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Abstract

In 1993-1996, the virulence of regional populations of the wheat powdery mildew patheyesiphe graminis

DC f. sp.tritici Marchal) from the Czech Republic, Austria, Hungary and Slovakia against 13 resistance genes
was investigated. The populations differed mainly at the regional level. Populations from the Czech Republic,
mainly from the western regions, showed higher values of virulence againBntdbgene. Lower frequency of
virulence againsPm4bwas found in Austria, and the lowest value was observed in Hungary. The differences in
frequencies of virulence agairBm4aandPm4bshowed a similar geographic pattern across the four countries:

a continuous decline from west to east and from north to south. Virulence agai2stecreased in all countries
considered; virulence tpm5, Pm6, Pm&ndMlIi was high throughout. Genes and gene combinations that can
ensure a relatively effective biological protection against this pathogen across Central Europe at prése8bare
Pm2+MId andPm1+2+9. Czech and Slovak populations were the most complex: virulence complexity reached a
maximum in Slovakia in 1994. A similar evolution, though less significant, was observed in the Czech Republic.
Data on complexity of isolates suggest that Central European populations of wheat powdery mildew tend to reach
an intermediate level representing the optimal number of virulence genes. This process is probably a consequence
of stabilizing selection.

Introduction other because there are no obstacles to this pathogen
across different countries. For this reason, in the
past years attention has been focused on the sur-

Powdery mildew is one of the most important fungal yey of the pathogen across extensive regions (Wolfe

diseases of wheat and is causeddvysiphe graminis  and Limpert, 1987; Felsenstein et al., 1991; Zeller

f. sp. tritici. There are several ways to control this and Fischbeck, 1992; Andrivon and Vallavieille-Pope,

disease. The biological control is based on cultivat- 1993).

ing wheat varieties carrying specific or non-specific  The first survey on frequency of some virulence

resistance or on growing mixtures of varieties. The genes of wheat powdery mildew from Austria and

history of intensive growing of wheat as a monocul- the former Czechoslovakia was presented by Felsen-
ture over the past years favoured rapid adaptation of gtein (1991). Virulence in one locality in Hungary has
the pathogen to overcome the resistance of host va-peen investigated over a longer period by Szunics and
rietie_s_formed by specific resistance genes as well as szynics (1992, 1995). Survey of virulence of wheat
fungicides. powdery mildew in Slovakia began in 1992 (Svec et

As powdery mildew conidia are spread by wind, g, 1993). In 1993, this research was also extended to
populations in different countries can influence each
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sampling routes in the years
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Figure 1. Network of spore sampling routes in 1993-1996.

the neighbouring countries. The aim of this survey is different varieties from the field. Sampling was car-
to provide information on actual effectiveness of ma- ried out in May. Trapped spores were incubated in
jor resistance genes and on development of virulencea climate chamber at 18C under continuous light
patterns in this part of Central Europe. (960 lux) . After 10 days of incubation each differ-
ential set was inoculated with the progeny of a single
colony isolate by drawing spores into a pipet and

Materials and methods blowing them into a miniature settling tower at the
bottom of which the differential set was placed on agar
Random spore samples &frysiphe graminisDC f. in a Petri dish. Inoculum density was approximately

sp. tritici were obtained from air by means of a jet 200 conidia cm?. Twelve days after inoculation the
spore sampler mounted on the roof of an automo- severity of attack on each leaf segment was scored rel-
bile (Schwarzbach, 1979; Limpert and Schwarzbach, ative to a susceptible check in the set. Single colonies
1981; Limpert et al., 1984) while driving across re- of isolates were analysed on sets of leaf segments
gions of interest for epidemiology and wheat cultiva- (length of 1.5 cm) cut from the first leaf of 8-10 day-
tion. The distance covered during sampling averaged old seedlings. Virulence tests were carried out on a
150 km (Figure 1). Trapped spores from the air fell differential set consisting of near-isogenic lines with
onto segments of primary leaves of the susceptible Chancellor background and other varieties with single
wheat variety KoSutka placed in Petri dishes con- gene or combination of resistance genes: Axmin-
taining 7% agar with 30 mg benzimidazole litfe ster/8xCc Pml), Ulka/8xCc Pm32, Asosan/8xCc
Additionally, spores were collected by means of a (Pm33, Chul/8xCc Pm3b, Sonora/8xCc Rm39,
stationary nursery (seedlings of the susceptible vari- Khapli/f8xCc Pm4g, Armada/8xCc Pm4b, Hope

ety KoSutka grown in pots were exposed to air on (pm5, Timgalen Pm6, Salzmuende 14 Am§),
high buildings) or by collecting them from plants of
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Table 1. Distribution of the virulence against wheat resistance genes in 1993 (in %)

