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Abstract

Background: The soil dwelling saprotrophic non-pathogenic fungus Fusarium venenatum, routinely used in the
commercial fermentation industry, is phylogenetically closely related to the globally important cereal and non-cereal
infecting pathogen F. graminearum. This study aimed to sequence, assemble and annotate the F. venenatum (strain
A3/5) genome, and compare this genome with F. graminearum.

Results: Using shotgun sequencing, a 38,660,329 bp F. venenatum genome was assembled into four chromosomes,
and a 78,618 bp mitochondrial genome. In comparison to F. graminearum, the predicted gene count of 13,946
was slightly lower. The F. venenatum centromeres were found to be 25% smaller compared to F. graminearum.
Chromosome length was 2.8% greater in F. venenatum, primarily due to an increased abundance of repetitive elements
and transposons, but not transposon diversity. On chromosome 3 a major sequence rearrangement was found, but its
overall gene content was relatively unchanged. Unlike homothallic F. graminearum, heterothallic F. venenatum possessed
the MAT1–1 type locus, but lacked the MAT1–2 locus. The F. venenatum genome has the type A trichothecene
mycotoxin TRI5 cluster, whereas F. graminearum has type B. From the F. venenatum gene set, 786 predicted proteins
were species-specific versus NCBI. The annotated F. venenatum genome was predicted to possess more genes coding
for hydrolytic enzymes and species-specific genes involved in the breakdown of polysaccharides than F. graminearum.
Comparison of the two genomes reduced the previously defined F. graminearum-specific gene set from 741 to
692 genes. A comparison of the F. graminearum versus F. venenatum proteomes identified 15 putative secondary
metabolite gene clusters (SMC), 109 secreted proteins and 38 candidate effectors not found in F. venenatum. Five of the
15 F. graminearum-specific SMCs that were either absent or highly divergent in the F. venenatum genome showed
increased in planta expression. In addition, two predicted F. graminearum transcription factors previously shown to be
required for fungal virulence on wheat plants were absent or exhibited high sequence divergence.

Conclusions: This study identifies differences between the F. venenatum and F. graminearum genomes that may
contribute to contrasting lifestyles, and highlights the repertoire of F. graminearum-specific candidate genes and SMCs
potentially required for pathogenesis.
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Background
The genus Fusarium contains numerous destructive and
toxigenic filamentous ascomycete fungi that pose a
current, and growing threat, to plant, animal, human
and ecosystem health. Prominent plant diseases caused
by Fusaria include, Fusarium head blight (FHB) of ce-
reals [1, 2], sudden death syndrome of soybeans [3], and
vascular wilts of numerous important crops, such as
banana, tomato and oil palm [4]. The negative impact of
Fusarium-induced yield losses is compounded by the
contamination of the crop with various mycotoxins,
making the harvest unsuitable for human or animal con-
sumption. Additionally, Fusaria can cause opportunistic,
and life-threatening, infections of immunocompromised
humans [5]. Other Fusaria are non-pathogenic and have
a saprophytic or endophytic lifestyle [6]. The close
phylogenetic relationships but diverse array of fungal
lifestyles present within Fusaria are ideal for the identifi-
cation of the genetic factors contributing to the occu-
pancy of various biological and environmental niches,
and the evolution of different lifestyles.
Fusarium head blight disease, also known as Fusarium

head scab in the United States and elsewhere, is caused
by up to 17 related Fusarium species and occurs on all
small grain cereals throughout the globe. Within Europe,
the USA, China, Brazil and elsewhere, the main causal
organism on wheat, barley and maize crops is F. grami-
nearum. FHB is the number one floral disease affecting
wheat crops and is a serious health hazard, due to direct
crop losses and the contamination of the grain with type
B trichothecene mycotoxins, such as deoxynivalenol
(DON) and nivalenol [1, 2]. Altered agronomic practices
have failed to reduce inoculum levels, while fungicides
only provide modest crop protection, and fully FHB-
resistant wheat and barley cultivars have not been rea-
lised. Consequently, new approaches to control FHB are
needed to improve grain yield, quality and safety.
At present, F. graminearum is known to secrete a

cocktail of enzymatic and non-enzymatic proteinaceous
virulence factors in combination with host and non-host
specific, toxic and non-toxic, metabolites into the plant
tissue to manipulate the host and to obtain nutrition [7].
The independent loss of the secretion of i) the DON
mycotoxin [8], ii) the iron scavenging triacetylfusarinine
C (TAFC) siderophore [9], or iii) the Fgl1 lipase [10], re-
sults in a dramatic reduction in virulence, demonstrating
that each secreted biologically active compound is re-
quired for full infection. Other unknown fungal com-
pounds, metabolites and proteins potentially contribute to
the establishment of infection and disease progression. Re-
cent advancements have improved the understanding of
the infection biology of F. graminearum in wheat [11, 12],
fungal virulence factor requirements [8–10, 13] and some
of the underlying plant resistance mechanisms [14].
However, an increased understanding of the evolution of
F. graminearum as a pathogen of cereals may accelerate
the rate of discovery of additional virulence determinants,
and assist in the development of novel crop protection
strategies.
Fusarium venenatum A3/5 is a ubiquitous saprophytic,

soil-dwelling fungus, which was initially misclassified as
Fusarium graminearum A3/5, prior to the utilisation of
molecular phylogenetic techniques [15]. In the 1980’s, F.
venenatum was developed as a protein-rich alternative
to meat, which was low in fat and high in dietary fibre,
and subsequently commercialised under the name Quorn®
[16–18]. The production of Quorn, involves fungal biomass
accumulation in fermenters under specific growth condi-
tions, which is then heated, mixed with egg albumin or po-
tato starch, and rolled into meat-like fibres. To date, Quorn
remains the only fungal-derived protein source (myco-pro-
tein) that is commercially available and approved for hu-
man consumption, throughout the world. Industrially, F.
venenatum has also been widely used as a biological system
for the production of recombinant proteins, including tryp-
sin, lipases, phytases and xylanases [19–22]. Therefore, the
saprophyte F. venenatum has become an economically
important microbial cell factory for the production of
myco-protein and either industrial or food grade enzymes.
No detectable toxins are found in any of the fermentation
products. However, F. venenatum has been shown to pro-
duce the type A trichothecene, diacetoxyscirpenol (DAS)
toxin in inoculated rice grain cultures [15].
Single species genomics when combined with compara-

tive genomics is a powerful tool to study how fungi have
adapted to occupy their environmental niche(s), through
the acquisition, loss, or diversification of annotated/unan-
notated protein families and/or chromosomal regions.
Sequencing of the F. graminearum genome [23] revealed
few repetitive sequences, due to an active repeat-induced
point mutation mechanism, and polymorphic regions
located near telomeres and at several other genome loca-
tions which were proposed to represent ancient chromo-
somal fusion events. These polymorphic regions were
found to be enriched for genes, either highly expressed in
planta, predicted to code for secreted proteins, or genes
confirmed to be involved in pathogenic interactions with
plants [23]. Subsequently, the comparison of the genomes
from F. graminearum with Fusarium oxysporum f. sp.
lycopersici (Fol), a pathogen of tomato, and Fusarium ver-
ticillioides, a pathogen of maize, revealed the existence of
small lineage-specific chromosomes in Fol, which con-
ferred pathogenicity [24]. This demonstrates the value of
comparative genomics to study the evolution of pathogen-
esis and for the discovery of novel virulence determinants.
The recent completion of the F. graminearum genome
from telomere-to-telomere now provides an excellent
resource for further interspecies comparisons [25].
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In this study, we present a genomic comparison of the
closely related non-pathogenic and pathogenic Fusaria,
respectively F. venenatum and F. graminearum. Our
analyses revealed the striking genetic and genomic simi-
larities between the two species and have revealed the
minimal gene set specific to the pathogenic lifestyle of F.
graminearum. The predicted number of F. venentaum
and F. graminearum gene models, hereafter referred to as
genes (13,946 vs 14,164), and the GC content (47.6 vs 48)
were very similar between species. Similarly, the macro-
and microsynteny between the two genomes was very high,
except for a region on chromosome 3 where a large re-
arrangement and reorientation was found. A similar gen-
ome rearrangement was also found in the closely related
species, F. poae [26]. The genomic comparison revealed the
trichothecene mycotoxin TRI5 gene cluster resides at the
same location on chromosome 2 in both species with F.
venenatum possessing the type A and F. graminearum the
type B. The TRI1/TRI16 cluster is located at the same loca-
tion on chromosome 1 in both species, but only F. venena-
tum is predicted to possess a functional copy of TRI16. The
F. venenatum genome was predicted to possess a greater
number of genes coding for hydrolytic enzymes and spe-
cies-specific genes involved in the breakdown of polysac-
charides in a pair-wise analysis. Both attributes would
potentially facilitate a solely saprophytic lifestyle in soil and
within an industrial fermenter
Further analysis reduced the previously defined F. gra-

