cluster II (center in Fig. 1) consists of three California iso-
lates (CA85-53-1, CA86-60-2, and CAARM84F) and one
isolate from Norway (NOR3206). In this cluster, isolates
comprising two similar pathotypes (3-10-15-19-21-25 and
3-10-15-19-20-21-25) were included. Isolates with viru-
lence on ‘Hazera’ and ‘Beecher’ were unique to this cluster.
Cluster III (bottom in Fig. 1) includes one isolate from each
of the following locations: Minnesota (MN1A), Montana
(MTSid84), California (CA86-79-1), Canada (WRS102-1),
and North Dakota (ND89-19). Pathotypes with a relatively
wide virulence spectrum (e.g., 6-13-16-18-25, 2-6-7-13-16-
18-25, 1-2-6-7-10-13-l6-20-25, 1-2-6-7-10-13-16-18-25,
and 1-2-3-6-7-10-13-16-18-25) were found in this cluster.
Isolates with virulence on the host genotypes of ‘Tifang’,
‘Canadian Lake Shore’, ‘Manchurian’, ‘Ming’, ‘Harbin’,
‘Manchuria’, and (or) CIho 4922 were unique to this clus-
ter. An isolate from Morocco (MORZ-28), designated as
pathotype 0, was not closely related to any of the above
clusters at a distance of 39.5%. No phenogram was con-
structed based on the virulence phenotypes of P. t. f.
maculata because of the small number of isolates evaluated
in the study and the general lack of diversity.

RFLP analysis
A high degree of DNA polymorphism was detected in

P. t. f. teres and P. t. f. maculata when the clone ND218

was used as a probe for RFLP analysis. Up to six bands,
with sizes of 1.1–14 kb, were resolved for isolates of P. t.
f. teres, whereas a maximum of five bands, ranging from
4.2 to 11 kb in size, were resolved for isolates of P. t.
f. maculata. Every isolate exhibited a unique RFLP pattern.
The unique RFLP banding pattern of seven P. t. f. teres iso-
lates and five P. t. f. maculata isolates is shown in Fig. 2.

No correlation was found between the virulence pheno-
types (pathotype) of the isolates and the RFLP banding pat-
terns. Several isolates, e.g., WRS858-1 (Canada) and CA84-
28-1 (California), were of the same pathotype (11-22-25,
Table 1), but exhibited different RFLP patterns. In another
such case, isolates CA86-79-1 (California) and ND89-19
(North Dakota) were very similar for virulence on the dif-
ferential host genotypes (1-2-6-7-10-13-16-20-25 vs. l-2-6-
7-l0-13-16-18-25); however, their RFLP profiles were dis-
tinct in that they only had a 3.7-kb fragment in common
among other polymorphic bands. Several isolates had a 4.7-
kb fragment in their RFLP profiles, but no correlation was
found between the presence of this fragment and virulence
on a specific host genotype.

From the combined cluster analysis of both P. t. f. teres
and P. t. f. maculata (Fig. 3), three P. t. f. teres isolates from
California (CA86-21-1, CA86-72-2, and CAARM84F) were
found related at a similarity level of 0.63. CA86-21-1 and
CA86-72-2 exhibited a higher level of similarity at 0.86, as
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6-13-16-
18-25

3-10-15-
19-21-25

2-6-7-13-
16-18-25

3-10-15-19-
20-21-25

1-2-6-7-10-
13-16-18-25

1-2-6-7-10-
13-16-20-25

1-2-3-6-7-10-
13-16-18-25

4/4–6 2/1–4 4/3–5 1/1–3 7/7–10 7/6–8 8/7–10
3/3–5 3/2–4 7/7–9 2/2–4 8/8–10 8/8–9 9/9–10
1/1–3 9/9–10 3/2–4 9/9–10 4/3–5 4/3–5 7/6–8
1/1–2 2/2–3 2/1–2 3/1–4 2/1–3 1/1–2 1/1–2
2/1–2 2/2–5 2/1–3 2/1–3 2/1–3 2/1–3 1/1–3
8/7–10 4/3–5 8/7–9 3/2–5 8/8–10 8/8–9 8/7–9
1/1–3 2/2–3 8/7–9 2/1–4 7/7–10 8/7–10 6/6–9
1/1–2 1/1–3 2/1–3 1/1–2 2/1–3 1/1–3 1/1–2
2/2–3 2/2–4 2/1–3 3/2–3 2/1–3 2/1–3 3/2–4
2/2–3 9/7–10 4/3–4 8/7–10 7/7–9 6/5–8 8/8–9
3/2–4 1/1–3 4/4–5 2/2–4 4/3–5 4/4–5 3/2–3
1/1–2 1/1–2 1/1–2 1/1–2 1/1–2 1/1–2 1/1–2
7/7–9 3/2–4 8/7–10 2/2–4 8/7–10 7/7–10 9/9–10
2/1–2 2/1–4 1/1–3 1/1–4 2/1–3 1/1–3 2/1–3
2/1–3 8/8–10 2/2–4 8/7–10 2/2–4 4/2–4 2/2–3
8/8–9 4/3–4 7/7–9 2/2–5 8/8–10 8/8–10 9/8–10
2/2–3 2/1–4 2/1–3 2/1–3 3/1–3 2/1–3 2/1–3
7/6–9 3/3–5 7/7–9 2/2–4 7/7–10 5/4–5 8/8–9
2/1–3 8/8–10 2/2–3 8/7–10 4/4–5 4/4–5 4/3–6
4/3–5 5/3–5 4/3–5 7/6–8 5/4–5 8/7–9 5/4–6
2/2–3 10/8–10 3/2–4 8/7–10 3/3–5 4/3–5 5/4–6
3/3–4 1/1–2 3/2–4 2/1–3 4/3–4 3/2–4 2/1–3
2/1–2 2/2–4 2/2–4 2/2–3 3/3–4 4/2–5 3/2–4
2/2–4 3/2–4 2/1–3 3/1–3 3/3–5 4/2–4 3/2–4
10/8–10 9/7–10 9/9–10 9/7–10 10/8–10 10/8–10 10/9–10
1/4.3 2/8.7 1/4.3 2/8.7 1/4.3 1/4.3 1/4.3

represents the lowest and highest infection responses observed on the barley genotypes.

tiated from 23 isolates.



they had three bands in common and only one band unique.
Isolates MTSid84 (Montana) and WRS102-l (Canada),
DEN2.l (Denmark) and NZ2A (New Zealand), WRS858-1
(Canada) and AUSKH604 (Australia), and AUSKH565
(Australia) and UK80-12 (United Kingdom) clustered in
pairs at a similarity level of 0.67. Minnesota isolate MN1A
was related to California isolates CA86-21-l, CA86-72-2,
and CAARM84F at a similarity level of 0.59, while Califor-
nia isolate CA84-28-l was related to Australian isolate
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Pathotypea

Source of genotype 0 20 10-20 10-22

1. ‘Tifang’ 1/0–3 2/1–3 2/2–5 2/2–3
2. ‘Canadian Lake Shore’ 3/3–5 1/1–3 2/2–5 5/3–5
3. ‘Atlas’ 2/2–3 2/2–3 2/2–5 3/2–3
4. ‘Rojo’ 1/1–3 2/1–3 2/2–3 2/2
5. ‘Coast’ 3/2–5 3/2–3 3/2–5 3/2–5
6. ‘Manchurian’ 2/2–5 2/1–3 3/2–5 3/2–5
7. ‘Ming’ 2/1–5 2/1–3 3/2–5 3/2–3
8. CIho 9819 3/2–5 3/2–5 3/2–5 5/3–5
9. ‘Algerian’ 2/2–5 3/2–3 3/2–5 3/3–5
10. ‘Kombar’ 2/2–3 3/3–7 7/5–8 8/7–9
11. CIho 11458 1/1–2 5/3–5 5/3–5 5/5–7
12. CIho 5791 1/1–2 3/2–5 5/3–5 5/5–7
13. ‘Harbin’ 2/2–5 2/2–3 3/2–5 3/2–5
14. CIho 7584 3/1–5 3/2–3 3/2–5 3/2–3
15. ‘Prato’ 3/2–5 3/3–5 5/3–5 5/5–7
16. ‘Manchuria’ 3/1–5 2/1–2 2/1–3 3/2–3
17. CIho 5822 3/1–5 5/3–7 5/3–5 5/5–7
18. CIho 4922 3/3–5 2/2–3 3/2–3 3/3–5
19. ‘Hazera’ 3/2–5 5/5–7 3/3–5 5/5–7
20. ‘Cape’ 3/3–5 7/5–7 7/5–8 5/5–7
21. ‘Beecher’ 3/3–5 5/3–7 5/2–5 5/3–5
22. ‘Rika’ 2/1–5 5/3–5 5/3–7 7/5–8
23. ND B112 2/1–3 3/2–5 3/3–5 3/3–5
24. FR 926–77 2/1–3 2/1–3 2/2–3 3/2–5
25. ‘Hector’ 2/1–5 2/2–3 3/2–3 3/3–5
Total no. isolates/%: 4/50 1/12.5 2/25 1/12.5

Note: The mode represents the most common infection response observed on the barley genotypes to isolates within
a specific pathotype. The range represents the lowest and highest infection responses observed on the barley
genotypes.

aPathotype nomenclature is according to Steffenson and Webster (1992).

Table 3. Infection responses (mode/range) exhibited on 25 barley genotypes to four pathotypes of
Pyrenophora teres f. maculata differentiated from eight isolates.

Fig. 2. Autoradiograms of restricted Pyrenophora teres f. teres
and Pyrenophora teres f. maculata DNA hybridized to the
radiolabeled probe ND218. 1, molecular size marker; 2, CA86-
21-1; 3, MTSid84; 4, WRS102-1; 5, ISR3434; 6, MORZ-28; 7,
CAARM84F; 8, CA86-79-1; 9, DEN2.7; 10, NZ2A; 11,
NZKF2; 12, AUSKH604; 13, DEN2.1. Sizes of fragments are
expressed in kilobases.

Fig. 3. Phenogram obtained by cluster analysis of the similarity
matrix of restriction fragment length polymorphism from 15
isolates of Pyrenophora teres f. teres (T) and 5 isolates of
Pyrenophora teres f. maculata (M).



AUSKH565 and United Kingdom isolate UK80-12 at a
similarity level of 0.58. Three P. t. f. maculata isolates
(DEN2.1 and DEN2.7 from Denmark and NZ2A from New
Zealand) clustered together at a similarity level of 0.43, but
other P. t. f. maculata isolates did not form distinct groups
from other P. t. f. teres isolates. Generally, the 20 P. teres
isolates evaluated were not closely related since most simi-
larity coefficients ranged from 0 to 0.67.

Of the three isolates of P. graminea that were tested for
RFLP, only one (WRSAT82-67-3) hybridized to the probe
ND218. This isolate gave a faint 2.8-kb band (data not
shown). The one P. tritici-repentis isolate (PTi-2T5) tested
hybridized weakly to probe ND218, giving three faint bands
of 3.0, 4.5, and 7.0 kb (data not shown). Of the three
C. sativus isolates evaluated, only one (ND89-33) hybrid-
ized to probe ND218. This isolate gave bands of 4.0 and
4.5 kb in size, the former being unique to this particular iso-
late (data not shown).

Discussion

The P. t. f. maculata isolates did not possess a broad vir-
ulence spectrum on the differential set developed originally
for P. t. f. teres, since the greatest number of host genotypes
upon which any isolate exhibited a HIR was three. It is pos-
sible that other host genotypes would be more suitable for
detecting virulence polymorphisms in this pathogen, but
this aspect must be investigated further. Alternatively, P. t.
f. maculata may simply not possess the virulence spectrum
that has evolved in P. t. f. teres. Pyrenophora teres
f. maculata was generally less virulent than P. t. f. teres,
since only a few isolates exhibited infection responses
greater than 7 (Table 3). This is in contrast to P. t. f. teres
where many isolates exhibited infection responses greater
than 7 (Table 2). This result is in agreement with a previous
study by Tekauz and Mills (1974).

From the phenogram based on infection responses to P. t.
f. teres, it was difficult to make any salient generalizations
regarding the possible relationships of isolates from differ-
ent geographic regions. Isolates from Minnesota (MNlA),
North Dakota (ND89-19), Montana (MTSid84), and Sas-
katchewan, Canada (WRS102-l) clustered together based on
their infection responses (Fig. 1), indicating a closer relat-
edness among the isolates that were collected in the north
central part of North America. It is possible that these iso-
lates were from the same genetic pool of virulence pheno-
types. Populations of P. teres may not remain
geographically isolated for a long time because exchanges
of seed infected with P. teres over different areas can occur.
In contrast to the few isolates from a single region that clus-
tered together, the California isolates were dispersed in ev-
ery cluster. The majority of these isolates, however, were in
cluster I (Fig. 1). Gene flow between and among local pop-
ulations could be responsible for the random dispersal of di-
verse virulence phenotypes (Peever and Milgroom 1994;
Slatkin 1987). Although the isolates tested in this study
were from diverse geographic regions, the sample number
was very small. It is therefore difficult to draw any firm
conclusions regarding the genetic structure of the pathogen
population. A comprehensive population genetic study of
P. teres is warranted. For such an investigation, it would be

best to collect isolates in a systematic manner from differ-
ent regions where several pathotypes are known to coexist.
A reasonably large sample size will be needed to obtain
stronger inferences as to the possible distribution and
spread of pathotypes within regions and across continents.

All P. t. f. teres isolates except MORZ-28 (Morocco)
clustered into three groups at a distance of 13.8% based on
their virulence phenotypes on the 25 differential hosts
(Fig. 1). Generally, isolates with virulence on the same host
genotypes were grouped into the same cluster. However,
isolates of the same pathotype were not always related to
each other. In an extreme example, isolates AUSKH565
(Australia) and MORZ-28 (Morocco) were both character-
ized as pathotype 0, but they were not closely related. Obvi-
ously, these differences reflect the different criteria by
which these isolates were typed. The designation of
pathotypes is based on a somewhat arbitrary separation of
HIR and LIR. In contrast, the cluster analysis reflects, in an
unbiased way, the relatedness of isolates based on the full
range of infection responses from 0 to 10.

The probe ND218 detected 24 RFLP loci in P. t. f. teres
and P. t. f. maculata in this study. It also provided a unique
profile of restriction fragments for every isolate tested and
would therefore be a useful tool for the DNA fingerprinting
of P. teres isolates and population genetic studies.

The cluster analysis, without the weighting of RFLP band
intensity, grouped two P. t. f. teres isolates from California,
CA86-21-1 and CA86-72-2, together at the similarity level
of 0.86. These haplotypes could have been derived sexually
from a common progenitor with limited variation. All other
P. t. f. teres isolates were related at low genetic similarity
levels ranging from 0 to 0.67 with cluster analysis. In gen-
eral, the genetic distance between isolates of P. t. f. teres
and P. t. f. maculata was no greater than among isolates
within the same form; thus, no clear delineation could be
resolved between the two subspecies. According to
Smedegård-Petersen (1976), the capacity of P. teres to pro-
duce net or spot lesions on barley is determined by two in-
dependent allelic pairs. It is possible that P. t. f. maculata is
a mutant form (McDonald 1967) of P. t. f. teres, because its
characteristic of inducing spot-type symptoms on barley is
inherited stably.

The sexual stage of P. teres has been reported in many re-
gions of the world (reviewed in Shipton et al. 1973). How-
ever, the role of ascospores as primary inoculum in the
epidemiology of net blotch is not clear (Mathre 1997). It is
possible that ascospores play a more important role as a po-
tential source of new virulence types than as the source of
primary inoculum (Shipton et al. 1973). The low level of
genetic relatedness revealed by the cluster analysis indicates
that sexual recombination may be the primary source of
variation in P. teres, but again this hypothesis must be tested
using a larger number of isolates.

The broadly virulent pathotypes of P. t. f. teres found in
this study suggest that when breeding for resistance, a
group of isolates exhibiting different virulence spectra
should be used in early generation tests. Barley genotypes
of ‘Rojo’ (from the U.S.A.), ‘Coast’ (U.S.A.), CIho 9819
(Ethiopia), CIho 5791 (Ukraine), CIho 7584 (U.S.A.), CIho
5822 (Ukraine), ND B112 (U.S.A.), and FR 926-77
(U.S.A.) are from diverse geographic regions and were re-
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sistant to all of the isolates of P. t. f. teres and P. t. f.
maculata used in this study. By using two or more of these
genotypes as parents, barley breeders will be able to de-
velop germplasm with broad-based resistance to both forms
of P. teres.
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