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ABSTRACT

Kema, G. H. J., Annone, J. G., Sayoud, R., Van Silfhout, C. H., Van
Ginkel, M., and de Bree, J. 1996. Genetic variation for virulence and
resistance in the wheat-Mycosphaerella graminicola pathosystem. L.
Interactions between pathogen isolates and host cultivars. Phytopathol-
ogy 86:200-212,

Genetic variation for virulence in 63 Mycosphaerella graminicola
isolates, originating from 13 countries, was studied in two seedling ex-
periments. Each experiment was performed according to a partially bal-
anced incomplete block design with four replications over time. The first
experiment put emphasis on M. graminicola isolates that originated from
bread wheat, and comprised 50 isolates that were inoculated on a set of
testers containing 19 bread wheat cultivars, four durum wheat cultivars,
and one triticale cultivar. In the second experiment more attention was
paid to M. graminicola isolates that originated from durum wheat, and
comprised 15 isolates that were inoculated on a set of testers containing
17 durum wheat cultivars, four bread wheat cultivars, one triticale culti-
var, and a Triticum turgidum subsp. dicoccoides accession. Two disease
parameters, the presence of necrosis (N) and pycnidia (P) estimated as

percentages of primary leaves, were employed to measure disease sever-
ity. Genetic variation for virulence in the pathogen isolates and genetic
variation for resistance in the host cultivars were estimated by analyses
of covariance. The significance of cultivar x isolate interactions in both
experiments and for each disease parameter suggested a gene-for-gene
interaction between resistance and virulence loci in host and pathogen,
respectively. An agglomerative hierarchical clustering procedure, that
used one df component of interaction between isolates and cultivars as a
proximity measure, was employed to study the similarity between iso-
lates and cultivars. Discrepancies between N and P resulted in noniden-
tical clusters of isolates and cultivars when considering these parameters
separately, which suggested that N and P were under different genetical
control. Evidently, isolates of M. graminicola were specialized to either
bread wheat or durum wheat. This was particularly evident when con-
sidering P. It is proposed, therefore, to designate two varieties in M.
graminicola that refer to the host species specialization in this pathogen.

Additional keywords: pathogenic variation, pathotypes, races, Septoria
tritici, Triticum aestivum, Triticum turgidum subsp. durum.

Septoria tritici leaf blotch is a fungal disease of bread wheat
and durum wheat, Triticum aestivum L. and T. turgidum (L.)
Thell. subsp. durum L., respectively. The disease is caused by
Septoria tritici Roberge in Desmaz. or its teleomorph Myco-
sphaerella graminicola (Fuckel) J. Schrot. in Cohn, that has been
reported in several wheat-producing areas of the world
(14,34,36). It is particularly a major problem in regions character-
ized by a temperate, high rainfall environment during the wheat
growing season, such as the Mediterranean Basin, Eastern and
Central Africa, and the Southern Cone of South America
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(12,20,40). High incidences and disease severities were also re-
ported in the United States and Mexico, as well as in some Euro-
pean countries, New Zealand, and Australia (12,29).

Relative humidity (RH) and temperature are considered to be
key determinants for successful penetration of the host and its
further colonization by the fungus (16). Based on interactions
between temperature and leaf wetness periods, temperatures of 20
to 25°C were considered to promote infection (23). Pycnidia are
produced under a RH range of 35 to 100% with an optimum at
85% (27), although Shaw and Royle (38) reported that for a sus-
ceptible cultivar, nonconducive weather conditions in the field did
not seem to limit disease establishment.

Restriction fragment length polymorphism (RFLP) markers
show extensive genetic variation in M. graminicola (24,25). Ge-
netic variation for virulence, as expressed by interactions between
host and pathogen genotypes, has been a questionable subject




since physiologic specialization in this fungus was suggested,
despite reported declines in effectiveness and an inconsistent ex-
pression of resistance in wheat to M. graminicola
(10,12,17,26,30,33,43). The majority of studies on the wheat-M.
graminicola pathosystem dealt with bread wheat and bread
wheat-derived isolates (20,26). Tetraploid wheat species were
reported to be more resistant to M. graminicola than bread wheat
(6,44). Van Ginkel and Scharen (41,42,43) analyzed the resis-
tance in durum wheat, and concluded that interactions between
host and pathogen genotypes were of minor importance, since
additive gene effects and general combining ability explained the
greater part of the genetic variation for resistance that was re-
vealed in their inheritance studies. Therefore, they suggested that
host species specialization in M. graminicola was a much simpler
explanation for reported physiologic specialization (10), and
hence the absence of differential gene-for-gene relationships, thus
variation for aggressiveness rather than virulence, among M.
graminicola isolates. In addition, proportions of the total variance
in analyses of variance that were attributable to interaction were
low and not always significant (12,43,44). This ambiguity and the
inconclusive reports on host-pathogen interactions, obviously
thwart the development of effective breeding strategies, which has
been the most widely adopted strategy to control M. graminicola
(20,26,40). Inheritance of resistance in wheat to M. graminicola
was reported to be conditioned by single or multiple dominant
and recessive genes with major effects, as well as by additivity of
resistance factors with a less pronounced effect (26,42).

The present contribution was part of a larger study that was un-
dertaken to elucidate genetic variation for virulence in the wheat-
M. graminicola pathosystem, and comprised two experiments.
The first experiment largely dealt with isolates from bread wheat,
whereas the second experiment mainly involved isolates that
originated from durum wheat.

MATERIALS AND METHODS

Plant materials. In the first experiment, 19 bread wheat culti-
vars, four durum wheat cultivars, and one triticale (x Triticosecale
Wittmack) cultivar were employed. In the second experiment, 17
durum wheat cultivars, one T. turgidum (L.) Thell. subsp. dicoc-
coides (Korn) Thell. (zenomes AABB, 2n = 28) accession, one
triticale cultivar, and four bread wheat cultivars were utilized to
study genetic variation for virulence and resistance (Table 1).

M. graminicola isolates. Leaf samples were collected in 13
countries and originated from bread wheat and durum wheat cul-
tivars. Monopycnidial M. graminicola isolates were obtained (18)
that were used to inoculate susceptible wheat cultivars (‘Inbar’ and
‘Lakhish’ for durum wheat and bread wheat isolates, respectively).
Desiccated colonized primary leaves were stored for short-term
preservation. Sixty-three isolates were selected on a regional basis;
hence, most countries were represented by accessions from several
more or less distant locations (Table 2). Inoculum was prepared by
inoculating 50 ml of liquid yeast-glucose medium in 100-ml
Erlenmeyer flasks with fresh M. graminicola colonies from agar
plates. For each experiment, two flasks per isolate were incubated
for 5 days in a temperature-controlled reciprocal shaker at 15°C.
The resultant spore suspensions were pelleted by centrifuging at
10,000 rpm (12,360 x g) for 10 min, resuspended in deionized
water, and adjusted to a density of 107 spores/ml.

Experimental design. The experiments comprised sets of in-
oculations and were conducted according to a partially balanced
incomplete block design with respect to pathogen isolates, which
permitted the execution of four replicates over time. Experiment 1
involved 25 blocks of eight main plots (=isolates), and experi-
ment 2 comprised 10 blocks of six main plots (5). The host culti-
vars were randomly allocated to 24 subplots in each main plot.

Experimental procedures and conditions. Ten to 15 seeds per
accession were linearly sown in plastic pots (5 by 5 cm) with a

peat/sand mixture. Plants were grown in controlled walk-in cli-
mate chambers with similar pre- and postinoculation conditions
with respect to light intensity and day length (56 pE sec™! m for
16 h day™). Pre- and postinoculation temperature and RH condi-
tions were 18/16°C (day/night rhythm) and 70% RH, and
22/21°C and 285% RH, respectively.

Quantitative inoculations were conducted by spraying spore
suspensions, 30 ml/isolate supplemented with two drops of
Tween 20 surfactant, on the test cultivars that were randomized
on a turntable, adjusted at 15 rpm, in a closed inoculation cabinet
equipped with interchangeable atomizers and a water cleaning
device to avoid contamination. Incubation was conducted under
polyethylene-covered aluminum frames, providing leaf wetness
for 48 h at a light intensity of approximately 3 pE sec™' m Fer-
tilizer (Sporumix PG [Windmill Holland, Vlaardingen, Nether-
lands], 0.5 g liter") was applied at 7 days after inoculation, and

TABLE 1. Experimental code and origin of each bread wheat and durum
wheat cultivar, of an accession of Triticum turgidum subsp. dicoccoides, and
of a triticale cultivar employed to study genetic variation for virulence in
Mycosphaerella graminicola

EC* Cultivars Origin
Bread wheat
An Anza Algeria
Ar Arminda Netherlands
BL Beth Lehem Israel
Bo Bobwhite Mexico
Ce Ceeon Israel
Co Colotana Brazil
Ge Gerek 79 Turkey
Ia lassul 20 Brazil
K7 Kavkaz/7C Mexico
KK Kavkaz/K4500 1.6.a.4 Mexico
KT Klein Titan Argentina
KU Kavkaz/UP301 Mexico
KZ Kavkaz USSR
La Lakhish Israel
Ob Obelisk Netherlands
0l Olaf USA
Sh Shafir Israel
T29 Taichung 29 Japan
To Toropi Brazil
Ve Veranopolis Brazil
Durum wheat
A6S Acsad 65 Algeria
B17 Bidi 17 Algeria
BD BD2777 Morocco
Ca Cakmak 79 Turkey
Cc Cocorit Morocco
Et Etit 38 Israel
H3 Hedba 3 Algeria
169 Inrat 69 Algeria
In Inbar Israel
Jo Jori Morocco
Ma Marzak Tunisia
MB M. B. Bachir Algeria
OR Omrabi 5 Morocco
0Z 0Z 368 Algeria
Sa Safir Tunisia
Te Tensift Morocco
Vo Volcani 447 Israel
Wa Waha Algeria
ZB Zenati Bouteille Algeria
ZpP Zenati Bouteille/T. polonicum Algeria
T. turgidum subsp. dicoccoides
G25 G25 Israel
Triticale
Be Beagle Mexico

