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Fusarium: more than a node or a foot-shaped basal cell
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Abstract: Recent publications have argued that there are potentially serious consequences for researchers in recognising distinct genera in the terminal fusarioid clade
of the family Nectriaceae. Thus, an alternate hypothesis, namely a very broad concept of the genus Fusarium was proposed. In doing so, however, a significant body of
data that supports distinct genera in Nectriaceae based on morphology, biology, and phylogeny is disregarded. A DNA phylogeny based on 19 orthologous protein-coding
genes was presented to support a very broad concept of Fusarium at the F1 node in Nectriaceae. Here, we demonstrate that re-analyses of this dataset show that all 19
genes support the F3 node that represents Fusarium sensu stricto as defined by F. sambucinum (sexual morph synonym Gibberella pulicaris). The backbone of the
phylogeny is resolved by the concatenated alignment, but only six of the 19 genes fully support the F1 node, representing the broad circumscription of Fusarium.
Furthermore, a re-analysis of the concatenated dataset revealed alternate topologies in different phylogenetic algorithms, highlighting the deep divergence and unre-
solved placement of various Nectriaceae lineages proposed as members of Fusarium. Species of Fusarium s. str. are characterised by Gibberella sexual morphs,
asexual morphs with thin- or thick-walled macroconidia that have variously shaped apical and basal cells, and trichothecene mycotoxin production, which separates them
from other fusarioid genera. Here we show that the Wollenweber concept of Fusarium presently accounts for 20 segregate genera with clear-cut synapomorphic traits,
and that fusarioid macroconidia represent a character that has been gained or lost multiple times throughout Nectriaceae. Thus, the very broad circumscription of
Fusarium is blurry and without apparent synapomorphies, and does not include all genera with fusarium-like macroconidia, which are spread throughout Nectriaceae
(e.g., Cosmosporella, Macroconia, Microcera). In this study four new genera are introduced, along with 18 new species and 16 new combinations. These names convey
information about relationships, morphology, and ecological preference that would otherwise be lost in a broader definition of Fusarium. To assist users to correctly
identify fusarioid genera and species, we introduce a new online identification database, Fusarioid-ID, accessible at www.fusarium.org. The database comprises partial
sequences from multiple genes commonly used to identify fusarioid taxa (act?, CaM, his3, rpb1, rpb2, tef1, tub2, ITS, and LSU). In this paper, we also present a
nomenclator of names that have been introduced in Fusarium up to January 2021 as well as their current status, types, and diagnostic DNA barcode data. In this study,
researchers from 46 countries, representing taxonomists, plant pathologists, medical mycologists, quarantine officials, regulatory agencies, and students, strongly support
the application and use of a more precisely delimited Fusarium (= Gibberella) concept to accommodate taxa from the robust monophyletic node F3 on the basis of a well-
defined and unique combination of morphological and biochemical features. This F3 node includes, among others, species of the F. fujikuroi, F. incarnatum-equiseti, F.
oxysporum, and F. sambucinum species complexes, but not species of Bisifusarium [F. dimerum species complex (SC)], Cyanonectria (F. buxicola SC), Geejayessia
(F. staphyleae SC), Neocosmospora (F. solani SC) or Rectifusarium (F. ventricosum SC). The present study represents the first step to generating a new online
monograph of Fusarium and allied fusarioid genera (www.fusarium.org).

Key words: Multi-gene phylogeny, Mycotoxins, Nectriaceae, Neocosmospora, Novel taxa, Pathogen, Taxonomy.
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FUSARIUM REDELIMITED

Taxonomic novelties: New genera: Luteonectria Sand.-Den., L. Lombard, Schroers & Rossman, Nothofusarium Crous, Sand.-Den. & L. Lombard, Scolecofusarium L.
Lombard, Sand.-Den. & Crous, Setofusarium (Nirenberg & Samuels) Crous & Sand.-Den.; New species: Fusarium echinatum Sand.-Den. & G.J. Marais, Fusarium
lyarnte J.L. Walsh, Sangal., L.W. Burgess, E.C.Y. Liew & Summerell, Fusarium palustre W.H. Elmer & Marra, Fusarium prieskaense G.J. Marais & Sand.-Den.,
Fusarium werrikimbe J.L. Walsh, L.W. Burgess, E.C.Y. Liew & B.A. Summerell, Fusicolla quarantenae J.D.P. Bezerra, Sand.-Den., Crous & Souza-Motta, Fusicolla
meniscoidea L. Lombard & Sand.-Den., Fusicolla sporellula Sand.-Den. & L. Lombard, Macroconia bulbipes Crous & Sand.-Den., Macroconia phlogioides Sand.-
Den. & Crous, Neocosmospora epipeda Quaedvl. & Sand.-Den., Neocosmospora merkxiana Quaedvl. & Sand.-Den., Neocosmospora neerlandica Crous & Sand.-
Den., Neocosmospora nelsonii Crous & Sand.-Den., Neocosmospora pseudopisi Sand.-Den. & L. Lombard, Nothofusarium devonianum L. Lombard, Crous &
Sand.-Den., Stylonectria corniculata Grafenhan, Crous & Sand.-Den., Stylonectria hetmanica Akulov, Crous & Sand.-Den.; New combinations: Apiognomonia
platani (Lév.) L. Lombard, Calloria tremelloides (Grev.) L. Lombard, Cosmosporella cavisperma (Corda) Sand.-Den., L. Lombard & Crous, Cylindrodendrum
orthosporum (Sacc. & P. Syd.) L. Lombard, Dialonectria volutella (Ellis & Everh.) L. Lombard & Sand.-Den., Fusarium armeniacum (G.A. Forbes et al.) L.W.
Burgess & Summerell, Hymenella aurea (Corda) L. Lombard, Hymenella spermogoniopsis (Jul. Mill.) L. Lombard & Sand.-Den., Luteonectria albida (Rossman)
Sand.-Den. & L. Lombard, Luteonectria nematophila (Nirenberg & Hagedorn) Sand.-Den. & L. Lombard, Neocosmospora floridana (T. Aoki et al.) L. Lombard &
Sand.-Den., Neocosmospora obliquiseptata (T. Aoki et al.) L. Lombard & Sand.-Den., Neocosmospora rekana (Lynn & Marinc.) L. Lombard & Sand.-Den.,
Neocosmospora tuaranensis (T. Aoki et al) L. Lombard & Sand.-Den., Scolecofusarium ciliatum (Link) L. Lombard, Sand.-Den. & Crous, Setofusarium setosum
(Samuels & Nirenberg) Sand.-Den. & Crous.; Epitypes (basionyms): Fusarium buharicum Jacz. ex Babajan & Teterevn.-Babajan, Fusarium cavispermum Corda,
Fusarium flocciferum Corda, Fusarium graminearum Schwabe, Fusarium heterosporum Nees & T. Nees, Fusarium redolens Wollenw., Fusarium reticulatum Mont.,
Fusarium scirpi Lambotte & Fautrey, Fusarium stilboides Wollenw., Fusarium Xxylarioides Steyaert, Fusisporium culmorum Wm.G. Sm., Fusisporium incarnatum
Roberge ex Desm., Selenosporium equiseti Corda, Sphaeria sanguinea var. cicatricum Berk., Sporotrichum poae Peck.; Lectotypes (basionyms): Atractium
pallidum Bonord., Cephalosporium sacchari E.J. Butler, Fusarium aeruginosum Delacr., Fusarium agaricorum Sarrazin, Fusarium albidoviolaceum Dasz., Fusarium
aleyrodis Petch, Fusarium amentorum Lacroix, Fusarium annuum Leonian, Fusarium arcuatum Berk. & M.A. Curtis, Fusarium aridum O.A. Pratt, Fusarium
arthrosporioides Sherb., Fusarium asparagi Delacr., Fusarium batatas Wollenw., Fusarium biforme Sherb., Fusarium cactacearum Pasin. & Buzz.-Trav., Fusarium
cacti-maxonii Pasin. & Buzz.-Trav., Fusarium caudatum Wollenw., Fusarium cavispermum Corda, Fusarium cepae Hanzawa, Fusarium cesatii Rabenh., Fusarium
citriforme Jamal., Fusarium citrinum Wollenw., Fusarium citrulli Taubenh., Fusarium clavatum Sherb., Fusarium coccinellum Kalchbr., Fusarium cromyophthoron
Sideris, Fusarium cucurbitae Taubenh., Fusarium cuneiforme Sherb., Fusarium delacroixii Sacc., Fusarium dimerum var. nectrioides Wollenw., Fusarium epicoccum
McAlpine, Fusarium eucheliae Sartory, R. Sartory & J. Mey., Fusarium fissum Peyl, Fusarium flocciferum Corda, Fusarium gemmiperda Aderh., Fusarium
genevense Dasz., Fusarium graminearum Schwabe, Fusarium graminum Corda, Fusarium heterosporioides Fautrey, Fusarium heterosporum Nees & T. Nees,
Fusarium idahoanum O.A. Pratt, Fusarium juruanum Henn., Fusarium lanceolatum O.A. Pratt, Fusarium lateritium Nees, Fusarium loncheceras Sideris, Fusarium
malvacearum Taubenh., Fusarium martii f. phaseoli Burkh., Fusarium muentzii Delacr., Fusarium nigrum O.A. Pratt, Fusarium oxysporum var. asclerotium Sherb.,
Fusarium palczewskii Jacz., Fusarium polymorphum Matr., Fusarium poolense Taubenh., Fusarium prunorum McAlpine, Fusarium pusillum Wollenw., Fusarium
putrefaciens Osterw., Fusarium redolens Wollenw., Fusarium reticulatum Mont., Fusarium rhizochromatistes Sideris, Fusarium rhizophilum Corda, Fusarium
rhodellum McAlpine, Fusarium roesleri Thim., Fusarium rostratum Appel & Wollenw., Fusarium rubiginosum Appel & Wollenw., Fusarium rubrum Parav., Fusarium
samoense Gehrm., Fusarium scirpi Lambotte & Fautrey, Fusarium secalis Jacz., Fusarium spinaciae Hungerf., Fusarium sporotrichioides Sherb., Fusarium stercoris
Fuckel, Fusarium stilboides Wollenw., Fusarium stillatum De Not. ex Sacc., Fusarium sublunatum Reinking, Fusarium succisae Schrot. ex Sacc., Fusarium
tabacivorum Delacr., Fusarium trichothecioides Wollenw., Fusarium tritici Liebman, Fusarium tuberivorum Wilcox & G.K. Link, Fusarium tumidum var. humi Reinking,
Fusarium ustilaginis Kellerm. & Swingle, Fusarium viticola Thim., Fusarium willkommii Lindau, Fusarium xylarioides Steyaert, Fusarium zygopetali Delacr.,
Fusisporium andropogonis Cooke ex Thim., Fusisporium anthophilum A. Braun, Fusisporium arundinis Corda, Fusisporium clypeaster Corda, Fusisporium
culmorum Wm.G. Sm., Fusisporium didymum Harting, Fusisporium elasticae Thum., Fusisporium episphaericum Cooke & Ellis, Fusisporium flavidum Bonord.,
Fusisporium hordei Wm.G. Sm., Fusisporium incarnatum Roberge ex Desm., Fusisporium loli Wm.G. Sm., Fusisporium pandani Corda, Gibberella
phyllostachydicola W. Yamam., Menispora penicillata Harz, Selenosporium equiseti Corda, Selenosporium hippocastani Corda, Selenosporium urticearum Corda.,
Sphaeria sanguinea var. cicatricum Berk.; Neotypes (basionyms): Atractium ciliatum Link, Fusarium longipes Wollenw. & Reinking, Fusisporium avenaceum Fr.,
Selenosporium sarcochroum Desm.
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INTRODUCTION

Fusarium. The generic treatment of Fusarium by Geiser et al.
(2013, 2021), produced an ill-delimited genus without clear

The relevance and impact of Fusarium (Ascomycota, Hypo-
creales, Nectriaceae) to humankind is substantial. Over the past
100 years, it has attracted considerable attention from scientists
as the extent of species diversity and the impact on agriculture
and human health became clear. After an initial period of dis-
covery and cataloguing by 19t century naturalists, its taxonomy
became the target of research from a broad range of scientists,
that resulted in the emergence of distinct “schools” that promoted
different taxonomic approaches to fusarium-like organisms. With
the advent of an objective and reproducible framework for
phylogenetic relationships inferred from molecular phylogenetics,
it might have been expected that controversies would melt away,
and a stable, universally accepted taxonomy of Fusarium and its
species would emerge, but this does not yet appear to be the
case (Fig. 1). However, all scientists working with Fusarium
desire a stable taxonomic system, and all agree that taxonomic
changes should be made with the aim of promoting stability.
Recently, Geiser et al. (2021), largely in response to papers
published by Grafenhan et al. (2011), Schroers et al. (2011),
Lombard et al. (2015), and Sandoval-Denis et al. (2019), pro-
posed a cladistic solution to redelimit a generic concept for
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synapomorphies, as fusarium-like macroconidia are strongly
polyphyletic within Nectriaceae and also occur outside their very
broadly circumscribed Fusarium concept. We argue that a nar-
rower concept of genera with a clear, unique combination of
features is needed for the majority of fusarioid species.

Dual nomenclature and consensus on the use
of the generic name Fusarium

In accordance with the single-name system for fungi, that was
adopted at the International Botanical Congress, Melbourne
(IBCM) in 2011, we are in full agreement with Geiser et al. (2013,
2021) and O'Donnell et al. (2020) that the name Fusarium ap-
plies to any genus with a delimitation that includes the conserved
lectotype of the type species, F. sambucinum (sexual morph
synonym Gibberella pulicaris), as stated by Rossman et al.
(2013). Unfortunately, a single joint paper explaining the choice
of this name supported by the entire Fusarium community was
planned but failed because of the insistence of a subset of au-
thors to adopt a broad generic concept.
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The genus Fusarium is described (Link)—

First Fusarium monograph (Appel & Wollenweber) —

Use of pure cultures, introduction of morphological sections (Wollenweber) —
Identity of £ roseum sensu Link questioned, series introduced (Wollenweber)—
Single spore culturing in Fusarium (Snyder & Hansen)—

Conidiogenesis as a main criterion in Fusarium classification (Booth)—
Abandonment of Snyder & Hansen’s taxonomic system —|

Application of molecular characters in Fusarium systematics (Guadet et al.)—
First universal fungal rDNA PCR primers are published (White et al.)—
Introduction of phylogenetic species complexes, morphological —

sections are abandoned (O’Donnell et al.)

Proposal to lectotypify Fusarium with a conserved type (Gams et al.)—
Phylogenetic species recognition concept (Taylor et al.)—

First Fusarium genome is published —

Molecular evidence for segregation of Fusarium sensu lato —
(Chaverri et al., Grafenhan et al., Schroers et al.)

Fusarium to be conserved over Gibberella (Rossman et al.)

Fusarium confined to species with Gibberella sexual morphs (Lombard et al.)—

-

1809
1821
1910
1912
1913
1916
1918
1935
1940
1958
1971
1977
1983
1989
1989
1990
1990
1993
1993
1996
1997
1999
2000
2006
2007
2010
2011
2011
2013
2013
2015
2021

—Sanctioning work (Fries)
—Separate naming of asexual fungi
—Fusaria Autographice Delineata is first published, subsections introduced

(Wollenweber)

—Major taxonomic revision, study of fungarium and pure cultures
(Wollenweber & Reinking)

—Type designation mandatory

—Fusarium morphology not a reflection of genealogical relationship (Booth)
—Broad generic definition to include microconidial isolates (Gams & Nirenberg)

—Description of mesoconidia and their importance in classification (Pascoe)

I-Use of additional genes, common usage of multilocus
phylogenies for Fusarium (O’Donnell et al.)

—First fungal genome is published

—Lectotypification of Fusarium accepted by the Nomenclature Committee
for Fungi (Gams et al.)

—Era of phylogenomics

—Mobile pathogenicity chromosomes discovered in Fusarium (Ma et al.)

—Dual nomenclature for pleomorphic fungi is abandoned (McNeill & Turland)

—Proposal of a broad cladistic definition of Fusarium (Geiser et al.)

—Phylogenomic arguments to retain a broad Fusarium concept

\/ (O’Donnell et al. 2020, Geiser et al. 2021)

Fig. 1. Timeline summarising important events in the taxonomy and nomenclature of Fusarium and related taxa.

Taxonomy and nomenclature are different concepts, although
they are frequently confused, leading to misinterpretations.
Support for dual nomenclature ended at the IBCM in August
2011. The significance of 1 January 2013 was to ensure the
formal nomenclatural validity of newly proposed dual names
(new species or new combinations) that were in press or part of
studies about to be submitted for publication. These dates have
no significance for names proposed in a single name system,
which can be done at any time. Despite these technicalities,
virtually all members of the Fusarium community accept that
Fusarium must be used over the sexually-typified name Gib-
berella in the single name system, a recommendation included in
the proposed list of Protected Names submitted to the Nomen-
clature Committee for Fungi, the body with the authority to
recommend its formal acceptance (Kirk et al. 2013). However,
statements in Geiser et al. (2013) seem to reflect a confusion
about how the nomenclatural decision affected taxonomic
concepts.

The name Fusarium has never been at risk during the
nomenclatural transition, and the community support for its use in
a single name system is unanimous. We fully agree with Geiser
et al. (2013, 2021) and Rossman et al. (2013) that Fusarium
equals Gibberella. Fusarium will always be applied to the clade
that includes the type species of Fusarium, F. sambucinum,
which is the same fungus that also typifies Gibberella. In this
study, we show that the clade defined as Fusarium s. str.
(O'Donnell et al. 2013, as Gibberella, Geiser et al. 2013, as
Clade B) combines monophyly, morphology of sexual and
asexual morphs, and biochemical data in a coherent way that
can logically be recognised at the generic rank. Expanding the
concept of Fusarium to node F1 sensu Geiser et al. (2013, 2021)

results in the combination of several distinct genera and does not
resolve the issue of fusarium-like macroconidia in genera outside
their broad circumscription of Fusarium.

Phylogenetic structure and distribution of
fusarioid asexual morphs in Nectriaceae
(Hypocreales)

Grafenhan et al. (2011) and Schroers et al. (2011) presented a
phylogenetic overview of selected Nectriaceae based on com-
bined analyses of two different genes, namely the commonly
employed and phylogenetically informative RNA polymerase I
second largest subunit (rpb2) and exon regions of the larger
subunit of ATP citrate lyase (acl1). The two papers were the first
to apply a single name system to fusarioid fungi (i.e., genera with
fusarium-like macroconidia), and were written along with others
(see Rossman & Seifert 2011) to promote discussions that
eventually led to changes to the International Code of Nomen-
clature for algae, fungi, and plants (ICNafp) (Turland et al. 2018).

