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Introduction

Fusarium ranks as one of the world’s most economical-
ly destructive and species-rich groups of mycotoxigenic
plant pathogens (Aoki et al. 2014). These ubiquitous
molds produce a plethora of toxic secondary metabo-
lites, such as trichothecenes, zearalenone, fumonisins,
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and enniatins, which pose a significant threat to agricul-
tural biosecurity, food safety, and plant, human and
animal health (Marasas ef al. 1984). Fusarial-induced
diseases of virtually every economically important plant
cost the global agricultural economy multi-billion euro
losses annually. Moreover, phylogenetically diverse
fusaria, including plant pathogens (Short et al. 2011),
cause infections in humans, with those involving the
cornea and nails being the most common (Chang et al.
2006 and references therein). Because fusaria are broad-
ly resistant to the spectrum of antifungals currently
available, disseminated infections in patients who are
artificially immunosuppressed or immunocompromised
and severely neutropenic are typically fatal (Balajee
et al. 2009). The likely reservoir of nosocomial
fusarioses is the plumbing system, which has been
shown to harbor the most common human opportunistic
fusaria (Kuchar 1996; Short ef al. 2011). Accurate iden-
tification of the etiological and/or toxigenic agent is
central to disease management and infection control
(Wingfield et al. 2012). Thus, the primary focus of this
mini-review is to provide a contemporary guide to the
following three web-accessible resources for DNA
sequence-based identification of Fusarium:
FUSARIUM-ID (http://isolate.fusariumdb.org/; Geiser
et al. 2004; Park et al. 2010), Fusarium MLST (http:/
www.cbs.knaw.nl/fusarium/; O’Donnell et al. 2010),
and NCBI GenBank (http://www.ncbi.nlm.nih.gov/).
The following brief overview of Fusarium
phylogenetic diversity is provided as background
information for the sections on DNA sequence-based
identification.
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Phylogenetic limits, subgeneric clades and species
recognition

Fusarium Link (Hypocreales, Nectriaceae) was
circumscribed originally in 1809 based on the pro-
duction of its iconic fusiform multiseptate
macroconidia. However, we now know from morpho-
logical and molecular phylogenetic studies (Grafenhan
et al. 2011) that this character evolved convergently
in different lineages of ascomycetes, and that it has
been lost at least once within the F solani species
complex (e.g., F. neocosmosporiellum and related
self-fertile species formerly classified in
Neocosmospora; O’Donnell et al. 2013). As a result,
Fusarium is non-monophyletic in the three mostly
widely used morphology-based taxonomic treatments
(Nelson et al. 1983; Gerlach and Nirenberg 1982;
Leslie and Summerell 2006) that recognize 30, 78
and 70 species, respectively. With the exception of
the turf grass pathogen ‘Fusarium’ nivale, which is
now recognized as Microdochium nivale within the
distantly related order Xylariales (Samuels and Hallet
1983), and ‘Fusarium’ tabacinum, which was
reclassified as Monographella cucumerina in the
Xylariales (Palm ef al. 1995), the other taxa removed
from Fusarium and reclassified in four different gen-
era within the Nectriaceae by Gréfenhan et al. (2011)
are not known to be pathogenic or mycotoxigenic.
Fortunately, the molecular phylogenetic circumscrip-
tion of a monophyletic Fusarium that includes at least
20 clades referred to as species complexes and nine
monotypic lineages (Fig. 1) has received overwhelm-
ing support by the Fusarium research community
worldwide (Geiser ef al. 2013). Given the poor cor-
respondence between the robust RPBI/RPB2 molecu-
lar phylogeny and the morphology-based sectional
classification adopted by Gerlach and Nirenberg
(1982) and Nelson et al. (1983), the nonmonophyletic
sections were abandoned in favor of strongly support-
ed, monophyletic species complexes (Geiser et al.
2013; O’Donnell et al. 2013). Following the demise
of dual nomenclature 1 January 2013 under the newly
named International Code of Nomenclature for Algae,
Fungi and Plants (Hawksworth et al. 2011), plant
pathologists and other applied biologists are encour-
aged to only use the Fusarium name (Geiser et al.
2013). Fusarium has priority over the teleomorphs
(i.e., Albonectria, Cyanonectria, Gibberella,
Haematonectira, Nectria and Neocosmospora), and
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the anamorphs Bisfusarium and Rectifisarium, which
were recently proposed, respectively, for members of
the F. dimerum (FDSC) and F. ventricosum (FVSC)
species complexes (Lombard ef al. 2015). Compara-
tive phylogenomic analyses of low-coverage genomes
of the 93 fusaria included in O’Donnell ef al. (2013)
are in progress to more critically evaluate the circum-
scription of Fusarium (J. Stajich, pers. commun.).