* EC = experimental code.
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the emerging second leaves were clipped 14 days after inocula-
tion in order to facilitate light penetration to the primary leaves
and disease assessment. Disease severity was evaluated at 21 days
after inoculation using two parameters; the presence of necrosis
(N) and pycnidia (P), estimated as percentages of the total pri-

TABLE 2. Experimental code and origin of 63 Mycosphaerella graminicola
isolates studied for genetic variation of virulence towards 23 wheat cultivars
and one triticale cultivar

EC* Isolate Country Location
ARI IPOB6063 Argentina Balcarce
AR2 IPOB6068 Argentina Balcarce
AR3 IPOB7022 Argentina Pergamino
AR4 1POBT7023 Argentina Pergamino
ARS 1PO87024 Argentina Pergamino
ARG IPOB6078 Argentina Tres Arroyos
URI IPO87019 Uruguay Colonia
UR2 IPO87021 Uruguay Colonia
UR3 IPO87016 Uruguay Dolores
UR4 IPO87018 Uruguay Dolores
URS 1PO87020 Uruguay Dolores
ET1 1PO88005 Ethiopia Assassa
ET2 IPO88010 Ethiopia Bekoje
ET3 IPOB8012Y Ethiopia Bekoje
ET4 1PO88020 Ethiopia Bekoje
ETS IPO88013 Ethiopia Blue Nile Valley
ET6 IPOBBO18 Ethiopia Holetta
ET7 IPO88019 Ethiopia Holetta
ET8 IPOB8021 Ethiopia Holetta
ET9 1PO88004 Ethiopia Kulumsa
ETI10 1PO88022 Ethiopia Mota
ET11 1PO88027 Ethiopia Sinana
KEl IPO87000* Kenya Eldoret
KE2 IPO87011* Kenya Eldoret
KE3 IPO87008 Kenya Eldoret
KE4 IPO8T015 Kenya Mou Narok
KES5 IPO87009 Kenya Njoro
KE6 IPO87012 Kenya Njoro
KE7 IPO87013 Kenya Njoro
KES8 IPO86026 Kenya Timau
BU1 1PO88023 Burundi Tora

BU2 1PO88024 Burundi Tora

RW1 IPOBB037 Rwanda Tamira
UGl IPO83038 Uganda Kalengyere
NL1 1PO235 Netherlands Anjum
NL2 IPO89011 Netherlands Barendrecht
NL3 IPO89013 Netherlands Drenthe
NL4 IPOB8025 Netherlands Ebelsheerd
NLS5 1P0O89012 Netherlands Wageningen
NL6 IPOB9010 Netherlands Zelder
TK1 IPO86013 Turkey Adana
TK2 1PO88014 Turkey Adana
TK3 IPO88015 Turkey Adana
TK4 1PO88016 Turkey Adana
TKS IPO86022Y Turkey Altinova
TK6 1P0O86023 Turkey Altinova
TK7 IPO86010 Turkey Tasci

TK8 IPO86009 Turkey Tasci

TK9 IPO86008 Turkey Tasci
TK10 IPO88017 Turkey Unknown
ALl IPO90020 Algeria Guelma
TNI IPO91009¥ Tunisia Beja

TN2 IPO91010Y Tunisia Beja

TN3 1P091016Y Tunisia Beja

TN4 IPO91011Y Tunisia Tunis

TNS IPO91012Y Tunisia Sidi Ncir
TN6 IPO91014Y Tunisia Mateur
TN7 IPO91015¥ Tunisia Fetissa
SY1 IP0O91004Y Syria Lattakia
MO1 IPO91017Y Morocco O. Frej
MO2 IPO91018Y Morocco J. Shaim
MO3 IPO91019Y Morocco Meknes
MO4 IPO91020¥ Morocco Doukhala

* EC = experimental code.
¥ Collected from durum wheat.
% Collected from the same sample.
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mary leaf area of individual seedlings. These values were averaged
per pot for further analyses of the disease parameters N and P.

Data analyses. The experimental design was only partially
balanced, which would imply that the corresponding statistical
regression model would comprise more than a thousand parame-
ters. This was computationally not feasible; hence, it appeared
appropriate to subject the responses N and P to analyses of co-
variance (ANCOVAs). Block differences were fully accounted for
by setting one covariate for each block. Since blocks were parts
of the experiment that were carried out sequentially, block effects
were confounded with possible time effects. These effects could
only be partly disentangled; hence, block effects were used to
adjust the responses. A consequence of this procedure was that
tables of means might contain some negative values, after adjust-
ing for covariates (Tables 3 to 6). Statistical analyses were con-
ducted using the Genstat 5 package (15) on transformed (arc-sin)
and untransformed data sets. Since transformations did not sub-
stantially stabilize the residual variance and did not influence the
conclusions, untransformed data are presented here.

In order to reveal structures of the interactions between host
and pathogen genotypes, the tables of means were subjected to a
hierarchical agglomerative clustering procedure as described by
Corsten and Denis (8). The procedure groups rows and columns
in the tables to identify a minimum number of groups that ac-
count for the overall interaction. The groups are internally homo-
geneous. In each step of this sequential procedure, the mean
square for interaction (MS;,) is calculated for all possible sub-
tables consisting of a pair of rows or a pair of columns of the full
table. The pair of rows or columns with minimal MS;,, is merged,
giving an updated table, and the process is repeated. Thus, a se-
quence of amalgamations of rows and columns is produced, even-
tually leading to a two-by-two table. In this way the total sum of
squares for interaction (S) is built up from orthogonal increments,
each connected with a merge as described, to obtain insight into a
possible structure of the interaction. Corsten and Denis (8) formu-
lated an F-test procedure to stop clustering just before S exceeds
the critical value c(x) = ns*F(n, f, a), in which n = (number of
isolates — 1)(number of cultivars — 1), s* = an estimate of the re-
sidual variance obtained independently from the two-way tables
subjected to the cluster analysis, and F(n, f, o) = the upper o point
of the F distribution with n and f degrees of freedom. This proce-
dure determined the probability of stopping too early, i.e., ending
up with too many groups, under the H, hypothesis of no interac-
tion between isolates and cultivars. Thus, it determined which
isolates or cultivars were significantly different from each other.

RESULTS

Symptom development. The inoculated leaves remained green
during the first 8 to 9 days after inoculation. The first symptoms
were generally observed as necrosis, starting at the leaf tips. In
susceptible cultivars, necrotic blotches quickly coalesced and
eventually resulted in high N levels with maxima of 90% in ex-
periment 1 and 100% in experiment 2 at 21 days after inocula-
tion. Necrosis was generally straw-colored, though characteristic
straw-reddish to greyish black phenotypes were observed in re-
sponses with few and abundant pycnidia, respectively. Pycnidia
were almost entirely produced in the necrotic area, and appeared
somewhat later than the necrosis. In very susceptible responses,
pycnidia sometimes occurred in still green, but collapsing, tissue.
Resistance was expressed as low P, which was not necessarily
concurrent with N (Tables 3 to 6, data adjusted for block effects).
Low N was sometimes confined to small necrotic spots, which
resembled those developed in hypersensitive responses towards
obligate parasites such as the cereal rusts and powdery mildews,
that were particularly evident in the responses of bread wheat
cultivars towards durum wheat-derived isolates.



Bread wheat-derived isolates almost exclusively produced
pycnidia in the bread wheat cultivars, whereas pycnidial produc-
tion by durum wheat-derived isolates was almost entirely re-
stricted to the durum wheat cultivars. A few cultivars, particularly
‘Inbar’, allowed some pycnidia production of isolates that origi-
nated from both wheat species (Tables 4 and 6). The discrimina-
tion between isolates that were derived from either bread wheat or
durum wheat was less evident when considering N (Tables 3 and
5, Figs. 1 to 4), since bread wheat isolates usually induced abun-
dant necrosis in the durum wheat cultivars, whereas durum wheat
isolates generally caused little necrosis in the bread wheat and
triticale cultivars (Tables 3 and 5). Isolates IPOS8012-ET3
(Tables 3 and 4), IPO91010-TN2, and IP091019-MO3 (Tables 5
and 6) were derived from durum wheat, but appeared to be
adapted to bread wheat as evidenced by high P levels in bread
wheat, but low P levels in durum wheat. N levels were high in
both species. A few durum wheat cultivars, such as ‘Inbar’ and
‘Omrabi 5°, allowed some pycnidia formation, whereas the triti-
cale cultivar Beagle was not affected by either type of M.
graminicola isolate (Tables 4 and 6).

Interactions between isolates and cultivars. ANCOVAs were
conducted on both complete and restricted response matrices for
N and P (Table 7). The restricted analyses in each experiment
merely included either bread wheat cultivars and bread wheat-
derived isolates, or durum wheat cultivars and durum wheat-
derived isolates. Such analyses were necessary to eliminate any
contribution to the MS;,, of the aforementioned observation that
bread wheat and durum wheat isolates almost exclusively pro-
duced pycnidia in their respective host species. The interactions
between cultivars and isolates were highly significant (P < 0.01)
for parameters N and P. Numerous interactions were observed in
the response matrices for N and P (Tables 3 to 6), though simul-
taneous consideration of these parameters revealed that they were
not necessarily corresponding. Hence, the relationship between
pathogen isolates and host cultivars could be categorized into four
types. Responses could be noninteractive for both N and P, inter-
active for both N and P, interactive for N and noninteractive for P,
or vice versa, which suggested that N and P were under dissimilar
genetic control (Table 8).

