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Abstract

The nature of host—pathogen interactions between Pyrenophora teres f. teres and barley has been reported to be as well race-
specific as race-non-specific with evidence that the definition of races is tenuous. Infection responses of 266 single-spore
isolates of P. teres f. teres collected in Uruguay during regular surveys from 2005 to 2015 to 41 barley genotypes that had
been determined on a 1-10 scale and thus allowed for qualitative and quantitative distinction in virulence and aggressiveness
were subjected to cluster analysis. A total of four isolate clusters and seven barley clusters based on mean infection responses
were determined. Infections reactions of the 266 isolates were continuous, and each isolate had a unique pathogenic spec-
trum. There were no effects of sampling year and location on the occurrence of similar isolates. Despite some very few and
clear isolate-specific interactions, the interactions in this pathosystem can be described as predominately quantitative. For
screening purposes, 1-2 isolates from the different clusters with broad aggressiveness to most or all of the respective barley

genotype clusters will be the best choice.
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Introduction

Net blotch, caused by the heterothallic ascomycete Pyr-
enophora teres Drechs. f. teres Smedeg. (anamorph:
Drechslera teres [Sacc.] Shoem. f. teres Smedeg.) (McDon-
ald 1963; Smedegard-Petersen 1978), is one of the most
widely occurring foliar diseases of barley (Hordeum vul-
gare). Estimates of yield loss due to net blotch range from
10 to 40% in average years depending upon cultivar sus-
ceptibility and weather conditions (Mathre 1997). Impor-
tant quality parameters of barley, for the animal feed and
malting industries, can also be affected detrimentally by P.
teres f. teres (Ptt) (Steffenson et al. 1991). While the disease
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was not considered a serious threat for barley production
until the 1960s, the increased application of reduced or no-
tilling practices in combination with the use of suscepti-
ble cultivars has led to an increased importance of P#f in
recent years (Paulitz and Steffenson 2011). The pathogen
belongs to the class of Dothideomycetes, order Pleosporales,
which also hosts a number of other agronomically important
cereal pathogens such as Bipolaris sorokiniana, the causal
agent of barley and wheat spot blotch and Septoria nodo-
rum blotch on wheat. Ptt is a residue-borne pathogen with
sexual hybridization occurring on the stubble (Piening 1961;
1968) followed by multiple cycles of asexual reproduction
during the growing season (Peever and Milgroom 1994).
Since Ptt is heterothallic with two mating types (McDonald
1963), the sexual cycle is initiated only when two fungal
strains of different mating types interact (Kronstad and Sta-
ben 1997). This mixed reproduction system fits the category
of pathogens with a relatively high ability to rapidly adapt
to major host resistance genes and fungicides with single
modes of action (McDonald and Linde 2002). This high-
lights the potential to result in new virulences that could
reduce the effectiveness of existing resistant barley varieties,
and therefore, knowledge of the pathogenic diversity is criti-
cal to develop cultivars with effective resistance.
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While clear race-specific interactions have been docu-
mented for many cereal pathogens, such as rusts and Rhyn-
chosporium commune (causal agent of leaf blotch on barley),
and race-non-specific interactions for others, e.g., Zymosep-
toria tritici (causal agent of leaf blotch on wheat), for sev-
eral pathogens, including Ptz, no conclusive results exist.
Overall, it appears that in the case of mainly quantitative
interactions, a limited amount of qualitative interactions
may exist. Recently, we showed that virulence of B. soro-
kiniana as well as resistance in barley against that pathogen
is much better described using a cluster analysis approach
than by assigning physiological races. The cluster analysis
groups host genotypes based on similarity of resistances and
isolates based on similarity of virulence patterns (Gamba
et al. 2020). Similarly to B. sorokiniana, there is a discussion
about the quantitative nature of the host—pathogen interac-
tions in the barley—P#t interactions.

