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S. SLiIKOVA*, E. GREGOVA and M. PASTIRCAK

National Agricultural and Food Centre, Research Institute of Plant Production,
Bratislavska cesta 122, 921 68 Piestany, Slovak Republic

(Received 25 September 2018;
Accepted 5 September 2019)

Avena spp. were artificially inoculated with Fusarium culmorum Sacc. (FC) and
F. graminearum Schwabe (FG) causing Fusarium head blight (FHB). This disease is often
accompanied by the accumulation of Fusarium mycotoxins mainly deoxynivalenol (DON)
in grains. The contaminated grains with this mycotoxin are toxic to their consumers.
Genotypes Avena spp. with low DON accumulation in grains can be used as genetic resourc-
es suitable for the formation of new resistant varieties of oats against FHB caused by fungi
FC and FG. The aim was to find out and to compare the potential for mycotoxin accumula-
tion in grains between genotypes of Avena spp. after artificial inoculation panicles by FC and
FG using three spray methods and identify genotypes of Avena (A. abyssinica, A. byzantina,
A. canariensis, A. fatua, A. ludoviciana, A. nuda, A. sativa, A. sterilis, A. strigosa) with low
toxin accumulation in whole grain. The average accumulations of DON in the grains of
Avena spp. gradually increased from the spray inoculation (0.68 mg-kg™), spray +polyeth-
ylene (PE) bag cover 24 hrs (2.75 mg-kg') and spray+PE bag/48 hrs. (9.46 mg-kg™)
methods. We found out that after application of each used method, the high DON accumula-
tion in grains was found in 4. canariensis, and low DON levels were found in A. byzantine
and 4. sterilis.