Although Fusarium as circumscribed morphologi-
cally by Gerlach and Nirenberg (1982) has shrunk in
size by approximately 20 species, largely due to the
seminal study by Gréfenhan et al. (2011), application
of phylogenetic species recognition based on genealog-
ical concordance and non-discordance over the past 20
years (GCPSR sensu Taylor ef al. 2000; Dettman et al.
2003) has resulted in its explosive growth. Today at least
300 phylogenetically distinct species have been re-
solved as genealogically exclusive lineages based on
phylogenetic analyses of representative fusaria in the
ARS Culture Collection (NRRL), the CBS-KNAW Bio-
diversity Centre (CBS) and the Fusarium Research Cen-
ter (FRC). However, the majority of these species are
unnamed and many of these are morphologically cryptic
(Fig. 1). Four complementary but distinct technological
and theoretical advances have been key to the greatly
accelerated species discovery within Fusarium over the
past two decades. These include the marriage of PCR
and automated DNA sequencing in the early 1990s, the
acceptance of GCPSR-based studies as the gold stan-
dard for species recognition within the Fusarium com-
munity, the wealth of fusaria (~40,000 isolates)
accessioned in publically accessible culture collections
(e.g., CBS, FRC and NRRL), and a highly collaborative
global phytopathological community.

Based on biodiversity studies that estimate the
~100,000 named and accepted fungi only comprise
one-tenth (Hawksworth 2001) to one-fiftieth
(Blackwell 2011) of the species in nature, coupled with
the fact that most of the fusaria studied to date were
isolated from agronomically important plants (i.e., <1%
of all vascular plants; Simpson and Ogorzaly 1995)
cultivated on a fraction of our planet’s surface, it is
reasonable to suggest that the number of novel fusaria
in nature could exceed our current estimate of 300 by an
order of magnitude. Looking to the future, typing
schemes will need to take advantage of next-
generation sequencing (NGS) technology (Boers ef al.
2012) to rise to the challenge posed by the anticipated
seismic shift in species discovery within Fusarium and
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Fig. 1 Diagrammatic
representation of Fusarium
phylogeny inferred from a
combined RPB1 + RPB2 dataset
(3383 bp) rooted on sequences of
Neonectria and Ilyonectria
(modified from Fig. 1 in
O’Donnell et al. 2013). GCPSR-
based analyses indicate that the
genus comprises at least 300
phylogenetically distinct species,
20 species complexes
(highlighted in gray), and 9
monotypic lineages. The
approximate number of
phylogenetically distinct species
within each species complex is
indicated
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other agriculturally important plant pathogens. This dis-
covery will be driven in part by metagenomics studies
(LeBlanc et al. 2014), surveys of endophytes inhabiting
endemics in biogeographically interesting areas (Walsh
et al. 2010), and by the inexorable introduction of novel
pathogens into nonindigenous areas by the globalization
of world trade (Fisher et al. 2012). Much is at stake
because an accurate species-level identification is essen-
tial for elucidating and communicating all facets of a
pathogens’ biology (Wingfield ef al. 2012).