Locality” SK1 SK2 SK3 SK4 SK5 Cz1 Al H1 H2 H3 H4 H5

n 19 24 22 29 22 30 30 17 19 30 26 22
Resist.

Genes

Pm1l 22 67 41 52 68 34 61 47 37 26 58 50
Pm2 ) 96 50 90 86 63 65 53 100 29 69 68
Pm3a 26 71 41 42 27 44 39 20 47 42 50 59
Pm3b 5 17 10 3 14 39 14 30 27 23 8 23
Pm3c 32 83 68 66 55 53 71 60 40 31 50 82
Pm4a 74 58 59 52 41 75 77 a7 21 65 39 64
Pm4b 58 33 55 41 27 56 19 6 11 53 31 41
Pm6 79 100 100 93 81 91 55 88 100 94 100 96
Pm2+Mid 5 ) 18 ) 23 17 29 10 5 15 27 32
Pm1+2+9 5 21 23 17 23 6 23 35 16 13 19 14

(=) = not evaluated, n = number of isolatéssee Figure 1.

SK1 = Moldava n/B. — Slov.N.Mesto, SK2 = Nitra - Kremnica -damec, SK3 = Bratislava - Nitra, SK4 = Bratislava - loISK5
= PieSt'any - Pov. Bystrica - Ruzomberok, CZ1 =é&imice - Brno, Al = Bratislava - Wien, H1 =aBar - Nagykanizsa, H2 =
Nagykanizsa - Siofok, H3 = Brton\as.- Dunafoldar, H4 = Jaszbény - Karcag, H5 = Karcag -&oraljaljhely.

Table 2. Distribution of the virulence against wheat resistance

genes in 1994 (in %) Results

Locality SK6 SK7 SK8 SK9 SK10 Cz2 CZ3 A2 Regional differentiation

n 34 34 27 6 B 6 M B Regional populations differed from each other in their
Resist. virulence pattern. Virulence frequenciespgm5 Pm8
Genes andMli were close to 100%. Populations from Slo-
Pm1 74 79 37 50 61 58 74 44 vakia, where the highest number of samples was
Pm2 68 65 74 S50 61 46 T4 44 analysed, showed first an increase in virulence in 1994
Pm3a 65 56 33 65 29 42 21 32 followed by a subsequent decrease in later years (Ta-
Pm3b 3 3B 7 23 11 1 21 36 bles 2, 3, 4). This pattern of virulence was typical
Pm3c 100 94 59 77 40 8 77 60 mainly of the regional populations from western Slo-
Pmaa 74 77 89 62 68 92 71 72 vakia (Figure 1, localites SK3, SK4, SK6, SK7,

Pm4b 56 53 63 42 61 76 44 40
Pm6 91 94 93 93 100 93 91 96
Pm2+Mid 15 24 37 8 7 15 3 24
Pml1+2+9 21 41 26 27 36 42 21 12

SK8, etc.). Regional populations from eastern Slo-
vakia (localities SK1, SK10, SK16, SK22), mainly

in 1993-1995, as compared to the other populations,
showed a lower frequency of virulence against alleles

n= numllzelr of isolates, see IFigure 1 of thePm3locus and, in turn, an increased frequency
SK6 = Skalica, SK7 = Bratislava, SK8 = Nitra, SK9 = Kamo, ; Hem _

