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Abstract: Leaf rust and net blotch are two important fungal diseases of barley. Leaf rust is the most
important rust disease of barley, whereas net blotch can result in significant yield losses and cause
the deterioration of crop quality. The best and the most environmentally friendly method to control
diseases is to cultivate resistant varieties. The aim of the current study was to identify barley varieties
with an improved resistance to leaf rust and net blotch in Polish organic post-registration trials
conducted in the years 2020–2022. For this purpose, the cumulative link mixed model with several
variance components was applied to model resistance to leaf rust and net blotch. It was found that
the reference variety Radek was the most resistant to leaf rust, whereas variety Avatar outperformed
the reference variety in terms of resistance to net blotch, although the difference between the two
varieties was non-significant. In the present study, the use of the cumulative link mixed model
framework made it possible to calculate cumulative probabilities or the probability of a given score
for each variety and disease, which might be useful for plant breeders and crop experts. Both, the
method of analysis and resistant varieties may be used in the breeding process to derive new resistant
varieties suitable for the organic farming system.

Keywords: leaf rust; net blotch; barley organic trials; ordinal data; cumulative link mixed model

1. Introduction

Barley is one of the world’s staple crops. Leaf rust and net blotch, caused by Puccinia
hordei and Pyrenophora teres f. terres [1,2], respectively, are the most important fungal disease
of barley. The net blotch infection can result in significant yield losses amounting up to
40% [3], which may be of key importance for organic farmers. Moreover, this disease may
lead to the deterioration of crop quality [4].

In 2020, the EU Commission approved a set of policy initiatives, the ‘European Green
Deal’, the aim of which is to ensure sustainable development and climate neutrality in
Europe by 2050. One way to achieve this goal is to increase the organic farming area
to 25% by 2030. For this reason, the cultivation of resistant varieties is the best and the
most environmentally friendly method for controlling diseases in all agricultural systems,
including organic systems.

In Poland, new varieties of important crop species are tested first in value-for-cultivation-
and-use (VCU) trials and only the best varieties are registered. Next, the newly registered
varieties are assessed in post-registration trials. Based on the results of the post-registration
trials, a recommendation for farmers is issued. Since 2022, organic varieties may be registered
in Poland. Since 2014, the Research Centre for Cultivar Testing (COBORU) has conducted
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organic post-registration trials on potatoes, cereals, and peas, first only at the Węgrzce experi-
mental station and, since 2019, also at nine other locations. Since 2018, organic post-registration
trials on cereals, peas, and soybeans have been performed in cooperation with the Institute
of Soil Science and Plant Cultivation, State Research Institute (IUNG). As in conventional
barley post-registration trials, resistance to leaf rust and net blotch is one of the observed traits,
measured in ordinal scale.

Several methods of analyzing ordinal responses are reported in the literature [5–8].
Logistic regression is an approach commonly used in modeling disease incidence data.
Piepho [9] described an application of the generalized linear mixed model in a single
experiment for binary data. In a different study, Przystalski and Lenartowicz [10] applied
the generalized linear mixed model framework to model overdispersed binomial data
from a series of field trials. Przystalski et al. [11] used the cumulative link mixed model
with two variance components to identify varieties resistant to oat crown rust. Recently,
Zawieja et al. [12] applied a similar approach to analyze ordinal data from oil seed rape
plant breeding trials. The aim of the current study was to identify barley varieties with
improved resistance to leaf rust and net blotch in Polish organic post-registration trials
conducted in the years 2020–2022. Furthermore, we present an application of the cumu-
lative link mixed model to model ordinal data from a series of field trials. In contrast to
Radzikowski et al. [13], in the current study, the recommendation of resistant varieties was
based on results from eight locations across three years, and not from a single location
across five years.

2. Materials and Methods
2.1. Data

The data sets consisted of spring barley organic trials performed in the years 2020–2022.
Each trial was laid out in a randomized complete block design with four replicates. The
trials were performed in cooperation with IUNG at the experimental stations (sites) belong-
ing to COBORU and IUNG (see Figure 1). The names of the sites used in the present study
are given in Table 1.