Extensive variation in terms of virulence exists among
P1t isolates. Following the first study on pathogenic varia-
tion by Pon (1949), the pathogenic spectra of P#t isolates
from different geographical areas have been documented
relatively well (Table 1). The analyses ranged from purely
qualitative (based on infection responses on specific bar-
ley genotypes) to various quantitative methods (cluster
analysis, principal component analysis and others). On

the one hand, the use of varying sets of barley genotypes
by different authors that they considered as ‘differentials’
makes it challenging to compare pathogen structure in
different regions directly. On the other hand, independ-
ent of the methodology used, the term "Pathotype" was
used almost indistinctly. For P#t, this term was first used
by Tekauz (1990) ‘to describe isolate groups that differ
in their virulence phenotypes on the barley differentials’
aiming to qualitatively describe the physiological spe-
cialization of an extensive Canadian collection of the Pt
isolates. In all subsequent studies, it is quite noticeable
how extensively this term was adopted without consider-
ing any other possible characterization of this host—patho-
gen interaction. Harrabi and Kamel (1990) were the first
to report clusters to describe virulence spectra of the
pathogen isolates originating from the Mediterranean
region. However, it was not until 2003 that clusters with
a continuous range of virulence were reported in isolates
from France and Syria (Arabi et al. 2003). This continu-
ous range of virulence spectra was also found in Morocco
and Uruguay, strictly based on infection responses on
certain barley genotypes (Douiyssi et al. 1998; Gamba
and Tekauz 2011). The most recent and comprehensive
study of the pathogenic variation of Ptt isolates reported
four virulence groups, each displaying a high degree of

Table 1 Overview of previous

) . . Genotypes Isolates Designation Number References

studies reporting pathogenic

variability of Pyrenophora (a) Infection responses on specific barley genotypes

teres f. tere's. Number of barley 4 17 Races 3 Khan and Boyd (1969)

genotypes, isolates tested and ]

the differentiation methods used 15 14 Virulence types 7 Bjarko (1979)

in the studies are shown 11 8 Virulence types 5 Bjarko (1979)
7 52 Race groups 5 Khan (1982)
12 182 Pathotypes 45 Tekauz (1990)
22 91 Pathotypes 13 Steffenson and Webster (1992)
18 27 Pathotypes 14 Jonsson et al (1997)
25 23 Pathotypes 15 Wu et al. (2003)
38 15 None' 0 Douiyssi et al. (1998)
31 29 Pathotypes 11 Cromey and Parkes (2003)
22 61 Pathotypes 11 Jebbouj and El Yousfi (2010)
20 43 None' 0 Gamba and Tekauz (2011)
22 48 Pathotypes 12 Boungab et al. (2012)
22 75 Pathotypes 49 Liu et al. (2012)
25 40 Pathotypes 24 Oguz and Karakaya (2017)
(b) Cluster analysis
10 33 Clusters Harrabi and Kamel (1990)
47 74 Clusters Gupta and Loughman (2001)
12 23 Clusters! Arabi et al. (2003)
14 104 Pathotypes 20 Bouajila et al. (2011)
8 39 Pathotypes 16 Akhavan et al. (2016)
31 123 Virulence groups 4 Fowler et al. (2017)

!Continuous pathogenic variability: all isolates were different from each other
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specificity on four key Australian genotypes. However,
pathogenic variation of individual isolates within the iso-
late groups was also detected (Fowler et al. 2017).

A large set of 41 selected barley genotypes was rou-
tinely used during Uruguayan race surveys to character-
ize Ptt isolates. In order to better understand the nature
of host—pathogen interactions and to identify potentially
useful differences in host resistances, we applied cluster
analysis tools on a set of 266 P. feres f. teres isolates origi-
nating from the regular virulence surveys in Uruguay dur-
ing 2005 and 2015. The aim of our work was to assess the
pathogenic variation in Ptt and to identify a reduced set of
potentially useful barley genotypes for pathogen screening
and a set of Prt isolates that could be of use to screen for
resistance in Uruguay.

