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ABSTRACT

Genetic variation at variable number tandem repeat (VNTR) markers was used to assess population
structure and diversity among 296 Fusarium graminearum isolates from northern Europe (Finland,
northwestern Russia, and Norway), southern Europe (southwestern and western Russia), and Asia
(Siberia and the Russian Far East). We identified at least two highly differentiated and geographi-
cally structured genetic populations (E1 and E2) in Eurasia (Opr = 0.35). Isolates from northern
Europe were almost exclusively from the E1 population (95.6%) and had the 3ADON (3-acetyldeox-
ynivalenol) trichothecene genotype (97.3%). In contrast, all isolates from southern Europe were
from the E2 population and 94.4% had the 15ADON (15-acetyldeoxynivalenol) genotype. The E2
population also predominated in the Asian sampling locations (92.7%) where 3ADON and 15ADON
genotypes occurred at nearly equal frequencies. Southern European isolates were more closely
related to those from Asia (Dpr = 0.06) than to geographically closer populations from northern
Europe (®Opr = 0.31). Northern European populations also harbored substantially less genetic
diversity (Ne < 2.1) than populations in southern Europe or Asia (Ne > 3.4), indicative of
a selective sweep or recent introduction and subsequent range expansion in northern Europe.
Bayesian analyses incorporating previously described genetic populations from North America
(NA1 and NA2) surprisingly identified NA2 and E2 as a single genetic population, consistent with
hypotheses of a recent Eurasian origin for NA2. Additionally, more than 10% of the isolates from
Asia and southern Europe were assigned to the NA1 population, indicating recent introductions of
NA1 into parts of Eurasia. Collectively, these results demonstrate that there are at least three
genetic populations of F. graminearum in the Northern Hemisphere and indicate that population-
level diversity in Eurasia and North America has been shaped by recent transcontinental
introductions.
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INTRODUCTION

humidity and warm temperatures during and after

Fusarium head blight (FHB) is an important disease of
small grain cereals that can cause severe quality and
yield losses and may lead to mycotoxicosis in humans
and animals worldwide (Goswami and Kistler 2004;
McMullen et al. 1997). This has led to the implementa-
tion of regulatory or advisory levels as well as routine
monitoring for several Fusarium mycotoxins, including
deoxynivalenol (DON), in cereal grains worldwide. FHB
was first described in Europe in England in 1884 (Parry
et al. 1995). By 1924, FHB was also found in Russia,
Sweden, France, Italy, Germany, the Netherlands, and
Norway. Currently, FHB is present in all European
agricultural countries, and the severity of FHB on
wheat, barley, and oats varies from year to year.
Combination of high precipitation and relative

anthesis favors FHB development in spring wheat and
oats (Hietaniemi et al. 2016; Hjelkrem et al. 2017).
Fusarium graminearum is the most common cause
of FHB and trichothecene contamination in wheat,
barley, and other small grain cereals in many parts of
the world (Goswami and Kistler 2004; McMullen et al.
1997), including much of Europe (van der Lee et al.
2015). According to Sundheim et al. (2013), the first
F. graminearum isolate in Norway was found from oat
in 1911, whereas in Finland the fungus was reported in
1932 (Rainio 1932). In Finland, “red mouldy oats”
(“punahomeinen kaura” in Finnish) infected by
Fusarium caused the first epidemic among farm ani-
mals in 1930-1931 (Hintikka 1983; Rainio 1932). In
the Russian Far East, FHB was first officially reported

CONTACT Tapani Yli-Mattila @) tymat@utu.fi

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/00275514.2023.2198927

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted

Manuscript in a repository by the author(s) or with their consent.

Published online 16 May 2023


http://orcid.org/0000-0002-0336-880X
https://doi.org/10.1080/00275514.2023.2198927
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00275514.2023.2198927&domain=pdf&date_stamp=2023-06-21

514 YLI-MATTILA ET AL.: F. GRAMINEARUM POPULATIONS IN EURASIA

in 1882, but poisoning of animals and local people due
to the disease “pink grain” occurred long before
that year (Gagkaeva et al. 2021; Naumov 1916). FHB
was a major disease of cereals in the Russian Far East
in the 19th century (Jaczewski 1904; Voronin 1890)
and continues to be a threat to cereal production in the
21st century (Gagkaeva et al. 2011; Yli-Mattila and
Gagkaeva 2010, 2016). The fungus Gibberella saubine-
tii Sacc. (= G. zeae, anamorph and present official
name F. graminearum) was identified as the principal
cause of FHB (Jaczewski 1904; Palchevsky 1891;
Voronin 1890) in the region.