The main focus of the Grafenhan et al. (2011) paper was to
deal with extraneous elements that had long been included in
Fusarium. These fungi had distinct phenotypic characters, such
as thin, collapsing perithecial walls, slow growing agar colonies
lacking aerial mycelium, or sparsely septate macroconidia. Users
of the Gerlach & Nirenberg (1982) and Nelson et al. (1983)
identification manuals may be familiar with some of these spe-
cies, then called Fusarium aquaeductuum, F. coccophilum and
F. merismoides. There was evidence in the first papers on the
molecular phylogeny of Fusarium that these species did not
belong to Fusarium (e.g., see O'Donnell 1993). It was not until
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the study by Grafenhan et al. (2011) that other genera in the
family, such as members of the Cylindrocarpon generic complex
(Chaverri et al. 2011), Calonectria (Liu et al. 2020), Tubercularia
(Hirooka et al. 2012), and minor genera such as Mariannaea,
Pseudonectria, and Volutella (also see Lombard et al. 2015)
were adequately sampled to yield generic-level resolution. The
phylograms showed the division of fusarioid taxa into two large
groups, which Grafenhan et al. (2011) called the Terminal
Fusarium Clade (abbreviated TFC by Geiser et al. 2013) and the
ill-delineated Basal Fusarium Clade (BFC) that contained several
of the genera noted above. A single-genus recognition for the
BFC was not feasible because of the great morphological, ge-
netic, and ecological divergence among the sampled species.
The BFC included seven genera, each with their monophyly
strongly supported and more or less ecologically coherent.
Species with fusarioid conidia were reclassified in the phyloge-
netically redefined but previously described genera Atractium,
Cosmospora, Dialonectria, Fusicolla, Macroconia, Microcera,
and Stylonectria (Grafenhan et al. 2011, Schroers et al. 2011).
Geiser et al. (2013) accepted these segregate genera in the BFC
as distinct from the TFC, while correctly pointing out the
weak support values obtained for the phylogenetic backbone
of the tree. One consequence of the widespread occurrence of
macroconidia in the taxon sampling (fusarioid genera, cylin-
drocarpon-like genera, and Calonectria) was the suggestion that
especially the fusarioid macroconidium is a plesiomorphic
character (that is, an ancestral character) and had been lost in
some lineages in Nectriaceae (Grafenhan et al. 2011).

The second paper by Schroers et al. (2011) recovered similar
phylogenies as Grafenhan et al. (2011), but focused on the TFC,
supplementing this with a five-gene analysis of a particular
subclade within the TFC intended to delimit phylogenetic genera
and a few species. This demonstrated the monophyly of the
treated genera and resulted in the acceptance of the previously
described Cyanonectria (Samuels et al. 2009), as well as the
description of the genus Gegjayessia. Again, Geiser et al. (2013)
correctly criticised the weakness of the backbone of the tree,
especially in the BFC. About 75 % of the phylogenetic signal in
the analysis came from one gene, rpb2. Schroers et al. (2011)
did not discuss the taxonomic fate of Neocosmospora (the
Fusarium solani species complex, FSSC), which was repre-
sented by only two species in their analysis, but was excluded
from Fusarium s. str.

The call for more genetic markers and even genome analysis
by Geiser et al. (2013), to better resolve the phylogenetic
backbone of the TFC was justified, but the increased number of
markers should have been matched by increased taxon sam-
pling of all known genera of Nectriaceae, as taxon sampling is
equally important for inferring robust and meaningful phylogenies
(Zwickl & Hillis 2002, Heath et al. 2008).

Lombard et al. (2015) greatly expanded both the number of
genetic markers and the taxon sampling in order to explore the
generic boundaries across the Nectriaceae, including all genera
known from culture and many genera for which no DNA data was
previously available. A 10-gene phylogeny was inferred including
all the markers previously used by Grafenhan et al. (2011),
Schroers et al. (2011), Geiser et al. (2013), and O'Donnell et al.
(2013), plus nrDNA sequences and other markers of known
phylogenetic utility, namely actin (act?), beta-tubulin (tub2),
calmodulin (CaM), histone (his3), and the translation elongation
factor 1-a (teff). From this, a phylogeny of the TFC overall
congruent to that presented by Grafenhan et al. (2011) and
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Geiser et al. (2013) was obtained. Importantly, the monophyly of
Albonectria, Cyanonectria, Geejayessia, Fusarium, and Neo-
cosmospora was reaffirmed and a few early diverging lineages
previously included in the TFC were segregated into new
fusarioid genera i.e., Bisifusarium (formerly the F. dimerum
species complex) and Rectifusarium (formerly the F. ventricosum
species complex) (Lombard et al. 2015).

After nearly a hundred years of quandary, a modern revision
was published for Neocosmospora (Sandoval-Denis et al. 2019),
In this study, many unnamed phylogenetic species were
morphologically characterised and given Latin binomials, while
old names were resurrected, epitypified, and linked to DNA
barcodes.

Two recent publications by O'Donnell et al. (2020) and Geiser
et al. (2021) argued for the broad Fusarium concept of Geiser
et al. (2013). Both papers present very similar phylogenetic
analyses, relying on 19 genes, including 12 newly sampled
markers, namely: cytochrome P450 reductase (cpr?), ATP-
dependent DNA helicase Il (ku70), sphinganine palmitoyl
transferase subunit 2 (Icb2), DNA replication licensing factor
(mem7), phosphoglycerate kinase (pgkT), topoisomerase (top1),
two subunits each of the DNA polymerase (dpa? and dpe?), the
fatty acid synthase (fas1, fas2), alpha-tubulin (fub?), and tub2.
The previously employed marker his3 was not included, nor were
nrDNA markers. The results are in essence the same as those of
the previously published phylogenies, but with stronger support
for the backbone in the combined analyses (see Cummings &
Meyer 2005). Geiser et al. (2021) claimed that the F1 node
was supported by 12, and the F2 node by 14 of the individual
genes, but did not mention that all 19 genes supported the F3
node (Fusarium s. str. = the Gibberella clade).

In this study we re-investigated the Geiser et al. (2021)
dataset using several different high-resolution phylogenetic ap-
proaches, and we found that their evaluations of concordance
were based on an inadequate interpretation of Ultra-Fast boot-
strap results (only values > 95 % are to be deemed significant,
see Minh et al. 2013, Hoang et al. 2018). In addition to the to-
pological incongruences among six genes (act!, CaM, DNA
polymerase epsilon subunit dpet, ku70, pgk1, tef1, and tub2),
only six and 11 genes actually support the F1 and F2 nodes,
respectively, while all 19 genes support the F3 node. The low
internode certainty (IC) and IC All (ICA) values obtained for F1
(0.19 and 0.33, respectively) were misinterpreted by Geiser et al.
(2021) as IC values close to O indicate conflict between the
partitions (Salichos et al. 2014). The F3 node was well supported
with IC and ICA values at 1 (Geiser et al. 2021, Supplementary
Table. S1), which indicates the absence of conflict.

While the effort by O'Donnell et al. (2020) and Geiser et al.
(2021) to include a high diversity of DNA markers is
commendable, it is undermined by an imbalanced selection of
taxa for their analyses. Specifically, there is a marked over-
representation of node F1 species, while sampling and taxon
selection across the Nectriaceae is almost absent. Excluding any
of the major genus-level clades, especially those relevant to the
recognition of Bisifusarium, Neocosmospora and Rectifusarium,
introduces taxon sampling biases in a way that reduce the reli-
ability of phylogenetic inferences and support values with respect
to the backbone of the Nectriaceae. Furthermore, neither
O'Donnell et al. (2020) nor Geiser et al. (2021) give full
consideration to morphological and ecological evidence. In
principle, a genus should always be delimited as monophyletic,
supported by derived traits. In addition, its circumscription should
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depend on the systematic (phylogenetic and biological) structure
of the family it belongs to, in this case, the Nectriaceae.
Phylogenetics has rapidly advanced from a powerful adjunct
tool for understanding evolutionary relationships to the dominant
principle for classification, especially for delimitation of taxa at all
ranks. However, the resulting analyses and phylogenies are
compromised if they are not reconciled with other biological data.
The call for additional genomic data in the Fusarium clade (Geiser
etal. 2013, Aoki et al. 2019) may improve backbone node support
values, but the phylogenetic structure is unlikely to change; itis the
translation of that data into practicable taxonomy. The broad
Fusarium concept of Aoki et al. (2019), O'Donnell et al. (2020) and
Geiser et al. (2021) is phylogenetically possible, but it does not
offer a generic definition based on a combination of available
genetic, morphological, biochemical and ecological data. It is,
thus, impractical in that itis so broad that the genus would not have
any synapomorphies when compared to other genera of the
Nectriaceae outside their broad circumscription of Fusarium.
The arguments presented by Aoki et al. (2019), O'Donnell
et al. (2020) and Geiser et al. (2021) are centred around the
phylogenetic support of some nodes, which have never been a
key subject of the discussion, as the made observations
generally match the interpretations made by many authors. While
the very broad circumscription of Fusarium reflects as a mono-
phyletic group in DNA phylogenetic analyses, the TFC is a
conglomerate of several monophyletic genera that has a com-
mon ancestor (node F1 in Geiser et al. 2013). Each of these
genera has a distinctive combination of morphological features.
An analogous situation was observed in the monophyletic sister
clade that was originally classified as Cylindrocarpon s. lat., but
that is currently viewed as composed of several monophyletic
genera i.e., Cinnamomeonectria, Corinectria, Cylindrodendrum,
Dactylonectria, llyonectria, Macronectria, Neonectria, Plei-
ocarpon, Rugonectria, Thelonectria and Tumenectria (Chaverri
et al. 2011, Grafenhan et al. 2011, Lombard et al. 2014,
Salgado-Salazar et al. 2016, Gonzalez & Chaverri 2017).

What is a genus?

Taxonomically, a genus is a group that is defined by a type
species, and that often includes additional species considered to
belong to the same group (Vellinga et al. 2015). The observa-
tions or category of data involved in delineating genera have
varied over time, and in many cases, the characters used to
delimit well accepted genera have proven to be homoplasious
and the genera polyphyletic (Crous et al. 2009). However, it is a
fundamental principle that taxonomic entities should reflect
evolutionary relationships.

This has led to inevitable splitting of well-known fungal taxa,
both genera and species, into smaller groups, but sometimes
also genera were merged with others based on the reappraisal or
discovery of derived characters (e.g., Voglmayr & Thines 2007).
This proceeds with each technological revolution providing ever
deeper insight into the biological/evolutionary relationships of
organisms, and has accelerated again since molecular phylo-
genetics came into widespread use. There is a prevailing notion
that nature made species, but that humans made all other
taxonomic ranks for their own convenience. However, it is
increasingly recognised that all taxonomic ranks, including the
species level, do not have solid boundaries but are more like a
steam cloud with fuzzy margins. At the genus level, these

boundaries are often even more obscure, but is a genus just an
arbitrary (but statistically well-supported) monophyletic conve-
nience, a consensus accepted by a self-appointed committee?
Or is a genus a meaningful, definable unit resulting from
evolutionary processes, which can be recognised by patterns of
biological structure, biochemistry, behaviour, and adaptation to
specific niches? We believe that the latter should be the case.
While we recognise that generic delimitations will always depend
on a subjective choice, we believe that generic concepts should
always be guided in a phylogenetic context by morphological,
biochemical, or ecological characters that can both be used for
practical recognition and convey evolutionary information.

The generic concept for Fusarium proposed by Geiser et al.
(2013, 2021) is a rejection of this concept, as it merges lineages
with divergent characters that were accepted and applied not
only throughout the family Nectriaceae for the delimitation of
genera but also in other fungal families and orders. The very
broad genus Fusarium that it gives rise to does not have clear-
cut features, as the diversity of characters shared with the rest of
the Nectriaceae is so high that it could be extended almost
arbitrarily to the entire family. It would, in fact be as if the concept
of cryptic species was expanded to genera, that is, genera that
can only be recognised as a well-supported node on a phylo-
gram, which is, in our view, in disagreement with fundamental
principles of practical classification. The node F1 selected by
Geiser et al. (2013, 2021) for defining Fusarium is devoid of
phenotypic support and includes several genera with distinct
evolutionary traits. Indeed, the Geiser et al. (2013, 2021) concept
of Fusarium is strictly phylogenetically defined and essentially
amounts to a list of the species bound within a selected clade.
Their morphological circumscription does not admit the existence
of synapomorphies (i.e., unique diagnostic characters possessed
by all included species), and it extends beyond their chosen node
to other groups in Nectriaceae. In this very wide definition of
Fusarium, phenotypic characters and ecological patterns that
correlate with well-supported monophyletic groups within the
larger, poorly supported TFC are disregarded as basis for
generic delineation.

Admittedly, phenotypic characters in the TFC are tricky to
interpret. The fusarioid macroconidium with or without a well-
developed foot-shaped basal cell (ie., basal conidial cell
showing an asymmetrical papillum, delimited from the rest of the
cell and forming a distinct notch) occurs in the majority but not all
of the species in the traditional generic concept, but is also a
feature present in a significant proportion of other members of
the Nectriaceae, or even of the unrelated genus Microdochium
(Amphisphaeriaceae). It is, therefore, not a unique feature for
generic delineation (Grafenhan et al. 2011).

Perithecial pigmentation has been used to delimit genera in
Nectriaceae. The orange/red perithecium is an ancestral char-
acter in the family and common also to members of the BFC and
early diverging lineages of the TFC, including all Neo-
cosmospora species known to reproduce sexually, Setofusarium,
and some species of Cyanonectria and Geegjayessia. These
structures are easily distinguished from the homogeneously
bluish/black perithecia of true Fusarium s. str. species in the
Gibberella clade sensu O'Donnell et al. (2013). Contrary to what
was suggested by Geiser et al. (2021), it is not Neocosmospora
which represents an interesting but morphologically aberrant
lineage, since neither its type nor the members of its modern
morphological circumscription (Nalim et al. 2011) exhibit aberrant
characteristics. It is the dark-coloured perithecia typical of
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Fusarium s. str. (= Gibberella clade) that are aberrant and un-
usual within Nectriaceae.

The dark purple to black perithecium formerly used to char-
acterise Fusarium s. str. (= Gibberella), represents a synapo-
morphic state. Ascomata with similar colours have evolved
independently in some, but not all, species of Geejayessia, while
heterogeneously coloured bluish black or bicoloured perithecia
can be observed in several species of Cyanonectria, which often
appears as a sister genus to Fusarium. However, Cyanonectria
and Geejayessia differ from Fusarium and Neocosmospora by
their typically well-developed stromata as well as their thinner
and smooth perithecial walls. Notably, pale yellowish perithecia
occur in several clades and are a derived character as well, and
one genus that we accept, Albonectria, was initially defined by
white perithecia (Rossman et al. 1999). Also, in terms of its
ascospores, Fusarium shows a derived state. With the exception
of Albonectria, which includes species with hyaline, ellipsoidal to
fusoid, 3-septate, smooth to finely striated ascospores, the
genera mentioned above present mostly pale yellow-brown as-
cospores. Ascospores of Fusarium s. str. are more often sub-
hyaline, ellipsoidal to fusoid, 1-3-septate, and smooth-walled
when viewed with light microscopy. Ascospores of Neo-
cosmospora are easily distinguished from those of Fusarium by
being ovoid to ellipsoidal, (0-)1-septate, pigmented, conspicu-
ously striate or more rarely cerebriform or spinulose. It is worth
noting that most of the above-mentioned characters and differ-
ences are the same applied to define genera across the whole
Nectriaceae (Rossman et al. 1999, Lombard et al. 2015), where
they correlate well with phylogenetic inferences. Ascospores
showing similarly many septa as in Fusarium s. str. have inde-
pendently evolved in Nectria diploa (now Microcera), as well as
in N. glabra, and N. decora (now Flammocladiella). The fact that
none of these species is a member of the TFC supports the
interpretation that multiseptate ascospores might be apomorphic
for Fusarium s. str., separating it clearly from other phylogenet-
ically related genera.

Behaviour and other adaptations, determine how an organism
operates and survives in nature and are the ultimate de-
terminants and products of natural selection. They may be
difficult to translate into nodes and other results of phylogenetic
analyses such as phylogenetic distance. Despite this, similarities
in adaptive traits are frequently used to calibrate phylogenetic
delimitations of genera. For example, all known species of
Microcera are pathogens of scale insects. It is easy to under-
stand the hypothesis that the ancestor of this clade jumped to
these hosts, followed by subsequent radiation and speciation
(Thines 2019). This resulted in considerable micromorphological
diversity, while a core of adaptation resulting from the parasitic
life style remained conserved. Similarly, several of the genus-
level clades include mostly mycoparasitic species or pathogens
of plants. If we apply this kind of thinking to the well-supported
clades of the TFC, as noted by Schroers et al. (2011), species of
Cyanonectria and Geejayessia occur only on woody hosts
(mostly species of Buxus, Celtis and Staphylea) and would
typically not occur as soil-borne plant pathogens or pathogens of
grasses. They are also not known to produce trichothecene
mycotoxins. This is in stark contrast with the prevailing ecological
concept of Fusarium s. str. as a genus of primarily soil-borne
fungi, of which many are in a firm biological association with
grasses and herbs. Importantly, the vast majority of Fusarium s.
str. species produce trichothecene mycotoxins as a chemical
synapomorphy. Most of the strongly supported clades within the
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TFC can be supported by these kinds of morphological, chem-
ical, and biological traits, allowing the possibility of non-arbitrary
recognition of biologically meaningful genera. One such clade is
Neocosmospora.

Arguments for and the practicality of
recognising Neocosmospora (the F. solani
species complex) as a genus

In the days of dual nomenclature, the distinction between the red
perithecia of Neocosmospora, as amended by Nalim et al.
(2011), and the typically purple or blackish perithecia of the
trichothecene-producing  Gibberella species was generally
accepted by Fusarium taxonomists. The ecological distinctive-
ness of Neocosmospora as a group of soil fungi, often associ-
ated with roots and causing root rot and vascular wilt diseases,
was also generally acknowledged. In addition to the dissimilar
sexual characters mentioned above, the asexual morphs of this
group are also distinctive. The macroconidia are usually thick-
walled, with blunt, rounded apical cells, and they usually have
inconspicuous foot-shaped basal cells. Microconidia are pro-
duced on very long, narrow phialides. Cultures of a vast majority
of species of this group can easily be recognised morphologi-
cally, even with a dissecting microscope.