minearum-specific gene set [25] from 741 to 692 genes,
with the additional comparisons to F. culmorum and F.
poae reducing this number further to 690. Of these 690,
there are five secreted proteins with no known annota-
tion and three candidate effectors. A comparison of the
proteomes of F. graminearum vs F. venenatum identified
15 putative secondary metabolite gene clusters, 109 se-
creted proteins, 38 candidate effectors not found in F.
venenatum. Exploring the genome for F. graminearum
homologues of 160 genes proven to be required for viru-
lence using the pathogen-host interactions database
(PHI-base) [27, 28], revealed only two genes annotated
as transcription factors with a reduced virulence pheno-
type were absent in F. venenatum versus F. grami-
nearum. There was no difference in genes annotated
with loss of pathogenicity. This genomic comparison of
closely related pathogenic and non-pathogenic Fusarium
species highlights the repertoire of F. graminearum spe-
cific candidate genes and secondary metabolite clusters
potentially required for pathogenesis.

Results
Assessment of Fusarium venenatum pathogenicity on
wheat and tomato
To confirm that F. venenatum was not pathogenic on
wheat, in contrast to F. graminearum, macrospores of
both species were generated on potato dextrose agar
plates. Wheat heads were drop- and spray-inoculated at
anthesis. Disease development and grain formation were
assessed at 16 and 21 days post infection (see
Additional file 1). In these tests, F. venenatum was not
able to cause visible disease symptoms on wheat heads,
while F. graminearum caused significant wheat head
bleaching and the abortion of grain development. A very
small amount of F. venenatum hyphal growth was
evident solely on the wheat anthers 2–3 days post
inoculation, but this growth did not persist.
To assess whether F. venenatum could cause a post-

harvest disease on tomato (Solanum lycopersicum), ripe
fruits were ‘pin-prick’ wounded and inoculated with
either F. venenatum or F. graminearum conidia. In this
bioassay, F. graminearum rapidly colonised the tomato
pericarp within 4 days and developed an abundance of
extruding, dry, aerial mycelia. In contrast, F. venenatum
showed limited ability to colonise tomato fruits and vis-
ible ‘water soaked’ mycelia could only be observed after
a prolonged 12-day incubation. However, F. venenatum,
was fully able to proliferate on plant-derived nutrient
sources contained within agar media, such as carrot and
potato dextrose agar. Both bioassays revealed that F.
venenatum has a very limited ability to colonise living
plant tissues compared to F. graminearum.
These in planta results raised the possibility that F.

venenatum could be used as a biocontrol agent to inhibit
growth of pathogenic Fusarium species. This hypothesis
was tested in a series of co-cultivation experiments. First
F. venenatum was co-inoculated on carrot agar plates
with three wheat-pathogenic Fusarium strains, FgPH-1,
Fg602 and FcUK99. A zone of vegetative incom-
patibility [29] was observed between all isolates (see
Additional file 2). The extent of the zone of inhibition
for F. venenatum was no different to the zones observed
between other F. graminearum strains. Next flowering
wheat heads were co-inoculated with F. venenatum and F.
culmorum conidia. The F. culmorum UK99 strain was
chosen as the pathogen in the co-inoculation experiments,
because both FcUK99 and the sequenced F. venenatum
strain had originally been isolated in the United Kingdom
and at the time of isolation F. culmorum was the sole FHB
causing species in UK wheat crops. Three types of in
planta experiments were done. Firstly, F. culmorum and F.
venenatum conidia where mixed in equal amounts and
co-inoculated into two spikelets at anthesis. Secondly, F.
venenatum conidia were sprayed onto wheat heads at the
boot stage to potentially prime plant defence responses,
followed by point-inoculation of two spikelets per head
with F. culmorum conidia at anthesis. Thirdly, F.
culmorum was point-inoculated at anthesis and imme-
diately sprayed a second time with F. venenatum co-
nidia. Disease progress was monitored over 20 days.



Table 1 Basic statistics of the F. venenatum and
F. graminearum genomes

F. venenatum F. graminearum

Genome size (bp)a 38,660,329 38,060,440

Scaffoldsb 5 5

GC (%) contentc 47.7 (47.6d) 48.2 (48.0d)

Spanned gaps 37 1

Predicted genes 13,946 14,164

Average gene length (bp) 1388 1372

Average exon per gene 2.78 2.76

Average exon length (bp) 500 497

Average intron length (bp) 71 74

Repetitive (%)d 1.18 1.03

Transposable elements (%)d 0.54 0.29

BUSCOe C:98%, F:1.2%, M:0% C:98%, F:1.5%, M:0%

Average centromere length
(range) kbp

45 (40–52) 60 (56–65)

ENA project accession PRJEB7533 PRJEB5475
aincluding all scaffolds, N bases, and the mitochondria
bincluding all scaffolds, N bases excluding the mitochondria
cexcluding N’s and mitochondria
dexcluding N’s, mitochondria and large repetitive sequence at the carboxyl
end of chromosome 4
e1438 core fungal genes from BUSCO, C = complete single copy,
F = fragmented, M =missing
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No inhibition of FHB disease development was
observed in these co-inoculation experiments (see
Additional file 2). Therefore, we conclude that F.
venenatum is not a biocontrol agent for FHB disease
caused by F. culmorum.

Assembly and comparative genomics of the Fusarium
venenatum genome
An Illumina 100 bp pair-end read approach was taken to
sequence the genome. De novo assembly of the F.
venenatum genome from telomere-to-telomere, with 137×
coverage, resulted in a 38,660,329 bp genome, which as-
sembled into four chromosomes, and a 78,618 bp mito-
chondrial genome. At present 37 gaps remain within the
genome, while one supercontig of 9545 bp was unplaced
which contained three genes consisting of a transcription
factor (FVRRES_13944), a cholinesterase (FVRRES_13945),
and a negative transcriptional regulator (FVRRES_13946),
These three genes were not found in F. graminearum but
were found in F. oxysporum. This is also the situation for
many of the other genes specific to F. venenatum vs F.
graminearum where a BLASTP hit was found in F.
oxysporum. The GC content was 47.6%, which is compar-
able to 48% for F. graminearum [25]. Gene modelling was
performed using Maker2 [30], yielding 13,946 genes.
Average gene coding length in F. venenatum and F.
graminearum was respectively 1388 vs. 1372 bp, with 2.78
vs. 2.76 exons per gene (average exon and intron length
500, 497 and 71, 74 bp, respectively). The F. venenatum
genome sequence and annotation (FV1) has been depos-
ited in the European Nucleotide Archive under accession
PRJEB7533 (Table 1).
Previous phylogenetic analyses based on the RNA

polymerases, RPB1 and RPB2, concluded that F. venena-
tum was situated within the trichothecene type A/B
clade, which predated the separation of the type A clade
containing F. sporotrichioides and the type B clade con-
taining F. graminearum and F. pseudograminearum [31].
Our analysis confirmed these previous findings but in-
volved a larger cohort of genes. BUSCO was used to iden-
tify 904 common proteins however due to a lack of an
available genome for F. sporotrichioides, this species was
replaced with another type A producer, F. langsethiae (see
Additional files 3 and 4). BLASTP top hits of F. venena-
tum to NCBI identified the greatest number of gene simi-
larities with F. pseudograminearum, see Additional file 5,
which is a type B trichothecene producer whereas F.
venenatum has previously been shown to be capable of
producing the type A trichothecene, (DAS) under spe-
cific cultural conditions [15]. The 904 BUSCO common
genes did not include the TRI cluster genes and previ-
ous research findings from Ward et al. suggested the
TRI clusters evolved independently from the rest of the
genome [32]. Therefore although using non-TRI cluster
genes to designate type A/B may not be considered ap-
plicable, our results match those reported by O’Donnell
et al. [31].
Genome completeness, genome length, number of

chromosomes, centromere position and GC content,
were all very similar for F. venenatum and the closely re-
lated pathogen, F. graminearum (Table 1). In addition,
considerable synteny was found between the genes pre-
dicted to reside either side of the four centromeres pre-
dicted for each species (see Additional file 6). However,
the centromeres were found to be 25% smaller (Table 1
and Additional file 6). Inter-comparison of the chromo-
some lengths revealed chromosome length was 2.8% larger
in F. venenatum, with chromosome 3 showing the greatest
length increase at 7% (Additional file 7). This length
increase was mainly caused by an increased presence of
repetitive elements and transposon sequences (described in
greater detail below). The F. venenatum and F. grami-
nearum genomes also had a comparable set of RNAs (see
Additional file 8). The synteny between the F. venenatum
and F. graminearum genomes was very high, except for a
region on chromosome 3 where three large rearrangements
and reorientations were identified within F. graminearum
chromosome 3 at positions 1036–2645, 2645–3046 and
3046–3112 kbp (Fig. 1 and Additional file 9). This re-
arrangement was also found in the closely related species,
F. poae (see Additional file 9). No genes have been
disrupted in the rearrangement between F. venenatum and