F. graminearum and related species within the
Graminearum Clade (Laraba et al. 2021) typically pro-
duce type B trichothecene mycotoxins. Three type
B trichothecene chemotypes have been described
(Miller et al. 1991) among these species and are charac-
terized by production of primarily deoxynivalenol
(DON) or nivalenol (NIV) along with their biosynthetic
precursors: primarily DON and 3-acetyl-DON (3ADON
chemotype), primarily DON and 15-acetyl-DON
(I5ADON chemotype), and primarily NIV and 4,15-
diacetyl-NIV (NIV chemotype). Recently, strains of
F. graminearum have been identified with a novel che-
motype characterized by production of primarily 3a-
acetoxy-7a,15-dihydroxy-12,13-epoxytrichothec-9-ene,
a type A trichothecene (NX-2 chemotype) (Kelly et al.
2016; Liang et al. 2014; Varga et al. 2015). Although type
A trichothecenes are biosynthetic precursors of type
B trichothecenes, and type A trichothecene intermediates
and shunt metabolites may be detected in strains of the
three main F. graminearum chemotypes, production of
primarily a type A trichothecene among F. graminearum
is a unique feature of the NX-2 chemotype.

The genetic basis for trichothecene chemotype differ-
ences has been identified (Alexander et al. 2009; Lee et al.
2002; Varga et al. 2015), which enabled the development
of validated molecular markers for the rapid and accurate
inference of the major trichothecene chemotypes based
on genotypic differences (referred to here as trichothe-
cene genotyping). Trichothecene genotyping has been
widely utilized over the last two decades to understand
the diversity, evolution, and distribution of trichothecene
types worldwide (Del Ponte et al. 2022). It should be
noted that trichothecene genotyping assesses the genetic
potential of an isolate to produce a particular set of
trichothecenes, whereas trichothecene chemotypes are
the product of genetic potential and the environment.
As such, the specific profile of trichothecene metabolites,
intermediates, and shunt metabolites detectable by che-
mical analyses may differ to some extent based on growth
conditions (Crippin et al. 2020, 2019; Desjardins 2006;
Pasquali et al. 2011; Villafana et al. 2019).

Previous analyses demonstrated significant regional
differences in trichothecene genotype frequencies
among F. graminearum across Eurasia. The 3ADON
genotype of F. graminearum is most common in north-
ern Europe (including northwestern Russia, Norway,
Sweden, and Finland), whereas the I5ADON genotype
is most common in southern Russia and elsewhere in
southern and western Europe, and roughly equal fre-
quencies of these trichothecene types were observed in
the Russian Far East (Aaemot et al. 2015; Boutigny et al.
2014; Fredlund et al. 2013; Pasquali et al. 2016; Prodi
et al. 2011; Przemieniecki et al. 2014; Yli-Mattila et al.
2009a, 2011). The 3ADON genotype has been spreading
from Nordic countries to northwestern Russia, whereas
the I5ADON genotype has been spreading from south-
ern Europe to Denmark, Norway, and Lithuania
(Aaemot et al. 2015; Nielsen et al. 2011; Suproniene
et al. 2010; Yli-Mattila 2010; Yli-Mattila and Gagkaeva
2010), and the 3ADON genotype has become more
common in Russian Far East (Yli-Mattila and
Gagkaeva 2010).

Population-level analyses using neutral genetic mar-
kers have previously documented recent introductions
or shifts in F. graminearum populations and significant
differences in trichothecene genotype frequencies
between distinct genetic populations of this species in
other regions (Gale et al. 2007; Ward et al. 2008; Zhang
et al. 2012). The aim of the present work was to improve
understanding of Eurasian F. graminearum population
dynamics by evaluating population structure and
genetic diversity among isolates from sampling loca-
tions in Finland and northwestern Russia, southwestern
Russia, and the Russian Far East where differences in
trichothecene genotype prevalence have been documen-
ted (Yli-Mattila et al. 2009a). By utilizing VNTR mar-
kers (Suga et al. 2004) that have served as the basis for
several population investigations, we were also able to
make comparisons with previously characterized popu-
lations from Norway and North America (Aaemot et al.
2015; Kelly et al. 2015; Ward et al. 2008).