Cluster analyses, The response matrices of N and P of both
experiments were subjected to cluster analyses, which resulted in
dendrograms for isolates and cultivars for each disease parameter
(Figs. 1 to 4).

Experiment 1. The analysis for N resulted in 31 and 21 signifi-
cantly different clusters for isolates and cultivars, respectively
(Fig. 1). For P, the analysis resulted in 21 and 18 significantly
different clusters for isolates and cultivars, respectively (Fig. 2).
Each cluster, considering both N and P, contained less than five
accessions. The number of significantly different clusters per
country was substantial. For example, 10 Turkish isolates (Table
2) were attributed to nine significantly different clusters for both
N and P. Similar comparisons for the other countries indicated
extensive genetic variation for virulence not only between, but
also within, local populations of the fungus, since most countries
were represented by multiple accessions from several locations
(Table 2). For example, 11 isolates were sampled at seven loca-
tions in Ethiopia, which were assigned to seven significantly dif-
ferent clusters for N, though the isolate from Assassa (/PO88005-
ET1) was merged with the three isolates from Bekoje, represent-
ing the central southern part of the country. The three isolates
from Holetta were placed in two clusters for N. For P, only four
isolates were clustered, one cluster comprised two isolates from
Bekoje (IPO88010-ET2 and /PO88012-ET3) and the other clus-
ter combined an isolate from Bekoje and the isolate from Assassa
(IPO88020-ET4 and IPO88005-ET1). The remaining seven iso-
lates were significantly different at P = 0.01; thus they were not
clustered, which implied considerable genetic variation for viru-
lence within a location such as Holetta, in which the cultivars

Colotana, Kavkaz/K4500 1.6.a.4, and Veranopolis differentiated
the isolates. Analogous comparisons revealed similar results for
isolates from other countries. The Kenyan isolates showed the
least variation, though two isolates from Eldoret that were derived
from the same leaf sample (/PO87000-KE1 and IPO8701 1-KE2)
proved to be significantly different, particularly for P.

Isolate JPO89012-NLS5 was isolated from a field plot that was
inoculated with /PO235-NL1; hence, these two isolates were con-
sidered to be similar, as reflected in the cluster analysis that clus-
tered them in the first step for N and in the fifth step for P.

Dissimilarities among the cultivars were particularly evident in
the dendrogram for P (Fig. 2). The durum wheat accessions were
in one cluster, as were ‘Kavkaz' and one of its derivatives,
‘Kavkaz/UP301°. A third cluster comprised the cultivars Iassul
20, Beagle, and Bet Lehem, which were very resistant to most
isolates. The majority of the cultivars, however, was not clustered
for P and N, indicating considerable genetic variation for resis-
tance to M. graminicola in the tested cultivars.

Experiment 2. The 15 isolates were separated into ei ght and ten
significantly different clusters for N and P, respectively (Figs. 3
and 4). The four isolates that were particularly pathogenic on
bread wheat cultivars (/PO88018-ET6, IPO90020-AL1, IPO91019-
MO3, and /P091010-TN2) were separated for both N and P from
the remaining 11 isolates that were clearly adapted to the durum
wheat cultivars. Because of the virulence differences, /PO88018-
ET6, IPO90020-AL1, IPO91019-MO3, and IP091010-TN2 were
placed in two significantly different clusters. Isolate IP091019-
MO3 only produced high P levels in ‘Anza’, whereas the others
were also virulent on ‘Lakhish’ and to a lesser extent on ‘Bob-
white’. Considering P of the durum wheat-derived isolates, those
originating from Tunisia were all significantly different from each
other, which implied ample genetic variation for virulence among
and within locations (e.g., Beja, isolates IPO91009-TN1, IPO91010-
TN2, and /PO91016-TN3). Considering P, isolate IP091014-TN6
was grouped with /PO91004-SY1 from Syria, whereas /PO91016-
TN3 showed most similarity to two Moroccan isolates (/P091020-
MO4 and IP0O91018-MO2). The remaining Moroccan isolate
(/P0O91017-MO1) was unique.

The arrangement of the cultivars over the clusters was not
analogous for the two disease parameters (eight and twelve sig-
nificantly different clusters for N and P, respectively; Figs. 3 and
4). For instance, ‘Marzak’ and T. dicoccoides ‘G25’ were in the
same cluster for N, but for P the latter was clustered with the
highly resistant bread wheat cultivars Kavkaz-K4500 1.6.a.4 and
Bobwhite, and with the triticale cultivar Beagle, because of the
low P levels in these accessions; hence, the absence of interac-
tions. However, ‘Marzak’ was clustered with ‘Tensift’, and dis-
played a highly susceptible response with the majority of the du-
rum wheat-derived isolates. Similarity for P was observed be-
tween ‘OZ 368’, ‘Bidi 17°, ‘Hedba 3', and ‘M. B. Bachir’ that are
land races cultivated in Algeria. These cultivars occurred in one
cluster for N, but were pairwise separated for P, particularly be-
cause of the responses with isolates JP091011-TN4, IPO91012-
TNS, and IPO91015-TN7 (Table 6). For P, the bread wheat culti-
vars Lakhish and Anza were individually separated from cul-
tivars Kavkaz/K4500 1.6.a.4 and Bobwhite, because of their
susceptibility for isolates /PO88018-ET6, IPO91010-TN2, and
IPO90020-AL1, and the differential response to IPO91019-
MO3 (Table 6).

The dendrograms of isolates and cultivars (Figs. 1 to 4), indi-
cate ample genetic variation for virulence and resistance in the
wheat-M. graminicola pathosystem. Comparison of these den-
drograms revealed significant discrepancies between isolate and
cultivar clusters for the two response parameters, i.e., entries that
constitute a cluster for N do not necessarily form a similar cluster
for P (Tables 3 to 6 and 8).

Efficacy of resistance. The bread wheat and durum wheat cul-
tivars were grouped according to their response to the bread
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wheat- and durum wheat-derived isolates in experiments 1 and 2,
respectively. Three response classes, generally susceptible, gener-
ally resistant, and differentially resistant, were composed to
evaluate the efficacy of the resistance in those cultivars in the
different countries, since the number of isolates per country was
too small for reliable virulence frequency calculations (Table 9).
Apparently, the majority of the bread wheat isolates, except those
from Dutch origin, carried virulence for the cultivars Lakhish,
Shafir, Gerek 79, and Ceeon. The cultivars Kavkaz, Beth Lehem,
Bobwhite, Kavkaz/K4500 1.6.a.4, and Iassul 20 were considered
to be appropriate sources for resistance, though their efficacy for
Turkey, Kenya, Argentina, and Netherlands may be limited since
virulent isolates were found in these countries. Comparison of the

responses of ‘Kavkaz’ and its derivatives ‘Kavkaz/K4500 1.6.a.4",
‘Kavkaz/7C’, and ‘Kavkaz/UP301" revealed generally decreased
resistance levels in the two latter derivatives, whereas the cross
between ‘Kavkaz’ and ‘K4500 1.6.a.4°, which resulted in the line
‘Kavkaz/K4500 1.6.a.4’, had a significantly increased level of
resistance (Tables 3, 4, and 9). When considering the number of
cultivars that were generally resistant, isolates originating from
Burundi, Rwanda, Uganda, and Uruguay were virulent on fewer
cultivars than isolates from other countries (Table 9). However,
this may well have coincided with the small number of isolates
that originated from these countries, since an increase of isolates
would probably result in more cultivars with a differential re-
sponse. Observed virulences and the origin of the cultivars were

TABLE 3. Adjusted necrosis (N) response matrix of experiment 1; 24 host accessions and 50 Mycosphaerella graminicola isolates, arranged according to the

