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Abstract
Fusarium species infect cereal spikes during anthesis and cause Fusarium head blight (FHB), a destructive disease of cereal
crops with worldwide economic relevance. The necessity for these phytopathogenic fungi effective control becomes increasingly important for the production of both cultivated plants and those plants seeds. Fungicide application is a key methodology for controlling
the disease development and mycotoxin contamination in cereals. Polymerase chain reaction (PCR) is currently the most commonly
admitted DNA-based technology for specific, rapid and precise Fusarium detection. We have developed and patented the method
for detection and quantitative determination of phytopathogenic fungi F. avenaceum and F. graminearum in plant seeds using Real-Time PCR with a pair of primers, designed to amplify sequences of the internal transcribed spacer at the ribosomal RNA gene
cluster of those phytopathogenic fungi. This study was aimed to perform a comparative assessment of the efficacy of different spray
nozzles for antifungal treatment to control F. avenaceum and F. graminearum infection of barley grains using a developed qPCR
diagnostic system. A single application of a fungicide (active ingredient’s content: 250 g/l propiconazole, 80 g/l cyproconazole) at
BBCH 65 (middle of flowering) was carried out. For this purpose, four spray nozzles with different technical characteristics were
used: Flat Fan 030, Amistar 030, Defy 3D 030 and Vegetable 060 (Pentair, USA). DNA-based fungi detection and identification
was performed using conventional PCR and developed qPCR. The level of mycotoxins in barley grain was determined using enzyme-linked immunosorbent assay (ELISA). Grain count in the ear of barley and thousand seed weight (TSW) were also examined.
A single application of the fungicide inhibited the development of FHB and is accompanied by the slight increase of TSW
values in treated plants. It was found, that the most effective fungicide was against F. avenaceum and F. graminearum. The inhibitory effect depended on sprayer type. According to qPCR results, the best performance was achieved when using Amistar 030
and Flat Fan (FF) 030 sprayers. The average concentration of deoxynivalenol (DON) content in all barley grain samples were up to
4 times higher than the permissible level. Overall, because of the high contamination levels, found in tested samples, it is possible
to state that a single application of the fungicide at the flowering phase was not able to effectively reduce DON contamination in
barley samples.
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The developed test-system for qPCR provides new important information in the study of the effectiveness of fungicides
and development of strategies to control FHB in cereals, not achievable with conventional PCR.
Keywords: Fusarium head blight, quantitative PCR, F. avenaceum, F. graminearum, mycotoxins.
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1. Introduction
Fusarium head blight (FHB) is a devastating disease, affecting small cereals including wheat
(Triticum aestivum L.) and barley (Hordeum vulgare L.) worldwide [1]. The disease is caused by a
complex of 21 Fusarium species, including Fusarium avenaceum (Fr.) Sacc., Fusarium culmorum
(W. G. Sm.) Sacc., Fusarium graminearum Schwabe (teleomorph stage: Gibberella zeae (Schwein.)
Petch), F. poae (Peck) Wollenw., and F. sporotrichioides Sherb. [2, 3]. The above-mentioned phytopathogenic fungi affect kernel development, reducing yield and deteriorating grain grade. FHB
causative agents also contaminate grain with a fungal toxins (mycotoxins), produced in infected
seeds [4, 5]. The ability to produce mycotoxins varies between species and also between strains of the
same species. Mycotoxin biosynthesis by these fungi depends on various environmental conditions,
such as temperature, humidity, pH etc. [6, 7]. It should also be noted, that the consumption of agricultural products, affected by fusariosis, can lead to alimentary mycotoxicosis in human and animals,
such as fusariograminearotoxicosis and fusarionivaletoxicosis. These diseases are severe forms of
