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Fusarium graminearum and 21 related species comprising the F. sambucinum species complex lineage 1
(FSAMSC-1) are the most important Fusarium Head Blight pathogens of cereal crops world-wide.
FSAMSC-1 species typically produce type B trichothecenes. However, some F. graminearum strains were
recently found to produce a novel type A trichothecene (NX-2) resulting from functional variation in the
trichothecene biosynthetic enzyme Tril. We used a PCR-RFLP assay targeting the TRI1 gene to identify the
NX-2 allele among a global collection of 2515 F. graminearum. NX-2 isolates were only found in southern
Canada and the northern U.S., where they were observed at low frequency (1.8%), but over a broader geo-
graphic range and set of cereal hosts than previously recognized. Phylogenetic analyses of TRI1 and adja-
cent genes produced gene trees that were incongruent with the history of species divergence within
FSAMSC-1, indicating trans-species evolution of ancestral polymorphism. In addition, placement of
NX-2 strains in the TRI1 gene tree was influenced by the accumulation of nonsynonymous substitutions
associated with the evolution of the NX-2 chemotype, and a significant (P < 0.001) change in selection
pressure was observed along the NX-2 branch (® =1.16) in comparison to other branches (®w =0.17) in
the TRI1 phylogeny. Parameter estimates were consistent with positive selection for specific amino-
acid changes during the evolution of NX-2, but direct tests of positive selection were not significant.
Phylogenetic analyses of fourfold degenerate sites and intron sequences in TRI1 indicated the NX-2
chemotype had a single evolutionary origin and evolved recently from a type B ancestor. Our results indi-
cate the NX-2 chemotype may be indigenous, and possibly endemic, to southern Canada and the northern
U.S. In addition, we demonstrate that the evolution of TRIT within FSAMSC-1 has been complex, with evi-
dence of trans-species evolution and chemotype-specific shifts in selective constraint.

Published by Elsevier Inc.

1. Introduction

2015; Goswami and Kistler, 2004; Qu et al., 2008), and was respon-
sible for billion dollar annual losses to the North American wheat

Fusarium Head Blight (FHB) is a disease of wheat, barley and
other cereal crops that can significantly reduce grain yield and
quality, and can further diminish the value of grain due to contam-
ination with trichothecenes and other mycotoxins (McMullen
et al., 2012). Fusarium graminearum is the most common and eco-
nomically important FHB pathogen world-wide (Del Ponte et al.,
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industry in past epidemics (Nganje et al., 2004). F. graminearum
and the other members of the F. graminearum species complex
(FGSC) are included in a broader group of 21 FHB pathogen species
characterized by the production of type B trichothecene mycotox-
ins. This diverse group was previously referred to as the B-clade,
but will be referred to here as Fusarium sambucinum species com-
plex lineage 1 (FSAMSC-1) to reflect an exclusive evolutionary ori-
gin within the F. sambucinum species complex (O’'Donnell et al.,
2013) as opposed to an exclusive trichothecene type.
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Trichothecene mycotoxins are prevalent grain contaminants
that can represent a major threat to food safety and animal health.
These toxins are potent inhibitors of protein synthesis and are
responsible for neurologic, gastrointestinal, immune function and
other disorders (Pestka, 2010; Wu et al., 2014). Trichothecenes
can also act as virulence factors and facilitate tissue colonization
in some plant hosts (Desjardins et al., 1996; Jansen et al., 2005;
Mudge et al., 2006). Fusarium trichothecenes are divided into two
major structural types characterized by the presence (type B) or
absence (type A) of a keto group at carbon atom 8 (C-8). Members
of the FSAMSC-1, for example, typically produce one of three
strain-specific profiles (chemotypes) of 8-keto, 7-hydroxy, type B
trichothecenes. These chemotypes are differentiated by the pro-
duction of nivalenol (NIV), 3-acetyl deoxynivalenol (3ADON), or
15-acetyl deoxynivalenol (15ADON) (Miller et al., 1991; Ward
et al, 2002). Recently however, a novel type A trichothecene
chemotype (NX-2) was reported for several isolates of F. gramin-
earum that produce 7-hydroxy trichothecenes lacking a C-8 oxygen
(Kelly et al., 2015; Liang et al., 2014; Varga et al., 2015) (Fig. 1). This
structural variation at C-7 and C-8 results from functional diversity
of the trichothecene biosynthetic enzyme Tril, a cytochrome P450
monooxygenase. Strains of F. graminearum that produce NX-2 have
a unique variant of Tril that catalyzes C-7 hydroxylation, but not
C-8 hydroxylation (Varga et al., 2015). In contrast, Tril catalyzes
C-7 and C-8 hydroxylation in type B trichothecene-producing
members of FSAMSC-1, and catalyzes hydroxylation at C-8 but
not C-7 in fusaria that produce C-8-oxygenated type A trichothece-
nes such as T-2 toxin, HT-2 toxin and/or neosolaniol (McCormick
et al., 2004, 2006; Meek et al., 2003). NX-2 toxicity appears similar
to that of 3ADON, and its deacetylated form (NX-3) is similar in
toxicity to DON (Varga et al., 2015).