SK10 = Michalovce, CZ2 = Praha, CZ3 = Vranov n/D., A2 = agal.nSt bO.th alleles .Oft. Alocus (Tables 1 3)' Th?
Bratislava - Wien. maximum increase in virulence of the total population

of powdery mildew in Slovakia, recorded in 1994 in
] ] . ] up to 9 virulence genes, was statistically significant in
Milan (Mli), Maris Dove Pm2+Mlid), Normandie  yjrylence genes again®m3h Pm3¢ Pm4da Pm4b,
(Pm1+Pm2+PmY and KoSutka as the susceptible pm5andPm1+2+9(Table 5).

control. Sporulation of more than 50 per cent was — Regional differences in virulence pattern of pop-
considered to be a virulent reaction. The differences yjations were also observed in the Czech Republic.

in virulence frequency of the powdery mildew popula- |, the eastern regions called Moravia (localities CZ1,
tions and the differences in mean number of virulence cz3 cz6, Cz8, Figure 1), lower values of virulence
genes per isolate in particular countries between the ggainstPm4bwere observed than in western regions.
years were calculated by use of-gest. The population from the western regions from locality

Bor (CZ4, Figure 1) differed from the others mainly by
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Table 3. Distribution of the virulence against wheat resistance genes in 1995 (in %)

Locality SK11 SK12 SK13 SK14 SK15 SK16 CzZ4 CzZ5 CZ6 A3 A4 H6 H7 H8 H9 HI10

n 34 26 25 38 38 40 25 30 36 23 15 35 27 31 31 34
Resist.

Genes

Pm1 41 46 32 34 84 58 40 43 33 48 60 46 67 32 29 44
Pm2 68 54 52 68 76 68 72 77 69 70 87 77 78 74 55 74
Pm3a 12 65 28 34 21 43 4 33 33 17 27 26 33 21 32 27
Pm3b 18 42 20 18 18 25 4 30 25 26 0 3 15 3 16 21
Pm3c 71 92 64 87 63 58 44 53 83 39 40 80 93 81 84 85
Pm4a 68 46 72 61 79 75 92 83 83 91 40 49 59 48 48 47
Pm4b 38 28 28 24 58 58 88 70 64 57 13 43 26 21 23 27
Pm6 100 100 76 100 100 95 92 97 97 96 93 100 96 100 100 100
Pm2+Mld 6 8 28 5 25 23 8 13 11 9 7 9 11 6 10 6

Pm1+2+9 12 12 21 11 26 15 20 17 19 13 13 17 37 16 16 27

n = number of isolate$,see Figure 1.

SK11 = Skalica, SK12 = Bratislava, SK13 = Nitra, SK14 = Kamo, SK15 = RuZzomberok, SK16 = Vranov n/T., CZ4 = Bor, CZ5 =
Plzeh, CZ6 = Vranov n/D., A3 = Linz, A4 = Bratislava - Wien - Kittsee, H6 = Vesapr H7 = Veszpgm - Fapa, H8 = Gyor - Moson, H9

= Tatatanya, H10 = Szkesfelervar.

Table 4. Distribution of the virulence against wheat resistance genes in 1996 (in %)

Locality SK17 SK18 SK19 SK20 SK21 SK22 CZ7 CZ8 CZ9 CZ10 CZ11 A5 A6 H11l H12 H13 H14

n 32 24 10 26 38 39 36 21 43 15 12 21 35 25 26 28 24
Resist.
genes
Pmil 44 38 10 69 55 41 58 29 47 47 42 14 54 44 27 43 46
Pm2 25 46 70 77 50 41 50 52 40 53 75 38 29 40 42 39 29

Pm3a 53 25 20 42 45 26 36 33 37 33 25 24 46 36 42 36 54
Pm3b 16 13 20 42 11 5 8 0o 21 7 33 10 17 16 12 11 13

Pm3c 94 75 100 73 68 69 7w 71 79 67 58 62 77 72 8 8 88
Pm4a 66 83 80 73 71 62 78 8 93 73 67 52 80 64 77 71 63
Pm4b 31 46 50 31 34 28 53 62 72 47 67 10 66 44 46 36 33
Pm6 88 92 90 77 87 95 86 92 91 93 100 86 91 68 73 71 83
Pm2+Mid 16 13 0 21 21 8 17 24 14 33 17 5 11 O 4 4 17

Pm1+2+9 19 13 10 18 18 8 35 14 26 27 33 14 26 16 8§ 18 21

n = number of isolated’, see Figure 1.

