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Abstract: Fusarium head blight (FHB) is one of the major threats for wheat production worldwide.
It reduces yield, quality, and feeding value of wheat grains. In addition, mycotoxins produced
by Fusarium pathogens can have a negative effect on livestock and human health. The aim of this
study was to assess changes in technological quality traits and end-use quality of winter wheat
varieties after artificial inoculation with Fusarium spp. over three years. Differences in dough
development duration and extensibility were measured as the means of relative reductions due to
different environments and varieties’ characteristics. Differences in dough softening during kneading
were determined as the means of relative increases due to FHB inoculation. In addition, dough had
reduced strength, was stickier, and therefore was more difficult to handle, due to a decrease of the
average energy value and resistance to extension in FHB-inoculated wheat, compared to naturally
infected plants. Dough development time, stability, and resistance usually varied in a similar way,
with FHB-resistant varieties showing a good response to FHB inoculation and maintaining good
quality. Increasing the level of Fusarium spp. contamination in more FHB-susceptible wheat varieties
worsened their technological quality, primarily, the sedimentation value and the gluten index, and
hence had a negative effect on the rheological properties.

Keywords: extensograph; farinograph; Fusarium; technological quality; wheat

1. Introduction

Wheat production is endangered by the fungal pathogens from Fusarium spp., which
cause Fusarium head blight (FHB). This disease not only causes grain yield losses, but also
decreases wheat quality and causes the presence of mycotoxins in the grains [1–3], which
are potentially harmful to human and animal health. It can destroy starch granules, storage
proteins, and grain cell wall and subsequently affect the quality of dough [4]. Consequently,
FHB infection results in the reduction of end-use quality [5]. The negative influence of FHB
on wheat flour properties and its products was previously reported [6]. Furthermore, FHB
resistance is mainly categorized into two types: Type 1 (resistance to initial infection) and
Type 2 (resistance to spread within the head) [7], although several other forms of resistance
have been proposed. It was suggested that the rheological properties under FHB infection
pressure influence grain resistance to the disease [8]. The most important method for FHB
control and the reduction of mycotoxin concentration is the development of FHB-resistant
wheat varieties [9]. Besides that, the use of specific cultural practices, fungicides, and
biological control can help reduce FHB infection [10].

Climatic conditions, especially during wheat anthesis, can affect Fusarium species [11].
Fusarium graminearum and F. culmorum are the most prevalent species causing FHB [12,13],
but their prevalence may change throughout the year [14]. Infection by Fusarium spp. can
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occur between 10 and 30 ◦C [15], and therefore, the availability of moisture is a predominant
factor for the success of pathogen infection [16]. Under favorable weather conditions with
high relative humidity and optimal temperatures during flowering, Fusarium infection
will start in a wheat spikelet and then will expand within the whole head, causing the
characteristic symptoms of bleaching [17].

It is essential to understand the impact of Fusarium infestation not only on grain prop-
erties but also on health, due to the large consumption of wheat products worldwide [18].
Wheat flour, imparting viscoelastic properties to dough, is used in a diverse range of
end-use products including breads, cakes, noodles, crackers, cookies, and pasta [19]. In
fact, gluten proteins are able to form a network in the dough, where carbon dioxide is
blocked [20]. The final baking quality, defined by the rheological parameters of dough, is
influenced by wheat variety background and environmental conditions [21]. The quality of
wheat in relation to its end products is particularly determined by its protein content. Re-
search on the impact of Fusarium infestation on wheat quality is scarce, compared to that on
FHB resistance mechanisms. Besides, the majority of studies are focused on technological
grain quality [22,23], and only few on rheological dough properties [24]. The reason of that
could be the fact that the current method to evaluate end-use quality are time-consuming
and costly, compared to those used to measure technological quality traits, which are
considered fast and inexpensive. However, it is important to notice that the quality of the
final product is evaluated on the basis of the rheological properties of the wheat dough,
including dough elasticity, viscosity, and extensibility. The current study is focused on
the detection of technological and rheological quality changes in winter wheat varieties
under natural infection and Fusarium artificial inoculation, using standard fariongraph and
extensograph tests for technological quality determination and rheological evaluation.