The evolution of trichothecene chemotype diversity within
Fusarium has been complex. Some structural diversity among type
B trichothecenes is due to genetic polymorphism in the tri-
chothecene biosynthetic gene (TRI) cluster (Alexander et al,
2009; Lee et al.,, 2002) that has been maintained by balancing
selection throughout the evolution of the FSAMSC-1 (Ward et al.,
2002). In addition, trans-species evolution and multiple genomic
translocations of the TRIT gene have been reported, such that
TRI1 is found in at least four genomic contexts (GC) and aspects
of the TRI1 gene tree are incongruent with the species phylogeny
(Proctor et al, 2009). In the B-trichothecene strains from
FSAMSC-1 studied to date, TRI1 is in GC1; that is, between homo-
logs of FGSG_00070 and FGSG_00072, and with a TRI16 pseudo-
gene (WTRI16) in its 5 flanking region (Proctor et al., 2009).
However, the genomic context and evolutionary affinities of the
TRI1 variants from NX-2 isolates have not been investigated.

All NX-2 isolates identified to date were collected from south-
ern Canada and the Upper Midwest of the U.S. (Kelly et al., 2015;
Liang et al., 2014). Two genetic populations of type B-producing
F. graminearum have been described from these regions and consist
of the native NA1 population in which the 15ADON chemotype
predominates and the emergent NA2 population in which the
3ADON chemotype is predominant (Gale et al., 2007; Liang et al.,
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2015; Ward et al., 2008). However, the NX-2-producing F. gramin-
earum strains appear genetically distinct from the NA1 and NA2
genetic populations (Kelly et al., 2015; Liang et al., 2014). The pres-
ence of the NX-2 allele in F. graminearum populations outside of
this region has not been investigated and the geographic distribu-
tion of NX-2 isolates across major cereal production regions of the
world is not known. The objectives of this study were to 1) charac-
terize the distribution of NX-2 isolates among a global collection of
F. graminearum isolates, and 2) to elucidate the origins and evolu-
tionary history of the NX-2 chemotype in F. graminearum.

2. Methods
2.1. Geographic survey of NX-2 alleles in F. graminearum

The isolates used in this study are described in Supplementary
Table 1. Fungal cultures were grown and DNA was extracted fol-
lowing methods described by O’'Donnell et al. (1998). A TRI1 PCR-
RFLP assay (Liang et al., 2014) was used to screen F. graminearum
isolates for the NX-2 TRI1 allele. Briefly, this assay targets TRI1 Apol
restriction sites that are unique to NX-2-producing F. graminearum
strains, such that the NX-2 TRI1 genotype can be distinguished
from type B genotypes (i.e. 15ADON, 3ADON and NIV) of F. gramin-
earum based on the number and length of restriction fragments.
The PCR-RFLP assay was performed on a global collection of 2515
F. graminearum, which included 1170 isolates from previous stud-
ies of FHB composition and F. graminearum population genetics
(Aamot et al., 2015; Bec et al,, 2015; Boutigny et al., 2014, 2011;
Del Ponte et al., 2015; Gale et al., 2007; Gale et al, 2011;
Kuhnem et al., 2015; Reynoso et al.,, 2013; Suga et al., 2008;
Umpiérrez-Failache et al.,, 2013; Ward et al., 2008; Yli-Mattila
et al.,, 2009) and 1345 additional isolates identified as F. gramin-
earum using a multi-locus genotyping (MLGT) assay (Ward et al.,
2008), with modifications described in Kelly et al. (2015).

2.2. DNA sequencing and phylogenetic analyses

We sequenced portions of B-tubulin (TUB2), translation elonga-
tion factor 1o (TEF1), trichothecene-3-O-acetyltransferase (TRI101),
phosphate permease (PHO5), histone H3 (HIS3) and reductase
(RED) from NX-2 isolates in order to integrate NX-2 diversity into
the previously published phylogenetic framework for FSAMSC-1
(Sarver et al., 2011). In addition, we sequenced TRI1 from all iso-
lates identified as NX-2, a subset of 239 geographically diverse F.
graminearum isolates identified as type B based on the PCR-RFLP
assay, and a previously characterized collection of isolates repre-
senting FSAMSC-1 diversity (Sarver et al., 2011) in order to validate
RFLP results and to assess the evolutionary history of the TRI1 gene.
We also sequenced a 5-kb region upstream and a 1.3-kb region
downstream of the TRI1 locus in NX-2 isolates and B trichothecene
isolates representing FSAMSC-1 diversity (Sarver et al.,, 2011) in
order to assess genomic context and infer phylogenetic relation-
ships based on variation in genes immediately flanking TRI1.
Sequencing of individual genes via capillary electrophoresis
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Fig. 1. Chemical structures of 3-acetyl deoxynivalenol, a 7-hydroxy, 8-keto, type B trichothecene; NX-2, a 7-hydroxy type A trichothecene; and T-2 toxin, a 8-acyl type A

