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Abstract

The cereal pathogen Fusarium graminearum is the primary cause of Fusarium head blight
(FHB) and a significant threat to food safety and crop production. To elucidate population
structure and identify genomic targets of selection within major FHB pathogen populations
in North America we sequenced the genomes of 60 diverse F. graminearum isolates. We
also assembled the first pan-genome for F. graminearum to clarify population-level differ-
ences in gene content potentially contributing to pathogen diversity. Bayesian and phyloge-
nomic analyses revealed genetic structure associated with isolates that produce the novel
NX-2 mycotoxin, suggesting a North American population that has remained genetically dis-
tinct from other endemic and introduced cereal-infecting populations. Genome scans uncov-
ered distinct signatures of selection within populations, focused in high diversity, frequently
recombining regions. These patterns suggested selection for genomic divergence at the
trichothecene toxin gene cluster and thirteen additional regions containing genes potentially
involved in pathogen specialization. Gene content differences further distinguished popula-
tions, in that 121 genes showed population-specific patterns of conservation. Genes that dif-
ferentiated populations had predicted functions related to pathogenesis, secondary
metabolism and antagonistic interactions, though a subset had unique roles in temperature
and light sensitivity. Our results indicated that F. graminearum populations are distinguished
by dozens of genes with signatures of selection and an array of dispensable accessory
genes, suggesting that FHB pathogen populations may be equipped with different traits to
exploit the agroecosystem. These findings provide insights into the evolutionary processes
and genomic features contributing to population divergence in plant pathogens, and high-
light candidate genes for future functional studies of pathogen specialization across evolu-
tionarily and ecologically diverse fungi.

Introduction

Fusarium graminearum is the primary cause of Fusarium head blight (FHB), a devastating dis-
ease affecting wheat, barley and other cereal crops worldwide [1,2]. During host infection, the
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fungus destroys grain and produces toxic metabolites, like deoxynivalenol, that contaminate
cereals and damage the immune, gastrointestinal and reproductive systems of humans and
animals [1,3]. Repeated FHB outbreaks in major cereal-producing regions around the world
have resulted in substantial reductions in cereal yield, quality and value, and billions of dollars
in economic losses [4,5].

In North America FHB has re-emerged in recent decades, with outbreaks occurring regu-
larly across major cereal growing regions [2,6,7]. North America has historically been domi-
nated by a single, genetically diverse population of FHB pathogens (referred to as NA1) that
typically produce the 15-acetyl-deoxynivalenol (15ADON) trichothecene toxin analog [8].
However, a highly virulent, introduced population of F. graminearum (referred to as NA2)
that typically produce 3-acetyl-deoxynivalenol (3ADON) has rapidly increased in frequency in
some regions compared to the endemic population [9-12]. Although the geographic origin of
NA2 remains uncertain, this population exhibits reduced diversity consistent with a clonal
expansion following a bottleneck, which likely occurred after founder isolates were transconti-
nentally introduced [11]. Trichothecenes are known virulence factors in wheat [13], and che-
motype differences may therefore be contributing to the invasion of NA2/3ADON isolates in
some regions. However, NA2 isolates can also deposit more toxin in grain, grow faster and
spread more quickly than NA1 isolates on certain lines of wheat [11,12,14,15], indicating that
other fitness traits may be involved in pathogen adaptive shifts. Changes in FHB pathogen
composition therefore warrants concern about food safety and the sustainability of FHB-resis-
tant crops and fungicides.

Additional diversity in the F. graminearum gene pool was recently discovered in the Mid-
western US, where a novel group of isolates that have the 3ADON haplotype at the trichothe-
cene biosynthetic gene cluster (TRI-cluster), but produce a distinct trichothecene analog, 3o.-
acetoxy, 70,15-dihydroxy-12,13-epoxytrichothec-9-ene (NX-2) were found to cause FHB on
wheat [16-18]. The evolution of NX-2 in F. graminearum likely reflects a change in selective
constraint on Tril, a trichothecene-modifying P450 enzyme located on chromosome 1, out-
side of the TRI-cluster [16]. Recent inquiries into the demographic history of NX-2 F. grami-
nearum were unable to resolve their relationship with NA1 and NA2; genotypes based on
tandem repeat markers suggested these isolates share the NA1 genetic background [19],
whereas restriction site polymorphisms indicated shared ancestry with NA2 [20]. However,
both of these previous studies failed to reject the hypothesis that the NX-2 chemotype may be
associated with a distinct population.

The significant changes in FHB pathogen diversity in North America have resulted in
geographic clines in chemotype frequency [11] and region-specific biases in FHB population
composition; NA2 is dominant in parts of the Midwestern US and western and Maritime
provinces of Canada, NA1 is dominant in eastern Canadian provinces of Québec and Ontario
[19], and NX-2 F. graminearum are exclusively found in the northern US and southern Canada
[16,21]. The geographic distribution and population dynamics of these pathogens suggest that
FHB populations inhabiting North America have been influenced by a complex selective land-
scape [19], and may be differentially adapted across their continental range. Currently, how-
ever, we know very little about the genetic variation in F. graminearum populations that could
be contributing to phenotypic divergence in FHB pathogens.

Genome comparisons of two F. graminearum isolates highlighted genomic regions with
high evolutionary potential [22], and strain-specific genes that may influence virulence [23].
However, genomic diversity across the broad spectrum of FHB pathogens in North America
has never been evaluated. Therefore, to identify candidate genes for functional studies of FHB
pathogen diversity, we sequenced the genomes of 60 F. graminearum comprising NA1, NA2
and NX-2 isolates sampled across North America, and 11 genomes representing four related
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Fusarium outgroup species (S1 Table). We performed phylogenomic and Bayesian analyses to
gain a genome-wide perspective on the population identity of NX-2 isolates and clarify their
genetic relationships with endemic NA1 and introduced NA2 pathogens. Then, we scanned
the genome for signatures of population divergence, by searching for localized reductions in
nucleotide diversity and pronounced inter-population differentiation that occurs around
alleles targeted by selection [24,25]. In addition, we assembled the first F. graminearum pan-
genome to identify gene sets that distinguished populations and may therefore contribute to
phenotypic variation in FHB pathogens. Biological functions of the candidate selected genes
and gene sets that differentiated populations were then investigated to make inferences about
fungal divergence, pathogen population dynamics and future prospects for crop disease
management.

Results
Population genomic structure

We generated whole-genome sequences for 60 isolates of F. graminearum, 10 isolates from
three related species in the Fusarium graminearum species complex (FGSC), F. gerlachii (N =
3), F. louisianense (N = 2), and F. boothii (N = 5), and an isolate of F. pseudograminearum, a
member of the Fusarium sambucinum species complex that is an outgroup to the FGSC [26].
On average, genome re-sequencing of the F. graminearum isolates resulted in 50X coverage
across 99% of the PH-1 reference genome. The AT rich (>90% AT) regions near the centro-
meres and ends of chromosomes [27] were generally not well resolved due to repetitive DNA
content, and were therefore excluded from further analyses. A total of 505,748 quality-filtered,
nuclear SNPs identified across the 60 isolates of F. graminearum were retained for population
genomic analyses, which comprised a subset of the 1,083,417 SNPs identified across all isolates
and species in the FGSC. The genomic distribution of SNPs within F. graminearum varied
extensively, consistent with previous reports demonstrating that regions near subtelomeres
and central portions of chromosomes 1, 2 and 4, corresponding to putative ancestral chromo-
some fusion sites, had the highest density of polymorphic sites [22,23,28].

Preliminary Bayesian clustering analyses indicated that sampling SNPs at 5 kb intervals
across the genome provided sufficient resolution to assess population structure and admixture,
while significantly reducing the computational load and minimizing the influence of linkage.
Analyses of this reduced dataset comprising 6,852 variant sites provided strong evidence for
three distinct populations, which was in agreement with evolutionary relationships depicted
by a reticulating phylogenetic network of F. graminearum that accounted for intraspecific
recombination (Fig 1A). Across three replicate Bayesian clustering analyses, likelihood and AK
values were maximized for models with K = 3. Population structure inferred from the optimal
model indicated that endemic NA1/15ADON and introduced NA2/3ADON F. graminearum
belonged to two separate populations, based on g-value estimates of each isolate’s ancestry in
each population (average gna; = 1.0, average gna» = 0.99). However, a single 3ADON isolate
(F328) and the majority (60%) of NX-2 F. graminearum were assigned to a third genetic popu-
lation, hereafter referred to as NA3 (average gnas = 1.0). The remaining eight NX-2 isolates
had admixed genomes, in that they shared the majority of their ancestry with the NA1 popula-
tion (average gna; = 0.85), but were assigned with significantly lower probability compared
to other isolates (P < 0.001) and also shared a proportion of ancestry with the NA2 (average
qnaz = 0.13) and NA3 (average gnas = 0.02) populations.

