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Abstract

The 3ADON chemotype of Fusarium graminearum predominates in northern Europe, whereas the 1SADON chemotype is
predominant in central and southern Europe. Therefore, it has been suggested that there are two F. graminearum populations
in Europe, which may have been specialized to different host plants. The aim of the present work was to test this hypothesis
by comparing southern European isolates (15ADON chemotype) from southern Russia and northern European isolates
(3BADON chemotype) from Finland in the infection of grains in wheat cultivar Wellamo and oat cultivar Venla. F. gramine-
arum biomass levels were measured by TagMan (2018) and SYBR Green (2019) gPCR, while DON levels were measured
by chromatographic methods. Most of the qPCR and DON results are supporting the hypothesis that in F. graminearum the
15ADON isolates from southern Russia are more specialized to wheat than the 3ADON isolates from Finland. In oat, there
were not as clear differences between the I5SADON and 3ADON isolates, but in 2018 higher F. graminearum DNA levels
and in 2019 higher DON and F. graminearum DNA levels were found in oat samples inoculated with 3ADON isolates. Our
results are in line with literature according to which F. graminearum DNA and DON levels are also highest in oat in northern
Europe, while in southern Europe they are highest in wheat and maize.
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Introduction

Fusarium head blight (FHB) was first described in England
in 1884 (Parry et al. 1995). By 1924, FHB was already found
in England, Russia, Sweden, France, Italy, Germany, Neth-
erlands, and Norway. According to Sundheim et al. (2013),
the first F. graminearum isolate in Norway was found from
oat in 1911, while in Finland the fungus was reported in
1932 (Rainio 1932).

Fusarium graminearum sensu stricto, together with
other closely related species of the F. graminearum species
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complex, is the most common cause of FHB in wheat,
barley, oat, and other small grain cereals in most parts of
the world (Goswami and Kistler 2004; Aoki et al. 2012).
The main species of F. graminearum species complex in
Europe is F. graminearum sensu stricto, which is also the
most important deoxynivalenol (DON) producer in Europe
(Pasquali et al. 2016; Yli-Mattila and Gagkaeva 2016). F.
graminearum infects oat, and the highest F. graminearum
DNA and DON levels in Finland have been found in oat
grains (Yli-Mattila et al. 2009, 2013, 2017).

In the Nordic countries, high levels of F. graminearum and
DON have been found mainly in oat grain, while in southern
Europe the highest levels have been found in wheat and maize
(Yli-Mattila et al. 2009; Yli-Mattila and Gagkaeva 2010;
Sundheim et al. 2013; Fredlund et al. 2013). There is a good
correlation between F. graminearum DNA and DON levels
in wheat, barley, oat, and maize (Sarlin et al. 2006; Fredlund
et al. 2008; Yli-Mattila et al. 2009; Nicolaisen et al. 2009).

Fusarium graminearum produces trichothecene mycotox-
ins DON, nivalenol (NIV) and their acetylated derivatives
3-acetyl-deoxynivalenol (3ADON), 15-acetyl-deoxynivalenol
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(15ADON), and 4-acetyl-nivalenol (fusarenon X). According
to the major trichothecene produced, strains and populations
of F. graminearum are assigned to chemotypes designated
3ADON, 15ADON, and NIV. An extensive overview of the
distribution of these chemotypes in Europe is available (Pasquali
et al. 2016). It must be mentioned, however, that the chemo-
types listed in this work were mostly determined mainly by
PCR tests, which are not always reliable as compared to the
chemotype determined by chemical analysis (Pasquali et al.
2011; Villafana et al. 2020). Also in the present work the chem-
otypes were determined by PCR tests.

In central and southern Europe, 15ADON chemotype
has been predominating, while the 3ADON chemotype has
been rarely found in Germany, England, Poland, Hungary,
Luxembourg, and Italy. NIV chemotype of F. gramine-
arum is rare or missing in most countries of Europe (Talas
et al. 2011; Pasquali et al. 2016), but in western Europe it
is frequently found (Waalwijk et al. 2003; Jennings et al.
2004). The southern European population of F. gramine-
arum has been spreading northward in Europe (Stepien et al.
2008; Nielsen et al. 2012) displacing the closely related F.
culmorum. The overview by Pasquali et al. (2016) summa-
rized these results.