Materials and methods
Isolation and inoculum production

A total of 266 monosporic isolates were collected (Sup-
plementary Table S1) in the period between 2005 and
2015 from surveys conducted in farmers fields in the
western departments of Uruguay where barley is tradition-
ally grown. Each year, 10—12 randomly selected infected
leaves with putative symptoms of net blotch were obtained
per field sampled between crop tillering (Z 21) and head
emergence (Z 55-59) (Zadoks et al. 1974). After drying at
room temperature, 15-20-mm-long leaf pieces were sur-
face sterilized in 50% ethanol for 15 s and in 2% sodium
hypochlorite for 30 s, then rinsed three times with sterile
water and incubated in Petri dishes with moistened filter
paper at 21 +0.5 °C and a 12-h photoperiod to promote
pathogen sporulation in the lesions. After 3—5 days, single
conidia were transferred using a sterile needle to test tube
slants containing 10% V-8 juice agar (V-8 juice, 100 mL;
CaCO;, 3 g; Difco agar 20 g; distilled water 900 mL).
Cultures were then incubated as before to promote new
growth and sporulation. From each field, one single-spore
isolate was used for testing. Inoculum was recovered by
flooding 8-10-day-old slant cultures with 7 mL of ster-
ile distilled water and by suspending conidia by gently
rubbing the colony surface with a sterile wire loop. The
resulting suspension was poured onto a 15-cm-diameter
plate containing 10% V-8 juice agar. These plates were
incubated at 21 +0.5 °C for 6 days and then used to pre-
pare the final inoculum (Tekauz and Mills 1974). Inocu-
lum concentration was adjusted to 10* conidia mL ™" using
a hemocytometer (Hausser Scientific Horsham, Pa). To
ensure inoculum dispersion, Tween® 20 (polyoxyethylene
sorbitol) was added (1 drop/100 mL).

Plant material, inoculation and disease rating

Each isolate was inoculated onto 41 barley genotypes includ-
ing commercial varieties from various countries and resist-
ance sources used in Uruguay. The two genotypes ‘Har-
rington’ and ‘Pertin’ were considered susceptible checks from
previous experience in Canada (Tekauz et al. 2011) and in
Uruguay (Gamba and Tekauz 2011), respectively (Table 2).
The set included the barley genotypes that have been pro-
posed for a standard international differential set (c-8755,
¢-20019, CI 5791, CI 9825, CLS, ‘Harbin,” ‘Prior,” ‘Skiff’
and ‘Harrington’) (Afanasenko et al. 2009). Eight to ten seeds
per barley genotype were sown in pots containing a 1:1 mix-
ture of soil and sand. Pots were kept in a growth chamber
at 21 +0.5 °C and 18-h photoperiod, until inoculation when
plants had reached the three-leaf stage (Z 13). Fertilization and
irrigation were applied so that these were not limiting factors
for normal growth of seedlings.

Inoculation of the conidial suspension was done using an
atomizer (de Vilbis) at a constant pressure of 69 kPa at a rate
of 12 mL per pot. Inoculated plants were kept in the dark for
24 h at 100% relative humidity and then returned to the previ-
ous growth conditions. Seven to eight days after inoculation,
lesions were rated on the central portions of the second and
third leaves based on a qualitative 1 to 10 scale (Tekauz 1985),
where 1 is the most resistant and 10 the most susceptible inter-
action. The experimental design was completely randomized
with three replications (pots). The treatments included a con-
trol inoculated with water.

