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Abstract: One of the most severe winter wheat (Triticum aestivum L.) diseases is Fusarium head
blight (FHB). It is believed that selection for resistance to FHB is better in high disease pressure
environments, for which various methods of artificial inoculation are used. The standard spray
method of artificial inoculation is believed to be technically demanding and labour intensive. There-
fore, scattering Fusarium-infected maize stalks onto trial plots after wheat emergence is suggested
as a suitable alternative. The aim of this study was to compare the mean values and heritability of
the visual rating index (VRI) and the percentage of Fusarium-damaged kernels (FDK) between the
two abovementioned methods of artificial inoculation and natural infection, and to determine the
phenotypic correlations between the three methods for the studied traits. The achieved levels of VRI
and FDK were comparable for the two methods of artificial inoculation and considerably lower un-
der natural conditions. Heritability for VRI ranged over four years from 0.68 to 0.91 for the spray
method, from 0.73 to 0.95 for the infected maize stalks, and from 0.26 to 0.65 for natural infection,
whereas for FDK it ranged from 0.56 to 0.85, 0.38 to 0.83, and 0.11 to 0.44 for the three inoculation
methods, respectively. The strong positive correlation between the two applied methods of artifi-
cial inoculation for studied traits suggests that scattering infected maize stalks could serve as a re-
liable supplement for the technically and labor-intensive spray method of artificial inoculation.

Keywords: winter wheat; Fusarium head blight resistance; artificial inoculation; maize stalks;
heritability

1. Introduction

Fusarium head blight (FHB), caused by Fusarium graminearum (teleomorph Gibberella
zeae (Schw.) Petch) and other Fusarium species, is currently one of the most devastating
wheat diseases in the world. Symptoms of FHB infection typically include premature
bleaching of the entire spike or just a few spikelets, pinkish-red mycelium and spores on
infected spikelets, inhibited grain formation, and the development of shriveled, light-
weighted, and discolored grain (from white to pink) as a result of mycelial outgrowth
from Fusarium-colonized grain [1]. Yield reductions due to formation of shriveled grain,
reductions in baking and seed quality, and mycotoxin contamination are major threats
posed by FHB [2-6]. The frequency of FHB epidemics has increased in recent years in
most of the world’s major wheat-growing regions [7]. Among different species causing
FHB, F. graminearum is considered to be the most important globally, due to its wide-
spread occurrence and aggressiveness [8]. It is ranked fourth among plant fungal patho-
gens based on its scientific and economic importance [9]. The major causal agents of FHB
in Europe are F. graminearum, F. culmorum, F. avenaceum, and F. poae [1]. However, the
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prevalence of certain species varies from country to country and depends on meteorolog-
ical conditions as well as agricultural practices, such as crop rotation, previous crop, till-
age, and the susceptibility of cultivars [1,10-13].

Central to FHB infection and development are the environmental conditions during
this critical period, the susceptibility or resistance status of the plant, and the abundance
and aggressiveness of the inoculum during the vulnerable plant growth stage, which
spans several days around anthesis [14]. Fungicide applications have been shown to be
only partially effective in controlling FHB [4,15-17], and are only effective within a narrow
time frame [18]. Therefore, host resistance has long been considered the most practical
and effective means to control the disease [14,17,19]. However, breeding wheat for dura-
ble resistance to FHB has been hindered by a lack of effective resistance genes and by the
complexity of resistance in identified sources. FHB resistance is a quantitative trait con-
trolled by multiple genes with either major or minor effects and is significantly influenced
by genotype-environment interactions [4,14,19,20]. The combined effect of multiple genes
interacting in a complex manner in resistant germplasm and their often poor agronomic
and quality performance complicates the utilization of this germplasm [17,21]. According
to Mesterhazy et al. [5], despite a 100-year tradition of FHB resistance research and breed-
ing, most cultivated varieties are susceptible or highly susceptible to the disease.