It has been suggested that the two main populations of
F. graminearum in Europe possess distinct chemotypes (Yli-
Mattila 2010; Yli-Mattila and Gagkaeva 2010; Yli-Mattila et al.
2013). The northern European population possess the 3ADON
chemotype, as shown for F. graminearum populations in Fin-
land, Norway, Sweden, north-western Russia, Russian Far East,
northern Japan, and some parts of Canada (Ward et al. 2008;
Yli-Mattila and Gagkaeva 2010; Talas et al. 2011, Mert-Tiirk
and Gencer 2013). 3ADON isolates of F. graminearum and F.
culmorum inhibit the growth of wheat seedlings more strongly
and cause more necrotic lesions than 15SADON isolates (Yli-
Mattila and Gagkaeva 2010). This agrees with the higher DON
production of 3ADON isolates (Ward et al. 2002; Yli-Mattila
and Gagkaeva 2010; Talas et al. 2011). F. graminearum isolates
of the 3ADON chemotype from Norway grew faster than iso-
lates of 1SADON chemotype (Aamot et al. 2015). The northern
European population has recently been spreading from Finland
to northwestern Russia (Yli-Mattila and Gagkaeva 2010) or it
has been there already before World War II, when some parts of
northwestern Russia belonged to Finland and F. graminearum
was reported there (Rainio 1932).

According to Aamot et al. (2015), the I5ADON chem-
otype of F. graminearum was rare in Norway. In contrast
to southern European countries, Norwegian populations of
F. graminearum were dominated by 3ADON chemotype. In
Denmark, the 3ADON chemotype of F. culmorum was pre-
dominating in wheat in 1957-1960 and 1997-2000, while in
1965-1968 the 3ADON chemotype of F. graminearum was
predominating in wheat (Nielsen et al. 2011, 2012). After
2003, the ISADON chemotype of F. graminearum has been
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the most common chemotype in wheat in Denmark. In barley
the 3ADON chemotype of F. culmorum has been predomi-
nating all the time, but in 1965-1968 the 3ADON chemo-
type of F. graminearum was also found and after 2005, the
15ADON chemotype of F. graminearum was also found in
barley. Oat is the only cereal in which the 3ADON chemo-
type of F. graminearum remains dominant in Denmark,
although the 3ADON chemotype of F. culmorum and the
15ADON chemotype of F. graminearum are also present.

While the 3ADON chemotype of F. graminearum are
rarely found in wheat in southern Europe, oat grains in
northern Europe are infected with the 3ADON chemo-
type and only 3ADON chemotype has been found in oat
in Europe (Pasquali et al. 2016). It has therefore been sug-
gested that the two F. graminearum populations in Europe
may have specialized to different host plants (Yli-Mattila
et al. 2013).

The aim of the present work was to test this hypothesis by
comparing grain weight and the biomass of southern Rus-
sian 15ADON isolates and Finnish 3ADON isolates after
artificial infection of wheat and oat field plots for two years.
During the second year the effect of the artificial inoculation
on DON level as well as other Fusarium species and their
mycotoxins were also investigated.

