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Abstract: The man-made cereal triticale was fully resistant to the biotrophic diseases powdery mildew,
leaf rust, yellow rust, and stem rust from its introduction in Europe in the mid-1970s until about 1990.
In the following years, new races that were able to infect at least some triticale genotypes developed in
all four pathogen populations, and resistance breeding came into focus. Here, we analyzed 656 winter
triticale cultivars from 12 countries for resistance to these biotrophic diseases and Fusarium head
blight (FHB) at up to 8 location-year combinations (environments). FHB ratings were corrected
for plant height and heading stage by comparing three statistical methods. Significant (p < 0.001)
genetic variances were found for all resistances with moderate to high entry-mean heritabilities.
All traits showed a normal distribution, with the exception of stem rust, where the ratings were
skewed towards resistance. There were no substantial correlations among the five disease resistances
(r = −0.04 to 0.26). However, several genotypes were detected with multi-disease resistance with a
disease rating below average for all five diseases simultaneously. In future, such genotypes must be
selected primarily to cope with future challenges of less pesticide use and global climate change.

Keywords: Fusarium head blight; genetic variance; heritability; leaf rust; multi-disease resistance;
powdery mildew; resistance breeding; stem rust; yellow rust

1. Introduction

Triticale (×Triticosecale Wittmack) is the intergeneric hybrid generally resulting from
a cross between tetraploid wheat (Triticum turgidum ssp. durum, genome composition
AABB) as the female parent and diploid rye (Secale cereale L., RR) as the male parent with a
hexaploid (AABBRR) genetic structure of 2n = 6x = 42 chromosomes [1]. Today, hexaploid
triticale is grown in 42 countries, with the main growing areas in Poland, Belarus, Germany,
France, and Spain, which in 2020 altogether represented 71% of the world triticale acreage
of 3.81 million hectares [2]. In these countries, the grain yield ranges from 3.3 to 6.0 t/ha.
Today, triticale is primarily used for livestock feeding and has potential for biomass and
bioethanol production. Commercial growing of triticale started in Poland in the mid-1970s
and in Germany in 1982 with the registration of the first Polish cultivar, Lasko [1]. The
first commercially grown triticale varieties were fully resistant to the biotrophic pathogens
powdery mildew, leaf rust, yellow rust, and stem rust, but the increasing acreage led to a
selection of pathogens and races that are now able to successfully infect triticale. Therefore,
we could observe pathogenic evolution in triticale (Figure 1).
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Occurrence of wheat powdery mildew (Blumeria graminis f.sp. tritici) on octoploid
triticale was first reported in 1977, when the hexaploid triticale was fully resistant to
rye powdery mildew (B. graminis f.sp. secalis) [3]. In the German Official Trials, a first
infection was found in 2001 (Figure 1) [4,5] and in Belgium one year later [6], followed by
an epidemic in Germany in 2004 [4]. Powdery mildew, causing quality and yield loss in
cereal production, has since been a significant disease in triticale. By genomic analyses it
could be shown that triticale powdery mildew is a hybrid between wheat and rye powdery
mildew, a crossing that occurred naturally at least twice, followed by two backcrosses
with wheat powdery mildew leading to a hybrid genome showing a mosaic structure of
segments of both parents [7]. The new hybrid mildew (B. graminis f. sp. triticale) readily
infects triticale, tetraploid, and hexaploid wheat, but rye only to a very limited extent [7–9].

Leaf rust (Puccinia triticina), like the other rusts, is a disease of importance for global
wheat production, causing significant yield losses and epidemics [10,11]. In Germany,
leaf rust first occurred in 1988 (Figure 1), and an epidemic first occurred ten years later in
1998 in Germany and Belgium [5,6]. There are hints that leaf rust on triticale is caused by
wheat leaf rust [12]. In South Africa, a leaf rust race collected from triticale showed 96%
homology with wheat leaf rust races by molecular markers [13].