Data processing and analysis

Infection responses <5 were considered a low infection
response (LIR), whereas scores >5 were considered a high
infection response (HIR). Phenotype scores >5 were used to
identify susceptible responses and considered indicative of
virulence in Pt isolates. Responses of barley genotypes to
isolates of Pt were analyzed quantitatively using the statistics
package ‘R’ (R Development Core Team, 2006 v 3.3.1) based
on mean scores of the three replications. Matrices of Euclidean
distances between barley genotypes and between isolates were
calculated based on the means of the disease reactions. The
factorial analysis through hierarchical clustering on principal
components (HCPC) resulting in principal component analysis
(PCA) results and PCA-based clusters were analyzed using
the R-package ‘FactoMineR’ v. 1.33 (L& and Husson 2008).

Results
The principal component analysis (PCA) resulting from the

hierarchical clustering on principal components (HCPC)
grouped the 41 barley genotypes into four clusters based
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Table 2 Designation, origin,
clustering of the tested barley

Isolate cluster

Barley Over Mean
genotypes and percentage of cluster Genotype Origin all I I I IV V VI VI IR
266 isolates of P}frenophora N isolates 266 23 32 44 38 17 51 61
feres . feres that induced C19825" Ethiopia 9 9 7 2 25
susceptible infection responses b
(IR>5) on 41 barley genotypes Manchuria Canada 12 4 2.0
according to each genotype and CI5791° Ethiopia 12 4 2.7
isolate clusters. The results of Ming®® China 12 13 2.5
the cluster analysis performed CI 9820° Ethiopia 14 17 22
on the genotype infection 1 TR473° Canada 18 4 2.9
responses (IR?) are given, and C-20019® Ethiopia 20 4 33
the mean IRs of clusters are ¢-8755 Ethiopia 21 9 34
provided (genotypes within
cluster sorted by mean IR). CLs USA. 26 13 39
Colors indicate the percentage Harbin” China 27 26 3.9
of isolates inducing susceptible Prior” Australia 35 39 4.0
IR. Dark green: O; light green: Mean 25 37 25 28 53 28 3.0
1-19; yzgfgvgzo_?’ 9 liggg 79 Ambev 23% Argentina g 5.2
orange ; orange: 60-79; .
red 8g0—100. Bold fognt denotes Damelli" Germany >3
barley genotypes included in Norbert Canada 31
the proposed international Ambev 293" U.S.A. 54
differential set by Afanasenko L. Arrayén *¢  Uruguay 53
et al. (2009) Bambina® Germany 5.4

L.Virar6 b Uruguay 5.4
Altea® Germany 55
2 Conchita® Germany 5.8
Kalena® Germany 5.8
Heartland® Canada 6.0
L Timb6! Uruguay 6.0
. Aromo? Uruguay 14 6.0
L. Guaviya®™  Uruguay 6.2
A. Laisa® Germany 9 22 52 6.2
I. Ceibo™ Uruguay 9 31 52 6.3
Trupé Germany o IBR u 6.4
Mean 24 49 34 6.1 59 57 89
,  oacar Canada 55 48 47 55 41 41 59 59
Harrington® Canada
Mean 62 5.7 6.8 5.8 6.4
N.Carumbé™  U.S.A. 9 25 88 97
Clipper™ Australia 25 88
Czech
Pertin® Republic 16 94
A. Madi* Germany 53
Q. Ainara®®  Argentina 17 28 94
4 Skiff Australia 22 88
N. Dayman®™  U.S.A. 13 25
EST 2098 Uruguay 47
Czech
Danuta® Republic 28
Ambev 31 US.A. 13 34
MUSA 936 Uruguay 34
Mean 2.7 42

Overall mean

2.7 44

7.8

* according to1-10 scale,Tekauz (1985)

bysed in previous studies

¢ resistance sources in Uruguay

4 commercial varieties in Uruguay

¢ susceptible checks
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on their infection responses to the 266 isolates (Fig. 1). The
PCA explained 30.3% and 10% of the variation on the first
two dimensions, respectively (Fig. 1).