The development of resistant cultivars requires the identification of both resistant
sources and resistant lines within breeding populations. Although no source of complete
resistance is known and current sources provide only partial resistance, most breeders
have found genetic variability for FHB resistance in their existing germplasm. The level
of resistance in the adapted germplasm pool will increase if programs actively screen for
FHB resistance [22]. Practical breeders are trying to improve FHB resistance by recombin-
ing different resistance sources and types while selecting for resistance and desirable ag-
ronomic performance. Their ultimate goal is to develop productive cultivars with low dis-
ease symptoms and low mycotoxin contamination despite high infection pressures [3].

Resistance testing is best performed under uniform and moderate to high disease
pressure, which is typically achieved through artificial inoculation [14]. Common inocu-
lation methods include point inoculation, conidia spray, and the grain-spawn method [22-
24]. These methods, while effective in quantifying resistance, are time and labor intensive.
As a result, programs often receive data on resistance in breeding material at only one
location per year. In addition, some material, often less advanced, may remain untested
due to limited resources for FHB resistance screening [23]. Alternatively, sowing in fields
with maize stubble on the soil surface or sowing trials in natural hot spots for Fusarium
infection have been used to provoke infection [3,25]. However, screening for host re-
sistance through natural infection is difficult because disease incidence and severity are
inconsistent due to changes in environmental conditions that are difficult to control, such
as temperature and precipitation [23,26]. Epidemics of Fusarium head blight have long
been considered to originate from an inoculum associated with non-decomposed residues
from the previous crop, particularly of small-grain cereals and maize, which provide a site
for abundant sporulation in the next growing season [27,28]. Field observations have
shown that the severity of FHB and deoxynivalenol (DON) contamination of wheat grains
is positively correlated with increasing quantities of maize residues [28]. However, there
are limited studies reporting the effects of crop residues as an inoculum source in FHB
resistance testing [25,29]. Xue et al. [29] investigated the influence of inoculum sources
(conidial suspension, infested barley and maize kernels, or infested wheat debris) on FHB
development and DON content. Their results showed that inoculation with infested de-
bris as a natural source of inoculum caused fewer FHB symptoms and lower DON con-
tamination of grains compared to the conidial suspension or infested kernels. In the study
by Mesterhazy et al. [25], the spray inoculation and polyethylene bag cover method
showed better differentiation among wheat genotypes in terms of visual FHB rating,
Fusarium-damaged kernels (FDK), and DON content in grain than method of spray inoc-
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ulation and mist irrigation or the maize stalks method supported by mist irrigation. Re-
garding visual FHB ratings, all three methods showed similar ranking of genotypes, while
the results for FDK and DON content were less consistent among methods.

In the Bc Institute’s winter wheat breeding program, screening of elite breeding lines
for FHB resistance using the spray method of inoculation with Fusarium isolates serves as
efficient criterion for final selection for registration purposes [30-32]. In the present study,
an alternative inoculation method for screening FHB resistance in wheat, known as de-
ployment of Fusarium-infected maize stalks, was compared with the standard spray
method and natural infection. The objectives of the study were (1) to compare three inoc-
ulum sources in terms of their efficacy in inducing FHB symptoms, (2) to determine the
relationship between FHB scores within the methods, and (3) to estimate the heritability
of investigated traits.