MATERIALS AND METHODS

Isolate collections.—In the current study, we aassessed
genetic variation and population structure among
190 F. graminearum isolates from Finland and Russia.
Among these isolates, 180 were selected from a collection
that was previously analyzed in a multilocus genotyping
assay for the determination of phylogenetic species and
trichothecene genotype (Yli-Mattila et al. 2009b). In addi-
tion, we included 10 isolates from western Russia near the
Ukrainian border. All 190 of these isolates were deposited
in the Agricultural Research Service (ARS) Culture



Collection (https://nrrl.ncaur.usda.gov/). To provide
a broader context for interpreting genetic variation
observed in Finland and Russia, the data collected in this
study were combined with previously published data from
F. graminearum collected in Norway (106 isolates), the
United States (109 isolates), and Canada (129 isolates)
(Aaemot et al. 2015; Bec et al. 2015; Gale et al. 2007;
Ward et al. 2008). Strain histories and genetic data for all
isolates are provided in SUPPLEMENTARY TABLE 1.
A map depicting the sampling locations across Eurasia
(FIG. 1) was constructed using RStudio GGmap package
(3.0.0; Kahle and Wickham 2013).

VNTR genotyping.—Genotypes from eight previously
published variable number tandem repeat (VNTR) mar-
kers (Suga et al. 2004) were collected for the 190 isolates
from Finland and Russia. VNTR loci included HK913,
HK1043, HK1073, HK967, HK977, HK1059, HK630, and
HK957. VNTR data from the current and previous studies
(Aaemot et al. 2015; Bec et al. 2015; Gale et al. 2007; Ward
et al. 2008) were collected on the same ABI3100 genetic
analyzer (Applied Biosystems, Waltham, MA, USA) and
were scored as described by Kelly et al. (2015) using iden-
tical allele-size bins in GeneMapper 3.7 (Thermo Fisher
Scientific, Waltham, Massachusetts, USA).
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Data analysis.—Bayesian analyses of population struc-
ture and population assignment based on VNTR geno-
type data were conducted using structure 2.3 (Pritchard
et al. 2000). All analyses were performed using 100 000
Markov chain Monte Carlo (MCMC) iterations following
a 10 000 iteration burn-in for each run and 1 to 5
simulated clusters (K). Ten replicate runs were per-
formed for each value of K, and Structure Harvester
(Earl and vonHoldt 2011) was used to select the value
of K that accounted for the major genetic structure in the
data based on the rate of change (AK) in likelihood values
between successive values of K (Evanno et al. 2005).
Clumpak (Kopelman et al. 2015) was used to compare
and visualize Structure results across runs. For individual
isolates, the coefficient of membership (g) in each of the
K clusters was estimated via Structure and used for
population assignment (g > 0.5). Fisher exact probability
tests were used to evaluate differences in genetic popula-
tion frequencies in relation to sampling location and to
evaluate differences in trichothecene genotype frequen-
cies among genetic populations.

We used an analysis of molecular variance (AMOVA)
procedure in GenAlEx 6.5 (Peakall and Smouse 2012) to
assess genetic differentiation based on ®pr, an analogue of
Fsr for haploid data, and to estimate the number of
migrants (Nm) exchanged between populations. The null
hypothesis of no genetic differentiation between pairs of
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Figure 1. Map showing the four major geographic sampling locations in Eurasia and their trichothecene genotype frequencies:
Norway (highlighted yellow), Finland and northwestern Russia (highlighted pink), southwestern Russia (highlighted blue), and Siberia

and the Russian Far East (highlighted green).
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populations was tested using 1000 random permutations
of the data. Following Bonferroni correction for multiple
tests, pairwise tests with P < .05 were considered statisti-
cally significant. We also used GenAlEx 6.5 to assess
population-level diversity by estimating the number of
effective alleles over loci (Ne), unbiased gene diversity
(H), and the number of private alleles (PAs) for geographic
and genetic populations. To identify and analyze shared
multilocus genotypes (MLGs), the original data set was
clone corrected, leaving only one individual per MLG
represented per population based on VNTR profile,
sampling year, chemotype, host, genetic population (El,
E2, NA1, NA2), and location (FIG. 4). MLG analysis was
done using the R package poppr (2.9.3; Kamvar et al. 2014).