food intoxication and are caused by mycotoxins, produced by F. graminearum and F. avenaceum [8].
Considering the fact of ant association of acute mycotoxicosis with serious and sometimes fatal diseases, the strict control of mycotoxin contamination is necessary to ensure food quality. The Scientific Committee for Food (SFC) of the European Commission has recently established a TDI (Tolerable
Daily Intake) of 1 µg/kg bodyweight/day for mycotoxins in humans. In addition, the Commission of
the European Community has established the maximum limits for Fusarium toxins (deoxynivalenol
(DON), zearalenone (ZEA), and fumonisins (FUM) B1 and B2) in cereals and cereal-based products [9–11]. High effort was put into the development of strategies to control FHB in cereals [12, 13].
The total control of FHB by single protection measures fail. An integrated multifactorial approach
that starts in the field before planting and goes on throughout the whole food chain is needed [14].
One of the important components of this complex strategy is the use of fungicides. Triazole fungicides, such as tebuconazole, propiconazole and metconazole, are currently the most effective chemical agents to reduce FHB severity and DON contents in cereals [15]. However, fungicide treatments
cannot completely protect plants against infestation with Fusarium or mycotoxin contamination.
Treatment efficacy highly depends on the active ingredient, the correct modes of operation and regulation of spraying speeds, the selection of optimal types and calibers of spray nozzles and even more
on the timing of application. Only the application at a narrow time window of flowering may provide
satisfactory results [16, 17]. In addition, early, rapid, and specific identification of Fusarium infection
is essential for effective plant disease management and control. It necessitates developing sensitive
and specific diagnostic tools, capable to track Fusarium species rapidly [18]. However, conventional
methods of fungal identification in cereal crops are time consuming and often inaccurate. These
methods are especially complex for the Fusarium detection, since the genus is diverse, presents intraspecific variability, and conflicting taxonomy [19]. Polymerase chain reaction (PCR) is currently
the most commonly admitted DNA-based technology for specific, rapid and precise Fusarium detection. Real-time quantitative PCR (qPCR) is a fast and high-throughput method that has opened new
opportunities for quantitative detection of phytopathogenic fungi, investigation of plant pathogen
interactions, fungal biology and epidemiology [20]. This diagnostic tool allows the detection and
quantification of DNA targets by monitoring PCR product accumulation during the thermal cycling
as indicated by increased fluorescence. Real-time PCR enables simpler and more rapid analysis of
data and has higher sensitivity and a wider dynamic range compared to end-point PCR [21]. We have
developed and patented the method for detection and quantitative determination of phytopathogenic
fungi F. avenaceum and F. graminearum in plant seeds using Real-Time PCR with a pair of primers,
designed to amplify sequences of the internal transcribed spacer at the ribosomal RNA gene cluster
of those phytopathogenic fungi [22].
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The aim of this study was to perform a comparative assessment of the efficacy of different
spray nozzles for antifungal treatment to control F. avenaceum and F. graminearum infection of
barley grains using a developed qPCR diagnostic system.
2. Materials and Methods
2. 1. Field experiments
The study was conducted between April and June 2017 on the basis of Syngenta research
station, Agronomichne village of Vinnytsia region, Ukraine (49°11’25.6”N 28°20’42.8”E). The experiment was carried out on spring barley of Armaks variety, sown on a total area of 3,000 m2 on
April 2, 2017. This area was divided into 5 plots of 12×50 m, and the scheme of the experiment
included the following variants (Table 1).
Table 1
Overview of the tested spray application techniques
Treatment characteristics