The ecological similarities of the members of Neocosmospora
with . oxysporum have to be acknowledged, as noted by Geiser
et al. (2013, 2021). However, these two groups of species are
morphologically distinct, even as asexual morphs. Fusarium
oxysporum produces macroconidia with acutely pointed apical
cells, and microconidia from phialides that are usually 5-10
times shorter than those of Neocosmospora species.

Geiser et al. (2013, 2021) have pointed out that micro-
chromosomes or conditionally dispensable chromosomes occur
in Neocosmospora and members of their F3 clade, namely
F. oxysporum. Microchromosomes have been observed, how-
ever, also in phylogenetically distinct taxa such as Magnaporthe
oryzae (Yoshida et al. 2009, now Pyricularia oryzae), Mycos-
phaerella graminicola (Stukenbrock et al. 2010, now Zymo-
septoria tritici), and Alternaria arborescens (Hu et al. 2012) and
might occur sporadically as a result of horizontal gene transfer.
They are thought to increase the ability of a pathogen to adapt to
the host's defence mechanisms. The ability to acquire condi-
tionally dispensable chromosomes might thus be seen as a
general genetic tool allowing organisms to gain ecologically
advantageous genes. Similarly, they could present a general
driving force in co-evolutionary processes, but the per se
occurrence of conditionally dispensable chromosomes in two
taxa can hardly be used as a criterion for drawing conclusions on
or imply generic relatedness.

In the Nelson ef al. (1983) manual and in one of the last
vestiges of the ultra-reductionist Snyder & Hansen (1941) sys-
tem, F. solani was recognised as the only species of section
Matrtiella, even though the existence of several distinct mating
populations was known. The European system (exemplified by
Gerlach & Nirenberg 1982) accepted several more species,
derived from the classic Wollenweber & Reinking (1935) treat-
ment. When molecular phylogenetic studies of this group began
in earnest, Neocosmospora included three major clades and
many species (O'Donnell 1993, 2000, O'Donnell et al. 2008a). To
date, 86 species are formally described in this group (Aoki et al.
2019, Sandoval-Denis et al. 2019, Guarnaccia et al. 2021), but
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additional novel phylogenetic lineages are recognised and await
formal description.

Thus, in Neocosmospora we have a group of species that can
easily be recognised morphologically by both sexual and asexual
morphs, exhibit generally consistent ecological behaviour, lack
trichothecene mycotoxins, and form a strongly supported
monophyletic group. This sounds like a biologically meaningful
calibration of a genus, but what about the practicality of doing
this? Presently, the data supporting the recognition of Neo-
cosmospora (and equally, also Fusarium s. str., the F3 clade) is
stronger than the data supporting either of the nodes favoured for
designating a broader concept of Fusarium. If there are 100 plus
species in Neocosmospora, and hundreds of species in the
trichothecene-producing, Poaceae-loving Fusarium s. str. clade,
it will be useful for students, plant pathologists, clinical microbi-
ologists, and other scientists to have different generic names for
each group. Those names will convey information about re-
lationships and behaviour that are lost in a broader definition of
Fusarium with much greater diversity of ecological and
biochemical behaviours. Geiser et al. (2013) raised concerns
that grant evaluators, government regulators and medical prac-
titioners who now believe they know what Fusarium means will
be confused by the segregation of these fusarioid fungi into
different genera, and that confusion could lead to unpredictable
consequences. However, in our experience these end users
continuously familiarise themselves with up-to-date, informative
taxonomic and nomenclatural concepts for socio-economically
important fungal groups, thus allowing them to predict the
possible real-world effects of reliably identified fungi with
increased precision. To them, the segregation of a heteroge-
neous concept of Fusarium into biologically and biochemically
predictive genera will be helpful.

With Neocosmospora accepted as a different genus, Albo-
nectria, Cyanonectria, and Geejayessia, as defined by Schroers
et al. (2011), as well as Bisifusarium and Rectifusarium as
defined in Lombard et al. (2015) must also be accepted as
separate genera. As previously said, these are all monophyletic
groups, also characterised by distinctive ecological and
morphological traits.

The end consequence of our strategy is a series of phylo-
genetically well-supported genera, each with a recognisable
suite of morphological characters, and ecological, pathological,
and biochemical behaviour. Indeed, the results of such splitting
activities applied to what we called the Wollenweber concept of
Fusarium s. lat. accounts for 20 segregate genera. Most
importantly, both Fusarium and Neocosmospora will have
generic names to indicate their important but distinct signifi-
cance. The extraneous species, with different ecology and
generally much lower economic or agricultural significance can
now justifiably be classified elsewhere, where they can be
appreciated for their own features without the need for the un-
certainty inherent in a broad concept of the generic name
Fusarium.

The generic concept of Fusarium proposed by Geiser et al.
(2013, 2021) functions well as a phylogenetic concept only if
taxonomists turn their eyes away from all other kinds of data and
observations applied to the family Nectriaceae. It is a political
generic concept, meant to assuage the concerns of plant pa-
thologists and other applied scientists, many of whom are
already upset by the proliferation of cryptic phylogenetic species.
Ironically, this late-blooming alleged pragmatism seems to betray

the cladistic ideals that many of its authors profess to adhere to
(Taylor 2014).

All authors agree on the use of the single name Fusarium,
have a common understanding of a phylogenetic structure of the
family Nectriaceae, and agree that removing Neocosmospora
from the main Fusarium core is the critical point of discussion.
Sequencing additional markers may lead to increased phyloge-
netic support, but it is a false comfort if the taxon sampling does
not include as many genera of Nectriaceae as possible.
Expanded representation of the TFC in the dataset will not solve
the controversy, and the resulting phylogenies will remain un-
balanced. The segregation of Neocosmospora from Fusarium
certainly needs to be done efficiently by those who have the most
comprehensive expertise on the relevant species, which include
several of the co-authors of the Geiser et al. (2013, 2021) and
O'Donnell et al. (2020) papers as well as the present one.

Fusarium taxonomy has long been confused because of
the nine-species system of Snyder & Hansen (1940, 1941),
the misleading overlaps caused by convergent evolution and
character loss, the difficulty in characterising perithecia, the
phenomenon of cultural degeneration, and rigid opinions of
the taxonomists and plant pathologists who have worked on
them. To arrive at a stable taxonomy for Fusarium, the generic
concept needs to be fixed in a practical and evolutionary
reasonable manner so that future technologies and applications
will not disrupt it.

SECONDARY METABOLITES OF FUSARIOID
GENERA

The phylogenetic distribution of the fusarioid genera presented
here is further corroborated by their ability to produce genus-
specific secondary metabolites. The commercial database Dic-
tionary of Natural Products (DNP; http:/dnp.chemnetbase.com),
was used to search for secondary metabolites produced by the
genera and species treated here. The database contained (as of
March 6, 2021) over 720 entries on metabolites from Fusarium s.
lat., even though some plant metabolites, discovered during
studies on the elicitation of phytoalexins by challenging plant
cells with a Fusarium strain, are included. The number of me-
tabolites from Fusarium s. lat. is therefore estimated to be around
680, which is still behind Aspergillus s. lat. (over 3000 entries)
and Penicillium s. lat. (over 2700 entries). Hits that were
retrieved were confirmed by consulting the original literature. The
reported structures were corroborated, with a selection of these
compounds presented here (Figs 2—4).

It remains uncertain if the reported taxonomy is reliable, since
the producer strains may have been misidentified or determined
using one of many outdated taxonomic concepts. However,
several compound classes have been encountered multiple
times from the same species or species complex, and in some
instances, the strains were identified by experts andfor
sequenced later in phylogenetic studies (O'Donnell et al. 2018).
The situation is further complicated by the fact that certain
secondary metabolites have been given similar names, but
represent different molecules. The hame solaniol has been given
to both a trichothecene (Fusarium s. str.) and a naphthoquinone
(Neocosmospora), and the fusariumins represent four different
secondary metabolites.
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Typical metabolites of Fusarium s. str.

Fusarium sambucinum, the type species of the genus, has not
been studied in much detail, but among the 20 metabolites
known from this species, several metabolites are ranked in the
classes trichothecenes and enniatins. The trichothecenes rep-
resents a well-known and notoriously dangerous class of my-
cotoxins belonging to the scirpene terpenoid type. These
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compounds are widely distributed within the genus Fusarium s.
str., including familiar plant pathogenic species such as,
F. culmorum, F. graminearum, F. sporotrichioides and
F. tricinctum (Bamburg et al. 1968, Tatsuno et al. 1968,
Yoshizawa & Morooka, 1973, Jiménez et al. 1997). The ennia-
tins, known from 17 Fusarium s. str. species (Munkvold 2017,
O'Donnell et al. 2018), are cyclic depsipeptides that have strong
antibiotic activities (Plattner et al. 1948, German-Fattal 2001,
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Fig. 3. Some of the most important mycotoxins from Fusarium spp.

Bills & Gloer 2017). Similar to trichothecenes, they are only
known from Fusarium s. str. in the current taxonomic concept,
although Trichoderma and Beauveria, which belong to different
families of the Hypocreales, also produce trichothecenes or
enniatin-like beauvericins, respectively. However, trichothecenes
have not been reported from Neocosmospora or “F. solani’
except from two isolates misidentified as “F. solani” (Ueno et al.
1972, Sugimoto et al. 2002) (Supplementary Table S2)

Two other well-known classes of mycotoxins, the fumonisins
(Bezuidenhout et al. 1988) and zearalenone (Urry et al. 1966),
are also found frequently among species of Fusarium s. str.
Similarly, equisetin, also considered a “mycotoxin” and originally
found from a Fusarium sp. strain (NRRL 5537) in the FIESC
(Vesonder et al. 1979, Xia et al. 2019) is actually a strong
antibiotic. A more complex derivative known as fusarisetin A was
reported from an unidentified Fusarium sp. (Jang et al. 2011).
Some rather unique compounds only known from Fusarium s.
str., include wortmannin (Abbas & Mirocha, 1988) and oxy-
sporizoline (Nenkep et al. 2016), which have interesting biolog-
ical activities and may be species or even strain-specific.

Among the compounds that are not regarded as mycotoxins,
the antimicrobial sesquiterpenes of the fusarielin type (Sarensen
et al. 2013) and the antiparasitic and cytostatic cyclopeptides of
the apicidin type (Jiang et al. 2002, Von Bargen et al. 2013) have
been respectively isolated from Fusarium s. str. Additionally,
aurofusarin (Munkvold 2017, O'Donnell et al. 2018), chlamydo-
sporol (Munkvold 2017, O'Donnell et al. 2018), fusapyrone
(Evidente et al. 1994), fusaric acid (Munkvold 2017, O'Donnell
et al. 2018), fusoxysporone (Abraham & Hannsen 1992),
fusaproliferin, moniliformin (Munkvold 2017, O'Donnell et al.
2018) and the terpestacins (Liu et al. 2013) are other exam-
ples of secondary metabolites found only in Fusarium s. str. Thus
far, only one report has indicated that a Neocosmospora species
can produce fusaric acid (Zhou et al. 2019). Both aurofusarin and
bikaverin produced by Fusarium s. str. and other bis-naph-
thoquinone and bis-naphthopyrone pigments protect fungi from
predation (Xu et al., 2019), while Neocosmospora species pro-
duce other naphthoguinones such as javanicin (Arnstein & Cook
1947, Kimura et al. 1981) as potential predator protectors. Some
unique compounds have been reported from marine strains of
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certain Fusarium species, which include the mangicols, rare
sesterterpenes produced by a strain tentatively classified as
F. heterosporum (Renner et al. 2000).

Typical metabolites of Neocosmospora and
other fusarioid genera

Neocosmospora species and other fusarioid genera apparently
have a different secondary metabolism, or have not been
intensively studied in the past. A striking example are the
cyclosporins, which are immunosuppressive peptides. Originally,
these were obtained from Tolypocladium inflatum, but later also
found to be produced by species of Neocosmospora (Sawai et al.
1981, Nakajima et al. 1989). However, they have not been re-
ported from Fusarium s. str. Other unique compounds only
known from Neocosmospora species, include dihydrofusarin
(Kurobane et al. 1980, Kyekyeku et al. 2017), the polyketides
neovasipyrones (Furumoto ef al. 1995, Nakajima et al. 1995) and
vasinfectin A (Furumoto et al. 1997). The rare cyclopeptides of
the neosansalvamide type (Lee & Lee 2012) and the resorcylic
acid lactones of the monorden/monocillin type (Cutler et al. 1987,
Gao et al. 2013) are also known from Neocosmospora and other
fungi, but not from Fusarium s. str, even though the latter
compounds bear a high structural resemblance to zearalenone.
Several Neoscomospora species produce a range of naph-
thoquinones that are members of a widespread class of poly-
ketides (Roos 1977).

The fusarioid genus Bisifusarium is known to produce the
PKS/NRPS hybrid siderophore, dimerumic acid (= dimerum acid)
(Diekmann 1970), and indole acetic acid (Reddy & Reddy 1992,
Kulkarni et al. 2011, 2013). The parnafungins, which are under
development as antimycotics, are only known from Microcera
larvarum (Parish et al. 2008). Additionally, Microcera larvarum is
also known to produce monocerin and fusarentins, which are not
known from any other fungi (Grove & Pople 1979), except a
Colletotrichum species (Tianpanich et al. 2011). The anticancer
agent balanol (azepinostatin) (Ohshima et al. 1994) is known to
be produced by two Fusicolla species, which might be applied as
a taxonomic marker for this genus, although it has also been
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found in species of the Ophiocordycipitaceae. Unfortunately, metabolite studies of these missing genera will facilitate for the
there is no available information on secondary metabolites for the discovery of novel molecules and help to elucidate the functional
other fusarioid genera treated here. However, secondary biodiversity of these fungi.
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RECOMMENDED METHODS FOR THE
IDENTIFICATION AND CHARACTERISATION OF
FUSARIUM AND ALLIED GENERA

The following part of this study presents an overview of the
morphological and phylogenetic characters of Fusarium and
related genera as well as an account of recommended methods
for the identification and characterisation of these taxa. In
addition, novel genera and species are described and, in view of
the recent taxonomic data, a list of names that are applied to the
genus Fusarium s. lat. with their current scientific names is
presented.

Morphology

Current Fusarium taxonomy is dominated by molecular phylo-
genetic studies. Nonetheless, morphology is a fundamental
component of the generic and species concepts of fungi and
must not be overlooked. Key morphological features for generic
circumscription include characteristics of sexual morphs such as
perithecial colour, wall thickness and anatomy, surface structures
and the presence and nature of a basal stroma, ascospore
shape, septation, colour and surface ornamentation (Rossman
et al. 1999). Classification of taxa solely based on their
asexual morphs can be trickier than integrated systems using
sexual and asexual characters. However, the general shapes,
different types and combinations of conidiogenous structures and
conidia present in culture can be sufficient to allow a preliminary
identification (Fig. 5), especially if host data are also available
(Leslie & Summerell 2006). For species-level characterisation, a
number of morphological ftraits must be carefully studied,
particularly those of the asexual morph, while sexual morphs are
generally less suitable, especially as they are typically not pro-
duced in culture. Diagnostic characters for species identification
include colony characters such as colony morphology, pigmen-
tation, and type of aerial mycelium. Also included are the di-
mensions and characteristics of aerial conidiophores and
conidiogenous cells (mono- vs polyphialides), presence/absence
and characteristics of sporodochia, the types of conidia pro-
duced, e.g., aerial microconidia, mesoconidia, and aerial and
sporodochial macroconidia. In examining conidia themselves,
consideration is given to the overall shape, septation and cur-
vature of the macroconidia, as well as characteristics of their
apical and basal cells; with aerial microconidia, their dimensions,
shape, septation and spatial organisation (forming slimy heads,
chains or a combination of both) are noted. Finally, the presence
or absence of chlamydospores may be important.

Culture media and incubation

Vigorous growth, sporulation, and pigment production of fusarioid
fungi can be achieved on numerous agar formulations. The
morphology of fungal structures will vary dramatically depending
on the selection of media and growth conditions which may
compromise the identification process. In addition, it is also
common for fusaria to degenerate and lose viability in culture,
particularly when they are grown on nutrient-rich media (Nelson
et al. 1983, Nirenberg 1990, Summerell et al. 2003, Leslie &
Summerell 2006). Culture conditions and media have been
extensively summarised in the literature (Booth 1971, Nirenberg
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1990, Nelson et al. 1994, Summerell et al. 2003, Leslie &
Summerell 2006). Consequently, we recommend the agar for-
mulations listed in Table 1 to be employed for the isolation and
description of fusaria. A summary of the procedures and con-
ditions suitable for work with fusarioid fungi is shown in Fig. 6.

An important condition that must be stressed is that the
identification must always be made on the basis of a monosporic
culture (a culture produced from a single sporulating conidium,
ascospore, or hyphal tip), as multiple species are commonly
found to co-occur in the same substrate tissue. A freshly isolated
fusarioid strain should be sub-cultured onto at least two different
culture media, a relatively rich one suitable for examination of
gross morphology, and a nutrient-poor one for micromorpho-
logical examination and for further culture propagation. The
standard culture setup for initial assessment of growth rates and
colony characters i.e., colony pigmentation, diffusible pigments,
and colour of sporodochia, is to use potato dextrose agar (PDA)
incubated for 1-2 wk. Fusarium and related genera will also
grow and sporulate well on malt extract agar (MEA, recipe in
Crous et al. 2019a), which can be a suitable alternative for initial
isolation and monosporic cultivation. However, MEA should not
be used to assess colony or morphological characters. Standard
incubation is commonly made in total darkness; however,
exposure to light will normally result in a faster and more intense
pigmentation. We have observed better colour formation using
in-house prepared media rather than commercial formulae.
While colony colour cannot be employed as a primary criterion
for species identification, it can provide useful means to grossly
distinguish related groups and to direct the identification process
towards determining genera or species complexes. The high
nutrient content of these agar media strongly affects sporulation,
commonly resulting in the development of atypical structures.
Therefore, we strongly discourage the use of PDA for micro-
morphological assessment or culture propagation of Fusarium
spp. (Nelson et al. 1994, Summerell et al. 2003). Oatmeal agar
(OA) is a suitable alternative for strain sub-culturing, allowing for
good sporulation with reduced strain degeneration; however, it is
not recommended for micromorphological studies.