Sequence-based identification of fusaria: Some loci
reveal while others conceal

Only three of the marker loci tested to date meet three
important criteria for phylogenetic species recognition
in that they are: 1) applicable across the phylogenetic
breadth of Fusarium (Fig. 1), 2) informative at or near
the species-level, and 3) orthologous across the genus.
These are: translation elongation factor 1-« (TEF1),
DNA-directed RNA polymerase II largest (RPB/) and
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second largest subunit (RPB2). The latter two marker
loci were developed as part of the NSF-funded Deep
Hyphae and the Assembling the Fungal Tree of Life
(AFTOL) projects (Lutzoni et al. 2004; James et al.
2006). In contrast to TEFI, whose highly variable in-
trons can only be aligned reliably across members of a
species complex, or several closely related ones, the
portions of RPBI and RPB2 sequenced can easily be
aligned across Fusarium (O’Donnell ef al. 2013). While
all three genes are included in our ongoing GCPSR-
based studies that span the breadth of the genus, se-
quence data from only one of these loci is needed to
obtain a reasonably accurate placement of an unknown
within a species complex by conducting a nucleotide
BLAST query of FUSARIUM-ID and/or Fusarium
MLST (Fig. 2A-B), or by phylogenetic analysis (see
Bruns et al. 1998 for an example). As discussed below,
we also conduct BLASTn queries of GenBank, but
these require careful scrutiny of the top ‘hits’ because:
1) many sequences in NCBI are misidentified
(Bidartondo ef al. 2008; Kang et al. 2010), 2) sequences
deposited in NCBI for the majority of newly discovered
fusaria employing GCPSR lack binomials, and 3) the
taxonomy for many records is out of date (Fig. 3).
Because most of the fusaria within the £ solani and
F. incarnatum-equiseti species complexes lack bino-
mials, an ad hoc species/multilocus haplotype nomen-
clature was adopted to allow for accurate communica-
tion of information regarding these pathogens within the
scientific community (O’Donnell ez al. 2008, 2009b).
At the suggestion of Christopher L. Schardl, Univer-
sity of Kentucky (Tsai et al. 1994), [3-tubulin was the
first protein-encoding gene that we used for molecular
phylogenetics in Fusarium (O’Donnell and Cigelnik
1997; O’Donnell et al. 1998a). However, we discovered
that its utility is limited due to the presence of divergent
paralogs within the F. solani, F. incarnatum-equiseti,
and F. chlamydosporum species complexes. After Ste-
phen A. Rehner (ARS-USDA, Beltsville, MD) called
our attention to the utility of TEFI for species-level
studies in insects (Cho ef al. 1995), we developed de-
generate PCR primers that amplify the intron-rich 5° end
of this ortholog in all fusaria (O’Donnell ef al. 1998b),
and we have used this sequence data to populate
FUSARIUM-ID (Geiser et al. 2004; Park et al. 2010)
and Fusarium MLST (O’Donnell ef al. 2010). Although
the internal transcribed spacer (ITS) region of the nucle-
ar ribosomal DNA was selected as the official ‘barcode’
locus for the Fungi (Schoch ez al. 2012), its utility within

@ Springer

Fusarium, and many other groups of fungi (Bruns 2001;
Du et al. 2012; Gazis et al. 2011), is limited by the fact
that it is often uninformative at the species-level, and
like TEF1, it can only be aligned reliably across mem-
bers of a species complex or several closely related ones.
In recently evolved phytopathologically-important line-
ages such as the F. graminearum (Sarver et al. 2011),
F oxysporum (O’Donnell et al. 2009a) and F. fujikuroi
species complexes (O’Donnell et al. 1998a), many of
the species share identical or nearly ITS rDNA alleles.
Using the ITS rDNA for species identification and phy-
logenetic inference in Fusarium is further complicated
by the presence of highly divergent ITS2 rDNA
paralogs or xenologs within every strain tested within
six closely related species complexes (i.e., concolor-to-
Sujikuroi in Fig. 1; O’Donnell et al. 1998a). In addition,
we recently detected this phenomenon within the
F. buharicum species complex, which suggests that the
gene duplication or horizontal gene transfer event took
place at least 49 million years ago (O’Donnell et al.
2013).

ITS rDNA and domains D1 and D2 at the 5° end of
the ribosomal large subunit (LSU rDNA) were used in
GCPSR-based MLST schemes for the F. solani
(O’Donnell et al. 2008), F. dimerum (Schroers et al.
2009), F. incarnatum-equiseti (FIESC) and
F. chlamydosporum species complexes (O’Donnell
et al. 2009b), but this locus consistently contributed
the least number of phylogenetically informative char-
acters among the loci sampled. For example, in the
FIESC study, 162/717 (23%) of the aligned nucleotide
positions in TEF1 and 220/1766 (12%) in RPB2 were
parsimony informative; however, only 11/1125 (1%)
were synapomorphic within the ITS+LSU rDNA
(O’Donnell et al. 2009b). In hindsight, inclusion of the
fungal ‘barcode’ locus in this typing scheme was a
mistake. However, we should note that in the numerous
instances where ITS+LSU rDNA sequence data did not
resolve at the species level, it does have utility for
placing unidentified fusaria within a species complex
(Balajee et al. 2009).