Yellow rust (P. striiformis f.sp. tritici) is a global disease of commonly grown cereals,
e.g., bread wheat, durum wheat, or triticale, with reported infections from parts of all
continents excluding Antarctica [14]. An infection causes a reduction in dry matter, number
and size of spikes, and number and size of grains, which then results in a reduced yield
and a lower grain quality [15]. Yellow rust first occurred on triticale in Germany in 1989–90
(Figure 1), followed by a widespread occurrence in 2001, and in Belgium in 2002 [5,6]. With
these former European races (now PstS0), 21% grain yield loss has already been reported
for triticale in Germany [16]. After the advent of the ‘Warrior’ race in Europe in 2011 (now
PstS7, [17]), a first large epidemic was observed in commercial wheat and triticale growing
during 2014-16 in Central Europe, mainly caused by ‘Warrior’ and the then new ‘Warrior
(−)’ race (PstS10, [18]). These highly aggressive and highly virulent races can infect triticale
and wheat similarly. It has previously been shown that triticale harbors resistances that are
able to withstand the ‘Warrior’ and ‘Warrior (−)’ races [19]. Two yellow rust races have
been described specifically on triticale, Triticale 2006 (now PstS4) and Triticale 2015 (now
PstS13). The latter race was firstly detected in Scandinavia in 2015 and is virulent in many
triticale cultivars, but also in durum wheat and in spring wheat in South America [18]. In
2019, a new variant of this race was detected in Poland and one year later in Germany,
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also infecting Yr10 and Yr24. In 2019 and 2020, PstS13 was discovered in nine European
countries, including Germany, Poland, and Spain, with a total frequency of 15.9% [18].

Stem rust (P. graminis f.sp. tritici) is at present not a widespread disease in European
triticale, but might gain more importance with climate change [20]. McIntosh et al. [21]
had already reported the virulence of wheat stem rust in triticale in 1983. Soon after the
beginning of commercial triticale growing, stem rust was reported to be an important
disease for triticale at CIMMYT, Mexico [22], and in Australia [23], Poland [24], and South
Africa [25]. In Germany, stem rust in winter wheat was firstly observed in 2013 (Figure 1),
after more than 50 years of absence [26]. That wheat stem rust races are able to infect
triticale [21,23] is also confirmed by this study, in which we used some of the German
wheat stem rust races from 2013. Several studies have documented a very narrow genetic
base for stem rust resistance in triticale [21,27–29].

Powdery mildew and all rust pathogens typically interact with their hosts in a gene-
for-gene relationship, which means that resistances can be overcome easily and durable
resistance is difficult to achieve [10,30,31]. Currently, at least 90, 80, and 65 formally named
resistance genes for leaf rust (Lr), stripe rust (Yr), and stem rust (Sr) are known in wheat,
respectively [32,33]. Most of these genes mediate race-specific all-stage resistance that
can already be detected in the seedling stage. As a second possibility, there are available
adult plant resistances expressed only in later growth stages that might be inherited
monogenically or by the additive concurrence of several quantitative trait loci (QTLs).
Meanwhile, hundreds of QTLs have been found in various wheat materials for all analyzed
diseases [34], and those wheat genes or QTLs that are located on A and B genomes can also
be expected in triticale, although their expression level might differ from wheat.

Triticale has always been a host to diseases caused by hemibiotrophic pathogens, such
as Fusarium head blight (FHB caused by Fusarium graminearum, F. culmorum, and other
Fusarium spp., [6]), Septoria nodorum blotch caused by Parastagonospora nodorum [35], and
Septoria tritici blotch caused by Zymoseptoria tritici [36]. FHB is a widespread disease
affecting several cereal species such as wheat, rye, and triticale [37]. The consequences of
an FHB infection can lead to a loss of yield and quality and, even worse, a contamination
of food and feed with mycotoxins, e.g., deoxynivalenol (DON) [38], which have harmful
effects for livestock. Only quantitative FHB resistances that considerably reduce symptom
development and are based on an array of QTLs are available in wheat [39,40]. Additionally,
FHB resistance is quantitatively inherited in triticale [41,42], and several QTLs have been
detected in four biparental populations [43]. Typically, for FHB in all cereals there is a
correlation between disease severity and heading date/plant height, in the sense that
the later heading and taller genotypes are generally more resistant [38,40]. In contrast,
breeding aims at early heading and short cultivars, while the large breeding populations
with 1000s of progenies prohibit an inoculation at the same developmental stage of each
genotype; therefore, this correlation must be neutralized by biometric means. In this paper,
we compared uncorrected data (univariate) with a bivariate and multivariate method for
correction.

Effective fungicides are approved against all tested fungal diseases. However, their
use is increasingly hampered by the difficulty of discovering new active ingredients, a
restrictive EU approval policy, and a growing public aversion to chemical crop protection.
Therefore, resistance breeding remains the most important alternative. However, it is no
longer sufficient to incorporate resistance to individual diseases in the varieties; instead,
to save fungicides, multi-resistant genotypes are needed that are resistant to all important
fungal pathogens in the same cultivar [44]. Since the resistances to the diseases mentioned
are not correlated (e.g., [45,46]), they all need to be tested. In this regard, it is less resource
demanding for the identification of multi-resistant genotypes when all diseases are tested
on the same plot. It has been previously shown that resistances to yellow rust, stem
rust, and FHB do not interact when inoculated onto different plant organs (leaf, stem,
ear, respectively) at the optimal plant growth stage for each disease [46]. The increasing
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adaptation of fungal diseases to triticale through natural selection requires the use of new
sources of resistance.