2. Materials and Methods
2.1. Field Experiments

Twenty-five winter wheat varieties (Table 1) were studied in field experiments in the
vegetative seasons 2014/2015, 2015/2016, and 2016/2017 at Osijek (45◦27′ N, 18◦48′ E) in
Croatia. The annual precipitation during the growing seasons 2014/2015, 2015/2016, and
2016/2017 were 513, 706, and 482 mm, and the average annual temperatures were 11.3,
11.0, and 10.0 ◦C, respectively (Figure 1a–c). During the heading stage, the highest rainfall
was recorded in 2017 (48.8 mm), followed by 2016 (45 mm). The lowest amount of rainfall
around the heading stage was recorded in 2015 (12.1 mm) with the highest average temper-
ature (19.2 ◦C), compared to 2016 and 2017 (12.0 and 15.3 ◦C, respectively) (Figure 2a–c).
As a control of seed-borne diseases, Vitavax 200 FF (thiram + carboxin) was used at a rate of
200 mL 100 kg−1. During the vegetative season, insecticides and herbicides were applied as
needed for weeds and aphid protection of the field experiments. Fertilization with standard
amounts of NPK fertilizers differed during the study (120–140/80–100/120–130 kg ha−1).
Wheat varieties were sown in 7.56 m2 plots in two replications per treatment (two treat-
ments in total) with a Hege Seedmatic machine in October of each year of study. One
sample was left under natural conditions (without use of fungicides) and another was
subjected to Fusarium artificial inoculations when 50% of the wheat plants inside each plot
were at the flowering stage (Zadok’s scale 65) [25]. A Fusarium inoculum was applied with
a tractor-back sprayer, and afterwards the plots were irrigated twice with water to maintain
humidity in the 24 h after the inoculations. The FHB inoculations were repeated two days
later. Disease severity (general FHB resistance) and incidence (Type I resistance) were
recorded on days 10, 14, 18, 22, and 26 after the last inoculation. The percentage of bleached
spikelets (disease intensity) per plot was estimated according to a linear scale (0–100%),
while disease incidence was calculated as the percentage of diseased ears after assessing
a random sample of 30 heads. The area under the disease progress curve (AUDPC) was
calculated [26] and used for further statistical analysis.

Calculation of AUDPC:
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AUDPC =
n

∑
i=1

{[
Yi + Yi− 1

2

]
∗ (Xi− Xi− 1)

}
Yi—percentage of visibly infected spikelets (Yi/100) at the ith observation
Xi–day of the ith observation, n—total number of observations
Wheat plots were harvested by a Wintersteiger cereal plot combine-harvester in the

beginning of July, at a grain moisture content of 14.5–16.0%.

Table 1. Origin, year of release, and susceptibility to Fusarium of 25 investigated winter wheat varieties.

Varieties Origin 1 Year of Release Susceptibility 2 to Fusarium

GOLUBICA HR, AIO 1997 S

SUPER ZITARKA HR, AIO 1997 S

BASTIDE FRA 2003 S

FELIX HR, AIO 2007 S

BC ANICA HR, BC 2010 S

LUCIJA HR, AIO 2001 MS

SRPANJKA HR, AIO 1989 MS

RENATA HR, AIO 2006 MS

KATARINA HR, AIO 2006 MS

SANA HR, BC 1983 MR

BEZOSTAYA Former USSR 1955 MR

ALKA HR, AIO 2003 MR

ZITARKA HR, AIO 1985 MR

ANTONIJA HR, AIO 2011 MR

FLAMURA 85 ROM 1989 MR

KRALJICA HR, AIO 2010 MR

DROPIA ROM 2006 MR

OLIMPIJA HR, AIO 2009 R

VULKAN HR, AIO 2009 R

DIVANA HR, JS 1995 R

GRAINDOR FRA 2006 R

APACHE FRA 1998 R

U1 HR, AIO 1936 R

RENAN FRA 1991 R

SIRBAN PROLIFIC HU 1905 R
1 AIO, Agricultural Institute Osijek, JS-Jost sjeme, BC, BC Institute; 2 S, susceptible, MS, moderately susceptible,
MR, moderately resistant, R, resistant.
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2.2. Fusarium Isolates and Production of the Inoculum

The conidia of two Fusarium isolates (Fusarium graminearum, PIO 31 and F. culmorum,
IFA 104) were stored in permanent cultures at +4 ◦C before the study. The strains were cul-
tured on a synthetic low-nutrient (SNA) medium consisting of water containing KH2PO4,
KNO3, MgSO4*7H2O, glucose, sucrose, and agar [27]; the medium was kept for one week
in the dark at room temperature. For a mass production of the conidia of each isolate in the
proportion 1:1., two discs (5 mm diam.) from a well-grown colony were transferred to the
mixture of wheat and oat (3:1), previously soaked in water overnight, and autoclaved [28].
Conidial concentrations were set to 10 × 104 mL−1 by a hemocytometer. The Fusarium
inoculum (100 mL) was sprayed on an area of m2 per plot.