Currently we are generating low-coverage genome
sequences for the 93 fusaria included in our published
molecular phylogeny of Fusarium (O’Donnell et al.
2013) to mine them for additional phylogenetically in-
formative loci for species-level studies (Lopez-Giraldez
and Townsend 2011) and for comparative
phylogenomics (Stajich, unpubl.). This and other whole
genome sequence data will be critical for developing
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NGS typing schemes necessary to characterize the del-
uge of novel species that will be discovered by phyto-
pathological, biogeographical and metagenomic studies
in the future. The newly developed marker loci should
prove to be invaluable in expanding the ad hoc species-
haplotype nomenclature (O’Donnell e al. 2008, 2009a,
b) to all agriculturally and medically important fusaria
so that information concering the unnamed, morpho-
logically cryptic mycotoxigenic plant and human path-
ogens can be accurately communicated within the sci-
entific community. This informal naming system is also
useful for identifying agriculturally and medically im-
portant species that should be formally described with
Latin binomials.

Sequence-based identification of fusaria: A primer
for conducting BLASTn queries via the Internet

Querying one of the web-accessible databases using
partial DNA sequence data from 7EFI, RPBI and/or
RPB? to identify an unknown ordinarily is the easy part;
however, interpreting the results is often challenging. As
previously discussed in detail (Geiser et al. 2004;
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Fig. 2 (A) FUSARIUM-ID (http:/isolate.fusariumdb.org) at
Pennsylvania State University (Park et al. 2010) and (B)
Fusarium MLST at the CBS-KNAW Fungal Biodiversity Centre
(http://www.cbs.knaw.nl/Fusarium/) host two complementary web-
accessible databases dedicated to the identification of fusaria via

O’Donnell et al. 2010), the advantage of conducting
nucleotide BLAST queries of FUSARIUM-ID or Fu-
sarium MLST first, rather than NCBI GenBank, is that
they house broadly sampled, well-characterized phylo-
genetically informative sequences from isolates that can
be obtained from FRC (http://plantpath.psu.edu/
facilities/fusarium-research-center), the ARS Culture
Collection (NRRL, http://nrrl.ncaur.usda.gov/cgi-bin/
usda) or the CBS-KNAW Biodiversity Centre (http://
www.cbs.knaw.nl/Fusarium/).

When conducting BLASTn queries of the CBS-
KNAW’s Fusarium MLST database, we recommend
only searching the reference files for Fusarium, which
is the default setting, and setting the “Minimum similar-
ity to keep results’ to 50% (Fig. 2B). Most of the
sequences housed in FUSARIUM-ID are also present
in Fusarium MLST, so a query of only one of these
databases may be needed. Once the results of a BLASTn
query of Fusarium MLST are returned, with the top
‘hits’ displayed in tabular form, click on Expand Align-
ments to see the alignment of your query sequence with
each of the reference sequences retrieved from the data-
base. Results obtained from BLASTn queries of
GenBank and FUSARIUM-ID differ slightly in that
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nucleotide BLAST queries. Conducting the same BLASTn queries
of GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) can be

informative, but also challenging given the large number of
misidentified sequences in NCBI (see Fig. 3)
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horizontal red lines are used to identify sequence length
of the top ‘hits’, which span the length of the region if
the sequences are full-length (see % query cover in
Fig. 3). GenBank differs from FUSARIUM-ID and
Fusarium MLST in that all of the top BLASTn hits are
displayed together in tabular form immediately below
the horizontal red lines, followed by the alignment of
your query sequence with each of the reference se-
quences that were recovered (Fig. 4). All three databases
provide a hyperlink to each accession record, a descrip-
tion that includes the taxon name that the accession was
deposited under and the locus. Also included are several
statistical measures, with the two most important ones
being percentage identity and query coverage. Using the
loci mentioned herein, the E-value for each ‘hit’ should
be zero (Fig. 3), which means the match is not due to
chance.