In this study, a diversity panel of 656 triticale genotypes was tested in a multi-
environment field trial for resistances to powdery mildew, the three rusts, and FHB. This
is the largest experiment with the highest number of diseases in triticale that is known
to us. The objectives were, in particular, to: (1) establish reliable phenotypic data of a
large triticale panel for their resistances, (2) counteract the known correlation between
FHB severity and plant height, heading stage by two statistical methods, (3) to estimate
variance components, heritabilities, and correlations among these traits. The final aim was
to identify multi-resistant genotypes for further use in plant breeding.

2. Materials and Methods
2.1. Plant Materials and Field Design

In this study, 656 winter triticale cultivars from 29 breeding programs and 12 countries
were analyzed (Table S1); 457 entries came from 12 breeding programs from Germany,
66 from Poland, 42 from France, 24 from Switzerland, 18 from Sweden, 16 from Canada,
and 12 from the USA. One to seven entries were from Romania, Austria, Belgium, Denmark,
and Russia. The experiment had 344 more genotypes that were tested for other reasons.
Their results were not included in this paper; however, they were used for the analyses of
variance to improve accuracy (see below). Entries were tested for resistance to powdery
mildew (PM), yellow or stripe rust (YR), leaf rust (LR), stem rust (SR), and Fusarium head
blight (FHB) in different environments (Table 1).

Table 1. Evaluation of disease resistances and agronomic traits.

Trait, Abbreviation Environments
(Total Number) Artificial Infection Rating Scale a

Powdery mildew (PM) BOH19, HOH19, OLI19, PZO19, HOH20, OLI20 (6) No 1–9
Leaf rust (LR) HOH19, BOH20 (2) No 1–9

Yellow rust (YR) HOH18, BOH19, HOH20, BOH20, PZO20 (5) HOH20 only %
Stem rust (SR) HOH18, HOH19, BOH19, PZO19, HOH20, PZO20 (6) Yes %

Fusarium head blight (FHB) HOH18, OLI18, HOH19, OLI19, BOH19, HOH20, OLI20, BOH20 (8) Yes %
Plant height (PH) HOH18, OLI18, HOH19, OLI19, BOH19, PZO19, HOH20, OLI20, BOH20 (9) − cm

Heading stage (HS) HOH18, OLI18, HOH19, OLI19, BOH19, HOH20, OLI20, BOH20 (8) − BBCH

BOH, Bohlingen near Singen, HOH, Hohenheim near Stuttgart, OLI, Oberer Lindenhof near Reutlingen, PZO,
Pflanzenzucht Oberlimpurg near Schwäbisch Hall. a 1 = no infection, 9 = fully infected; % = percentage of
leaf/stem area infected, BBCH = description of plant development stage, e.g., BBCH 51/59 = start/end of
heading, resp.

Field experiments were conducted in four locations in 2019–2020 (Table 1): Bohlingen
near Singen (BOH), Hohenheim near Stuttgart (HOH), Oberer Lindenhof near Reutlingen
(OLI), and Oberlimpurg near Schwäbisch Hall (PZO, Table S2). In 2018, only a part of the
genotype panel (n = 144) was pre-tested at HOH and/or OLI. Each entry was grown in
one- (HOH) or two-row microplots (BOH, OLI, PZO) of 1.2–1.5 m length and 0.4 m width,
with approximately 40–60 kernels per row. The plots were randomized according to an
alpha lattice design with two replicates. Aside from fungicides and growth regulators,
which were not applied, crop management was performed according to the standard field
practices at each location.

2.2. Inoculations

For PM, LR, and YR, natural infections were observed, except for YR in HOH20
(Table 1). SR and FHB were inoculated in six to eight environments (=location × year
combinations). Plots were sprayed individually with each pathogen at the respective plant
organ and most susceptible plant stage.

For YR, inoculation was performed with an inoculum mixture adjusted for the main
races present in each year, including Warrior (PstS7), Kranich (PstS8), Warrior (−) (PstS10),
and Triticale2015 (PstS13, Table S3). Urediniospores were produced on 7–10 day old
seedlings of a susceptible wheat cultivar by inoculating the primary leaves with a mixture
of urediniospores and talcum at a ratio of 1:3. The plants were kept for 24 h at 10 ◦C and
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100% humidity in the dark and for the remaining time at 17 ◦C, 10,000 Lux, and 16 h light
in a climate chamber with maximal humidity. After 12 days, the urediniospores were
shaken off onto waxed paper, transferred in glass-petri dishes, and stored on glycerin in
the refrigerator (6 ◦C) for up to 3 months. Isolates were propagated separately and mixed
in equal amounts prior to inoculation.