SK17 = V. Meder - Nitra, SK18 = Nitra - Ziar n/H., SK19 = Ziar n/H. - llava, SK20 = llava - Piest'any, SK21 = PieSt'any - Bratislava,
SK22 = Vranov n/T., CZ7 = Sn - Pellfimov, CZ8 = Mor.Bugjovice - Heclav, CZ9 = Pélmov - Ceslé Budjovice, CZ10 =Cesle
Budéjovice - Moravsk Budgjovice, CZ11 = Velk Bite$, A5 = Kittsee - Hollabrunn, A6 = Kittsee - Graz, H11 = Veszpr H12 =
Nagykanizsa, H13 = Siok, H14 = Halma - Gyor.

lower virulence againd®m3 and, in turn, by a higher  higher virulence again§m4a Pm4h pm5andPm8
virulence againd?m4aandPm4hb was seen compared to that in Lower Austria.

The population from Lower Austria (localities A1, The population from Hungary in 1993 was charac-
A2, A4, A5), as compared to the others, except terized by lower values againBml, Pm4g Pm4band
Hungary, was characterized mainly by lower occur- by higher values against tim3locus. This situation
rence of virulence again§tm4hb During 1993-1995,  was maintained also in 1995 and 1996.
an increase in virulence againBm6 was noted in
this population. In Upper Austria (locality Linz, A3),
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Table 5. Average values of the frequency of virulence in the countries in 1993 - 1996 and complexity of isolates
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Country SK  SK SK SK  sSK SK SK SK cz Cz Ccz Cz cCz Ccz cz Ccz
Year 1993 1994 Signif. 1995 Signif. 1996 Signif. Signif. 1993 1994  Signif. 1995 Signif. 1996 Signif. Signif.
Signific. 93-94 94-95 95-96 93-96 93-94 94-95 95-96 93-96
Pm1 509 617 - 50.7 + 46.7 - - 344 66.7 ++ 38.4 ++ 46.4 - -
Pm2 814 644 ++ 65.7 - 479 ++ ++ 625 617 - 725 - 49.6 ++ -
Pm3a 422 503 - 32.8 ++ 373 - - 440 299 - 252 - 346 - -
Pm3b 9.6 242 ++ 229 - 16.0 + - 38.8 11.7 ++ 208 - 134 - ++
Pm3c 62.1 758 + 716 - 769 - ++ 529 81.7 ++ 62.6 ++ 740 - +
Pm4a 56.0 73.8 ++ 676 -— 704 - + 75.0 799 - 856 -— 82.7 - -
Pm4b 422 550 + 404 ++ 343 - - 56.3 58.1 - 725 - 61.4 + -
pm5 91.4 100.0 ++ 97.0 - 100.0 + ++ 93.7 100.0 + 989 - 99.2 - +
Pm6 91.3 939 - 96.0 - 88.2 ++ - 90.6 91.7 - 95.6 - 90.8 - -
Pm8 100. 98.7 - 97.0 - 100.0 + - 100.0 984 - 96.7 - 100.0 + -

Mii 939 980 - 940 - 98.8 ++ ++ 84.4 100.0 ++ 956 - 93.6 - ++
Pm2+Mid 159 181 - 156 - 154 - - 16.6 83 - 11.0 - 189 - -
Pm1+2+9 18.1 30.2 + 159 ++ 142 - - 6.3 299 ++ 18.7 - 273 - ++

C (%) 58.1 64.9 59.0 57.4 58.1 62.9 61.1 60.9

Xi 7.48 8.37 ++ 7.65 ++ 7.45 — - 753 818 - 7.95 — 7.89 — -
SDy; 0.15 0.16 0.12 0.13 0.29 0.18 0.17 0.16

N 116 149 201 169 30 60 91 127

Signif. = Significance of the difference between the years, ++ = significant difference at P = 0.01, + = significant difference at P = 0.05, - =
no significant difference; SK = Slovakia, CZ = Czech Repulllq%) = complexity of isolates (in per cent); = mean number of virulence
genes per isolate§ D x; = standard error of mean;= number of tested isolates.