The maximum likelihood phylogeny inferred from all 1,083,417 SNPs identified in isolates
of F. graminearum and FGSC species was consistent with Bayesian clustering analyses and
phylogenetic networks of F. graminearum, in that the three genetic populations comprised

PLOS ONE | https://doi.org/10.1371/journal.pone.0194616 March 27,2018 3/32


https://doi.org/10.1371/journal.pone.0194616

@' PLOS | ONE

Population genomics of the head blight pathogen Fusarium graminearum

47571 52922512
A Fasg CFR | P9 7200
. e 5800 NA1
F33 F331 oo
————10.01 | 57,532005 F333
37509 F336
52129
47605. \\
=
44070 45156 >
44078 N
45373
66041
66049
| 53173
53184
admixed Fass
37401
%
429
5%%225
g 52
F328 i 1395,‘?"
" ' NA2
P z
6“”‘0'), >
66%@‘&?’ -
(AN
oS
N} ~
T
NA3 &g e
[
]
- — <—
F. graminearum x
o
NX-2
=z
>
w
B. o

o 38380
F. gerlachii lj 36905

36405 F. louisianense — 54196
L—54197
F522
F562
F. boothii F535
F537
—F501

0.09
Fig 1. Evolutionary history and population structure of North American F. graminearum. A phylogenetic network (A) and maximum likelihood phylogeny (B) was

inferred from SNPs identified by reference-based mapping of whole genome sequences to the PH-1 F. graminearum genome (Ensembl, version RR). Taxa comprised 20
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NA1/15ADON isolates, 20 NA2/3ADON isolates, 20 NX-2 isolates, and for the maximum likelihood analyses, representatives from three FGSC species were included: F.
boothii (N = 5), F. gerlachii (N = 3) and F. louisianense (N = 2). Different colors indicate clustering assignment of each isolate in the three populations inferred from
Bayesian analyses: NA2 = red, NA1 = blue and NA3 = green. A. SplitsTree4 [98] was used to construct a network wherein F. graminearum isolates are represented by
terminal nodes, and relationships are depicted as branches with parallel edges indicating reticulate events (i.e. recombination, gene transfer). B. In the maximum
likelihood phylogeny, all bootstrap values were 100%, except those indicated at branch nodes. The tree was rooted with F. boothii and drawn to scale, with branch lengths
measured in the number of substitutions per site. Colored bars indicate Bayesian estimates of ancestry (q) for each isolate in the three populations.

https://doi.org/10.1371/journal.pone.0194616.9001

strongly supported (100% of bootstraps) clades (Fig 1B). The phylogeny indicated that the
NA3 clade split from the common ancestor of the NA1 and NA2 populations following diver-
gence of F. graminearum from F. gerlachii and F. louisianense, two sister species found in the
Us.

Collectively, Bayesian and phylogenomic analyses indicated that eight isolates with the NX-
2 toxin type clustered with NA1/15ADON isolates. Recombination events between admixed
NX-2 F. graminearum and NA1, NA2 and NA3 F. graminearum were evident in the phyloge-
netic network as well (Fig 1A). Moreover, in the maximum likelihood phylogeny (Fig 1B),
admixed isolates occupied a basal position within a clade that included all of the NA1/15A
DON isolates, consistent with expectations for isolates with a recombinant background. A sep-
arate maximum likelihood phylogeny of TRI1, the gene responsible for differences between
NX-2 and 3ADON or 15ADON toxin types, confirmed that the gene sequences encoding the
NX-2 trichothecene toxin had a single evolutionary origin and did not arise separately in
admixed and NA3 isolates (S1 Fig), consistent with previous studies [16]. Further, genome-
wide averages of sliding-window Fgr values indicated significantly higher levels of gene flow
between admixed isolates and NA1 isolates (average Fs7 = 0.16, P < 0.001), and to a lesser
extent, between admixed isolates and NA2 isolates (average Fgy = 0.43, P < 0.001) compared
to all other population pairs. As such, the NX-2 F. graminearum associated with the NA1 pop-
ulation appear to have genomes that reflect a history of recombination between populations.
Therefore, to limit the confounding effects of gene flow, these admixed NX-2 isolates were
excluded from further population-based analyses, but were examined separately where
appropriate.

Genome-wide diversity of F. graminearum populations

Genomic scans of diversity performed in non-overlapping, 10 kb sliding windows revealed dis-
tinct patterns of DNA variation within NA1, NA2 and NA3. Average nucleotide diversity ()
and polymorphism (6) indicated reduced genetic variation in NA2, and a relatively low num-
ber of nucleotide differences between isolates (Table 1). Furthermore, Tajima’s D values,
which describe the spectrum of allele frequencies in each population, were significantly higher
and the variance of D values was significantly larger (Bartlett’s test P < 0.001) in NA2 than in
the other two populations. These genetic patterns are consistent with a recent bottleneck in

Table 1. Average genomic diversity within F. graminearum populations.

Population o' I Tajima’s D
NA1 0.0012° 0.0013° 0.14°
NA2 0.0006° 0.0006° 0.15°
NA3 0.001° 0.001° -0.34°

! nucleotide polymorphism per site based on the number of segregating sites.
# The genomic distributions of each sliding-window summary statistic were compared across populations using

nonparametric tests. Different letters indicate significant (P < 0.001) differences in the population distributions.

https://doi.org/10.1371/journal.pone.0194616.t001
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NA2. In contrast, the endemic NA1 population was the most diverse, and isolates were geneti-
cally heterogeneous as indicated by the relatively large number of pairwise nucleotide differ-
ences (Table 1), and the positive average Tajima’s D [29]. NA3 showed slightly lower levels of
diversity than NA1, but values of Tajima’s D were relatively low and negatively biased, which
could indicate a recent population expansion [30]. The demographic histories inferred from
the observed allele frequency spectrums of the three populations were consistent with the evo-
lutionary history of North American F. graminearum reported previously [11,16,19,20], how-
ever, average Tajima’s D values suggested deviations from neutral expectations, and should
thus be interpreted with caution.

Signatures of selection highlight genomic regions involved in population
divergence

After characterizing genome-wide patterns of diversity within populations, we utilized com-
bined signals from several sliding-window statistics to pinpoint genomic regions contributing
to divergence in the three populations. We identified 14 regions with genetic signatures of
selection (i.e., outliers, Table 2, Fig 2). These regions exhibited significant interpopulation
divergence (P < 0.001 for D,,, Fsrand Tajima’s D between population pairs) and reduced
diversity (P < 0.001 for m) within one or more populations as compared to a null distribution
of values generated through random permutation. Patterns of genetic variation in the vicinity
of these regions indicated that ten of the 14 outliers had signatures of selection that localized to
a single 10 kb window, while the other four had signatures that extended across consecutive 10
kb windows, with three outliers spanning 20 kb and one spanning 30 kb (Table 2). All but one
of the outliers (09, chromosome 2) were clustered in the subtelomeric and interstitial portions
of chromosomes (Fig 2), within known polymorphic islands [22,28].

For six outliers evidence of selection was limited to haplotypes from a single population,
i.e., only one of the three populations exhibited reductions in diversity and high divergence
from the other two populations (Table 2, Fig 3A), suggesting that a single selective sweep had
targeted one population. In contrast, at the remaining eight regions multiple, population-spe-
cific outlier haplotypes were observed, such that two or more populations exhibited reductions
in diversity and high divergence from the other populations (Fig 3B), suggesting that soft
sweeps had resulted in the fixation of multiple, divergent alleles in populations, or that the
same genomic regions had experienced recurrent selective events. At all of these regions,
sequences within the outlier population(s) were highly similar, but had an extremely large
number of fixed differences compared to sequences in the other populations (D,, P < 0.001).
Although outliers tended to reside in genomic regions that generally exhibited frequent
recombination and are known to harbor recombination hot-spots [22,38], in most cases, there
was a notable reduction in the number of cross-over events within 10 kb outlier windows of
the affected population(s) as compared to the flanking regions (Fig 2).

Admixed isolates had sequences that were 98-100% identical to sequences of NA1, NA2 or
NA3 isolates at all outlier regions. Further, for nine of the 14 outliers, sequences in at least
some of the F. graminearum isolates (Table 2) were found in related FGSC species as well. Phy-
logenies of genes residing within outlier regions were discordant with the genome-wide phy-
logeny based on SNPs (Fig 1B), in that trees constraining F. graminearum isolates to a
monophyletic clade were significantly (P < 0.001) worse than maximum likelihood inferred
phylogenies, with a single exception (FGRRES_02171). The majority of outliers (11 of 14) con-
tained at least one gene that showed trans-specific patterns of inheritance, in that alleles from
one F. graminearum population were more closely related to the alleles in other FGSC species
than to the alleles in different F. graminearum populations (S2 Fig). For example, NA1 and F.
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Table 2. Genomic regions showing genetic signatures of selection in F. graminearum populations.