Keywords: Avena spp., mycotoxin, Fusarium spp., spray inoculations

Introduction

The oat grain contains specific substances with a positive effect on human health. It is a
rich source of B-glucan, which is known to be responsible for a LDL-cholesterol reducing
effect and thus reduces the risk of cardiovascular disease (CVD) (Othman et al. 2011). In
addition, oat kernels contain more than 20 unique polyphenols, avenanthramides, which
have been shown to have strong antioxidant activity in vitro and in vivo (Meydani 2009).
Moreover, oats are cereals with the highest protein content in grains among routinely
consumed cereals including corn and rice (Lasztity 1998) and very favourable lipid pro-
file. Its nutritional profile and other useful characteristics such as stabilisation due to its
high water-holding capacity (Welch 1995) making oat flour great and often used compo-
nent for baby food. For these benefits, oat grains are also often part of breakfast cereals;
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oat bran and flour is added to wheat bread or various bakery products, biscuits, cookies,
probiotic drinks, and in certain daily doses may be appropriate in the diet of celiac pa-
tients. However, for a safe consumption, grains must be healthy and free of mycotoxins,
which are dangerous to human and animal health. These toxins can accumulate at higher
or lower level in the grains after Fusarium spp. infestation of the oats depending on many
factors. The highest contamination of the grains with mycotoxins occurs after infestation
of oat during the anthesis stage through the floret mouth (Tekle et al. 2012). According to
the multi-annual surveys on the occurrence of mycotoxins in oat grains grown in various
locations in Europe, oats are most frequently contaminated with Fusarium mycotoxins
DON, T-2 toxin and HT-2 toxin (Edwards 2017; Fredlund et al. 2013; Hictaniemi et al.
2016; Hofgaard et al. 2016; Nathanail et al. 2015; Schoneberg et al. 2018). Specifically,
the mycotoxin DON is produced mainly by F. graminearum (FG) (Gibberella zeae tele-
omorph) and £ culmorum (FC) and the main producers of HT-2 and T-2 in oats are fungi
F. langsethiae (FL) and F. sporotrichioides (Hofgaard et al. 2016; Edwards et al. 2012;
Schoneberg et al. 2018). Hofgaard et al. (2016), observed that the prevalence of FG nega-
tively influences the HT-2 + T-2 content whereas FL had not impact on the DON level.
Despite the competitive features of the FG, only a slight correlation has been found be-
tween HT-2 + T-2 and DON mycotoxins content in oat grains, leading to a conclusion that
the HT-2 and T-2 producers (main producer fungi FL) require different environmental
conditions than DON producers (main producers FG and FC). Moreover, no association
has been found between the amount of FG and FL DNA in contaminated oats (Xu et al.
2014; Hofgaard et al. 2016). In recent years an increased incidence of oat samples with an
exceeded limit of DON content has been found in the locations of major European pro-
ducers of this crop such as Russia (Gavrilova et al. 2016), Norway (Hofgaard et al. 2016)
and western Sweden (Fredlund et al. 2013). There has also been observed a change in the
prevalence of species causing FHB and species responsible for DON production. The
prevalence of FG was also found in grain samples of oats grown in the northern regions
of Russia. According to Gavrilova (2016), FG are being adapted in this area, which is
related to the change in global warming conditions, which results in the penetration of
new pathogens into new areas. The investigation of Fusarium spp. incidence on Norwe-
gian oats samples has shown a shift in the relative spp. prevalence towards more FG,
rather than FC, as main producers of DON in oats kernels grown in Norway (Hofgaard et
al. 2016). Similar results were obtained by analyses of Swedish oats, when correlation
analysis showed significant relation between concentration of DON and FG content
(r=0.77,P <0.001). Legislative limits for DON in unprocessed oats and oat-based foods
have been set by the European Union at 1.750 and 0.750 mg - kg™!, respectively (Commis-
sion Regulation 2006). The oats with more DON than allowed legal limit have a negative
economic impact on growers and affect both domestic and foreign grain exports as well
as the processing industry. From an economic and ecological point of view, it has been
shown that the most suitable way to control the prevalence of FHB and mycotoxins is to
cultivate plants resistant to pathogens producing mycotoxins. In Norway, significant ac-
complishments have been achieved by performing multi-annual testing (9 yr) of cultivars
and breeding lines of Avena sativa L. to FG with effort to improve FHB resistance in oat
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(Tekle et al. 2018). During extensive screen of the Avena germplasm collection (hulled
and hull-less cultivars, landraces and selections lines) for FHB, implemented in Russia,
resistant oat genotypes that can be used in the process of generating new varieties of oats
(Gagkaeva et al. 2011) have been identified. Bjornstad et al. (2017), identified oat lines
with consistently low DON levels and QTLs for DON after infection of plants by spawn
inoculation with FG-infected oat kernels and thus provided genetic tools for breeders. It
is well known that even wild relatives of cereal can be a good source of new valuable
features including disease resistance. It has been reported that some genotypes of Avena
spp. revealed resistance against FC and accumulation of DON in several field tests
(Gagkaeva et al. 2017).

The aim of our experiment was to detect and compare DON accumulations in Avena
spp. grains after inoculation with artificial infection by FC and FG as the major producers
of this mycotoxin following the application of a spray artificial infection with a different
initiation of the infection process (1) spray, (2) spray + PE bag/24 hrs, (3) spray + PE
bag/48 hrs and to find possible sources to improve resistance to DON accumulation for
oat breeders.

Materials and Methods
Plant material

The examined set for spray inoculation method included n = 22 genotypes from 9 Avena
spp.: 4. strigosa Schreb. (2n = 14; n = 1); A. canariensis Baum (2n = 14; n = 1); A. abys-
sinica Hochrs.t. (2n=28; n=1); A. stativa L. 2n=42; n=9); A. nuda L. 2n=42;
n=06); A. fatua L. 2n=42;n=1); A. sterilis L. 2n=42; n=1); A. ludoviciana Durieu.
(2n=42;n=1); A. byzantina K. Koch (2n =42; n = 1). (2) The examined set for spray +
PE bag/24 hrs inoculation method included n = 15 genotypes from z 9 Avena spp., with
A. stativa L. 2n=42; n=15) and A. nuda L. 2n=42; n = 3). (3) The examined set for
spray + PE bag/48 hrs inoculation method included n = 13 genotypes from 9 Avena spp.:
with 4. stativa L. 2n =42; n=3) and 4. nuda L. 2n=42;n =3).