Barley genotypes comprising cluster 1 were separated
mainly along the first dimension from all others and were
mapped along the negative axes of dimensions 1 and 2.
This cluster included the 11 most resistant genotypes with
overall mean infection responses ranging from 2 to 4. These
were mainly Ethiopian resistance sources used worldwide
(C-20019; c-8755; CI1 9820 and CI 9825) and one of each
resistance source from China (‘Harbin’), USA (‘CLS’), Aus-
tralia (‘Prior’) and Canada (‘TR 473"). Within this cluster
genotypes, ‘Manchuria,” ‘CI 5791," ‘Ming’ and ‘CI 9820’
were particularly susceptible to isolates belonging to iso-
late cluster V (77-94% cluster V isolates induced HIR) and
they grouped together on the very left of the cluster. Barley
cluster 2 overlapped with cluster 3 and (in part) with cluster
4 on dimension 1 and was mapped and separated from the
two along the positive axis of dimension 2 (Fig. 1). Cluster 2
was composed of 17 barley genotypes which included six of
the eight Uruguayan commercial genotypes, seven German,
two Canadian and one genotype from Argentina and USA
(Table 2). Individual genotypes exhibited particularly HIR
against the isolates in cluster VII. In addition, genotypes

‘I. Arrayan,” ‘I. Vivar6,” ‘Heartland,” ‘I. Timb6’ and ‘L.
Aromo’ were particularly susceptible to isolates in cluster
IV (79 and 92% isolates induced HIR on these genotypes;
Table 2). Cluster 3 had dimension 1 scores around zero and
restricted negative scores on dimension 2. By contrast to
all other clusters, this cluster included only two Canadian
genotypes ‘OAC 21’ and ‘Harrington’ which showed mean
IR of 5.9 and 6.9, respectively. Both genotypes were found
particularly susceptible to isolates in cluster V. Barley clus-
ter 4 was mapped next to cluster 3 along positive scores on
dimension 1 and had similarly restricted negative scores on
dimension 2 (Fig. 1). This cluster included a total of 11 bar-
ley genotypes of which two originated from Uruguay, three
from USA, two from Australia and two from Czech Repub-
lic, and one of each originated from Argentina and Germany.
All genotypes in cluster 4 were susceptible to the majority of
the isolates in clusters VI and VII (HIR > 88%). In addition,
71-98% isolates in isolate cluster III induced HIR on most
of the genotypes in cluster 4. One notable exception included
German barley genotype ‘A. Madi.’

Most of the Uruguayan genotypes from cluster 2 dis-
played mostly LIRs to isolate clusters I, II and III, but to
isolate clusters IV, V and VII, IR was usually very high.
Responses to isolate cluster VI were rather variable

15 ,
Ocluster 1 !
1
@ cluster 2 !
W cluster 3 i )
10 o 1. Viraro
Acluster 4 & 1 Amayin, 1 Aromo
i HeanlanM~ Timbo
1
Danielle 1Ambev 293Altea
5 Ambev 23 @ @ Irupé
Norbert @ Kalend Conchita
- 1 .
Q 1 Bambina @ 1. Ceibo
D)
g i @ A Laisa
1
e T e bomomooo- @ EGuavigu === ----------------
" N " yu-
~ M%chuua Ming ) SS. C ! A A Madi
£ o e 8751 | A MUSA 936
= Croh GRE ;3. €-20019 | @ oAC21 A \vev 31
c15791 @ Harbin ! A EST 2098
5 1 Clipper A A\ Danuta
A : ] Skiff
@ Prior ! Harrington A N.Carumbé
1
' Q. Ainara AAA N. Dayman
1
-10 ' Pertin
1
1
1
1
|
1
-15 L
-20 -15 -10 -5 0 5 10 15 20

Dim 1 (30.3 %)

Fig. 1 Hierarchical clustering on principal components (HCPC) of 41 barley genotypes based on their infection responses to 266 Uruguayan iso-

lates of Pyrenophora teres f. teres
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(Table 2). In contrast, the Uruguayan genotypes belonging
to barley cluster 4 only resisted well against isolate cluster
I and moderately well against cluster II. They were highly
susceptible especially to isolate clusters III, VI and VII.