Outlier
region'

ol

02

03

o4
05

06

o7
08
09

ol0

oll

ol2

ol3

ol4

Significant window

(chromosome: coordinates)

1:7,080,001-7,090,000

1:10,880,001-10,890,000

1:11,280,001-11,290,000

1:11,290,001-11,300,000

1:11,300,001-11,310,000

1:11,500,001-11,510,000

2:180,001-190,000

2:190,001-200,000

2:200,001-210,000

2:810,001-820,000

2:2,890,001-2,900,000

2:5,390,001-5,400,000
2:5,400,001-5,410,000

2:5,410,001-5,420,000
2:8,520,001-8,530,000

2:8,530,001-8,540,000

2:8,570,001-8,580,000

4:4,060,001-4,070,000

4:7,360,001-7,370,000

Genes (InterPro domains)>

FGRRES_15944 (Zinc finger transcription factor), FGRRES_02168
(aminotransferase), FGRRES_02169 (peptidase), FGRRES_02170 (glycoside
hydrolase/ chitinase), FGRRES_02171 (glutathione-dependent formaldehyde-
activating enzyme), FGRRES_02172 (o, hydrolase fold)

FGRRES_17361 (Major facilitator superfamily), FGRRES_10437, FGRRES_17362
(pleckstrin, CDC24 calponin), FGRRES_13758 (Ankyrin repeat)

FGRRES_10552, FGRRES_10553, FGRRES_20102, FGRRES_10554 (secreted
cysteine-rich effector), FGRRES_10555, FGRRES_10556

FGRRES_17388_M, FGRRES_10557_M, FGRRES_10558 (Heterokaryon

incompatibility), FGRRES_10559
FGRRES_10560, FGRRES_10561 (Hce2 effector protein, Glycoside hydrolase/

chitinase, LysM), FGRRES_10562

FGRRES_17407 (Urease, Amidohydrolase), FGRRES_17408 (Zinc finger

transcription factor), FGRRES_17409
FGRRES_13457 (Zinc finger transcription factor), FGRRES_08017 (citrate lyase
domain), FGRRES_13456 (dehydrogenase), FGRRES_13455 (Zinc finger
transcription factor), FGRRES_17114 (General substrate transporter)

FGRRES_17113 (Gluconolactonase), FGRRES_08021, FGRRES_08022 (Peptidase),
FGRRES_08023 (Cytochrome P450)

FGRRES_08024 (Glucose dehydrogenase), FGRRES_08025 (secreted Cyanovirin-
N), FGRRES_08026, FGRRES_13453

FGRRES_08248 (hydrolase), FGRRES_17074_M (decarboxylase), FGRRES_08250,
FGRRES_08251 (Gluconolactonase)

FGRRES_08850 (SH3 domain), FGRRES_08851 (methylcitrate dehydratase),
FGRRES_16955 (DNA photolyase, Cryptochrome)
TRI8, TRI7, TRI3,
TRI4, TRI6, TRI5, TRI10, TRI9

TRI11, TRI12, TRI13, TRI14

FGRRES_04599 (Glucose dehydrogenase), FGRRES_04600, FGRRES_15251
(secreted cysteine-rich effector), FGRRES_12220, FGRRES_16086 (Protein kinase-
like)

FGRRES_12218, FGRRES_12217 (ankyrin repeat), FGRRES_04603 (Alpha
carbonic anhydrase), FGRRES_04604 (Cullin), FGRRES_04605 (Glucose
dehydrogenase)

FGRRES_12216, FGRRES_12215 (HeLo, heterokaryon, incompatibility),
FGRRES_04620 (o,p hydrolase fold), FGRRES_12214 (secreted cysteine-rich
effector), FGRRES_15258

FGRRES_07631 (General substrate transporter), FGRRES_07632 (Major facilitator
superfamily), FGRRES_07633, FGRRES_07634 (Sodium symporter)

PGL1 (PKS3, PP-binding domain), FGRRES_13527 (SNF2-related DEAD helicase),
FGRRES_09181 (carboxylesterase, plant effector), FGRRES_09180 (UV radiation
resistance protein)

Targeted population
(s)°
NA2

NA2, NA3 (P<0.05)
NA2
NA2
NA3s
NA3 F> Fe 1l

NA1, NA3 P> Fs

NAI, NA3 '8

[NA1,NA2], NA3
(P<0.01) Fe

[NA1,NA2], NA3
(P<0.05) !

NA3

NA1™, [NA2,NA3]

NA1™, [NA2, NA3
(P =0.06)]

NA1™, [NA2, NA3]
N A3Fb’ Fl

[NAI®® P NA2 P& I,
NA3 (P<0.05)

NA2, NA3 > 11

NA1(P<0.01)™, NA2
Fg, Fl

NA2

References

(31]

(31]

(33]

[34,35]

(31]

(31]

[36,37]

'Outliers (01-014) showed significantly (P < 0.001, unless otherwise indicated) elevated divergence between populations based on pairwise (interpopulation) values of

Tajima’s D, Dy, and Fsr, and significantly reduced diversity () within the targeted population(s), based on null distributions generated through random permutation.

>Genes and domains are based on annotations in the PH-1 Fusarium graminearum genome [27] (Ensembl, version RR).

*Populations with the same allele are grouped by brackets, and superscripts indicate the allele was also found in outgroup species: Fg = F. gerlachii, Fl = F. louisianense,

Fb = F. boothii.

https://doi.org/10.1371/journal.pone.0194616.t1002

boothii isolates shared the I5ADON haplotype at the TRI-cluster genes located on chromo-

some 2, while all NA2, NA3 and admixed isolates with the NX-2 chemotype shared the
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Fig 2. Genomic distribution of outlier regions exhibiting signatures of selection. Sliding-window values of intrapopulation
diversity and recombination (Panel A, Tajima’s D, 7 and R,,) and interpopulation differentiation (Panel B, Tajima’s D, D,,, and
Fsr) were calculated in 10 kb windows to identify genomic regions with signatures of selection in NA1 (omitting admixed NX-
2 isolates), NA2 or NA3 populations of F. graminearum. The fourteen outliers (01-014, yellow highlight) showed significant

(P < 0.001) divergence between populations based on pairwise (interpopulation) values of Tajima’s D, D, and Fsr, coupled
with significantly reduced diversity () within the divergent population(s). Significance was assessed by comparing observed
sliding-window values of each metric against a null genome-wide distribution derived through random permutation.

https://doi.org/10.1371/journal.pone.0194616.9002

3ADON TRI-cluster haplotype (Table 2). Outlier regions did not distort our whole-genome
phylogeny, however, as the topology of the genome-wide SNP phylogeny did not change when
these 14 regions were omitted (S3 Fig).

Of the 81 genes residing in outlier regions (Table 2), 56 contained domains that were func-
tionally annotated in the InterPro database. Functional enrichment analyses of domains asso-
ciated with a Gene Ontology (GO) term (N = 31) indicated that zinc ion binding domains
(G0:0008270), specifically, fungal transcription factors (IPR007219, IPR001138), and mem-
brane proteins (GO:0016021; IPR011701, IPR005828, IPR000175) were significantly overrep-
resented among the population differentiating genes in outlier regions as compared to all F.
graminearum genes (Fig 4). Additionally, a substantial proportion of outliers (71%) contained
genes that encoded one or more hydrolytic or degradative enzymes, and at least four contained
genes with predicted functions related to pathogenicity, including short, cysteine-rich, secreted
effector proteins [31]. In addition, another outlier locus encoded a secreted carboxylesterase

pGL1 __ __ FGRRES 13527 FGRRES 09181

PKS3 DEAD box helicase Carboxylesterase

TRI7 A3 TRI4 TRI6  TRI5 TRIIOTRI9  TRIH1 RIT2 T
B

TRI Cluster Genes

Fig 3. SNP haplotype alignments show divergence of NA1, NA2 and NA3 F. graminearum at outlier regions. For each alignment, rows correspond to the
polymorphisms found in a single isolate and columns show the SNPs found at each variant site. Gene designations and conserved domains are based on the PH-1 F.
graminearum genome [27] (Ensembl, version RR). Panels A-B show examples of the genetic patterns observed at outliers. A. chromosome 4: 7,360,000-7,367,500; a single
population (NA2, grey arrow) exhibited reduced within-population diversity and high divergence from the other two populations. B. chromosome 2: 5,390,000-5,420,000,
TRI cluster genes; diversity was reduced in all three populations and two highly divergent haplotypes (grey arrows: 15ADON haplotype in NA1 and 3ADON haplotype in
NA2/NA3) were segregating among the three populations.

https:/doi.org/10.1371/journal.pone.0194616.9g003
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Fig 4. F. graminearum populations are differentiated by divergent gene sets that are enriched for different functions. Functional enrichment was assessed based on
Gene Ontology (GO) terms assigned to domains annotated in candidate genes identified in NA1 (left, blue bars), NA2 (center, red bars) and NA3 (right, green bars).
Candidate genes included genes in outlier regions showing signatures of selection and differentially conserved genes in each population. Hypergeometric tests were
performed by calculating Z-scores that compared the relative frequency of GO terms assigned to each candidate gene set to GO terms assigned to all functionally
annotated F. graminearum genes. Z-scores and the number of domains in each gene set (N) are only shown for GO terms that were significantly overrepresented after a
Benjamini-Hochberg adjustment for multiple testing (adjusted P < 0.01) [134]. InterPro domains associated with each GO term are listed in parentheses below the term

description in bold type.

https://doi.org/10.1371/journal.pone.0194616.9004

(FGRRES_09181) that is likely involved in the breakdown of plant material during FHB infec-
tion [36,39], flanked by a DEAD helicase (FGRRES_13527) and a polyketide synthase (Pgl1)
(Fig 3A). The strongest signals of selection were observed across the length of the TRI-cluster
genes (Table 2, Fig 2, Fig 3B) encoding enzymes and proteins that are directly involved in the
biosynthesis of trichothecene mycotoxins.

Not all effector genes identified in outliers were implicated in pathogenicity. Two of these
regions contained secreted, cysteine-rich effector proteins that colocalized with fungal incom-
patibility cell death domains (HeLo, PF14479; HET, PF06985; [40]). Two other outliers
encoded secreted, antimicrobial proteins (Table 2). Moreover, all three populations were
highly differentiated at the putative anti-fungal protein FGRRES_10561, containing an Hce2
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toxin effector domain (PF14856, homolog of Ecp2 effector) fused with a chitinase domain
(PF00704, glycoside hydrolase 18) [32]. Gene phylogenies and protein alignments indicated
that distinct variants of this toxin were present in NA1, NA2 and NA3 (S2 Fig).