2. Materials and Methods
2.1. Description of Field Experiments for Evaluation of Fusarium Head Blight Resistance

Field experiments including 25 winter wheat genotypes were conducted over four
growing seasons (2011-2014) at the Bc Institute’s winter wheat breeding nursery in
Botinec (Zagreb), Croatia. Each year, a different set of the 18 most promising elite breeding
lines and seven controls with varying levels of FHB resistance were evaluated in separate
experiments conducted using two methods of artificial inoculation with Fusarium gramine-
arum and natural Fusarium infection. Among the controls, the cultivars Renan, Roazon,
Poncheau, Zitarka, and Lucija were repeated throughout all years of the study, while the
control cultivars Apache, Soissons, and resistant breeding lines (D48X42X6)2 and
K9_21_AB.14 were included in some years. The soil type at the experimental location was
loamy clay. In all four years, sowing was done in late October. The experiments were set
up as randomized complete blocks with four replicates. The experimental plots consisted
of three 1 m long rows with 25 cm of in-between row spacing. The sowing density was 80
seeds per row. Each year, standard agronomic practices for intensive winter wheat pro-
duction were used. In the autumn before ploughing, nitrogen (N), phosphorus, and po-
tassium (7:20:30) in the amount of 300 kg ha' and UREA (46% N) at a rate of 150 kg ha!
were added to the soil. Calcium ammonium nitrate (CAN, 27% N) was applied as a top-
dressing at the beginning of wheat tillering (185 kg ha) and in the phase of intensive stem
elongation, when the first or second node was detectable on the main stem in most geno-
types (110 kg ha™). For weed control, 0.8 g 1! of Pinoxaden (50 g L-!) and Fluroxypyr (360
g L) were applied when the majority of genotypes developed first node on the main
stem. Fungal diseases were treated with chlorothalonil (480 g L-') and azoxystrobin (80 g
L) at a rate of 2.5 L ha™ at the time of the emergence of flag leaves in most genotypes.

2.2. Inoculum Production and Inoculation Procedure

The first method of inoculation was the spray method, for which the Fusarium inoc-
ulum was developed using the “bubble breeding” method by Mesterhdzy in 1977 [33].
Each year, new isolates were prepared and used for artificial inoculation by the spray
method. The fungus F. graminearum was isolated from infected wheat grains from the pre-
vious year, which came from wheat genotypes with a high FDK score. Different strains of
Fusarium spp. were isolated from 36 infected wheat grains on PDA medium. The 12 best
isolates were selected visually, and based on the appearance of spores under the micro-
scope, their membership to the species F. graminearum was confirmed according to the
identification keys of Nelson et al. [34]. The aggressiveness test according to Mesterhazy
[35] was performed on these 12 isolates (Figure S1). The four most aggressive isolates were
selected, and liquid inoculum was prepared from them for the spray method immediately
before starting artificial inoculation. The concentrations of the inoculum were adjusted to
500,000 spores per ml using a hemocytometer. Equal volumes of liquid inoculum from
four isolates were mixed. The liquid inoculum was stored at 4 °C during the inoculation
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period. The first inoculation of each plot was performed when 50% of the plants were at
anthesis. The second inoculation followed two days later. The wheat spikes were sprayed
using a backpack-carried manual sprayer early in the morning, and 40 mL of inoculum
was applied to each plot in both sprays. The second method of inoculation was conducted
using infected maize stalks collected in an infected maize field from a maize inbred line
susceptible to F. graminearum. The stalks were cut into 20-30 cm long pieces and scattered
on the soil surface (15-20 pieces per experimental plot) in late autumn when the first two
leaves emerged on plants (Figure 1). The third type of infection occurred under natural
conditions, i.e., no artificial inoculation was performed. In this study, no mist irrigation
was applied for either artificial inoculation or natural infection.

Figure 1. Maize stalk residue deployed in the field at the location of Botinec in 2011.

2.3. Fusarium Head Blight Evaluation

The percentage of visually infected spikelets, referred to as the visual rating index
(VRI), was estimated on a sample of approximately 100 spikes according to a linear scale
from 0 to 100% (Table S1). Disease symptoms were assessed 21 and 25 days after spray
inoculation of each genotype and finally expressed as the mean of the two readings. The
percentage of Fusarium-damaged kernels (FDK) was determined on ten randomly se-
lected spikes taken from each experimental plot after harvest. The spikes were threshed
by hand and the Fusarium-damaged and normal kernels were counted. Only the pinkish
white-colored grains along with the slightly infected whitish powdered kernels were con-
sidered as Fusarium-damaged, while the normally colored but shriveled kernels were not
considered [25].