trichothecene.
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(Accessions KX087123-KX0871, KX183208-KX183387,
KX183571-KX183628, KX183629-KX183685) was conducted
using an ABI 3730 DNA Analyzer as previously described (Sarver
et al,, 2011; Varga et al., 2015). Primers used to amplify TRI1 and
adjacent genes are provided in Supplementary Table 2. Additional
TRI1 sequences were extracted from unreleased Illumina MiSeq
(Illumina Inc., San Diego, California) whole-genome sequences of
F. graminearum isolates (Accessions KX183388-KX183570)
mapped to ~50x coverage against the F. graminearum PH-1 refer-
ence genome (Accession PRJEB5475). Genome sequencing libraries
were prepared using the Illumina Nextera XT DNA Library Prep Kit,
following manufacturer’s instructions for 2 x 300 bp MiSeq runs.
Amplified DNA sequences were trimmed to remove low-quality
ends and overlapping amplicons were assembled into contigs
using Sequencher 4.10.1 (Gene Codes Corporation, 2010). Trim-
ming and assembly of genome reads was performed using CLC
Genomics Workbench 8.0.1 (QIAGEN Bioinformatics, 2015).

DNA sequences were aligned with MUSCLE (Edgar, 2004) as
implemented in MEGA version 6.6 (Tamura et al., 2013). MEGA
was used to construct maximum likelihood phylogenies, with
models of molecular evolution selected on the basis of Bayesian
Information Criterion scores. Support for individual nodes was
assessed through random resampling of sequences with 1000
bootstraps. Alternate phylogenetic hypotheses were tested by
comparing the fit of constrained versus unconstrained maximum
likelihood phylogenies via Shimodaira-Hasegawa likelihood ratio
tests (SH tests) (Shimodaira and Hasegawa, 1999) as implemented
in RAXML version 8.0.26 (Stamatakis, 2014).

2.3. Molecular evolution of NX-2 TRI1 alleles

The ratio of nonsynonymous to synonymous substitution rates
(w) was determined for TRI1 sequences to characterize the influ-
ence of different selection pressures on TRI1 evolution. We used
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the CODEML program in PAML (version 4.8, Yang, 2007) to obtain
parameter estimates by maximizing the likelihood function (I)
(Yang, 1997) for evolutionary models, and then used likelihood-
ratio tests (LRT, 2 * (I, — I;)) to compare competing, nested models
that tested for (i) heterogeneity of selection across TRI1 codons
(site-specific models, Yang and Nielsen, 2002; Yang et al., 2000,
2005), (ii) selection specific to the NX-2 branch (branch-specific
models, Yang and Nielsen, 2002) and (iii) selection at specific
codons in the NX-2 branch (branch-site models, Yang and
Nielsen, 2002; Zhang et al., 2005). Alternative models were consid-
ered significant when LRT statistics exceeded the critical %2 value
at P < 0.05, with degrees of freedom equal to the difference in the
number of parameters in the two models (Yang and Nielsen,
2002; Yang et al., 2000; Zhang et al., 2005).

3. Results
3.1. Geographic distribution of NX-2

Using a PCR-RFLP assay targeting variation in TRI1, we surveyed
2515 F. graminearum isolates from 19 different countries to assess
the geographic distribution of the NX-2 TRI1 allele. Isolates with
the NX-2 allele were limited to southern Canada and the northern
U.S., where they were observed at low frequency (1.8%). Only 2.2%
of F. graminearum isolates from the Upper Midwest of the U.S. and
south central and southeastern Canada had the NX-2 TRI1 allele,
and in Connecticut (northeastern U.S.) only 1.1% had the NX-2
allele (Fig. 2). Six of the NX-2 isolates were recovered from cereal
crops grown within the previously documented range of NX-2 iso-
lates: one isolate from wheat in Minnesota (north central U.S.) and
five isolates from barley in Québec (southeastern Canada). Two
other NX-2 isolates were recovered from corn stubble in Connecti-
cut, U.S,, and another isolate was recovered from oats in Manitoba
(southwestern Canada). All nine isolates identified as NX-2 with

)