Heterogeneity in gene content in FHB pathogen populations

After mapping reads to the PH-1 genome sequence, we performed a de novo assembly of the
unmapped reads from each isolate to explore genomic features that were not represented in
the reference genome. This allowed us to assemble a pan-genome for North American F. gra-
minearum, comprising core genes shared by all isolates and accessory genes that were missing
in one or more isolates. On average, orphan contig assembly resulted in an additional 705 kb
of nucleotide sequence per isolate, though the percentage of AT bases in these sequences was
higher than the genome-wide average; that is, the AT content was 56% for orphan contigs ver-
sus 52% in the reference genome. This suggests that these sequences tended to reside close to
the AT-rich regions near centromeres and the ends of chromosomes [27]. Due to their low
sequence complexity, most orphan contigs could not be anchored to specific chromosomal
regions using bioinformatics approaches. However, Sanger sequencing into the flanking
regions of a subset of orphan contigs (N = 5) placed them in the telomere proximal regions of
chromosomes 1 and 3.

To determine if differences in gene content contributed to population divergence, we
examined presence/absence polymorphism in homologs of all genes present in the reference
genome and genes present on orphan contigs in the 60 sampled genomes. We utilized strin-
gent criteria for ortholog assignment (single linkage clustering with inclusion threshold of D; ;
> 0.5) that were able to distinguish 97% of all annotated reference genes. A total of 13,632
genes were present in all 60 genomes and the PH-1 reference genome, though a proportion of
these (9%) contained premature stop codons or were missing start codons in a subset of
genomes and were thus classified as separate orthologs. Still, core genome size may be slightly
overestimated, as our clustering algorithm based on BLAST-alignment scores was unlikely to
distinguish full-length orthologs from proteins variants with short, carboxy terminal trunca-
tions in some cases. Nonetheless, 1,681 genes were considered accessory genes because they
were not conserved among all genomes examined. That is, orthologs were missing in one or
more genomes, or exhibited considerable divergence from the reference sequence (< 62%
identity on average) such that BLAST-based clustering partitioned them into a distinct ortho-
log group. Accessory genes were relatively rare among sampled isolates, and 27% were unique
to a single isolate (S4 Fig), suggesting that many of these genes are poorly conserved or were
recently acquired in the sampled isolates. Locations of accessory genes that could be mapped
to the PH-1 reference sequence (N = 512), overlapped extensively with high diversity, fre-
quently recombining regions of the genome near subtelomeric and interstitial portions of
chromosomes [22,27]. Functional enrichment analyses of GO terms assigned to the 1,681
accessory genes indicated that zinc ion binding transcription factors (GO:0008270; IPR00
1878, IPR003604, IPR007219, IPR000679, IPR001138, IPR006026), protein binding domains
such as WD40, ankyrin and tetratricopeptide repeats (GO:0005515; IPR001810, IPR001680,
IPR001214, IPR002110, IPR019734, IPR003877), and nuclear associated DNA binding pro-
teins (G0O:0003676, GO:0005634; IPR001878, IPR011129, IPR003604, IPR013087, IPR007219,
IPR001138, IPR004367) were significantly overrepresented (P < 0.01) in the accessory genome
as compared to all F. graminearum genes. A dendrogram based on gene presence/absence
polymorphisms in core and accessory genes from the 60 isolates was highly consistent with the
maximum likelihood phylogeny and population assignments based on SNP diversity (Fig 5).
Isolates from the same genetic population shared similar gene sets, with admixed isolates
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Fig 5. Dendrogram of the F. graminearum pan-genome. Pairwise distances were computed between genomes based on gene presence/absence polymorphism,
and the resulting matrix was used to cluster isolates with the neighbor joining method implemented in MEGA 7 [126]. Branch lengths represent the number of
genes that differ in presence/absence status between strains, such that genomes with identical gene content would have a distance of 0.

https://doi.org/10.1371/journal.pone.0194616.9005
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being primarily associated with the NA1 cluster, and to a lesser extent, the NA3 cluster. A few
isolates, however, showed considerable genomic divergence due to a relatively large number of
unique genes. Isolate F328, for example, had 103 genes that were not found in any other F. gra-
minearum isolates, but most of these (81%) showed significant homology (BLAST E < 10719
to proteins from fusaria that are not members of the FGSC (e.g., F. oxysporum, F. langsethiae,
F. poae). To confirm the presence of these accessory genes in F328, the fungus was re-isolated
from a single conidium, and the resulting isolate was subjected to genome sequence analysis.
The accessory gene content of the resulting genome sequence was the same as in the original
F328 genome sequence. This finding indicates that the accessory genes in F328 could reflect
gene acquisition from other fusaria.

Population-specific patterns of gene conservation were evident in a small proportion of the
accessory genome. Of the 1,681 accessory genes analyzed, 121 genes were differentially con-
served among populations (E test P < 0.01), showing high conservation in one population, but
were absent or rare in the other two populations (52 Table and Fig 6). Only 38 of these genes
were exclusive to a single population, in that they were found in most members from one pop-
ulation, but were completely absent in the other two populations; 9 such genes were detected
inNA1, 11 in NA2 and 18 in NA3. However, HMMER pattern searches indicated that three of
the 121 differentially conserved genes had the same Pfam domain content and order; thus,
while BLAST-clustering assigned them to distinct ortholog groups, these proteins may have
divergent homologs segregating in different populations (symbols in Fig 6). Nonetheless, these
three potential orthologs were found in different genomic contexts and were not present in all
isolates, suggesting they are accessory proteins that have diverged in a population-specific
manner.

Of the 121 genes that were differentially conserved across populations, 88 could be func-
tionally characterized based on annotations in the PH-1 reference genome, InterPro domains
or homology to known proteins (Fig 6). Each population was associated with distinct hetero-
karyon incompatibility genes (IPR010730, IPR024983). Moreover, degradative enzymes, and
in particular hydrolases (IPR013094, IPR016035, IPR015955), but also pathogenicity-related
lipases, proteases and effectors [31,36] were commonly found among genes that were differen-
tially conserved. As such, each population had a unique collection of pathogenicity-related
genes (Fig 6, S2 Table). Furthermore, we identified numerous putative secondary metabolite
biosynthetic genes that were associated with a single population. These genes encoded nonri-
bosomal peptide synthetase (NRPS) enzymes, cytochrome P450 enzymes and a variety of tran-
scription factors and transmembrane transporters (S2 Table). In fact, in each population we
identified at least one differentially conserved putative secondary metabolite gene cluster,
wherein synthetase enzymes, transporters, transcription factors and modifying enzymes colo-
calized to the same contig (52 Table, gene clusters F, I, ] and U). Furthermore, functional
enrichment analyses of the subset of differentially conserved genes that were assigned GO
terms (N = 68) showed that transcription regulators (GO:0006355) and domains involved in
redox reactions (GO:0016491, GO:0055114, GO:0050660) and transmembrane transport
(GO:0055085) were significantly overrepresented (adjusted P < 0.01) in these genes.

Taken together, genome scans and gene content surveys showed that each population could
be distinguished by a subset of genomic features with unique biological functions. For
instance, regions that were differentially conserved or showed signatures of selection in NA1
were enriched for membrane proteins, transmembrane transporters and domains involved in
DNA dependent regulation of transcription (adjusted P < 0.001, Fig 4). The NA2 population,
on the other hand, showed enrichment for zinc finger transcription factors (adjusted P <
0.001), whereas the NA3 population had an overabundance of candidate genes with functions
related to oxidation-reduction (adjusted P < 0.001).

PLOS ONE | https://doi.org/10.1371/journal.pone.0194616 March 27,2018 13/32


https://doi.org/10.1371/journal.pone.0194616

@° PLOS | ONE

Population genomics of the head blight pathogen Fusarium graminearum

Gene

Orphan3_gene1
Orphan3_gene2|
Orphan3_gene3
Orphan50_gene64|
Orphan50_gene65|
Orphan50_gene66|
Orphan50_gene67|
Orphan77_gene116
Orphan77_gene117
Orphan77_gene118
Orphan105_gene124|
Orphan105_gene123|
FGRRES_04522,
FGRRES_16100|
Orphan10—gene9
Orphan127_gene125|
Orphan170_gene107|
Orphan21_gene34
Orphan219_gene168|
Orphan46_gene81
Orphan73_gene84
Orphan74_gene100

Description

LysM domain-containing protein
secreted protein

Chitinase, glycoside hydrolase 18 family

MFS transporter 1

lyase

aminotranserfase

Isopenicillin N synthase
monoterpene e-lactone hydrolase
salicylate hydroxylase

fungal transcription factor domain %
C2Hz Zinc finger

retrotransposon

H-type lectin

concanavalin A-like lectin/glucanase
tetratricopeptide repeat

secreted protein

trichodiene oxygenase P450
reverse trancriptase
monooxygenase §

HET-E-1

telomerase binding protein
phophatidylserine decarboxylase

FGRRES_12224_16089_M

Orphan8_gene20 MULE transposase
Orphan90_gene132) secreted protein
FGRRES_02152] kinase

FGRRES_02153|
FGRRES_10712)
FGRRES_10713]
FGRRES_10715|
FGRRES_13817]
FGRRES_13818|
FGRRES_08069_M
FGRRES_08070
FGRRES_13446
FGRRES_03389_M
FGRRES_03390
FGRRES_11606
FGRRES_16072_M
FGRRES_06433
FGRRES_06436
FGRRES_06437
FGRRES_16655_M
FGRRES_16657
FGRRES_00135
FGRRES_02367
FGRRES_03533
FGRRES_04587|
FGRRES_07737
FGRRES_12011