Materials and methods
The experimental field for wheat and oat

The experimental field was located in the Southwest Finland
region (Marttila local place, 60.63050209 N, 22.98930788
E). In 2018-2019 years spring wheat cultivar Wellamo and
oat cultivar Venla were used (Table 1). In 2018 spring wheat
(400 kg ha=!, 1000 seed weight 36.5 g, germination % 53,
which makes about 580 germinating seeds m~2) and oat
(210 kg ha™!, 1000 seed weight 40.0 g, germination % 80,
which makes about 420 germinating seeds m~2) were sown
on May 10 and they got 81 kg nitrogen/ha. On June 23, weeds
were treated by MCPA (2-methyl-4-chlorophenoxyacetic acid,
500 g/ha; (FARM-MCPA, Lantminnen Agro, Helsinki, Fin-
land). In 2019 spring, wheat (240 kg/ha, 1000 seed weight
31.8 g, germination % 95, which makes about 716 germinat-
ing seeds m~2) and oat (215 kg ha™!, 1000 seed weight 36.5 g,
germination % 97, which makes about 570 germinating seeds
m~2) were sown on April 25 and fertilized with 81 kg/ha
nitrogen. Wheat seeds were coated with Celest Formula M
(200 m1/100 kg seeds) containing fludioxonil (25 g/1). On June
1, weeds were treated with MCPA (250 g/ha) and Basagran
SG (800 g/ha; Berner, Helsinki, Finland), containing 870/kg
Bentazon. The sowing machine was Tume KL 2500 H SC,
which is 2.5 m wide. The experimental field was surrounded
by a timothy field.
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Table 1 Rainfall (mm) in
Marttila and conditions for
the experiment with artificial
inoculation of wheat cv.
Wellamo and oat cv. Venta in
2018 and 2019

Date 2018 2019
Sowingon May 9: Sowing on April 25:
May, 21 irrigation 1300 1 water/200 m? -

Total (mm) in May
June, 1
Total (mm) in June
July, 3

0 (after sowing)
irrigation 600 1 water/200 m?
33

38 (after sowing)

22

artificial inoculation

July, 5

July, 6

Total (mm) in July
August, 14-15

August, 21-22

Total (mm) in August
Total amount of rain (mm)

artificial inoculation (wheat)
artificial inoculation (oat) -

47 49
harvesting

harvesting
23 53
103 162

Fusarium graminearum isolates

Nine F. graminearum strains of the northern European popu-
lation from south-western Finland and ten F. graminearum
strains of the southern European population from southern
Russia (Table 2) were used. All isolates were single-spore
isolates. All southern Russian isolates and seven Finn-
ish isolates were from wheat, while three Finnish isolates
were from oat. Species identification was confirmed by F.
graminearum-specific PCR primers TMFg12{/R and probe
TMFg12p (Yli-Mattila et al. 2008). Chemotyping with prim-
ers Tril3,f/Tril3,r and GzTri7,f1/GzTri7,r1 as described by
Yli-Mattila and Gagkaeva (2010) and with qPCR primers
3ADONf{/r and 15ADONf{/r (Nielsen et al. 2012) showed
that all northern European isolates belonged to 3ADON
chemotype and all southern European strains belonged to
15ADON chemotype. PCR reactions were carried out on a
CFX96 Real-Time System thermal cycler (BioRad, USA).

For the production of inoculum, the strains were cultivated
on potato dextrose agar (PDA; Scharlau Chemie S.A., Barce-
lona, Spain) and SNA minimal medium (Gerlach and Nirenberg
1982) on Petri dishes at 25 °C. Macroconidia formation was also
induced by white and UVA light (cycles of 12-h light/12-h dark-
ness) from fluorescence tubes as described by Yli-Mattila et al.
(2009). More conidia were obtained on SNA than PDA medium.
The Petri dishes of each isolate were washed with 25 ml of sterile
water and after that the conidia concentration was counted with
haemocytometer and the inoculum was diluted to final concentra-
tion. The strains are maintained in the collection of the Labora-
tory of Mycology and Phytopathology (All-Russian Institute of
Plant Protection, St. Petersburg, Russia).