After conducting a query of Fusarium MLST or FU-
SARIUM-ID, we frequently use the same nucleotide
sequence to query GenBank, bearing in mind that many

- P ™
L Cha v

Select Al None Selected 0

sequences in NCBI are misidentified, others are depos-
ited as Fusarium sp. without further annotation, and the
taxonomy especially for older records may be out of
date (e.g., GenBank accession AF178356.1 was depos-
ited as F. solani f. sp. glycines in 1999, a year before this
soybean pathogen was formally described as
F. virguliforme). For those who opt to query GenBank,
we recommend the use of TEFI, RPBI and/or RPB2
sequences, rather than sequences from the ITS or LSU
rDNA, and look for sequences obtained from NRRL
strains among the top ‘hits’. The majority of the se-
quences we deposited in these databases were listed as
Fusarium sp., because they represent unnamed species
based on the results of several GCPSR-based studies
(O’Donnell et al. 2010, 2014 and references therein).
However, notes or comments were often included in the
accession records to help identify the phylogenetic spe-
cies and/or multilocus haplotype (Fig. 5; i.e.,
Haplotype="FSSC 11-b” from O’Donnell et al. 2008).
Another tip for correctly interpreting BLASTn results is

1 Abgnments

Description

@
Max Tolaf Query E

; Ident  Accession
score score cover value

B78 100% 00 100% .

B67 100% 00 9%

867 100% 00 9%

B&T 100% 00
B67 100% OO

[ Fusaiumsp

B67 100% 00
BeT 100% 00

[ Eusary

B63 9% 00
663 99% 00

B63 95% 00
861 100% 00

BE1 100% 00
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B61 100% 00
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B61 100% 00

B61 100% 00
661 100% 00

B61 100% 00

859 100% 00

Fig. 3 Twenty-one of the 100 BLASTn ‘hits’ that were recovered
from GenBank using accession JN014954.1 as the query. Black
boxes were added to the GenBank query results to identify se-
quences deposited under 11 different names. The black star inserted
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B56 100% 00

by the record for Fusarium sp. NRRL 22244 indicates the acces-
sion was identified in the notes/comments as phylogenetic species
FIESC 25 (O’Donnell et al. 2009b)
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Fig.4 One of the 100 BLASTn nucleotide alignments that follow-
ed the tabular display shown in Fig. 3. Alignment of ITS rDNA
GenBank accession JN014954.1 used as the query and
GQ505685.1 NRRL 22244 FIESC 25-a strongly suggests that the

to check the taxon names. Identical or nearly identical
sequences deposited under multiple names, as illustrated
in Figs. 3 and 6, should raise suspicions that some
sequences are misidentified. In addition, sorting through
the display of BLASTn ‘hits’ in some searches is com-
plicated by the legacy of dual nomenclature (e.g.,
Gibberella zeae and F. graminearum for the same
species).

We don’t recommend using sequences from the nu-
clear ITS rDNA and/or domains D1+D2 of the LSU
rDNA from an unknown to query GenBank because
50% or more of the Fusarium sequences from this locus
are misidentified in NCBI. Besides, as previously men-
tioned, ITS+LSU rDNA sequences are too conserved to
resolve species limits of most fusaria. The 10 steps
outlined below are recommended to increase the likeli-
hood of obtaining an accurate species- or species
complex-level identification of an unknown Fusarium
(also see Fig. 7). Here, we used a study by Suthar and
Bhatt (2011) to illustrate common mistakes/errors asso-
ciated with species identification based on BLASTn
queries and how to avoid them. They deposited their
ITS rDNA sequence of a putative cumin wilt pathogen
(NFCCI 2157) in GenBank incorrectly as F. equiseti
(accession JN014954.1). Of the 100 ITS rDNA se-
quences that were recovered from GenBank, using their

Related Information

query sequence contains three sequencing errors (indicated by
arrows). Alignments such as this are ideal for identifying nucleotide
positions within chromatograms that should be checked for errors
before sequences are analyzed and deposited in NCBI

accession JN014954.1 as the BLASTn query, we deter-
mined that all 48 sequences deposited with binomials
were incorrectly identified to the species level. This
finding highlights the importance of carefully inspecting
the name attached to each of the records (Fig. 3) and
consulting the primary literature (O’Donnell ef al.
2009b). This simple but critical step would have re-
vealed to these authors that their queries of GenBank
and FUSARIUM-ID yielded contradictory results. A
cursory inspection of the 48 named accessions retrieved
by the BLASTn query of GenBank revealed that they
were incorrectly deposited under seven different species
names (Fig. 3), representing fusaria that are nested with-
in six phylogenetically divergent species complexes
(Fig. 1; i.e., incarnatum-equiseti, chlamydosporum,
sambucinum, tricinctum, fujikuroi and oxysporum),
and as an unrelated fungus, Septogloeum mori.