2.3. Milling, Grain Technological Properties, and Dough Properties

Wheat grain samples were conditioned to 14% moisture content and milled using
Quadrumat Senior break (C.W. Brabender Inc., South Hackensack, NJ, USA). Protein
content was measured by Infratec 1241, Foss Tecator. Wet gluten content and the gluten
index were obtained by the ICC method No. 155 [29]. Zeleny sedimentation volume and
falling number were measured by the ICC method No. 116/1 [30] and the ICC method
No. 107/1 [31]. Dough properties were evaluated using 50 g of flour with a Farinograph
(Brabender, Duisburg, Germany) according to HRN ISO 5530-1:1999 [32] and 300 g of
flour with an Extensograph (Brabender, Duisburg, Germany) according to HRN ISO 5530-
2:1999 [33]. Relative differences of technological and dough quality parameters (relative
technological or dough traits in %) were determined for Fusarium-treated samples relative
to naturally infected samples.

2.4. Statistical Analysis

The data distribution was evaluated by the Shapiro–Wilk W-test, but since the data of
six parameters did not show a normal distribution, the comparison between treatments
(naturally infected and inoculated) was performed by the Mann–Whitney U test for those
traits. Analysis of variance (ANOVA) using the main-effects model and relative differences
for grain technological, farinograph, and extensograph properties between FHB-inoculated
and naturally infected samples were analyzed for statistically significant differences by the
Fisher’s least significant difference (LSD) test (α = 0.05) by Statistica version 12.0 (Statsoft
Inc., Tulsa, OK, USA).

3. Results
3.1. Fusarium Head Blight (FHB) Severity and Incidence

Twenty-five winter wheat varieties were evaluated for general FHB and Type I re-
sistance in FHB-inoculated plots in three-year field experiments. The symptoms of FHB
disease appeared after 7–8 days from inoculation (dpi), and disease resistance was recorded
for the first time at 10 dpi and again every 4 days till 26 dpi. FHB symptoms were not
found in non-inoculated plots (naturally infected plots); therefore, in the plots with natural
infection, disease scoring was not performed. FHB symptoms were more severe in the last
vegetative season 2016/2017, than in 2014/2015 and 2015/2016 (Figure 3a,b).

Overall, the variety Golubica showed significantly greater disease scores for gen-
eral resistance (higher FHB susceptibility). (Figure 3a). FHB symptoms were observed
at high severity (average of 25 wheat varieties, 430 AUDPC) in the last vegetative sea-
son (2016/2017), compared to previous years, except for U1, Sirban Prolific, and Renan,
which showed a mean severity of 5.5, 5.8, and 8.0 AUDPC, respectively. Sirban Prolific
in 2014/2015 and 2015/2016, along with U1 in 2015/2016, presented no FHB symptoms.
AUDPC for general FHB resistance in 25 wheat varieties inoculated with Fusarium spp.
averaged 28.2, 42.2, and 165.3 in 2014/2015, 2015/2016, and 2016/2017, respectively.

Sirban Prolific, Renan, and U1 had significantly different Type I resistance (less pro-
nounced relative differences between FHB-inoculated and naturally infected samples).
(Figure 3b). For the fraction of plants showing initial disease symptoms, AUDPC ranged
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from 0 (Sirban Prolific) to 75.0 (Golubica) in 2014/2015, from 0 (Sirban Prolific) to 191.6
(Felix) in 2015/2016, and from 18.3 (U1) to 647.5 (Golubica) in 2016/2017.
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3.2. Impact of Fusarium Infections on Grain Technological and Rheological Parameters

The analysis of variance for five grain technological and eight dough rheological
properties revealed that the mean squares (MS) for 25 winter wheat varieties and two
treatments (natural disease infection and artificial inoculation) in the three studied years
were highly significant for sedimentation value, gluten index, dough stability, resistance
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and degree of softening, energy value, and resistance to extension (p < 0.001) (Table 2).
In general, the year showed the largest effect, followed by variety, on protein and wet
gluten content, water absorption, dough development, and extensibility. The treatment
had the strongest effect, compared to variety and year, on sedimentation value, gluten
index, degree of softening, energy value, and resistance to extension.