clusters of Figure 1Y

Cultivars*
B B B B B B B D D B D T B D B B B B B B B B B B
EC¥ La Sh Co To Ge Ia Ce Vo Et BL Ca Be Bo In T29 KT Ol Ob Ar Ve KK KU KZ K7
TK3 69 64 49 56 76 50 55 45 64 57 49 30 22 63 84 8 60 51 67 40 20 13 29 21
TK4 78 57 62 64 78 55 67 41 61 52 58 35 25 63 83 87 58 59 52 55 20 7 22 27
URS 59 71 53 66 77 54 63 S50 43 47 57 18 39 69 71 79 72 62 33 49 15 9 23 12
UR3 51 67 32 47 65 56 58 30 45 43 58 26 26 54 79 79 54 36 24 19 5 5 16 14
ETI1 44 38 39 31 72 27 28 38 5l 18 34 18 6 35 771 67 29 49 48 23 5 6 3 23
ARG 50 57 28 54 75 48 54 44 16 49 48 7 10 52 72 76 53 54 50 69 1 1 10 6
AR3 62 72 21 32 82 65 65 31 32 44 44 7 9 5 8 8 56 56 53 68 -1¥ 0 8 3
AR4 59 69 41 36 8 57 62 25 42 38 49 24 27 5 74 79 63 43, 49 52 1 0 8 18
UR2 42 64 31 38 77 52 57 29 45 34 45 16 21 19 81 88 56 71 58 40 12 6 5 17
TK9 71 73 30 30 83 35 63 21 26 21 53 18 12 18 90 85 49 35 38 38 7 9 11 13
AR1 53 71 64 60 79 58 63 41 54 43 61 57 38 5 76 8 60 51 44 38 13 7 5 24
TK6 47 61 58 53 79 42 27 46 34 37 60 10 15 25 74 83 60 53 21 45 8 6 11 9
URI 54 66 30 48 82 37 S50 35 20 38 50 10 40 18 87 86 69 29 14 11 3 9 12 10
ETS 46 67 52 63 77 52 31 34 50 28 42 13 13 42 43 23 16 21 11 17 15 15 20 13
ETIO 55 67 58 79 79 58 48 67 47 35 55 31 14 64 78 55 8 64 17 74 19 10 26 19
TKS5* 7 14 47 15 33 29 2 68 71 17 70 23 14 61 54 28 7 10 3 41 5 9 8§ 10
NL5 24 33 41 50 23 22 21 11 16 25 35 6 22 33 75 79 29 56 43 17 18 19 54 5
NL1 18 46 48 S5 25 26 43 23 44 32 59 13 33 42 85 84 49 67 57 32 34 28 73 10
ET3* 68 62 44 69 69 52 42 41 37 34 50 9 34 40 80 75 39 69 35 52 51 40 61 60
ET2 65 69 66 69 77 52 56 44 50 36 55 30 34 55 8 8 51 81 56 50 58 50 72 65
ET4 49 62 36 65 73 47 21 32 22 30 50 9 22 43 78 76 47 68 26 46 29 37 49 51
ET1 72 72 62 87 8 57 5S4 S50 40 47 59 27 37 69 89 82 63 8 76 69 34 45 70 83
ET7 58 64 65 64 71 62 45 48 51 32 63 0 33 56 78 79 57 54 45 73 37 58 71 73
NL2 43 55 SO 76 43 42 41 37 15 31 50 29 42 57 84 84 58 71 65 69 36 47 81 68
BU2 59 69 69 74 75 74 59 24 35 37 50 26 7 50 8 75 65 65 60 73 28 25 46 55
TK1 66 66 49 67 65 47 66 27 47 44 49 13 12 33 80 81 46 68 65 51 5 21 30 42
NL4 45 36 35 15 7% 58 31 21 53 31 38 -5 13 48 78 78 37 62 60 -4 26 42 43 56
NL6 48 ST 42 80 78 35 47 27 56 42 62 24 43 80 8 87 52 82 75 14 36 61 87 67
NL3 6 14 33 4 81 57 60 28 44 11 36 -l 2 13 71 39 5 85 83 0 0 6 38 7
UR4 52 68 55 62 74 34 52 14 19 44 47 11 17 39 62 79 47 53 30 5 14 41 61 51
KE4 53 56 56 71 62 27 45 28 15 33 48 6 26 44 60 63 63 59 31 5 22 34 63 48
KES5 57 61 41 62 77 40 41 27 19 23 5l 2 24 34 70 8 51 51 38 7 10 32 74 58
KE2 57 73 52 65 77 48 59 41 25 40 43 § 28 48 8 75 71 71 37 32 42 41 73 80
KE6 49 68 58 80 71 58 48 34 22 51 50 6 11 56 71 78 61 55 34 -6 24 14 58 69
KE8 75 74 65 85 8 55 70 26 35 39 74 22 21 64 8 91 56 66 39 11 25 38 61 62
RWI1 47 71 66 88 69 32 6l 16 24 39 48 9 25 66 8 8 60 62 12 10 17 56 81 69
KE7 61 66 66 75 70 46 55 21 50 42 57 28 22 59 69 71 48 53 28 10 29 31 71 62
KEl 63 70 66 80 82 53 57 38 39 47 57 41 39 52 76 80 66 46 30 8 26 29 66 64
UGl 68 68 61 70 74 37 S5 28 57 31 54 23 28 41 8 76 67 56 23 10 27 52 63 69
TK2 81 67 66 75 77 47 50 31 47 45 52 25 36 43 81 76 62 62 32 42 26 26 51 56
BUI 65 69 S6 63 8 38 62 24 35 34 35 18 26 45 81 72 55 43 20 34 10 30 56 61
KE3 64 74 59 78 8 35 S0 21 53 36 61 25 15 41 61 74 49 60 26 17 20 25 56 25
ET8 69 78 68 78 80 45 73 45 59 39 59 32 47 71 8 8 59 64 15 39 66 51 70 79
ET6 52 56 54 78 60 20 46 59 34 32 54 9 34 55 73 75 48 57 13 10 30 44 71 61
TK7 67 53 38 62 69 49 55 56 44 51 60 24 23 61 75 69 54 42 22 45 33 33 66 60
TKIO 51 51 54 62 69 38 38 47 39 42 60 25 14 54 80 42 7 74 10 51 64 33 71 59
TK8 64 53 41 73 70 55 39 60 58 53 63 27 18 59 72 81 12 69 29 16 31 40 73 57
ET9 55 79 59 75 84 56 59 60 37 36 43 14 16 46 66 52 13 29 10 15 63 46 58 70
AR2 67 64 50 60 71 56 61 62 42 48 63 53 38 30 75 79 59 59 29 28 67 46 59 64
ARS 79 8 41 51 75 38 55 74 32 50 42 28 62 32 8 75 70 60 26 12 68 68 67 73

¥ LSDpg =29, LSDg g5 = 22.
wExperimental codes for isolates according to Table 2.

* Experimental codes for cultivars according to Table 1; B = bread wheat, D = durum wheat, and T = triticale.

¥ Negative values are because of block adjustments.
* Durum wheat-derived isolates.
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Fig. 1. Dendrograms of simultancously clustered genotypes of wheat (23)
and triticale (1), and Mycosphaerella graminicola isolates (50), based on N in
experiment 1. The positions of the nodes correspond with the cumulative
sum of squares for interaction between cultivars and isolates (S) on the hori-
zontal axis. The area at the left of the vertical dotted line represents nonsig-
nificant differences at P = 0.05, § = 28.12 x 10° (for P = 0.01, § = 29.78 x
10%).

not always evident. The resistance in the Dutch cultivars Arminda
and Obelisk, for example, was circumvented by several isolates
from Turkey, Ethiopia, Uruguay, and Argentina, though these
cultivars were never exposed to M. graminicola outside Europe
by commercial cultivation. The efficacy of resistance in the du-
rum wheat cultivars appeared to be limited, particularly to the
isolates from Morocco and Syria which were extremely virulent.
The T. turgidum subsp. dicoccoides accession ‘G25’ was the only
entry with a reasonable level of resistance to the majority of the
durum wheat-derived isolates.

DISCUSSION

Genetic variation for virulence. Extensive genetic variation
for virulence in M. graminicola, characterized by differential in-
teractions between host and pathogen genotypes for both N and
P, suggested the involvement of specific factors for virulence and
resistance in this pathosystem. Specificity in necrotrophic patho-
gens, such as Stagonospora nodorum, Pyrenophora tritici-repen-
tis, Rhynchosporium secalis (on barley), and Setosphaeria turcica
(on maize), was reported previously (21,22,32,35) but was con-
sidered to be controversial in M. graminicola. While some ex-
perimental evidence supported its existence (2,10,11,12,33,44),
other evidence did not (26,43). Hence, Johnson (17) made the
statement that “it appears that a gene-for-gene interaction cannot
be identified, at least with present techniques”. A major element
in this controversy seems to be the limited evidence for differen-
tial interactions between host and pathogen genotypes
(10,11,12,17,31,44). The most obvious differential interactions
reported so far occurred between bread and durum wheat and
isolates secured from these species (10,33). An analogous obser-
vation was reported by Van Ginkel and Scharen (43), who, there-
fore, considered specialization in M. graminicola on bread or
durum wheat to be of much greater importance than differential
specificity on particular cultivars of these species. Indeed, when
considering P in the present study, bread wheat and durum wheat
isolates were particularly virulent on bread wheat and durum
wheat cultivars, respectively. However, in addition, highly signifi-
cant interactions within each of these systems were determined
through analyses of restricted data matrices, either for bread
wheat cultivars and bread wheat-adapted M. graminicola isolates
or durum wheat cultivars and durum wheat-adapted isolates. This
result was in contrast to that of Van Ginkel and Scharen (43), who
did not find interactions between host and pathogen genotypes in
their experiments that primarily dealt with durum wheat cultivars.
They, therefore, suggested that interactions may disappear when-
ever considering a restricted system, i.e., bread wheat or durum
wheat with their respective isolates. To strengthen the insignifi-
cance of isolate x cultivar interaction, they also discussed the
relative proportion of the total variance that was attributed to
main effects because of cultivars, isolates, and interaction in their
own experiments and in the experiments of others (43). Kema et
al. (19), however, discussed diverse statistical approaches that
were also employed to analyze additional data, and considered it
to be incorrect to question the proportion of the MS;,, as long as it
is statistically significant.