FGRRES_12442
FGRRES_12506
FGRRES_13453
FGRRES_13464|
FGRRES_16342

serine/threonine protein kinase
peptidase

carboxylesterase

cellobiose dehydrogenase
NRPS amino acid adenylation domain
cold-shock protein

frequency clock protein
sodium calcium transporter
Ferroportin

pantothenate transporter
Zn,Cyse transcription factor
MFS sugar transporter

1-alkyl-2-acetylglycerophosphocholine esterase

amidohydrolase

Zn2Cyss transcription factor

Lipase 2

Ferulic acid decarboxylase

FAD linked oxidase

concanavalin A-like lectin/glucanase
cytochrome P450

TRI7

HET, Pfs, NACHT, WD

cyclin PHO80-like

HET

peptidase

DNA helicase

carbohydrate transporter

zinc finger

small. secreted, cysteine rich protein
patatin phospholipase

FGRRES_17405 Cyanovirin-N
FGRRES_20171 aldolase
Orphan138_gene88 HET
Orphan30_gene31 HET

Orphan1_gene4
Orphan1_gene5
Orphan1_gene6|
Orphan1_gene8
Orphan1_gene9
Orphan13_gene32
Orphan13_gene33
Orphan13_gene34|
Orphan13_gene35|
Orphan13_gene 36|
Orphan13_gene37|
Orphan13_gene38
Orphan13_gene39
Orphan151_gene136
Orphan173_gene211
Orphan175_gene238

patatin phospholipase
uncharacterized membrane protein
ferric reductase

DnaJ domain-containing protein
peptidase

fungal specific transcription factor
alcohol dehydrogenase
cytochrome P450

MFS transporter t

NRPS-like enzyme

cytochrome P450 §

aspartate transaminase

pyruvate decarboxylase

abc transporter

30S ribosomal S17P
metallopeptidase

Orphan19_gene40 Zn2Cyss transcription factor 1
Orphan3_gene7| Allergen FusC3
Orphan38_gene79 Zn2Cyss transcription factor
Orphan46_gene52) carboxy-cis,cis-muconate cyclase
Orphan49_gene69| glucan 1,3-beta-glucosidase
Orphan54_gene45 DivIVA family protein
Orphan54_gene65 secreted protein
Orphan62_gene128 permease
Orphan68_gene91, Pfs, NACHT, ankyrin repeat
Orphan68_gene96 ankyrin repeat
Orphan82_gene88 tyrosinase

PLOS ONE | https://doi.org/10.1371/journal.pone.0194616 March 27,2018

14/32


https://doi.org/10.1371/journal.pone.0194616

@° PLOS | ONE

Population genomics of the head blight pathogen Fusarium graminearum

Fig 6. Descriptions of genes that were differentially conserved among populations of F. graminearum. The matrix
indicates the presence (solid grey) and absence (white) of genes that were differentially conserved (E-test P-value < 0.01) in
NA1, NA2 or NA3. Each column in the matrix represents a single isolate and each row represents a gene ortholog. Population
structure based on Bayesian clustering (indicated by red, blue and green highlight) is shown, along with the maximum
likelihood phylogeny inferred from SNPs. Admixed isolates (adm, shaded brown) were not included in calculations but are
shown to emphasize their mosaic genomes. Functional descriptions of the domains encoded by each gene are based on
annotations of the PH-1 F. graminearum genome [27] (Ensembl, version RR) and HMMER, BLAST, BLAST2GO, CD-Search,
InterPro and Signal P analyses. Bold symbols (§, 1, 1) indicate accessory proteins with similar domain content and structure
that were found in different genomic contexts in each population. Differentially conserved genes with uncharacterized
functions were not depicted in the figure (N = 34).

https://doi.org/10.1371/journal.pone.0194616.g006

Discussion
F. graminearum population genomics

Our phylogenomic analyses revealed a previously unidentified population of pathogens, herein
termed NA3, corresponding to a clade of F. graminearum that produce the NX-2 toxin. Studies
utilizing VNTR and RFLP-based genotyping were unable to elucidate the genetic identity of
NX-2 F. graminearum, but the restricted distribution of these isolates in the northern US and
southern Canada suggested they were likely endemic to North America [16,17]. Accordingly,
we found no evidence of a recent introduction in NA3, but rather, the relatively high levels of
diversity in this population supported an endemic origin and a possible recent expansion
(Table 1). Still, despite evidence of gene flow between NA1 and NA3, NA3 isolates have
remained genetically distinct (Fig 1) and have genes that distinguish them from isolates
belonging to the two predominant populations of FHB pathogens in North America (Fig 5).
One possible explanation for these findings is that NA3 isolates recently switched from non-
agricultural grasses to domesticated cereals [16,18]. Lofgren et al. (2017) reported that F. gra-
minearum inhabit diverse wild grass species as endophytes, and wild grasses may be the ances-
tral hosts for FHB pathogens [41]. Thus, the genomic traits that differentiate F. graminearum
populations may to some degree reflect different evolutionary trajectories taken by these popu-
lations as they transitioned from an endophytic lifestyle on wild grasses to pathogens of culti-
vated cereal.

Indeed, F. graminearum isolates co-occupying geographic ranges in southern Canada and
the northern US are highly substructured compared to pathogens from other regions of the
world, which may indicate that they have not coexisted for sufficient time to be in mutation-
selection-drift equilibrium. Recent surveys of F. graminearum conducted in Germany for
instance, reported that 213 randomly sampled F. graminearum over a > 500 km transect
belonged to a single, recombining metapopulation [42]. In contrast, our results support the
hypothesis that North America harbors multiple F. graminearum populations that have
acquired the ability to infect cultivated cereals brought to the region in the last few hundred
years [41].

Genomic signatures of population-specific selection

After elucidating the rich evolutionary history of North American F. graminearum, we sought
to identify genes underlying pathogen specialization in this species. The outlier regions identi-
fied tended to be located near subtelomeres and sites of putative chromosome fusion events
(Table 2, Fig 2), wherein patterns of nucleotide variation suggested that selection had contrib-
uted to population divergence. At seven of the 14 outlier regions, signatures of selection were
detected in multiple populations. For instance, one of the outliers located on chromosome 2
(Table 2, 06) showed patterns consistent with divergent selection targeting NA1 and NA3, and
this region contained a gene harboring a SNP associated with a known quantitative trait

PLOS ONE | https://doi.org/10.1371/journal.pone.0194616 March 27,2018 15/32


https://doi.org/10.1371/journal.pone.0194616.g006
https://doi.org/10.1371/journal.pone.0194616

@° PLOS | ONE

Population genomics of the head blight pathogen Fusarium graminearum

involved in transcriptional regulation of fungicide resistance in F. graminearum
(FGRRES_13455, SNP:09492 [43]). In addition, the majority of outliers (11 of 14) contained at
least one gene that showed evidence of trans-species polymorphism (S2 Fig). Alleles at these
outliers may have been recently exchanged among species, or they may be under balancing
selection to maintain diversity. The TRI-cluster genes, for example, showed patterns of trans-
species evolution, and were previously reported to have evolved under balancing selection act-
ing on chemotype polymorphisms within the B trichothecene producing clade of Fusarium,
which includes all of the FGSC species [15].

Individual populations also showed evidence of being uniquely targeted by positive selec-
tion, as five outliers had patterns of variation consistent with an independent sweep of distinct
genes/mutations in a single population (Table 2, Fig 3A). Notably, a signature of positive selec-
tion was identified in the NA3 population on chromosome 2 between 2.89-2.90 Mb, a region
that is directly downstream and approximately 5 kb from a SNP associated with a known
quantitative trait that regulates trichothecene production in F. graminearum [SNP:12335 43],
suggesting that this genomic region may encode adaptations that regulate mycotoxin-associ-
ated virulence toward sensitive hosts. Likewise, in other fungi similar population-specific
sweeps of alleles have been reported at genes encoding adaptive traits [44-46]. In Neurospora
crassa for example, genomic signatures of population divergence localized to genes that proved
to be essential for cold adaptation [44]. In Microbotryum fungi many genes with footprints of
selection were differentially expressed in planta, suggesting that these loci correspond to puta-
tive adaptations responding to host-mediated positive selection [46].

Collectively, our genome scans suggested that recurrent episodes of selection in F. grami-
nearum have allowed independently evolving populations to accumulate divergent alleles at
dozens of genes located in rapidly evolving regions of the genome. Core genes encoding mem-
brane proteins, transcription factors and degradative enzymes were preferentially targeted,
perhaps indicating that these genes represent essential, but highly dynamic traits that provide
evolutionary flexibility to the fungus. However, populations also maintained distinct sets of
accessory genes (Fig 6, S2 Table). Comparative genomic studies in bacterial species have
shown that such population-specific patterns of gene conservation can result from selection
for traits involved in niche specificity [47,48], consistent with the tendency for accessory genes
to localize in genomic regions implicated in pathogen specialization [22,23,27,38]. Many of the
population-differentiating accessory genes in F. graminearum had functions related to trans-
membrane transport, transcription regulation and secondary metabolism suggesting they may
also be important for pathogen specialization, though functional studies are warranted to
determine their adaptive value.