Table 1. Sites used in 3-year organic variety trials conducted in 2020–2022.

Site
Year Geographical Coordinates

2020 2021 2022 Latitude Longitude m a.s.l.

Grabów (Gr) x x x 51◦36′ N 21◦39′ E 156
Osiny(Os) x x x 51◦47′ N 22◦05′ E 143
Przecław (Prz) - - x 50◦11′ N 21◦44′ E 230
Radostowo (Ra) - - x 53◦59′ N 18◦45′ E 40
Skołoszów (Sko) x x - 49◦53′ N 22◦44′ E 230
Szepietowo (Sze) x x x 52◦50′ N 22◦53′ E 149
Śrem (Sr) - - x 52◦05′ N 17◦02′ E 76
Tarnów (Tar) x x x 50◦34′ N 16◦47′ E 300
Węgrzce(We) x x x 50◦07′ N 19◦59′ E 385

Of all the experimental sites, only Węgrzce, Osiny, and Grabów have certificated
organic fields. The field certification is ongoing in Przecław, Radostowo, Skołoszów, Śrem,
and Tarnów. In Szepietowo, the field was organically managed, but not certified.

During the three years of the study, there were 12 varieties tested in total. Since we
were interested in comparing the resistance of these varieties in the organic system, we
focused on the varieties tested for three years. A list of varieties used in the present study
with their country of origin and registration year is given in Table 2.
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Figure 1. Map of Poland showing locations of experimental sites.

Table 2. Varieties used in organic trials conducted from 2020 to 2022.

i Variety Country Registration Year

1 Radek Poland 2015
2 Avatar Poland 2019
3 Bente Germany 2017
4 Etoile Germany 2018
5 Farmer Poland 2018
6 KWS Vermont Germany 2016
7 Mecenas Poland 2019
8 MHR Fajter Poland 2018
9 Pilote Switzerland 2018
10 Rubaszek Poland 2014

Disease severity was assessed by crop experts at different stages of plant growth,
according to the BBCH code [14]. In the case of leaf rust, disease severity was assessed at
the BBCH68-73 growth stage (end of flowering–early milk) on the two upper leaves. For
net blotch, disease severity was assessed at the BBCH52-59 growth stage (heading; 20% of
the inflorescence emerged–end of heading: inflorescence fully emerged) on the upper three
leaves. It should be emphasized that in the trials within the present study, disease severity
was caused by natural field infection. For each disease, the disease severity was scored in
the canopy, distributed in several places along the plot. The final assessment was carried
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out at the maximum degree of plant infection, shortly before the physiological phase of leaf
drying, but not too late, as dried plant parts would make the assessment difficult.

For both diseases, severity was scored on an ordinal scale from 1 to 9, where 9
means no infection [15]. Only one measurement per plot was made for each disease and
each variety. Since we were interested in a comparison of varieties, environments (the
combination of year and place) with a low intensity of a given disease were removed from
further analysis.

2.2. Statistical Analysis

In the present study, a cumulative link mixed model was used to assess the suscep-
tibility to leaf rust and net blotch of ten varieties in a series of organic field trials. The
cumulative type model was first introduced by McCullagh [6] (see also [5–7]). For clarity,
throughout the current study ‘environment’ (Env) refers to a combination of year and
location.

In Polish conventional and organic post-registration trials, the disease intensity is
observed in ordinal scale. Usually, it is assumed that, conditionally on the linear predictor,
the observed data have a multinomial distribution, which depends on probabilities πijkl ,
where πijkl denotes the probability that the j-th variety (j = 1, . . . , J) belongs to the i-th
category (i = m, . . . , I, and m is the lowest category in the series of field trials) at the k-th
environment (k = 1, . . . , K) and in the l-th replicate (l = 1, . . . , L). Let γijkl denote the
i-th (i = m, . . . , I − 1, and m is the lowest category in the series of field trials) cumulative
probability corresponding to the j-th variety (j = 1, . . . , J) at the k-th environment (k =
1, . . . , K) and in the l-th replicate (l = 1, . . . , L). Then, the cumulative link mixed model can
be written as

ηijkl = logit
(

γijkl

)
= log

(
γijkl

1 − γijkl

)
= θi − αj − uk − wjk − tkl , (1)

where θi is the fixed cutpoint of the i-th category, and αj is the fixed effect of the j-th variety.
Further, uk, wjk, and tkl denote, in model (1), the random effects of environments, of variety
× environment interactions, and of replicates nested within the environments, respectively.
It is assumed that uk ∼ N

(
0, σ2

u
)
, wjk ∼ N

(
0, σ2

w
)
, and tkl ∼ N

(
0, σ2

t
)
.