Sequence-based identification of fusaria: 10 simple
steps to increase your odds of obtaining an accurate
species-level identification

1) Carefully check sequence chromatograms for errors
before conducting a BLASTn query (also check
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/db_xref="taxon: E75408"
/note="Fusarium incarnatum—eguis=eti species complex ‘
multilocus haplotype 25_a"
rRAR <1..42
/product="188 riboscmal RNA"
misc RNA 43_.123
/product="internal transcribed =pacer 1"
rREA 184..340
/product="5.83 ribo=omal RNA"
misc BNA 341..489

/product="internal transcribed spacer 2"

RNER 480_ .>1132

/product="2E2 ribos=omal RMNA™

Fig. 5 GenBank files for NRRL strains included in several GCPSR-based studies were deposited with notes or comments that identify the
phylogenetic species and/or multilocus haplotype (indicated by arrow; O’Donnell et al. 2008, 2009a, 2009b, 2010, 2012, 2013, 2014)

problematic nucleotide positions at step 4 if necessary).
Based on a detailed GCPSR-based study of the
F. incarnatum-equiseti species complex (O’Donnell
et al. 2009b), it seems likely that GenBank accession
JN014954.1 contains three sequencing errors (Fig. 4);
errors are most commonly found at either end of the
sequence and within homopolymers.

@ Springer

2) Avoid using ITS+LSU rDNA sequences to identify
unknown fusaria because, compared with TEF'1, RPB1
and RPB2, they are frequently uninformative at the
species-level. However, we do plan to deposit ITS+
LSU rDNA sequences of the 93 fusaria included in a
robust phylogeny of the genus (O’Donnell ef al. 2013)
in FUSARIUM-ID, Fusarium MLST and GenBank to
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BLASTnN query of GenBank reveals putatively novel fusaria.

Sequences producing significant alignments:

Select: Al None Selected0

1} Alignments [}
Descrigtion i Ou_eﬁ E [dent  Accession

Score Score cCover vaiue

0O Fus enat ale 84 translation elongal pha gene. partial sequence 1219 1215 100% 00 100% F

[ Fus 1094 1094 100% 00

[ Fue 1088 1088 89% 00

0 Fus: 1086 1066 99% 00

0O Fus 1083 1083 100% 00

O Fus 1048 1048 96% 00

0O ks 1046 1046 56% 00

Fig. 6 Seven of the 100 BLASTn ‘hits’ from a search of NCBI
using a partial TEF] sequence of GenBank accession FJ939721.1
(deposited as F. venenatum) as the query. However, the relatively
low 97% similarity to accession GQ915515.1, which was obtained
from an authentic isolate of F. venenatum (FRC R-9186), likely
indicates the query sequence is from a novel species within the
F. sambucinum species complex (see Fig. 1). The latter appears to

facilitate identification to species complex, and in some
instances, to several phylogenetically divergent species
(Fig. 1; Balajee et al. 2009).

3) Avoid querying GenBank with ITS+LSU rDNA
sequences because the majority of named sequences
are misidentified. When GenBank ITS rDNA accession
JN014954.1 was used to query FUSARIUM-ID, it
showed 99.78% identity to sequences of four different
species within the F. incarnatum-equiseti species com-
plex (i.e., FIESC 15, 17, 23 and 25). Instead of depos-
iting the sequence as Fusarium sp., which would have
been the only correct identification based on the ITS