Fig. 1 Circos plot of genome comparison between F. venenatum and F. graminearum. The four chromosomes of each species are represented in
a mirror image with the predicted secretomes highlighted in black on the ideograms. The secondary metabolite clusters unique to each species
are coloured on the ideograms and labelled “C” for Fg or “VC” for Fv, with prominent gene functions where applicable. The TRI cluster is the
exception being found in both species but is represented on the plot due to the importance of trichothecene mycotoxin production to virulence
in Fg. TRI16 is also labelled on Fv because this TRI gene is not present in F. graminearum PH-1 and is not found in the TRI cluster. The second ring
is a heatmap of the protein similarity between the two species with blue representing high and red low similarity. The third ring is a red and blue
representation of the similarity from a genome wide alignment with red regions representing an alignment and blue none. Both the low similarity
regions from the protein annotation blast comparisons and a lastz alignment of the genome show the regions with a high rate of recombination, such
as the secretome regions, and are therefore less similar to one another. The links between the two species in the form of ribbons show translocations
and inversions of regions between the two genomes. The large inversion on chromosome 3 has three parts coloured due to translocations within this
region and Additional file 9 provides a detailed view of this region
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F. graminearum. Of the 783 annotated genes in v4.0 and
786 in v5.0 present within this chromosomal region in F.
graminearum (1036–3112 kbp) (Additional file 9), one
secondary metabolite cluster (C33) which produces the me-
tabolite ferricrocin [33] is found but this cluster is also
present in F. venenatum and F. poae (BLASTP). The pres-
ence of this rearrangement in a closely related pathogenic
species F. poae, suggests this rearrangement predates the
speciation of F. poae and F. venenatum, and its presence
per se is not a likely causal reason for F. venenatum
loss of virulence.
The quantity but not diversity of repetitive elements

including transposon sequences (see Additional file 10)
were higher in F. venenatum in comparison to F. grami-
nearum (1.18% total, 0.54% transposon vs 1.03% and
0.29%) and accounts for most of the increase in
chromosome length previously described. F. graminearum
has been experimentally proven to have an active repeat
induced point mutation (RIP) defence mechanism [23].
The presence of the same mechanism in F. venenatum of
gene inactivation is partially supported by the presence of
an orthologue of the DNA methyltransferase RID (RIP de-
fective) required for RIP in N. crassa [34, 35] and the
orthologous neighbouring 10 genes.
The recent evolution of F. graminearum in the homo-

thallic FGSG species complex, means the fungus can
produce fruiting bodies in the absence of a compatible
partner, and the genome contains functional copies of
both the MAT1–1 and MAT1–2 mating loci [23, 31].
The genome of F. venenatum A3/5 strain was found
only to possess the MAT1–1 type locus and is likely a
heterothallic species (see Additional file 11). However, a
sexual stage has not been reported [36]. This require-
ment for a compatible sexual partner may reduce the
frequency of sexual recombination.
These analyses reveal that the overall genome struc-

ture of F. venenatum and F. graminearum were very
similar, despite their distinct saprophytic and dual
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saprophytic/pathogenic lifestyles, respectively. Conse-
quently, subtle differences in the evolution of the closely
related fungi and their genomes, may influence the out-
come of their various interactions with other organisms
and/or the environment.
Comparison of F. venenatum and F. graminearum genome
annotations
To facilitate interspecies comparisons, the F. venenatum
genome was annotated using the identical Maker pipe-
line with the same gene predictors previously used for
the completed F. graminearum genome [25] thereby
generating highly comparable datasets. The exception is
that no F. venenatum RNA-seq data was available for
use. Instead F. graminearum RNA-seq data was
combined with Fusarium proteome evidence to further
improve gene prediction. A global BLASTP analysis of
the predicted F. venenatum proteome at 10− 5 and at
10− 20 E-value cutoffs to the National Center for Biotech-
nology Information (NCBI) nr database (1st March
2017) found 786 (99% no BLASTP annotation) and 1149
(94% no BLASTP annotation) unique genes, respectively
(see Additional file 12). These F. venenatum species-
specific genes in relation to NCBI database contents, are
a

b

Fig. 2 Conservation of the fungal proteome, secretome and putative effec
conservation and the number of conserved, or species-specific proteins, ba
is presented. Annotation of Fusarium venenatum and F. graminearum proteom
found distributed across all four chromosomes (see
Additional file 13).
To explore the F. venenatum genome in greater detail,

a comparison of the predicted proteomes of F. venena-
tum and F. graminearum (BLASTP of proteomes using
a cutoff of 50% or 70% coverage from a global alignment
for both the query and target) revealed that at 70%
coverage, ~ 50% of the proteome was conserved between
the two Fusaria, whilst the remainder was identified to
be potentially specific to each species or be highly diver-
gent (Fig. 2, Additional file 14). These species-specific
sub-proteomes of the two Fusaria predominantly
depicted identical functional profiles predicted by gene
ontology (biological process annotations) with the
exception for F. graminearum encoding proteins involved
in orangonitrogen compound metabolic processes, demon-
strating as suggested above, a divergence of functionality
within these specific functional classes (Fig. 3).
A search for paralogue protein groups (OrthoMCL)

confirmed the previous finding that F. graminearum lacks
any identifiable paralogues. However, 12 paralogue protein
groups (each comprising either two or three proteins),
were found in F. venenatum (see Additional file 15). Only
one group (group 12) had any known annotation consist-
ing of a basic-leucine zipper transcription factor, while
c

tors among Fusarium venenatum and F. graminearum. The percentage
sed on either 50% (a) or 70% (b) target and query alignment coverage
es (c) reveals strikingly similar functional profiles



Fig. 3 The functional annotation of the Fusarium venenatum and F. graminearum species-specific proteome and secretome. The proportional
representation of the gene ontologies (biological processes) assigned to the species-specific proteins is presented. Analysis based on a 70% target
and query alignment and the score distribution
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group 2 and 9 contained predicted secreted candidate ef-
fector proteins. There are both adjacent gene (neighbours)
paralogue groups, near neighbours (within 2–31 genes)
and non-neighbour sets (> 100 genes) representing both
recent and distant duplication events.