Table 2. Analysis of variance for five grain technological and eight dough rheological properties in the three years
of investigation.

Df
MS

Source of Variation PC SV WG GI FN WA D S R SOF E RES EXT
Variety (V) 24 9.27 *** 94.7 *** 45.3 *** 278 *** 4863 *** 26.3 *** 8,565 *** 2.0549 *** 15.249 *** 2508 *** 2267 *** 16088 *** 1317 ***
Treatment (T) 1 0.14 1115.2 *** 3,1 2875 *** 501 0,5 4,002 3,0246 * 14,291 ** 42538 *** 38785,0 *** 409248 *** 604
Year (Y) 2 13.08 *** 1015.6 *** 70.8 *** 1046 *** 34602 *** 164,5 *** 63,713 *** 8.8346 *** 119,587 *** 21600 *** 13066,7 *** 80694 *** 8403 ***
Error 122 0.32 14,8 4,9 59 885 1,1 1,047 0,7357 2,136 623 338.1 2265 370

***, **, * = significant at p < 0.001, 0.01, and 0.05, respectively; Df, degrees of freedom, MS, mean square. PC, protein content, SV,
sedimentation value, WG, wet gluten content, GI, gluten index, FN, falling number, WA, water absorption, D, dough development, S,
dough stability, R, dough resistance, SOF, degree of softening, E, energy value, RES, resistance to extension, EXT, extensibility.

3.2.1. Technological Quality Parameters

We did not find any significant relative difference in protein content between the two
treatments in all wheat varieties (Figure 4a). Renata in 2014/2015 and Divana in 2015/2016
had higher relative differences of protein content (>10%) after Fusarium inoculation, com-
pared to naturally infected samples. On average, Felix and Bc Anica showed the highest
increase of protein content due to Fusarium inoculation (3.4%).

The varieties Bc Anica, Lucija, Bezostaya, Bastide, Super Zitarka, and Golubica pre-
sented significant relative differences of sedimentation values between the two treatments,
compared to the varieties Renan, Sirban Prolific, and Graindor (Figure 4b). On average, the
sedimentation value was decreased in FHB-inoculated samples in the three years of study.
After FHB treatment, Bezostaya showed a decrease in the sedimentation value up to 40%
in 2015/2016, followed by Dropia (37%), Bastide, and Super Zitarka (29%).

The varieties Srpanjka and Sirban Prolific had significant relative differences of wet
gluten content, compared to Zitarka and Kraljica (Figure 4c). In 2016/2017, in most
wheat varieties, wet gluten content was increased in FHB-inoculated samples, compared
to naturally infected plots (except for U1 and Sirban Prolific). The differences between
FHB-inoculated and naturally infected samples with respect to wet gluten content were
about 5.0, 5.2, and −9.4% in 2014/2015, 2015/2016, and 2016/2017, respectively. Felix and
Srpanjka had the highest relative losses in 2014/2015 (20 and 18%), while Super Zitarka in
the same year showed increased wet gluten content in FHB-inoculated samples (5%). The
variety Golubica showed the highest relative decrease of gluten index in FHB-inoculated
samples, compared to naturally infected ones, with the highest relative loss in 2016/2017
(44.4%) (Figure 4d). Furthermore, the highest relative losses, on average, occurred in
2016/2017.

The varieties Renan and Flamura 85 reported significant relative differences for falling
number, compared to Bezostaya, Felix, and U1 (Figure 4e). Bezostaya had a higher falling
number, up to 32.2%, after FHB inoculation, compared to naturally infected plants in
2016/2017, Felix up to 24.5% in 2015/2016, and Flamura 85 up to 26.7% in 2014/2015.