For SR, five races isolated in Germany on wheat in 2013 [26] were inoculated (Table S3).
Spore production followed the same protocol like YR. However, inoculation was done with
a 0.1% agar-uredospore suspension and incubation temperatures were constantly 21◦C.

Inoculation for both rusts was carried out by applying a 0.1% agar suspension with
120 mg spores per 100 m2 with a micro sprayer (Micron Ulva, Bromyard Industrial Estate,
Bromyard, Herefordshire HR7 4HS, UK). Inoculation dates were at BBCH 21–31 (begin
tillering to jointing, [47]) for YR and at BBCH 49–59 (first awns visible to end of heading) for
SR. All inocula for both rusts were prepared by the Julius Kühn-Institute in Kleinmachnow
(K.F.). Plants were inoculated twice with both rusts within the given growth stage periods
at an interval of 1 to 2 weeks.

For FHB infections, inoculum of Fusarium culmorum was produced with the highly
aggressive single-spore isolate FC46 (=IPO 39–01 [48]) on wheat-grain medium [49]. The
inoculation was performed with a machine-driven sprayer with a spore suspension of
140 mL m−2 and 7 × 105 spores mL−1 throughout the whole experiment. Inoculations
started when the earliest entries were at mid-anthesis (BBCH 65) and were repeated at least
three times until the latest entries were flowering. The aim was to meet the individual
mid-flowering time of each genotype at least once.

2.3. Trait Recording

All data were recorded plotwise. PM and LR were assessed once on a scale from
1–9 with 1 referring to healthy plants and 9 to highly diseased plants considering the whole
plant shortly before or during flowering. YR severity was assessed one to two times from
the very beginning of heading (BBCH 49) until watery ripening (BBCH 71) as percentage of
the upper two leaves (F, F-1) covered by uredinia, the aggregated tufts of summer spores
(0–100%). SR severity was assessed once at early-dough stage (BBCH 80–84), when the
uredinia and telia, the aggregated tufts of winter spores, were clearly visible on the stems.
The stem segment between the second leaf from top (F-1) and the next internode was
visually assessed as percentage of the stem covered by stem rust (0–100%). FHB severity
was rated visually a minimum of three times as the percentage of infected spikelets per
plot (0–100%). Ratings began with the onset of symptom development and were continued
at 3- to 4-day intervals until the beginning of the yellow ripening stage (BBCH 71–79).
The rating reflects both the number of infected spikes per plot (type I resistance) and the
number of infected spikelets per spike (type II resistance) in a single rating. Multi-disease
resistance (MDR) score was calculated by computing the sum of the standardized BLUEs
for each disease. The standardizations of BLUEs for each disease were calculated based on
Zi =

xi−µ̂
σ , where Zi is the obtained standardized value of the i-th genoype, xi corresponds

to the BLUEs value, µ̂ to the overall mean, and σ to the standard deviation of the respective
disease. Heading stage (HS) was recorded once for the whole experiment and the plots
were rated after their BBCH stage at this date. Plant height (PH) was measured from the
soil surface to the end of the spike of the main tillers once per plot in centimeter.

2.4. Phenotypic Data Analyses

For all traits, data were analyzed plotwise. When several ratings were performed,
they were averaged and an analysis of variance (ANOVA) was performed for all locations
following a linear mixed model:

yijkn = µ + gi + ej + (ge)ij + rjk + bjkn + εijkn

with yijkn being the phenotypic observation for the i-th genotype at the j-th environment
in the k-th replicate and the n-th incomplete block; µ is the overall mean, g and e denote
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the effects for genotype and environment, respectively; ge denotes the corresponding
interaction effect, r is the replication effect, nested in environment, b the incomplete block
effect, nested in environment and replicate, εijkn the residual. Before running the model
for analysis, outlier correction was completed. The determination of variance components
followed the restricted maximum likelihood (REML) method while considering all effects
as random. The residual error variance (σ2

ε ) in the multi-location analysis was determined
by calculating the harmonic mean. The significances of the corresponding variances were
tested by calculating chi-squared statistics for a likelihood ratio test.

The determination of the heritability followed the entry-mean approach by computing
the ratio of genotypic to phenotypic variance [50,51]:

H2 =
σ2

g

σ2
g +

σ2
ge
E + σ2

ε
ER

with σ2
ge being the interaction variance of genotype and environment, E being the number

of environments and R being the number of replicates. The best linear unbiased estima-
tors (BLUEs) were calculated for every genotype using the same model, but considering
genotype as a fixed effect. The determination of Pearson’s correlation coefficients and all
other further analyses were performed based on the BLUEs value for the specific trait and
genotype. Pearson’s correlation coefficients were estimated by using the corresponding
BLUEs.