Comparisons with other pathogenic Fusaria and key
fungal species
The annotated F. venenatum genome was compared to
F. graminearum and seven other ascomycetes with
highly contrasting lifestyles using protein domain signa-
tures known to be functionally linked to virulence [37]
within the PHI-base gene set. The additional species se-
lected were the floral maize pathogen F. verticillioides,
the floral cereal pathogen F. langsethiae, the tomato root
and vascular pathogen F. oxysporum f. sp. lycopersici, the
foliar rice pathogen Magnaporthe oryzae, the floral rice
pathogen Ustilaginoidea virens, the saprophytic model
filamentous ascomycete Neurospora crassa and the soil
dwelling biocontrol fungus Trichoderma virens. The F.
venenatum genome revealed a predicted functional pro-
file with striking similarity to the floral cereal pathogens
F. graminearum, F. verticillioides and F. langsethiae
(Table 2). This included hundreds of glycoside hydro-
lases, pectin lyases and peptidase involved in the decon-
struction of plant cell components, plus hundreds of
cytochrome P450 involved in secondary metabolism and
major facilitator superfamily or ABC-like transporters.
The hemibiotrophic foliar rice pathogen M. oryzae also
demonstrated a similar functional profile, while presenting
diminished pectinolytic potential and a reduced number
of putative transporters. The presence of multiple killer
toxin homologues was specific to the three cereal infecting
Fusaria. Direct comparisons with the model saprophytic
fungus N. crassa, revealed F. venenatum to possess a
greater hydrolytic potential, an increased capacity to pro-
duce secondary metabolites and a far greater number of
putative transporters. One possible explanation for these
differences is that the saprophytic fungus N. crassa feeds
on cellulose and hemicellulose substrates and occupies a
very restricted range of plant associated niches in natural
ecosystems. Whereas the other Fusaria species invade and
extract nutrients from living and dead plant tissue, whilst
also having the ability to grow and survive in the soil and
thereby occupy a wider range of biological and environ-
mental niches. Possibly, wider niche occupancy by Fusaria
and T. virens accounts for the greater number of predicted
secondary metabolite clusters and putative transporters in
their genomes. Overall, the global functional profile of the
annotated genome of the saprophyte F. venenatum
showed greater similarity to the closely related pathogenic
Fusaria than other ascomycete saprophytes.
In a second analysis, the secondary metabolite clusters

were predicted for F. venenatum and inter-compared
with F. graminearum. In F. graminearum toxic and non-
toxic secondary metabolites, such as mycotoxins and
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siderophores, are essential for virulence against wheat
[7–9]. Both F. venenatum and F. graminearum possess
in the same location on chromosome 2 the main TRI5
cluster responsible for trichothecene mycotoxin biosyn-
thesis and in the same location on chromosome 1 the
TRI1/TRI16 cluster (Fig. 4, Additional file 16). Surround-
ing both of these TRI clusters, the identical gene order
(microsynteny) has been maintained. In addition, F.
venenatum possesses the TRI101 and TRI15 genes in the
same chromosome location and gene context as in F.
graminearum (on chromosomes 3 and 4, respectively).
Whereas, only a truncated version of the TRI15R gene is
present in F. venenatum at the same location and same
gene context on chromosome 1 as in F. graminearum
(FGRRES_02451) and F. langsethiae (FLAG1_06027). A
copy of the TRI201 gene is located on chromosome 3 in
F. venenatum and chromosome 4 in F. graminearum
(Additional file 16). Further inspection of the TRI1/
TRI16 cluster revealed an inversion in the relative posi-
tions of both genes in these two species compared to the
order present in F. sporotrichioides and F. langsethiae. In
F. graminearum TRI16 is predicted to be truncated. F.
venenatum is known to be able to produce DAS, a type
A trichothecene, that originates from the same biosyn-
thetic pathway as another type A trichothecene, T-2,
Fig. 4 The trichothecene biosynthetic gene clusters within F. venenatum, F
presence (blue) or absence/loss of function (orange) TRI genes within the r
beyond the TRI clusters (grey). 5′ gene key: A. Haloacid dehydrogenase, B. G
SGNH hydrolase-type esterase, E. Tyrosinase, M. Membrane protein, N. Gal4
family 29, S. Acyl-CoA N-acyltransferase, T. Phosphate permease, U. Unknown,
methyltransferase. 3′ gene key: F. NodB-like polysaccharide deacetylase, G. Un
dehydrogenase, J. NADH:cytochrome b5 reductase, K. Unknown, L. Cytochrom
oxidoreductase, V. CTP synthase, W. ATP-citrate lyase/succinyl-CoA ligase, X. A
biosynthesis protein), Z. ABC transporter type 1, ZA. Major facilitator transporte
ZF. Peptidase C45, ZG. Thiamin pyrophosphokinase, ZH. Unknown
which is produced by the cereal pathogen F. sporotri-
chioides. This is in contrast to the sequenced F. grami-
nearum PH-1 strain that produces the type B
trichothecenes DON [38]. Alignment of the TRI5 and
the TRI1/16 clusters for these three species revealed the
presence of full length copies of the TRI7, TRI13 and
TRI16 genes which confirmed F. venenatum to encode
TRI clusters reminiscent of type A trichothecene biosyn-
thesis. Hence, as previously found, the phylogenetic rela-
tionship of the TRI clusters does not correlate with the
species phylogenetics.
A second inter-species comparative analysis identified

the presence or absence of pre-identified F. graminearum
TRI6 targets previously determined by ChIP-Seq [39], in
F. venenatum using BLASTP. The transcription factor
TRI6 is known to be a global regulator of gene expression
in F. graminearum both in planta and when the fungus is
growing under specific mycotoxin inducing conditions
in vitro [39]. Fourteen of the F. graminearum TRI6 targets
were found to have a low alignment score of below the
query and target threshold of 55% in F. venenatum. These
included the following targets: a P450 gene described as
involved in secondary metabolism (FGRRES_17130), the
TRI7 gene which is truncated in F. graminearum PH-1
but functional in F. venenatum (FGRRES_03533), two
. graminearum, F. sporotrichioides and F. langsethiae. Presented is the
espective Fusaria, in addition to the conservation of the flanking genes
lycosyl hydrolase family 115, C. Glycoside hydrolase family 17, D.
-like transcription factor, P. Sugar transporter, R. Glycoside hydrolase,
ZC. Signal transduction histidine kinase, ZD. Isoprenylcysteine carboxyl
known, H. Signal peptide containing protein, I. 3-hydroxyacyl-CoA
e P450, E-class, group IV, O. Unknown, Q. WW domain-containing
cetyl-CoA synthetase-like, Y. Acyl-CoA N-acyltransferase (siderophore
r, ZB. Major facilitator transporter, ZE. Beta-lactamase/transpeptidase-like,
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genes linked to carbon metabolism (FGRRES_16885 and
FGRRES_17740), one gene linked to nitrogen metabolism
and energy production (FGRRES_17446), and four
genes linked to transcription/translation (FGRRES_
03794_M, FGRRES_05017, FGRRES_07187_M and
FGRRES_07751_M) and one to cell signalling (FGRRES_
03108) (see Additional file 17).

Comparison of the predicted F. venenatum and
F. graminearum secretomes
The proteinaceous fungal secretome is of fundamental
importance to determine how fungi interact with their
environment, whether that be as a saprophyte or a
pathogen. The secretion of hydrolytic enzymes is central
to the acquisition of alternative nutrient sources by fungi
[40]. Additionally, within a pathology context, small se-
creted proteins that promote a pathogenic interaction
are described as fungal effectors [7]. The F. venenatum
and F. graminearum secretomes were predicted using an
identical pipeline [13], whilst the candidate effector rep-
ertoire was predicted using EffectorP [41]. Within both
Fusaria, the secretome and putative effectors encoding
genes were found to localise to chromosomal regions of
low nucleotide homology (Fig. 1). A sequence homology
analysis revealed that most secreted proteins and puta-
tive effectors to be conserved between the two Fusaria
(see Additional file 18). Therefore, despite the very dif-
ferent lifestyles, most of the secretome (using a cutoff of
50% coverage from a global alignment for both target
and query) was present in both the pathogenic and
saprophytic Fusaria. This suggests that only a few se-
creted proteins are specifically involved in the patho-
genic lifestyle, while the majority are required for the
completion of the disease cycle on plant biomass. F.
graminearum had a lower number of species-specific (Fg
vs Fv) secretome proteins (109 vs 151 < 50% coverage,
175 vs 247 < 70% coverage), with the number of secreted
hydrolytic enzymes and species-specific secreted hydro-
lytic enzymes accounting for some of this increase in F.
venenatum (Fig. 2, Additional file 19). The functional
profiles of the species-specific secretomes were very dis-
tinct, with the F. venenatum-specific secretome predom-
inantly presenting proteins involved in carbohydrate
catabolic and metabolic processes, while the F. grami-
nearum-specific secretome identified proteins involved
in oxidation, reduction and pathogenesis-related pro-
cesses (Fig. 3). The species-specific (Fg vs Fv) secreted
proteins annotated to be potentially involved in
pathogenesis were also defined as putative effectors, by
EffectorP. These included an endo-beta-xylanase and all
four KP4 killer toxins present in F. graminearum of
which three have adjacent loci. F. venenatum does have
three KP4 killer toxin genes annotated (FVRRES_4386,
FVRRES_4580 and FVRRES_4581) but these are highly
divergent to the F. graminearum set and only two re-
main clustered. The F. graminearum secreted proteins
involved in oxidation-reduction (i.e. EC:1.1.1.158), not
present in F. venenatum using a threshold of 50% cover-
age, included two flavin-adenine dinucleotide (FAD)
binding proteins (FGRRES_15982 and FGRRES_10609),
and a FAD-linked oxidase (FGRRES_10611). These
species-specific differences could potentially reflect ad-
aptations of the two Fusaria to saprophytic and patho-
genic lifestyles.