Overall, 74 and 63% of the isolates tested caused HIR
on the susceptible checks ‘Harrington’ and ‘Pertn,” respec-
tively, and their mean IR was 6.9 and 6.7, respectively
(Table 2). The two supposed checks were clearly distinct
because ‘Pertin’ reacted considerably less susceptible to iso-
lates of clusters I, I, IV and V than ‘Harrington.” In contrast,
‘Harrington’ reacted to the majority of the isolates from all
clusters with HIR (63-87%). Nevertheless, in each cluster
there were isolates that did not cause HIR on Harrington,
showing that it possesses some form of resistance. Seven
genotypes (‘Q. Ainara,” ‘Skiff,” ‘N. Dayman,” ‘EST 2098,
‘Danuta,” ‘Ambev 31,” ‘MUSA 936") all belonging to cluster
4 had an overall mean IR of > 6.7 and were thus as suscepti-
ble as the susceptible checks. Most of them had similar reac-
tion profiles as ‘Pertn’ with the exception of their reaction
to isolate cluster V that was generally more susceptible. The
overall most susceptible genotype was the Uruguayan barley
‘MUSA 936’ with mean IR of 7.2. Notably, of the eight
Uruguayan genotypes included in this study, six grouped
together in cluster 2 and the others in cluster 4 (Table 2).

In contrast to barley that fell into four clusters, the P#t
isolates clustered into seven groups based on mean IRs and
varying high infection response frequency interactions HIRF
(frequency of isolates inducing IR >5) (Table 2). Isolates
grouped in clusters I-VI were collected over 6 or 7 years,
whereas isolate cluster VII was found in each year except in
2007 (Supplementary Table S1). Each cluster was composed
of isolates collected from all surveyed departments (Sup-
plementary Table S1).

Cluster I comprised the 23 least aggressive isolates (mean
IR=2.7). Except for ‘Harrington’ (HIR=78%) and ‘OAC
21" (HIR=48%), all genotypes had less than 20% HIR and
‘Altea,” ‘Danielle,” ‘Heartland,” ‘Clipper’ and ‘Skiff’ had
HIR =0% to these isolates (Table 2). Clusters II, III and IV
comprised 32, 44 and 38 isolates, respectively, and together
represented 43% of all the isolates. Despite overall similar
mean IRs ranging between 4.4 and 4.9 (Table 2), the iso-
late clusters were more or less differentiated through the
barley grouping. While barley clusters 1 and 3 did little to
differentiate the three isolate clusters, barley cluster 2 was
particularly more resistant to isolate cluster III than to iso-
late cluster IV, while the reverse was true for barley clus-
ter 4. Reactions to isolate cluster II were less related to the
barley clusters. For example, 91% of the isolates in cluster
IT induced HIR on cv. ‘Irupé’ and with one exception (‘A.
Laisa,” HIR=22%), HIR to isolate cluster II were particu-
larly high in the genotypes from Germany (47-91% HIR)
(Table 2). With respect to the isolate clusters III and IV,
the maximum HIRFs (98%) were induced on varieties ‘N.

@ Springer

Daymén’ and ‘Pertdn’ (cluster III) and ‘I. Aromo’ (cluster
V).

Clusters V and VI contained isolates showing very similar
mean overall IR (5.6 and 5.7, respectively) and represented
25% of the tested isolates. Cluster VII contained the most
virulent isolates (mean IR of 7.8) and represented remaining
23% of the isolates. As pointed out above, isolate cluster V
was the only cluster causing very high frequencies of HIR
on four of the barley genotypes belonging to barley cluster
1 (94% on CI 9820, ‘Manchuria’ and ‘Ming’ and 77% on
‘CI5791"). The frequencies of HIR on the other barley clus-
ters were moderate to high. Isolates grouped in clusters VI
and VII were particularly aggressive on barley genotypes
in cluster 4, moderately aggressive on cluster 3 and little
aggressive on barley cluster 1. Cluster VI isolates differenti-
ated from cluster VII as they were overall considerably less
aggressive (mean IR 5.7) than cluster VII isolates (mean IR
8.9) on barley cluster 2. Isolates in cluster VI induced no
HIR on ‘Manchuria’ and cluster VII isolates induced the
lowest HIR on ‘CI 9825’ (5%).