The wide genetic variation for virulence in M. graminicola
complemented information on genetic variation revealed by
RFLP analyses (4). McDonald and Martinez (24,25) observed a
high frequency of RFLPs in a sample of M. graminicola isolates
that was mainly secured from one limited area, indicating sub-
stantial genetic variation within local populations and even be-
tween isolates derived from lesions in the same leaf. Indeed, sepa-
ration of two Kenyan isolates, that originated from the same leaf
(I[PO87000-KE1 and 7PO87011-KE2), in significantly different
clusters indicated the presence of genetic variation for virulence
at micro levels. Boeger et al. (4) suggested that common alleles,
as defined by probe/restriction enzyme combinations, in very
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distant M. graminicola populations were either because of seed
transmission of the pathogen or the employment of anonymous
DNA probes that hybridize to conserved noncoding regions of the
genome. In our study, certain cultivars were susceptible to M.
graminicola isolates that originated from regions in which these
cultivars were never exposed to the pathogen. Parallel evolution
of the pathogen population to imported resistance factors might
possibly explain such observations. Since pathogen populations
may, at least partly, be structured by gene-for-gene coevolution
(39), an integrated analysis of local pathogen populations using
molecular markers and selectable markers such as virulence
would reveal the most useful information for breeding programs
with respect to the magnitude and stability of genetic variation for

virulence. In that case, adult plant inoculation experiments should
also be considercd, since seedling responses do not necessarily
correlate with adult plant responses because resistance factors
may operate in only one of these physiological stages. Adult plant
inoculation experiments in the field also showed big cultivar x
isolate interactions, and thus confirmed one of the main infer-
ences from the present study that specificity appeared to be an
important aspect of the wheat-M. graminicola pathosystem (G. H.
J. Kema, unpublished data).

Races in M. graminicola? The occurrence of differential inter-
actions between host and pathogen genotypes suggested a gene-
for-gene relationship between these genotypes. However, the pa-
thosystem discussed in the present contribution was far from the

TABLE 4. Adjusted pycnidia (P) response matrix of experiment 1; 24 host accessions and 50 Mycosphaerella graminicola isolates, arranged according to the

clusters of Figure 2¥

Cultivars*

D D D D B B B B B B T B B B B B B B B B B B B B
ECY¥ Et Ca In KU K7 Co To Ia Be BL Ar Bo KK Ve Ob T29 La Ce Ge Sh KT Ol
TKsY 53 50 41 40 -22 -2 -2 -2 -1 -2 -2 2 -2 -2 -2 11 =2 0o 2 -2 -2 =2 0 -1
NL5 1 1 1 1 8 4 3 1 2 1 1 1 4 5 1 5 § 25 11 9 1 2 30 6
NLI -1 -1 -1 0 8 0 0 -l A 0 7 3 -l 7 10 21 20 14 -1 12 20 18
BU2 1 1 1 1 8 5 8 12 20 6 1 4 5 1 25 15 23 21 23 35 21 27 17
ET11 0 0 1 3 0 0 0 2 4 0 0 0 10 0 0 126 34 32 17 36 25 27 14
N4 -2 -2 0 -2 =2 6 8§ -2 -2 -1 -2 -=2 5 -1 -1 =2 32 17 17 5 16 3 45 0
NL6 0 0 0 7 14 22 26 121 2 0 5 7 1 1 0 44 14 20 24 35 15 35 )
NL3 -1 -1 -1 0 2 0 0 -1 0 1 -1 -1 25 -1 -1 -1 38 E 1 32 48 0 18 0
ET10 20 9 10 21 0 1 0 14 53 19 1 9 0 0 2 59 38 57 39 34 64 55 9 1
ET9 4 2 1 5 21 26 39 28 35 8 1 5 1 119 2 9 14 40 41 54 55 14 2
ET5 2 2 12 11 1 2 1 9 21 13 1 4 1 1 6 1 2 4 39 21 52 52 7 2
KE7 3 4 3 3 14 8§ 21 21 121 4 3 5 3 5 4 3 7 11 23 30 34 29 29 26
KE3 5 4 4 5 11 7 2 17 2 5 4 4 4 ks 4 4 14 8 34 28 45 28 27 27
KE1 2 3 2 4 E 3 9 16 9 2 2 6 2 6 2 2 6 7 29 18 32 27 36 20
KE6 1 0 1 1 12 5 10 14 15 0 0 8 0 0 7 0 21 6 33 35 12 34 33 33
UR4 0 -1 0 0o 19 11 14 12 15 0 0 1 0 0 1 0 11 16 33 32 43 37 46 33
KE4 0 0 3 0 19 10 23 20 34 0 0 + 0 1 3 0 18 14 35 31 36 36 37 45
KE8 0 0 1 | 4 11 16 22 36 0 0 5 10 2 1 0 10 22 50 40 40 47 44 35
KE5 -1 -1 -1 -1 16 12 42 19 27 | 1 1 2 -l 0 20 13 43 28 39 43 64 30
ET6 10 0 5 14 23 28 39 31 32 1 0 4 0 22 4 1 14 38 41 37 39 43 38 32
UGl1 0 0 0 0 19 25 44 30 36 2 0 0 0 0 6 0 9 27 36 35 38 51 34 25
RW1 0 -1 0 15 31 37 40 25 43 0 0 0 0 1 2 117 39 34 43 34 47 63 32
TKS8 1 2 9 16 23 28 42 12 51 5 1 8 4 7 7 1 41 38 53 22 38 44 73 I
TK2 1 1 1 1 1 6 g8 19 16 L 1 2 1 2 1 4 3 37 40 21 36 40 33 29
BUI -1 4 -1 -4 19 9 10 31 33 0 -1 0 -1 7 -1 18 10 38 43 43 49 47 42 35
ET7 1 0 10 12 10 24 14 30 24 7 -l 0 11 16 0 40 4 28 51 30 39 47 40 37
ET4 0 1 7 4 11 19 36 2 26 5 0 3 2 9 3 28 51 45 34 14 29 45 37 25
ET1 0 -1 1 6 14 14 39 9 22 8 0 1 9 7 1 45 43 52 43 25 41 43 44 30
ET3 10 0 2 8 11 13 24 6 29 1 0 0 6 16 9 21 51 40 51 25 46 50 58 19
ET2 0 0 4 4 19 21 26 12 16 17 0 1 4 20 22 30 39 40 54 44 43 57 52 23
TK10 0 0 3 1 14 12 47 17 14 4 0 0 0 0 30 35 53 40 22 31 58 33 0 0
NL2 -3 0 1 6 42 25 44 6 28 1 0 5 30 27 8 45 54 55 14 31 9 43 61 45
TK7 1 1 2 14 22 19 31 5 16 1 1 26 1 2 3 15 16 41 54 42 37 36 52 30
KE2 0 0 0 0 31 22 139 2 18 0 0 10 7 7 7 12 37 36 47 38 46 42 42 41
ET8 0 3 1 110 19 21 1 16 2 1 1 120 22 12 23 25 40 39 34 26 34 29
AR5 7 0 0 7 8 38 30 4 3 2 1 1S 0 38 20 1 20 40 41 35 26 48 35 43
AR2 2 2 2 2 10 32 41 3 12 6 4 12 3 29 135 7 37 46 64 56 53 60 54 54
TK3 1 0 1 21 1 1 112 20 8 2 19 26 9 1 I 34 66 55 43 54 47 72 29
TK4 4 4 5 28 4 4 4 19 31 17 3 3 23 9 3 6 38 62 69 59 67 53 66 33
AR3 -1 -1 0 -1 -1 -1 -1 0 0 16 -1 10 27 I -1 40 24 58 57 54 65 52 64 51
AR4 2 2 2 2 2 2 2 8 10 28 2 9 24 18 2 4 22 48 44 54 68 54 57 48
TK9 0 0 0 1 0 0 0 1 5 2 0 0 7 1 0 22 20 57 54 47 57 52 57 29
AR6 -2 -2 -2 -1 -2 - 1 0 0 14 -2 4 6 -1 -2 16 27 12 30 36 43 42 44 27
UR2 3 6 3 8 3 3 3 5 3 12 3 4 24 8 3 13 42 41 32 41 50 50 47 30
TK1 3 114 16 11 8 7 11 37 9 2 13 31 2 2 32 46 33 sS4 57 50 49 51 33
TK6 2 2 =] 4 2 2 2 14 12 10 2 6 3 9 2 28 33 44 22 15 52 51 61 54
AR1 4 3 3 3 4 4 3 4 4 4 3 15 5 25 3 7 12 23 26 34 45 43 39 38
URI1 0 0 0 <+ 0 0 0 0 1 0 0 3 0 18 0 0 0 26 30 36 45 48 61 47
URS -3 -3 -3 5 -3 -3 -3 14 5 3 3 0 -3 15 -3 16 20 25 21 39 34 48 60 45
UR3 2 1 1. 15 1 1 1 g8 11 1 6 25 2 20 1 8 22 45 45 52 43 66 62 44

¥ LSDO.OI = 20. LSD{JUS =15.
“Experimental codes for isolates according to Table 2.

* Experimental codes for cultivars according to Table 1; B = bread wheat, D = durum wheat, and T = triticale.

¥ Durum wheat-derived isolates.
* Negative values are because of block adjustments.
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Fig. 2. Dendrograms of simultaneously clustered genotypes of wheat (23)
and triticale (1), and Mycosphaerella graminicola isolates (50), based on P in
experiment 1. The positions of the nodes correspond with the cumulative
sum of squares for interaction between cultivars and isolates (§) on the hori-
zontal axis. The area at the left of the vertical dotted line represents nonsig-
nificant differences at P = 0.05, § = 20.12 x 10% (for P = 0.01, § = 21.17 x
10%).

ideal gene-for-gene system as discussed by Person (28), which
requires a locus in the host that governs either a resistant or a
susceptible response, and a locus in the pathogen that governs a
virulent or an avirulent response. Hence, the analysis of data for
M. graminicola that has a more quantitative character as com-
pared with cereal rusts and powdery mildews, for example, can-
not be performed sufficiently using the method proposed by
Person (28). In the current study, gene-for-gene interaction in the
M. graminicola-wheat pathosystem was inferred from significant
MS;,, values in ANCOVAs, from cluster analyses that employed
such values as proximity measures for isolates and cultivars in
consecutive analyses of variance, and from other statistical proce-
dures (19). Eyal and coworkers (11,12,44) developed an elaborate
statistical procedure, that was also adopted by Van Ginkel and
Scharen (42,43), to calculate cutpoints in order to assign qualita-
tive descriptors, resistant or susceptible, to quantitative data, ei-
ther N or P. This procedure enabled the designation of hypotheti-
cal resistance and virulence genes to host cultivars and pathogen
isolates, respectively, and analysis of the data as suggested by
Person (28). However, the procedure disregarded additive modes
of action in virulence and resistance, which results in inadequate
assignment of hypothetical virulence and resistance factors.
Therefore, this procedure was not considered.