Interestingly, most (63%) population-differentiating accessory genes were present in some
admixed isolates (Fig 6) and the vast majority (98%) were conserved to some degree in other
Fusarium species (S2 Table), with a few exhibiting > 90% identity to homologs in distantly
related species (e.g., F. oxysporum). These findings are in accordance with previous studies
[23], indicating that accessory genes are often exchanged among F. graminearum and other
species of fusaria, or they were present in the ancestral gene pool and were lost and/or dupli-
cated in a population-specific manner. As such, standing variation in the Fusarium gene pool
may provide a reservoir of interchangeable niche-specific traits that enhance the adaptive
capacity of F. graminearum by facilitating rapid evolution [49].

Functional implications of genomic divergence in FHB pathogens

Based on patterns of genomic divergence, it appears that F. graminearum cereal pathogens
may rely on a small subset of rapidly evolving core genes, and an array of modular, accessory
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genes, to fine-tune the genome in response to selection. This genomic architecture has allowed
for the evolution of divergent gene sets within populations (Fig 4), which in turn, could con-
tribute to differences in the functional capacity of sympatric FHB pathogens. Given the strong
selective constraints imposed by agricultural landscapes [6], it was not surprising that many of
the population-specific candidate genes encoded pathogenicity-related proteins. Previous
studies identified 55 candidate virulence genes that were unique to the PH-1 reference strain
[23], however, 95% of these genes were prevalent in the genomes sampled herein (found in
38% of isolates on average), and only two showed patterns of conservation that were suggestive
of population-specific adaptations. The genomic features identified in our study, on the other
hand, provided evidence that populations could be differentiated by numerous gene variants
and combinations of accessory genes encoding proteins involved in pathogenicity. These
included plant cell-wall degrading enzymes, major facilitator transporters and secreted effector
proteins (Table 2, Fig 6, S2 Table), which are known to be expressed in planta, and may be
associated with different strategies for host invasion and nutrient acquisition from degraded
plant tissues [22,36,50-52].

The FHB pathogens in our study were known to produce different analogs of trichothecene
mycotoxins [11,17,19], which can affect virulence [13,53]. However, we uncovered additional
population-level diversity in putative secondary metabolite-related genes, including four previ-
ously undescribed gene clusters, multiple genes encoding NRPS enzymes, and several cyto-
chrome P450 enzymes (Fig 6, S2 Table). For instance, a uniquely conserved putative gene
cluster in the NA2 population encoded a fungal transcription factor, a monoterpene hydrolase
and a salicylate hydroxylase. In other studies, salicylate hydrolases were shown to degrade the
plant defense hormone, salicylic acid [54,55]. On the other hand, we found evidence of broad
diversification in oxidoreductive gene function in the NA3 population (Fig 4), which was
uniquely associated with a previously undescribed secondary metabolite gene cluster showing
high similarity (91-93% identity) to genes in F. oxysporum (S2 Table, Y). Although these genes
have not been functionally characterized, based on similarity to secondary metabolite genes in
fungal pathogens, we speculate that many may be involved in the biosynthesis of metabolites
that function as plant effectors and virulence factors [56-61]. Thus, the three populations may
employ different metabolites during infection [62], or utilize different virulence factors to
avoid host recognition [63].

Our findings also provided evidence that competition has imposed strong selective con-
straints on NA1, NA2 and NA3 isolates, resulting in population-level divergence in genes that
allow the fungus to detect and respond to antagonists. F. graminearum populations could be
differentiated by multiple heterokaryon incompatibility genes (het), and genes encoding
NACHT, STAND, NB-ARC and HELO domains (Table 2, Fig 6, S2 Table) involved in non-
self recognition and heterokaryon cell death, [40,64,65]. In addition, we detected population-
level divergence in antimicrobial effectors, including an anti-fungal toxin [32], a secreted viru-
cidal protein [66] (Table 2) and a putative antibiotic biosynthetic gene cluster (S2 Table, F).
For example, different protein variants of Hce2 chitinase, an effector that likely functions to
inhibit fungal competitors [32], were found in the three populations, and in NA3 there was
strong evidence that selection has resulted in the fixation of a distinct variant of Hce2
(Table 2). Population-level divergence of incompatibility genes could indicate that these loci
contribute to reproductive isolation [67], though patterns of trans-species polymorphism at
non-self recognition and fungal immunity genes in FGSC species (Table 2, FGRRES_10558,
FGRRES_12215, FGRRES_13758) could indicate balancing or frequency-dependent selection
to maintain diversity in nature [68-71]. Taken together, divergence of toxigenic peptides and
non-self recognition proteins suggests that like other filamentous fungi, F. graminearum uti-
lizes diverse extracellular antimicrobial toxins during antagonistic interactions [40]. In F.
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verticillioides, encounters with other fungi result in production of secondary metabolites that
kill and inhibit growth of fungal competitors [72]. In the wild, F. graminearum co-occurs with
other microbes, including other Fusarium species [73-75]. Several studies have shown that F.
graminearum interacts competitively with other Fusarium species in vitro and in the field
[73,76], and in planta, intraspecific interactions can inhibit mycotoxin production and patho-
genicity [23]. Therefore, it is conceivable that F. graminearum populations differ in their ability
to interact competitively, which could impact FHB pathogen composition and diversity of the
cereal microbiome.

Although environmental factors, particularly temperature, have been shown to influence
the distribution of FGSC species, there appear to be few climatic constraints on F. grami-
nearum [77]. However, there is evidence that certain isolates have enhanced cold tolerance.
For example, some isolates with the 3ADON chemotype appear to be more resistant to freez-
ing than 15ADON isolates [74], which may confer an advantage to certain populations of the
fungus in cooler climates [73]. Herein, we found that populations of F. graminearum have
evolved unique genomic traits that could influence how these pathogens respond to environ-
mental factors. First, in NA2 we found strong evidence of a selective sweep targeting a locus
encoding Pgll, a polyketide synthase involved in pigment production [37], a DEAD helicase
(FGRRES_13527), and a putative plant effector (FGRRES_09181) [36] (Fig 3A). The discovery
of a DEAD helicase was striking, because homologs of this gene have been implicated in the
adaptive evolution of multiple fungal species [44,45], and are essential for local adaptation to
climate in N. crassa [44]. Due to the close linkage of these genes, it is unclear which was tar-
geted by selection. However, parallel findings in other fungal species strongly support the
hypothesis that divergence of the DEAD helicase gene in populations of F. graminearum
reflects adaptation to different local conditions. This may indicate that sympatric populations
evolved in different environments or have different environmental optima.

NAL1 also showed evidence of significant divergence at genomic regions involved in cold
adaptation, as this population was uniquely associated with a homolog of the cold shock pro-
tein Crpl, located within a putative plant effector biosynthetic gene cluster (S2 Table; J). Crpl
is a multifaceted RNA chaperone that promotes cold tolerance, by stabilizing RNA intermedi-
ates at suboptimal temperatures, but also regulates fungal pathogenicity [78]. We posit that
this variant may perform similar functions within the NA1 genomic background. We also
identified an ortholog of the circadian clock gene frequency (frq) that was only conserved in
NA1 (FGRRES_08069 Fig 6, S2 Table). Recent genome scans identified this gene as a driver of
local adaptation in N. crassa, presumably because it allows the fungus to adjust circadian oscil-
lations in response to photoperiod [44]. A frq-regulated circadian clock has not been described
in F. graminearum, but previous studies reported a single ortholog within the genome [79]
(FGRRES_06054; 3:4,152,665-4,155,702). We found orthologs of this gene that exhibited 99-
100% identity in all F. graminearum genomes examined in this study, indicating that it is part
of the core genome. In contrast, FGRRES_08069 was located on a different chromosome
(2:305,728-306,903), and while it was highly conserved in NA1 isolates, it was found in only
one NA2 isolate (Fig 6), likely reflecting the history of frq loss and duplication in F. grami-
nearum [79]. Alignment with the N. crassa protein indicated low identity (34%), but revealed
that the coil-coiled domain essential for FRQ function [80] was intact. Knowing that N. crassa
utilizes different isoforms of FRQ to fine-tune clock-regulated protein expression in response
to environmental stimuli [81], it is possible that the frq variant found in NA1 may also be
involved in light or temperature sensitivity.

The NA3 population exhibited a selective sweep targeting a different circadian regulator, a
DASH cryptochrome, which colocalized with genes encoding a kinase and a methylcitrate
dehydratase (Table 2). DASH cryptochromes are blue/UV-A light photoreceptors and DNA
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repair enzymes that have been shown to play essential roles in regulating stress response and
fungal growth [82]. In F. fujikuroi, the DASH cryptochrome, CryD, also regulates production
of secondary metabolites, such as pigments, and the plant hormone, gibberellin, in a light-
dependent manner [33]. The cryptochrome in NA3 was distantly related to the F. fujikuroi
CryD homolog (64% identical) and exhibited considerable divergence from the reference F.
graminearum CryD homolog (89% identical), but was highly similar to an ortholog found in F.
culmorum (94% identity), an FHB pathogen found in the same geographic areas as the NA3
population [19]. Further analyses of the adaptive significance of the NA3 CryD ortholog are
warranted, but our findings may indicate non-phylogenetic sorting of this gene, perhaps
reflecting selection or recent genetic introgression at this locus.