2.4. Statistical Analysis

An analysis of variance (ANOVA) was performed across inoculation methods for
each year as well as for each year x infection method combination for two FHB ratings
(VRI and FDK) using the PROC GLM of SAS/STAT [36]. The components of variance for
the second ANOVA were obtained by equating the observed mean squares from the
ANOVA to their expectations and solving for the desired variance components. Geno-
typic variance (0%c) was calculated as (genotype mean square—error mean square)/r,
where r is the number of replicates, and the error variance (o%) is equal to the error mean
square. Heritability on a plot mean basis was estimated using the equation: h? = 0%c/(0% +
0%). Spearman’s rank correlation coefficients between inoculation methods for two FHB
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ratings (VRI and FDK) as well as between VRI and FDK within each of the three inocula-
tion methods were calculated using a PROC CORR of the SAS/STAT [36].

3. Results
3.1. Analysis of Variance and Heritability

An analysis of variance across 25 wheat genotypes and three inoculation methods
(Table 1A) revealed a significant effect of inoculation method (IM) and genotype (G), and
a significant IM x G interaction for visual rating index (VRI) and Fusarium-damaged ker-
nels (FDK) in all four years. For the VRI, IM and G had similar effects in 2011, 2012 and
2013, explaining 34 to 39% and 32 to 38% of the total sum of squares (SS), respectively.
while the IM x G interaction accounted for 18 to 24% of the total SS. In 2014, variation in
VRI was predominantly explained by G (66% of SS), while IM and the IM x G interaction
accounted for only 15 and 10% of the total SS, respectively. The variation of FDK in all
years was explained primarily by IM, which contributed between 36 and 56% of the total
SS, whereas G and IM x G interactions contributed from 20 to 26% and 14 to 19%, respec-
tively. Considering the two methods of artificial infection (spray and maize stalk), the
ANOVA showed a significant effect of all sources of variation for VRI and FDK, except
for IM x G for VRI in 2011 and for FDK in 2014 (Table 1B). However, the effect of G, which
explained 69 to 88% of SS for VRI and 51 to 70% of SS for FDK, was much larger than in
an analysis of all three methods of infection. Consequently, the contribution of IM for both
traits and the IM x G interaction for FDK was of a much smaller magnitude.

Table 1. Analysis of variance for the visual rating index and Fusarium-damaged kernels in four
years across 25 genotypes and three inoculation methods (A) and two inoculation methods (B).

A. Three Inoculation Methods

B. Two Inoculation Methods 2

s g g s g g
Year E 3 é (’.‘D § 5 g qé: L"D §
g £ 5 = & < 5 = &
£ 3 : = £ 3 : =
Df 24 48 216 1 24 24 144
SS% Sig SS% Sig SS% Sig SS% SS% Sig SS% Sig SS% Sig SS%
Visual rating index (VRI)
2011 36 o 32 ** 18 ** 14 1 o 72 ** 4 ns 22
2012 34 o 35 o 24 ** 7 10 o 69 ** 12 ** 9
2013 39 * 38 * 18 ** 5 1 * 88 * 3 * 8
2014 15 * 66 * 10 ** 9 1 ** 86 * 6 * 7
Fusarium-damaged kernels (FDK)
2011 56 > 23 * 14 ** 7 2 o 70 ** 12 ** 15
2012 56 * 20 * 19 ** 5 13 ** 57 * 20 * 10
2013 47 * 22 * 19 ** 12 17 ** 51 * 13 * 19
2014 36 > 26 ** 14 ** 24 1 * 57 ** 5 ns 37

*and ** F test significant (Sig) at p < 0.05 and p < 0.01, respectively; SS% percent of the total sum of
squares; ? only spray and maize stalk inoculation were included in the ANOVA.

Heritability estimates for the two FHB scores under different inoculation methods
for each respective set of 25 genotypes evaluated in 2011, 2012, 2013, and 2014 are shown
in Table 2. For VRI, heritability over four years varied from 0.68 to 0.91 for the spray
method, and from 0.73 to 0.95 for the infected maize stalk method. The estimated herita-
bility in 2011 and 2013 was similar between the two methods. In 2012, it was higher for
the spray method, and in 2014, it was higher for infected maize stalks. The heritabilities
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for VRI under natural infection were much lower compared to the heritabilities of the two
methods of artificial inoculation, ranging from 0.26 to 0.65. For FDK, the heritability varied
from 0.56 to 0.85 for the spray method, from 0.38 to 0.83 for the infected maize stalks, and
from 0.11 to 0.44 for the natural infection. Heritability estimates in 2011 and 2012 were
comparable between VRI and FDK for the three methods, and in 2013 and 2014 they were
considerably lower for FDK, especially under the maize stalk inoculation and natural in-
fection.