Field experiment plots

Oat and wheat field plots (0.5 m? in 2018 and 1 m? in 2019)
were artificially inoculated with F. graminearum strains in

the middle of anthesis (Table 1,). Each plot was inoculated
by spraying with 100 ml of spore suspension and the sur-
rounding plots were protected by plates. The concentration
of conidia in 15ADON isolates was about 10° spores/ml for
each isolate in 2018. In 3ADON isolates, it was more dif-
ficult to obtain high amounts of conidia, especially on PDA
medium. That is why the concentration used for inocula-
tion with 3ADON isolates was about 5. x 10* spores/ml for
each isolate in 2018. In 2019, the concentration of conidia
was 1-1.5x 10*/ml for all isolates. The timetable of the

Table2 Finnish 3ADON and Russian 15ADON Fusarium gramine-
arum isolates used in field experiments. All Finnish strains were from
south-western (SW) Finland, while Russian strains were from Kras-
nodar and Stavropol regions in southern Russia

Ne  MFG strain  Origin Plant Year Chemotype
1 59064 SW Finland wheat 2017 3ADON
2 59065 SW Finland wheat 2017 3ADON
3 59066 SW Finland wheat 2017 3ADON
4 59067 SW Finland wheat 2017 3ADON
5 59068 SW Finland wheat 2017 3ADON
6 59069 SW Finland wheat 2017 3ADON
7 59111 SW Finland oat 2017 3ADON
8 59112 SW Finland oat 2017 3ADON
10 59114 SW Finland oat 2017 3ADON
11 58566 Krasnodar krai  wheat 2014 15ADON
12 59060 Krasnodar krai  wheat 2017 15ADON
13 58703 Krasnodar krai  wheat 2014 15ADON
14 58769 Stavropol krai ~ wheat 2015 15ADON
15 58772 Stavropol krai ~ wheat 2015 15ADON
16 58775 Stavropol krai ~ wheat 2014 15ADON
17 58777 Stavropol krai ~ wheat 2014 15ADON
18 58580 Krasnodar krai  wheat 2014 15ADON
19 58890 Krasnodar krai  wheat 2016 15ADON
20 58570 Krasnodar krai  wheat 2014 15ADON
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experiments and the amount of rain are shown in Table 1.
Every second plot was inoculated by a 3ADON (isolates
1-10) and a SADON (isolates 11-20) isolate and we had
three replicates per each isolate in all experiments. The
experimental designing was similar to that used by Gagkaeva
et al. (2013) instead of a completely randomized system,
which is more difficult to follow in field conditions.

The field containing seedlings was 2.5 m wide. So, at least
one side of each plot was not against another plot. The distance
between the plots was about 20 cm. In 2018, wheat ears and oat
panicles were harvested manually, and grains were separated
from the dried ears and panicles. In 2019, the Minibatt sample
harvester (Agricultural Supply Services, Gloucester, UK) was
used for harvesting grains. In both years, grains (100-200 g per
sample) were dried to the moisture of about 14% by ventilation
and temperature of about 25°C soon after harvesting to stop the
growth of F. graminearum.

DNA extraction for qPCR

In 2018 grain samples were ground by using a laboratory
falling number hammer mill with a 1 mm sieve as described
before (Yli-Mattila et al. 2017). DNA was extracted from
100 mg ground grain and from the standard F. graminearum
isolate Fg8 using the GenElute™ Plant Genomic DNA kit
(Sigma-Aldrich). Total DNA for TagMan qPCR was quanti-
fied by a Qubit fluorometer (Invitrogen, Carlsbad, USA), as
described by Yli-Mattila et al. (2011).

In 2019, ground grain samples from Turku were sent to
Goettingen, where they were finely ground in reciprocal ball
mill (M400, Retsch, Germany) with WC-sphears for 2 min
at full power to increase the efficiency of DNA extraction.
DNA was extracted and its quality tested as described by
Brandfass and Karlovsky (2006). For SYBR Green qPCR
quantified standard-DNA of F. graminearum and other
Fusarium species was mixed with DNA extracted from
uncontaminated wheat or oat flour to imitate matrix effects.
A dilution series from 400 fg to 100 pg of F. graminearum
DNA with three-fold dilution series and two replicates
was produced. The concentration of F. graminearum DNA
extracted from pure fungal cultures for SYBR Green qPCR
was determined by densitometry after agarose electropho-
resis, using DNA of bacteriophage Lambda as a standard.