Our comparative genomics study suggests that there may be marked ecological diversity
among sympatric NA1, NA2 and NA3 F. graminearum, likely reflecting the unique demo-
graphic histories and population-specific selection pressures experienced by independently
evolving populations of the fungus. All three populations had distinct genomic traits that could
provide a selective advantage under specific ecological scenarios. Specifically, the outliers found
on chromosome 2 that were associated with known quantitative trait polymorphisms in F. gra-
minearum provide strong evidence that populations have divergent fitness traits involved in
fungicide resistance and mycotoxin-associated virulence. Many of the population-differentiat-
ing genes appeared to be involved in host-infection, however, it remains to be determined if
they evolved as adaptations to wild grasses, domesticated cereals or other plant hosts. Regard-
less, like other phytopathogens, F. graminearum exhibits evidence of genome evolution in
response to the constant arms-race between pathogen and host [62,63]. Yet, standing variation
in the Fusarium gene pool seems to be an important source of divergent alleles, and potentially,
areservoir of adaptations maintained in different populations through balancing selection. The
undeniable parallels between candidate genomic adaptations identified herein and those found
in saprophytic and ectomycorrhizal fungi, suggests commonalities in the genetic bases of adap-
tive population divergence, such as the importance of circadian regulators and helicases in
adaptation to light and temperature [44,83]. In the future, the candidate genes identified in this
study will enable functional testing of specific hypotheses about the genes that have contributed
to the evolutionary dynamics of FHB pathogens, and also provide the foundation for further
investigations of adaptive evolution in other fungal species.

Conclusions

By combining high-resolution genome scans with surveys of gene content, we were able to
identify genes involved in population divergence of a major fungal phytopathogen. Our results
provided compelling evidence that population-specific selection pressures have left distinct
signatures in the genomes of F. graminearum isolates, resulting in differentiation of an array of
genes involved in host invasion, antagonism and environmental adaptation. The diffusion of
adaptations among populations via localized gene flow or transcontinental introductions [11]
could present future challenges to FHB management, because selection could continue to
drive emergence of highly adapted, virulent pathogens. In this regard, persistent surveillance
at a global scale will be critical for monitoring the influx of pathogens with novel adaptations
and assessing the sustainability of resistant cultivars and fungicides used to control FHB.
Moreover, gene deletion analyses of candidate traits in planta could provide insight into eco-
logical significance of the pathogenicity-related genes identified herein, while direct competi-
tion experiments between different populations or species will allow us to reevaluate fungal
effectors in regards to antagonistic interactions and microbial diversity. However, future stud-
ies need to consider that fitness differences in F. graminearum could also be related to gene
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expression or transcription regulation [84,85], and probably involve a multitude of quantita-
tive traits that depend on host genotype, climate and the microbiome. As such, comparative
genomics and transcriptomic studies of FHB populations sampled across space and time could
be an efficient way to understand genome-wide adaptation in relation to specific climatic and
agronomic factors.

Materials and methods
Genome sequencing

Sixty F. graminearum isolates collected from cereal crops in the northern US and southern Can-
ada were selected for population genomic analyses (S1 Table). We included 20 isolates with the
NAT1 genetic background and the 1I5ADON chemotype (NA1/15ADON), 20 isolates with the
NA2 genetic background and the 3ADON chemotype (NA2/3ADON) [19,20] and 20 isolates
with the NX-2 chemotype [16]. Chemotypes were determined previously using multi-locus gen-
otyping (MLGT) or gas chromatography mass spectrophotometry (GC-MS) [9,11,16,19,20],
and all NA1 and NA2 F. graminearum were previously assigned to their respective populations
with high confidence (probability of membership > 99%) using RFLP or VNTR genotyping
[9,11,19,20]. For reference, we also sampled isolates representing three closely related Fusarium
species found in North America, F. boothii (N = 5), F. gerlachii (N = 3) and F. louisianense

(N =2), and an outgroup species of the FGSC, F. pseudograminearum (N = 1).

Fungal cultures were prepared for DNA extraction following methods described in O'Don-
nell et al. [86]. DNA from each isolate was quantified using the Quant-iT™ Qubit™ dsDNA HS
Assay Kit (Invitrogen) and diluted to a final concentration of 1ng for library preparation with
the Illumina Nextera XT DNA Library Prep Kit, following manufacturer’s instructions for
2x300bp MiSeq runs. All genomic data generated herein were deposited in the NCBI Sequence
Read Archive (Accession numbers SRR5948910-SRR5948979, SRR6396633). Before analysis,
sequencing reads were trimmed to remove adaptors, low quality (Q < 20) bases and ambigu-
ous nucleotides, and reads were filtered to eliminate bacterial and human DNA contaminants.

Reference-based mapping and de novo assembly

We used CLC Genomics Workbench version 9.5.2 (https://www.qiagenbioinformatics.com/)
to map reads from all isolates to the genome sequence of the F. graminearum reference strain,
PH-1 (Accession no. PRJEB5475), using gene and domain annotations from King et al. (2015)
(S1 File). After mapping, duplicate reads were removed and local realignment was performed
to resolve gaps and indels. To characterize genomic regions that were too divergent to be
mapped (< 80% identity over > 50% of the read) or were not represented in the reference
genome, we also performed de novo assembly of unmapped reads using default parameters in
CLC Genomics Workbench, and then applied filters to remove regions with less than 5X cov-
erage per genome. Augustus version 3.2 [87] was used to employ a Hidden Markov model to
predict genes on these contigs, utilizing validated parameters settings based on experimentally
validated introns from F. graminearum [88]. Coding sequences were identified on both strands
of DNA, requiring ATG start codons and stop codons. Herein we refer to contigs assembled
from unmapped reads as orphan contigs, and genes annotated on orphan contigs as orphan
genes.

SNP discovery

We used the Genome Analysis Tool Kit [89] and followed best practices for genomic variant
discovery [90] to recalibrate base-quality scores of read mappings and perform multi-sample
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SNP discovery. Indels were not considered as population genomic analyses focused on meth-
ods that utilized models of nucleotide substitution. Previously published, known sites of varia-
tion identified in the genome of PH-1 [22] were used to guide base-quality score recalibration
and SNP validation. SNP calls with a Phred quality score < 30 or a mapping quality score < 20
in single samples were not considered during multi-sample SNP identification. In addition, we
performed variant-quality score recalibration, utilizing filters to remove variants that exhibited
strand bias, low quality or low read depth per genome, and ensuring that SNP sites included in
genomic analyses had an estimated false discovery rate (FDR) <1%. To avoid ascertainment
bias associated with sampling depth, we limited our analyses to sites having valid SNP calls in
all samples [91].

Population genomic structure

Bayesian clustering analyses implemented in the program STRUCTURE [92] were used to
establish genome-level demographic structure, discern the population identity of NX-2 F. gra-
minearum and examine admixture among NA1, NA2 and NX-2 isolates. To minimize the
effects of linkage disequilibrium and reduce computational load, we limited analyses to SNPs
that were at least 5 kb apart (6,852 sites) as pilot analyses indicated that this sampling interval
provided sufficient resolution to confidently assess population structure and admixture. We
simulated K, the number of populations, accounting for shared ancestry by utilizing the link-
age model [93], and used 50,000 Monte Carlo Markov Chain (MCMC) iterations following a
20,000 iteration burn-in for each of three replicate runs performed for K 1-7. The model that
maximized AK, the rate of change in log likelihood values, was considered optimal based on
methods described in Evanno et al. [94]. Estimates of ¢, the proportion of each isolate’s mem-
bership in each of the inferred populations, were calculated using the optimal model parame-
ters to assess probability of assignment and genetic admixture among populations.

Phylogenetic trees were generated from the full set of quality-filtered SNPs using rapid
bootstrap [95] and maximum likelihood methods implemented in RAXML version 8.0.26 [96].
The General-Time-Reversible (GTR) model of nucleotide substitution, with corrections for
ascertainment bias [97] and rate heterogeneity (ASC_GTRGAMMA), was used to infer a phy-
logeny of FGSC species. The SNPs identified after reference-based mapping (methods
described above) of genome sequences from isolates of F. boothii, F. gerlachii and F. louisia-
nense were included as outgroups in this tree. In addition, we built a phylogenetic network of
F. graminearum isolates using SplitsTree4 version 4.14.6 [98] to depict an evolutionary history
that reflected intraspecific recombination events.

High-resolution genome scans for selection

To identify regions that have been impacted by selection in the NA1, NA2 and NA3 popula-
tions we calculated several population genetic summary statistics in non-overlapping, 10 kb
sliding windows using the R package PopGenome [99]. We chose 10 kb intervals based on pat-
terns of linkage disequilibrium in the F. graminearum genome, which become negligible at
distances > 10 kb [42]. Further, pilot analyses exploring a range of window sizes (5 kb-20 kb)
indicated that a 10 kb resolution generally captured covarying signals from linked loci, while
distinguishing signals from adjacent loci in linkage equilibrium.

We quantified within-population diversity by calculating 7 (nucleotide diversity, the aver-
age number of differences between individuals, [100]), 6 (nucleotide polymorphism based on
segregating sites, [101]) and Tajima’s D [30], and estimated the number of recombination
events within a population using Ry (four-gamete test, [102]). In addition we quantified differ-
entiation between populations by calculating pairwise values of D, (nucleotide divergence
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based on the absolute number of differences between two populations, [100,103]), Fsr ([104],
per haplotype, adjusted for unequal population sizes using weighted averages), and Tajima’s D,
in this case calculated for combined populations as a relative measure of inter-population
divergence [44]. Genome-wide averages of summary statistics were compared among the
three populations using JMP [105], and visualized using Circos [106] and JalView Version 2
[107].