Inoculum production

The fungal colonies of FG (strain VURV02MP) and FC (strain VURV03MP) were grown
on potato dextrose agar plates (PDA, Difco) or synthetic nutrient agar plates (SNA)
(Nirenberg 1976) at 25 °C for twenty-one days in dark. The isolates were initially ob-
tained from naturally infected wheat spikes collected in different regions of Slovakia and
are maintained in the VURV collection (NPPC VURY, Piestany, Slovakia). The inoculum
was prepared by the surface flooding of agar plates with sterile distilled water from
90 mm diameter Petri dishes and scraping the sporulated aerial mycelium with a loop.
Concentration of inoculum was measured with hemacytometer and adjusted to approxi-
mately 5 x 106 propagules per ml. Approximately 1 ml conidial suspension of the inocu-
lum (5 x 10° per mL) was applied to each oat panicle.
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Field experiment — Spraying method (spray) and Spraying method combined with
polyethylene bag coverage/24 hrs (spray + PE bag/24 hrs)

In 2014 and 2015 field experiments (experiment with spray method and experiment with
spray + PE bag/24 hrs) were established under natural conditions in PieStany. The loca-
tion is 160 m above sea level in a corn-wheat production region. Weather conditions were
in experimental years 2014 (May, Average temperature = 15.03 °C, Rainfall = 81.30 mm;
June 18.97 °C, 34.90 mm) and 2015 (May 14.80 °C, 63.80 mm; June 19.42 °C, 16.70
mm) obtained from meteorological weather station that is located near the plot experi-
ments in Research Institute of Plant Production in PieStany. There were five rows per plot
with 1 m length and 150 mm row spacing. Each isolate was used in three replicates. The
panicles in one plot were artificially inoculated with the isolate FC or FG (end of May and
until mid-June) by methods: (1) spray — panicles were sprayed 3x after 2 days after in-
oculation with Fusarium and were not covered with plastic bag, (2) spray + PE bag/24 hrs
described by Mesterhazy (1978) — panicles were covered with a plastic bag for 24 hrs
after inoculation. All bags were then removed after 24 hrs. In the mature stage, 50 pani-
cles from each genotype were handpicked and grains were manually separated.

Greenhouse experiment — Spraying method combined with polyethylene bag
coverage/48 hrs (spray + PE bag/48 hrs)

This experiment was carried out according to the modified method described by Mester-
hazy (1978). In 2016, the greenhouse experiment was established with 30 seeds from
each genotype of Avena spp. These seeds were sown in 3 pots per treatment (5 seeds in
one pot). The panicles of Avena spp. were sprayed with FC or FG inoculum in three rep-
licates and then were covered with plastic bags for 48 hrs. In the mature stage, panicles
were collected from each Avena spp. and grains were manually separated.

Statistical analysis

A commercial competitive enzyme-linked immunosorbent assay (ELISA kit) was used to
determine the DON concentration in oat samples (Ridascreen Fast DON; RBiopharm,
Darmstadt, Germany) with limit of detection <0.2 mg - kg™! (mg - kg™!) and limit of quan-
tification 0.2 mg - kg™! (mg - kg™'). The absorbencies (of the wells) were determined pho-
tometrically at 450 nm (MRX II. Dynex Technologies. Chantilly. Virginia, USA). DON
contents were evaluated by analysis of variance (ANOVA) in SPSS 22.0 (SPSS Inc. Chi-
cago. IL, USA) with a statistical significance set at 95% (P <0.05) and 99% (P <0.01).