Central Europe
Hungary: N=5
Germany: N=74
Italy: N=21
Denmark N=5

v,

v Finland
Noway =21

SouthAfrica
N=127

Fig. 2. Geographic sampling of 2515 F. graminearum isolates included in the PCR-RFLP survey of the NX-2 TRIT allele. N indicates the number of isolates screened from each
sampled country (shaded grey). Delineated range in Canada and the U.S. is based on the locations of isolates that were identified as NX-2 based on PCR-RFLP and TRI1 gene

sequences.
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the PCR-RFLP assay had the 3ADON TRI-cluster MLGT genotype.
The NX-2 allele was absent from the other regions of the U.S. that
were sampled, which included North Carolina (eastern U.S.,
N =219), Pennsylvania (northeastern U.S., N=171), Indiana/Ken-
tucky (midwestern U.S., N=51), and Louisiana (southern U.S.,
N =99). In addition, none of the 1471 F. graminearum isolates sam-
pled from Europe, Asia, Africa, South America and Australia had the
NX-2 TRIT allele.

3.2. Phylogenetic analyses

A concatenated six-gene phylogeny (Fig. 3) resolved NX-2 iso-
lates and type B F. graminearum in a monophyletic clade with
100% bootstrap support, confirming that NX-2 isolates were nested
within a monophyletic F. graminearum. The maximum likelihood-
inferred TRI1 phylogeny (Fig. 4) strongly supported a monophyletic
FSAMSC-1 clade, but was incongruent with the evolutionary his-
tory of species divergence within FSAMSC-1. For example, F.
graminearum was polyphyletic in the TRI1 tree, and F. graminearum
isolates with the NX-2 allele were recovered in 99% of bootstrap
replicates as a highly divergent sister-clade to all other members
of FSAMSC-1. A phylogeny inferred from Tril amino acids (data
not shown) was highly similar in topology to the TRI1 tree and also
showed strong evidence (100% bootstrap support) for divergence

Fusarium sambucinum
species complex lineage 1 (FSAMSC-1)

99

100

0.004

100

P

96
1

of NX-2 F. graminearum from the other FSAMSC-1 isolates. Conse-
quently, a constraint tree specifying F. graminearum monophyly
provided a significantly worse fit to the data than the uncon-
strained TRI1 tree (SH test, P <0.01). Although the placement of
the divergent NX-2 clade was the most obvious conflict between
the TRI1 tree and the recognized species phylogeny, additional con-
flicts were observed. Early diverging heterothallic species, such as
F. lunulosporum and F. culmorum were nested within the FGSC, and
SH tests confirmed that the fit of a constraint tree specifying FGSC
monophyly was significantly worse than the unconstrained TRI1
phylogeny (P<0.01) even when NX-2 sequences were removed
from the analysis.

In order to minimize the influence of natural selection on
reconstruction of the TRI1 gene tree, we repeated the phyloge-
netic analyses for TRI1 using only intron and fourfold degener-
ate sites (neutral sites). The maximum likelihood phylogeny
based on neutral sites (Fig. 5) was consistent with the all-
sites tree inferred for TRI1 (Fig. 4) in that neither the FGSC
nor F. graminearum were recovered as monophyletic groups
and NX-2 alleles formed a strongly supported monophyletic
clade. However, the NX-2 clade was deeply nested within
FSAMSC-1 in the neutral site tree, in contrast to the divergent
position of the NX-2 clade in the all-sites tree. In addition,
neutral site evolution at TRI1T did not strongly contradict a
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Fig. 3. Maximum likelihood phylogeny based on concatenated DNA alignment of six genes previously used to infer phylogenetic relationships in FSAMSC-1: B-tubulin (TUB2),
translation elongation factor 1o (TEF1), trichothecene-3-0-acetyltransferase (TRI101), phosphate permease (PHO5), histone H3 (HIS3) and reductase (RED). The tree was
inferred using the Tamura 3-parameter model of nucleotide substitution (Tamura, 1992) with a Gamma parameter to account for rate heterogeneity. Bootstrap values (%,
based on 1000 replications) > 70 are shown on branches. The tree was rooted at midpoint and drawn to scale, with branch lengths measured in the number of substitutions

per site.
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branch lengths measured in the number of substitutions per site. Trichothecene toxin chemotype is indicated in parentheses for FSAMSC-1 isolates.

monophyletic F. graminearum (SH test based on a constraint of
F. graminearum monophyly,
significant (SH test, P<0.05) support for a paraphyletic FGSC