The main objective of the analysis was to estimate the unknown probabilities and
cumulative probabilities in model (1) based on the experimental data. The estimates of
unknown parameters in model (1) were obtained by applying the maximum likelihood
method with the Laplace approximation, under restriction α1 = 0 [16,17]. In Polish organic
trials, all varieties are treated as standard, but in model (1), only one standard can be used.
In conventional trials, the Radek variety was the most resistant to both diseases among
the varieties used in the present study [18]. For this reason, this variety was treated as a
reference (standard) variety.

Because, the restriction α1 = 0 was used to estimate unknown parameters, the variety
effect αj (j = 2, . . . , J) can be interpreted as a comparison with the reference variety. To test
the significance of each comparison, we tested the following null hypotheses:

H0 : αj = 0, j = 2, . . . , J. (2)

For each comparison, statistic

zj =
α̂j

σ̂j
(3)

was used as the test statistic [17], where α̂j is the estimated effect of the j-th variety, and σ̂j
is the estimated standard error of α̂j. Under the null hypothesis, the test statistic zj has an
approximate standard normal distribution.

The calculations were performed in R [19] using the clmm function from the ‘ordinal’
package [17].
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3. Results

The median (med), minimum (min), maximum (max), and the most frequently ob-
served scores of leaf rust and net blotch in the three studied years are reported in Table 3.
Graphical summaries of both data sets are given in Supplementary Figure S1.

Table 3. Summary statistics for leaf rust and net blotch: median (med), minimum (min), maximum
(max), and the most frequently observed score (mfv).

Data Set Year † med min max mfv

Leaf rust
20 (3) 7 5 9 7
21 (5) 8 5 9 8
22 (5) 6 1 9 6

Net blotch
20 (6) 7 2 9 7
21 (6) 7 2 9 7
22 (4) 7 1 9 7

† The numbers in brackets denote the number of sites included in the analysis.

It can be noticed that in 2020 and 2021, the observed intensities of leaf rust ranged
from 5 to 9, while for net blotch, the observed intensities varied from 2 to 9. In 2022, for
both diseases, the observed intensities varied from 1 to 9. Moreover, the most frequently
observed scores for leaf rust were 7, 8, and 6 in 2020, 2021 and 2022, respectively. For net
blotch, the most frequent score was 7 in all studied years.

Both data sets were analyzed using model (1). For net blotch, the estimate of the
variance component for replicates nested within environments was equal to zero. For this
reason, this term was removed from the model, and the data set was re-analyzed. The
estimates of the variance components for both data sets are given in Table 4. It can be
noticed that for both diseases, the variance component for the environments was higher
than the variance component for the variety × environment interaction (Table 4).

Table 4. Estimated variance components in the cumulative link mixed model for both data sets.

Data Set
Variance Component

Env Variety × Env Env × Rep

Leaf rust 22.20 4.01 0.26
Net blotch 5.85 1.52 –

For both data sets the analyses provided estimates of unknown parameters (Table 5).
The second and fourth columns of Table 5 provide estimates of cutpoints and variety
effects with standard errors (in brackets) for leaf rust and net blotch, respectively. The
third and fifth columns of Table 5 provide values of the z test statistic for leaf rust and net
blotch, respectively.

It can be noticed that all the varieties were less resistant to leaf rust than the standard
variety Radek (1). However, only the differences between varieties Bente (3), Farmer (5),
KWS Vermont (6), Rubaszek (10), and the standard variety Radek were significant. A
different pattern can be observed for net blotch. In this case, variety Avatar (2) turned
out to be slightly more resistant than the reference variety Radek, but the difference was
non-significant. Furthermore, varieties KWS Vermont (6) and Mecenas were slightly
less resistant than the reference variety, but the differences were non-significant. The
other varieties were significantly worse than the standard variety in terms of resistance to
net blotch.