Quantitative PCR

In 2018 TagMan qPCR was performed at the University of
Turku by using an iQTMS5 Real-time PCR detection system
(Bio-Rad) as described by Yli-Mattila et al. (2009, 2013).
The Finnish isolate Fg8 of F. graminearum was used as
standard in qPCR assays, as described by Yli-Mattila et al.
(2013, 2017). Two replicas of each standard and sample were
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used in each TagMan qPCR assay. F. graminearum DNA
was measured as fungal DNA per total DNA.

In 2019 SYBR Green qPCR for F. graminearum and
F. culmorum was performed at the University of Goettingen
by using a real-time PCR thermocycler CFX 384 (Biorad,
Riidigheim, Germany) as described by Brandfass and
Karlovsky (2008), SYBR Green qPCR assay for F. poae-
DNA was conducted as described by Alisaac et al. (2019)
and SYBR Green qPCR assay for F. proliferatum DNA as
described by Nutz et al. (2011). Two replicas of each stand-
ard were used in each SYBR Green assay. The amount of
fungal DNA per gram of dry flour was used as a measure
of fungal colonization.

Mycotoxin extraction and quantification with HPLC

Grain samples for mycotoxin extraction were ground at the
University of Turku by using the same laboratory falling num-
ber hammer mill with a 1 mm sieve, which was used for gPCR
samples as described before (Yli-Mattila et al. 2017). Myco-
toxins were extracted from 4 g flour into 40 mL acetonitrile/
water/acetic acid (84/15/1 (v/v/v). The mixture was vortexed,
shaken overnight, and centrifuged at 4750 rpm. One mL of
the supernatant was transferred to a 2-mL Eppendorf tube
and dried at 40 °C. Dried samples were resuspended in 1 mL
methanol/water (20/80 (v/v)) for HPLC analysis as described
by Beule et al. (2019). Quantification of mycotoxins was per-
formed on an Agilent 1290 Infinity II HPLC system linked
to an Agilent 6460 QQQ (Agilent Technologies, Waldbronn,
Germany). Details concerning limits of detection (LODs)
and limits of quantification (LOQs) are listed in (Table S1).
NIV, diacetoxyscirpenol (DAS), DON, 3ADON, 15ADON,
BEA and enniatin standards were from Merck (Darmstadt,
Germany), while fusaric acid HT-2 and T-2 standards were
from Enzo Life Sciences (Lorrach, Germany), fusarin X from
AppliChem (Darmstadt, Germany) and zearalenone (ZEA)
was from Romer Labs (Tulln, Austria). Recovery % varied
in wheat between 53 (enniatin B) to 117 (T-2 toxin), while in
oat recovery % were lower and varied between 10 (enniatin
A) and BEA (78).

Statistical analyses

Statistics was performed using the statistical graph pad prism
5. One-way analysis of variance (ANOVA) was analysed by
non-parametric Kruskal-Wallis test. Data are expressed as
mean + SE (standard error of the mean). Values of p <0.05
were considered to be significant. R? (coefficient of deter-
mination) and regression slope were calculated using the
SigmaPlot version 14.0 (SPSS Inc.). The original DNA and
DON concentrations were transformed to logarithmic values
lg[1 + (x)] to obtain normal distribution for these parameters.
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Results
Weather conditions

Experimental plots received more rainfall (162 mm) during the
growing season in 2019 as compared to that in 2018 (103 mm)
(Table 1). Especially the beginning of the growing season in 2018
was dry and the first rain (12 mm) after sowing came only on
June 19. The plots were irrigated twice after sowing to increase
the germination rate and support the growth of the seedlings. In
May and June 2018, young wheat and oat plants suffered from
visible drought symptoms and some parts of the experimental
field could not be used for artificial inoculation, because seeds did
not germinate at all: high temperatures in May further increased
the drought stress. In June, the temperatures dropped to normal,
but in July and August, the temperatures were much higher than
is common for the regions. Weather data of the growing seasons
2018 and 2019 from Jokioinen weather station, which is situated
30 km from Marttila, is shown in Fig. S1. In 2018 it was raining
during anthesis before artificial inoculation on July 3 22 mm
and on July 4™ 8 mm. In 2019 it was raining during anthesis
before artificial inoculation on July 1% 3 mm and after artificial
inoculation on July 5 26 mm.