Because the experiments included 344 additional genotypes, we used a dummy (0,1)
variable to exclude those genotypes for estimating effects of correction variables and
variances for genotype and genotype–environment interaction. The dummy variables were
fitted as interactions and if dummy = 0, the respective factor level of the interaction effect
was not used to derive effect estimates in model calculation. The respective genotypes
were not dropped from the analysis because they helped to make the experimental design
complete and to better estimate effects of replicates and blocks.

Because of known correlations between FHB, PH, and EC, three different approaches
were employed for the estimation of BLUEs for FHB rating: a basic univariate analysis (i.e.,
without correction), a covariate adjustment analysis according to Emrich et al. [52], and a
multivariate analysis. The univariate analysis followed the model described above. For the
covariate adjustment analysis, PH and EC were included as fixed effects in the model. For
the multivariate approach, FHB and PH were first corrected for EC using a multivariate
group analysis for each environment. The following multivariate model (excluding dummy
variables) was used:yijk1

yijk2
yijk3

 =

µ1
µ2
µ3

+

Gi1
Gi2
Gi3

+

rj1
rj2
rj3

+

bjk1
bjk2
bjk3

+

eijk1
eijk2
eijk3


where the model parameters correspond to the above mentioned linear mixed model
without the location effects (single environment analysis), but including a numerical index
1, 2 and 3 representing FHB, PH and EC, respectively. From the estimates obtained by this
model, corrected FHB and PH values were calculated using a modified formula according
to Rapp et al. [53]:

PH′ = yph − ρphec
σph

σec
(yec − xec)

FHB′ = y f hb − ρ f hbec
σf hb

σec
(yec − xec)

where yph and yfhb are the observed plot values, σph, σfhb, and σec are the square root of the
genetic variance for PH, FHB, and EC, respectively. The genetic correlations between PH
and EC and FHB and EC are denoted as ρphec and ρfhbec and the remaining terms describe the
regression of PH and FHB on standardized EC values, respectively. Next, a bivariate model
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was set up for PH′ and FHB′, which followed the same structure as the multivariate model
but had a vector length of two instead of three. Based on this model, PH corrected FHB
values were computed in the same manner as described above. The obtained corrected FHB
values were then used to calculate the BLUEs for FHBmultivariate with the univariate model.
Based on the BLUEs of the univariate model (for PH, EC and PM) and the BLUEs of all
three models (FHBunivariate, FHBcovariate, FHBmultivariate), Pearson’s correlation coefficients
between the different traits were calculated. In addition, mean values were calculated
with the BLUEs of the univariate model and tested for significant differences between the
genetic groups using Tukey’s test (p = 0.05). All statistical analyses were performed using
the package ASReml-R 3.0 [54] in the statistical software R 3.4.4 [55]. The coefficient of
variation was calculated as

CVG(%) =
√

σ2
G/x × 100

where x is the trait mean [56].
The logarithmic transformation for powdery mildew and rust data in Figure 2 was

done according to the following formula [57]:

Rating = 1 + log1.65 (0.5433× severity + 0.60606)
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Figure 2. Frequency distributions for severities (%) of powdery mildew (PM), leaf rust (LR), yellow
rust (YR), stem rust (SR), and Fusarium head blight (FHB) of 656 winter triticale genotypes across
environments on a standardized rating scheme; PM, YR, LR, SR are shown on a logarithmic scale.
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3. Results

The respective diseases occurred at all locations, either naturally or artificially infected
(Table 1). Mean severities were low for powdery mildew (PM), SR and yellow rust (YR),
whereas leaf rust (LR) and FHB showed a moderate infection level across all environments
(Table 2). Despite the low means, there were always some genotypes with a high infection
level. While for YR and SR the minimum disease severity was zero, for PM and FHB
even the most resistant genotype showed some infection. Additionally, plant height and
heading stage showed a considerable high range. Genotypic variances were significant
for all traits, and genotype-by-environment interaction also played a major role except for
YR. Heritability estimates were moderate to high, apart from LR, which was detected in
two environments only. PM, LR, and FHB severities as well as the agronomic traits, plant
height, and heading stage were normally distributed, while YR and SR severities were
skewed towards resistance (Figure 2).

Table 2. Mean, Minimum, Maximum, least significant difference (LSD, p = 0.05), coefficient of
geno-typic variation (CVG) and components of genotypic (σ2

G), genotype-environment interaction,
(σ2

GE), error (σ2
ε ) variances and entry-mean heritability (H2) for plant height (PH), heading stage (HS),

powdery mildew (PM), yellow rust (YR), leaf rust (LR), and Fusarium head blight (FHB) for the
diversity panel (N = 656) across environments.