Next, for both data sets, the values of cumulative probabilities (given that there are
no random effects as presented in Table 5) were calculated and are plotted in Figure 2.
The cumulative probabilities for leaf rust and net blotch are given in yellow and black,
respectively (Figure 2).
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Table 5. Estimates of cutpoints, variety effects, and values of the test statistic z for leaf rust and
net blotch.

Parameter
Leaf Rust Net Blotch

Estimate a Test Statistic z b Estimate a Test Statistic z b

Cutpoint1 θ1 −15.63 (1.82) −8.57 −9.30 (0.91) −10.21
Cutpoint2 θ2 −13.26 (1.68) −.87 6.94 (0.80) −8.72
Cutpoint3 θ3 −10.97 (1.61) −6.81 5.81 (0.76) −7.61
Cutpoint4 θ4 −9.24 (1.57) −5.90 −5.42 (0.75) −7.18
Cutpoint5 θ5 −8.00 (1.54) −5.19 −4.22 (0.73) −5.74
Cutpoint6 θ6 −4.74 (1.48) −3.20 −1.95 (0.72) −2.72
Cutpoint7 θ7 −0.79 (1.45) −0.54 0.48 (0.71) 0.68
Cutpoint8 θ8 3.23 (1.46) 2.22 2.47 (0.72) 3.44
Radek α1 0 0 0 0
Avatar α2 −0.86 (0.92) −0.93 ns 0.04 (0.55) 0.07 ns

Bente α3 −1.95 (0.93) −2.11 * −2.02 (0.55) −3.68 ***
Etoile α4 −0.79 (0.92) −0.85 ns −2.55 (0.55) −4.59 ***
Faremer α5 −2.88 (0.93) −3.08 ** −1.52 (0.55) −2.78 **
KWS Vermont α6 −3.91 (0.94) −4.17 *** −0.64 (0.54) −1.18 ns

Mecenas α7 −1.11 (0.92) −1.22 ns −0.14 (0.55) −0.26 ns

MHR Fajter α8 −0.88 (0.92) −0.96 ns −1.27 (0.55) −2.31 *
Pilote α9 −1.61 (0.92) −1.76 ns −1.41 (0.55) −2.57 *
Rubaeszek α10 −2.83 (0.92) −3.06 ** −1.37 (0.54) −2.52 *

a The numbers in brackets denote the standard error of an estimate. b *** p < 0.001; ** p < 0.01; * p < 0.05;
ns non-significant.

Figure 2. Cumulative probabilities for leaf rust (yellow) and net blotch (black). Bars over the
numbers denote probability of obtaining score not larger than given number. Notation: 1—Radek,
2—Avatar, 3—Bente, 4—Etoile, 5—Farmer, 6—KWS Vermont, 7—Mecenas, 8—MHR Fajter, 9—Pilote,
10—Rubaszek.

For example, for variety Avatar (2) and leaf rust (yellow bars), a value of 0.52, calcu-
lated from the values given in Table 5, means that this variety will receive a score no larger
than 7 with the probability of 0.52 (Figure 2). Furthermore, in the case of leaf rust, the
probabilities of receiving a score of 8 or higher by varieties Radek (1) and Etoile (4) were
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0.68 and 0.50, respectively. For other varieties, the probability was less than 0.5. On the
other hand, for net blotch, the probability of receiving a score of 8 or higher by the most
resistant varieties (Radek and Avatar) was approximately equal to 0.39.

Finally, for both data sets, in using the cumulative probabilities (Figure 2), the proba-
bilities of obtaining a given score were calculated (Figure 3). The probabilities for leaf rust
and net blotch are given in yellow and black, respectively (Figure 3).

Figure 3. Probabilities for leaf rust (yellow) and net blotch (black). Bars over the numbers denote
probability of obtaining score equal to given number. Notation: 1—Radek, 2—Avatar, 3—Bente,
4—Etoile, 5—Farmer, 6—KWS Vermont, 7—Mecenas, 8—MHR Fajter, 9—Pilote, 10—Rubaszek.