Results

The analysis of variance (ANOVA) was used to determine DON content in Avena spp.
grains from three inoculum methods (Table 1). This analysis revealed significant effects
of (1) Avena spp. in each inoculum method used; (2) Year in spray and spray + PE bag/
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Table 1. ANOVA for deoxynivalenol content in Avena spp. grains after application
of three inoculation methods

Inoculation Source of variation Degrees of Mean F-Value p-Value
method freedom square
Spray Fusarium spp. 1 0.033 0.236 0.63
Year 1 4.590 32.48 0.00
Avena 8 1.694 11.99 0.00
Fusarium spp. x year 1 0.000 0.00 0.95
Fusarium spp. x Avena spp. 8 0.340 2.40 0.17
Year x Avena 8 0.799 5.65 0.00
Fusarium spp. X year X Avena 8 0.233 1.65 0.11
residual 224 0.141
Spray Fusarium spp. 1 16.715 4.767 0.03
TPE bagl24 hrs Iy 1 16.836 4.802 0.03
Avena 8 139.944 39.916 0.00
Fusarium spp. X year 1 1.360 0.388 0.53
Fusarium spp. x Avena 8 8.955 2.554 0.01
Year x Avena 8 5.490 1.566 0.14
Fusarium spp. x year x Avena 8 4.845 1.382 0.20
residual 144 3.506
Spray Fusarium spp. 1 1176.552 72.712 0.00
TPE bagi8 hrs 1 1 237.596 | 14.684 0.00
Fusarium spp. x Avena 8 87.432 5.403 0.00
residual 60 16.181

24 hrs methods applied in field trials during the seasons in 2014 and 2015; (3) Fusarium
spp. in spray + PE bag/24 hrs and spray + PE bag/48 hrs methods. Only two-way interac-
tions showed strong influence of a year (Year x Avena spp.) by spray method and Fusar-
ium spp. (Fusarium spp. % Avena spp.) by spray + PE bag/24 hrs and spray + PE bag/
48 hrs methods. Other interactions were not statistically significant (Table 1).

The results presented in Table 2 show that Avena spp. grains from infected panicles by
the spray method had the lowest average of DON content. The average contamination of
grains from panicles infected by spray + PE bag/24 hrs was 4.04 times higher than by
spray and 3.44 times lower than by spray + PE bag/48 hrs methods. The impact of these
methods on the accumulation of DON in grains was the most evident in 4. ludoviciana.
The average accumulation of DON in the grains from genotypes infected by spray + PE
bag/24 hrs method was 2.76 times higher than by spray method and moreover, up to 12.57
times higher than by spray + PE bag/48 hrs. That resulted to rank this genotype infected
by spray + PE bag/24 hrs method into susceptible one. The statistically significant differ-
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Table 2. Deoxynivalenol content (mg-kg™') in Avena spp. grains after artificial infection
with Fusarium spp. by inoculation methods

Inoculation method

Avena spp. spray spray -+ PE bag/24 h spray-+PE bag/48 h Mean
A. abyssinica 0.282 1.36% 3.95%® 1.44¢>
A. byzantina 0.272 0.752 1.742 0.76?
A. canariensis 1.24¢ 11.214 18.61¢ 8.76¢
A. fatua 0.48 4.81¢ 9.60b° 4.044
A. ludoviciana 0.50% 1.38 17.35de 4.224
A. nuda 0.642 1.4920 7.76%¢ 1.95%®
A. sativa 0.84be 2.712be 11.66¢ 2.49be
A. sterilis 0.312 0.60? 2.092 0.782
A. strigosa 0.48» 3.12be 11.30¢d 3.69be
Mean 0.68 2.75 9.46 2.72

Means followed by the same small letters within columns are not significantly different (p<0.05).

ences in DON accumulation were found between Avena spp. after using these inoculum
methods, but the lowest differences between Avena spp. were found after inoculation of
panicles by spray method. The most contaminated grains were found from A. canariensis
after application of all methods (average DON min. 1.24 mg-kg' and max. 18.61
mg - kg!) and the grains with lowest contamination were obtained from A. byzantina and
A. sterilis (average DON min. 0.27 mg - kg™!, max. 2.09 mg - kg™").