RESULTS

Initial analyses were conducted to evaluate population
structure and genetic diversity among isolates from four
geographic populations in Eurasia. European sampling
locations included Finland and northwestern Russia (F
+NW), southwestern and western Russia (SW), and
Norway (NOR). Asian isolates from Siberia and the
Russian Far East (FE) constituted a fourth geographic
population, separated from the European populations by
approximately 8000 km (FIG. 1). Pairwise estimates of
population differentiation (®py) and the number of
migrants (Nm) between sampling locations (TABLE 1)
indicated that the F. graminearum population in NOR
was not significantly different from F+NW. However,
geographic populations from Norway and F+NW were
highly differentiated from those in the other regions that
were sampled (®py > 0.31). Differentiation between the
SW and FE populations was surprisingly low (®pr < 0.06)
but statistically significant. The F+NW and NOR popula-
tions harbored similar levels of genetic diversity, which
were substantially lower than was observed in the SW and
FE sampling regions (TABLE 1). 3ADON was the only
trichothecene genotype observed in F+NW (100%) and
was found at a similar frequency in NOR (96.2%). In

contrast, the 15ADON genotype was predominant in the
SW population (94.4%), and the FE population had
a balanced trichothecene genotype composition (TABLE
1). The NIV and NX genotypes were not observed.

Bayesian analyses were conducted to further assess
genetic structure within and between the four geo-
graphic populations sampled from Eurasia. Bayesian
clustering was conducted via simulations using the
admixture model and independent allele frequencies.
However, simulations with models based on correlated
allele frequencies, the no admixture model, and models
that incorporated information on sampling location
produced similar results. Although simulations with
K = 5 produced the highest likelihood probabilities,
simulations with K = 2 provided the greatest change in
likelihood values (AK = 835.4) and captured the major
genetic structure within the data (FIG. 2). Population
assignments based on coefficient of membership (q)
values derived from simulation with K = 2 resulted in
49.7% of isolates being assigned to Eurasian population
1 (E1) and 50.3% of isolates being assigned to Eurasian
population 2 (E2). The vast majority of isolates (97.0%)
were assigned to a population with high coefficient of
membership values (g 2 0.8), and only nine isolates had
intermediate values of g suggestive of admixture. Ten
replicate simulation runs with K = 2 produced nearly
identical results (similarity score = 0.998).

Significant differences (P < .001) in the prevalence of
genetic populations E1 and E2 were observed across the
locations sampled in Russia, Finland, and Norway
(TABLE 1 and FIG. 2). E1 consisted mostly of isolates
from northern Europe, i.e., all isolates from Finland and
northwestern Russia, as well as 94.3% of the isolates
from Norway. In contrast, E2 was mostly represented
by isolates from southern Europe and the Russian Far
East, including all isolates from western and southwes-
tern Russia as well as 92.7% of the isolates from the
Russian Far East. Simulations with higher values of
K (3-5) indicated some additional substructuring of
E2, differentiating E2 populations in southern Europe

Table 1. Genetic differentiation, trichothecene genotype composition, and genetic diversity for four groups of Eurasian isolates
defined by sampling location: Finland and northwestern Russia (F+NW), southwestern and western Russia (SW), the Russian Far East

(FE), and Norway (NOR).

Differentiation indices”

Diversity indices

Trichothecene genotype Population assignment

Location F+NW SW FE NOR Ne® H¢ 15ADON 3ADON E1 E2
F+NW — 0.88 1.00 15.56 1.6 0.24 0 40 40 0
SW 0.36 — 8.17 1.08 34 0.59 51 3 0 54
FE 033 0.06 — 112 35 0.66 50 46 7 89
NOR 0.03¢ 0.32 0.31 — 2.1 0.35 4 102 100 6

Pairwise estimates of population differentiation (@pr, below diagonal) and number of migrants (Nm, above diagonal).

®Number of effective alleles over loci.
Average gene diversity over loci.
Not significant at P < .05.
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Figure 2. Bayesian analyses of population structure and admixture based on VNTR data for a total of 296 isolates from Finland and
northwestern Russia (F+NW), western and southwestern Russia (SW), Siberia and the Russian Far East (FE), and Norway (NOR). Colored
bars indicate Bayesian estimates of ancestry (g) for each isolate in simulations with 2 to 5 genetic clusters (K).