The occurrence of differential interactions justified the recogni-
tion of physiological races in plant pathology. In case resistance
in the host is largely quantitatively inherited, virulence differ-
ences among fungal strains might be of insufficient magnitude to
distinguish distinct pathogen races. Race designation would be
even more complicated, if not impossible, if such pathogens had a
functional generative stage combined with a relatively efficient
dissemination mechanism as compared with the dispersal of
asexual propagules, as in M. graminicola. Caten (7) argued that
extensive genetic variation for virulence and gene flow between
populations of the pathogen would lead to the designation of a
separate race identity to virtually each individual isolate. Indeed,
such a situation is conceivable for M. graminicola, particularly
when considering recombination during ascosporogenesis.
Hence, nomenclature of races in M. graminicola is fairly trivial.
However, the designation of a bread wheat and a durum wheat
variant in M. graminicola is of importance. Both types could be
easily recognized in inoculation experiments, but did not differ
morphologically and were not geographically isolated. In addi-
tion, the two M. graminicola variants could not be distinguished
by amplification and digestion of nuclear and mitochondrial in-
ternally transcribed spacer ribosomal DNA (ITS rDNA) (E. C. P.
Verstappen and G. H. J. Kema, unpublished data). The sequences
of amplified ITS fragments of both variants appeared to be identi-
cal (E. C. P. Verstappen, A. Lever, J. Keijer, and G. H. J. Kema,
unpublished data) and were also similar to the sequence of M.
graminicola isolate ATCC 26517 (American Type Culture Col-
lection accession) as was recently published (3), which supported
the idea that both variants were from a similar taxonomic rank. A
similar situation was recently described for wheat leaf rust, in
which the durum wheat and bread wheat types clearly differ in
pathogenicity and also appear to be sexually isolated, but could
not be distinguished by molecular markers (1,13,45). The pres-
ence of both M. graminicola variants at the same location (e.g.,
TKS5 and TK6 in Altinova, Turkey; and TN1, TN2, and TN3 in
Beja, Tunisia) emphasized the importance of population dynam-
ics studies (4), particularly since M. graminicola is of increasing
importance in the region.

Although the major inference of the present study was the speci-
ficity of the host-pathogen interaction, which was irrespective of the
proposed variants, the suggested gene-for-gene relationship as the
underlying mechanism for this requires further evidence through
crossing experiments among accessions of host and pathogen.

Genetic variation for resistance. The resistance in the host
cultivars varied widely in both experiments. In the first experi-
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ment, the durum wheat cultivars were in one group, since the
majority of the isolates hardly produced pycnidia in them. In con-
trast, most of the bread wheat cultivars were significantly differ-
ent for N and P. However, the relationship between some cultivars
was evident from composed clusters, such as ‘Kavkaz’ and its
derivatives ‘Kavkaz/UP301’ and ‘Kavkaz/7C’. Another composed
cluster contained ‘Iassul 20°, ‘Bet Lehem’, and the triticale culti-
var Beagle, which were apparently unrelated but had low P levels
with the majority of the isolates. Cultivars such as ‘Kavkaz’,
‘Bobwhite’, ‘Kavkaz/K4500 1.6.a.4°, and ‘Tassul 20’ proved to be
highly effective against the majority of the isolates, in accord with
Eyal et al. (12).

In the second experiment, ‘OZ 368’ and ‘Bidi 17’ had a similar
differential response to the M. graminicola isolates and were clus-
tered. The land race ‘OZ 368’ was selected by Ducellier in 1936
from the land race population ‘Bidi’ in the region Oued Zenati, 40
km west of Guelma in Algeria, whereas ‘Bidi 17’ was selected by

Perrot from the same land race population in 1938 in Guelma 9).
A parallel inference was evident for ‘Hedba 3’ and ‘M. B.
Bachir’, that were selected in 1907 from unknown, but probably
similar, land race populations in the region of Setif, 300 km
southeast of Algers (9).

The relation between N and P. Our study considered two dis-
case parameters, N and P, whereas other reports on pathological
variation in M. graminicola considered either one or the other of
these parameters (2,10,11,12,33,43). The smaller standard error
of the mean for P provided a better resolution of genetic variation
than N, which was also evident from the cluster analyses. P re-
sulted in more pronounced differences between isolates or culti-
vars. Therefore, P appeared, apart from its epidemiologica! rele-
vance, to be most appropriate to characterize isolates or cultivars.
The controversy about host-pathogen interactions in the wheat-M.
graminicola pathosystem might be partly because of the analysis
of just one parameter, which obviously mitigates the complexity

TABLE 5. Adjusted necrosis (N) response matrix of experiment 2; 23 host accessions and 15 Mycosphaerella graminicola isolates, arranged according to the

clusters of Figure 3%

Cultivars¥

D D D D D D D D D D D D D D D D D B B B B D i &
EC* 169 ZB BD OZ BI7 H3 ZP MB In Wa OR Te Ma G25 Jo A65 Sa La An Bo KK Cc Be
TNS 84 82 85 82 69 B8 8 72 69 68 62 76 72 63 72 69 71 1 =22 -1 4 177 1
TNI 77 95 83 100 86 93 78 78 87 78 66 78 76 66 74 67 77 8 8 5 3 78 8
MO2 86 85 75 78 74 71 76 68 69 54 55 70 69 59 59 49 63 6 5 3 0 62 9
TN3 97 97 92 86 74 90 83 84 78 80 72 84 90 54 61 72 68 7 7 2 4 920 5
SYl 84 80 66 85 65 85 79 68 82 64 56 81 82 44 65 83 75 10 5 6 2 62 7
TN4 80 79 75 88 82 8 8 9 8 B8 70 8 8 65 8 8 82 28 29 3 4 84 4
MOI T4 82 94 98 90 95 85 94 90 64 62 75 81 53 90 87 90 11 7 9 3 95 32
TN7 51 65 87 54 31 79 50 65 68 49 48 60 72 44 47 31 47 3 5 5 4 59 10
MO4 82 101* 103 98 72 95 86 80 63 47 55 79 99 57 74 52 49 11 8 6 7 83 5
TN6 85 104 83 92 78 98 80 79 58 60 36 63 86 55 66 46 47 10 9 6 6 66 8
TKS 77 73 58 42 32 33 43 29 57 59 60 67 70 56 43 35 47 11 12 14 9 71 26
MO3 18 35 19 41 16 14 20 17 13 11 8 9 43 37 11 14 37 9 62 11 8 58 6
ET6 49 55 63 60 37 53 63 56 66 69 63 76 71 64 66 51 56 68 74 52 53 80 36
TN2 48 65 44 51 28 43 54 40 87 61 71 82 70 40 60 39 52 78 91 19 26 86 23
ALl 14 31 43 42 13 32 24 15 68 68 39 57 43 21 24 24 8 75 71 37 5 80 11

WLSDyg = 29, L8Dy g5 = 20.
* Experimental codes for isolates according to Table 2.

¥ Experimental codes for cultivars according to Table 1; B = bread wheat, D = durum wheat, and T = triticale.

* Values >100 and <0 are because of block adjustments.

TABLE 6. Adjusted pycnidia (P) response matrix of experiment 2; 23 host accessions and 15 Mycosphaerella graminicola isolates, arranged according to the

clusters of Figure 2%

Cultivars¥
D D D D D D D D D D D D D D D D D D B T B B B
EC* Wa OR Ma Te ZB OZ BI17 ZP H3 MB 169 BD In Cc Jo A65 Sa G25 Bo Be KK La An
MO1 56 53 53 48 46 51 57 35 58 65 46 61 68 68 62 62 67 20 0 0 0 0 1
TNI 34 40 31 32 61 48 59 29 60 51 28 36 75 63 58 65 62 20 0 0 0 0 0
TNS 14 13 62 69 33 13 19 59 54 48 32 46 76 70 60 67 56 6 e | -1 -1 -1
MO4 47 48 71 66 45 51 53 54 60 55 33 41 73 58 66 38 39 17 2 2 2 2 2
MO2 42 57 67 67 57 55 69 68 66 56 26 25 74 47 54 46 56 16 -1 -1 -1 -1 -1
TN3 73 70 67 69 72 49 55 54 67 62 33 45 73 50 63 57 60 18 -1 -1 -1 -1 0
TN4 70 61 76 77 63 31 23 69 83 70 24 20 72 59 61 66 48 7 -1 -1 -1 -1 -1
SY1 34 34 63 69 58 58 49 68 67 62 44 38 76 55 59 52 51 12 0 0 0 0 0
TNG6 32 16 58 55 53 55 50 60 63 58 40 32 51 48 59 37 45 6 0 0 0 0 0
TN7 47 54 69 64 8 6 6 12 49 57 6 14 62 53 54 32 43 4 2 2 2 2 2
TK5 60 61 34 64 18 5 3 4 S 3 5 4 63 14 24 20 35 5 3 3 3 3 3
TN2 0 13 -2 1 0 -2 -2 -2 -2 -2 -2 -1 . -2 - -2 =2 3 5 -2 0 67 47
ET6 3 21 5 6 1 0 1 1 1 1 0 9 13 0 3 0 8 8 20 0 4 61 54
ALl 15 20 0 1 2 | 1 0 3 1 0 2 39 13 0 4 1 2 21 0 0 61 45
MO3 1 0 3 0 3 2 2 1 0 2 0 0 0 2 0 0 10 3 0 0 0 0 42

WLSD[H" = l?, L’SDU.(FS =12.
* Experimental codes for isolates according to Table 2.