Fig. 7 Flowchart outlining 10
steps that are recommended to
increase the likelihood of
obtaining an accurate DNA
sequence-based species- or
species complex-level
identification of an unknown
Fusarium

be conspecific with DAOM 167768 accession DQ842081.1, which
was incorrectly deposited in GenBank as F. equiseti. This finding
suggests that if an emerencia-like system (Nilsson ef al. 2005) was
constructed to mine Fusarium TEF1, RPB1 and RPB2 sequences in
GenBank, it could prove to be an invaluable tool for discovering
many novel phylogenetically distinct species

rDNA sequence data, it was deposited under the name
attached to the majority of the named sequences re-
trieved in their BLASTn query of GenBank (i.e.,
F. equiseti). Our search of the NCBI GenBank database,
using accession JN014954.1 as the query, found that the
48 accessions with binomials were all misidentified,
including 28 deposited as F. equiseti. The real
F. equiseti, however, corresponds to phylogenetic spe-
cies FIESC 14 (O’Donnell et al. 2009b).

4) Nucleotide polymorphisms or gaps in the align-
ments displayed after a BLASTn query should always
be confirmed by rechecking the chromatograms. The

Sequence-based Identification of Fusariumin 10 Simple Steps
1) Correct sequence chromatograms completely and carefully
2) Use TEF-1, RPB1 and/or RPB2 and avoid ITS+LSU rDNA
3) Query Fusarium MLST or FUSARIUM-ID before GenBank

4) Recheck chromatograms at positions where gaps are in the BLASTn alignments

5) Carefully check species names associated with top BLASTn hits

6) Collect DNA sequence data from two indipendent loci where possible

7) Published GCPSR studies may help assess when % similarity indicates conspecificity

8) Become familiar with ad hoc species-haplotype nomenclature used in some clades

9) Contact culture collections (CBS-KNAW, FRC and NRRL) to inquire about strains

10) Misidentifications are more likely to be caught and corrected at better journals
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available evidence suggests that the three mismatches in
the ITS rDNA alignment of GenBank accessions
JN014954.1 and GQ505685.1 NRRL 22244 FIESC 25
(Fig. 4) are due to sequencing errors in the former.

5) Carefully check the taxon names associated with the
top hits (i.e., % identity and sequence coverage), who
deposited the sequence, and look for notes/comments
included in the accession record (Fig. 5). Be prepared to
scrutinize multiple names among the top ‘hits’ in
BLASTn queries of GenBank. The example provided
by GenBank accession JN014954.1 might seem ex-
treme (i.e., all 48 ITS rDNA sequences with binomials
were misidentified); however, it serves to highlight an
intractable problem created by open deposit of
uncurated sequences without allowing third party anno-
tation (Bidartondo et al. 2008). By contrast, sequences
deposited in FUSARIUM-ID and Fusarium MLST were
generated primarily as part of GCPSR-based studies of
Fusarium. When conducting queries of GenBank, it is
good practice to look for NRRL strains among the top
hits, and if they were deposited as Fusarium sp., then
look for notes/comments in the accession records.

6) It is prudent to compare BLASTn results from
multiple loci where possible; the identification tools
built into Fusarium MLST allow for queries using single
or multiple sequences. Generating a partial 7EF] se-
quence is an excellent place to start because both
FUSARIUM-ID and Fusarium MLST are well-

populated with data from this locus and because it
frequently resolves at the species level. Where possible,
it is highly desirable to try to identify unknowns by
conducting molecular phylogenetic analyses of pub-
lished MLST datasets to which the unknowns have been
added; MLST datasets can be downloaded from
FUSARIUM-ID or Fusarium MLST. Bootstrap analyses
of the individual and combined dataset often yield the
most reliable identification of unknowns, when the
criteria of genealogical exclusivity and non-
discordance under GCPSR are employed (Taylor et al.
2000; Dettman et al. 2003).

7) The results of prior GCPSR-based studies provide
invaluable guidance in interpreting when a given %
similarity equates with conspecificity. For the following
interpretations to hold true, we assume that carefully
edited TEFI, RPBI and/or RPB2 sequences are being
used as a query against FUSARIUM-ID and/or Fusar-
ium MLST. As discussed previously (Geiser et al. 2004;
O’Donnell et al. 2012), an identical match with 99-
100% sequence coverage (Fig. 3), in most but not all
cases can be interpreted as a definitive species identifi-
cation. However, it is important to note that our GCPSR-
based studies have shown that sequences from these
genes sometime fail to distinguish recently evolved
sister species (Kasson et al. 2013; Sarver et al. 2011;
Schroers et al. 2009). Queries that show similarity at or
below 99.4% (i.e., >4/680 nucleotide differences in

Ambrosium Fusarium Clade species are distinguished by AF and number between 1-12 (ex., AF-6).