Some of the barley genotypes differentiated the isolate
clusters very well with no to almost no HIR against some
clusters and very high HIR against others (Table 2). How-
ever, while some uniformity within barley clusters 2, 3 and
4 was apparent for the occurrence of high frequencies of
HIR by isolate clusters II, IV, VI and VII, for moderate HIR
frequencies, there were no clear patterns, while basically all
barleys were rather resistant to isolates belonging to clus-
ter I. Nevertheless, there were only nine barley genotypes
distributed in barley clusters 1, 2 and 4 that consistently
had only low IR toward all members of an isolate cluster
(IR=0% in Table 2) and none had a HIR =0% against isolate
cluster II and VII.

Discussion

Pathogenic variability among Uruguayan P. teres f. teres
(P1t) isolates tested against 41 barley genotypes was consid-
erably higher than what had been found in previous studies
(Table 1). Despite the very rough separation of the infection
responses (IR) into two groups of low (L) and high (H) IR
(HIR < 5 <HIR), all 266 isolates differed from each other in
virulence profile from each other with no effect of site nor
year of isolation. Nevertheless, the isolates could be sepa-
rated into seven clusters. These clusters were based on the
similarity of virulence profiles, and some clear differential
interactions between certain hosts and the pathogen clusters
or even host clusters and pathogen clusters were identified.
Likewise, the reaction profiles of all 41 barley genotypes
were unique but again with some being more similar and
thus producing four barley genotype clusters. Overall, these
results show that there is continuous variation on host and
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pathogen side with specific interactions superimposed on
the system.

Our results are in agreement with previous studies report-
ing continuous variation in Moroccan and Uruguayan Pt
populations (Douiyssi et al. 1998; Gamba and Tekauz 2011).
This continuous variation was also reported by Arabi et al.
(2003) after testing 17 Syrian and 6 French P#t isolates on
11 barley genotypes. The authors reported five isolate groups
and continuous variation among the isolates. Similarly,
Fowler et al. (2017) tested 123 Ptt isolates and identified four
isolate groups displaying pathogenic variation on the chosen
differentials. The authors attributed these minor differences
to the model of necrotrophic-effector-induced susceptibility
(Friesen et al. 2007).

For the studies summarized in Table 1, different and
imprecise terms (pathotype, physiological races and viru-
lence types) referring to pathogenic variation preclude any
meaningful comparison with our results. These differences
obviously reflect the different criteria by which these isolates
were typed. The designation of pathotypes although useful
as a first approach to qualitatively describe pathogenic vari-
ation in Pt (Tekauz, 1990) is based on a somewhat arbitrary
separation of HIR and LIR. We adopted the same cutoff
point as described by Tekauz (1990) to separate host x iso-
late interactions with low and high compatibility because the
infection type of 5 generally exhibited considerable chloro-
sis, which surrounded necrotic netlike lesions and is indica-
tive of host susceptibility. In contrast, the cluster analysis
reflects, in an unbiased way, the similarity of isolates based
on the full range of infection responses from 0 to 10.

In spite of some degree of isolate specificity between the
seven isolate clusters and some barley genotypes, the overall
interaction is quantitative in nature. Differences in aggres-
siveness in spite of specific or qualitative virulence patterns
have also been found in Phytophthora infestans (Carlisle
et al. 2002), B. sorokiniana (Gamba et al. 2020), Cochliobo-
lus carbonum (Hamid et al. 1982), Puccinia striiformis f. sp.
tritici (Milus et al. 2006), Xanthomonas oryzae pv. oryzae
(Mundt et al. 2002) and Puccinia triticina (Pariaud et al.
2012).