Trait BLUEs CVG Variance components H2

Mean Min Max LSD5% σ2
G σ2

GE σ2
ε

PM (1–9) 2.4 0.5 6.0 1.03 27.3 0.43 *** 0.29 *** 0.87 0.78
LR (1–9) 4.4 2.8 6.5 2.35 22.7 1.0 *** 2.6 *** 1.6 0.42
YR (%) 3.8 0.0 33.4 6.20 32.2 1.5 *** − a 0.1 0.79
SR (%) 4.0 0.0 56.8 8.45 (224.7) b 80.8 *** b 24.9 *** 4.9 0.91 b

FHB (%) 24.6 6.8 54.4 7.87 32.6 64.17*** 45.61 *** 43.07 0.85
PH (cm) 115.05 74.3 170.7 4.60 13.3 232.61 *** 9.81 *** 15.55 0.99

HS (BBCH) 55.45 44.8 61.5 1.36 4.7 6.91 *** 0.59 *** 1.65 0.96

*** Significant at the 0.001 probability level. a Estimate too small to be displayed. b Estimates might be inflated by
skewness of the frequency distribution (see Figure 2).

For SR severity most genotypes were grouped into the least susceptible class. For YR
severity, only 30 genotypes were falling in this class.

Correlations between PM, LR, SR, YR, and agronomic traits occurred only occasionally,
with coefficients ranging from −0.07 to 0.13 (Table 3). Although they were occasionally
significant, caused by the large number of genotypes tested, they were not important.
Higher correlations were found between PH and HS (r = −0.33) and between FHB severity
and either PH or HS for the non-corrected FHB data (‘univariate’). Using the corresponding
trait as a cofactor reduced the correlation with HS only slightly, but largely for PH. The
multivariate model recognizing both traits and their interaction in a two-stage procedure
resulted in no significant correlation and was used for the results reported here.

Table 3. Pearson’s correlation coefficients between plant height (PH), heading stage (HS), powdery
mildew (PM), leaf rust (LR), yellow rust (YR), and Fusarium head blight (FHB) for the diversity panel
(N = 656) across environments.

Trait PH PM LR YR SR FHB

Uni-Variate Co-Variate Multi-Variate

HS −0.33
*** 0.13 ** −0.02 0.06 −0.01 0.35 *** 0.29 *** 0.01

PH −0.05 −0.10 ** −0.07 0.09 * −0.19 *** −0.06 0.04

*, **, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. Bold indicates significant.
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The correlations among the five disease resistances were generally low, ranging from
−0.04 to 0.26. This was also valid among the three rust resistances (data not shown).

In our genotype panel, we selected the best genotypes that were multi-resistant to all
diseases analyzed here (Figure 3). At least 15 genotypes had a standardized multi-disease
resistance score below average for all five diseases simultaneously. They could not be
assigned to a specific country or breeding program.
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Figure 3. The 15 best and the three worst triticale genotypes for powdery mildew (PM), yellow
rust (YR), leaf rust (LR), stem rust (SR), and Fusarium head blight (FHB) severity sorted after their
cumulated standardized multi-disease resistance (MDR) score in a diversity panel of 656 winter
triticale genotypes across environments CA = Canada, CH = Switzerland, BE = Belgium, DE =
Germany, PL = Poland, RO = Romania, SE = Sweden.

4. Discussion

An important aspect of the evolution history of triticale is a very restricted gene pool,
because the gene pools of the parents, (tetraploid) wheat and rye, are only accessible via
the cumbersome creation of primary triticale, which leads to major fertility problems in the
first generations. They can only be used for practical breeding through a second crossing
cycle as secondary triticale [1] or by backcrossing with hexaploid wheat. Therefore, genetic
diversity is a big issue in triticale and must be established not only for agronomic traits but
also for disease resistances. We analyzed here the resistance of a large triticale panel to the
important diseases powdery mildew (PM), leaf rust (LR), yellow rust (YR), stem rust (SR),
and Fusarium head blight (FHB).

4.1. Triticale as A Man-Made Crop

Triticale has a special situation concerning disease resistances compared to the other
small-grain cereals, because it has been designed by hybridization in the last fifty years
with no progenitors either as landraces or wild relatives. At the beginning of commercial
growing, the crop was fully resistant to PM and the three rusts [1]. Thus, no need for
resistance breeding was given. This changed with the first epidemics of LR in 1998, YR
in 2001, and PM in 2004 in Germany (see Figure 1). Devastating epidemics left most
triticale genotypes in nurseries highly infected and were the starting point for resistance
selection. Indeed, a significant breeding progress for PM resistance could be found in
cultivars registered after 2000 [58]. Similarly, the YR epidemic of 2014 identified two third
of the entries in the Hohenheim nursery as highly susceptible to the new races [59].