3.2.2. Farinograph Parameters

The varieties Bezostaya, Sirban Prolific, Antonija, Bastide, Divana, Apache, and
Olimpija showed significant relative differences between the two treatments for water
absorption, compared to Kraljica, Bc Anica, and Sana (Figure 5a). The highest relative loss
was recorded for Super Zitarka in 2016/2017 (4.1%).

The relative differences of dough development between the two treatments in Renan
were significant with respect to other wheat varieties, except for Lucija, Flamura 85, Felix,
and Katarina (Figure 5b). The variety Antonija, with the highest relative differences, had
significant relative differences compared to Renan, Lucija, Flamura 85, and Felix.
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The varieties Divana and Renan showed higher dough stability after FHB inoculation,
compared to naturally infected plants, in 2016/2017, while lower dough stability was
obtained after FHB inoculation in 2014/2015 and 2015/2016 (Figure 5c). Apache, with the
highest relative losses after FHB treatment (64, 92, and 67% in 2014/2015, 2015/2016, and
2016/2017, respectively), was significantly different from Renan, Divana, and Katarina.
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The variety Renan showed the same pattern of behavior for dough resistance as for
dough stability in the three years of study. Bezostaya, Apache, and Golubica showed
significant relative differences, compared to Renan and Flamura 85 (Figure 5d).

The variety Divana had the highest increase in the degree of softening in the three
examined years for FHB-inoculated plants, compared to naturally infected ones and was
significantly different from all other varieties (Figure 5e). The degree of softening increased
after FHB inoculation by 2.5 and 8.9-fold for the variety Divana in 2015/2016, compared to
2016/2017 and 2014/2015.
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3.2.3. Extensograph Parameters

The varieties Sirban Prolific, Renan, Apache, Vulkan, Divana, Graindor, U1, Olimpija,
and Flamura 85 were similar as regards the relative differences of energy value between
FHB-inoculated and naturally infected plants (Figure 6a). The highest loss was recorded in
2015/2016 (97.3%) in Alka, followed by Golubica in 2014/2015 (85.3%) and Bc Anica in
2016/2017 (79.6%).
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The variety Renan had relative differences of resistance to extension between two
treatments at the same significant level as Apache, Sirban Prolific, Graindor, Vulkan,
U1, Flamura 85, Divana, and Olimpija (Figure 6b). Bc Anica had losses up to 65.7, 70.5,
and 75.9%, Golubica 73.4, 69.4, and 62.9%, and Felix 38.9, 75.4, and 75.0% in 2014/2015,
2015/2016, and 2016/2017, respectively.

The varieties Bastide, Golubica, Alka, and Super Zitarka were significantly different
for extensibility, compared to Sirban Prolific and Divana, in relation to FHB-inoculated and
naturally infected plants (Figure 6c). ANOVA did not show significant differences between
the two treatments for extensibility.

4. Discussion

Fusarium head blight (FHB) infection requires wet or moist conditions before and
during anthesis as well as during the early grain development stages [34]. In the current
study, winter wheat varieties were differentiated on the basis FHB infestation, which was
expected, as modern and older winter wheat varieties with different genetic background in
the field experiments were included. The weather conditions during the three vegetative
seasons of 2014/2015, 2015/2016, and 2016/2017 varied widely, which may explain the
differences between wheat varieties in different years for FHB general or Type I resistance.
In 2014/2015, the average monthly precipitation in May was at least 1.5 times as high as
in the same month in 2015/2016 and 2016/2017, but it is important to notice that they
occurred at the latest after flowering, compared to 2015/2016 and 2016/2017. The average
monthly temperatures were the highest in June in 2016/2017, thus providing the most
favorable temperature ranges for FHB infection in that year. Furthermore, in 2014/2015,
there precipitation was low during June, compared to 2015/2016 and 2016/2017. In
2016/2017, the average precipitation in pre-anthesis was higher in April than in 2014/2015
and 2015/2016. Lower temperatures in 2015/2016 and a lower amount of precipitation
in April and June in 2014/2015 prevented an epidemic, as occurred in 2016/2017 when
fungal infestation was extensive due to the weather conditions, since the AUDPC for FHB
general resistance was 3.9- and 5.9-fold higher in 2016/2017, compared to 2015/2016 and
2014/2015, respectively. In general, precipitation during anthesis is particularly favorable
to wheat infestation by Fusarium spp. [35], as it could be observed in 2017 in the current
study. It was previously concluded that winter wheat kernel infection by Fusarium spp.
depended primarily on weather conditions and then on wheat variety [36]. An FHB
outbreak can occur due to environmental conditions at a local level [37].