Infection progress

No visual symptoms of infection were found in the ears
and panicles of the plants during the growing season. Also,
the one kernel weight did not show significant differences
between grains harvested from inoculated and un-inoculated
plots for both wheat and oat in 2018 and 2019, although
in wheat and oat controls the kernel weights in 2018 were
somewhat higher than in inoculated ones (Tables S2 and S3).

The wheat seeds used in the year 2018 were older and had
lower germination rate than those used in 2019. Therefore,
more wheat seeds were sown in 2018 (see Materials and
Methods). But even after irrigating, the germination rate
in 2018 was lower in many parts of the experimental field
than in 2019. Due to the low germination rate in 2018, we
could use only half of the area for experimental plots, which
resulted in smaller experimental plots (0.5 m?) in 2018 as
compared to 2019 (1 m?).

Fungal biomass in grains

In wheat cultivar Wellamo F. graminearum DNA levels were
significantly higher in the samples inoculated with 15ADON
isolates as compared to wheat samples inoculated with
3ADON isolates and controls in 2018 and 2019 (Fig. 1a, b).
Also in wheat samples inoculated with 3ADON isolates F.
graminearum DNA levels were significantly higher than in
controls in 2018 (Fig. 1a), but not in 2019 (Fig. 1b).

In oat cultivar Venla, F. graminearum DNA levels were
significantly higher in samples inoculated with 3ADON
isolates as compared to controls in 2018 and 2019, while
there were no significant differences between samples inocu-
lated with 15ADON isolates and controls (Figs. la, b). In
2019, there was also a significant difference between oat
samples inoculated with 3ADON and 15ADON isolates. No
F. graminearum DNA was detected in oat samples inocu-
lated with 15ADON isolates and in control samples in 2019
(Fig. 1b).

Fusarium culmorum DNA was only found in oat samples
and there were no significant differences between inoculated
samples and controls, although F. culmorum DNA levels
were lower in inoculated samples (Fig. S2a). Fusarium poae
DNA levels were higher in oat samples; while in wheat F.
poae DNA levels were significantly higher in inoculated
samples as compared to controls (Figure S2b). Fusarium
proliferatum DNA was not detected in any grain sample.

Mycotoxins

DON levels were clearly higher in controls and inoculated
samples in oat as compared to wheat (Fig. 2a). In oat DON
levels after inoculation with 3ADON isolates were more
than ten times higher as compared to wheat, while after
the inoculation with I5ADON isolates DON levels were
only about twice higher as compared to wheat. DON levels
were significantly higher in oat samples artificially inocu-
lated with 3ADON isolates as compared to controls, while
in wheat DON levels were significantly higher in samples
artificially inoculated with I5SADON isolates as compared
to controls. This was in both cases mainly due to a couple of
isolates producing high levels of DON either in oat or wheat.
3ADON was detected only from two samples containing the
highest levels of 3ADON isolate DNA. DON levels were
also higher in wheat samples inoculated with 15SADON iso-
lates as compared to those inoculated with 3ADON isolates
and in oat samples inoculated with 3ADON isolates as com-
pared to those inoculated with 15ADON isolates, but the
differences were not significant. The correlation between F.
graminearum DNA and DON levels in 2019 was higher in
oat (R>=0.54) than in wheat (R?=0.26).