Table 2. Heritability estimates for the visual rating index (VRI) and the percentage of Fusarium-
damaged kernels (FDK) in 25 wheat genotypes evaluated under three inoculation methods (spray,
maize stalk and natural) in 2011, 2012, 2013, and 2014.

Inoculation Method Inoculation Method

Year Spray Maize Stalk  Natural Spray Maize Stalk  Natural
Visual Rating Index (VRI) Fusarium-Damaged Kernels (FDK)
2011 0.68 0.73 0.26 0.85 0.65 0.29
2012 0.91 0.77 0.46 0.85 0.83 0.44
2013 0.90 0.89 0.65 0.80 0.38 0.11
2014 0.83 0.95 0.63 0.56 0.43 0.12

3.2. FHB Scores under Different Inoculation Methods

The visual rating index (VRI) varied significantly among genotypes for all three in-
oculation methods in all four growing seasons (Figure 2, Table S2). The highest mean VRI
values were obtained using spray inoculation (S) in all years, except in 2014 when inocu-
lation with maize stalk (MS) resulted in significantly higher VRI values. Under natural
conditions of infection (N), VRI values were, as expected, the lowest. Despite significant
differences between mean VRI values for spray and maize stalk inoculation, VRI values
of the two methods were comparable in 2011, 2013, and 2014, with respective mean values
of 11.7 and 9.8%, 25.05 and 27.7%, and 27.0 and 31.7%. In the same years, the range of VRI
scores was also similar for the two methods of artificial inoculation. The higher mean VRI
in 2014 for the maize stalk inoculation method compared to the spray inoculation method
primarily resulted from the higher VRI values observed in less resistant genotypes (Figure
2D). In the same year, VRIs under natural conditions was at least ten times higher than in
the three previous growing seasons (12.4% in 2014, 0.5% in 2013, 1.1% in 2012, and 0.3%
in 2011). Mean FDK values in all four years were significantly higher for the spray method
compared to maize stalk method (Figure 3, Table S3). The difference between the mean
FDK scores of the maize stalk inoculation and spray inoculation methods, as well as the
difference between their ranges was most pronounced in 2013, with means of 21.5 and
11.4% and ranges from 3.8 to 55.3% and 1.9 to 22.1%, respectively. In 2011, 2012, and 2014,
the spray and maize stalk inoculations produced comparable FDKs with mean values of
11.7 and 9.8%, 25.05 and 27.7%, and 27.0 and 31.7%. Under natural conditions (N), FDK
values were considerably lower than for the two methods of artificial inoculation.
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Figure 2. Visual rating index (VRI) in 25 wheat genotypes under spray inoculation (S), maize stalk
inoculation (MS), and natural infection (N) in the (A) 2011, (B) 2012, (C) 2013, and (D) 2014 growing
seasons. Means of the inoculation methods followed by the different letter are significantly different
according to LSD test at p < 0.05.
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Figure 3. Fusarium-damaged kernels (FDK) in 25 wheat genotypes under spray inoculation (S),
maize stalk inoculation (MS), and natural infection (N) in the (A) 2011, (B) 2012, (C) 2013, and (D)
2014 growing seasons. Means of the inoculation methods followed by the different letter are signif-
icantly different according to LSD test at p < 0.05.

3.3. Correlations

The correlations between inoculation methods for visual rating index (VRI) and
Fusarium-damaged kernels (FDK) in the four years of the study are shown in Table 3. The
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VRIs of the two methods of artificial inoculation (spray and maize stalk) were strongly
positively correlated with coefficients of correlation ranging from 0.88 in 2012 to 0.94 in
2013. On the other hand, the correlation between VRI under natural infection and VRI
under two types of artificial inoculation was moderately positive in 2011 and 2012, and
strong and positive in 2013 and 2014. In 2012, for VRI, the correlation between natural
infection and spray inoculation was slightly higher than between natural infection and
maize stalk inoculation (0.72 vs. 0.57), whereas in 2014 the corresponding correlation co-
efficients were 0.83 and 0.93.