The evolution of triticale-infecting pathogens/races was supported by the large ex-
pansion of the production area of triticale. In 1988, triticale was grown in Germany on
19,813 ha and in 2020 on 341,300 ha; that is a more than a 17fold increase. In the same
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period, the production area more than doubled in France (from 127,000 ha to 261,000 ha)
and Poland (from 549,352 to 1,388,970 ha, [2]). For windborne pathogens such as PM and
the rusts, these countries can be envisioned as one common agricultural zone and the wide
distribution of the then fully resistant triticale crop exerted a tremendous selection pressure
on these biotrophic pathogens, supporting a host jump by hybridization (PM) or selection
of mutants (LR, YR, SR) that were able to infect triticale. In YR, the evolution of special
triticale races is documented [18]; additionally, the most important wheat races are now
able to infect triticale with YR, LR, and SR.

4.2. Genetic Variation for Disease Resistances

The tested panel has a broad variation, as is already illustrated by the agronomic trait
plant height ranging from 74 to 171 cm. In contrast to earlier studies [19,58] in which only
141 cultivars were included and the remaining 778 lines were advanced breeding lines
mainly from Germany, this new panel consisted of 656 cultivars of very diverse origin
(Table S1), thus representing a large part of the available gene pool in triticale. For all
disease resistances, considerable genotypic variation was detected with a high importance
of genotype-by-environment interaction variances except for YR (Table 1). The genetic
coefficient of variation was quite similar for all disease resistance except for SR.

The distribution curves of disease resistances (Figure 2) cannot directly be used for
conclusions about inheritance, because the effect of major genes can be masked by the
occurrence of many minor genes [60]. It is interesting, however, that the diversity panel
shows a high frequency of resistances to PM, YR, and SR, with 94, 70, and 78% of the panel
being resistant when the first three classes are considered as resistant, representing a disease
severity of≤3.9% [57]. For FHB, only 25% of cultivars fall in this resistant class. For PM, LR,
and YR resistances, only a few fully resistant cultivars exist. The most likely explanation is
that the panel consists of selected advanced breeding material and registered cultivars, and
thus effective major genes are involved in these resistances that might include the known
resistance genes on wheat genomes A and B [32,33] and on rye genome R [61] or even new
loci. In Canada, all six tested triticale cultivars were fully resistant to YR, with absence
of the tested wheat markers for Yr10, Yr17, Yr18, Yr36 [62]. This might be caused by the
absence of the resistance alleles or by a different linkage disequilibrium in triticale.

For SR resistance, most cultivars (55%) are in the fully resistant class with 0 to 0.73%
disease severity. A detailed seedling survey even detected 78% of 567 triticale accessions
originating from 21 countries being resistant to the stem rust race Ug99 (TTKSK, [63]). Of
these, 141 accessions contained three resistance genes (SrSatu, Sr27, SrKw), while 200 of
the remaining accessions contained uncharacterized genes or gene combinations and were
resistant against seven races of widely differing virulence in field trials in Ethiopia and
USA [63].

Another part of the explanation for the high frequency of resistant triticale cultivars
could be that the respective pathogens are not yet fully adapted to the new crop triticale. A
clue could be that the mean severities for PM, YR, and SR were very low (Table 1). However,
disease severities of 33 to 57% of the most infected genotypes for YR and SR, respectively,
illustrate that the low means are not caused by a too low infection level. Similarly, the most
LR-susceptible genotype had a score of 6 on the 1–9 scale.

In all disease resistances, additionally many quantitative trait loci (QTL) are involved,
as known from molecular studies. The interplay of qualitative and quantitative resistance
loci is shown in the study of Losert et al. [19] for YR resistance, where a different triticale
panel (n = 919) was evaluated in multi-environment field trials. They found ten significant
QTLs, of which up to six QTLs could be governed by monogenic Yr resistances of wheat.
Two of the three most consequential QTLs were already nearly fixed in the panel with allele
frequencies >85%. For powdery mildew, race-specific resistances were considered to play
a major role in commercial triticale cultivars [4]. For FHB head blight resistance in triti-
cale [43,64], the results resemble those from the parents, rye and wheat, respectively [37,40]:
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there exists no fully resistant cultivar, and a clear quantitative inheritance governed by
many QTLs with mostly small to medium effects was found.