Nivalenol, BEA and T-2 toxin were only found in
oat. The highest NIV level was higher (1.02 mg/kg) than the
highest DON level (0.81 mg/kg) in oat. Enniatins were found
both in wheat and oat and enniatin levels were significantly
higher in wheat samples, which were artificially inoculated
with 15ADON isolates as compared to controls (Fig. 2b).
There was only a slight corelation in oats between F. cul-
morum DNA and DON levels (R?=0.07) and F. poae DNA
and NIV levels (R?=0.01). Other mycotoxins are shown in
Table S1.
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Fig.1 a Fusarium graminearum
DNA levels (pg DNA/ng + SE
total DNA) in 2018 in wheat
and oat samples inoculated with
3ADON and 15ADON isolates
and controls by the TagMan
qPCR method. b Fusarium
graminearum DNA levels (pg
DNA/mg + SE flour) in wheat
and oats samples inoculated
with 3ADON and 15ADON
isolates and controls in 2019 by
the SYBR Green gPCR method.
Different letters above the
column are showing significant
differences (p <0.05) between
the means of the samples and
controls. Means with the same
letter do not differ significantly

Discussion

F. graminearum
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This is the first investigation, in which the effect of artificial
inoculation of different chemotypes of F. graminearum has
been investigated in oat. Fusarium graminearum DNA and

Fig.2 DON (a) and enniatin (b)
levels (mg/kg + SE) in wheat
and oats samples inoculated
with 3ADON and 15ADON
isolates and controls in 2019.
Different letters above the
column are showing significant
differences (p <0.05) between
the means of the samples and
controls. Means with the same
letter do not differ significantly
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In artificially contaminated grain samples, F. gramine-
arum DNA levels were significantly higher in wheat plots
inoculated with 15ADON isolates in both years, while in oat
F. graminearum DNA levels were significantly higher in oat
samples inoculated with 3ADON isolates only in 2019. But
also in 2018 the difference between oat samples inoculated
with 3ADON isolates and controls was evident, although the
difference between oat samples inoculated with I5ADON
isolates and controls was not significant.

No F. graminearum DNA could be detected in oat sam-
ples inoculated with 15ADON isolates and controls in
2019. This may be due differences in DNA extraction dur-
ing the two years and to the fact that in 2018 the results
were counted per total DNA and in 2019 per dry weight.
Other reasons for these differences might be random varia-
tion within the grain samples due to uneven distribution of
infected grains or problems in homogenization of ground
samples as has been shown by (Yli-Mattila et al. 2017).

DNA levels of F. culmorum and F. poae were clearly
higher in oat samples than in wheat plots. Both of them were
also present in controls of oat plots due to natural contami-
nation. This is in accordance with previous qPCR results
in Finland (Yli-Mattila et al. 2009). Fusarium culmorum is
able to produce DON, but there was no correlation between
F. culmorum DNA and DON levels. Fusarium poae DNA
levels were also significantly higher in artificially inoculated
wheat samples. Fusarium proliferatum, which is able to pro-
duce fumonisin, was not detected in grains, but Gagkaeva
and Yli-Mattila (2020) found another fumonisin producer
F. verticillioides in winter wheat straw in Finland in July
2019. The most common Fusarium species in spring wheat
and oat in Finland is usually F. avenaceum (Yli-Mattila et al.
2009), which produces enniatins. There is usually a strong
correlation between F. avenaceum DNA and enniatin levels
(Yli-Mattila et al. 2009. In the present work, enniatin levels
were even slightly favoured by F. graminearum infection
caused by 15ADON isolates in wheat.

Fusarium poae is also producing enniatins and it is the main
producer of NIV in Finland (Jestoi et al.2008), but there was
only a slight correlation between F. poae DNA and NIV levels
in oat and no correlation between F. poae DNA and enniatin
levels in the present work. NIV was only detected in oat and F.
poae DNA levels were also higher in oat than in wheat.

The differences of the present work in wheat and oat
in DON production as compared to controls and in F.
graminearum DNA levels between European 3DON and
15ADON isolates are similar to those found by von der Ohe
et al. (2010) and Gilbert et al. (2010) in DON production
between the two chemotypes in wheat, although American
3ADON isolates are more effective DON producers than
15ADON isolates in wheat. So, North American 3ADON
and 15ADON populations probably differ from Euro-
pean 3ADON and 15ADON populations. According to