The results presented in Table 3 show that the average accumulation of DON in Avena
spp. after FC infection was the lowest after using the spray method in 2015. The low ac-
cumulation of DON from the test set was found in A4. sterilis and A. byzantina in all tests.
Similarly, the low accumulation of DON was also found in 4. ludoviciana and A. abyssi-
nica but only in the case of the spray method. In method spray + PE bag/24 hrs the aver-
age DON content in grains from A. abyssinica was 2.75 times and A. ludoviciana 2.39
times higher than from A. sterilis, which accumulated the smallest amount of DON. In
A. ludoviciana the highest accumulation of this toxin from the test set inoculated by
spray + PE bag/48 hrs method was detected. The results presented in Table 3 show that
the average accumulation of DON in Avena spp. after infection with FG was lower during
2015 in comparison to 2014. After the application of spray + PE bag/24 hrs and spray + PE
bag/48 hrs method, low DON content was found in grains from A4. byzantina and
A. sterilis. The highest average DON content was found in 4. canariensis grains after the
application of each method used in this work. The total average accumulation of DON in
Avena spp. after infection with FC isolates was 1.77 times higher than FG (Table 2). The
contamination of grains after FC infection was very similar to FG infection by spray and
spray + PE bag/24 hrs methods. However, DON accumulation after infection FC was 2.72
times higher than after FG infection by spray + PE bag/48 hrs.
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Figure 1. The correlations between deoxynivalenol content after Fusarium culmorum (FC) and F. graminearum
(FG) inoculations across inoculation methods (FC1 and FG1 = spray; FC2 and FG2 = spray+PE bag/24 hrs;
FC3 and FG3 = spray + PE bag/48 hrs) by Pearson

The positive correlations between averages of DON content produced by FC and FG
in Avena spp. across methods are shown in Fig. 1 (spray r = 0.678, p = 0.05; spray + PE
bag/24 hrs r = 0.972, p = 0.01; and spray + PE bag/48 hrs r = 0.781, p = 0.05). We found
positive correlations between averages of DON content produced by FC and FG across
years (2014 / r=0.941, p =0.00; 2015 / r=0.974, p=0.00; 2016 / r = 0.678, p = 0.04)
and between averages of DON content by FC and FG general (r = 0.824, p = 0.00).

Total average accumulation of DON in Avena spp. after infection with FC and FG dif-
fer only in the case of A. ludoviciana (Fig. 2). The results presented in Fig. 2 show that
A. canariensis is most susceptible, and A. byzantina and A. sterilis are resistant to DON
accumulation in grains.
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Figure 2. Deoxynivalenol content (mg-kg') in nine Avena spp. after artificial inoculation with Fusarium cul-
morum (FC) and F. graminearum (FG). Error bars represent confidence intervals [level (%): 95.0] and the same
small letters indicate no significant difference (p>0.05)

Discussion

In our tests we used three variants of spray method, which allowed to create different
conditions during initiation of the infective process by the fungi FC and FG. Avena spp.
were infected with fungi around anthesis. In this period, oats are most susceptible to
Fusarium infection, the fungus enters the floret cavity through the floret apex, this sus-
ceptibility decreases as plants develop and mature (Tekle et al. 2012). Xue et al. (2015)
found out that oat infected at 50% anthesis stage was most susceptible to attack, which
also manifested itself in the accumulation of DON in grains, while the susceptibility is
decreasing at later phases of growth. Subsequent to the infection of plants with FG and
FC, DON production is induced (Boenisch and Schéfer 2011). The authors reported that
DON biosynthesis is specifically induced in infectious structures that create a fungus in a
host plant. Through combination of bioimaging and electron microscopy, infective struc-
tures were identified and characterized on wheat. It appears that DON production is
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strongly induced, most likely by the host, at this point of infection (Ilgen et al. 2009).
Furthermore, DON has been shown to be essential for the spread of FG from floret to
rachis in wheat by preventing host cell wall reinforcement (Jansen et al. 2005).

In our experiments following the application of the spray method, it was shown that
the amount of DON was most affected by the year, and then by Avena spp. Strong influ-
ence of the year also manifested itself in the interaction of Year X Avena spp. According
to Schmidt-Heydt et al. (2011) the induction of DON production in FC and FG treated
samples is significantly affected by abiotic factors such as temperature and water activity.
The higher DON content in grains in 2014 compared to 2015 is most probably related to
the precipitation, which was higher in May and June (rainfall = 116.2 mm) in 2014 than
in the very dry year 2015 (80.50 mm). Furthermore, the average temperature was higher
in May 2014 (temperature = 15.03 °C) than in 2015 (14.80 °C) during the heading/flow-
ering of Avena spp. This corresponds with the study of DON content in oat grains related
to weather (Hjelkrem et al. 2017). The continuity was found between the high incidence
of DON in oats and warm and humid weather with rainfall whereas low risk of DON oc-
currence was associated with cold and dry weather, especially at the time of heading/
flowering to harvest (Hjelkrem et al. 2017). In the spray method, the differences between
FC and FG treated samples were not detected according to the DON content accumulated
in grains of Avena spp.