The minimal F. graminearum gene set specific to a
pathogenic lifestyle
The identification of the minimal gene set specific to the
pathogenic lifestyle in Fusaria represents a powerful tool
and a novel dataset for the further evaluation of F. gra-
minearum. An updated set of F. graminearum species-
specific genes in relation to NCBI with the addition of F.
culmorum UK99, F. poae, and F. venenatum revealed a
reduced set of 690 genes from the original 741 reported
by King et al. [25] using a cutoff of 50% identity from a
global alignment for both target and query coverage (see
Additional file 14). Of these 690 genes, five are predicted
to be secreted in version 4.3 of the annotation analysed
herein, a recent secretome update (annotation version 5.0
[42]) has increased this to 11 with eight as putative effec-
tors, but again with no annotation, and 39 genes are found
within predicted secondary metabolite clusters. A previous
comparative genomic study which included three patho-
genic Fusarium species, namely F. graminearum, F. oxy-
sporum f. sp. lycopersici and F. verticillioides, identified 75
genes to be specific to pathogenic fungi and predomin-
ately absent from non-pathogenic fungi, while exhibiting
signatures of diversifying selection pressure [43]. The ma-
jority of these gene lacked any functional annotation and
none in F. graminearum were considered to code for
transcription factors. The F. venenatum genome was used
to further refine this classification. In total, 15 F.
graminearum genes could no longer be classified as
pathogenicity-associated, due to their presence in F.
venenatum with greater than 50% target/query cover-
age, reducing the number to 60, while a further 44 F.
graminearum pathogenicity-associated genes had less
than 50% target/query coverage vs F. venenatum. Only
16 of the originally classified F. graminearum
pathogenicity-associated genes did not have a BLASTP
hit and so were not present in F. venenatum (Table 3,
see Additional file 20) [43, 44].
The multi-species pathogen-host interactions data-

base (PHI-base) contains ~ 8600 curated interactions
and ~ 4750 genes from peer reviewed literature, provid-
ing phenotypic data associated with genetic mutations in
pathogens and their impact on virulence, such as loss
of pathogenicity, reduced virulence and hypervirulence



Table 3 The 16 F. graminearum vs F. venenatum species-specific pathogenicity genes, reduced from the 75 found in a prior
intergenomic comparison of F. graminearum, F. oxysporum f. sp. lycopersici and F. verticillioides

Version 4.0 ID Version 5.0 ID Blast description InterPro description

FGRRES_00521 FGRAMPH1_01T01329 hypothetical protein FGSG_00521 N/A

FGRRES_02618 FGRAMPH1_01T06281 hypothetical protein FGSG_02618 N/A

FGRRES_02904 FGRAMPH1_01T11581 hypothetical protein FGSG_02904 N/A

FGRRES_03222 FGRAMPH1_01T12357 hypothetical protein FGSG_03222 N/A

FGRRES_04462 FGRAMPH1_01T15361 hypothetical protein FGSG_04462 N/A

FGRRES_04840 FGRAMPH1_01T16451 peptidase c14 caspase catalytic subunit p20 Caspase-like domain

FGRRES_05785 FGRAMPH1_01T18757 hypothetical protein FGSG_05785 N/A

FGRRES_06601_M FGRAMPH1_01T22679 unnamed protein product N/A

FGRRES_08267 FGRAMPH1_01T09515 hypothetical protein FGSG_08267 N/A

FGRRES_10593 FGRAMPH1_01T08485 hypothetical protein FGSG_10593 N/A

FGRRES_11016 FGRAMPH1_01T21023 hypothetical protein FGSG_11016 N/A

FGRRES_12623_M FGRAMPH1_01T16415 LOW QUALITY PROTEIN: hypothetical protein FGSG_12623 N/A

FGRRES_12656 FGRAMPH1_01T16757 immunoglobulin variable region used by the itc63b heavy chain N/A

FGRRES_13187 FGRAMPH1_01T25375 hypothetical protein FGSG_13187 N/A

FGRRES_13517 FGRAMPH1_01T27893 hypothetical protein FGSG_13517 IQ motif, EF-hand binding site

FGRRES_13534 FGRAMPH1_01T27583 hypothetical protein FGSG_13534 N/A
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[45, 46]. The PHI-base homologues in the F. venenatum
and F. graminearum genomes were identified and subdi-
vided according to the impact caused by their absence, or
reduced function, on the respective pathogen-host inter-
action (Table 4, Additional file 21). F. graminearum had a
higher number of PHI-base homologues than F. venena-
tum due to the large number of F. graminearum entries
within PHI-base (n = 976 genes). However, the overall
number of PHI-base homologues defined as being experi-
mentally proven to be involved in virulence, i.e. conferring
either a loss of pathogenicity, reduced virulence, increased
virulence or an effector phenotype, was comparable for
both species. Only two major exceptions were identified,
namely the loss of the transcription factors GzZC120
Table 4 The conservation of PHI-base homologues in
F. venenatum and F. graminearum

Phenotypea F. venenatum F. graminearum

70%c 50% 70% 50%

All 679 969 830 1064

Loss of pathogenicity 15 43 13 40

Reduced virulence 162 234 163 240

Effector 0 5 0 5

Increased virulence/
enhanced antagonism

7 11 7 11

Lethalb 51 76 66 89
aIncluded is the phenotypic impact of the absence of the PHI-base gene in
F. graminearum.
bPresumed to be an ‘essential for life’ gene because of the lack of
transformants recovered in a reverse genetics experiment reported in the peer
reviewed literature
c50%/70% target and query coverage from a BLASTP alignment
(FGRRES_08028_M) and GzZC305 (FGRRES_00147) (see
Additional file 21) whose experimental deletion in F. gra-
minearum resulted in reduced virulence on wheat heads,
but no other altered phenotypes [47]. These two predicted
transcription factors reside in regions of the F. venenatum
genome with a high frequency of transposon sequences.
None of the PHI-genes associated with ‘loss in pathogen-
icity’ annotations were missing from the F. venenatum
genome. This demonstrates that the virulence profile of
genes known to be involved in pathogenicity are very
similar in the two Fusaria. However, the combined loss of
these two genes, and potentially others (discussed later),
may be important to the lack of pathogenicity.
For F. graminearum a considerable number of genes

clusters have either been predicted or demonstrated to
be responsible for the production of a range of second-
ary metabolites [33]. Genes predicted to reside within
fungal secondary metabolite gene clusters (SMC) include
polyketide synthetases (PKS) and nonribosomal peptide
synthetases (NPS) often in association with transcription
factors. Additions to the SMC clusters within the F.
venenatum and F. graminearum genomes were predicted
using the AntiSmash [48] and SMURF software [49],
using the prior predictions for F. graminearum from
Sieber et al. [33] and F. venenatum BLASTP hits and
positional information as a baseline. In total, the F. vene-
natum and F. graminearum genomes encoded 60 and 69
predicted secondary metabolite clusters (an additional 2
versus Sieber et al), respectively, of which six were
specific to F. venenatum and fifteen were specific to F.
graminearum (Fig. 1, Additional file 16). Both Fusaria
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possessed the biosynthetic machinery to produce, secrete
and subsequently import the non-toxic iron scavenging
extracellular siderophore TAFC. The putative secondary
metabolites specific to the pathogenic species, F. grami-
nearum, included two transcription factor containing
clusters (C1, C67), two HC-toxin annotated clusters (C2,
C61), seven PKS clusters with annotations of prostacyc-
lin, fusarielin, orcinol/orsellinic acid, daunorubicin and
the zearalenone mycotoxin (C15, C16, C18, C31, C32,
C47, C60) and four NPS containing clusters (C6, C62,
C64, C66) (Fig. 1). Due to the changes in gene predic-
tions for the F. graminearum genome (King et al., 2015,
[25]) since the Sieber et al. analysis, seven of the F. gra-
minearum-specific SMC could be expanded in gene con-
tent (C02, C16, C31, C32, C47, C60, and C64), whilst
nine SMCs identified in both F. graminearum and F.
venenatum were expanded in content (C13, C22, C27,
C33, C34, C37, C42, C53, C63) (see Additional file 16).
The F. venenatum-specific secondary metabolite clusters
included the beta-ketoacyl synthase (VC1), lovastatin
(VC2), enniatin (VC5) and equisetin (VC6) clusters and a
transcription factor and PKS containing clusters (Fig. 1).
The species-specific secondary metabolite clusters in both
Fusaria were found in regions of low homology proteins/
nucleotides, suggesting their localisation within these gen-
omic regions was important to the evolution of novel
functions specific to a particular lifestyle. Finally the GC
contents of the orthologous clusters were inspected and
found to be very similar (median GC content of 49.43 and
49.5% for F. graminearum and F. venenatum, respectively)
(see Additional file 16).