(SW) and Asia (FE). In addition, simulations with K =5
suggested that two subpopulations may be present
across the sampling location in northern Europe (F
+NW and NOR). However, support for this additional
substructuring was limited, as K = 3 produced
a relatively modest improvement in likelihood scores
(AK = 114.2) and negligible improvements in likelihood
were observed with K=4 (AK=0.3) or K=5 (AK =2.7).

The geographic partitioning of genetic populations
inferred via Bayesian clustering analyses with K = 2 was
consistent with pairwise estimates of population differen-
tiation (®pr) among sampling locations in distinguishing
a predominantly northern European genetic population
from a second population that predominates in the wes-
tern, southwestern, and far eastern parts of Russia. Genetic
differentiation between E1 and E2 was high (®py = 0.35;
Nm = 0.93), and these two genetic populations harbored
different levels of genetic diversity (TABLE 2). Estimates of
gene diversity (H) and the effective number of alleles (Ne)
in E2 were approximately twice as high as those for El.
Genetic populations in Eurasia were also distinguished by

significant differences (P < .001) in trichothecene genotype
frequencies, as 98.6% of E1 isolates had the 3ADON geno-
type and 69.1% of E2 isolates had the 15ADON genotype
(TABLE 2).

We compared the genetic populations identified in
Russia, Finland, and Norway (E1 and E2) with those
previously reported in North America, which are
referred to as NAI and NA2 in Liang et al. (2014).
Genetic diversity among NA1 isolates was relatively
high and comparable to that observed for E2, whereas
NA2 exhibited reduced genetic diversity similar to that
of E1 (TABLE 2). Pairwise estimates of ®pt (TABLE 2)
were surprising in that genetic differentiation between
E2 and NA2 was relatively low (®pr = 0.11) in relation
to all other pairwise comparisons (Opr = 0.21) and was
much lower than for pairs of populations within North
America (®pr = 0.37) or Eurasia (®pt = 0.35).

Given this result, Bayesian clustering analyses were
conducted as described above to assess population struc-
ture and assignment in this larger data set without con-
sidering previously defined genetic population identity or

Table 2. Genetic differentiation, trichothecene genotype composition, and genetic diversity for four genetic populations from Eurasia

(ET and E2) and North America (NA1 and NA2).

Differentiation indices?

Diversity indices Trichothecene genotype

Population E1 E2 NA1 NA2 Ne® He 15ADON 3ADON
E1 — 0.93 0.80 0.45 1.9 0.30 2 145
E2 0.35 — 191 3.93 39 0.65 103 46
NA1 0.39 0.21 — 0.86 3.6 0.63 142 4
NA2 0.53 0.11 0.37 — 19 0.38 8 84

IPairwise estimates of population differentiation (@pr, below diagonal) and number of migrants (Nm, above diagonal).

®Number of effective alleles over loci.
“Average gene diversity over loci.
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geographic origin. A model with three genetic clusters
(K = 3) was identified as the optimal model in that it
produced the greatest rate of change in likelihood values
between successive values of K (AK = 682.6). Models with
more than three genetic clusters produced very small
improvements in likelihood (AK < 10.5). Population
assignments based on K = 3 clearly distinguished isolates
associated with E1 and NA1 but failed to differentiate the
E2 and NA2 populations, assigning 84.5% of E2 and 97.8%
of NA2 isolates to a common genetic cluster (FIG. 3).
Interestingly, 13.4% of E2 isolates were assigned to
a cluster dominated by NA1 isolates. Among all E2 isolates,
14.8% had intermediate g values (q < 0.8) suggestive of
admixture, and two of these isolates weren’t assigned to
any of the genetic clusters at g > 0.5.

Seventeen shared MLGs were identified based on the
clone corrected data set. Nearly half of the shared MLGs
(41.2%) connected the Norway and F+NW populations
(FIG. 4), which is consistent with the very close genetic
relationship between these northern European sampling
locations. MLG analyses further indicated that some geno-
types had a broad geographic and host distribution and
persisted over relatively long periods of time. For example,
MLGS5 was observed among wheat, oat, and barley isolates
collected between 1994 and 2007 from Norway and north-
western Russia. Three of the 17 shared MLGs were present
in both Europe and Asia. MLG4 was observed among iso-
lates from Norway (oat and wheat, 1998-2006), northwes-
tern Russia (wheat and barley, 2004-2005), and Ussuriysk in
the Russian Far East (oat, 2002-2006). MLG13 and MLG16
were shared between FE and SW populations. Interestingly,
MLGI17 was shared between Asian and North American
populations, having been isolated from wheat in the
Russian Far East, Canada, and the United States.