Carnation leaf agar (CLA), synthetic nutrient-poor agar (SNA),
and water agar (WA) are the standard culture media for micro-
morphological analyses. Also, by reducing culture degeneration,
they allow for prolonged storage of actively growing cultures
(Nirenberg 1976, Nelson et al. 1983, Leslie & Summerell 2006).
Subcultures on CLA will normally produce abundant sporodochia
and macroconidia on the surface or around the carnation leaf
pieces with consistent morphological features. Incubation at
room temperature (20-25 °C) for 1-2 wk under a 12/12 h near-
UV light (wavelength 320—400 nm)/dark or near-UV light/cool
fluorescent light cycles results in stronger sporulation and good
development of sporodochial pigmentation (Nirenberg 1990,
Seifert 1996, Summerell et al. 2003, Leslie & Summerell 2006).
The use of continuous near-UV light (also commonly termed
"blacklight" or UV-A light) is also suitable although it often results
in the formation of unusually long macroconidia (Nirenberg
1990), and it can suppress the development of useful morpho-
logical characters such as the globose microconidia of Fusarium
globosum. Nevertheless, incubation under near-UV light is
fundamental since isolates of some species such as Fusarium
poae and F. sacchari are known to lack macroconidia or to
produce them in only small quantities unless they are stimulated
by incubation under a near-UV light source (Leslie et al. 2005,
Leslie & Summerell 2006). Fusarium cultures also need
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Fig. 5. Basic morphological features of fusarioid fungi. A. Macroconidial shapes. A1. Slender with no significant curvature. A2. Curved with parallel walls. A3. Unequally curved. A4.
Widest at the middle portion. A5. Widest at the apical third, wedge-shaped. A6. Widest at the basal portion. A7. Irregularly clavate and swollen. A8. Elongate, whip-like. A9. Distinctly
curved. B. Macroconidial apex. B1. Curved. B2. Long and tapered. B3. Pointed. B4. Blunt. B5. Hooked. B6. Elongated. C. Macroconidial base. C1. Obtuse, non foot-shaped. C2. Papillate,
non foot-shaped. C3. Poorly developed, foot-shaped. C4. Well-developed, foot-shaped. C5. Elongate, foot-shaped. D. Aerial phialides and microconidial organization. D1. Monophialide.
D2-D5. Polyphialides. D2. Simple polyphialide. D3-D4. Polyphialides with multiple conidiogenous loci. D5. Sympodially proliferating polyphialides. D6, D7. Microconidia forming false
heads. D8, D9. Microconidia in chains (D8. Dry chain. D9. Palisade). E. Sporodochial conidiophore and conidiogenous cells. F. Aerial conidiophore bearing mesoconidia. G. Mesoconidia.
H. Microconidial shapes. H1. Fusiform. H2. Oval. H3. Obovoid. H4. Reniform. H5. Allantoid. H6. Clavate. H7. Napiform. H8. Pyriform. H9. Limoniform.
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Table 1. Recommended agar media formulations for the isolation and cultivation of fusaria.

Agar media Components’ Preparation” Incubation® Application Reference
Carnation leaf agar (CLA) Sterilised carnation leaves Carnation leaves are cut into 25 °C; Micro- Fisher et al. (1982),
WA approximately 5 x 5 mm pieces and 7-14 d under 12 h morphological Crous et al. (2019a)
dried at 60 °C for 24 h; sterilise by near-UV-light/dark characterisation:
gamma radiation or autoclave; place cycle; 7-14 dunder  formation of
3-5 pieces on nearly solid 2 % WA 24 h near-UV-light sporodochia;
surface. sporodochial
macroconidia

Selective Fusarium Agar (SFA)

Komada's Medium

Malachite Green Agar (MGA)

Oatmeal agar (OA)

Glucose (Dextrose)
KH,PO4

NaNO;

MQSO4 . 7H20
Yeast Extract

1 % FeSO4-7H,0 (aquous)

Streptomycin
Neomycin
Dichloran
Agar

Water

D-Galactose
L-Asparagine
KH,PO,

KCl

MgSQ4-7H,0
PCNB

Fe3Na EDTA
Streptomycin

Oxgall stock solution
Na,B;07-10H,0 (borax)
Agar

Water

Peptone

KH,PO4

MgSO,-7H,0

Malachite green oxalate
Streptomycin

Penicillin

Agar

Water

Oatmeal extract
Agar

1ml
(5 % wiv) 20 mL
(1 % wiv) 12 mL

(50 % wlv in ethanol) 13 mL

249
1000 mL

209

29

19

05¢g
05¢g
0.75¢g
001g

(5 % wiv) 6 mL
05¢g
05¢g
15-20 g
1000 mL

154

19

05¢g

2.5 mg

(5 % wiv) 20 mL
(5 % wiv) 20 mL
209

1000 mL

1000 mL
15-20 g

Add all components, except antibiotics,
to water and autoclave; cool to

45-50 °C and add antibiotics. Dichloran
can be replaced by PCNB (0.75 g).

Add all components, except antibiotics,
oxgall and borax; to water and
autoclave; cool to 45-50 °C and add the
reamining components. Adjust pH to 3.8
+ 0.2 prior to autoclaving.

Add all components, except antibiotics,
to water and autoclave; cool to

45-50 °C and add antibiotics. Penicillin
can be also replaced by
chloramphenicol (5 % w/v) or neomycin
(1 % whv).

Oatmeal flakes (30 g/L) are wrapped in
cloth and simmered in water for 2 h;
liquid is squeezed and filtered through
cloth.

25°C; 7-14din
dark

25°C; 7-14din
dark

25°C; 7-14din
dark

25°C; 7-14din
dark

Selective isolation
of fusaria from soil

Selective isolation
of fusaria from soil,
particularly those
belonging to the
Fusarium
oxysporum species
complex. Other
fusaria can be
inhibited by this
medium

Selective isolation
of fusaria from soil
and plant material,
with improved
inhibition of non-
fusarioid
contaminants

Macro-
morphological
characterisation,
colony
characteristics

Tio et al. (1977),
Leslie & Summerell (2006)

Komada (1975),
Leslie & Summerell (2006)

Castella ef al. (1997), Leslie &

Summerell (2006)

Crous et al. (2019a)
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Table 1. (Continued).

Agar media Components’ Preparation® Incubation® Application Reference
Potato dextrose agar (PDA) Potato extract 230 mL Potatoes (5 kg; peeled and sliced) are 25°C;7-14din Inoculum Crous et al. (2019a)
Agar 15-20 g minced; soak in water (300 mL/100 g dark; 5-40 °C preparation, macro-
Water 770 mL potato) overnight at 4 °C; filter through (5 °Cincrements for ~ morphological
cloth; adjust pH to 6.6. growth curves) characterisation:
colony
characteristics;
growth curve
Peptone Pentachloronitrobenzene Peptone 154 Add all components, except antibiotics, 25°C; 7-14din Selective isolation Nash & Snyder (1962), Booth (1971),
(PCNB) agar (PPA) KH,PO4 19 to water and autoclave; cool to dark of fusaria from soil Leslie & Summerell (2006)
MgSO,-7H,0 059 45-50 °C and add antibiotics. Penicillin and plant material
PCNB 0.75¢g can be also replaced by
Streptomycin (5 % wiv) 20 mL chloramphenicol (5 % w/v) or neomycin
Penicillin (5 % wiv) 20 mL (1 % whv).
Agar 209
Water 1000 mL
Rose Bengal-Glycerine-Urea Medium Glycerol 109 Add all components, except antibiotics, 25°C;7-14din Isolation of fusaria van Wyk et al. (1986), Leslie &
(RbGU) Urea 19 to water and autoclave; cool to dark from soil and plant Summerell (2006)
L-Alaninw 059 45-50 °C and add antibiotics. material
PCNB 19
Rose Bengal 059
Streptomycin (5 % wiv) 20 mL
Agar 15¢g
Water 1000 mL
Synthetic nutrient-poor agar (SNA) KH,PO4 19 Add all components to water and 25°C; 7-14d Inoculum Nirenberg (1976), Crous et al. (2019a)
KNO3 19 autoclave. under 12 h near- preparation, micro-
MgSQO4-7H,0 059 UV-light/dark cycle morphological
KCl 054 characterisation:
Glucose 02g aerial conidiophores
Saccharose 024 and micro- &
Water 1000 mL macroconidia;
chlamydospore
formation
Water agar (WA) Agar 15-20 g 25°C;7-14din Inoculum Crous et al. (2019a)
Water 1000 mL dark preparation, base

agar for CLA

" Unless specified differently, antibiotic stock solutions are prepared in distilled water.

2 Water refers to distilled water; autoclave = 121 °C for 15 min.
3 Near-UV = near ultraviolet spectrum (wavelength 320-400 nm).
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Culture preservation

* Mycelial plugs and/or spore suspension in 10 %
glycerol

« Stored at -80 °C

2

Inoculum preparation

* Scrape frozen suspension using sterile scalpel
* Inoculate onto SNA or OA

* Incubate at 25 °C for 7-14 d

2

Inoculation of media
* Place 5 x 5 mm agar plug in the centre of CLA,
PDA, OA & SNA plates

¥

Incubation

* Macromorpholo
« 25 °C, 7814 dgy

* In darkness: 1 PDA, 1 OA
RISy
» Under 12 h near-UV-light/dark cycle:
1 CLA & 1 SNA
* Under 24 h near-UV-light:
1CLA

»

Working with
fusarioid fungi

Molecular characterisation
* |dentification markers:
* ITS (useful at genus level & species complex level)
« tef1 (primary identification marker)
* rpb2 (secondary identification marker)
« Other phylogenetically informative markers:
 acl1, CaM, rpb1, tub2

O

Compare with reference datasets

* Fusarioid-ID (http://www.fusarium.org)

* NCBI GenBank (https://blast.ncbi.nlm.nlh.gov/Blast.cgl)
4

Species characterisation

* Macromorphology
* Colony texture, pigmentation; type of aerial mycelium
& sporodochia presence/absence

* Micromorphology
» Sexual morph:

* Ascomata: colour, wall thickness, anatomy &
ornamentation; presence and nature of basal
stroma

* Ascospores: shape, dimensions, septation,
colour & surface ornamentation

* Asexual morph:

 Conidiophores: types present (aerial and
sporodochial), complexity; branching and
proliferation patterns, dimensions, disposition of
conidiogenous cells

» Conidiogenous cells: blastic, mono- or polyphialidic,
number of conidiogenous loci

« Conidia: types present (aerial micro-, macro-,
and mesoconidia; sporodochial macroconidia),
overall shape, dimensions, septation, curvature,
apical and basal cell shape, spatial organisation
(slimy heads, chains or a combination of both)

» Chlamydospores: presence/absence, shape,
dimension, colour & surface ornamentation

Fig. 6. Flow diagram summarising recommended methods for the preservation, identification, and characterisation of fusarioid fungi.

adequate aeration to produce conidia reliably and to attain stable
growth rates, and hence we discourage the incubation of sealed
plates. Carnation leaf agar, SNA, and WA are also suitable for
the observation of conidiophore disposition and microconidial
arrangements such as the formation of false heads, chains or
both. These structures can easily be examined under a dis-
secting microscope or at low magnification under a compound
light microscope (Leslie & Summerell 2006). Examination of
micromorphological characters must be carried out using slide
preparations mounted in water. Lactic acid, lactophenol and
Shear's mounting media can cause considerable shrinking of the
structures and can alter the appearance of the cell surface;
hence we advise against the use of these mountants for ex-
amination of morphological characters in Fusarium and related
genera.

Additional culture media, incubation conditions, and protocols
are available for induction of sexual characters in Fusarium and
related genera (Klittich & Leslie 1988, Leslie & Summerell 2006,
Guo et al. 2018, Kim et al. 2019, Santos et al. 2019). Carrot agar
(CA) and half-strength CA are the most commonly used media.
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The crossing procedures are often variations from the protocol of
Klittich & Leslie (1988), in which strains of opposite mating types
are paired in all possible combinations as male and female par-
ents, together with crosses made against tester strains from
known mating populations (Leslie & Summerell 2006). The pro-
cess can be shortened by reducing the number of combinations to
be crossed by first determining the MAT gene alleles carried by
each strain by means of specific mating type idiomorph PCR
primers (Kerényi et al. 1999, 2004, Steenkamp et al. 2000).

Molecular studies

Several genes, primer combinations and PCR conditions have
been listed in the Fusarium literature (O'Donnell et al. 1998a, b,
2000a, b, 2007, 2010, 2013, Grafenhan et al. 2011, Lombard
et al. 2015, 2019a, b), including whole-genome sequencing to
mine for the desired genes (O'Donnell et al. 2020, Geiser et al.
2021). Here we detail those DNA markers that have shown the
best results in routine diagnosis (Table 2, Fig. 6).
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Table 2. Recommended PCR primers for DNA amplification of Fusarium and related genera.

Gene/DNA region Primer
Name Abbreviation Name Direction Sequence (5'—3') Reference
28S large subunit of the nrDNA LSU LROR Forward ACCCGCTGAACTTAAGC Vilgalys & Sun (1994)
LR5 Reverse ATCCTGAGGGAAACTTC Vilgalys & Hester (1990)
NL4? Reverse GGTCCGTGTTTCAAGACGG Kurtzman & Robnett (1997)
ATP citrate lyase aclt 230up Forward AGCCCGATCAGCTCATCAAG Grafenhan et al. (2011)
1220low Reverse CCTGGCAGCAAGATCVAGGAAGT Grafenhan et al. (2011)
Beta-tubulin tub2 T1 Forward AACATGCGTGAGATTGTAAGT O'Donnell & Cigelnik (1997)
TUB-2Fd®  Forward GTBCACCTYCARACCGGYCARTG Woudenberg et al. (2009)
TUB4RD Reverse CCRGAYTGRCCRAARACRAAGTTGTC Woudenberg et al. (2009)
Calmodulin CaM CAL-228f  Forward GAGTTCAAGGAGGCCTTCTCCC Carbone & Kohn (1999)
CAL-CL1*>  Forward GARTWCAAGGAGGCCTTCTC O'Donnell et al. (2000b)
CAL-CL2A® Reverse TTTTTGCATCATGAGTTGGAC O'Donnell et al. (2000b)
CAL-2Rd Reverse TGRTCNGCCTCDCGGATCATCTC Quaedvlieg et al. (2011)
Internal transcribed spacer ITS ITS5 Forward GGAAGTAAAAGTCGTAACAAGG White et al. (1990)
region of the nrDNA V9G? Forward TTACGTCCCTGCCCTTTGTA de Hoog & van den Ende (1998)
ITS4 Reverse TCCTCCGCTTATTGATATGC White et al. (1990)
RNA polymerase largest subunit rpb1 Fa Forward CAYAARGARTCYATGATGGGWC O'Donnell et al. (2010)
F7 Forward CRACACAGAAGAGTTTGAAGG O'Donnell et al. (2010)
F8' Forward TTCTTCCACGCCATGGCTGGTCG O'Donnell et al. (2010)
F6' Forward CTGCTGGTGGTATCATTCACG O'Donnell et al. (2010)
R8 Reverse CAATGAGACCTTCTCGACCAGC O'Donnell et al. (2010)
R9 Reverse TCARGCCCATGCGAGAGTTGTC O'Donnell et al. (2010)
G2R' Reverse GTCATYTGDGTDGCDGGYTCDCC O'Donnell et al. (2010)
RNA polymerase second rpbh2 RPB2-5f2  Forward GGGGWGAYCAGAAGAAGGC Reeb et al. (2004)
largest subunit fRPB2-7cf  Forward ATGGGYAARCAAGCYATGGG Liu et al. (1999)
fRPB2-7cr  Reverse CCCATRGCTTGYTTRCCCAT Liu et al. (1999)
RPB2-11ar  Reverse GCRTGGATCTTRTCRTCSACC Liu et al. (1999)
Translation elongation factor 1-alpha  tef1 EF-1 Forward ATGGGTAAGGARGACAAGAC O'Donnell et al. (1998b)
EF-2 Reverse GGARGTACCAGTSATCATG O'Donnell et al. (1998b)

" Used only for sequencing reactions.
2 Alternative primer, not used in this study.

Nuclear ribosomal DNA (nrDNA), including the internal tran-
scribed spacer region cistron (ITS) and the 28S large subunit
nrDNA (LSU), are nearly useless for species recognition in
Fusarium and related genera. Nevertheless, given the ease
of amplification and the extensive data available for comparison in
public databases (Schoch et al. 2012), these markers are useful in
the discrimination between the multiple species complexes of
Fusarium, and for obtaining a confident genus-level identification
for Fusarium and related genera, allowing further DNA markers to
be incorporated in the analyses. The ITS region can still provide
valuable information at species level for related genera containing
species formerly included in Fusarium (Bisifusarium, Cosmo-
sporella, Fusicolla, Macroconia, Microcera, and Stylonectria).

Many protein-coding genes have been explored for identifi-
cation and taxonomic purposes in Fusarium and fusarioid fungi.
The two main genes used for identification are teff and rpb2.
Both offer high discriminatory power and are well represented in
public databases. Translation elongation factor 1-a is commonly
the first-choice identification marker as it has very good resolu-
tion power for most species in all the genera treated here, while
rpb2 allows for enhanced discrimination between closely related
species. For example, some species in the Fusarium fujikuroi
species complex (FFSC) and in Neocosmospora that are not
easily separated by using teff alone (O'Donnell 2000, Nalim
et al. 2011, Herron et al. 2015), can be resolved with rpb2. On
the other hand, PCR amplification and sequencing success are
often better for teff than for rpb2. When used for phylogenetic
analyses, sequence alignments of rpb2 sequences are much

@‘ffflﬁ".";ﬁ www.studiesinmycology.org
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more robust and less ambiguous than teff data, given the former
gene's advantageously low proportion of introns. An analogous
situation has been shown in Aspergillus (Samson et al. 2014)
and Penicillium (Visagie et al. 2014).

Additional genetic markers, often employed in association
with the previously mentioned genes in multigene phylogenetic
analyses include acl1, tub2, CaM, and rpb1. These markers have
variable resolution or applicability depending on the genus or
species complex. For example, use of CaM data may vyield
conflicting clade resolutions in the FFSC (O'Donnell 2000, Al-
Hatmi et al. 2019), while paralogous or xenologous gene
copies have been demonstrated for fub2 in the
F. chlamydosporum and F. incarnatum-equiseti species com-
plexes (O'Donnell et al. 2009) as well as in Neocosmospora
(O'Donnell 2000, O'Donnell et al. 2008a).