When the obtained triticale results are compared with a companion trial of 280 Euro-
pean winter wheat cultivars inoculated by the same pathogens, even with the same races
for YR and SR and with the same isolate for FHB, triticale always had a lower mean value;
additionally, even the most susceptible triticale cultivars were less susceptible than wheat.
This may also be due to the still largely unexplored resistances of rye occurring in triticale.
Indeed, in all inheritance studies of disease resistances in triticale, loci are always found
on the rye genome that often explain a substantial part of the variance. Examples can be
found in FHB resistance [43,64] or in PM [65,66] and YR resistances [19]. In these studies,
not only were the known monogenic resistances on rye chromosome 1R detected, but also
new loci on all other rye chromosomes.

4.3. Correction of FHB Data

Significant correlations between FHB severity and either heading stage (HS) or plant
height (PH) reported here (Table 3) have been frequently found in wheat and rye, with
the later and taller genotypes being more resistant (for review see [37,38,40,52,64]). For
breeding purposes, this covariation is not wanted, because we aim for early, short genotypes.
Because of the large breeding populations of 1000s of entries that have to be handled,
not every genotype can be inoculated at its optimal stage (mid-anthesis); however, we
have to inoculate the whole experiment several times. For PH, it is known that some
reduced height (Rht) genes directly have an impact on FHB severity [38,40]. Moreover, a
co-localization between QTL for FHB resistance and plant height not linked to Rht genes
was frequently reported in mapping studies [38,40,43]. Therefore, the uncorrected data
(univariate, Table 3) cannot be reliably used for selection. In former papers, a covariate
adjustment analysis according to Emrich et al. [52] was used that could reduce correlations.
In our study, however, the correlation to HS was still significant. Therefore, we used
a multivariate analysis as suggested by Rapp for other correlated traits [53]. This was
previously also performed for FHB resistance by Moreno-Amores [67]. In contrast to the
latter study, we were able to get both correlations non-significant with the multi-variate
method. The main difference between their method and ours was that we also modelled the
correlation between PH and HS that was not considered by Moreno-Amores [67]. Because
this correlation was also significant (Table 3), both correlations between FHB severity
and either PH or HS finally became non-significant. This allows a selection for the most
FHB-resistant genotypes without being affected by correlated agronomic factors.

4.4. Breeding Multi-Resistant Triticale

When the first epidemics occurred, many triticale cultivars were protected from
infection of biotrophic pathogens by wheat genes [6] until the corresponding virulences
spread in the newly emerged pathogen populations virulent for triticale. In addition,
triticale cultivars may also contain new rye-specific resistance genes other than those that
were introgressed from rye into wheat [23,65,68].

All pathogens tested here might increase in their incidence in NW Europe due to
climate change. The thermophilic nature of LR, SR, and Fusarium species was extensively
documented (for review see [20]). This is challenging because newly registered cultivars
fairly quickly become susceptible to the rusts, the so-called age effect that has been clearly
documented in wheat leaf rust [5]. The new YR races, ‘Warrior’ and ‘Warrior(−)’, are
already adjusted to warmer temperatures and overnight dew suffices already for infec-
tion [20]. This stresses the need for multi-resistant cultivars that are not only resistant to one
or two diseases, but to the most economically important diseases. Our study shows that
such genotypes already exist (Figure 3), as previously also reported from winter wheat [44].
The causes might be pleiotropic or linked resistance genes, or the simultaneous selection
of several disease resistances by breeders leading to an untargeted pyramidisation of
resistance loci across the whole genome.
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On the basis of molecular studies in wheat and rye for the tested disease resistances,
as also for triticale, some conclusions can be drawn for further breeding. For quantitative
FHB resistance, phenotypic recurrent selection is highly promising [69]. Based on field
infections and a three-year cycle, the improved entries had a considerably lower mean
than unselected entries tested in the same experiment. By using advanced greenhouse
techniques, the cycle length could be reduced to two years. For the other diseases, a
complex inheritance of qualitative (monogenic) and quantitative loci governs resistance.
This makes resistance breeding more complicated when not only the monogenic all-stage
resistances (major genes) should be used but also the more durable, medium-effective
adult-plant QTLs. Incorporation and pyramidization of effective monogenic resistances
can be achieved by marker-assisted selection, especially for those genes that have been
cloned and for which perfect markers are available. Additionally, genomic selection can
predict disease resistance for QTLs with different effect levels, as shown for YR resistance in
wheat [70] and FHB resistance in triticale [64]. This could become even more effective when
establishing speed breeding systems [71]. Triticale breeders have the big advantage that
they can make use of resistances “from both worlds”, wheat and rye. This unique chance
should be used to further increase the resistance level in new multi-resistant cultivars.
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