¥ Experimental codes for cultivars according to Table 1; B = bread wheat, D = durum wheat, T = triticale.

* Negative values are because of block adjustments.
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of the pathosystem. Suboptimal experimental conditions, in par-
ticular inadequate RH levels (23,37), may lead to a consideration
of N as disease parameter, since pycnidia development will be
severely hampered if RH levels are <75% or insufficiently con-
trolled. Eyal et al. (12) and Van Ginkel and Scharen (41,42,43)
considered N as their main disease parameter. In addition, the
frequency of plants showing pycnidia was determined, sometimes
4 weeks after inoculation. Yechilevich-Auster et al. (44) reported
a mean value of P = 3.8 on the resistant cultivar Zenati Bouteille,
whereas it had a differential response ranging from P =7 to P =
72 with merely durum wheat isolates in our experiments. Simi-
larly, the susceptible cultivar Inbar, had a mean value of P = 27.8,
whereas in our experiments it ranged from P = 50 to P = 75 for
various isolates. We observed pycnidium formation already at 10
days after inoculation, and final observations were conducted at
21 days after inoculation. Although these discrepancies may be
conferred by differences in virulence of the pathogen isolates, it
was not surprising that dissimilar experimental conditions pro-
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Fig. 3. Dendrograms of simultanecously clustered genotypes of wheat (22)
and triticale (1), and Mycosphaerella graminicola isolates (15), based on N in
experiment 2. The positions of the nodes correspond with the cumulative
sum of squares for interaction between cultivars and isolates (§) on the hori-
zontal axis. The area at the left of the vertical dotted line represents nonsig-
nificant differences at P = 0.05, S = 18 x 103 (for P = 0.01, § = 20 x 10?).

duced conflicting data, thus obscuring the discussion on specific-
ity in this pathosystem (10,11,12,17,26,43).

Observed cluster discrepancies for N and P suggested that N
and P were under different genetical control. Extensive leaf ne-
crosis with no or a few pycnidia occurred frequently. High necro-
sis levels with varying pycnidial densities were also observed in
field experiments (G. H. J. Kema, unpublished data). Therefore,
Rosielle (30) introduced an assessment scale with six discrete
host-response classes representing immunity and varying levels
of necrosis and pycnidial density. The reason for dissimilarities
between N and P classifications has, to our knowledge, not been
addressed. Histological studies showed that phenotypes with high
N but low P levels were not profusely colonized (G. H. J. Kema
and D. Yu, unpublished data). These observations suggest that
high N levels may be provoked by the pathogen, but apparently
could imply avirulence rather than virulence. Therefore, P ap-
pears to be the most reliable disease parameter until histological
and physiological aspects of the pathogenesis of M. graminicola
in compatible and incompatible interactions have been resolved.

Mycosphaerella graminicola isolates
:
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Fig. 4. Dendrograms of simultaneously clustered genotypes of wheat (22)
and triticale (1), and Mycosphaerella graminicola isolates (15), based on P in
experiment 2. The positions of the nodes correspond with the cumulative
sum of squares for interaction between cultivars and isolates (S) on the hori-
zontal axis. The area at the left of the vertical dotted line represents nonsig-
nificant differences at P = 0,05, § = 8 x 103 (for P =0.01, S = 8.5 % 10%).
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TABLE 7. Analyses of covariance of the necrosis (N) and pycnidia (P) disease parameters, on total and restricted response matrices in two experiments?

Total response matrix Restricted response matrix
N P N P

Source of variation df MS4 MS df MS MS
Experiment 1
Isolates 49 5,440.5° 2,587.9 47 4,317.2 2,872.2r
Covariates 24 13,578.6 2,364.4 24 9,965.7 2,801.6

Mainplot error 124 1,324.3 331.7 118 1,098.7 377.7
Cultivars 23 47,7256 38,408.1° 18 49,551.2" 35,187.5°
Cultivars x isolates 1,127 864.0°% 506.4% 846 882.5mu 542.6%

Subplot error 3,468 197.9 108.5 2,556 182.5 125.0
Experiment 2
Isolates 14 12,907.5° 20,110.0° 10 5,697.0F 5,173.2°F
Covariates 9 14,054.8 1,144.0 9 6,811.5 1,746.6

Mainplot error 36 2,687.2 378.7 24 1,199.4 513.3
Cultivars 22 28,722.2r 14,530.0¢ 17 3,549.1° 7,864.8°
Cultivars x isolates 308 1,220.0+¥ 1,347.0%% 170 416.5%Y 730.4%%

Subplot error 990 191.0 87.1 561 192.1 118.0

P The total response matrix of experiment 1 comprised 24 host accessions and 50 Mycosphaerella graminicola isolates, and the restricted response matrix was
confined to 19 bread wheat accessions and 48 isolates from bread wheat. The total response matrix of experiment 2 comprised 23 host accessions and 15 My-
cosphaerella graminicola isolates, and the restricted response matrix was confined to 18 durum wheat accessions and 11 isolates from durum wheat.

9 MS = mean square.

" F value highly significant (P < 0.01).

¢ Percentage of the total variance is 2.04.

! Percentage of the total variance is 3.58.

U Percentage of the total variance is 2.33.

¥ Percentage of the total variance is 4.52.

* Percentage of the total variance is 1.24.

* Percentage of the total variance is 1.14.

¥ Percentage of the total variance is 1.33.

* Percentage of the total variance is 1.29.

TABLE 8. Categories of relationships between Mycosphaerella graminicola isolates and wheat cultivars®

Response of cultivars?*

Category Experiment Isolate¥ N P
Interactive N-interactive P 1 Ve KU Ve KU
TK8 15a 70b la 42b
AR3 68b 5a 40 b ~la
2 Te MB Te MB
SY1 8la 68a 69 a 62a
TK5 67a 29b 64 a 3b
Noninteractive N-interactive P 1 T29 Ob T29 Ob
NL3 71a 85a 4a 38b
TK2 85a 62a 37b 3a
2 Wa Cc Wa Cc
TKS 59a 7l a 60a 14b
TNS 68a 77a 14b 70 a
Interactive N-noninteractive P 1 Ve KZ Ve KZ
ARI 38b S5a 7a 4a
NL3 0Da 38b ~-la 2a
2 169 B17 169 B17
TN4 80 a 77 a 24 a 23a
TKS 77 a 32b 5a 3a
Noninteractive N-noninteractive P 1 Ce Ge Ce Ge
TK4 67a T8 a 59a 67 a
AR4 62a 80a 54 a 68a
2 Te Ma Te Ma
TN4 83a 86a 77 a 76 a
MO4 79 a 99 a 66 a 71a

* Values are taken from Tables 3 to 6.
¥ Experimental codes for cultivars according to Table 1 and experimental codes for isolates according to Table 2.
* Values followed by different letters are significantly different at P < 0.01 (experiment 1: LSDy = 29 and LSD, = 20; experiment 2: LSDy = 29 and LSD, = 17).
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TABLE 9. Generalized efficacy of the resistance in bread wheat and durum wheat cultivars, with respect to the pycnidia parameter (P), to Mycosphaerella
graminicola isolates that originated from these respective species

Country and Responses™? of bread wheat cultivars? to bread wheat-derived isolates

number of isolates La Sh Ge Ce KT Ol T29 To K7 KU Co KZ Ob Ve Bo Ar BL KK Ia
Argentina (6) ® ® @ [ ] ® ® O R o} o} R R O o] (o] @] R o] O
Uruguay (5) 5] ) [ [ ] [ ] [ ] 5] R R R R R O R (@] R (o) R R
Ethiopia (11) ® e @ 0o O ©O R O O ©O0 © R ©O© o o R R O R
Kenya (8) e © O ®© e e O O o o o o o R R R R R R
Burundi (2) [ ] ® [ ] ® ® o L ] L ] R R o] R R (o] R R R R R
Rwanda (1) ® @ ® @ @ @ ) [ ] ] o ® ® R R R R R R R
Uganda (1) ® @ ® e [ ] @ [ ] ® [ ® ® R R R R R R R R
Turkey (10) [ ] L] [ ] L] o o ] o o o R o] o] o] R o o R R
Netherlands (6) o (o] o] o [ ] o] [o] (o] o] R R o o] o] o] (o] R R R

Responses™ of durum wheat cultivars? to durum wheat-derived isolates
Ma Te In Jo A65 Sa ZB OR Wa OZ BI17 ZP 169 BD Cc MB H3 G25

Morocco (3) ® ® [ ] ] ] ® ® ] ] (] ® [ ] @ ® e ® e fe]
Tunisia (6) [ ] [ ] 2] ] ] [ ] e} o} [e] [o] o] o} (o} o ] ® ® fe]

Syria (1) ° <) ® ® © ® ] ® @ ® ® ] o °® o ° o R
Turkey (1) [ ] [ ] [ ] L] L] ® ® @ e ® R R R R R R R R

* The restricted response matrix for bread wheat and bread wheat-derived isolates comprised 19 cultivars and 48 isolates. The restricted response matrix for
durum wheat and durum wheat-derived isolates comprised 18 cultivars and 11 isolates.