Pt is classified as a necrotrophic pathogen, and although
there is evidence for dominant susceptibility genes and
necrotrophic effectors (Abu Qamar et al. 2008; Shjerve
et al. 2014), strong dominant resistance genes have also
been identified (Bockelman et al. 1977; Koladia et al. 2017;
Steffenson et al. 1996). This suggests that both gene-for-
gene and inverse gene-for-gene models are playing a role in
this host—pathogen interaction. Pt has a relatively wide host
range and that sex occurs regularly. Long-distance trans-
port is via ascospores or infected seed (Mathre 1997). This
helps explain that no pattern with respect to virulence was
observed regarding either year of sampling or geographic
origin. Similar results were recently reported in Uruguay

for the other important barley leaf blight induced by B. soro-
kiniana (Gamba et al. 2020). Zhong and Steffenson (2001)
reported that B. sorokiniana isolates could cluster together,
although coming from several countries, suggested that the
isolates were derived from the same source population and
disseminated from one region to another in association with
their hosts.

Variation in infection responses to isolates within given
barley genotype clusters was high for almost all barley geno-
types tested including the susceptible checks ‘Harrington’
and ‘Pertin’ and all isolate clusters, including the least and
the most aggressive clusters. Also, seven of the nine previ-
ously proposed international differentials (Afanasenko et al.
2009) belonged to barley genotype cluster 1 and none to
cluster 2. Thus, the proposed differential set is not particu-
larly representative. The inevitable redundancy of such a
differential was also indicated by Tekauz et al. (2011). Thus,
it is not surprising that it is not possible to define a barley set
with differential abilities. Very similar results were obtained
with a Uruguayan B. sorokiniana population (Gamba et al.
2020), where this amount of variation was also high except
in the least and the most aggressive clusters. With respect to
resistance testing, it is difficult to recommend representative
isolates based on the results from current study. Here, 1-2
isolates from the different clusters with broad aggressiveness
to any of the respective barley genotypes cluster will be the
best choice. Screening germplasm could also be achieved
under field conditions with natural inoculation.

None of the Uruguayan lines among the 41 barleys used
belonged to the most resistant cluster 1 or to cluster 3; six
lines were in cluster 2 and only two in cluster 4. This sug-
gests that the degree of resistances available in Uruguay
seems not to be very good and, in addition, there is an appar-
ent lack of breadth in the currently used genetic resources.
Only some of the resistance sources used worldwide and/
or resistant genotypes according to other studies exhib-
ited a good performance against all isolate clusters. These
belonged to barley cluster 1; however, the cluster was not
uniform. Thus, within this cluster, ‘CI 9825 was the one
showing very low frequencies of HIR against all seven iso-
late clusters followed with still good reactions by “TR473’
from ‘Canada’ and ‘Harbin’ from China. The remainder of
cluster 1 genotypes: ‘Manchuria,” ‘CI 5791,” ‘Ming,” ‘CI
9820,” ‘C-20019” and ‘c-8755, displayed high to very high
frequencies of HIR against isolate cluster V (Table 2). Thus,
it is also not possible to simply choose barleys belonging to
genotype cluster 1 based on our analysis as reliable resist-
ance sources.

In conclusion, breeding for resistance against net blotch
will likely remain a challenge. Integration and combination
of a broad base of resistance sources originating from differ-
ent genotype clusters will likely be useful but will not guar-
antee complete resistance. The fact that within the clusters
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there are cluster-specific interactions indicates that the path-
ogen has a high potential of adaptation and that resistances
will have to continuously change in response to that adapta-
tion. Clearly, virulence surveys are only of limited in this
system of quantitative host—pathogen interactions.
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