The FDK values for the two methods of artificial inoculation were strongly positively
correlated, with the correlation coefficients ranging from 0.60 to 0.87. In 2011, the correla-
tion of FDK scores between natural infection and maize stalk inoculation was slightly
higher than the corresponding correlation between natural infection and spray inocula-
tion (0.74 versus 0.54). the correlation of FDK scores was similar in 2012, and the opposite
was true in 2014 (0.49 versus 0.62). In 2013, the correlation of FDK scores between natural
infection and both methods of artificial inoculation were not significant.

Table 3. Spearman’s rank correlation coefficients between inoculation methods for visual rating in-
dex and Fusarium-damaged kernels in 2011, 2012, 2013, and 2014.

Fusarium-Damaged Ker-

Visual Rating Index
nels

Year In;/{c:tlha(t)z)n Spray Maize Stalk Spray Maize Stalk
2011 Maize stalk 0.92 ** 0.84 **

Natural 060 * 055 @ ** 054 ** 074 *
2012 Maize stalk 0.88 ** 0.60  **

Natural 072 * 057 ** 053 ** 052 o
2013 Maize stalk 094 ** 0.77 **

Natural 0.88 ** 0.82 ** 019 ns 0.06 ns
2014 Maize stalk 0.90 ** 0.87  **

Natural 083 * 093 ** 062 ** 049 *

*and ** correlation coefficient significant at p < 0.05 and p < 0.01, respectively

The correlations between VRI and FDK were moderate to strong for the two artificial
inoculation methods in the four years of study, with coefficients ranging from 0.77 to 0.89
and 0.55 to 0.86 for spray inoculation and maize stalk inoculation, respectively (Table 4).
The correlation coefficients were similar for the two methods of artificial inoculation in
2011, 2012, and 2013, and they were slightly stronger for the spray method in 2014. In
natural infection compared to the two artificial inoculation methods, the correlation be-
tween VRI and FDK was generally weaker, except in 2014, when it was at the level ob-
served for spray inoculation.

Table 4. Spearman’s rank correlation coefficients between visual rating index (VRI) and Fusarium-
damaged kernels (FDK) under spray inoculation, maize stalk inoculation, and natural infection in
2011, 2012, 2013, and 2014.

Inoculation Method

Year Spray Maize Stalk Natural

VRI Versus FDK
2011 0.83 o 0.86 o 0.43 *
2012 0.81 * 0.72 o 0.46 *
2013 0.89 * 0.77 o 0.16 ns
2014 0.77 o 0.55 o 0.82 **

* and ** correlation coefficient significant at p < 0.05 and p <0.01, respectively
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4. Discussion