In addition, most of the total variance in all quality traits was partially determined
by the year and the wheat variety. The effects of the environment were very important
when breeding wheat for end-use quality [38]. We found that 48% of the total variation
of deoxynivalenol contamination as a consequence of FHB infection depended on the
year [39]. In the current study, a most prominent influence of the year was observed in all
parameters when compared to the effect of wheat variety [40], which was also observed
for farinograph properties. Treatment had the strongest significant effect, compared to
variety and year, on sedimentation value, gluten index, degree of softening, energy value,
and resistance to extension. The rheological properties of dough were not affected to the
same extent for all winter wheat varieties. The relative differences of technological and
rheological traits caused by FHB were calculated to reflect the different impact of FHB in
different wheat varieties.

4.1. Technological Quality Properties of Wheat Grain under FHB Pressure

Fusarium infection did not have a significant effect on protein content, as seen by
ANOVA analysis, whereas protein content was significantly influenced by variety and
year. This was previously reported by other researchers [41,42]. In the current study, in
some years, protein content was higher in FHB-inoculated samples, compared to naturally
infected plants, especially in 2016/2017 when the strongest FHB infestation occurred,
compared to 2014/2015 and 2015/2016. Furthermore, FHB-susceptible wheat varieties
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showed increased protein content in FHB-inoculated samples. Similar findings were after
Fusarium spp. contamination [43]. This could be due to the consumption of carbohydrates
by Fusarium pathogens [42]. In contrast, it was found that total protein content was lower
in Fusarium-damaged grains [44], while some researchers revealed only a slight decrease of
it [18]. In the current study, a decrease occurred in most cases in FHB-inoculated plants,
compared to naturally infected plants, most probably as a consequence of the enzymatic
degradation of proteins by FHB [45]. According to some researchers, 1% more or less
proteins increases or decreases, respectively, the baking volume by about 25 mL for 100 g
of flour [21].

The sedimentation value is a measure of protein swelling in an acid or sodium dodecyl
sulfate (SDS) solution, indicating protein quality. The small variation between winter wheat
varieties suggests a stronger influence of year and treatment on the sedimentation value.
On average, the sedimentation value showed a tendency to decrease in FHB-inoculated
plants, compared to naturally infected plants. Only in the two most FHB-resistant varieties,
Renan and Sirban Prolific, the sedimentation value tended to increase under increased
FHB pressure in some years; this was also observed for Srpanjka and Dropia in 2014/2015.
On the other hand, in more than half of the varieties, on average, the decrease in the
sedimentation value was >10%, which resulted in negative effects on quality. This is in
accordance with research showing a decrease of the sedimentation value with increased
FHB infection [18]. A higher sedimentation value means a higher gas retention, affecting
dough stability and baking volume. Our results indicated that, although the total amount
of protein remained quite stable in most wheat varieties, FHB infection could alter protein
quality, as a slight degradation of proteins might lead to their increased swelling.

Gluten proteins determine wheat processing quality, and glutenins and gliadins play
the most important role in the viscoelastic properties of dough [46]. According to ANOVA,
the treatment did not significantly influence wet gluten content. Similar results were
obtained previously, indicating that wet gluten content was not significantly influenced
by Fusarium infection [47]. However, according to some studies, wet gluten content was
reduced in artificially Fusarium-inoculated samples [43]. The results of the current study
showed that wet gluten content was significantly influenced by the year and the variety.
In 2016/2017, on average, the lowest values of wet gluten content occurred, compared to
previous years examined in this study. In spite of the lowest values of wet gluten content
in 2016/2017, increased wet gluten content in FHB-inoculated plants occurred compared
to naturally infected plants. Previously, an increase of wet gluten content in FHB-damaged
grains was reported [48]. In 2016/2017, the highest FHB severity and incidence. on average,
were recorded. This brought us to the conclusion that more heavily FHB-infected wheat
plants will increase their wet gluten content, together with protein content.

The gluten index, as ab indication of gluten strength, shows whether the gluten quality
is weak (<30%), normal (30–80%), or strong (80%) [49]. The gluten index was the parameter
most strongly influenced by the treatment, as the most FHB-susceptible wheat variety
showed the greatest decreases of gluten index after FHB inoculation, compared to naturally
infected plants. Furthermore, the greatest decreases of gluten index occurred in 2016/2017,
the year with the highest FHB severity and incidence.

The falling number is a measure of α-amylase activity in the grain, indicating sprout
damage. This parameter was not significantly influenced by the treatment in the current
study. In most cases, the falling number showed decreased values in FHB-inoculated plants,
which is in accordance with other studies, where it was expected that α-amylase degraded
starch [50]. In 2016/2017, when the most extensive FHB infection occurred, the falling
number was less than 310 s on average, which indicated low enzyme activity, with negative
consequences for baking products due to low raising and small volume of the dough. In
few cases, an increase in FHB-inoculated plants occurred, as previously reported by some
studies, and FHB-infected grains could mature earlier, thus causing negative consequences
for wheat quality [45].
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4.2. Farinograph Analysis of Dough in FHB-Inoculated and Naturally Infected Plants

Dough resistance was estimated by the farinograph test, whereby the behavior of
dough against mixing at a specified constant speed with specified water addition could
be observed. The viscous and elastic properties of the dough could be measured when
gluten was mixed with water [51]. In the current study, all farinograph parameters were
significantly influenced by year and variety. Dough stability, resistance, and degree of
softening significantly affected by the treatment.

The water absorption of flour is an indicator for dough and bread yield [52]. Flour
with good bread-making properties has higher absorption, takes longer to mix, and is
more tolerant to over-mixing than poor-quality bread flour [53]. Therefore, a higher water
absorption of flour leads to a higher dough yield. In the current study, we did not find
any significant effect of the treatment on water absorption, as previously reported [18].
However, some studies showed at least a slight increase of water absorption with increased
Fusarium infection [42], which might have resulted from a higher proportion of damaged
starch granules in FHB-infected plants. The FHB-susceptible variety Super Zitarka had
the highest decrease of water absorption after FHB inoculation in 2016/2017, compared
to naturally infected plants. The varieties with higher protein content absorbed a higher
amount of water [54], but according to the current study, the varieties with higher protein
content showed a decreased water absorption after FHB inoculation.

Dough development time is a measure of gluten strength and increases as protein
content increases [55]. Stronger flours with a higher protein content have a longer devel-
opment time than weaker flours. The low-quality variety Antonija showed the greatest
decrease of dough development under FHB pressure. In general, greater relative losses in
dough development after FHB inoculation were obtained in 2016/2017, when increased
FHB infestation occurred, compared to previous years.

In the current study, dough stability, dough resistance, and degree of softening were
significantly influenced by treatment. Fusarium inoculations exerted strong effects on
dough stability duration and dough softening during kneading [8]. Dough stability is
a measurement of how well flour resists to overmixing. Strong flours are usually more
stable than weak ones. Previously, positive correlations between dough development and
stability were reported [56]. Therefore, Divana and Renan had increased dough stability
after FHB inoculation, on average, during the three years of the study, while for 12 varieties,
a decrease occurred [8].

The variety Renan showed the same pattern of dough resistance as that found for
stability in the three studied years. Previously, it was found that FHB-susceptible wheat va-
rieties were negatively affected by FHB as regards water absorption, dough softening, and
dough resistance, while FHB-resistant varieties were not affected [18]. In the current study,
few FHB-susceptible varieties showed low relative differences between the two treatments.

The low degree of softening indicated that gluten proteins were intact [55]. The
greatest impact of Fusarium inoculations on dough softening was measured for the variety
Divana that showed the greatest increase in samples from FHB-inoculated plots, compared
with naturally infected plants. Divana, an enhanced-quality wheat, was classified as an
FHB-resistant variety and showed an increased degree of softening after FHB inoculation,
which can be explained by the low degree of softening after natural infection, indicating a
great discrepancy between treatments. For all wheat varieties through the three examined
years, FHB inoculation increased the degree of softening, which is in accordance with
previous research [8].

4.3. Extensograph Analysis of Dough in FHB-Inoculated and Naturally Infected Plants

An extensograph was used to determine energy value, resistance, and extension ability
of the dough obtained from different winter wheat varieties after the two treatments. By
this analysis, the viscoelastic behavior of the dough was measured [57]. High resistance
to extension with increased energy and long extensibility results in dough with good
bread-making quality [58].
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The energy value showed dough’s resistance to processing and the degree of dough
stretching. The higher this value, the greater the gas-holding capacity and fermentation
tolerance of the dough. It was generally found that FHB-susceptible wheat varieties
displayed greater decreases in energy value after FHB inoculation. The energy value
should be higher than 80 cm2 for the gas-holding capacity and fermentation tolerance of
the dough to be high [59]. Only in naturally infected samples from 2014/2015, the energy
value was higher than 80 cm2, suggesting that the year with the least FHB symptoms gave
the best energy results.

The ability of wheat to be processed into different products and the baking properties
of flour were determined by measuring the resistance to extension and extensibility. Bread
volume increases when the dough is highly resistant to extension [60]. A similar pattern of
behavior as for the energy value was obtained for FHB-susceptible wheat varieties, that
showed the greatest decreases in resistance to extension after FHB inoculation.

It was reported that the extensibility value increased with the protein content [61].
A similar pattern of behavior as for the energy values was obtained for FHB-susceptible
wheat varieties, that showed the greatest decreases in extensibility after FHB inoculation.
A decrease in the resistance to extensibility explained the difficulties in bread making [62].

The measured technological and rheological parameters confirmed that extensive
Fusarium spp. infection worsened both sedimentation value and gluten index, with con-
sequential effects on dough stability, resistance, and degree of softening, thus exerting a
negative impact on energy values and resistance to extension. The impact of FHB inocu-
lation on dough stability and resistance was weaker than that of the year. Previously, it
was concluded that FHB inoculation significantly worsened standard technological quality
parameters and rheological parameters [63]. Moreover, in the case of a very strong FHB
pressure, induced by artificial inoculation, it is possible to presume that also the content of
Fusarium mycotoxins would be high [64]. The greater the wheat grain resistance, the more
reduced was the impact on dough properties [8]. Overall, Fusarium inoculation decreased
the duration of dough stability as well as dough resistance and increased dough softening,
and wheat varieties were affected differently dependently on FHB resistance/susceptibility.
The most informative traits to determine quality loss as a result of FHB infection were the
rheological traits such as the extensograph parameters (e.g.,135 min Energy) and farino-
graph dough stability [65]. In addition, dough had reduced strength, was stickier, and
therefore was more difficult to handle, as energy value and resistance to extension were
lower after FHB inoculation. Dough resistance and proofing time recorded with a maturo-
graph increased in samples with a higher DON content as a consequence of greater FHB
severity, whereas proofing stability, also measured with a maturograph, decreased [24].
Furthermore, the farinograph and extensograph curves showed that the presence of Fusar-
ium-damaged grains decreased dough consistency and resistance to extension [44].

5. Conclusions

The effect of Fusarium spp. infection was visible in both sedimentation value and
gluten index of wheat grains and consequently significantly influenced the rheological
properties of dough, including dough stability, resistance, degree of softening, energy
value, and resistance to extension. Favorable climatic conditions had the highest impact on
Fusarium infestation in the vegetative season 2016/2017, thus causing the highest losses in
technological and rheological traits. Overall, on average, Fusarium inoculation, compared
to natural infection, decreased the duration of dough resistance and increased dough
softening, and winter wheat varieties were affected differently. Fungal protease activity
can destroy the gluten network, therefore reducing tolerance during dough mixing, as
observed for severely infected Fusarium samples. It can be concluded that none of the
modern wheat variety with better quality is completely resistant to the spread of Fusarium
spp. Increasing FHB incidence and severity evidently worsened the technological quality,
and its negative effects on the rheological properties of the flour were obvious in end-use
quality. These results imply that the endosperm storage proteins of highly and moderately
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FHB-susceptible winter wheat varieties included in this study might contain valuable genes
associated with high quality, which could be transferred to bread wheat in an attempt
to improve flour baking quality; however, the simultaneous incorporation of genes for
FHB resistance is necessary. In contrast, some FHB-resistant varieties do not result in
good end-use quality. Besides the technological properties that are well known to undergo
FHB pressure, the detection of changes in end-use quality is also an important step to
identify modifications that can pose new safety risks. Accordingly, the newly released
wheat varieties must pose a low health risk to secure food safety standards with satisfactory
end-use quality.
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