DISCUSSION

In the present study of allelic variation across eight
VNTR loci, we demonstrate that there are at least two

E1 E2

highly differentiated genetic populations (E1 and E2) of
F. graminearum in Europe. The level of genetic differ-
entiation between the E1 and E2 genetic populations
(®pr = 0.35) was similar to that observed for the NA1
and NA2 genetic populations in North America
(TABLE 1; Ward et al. 2008; Kelly et al. 2015).
Although some level of local population substructuring
consistent with that reported by Aaemot et al. (2015) in
Norway was detectable, accounting for this substructure
had a negligible impact on likelihood scores. Our results
indicate that genetic substructure within the sampled
geographic populations is minimal, as was previously
observed in a genome-wide analysis of F. graminearum
populations in Germany (Talas and McDonald 2015).
In our sampling from locations in Europe, E1 and E2
were geographically distinct and were characterized by
significant differences in trichothecene genotype fre-
quencies. In northern Europe, all isolates from Finland
and northwestern Russia, and all but six isolates (two
3ADON and four 15ADON isolates) from Norway,
belong to the E1 genetic population. All isolates of the
El population in northern Europe have the 3ADON
trichothecene genotype. In contrast, all isolates from
central and southwestern Russia belong to the E2
genetic population, and 94.4% of these isolates had the
15ADON trichothecene genotype. Trichothecene geno-
typing of more than 1100 F. graminearum isolates from
across 17 European countries previously demonstrated
the predominance of 3ADON in northern Europe and
15ADON in southern, central, and western Europe
(Pasquali et al. 2016). Differences in isoenzyme patterns
and the distribution of intergenic sequence (IGS) and -
tubulin alleles were also observed between representa-
tives of these two regional groups (Gagkaeva and Yli-
Mattila 2004). Results from analyses of population
structure in the present study are consistent with the
previously hypothesized regional differentiation of
northern and southern European populations
(Pasquali et al. 2016; Yli-Mattila et al. 2013). However,

NA2 NA1

NOR sSw FE

F+NW FE

NOR

USA and Canada

Figure 3. Bayesian analyses of population structure and admixture based on VNTR data for a total of 534 isolates from four previously
defined genetic populations (E1, E2, NA1, and NA2) from Finland and northwestern Russia (F+NW), western and southwestern Russia
(SW), Siberia and the Russian Far East (FE), Norway (NOR), and the USA and Canada. Bayesian estimates of ancestry (q) were
determined in simulations with 1 to 5 genetic clusters (K). Colored bars reflect individual g value assignments for each isolate derived
from a model with three genetic clusters (K = 3), which was identified as the optimal model in that it produced the greatest rate of
change in likelihood values between successive values of K.
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Figure 4. Graph showing shared multilocus genotypes inferred from a clone corrected data set consisting of one individual per MLG
represented per population based on VNTR profile, sampling year, chemotype, host, genetic population (E1, E2, NA1, NA2), and

location. Seventeen shared MLGs were identified on this basis.

analyses of neutral genetic variation from a much
broader set of sampling locations will be needed to
fully assess the distributions of E1 and E2 across south-
ern, central, and western Europe.

Analyses of Asian sampling locations in the
Russian Far East (FE) indicate that the E2 population
may be widespread in Eurasia. The E2 population
accounted for 92.8% of FE isolates, and only seven
representatives (five 3ADON and two 15ADON iso-
lates) of the E1 population were observed from these
Asian sampling locations. Unlike the E2 population
that we identified in Europe, the E2 population in
Asia displayed nearly equal frequencies of the
3ADON and 15ADON trichothecene genotypes,

indicating that trichothecene genotype is not always
a reliable proxy for genetic population identity. This is
to be expected given that trichothecene genotype
composition is likely impacted by selection in addi-
tion to the evolutionary and demographic histories of
populations (Kelly and Ward 2018; Ward et al. 2002).
F. graminearum is common in many parts of Asia,
including northern and northeastern China (van der
Lee et al. 2015; Zhang et al. 2012), and northern Japan
(Suga et al. 2008), which are relatively close to the
Russian Far East. The 1I5ADON genotype is predomi-
nant among F. graminearum from both areas, but the
3ADON genotype was found among 30% of
F. graminearum isolates from Japan (Suga et al.
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2008; Xu et al. 2021; Zhang et al. 2012) and was also
present in Harbin, China (Yli-Mattila et al. 2009b).
Analyses of diversity and population structure based
on neutral genetic variation would be useful in deter-
mining how these, and other, geographic populations
in Asia are connected to the E1 and E2 genetic popu-
lations described in the present study.