In the case of leaf rust (yellow bars), one can observe that for the reference variety
Radek (1), the most probable score was 8 (Figure 3). A different pattern was observed for
varieties Avatar (2) and Etoile (4). For these two varieties, scores 7 and 8 were equally
probable. For the other varieties, the most probable score was 7. On the other hand, for net
blotch (black bars), the most probable score for a majority of the tested varieties was 7. For
the most susceptible variety, Etoile (4), the most probable score was 6. A different pattern
was observed for variety Bente (3). For this variety, scores of 6 and 7 were equally probable
(Figure 3). Furthermore, for the most resistant varieties in terms of net blotch (Radek and
Avatar), the probability of obtaining a score of 8 was equal to 0.3 (Figure 3).

4. Discussion

The use of resistant barley varieties is the best and the most environmentally friendly
method for controlling diseases in all agricultural systems, including organic farming.
In the literature, disease severity is measured as the percentage of infected plants [10]
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as a proportion of plot area infected by the disease or on a disease rating scale (see,
e.g., [20–24]). The rating scales are typically from 0 or 1 to 9, where 0 and 1 mean no infection.
However, depending on the study, different scales may also be used (see, e.g., [22,23]). In
Bundessortenamt (the German agency in charge of variety testing), disease resistance is
assessed on an ordinal scale from 1 to 9, where 1 is the desired situation. In the present
study, disease severity was measured on an ordinal scale from 1 to 9, where 9 means no
infection. It is known that diseases observed on the ordinal scale follow a multinomial
distribution and should be modeled using either generalized linear models or generalized
linear mixed models [24]. However, in practice, the ordinal scores on a 1-to-9 scale are
treated as if they were normally distributed and analyzed using linear mixed models
(see, e.g., [20,21]). The main issue with this approach is that the normality assumption
of the errors is often violated, because this is only an approximation. For this reason, in
the present study, the cumulative link mixed model approach was used to model ordinal
data and to identify varieties resistant to leaf rust and net blotch. Przystalski et al. [11]
and Zawieja et al. [12] applied a similar approach to find varieties resistant to oat crown
rust and sclerotinia, respectively. The main advantage of the approach described in the
current study, or cumulative-type models in general, is that the obtained results have a
simple interpretation in terms of probability, which can be easily obtained, in contrast to the
common approach (see, e.g., [8,16]). Furthermore, the model described in the current study
can also be used to analyze the reversed ordinal scale. The interpretation of the results from
such an analysis can be found in [22,23]. On the other hand, in many studies, the ordinal
scores are analyzed using linear or generalized linear models with sites or environments
treated as fixed effects (see, e.g., [22,23] and the references therein). This approach is often
questioned because the results cannot be extended to the region represented by those sites.
The results of such analyses are only valid for these experimental sites or environments.
To solve this problem, Yates and Cochran [25] proposed to treat environments or sites as
random. In a different study, Bakinowska et al. [23] compared a fixed logistic model and
a cumulative link mixed model with several variance components. They showed that in
all cases, the cumulative linear mixed model outperformed the fixed model in terms of
goodness-of-fit criteria. Furthermore, they showed that the variety recommendations from
the two models differ. For this reason, it is recommended to use cumulative link mixed
models to model ordinal data from a series of field trials.