The most widely used algorithm for fungal identification by
means of DNA markers is the Basic Local Alignment Search Tool
(BLAST), available at the NCBI's GenBank website. This is a
quick and useful method that can convey a great deal of infor-
mation, but its results must be analysed with care given the
presence of a high proportion of misidentified strains and low-
quality sequences that must be filtered out (Vilgalys 2003, Nilsson
et al. 2012). Sequences from type material are present in the
GenBank nucleotide database for most fusarioid species known
from culture, especially for rpb2 and tef1 barcodes, but the ex-type
status of these sequences is not always explicitly mentioned. In
many cases the names listed do not reflect the current
taxonomy, even for sequences derived from ex-type cultures.
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Some sequences used in past phylogenetic analyses
of O'Donnell et al. (2020) and Geiser et al. (2021) appear to
be linked to incorrect Fusarium names, likely due to errors in
the database used. For this reason, we recommend the use of
our curated database: Fusarioid-ID (https://www.fusarium.org). It
can also be used for sequence similarity-based analysis of
routine isolations and for identifications within several related
genera.

MALDI-TOF

A number of studies have thus far demonstrated the utility of
mass spectrometry (MS) for species determination of subgroups
of Fusarium, particularly members of the FFSC (Al-Hatmi et al.
2015, 2016, Wigmann et al. 2019). It is also useful for clini-
cally relevant subgroups within several Fusarium species com-
plexes (Marinach-Patrice et al. 2009, Triest et al. 2015, Sleiman
et al. 2016, Paziani et al. 2020) and clinically relevant Bisifusa-
rium (Triest et al. 2015, Paziani et al. 2020) and Neocosmospora
species (Marinach-Patrice et al. 2009, Triest et al. 2015, Sleiman
et al. 2016, Paziani et al. 2020). These techniques show highly
accurate discriminative power, comparable to what has been
shown with bacteria and yeasts. Only a limited number of taxa
have thus far been evaluated, and a genus-wide evaluation of
applicability of MALDI-TOF to Fusarium and related taxa is
pending. The main limiting factor is, as usual, the current lack of
representation of these taxa in commercial spectrum databases,
a matter that can be resolved by constructing in-house, curated
reference databases of spectra. Online availability and com-
parison of MS spectra of Fusarium has been proposed by Triest
et al. (2015).

MATERIALS AND METHODS
Isolates and fungarium specimens

Fungal strains were obtained from the Westerdijk Fungal
Biodiversity Institute (WI) collection (CBS), the Belgian Coordi-
nated Collections of Microorganisms (IHEM), the International
Mycological Institute (IMI), and the personal collection of Pedro
W. Crous (CPC) housed at WI. For the list of names applied to
the genus Fusarium and related fungarium specimens, the
following fungaria were approached for holotype specimens: B,
BM, BO, BP, BPI, BR, BRA, C, CBS, CO, DAOM, E, FH, H, HAL,
IMI, K(M), L, LEP, M, MASS, MPA, NY, PC, PAD, PARMA, PAV,
PH, PRM, ROVP, SIENA, STR, UPS, VPRI, W, and WIR.

DNA amplification and phylogeny

Total genomic DNA was extracted from isolates grown for 7 d on
PDA or MEA (recipes in Crous et al. 2019a; Table 1) incubated at
24 °C under a 12/12 h photoperiod using the Wizard® Genomic
DNA purification Kit (Promega Corporation, Madison, WI, USA),
following the manufacturer's instructions. Partial gene sequences
were determined for eight DNA markers, i.e., acl1, CaM, ITS,
LSU, rpb1, rpb2, tef1, and tub2 using PCR protocols described
elsewhere (O'Donnell et al. 1998b, 2007, 2010, Lombard et al.
2015). Primer pairs used for amplification and sequencing of
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the respective gene regions are summarised in Table 2.
Consensus sequences for each marker were assembled in
Geneious R11 (Kearse et al. 2012) or SeqMan Pro v. 15.3.0
(DNASTAR, Madison, WI, USA). All sequences generated in this
study were deposited in GenBank (Table 3; also see Diagnostic
DNA Barcodes in list of Fusarium names). The multiple
sequence alignments and phylogenetic trees were deposited in
TreeBASE (study ID 28093).

Sequences of the individual markers, including introns, were
aligned using MAFFT v. 7.110 (Katoh et al. 2019) using default
parameters and manually corrected where necessary. Seven
multimarker datasets (Table 4) were assembled and analysed
using Maximum Likelihood (ML) and Bayesian Inference (BI).
For the ML analyses, concatenated phylogenies, where each
marker was treated as a separate partition, were determined
using IQ-TREE v. 2.1.2 (Nguyen et al. 2015, Minh et al. 2020b)
with ultrafast bootstrapping (UFBoot2; Hoang et al. 2018) for
estimation of branch support. The most suitable evolutionary
model for each partition was estimated using ModelFinder
(Kalyaanamoorthy et al. 2017; Minh et al. 2020b) as imple-
mented in IQ-TREE. To assess whether the individual markers
were compatible, genealogical concordance factors (gCF) were
calculated using IQ-TREE (Minh et al. 2020a, b). Additional ML
analyses were performed using RAXML v. 8.2.12 (randomised
accelerated (sic) maximum likelihood for high performance
computing; Stamatakis 2014) with the system's default modelling
options. The robustness of the analysis was evaluated by
bootstrap support (BS) with the number of bootstrap replicates
automatically determined by the software. The Bl analyses were
carried out through the CIPRES website (http://www.phylo.org)
using MrBayes v. 3.2.7a (Ronquist & Huelsenbeck 2003)
incorporating the best evolutionary models for each marker as
determined by MrModeltest v. 2.3 (Nylander 2004). Two parallel
Markov Chain Monte Carlo (MCMC) runs of four incrementally
heated chains (temp parameter = 0.2) were run starting from a
random tree topology. The MCMC analyses lasted for 5M gen-
erations, and convergence of the runs was checked by average
standard deviation of split frequencies below 0.01. Trees were
saved every 1000 generations and the first 25 % of saved trees
were discarded as the “burn-in” phase. Posterior probabilities
(PP) were determined from the remaining trees. Proper mixing of
the MCMC runs was further confirmed by checking that all chains
converged (minimum and average Estimated Sampled Size
[ESS >200], Potential Scale Reduction Factor [PSRF = 1.0]) and
by plotting and analysing trace file results using Tracer v.1.7.1
(Rambaut et al. 2018).

The phylogenetic re-analysis of the dataset presented by
Geiser et al. (2021) was first made according to the original
exons-only alignment file and procedures as indicated in
Geiser et al. (2021) (Supplementary Table S1). Additionally, the
dataset was split into the 19 genes according to the original
partitioning file, and every gene was realigned using the
MAFFT webserver (v. 7, Katoh et al. 2019) applying the G-INS-
i algorithm. All other parameters were set to default. Six of the
19 genes exhibited a diverging alignment length. No subse-
quent changes were done to the alignments. The sequences
were merged using BioEdit (v. 7.2.5, Hall 1999), and the
phylogenetic trees were calculated using Minimum evolution
(ME) and ML algorithms, and Bl. The ME tree was calculated
using FastTree 2 (Price et al. 2010) using standard settings
and 1000 bootstraps (Felsenstein 1985). The ML analysis was
done using RAXML (v. 8.2.12, Stamatakis 2014) with the
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Table 3. Details of strains included in the phylogenetic analyses.

Species name  Strain’ Substrate Country GenBank accession number?
aclt CaM ITS LSU rpb1  rpb2 tef1 tub2

Albonectria albosuccinea NRRL 20459 Unidentified tree Venezuela — — JAADYS010000048.1*  JAADYS010000048.1*  JX171471  JX171585 JAADYS010002360.1*
A. rigidiuscula CBS 133754 Bauhinia longicupsis French Guiana — — MW827602 MW827641 MW834177 MW833995 MW834269 —
Atractium crassum CBS 180.31™ = NRRL 20894 Water tap Germany — — KM231790 MH866623 MW834178 HQ897722 KM231919 —
At. stilbaster DAOM 215627 Cut stump Canada — - - HQ843769 - HQ897748 - -
Bisifusarium delphinoides ~ CBS 110140 = FRC E-0073 = NRRL 36160 Human eye USA — — MW827603 MW827642 JX171535  HM347219 EU926302 —
B. dimerum CBS 108944%" = NRRL 36140 Human blood Netherlands — — JQ434586 JQ434514 — HM347218 KR673912 —
B. nectrioides CBS 176.317 = NRRL 20689 Humus Honduras — — EU926245 EU926245 JX171477  JX171591 EU926312 —
B. penzigii CBS 116508 = ATCC 15621 = NRRL 20711 Human eye Sri Lanka — — EU926256 EU926256 JX171482  HM347217 EU926323 —
Corinectria fuckeliana CBS 239.29 = IMI 039700 Picea sitchensis Scotland — — MW827604 MW827643 MW834179 MW833996 DQ789728 —
Co. tsugae CBS 788.69" Tsuga heterophylia Canada — — KM231763 KM231763 — KM231763 MwW834270 —
Cosmospora butyri CBS 301.38" = MUCL 9950 Butter Denmark — — MWB827605 MWB827644 MW834180 HQ897729 — —
Cs. coccinea CBS 341.70 Inonotus nodulosus on Fagus sylvatica Germany - - MH859703 KM231692 MWwW834181 HQ897777 KM231947 -
Cs. khandalensis CBS 356.65'" = ATCC 16091 = IMI 112790 = MUCL  Bambusa sp. India — — MH858608 NG_069711 — MW833997 — —

7974
Cs. lavitskiae CBS 530.68" = ATCC 18666 = IMI 133984 Plant debris Ukraine — — KU563624 HQ231997 — MW833998 MW834271 —
Cs. viridescens CBS 102433 Tilia sp. Czech Republic — — KJ676148 KJ676185 MW834182 MW833999 KJ676343 —
Cosmosporella cavisperma  CBS 172.315™ = NRRL 13996 Pinus sylvestris Norway — — MW827606 MW827645 JX171465  MW834000 — —
Cyanonectria buxi CBS 125551%T Dead terminal branches connected Slovenia — — NR_145049 MH875034 MW834183 MW834001 KM231939 —

with alive Buxus sempervirens
var. elegantissima

C. cyanostoma CBS 1017345T = CBS 115512 = GJS 98-127 Buxus sempervirens France — — FJ474076 MH874353 MW3834184 MW834002 HM626647 —
Dialonectria episphaeria CBS 125494 Old ascomycete ascomata Canada — — MH863609 MH875085 MW834185 HQ897756 KM231953 —
D. ullevolea CBS 125493 Ascomycete on Fagus americana USA — — KM231821 KM231696 — HQ897782 KM231952 —
Fusarium acutatum CBS 402.97" = BBA 69580 = FRC O-1117 = NRRL  Unknown India — MW402459 — — MW402653 MW402768 MW402125 MW402323

13309
F. agapanthi NRRL 54463" Agapanthus sp. Australia — KU900611 — — KU900620  KU900625 KU900630 KU900635
F. ananatum CBS 118516" = CMW 18685 = MRC 8165 Ananas comosus fruit South Africa — LT996175  — — LT996188  LT996137 LT996091 LT996112
F. andiyazi CBS 119857 = NRRL 31727 Sorghum bicolor soil debris South Africa — LT996176  — — LT996189  LT996138 LT996092 LT996113
F. anthophilum CBS 737.97 = DAOM 225119 = FRC M-1355 = IMI  Hippeastrum sp. Germany — LT996177  — — LT996190  LT996139 LT996093 LT996114

375325 = NRRL 13602
F. bactridioides NRRL 20476 Cronartium conigenum USA — AF158343 — — Not public ~ Not public AF160290 U34434
F. begoniae CBS 403.97" = BBA 67781 = DAOM 225116 = Ml Begonia elatior hybrid Germany — AF158346 — — LT996191  LT996140 AF160293 U61543

375315 = NRRL 25300
F. beomiforme CBS 740.97 = BBA 65829 = DAOM 225123 = IMI Soil New Caledonia — — U61674 U61648 JX171506  JX171619 PVQB02000800* —

375328 = NRRL 25174

(continued on next page)
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Table 3. (Continued).

. | . 2
Species name  Strain Substrate Country GenBank accession number
acl1  CaM ITS LSuU rpb1  rpb2 tef1 tub2
F. brevicatenulatum CBS 404.97" = BBA 69197 = DAOM 225122 = Ml Striga asiatica Madagascar — MW834108 — — — MN534295 MN533995 MN534063
375329 = NRRL 25446
F. buharicum CBS 796.70 = ATCC 24135 = BBA 11122 = DSM Hibiscus cannabinus Iran — — U34581 U34552 JX171449  JX171563 — —
62165 = FRC R-4955 = IMI 141195 = NRRL 13371
F. bulbicola CBS 220.76" = BBA 12293 = BBA 63628 = DAOM  Nerine bowdenii Germany — KF466327 — — KF466394  KF466404 KF466415 KF466437
225114 = IMI 202877 = IMI 375322 = NRRL 13618
F. circinatum CBS 405.97" = BBA 69720 = DAOM 225113 = Ml Pinus radiata USA — KM231393 — — JX171510  HM068354 KM231943 KM232080
375321 = MRC 7541 = NRRL 25331
F. coicis NRRL 66233" = RBG 5368 Coix gasteenii Australia — LT996178 — — KP083269  KP083274 KP083251 LT996115
F. compactum NRRL 13829 River sediments Japan — — — — JX171460  JX171574 — —
F. concentricum CBS 450.97" = BBA 64354 = CBS 833.85 = DAOM  Musa sapientum Costa Rica — AF158335 — — LT996192  JF741086 AF160282 U61548
225146 = IMI 375352 = NRRL 25181
F. cugenangense CBS 130308 = NRRL 25387 = ATCC 26225 Human toe nail New Zealand — — MW827607 MWB827646 JX171512  JX171625 MH485011 —
F. curvatum CBS 744.97 = IMI 375335 = NRRL 22902 Pseudotsuga menziesii USA — AF158365 — — LT996203  LT575065 AF160312 U34424
F. denticulatum CBS 735.97 = NRRL 25302 Ipomoea batatas USA — AF158322 — — LT996195  LT996143 AF160269 U61550
F. dlaminii CBS 119860" = BBA 69859 = FRC M-1637 = MRC  Soil debris in comnfield South Africa — AF158330 — — KU171681  KU171701 AF160277 U34430
3032 = NRRL 13164
F. echinatum CBS 146496 = CPC 30814 Unidentified tree South Africa — MW834109 — — MW834186 MW834003 MW834272 MW834300
CBS 146497" = CPC 30815 Unidentified tree South Africa — MW834110 — — MW834187 MW834004 MW834273 MW834301
F. equiseti CBS 245.61 = NRRL 20697 Beta vulgaris Chile — — MH858038 MH869603 JX171481  JX171595 — —
F. flocciferum CBS 831.85 = BBA 64346 = NRRL 25473 Triticum aestivum Germany — — — MWB827647 JX171514  JX171627 — —
F. fracticaudum CBS 1372347" = CMW 25237 Pinus maximonoii Colombia — LT996179  — — LT996196  LT996144 KJ541059 KJ541051
F fractiflexum NRRL 28852" Cymbidium sp. Japan — AF158341 — — Not public ~ LT575064 AF160288 AF160315
F. fredkrugeri CBS 144209" = CPC 33747 Melhania acuminata rhizosphere South Africa — LT996181 — — LT996199  LT996147 LT996097 LT996117
F. fujikuroi CBS 221.76" = BBA 12428 = BBA 63630 = IHEM Oryza sativa Taiwan — — MW827608 MWB827648 MW834188 MW834005 AF160279 —
3821 = IMI 196086 = IMI 202879 = NRRL
13620 = NRRL 13998 = NRRL 22174
NRRL 13566 = ATCC 38941 = DAOM 225143 = IMI  Oryza sativa China — AF158332 — — JX171456  JX171570 AF160279 U34415
300793 = IMI 375349 = NRRL 5538 = NRRL A-26483
F. globosum CBS 428.97" = DAOM 214966 = FRC M-8014 = IMI  Zea mays South Africa — KF466329 — — KF466396  KF466406 KF466417 KF466439
375330 = MRC 6647 = NRRL 26131 = PREM 51878
F. graminearum CBS 123657 = NRRL 31084 Zea mays USA — — DQ459823 DQ459823 JX171531  JX171644 AY452957 —
F. heterosporum CBS 720.79 = NRRL 20693 Claviceps purpurea on Lolium perenne Netherlands — — MW827609 MWwW827649 JX171480  JX171594 JAAGWP010000622.1* —
F. inflexum Vicia faba Germany — AF158366 — — JX171469  JX171583 AF008479 U34435
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Species name  Strain Substrate Country GenBank accession number
) acl1 CaM ITS LSU rpb1  rpb2 tef1 tub2
g CBS 716.74" = ATCC 32213 = BBA 63203 = DAOM
(%2}
g_’ 225130 = DSM 63203 = IMI 375336 = NRRL 20433
&
2 F. konzum CBS 119849" = MRC 8427 Sorghastrum nuttans USA — LT99%6182 — — LT996200  LT996148 LT996098 LT996118
3
§ F. lactis CBS 411.97%" = BBA 68590 = DAOM 225145 = IMI  Ficus carica USA — AF158325 — — LT996201 LT996149 AF160272 U61551
g 375351 = NRRL 25200
§ F. lateritium NRRL 13622 = NRRL A-26433 Ulmus sp. USA — — — — JX171457  JX171571 — —
F. longipes NRRL 20723 = IMI 265540 Unknown England — — — — JX171483  JX171596 — —
F. mangiferae NRRL 25226 = BBA 69662 = DAOM 225155 = IMI  Mangifera indica Israel — AF158334 — — JX171509  HM068353 AF160281 U61561
304063 = IMI 375361
"F." melanochlorum CBS 202.65 = ATCC 16069 = BBA 9831 = DSM Fagus sylvatica Austria — — MH858541 MH870179 JX171537  JX171649 — —
62248 = NRRL 36353
F. mexicanum NRRL 47473 Mangifera indica Mexico — GU737389 — — LR792579  LR792615 GU737416 GU737308
F. napiforme CBS 748.97" = BBA 69861 = DAOM 225147 = FRC  Pennisetum typhoides Namibia — AF158319 — — HM347136  EF470117 AF160266 U34428
M-3563 = IMI 375353 = MRC 4144 = NRRL 13604
F. nurragi CBS 392.96 = NRRL 36452 Soil Australia — — MW827610 MW827650 JX171538  JX171650 JAALXI010000436.1*  —
F. nygamai CBS 749.97" = ATCC 58555 = BBA 69862 = DAOM  Sorghum bicolor Australia — AF158326 — — LT996202  EF470114 AF160273 U34426
225148 = FRC M-1375 = IMI 375354 = NRRL 13448
F. parvisorum CBS 137236" Pinus patula Colombia — LT996183 — — — LT996150 KJ541060 KJ541055
F. phyliophilum CBS 216.76" = BBA 11730 = BBA 63625 = DAOM  Dracaena deremensis Italy — KF466333 — — KF466399  KF466410 KF466421 KF466443
225132 = IMI 202874 = IMI 375338 = NRRL 13617
F. poae NRRL 13714 = FRC T-503 = MRC 2181 Overwintered wheat Canada — — — — JX171458  JX171572 — —
F. prieskaense CPC 30825 Aloidendron dichotomum South Africa — MW834111 — — MW834189 MW834006 MW834274 MW834302
CBS 146498" = CPC 30826 Prunus spinosa South Africa — MW834112 — — MW834190 MW834007 MW834275 MW834303
CBS 146499 = CPC 30827 Prunus spinosa South Africa — MW834113 — — MW834191  MW834008 MW834276 MW834304
F. phyliophilum CBS 217.76 = BBA 11341 = BBA 63624 = DAOM Cattleya sp. Germany — KF466333  U34558 U34529 JX171504  JX171617 AF160280 KF466443
225133 = IMI 202873 = IMI 375339 = NRRL 22944
F. pseudocircinatum CBS 449.97" = ATCC 24379 = BBA 69636 = CBS  Solanum sp. Ghana — AF158324  — — LT996204  LT996151 AF160271 u34427
126.73 = IMI 105384 = NRRL 22946
F. pseudograminearum CBS 109956 = NRRL 28062 Hordeum vulgare Australia — — DQ459871 DQ459871 JX171524  JX171637 AF212468 —
F. pseudonygamai CBS 417.97" = BBA 69552 = FRC M-1166 = IMI Pennisetum typhoides Nigeria — AF158316  — — LT996205  LT996152 AF160263 U34421
375342 = NRRL 13592
F. ramigenum CBS 418.98 = BBA 68592 = DAOM 225137 = IMl  Ficus carica USA — KF466335 — — KF466401  KF466412 KF466423 KF466445
375343 = NRRL 25208
F. redolens CBS 743.97 = DAOM 225128 = IMI 375334 = NRRL  Pseudotsuga menziesii Canada — — U34565 U34536 JX171503  JX171616 MT409452 —
22901
N (continued on next page)
=
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Species name  Strain Substrate Country GenBank accession number
aclt CaM ITS LSU b1 rpb2 tef1 tub2