For routine screening of FHB resistance in large breeding populations, the faster,
cheaper, and more reliable inoculation method is preferable [2]. In the present study, an
alternative inoculation method for screening FHB resistance in wheat, known as deploy-
ment of Fusarium-infected maize stalks, was evaluated over four consecutive years. The
standard spray method and natural infection were used as controls. As expected, consid-
erably more FHB symptoms in terms of both VRI and FDK were observed under the two
artificial inoculation methods compared to natural infection. Although mean VRI and
FDK values were generally significantly higher for spray than for maize stalk inoculation,
the two inoculation methods resulted in comparable mean values and ranges for both
FHB-related traits in three of four study years (Figures 1 and 2). Similar to our study,
Mesterhazy et al. [25] compared two variants of spray inoculation with inoculation using
maize stalks and reported slightly higher mean FHB scores for the maize stalk method
than for the standard spray method, similar mean FDK scores for the two spray methods,
and considerably lower deoxynivalenol (DON) grain content for maize stalk method. In
their study, the spray method with bags resulted in higher levels of symptoms for all three
studied traits compared to the standard spray method and maize stalk method. The au-
thors pointed out that differentiation of genotypes in resistance was more secure at higher
levels of FHB symptoms. In this sense, the similar levels of FHB symptoms for VRI and
FDK observed for standard spray inoculation and maize stalk inoculation in the present
study indicate the suitability of both methods for screening FHB resistance. An analysis
of variance in the present study showed that the inoculation method, genotype, and the
inoculation method x genotype interaction had a significant effect on VRI and FDK. Mes-
terhazy et al. [25] also reported a significant inoculation method x genotype interaction
for the FHB score and the FDK and DON content in grain, although the interaction effect
was significantly weaker than the main effect of genotype for all of the traits studied. In
the present study, the contribution of the inoculation method x genotype interaction effect
to the total phenotypic variability for VRI was also much smaller compared to the main
genotype effect (Table 1). On the other hand, the contributions of genotype and inocula-
tion method x genotype interaction to the total phenotypic variability for FDK were simi-
lar. However, when considering only spray and maize stalk inoculations, the effect of gen-
otype for both VRI and FDK was much larger than the effect of the method x genotype
interaction. This suggests that the observed magnitude of the inoculation method x geno-
type interaction in the present study was mainly due to the method of natural infection.
Engle et al. [37] also found a significant effect of the interaction between the genotype and
inoculation technique for FHB severity in an experiment in which four methods of artifi-
cial inoculation of ears with F. graminearum were applied to seven wheat genotypes. Sim-
ilarly, Miedaner et al. [2] found a significant inoculation x genotype interaction for visual
FHB symptoms when comparing point and spray inoculation in wheat and concluded
that the genotype-specific response to a particular method may be the result of different
contributions of individual components (such as type I and II resistance) to the overall
FHB resistance. The available literature shows that not only FHB resistance itself, but also
individual FHB resistance components are quantitatively inherited and are often under
the control of resistance component-specific QTLs [3,14,20,38—41].

The magnitude of the method x genotype interaction effects over the four years of
the present study was reflected in the strength of phenotypic correlations found between
the inoculation methods studied. The VRI scores of the two methods of artificial inocula-
tion (spray and maize stalk) were strongly positively correlated with correlation coeffi-
cients ranging from 0.88 to 0.94, whereas the correlations of FDK scores were somewhat
lower, ranging from 0.60 to 0.87. The correlations of the two methods of artificial inocula-
tion and natural infection were strong and positive for VRI in 2013 and 2014, and were
moderate and positive in 2011 and 2012. For FDK, the respective correlations over four
years of the study were weak to moderate. In agreement with our results, Mesterhazy et
al. [25] also found a higher positive correlation between the standard spray method and
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the maize stalk method for the FHB score than for FDK (0.73 vs. 0.63, respectively). Mied-
aner et al. [2] reported lower phenotypic correlation coefficients between spray and point
inoculation methods for the percentage of infected spikelets (0.40) and the relative spike
weight (0.52). A wide range in the strength of correlations between different inoculation
methods for FHB traits observed in the present and previous studies is reflected in the
agreement or disagreement in the ranking of genotypes, and suggests that certain geno-
types have a specific type of resistance, while others combine different levels of multiple
types of resistance. Therefore, the temporal and/or spatial combination of different inoc-
ulation methods could provide complementary information on genotype resistance to
FHB. However, environmental factors such as temperature, precipitation, and relative hu-
midity cannot be ruled out, as they may affect the development of disease symptoms to
different degrees for different inoculation methods.

