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Abstract: Fungicides used to control Fusarium head blight (FHB) are commonly applied at the wheat
growth stage considered to be most susceptible, i.e., anthesis. We compared the efficacy of the most
commonly used fungicide groups that were applied following two strategies: (i) at pre-defined
growth stages, from the first half of heading to the end of flowering (experiment 1, in 2013 to 2015),
or (ii) based on timing of infection by F. graminearum, specifically at 10, 7, 4, or 1 day before, or 3 or 5
days after artificial inoculation of the fungus (experiment 2, in 2017 and 2018). Fungicide efficacy was
evaluated in terms of FHB incidence, FHB severity, and DON contamination by using generalised
mixed models. In experiment 1, all fungicide groups reduced FHB severity and DON but only by
<50% compared to an untreated control, with no differences among fungicides or growth stages at
time of application. In experiment 2, the efficacy of fungicides was higher for applications at 1 or 4
days before inoculation than at 7 or 10 days before or 3 or 5 days after inoculation, with differences
among fungicide groups. Based on our results, the timing of fungicide application for FHB control
should be based on the time of F. graminearum infection rather than on wheat phenology.

Keywords: Fusarium graminearum; Deoxynivalenol (DON); fungicide efficacy; fungicide timing;
Integrated Pest Management (IPM)

1. Introduction

Fusarium head blight (FHB) is an economically important disease of wheat, barley, and
other small-grain cereals, and has become increasingly important worldwide over the last
30 years [1–3]. FHB is caused by a complex of Fusarium spp., among which F. graminearum
sensu lato (teleomorph Gibberella zeae) is predominant in European and American wheat
fields; F. culmorum, F. avenaceum, F. sporotrichioides, F. langsethiae, and Microdochium nivale,
are also frequently isolated from infected grain [4–7].

FHB epidemics result in yield losses due to a reduced number of grains per spike
and reduced grain weight because of shrivelling [3,8]. Fusarium species also produce
mycotoxins (trichothecenes, zearalenone, moniliformin, fumonisins, and enniatins) that
accumulate in grain and are harmful to both humans and other animals. Deoxynivalenol
(DON) is the mycotoxin most frequently associated with FHB, and maximum limits for
DON contamination in grain and food exist in several countries [2,4,9].

Fusarium graminearum survives in host crop residues, and the inoculum consists of
both air-borne ascospores and splash-borne conidia [10–12]. Production and dispersal
of this inoculum to spikes have been associated with warm, rainy, and moist spring
conditions [3,11–14]. Infection of spikes can occur from flowering to hard dough, even
though anthesis is considered the most susceptible growth stage of wheat [3,15–17].

Considerable progress has been made over the last decades in FHB control, which is
mainly based on the integration of multiple interventions [18,19] that include crop rotation with
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non-host plants, management of crop residue, use of resistant cultivars (resistant to infection
and/or to DON accumulation), and fungicide applications. Fungicides are still essential for
the control of FHB; their effectiveness in reducing the disease and mycotoxin contamination
is, however, highly variable. This variability may be related to both the inherent efficacy of
the fungicides and to the timing of their application. Triazole and strobirulin fungicides are
demethylation inhibitor (DMI) and quinone outside inhibitor (QoI), respectively, and are widely
used to control FHB and other wheat diseases [10]; their efficacy has been demonstrated in field
trials, sometimes with contradictory results [10,18,20–22]. Concerning the timing of application,
fungicide treatments are mostly recommended between wheat heading and anthesis [19],
with inconsistent results [10,18,23]. For instance, D’Angelo et al. [23] observed better control
when fungicides where applied 2 days post anthesis (DPA) than at anthesis or 4, 5, or 6 DPA.
Bolanos-Carriel et al. [10] observed the same level of control when fungicides where applied at
anthesis or 6 DPA, and lower control when applied at 1 or 2 DPA. In a meta-analysis of 29 trials,
Paul et al. [18] reported similar efficacies of triazoles when applied 3, 5, or 7 DPA.

Inconsistent FHB control provided by fungicides applied at different growth stages of wheat
may be related to: (i) the degree and duration of pre- and post-infection activity of the fungicide
used, and (ii) the time of fungal infection relative to the time of fungicide application. For instance, a
fungicide that has no post-infection activity but high, 7-day long pre-infection activity that is applied
at full anthesis may result in efficient FHB control if infection by F. graminearum occurs 5 days before
full anthesis or no FHB control if infection by F. graminearum occurs 2 days after full anthesis.

In the current study, we compared the efficacy of fungicides belonging to different
chemical groups (DMI, demethylation inhibitor; QoI, quinone outside inhibitor; MBC,
methyl benzimidazole carbamate; and SDHI, succinate-dehydrogenase inhibitor) when
applied at (i) four fixed wheat growth stages, from half of heading to end of flowering, and
at (ii) 10, 7, 4, or 1 day before, or 3 or 5 days after artificial inoculation with F. graminearum.

2. Materials and Methods
2.1. Experiments

Two field experiments (EXP1 and EXP2) were conducted at the experimental farm
of Horta (https://www.horta-srl.it/en/ca-bosco/; accessed on 31 July 2021) at Ravenna
(North Italy; 44◦28′57.3′′ N 12◦10′38.3′′ E). The main characteristics of the two experiments
are listed in Table 1. The commercial fungicides selected are labelled against FHB in Italy
and are commonly used in wheat fields to control fungal aerial diseases.

Table 1. Main characteristics of the experiments carried out at Ravenna, North Italy, for the control of Fusarium head blight
with different fungicides and different application times (application times were based on wheat growth stages in EXP1 and
on days before or after artificial inoculation of wheat spikes with Fusarium graminearum in EXP2).

Experiment 1 Year Cultivar Previous Crop N. of Subplots 2 Fungicides 3

EXP1

2013 Normanno Corn 29 ARE (T1) / AMIS (T2)/ CAR (T1) / CUST (T2) / ENOV + TEB
(T6)/ ORI (T1)/ PROS (T1)

2014 Normanno Corn 29 AMIS (T2)/ CAR (T1)/ CUST (T2)/ ENOV + TEB (T6)/ FOLI
(T1)/ ORI (T1)/ PROS (T1)

2015 Normanno Corn 17 MIR + CARN (T2)/ FOLP + ORI (T5)/ ORI (T1)/
PROS (T1)

EXP2

2017 Obelix Sugarbeet 36 CAR (T1)/ ENOV (T4)/ MYST (T1)/ PROL (T1)/
SAK (T1)/ SPOR (T1)

2018 Obelix Peas 36 BIN (T1)/ CAR (T1)/ MYST (T1)/ PROL (T1)/
SEG (T3)/ SPOR (T1)

1 In experiment 1 (EXP1), fungicides were applied at four fixed growth stages of wheat: half of heading (GS55, Meier [24]); end of heading
(GS59); beginning of flowering (GS61); or end of flowering (GS69). In experiment 2 (EXP2), fungicides were applied at 10, 7, 4 or 1 day
before, or at 3 or 5 days after artificial inoculation with F. graminearum. 2 Number of combinations of application times and fungicide
treatments (including the untreated control).3 Details of the fungicides are listed in Table 2. For data analysis, fungicide treatments were
assigned to group T1–T6: T1 contained only DMI (demethylation inhibitor); T2 contained DMI and QoI (quinone outside inhibitor); T3
contained DMI and SDHI (succinate-dehydrogenase inhibitor); T4 contained MBC (methyl benzimidazole carbamate); T5 contained DMI
and MS (multi-site fungicides); and T6 contained DMI and MBC.

https://www.horta-srl.it/en/ca-bosco/
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EXP1 was conducted in 2013, 2014, and 2015 on durum wheat cv. Normanno, which is
highly susceptible to FHB [25]. Fungicides were applied once at four wheat growth stages
(timings): (i) half of heading, half of heads emerged (growth stage GS55 of Meier [24]);
(ii) end of heading (GS59); (iii) beginning of flowering, first anthers visible (GS61); and (iv)
end of flowering, all spikelets have completed flowering but some dehydrated anthers may
remain (GS69).

In EXP1, seven commercial fungicides or fungicide mixtures were tested in 2013 and
2014, and four were tested in 2015. An untreated control was also assessed (Tables 1 and 2).
Timings and fungicides were arranged in a split-plot design, with four replicates. A
plot (a fungicide applied at one growth stage) was 1.5 × 4.0 m wide, and each plot was
surrounded by a 1-m-wide bare-soil border. To favour natural infection by FHB pathogens,
the experiment was conducted in rotation with maize, and all plots were irrigated with an
overhead sprinkler system, providing 3 mm of water per day at GS65, i.e., on 14 and 15
May in 2013, with natural rain in the following 2 days (12.8 mm in total); from 5 to 10 May
in 2014 (18 mm in total); and from 9 to 14 May in 2015 (18 mm in total).

EXP2 was conducted in 2017 and 2018 on durum wheat cv. Obelix, which has medium-high
susceptibility to FHB [25]. Fungicides were applied once at 10, 7, 4 or 1 day before, or 3 or 5
days after artificial inoculation with a mixture of DON-producing F. graminearum strains. The
experimental design was similar to that in EXP1. In both years, six commercial fungicides were
tested belonging to different chemical groups, plus an untreated control (Tables 1 and 2). Plots were
artificially inoculated at full flowering (GS65), i.e., on 19 May in 2017 and on 18 May in 2018. For
artificial inoculation, 1.3 L of a conidial suspension (1.3× 105 conidia/mL) was uniformly sprayed
on each plot with a lightweight 4-nozzle trial boom sprayer (Delvano, Belgium). Following artificial
inoculation, all plots were irrigated with an overhead sprinkler for 4 h in 2017 and for 6 h in 2018
to ensure infection. The inoculum was prepared by using 14-day-old colonies grown on potato
dextrose agar (PDA) at 25 ◦C, with a 12-h photoperiod in white light; a mixture of 5 strains of
F. graminearum was used; these included CBS110261 and CBS110262 from the CBS collection and
MPVP072, MPVP073, and MPVP074 from the university collection of Piacenza. Strain identity
was confirmed by sequencing the Elongation Factor 1α, and the ability of the strains to produce
DON was confirmed as indicated by Somma et al. [26]. The conidial suspensions were obtained
by gently scraping the colony surface twice with the addition of 20 mL of sterile water, by filtering
the resulting suspensions through a double layer of sterile cheesecloth, and by adjusting the final
suspension to 1.3× 105 conidia/mL by mixing equal quantities of the 5 strains.

Table 2. Characteristics of the commercial products used in the experiments described in Table 1.

Code in
Table 1

Commercial
Name 1 Active Ingredients (Concentration %) Dose 2 MOA 3 Producer

AMIS Amistar Plus azoxystrobin (6.8) + tebuconazole (11.7) 2 l/ha QoI(11) + DMI(3) Syngenta
ARE Ares 25 WG tebuconazole (25.0) 1 kg/ha DMI (3) Nufarm
BIN Binal Pro tetraconazole (3.9) + prochloraz (21.9) 1.96 l/ha DMI (3) Gowan
CAR Caramba metconazole (8.6) 1 l/ha DMI (3) BASF

CARN Carnival prochloraz (35.6) 1.1 l/ha DMI (3) Adama
CUST Custodia azoxystrobin (11.0) + tebuconazole (18.4) 1.25 l/ha QoI(11) + DMI(3) Adama
ENOV Enovit Metil thiophanate-methyl (41.7) 1.25 l/ha MBC (1) Sipcam
FOLI Folicur WG tebuconazole (25.0) 1 kg/ha DMI (3) Bayer
FOLP Folpan 80 WG folpet (80.0) 0.9 kg/ha MS (M04) Adama
ORI Orius P tebuconazole (12.3) + prochloraz (24.6) 1.7 l/ha DMI (3) Adama
MIR Mirador SC azoxystrobin (23.2) 1 l/ha QoI (11) Adama

MYST Mystic 430 SC tebuconazole (40.2) 0.58 l/ha DMI (3) Nufarm
PROL Proline prothioconazole (25.0) 0.8 l/ha DMI (3) Bayer
PROS Prosaro tebuconazole (12.7) + prothioconazole (12.7) 1 l/ha DMI (3) Bayer
SAK Sakura bromuconazole (15.9) + tebuconazole (10.2) 1.2 l/ha DMI (3) Nufarm
SEG Seguris Era isopyrazam (11.2) + prothioconazole (13.5) 1 l/ha SDHI (7) + DMI(3) Syngenta

SPOR Sportak 45 EW prochloraz (39.8) 1 l/ha DMI (3) BASF
TEB Tebusip 46 tebuconazole (4.5) 46.5 l/ha DMI (3) Sipcam
1 Commercial name for the Italian market. 2 Label dose at which fungicides were used in each experiment. 3 Mode of action of the active
ingredients as listed by the FRAC [27]. The FRAC code is in parentheses.
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In both EXP1 and EXP2, fungicides were applied using a 4-nozzle boom sprayer
(Delvano, Belgium). Fungicides were applied and artificial inoculations were performed
at 17:00 in the absence of wind. The crops were managed according to the usual practice,
and no additional irrigations or fungicide treatments were applied. For EXP2, a plastic
transparent cover was set up before heading to exclude rain; the structure was 2-m high,
and only the upper parts of the plants were covered to avoid reducing hindering air
circulation (Figure S1).

2.2. Disease Assessment and Mycotoxin Contamination

Disease incidence (proportion of affected spikes, on a 0 to 1 scale, where 1 is 100%
incidence) and severity (percentage of spike area showing FHB symptoms) were assessed
at GS75 (medium milk: grain content milky) by examining 50 random spikes per plot.
Severity was estimated using a standard diagram with 10 severity categories: 0, 7, 14,
21, 33, 50, 66, 75, 90, and 100% [28]. Deoxynivalenol (DON) contamination in ppb was
determined for each of the 50 spikes as indicated in in the Supplementary file Text S1. Air
temperature, relative humidity, and rainfall were recorded hourly by an automatic weather
station (iMeteos OEM Model-1, Pessl Instruments GmbH, Weiz, Austria) located 100 m
from the experimental field (Figure 1).
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Figure 1. Weather conditions from January to July in the experimental field located at Ravenna, North Italy, in 2013 (A),
2014 (B), and 2015 (C) for EXP1, and in 2017 (D) and 2018 (E) for EXP2. The figure shows daily values of temperature (T; red
line; in degrees Celsius), relative humidity (RH; light blue line; in percentage), and rain (blue bars; in millimetres).

2.3. Data Analysis

Data were analysed with R software (v 4.0.4) [29]. Data from both EXP1 and EXP2
were analysed by using generalized linear-mixed models (GLMMs), with disease incidence,
severity, and DON as explanatory variables. For FHB incidence, the GLMM was run with
a binomial distribution and logit link function by using the function glmer of the ‘lme4′

package [30,31]; for FHB severity and DON, the GLMM was run with a beta distribution
and logit link function by using the function glmmTMB of the ‘glmmTMB’ package [32,33].
In all analyses, the fungicide group (FUNG) and timing of application (TIME) were consid-
ered as fixed effects, while years (YEAR) were considered as random effects because the
disease pressure or DON concentrations in the different years were considered a subset
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of the global population (i.e., the pressure of the disease or DON concentration differs
with environmental conditions, which differ among years); specifically, the structure 1 year
was used in the glmer and glmmTMB functions, which allows intercepts to vary between
groups [34]. To reduce the levels of the factor FUNG, the commercial products listed in
Table 2 were grouped based on FRAC [27] as described in Table 1.

For each dataset, four models were run: (i) with only YEAR as a random factor;
(ii) with FUNG as a fixed factor and YEAR as a random factor; (iii) with FUNG + TIME as
fixed factors and YEAR as a random factor; and (iv) with the interaction FUNG × TIME
as fixed factors and YEAR as a random factor. The best model was selected based on the
lowest value of Akaike’s information criterion (AIC) and the probability level of Chi test
conducted with the function anova [35,36]. The goodness-of-fit of the models was also
evaluated by the visual examination of the standardized Pearson residuals for the different
levels of each factor. The dispersion and residuals of the models were tested by using the
functions testDispersion and simulateResiduals of the ‘DHARMa’ package; these functions
use a simulation-based approach to create readily interpretable scaled residuals for fitted
glmm [37].

For both EXP1 and EXP2, effect sizes of the different fungicides (FUNG) and timing of
application (TIME) are presented as the average natural logarithm response ratios for each
factor relative to the control (L); in other words, L = µT − µNT, where µT is the estimated
mean log of FHB incidence, severity, or DON concentration, and µNT is the estimated mean
log of FHB incidence, severity, or DON concentration in the control. Control levels were
the disease pressure and DON concentration in the untreated spikes. A negative value of
L indicates that the model estimated a lower value in the treatment than in the control;
therefore, the lower the negative value of L, the better the FHB control or the lower the
DON concentration. L and its standard error were provided by the functions glmm and
glmmTMB; the functions also provided a standard normal test statistic, Z, that determines
whether the effect sizes were significantly different from zero, i.e., whether the treatment
significantly reduced FHB disease or DON concentration. The 95% confidence interval (CI)
of L was calculated by using the function confint of the ‘stats’ package. Fungicide efficacy
was calculated in the form of the overall mean percentage of FHB control (C). Values of C
and their confidence intervals were obtained by back-transforming L and its CI values in
the form C = (1 − (exp(L)) × 100). Large negative values of L correspond to large positive
C, which indicates a high efficacy [38].

3. Results
3.1. Timing of Fungicides at Different Wheat Growth Stages (EXP 1)

Weather conditions in 2013, 2014, and 2015 were rainy and moist (Figure 1A–C), so
that FHB incidence in the untreated control was 0.67 in 2013, 0.80 in 2014, and 0.71 in
2015; average FHB severity was 26.4%, 18.16%, and 13.4% in the 3 years, respectively.
DON concentrations in the untreated control were 210, 1212, and 676 ppb in the 3 years,
respectively (Figure S2).

Based on the GLMM, the interaction between fungicides and timings of application
had a significant effect on FHB incidence, FHB severity, and DON concentration. In fact,
models 1.4, 1.8, and 1.12, which considered the interaction FUNG×TIME, had the lowest
values of AIC and deviance, and were significant with P < 0.001, indicating that the interac-
tion of the two factors contributed to the explanatory ability of the model (Table 3). The
dispersion and residuals of these models showed a general agreement between expected
and observed data (Figure S3).

Based on these models, the fungicides belonging to T1 (DMI), T2 (DMI + QoI), and
T5 (DMI + MS) significantly reduced FHB incidence when applied at any growth stage
of wheat, given that the average response ratio L was significantly <0 (P < 0.003; Table 4).
Average fungicide efficacy (C) of T1, T2, and T5 fungicides ranged from 40% (T1 applied
at GS55) to 69% (T2 applied at GS59) (Figure 2A). Compared with the untreated control,
fungicides belonging to T6 (DMI and MBC) significantly reduced FHB incidence when



Agronomy 2021, 11, 1549 6 of 13

applied at GS59 (P = 0.03), but not when applied at the other growth stages (P > 0.102;
Table 4).

All fungicides significantly reduced FHB severity (P < 0.05) and DON concentration
(P < 0.003) compared to the untreated control (Table 4). For both FHB severity and DON
concentration, the differences among fungicides and timings were not significant, as shown
by the overlap of the CI of the response ratios L, and fungicide efficacies C (Table 4 and
Figure 2B,C). Average fungicide efficacy was overall low, ranging from 20% (T6 at GS61) to
37% (T2 at GS59) for FHB severity, and from 22% (T6 at GS61) to 33% (T5 at GS55 and T6 at
GS59) for DON concentration (Figure 2B,C).

Table 3. Generalized linear mixed models fit to the data from the experiments carried out at Ravenna, North Italy, for the
control of Fusarium head blight with different fungicides applied based on wheat growth stages (EXP1) and on days before
or after artificial inoculation of wheat spikes with Fusarium graminearum (EXP2).

EXP 1 Variable Model 2 Factors 3 AIC 4 Deviance Chisq P (>Chisq)

EXP1

FHB
incidence

1.1 (1|YEAR) 24456 24452 - -
1.2 FUNG + (1|YEAR) 24100 24088 364.6 <0.001
1.3 FUNG + TIME + (1| YEAR) 24047 24027 60.7 <0.001
1.4 FUNG×TIME + (1|YEAR) 23991 23939 88.1 <0.001

FHB severity

1.5 (1|YEAR) −64025 −64031 - -
1.6 FUNG + (1|YEAR) −64411 −64425 393.5 <0.001
1.7 FUNG + TIME + (1| YEAR) −64456 −64478 52.7 <0.001
1.8 FUNG×TIME + (1|YEAR) −64479 −64533 54.8 <0.001

DON

1.9 (1|YEAR) −10765 −10771 - -
1.10 FUNG + (1|YEAR) −11326 −11340 569.1 <0.001
1.11 FUNG + TIME + (1| YEAR) −11404 −11426 86.0 <0.001
1.12 FUNG×TIME + (1|YEAR) −11455 −11509 83.0 <0.001

EXP2

FHB
incidence

2.1 (1|YEAR) 10796 10792 - -
2.2 FUNG + (1|YEAR) 10040 10030 761.3 <0.001
2.3 FUNG + TIME + (1| YEAR) 9582 9560 470.3 <0.001
2.4 FUNG×TIME + (1|YEAR) 9359 9301 258.5 <0.001

FHB severity

2.5 (1|YEAR) −55317 −55323 - -
2.6 FUNG + (1|YEAR) −55886 −55898 574.6 <0.001
2.7 FUNG + TIME + (1| YEAR) −56070 −56094 196.6 <0.001
2.8 FUNG×TIME + (1|YEAR) −56287 −56347 252.8 <0.001

DON

2.9 (1|YEAR) −18734 −18740 - -
2.10 FUNG + (1|YEAR) −19790 −19802 1061.7 <0.001
2.11 FUNG + TIME + (1| YEAR) −20127 −20151 349.5 <0.001
2.12 FUNG×TIME + (1|YEAR) −20622 −20682 530.8 <0.001

1 In EXP1, fungicides were applied at four fixed growth stages of wheat: half of heading (GS55 [24]); end of heading (GS59); beginning
of flowering (GS61); or end of flowering (GS69). In EXP2, fungicides were applied 10, 7, 4, or 1 day before, or 3 or 5 days after artificial
inoculation with F. graminearum. 2 Models for FHB incidence were run with a binomial distribution and a logit link function; models for
FHB severity and DON rate were run with a beta distribution and a logit link function. 3 Fungicide group (FUNG) and timing of application
(TIME) were considered as fixed effects, while years (YEAR) were considered as random effects. Fungicides are listed in Tables 1 and 2.
4 AIC, Akaike’s information criterion; Deviance, minus twice the maximized log-likelihood; Chisq, Chi test and the associated probability
(P value) when comparing models with the same dataset.

3.2. Timing of Fungicides Relative to Timing of F. graminearum Inoculation (EXP2)

In EXP2, the weather from January to June was drier in 2017 than in 2018, with 163 mm
of rain in 2017 and 240 mm of rain in 2018 (Figure 1D,E). Consequently, FHB disease levels
and DON concentrations in the untreated control were higher in 2018 than in 2017: average
FHB incidence was 0.21 in 2017 and 0.92 in 2018; average FHB severity was 3.2% in 2017
and 19.8% in 2018; and average DON concentration was 619 in 2017 and 3946 ppb in 2018
(Figure S4).

As was the case in EXP1, the interaction between fungicides and timing had a signifi-
cant effect on FHB incidence, FHB severity, and DON concentration in EXP2. Models 2.4,
2.8, and 2.12, which consider FUNG × TIME, had the lowest values of AIC and deviance,
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and were significant with P < 0.001 (Table 3). The dispersion and residuals of these models
showed a general agreement between expected and observed data (Figure S5).

Table 4. Effect size (L) and corresponding statistics estimated by GLMMs of the control of Fusarium head blight (FHB)
incidence, FHB severity, and DON concentration with different fungicides applied based on wheat growth stage (EXP1).

Growth
Stage 1

Fungicide
Group 2

FHB Incidence 3 FHB Severity DON

L 4 se (L) 5 P(Z) 6 L se (L) P(Z) L se (L) P(Z)

GS55

T1 −0.514 0.171 0.003 −0.330 0.089 <0.001 −0.332 0.065 <0.001
T2 −0.769 0.185 <0.001 −0.335 0.093 <0.001 −0.272 0.068 <0.001
T5 −0.990 0.269 <0.001 −0.428 0.144 0.003 −0.402 0.109 <0.001
T6 −0.190 0.221 0.389 −0.254 0.117 0.030 −0.257 0.085 <0.001

GS59

T1 −0.981 0.174 <0.001 −0.448 0.090 <0.001 −0.382 0.065 <0.001
T2 −1.190 0.187 <0.001 −0.473 0.093 <0.001 −0.368 0.068 <0.001
T5 −1.155 0.271 <0.001 −0.426 0.144 0.003 −0.323 0.109 0.003
T6 −0.483 0.223 0.030 −0.392 0.117 <0.001 −0.402 0.085 <0.001

GS61

T1 −0.678 0.172 <0.001 −0.402 0.089 <0.001 −0.394 0.065 <0.001
T2 −1.043 0.185 <0.001 −0.410 0.093 <0.001 −0.321 0.068 <0.001
T5 −0.857 0.269 <0.001 −0.393 0.144 0.006 −0.361 0.109 0.001
T6 −0.130 0.222 0.558 −0.229 0.117 0.050 −0.249 0.085 0.003

GS69

T1 −0.704 0.172 <0.001 −0.361 0.089 <0.001 −0.321 0.065 <0.001
T2 −1.150 0.186 <0.001 −0.389 0.093 <0.001 −0.247 0.068 <0.001
T5 −1.014 0.270 <0.001 −0.409 0.144 0.004 −0.356 0.109 0.001
T6 −0.363 0.222 0.102 −0.295 0.117 0.011 −0.296 0.085 0.001

1 Fungicides were applied at four fixed growth stages of wheat: half of heading (GS55 [24]); end of heading (GS59); beginning of flowering,
(GS61); or end of flowering (GS69). 2 Fungicide were grouped as T1 (when contain only DMI), T2 when contain DMI and QoI (Quinone
outside Inhibitors), T5 when contain DMI and MS (Multi-Site) and T6 when contain DMI and MBC. 3 Model structures are detailed in
Table 3: model 1.4 for FHB incidence, model 1.8 for FHB severity, and model 1.9 for DON concentration. Detailed statistics of each model
are provided in the supplementary Tables S1–S3. 4 log-transformed response ratio for each treatment relative to the untreated control. 5

standard error of L. 6 Probability value (significance level) of Z (standard normal statistic).
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Figure 2. Efficacy of fungicide treatments applied at different wheat growth stages in reducing Fusarium Head Blight (FHB)
incidence (A), FHB severity (B), and DON concentration (C) in EXP1. Fungicides were applied at GS55 (half of heading),
GS59 (end of heading), GS61 (beginning of flowering), or GS69 (end of flowering). Fungicide treatments were grouped as:
T1 (DMI), T2 (DMI + QoI), T5 (DMI + MS) and T6 (DMI + MBC) (Tables 1 and 2). Bars indicate 95% confidence intervals
calculated by the GLMM detailed in Table 4.

Based on the effect sizes (L) of these models for EXP2, treatments with fungicides
belonging to T1 (DMI) and T3 (DMI and SDHI) but not T4 (MBC) significantly reduced
FHB incidence and severity, as well as the DON concentration relative to the untreated
control when applied 1 to 10 days before inoculation (P < 0.001 for -1 to -10DI; Table 5).
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Fungicide efficacy, however, was higher for T3 than for T1 in terms of FHB severity and
DON concentration (Figure 3B,C). FHB incidence was reduced by >90% compared to the
untreated control when T3 was applied at any time before inoculation; efficacy was lower
when fungicides were applied 3 days after inoculation (3DI), and there was no significant
FHB reduction at 5DI (Figure 3A). Fungicides belonging to T1 showed a similar trend,
but the efficacy was overall lower than for fungicides belong to T3. For FHB severity,
the average efficacy for pre-inoculation applications ranged from 75 to 82% for T3, and
from 50 to 60% for T1; efficacies were lower for post-inoculation applications than for
pre-inoculation applications (Figure 3B). For DON concentration, average efficacy of T3
was >88% when applied at –1 to –10DI, whereas it ranged from 68 to 78% for T1. For
DON concentration, the efficacy of T1 and T3 was lower when they were applied 5DI
rather than before inoculation (Figure 3C). When applied 3DI, the efficacy was similar
to –7DI, but slightly lower than –1DI and –4DI. For fungicides belonging to T4, only
applications performed at -4DI resulted in slightly different DON concentrations relative to
the untreated control (P = 0.03; Table 5); for the other pre- and post-inoculation applications,
no differences were observed in DON concentration with the untreated control (P > 0.48;
Table 5).

Table 5. Effect size (L) and corresponding statistics estimated by GLMMs of the control of Fusarium head blight (FHB)
incidence, FHB severity, and DON concentration with fungicides of different groups applied based on days before or after
artificial inoculation of wheat spikes with Fusarium graminearum (EXP2).

Fungicide
Timing 1

Fungicide
Group 2

FHB Incidence 3 FHB Severity DON

L4 se (L) 5 P(Z) 6 L se (L) P(Z) L se (L) P(Z)

–10DI
T1 −1.364 0.271 <0.001 −0.730 0.105 <0.001 −1.376 0.126 <0.001
T3 −2.554 0.494 <0.001 −1.377 0.154 <0.001 −2.286 0.192 <0.001
T4 −0.081 0.376 0.830 −0.049 0.161 0.761 0.025 0.197 0.898

–7DI
T1 −2.075 0.273 <0.001 −0.691 0.106 <0.001 −1.133 0.129 <0.001
T3 −3.350 0.495 <0.001 −1.414 0.155 <0.001 −2.196 0.192 <0.001
T4 −0.630 0.393 0.109 0.009 0.161 0.953 0.137 0.197 0.488

–4DI
T1 −2.332 0.274 <0.001 −0.911 0.105 <0.001 −1.597 0.126 <0.001
T3 −4.185 0.516 <0.001 −1.739 0.155 <0.001 −2.756 0.189 <0.001
T4 −0.953 0.419 0.023 −0.216 0.161 0.179 −0.409 0.194 0.035

–1DI
T1 −2.513 0.276 <0.001 −0.902 0.106 <0.001 −1.539 0.127 <0.001
T3 −4.302 0.524 <0.001 −1.721 0.155 <0.001 −2.675 0.189 <0.001
T4 −0.483 0.397 0.224 −0.094 0.161 0.558 −0.084 0.196 0.667

3DI
T1 −1.044 0.271 <0.001 −0.660 0.105 <0.001 −1.305 0.126 <0.001
T3 −1.827 0.499 <0.001 −1.102 0.153 <0.001 −1.925 0.193 <0.001
T4 −0.663 0.406 0.103 −0.192 0.161 0.232 −0.397 0.194 0.041

5DI
T1 −0.871 0.270 0.001 −0.342 0.106 0.001 −0.598 0.128 <0.001
T3 −0.868 0.544 0.111 −0.519 0.152 0.001 −0.829 0.193 <0.001
T4 −0.564 0.390 0.148 0.013 0.161 0.935 0.090 0.197 0.648

1 Fungicides were applied 1, 7, 4, or 10 days before, or 3 or 5 days after the day of inoculation (DI) with a mixture of F. graminearum
strains.2 Fungicide treatments were grouped as T1 when they contained only DMI, T3 when they contained DMI and SDHI, and T4
when they contained MBC. 3 Model structures are detailed in Table 3: models 2.4, 2.8, and 2.9 were used FHB incidence, FHB severity,
and DON concentration, respectively. Detailed statistics of each model are provided in supplementary Tables S4–S6. 4 log-transformed
response ratio for each treatment relative to the untreated control. 5 standard error of L. 6 Probability value (significant level) of Z (standard
normal statistic).
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Figure 3. Efficacy of fungicide treatments applied at different times relative to the artificial inoculation of Fusarium
graminearum in reducing FHB incidence (A), FHB severity (B), and DON concentration (C) in EXP2. Fungicides were applied
10, 7, 4, or 1 day before, or 3 or 5 days after inoculation (DI). Fungicide treatments were grouped as follows: T1 (DMI), T3
(DMI + SDHI), and T4 (MBC) (Tables 1 and 2). Bars indicate 95% confidence intervals calculated by the GLMM.

4. Discussion

In this research, we evaluated the effects of two fungicide-application strategies
for control of FHB of wheat and DON contamination of kernels. The first application
strategy (EXP1) was based on wheat phenology; because it is commonly accepted that
wheat susceptibility is higher at anthesis than at earlier (heading) or later (grain ripening)
stages [2,18,19], fungicides are usually applied once from heading to flowering to prevent
infection. This can be considered a “calendar-based strategy” and is the most common
one followed by farmers worldwide [10,19,38,39]. The second application strategy (EXP2)
was based on the timing of fungicide applications according to the time of infection by
F. graminearum; both preventative (pre-infection) and curative (post-infection) applications
were evaluated. Because in EXP2 we (i) applied an artificial inoculum of F. graminearum
conidia and subsequently provided favourable conditions for infection through artificial
rains, and we (ii) prevented natural infections by deploying a plastic cover that presumably
prevented the deposition of air- or splash-borne inoculum on spikes [3,12], we assume that
there were no natural infections and that the infection of spikes resulted from the artificial
inoculation. This second strategy is innovative in that the fungicides are applied based on
the infection risk and on fungicide pre- and post-infection properties. The second strategy
also follows the principles of IPM (Integrated Pest Management) in that it is based on an
understanding of pathogen biology, weather conditions, and mechanisms of fungicide
action rather than on host phenology. Moreover, by following this strategy, fungicides
would be applied only when necessary, optimizing its application and reducing the number
of treatments and the risk of resistance appearance [40,41].

The results indicated that when fungicides were applied based on wheat phenology,
although the interaction between timing and fungicide was significant, the reduction of
FHB severity and DON concentration was <50%, with no differences among the tested
growth stages. In previous research, timing of fungicides at different growth stages resulted
in contradictory results. For instance, Bolanos-Carriel et al. [10] observed a higher efficacy of
Prosaro (a mixture of tebuconazole and prothioconazole) applied 6 days after anthesis than
at anthesis. D’Angelo et al. [23], in contrast, observed a better performance of the fungicides
when applied at anthesis in one of their trials. In a meta-analysis of 29 studies, Paul et al. [18]
reported that there were no significant differences when fungicides were applied at 3, 5, or
7 days post anthesis. Inconsistency in the results obtained with fungicides applied based
on the wheat phenology is likely related to the time of F. graminearum infection with respect
to fungicide application. Infection by F. graminearum occurs after a rain, when temperatures
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range from 20 to 30 ºC and with at least 16 h of wetness [15]. Therefore, an application at
any wheat growth stage can be preventative or curative, with an unknown number of days
elapsing between infection and fungicide application, depending on the time of infection.

Results from EXP2 demonstrated that when fungicides were applied at different times
pre- and post-infection, the interaction between timing and fungicide had a significant and
considerable effect on fungicide efficacy. When DMI (T1) or DMI + SDHI (T3) fungicides
were applied 1 or 4 days before infection, efficacy was >90% for FHB incidence and
>78% for DON contamination. When these fungicides were applied 5 days post-infection,
the average efficacy was lower (58% for FHB incidence and from 45 to 56% for DON
concentration depending on the fungicide). These results confirm the hypothesis that the
efficacy of fungicides depends on their preventative and curative activity with respect to
infection rather than on a specific growth stage of wheat. These results therefore show that
the control of FHB may be improved by replacing a wheat phenology-based strategy with
an infection risk-based strategy.

An infection-risk based strategy may enable growers to select the best fungicide based
on its expected efficacy with respect to the timing of infection. When applied based on
wheat phenology (in EXP1), the efficacy of triazole fungicides (DMI) ranged from 14 to 43%
for FHB severity and DON contamination, which was wider but generally similar to the
range observed by Paul et al. [38] for tebuconazole (35 to 44%) but lower than that found
by Machado et al. [39] for the same fungicide (47 to 68%). However, when DMI fungicides
were applied 1 or 4 days before inoculation (in EXP2), the efficacy was higher for both FHB
severity (50 to 67%) and DON contamination (72 to 84%). When applied 7 days before
inoculation, the efficacy of DMI fungicides was also high in reducing DON contamination
(58 to 75%). However, when applied 3 or 5 days after F. graminearum inoculation, DMI
fungicides efficacy was lower and more variable (30 to 79%).

The efficacy of DMI fungicides increased when used in a mixture with SDHI; the mix-
ture was very effective when applied at 1 or 4 days before inoculation (75 to 87% efficacy for
FHB severity, and 90 to 96% for DON contamination), but also when applied up to 10 days
before inoculation (65 to 81% for severity and 85 to 93% for DON concentration). However,
the efficacies of DMI and DMI + SDHI were similar when applied after inoculation.

Our results overall show that, for the control of FHB, fungicides should be applied as
preventatives and as close as possible to the time of infection. In addition to reducing spore
germination, DMI and SDHI fungicides are absorbed into the leaf tissue and prevent fungal
growth in the early stages of the infection [42]; they may therefore have the potential to be
used for post-infection control [43]. In the current study, however, we found that mixtures of
DMI and SDHI fungicides had some post-infection efficacy in terms of DON contamination
but not in terms of FHB severity, and that mixtures reduced DON contamination when
applied at 3 days but not at 5 days post-inoculation of F. graminearum.

In our research, efficacy was lower for MBC than for DMI fungicides. In EXP2,
however, MBC were used in only one year; therefore, even though the GLMM provided
a good fit of our unbalanced experiment, results concerning MBC fungicides need to be
confirmed by further experiments.

In conclusion, we found that the timing of fungicide applications to control FHB
should be based on the time of F. graminearum infection during the period of host suscepti-
bility rather than on wheat phenology. Accurate prediction of FHB infection is therefore
crucial for timely application of fungicides. Most of the mathematical models developed
for predicting FHB have focused more on predicting DON contamination of kernels than
on guiding disease control [3,44–47]. Most of these are regression-based models and are
derived from long-term field observations and/or DON analyses; these empirical models
describe the overall effects of weather variables on FHB and/or DON concentration but
may not perform equally well in regions different from those where they were developed
because of the local nature of the field data. Indeed, the weather variables selected and
their weight differ among models, and this reflects the differences in the dataset used
for model development [3]. The model of Rossi et al. [48], in contrast, is process-based
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(or mechanistic) and is used for timing fungicide applications for FHB control within a
decision support system (DSS) named grano.net [49]. The model calculates a daily infection
risk based on the effect of weather conditions on the sporulation, spore dispersal, and
infection for the main Fusarium and Microdochium spp. causing FHB, including F. gramin-
earum [5,7,12,13,15]. The infection risk calculated by the model is then combined with
agronomic, plot-specific risk factors including the susceptibility level of the variety to FHB,
the wheat growth stage (calculated by a crop model [50]), the inoculum level due to the
previous crop, and soil and crop residue management; this provides an overall FHB risk
for any day from wheat heading onward [51]. Because the FHB model in the DSS provides
warnings on likely infection periods for 7 days in the future, the DSS may be useful for
scheduling preventative fungicide applications at times when the specific fungicides are
most effective.

Supplementary Materials: The following figures and tables are available online at https://www.
mdpi.com/article/10.3390/agronomy11081549/s1. Text S1: Supplementary methodology. Figure S1:
plastic cover in EXP2 to protect the plants from natural rains. Figure S2: Effect of different fungicides
applied at different wheat growth stages on FHB incidence, FHB severity and DON concentration in
EXP1. Figure S3: QQ-plot and residuals of simulations performed with DHARMa for GLMMs of
EXP1. Figure S4: Effect of different fungicides applied at different timings with respect to artificial
inoculation of Fusarium graminearum in terms of FHB incidence, FHB severity, and DON concentration
in EXP2. Figure S5: QQ-plot and residuals of simulations performed with DHARMa for GLMMs
of EXP2. Table S1: Effect size (L) and corresponding statistics estimated by GLMMs of the control
of Fusarium head blight (FHB) incidence with different fungicides applied based on wheat growth
stage (EXP1). Table S2: Effect size (L) and corresponding statistics estimated by GLMMs of the
control of Fusarium head blight (FHB) severity with different fungicides applied based on wheat
growth stage (EXP1). Table S3: Effect size (L) and corresponding statistics estimated by GLMMs in
the reduction of DON concentration by different fungicides applied based on wheat growth stage
(EXP1). Table S4: Effect size (L) and corresponding statistics estimated by GLMMs of the control
of Fusarium head blight (FHB) incidence with different fungicides applied based on days before or
after artificial inoculation of spikes with Fusarium graminearum (EXP2). Table S5: Effect size (L) and
corresponding statistics estimated by GLMMs of the control of Fusarium head blight (FHB) severity
with different fungicides applied based on days before or after artificial inoculation of spikes with
Fusarium graminearum (EXP2). Table S6: Effect size (L) and corresponding statistics estimated by
GLMMs of the reduction of DON concentration with different fungicides applied based on days
before or after artificial inoculation of spikes with Fusarium graminearum (EXP2).
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