Table 5. Continued: Average values of the frequency of virulence in the countries in 1993-1996 and complexity of isolates

Country A A A A A A A A H H H H H H

Year 1993 1994  Signif. 1995  Signif. 1996  Signif. Signif. 1993 1995  Signif. 1996  Signif. Signif.
Signific. 93-94 94-95 95-96 93-96 93-95 95-96 93-96
Pm1 61.3 44.0 - 52.6 - 39.3 - + 42.8 43.0 - 39.8 - -
Pm2 64.5 44.0 - 76.3 ++ 32.1 ++ ++ 61.1 715 - 37.9 ++ ++
Pm3a 38.7 32.0 - 21.0 - 37.5 - - 44.7 27.6 + 41.7 + -
Pm3b 13.9 36.0 + 26.1 - 14.3 — - 211 114 - 12.6 - -
Pm3c 70.9 60.0 - 39.5 - 71.4 ++ - 64.0 84.2 ++ 82.5 - ++
Pm4a 77.4 72.0 - 71.1 - 69.6 - - 48.6 50.0 - 68.9 ++ ++
Pm4b 19.3 40.0 - 39.4 - 44.6 - + 31.4 28.2 - 39.8 - -
pm5 96.7 100.0 - 97.4 - 100.0 - - 97.4 100.0 - 100.0 - +
Pmé6 54.8 96.0 ++ 94.7 - 89.3 - ++ 95.7 99.4 - 73.8 ++ ++
Pm8 100.0 84.0 ++ 92.0 - 98.2 - - 95.6 95.6 - 98.0 - -

Mli 96.7 100.0 - 92.0 - 96.4 - - 79.9 96.8 ++ 98.0 - ++
Pm2+Mid  29.0 24.0 - 7.9 - 8.9 - + 18.7 8.2 + 5.8 - ++
Pml1+2+9 22.6 12.0 - 13.1 - 21.4 - - 18.3 22.1 - 155 - -

C (%) 57.4 57.2 55.6 55.6 55.3 56.7 54.9

Xi 7.53 744 - 721 - 716 - - 7.21 737 - 710 - -
SDy; 0.31 0.44 0.28 0.25 0.16 0.13 0.16

N 30 25 38 56 114 158 103

Signif. = Significance of the difference between the years, ++ = significant difference at P = 0.01, + = significant difference at P = 0.05, - = no
significant difference; A = Austria, H = Hungarg; (%) = complexity of isolates (in per centy; = mean number of virulence genes per isolate;
SDy; = standard error of mean;= number of tested isolates.
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Evolution of virulence frequencies Discussion