Another important aspect in evaluating the reliability of an inoculation method is the
correlation between the various FHB-associated traits and their heritability for a given
method. From a practical point of view, visual evaluation of FHB symptoms on spikes is
less laborious and time-consuming than evaluation of Fusarium-damaged kernels (FDK)
and is preferred by breeders. In the present study, the correlation coefficients between VRI
and FDK were moderately to strongly positive for the two methods of artificial inocula-
tion, ranging from 0.77 to 0.898 for spray inoculation and 0.55 to 0.86 for maize stalk inoc-
ulation, whereas they were much lower for natural infection in three of four study years.
Consistent with our results, correlations between FHB severity and FDK in the study of
Kubo et al. [42] ranged from 0.78 to 0.81 over a three-year field experiment including 31
wheat cultivars inoculated with F. graminearum. Similar values of correlation coefficients
between the two FHB ratings were reported by Mesterhazy [43], who examined the re-
sponses of 19 wheat genotypes to seven isolates of F. graminearum and F. culmorum (0.74),
and Goral et al. [44], who evaluated 27 wheat lines inoculated with F. culmorum (0.78). On
the other hand, He et al. [39] found a much lower correlation between FHB symptoms on
spikes and FDK in a RIL population of wheat inoculated with F. graminearum, ranging
from 0.29 to 0.30 over three years. In addition to the two visual assessments of FHB symp-
toms, the content of DON is commonly used as an indicator of mycotoxin contamination
of grains, but measurement of DON is expensive and impractical for routine breeding
practices. Therefore, the extent of correlations between visual FHB ratings and DON con-
tent is critical to know for the use of visual FHB ratings as indirect criteria in selecting for
low DON content. In several studies, FDK has been shown to be a better predictor of grain
DON contamination than visual symptoms on spikes [5,20,25,39,43,45], making FDK a
preferred indirect trait when selecting for low DON content.

In the present study, heritability for VRI over four years ranged from 0.68 to 0.91 for
the spray method and from 0.73 to 0.95 for the infected maize stalks, whereas it was much
lower for natural infection, ranging from 0.26 to 0.65. On the other hand, heritability esti-
mates for FDK compared to VRI were slightly lower for spray inoculation (0.56 to 0.85),
moderately lower for maize stalk inoculation (0.38 to 0.83), and much lower for natural
infection (0.11 to 0.44). Miedaner et al. [2] reported that the heritability estimates were
higher for spray inoculation than for point inoculation, as measured by the percentage of
infected spikelets (0.81 vs. 0.77) and relative head weight (0.77 vs. 0.52). These findings are
consistent with our study because we found that the differences between methods were
greater for the heritability of FHB symptoms estimated on kernels than for the FHB symp-
toms associated with spikes. Zhang et al. [20] found similar ranges of heritability for FHB
symptoms on spikes, FDK, and DON content, ranging from 0.55 to 0.85 in different envi-
ronments. Moderate to high heritability of FHB resistance components was also reported
in some other studies [39,46,47], suggesting that genetic variation plays a major role in the
phenotypic variation of FHB-related traits.

5. Conclusions



Agronomy 2023, 13, 1175 12 of 14

The inoculation method using the infected maize stalks resulted in fewer FHB symp-
toms than the spray inoculation method, but from a practical point of view, the differen-
tiation of genotypes according to their resistance was successful, especially for the more
practical and quicker visual evaluation. This inoculation method does not require labora-
tory equipment or inoculum production. Resistance trials can be conducted at locations
which are more distant from the laboratory, and flowering time recordings are not re-
quired. In this context, maize stalks can also be used as an alternative source of inoculum
in early generations of selection when a large number of genotypes with a wide range of
flowering times are evaluated. This method also simulates frequent production practice,
especially on small family husbandries, where winter wheat is grown after maize and
where large amounts of maize debris on the soil surface serves as a good source of inocu-
lation. FHB severity under natural conditions was significantly lower than the FHB sever-
ity observed under the two methods of artificial inoculation analysed in the present study,
and was largely dependent on the environmental conditions. Nevertheless, the resistance
levels determined under natural conditions served as a good control for the resistance
levels determined by the two methods of artificial inoculation.
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https://www.mdpi.com/article/10.3390/agronomy13041175/s1, Table S1: Scale for the assessment of
visual rating index (% of diseased spikelets per plot); Table S2: Visual rating index (VRI, %) for 25
wheat genotypes under three inoculation methods (spray, maize stalk and natural) in 2011, 2012,
2013, and 2014; Table S3: Fusarium-damaged kernels (FDK, %) for 25 wheat genotypes under three
inoculation methods (spray, maize stalk and natural) in 2011, 2012, 2013, and 2014; Figure S1. Ag-
gressiveness test with 12 different isolates of F. graminearum.
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