F. sacchari CBS 223.765" = BBA 63340 = DAOM 225138 = IMI  Saccharum officinarum India — AF158331 — — JX171466  JX171580 AF160278 U34414
202881 = NRRL 13999

F. sambucinum CBS 146.95 = BBA 64226 = NRRL 22187 = NRRL  Solanum tuberosum England — — — — JX171493  JX171606 MW834277 —
20727

F. sarcochroum CBS 745.79 = BBA 63714 = NRRL 20472 Viscum album Switzerland — — MW827611 MW827651 JX171472  JX171586 MW834278 —

F. scirpi NRRL 13402 Soil Australia — — GQ505681 GQ505681 JX171452  JX171566 GQ505592 —

F. sororula CBS 1372427 = CMW 40578 Pinus patula Colombia — LT99%6184 — — LT996206  LT996153 KJ541067 KJ541057

Fusarium sp. CBS 102163 = GJS 84-426 Bamboo Venezuela — — KM231812 KM231681 MW834193  MW834009 KM231940 —

F. sterilihyposum NRRL 25623 Mango South Africa — AF158353 — — MW402713  MN193897 AF160300 AF160316

F. stilboides NRRL 20429 = ATCC 15662 Coffea sp. Nyasaland — — — — JX171468  JX171582 — —

F. subglutinans CBS 747.97%" = BBA 62451 = DAOM 225141 =FRC ~ Zea mays USA — AF158342 — — JX171486  JX171599 AF160289 U34417
M-36 = MRC 8554 = NRRL 22016 = NRRL 22114

F. sublunatum CBS 189.34T = BBA 62431 = DSM 62431 = NRRL  Soil Costa Rica — — HQ897830 KM231680 JX171451  JX171565 — —
20840 = NRRL 13384

F. succisae CBS 219.765" = BBA 12287 = BBA 63627 = DAOM  Succisa pratensis Germany — AF158344  — — LT996207  LT996154 AF160291 U34419
225142 = IMI 202876 = IMI 375347 = NRRL 13613

F. sudanense CBS 454.97" = BBA 65862 = NRRL 25451 = NRRL  Striga hermonthica Sudan — LT996185 — — LT996208  LT996155 KU711697 KU603909
26793

F. temperatum NRRL 25622 = NRRL 26616 Zea mays South Africa — AF158354  — — Not public ~ Not public AF160301 AF160317

F. terricola CBS 483.94" = FRC M-1650 Soil Australia — KU603951 — — LT996209  LT996156 KU711698 KU603908

F. thapsinum CBS 733.97 = DAOM 225109 = IMI 375317 = MRC  Sorghum bicolor South Africa — LT996186 — — JX171487  JX171600 AF160270 U34418
6002 = NRRL 22045

F. tjaetaba CBS 144400" = NRRL 66243 = RBG 5361 Sorghum interjectum Australia — LT996187 — — MW834192  KP083275 KP083263 GU737296

F. torreyae CBS 133858" = NRRL 54151 Torreya sp. USA — — HM068344 MW827652 JX171548  JX171660 HM068337 —

F. tricinctum CBS 393.93%" = BBA 64485 = NRRL 25481 Winter wheat culm base Germany — — HM068317 HM068317 JX171516  JX171629 AB674263 —

F. tupiense NRRL 53984 Mangifera indica Brazil — GU737377 — — LR792583  LR792619 GU737404 GU737296

F. udum CBS 178.32 = BBA 1813 = DAOM 225111 = IMI Lactarius pubescens Germany — AF158328 — — LT996220  LT996172 AF160275 U34433
375319 = NRRL 22949

F. venenatum NRRL 22196 = BBA 65031 Zea mays Germany — — — — JX171494  JX171607 — —

F. verticillioides CBS 734.97 = BBA 62264 = IMI 375318 = NRRL Zea mays Germany — AF158315  — — LT996221  EF470122 AF160262 U34413
22172

F. xylarioides CBS 258.525" = NRRL 25486 Coffea sp. Ivory Coast — — — — JX171517  HM068355 AY707136 AY707118

Fusicolla acetilerea Polluted soil Japan - - HQ897790 U88108 - HQ897701 - -
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BBA 63789" = IMI 181488 = NRRL

20827

BBA 63789 = IMI 181488 = NRRL 20827 Polluted soil Japan HQ897839 — HQ897790 U8s108 — HQ897701 — —
Fu. aquaeductuum CBS 734.79 = BBA 63669 = NRRL 20686 Drinking water Germany — — MW827612 MWB827653 JX171476  HQ897742 MW847905 —

CBS 268.53 Rubber tubing Netherlands — — MH857190 MH868728 — — — —

CBS 837.85%" =BBA 64559 = NRRL 20865 = NRRL  Plug in water tap Germany — — KM231823 KM231699 — — — KM232094

37595
Fu. betae BBA 64317%" Triticum aestivum Germany HQ897917 — MH855265 MH866717 — HQ897781 — —
Fu. bharatavarshae NFCCI 4423" Avicennia marina India — — MK152510 MK152511 — MK157022 — MK376462
Fu. cassiae-fistulae MFLUCC 19-0318" Cassia fistula Thailand - - MT215497 MT215549 - - - -
Fu. epistroma BBA 622015T = ATCC 24369 = IMI 85601 = NRRL  Diatrypella sp., on Betula sp. England HQ897901 — - AF228352 - HQ897765 - -

20439 = NRRL 20461
Fu. gigantispora HKAS 101990 Bruguiera sp. Thailand — — MNO047106 MNO017870 — — — —

MFLU 1612087 Avicennia marina Thailand — - MNO047105 MN017876 - - - -
Fu. matuoi CBS 581.78 = ATCC 18694 = MAFF 238445 = NRRL  Albizzia julibrissin Japan HQ897858 — KM231822 KM231698 MW834194 HQ897720 KM231954 KM232093

20427
Fu. melogrammae CBS 1410927 Melogramma campylosporum on Carpinus sp. England — — KX897140 KY092489 — HQ897720 — MW834305
Fu. meniscoidea CBS 110189 = FRC E-0086 Soil Australia MW834043 — MW827613 MWB827654 — MW834010 MW834279 MW834306
Fu. merismoides CBS 186.34 = BBA 1867a = NRRL 20895 Acer sp. Germany — — MH855482 MH866963 — — — —
Fu. ossicola CBS 1401617 Bone of wild boar Belgium — — MF628022 MF628021 — MW834011 MW834280 MW834307
Fu. quarantenae URM 83677 = CBS 141541 Melocactus zehntneri Brazil — — MW553789 MW553788 — MW556626 MW556625 MW556624
Fu. septimanifiniscientiae CBS 1449357 Soil Netherlands — — MK069422 MK069418 — — MK077808 MK069408
Fu. siamensis MFLUCC 17-2577" Cassia fistula Thailand — — MT215498 MT215550 — — — —
Fu. sporellula CBS 110191 = FRC E-0139 Soil South Africa MW834044 — MW827614 MW827655 — MW834012 MW834281 MW834308
Fu. violacea CBS 634.76" = BBA 62461 = NRRL 20896 Quadraspidiotus perniciosus Iran — — KM231824 uss112 MW834195 HQ897696 KM231956 KM232095
Geejayessia atrofusca CBS 125482 = DAOM 238117 Staphylea trifolia Canada — — MH863592 MH875066 MW834196 HQ897775 MW834282 —

NRRL 22316 Staphylea trifolia USA — — AF178423 AF178392 JX171496  EU329502 AF178361 —
G. celtidicola CBS 125502" Celtis occidentalis Canada HM626625 — HM626657 HM626669 MW834197 MW834013 HM626638 KM232074
G. cicatricum CBS 125550 Dead twig connected with alive Buxus sempervirens ~ Slovenia — — HM626654 HM626666 MW834198 HQ897697 HM626642 —

var. elegantissima

CBS 125552 Dead twig Slovenia HQ728171  — HQ728145 MH875038 — HQ728153 HM626644 —
llyonectria capensis CBS 1328157 Protea sp. South Africa — — NR_152887 NG_070049 MW834199 MW834014 JX231119 —
| destructans CBS 264.65 Cyclamen persicum Sweden — — MH858563 KM515927 — MW834015 JF735695 —
Luteonectria albida CBS 102683 = GJS 99-73 = GJS 8522A Tree bark Costa Rica — — MW827615 MH874402 MW834200 MW834016 MW834283 —

(continued on next page)
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acl1  CaM ITS LSuU rpb1  rpb2 tef1 tub2
NRRL 221527 = NRRL 13950 Woody stem bark Jamaica — — JABFEP010000142.1*  JABFEP010000142.1*  JX171492  JX171605 JABFEP010002685.1*  —
L. nematophila NRRL 54600 Unknown Germany — — JABFFA010000104.1*  JABFFA010000104.1*  JX171552  JX171664 JABFFA010003988.1*  —
Macroconia bulbipes CBS 146678 = CPC 37137 Erica sp. associated with Dimerosporiopsis engleriana ~ South Africa MWB834045 MW834114 MW827616 MW827656 MW834201 MW834017 — MW834309
CBS 146679" = CPC 37138 Erica sp. associated with Dimerosporiopsis engleriana  South Africa MW834046 MW834115 MWB827617 MW827657 MW834202 MW834018 — MW834310
Ma. cupularis HMAS 1732407 Stylodothis sp. on unidentified tree China — — EF121864 EF121870 — — — —
Ma. gigas HMAS 173239" Rotten stem of bamboo associated with other fungi  China — — EF121853 EF121869 — — — —
Ma. leptosphaeriae CBS 100001 Leptosphaeria on dead stem of Urtica dioica Netherlands HQ897891  MWB834116 HQ897810 HQ897755 MW834203 HQ728164 KM231959 KM232097
Ma. papillionacearum CBS 125495 Ascomycete on Fabaceae USA HQ897912 MWB834117 HQ897826 MH875086 MW834204 HQ897776 — KM232096
Ma. phlogioides CBS 12549 Quercus sp., branch in stream USA HQ897868 MW834118 MW827618 MWB827658 MW834205 HQ897732 MW834284 MW834311
CBS 146500 = CPC 35388 Encephalartos sp. leaf South Africa MW834047 MW834119 MW827619 MWB827659 MW834206 MW834019 — MW834312
CBS 1465017 = CPC 35389 Encephalartos sp. leaf South Africa MW834048 MW834120 MW827620 MW827660 MW834207 MW834020 — MW834313
Ma. sphaeriae CBS 717.74 Pyrenomycete on Coronilla emerus France MW834049 MW834121 MWB827621 MW827661 — KM232390 — KM232099
CBS 112770 Cucurbitaria laburni on Laburnum anagyroides Austria KM231061  KM231413  MW827622 MW827662 MW834208 MW834021 — KM232098
Mariannaea elegans DAOM 226709 Betula sp. Canada — — — HQ843768 — HQ897747 — .
M. samuelsii CBS 125515" = DAOM 235814 Soil Guatemala — — NR_137767 NG_060269 — HQ897752 — —
Microcera coccophila CBS 310.34 = NRRL 13962 Scale insect Italy — — MH855540 KM231703 JX171462  JX171576 — —
Mi. diploa CBS 735.79 = BBA 61173 = NRRL 36545 Quadraspidiotus perniciosus Iran — — MW827623 MWB827663 JX171463  JX171577 — —
Mi. larvarum CBS 738.79 = BBA 62239 = DSM 62239 = MUCL Quadraspidiotus perniciosus Iran — — KM231825 KM231701 JX171473  JX171587 KM231957 —
19033 = NRRL 20473
Mi. rubra CBS 638.76' = BBA 62460 = NRRL 20475; NRRL  Quadraspidiotus perniciosus on Prunus domestica Iran HQ897903  KM231409  MH861019 MH872790 - HQ897767 - MW834314
22111; NRRL 22170
Microcera sp. NRRL 26790 Parmelia rudecta USA — — — — JX171523  JX171636 — —
Nectria cinnabarina CBS 1251657 Aesculus sp. France KM231074 — HM484548 HM484562 — KM232402 HM484527 —
"Nt." flavoviridis CBS 124353 = BBA 65542 = NRRL 22093 Decorticated wood USA — — HQ897791 MW827664 MW834209 HQ897702 — —
Neocosmospora acutispora  CBS 1454617 = NRRL 22574 = BBA 62213 Coffea arabica Guatemala MW834050 MW834122 LR583700 LR583908 MW834210 LR583814 LR583593 —
N. addoensis CBS 146509 = CPC 37127 Citrus sinensis South Africa MW218004 MW218051 MW173041 MW173032 MW218097  MW446574 MW248740 —
CBS 146510" = CPC 37128 Citrus sinensis South Africa MW218005 MW218052 MW173042 MW173033 MW218098  MW446575 MW248741 —
N. ambrosia CBS 571.94%" = NRRL 22346 = BBA 65390 = MAFF  Euwallacea fornicatus India — — EU329669 EU329669 MW834211  EU329503 FJ240350 —
246287
NRRL 20438 = IMI 296597 Xyleborus fornicatus India — — AF178397 AF178366 JX171470  JX171584 NIZVv01000014.1* —
N. ampla CBS 202.32" = BBA 4170 Coffea sp. German East Africa MW834051 MW834123 LR583701 LR583909 MW834212 LR583815 LR583594 —
N. bataticola CBS 144397 = NRRL 22400 = BBA 64683 Ipomoea batatas USA MW218006 MW218053 AF178407 AF178376 MW218099  EU329509 AF178343 —
CBS 144398" = NRRL 22402 = BBA 64954 = FRC'S-  [pomoea batatas USA MW218007 MW218054 AF178408 AF178377 MW218100 FJ240381 AF178344 —

0567

v 13 Snod)



% Table 3. (Continued).