Methods with PE bag (spray + PE bag/24 hrs and spray + PE bag/48 hrs) ensured high
humidity during initiation of infection for 24 hrs and 48 hrs. It has been showed that the
length of high humidity during initiation of infection has had a significant effect on the
amount of DON in the grains and has affected the production potential of the isolates
used. According to Schmidt-Heydt (2011) DON production by FC and FG was optimal at
20-25 °C over the 9-day experimental period and at humidity in the high wetness regime
over 98% water activity and during the experiment FC produced more DON than FG. The
results from our experiments, where the average DON content in Avena spp. after FC
infection was higher than FG clearly demonstrate that FC isolate is more aggressive than
FG isolate, as mycotoxin acts as a virulence factor during the propagation of the fungus
in the host plant (Proctor et al. 1995; Jansen et al. 2005). Mesterhazy (2002) reported that
the ability of Fusarium isolates to produce toxins is closely related to the level of their
aggression where sometimes an FG, sometimes an FC isolate was stronger, but genotype
resistance significantly affects the production of DON. In the most resistant genotypes of
wheat, toxin contamination remained low, while the same isolates produced very high
levels of toxin in susceptible wheat cultivars.

The significant effect of Avena spp. was showed after FC infection as well as after in-
fection with FG, where grains of 4. canariensis accumulated the highest level of DON
from all tested genotypes and low levels of DON were found in the grains of A. byzantina
and A. sterilis. A similar trend of DON accumulation in the grains of each Avena spp. after
infection with FC and FG may suggest that the resistance is common for both species, and
as well as in wheat, the resistance may be race-non-specific (Mesterhazy 2005). Our re-
sults correspond with the results published by Gagkaeva (2017) from an experiment in
which sixty-six accessions belonging to Avena spp. were infected by isolates of FC. From
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tested genotypes A. byzantine and A. sterilis, accumulated the smallest amount of DON.
In contrast to our findings, they found out resistance to one genotype of A. fatua and two
genotypes of A. sativa. On the other hand, they found out a relatively high susceptibility
of A. canariensis to the accumulation of DON which corresponds with our results. Three
accessions of 4. fatua and two accessions of 4. sterilis accumulated high DON content in
their experiment. After using spray and spray + PE bag/24 hrs methods from tested geno-
types A. ludoviciana showed to be middle resistant against DON accumulation, but after
applying the spray + PE bag/48 hrs method it showed to be as a high susceptible geno-
type. These cases occurred in wheat mainly in genotypes, which at lower infectious pres-
sure proved to be middle resistant genotypes, but at high infectious pressure as a high
susceptible. Genes that directly affect DON resistance have not yet been described in
Avena spp, but some wheat genes associated with DON resistance and DON response
have been discovered (Walter et al. 2008; Hofstad et al. 2016). Testing genotypes against
FC and FG showed that within Avena spp. it is possible to find highly efficient sources of
resistance against DON accumulation.

The spray methods used in the experiment showed that the length of humidity during
the initiation of the infestation process had a significant effect on the different production
potential of FC and FG. In the case of very favourable conditions for the development of
FHB, breakage of mild resistance can occur and the genotype becomes very sensitive to
the accumulation of DON as in the case of 4. ludoviciana. In our experiments, we have
found out that several genotypes of Avena spp. accumulated more DON in the grains after
artificial inoculation by FC than FG, especially when using PE bags. 4. byzantine and
A. sterilis showed good resistance to the accumulation of DON and these can be included
in the oat breeding process as a source of resistance to DON-producing Fusarium.
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