P>0.05). H

owever, there was
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Fig. 5. Phylogeny based on nucleotide sequences of introns and fourfold degenerate sites of TRI1 from type A and type B trichothecene-producing isolates of Fusarium
(N =77). The tree was inferred using the Tamura 3-parameter model of nucleotide substitution (Tamura, 1992), with a Gamma parameter to account for rate heterogeneity
and a proportion of invariable sites. The tree was rooted at midpoint and drawn to scale, with branch lengths measured in the number of pairwise differences per site. The tree
to the left is an enlargement of the FSAMSC-1 clade in the smaller tree to the right. Bootstrap values (%, based on 1000 replications) > 70 are indicated on branches.
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3.3. TRI1 flanking regions

Given the unexpected relationships observed among FSAMSC-1
isolates in the TRI1 gene tree, we sequenced TRI1 flanking regions
to determine if TRIT was present in the same genomic context,
and thus likely to be orthologous, across FSAMSC-1. Comparison
of flanking sequences indicated that TRI1 was likely located in
the same genomic context (GC1) in all FSAMSC-1 isolates; includ-
ing isolates with the NX-2 allele (Fig. 6A). Interestingly, gene trees
derived from genes flanking TRI1 (FGSG_0070 and FGSG_0072)
were also incongruent with the species phylogeny for FSAMSC-1
(Supplementary Figs. S1 and S2). As we observed for TRI1, the FGSC
and F. graminearum were non-monophyletic in gene trees for
FGSG_00070 or FGSG_00072 (SH tests, P<0.01). Unlike TRI1 how-
ever, NX-2 isolates of F. graminearum did not form a monophyletic
clade within the maximum likelihood phylogeny for FGSG_00070
or FGSG_00072. Neutral (synonymous) site phylogenies inferred
for FGSG_00070 and FGSG_00072 (data not shown) were highly
consistent with the all-sites gene trees and also depicted the FGSC
and NX-2 F. graminearum as polyphyletic.

3.4. Molecular evolution of NX-2 Tril enzymes

Comparison of predicted Tri1l amino acid sequences from the
NX-2 and type B F. graminearum included in the phylogenetic anal-
yses revealed 13 fixed differences between these two groups
(Fig. 6B). Sequencing of TRI1 from a geographically diverse panel
of 239 additional F. graminearum identified as type B using the
PCR-RFLP assay confirmed this observation (Supplementary
Table 1). In addition, the NX-2 character states at these 13 amino
acid sites were not observed among other FSAMSC-1 species, and
only four (33T, 100N, 210T 256N) were shared with any of the
TRI1 alleles sampled from outside FSAMSC-1. The accumulation
of nonsynonymous substitutions specific to the NX-2 clade indi-
cated that the evolution of NX-2 may have been accompanied by
changes in selection pressure acting on Tril.

We used likelihood ratio tests (LRTs) and parameter estimates
derived from different codon models of molecular evolution
(Table 1) to test for (i) heterogeneity of selective constraint among
TRI1 codons, (ii) sites within TRI1 that evolved by positive selection,
and (iii) changes in selective constraint along the branch leading to
the NX-2 clade (NX-2 branch). Site-specific models indicated

A FGSG_00070
—N

YTRI16 Region

Table 1
Parameter estimates for codon models of molecular evolution.

Site models?® Likelihood ~ Parameter estimates”

-11704.18 ®=0.17

—11583.19 po=0.87, wp=0.11; p; =0.13, w1 = 1.0
—-11583.19 po=0.87, wo=0.11; p; =0.13, ®; = 1.0;
p2=0.00, o, =27.69

Po=0.40, wo =0.01; p; =048, w; =0.2;
p2=0.12, ®, =0.69

p=047,q=2.07

p=0.52,q=258; p; =002 ®»;=1.0

MO (single ®)
MT1a (neutral)
M2a (selection)
M3 (multiple ®) —11527.53

M7 (neutral)
M8 (selection)

—11529.97
—11529.45

Branch models

MOnx-2 -11696.80 ®=0.17; NX-2 ®=1.16
MOpx.> neutral —11696.84 ®p=0.17; NX-2 ®=1.0
(fix NX-2
o=1)

Branch-site models

Model A neutral —11576.65 po=0.26, Background wo=0.11, NX-2

(fix my=1) o =0.11; p; = 0.04, Background m; = 1.0,
NX-2 ®; = 1.0; p, = 0.61, Background
®p =0.11, NX-2 o, = 1.0; p3 = 0.09,
Background m; = 1.0, NX-2 m, =1.0
Model A —11575.36  po = 0.79, Background mq = 0.11, NX-2

o =0.11; p; =0.12, Background m; = 1.0,
NX-2 ®; = 1.0; p, = 0.08, Background
®=0.11, NX-2 m, = 11.10; p3 = 0.01,
Background m; = 1.0, NX-2 o, =11.10

2 Site models described in Yang et al. (2005); branch models described in Yang
and Nielsen (2002); branch-site models described in Zhang et al. (2005).