Our findings reveal that variety Radek was the most resistant to leaf rust, whereas
variety Avatar was the most resistant to net blotch. In turn, Bente, Farmer, and Rubaszek
were the most susceptible to both diseases. In comparison to the reference variety, varieties
Avatar and Mecenas were inferior in terms of leaf rust resistance, whereas in the case of
net blotch, only variety Avatar proved to be more resistant than variety Radek. However,
the differences were non-significant. A different behavior was observed for variety KWS
Vermont. The difference between this variety and the reference variety was significant in the
case of leaf rust, while for net blotch, it was non-significant. The opposite was observed for
varieties Etoile, MHR Fajter, and Pilote. In view of the barley genetic studies, the varieties
susceptible to leaf rust either possess a single Rph gene (Rph 1-22; see, e.g., [26,27]]; and the
references therein) or do not possess any Rph gene. Park [28] pointed out that resistance
provided by single Rph genes has often failed to provide long-term control of the disease
because new virulent pathotypes of the pathogen can arise via mutation, introduction,
selection, and/or recombination. In a different study, Yeo et al. [29] showed that the
partial resistance of barley to leaf rust is polygenically inherited and is supposed to act on a
minor-gene-for-minor-gene model [30–35]. This may suggest that the resistant varieties
possess one of at least 20 partial resistance QTLs against barley leaf rust. Furthermore,
the newly released resistant varieties (see Table 2) may possess a recently found Rph28
gene at chromosome 5H [36]. In the case of net blotch, the resistant varieties may carry
the resistance genes located on chromosome 3H [1] or QTLs associated with barley net
blotch resistance [37–39]. To confirm all these hypotheses, further molecular studies on
varieties used in the barley organic series of trials are needed. For this purpose, one could
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apply the KASP and allele-specific PCR markers associated with net blotch resistance
on chromosome 3H [1] or single-nucleotide polymorphism (SNP) markers described by
Rozanova et al. [40] or Wonneberger et al. [41]. To date, no modern variety developed
under organic farming conditions has been registered on the Polish National List. Thus,
after successful verification, the resistant varieties may be used to breed new varieties with
improved resistance to both diseases, which is suitable for the organic farming system.

Finally, it should be emphasized that the use of resistant varieties is the most envi-
ronmentally friendly method of controlling cereal diseases, including barley. However,
as in conventional agriculture, increasing the organic cereal cultivation area leads to a
greater risk of disease intensification as a result of monoculture. For this reason, many
scientists have proposed to use interspecies mixtures or variety mixtures instead of pure
stand varieties [42–45]. Finckh et al. [42] argued that using variety mixtures increases the
genetic distance between plants with the same genetic resistance to diseases. Furthermore,
they concluded that variety mixtures limit the spread of pathogens by resistant plants that
create a natural barrier. In a different study, Tratwal and Bocianowski [45] reported that
spring barley variety mixtures were more resistant to powdery mildew than pure stand
varieties. A similar effect was observed in Polish organic post-registration trials in terms of
resistance to net blotch. In the years 2018–2019, the variety mixture Radek+Rubaszek+Soldo
was slightly more resistant than the reference variety Radek, although the difference was
non-significant. A different way of controlling plant diseases in all agricultural systems,
including organic system, was proposed by Moya et al. [46]. In that study, the authors
proposed the use of secondary metabolites of Trichoderma, such as volatile organic com-
pounds (VOCs), which reduce plant diseases, including net blotch. In the same study, they
concluded that VOCs emitted by T. harzianum and T. longibrachiatum have an antagonistic
effect toward the pathogen P. teres and can be used to control the net blotch disease of
barley. However, further research is needed to evaluate the effects of barley variety mix-
tures and/or the use of Trichoderma VOCs on the control of net blotch and other important
barley diseases.

5. Conclusions

The findings of the present study revealed that reference variety Radek was the most
resistant to leaf rust, whereas variety Avatar outperformed the reference variety in terms of
resistance to net blotch. In the case of leaf rust, the probability of receiving a score of 8 or
higher by variety Radek was equal to 0.68. For net blotch, the probability of the same event
was equal to 0.39. Further, variety Mecenas was slightly worse than the reference variety
in terms of resistance to both diseases, but the differences were non-significant. Finally,
varieties Bente, Farmer, and Rubaszek were significantly inferior to reference variety Radek
in terms of resistance to both diseases. Thus, it may be concluded that varieties Avatar,
Mecenas, and Radek should be recommended for organic farming . Finally, the resistant
varieties may be used to breed new varieties with improved resistance to both diseases,
which is suitable for the organic farming system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture14050789/s1, Figure S1: Graphical summaries of
the two data sets: histograms. Figure S2: Graphical summaries of the two data sets: boxplots for
environments. Figure S3: Graphical summaries of the two data sets: boxplots for varieties.
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