preliminary variable number tandem repeat analysis results
(Yli-Mattila et al. 2018, 2019, T. Yli-Mattila, manuscript in
preparation), the southern Russian 15ADON population is
more closely related to Russian Far East ISADON/3ADON
and North American 3ADON population than to northern
European 3ADON population or North American 15ADON
population. Also the lack of significant differences in kernel
weights between the plots inoculated with different chemo-
types in wheat and oat are in agreement with the lack of
significant differences in FHB indices and aggressiveness
between the 3ADON and 15ADON chemotypes in wheat in
these previous works. The clearly higher DON production
of Finnish and north-western Russian 3ADON isolates as
compared to southern Russian 15ADON isolates on potato
sucrose agar medium (Yli-Mattila and Gagkaeva 2010)
shows that European 3ADON isolates of F. graminearum
have potential to produce more DON than 15ADON iso-
lates on certain growth media. Further work is needed to
confirm, if the differences in DON production between the
European chemotypes are also significant in oat and how
well the Finnish/north-western Russian and southern Rus-
sian F. graminearum isolates of the present work represent
northern and southern European populations.

The results of the present work are similar to those found
between closely related Microdochium nivale var. nivale and
Microdochium nivale var. majus isolates by Diamond and
Cooke (1997) and Simpson et al. (2000). Diamond and Cooke
(1997) could not find a clear host specialisation by using
detached leaf method, but Simpson et al. (2000) could find
that M. nivale var. nivale isolates were more pathogenic to
rye, while M. nivale var. majus isolates were more patho-
genic to wheat and oat by using qPCR.

The increase of DON levels in oat samples inoculated
with 3ADON isolates and in wheat samples inoculated
with ISADON isolates was mainly due to two of isolates
producing high levels of DON either in oat (3ADON iso-
lates) or wheat (15SADON isolates). High NIV levels were
also measured in oat. 3ADON was detected only in two
samples containing the highest levels of 3ADON isolate
DNA and DON. Trace amounts of beauvericin (BEA) and
T-2 toxin were only found in oat.

Thus, most of the results are supporting the hypothesis
that in F. graminearum the 15SADON isolates from south-
ern Russian population are more specialized to wheat,
while many results also indicate that 3ADON isolates from
Finland are more specialized to oat. This may be due to the
fact that oat has been the most important crop in northern
Europe, while wheat has been more important in south-
ern Europe. F. graminearum DNA and DON levels are
also highest in oat in northern Europe, while in southern
Europe they are highest in wheat and maize (Pasquali et al.
2016). The flowering and harvesting conditions are also
important for DON production. In Finland F. graminearum
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DNA and DON levels are higher in spring wheat than in
winter wheat, while in southern Europe F. graminearum
DNA, DON levels are higher in winter wheat and spring
wheat is less important than in Finland.

In Canada, the genome of one Canadian 3ADON iso-
late has been compared to one Canadian 15ADON isolate
(Walkowiak et al. 2015). They found about 150,000 dif-
ferent SNPs in these two isolates representing Canadian
3ADON and 15ADON population. According to Laurent
et al. (2017) ca. 150,000 SNPs seem to be a typical varia-
tion between genomes of distal isolates belonging to differ-
ent populations. Northern European 3ADON and southern
European 15ADON populations are, however, probably dif-
ferent from North American 3ADON and 15ADON popula-
tions of F. graminearum. It may be that these F. gramine-
arum populations originate from different ancestral hosts of
wild grasses (Kelly and Ward 2018).

In future, it should be investigated if the differences found
between Finnish 3ADON isolates and southern Russian
15ADON isolates in spring wheat cultivar Wellamo and oat
cultivar Venla are present also in other wheat and oat culti-
vars after artificial inoculation with other northern European
3ADON and southern European 15ADON isolates from dif-
ferent parts of northern and Southern Europe. Point inocula-
tion (Hautsalo 2020) might be more effective in comparing
the isolates than the inoculation by spraying, which was used
in the present work. In addition, it should be studied, which
genes are associated with host specificity in 3ADON and
15ADON isolates in the early biotrophic infection phase in
wheat and oat. Sperschneider et al. (2015) found such genes
in wheat and according to them three cell wall degrading
enzymes are involved in host adaptation.
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