Comparisons between the Asian and European sam-
pling locations analyzed in the present study unexpect-
edly revealed that F. graminearum in southwestern
Russia (SW) have a much closer genetic relationship
(®pr = 0.06) to isolates from the Russian Far East (FE)
than to isolates from closer sampling locations in north-
ern Europe (®pr = 0.31). The observation of a high
number of shared MLGs in Norway and F+NW further
demonstrates a much closer genetic relationship and
high level of migration and gene flow within northern
Europe. However, the strong genetic differentiation and
low level of migration that we observed between south-
ern and northern European sampling locations is incon-
gruent with the propensity for high gene flow across
large geographic distances that has previously been
observed for F. graminearum (Miedaner et al. 2008)
and may indicate an ecological or other barrier is limit-
ing migration and subsequent genetic homogenization
of these populations.

Yli-Mattila et al. (2013) suggested that the
F. graminearum in northern Europe may be more
specialized to oats than are isolates from southern
Europe. Similarly, Pasquali et al. (2016) interpreted
their occurrence data as confirming oats as
a preferential host for isolates with the 3ADON
genotype in northern Europe while also noting the
limited maize production in northern Europe as
compared with other parts of the continent. These
hypotheses were recently supported by the results of
field experiments using a small number of 3ADON
isolates from Finland and 15ADON isolates from
southern Russia (Yli-Mattila et al. 2022). However,
the genetic population identities of those isolates
were not determined. Associations between different
hosts and FHB species, genetic populations, or tri-
chothecene genotypes have been widely reported
(Basler 2016; Boutigny et al. 2011; Carter et al.
2002; Del Ponte et al. 2022; Lee et al. 2010; Suga
et al. 2008; Zhang et al. 2012). However, the reasons
for such associations can be complex and are likely
to be multifactorial. Ultimately, understanding
population-specific differences in ecological or host
adaptations will require integrating information on
population structure with experimental analyses of
pathogen fitness in relation to different hosts and
environmental factors.

The lack of genetic exchange between our sampling
locations in northern Europe and southwestern Russia
may also be reflective of the demographic and evolutionary
history of the populations. The populations in southwes-
tern Russia and the Russian Far East have similar levels of
genetic diversity, a relatively low level of genetic differentia-
tion, and a small number of shared MLGs consistent with
expectations under an isolation by distance model.
However, the population in northern Europe is genetically
distinct and harbors substantially less genetic variation
than was found in the other sampling regions. This may
reflect a recent selective sweep of genetic variation in the
northern European population or a relatively recent intro-
duction and subsequent range expansion for this popula-
tion in northern Europe, as was reported for the NA2
population in North America (Gale et al. 2007; Ward
et al. 2008).

When Eurasian isolates were compared with North
American isolates via Bayesian analyses, it was interesting
that the NA2 population from North America could not be
distinguished from the E2 population that was predomi-
nant in the SW and FE regions of Russia (FIG. 3). Previous
analyses demonstrated that the NA2 population was rare
in North American collections prior to 2004 before rapidly
increasing in frequency within the Upper Midwest of the
United States and western Canada where it has largely
displaced the dominant NA1 genetic population (Kelly
et al. 2015; Ward et al. 2008). Gale et al. (2007) and
Ward et al. (2008) hypothesized that the NA2 population
in North America was attributable to a relatively recent
transcontinental introduction. The results of our analyses
are consistent with this hypothesis and further indicate
a potential Eurasian origin for NA2, although analyses of
global population structure and diversity within
F. graminearum will be needed to fully evaluate the poten-
tial NA2 source population. Although the NA1 population
is not closely related to the genetic populations in Eurasia,
a surprisingly large number of isolates (>10%) from SW
and FE Russia have NA1 genetic backgrounds, indicating
recent migration of NA1 isolates into parts of Eurasia.
Only one such isolate was observed from our sampling
locations in northern Europe. Taken together, our results
demonstrate that there are at least three genetic popula-
tions of F. graminearum in the Northern Hemisphere and
that population-level diversity in Eurasia and North
America has likely been shaped by recent transcontinental
migration.
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