=
o . | . 2
Species name  Strain Substrate Country GenBank accession number
é acli CaM ITS LSU rpb1  rpb2 tef1 tub2
23 N. borneensis CBS 1454625T = NRRL 22579 = BBA 65095 = GJS  Bark or recently dead tree Indonesia MWB834052 MW834124 AF178415 AF178384 MWB834213 EU329515 AF178352 —
5—. 85-197
g
g' N. bostrycoides CBS 144,25 Soil Honduras MW218008 MW218055 LR583704 LR583912 MW218101 LR583818 LR583597 —
§ CBS 392.66 = NRRL 25325 = BBA 69595 Bertholletia excelsa Unknown MW218009 MW218056 LR583705 LR583913 MW218102 LR583819 LR583598 —
o
Q N. brevicona CBS 204.315" = NRRL 22659 = BBA 2123 Gladiolus sp. Indonesia MW218010 MW218057 LR583707 LR583915 MW218103  LR583821 LR583600 —
o
< N. brevis CBS 130326 = NRRL 28009 = CDC B-5543 Human eye USA MW834053 MW834125 DQ094351 DQ236393 MWB834214 EF470136 DQ246869 -
N. catenata CBS 143228 = NRRL 54992 = UTHSC 09-1008 Stegostoma fasciatum USA MW218011 MW218058 KC808255 KC808255 MW218104 KC808354 KC808213 —
CBS 143229" = NRRL 54993 = UTHSC 09-1009 Stegostoma fasciatum USA MW218012 MW218059 KC808256 KC808256 MW218105 KC808355 KC808214 —
N. citricola CBS 146512 = CPC 37130 Citrus sinensis South Africa MW218014 MW218061 MW173047 MW173035 MW218107  MW446580 MW248746 —
CBS 146513" = CPC 37131 Citrus sinensis South Africa MW218015 MW218062 MW173048 MW173036 MW218108 MW446581 MW248747 —
N. crassa CBS 144386" = MUCL 11420 Unknown France MW218016 MW218063 LR583709 LR583917 MW218109 LR583823 LR583604 —
N. cryptoseptata CBS 145463" = NRRL 22412 = BBA 65024 Bark French Guiana MW834054 MW834126 AF178414 AF178383 MWwW834215 EU329510 AF178351 —
N. cucurbitae CBS 410.62 = NRRL 22658 = CECT 2864 Cucurbita viciifolia Netherlands MW834055 MW834127 LR583710 LR583918 MW834216 LR583824 DQ247640 —
CBS 616.66" = NRRL 22399 = BBA 64411 Cucurbita viciifolia Netherlands MWB834056 MW834128 LR583711 LR583919 MWB834217 LR583825 DQ247592 -
N. cyanescens CBS 518.82" Human foot Netherlands MW218017 MW218064 AB190389 LR583920 MW218110 LR583826 LR583605 —
CBS 637.82 Human foot Netherlands MW218018 MW218065 LR583712 LR583921 MW218111  LR583827 LR583606 —
N. diminuta CBS 144390" = MUCL 18798 Coelocaryon preusii Unknown MWB834057 MW834129 LR583713 LR583922 MW834218 LR583828 LR583607 —
N. elegans CBS 144395 = NRRL 22163 = MAFF 238540 = ATCC  Xanthoxylum piperitum Japan MW218019 MW218066 AF178394 AF178363 MW218112  EU329496 AF178328 —
18690
CBS 1443965" = NRRL 22277 = MAFF Xanthoxylum piperitum Japan MW218020 MW218067 AF178401 AF178370 MW218113  FJ240380 AF178336 —
238541 = ATCC 42366
N. epipeda CBS 1465237 = CPC 38310 Bouvardia sp. imported from Uganda Netherlands MW834058 MW834130 MW827624 MW827665 MW834219  MW834022 MW334285 —
CBS 146524 = CPC 38311 Bouvardia sp. imported from Uganda Netherlands MWB834059 MW834131 MW827625 MW827666 MW834220 MW834023 MW834286 —
N. euwallaceae CBS 135854 = NRRL 54722 Euwallacea sp. Israel - - JQ038014 JQ038014 JQ038021  JQ038028 JQ038007 -
N. falciformis CBS 475.67" = IMI 268681 Human mycetoma Puerto Rico MW218021 MW218068 MG189935 MG189915 MW218114  LT960558 LT906669 —
CBS 121450 Declined grape vine Syria MW218022 MW218069 JX435211 JX435211 MW218115  JX435261 JX435161 —
NRRL 43529 = CDC 2006743575 Human cornea USA — — EF453117 EF453117 JX171541  JX171653 EF452965 —
N. ferruginea CBS 109028" = NRRL 32437 Human subcutaneous nodule Switzerland MWB834060 MW834132 DQ094446 DQ236488 MWB834221 EU329581 DQ246979 —
CPC 28194 Citrus sinensis Italy MWB834061 MW834133 LT746276 LT746276 MW834222 LT746341 LR583602 —
N. floridana NRRL 62628" = MAFF 246849 Euwallacea interjectus USA — — KC691563 KC691563 KC691593  KC691624, KC691653  KC691535 —
N. gamsii CBS 143207" = NRRL 32323 = UTHSC 99-205 Human bronchoalveolar lavage fluid USA MWB834062 MW834134 DQ094420 DQ236462 MWB834223 EU329622 DQ247103 -
CBS 143211 = NRRL 32794 = FRC S-1152 Humidifier coolant USA MW834063 MWB834135 DQ094563 DQ236605 MW834224 EU329576 DQ246951 —
N. gamtoosensis CBS 146502" = VG16 = CPC 37120 Citrus sinensis South Africa MW218023 MW218070 MW173063 MW173038 MW218116  MW446611 MW248762 —
N. haematococca CBS 119600%" = FRC S-1832 Dying tree Sri Lanka MWB834064 MW834136 KM231797 KM231664 — LT960561 DQ247510 —

414
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N. hypothenemi CBS 1454647 = NRRL 52782 = ARSEF 5878 Hypothenemus hampei Benin MW218024 — LR583715 LR583923 MW218117  JF741176 JF740850 —
CBS 145466 = NRRL 52783 = ARSEF 5879 Hypothenemus hampei Uganda MW218025 MW218071 MWB827626 MW827667 MW218118  MW834024 Mw834287 -
N. illudens CBS 147303 = NRRL 22090 = BBA 67606 = GJS 82-  Beilschmiedia tawa New Zealand MW834065 MW834137 AF178393 AF178362 JX171488  JX171601 AF178326 -
98
N. ipomoeae CBS 353.87 = NRRL 22657 Gerbera sp. Netherlands MW218026 MW218072 LR583717 LR583925 MW218119  LR583831 DQ247639 —
CBS 833.97 Rosa sp. Netherlands MW218027 MW218073 LR583719 LR583927 MW218120  LR583833 LR583611 —
N. keleraja CBS 125720°" = FRC S-1837 = GJS 02-114 Branch of unidentified tree Sri Lanka MW834066 MW834138 LR583720 LR583928 MW834225 LR583834 LR583612 —
CBS 12572277 = FRC $-1836 = GJS 02-114 Branch of unidentified tree Sri Lanka MW834067 MW834139 JF433039 JF433039 MW834226 LR583835 DQ247515 —
N. keratoplastica CBS 490.63" Human Japan MW218028 MW218074 LR583721 LR583929 MW218121  LT960562 LT906670 -
CBS 144389 = MUCL 18301 Greenhouse humic soil Belgium MW218029 MW218075 LR583722 LR583930 MW218122  LR583836 LR583613 —
N. kuroshio CBS 1426427 Euwallacea sp. USA MW834068 MW834140 LR583723 LR583931 MW834227 LR583837 KX262216 —
N. kurunegalensis CBS 119599" = GJS 02-94 Recently cut tree Sri Lanka MW834069 MW834141 JF433036 JF433036 MW834228 LR583838 DQ247511 —
N. lerouxii CBS 146514 = CPC 37132 Citrus sinensis South Africa MW218030 MW218076 MW173069 MW173039 MW218123  MW446617 MW248768 —
N. lichenicola CBS 509.63 = MUCL 8050 = IMUR 410 Air Brazil MW834070 MW834142 LR583728 LR583936 MW834229 LR583843 LR583618 -
CBS 623.925" Human Germany MW834071 MW834143 LR583730 LR583938 — LR583845 LR583620 —
N. liriodendri CBS 1174817 = NRRL 22389 = BBA 67587 = GJS 91-  Liriodendron tulipifera USA MW218031 MW218077 AF178404 AF178373 MW218124  EU329506 AF178340 —
148
N. longissima CBS 126407" = GJS 85-72 Tree bark New Zealand MW834072 MWB834144 LR583731 LR583939 MW834230 LR583846 LR583621 —
N. macrospora CBS 1424247 = CPC 28191 Citrus sinensis Italy MW218032 MW218078 LT746266 LT746281 MW218125 LT746331 LT746218 —
CPC 28193 Citrus sinensis Italy MW218033 MW218079 LT746268 LT746283 MW218126  LT746333 LT746220 -
N. mahasenii CBS 119594" Dead branch on live tree Sri Lanka MW834073 MWB834145 JF433045 JF433045 MW834231 LT960563 DQ247513 -
N. martii CBS 115659%" = FRC S-0679 = MRC 2198 Solanum tuberosum Germany MW834074 MWB834146 JX435206 JX435206 MW834232  JX435256 JX435156 —
N. merkxiana CBS 146525" Chrysanthemum sp. imported from Uganda Netherlands MW834075 MW834147 MW827627 MW827668 MW834233 MW834025 MWwW334288 —
CBS 146526 Chrysanthemum sp. imported from Uganda Netherlands MW834076 MW834148 MW827628 MW827669 MW834234 MW834026 MW834289 —
N. metavorans CBS 135789" Human pleural effusion Greece MW218034 MW218080 LR583738 LR583946 MW218127  LR583849 LR583627 —
CBS 143219 = NRRL 46708 = FMR 8634 Human foot Spain MW218035 MW218081 LR583744 LR583948 MW218128 LR583851 LR583629 —
N. mori CBS 145467" = NRRL 22230 = MAFF 238539 Morus alba Japan MW834077 MWB834149 DQ094305 DQ236347 MW834235 EU329499 AF178358 —
CBS 145468 = NRRL 22157 = MAFF 238538 Morus alba Japan MW834078 MWB834150 DQ094306 DQ236348 MW834236 EU329493 AF178359 -
N. neerlandica CBS 232.34" Pisum sativum Netherlands MW834079 MW834151 MWB827629 MW827670 MW834237 MW847903 MW847906 -
N. nelsonii CBS 309.75" Pisum sativum Unknown MW834080 MW834152 MWB827630 MwW827671 MW834238 MW847904 MW847907 -
N. nirenbergiana CBS 145469" = NRRL 22387 = BBA 65023 = GJS 87-  Bark French Guiana MW834081 MW834153 AF178403 AF178372 - EU329505 AF178339 -
127
N. noneumarti CBS 115658" = FRC S-0661 Solanum tuberosum Israel MW218036 MW218082 LR583745 LR583949 MW218129 MW446618 LR583630 -
N. obliquiseptata NRRL 62611 = MAFF 246845 Euwallacea sp. Australia - - KC691576 KC691576 KC691606  KC691637, KC691666 ~ KC691548 -
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Table 3. (Continued).

. .1 . 2
Species name  Strain Substrate Country GenBank accession number
acl1  CaM ITS LSuU rpb1  rpb2 tef1 tub2
N. oblonga CBS 130325" = NRRL 28008 = CDC B-4701 Human eye USA MW834082 MW834154 LR583746 LR583950 MW834239 LR583853 LR583631 —
N. oligoseptata CBS 1432417 = NRRL 62579 = FRC Euwallacea validus USA MW834083 MWB834155 KC691566 KC691566 KC691596  LR583854 KC691538 —
S-2581 = MAFF 246283
N. paraeumartii CBS 487.76" = NRRL 13997 = BBA 62215 Solanum tuberosum Argentina MW834084 MW834156 LR583747 LR583951 MW834240 LR583855 DQ247549 -
N. parceramosa CBS 115695" Soil South Africa MW218037 MW218083 JX435199 JX435199 — JX435249 JX435149 —
N. perseae CBS 1441427 = CPC 26829 Persea americana Italy MW218038 MW218084 LT991940 LT991947 MW218130  LT991909 LT991902 —
N. petroliphila CBS 203.32 = NRRL 13952 Pelargonium sp. South Africa MW218039 MW218085 DQ094320 DQ236362 MW218131  LR583857 DQ246835 —
CBS 224.34 = NRRL 28579 Human toenail Cuba MW218040 MW218086 DQ094383 DQ236425 MW218132  LR583858 DQ246910 -
N. phaseoli CBS 265.50 Phaseolus sp. USA MW834085 MW834157 LR583750 LR583954 — KJ511278 FJ919464 —
NRRL 22276 = ATCC 38466 Phaseolus vulgaris USA — — EU329668 EU329668 JX171495  JX171608 AY220186 —
N. piperis CBS 145470 = NRRL 22570 = GJS Piper nigrum Brazil MW834086 MW834158 AF178422 AF178391 MW834241 EU329513 AF178360 -
89-14 = CML 1888
N. pisi CBS 123669%" = NRRL 45880 = ATCC MYA-4622  Progeny of parentals from Pisum sativum and soil USA MW834087 MW834159 LR583753 LR583957 MW834242 LR583862 LR583636 —
CBS 142372 Trifolium subterraneum Germany MW834088 MW834160 LR583755 LR583959 MW834243 LR583864 KY556454 -
N. plagianthi NRRL 22632 = GJS 83-146 Hoheria glabrata New Zealand — - AF178417 AF178386 JX171501  JX171614 AF178354 -
N. protoensiformis CBS 1454717 = NRRL 22178 = GJS 90-168 Dicot tree Venezuela MW834089 MW834161 AF178399 AF178368 MW834244 EU329498 AF178334 —
N. pseudensiformis CBS 130.78 = NRRL 22575 = NRRL 22653 Cocos nucifera Indonesia MW834090 MW834162 LR583759 LR583963 MWwW834245 LR583868 DQ247635 -
N. pseudopisi CBS 266.50 Pisum sativum Unknown MW834091 MW834163 MWB827631 MW827672 MW834246 MW834027 MWwW834290 —
N. pseudoradicicola CBS 1454727 = NRRL 25137 = ARSEF 2313 Diseased cocoa pods Papua New Guinea MW218041 MW218087  JF740899 JF740899 MW218133  JF741084 JF740757 —
N. quercicola CBS 141.90" = NRRL 22652 Quercus cerris Italy MW834092 MW834164 LR583760 LR583964 MW834247 LR583869 DQ247634 —
N. rectiphora CBS 125726 = FRC S-1842 Dead tree Sri Lanka MW834093 MWB834165 JF433043 JF433043 MW834248 MW834028 JF433026 —
CBS 125727 = GJS 02-89 = FRC S-1831 Dead tree Sri Lanka MW834094 MWB834166 JF433034 JF433034 MW834249 LR583871 DQ247509 -
N. regularis CBS 190.35 Phaseolus sp. USA MW834095 MW834167 LR583762 LR583966 MW834250 LR583872 LR583642 —
CBS 230.34" Pisum sativum Netherlands MW834096 MW834168 LR583763 LR583967 - MWwW834029 LR583643 -
N. rekana CMW 528627 Euwallacea perbrevis Indonesia — — MN249094 — — MN249137, MN249108  MN249151 —
N. robusta CBS 145473 = NRRL 22395 = BBA 65682 Bark Venezuela — MW834169 AF178405 LR583968 MW834251 EU329507 AF178341 —
N. samuelsii CBS 114067" = GJS 89-70 Bark Guyana MW834097 MW834170 LR583764 LR583969 MW834252 LR583874 LR583644 —
N. silvicola CBS 119601 = GJS 98-135 Populus nigra France MW834098 MW834171 LR583765 LR583970 MW834253 LR583875 LR583645 —
CBS 123846" = GJS 04-147 Liriodendron tulipifera USA MW834099 MW834172 LR583766 LR583971 MW834254 LR583876 LR583646 -
N. solani CBS 140079%" = NRRL 66304 = GJS Solanum tuberosum Slovenia MW218042 MW218088 KT313633 KT313633 MW218134  KT313623 KT313611 -
09-1466 = FRC S-2364
N. spathulata CBS 1454747 = NRRL 28541 = UTHSC 98-1305 Human synovial fluid USA MW218045 MW218091 EU329674 EU329674 MW218137  EU329542 DQ246882 —
N. stercicola CBS 1424817 = DSM 106211 Compost yard debris Germany MW834100 MW834173 LR583779 LR583984 MW834255 LR583887 LR583658 —

(continued on next page)
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Table 3. (Continued).

. | . 2
Species name  Strain Substrate Country GenBank accession number
acl1  CaM ITS LSuU rpb1  rpb2 tef1 tub2
CBS 144388 = MUCL 18299 Greenhouse humic soil Belgium MW834101 MWB834174 LR583780 LR583985 MW834256 LR583888 LR583659 —
N. suttoniana CBS 1432147 = NRRL 32858 Human wound USA MW218046 MW218092 DQ094617 DQ236659 MW218138  EU329630 DQ247163 —
CBS 143224 = NRRL 54972 Equine eye USA MW218047 MW218093 MG189940 MG189925 MW218139  KC808336 KC808197 —
N. tonkinensis CBS 115.40" Musa sapientum Vietnam MW218048 MW218094 MG189941 MG189926 MW218140  LT960564 LT906672 —
CBS 118931 Solanum lycopersicum UK MW218049 MW218095 LR583784 LR583989 MW218141  LR583891 LR583662 —
N. tuaranensis NRRL 222317 = ATCC 16563 = MAFF 246842 Hevea brasiliensis damaged by unknown ambrosia Malaysia — — KC691570 KC691570 KC691600  KC691631, KC691660  KC691542 —
beetle
N. vasinfecta CBS 325.54 = ATCC 16238 = IFO 7591 = IMI Soil South Africa — — AF178412 AF178381 JX171497  JX171610 AF178348 —
251386 = NRRL 22436
CBS 446.93 = IMI 316967 = NHL 2919 Soil Japan MW834102 MW834175 LR583791 LR583996 MW834257 LR583898 LR583670 —
CBS 533.65 = IMI 302625 Unknown India MW834103 MW834176 LR583792 LR583997 MW834258 LR583899 LR583671 —
Neonectria coccinea CBS 125484 Fagus sylvatica Germany — — HQ897832 MH875068 MW834259 HQ897785 — —
Ne. ditissima CBS 125486 Fagus americana Canada — — HQ897824 MH877864 — HQ897774 — —
Nothofusarium devonianum ~ CBS 147304T = NRRL 22134 Ruscus aculeatus United Kingdom — — MW827632 MW827673 JX171490  JX171603 MW834291 —
Pseudofusicolla belgica CBS 147300 = IHEM 5322 Recycled water from air-conditioning humidifier Belgium — — KJ125590 KJ126478 — KP835473 KJ126182 —
CBS 1473017 = IHEM 2413 Recycled water, spray humidifier in air-conditioned Belgium — — KJ125588 KJ126476 — KP835474 KJ126180 —
building
CBS 147302 = IHEM 2440 Humidifier water from air-conditioning Belgium — — KJ125589 KJ126477 — KP835475 KJ126181 —
IHEM 2105 Recycled humidifier water from airconditioning Belgium — — KP835478 KP835480 — KP835476 KP835484 —
Rectifusarium robinianum CBS 430.917 = NRRL 25729 Robinia pseudoacacia Germany — — KM231794 NG_058096 JX171520  JX171633 KM231923 —
R. ventricosum CBS 748.79" = BBA 62452 = NRRL 20846 = NRRL  Wheat field soil Germany — HQ897816 KM231658 JX171484  JX171597 KM231924 —
22113
Rugonectria castaneicola CBS 128360 Bark China — — MH864901 MH876352 MW834260 MW834030 MW834292 —
Ru. neobalansae CBS 125120 = GJS 85-219 Dead tree Indonesia — — KM231750 HM364322 — MW834031 KM231874 —
Ru. rugulosa CBS 126565 = GJS 09-1245 Dead wood Venezuela — — KM231749 MH877897 MW834261 MW834032 KM231873 —
Setofusarium setosum CBS 574.94 = BBA 65063 Unknown French Guiana — — MW827633 MW827674 MW834262 MW834033 MWwW834293 —
CBS 635.925" = GJS 88-12 = NRRL 36526 Tree bark French Guiana — — MWB827634 MW827675 JX171539  JX171651 MW834294 —
Scolecofusarium ciliatum CBS 155.86 = NRRL 22284 Hordeum vulgare mouldy grain, associated with scale  Denmark — — MWB827635 MW827676 MW834263 MW834034 MW834295 —
insects
CBS 191.65"" = ATCC 16068 = ATCC 24137 =BBA  Fagus sylvatica Germany — — MW827636 MwW827677 MW834264 MW834035 MW834296 —
9661 = DSM 62172 = IMI 112499 = NRRL 20431
CBS 144385 = I[HEM 2989 Fagus sylvatica Belgium — — KJ125591 KJ126479 MW834265 KP835472 MW834297 —
Stylonectria applanata CBS 125489 Unidentified ascomycete on Betula sp. Canada HQ897875 — HQ897805 KM231689 - HQ897739 KM231944 -
St. carpini DAOM 235819 Melanconis spodiaea on Carpinus betulus Austria HQ897909 — HQ897823 . — HQ897773 — —
St. corniculata CBS 1254917 Unidentified ascomycete on Carpinus sp. Germany HQ897915 — HQ897829 KM231691 - HQ897779 KM231946 -
St. hetmanica CBS 147305" = CPC 38725 Diaporthe sp. on Frangula alnus Ukraine MWwW834104 MWwWg27637 — — MW834036 — —
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Table 3. (Continued).