Control

Antifungal preparation Untreated
Speed km/h
Water volume rate L/ha
Product rate L/ha

–
–
–

Spray angle

–

Operating pressure
range

–

Flat Fan 030
(Pentair, USA)

Nozzle type
Amistar 030
Defy 3D 030
(Pentair, USA)
(Pentair, USA)

Vegetable 060
(Pentair, USA)

Alto Super (propiAlto Super (propiAlto Super (propiAlto Super (propiconazole 250 g/L,
conazole 250 g/L,
conazole 250 g/L,
conazole 250 g/L,
cyproconazole 80 g/L) cyproconazole 80 g/L) cyproconazole 80 g/L) cyproconazole 80 g/L)
10
10
10
10
130
130
130
280
0.5
0.5
0.5
0.5
110° Fan Jet and
38° alternating for110° Fan Jet
vertical (65° fan)
10° backwards facing wards and backwards
1.0–6.0 Bar

1.0–6.0 Bar

1.0–4.0 Bar

1.0–5.0 Bar

A single application of the fungicidal preparation ALTO SUPER 330 EC (active ingredient’s
content: 250 g/l propiconazole, 80 g/l cyproconazole) was carried out during the middle of flowering (BBCH-scale 65) on June 22, 2017 using different spray nozzles.
2. 2. Plant and seed materials
Point sampling diagonally of research plots was used to obtain plant material for Fusarium
detection and identification. The sampling was conducted just before fungicide application and
14 days after the treatment. Grains for the qPCR assay were harvested during barley dead ripening
(BBCH-scale 93) [23]. Additionally, 50 g of grains were counted with a seed counter (Contador 2,
Pfeuffer GmbH, Kitzingen, Germany) to determine the thousand seed weight (TSW) based on a
grain moisture content of 12.5 % [24].
2. 3. Fusarium DNA analysis
Total genomic DNA was extracted using the Agrosorb NK kit (LLC Agrogen Novo, Ukraine).
The quantity and purity of extracted DNA were measured using a spectrophotometer NanoDrop ND1000 (Thermo Fisher Scientific, USA). DNA purity was estimated from the A260/A280 ratio, and
DNA concentration was calculated by measuring the absorbance at 260 nm. The molecular identification of the species composition of fungi of Fusarium genus in the studied samples of spring barley was
carried out using a set of reagents for PCR-amplification of DNA phytopathogens by electrophoresis,
according to the manufacturer’s instructions (LLC AgroDiagnostica, Russia).
The real-time PCR was carried out on a CFX96 Touch™ Real-Time PCR Detection System
«CFX 96 Touch» (Bio-Rad Laboratories Ltd., USA) under thermal cycling parameters as follows:
initial denaturation at 95 °C for 10 min; then, 35 cycles of denaturation at 95 °C for 5 s, primer
annealing at 60 °C for 30 s. The reaction was conducted in a 20-µl reaction mixture consisting
of 10 µl Maxima Probe qPCR Master Mix 2х (Fermentas. Thermo Fisher Scientific Inc, Vilnius,
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Lithuania), 1 µl of forward and reverse primer (10 µM), 0.5 µl of probe (10 µM), 2 µl of template
DNA or pDNA, and sterile bi-distilled water up to a final volume of 20 µl.
To generate the standard curve, 10-fold dilutions of plasmid DNA, containing cloned
DNA fragments of phytopathogenic fungi F. avenaceum and F. graminearum (ranging from 5 to
0.00005 attomol/ µl), were subjected to qPCR under the same conditions, described above. The
standard curve is a plot of the Ct versus log DNA concentration.
Sequences of specific primers and probes, used in the studies, are presented in Table 2. The internal control signal detection was performed using the fluorescent HEX (6-carboxy-4,7,2’,4’,5’,7’-hexachlorofluorescein) label, while the detection of the signal for phytopathogenic fungi F. avenaceum and F. graminearum DNA sequence amplification was performed using
the FAM (6-Carboxyfluorescein) fluorescent label. The amplification of internal exogenous control
took place regardless of the presence of the DNA of phytopathogenic fungi, which indicates that
there are no PCR reaction inhibitors in the DNA samples, and that the PCR reaction itself passes
without interference. The results were automatically calculated using software Bio-Rad CFX Manager 3.1 (Bio-Rad Laboratories Ltd., USA).
Table 2
Primers and probes, used in the study
Pathogen
F. avenaceum

F. graminearum

Internal control

Oligo name
F_aven_tricin_S
F_aven_AS
F_aven_tricin_probe
F_gram_S
F_gram_AS
F_gram_probe
Int_ctrl_S
Int_ctrl_A
Int_ctrl_probe

Sequence (5’–3’)
GCCTGTTCGAGCGTCATTTC
GCACCGCCAGAAGGCAG
FAM – CCGATCCCCAACACCAAACCCG – BHQ1
GAGCGTCATTTCAACCCTCAA
GCTATGGAAGCTCGACGTGAC
FAM – CAATGTATTTGGGGAGTGCAGCAGGAC – BHQ1
AGAATTACACGGCGATCTTTCC
GACGAAGTACCGAAAGGTCTTACC
HEX – CGACGCAAGAAAAATCAGAGAGATCCTCAT – BHQ1

2. 4. Mycotoxin analysis
The DON, T-2 mycotoxin, ZEA, FUM and aflatoxin (AF) content was determined using
the enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer’s instructions
(RIDASCREEN®, R-Biopharm AG, Darmstadt, Germany). Readings were performed at 450 nm in
the SunRise ELISA plate reader (Tecan Austria GmbH, Salzburg, Austria). All experiments were
repeated three times and the measurements and calculations were conducted with Tecan Magellan 7.1 software (Tecan Trading AG, Switzerland).
2. 5. Data analysis
All experiments were performed in triplicate. The statistical analysis of experimental data
was conducted by the method of analysis of variance using computer software Excel and Statistica – 10 [25]. The results are presented as mean ± standard deviation, and values of p<0.05 were
considered statistically significant.
3. Results and discussion
As a result of the qualitative PCR assay, totally five species of fungi of the Fusarium genus
were found and identified in the plant materials of spring barley from 5 plots where different spray
nozzles were placed prior to the fungicide application: F. avenaceum, F. culmorum, F. graminearum, F. poae and F. sporotrichioides (Table 3). It is necessary to point that F. culmorum DNA
was revealed initially only on one plot.
The lack of F. culmorum DNA in the plant material from the rest of plots can be accounted
for several factors:
1) the low total pathogen load;
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2) the delayed growth of this Fusarium specie due to the growth inhibitory effect, exerted
by fungi of another species of the same genus, since such interspecies interactions are widely described [26].
Table 3
Species composition of fungi of Fusarium genus in the plant and grain material
Nozzles type Fusarium graminearum Fusarium culmorum Fusarium sporotrichioides Fusarium poae Fusarium avenaceum
Before antifungal preparation application a
WA*
+
–
+
+
+
FF 030
+
–
+
+
+
Amistar 030
+
+
+
+
+
Defy 3D 030
+
–
+
+
+
Vegetable 060
+
–
+
+
+
14-day after antifungal preparation application b
WA
+
+
+
+
+
FF 030
–
+
–
+
–
Amistar 030
–
–
–
+
–
Defy 3D 030
–
+
+
+
–
Vegetable 060
–
+
+
+
–
Grain c
WA
+
–
+
+
+
FF 030
+
–
–
+
–
Amistar 030
+
–
+
+
–
Defy 3D 030
+
–
+
+
–
Vegetable 060
+
–
+
+
–
Notes: * – WA – Without Applications, «–» – negative results; «+» – positive results; a – before fungicide application; b – 14-days
after the treatment; c – harvested grain

The antifungal preparation, used in the study, was most effective for controlling two Fusarium species: F. graminearum and F. avenaceum (Table 3). The use of different spray nozzles for
single application of the antifungal preparation resulted in different treatment efficacy. The highest
treatment efficacy was registered on the plot with Amistar 030 - DNA of only one fungus was
detected in the barley plant material 14 days after the processing with the antifungal – F. poae. It
is necessary to note the inefficacy of the used antifungal for controlling this Fusarium species regardless of nozzle type. This inefficiency has been attributed to various factors including improper
timing of application and poor fungicide efficacy against different Fusarium species [27]. One can
suggest that the highest efficacy of nozzle can be attributed to its ability to reduce a spray drift by
up to 75 %. Quite effective was the use of FF 030: DNA from two out of five Fusarium species was
revealed. Surprisingly, we found F. culmorum DNA in the plant material from 4 plots where this
Fusarium specie was absent initially, 14 days after the antifungal application. One can suggest that
the growth of this specie was stimulated by the inhibitory antifungal effect towards antagonistic
species of the same genus (e. g. F. graminearum) [28].
The analysis of Fusarium DNA in the barley grain material long after the single antifungal
application revealed the presence of F. graminearum and F. poae DNA in all samples, indicating
the low efficiency of the used preparation for controlling these species (Table 3).
One of the major drawbacks of conventional PCR is its inability to differentiate the DNA from
dead and viable cells. This is an important factor for assessing the effectiveness of fungicides and one
of the challenges for DNA-based molecular methods improvement [29]. Recently, the most common
PCR method became the real-time PCR registration (real-time PCR), because, unlike most other PCR
formats, it allows not only to establish the presence of Fusarium family phytopathogenic fungi DNA,
but also to determine their number. Thus, this method allows us to identify DNA sequences, specific
to phytopathogenic fungi of Fusarium family, and thereby to establish their presence in the sample
under study and determine the DNA concentration of those above-mentioned phytopathogenic fungi.
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According to our own data and reports of other scientific groups, F. graminearum and F. avenaceum are most widespread and most harmful causative agents of FHB in Ukraine [30, 31].
Therefore, our efforts were concentrated on the development of the quantitative detection method
for these Fusarium species.
Using the developed detecting system, we carried out the quantitative determination
of phytopathogenic fungi F. avenaceum and F. graminearum in the plant and seed materials.
Fig. 1 shows the standard curves of the dependence of the number of real-time PCR cycles
(Cq) on the value of F. graminearum and F. avenaceum DNA quantity in the reference standard (log).

a

b
Fig. 1. The standard curves of the TaqMan qPCR for: a – Fusarium graminearum; b – F. avenaceum

genomic DNA extracted from spring barley plants and seed materials against standard
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Fig. 1 presents standard dilutions of plasmid DNA, containing cloned DNA fragments of
phytopathogenic fungi F. avenaceum and F. graminearum for quantitative determination from 5
to 0.00005 attomol/µl. This standard curve demonstrates the dependence of the real-time PCR
cycles (Cq) number, required to obtain a fluorescence level, exceeding the threshold value on the
logarithm value that corresponds to the phytopathogenic F. graminearum and F. avenaceum DNA
quantity in the reference standard (log). Using this standard curve, the concentration of phytopathogenic fungi in the sample was determined based on the number of real-time PCR (Cq) cycles,
after which the fluorescence intensity exceeded the limit value (Table 4).
Table 4
Quantification of F. graminearum and F. avenaceum with TaqMan qPCR. The result of the average values,
shown in the Genome Equivalent (GE) copy number x105 per 100 mg of plant or seed materials
Nozzles type
Species
WA*
FF 030
Amistar 030
Defy 3D 030
Vegetable 060
Before applications
F. graminearum
0.490
0.310
0.700
0.790
0.998
F. avenaceum
0.254
0.046
0.060
0.013
0.101
Grain
F. graminearum
3.251
0.089
0.176
0.294
0.492
–
–
–
F. avenaceum
0.440
ND**
Notes: * – WA – Without Applications, ** – ND – Not Detected

It has been shown, that a single application of the fungicide differently inhibited the development of fusariosis depending on type sprayers. The effectiveness of F. graminearum control
ranged from 50.7 to 74.9 %, while in the control plot the amount of DNA of the pathogen increased
almost 6.5 times since the beginning of the experiment. The best performance was achieved when
using Amistar 030 and Flat Fan (FF) 030 sprayers – 74.9 % and 68.1 %, respectively. The next in
terms of control efficiency were Defy 3D 030 – 62.8 % and Vegetable 060 – 50.7 %.
As for the control of F. avenaceum, in the plots where the fungicide was applicated, the
effectiveness was 100 % since the DNA of the phytopathogen was not detected. This may be due to
a low pathogen load at the beginning of the experiment. According to qPCR results, the amount of
F. avenaceum DNA at the control plot doubled.
In addition to the effectiveness of pathogen control, quantitative and qualitative indicators
of the crop were evaluated. Namely, the level of accumulated mycotoxins, the thousand seed weight
(TSW) and the number of grains in an ear.
It was found, that all samples were contaminated with a variety of mycotoxins. Since the
mycotoxins content T-2, ZEN, FUM and AFs in the grain did not exceed the maximum permissible
level in accordance with the commission regulation (EU) No. 1881/2006, special attention was
paid to the level of DON content. Taking into account all the samples, the average concentration of
DON was 4,600 μg/kg (min-max: 1,400–16,500 μg/kg) and significantly exceeded the maximum
permissible level for unprocessed cereals (1,250 μg/kg) (Table 5).
Table 5
Mycotoxin level in spring barley samples
Nozzles type
WA 2
FF 030
Amistar 030
Defy 3D 030
Vegetable 060

DON1
14500±1927
2200±475*
1600±206*
1700±53*
2900±248*

Mycotoxins levels (µg/kg)
T-2
ZEN
147.6±53
0.3±0.09
50.7±6.2
0.4±0.18
101.6±11.7
0.1±0.09
187.0±13.8
0.4±0.12
103.5±27.2
0.2±0.02

FUM
400±100.0
200±57.7
300±0.0
367.7±57.7
333.3±57.7

AFs
0.7±0.03
0.4±0.33
0.1±0.08
0.1±0.06
0.2±0.08

Notes: DON, deoxynivalenol; T-2, T-2 toxin; ZEN, zearalenone; FUM, fumonisins; AFs, total aflatoxin (sum of B1, B2, G1 and G2).
WA – Without Applications. All Data are expressed as Mean±SD (n=3). * – P≤0.05 as compared to untreated samples
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It is known, that the main producers of DON are F. graminearum, F. culmorum and F. cerealis.
In addition, annual climate and weather variability can contribute to changes in mycotoxin levels in
field crops. Therefore, it was expected, that the highest concentration of DON (mean: 14,500 μg/kg)
would be recorded on an untreated plot, as according to qPCR results, the amount of F. graminearum
DNA was the highest and increased during the experiment. The lowest DON concentration among the
variants of the experiment was found at the plots where the Amistar 030 sprayers (mean: 1600 μg/kg)
and Defy 3D 030 (mean: 1700 μg/kg) were used. Next in terms of contamination were the plots where
FF 030 (mean: 2200 µg/kg) and Vegetable 060 (mean: 2900 µg/kg) were used. Therefore, we can
conclude that a single application of the fungicide significantly inhibits the development of phytopathogens, but not able to effectively reduce the level of mycotoxin contamination.
The number of grains in a barley ear is an important parameter for the yield evaluation. This
parameter is determined both by the genetic characteristics of the variety and by the conditions of
the environment where it is cultivated. In addition, this indicator is influenced by the presence or
absence of mineral elements, such as nitrogen (N), potassium (K), copper (Cu), zinc (Zn), boron (B)
and manganese (Mn) [32]. The number of grains in a barley ear from treated and untreated plant
samples didn’t differ significantly (Table 6).
Table 6
The mean values of 1000-seed weight and number grains per ear
Nozzles type
Species
WA
FF 030
Amistar 030
1000-grain weight
54.50±0.35
59.64±0.34*
56.62±0.41*
(g)
Grain/ear (pcs)
17.67±0.58
19.0±1.0
17.67±0.58

Defy 3D 030

Vegetable 060

55.60±0.11

54.75±0.36

18.0±1.0

17.33±0.58

Notes: Data are expressed as Mean±SD (n=3). Values of 1000-seed weight were determined at 12.5 % moisture content.
WA – Without Applications. * – P≤0.05 as compared to untreated samples
As for the thousand seed weight, the value of this parameter in the plots where the amount
of DNA of F. graminearum, according to the results of qPCR, was the lowest (0.089·105 genomic
equivalent), was the largest – 59.64 g. The lowest values of the thousand seed weight were recorded
in the control plot (54.50 g).
The findings of this study have to be seen in light of some limitations. The effect of a single
application of antifungal preparation towards F. culmorum can’t be estimated due to biological
features of the infestation. In field conditions we observed plant infestation with the combination
of phytopathogenic fungi. One can’t exclude mutual influence causative agents concerning their
sensitivity to antifungal preparations. Therefore, the effect of the used antifungal preparation on
F. culmorum warrants future laboratory experiments and field trials. In addition, it was our first
field trial, and developed protocol of the treatment should be modified and improved. The most
opportune treatment timing (flowering or later stages of crop development) as well as changes in
fungicide(s) type and dosage is likely to provide improved disease control.
4. Conclusions
1. A single application of the fungicide Alto Super inhibited the development of FHB, but
didn’t prevent grain contamination with DON. The most efficacy of the used fungicide was registered against F. avenaceum and F. graminearum.
2. The inhibitory effect of the fungicide depended on sprayer type. According to the qPCR
results, the best performance was achieved when using Amistar 030. It suggests that double fan
nozzles (which pulverize in two opposite directions) may improve the efficacy of the treatment with
the fungicide.
3. The developed test-system for qPCR provides new important information in the study of
the effectiveness of fungicides and development of strategies to control FHB in cereals, not achievable with conventional PCR.
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4. Due to internal exogenous control, the developed test-system can potentially be used for
testing different cereal varieties (wheat, oats, corn, etc.) and their hybrids for resistance to Fusarium fungi, as well as for the evaluation of the efficiency of different antifungal agro-industrial
strategies and technologies.
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