Expression of the minimal pathogenesis-specific
F. graminearum gene set during infection
Over the past 10 years, transcriptome studies using the
same Affymetrix array [50], have investigated various
saprophytic, developmental and in planta phases of the
F. graminearum lifecycle on various substrates and host
species [51]. In two of the most recent studies the early
symptomless and late symptomatic phases of the wheat
infection process have been explored during juvenile
wheat coleoptile and mature wheat head colonisation
and have been used to define the spatial temporal
coordination of virulence mechanisms during infection
[44, 50, 52]. In total, 690 (395 identified on microarray)
genes were found to be specific to F. graminearum when
compared using the set predicted in King et al. [25]
using NCBI, plus the F. venenatum, F. poae, and F.
culmorum UK99 predicted proteomes. These 395 genes
were found to be up-regulated during mature wheat
head infection, with the majority (370 genes) showing
increased transcript abundance during symptomless
wheat head infection, implicating them as potentially
being involved in the establishment of disease (Fig. 5,
Additional file 22). Interestingly, five of the seven SMC
identified to be highly (C16, C31, C64 and C66) or mod-
erately (C02) expressed during the symptomless phase of
wheat head colonisation by F. graminearum were found
to be absent or highly divergent within the F. venenatum
genome (Fig. 5, Additional file 22). Whilst the two other
F. graminearum clusters C48 and C47 were predicted to
be present in F. venenatum. The combination of com-
parative genomics between closely related pathogenic
and non-pathogenic Fusaria has therefore identified
novel F. graminearum genes that are not present in a
non-pathogenic relative, and highly expressed during
wheat infection, implicating them as potentially contrib-
uting to virulence.

Discussion
The Fusaria represent a large group of economically de-
structive, mycotoxigenic and non-mycotoxigenic patho-
gens of plants and animals, in addition to soil dwelling
saprophytes often used as microbial cell factories for the
production of myco-protein or industrial heterologous
proteins [1, 2, 16–22]. Comparative genomics is proving
to be an essential tool in the identification of the fungal
determinants of a pathogenic lifestyle and the occupancy
of a particular niche [24, 53]. This study has confirmed
that F. venenatum is non-pathogenic when tested on
wheat plants and tomato fruit. Herein, we present the
interspecies genomic comparison of F. venenatum, a
soil-dwelling saprophyte, and the plant pathogen F. gra-
minearum, the etiological agent of FHB disease on cereal
crops. This bioinformatics study has revealed striking
similarities in the physical organisation and functional
content of the genomes of these two closely related
Fusaria. This raises the questions, why is F. venenatum
not a pathogen, or conversely, what makes F. grami-
nearum a pathogen? One notable distinction between
the two genomes was the increased quantity of repetitive
elements and transposons in the F. venenatum genome,
plus the absence of the MAT1–2 required for homothal-
lic sexual reproduction. This requirement for a comple-
mentary sexual partner could increase the retention of
repeats. Overall, the genome organisation was very simi-
lar between the two Fusaria, with four large chromo-
somes and centromeres in similar genomic locations,
although the predicted centromeres were 25% smaller in
size in F. venenatum. The predicted proteome for F. vene-
natum was slightly smaller (13,946 vs 14,164), potentially
due to some non-annotated genes in this first draft genome,
and the GC content (47.6%) is in line with other Fusarium
species. Overall, to date the F. venenatum genome is the
most closely related genome, of a non-pathogenic species,
to the important pathogen F. graminearum.
The gene synteny between the two species was very

high, except for a 2010 Kbp region on chromosome 3



a b

Fig. 5 Analysis of the F. graminearum specific gene set. a The expression of the F. graminearum specific genes during the distinct phases of
wheat head infection and axenic culture. Note that 855 F. graminearum specific genes were more highly expressed during infection than in vitro
culture. b The accumulative expression of the F. graminearum-specific secondary metabolite gene clusters during the distinct phases of wheat
head infection and axenic culture. Wheat infection phases included i) symptomless infection, ii) the onset of symptoms, iii) fully symptomatic
tissue, and iv) the inoculated fully symptomatic spikelet from where infection originated [44]. In vitro cultures included complete media (CM),
minimal media without carbon (MM-C), and minimal media without nitrogen (MM-N)
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that contains 783 annotated genes in v4.0 and 786 in v5.0.
Within this rearrangement, the C33 ferricrocin secondary
metabolic cluster is located. However, this rearrangement
did not lead to any gene disruptions. A similar chromo-
some rearrangement is found in the pathogenic species
Fusarium poae, suggesting that this rearrangement pre-
dates the speciation of F. poae and F. venenatum. The
other seven chromosomal rearrangements were small in
size and were located solely in sub-telomeric regions, or in
two cases, in regions predicted to be the sites of ancient
chromosome fusion events [23].
The clear majority of the predicted proteins and their

functions were conserved between F. venenatum and F.
graminearum. In a pair-wise analysis 50% of the pre-
dicted proteome at < 70% coverage were considered to
be species-specific or highly divergent. However, in a
global multiple species analysis using 10− 5 and 10− 20

E-value cutoffs, 786 (99% with no BLASTP annotation)
and 1149 (94% with no BLASTP annotation) of the F.
venenatum genes were predicted to be unique to this spe-
cies. The species-specific genes in both Fusaria are dis-
tributed throughout their genome. These results highlight
the value of using a comparative study of mulitiple closely
related Fusarium species to refine the identification of
genes specific to a pathogenic or saprophytic lifestyle, with
each addition increasing the specificity.
Both the F. venenatum A3/5 and F. graminearum PH-1

strains possess the capacity to produce trichothecene
mycotoxins. However, during the fermentative conditions
of Quorn production no detectable trichothecenes are
present [15]. The genomic comparison revealed the
trichothecene mycotoxin TRI5 gene cluster and the TRI1/
TRI16 gene cluster to reside at the same chromosomal
locations and in the same microsyntenic gene contexts in
both species (Fig. 4). This consistent chromosome pos-
ition and flanking gene microsynteny is also true for
TRI101, TRI15 and TRI15R. The presence of functional
copies of TRI7, TRI13 and TRI16 in F. venenatum but
inactive truncated copies of all three genes in F. grami-
nearum, accounts for F. venenatum producing type A,
and F. graminearum type B, trichothecenes.
In the Fusaria, the trichothecene types are divided ac-

cording to the absence (type A) or presence (type B) of a
keto group at the C-8 position on the trichothecene ring.
Both type A trichothecenes, such as DAS and T-2
(produced by F. venenatum and F. sporotrichoides, re-
spectively), and type B trichothecenes, such as DON and
NIV (produced by F. graminearum), are described as be-
ing phytotoxic [38]. Trichothecenes are ribotoxic and in-
duce translational arrest. The T-2 mycotoxin activates
MAP kinase signalling and induces cell death in both
animals and plants. However, differences in host-
susceptibility to specific trichothecenes exist, as unlike
the T-2 mycotoxin, DON does not induce cell death at
concentrations sufficient to induce translational arrest
[38]. In fact, in plant cells, low and high concentrations
of DON respectively inhibit apoptosis or induce host cell
death [54, 55]. During the establishment of symptomless
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F. graminearum infections of wheat the main TRI cluster
is dramatically up-regulated, while the absence of the
ability to produce DON results in an enhanced host re-
sponse and reduced virulence [11, 12, 44]. Therefore, the
toxigenic differences between DAS-producing F. venena-
tum and DON-producing F. graminearum potentially
contribute to the opposing lifestyles of these closely re-
lated Fusaria.
Previous phylogenetic studies have found that differ-

ences in trichothecene production do not correlate with
the general species phylogeny, while polymorphisms
within the trichothecene biosynthetic genes are trans-
specific, persist through multiple speciation events, and
are maintained by balancing selection [56]. Here, the TRI
cluster of F. venenatum was reminiscent of other type A
trichothecene producers, such as F. sporotrichioides and F.
langsethiae, while the rest of the F. venenatum genome
showed a far greater reciprocal homology to DON produ-
cer F. graminearum. The trichothecene clusters either
evolved by vertical inheritance or were transferred hori-
zontally within Fusaria via the transfer of chromosomes
between species, or interspecific hybridisation. Horizontal
gene transfer presents a mechanism by which fungal ge-
nomes can acquire new gene clusters, as may be the case
for several other secondary metabolite clusters in F. gra-
minearum [33, 53]. However, there is no evidence of this
among TRI genes due to the lack of co-linearity across the
non-mycotoxin biosynthetic genes flanking the TRI cluster
in trichothecene and non-trichothecene producers, such
as F. graminearum and F. oxysporum [38]. In contrast,
TRI101 resides outside the TRI cluster and is flanked by
the PHO5 and URA7 genes in trichothecene producing
Fusaria, while the microsynteny of this region is con-
served in non-trichothecene producers, such as F. oxy-
sporum and F. fujikuroi, where TRI101 is dysfunctional
[38]. This suggests that TRI101, which is involved in
trichothecene biosynthesis and in a self-protection mech-
anism, was inactivated by the accumulation of mutations,
which impacted upon the capacity that produces and
withstands trichothecene production. This mechanism of
evolution appears to contribute to the distinct trichothe-
cene types in F. venenatum and F. graminearum, as the
microsynteny across the region is high, yet TRI7, TRI13
and TRI16 have been inactivated, diverting secondary
metabolism towards the biosynthesis of type B tricho-
thecenes in F. graminearum.
The pathogenic profile of a species, as determined by

the identification of PHI-base homologues, provides an
insight into a species virulence repertoire. This revealed
both F. venenatum and F. graminearum possess a virtually
identical set of PHI-base genes, with F. venenatum miss-
ing two loss-of-virulence but no loss-of-pathogenicity
annotated genes. Interestingly the two missing/highly di-
vergent PHI-base genes are predicted to be transcription
factors which when deleted in F. graminearum lead to re-
duce virulence towards wheat heads, but no other altered
phenotype [47]. Species-specific genes beyond the known
virulence factors, such as the TRI and PHI-base genes,
identified a minimal set of pathogenesis-specific genes of
unknown function in F. graminearum, where 855 genes
were induced during wheat infection, of which 586 were
up-regulated during symptomless infection and the estab-
lishment of disease. Similarly, five F. graminearum-specific
secondary metabolite gene clusters, which were absent
from the F. venenatum genome, were co-ordinately in-
duced during wheat infection.

Conclusions
This comparative genomics study of a closely related non-
pathogen and pathogen has provided valuable information
on the evolutionary relationship between these two
Fusaria and insights into adaptations for a pathogenic
lifestyle. This refinement of F. graminearum-specific genes
associated solely with a pathogenic lifestyle will facilitate
the identification of novel genes and gene clusters in-
volved in pathogenesis and the development of novel FHB
disease control strategies.

Methods
Origin and maintenance of Fusarium strains
The American type culture collection number of F. vene-
natum A3/5 is ATCC 20334™. The strain was kindly
provided by G. D. Robson (British Mycological Society,
Manchester, UK). F. graminearum PH-1 (FGSC 9075,
origin USA) and F. culmorum FcUK99 (FGSC 10436,
origin UK) are available from the Fungal Genetics Stock
Center, Kansas City, MO, USA [56]. F. graminearum
Fg602 is a UK field strain isolated from diseased wheat
in 2006 at Rothamsted Research. All Fusarium strains
including F. venenatum A3/5 were routinely propagated
on carrot agar plates [36]. Carrot agar was found to sup-
port high asexual spore production for F. venenatum
throughout this study.

Biological tests
Plant infection and pathogenicity tests on tomato fruits
cultivar Moneymaker and wheat (Triticum aestivum)
plants of the fully susceptible cultivar Bobwhite followed
previously established protocols [57]. For the co-
inoculation of F. venenatum A3/5 with the FHB patho-
gen F. culmorum isolate FcUK99 the wheat inoculation
protocol was modified as follows. For spore droplet co-
inoculation, equal amounts of spores at 5 × 104 spores/
ml in water were mixed. Five ul of the spore mix was
pipetted into two spikelets in the mid-section of the
wheat spike at Zadoks growth stage 63 [58]. Disease
progression was monitored over 20 days. For the F.
venenatum pre-spraying experiments, wheat spikes were
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sprayed, when half the wheat spike emerged from the
surrounding flag leaf (Zadoks growth stage 48), approxi-
mately three days before inoculation with the FHB
pathogen F. culmorum.

Fusarium venenatum A3/5 genomic DNA preparation
Genomic fungal DNA for sequencing was extracted
using the CTAB protocol [59] and purified using a
Qiagen Kit (Qiagen Ltd., Crawley, West Sussex, UK).
High-quality genomic DNA was then submitted to the
Earlham Institute (Norwich, UK) for generation of a
0.8 kb fragment library. The Illumina HiSeq 2000
sequencing platform (San Diego, CA) was used to produce
100 bp paired-end reads [60].

Assembly and alignment
Reads were not pre-processed. For de novo assembly,
the software SOAPdenovo2 (version 2.0.4) was used with
different k-mer values: 61–91. Reference sequence statis-
tics were extracted from Tablet and Geneious [61]
(version 9.1 created by Biomatters). Lastz (version 1.02.00)
and Mauve (version 2.3.1) was used from within Geneious
to align genomic sequences to F. graminearum (ENA
study accession: PRJEB5475).

Genome annotation
The assembled genome was annotated using the
MAKER (version 2.30) [30] annotation pipeline with
RepeatMasker (version 4.0.5) [62]. A F. venenatum
specific repeat library was constructed using RepeatModeler
(version 1.0.7) and supplied to MAKER for the repeat
masking step. Gene calls were generated using FGENESH
(version 3.1.2) [63] using the Fusarium matrix, AUGUS-
TUS (version 2.7) [64] using F. graminearum species
model, GeneMark [65] and SNAP [66], with evidence tak-
ing Fusarium reviewed proteins in UNIPROT with the key-
word “Fusarium”, ESTs [67], and trinity assemblies using
RNA-seq from the mycelium and spores of PH-1, and wild
type Z-3639. This evidence was provided to MAKER as
hints to the annotation. Non-coding RNA were iden-
tified using default settings with both tRNAscan-SE-1.
3.1 [68] and Infernal-1.1 [69].

Gene statistics, Interproscan domain, GO and enzyme
comparisons
Blast2GO V.3.1 was used with Decypher BLASTP
searches with an E-value of 0.001 against the NCBI nr
database from 27/06/15, filtered using blast2go annota-
tion algorithm with settings, E-value filter 0.000001, An-
notation CutOff 55, GO weight 5, Hsp-Hit Coverage
CutOff 0, and GO and enzyme code annotated using a
local GO database from 07/2015. Interproscan results
were imported into blast2go and the GO annotations
merged. Annotation statistics were produced using Eval
V.2.2.8 and Geneious. The “Assign your proteins to
OrthoMCL Groups” tool was used with the predicted
protein sequences from the OrthoMCL website [70] to
assign paralogue groups. BUSCO V1.1b1 [71] was used
with the 1438 core fungal genes with both Fusaria ge-
nomes using default settings.
Secretome identification and effector prediction
Interproscan-55.0 was used to identify signal and trans-
membrane domains. Proteins smaller than 20 amino
acids were excluded. ProtComp (Version 9.0) (Softberry,
USA) and result columns, LocDB and PotLocDB were
used to exclude GPI anchored membrane proteins and
other non-extracellular loci proteins. WoLfPSort [72]
(extracellular score > 17, WoLfPSort) was used to iden-
tify final destination and big-PI [73] to further remove
GPI-anchored proteins. Putative effector proteins were
predicted using EffectorP (v1.0).
Secondary metabolite cluster analyses
SMURF [49] and antiSMASH [48] were used to predict
and complement prior published secondary metabolite
clusters [33]. Percentage GC content for each cluster
were calculated by extracting each clusters gene se-
quence, including introns, using bedtools, and GC con-
tent calculated using EMBOSS infoseq [74]. Median
percentage GC content values were taken using Excel.
Phylogenetic tree
The BUSCO V1.1b1 fungi database was used with the pro-
teomes of F. solani, F. oxysporum, F. verticillioides, F. man-
giferae, F. fujikuroi, F. proliferatum, F. poae, F. venenatum,
F. langsethiae, F. graminearum and F. pseudograminearum
taken from Ensembl Fungi release 38. The resulting
“complete” proteins across the species, subtracting for
those that had more than one hit with a BUSCO gene were
904. For each species the proteins were concatenated and
an alignment done using MAFFT (V7.222) [75] in
Geneious. RAxML blackbox [76] was used to create a
phylogenetic tree with 100 bootstraps, JTT substitution
matrix, a Gamma model of rate heterogeneity, and using a
maximum likelihood search. The substitution rate is on
each branch and 100% branch support was found from
100 bootstraps.
Data access
Sequence Read Archive (SRA) sample accession num-
bers for Illumina sequences is ERS568866. The RRes
genomic and mitochondrial sequence for F. venenatum
and F. graminearum are available at the European
Nucleotide Archive (ENA Submission) with respective
study accessions: PRJEB7533 and PRJEB5475.
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Additional files

Additional file 1: Biological growth characteristics of F. venenatum
compared to its close pathogenic relative F. graminearum. (A)
Appearance of inoculated wheat head of cv. Bobwhite, 21 days after plug
inoculations (dpi) with F. venenatum (Fv), (B) mock inoculation with
water, (C) with F. graminearum (Fg). The white arrow indicates the
inoculation points. (D) Appearance of wheat head 16 days after spray
inoculation (dsi) with Fv, (E) mock spray inoculation with water, (F) spray
inoculation with Fg. (G) Wheat seeds collected from a typical spray
inoculated wheat head at 21 dsi with Fv, (H) mock spray with water, (I)
with Fg. (J) Fv macrospores, (K) Fg macrospores. (L) Fv and (M) Fg growth
on PDB plate at 6 days. (N) Fv inoculated tomato fruit at 4 days, (O)
water control, (P) Fg. (Q) Fv inoculated tomato fruit at 12 days, (R) water
control, (S) Fg. Bars in J, K: 10 μm. (PDF 268 kb)

Additional file 2: Co-inoculation of F. venenatum with plant-pathogenic
Fusaria in vitro and in vivo. (A) Carrot agar plate inoculated with agar
plugs of strains Fv A3/5, two isolates of Fg (PH1 and 602), and Fc UK99.
A barrage line between strains is visible at day 6. (B) F. culmorum and
F. venenatum spores where mixed in equal amounts and co-inoculated
into two spikelets at anthesis. As a control, water was inoculated (C)
F. venenatum spores were sprayed onto wheat heads at the booting
stage to potentially prime plant defence responses, followed by
point-inoculation with F. culmorum spores of two heads per spike" should
be "two spikelets per head at anthesis. (D) Wheat plants were treated as in
C. Just after inoculaton with F. culmorum, wheat heads were sprayed once
more with F. venenatum spores until run-off. Error bars show standard
deviation, n = 6. (PDF 111 kb)

Additional file 3: BUSCO analysis of proteomes for selected Fusaria.
(XLS 1371 kb)

Additional file 4: A phylogenetic tree of 904 identified common
proteins (see Additional file 3) using F. solani, F. oxysporum,
F. verticillioides, F. mangiferae, F. fujikuroi, F. proliferatum, F. poae,
F. venenatum, F. langsethiae, F. graminearum and F. pseudograminearum.
The substitution rate is on each branch and 100% branch support was
found from 100 bootstraps. Type A, B, or A/B trichothecene producers
were labelled. The tree was rooted to F. solani. (PDF 104 kb)

Additional file 5: Comparative genomic analysis of the Fusarium
venenatum genome with other fungi. This reveals close similarity to the
pathogenic species F. graminearum and F. pseudograminearum. (XLS 37 kb)

Additional file 6: Positions and lengths of Fusarium venenatum and
Fusarium graminearum centromeres. This shows a 25% decrease in
average size of the F. venenatum centromeres compared to Fusarium
graminearum. (XLS 43 kb)

Additional file 7: Comparison of the reference F. venenatum and
F. graminearum genome sequences per individual chromosome (Chr) or
supercontig (FV_1_1). Detailed comparisons of bp length and ‘N’ base
content. (XLS 36 kb)

Additional file 8: Comparative statistics on the number of coding and
non-coding gene models predicted in the Fusarium venenatum (Fv) and
F. graminearum (Fg) genomes. (XLS 29 kb)

Additional file 9: Fusarium graminearum alignment and gene ID’s
found in the inverted/translocated regions A/B/C in relation to Fusarium
venenatum. Mauve alignments in Sheet 1 of Fusarium venenatum and F.
graminearum chromosome 3. The small blue inversion/translocation in
Fusarium graminearum has 56 genes, the small green translocation 144
genes, and the large blue/pink inversion/translocation has 586 genes
(see Sheet 2–4). Below the top mauve alignment are F. venenatum and
F. poae chromosome 3 aligned to F. graminearum using Lastz.
(XLS 678 kb)

Additional file 10: Classes of transposon and repeat found in Fusarium
graminearum and Fusarium venenatum. (XLS 37 kb)

Additional file 11: The mating locus within the F. venenatum and
F. graminearum genomes. F. venenatum A3/5 contains only the MAT1–1
locus confirming heterothallism and the requirement for a complementary
sexual partner. Whilst homothallic F. graminearum possesses both the
MAT1–1 and MAT1–2 loci and hence does not require a complementary
partner for sexual reproduction. Gene designations: A) FGRRES_08887, B)
FGRRES_08888_M, C) FGRRES_08889_M, D) FGRRES_08894, E)
FVRRES_05564, F) FGRRES_15525, G) FGRRES_13273_M. (PDF 90 kb)

Additional file 12: Fusarium venenatum species-specific genes. An
analysis of genes that lack a BLASTP top hit from NCBI nr database using
10− 6 and 10− 20 E-value cutoffs. (XLS 3165 kb)

Additional file 13: A figure locating the positions of Fusarium
venenatum species-specific genes versus NCBI, in relation to sequences
predicted to be the secretome, tRNA, and transposons. (PDF 144 kb)

Additional file 14: Species-specific proteins between F. venenatum (Fv)
and F. graminearum (Fg), identified using BLASTP analysis of both Fv and
Fg proteomes. (XLS 4938 kb)

Additional file 15: Paralogue protein groups in Fusarium venenatum.
Some groups show adjacent (neighbour) groupings representing recent
duplications, whilst others represent near neighbours (< 40 genes) and
others more distant duplications (> 100 genes). (XLS 38 kb)

Additional file 16: A summary of secondary metabolite clusters (SMCs)
found in Fusarium venenatum and F. graminearum. Using Sieber et al. [33]
67 predictions as a template, SMURF and ANTISMASH were used to
refine SMC predictions to 69 Fg SMCs and an additional 6 for Fv,
combined with BLASTP of respective proteomes to identify presence in
each species. (XLS 2940 kb)

Additional file 17: Fusarium venenatum presence of TRI6 Fusarium
greaminearum binding sites predicted by Nasmith et al. [39]. Fusarium
venenatum BLASTP alignment percentages were added to identify
presence or absence. (XLS 61 kb)

Additional file 18: Fusarium graminearum and F. venenatum secretome
predictions and respective presence. (XLS 479 kb)

Additional file 19: Annotation of Fusarium venenatum and Fusarium
graminearum secretomes (A) reveals striking similar functional profiles.
The enzymatic repertoire of F. venenatum and F. graminearum including
secreted enzymes (B) and species-specific secreted enzymes (C). (TIFF 83 kb)

Additional file 20: BLASTP analysis of previously identified pathogenicity
factors. (XLS 37 kb)

Additional file 21: BLASTP analysis of both Fusarium venenatum and
F. graminearum proteomes against PHI-base v4.3. (XLS 2317 kb)

Additional file 22: Fusarium graminearum specific genes and clusters
and their expression during in vitro culture or during wheat head
infection. (XLS 185 kb)
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