Sequences producing significant alignments:

Select All None Selected:0

i+ Alignments

Description

Fig. 8 Because binomials for 11/12 species farmed by Euwallacea
ambrosia beetles were lacking, an informal nomenclature was
adopted for the 12 phylogenetically distinct species within the
Ambrosia Fusarium Clade (AFC). The latter is nested within clade
3 of the F solani species complex (Kasson ef al. 2013; O’Donnell
et al. 2014). AFC species are distinguished by AF followed by a

@ Springer
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Max Total Query
SCOME score cover value

|dent  Accession
1262 1262 100% 00 100% JXE775631
1262 1262 100% 00 100% I
1254 1254 99% 00 100% Ko

1254 1254 99% 00 100% K

1251 1251 100% 00 99%

1210 1210 99% 00 99% KC6O15461

unique number between 1 and 12 (see AF-6 below). Although a
partial TEF'] sequence can be used to identify most of the species
within the AFC, multilocus sequence data is recommended for a
definitive identification because several species share an identical
TEF I allele, and because hybrid introgression involving this locus
was detected
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TEFT) should be subjected to a GCPSR analysis, given
the likelihood the unknown represents a novel phyloge-
netic species (Fig. 6). To increase confidence in 7EF']
queries that show 1-3 base pair differences from the top
‘hit” in FUSARIUM-ID and Fusarium MLST, it is ad-
visable to conduct similar queries using RPBI and/or
RPB?2 together with bootstrapped phylogenetic analyses
as outlined in step 6. To increase the taxonomic repre-
sentation of fusaria in agronomically important species
complexes that haven’t been subjected to GCPSR, and
to promote phylogenetic species recognition, we plan to
update FUSARIUM-ID and Fusarium MLST by depos-
iting several hundred TEFI, RPBI and RPB2 unpub-
lished sequences from the F. sambucinum, F. tricinctum
and F. lateritium species complexes (Fig. 1).

8) The primary literature should be consulted to take
advantage of the ad hoc species and/or species-
haplotype nomenclature developed for the
F. incarnatum-equiseti and F. chlamydosporum
(O’Donnell et al. 2009b), F solani (O’Donnell et al.
2008), F oxysporum (O’Donnell et al. 2009a) species
complexes and Ambrosia Fusarium Clade (AFC;
Kasson et al. 2013; O’Donnell et al. 2014). The AFC
represents a monophyletic lineage within clade 3 of the
F. solani species complex that comprises at least 12
phylogenetically distinct mutualistic symbionts of the
fungus-farming ambrosia beetle Euwallacea (Fig. 8).

9) When questions concerning the metadata or avail-

ability of strains arise, contact Kerry O’Donnell at
kerry.odonnell@ars.usda.gov and the curators of
FUSARIUM-ID (David M. Geiser, dmgl7@psu.edu)
or Fusarium MLST (Vincent Robert,
v.robert@cbs.knaw.nl) for clarification.
10) Publish in journals where submissions are more
likely to be reviewed by those knowledgeable in the
pitfalls associated with sequence-based identification.
Here, it is worth reiterating the point made in Wingfield
et al. (2012) that an accurate species identification is
crucial for communicating findings to the scientific
community.

Although Fusarium molecular phylogenetics and
systematics has been characterized as a model (Kang
et al. 2010), species limits and evolutionary relation-
ships within several of the most important plant patho-
genic lineages (i.e., F. fujikuroi, F. oxysporum, F. solani
and F. sambucinum species complexes) are not fully
resolved, especially within the most recently evolved
clades (O’Donnell et al. 2013). As mentioned earlier,

one of the primary objectives for generating genome-
scale data across the breadth of Fusarium is to mine it
for additional phylogenetically informative loci for
NGS-based species-level studies. In the not too distant
future, our goal is to identify additional genes that are as
informative as TEF'1, RPB1 and RPB2 to further Fusar-
ium identification, molecular diagnostics and robust
phylogenetic inference.
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