During 1993-1996, a decline was recorded in viru- It is evident that the development of powdery mildew
lence againsPm2in all four countries. A moderate  populations in Central Europe does not occur at the
increase in virulence was found agaiRsh4h mainly same time and equally in all countries of this re-
in the Czech Republic and Hungary, and a similar situ- gion. Nevertheless, certain tendencies common to all
ation was also recorded agaifsh4a The differences ~ populations may be noted. If the resistance genes
in frequencies of both virulences showed an identical are divided into several groups according to their ef-
geographic pattern across the four countries: a consis-fectiveness, the classification will be identical in all
tent decline from west to east and from north to south. countries. For example, in each country, gepes
The highest values of these virulences were found in Pm6 Pm8andMIli have been overcome. Despite high
western Czech Republic and Upper Austria; generally values of virulence against these genes, varieties car-
the lowest values were seen in Hungary. During the rying pm5 Pm6andPm8resistance genes still posses
investigated years, a change was recorded in effec-an intermediate mildew control in the field and are
tiveness of the®m6 gene. While in eastern Slovakia being cultivated in large areas (UKSUP, 1996). This
and in Lower Austria virulence in 1993 reached 80% difference between high virulence on primary leaf
and 55%, respectively, in subsequent years this viru- segments (under laboratory conditions) and the low
lence exceeded 90%, thus reclassifying this resistancedegree of infection in the field may be a consequence
gene as ineffective. During the whole investigated pe- of higher resistance of adult plants depending on non-
riod, thepm5 Pm§ andMli genes were ineffective.  specific resistance gene expression. A comparison of
Gene combinationPm2+MId andPm1 + 2 + 9 be- our four-year results with earlier data (Felsenstein,
longed to the most effective resistance genes in all four 1991) revealed that effectiveness changed mainly for
countries and during the whole investigated period. genesPm4b and Pm6 over the years. It is proba-
Average values of virulence against them varied in the ble that in eastern Slovakia the pathogen population’s
respective countries from 5% to 30% (Table 5). The adaptation to the presence of resistance g&méis
severity of infection of genotypes carryiigml1 and delayed, as in 1992 (Svec et al., 1993) the frequency
Pm3genes varied considerably, mainly in a region- of virulence in this region reached about 30% while
dependent manner. The ratio of effectiveness amongin western Slovakia virulence reached 100% as early
alleles ofPm3was always maintained: the most ef- as in 1993 (Table 1). A contrary virulence dynamics
fective allele beind®m3band the least effective being was observed againBim2, despite the fact that gene
Pm3c combinationPm2+6is often incorporated into wheat
varieties (HanuSova, 1993; Limpert et al., 1994). This
) fact provides evidence for different durable effective-
Complexity ness of these two genes, in conformity with the divi-
sion of genes into strong and weak ones (Vanderplank,
The value of complexity of the isolates was calculated 1968).
in two ways: as the average value of all virulences AgainstPm4bgene, which during 1989-1992 was
(in%) for the respective country (C%, Table 5), and one of the most effective genes (Felsenstein, 1991;
also on the basis of pathotype data, i.e. based onSvec et al., 1993], a considerable increase in vir-
the mean number of virulence genes per isolate (x ulence was observed mainly in the Czech Republic
Table 5). where, of 18 registered varieties, 8 carried this gene.
Statistically significant changes in complexity Pm4bseems to have been incorporated first into va-
were found only in data from Slovakia. Here, the rieties which are recommended for growing either in
average value reached the maximum in 1994, but dur- intermediate or in higher altitudes (beet- and potato-
ing the next two years its value again declined to the growing regions) with a more humid climate, where
original level. Similar trends in development of com- the virulence values against this gene are high (Prague
plexity, although below the level of significance, were - CZ2, Bor— CZ4, Plzé - CZ5, Ruzomberok — SK15,
observed in the Czech Republic. The Austrian and Figure 1, Tables 2, 3). With regard to variability of
Hungarian populations were in equilibrium, although virulence againdPm4a,certain tendencies can be ob-
since 1993 the mean number of virulence genes in served: a clear decline in virulence from west to east
Austria has shown a slight decrease. (CZ - SK, A —H) and from north to south. The sim-
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ilar pattern of virulence against these two resistance virulence genes depending on the strength of direc-
genes suggests the possibility of a closer genetic re-tional and stabilizing selection. Although in Slovakia
lationship of the respective genes. From data on the there was a decrease in the selection pressure due to
complexity of isolates in Slovakia and the Czech Re- the reduction in varieties with resistance geRes4b
public, a similar increase was seen in 1994 and a andpmb5in 1995 (Svec et al., 1997), virulence against
decrease during the following years (Table 5). It is Pm4b correspondingly decreased firstly in western
probable that the development of the pathogen popu- Slovakia, while virulence againpm5remained at the
lations in agroecosystems takes place in certain cyclessame high level.
with different amplitude depending on the environ- The problem of stabilizing selection in crop
mental conditions, as described by Clarke (1976) for pathosystems is not definitely resolved in our opinion
natural host-pathogen systems. Similar cycles can beand in the future it will be necessary to observe the vir-
deduced also from data representing the developmentulence and its complexity (necessary and unnecessary
of virulence of wheat powdery mildew in Switzerland genes) contemporaneously in a long temporal period
in 1980-1989 (Winzeler et al., 1991). A repeating and over an extensive area.
cyclical pattern of virulence againktla 12 in barley
was described by Wolfe (1984) in Great Britain. The
existence of cycles, i.e. increase and decrease in in-References
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