b @ is the ratio of non-synonymous to synonymous substitution rates; p is the
proportion of sites at TRI1 with associated ®. For models M7 and M8 p and ¢
represent the shape parameter estimates for the B distribution (Yang et al., 2000).

heterogeneity of w across TRI1 codons (MO versus M3), although
tests for site-specific positive selection (M1a versus M2a, M7 ver-
sus M8) were not significant across the TRI1 gene tree as a whole
(Fig. 4). A branch-model allowing for a different ®» along the
NX-2 branch (MOyx.») fit the data significantly (P < 0.001) better
than a model assuming a single o for all branches in the TRI1 gene
tree (MO), indicating that the evolution of NX-2 was accompanied
by a significant change in selective pressure on TRI1. The estimate
of ® along the NX-2 branch was more than sixfold higher than for
background branches (Table 1) and was consistent with positive
selection (= 1.16). However, a direct test of positive selection
along the NX-2 branch was not significant, as the MOyx., model
failed to provide a significant improvement over a branch model

TRI1 FGSG_00072
N N

1Kb ————~
Chromosome 1: 245,853 - 253,349

A33T* S10QN*F115L

TRI1: 249,974 - 252,038

o
RO
5217 XKY  Faae)

! Vv

& u’sé’;sz
¥ D373E GR™ A450V

v v v

P450

20 amino acid
heme-binding motif
NX-2:FGYGEHACPGRFFVAKQVQI

All other Fusarium:FXXGXXXCXGXXXAXXXXXX

Fig. 6. A, Genomic context GC1 of TRI1 in NX-2 isolates and other members of the F. sambucinum species complex (FSAMSC-1). Gene designations and chromosomal
coordinates are as described for F. graminearum strain PH-1 in the Fusarium Comparative Database (Broad Institute, Accession GCA_000240135.3). The TRI16¥ region has a
nonfunctional version of the trichothecene acyl transferase gene, TRI16 (Brown et al., 2003; McCormick et al., 2004; Proctor et al., 2009). B, Locations of introns, exons,
functional domains and nonsynonymous mutations in TRI1/Tri1 of NX-2 F. graminearum. TRI1 exons correspond to the black or grey regions; the grey regions indicate
conserved cytochrome P450 monooxygenase domain (amino acids 291-468, Marchler-Bauer and Bryant, 2004; Marchler-Bauer et al., 2015)), including the 20-amino acid
heme-binding loop. " Indicates NX-2 Tril character state was shared with TRIT alleles from isolates outside of FSAMSC-1.
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in which the NX-2 branch evolved neutrally (MOyx neutral).
Branch-site models allowing for variation of ® among TRI1 codons
and a change in o associated with NX-2 TRIT (Model A) indicated
that 9% of codons had evolved by positive selection along the
NX-2 branch, but again direct tests of site-specific positive selec-
tion along the NX-2 branch (Model A versus Model A neutral) were
not significant (P=0.11).

4. Discussion

Our analyses of TRIT variation within a global collection of 2515
F. graminearum isolates indicated that the NX-2 trichothecene type
could be indigenous, and possibly endemic, to parts of both the
northern U.S. and southern Canada. Previous analyses of the distri-
bution and prevalence of NX-2 isolates were restricted to Canada
and the Upper Midwest of the U.S., where the NX-2 type was
observed among 2.8% and 1.7% of wheat isolates respectively
(Kelly et al., 2015; Liang et al., 2014). We found a similar frequency
of NX-2 isolates in those areas (2.2%), and the current results
expanded the known geographic distribution of NX-2 strains to
include the northeastern U.S. (Connecticut, 1.1%). However, the
NX-2 allele was not observed among 540 F. graminearum isolates
sampled from other regions of the U.S. and 1471 isolates sampled
from Europe, Asia, Africa, South America and Australia. Although
the NX-2 allele likely exists outside the expanded geographic range
identified in this study, and may be locally prevalent is some
regions, the current data indicate that NX-2 is not common across
the cereal production regions sampled.

A total of 41 NX-2 F. graminearum isolates have now been iden-
tified, and as in previous publications (Kelly et al., 2015; Liang
et al., 2014; Varga et al., 2015), the NX-2 isolates identified in this
study have 3ADON TRI-cluster types. In Canada and the northern
U.S., the 3ADON TRI-cluster type is strongly associated with the
emergence and spread of the NA2 genetic population of F. gramin-
earum, which has a range that is similar to that of the NX-2 chemo-
type (Gale et al., 2007; Schmale et al., 2011; Ward et al., 2008).
Despite extensive sympatry NX-2 isolates have a genetic back-
ground that distinguishes them from the emergent NA2 (predom-
inantly 3ADON) genetic population and the putatively native NA1
(predominantly 15ADON) genetic population that is dominant
across much of the U.S. and Canada (Kelly et al., 2015; Liang
et al., 2014). Although this apparent lack of gene flow could be
expected if NX-2 strains were only recently introduced into this
region, we were unable to identify the NX-2 allele in the other geo-
graphic and genetic populations sampled, including those from
Louisiana, Norway, Finland, Russia, and Japan that have apprecia-
ble frequencies of strains with 3ADON TRI-cluster types (Aamot
et al.,, 2015; Gale et al., 2011; Suga et al., 2008; Yli-Mattila et al.,
2009). Likewise, phylogenetic analyses of a multi-gene dataset
indicated that NX-2 isolates were not closely related to the diver-
gent Gulf Coast population of F. graminearum (Fig. 3), which also
includes strains with the 3ADON TRI-cluster type (Gale et al.,
2011; Starkey et al., 2007). Genetic integration could also be lim-
ited by host-mediated barriers to reproduction or other forms of
differential niche adaptation. Although NX-2 isolates have been
recovered from cereal crops that are commonly infected with other
F. graminearum, the first NX-2 strain described was recovered from
non-agricultural grasses, indicating a potential host reservoir sep-
arate from commercial cereals (Varga et al., 2015).

Analyses of TRI1 variation also expanded the known host range
of NX-2 strains, which accounted for 6.0% of isolates from barley in
Québec and 3.3% of oat isolates from Manitoba (Supplementary
Table 1). All of the NX-2 isolates identified in previous surveys of
cereal crops were obtained from wheat, and the absence of the
NX-2 type among 247 F. graminearum isolates from barley in the

Upper Midwest led Liang et al. (2015) to question if NX-2 isolates
were adapted to wheat, but not barley. Our data indicated NX-2
strains are capable of infecting barley; however, regional differ-
ences in NX-2 prevalence on specific hosts may exist. Consistent
with findings reported by Liang et al. (2015), NX-2 was not
observed among the 54 barley isolates we examined from Mani-
toba (Supplementary Table 1). Previous analyses indicated that a
complex adaptive landscape has driven regional differences in
the prevalence of trichothecene chemotypes (3ADON and
15ADON) and genetic populations (NA1 and NA2) that distinguish
eastern Canada from the Canadian prairie-provinces and the Upper
Midwest (Kelly et al., 2015), and similar regional differences were
reported for F. asiaticum in China (Yang et al., 2008; Zhang et al.,
2012). It is possible that regional differences could also influence
FHB pathogen composition in relation to specific hosts, but addi-
tional surveys and direct experimental analyses of pathogen
aggressiveness and host susceptibility will be required to address
this question.

We conducted phylogenetic analyses of TRI1 sequences in order
to understand the evolutionary origins of the NX-2 chemotype.
This effort was complicated by the fact that relationships observed
across the TRIT gene tree (Figs. 4 and 5) were incongruent with the
species phylogeny (Fig. 3, Aoki et al., 2015; Sarver et al., 2011). The
results were indicative of trans-species evolution, in which ances-
tral polymorphism at TRI1 persisted through multiple speciation
events within FSAMSC-1 and was either maintained or subse-
quently sorted into descendent lineages in a way that does not
reflect phylogenetic relationships of species within FSAMSC-1.
These findings are consistent with previous evidence of trans-
species evolution of TRI1 alleles (Proctor et al., 2009), but provide
the first documentation that this phenomenon extended to TRI1
evolution within FSAMSC-1. trans-species evolution was also pre-
viously observed for TRI-cluster genes within FSAMSC-1, where
trans-species polymorphism was clearly associated with the main-
tenance of trichothecene chemotype diversity by natural selection
(Ward et al., 2002). Proctor et al. (2009) suggested trans-species
evolution at TRIT might also be related to the production of struc-
turally diverse trichothecenes. However, this does not appear to be
the case within FSAMSC-1, as patterns of trans-species evolution
were evident among the type B trichothecene-producing strains,
all of which produce 8-keto, 7-hydroxy trichothecenes (Figs. 4
and 5). We also observed patterns of phylogenetic incongruence
consistent with trans-species evolution at genes flanking TRI1
(FGSG_0070 and FGSG_0072) within the genomic context shared
by all members of FSAMSC-1. In this genomic context (GC1), TRI1
is positioned near the telomere of chromosome 1 in F. gramin-
earum, in a region that is SNP-dense and enriched for genes that
encode secreted effector proteins predicted to be involved in
fungus-plant interactions (Cuomo et al., 2007; Zhao et al., 2014).
As such, patterns of trans-species evolution at TRIT may be an indi-
rect result of evolutionary pressures acting on a linked locus that is
not involved in trichothecene biosynthesis.

Initial phylogenetic analyses based on all sites within TRIT sug-
gested that NX-2 evolved early in the history of FSAMSC-1 (Fig. 4).
However, this appeared to be an artifact owing to the accumulation
of nonsynonymous mutations in the TRIT gene of NX-2 isolates
(Fig. 6). When we corrected for the influence of selection, analyses
of intron sequences and fourfold degenerate sites demonstrated
that NX-2 evolved more recently from a type B TRI1 allele
(Fig. 5), possibly following diversification of F. graminearum (non-
significant SH test of optimal tree versus a constraint specifying
F. graminearum monophyly). By testing the likelihood of different
codon models of molecular evolution, we demonstrated that
NX-2 evolution was associated with a significant change in selec-
tion pressure operating on Tril. Therefore, the extreme divergence
of NX-2 isolates in the TRI1 gene tree appears to be the result of an
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evolutionary process distinct from that responsible for trans-
species evolution of TRI1 polymorphism. Parameter estimates from
codon models were consistent with positive selection along the
NX-2 branch of the TRI1 gene tree (Table 1), and were indicative
of adaptive evolution at specific amino-acid sites. However, direct
tests of positive selection versus effectively neutral evolution were
not significant. Varga et al. (2015) hypothesized that the NX-2
toxin could provide an advantage to the fungus by circumventing
glutathione-mediated detoxification in-planta, and our analyses
provide indications that specific mutations associated with the
evolution of NX-2 may have been favored by natural selection.
However, given the lack of statistical significance in support of pos-
itive selection we can conclude only that NX-2 producers evolved
in an environment in which the loss of 8-keto trichothecenes
was not opposed by purifying selection. Either way, the observa-
tion of chemotype-specific differences in selective constraint on
Tril evolution further indicated that NX-2 strains occupy an evolu-
tionary niche that is distinct from type B strains of F. graminearum.

The predicted amino acid sequences for Tril among NX-2 iso-
lates were distinguished from those of all other FSAMSC-1 isolates
by 13 differences (Fig. 6B). Varga et al. (2015) previously reported
14 predicted amino acid differences between NX-2 and type B iso-
lates of F. graminearum, however the NX-2 character state at one of
these sites (363) is shared with an isolate from the Gulf Coast pop-
ulation of F. graminearum as well as strains from at least nine other
FGSC species that produce type B trichothecenes. In comparing
TRI1 sequences with those from a broader group of Fusarium, we
determined that only nine of these predicted amino acid differ-
ences were unique to NX-2 isolates. These included the I361F
mutation located within one of six substrate recognition sites
(Gotoh, 1992; Marchler-Bauer et al., 2015). Mutations at this site
can drastically change P450 substrate specificity (Lindberg and
Negishi, 1989), and substitutions in proximity to residue 361 have
been shown to alter the location of substrate hydroxylation (Schalk
and Croteau, 2000). In addition, the A450V mutation, located
within the highly conserved heme-binding loop of the enzyme
(Fig. 6B), was found exclusively in NX-2 isolates. Mutations in this
region can alter heme-substrate affinity and substrate turnover
(Warrilow et al., 2010), which could explain the functional
difference between NX-2 and other Tril enzymes. Site-directed
mutagenesis experiments targeting the amino acid residues
we identified as specific to NX-2 producers should lead to the
identification of mutations responsible for the NX-2 chemotype
and to the further development of molecular methods for the
specific detection of chemotype-determining mutations as part of
pathogen monitoring efforts.

5. Conclusions

We conducted a molecular survey of TRI1 to improve under-
standing of the ecological and toxicological significance of the
recently identified NX-2 chemotype by providing the first data
on the distribution and prevalence of NX-2 strains from a global
collection of F. graminearum isolates. The results of this study
expanded the known geographic distribution of NX-2 strains to
include the northeastern U.S., expanded the known host range of
NX-2 strains to include oat and barley, and indicated that the
NX-2 chemotype may be indigenous, and possibly endemic, to
parts of the northern U.S. and southern Canada. Phylogenetic and
molecular evolution analyses provided evidence that TRI1 variation
within FSAMSC-1 was shaped by trans-species evolution of ances-
tral polymorphism, and indicated that the NX-2 chemotype
evolved relatively recently from a type B ancestor as a result of a
significant change in selective pressures acting on Tril. Our results
indicate contamination of cereals with NX-2 or its derivatives is
likely to be geographically limited in comparison to type B

trichothecenes. However, evidence that the NX-2 chemotype
evolved in response to a significant change in selective pressure
suggests the need for additional monitoring of this novel type A
trichothecene across a broad range of hosts, not only to identify
potential source populations, but also to track potential range
expansions.
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