¥ R = no virulent isolates encountered, © = virulent isolates encountered, and @ = all isolates carried virulence.

* Experimental codes for cultivars according to Table 1.

LITERATURE CITED

. Ali, I, Roelfs, A. P., and Huerta-Espino, J. 1994. Inheritance of leaf rust

resistance in wheat cultivars Morocco and Little Club. Plant Dis. 78:383-
384.

. Ballantyne, B. 1989. Pathogenic variation in Australian cultures of My-

cosphaerella graminicola. Page 54 in: Septoria of Cereals. P. M. Fried,
ed. Swiss Federal Research Station for Agronomy, Zurich, Switzerland.

. Beck, J. J,, and Ligon, J. M. 1995. Polymerase chain reaction assays for

the detection of Stagonospora nodorum and Septoria tritici in wheat.
Phytopathology 85:319-324.

. Boeger, J. M., Chen, R. S., and McDonald, B. A. 1993. Gene flow be-

tween geographic populations of Mycosphaerella  graminicola
(anamorph Septoria tritici) detected with restriction fragment length
polymorphism markers. Phytopathology 83:1148-1154.

. Bose, R. C., Clathworthy, W. H., and Shrikhade, S. S. 1954, Tables of

partially balanced designs with two associate classes. N. C. Agric. Exp.
Stn. Tech. Bull. 107.

. Brokenshire, T. 1976. The reaction of wheat genotypes to Septoria

tritici. Ann. Appl. Biol. 82:415-423.

. Caten, C. E. 1987. The concept of race in plant pathology. Pages 21-37

in: Populations of Plant Pathogens: Their Dynamics and Genetics. M. S.
Wolfe and C. E. Caten, eds. Blackwell Scientific Publications Ltd.,
Oxford.

. Corsten, L. C. A., and Denis, J. B. 1990. Structuring interaction in two-

way tables by clustering. Biometrics 46:207-215.

. Erroux, J. 1958. Introduction au catalogue des blé durs cultivés en Algé-

rie. Bull. Soc. Hist. Nat. Afr. Nord 49:124-142.

. Eyal, Z., Amiri, Z., and Wahl, 1. 1973. Physiologic specialization of

Septoria tritici. Phytopathology 63:1087-1091,

. Eyal, Z., and Levy, E. 1987. Variations in pathogenicity patterns of My-

cosphaerella graminicola within Triticum spp. in lIsrael. Euphytica
36:237-250.

. Eyal, Z., Scharen, A. L., Huffman, M. D., and Prescott, J. M. 1985.

Global insights into virulence frequencies of Mycosphaerella gramini-
cola. Phytopathology 75:1456-1462.

. Ezzahiri, B., Diouri, S., and Roelfs, A. P. 1994. Pathogenicity of Puc-

cinia recondita f.sp. tritici in Morocco during 1985, 1988, 1990, and
1992. Plant Dis. 78:407-410.

. Garcia, C., and Marshall, D. 1992. Observations on the ascogenous stage

of Septoria tritici in Texas. Mycol. Res. 96:65-70.

. Genstat 5 Committee. 1990. Genstat 5, Reference Manual. Clarendon

Press, Oxford, United Kingdom.

. Hess, D. E., and Shaner, G. 1987. Effect of moisture and temperature on

development of Septoria tritici blotch in wheat. Phytopathology 77:215-
219.

. Johnson, R. 1992. Past, present and future opportunities in breeding for

disease resistance, with examples from wheat. Euphytica 63:3-22.

. Kema, G. H. J,, and Annone, J. G. 1991. In vitro production of pycnidia

by Septoria tritici. Neth. J. Plant Pathol. 97:65-72.

. Kema, G. H. J,, Sayoud, R., Annone, J. G., and Van Silfhout, C. H. 1996.

20.

21,

22.

23.

24,

25.

26.

27.

28.
29,
30.
3l
32
33
34.

35.

36.

37.

Genetic variation for virulence and resistance in the wheat-My-
cosphaerella graminicola pathosystem. II. Analysis of interactions be-
tween pathogen isolates and host cultivars. Phytopathology 86:000-000.
King, J. E,, Cook, R. J., and Melville, S. C. 1983. A review of Septoria
diseases of wheat and barley. Ann. Appl. Biol. 103:345-373.

Knogge, W., Hahn, M., Lehnackers, H., Riipping, E., and Wevelsiep, L.
1991. Fungal signals involved in the specificity of the interaction be-
tween barley and Rynchosporium secalis. Pages 250-253 in: Advances in
Molecular Genetics of Plant-Microbe Interactions, vol. 1. H. Hennecke
and D. P. 8. Verma, eds. Kluwer Academic Publishers, Dordrecht, Neth-
erlands.

Leonard, K. J. 1993. Durable resistance in the pathosystems: Maize —
northern and southern leaf blights. Pages 99-114 in: Durability of Dis-
ease Resistance. T. Jacobs and J. E. Parlevliet, eds. Kluwer Academic
Publishers, Dordrecht, Netherlands.

Magboul, A. M., Geng, S., Gilchrist, D. G., and Jackson, L. E 1992,
Environmental influence on the infection of wheat by Mycosphaerella
graminicola. Phytopathology 82:1407-1413.

McDonald, B. A., and Martinez, J. P. 1990. DNA restriction fragment
length polymorphisms among Mycosphaerella graminicola (anamorph
Septoria tritici) isolates collected from a single wheat field. Phytopa-
thology 80:1368-1373.

McDonald, B. A., and Martinez, J. P. 1990. Restriction fragment length
polymorphisms in Septoria tritici occur at a high frequency. Curr. Genet.
17:133-138.

Nelson, L. R., and Marshall, D. 1990. Breeding wheat for resistance to
Septoria nodorum and Septoria tritici. Adv. Agron. 44:257-277.
Pachinburavan, A. 1981. Pycnidiospore germination, penetration, and
pycnidial formation of Septoria tritici Rob. ex. Desm. Ph.D. thesis.
Washington State University, Pullman.

Person, C. 1959. Gene-for-gene relationships in host:parasite systems.
Can. J. Bot. 37:1101-1130.

Polley, R. W., and Thomas, M. R. 1991. Surveys of diseases of winter
wheat in England and Wales, 1976-1988. Ann. Appl. Biol. 119:1-20.
Rosielle, A. A. 1972. Sources of resistance in wheat to speckled leaf
blotch caused by Septoria tritici. Euphytica 21:152-161.

Royle, D. J. 1994. Understanding and predicting epidemics: A commen-
tary based on selected pathosystems. Plant Pathol. 43:777-789.

Rufty, R. C., Hebert, T. T,, and Murphy, C. F. 1981. Variation in viru-
lence in isolates of Septoria nodorum. Phytopathology 71:593-596.
Saadaoui, E. M. 1987. Physiologic specialization of Septoria tritici in
Morocco. Plant Dis. 71:153-155.

Sanderson, F. R. 1972. A Mycosphaerella species as the ascogenous state
of Septoria tritici Rob. ex. Desm. N. Z. J. Bot. 10:707-709.

Schilder, A. M. C., and Bergstrom, G. C. 1990. Variation in virulence
within the population of Pyrenophora tritici-repentis in New York. Phy-
topathology 80:84-90.

Scott, P. R., Sanderson, E R., and Benedikz, R. W. 1988. Occurrence of
Mycosphaerella graminicola, teleomorph of Septoria tritici, on wheat
debris in the UK. Plant Pathol. 37:285-290.

Shaw, M. W. 1991. Interacting effects of interrupted humid periods and

Vol. 86, No. 2, 1996 211



38.

39,

40.

41.

light on infection of wheat leaves by Mycosphaerella graminicola
(Septoria tritici). Plant Pathol. 40:595-607.

Shaw, M. W., and Royle, D. J. 1993. Factors determining the severity of
epidemics of Mycosphaerella graminicola (Septoria tritici) on winter
wheat in the UK. Plant Pathol. 42:882-899,

Thompson, J. N., and Burdon, J. J. 1992. Gene-for-gene coevolution
between plants and parasites. Nature 360:121-125.

Van Ginkel, M., and Rajaram, S. 1993. Breeding for durable resistance
in wheat: An international perspective. Pages 259-272 in: Durability of
Disease Resistance. T. Jacobs and J. E. Parlevliet, eds. Kluwer Academic
Publishers, Dordrecht, Netherlands.

Van Ginkel, M., and Scharen, A. L. 1987. Generation mean analysis and

212 PHYTOPATHOLOGY

42,

43.

44,

45.

heritabilities of resistance to Septoria tritici in durum wheat. Phytopa-
thology 77:1629-1633.

Van Ginkel, M., and Scharen, A. L. 1988. Diallel analysis of resistance
to Septoria tritici isolates in durum wheat. Euphytica 38:31-37.

Van Ginkel, M., and Scharen, A. L. 1988. Host-pathogen relationships of
wheat and Septoria tritici. Phytopathology 78:762-766.
Yechilevich-Auster, M., Levi, E., and Eyal, Z. 1983. Assessment of in-
teractions between cultivated and wild wheats and Septoria tritici. Phy-
topathology 73:1077-1083.

Zambino, P. J., and Szabo, L. J. 1993, Phylogenetic relationships of
selected cereal and grass rusts based on rDNA sequence analysis. My-
cologia 85:401-414.