. | . 2
Species name  Strain Substrate Country GenBank accession number
acl1  CaM ITS LSuU rpb1  rpb2 tef1 tub2
CBS 147306 = CPC 38848 Dothiorella sarmentorum on Acer platanoides Ukraine MW834105 — MW827638 — — MW834037 — —
St. norvegica CBS 139239" Dead sporodochia of fusarium state on pyrenomycete ~ Norway MWB834106 — KR605485 — — MW834038 — —
(presumably Amphiporthe sp.)
CBS 139242 On sporodochia of fusarium-like on unidentified Norway MW834107 — MW827639 — — MW834039 — —
pyrenomycete
St. purtonii DAOM 235818 Picea abies Germany HQ897919 — HQ897831 — — HQ897783 — —
St. qilianshanensis HMAS 255803" Unknown ascomycete on Picea asperata China MT087289 — — — — MT087288 — —
St. wegelianiana CBS 125490 Hapalycystis bicaudata on Ulmus glabra Austria HQ897890 — KM231817 KM231690 — HQ897754 KM231945 —
Thelonectria discophora CBS 125487 Aesculus hippocastanum Germany — — HQ897789 MW827678 MW834266 HQ897700 MWwW834298 .
T. olida CBS 215,67 = ATCC 16548 = DSM 62520 = IMI  Asparagus officinalis Germany — — MW827640 MW827679 MW834267 MW834040 MWwW834299 —
116873
Tumenectria laetidisca CBS 100284 Bamboo Japan — — KJ022017 KJ022066 — MW834041 KJ022400 —
CBS 101909%" Bamboo Jamaica — — KJ022018 KJ022067 MW834268 MW834042 KJ022401 —

' ARSEF: Collection of entomopathogenic fungal cultures, US Department of Agriculture (USDA), Agricultural Research Service (ARS), Ithaca, NY, USA; ATCC: American Type Culture Collection, Manassas, VA, USA; BBA: Biologische Bundesanstalt
fir Land- und Forstwirtschaft, Institut fur Mikrobiologie, Berlin, Germany; CBS: Westerdijk Fungal Biodiverity Institute (WI), Utrecht, The Netherlands; CDC: Centers for Disease Control and Prevention, Atlanta, GA, USA; CECT: Spanish Type Culture
Collection, Universidad de Valencia, Burjassot, Spain; CML: Colegao Micoldgica de Lavras, Universidade Federal de Lavras, Minas Gerais, Brazil; CMW: Culture collection at the FABI, University of Pretoria, South Africa; CPC: Collection of P.W. Crous,
held at WI; DAOM: Canadian National Mycological Herbarium and Culture Collection, AAFC, Ottawa, Ontario, Canada; DSM: DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany; FMR: Facultat de
Medicina i Ciencies de la Salut, Reus, Spain; FRC: Fusarium Research Center, Pennsylvannia State University, PA, USA; GJS: Collection of G.J. Samuels, USDA-ARS, USA; HKAS: Herbarium of Cryptogams, Kunming Institute of Botany, Kunming,
China; HMAS: Herbarium Mycologicum Academiae Sinicae, Chinese Academy of Sciences, Beijing, China; IFO: Institute for Fermentation, Osaka, Yodogawa-ku, Osaka, Japan; IHEM: Biomedical Fungi and Yeasts Collection, Scientific Institute of
Public Health, Belgium; IMI: CABI Bioscience, Egham, UK; IMUR: Institute of Mycology, University of Recife, Recife, Brazil; MAFF: Ministry of Agriculture, Forestry and Fisheries, Tsukuba, Ibaraki, Japan; MFLU: Mae Fah Luang University herbarium,
Chiang Rai, Thailand; MRC: Microbial Culture Collection, South African Medical Research Council, Tygerberg, South Africa; MUCL: Mycotheque de {Université Catholique de Louvain, Louvain-la-Neuve, Belgium; NHL: National Institute of Hygienic
Sciences, Tokyo, Japan; NRRL: Agricultural Research Service Culture Collection, National Center for Agricultural Utilization Research, USDA, Peoria, IL, USA; RBG: Royal Botanic Gardens Trust, Sydney, New South Wales, Australia; URM: Micoteca
do Departmento de Micologia, Universidade Federal de Pernambuco, Recife, Brazil; UTHSC: Fungus Testing Laboratory, Department of Pathology, University of Texas Health Science Center, San Antonio, USA. ET: Ex-epitype; IT: Ex-isotype; NT: Ex-
neotype; PT: Ex-paratype; T: Ex-type.

2 acl1 = ATP citrate lyase; CaM = Calmodulin; ITS = Internal transcribed spacer region of the nrDNA; LSU = 28S large subunit of the nrDNA; rpb7 = RNA polymerase largest subunit; rpb2 = RNA polymerase second largest subunit; teff = translation
elongation factor 1-alpha; tub2 = Beta-tubulin. Sequences generated in this study are shown in bold; Not public = sequences not available at GenBank, obtained from K. O’'Donnell's alignment datasets; * = Whole genome sequence contig accession
numbers.
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Table 4. Summary of phylogenetic information generated in this study.

Analysis Nuclear Length +gap PI Var. Bl unique Model (AIC) Model (BIC) ML -InL (IQ)
region site patterns
Generic delimitation ITS 626 249 310 378 GTR+I+G TIMe+l+G4 -3099.276
LSU 435 90 109 118 GTR++G TIM2+F+|+G4 -15223.682
b1 1371 705 755 823 GTR++G TIM3e+I+G4 -27263.487
pb2 1761 834 892 989 GTR++G GTR+F+I+G4 -8493.378
teft 699 448 489 551 GTR+I+G TIM2e+1+G4 -40875.16
Combined 4892 2326 2 555 2 859 n/d n/d -94954.982
Ex-type strains b1 1724 980 550 1358 GTR++G TIM3e+R4 -37377.092
pb2 1789 788 916 1056 GTR++G TIM2e+R6 -44286.314
teft 859 463 301 700 GTR++G GTR+F+I+G4 -25546.628
Combined 4372 2231 1767 3114 n/d n/d -113450.62
Fusarium fujikuroi CaM 545 76 131 150 SYM+G G4TNe+G4 -4032.663
species complex rpb1 1534 201 340 344 SYM+G TIM2e+G4 -5669.761
pb2 1541 241 362 365 GTR++G TNe+G4 -7415.729
teft 676 137 243 305 GTR++G TNe++G4 -2062.906
tub2 488 76 150 182 SYM+G TNe+G4 -1930.688
Combined 479 731 1226 1346 n/d n/d -22043.423
Fusicolla acl1 908 153 346 241 GTR+G TNe+l -3238.214
ITS 518 54 111 128 GTR++G TIM2e+1+G4 -1704.698
LSuU 476 34 69 72 K80+l K80+R2 -1229.69
pb2 1702 258 447 359 SYM++G TIM2e+G4 -5692.247
teft 476 109 216 202 SYM+| TIM2+F+G4 -2051.471
tub2 484 83 162 159 GTR+G K80+G4 -1780.157
Combined 4 564 691 1 351 1161 n/d n/d -16092.82
Macroconia aclt 801 207 332 205 SYM+ K80+l -1241.031
CaM 551 150 223 159 K80+ K80+l -2092.487
ITS 540 36 64 94 GTR+l TNe+G4 -2259.518
LSU 694 21 37 3 GTR+ TNe+l -3097.338
b1 814 116 182 96 SYM+G TNe+G4 -2620.526
rpb2 778 160 618 151 SYM+| TNe+G4 -1784.381
tub2 519 101 168 142 SYM+G TNe+G4 -1205.535
Combined 4 697 791 1624 850 n/d n/d -14388.257
Neocosmospora aclt 630 173 27 297 K80+I+G TIM3e+1+G4 -13572.514
CaM 586 171 231 280 HKY++G TIM2e+R3 -5595.928
ITS 476 119 357 211 GTR+I+G TNe+G4 -4164.678
LSU 482 36 63 76 GTR++G TIM3e+I+G4 -10056.777
pb1 1492 390 506 636 GTR+I+G TIM2e+R3 -2888.743
pb2 1613 449 564 621 GTR++G TIM2e+1+G4 -1496.116
teft 688 230 323 370 GTR+I+G K80+G4 -4087.046
Combined 5 967 1568 2315 2491 n/d n/d -46528.083
Stylonectria aclt 897 254 426 416 GTR+G K80+ -1022.317
ITS 544 21 39 47 HKY+ TNe+G4 -5181.494
b2 1631 183 442 299 GTR+G TNe+G4 -4061.543
Combined 3072 458 907 762 n/d n/d -10441.718

PI = parsimony informative characters; Var. = variable characters; Bl = Bayesian inference; Model (AIC) = evolutionary model selected by MrModeltest; Model
(BIC) = evolutionary model selected by ModelFinder in IQ-TREE; ML -InL (R) = best tree score determined using RAXML; ML -InL(IQ) = best tree score determined in 1Q-
TREE. F = Empirical base frequencies; G = Rate of discrete Gamma categories; GTR = General time reversible model; HKY = Unequal transition/transversion rates and
unequal base frequencies; | = Proportion of invariable sites; K80 = Unequal transition/transversion rates and equal base frequencies; R = FreeRate model;
SYM = Symmetric model; TIM2 = Transition model, AC = AT, CG = GT and unequal base frequencies; TIM2e = TIM2 with equal base frequencies; TIM3e = Transition
model, AC = CG, AT = GT with equal base frequencies; TNe = Unequal transition/transversion rates with unequal purine/pyrimidine rates and equal base frequencies;

TPM2 = AC = AT, AG = CT, CG = GT and equal base frequencies.

generalized time-reversible (GTR) model and applying the
partitioning option, which estimates the Gamma-shape
parameter and the proportion of invariable sites for every gene
separately. Again 1000 bootstraps were calculated to estimate
branch support. Bayesian inference was conducted using
MrBayes v. 3.2.7 (Ronquist & Huelsenbeck 2003) with the
partitioned dataset. The Gamma-shape parameter and pro-
portion of invariable sites were estimated independently for
each partition. MrBayes was run for 5 M generations with
every 500" tree sampled and a burn-in of 30 % of the sampled
trees to ensure sampling from the stationary phase. All other
parameters were set to default.

30

Morphology

Morphological characterisation followed standard procedures
as described by Leslie & Summerell (2006) using PDA, SNA
(Nirenberg 1976), and CLA (Fisher et al. 1982). Colony
morphology and pigmentation were evaluated on PDA after 7
to 14 d at 25 °C in darkness. Colour notation was based on
the colour charts of Rayner (1970). Fungarium specimens were
rehydrated in 3 % aqueous KOH for a few minutes and then
rinsed by replacing the KOH solution with sterile distilled water
or 100 % lactic acid (Samuels 1976a, b, Samuels et al. 1990).
Unless otherwise mentioned, micromorphological characters
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were examined using water as mounting medium on a Zeiss
Axioskop 2 plus or a Nikon Eclipse 80i, both equipped with
Differential Interference Contrast (DIC) optics and a Nikon
AZ100 dissecting microscope all fitted with Nikon DS-Ri2 high-
definition colour digital cameras to photo-document fungal
structures. Measurements were taken using the Nikon software
NIS-elements D v. 4.50. The dimensions of at least 30
randomly selected elements were recorded for every fungal
structure. Average, standard deviation, and maximum-
minimum values were determined for elements using five or
more individual measurements. To facilitate the comparison of
relevant micro- and macroconidial features, composite photo
plates were assembled from separate photo micrographs using
Adobe Photoshop CC.

RESULTS
DNA phylogeny

The results of DNA evolutionary model selection, alignment
length, and composition as well as tree statistics for all the
multimarker datasets included in this study are summarised in
Table 4.

Re-analysis of the dataset of Geiser et al. (2021): A re-
analysis of the dataset of Geiser et al. (2021) revealed no major
differences in the ML analysis. However, in ME analysis
(Supplementary Fig. S3), we found that the backbone architec-
ture is less solid than previously thought and a large mono-
phyletic clade containing Neocosmospora, Albonectria, and
several other genera formed as sister group to Fusarium s. str.
with strong support.

Generic delimitation of fusarioid taxa in Nectriaceae: The an-
alyses included nectriaceous taxa historically ascribed to Fusa-
rium s. lat., including several recently segregated fusarioid genera
(Grafenhan et al. 2011, Schroers et al. 2011, Lombard et al. 2015),
cylindrocarpon-like taxa (Chaverri et al. 2011), and the closely
related — although morphologically distinct — phylogenetic rela-
tives Cosmospora and Mariannaea. Analyses using ML and Bl of
the individual genes and combined datasets resulted in phylog-
enies with congruent topologies. Therefore, only IQ-TREE-ML
topologies are presented with RAXML-BS, UFboot2-BS, BI-PP
and gCF support values superimposed (Fig. 7).

The combined alignment of ITS, LSU, rpb1, rpb2 and tef!
comprised 100 strains representing 92 species, including the
outgroup Nectria cinnabarina (CBS 125165). Phylogenetic ana-
lyses resolved 27 monophyletic genera, of which 19 contain taxa
with fusarioid asexual morphs and nectria- or cosmospora-like
sexual morphs. Of these, 15 clades represent currently
described genera, namely Albonectria, Atractium, Bisifusarium,
Cosmosporella, Cyanonectria, Dialonectria, Fusarium, Fusicolla,
Geejayessia, Macroconia, Microcera, Neocosmospora, Pseu-
dofusicolla, Rectifusarium, and Stylonectria. The fusarioid
genera Cosmosporella and Dialonectria, both of which have
cosmospora-like sexual morphs, clustered as sister clades to
Cosmospora; the latter, however, differ by having acremonium-
like asexual morphs. The remaining four clades with fusarioid
morphology represent undescribed taxa, formally described
here as the new genera Luteonectria, Nothofusarium, Scoleco-
fusarium, and Setofusarium. A strongly supported clade
comprising six cylindrocarpon-like genera (Corinectria, llyonec-
tria, Neonectria, Rugonectria, Thelonectria, and Tumenectria)
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and the genus Mariannaea resolved as successive sister groups
to the F1 node.

Twenty-four out of the 27 genera included in the analysis
resolved as fully supported clades, including all but one
(Nothofusarium with RAXML-BS = 99 % / UFboot-BS = 92 % /
PP = 1) of the fusarioid genera (Fig. 7). The two remaining
clades (Cosmospora and Neonectria), however, received high
statistical support (RAXML-BS =99 % / UFboot-BS = 100 % /
PP =1 and RAXML-BS = 92 % / UFboot-BS = 95 % / PP = 1,
respectively). Similarly, the combined phylogeny resolved most
of the internal nodes with high to full bootstrap and Bayesian PP
support including the nodes F1, F2, and F3 sensu Geiser et al.
(2013, 2021) and O'Donnell et al. (2013, 2020). Nevertheless,
only F3 was resolved with confidence by all the individual marker
phylogenies (Supplementary Fig. S4). Node F2 was resolved
with high statistical support in the ITS, rpb1, and teff phylog-
enies, but unsupported in the LSU and rpb2 trees, while node F1
resolved without bootstrap and PP support in the ITS, rpb1, rpb2,
and tef1 phylogenies and was not recovered in the LSU tree.

To illustrate shared and differential morphological characters
among the different genera recognised here, a tree was con-
structed based on the phylogeny presented in Fig. 7, and the main
morphological features were plotted for each clade/genus (Fig. 8).
In addition to the genera recognised above, the recently
described aquatic fusarioid genus Varicosporella (Lechat &
Fournier 2015) is not included in the phylogenetic analyses due
to lack of available sequences; however, is accepted here based
on its distinct morphology. Non-molecular character variation
supports the phylogenetic relationship of fusarioid taxa in Nec-
triaceae. The 20 fusarioid genera in Nectriaceae are charac-
terised by phialidic asexual morphs with variously septate, falcate
conidia with diverse degrees of foot-shaped basal cell develop-
ment, formed on aerial or sporodochial conidiophores, with or
without additional production of microconidia. Characteristic
macroconidial foot-shaped basal cells are found most of the time,
but not always (e.g., Fusarium caeruleum) in clade F1, ie.,
Albonectria, Bisifusarium, Cyanonectria, Fusarium, Geejayessia,
Luteonectria, Neocosmospora, Nothofusarium, Rectifusarium,
and Setofusarium, but are also present in distantly related genera
such as Cosmosporella, Dialonectria, Macroconia, and Micro-
cera. Setofusarium is clearly recognisable by the formation of
thick-walled, slightly rugose setae on its sporodochia.

With the exception of Atractium, Bisifusarium, Nothofusarium,
and Pseudofusicolla, most fusarioid genera have sexual morphs,
usually seen as nectria-like or cosmospora-like perithecial
ascomata. The ascomata show various colour reactions or no
reaction in KOH; the colour reaction correlates with the phylo-
genetic distribution. Apart from Albonectria, with white to pale
yellow perithecia, Luteonectria, with white to buff coloured peri-
thecia and Fusarium, with dark blue-violet to black perithecia,
Fusicolla, with yellow-orange perithecia and Varicosporella, with
yellow perithecia, the rest of fusarioid genera all present orange
to red perithecial ascomata. Going beyond this prototypical
group, perithecia of Cyanonectria species are often unequally
red to dark blue, while those of Geejayessia can be bright red or
black. Anatomically, two types of perithecial walls can be
distinguished among the known fusarioid genera, based on wall
thickness: thin-walled perithecia, in which a single region can be
identified, and thick-walled perithecia, on which distinctive inner
and outer regions can be recognised (but see Schroers et al.
2011 for differing interpretations). The former is seen in Cos-
mosporella, Cyanonectria, Dialonectria, Fusicolla, Geejayessia,
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Luteonectria, Macroconia, