
SUMMARY

The population structure and genotypic diversity of
100 Pyrenophora tritici-repentis isolates originating
mainly from the Czech Republic, but also from the Slo-
vak Republic, Russia, Canada, the USA and Argentina,
were studied with molecular markers. As an outgroup,
eight isolates of Pyrenophora teres f. teres and 7 isolates
of P. teres f. maculata were added into the analysis. A to-
tal of 115 single monosporic cultures were subjected to
molecular marker analysis using the amplified fragment
length polymorphism technique (AFLP). When both
species of Pyrenophora were analysed with 21 AFLP
primer combinations, 664 polymorphic bands were de-
tected. Considering only P. tritici-repentis isolates, 335
polymorphic bands were detected, which corresponds
to an average of 16.0 bands per primer combination.
UPGMA cluster analysis based on genetic distances
clearly distinguished between P. teres and P. tritici-repen-
tis isolates. Isolates of race 4 and isolates collected from
non-wheat host plants grouped into two clusters distinct
from a main cluster formed by the rest of P tritici-repen-
tis isolates. Analysis of molecular variance (AMOVA)
showed that 98.1% of genetic variance occurred within
local populations and 1.9% was found among popula-
tions. The occurrence of sexual reproduction and long-
distance dispersal of inoculum could contribute to the
occurrence of genetic variability independently of race
structure or geographic origin.

Keywords: Pyrenophora tritici-repentis, tan spot, AFLP,
genetic diversity, molecular markers.

INTRODUCTION 

The fungus Pyrenophora tritici-repentis (Died.)
Drechs. [anamorph: Drechslera tritici-repentis (Died.)
Shoem.] is a homothallic ascomycete that causes tan
spot (syn. yellow spot) of wheat (Triticum aestivum L.).
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Since the 1970s, the disease has become a serious prob-
lem and has caused considerable losses ranging from 3
to 50% in production in major wheat growing areas
around the world (Rees et al., 1982).

The tan spot disease consists of two distinct symp-
toms, necrosis and extensive chlorosis. The host re-
sponse to them is inherited independently (Lamari and
Bernier, 1991). Resistance is expressed as small, dark
brown lesions that do not increase in size, whereas sus-
ceptibility is expressed as tan coloured, oval-shaped le-
sions, often with a darker brown or black centre sur-
rounded by a chlorotic border or halo.

Initially, isolates of P. tritici-repentis were grouped in-
to four pathotypes based on their ability to induce tan
necrosis and/or extensive chlorosis on a differential set
of cultivars (Lamari and Bernier, 1989b; 1991). Recent-
ly, a new classification of P. tritici-repentis isolates was
established, based on virulence patterns on three effec-
tive wheat differentials (Strelkov and Lamari, 2003).
Currently, eight races of P. tritici-repentis have been
characterised (Lamari et al., 2003).

Three host-selective toxins, Ptr ToxA, Ptr ToxB and
Ptr ToxC have been isolated to date (Ballance et al.,
1989; Orolaza et al., 1995; Effertz et al., 2002). These
toxins are associated with typical tan spot symptoms,
tan necrosis (ToxA) and chlorosis (ToxB and ToxC), on
susceptible wheat cultivars.

Many factors contribute to genetic change within
fungal populations. These factors include mutation,
mating system, gene flow or migration, population size
and selection (McDonald, 1997). Pathogen populations
with large genetic variation gain advantage for the rea-
son that they can respond rapidly to changing environ-
ments and they may overcome host resistance and fun-
gicide treatments (Peltonen et al., 1996). 

P. tritici-repentis is a homothallic fungus that repro-
duces both sexually and asexually. Sexual reproduction
occurs on wheat stubble between crops. Asexual repro-
duction is predominant during the growing season on
the wheat crop and happens in several cycles (Ciuffetti
and Tuori, 1999). Ascospores may serve to disperse P.
tritici-repentis over short distances, while long-distance
dispersal by wind is prevalent for conidia (Schilder and
Bergstrom, 1992). Tan spot severity has been correlated
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with the level of infected wheat residues in the field
(Wright and Sutton, 1990). Mycelium can also overwin-
ter in other graminaceous species. Ascospores formed
there represent additional inoculum for disease spread
(Ciuffetti and Tuori, 1999; Ali and Francl, 2003).

Molecular markers are increasingly used to charac-
terise fungal plant pathogen populations. Amplified
fragment length polymorphism (AFLP) technology is a
PCR-based marker system often used for obtaining
quantitative estimates of genetic relationships (Vos et
al., 1995). It produces substantially more robust poly-
morphic amplification products per experiment than
other marker systems (Jones et al., 1997). For this rea-
son, AFLP markers have been found to be very suitable
for studies on the genetic structure of fungal popula-
tions (Majer et al., 1996; Campbell et al., 1999; Parrent
et al., 2004; Aquino de Muro et al., 2005). 

Molecular diversity in P. tritici-repentis has been little
studied so far. Santos et al. (2002) used RAPD markers
to assay the level and distribution of genetic variation
within populations of P. tritici-repentis from several re-
gions of Brazil. They were unable to establish a relation-
ship between DNA polymorphisms and the geographi-
cal regions from where the isolates were collected.

Singh and Hughes (2006) obtained similar results by
applying RAPD analysis to study the genetic diversity of
30 Canadian isolates of P. tritici-repentis. Cluster analy-
sis showed that all isolates had unique banding patterns
and that clustering of isolates was independent of their
race classification or geographic origin. Analysis of mo-
lecular variation showed that 96.8% of the variability
occurred among isolates, whereas variability among
races accounted for only 3.2% of the total variability.

Friesen et al. (2005) used AFLP analysis to study ge-
netic variability of P. tritici-repentis isolates from North
America, South America and Europe. Results with only
two primer combinations showed no correlation be-
tween genetic grouping of fungal isolates and their cate-
gorization into races, nor did results indicate grouping
based on geographic origin.

The aim of this study was to determine the level of
genetic dissimilarity among P. tritici-repentis isolates
originating mainly from different regions of the Czech
Republic, but also from the Slovak Republic, Russia,
Argentina, Canada and the USA. For this purpose,
AFLP analysis with a higher number of primer combi-
nations was used.

MATERIALS AND METHODS

Fungal isolates and race classification. One-hundred
isolates of P. tritici-repentis (PTR), eight isolates of
Pyrenophora teres f. sp. teres (PTT) and seven isolates of
Pyrenophora teres f. sp. maculata (PTM) were evaluated
(Table 1). Most PTR isolates were collected from differ-

ent wheat-growing regions of the Czech Republic dur-
ing 1998-2005. Five isolates originated from the Slovak
Republic, six from Argentina, two from the USA, two
from Canada and three from Russia. 

Infected wheat leaves were incubated in wet chambers
at 18°C under UV light for two days (to induce conidio-
phore production), then one day in the dark (to induce
PTR conidia production). Single spore isolates were pre-
pared and stored in a fungal culture collection. For DNA
extraction, the isolates were cultivated on potato-carrot
agar (PCA) or modified potato-dextrose agar (V8-PDA).

To determine PTR races, four differential wheat lines
(Glenlea, 6B662, 6B365 and Salamouni) (Lamari et al.,
1998) were used. The reaction of 96 single spore PTR
isolates from different parts of the Czech Republic to
the differential set was analyzed. Conidial suspensions
(3 × 103 spores/ml) of the isolates were sprayed on
seedlings at the two-leaf stage. The experiment was re-
peated three times (three pots with about 10 plants per
wheat cultivar) per each fungal isolate. Reaction of the
cultivars was rated about 7-10 days after inoculation, us-
ing the 1 to 5 rating scale (1 = resistant, 5 = susceptible)
(Lamari and Bernier, 1989a).

AFLP analysis. DNA was extracted from mycelia ac-
cording to a previously described protocol (Leisova et
al., 2005a). DNA was run in 0.8% agarose gels to check
the quality and concentration. HindIII (Fermentas,
Lithuania) was used as size and concentration standard.

AFLP markers were generated with the Applied
Biosystems kit for small genomes (Applied Biosystems,
USA). DNA was digested using the restriction enzymes
EcoRI and MseI. Thirty-three combinations of primers
were tested and twenty-one pairs were selected (Table
2). These combinations of primer pairs were chosen be-
cause they generated a good number of fragments, with-
in a range of sizes of 100-500 bp and with enough fluo-
rescent emission to be detected. Selective amplification,
with MseI primers and fluorescently marked EcoRI
primers, was performed as multiplex PCR in a reaction
mixture of 10 µl [0.2 mM dNTP, 1 µM MseI primer,
3x0.5 µM EcoRI primers, 1 U Taq polymerase (Qiagen,
Germany), 1x buffer with 10 mM MgCl2 and 1 µl dilut-
ed (1:20) preselective amplification reaction] in the cy-
cler ABI PRISM 7700 (Applied Biosystems, USA). Am-
plification products were separated by capillary elec-
trophoresis in an ABI PRISM 310 (Applied Biosystems,
USA) and analysed using GeneScan and Genotyper
softwares (Applied Biosystems, USA).

Sequencing of ITS region. The ITS region and 5.8S
rRNA gene were amplified using ITS4 and ITS5
primers (White et al., 1990). Appropriate PCR products
were extracted from agarose gel using Agarose Gel
DNA Extraction Kit (Roche, Germany) and sequenced
using BigDye Terminator v. 3.1 Kit (Applied Biosys-
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tems, USA). The unincorporated ddNTPs and primers
were removed by BigDye XTerminatorTM Purification
Kit (Applied Biosystems, USA). The sequencing prod-
ucts were resolved on ABI PRISM 3130 (Applied
Biosystems, USA). Sequence alignments were assembled
using T-Coffee software (Notredame et al., 2000). The
consensus sequences for each fungal genotype were
blasted with NCBI Blastn software (http://www.ncbi.
nlm.nih.gov/BLAST/).

Data analysis. Cluster analysis and principal compo-
nent analysis (PCA) were performed to study relation-
ships among isolates. On the basis of the presence or
absence of AFLP amplifications, binary data matrices
were built. The dissimilarity matrix was computed using
Microsoft Excel VBA (Visual Basic for Applications)
macros and Simple match coefficient (Armstrong et al.,
1994). Clustering data with the unweighted pair-group
method with arithmetic averages (UPGMA) and PCA
were conducted with Statistica for Windows software
(StatSoft, Inc., 2005). Bootstrap support for the branch-
es of the phenogram was generated with 100 replica-
tions with PHYLIP, the Phylogeny Inference Package
(Felsenstein, 1989). P. tritici-repentis population struc-
ture was also studied using STRUCTURE version 2.2
software (Pritchard et al., 2000; Falush et al., 2003).

Gene diversity (DI or polymorphism information
content PIC) based on the Gini-Simpson index (Gini,
1912) was calculated according to the formula:

DI = 1 - ∑pi
2

where pi is the frequency of the ith allele. It was used to
represent the information value of a marker for detect-
ing polymorphism within a population. It depends on
the number of detectable alleles and their frequency dis-
tribution.

Divergence statistics were estimated using the hierar-
chical analysis of molecular variance (AMOVA) imple-
mented in Arlequin software version 3.1 (Excoffier et
al., 1992; Weir, 1996). The total variance was parti-
tioned into three groups according to geographic origin:
(i) isolates from the Czech Republic (central Bohemia,
the rest of the Czech Republic, (ii) isolates from eastern
Europe (Slovak Republic and Russia) and, (iii) isolates
from the Americas (USA, Canada and Argentina) and
into two groups based on the year of PTR isolate collec-
tion. In the first group there were isolates collected in
2000 and 2001 and the second group was formed by
isolates collected in 2002, 2003 and 2004. Significance
tests were calculated by performing 1023 permutations.

RESULTS

Race assessment. PTR isolates from different parts of
the Czech Republic were analyzed. Out of 100 isolates

tested, 76 belonged to race 1, 15 to race 3. Races 2, 4 and
5 were represented by 2 isolates, race 8 was identified
three times. Races 6 and 7 were not found (Table 1).

AFLP analysis. Twenty-one AFLP primer combina-
tions used in this study produced 664 polymorphic
bands across all 115 Pyrenophora spp. isolates. This cor-
responds to an average of 31.6 polymorphic bands per
primer combination. No monomorphic band across all
isolates was detected. The number of alleles and the av-
erage DIs per primer combination are given in Table 2.
AFLP analysis of only 100 PTR isolates with 21 primer
combinations provided 335 polymorphic bands, which
corresponds to an average of 16.0 bands per primer
combination.

Data analysis. When subjected to UPGMA cluster
analysis based on genetic distances, two main clusters
were found on the level of linkage distance of 0.6 (Fig.
1). The first cluster was formed by P. teres isolates and
the second by the PTR isolates. Within the P. teres clus-
ter, two groups differentiating both forms of P. teres
(PTT and PTM) were found with one exception. Isolate
PTT-34 that was initially collected as PTT was found to
be part of the PTM cluster. Validation, done subse-
quently using diagnostic STS (Sequence Tagged Site)
markers (Leisova et al., 2005a) and re-inoculation tests,
confirmed the AFLP results. Within the PTR cluster,
two groups were also found on the level of linkage dis-
tance of 0.23 (Fig. 1). The first group was formed only
by two isolates: PTR057 and PTR038 both collected
from a wild grass (tribe Poaceae) at the same locality
(Pribram) in the same year (2001). The biggest cluster
consisted of PTR isolates collected from wheat and, in
one case, from Triticale. 

Genetic dissimilarity with regard to the place and
year of sampling as well as race assessment and host va-
riety was analysed separately within a group of PTR iso-
lates. To better investigate the structure of UPGMA
clusters, isolates PTR038, PTR054, PTR055 and
PTR057 were left out because they showed too high dis-
similarity from the rest of PTR isolates. Bootstrap values
were generally low, only in 11 cases were the values
greater than 50 (Fig. 2).

There were two main clusters at the linkage distance
level of 0.37 that were well supported by bootstrap values
of 100%. The first cluster contained two isolates PTR040
and PTR041, both race 4. The rest of the PTR isolates
formed the second cluster regardless of race classification
or host variety. The clustering also corresponded to geo-
graphic origin and year of collection. Similar results were
obtained using Bayesan methods implemented in
STRUCTURE software (data not shown).

In PCA analysis, the first, the second and the third
principal coordinates accounted for 62.7%, 16.3% and
3.8%, respectively, of the total variation (Fig. 3). Thus,
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Table 1. List of isolates with their sources, host cultivars, year of collection and race classification.

Isolate Geographic origin Host, cultivar Year of
collection Race

PTR001 CZE - Prerov Triticum aestivum 1
PTR002 CZE - Praha-Ruzyne Triticum aestivum 2003 3
PTR003 CZE - Prostejov Triticum aestivum, Alka 2000 1
PTR004 CZE - Znojmo Triticum aestivum, Corsaire 2003 2
PTR005 CZE - Prerov Triticum aestivum, Hana 2000 1
PTR006 CZE - Ústí nad Orlicí Triticum aestivum, Zuzana 2003 1
PTR007 CZE - Chrudim Triticum aestivum 2001 1
PTR008 CZE - Uherské Hradiste Triticum aestivum 2003 1
PTR009 CZE - Prerov Triticum aestivum 1
PTR010 CZE - Praha-Ruzyne Triticum aestivum 2003 1
PTR011 CZE - Praha-Ruzyne Triticum aestivum 2002 1
PTR012 CZE - Svitavy Triticum aestivum, Samanta 2003 1
PTR013 CZE - Praha-Stupice Triticum aestivum, Zuzana 2003 1
PTR014 CZE - Praha-Stupice Triticum aestivum, Petrus 2003 1
PTR015 CZE - Plzen-Luzany Triticum aestivum, Complet 2002 1
PTR016 CZE - Pelhrimov Triticum aestivum, Ritmo 2000 1
PTR017 CZE - Chrudim Triticum aestivum, Alana 2001 1
PTR018 CZE - Praha-Ruzyne Triticum aestivum 2002 1
PTR019 CZE - Praha-Ruzyne Triticum aestivum, Sulamit 2002 8
PTR020 CZE - Opava Triticum aestivum, Versailles 2000 3
PTR021 CZE - Praha-Ruzyne Triticum aestivum, Clever 2002 1
PTR022 CZE - Praha-Ruzyne Triticum aestivum, Banquet 2002 1
PTR023 CZE - Brno Triticum aestivum, Ebi 2002 1
PTR024 CZE - Nymburk Triticum aestivum, Elpa 2002 1
PTR025 CZE - Kladno Triticum aestivum 2000 1
PTR026 CZE - Plzen-Luzany Triticum aestivum, Rialto 2002 1
PTR027 CZE - Kromeriz Triticum aestivum, Versailles 1998 1
PTR028 CZE - Plzen-Luzany Triticum aestivum, Samanta 2002 1
PTR029 CZE - Trebíc Triticum aestivum, Banquet 2002 1
PTR030 CZE - Prostejov Triticum aestivum 2002 1
PTR031 RUS Triticum aestivum 1
PTR032 CZE - Nymburk Triticum aestivum, Versailles 2002 1
PTR033 CZE - Náchod Triticum aestivum 2003 1
PTR034 CZE - Ústí nad Orlicí Triticum aestivum, Record 2002 1
PTR035 CZE - Beroun Triticum aestivum 2000 1
PTR036 CZE - Prerov Triticum aestivum, Bruta 2000 1
PTR037 CZE - Kromeriz Triticum aestivum 1998 1
PTR038 CZE - Príbram Poaceae 2001 3
PTR039 CZE - Chrudim Triticum aestivum, _árka 2001 1
PTR040 CZE - Kladno Triticum aestivum 2000 4
PTR041 CZE - Chrudim Triticum aestivum, _árka 2001 4
PTR042 CZE - Benesov Triticum aestivum 1998 1
PTR043 CZE - Praha-Stupice Triticum aestivum 2001 1
PTR044 CZE - Kladno Triticum aestivum 2000 1
PTR045 CZE - Prerov Triticum aestivum, Sulamit 2000 1
PTR046 CZE - Nymburk Triticum aestivum 2001 1
PTR047 RUS Triticum aestivum 1
PTR048 CZE - Chrlice Triticum aestivum, Corso 2003 1
PTR049 CZE - Litomerice Triticum aestivum 2003 1
PTR050 CZE - Plzen-Luzany Triticum aestivum, Rialto 2003 1
PTR051 CZE - Ústí nad Orlicí Triticum aestivum, Corso 2003 1
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PTR052 CZE - Plzen-Luzany Triticum aestivum, Samanta 2003 1
PTR053 CZE - Pelhrimov Triticale 2003 1
PTR054 CZE - Klatovy Triticum aestivum, Sulamit 2003 1
PTR055 CZE - Kromeriz Triticum aestivum, Versailles 1998 1
PTR056 CZE - Kutná Hora Triticum aestivum 2000 1
PTR057 CZE - Príbram Poaceae 2001 1

PTR058 CZE - Praha-Ruzyne Triticum aestivum 2000 1
PTR059 CZE - Litomerice Triticum aestivum 2003 1
PTR060 CZE - Benesov Triticum aestivum 1998 1
PTR061 CZE - Chrudim Triticum aestivum, Versailles 2001 1
PTR062 CZE - Kromeriz Triticum aestivum, Charger 1998 1
PTR063 CZE - Litomerice Triticum aestivum 2003 1
PTR064 CZE - Kladno Triticum aestivum 2000 3
PTR065 CZE - Chrudim Triticum aestivum, Versailles 2001 1
PTR066 SVK - Spisské Podhradie Triticum aestivum 2000 1
PTR067 CZE - Chrudim Triticum aestivum 2001 1
PTR068 CZE - Opava Triticum aestivum, Samanta 2001 1
PTR069 RUS Triticum aestivum 1
PTR070 CZE - Pelhrimov Triticum aestivum, Versailles 2003 1
PTR071 CZE - Pelhrimov Triticum aestivum, Grandis 2004 3
PTR072 CZE - Svitavy Triticum aestivum 2005 3
PTR074 ARG Triticum aestivum 2005 1
PTR075 ARG Triticum aestivum 2005 1
PTR076 USA (DW2) (Ali et al., 1999) 5
PTR077 ARG Triticum aestivum 2005 3
PTR078 SVK Triticum aestivum 2004 3
PTR079 CZE - Plzen-Luzany Triticum aestivum, Saxana 2003 1
PTR080 SVK - Viglas Triticum aestivum, Velta 2004 1
PTR081 CZE - Plzen-Luzany Triticum aestivum 2002 1
PTR082 SVK - Vrakuna Triticum aestivum 2004 1
PTR083 CZE - Plzen-Luzany Triticum aestivum 2002 3
PTR084 CZE - Pelhrimov Triticum aestivum, Floret 2005 3
PTR085 CZE - Litomerice Triticum aestivum, Ebi 2004 1
PTR086 ARG Triticum aestivum 2005 3
PTR087 CZE - Benesov Triticum aestivum, Akteur 2004 8
PTR088 CZE - Svitavy Triticum aestivum, Sulamit 2003 8
PTR089 CZE - Trebíc Triticum aestivum, Sandra 2005 1
PTR090 CZE - Plzen-Luzany Triticum aestivum, Leguán 2003 3
PTR091 CZE - Znojmo Triticum aestivum 2005 3
PTR092 ARG Triticum aestivum 2005 1
PTR093 ARG Triticum aestivum 2005 1
PTR094 CZE - Benesov Triticum aestivum, Samanta 2004 1
PTR095 SVK Triticum aestivum 2004 3
PTR096 CZE - Jicín Triticum aestivum, Rheia 2005 3
PTR097 CZE - Benesov Triticum aestivum, Samanta 2004 1
PTR098 CZE - Pelhrimov Triticum aestivum, Caphorn 2004 1
PTR099 CAN (ASC-1) (Ali and Francl, 2001) 1
PTR100 CAN (86-124) (Lamari and Bernier, 1989b) 2
PTR101 USA (DW16)  (Ali et al., 1999) 5
PTT-34 CZE - Hradec nad Svitavou Hordeum vulgare, Forum 1999
PTT-35 CZE - Drnholec Hordeum vulgare, Akcent 1998
PTT-36 CZE - Kromeriz Hordeum vulgare, Monaco 2000
PTT-37 CZE - Uhersky Ostroh Hordeum vulgare, Jaspis 1986
PTT-38 CZE - Bodorová Hordeum vulgare, Krystal 1986
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the first three principal coordinates explained 82.8% of
the total genetic variation. With respect to the first princi-
pal coordinate, isolates were separated into two groups
(Fig. 3). One group included isolates PTR040 and
PTR041 and the second cluster was formed by the rest of
PTR isolates as the UPGMA dendrogram shows (Fig. 2).

To study the structure of the larger cluster in the UP-
GMA dendrogram, hierarchical analysis of molecular
variance (AMOVA) was used. The total variation in
PTR populations was distributed firstly in three compo-
nents according to geographic origin: one component
explained by variation among distant populations (Cen-
tral Europe, Eastern Europe and Russia and America); a
second component explained by variation among local

populations; and a third component, namely variation
within local populations. Most variation was attributa-
ble to diversity within local populations (98.1%, P =
0.2), followed by local populations within distant popu-
lations (1.6%, P = 0.04) with variation between distant
populations (0.3%, P = 0.3) (Fig. 3a). 

To evaluate genetic structure according to the year of
sampling, the total variation was partitioned into two
groups: the first explained by variation within the years
2000 and 2002 (the period between two big floods in the
Czech Republic); and the second component explained
by the variation within the period after floods (2003-
2004). Most genetic variation was observed between iso-
lates within each year of sampling (95.5%, P = 0.01),
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PTT-39 CZE - Kromeriz Hordeum vulgare, Respekt 2005
PTT-40 CZE Hordeum vulgare, Erfa 1989
PTT-41 CZE - Kromeriz Hordeum vulgare 1989
PTM-40 CZE - Plzen-Luzany Hordeum vulgare, Merlot 2002
PTM-41 CZE - Plzen-Luzany Hordeum vulgare, Lu844 2003
PTM-42 CZE - Pusté Jakartice Hordeum vulgare, Nordus 2002
PTM-43 CZE - Plzen-Luzany Hordeum vulgare, Lu844 2003
PTM-44 CZE - Plzen-Luzany Hordeum vulgare 2005
PTM-45 CZE - Plzen-Luzany Hordeum vulgare 2005
PTM-46 CZE - Plzen-Luzany Hordeum vulgare 2005

Table 2. Multiplexed AFLP primer combinations used in the present study.

MseI EcoRI-fam   EcoRI-ned
EcoRI-joe

Number of polymorphic alleles -
total/only within PTR isolates

DI
(average)

DI
(only within PTR isolates)

CAC TG 29/11 0.168 0.198

AG 27/11 0.126 0.075

AT 27/12 0.164 0.168

CAG TC 22/10 0.180 0.149

TA 28/13 0.132 0.113

AT 34/18 0.130 0.074

CAA TC 29/15 0.108 0.059

AA 29/19 0.183 0.125

AT 31/17 0.103 0.064

CTA TG 26/10 0.118 0.108

TA 48/13 0.101 0.133

TT 33/11 0.107 0.155

TC 34/11 0.129 0.112

AA 42/23 0.106 0.065

AT 33/19 0.106 0.056

CTG TC 38/28 0.132 0.109

AA 29/17 0.135 0.092

AT 38/28 0.115 0.070

CTT TG 38/27 0.121 0.057

AG 33/18 0.154 0.092

TT 16/4 0.102 0.072

Total 21 664/335 0.128 0.096
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Fig. 1. Dendrogram produced using an unweighted pair-group method (UPGMA) cluster analysis based on Hamman dissimilarity
coefficients calculated from 664 different amplified fragment length polymorphism (AFLP) DNA fragments from Pyrenophora
tritici-repentis (PTR), P. teres f.sp. teres (PTT) and P. teres f.sp. maculata (PTM).
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Fig. 2. Dendrogram produced using a unweighted pair-group method (UPGMA) cluster analysis based on Hamman dissimilarity
coefficients calculated from 117 different amplified fragment length polymorphism (AFLP) DNA fragments from Pyrenophora
tritici-repentis (PTR).
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1.2% of genetic variation (P = 0.2) was found between
isolates collected before and after the second big flood
in August 2002 and 3.3% of genetic variation (P=0.03)
was observed between isolates within these two groups
(Fig. 3b).

Significant FST values were found between the dis-
tant populations (FST = 0.27) and between local popula-
tions within continent (FST = 0.04). Although a signifi-
cant FST value (FST = 0.14 and 0.18) was found between
local populations from Argentina and from North
America, respectively, as well as from the centre of Bo-
hemia, no significant FST values were found between the
population from the rest of the Czech Republic and all
other local populations, even that from central Bo-
hemia. From the period of sampling, the highest signifi-
cant FST value (FST = 0.10) was found between the pop-
ulations collected before and after 2002. Isolates sam-
pled in 2001 showed the highest number of polymor-
phic AFLP alleles (247), it is 183% of the mean value of
135.2 polymorphic alleles per year.

ITS sequences. Four isolates occurring in distant clus-
ters (Fig. 1 and Fig. 2) (PTR038, PTR040, PTR041 and
PTR057) were further analysed by means of ITS se-
quencing to verify if they really belonged to PTR species.
Two typical PTR isolates (PTR015 and PTR100) were
added into the analysis. PCR reactions with ITS4 and
ITS5 primers were done twice for each genotype and
each was sequenced three times with ITS4 and ITS5
primers, respectively. The consensus sequences for each
isolate were blasted. About 400 sequences were found
with E value being zero. Within these items, ITS se-
quences of all our isolates showed maximum identity 98-
99% with ITS sequences of PTR isolates (100 items),
94% of identity with ITS sequences of P. bromi and P. an-
dersenii and 92-93% with those of P. teres and P.
graminea. Although ITS sequences of isolates within the
Pyrenophora genus showed high similarity (E = 0, Max.
Ident. = 92-99%), ITS sequences of isolates PTR038,
PTR040, PTR041 and PTR057 showed higher similarity
with those of PTR than to other Pyrenophora species.

DISCUSSION

High level of genetic dissimilarity among isolates of
PTR collected mainly in the Czech Republic was re-
vealed in this study. The mean value of diversity index
(DI) was 0.128 over all populations and 0.096 for only
PTR populations. AFLP primer combinations CAC/ 
TG, CAC/AT and CTA/TT showed the most informative
value (0.198, 0.168, 0.155). So, for further analysis, it is
possible to choose a lower number of the most informa-
tive markers which makes screening cheaper and quicker.

The results from the cluster analysis indicate that the
genetic similarity among the isolates of PTR can by ex-

plained partly by race classification, host species, geo-
graphic origin and the year of sampling as well. Each fac-
tor has some impact on the structure of genetic variation.
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Fig. 3. Two-dimensional principal component analysis (PCA)
plot of Pyrenophora tritici-repentis (PTR) isolates originated
from the USA and Canada ( ), Argentina ( ), the centre of
Bohemia ( ), Slovak Republic and Russia ( ) and from the
rest of the Czech Republic ( ); Fig. 3a) factor 1 and 2; Fig.
3b) factor 1 and 3; Fig. 3c) factor 2 and 3.
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Fungi exhibit a wide array of reproductive strategies
that have an impact on their population biology. An im-
portant factor from many plant pathogenic fungi is the
relative abundance of sexual and asexual reproduction
within populations. Asexual reproduction leads to clonal
lineages that may exhibit a limited spectrum of virulence
within each lineage. Sexual reproduction creates many
new genotypes and allows new and existing virulence
genes to be recombined into a much different genetic
background with each sexual generation (Burdon and
Roelfs, 1985). PTR is a homothallic fungus with both
types of reproduction. The sexual stage of PTR occurs
on wheat stubble between crops, whereas the asexual
stage occurs during the crop growth. The occurrence of
sexual recombination in nature is likely the reason for
high level of genetic variability among isolates. Under
favourable conditions conidiospores can travel 10-200
km (De Wolf et al., 1998). PTR is also seed borne
(Schilder and Bergstrom, 1992), and therefore fungal in-
oculum can travel long distances. The occurrence of sex-
ual reproduction and long distance dispersal of inoculum
could contribute to the occurrence of genetic variability,
independent of race structure or geographic origin.

The genetic similarity among the studied isolates of
PTR was independent of race classification, with the ex-
ception of race 4. These results are not surprising, since
AFLP markers detect random variation that is distrib-
uted throughout the genome, whereas race classification
is based on specific loci within the genome. Moreover,
the degree of correlation between virulence and molecu-
lar markers is often low in populations that reproduce
sexually (Burdon and Roelfs, 1985; Schilder and
Bergstrom, 1992). Two isolates of the race 4 (PTR040,
PTR041) grouped together and showed a good deal of
genetic distance from the rest of PTR isolates. Race 4 is
considered to be non-pathogenic on wheat and is distin-
guishable at the molecular level. The isolates of race 4 oc-
cur mostly in non-cereal grass hosts (Ali and Francl,
2003) but we obtained them from wheat. The determina-
tion was confirmed using PCR marker specific to race 4
published by Martinez et al. (2004) and by innoculation
test on a set of differential wheat lines.

Lichter et al. (2002) compared the electrophoretic
karyotype of pathogenic and nonpathogenic PTR iso-
lates. A part of the chromosome including the gene for
PTR-ToxA, a peptide synthetase, and some repetitive se-
quences homologues to fungal transposable elements
are missing in nonpathogenic isolates (Lichter et al.,
2002). In nonpathogenic isolates, a ToxB-related gene,
toxb, was found (Martinez et al., 2004). The toxb gene
from nonpathogenic isolates is 86% similar to ToxB. As
no Toxb transcript was detected under culture condi-
tions, these genes differ likely in their transcriptional
regulation (Martinez et al., 2004). It is possible that
some of AFLP markers hit DNA regions that are differ-
ent between pathogenic and nonpathogenic isolates.
Then, pathogenic races and nonpathogenic race 4 can
be found to be very diverse for AFLP haplotype. 

Two other isolates determined as race 1 (PTR057)
and 3 (PTR038) but obtained from noncereal grass
hosts showed high dissimilarity from the rest of PTR
isolates. This corresponds to the work of Ali and Francl
(2003) who suggested that grass and wheat hosts carry
different populations of PTR.

To verify whether isolates PTR038, PTR057, PTR040
and PTR041 belong to PTR or to other Pyrenophora
species we did sequencing analysis of the ITS region. Ac-
cording to previous works of Zhang and Berbee (2001)
and Friesen et al. (2005) we also observed great similarity
of ITS sequences within the genus Pyrenophora. In den-
drogram based on ITS sequences of our isolates and ITS
sequences of several Pyrenophora species found in data-
base two clusters were detected. PTR isolates including
isolates PTR038, PTR057, PTR040 and PTR041 form
one cluster and in the second one, there are included iso-
lates of P. bromi, P. andersenii, P. dactyoides, P. phlei and
PTR as well. Despite of the genetic affinity of ITS se-
quences of Pyrenophora spp., the isolates PTR038,
PTR057, PTR040 and PTR041 showed higher similarity
to PTR isolates than to other Pyrenophora species.

The AMOVA analysis indicated that most of variabili-
ty occurred among isolates regardless of their geographi-
cal origin or year of sampling. Similar observations were
made by Santos et al. (2002), Singh and Hughes (2006),
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Table 3a. Analysis of molecular variance (AMOVA) of 100 P.
tritici-repentis isolates grouped according to their origin:
Czech Republic (centre Bohemia, the rest of the Czech Re-
public), eastern Europe (Slovak Republic and Russia) and
Americas (USA, Canada and Argentina).

Source of variation d.f. Sum of
squares Variance % Genetic

variation

Among groups 2 44.03 0,06 0.3

Among populations 3 64.94 0.30 1.6

Among isolates 94 1720.66 18.30 98.1

Total 99 1829.63 18.66 100

Table 3b. Analysis of molecular variance (AMOVA) of 100 P.
tritici-repentis isolates grouped according to the year of col-
lection: group A (2000 and 2001) and group B (2002, 2003
and 2004).

Source of variation d.f. Sum of
squares Variance % Genetic

variation

Among groups 1 34.92 0.25 1.2

Among populations 3 78.75 0.62 3.3

Among isolates 64 1165.52 18.21 95.5

Total 68 1279.19 19.08 100
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Friesen et al. (2005) and Mironenko et al. (2007). Santos
et al. (2002) studied intraspecific genetic dissimilarity of
PTR using RAPD and morphological analyses. They
found that it was not possible to establish a relationship
between morphological and genetic dissimilarity and the
geographical regions from where the host seeds were col-
lected. The same results were obtained by Singh and
Hughes (2006). The results obtained by Mironenko et al.
(2007) showed that most of genetic variation occurs with-
in populations (72-75%) than between them (25-28%).
Friesen et al. (2005) who used AFLP to study genetic dis-
similarity of P. tritici-repentis isolates originating from sev-
eral countries through the world, also found no close cor-
relation between genetic similarity and geographic origin.
Isolates from regions and even distant countries had, in
some cases, a high genetic similarity and were clustered
into the same molecular group (Friesen et al., 2005). The
same observation was made in this study. The isolates
from the same region appeared in different groups and
most of the isolates which shared the highest similarity
coefficients were from different geographic regions in the
Czech Republic. 

No significant FST values were found between iso-
lates from the eastern part of the Czech Republic and
isolates from the USA and Canada as if it was one popu-
lation. The Czech isolates could have been introduced
from North America (Friesen et al., 2005) but more
samples from both regions should be analysed to re-
solve this question. Isolates from the Eastern part of the
Czech Republic, from Slovak Republic and from Russia
form genetically very close populations. It could depend
on seed exchanges or similar breeding programmes and
farming practices in these countries. 

Isolates from the centre of the Czech Republic showed
more similarity and form tighter groupings than isolates
from more distant parts of the Czech Republic. This
grouping could correspond to the fact that isolates from
the centre of the Czech Republic were collected from
fields neighbouring with experimental plots where artifi-
cial infections are done every year (Praha-Ruzyne, Praha-
Stupice, Nymburk). As a mixture of the same isolates has
been used for several years (Palicova, personal communi-
cation) and conidiospores can travel long distances (De
Wolf et al., 1998), the inoculum used in tests formed
enormous infection pressure that likely affected the level
of the genetic variation in PTR local populations.

Moreover, the low level of genetic dissimilarity within
the local PTR population could be a result of the fact
that this fungus is homothallic with the coexistence of
sexual and asexual reproduction. Offspring from both
pathways have then the same genotype. Bruggeman et
al. (2003) have dealt with this problem with Aspergillus
nidulans and came to the conclusion that the two types
of spores differ in their ecological role: i.e. coni-
diospores enable fast occupation of locally available
hosts, while ascospores allow survival from environmen-

tal stresses – in the case of PTR – winter period. Each
such period constitutes a bottleneck of relatively few
surviving spores with the best fitness to build up of the
new population (Bruggeman et al., 2003).

Isolates from distant regions (Canada, USA, and so on)
showed a higher level of genetic variability but they are
spread out among Czech isolates and do not form their
own separate cluster. Only isolates from Argentina form
their own cluster but with bootstrap values lower than 50.
Most of genetic variability occurred among isolates, re-
gardless of race classification, geographic origin or year of
sampling. This indicates that the population is preferen-
tially outcrossing in nature and that the introduction and
spread of this population is either relatively recent or that
there has been a constant worldwide flow of this fungus
namely in association with hosts, for example by seed
movement between continents (Friesen et al., 2005). This
is possible because PTR has a wide host range and is a
seed-borne pathogen (Ali and Francl, 2003).

Despite of the fact that sequence analysis of ITS re-
gion fails to clearly divide different species of the genus
Pyrenophora, there is clear differentiation between the
species at the AFLP level. In the present study, UPG-
MA analysis based on AFLP data clearly distinguished
between studied Pyrenophora spp.: PTR, PTT and
PTM. This agrees with our previous work (Leisova et
al., 2005b) and with the studies of Campbell et al.
(1999), Williams et al. (2001) and Rau et al. (2003). Un-
like the work of Friesen et al. (2005), only a few bands
were shared among all studied species. On the other
hand, many bands specific only to PTR were detected.
Some of them could be used to develop the species spe-
cific PCR marker (Leisova et al., 2005a).

The question of the origin of PTR population could
be answered if investigations were carried out with
greater number of isolates from all over the world
where wheat is growing including Middle East, i.e the
centre of origin and earliest known place of domestica-
tion for many cereal crops. Increased knowledge of the
population biology of PTR is likely to lead to better
management of disease in agricultural ecosystems.
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