Genomic patterns created by genetic structuring, bottlenecks and population expansions
can mimic those elicited by selection [25,108-110], thus it was important to assess the signifi-
cance of outliers against the genomic background of our populations to discriminate selective
events targeting individual loci from neutral demographic processes that impact the entire
genome [111]. However, the mixed reproductive system and introgression documented in F.
graminearum [42,112], coupled with notable trans-species polymorphism [15,16] and horizon-
tal transfer [113-115] in Fusarium species violate assumptions and introduce severe bias in
coalescent and likelihood-based demographic models used for detecting selection [116,117].
As such, we adapted a nonparametric permutation method for genome-wide SNP data [118]
to evaluate the significance of 10 kb sliding-window statistics against the genomic distribution
of values for each population. This method has proven effective for identifying population-spe-
cific outlier loci in species with complex evolutionary histories, as it utilizes localized patterns
of linkage disequilibrium to discern extreme patterns of genetic variation elicited by natural
selection from those elicited by neutral demographic processes [111,118]. We used custom
shell scripts and BedTools [119] to generate 1000 random permutations of the variant call for-
mat (VCEF) file, containing the chromosomal coordinates of each SNP and the associated geno-
types observed for the 60 sequenced isolates. Each permutation randomized observed
genotypes across the SNP coordinates, generating a random set of SNP coordinate/genotype
combinations that maintained the joint site-frequency spectrum of the data, but was uncon-
strained by linkage disequilibrium (i.e. spatially randomized). Sliding-window analyses were
repeated on each of the 1000 permuted datasets as described above to generate a null genome-
wide distribution of summary statistics for each population, and all pairwise combinations of
populations. Observed values for a 10 kb window were considered outliers at P < 0.001, i.e. the
probability that the observed value was more extreme than values from the null distribution.
As such, outliers were identified as those windows that exhibited localized signatures of linkage
disequilibrium associated with selective sweeps, and had patterns of variation that were signifi-
cant in the context of each population’s genome-wide diversity. Still, to reduce the probability
of identifying false positives, genomic regions of interest were limited to those having signifi-
cant values of absolute and relative differentiation between population pairs [44] (significant
Fgr, D,y» and Tajima’s D in at least two population comparisons), coupled with significant
reductions in nucleotide diversity (7, within the targeted population).

Phylogenetic analyses were performed on genes residing in outlier regions using sequences
from F. pseudograminearum as an FGSC outgroup for F. graminearum, F. boothii, F. gerlachii
and F. louisianense. DNA sequences were aligned with MUSCLE (Edgar, 2004) as imple-
mented in CLC Genomics Workbench, and then maximum likelihood phylogenies were con-
structed using IQtree [120], with models of molecular evolution selected on the basis of
Bayesian Information Criterion scores calculated with ModelFinder [121]. Support for indi-
vidual branches was assessed using 1000 ultrafast bootstraps [122]. We also examined scenar-
ios of trans-species evolution by comparing the likelihood of unconstrained trees to constraint
trees requiring monophyly of all F. graminearum isolates using Shimodaira-Hasegawa likeli-
hood ratio tests [123].
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Quantifying differences in gene content

To compare gene content among isolates we conducted an inventory of all F. graminearum
genes, including coding sequences extracted from read mappings and genes predicted on
orphan contigs. Annotated PH-1 gene sequences were also included as an internal reference.
We first identified orthologous gene sequences using R-functions within the micropan pack-
age [124]. All-against-all BLAST comparisons were conducted on predicted protein sequences
and then pairwise distance values (D, ;) were computed from BLAST alignment scores (bit-
scores). Sequences were allocated into orthologous groups using single linkage clustering with
D;j > 0.5 set as the cluster inclusion threshold, as this allowed us to resolve 97% of the PH-1
genes as distinct homologs (i.e. a one to one match between annotated genes and ortholog
groups). A pan-genome matrix indicating the number of copies of each ortholog per genome
was then constructed based on sequence clustering. The presence/absence of orthologous
genes in each genome was verified by examining BLAST alignments and gene coverage in
individual read mappings. Genes encoding proteins that were present in the reference genome
and in all sampled genomes were classified as core genes, whereas genes encoding proteins
that were missing in one or more genomes were classified as accessory genes. To confirm that
core genes were not misclassified as accessory genes using BLAST-based similarity searches,
we also classified orthologs based on Pfam domain content and order, using HMMER version
3.1 (http://hmmer.org) to characterize domain profiles for all accessory proteins.

To identify genes that were differentially conserved across populations, we used a gene
enrichment test adapted from den Bakker et al. [125] to compare the relative frequency of each
accessory gene in the three populations. Genes were considered differentially conserved when
the test statistic (E) exceeded three standard deviations of the population mean, i.e., an empiri-
cal P-value < 0.01.

A dendrogram of the F. graminearum pan-genome was computed using the neighbor join-
ing method implemented in MEGA 7 [126] and pairwise distances calculated between
genomes based on gene presence/absence polymorphism.

Functional annotation and enrichment analyses

BLAST2GO version 3.2.7 [127,128] was used to assign enzyme codes, InterPro domains and
Gene Ontology (GO) terms to proteins predicted from differentially conserved genes. Putative
functions and homologues of these proteins were further explored using BLAST [129] and
CDD [130,131] database searches. We also identified secreted proteins that lacked a trans-
membrane domain using SignalP version 4.1 [132]. Blast searches of PHI-base (www.PHI-
base.org) were also conducted to examine homology with functionally characterized virulence
genes in F. graminearum and other phytopathogenic microbes.

Gene Ontology (GO) enrichment analyses were performed on the candidate genes identi-
fied in each population (differentially conserved genes and genes located within outliers) using
the R package XGR version 1.0.4 [133]. One-sided hypergeometric tests were performed to
compare the relative frequency of GO terms assigned to domains in candidate gene sets to GO
terms assigned to domains from all F. graminearum genes, requiring that GO terms have >3
hits in common between candidate and reference lists to account for the smaller number of
genes analyzed in population-specific gene sets. In addition, we utilized a stringent criteria for
significance by applying the Benjamini-Hochberg method to adjust for multiple tests, and
identifying GO terms as significantly overrepresented only when the adjusted P-value for that
term was < 0.01. Simulation studies indicated that these analytical conditions result in a low
false positive rate (< 0.01) for datasets with sample sizes comparable to those analyzed herein
[133].
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Supporting information

S1 Fig. Maximum likelihood phylogeny of TRII gene sequences from the 60 isolates of F.
graminearum used for genome sequencing. The phylogeny was inferred using the Kimura
2-parameter model of nucleotide substitution [135] with a Gamma parameter to account for
rate heterogeneity. Bootstrap values (%, based on 100 replications) > 50 are indicated on
branches. The tree was rooted at midpoint and drawn to scale, with branch lengths measured
in the number of substitutions per site.

(DOCX)

S2 Fig. Outlier gene phylogenies for F. graminearum, F. gerlachii, F. louisianense, F. boothii
and F. pseudograminearum. Maximum likelihood methods were used to construct phyloge-
nies for 75 of the 81 genes residing in genomic regions exhibiting signatures of selection. The
remaining six genes were not analyzed because homologs were not detected in one or more of
the F. graminearum outgroup species (F. gerlachii, F. louisianense, F. boothii or F. pseudogrami-
nearum). Above, outlier genes located on chromosome 1, between 11.30 to 11.31 Mb are
shown to exemplify discordance between phylogenies of outlier genes and the genome-wide
SNP phylogeny (Fig 1). Numbers on branches indicate support values determined with 1000
ultrafast bootstraps [120,122]. The tree was rooted with F. pseudograminearum, a member of
the Fusarium sambucinum species complex and a basal outgroup to the FGSC [26]. Branch
lengths are drawn to scale and indicate the number of substitutions per site.

(DOCX)

S3 Fig. Genome-wide phylogeny of F. graminearum and related FGSC species inferred in
the absence of outlier regions. Maximum likelihood methods were used to construct a phy-
logeny from SNPs as in Fig 1B, except sites found in outlier regions showing significant evi-
dence of selection were omitted. All bootstrap values were 100%, except those indicated at
branch nodes. The tree was rooted with F. boothii and drawn to scale, with branch lengths
measured in the number of substitutions per site.

(DOCX)

S4 Fig. Frequency distribution of F. graminearum accessory genes. Reference-mapped genes
and orphan genes were clustered into orthologous groups based on BLAST all-versus-all com-
parisons of predicted protein sequences. Gene frequency was quantified based on the pres-
ence/absence of each ortholog in the 60 sampled genomes and the PH-1 reference genome.
The frequency of accessory genes (orthologs found in a subset of isolates, N = 1,681) is shown
above. Core genes (N = 13,632) found in all 61 genomes are not depicted in the figure.
(DOCX)

S1 File. Ensembl mapping file of gene annotations for Fusarium graminearum str. PH-1.
(TXT)

S2 File. Predicted sequences for orphan proteins based on inferred gene models.
(FASTA)

S1 Table. Fusarium isolates chosen for genome sequencing.
(XLSX)

$2 Table. Differentially conserved accessory genes. 'Protein functions were inferred using
BLAST, CDD [130,131], and InterPro database searches and analyses conducted with BLAS-
T2GO version 3.2.7 [127,128]. Asterisks indicate secreted proteins identified using SignalP 4.1
[132]. PHI-base accession numbers are indicated in parentheses for sequences showing signifi-
cant homology (BLAST e-value < 10~°) to proteins in the PHI-base 4.1 database. > Ortholog
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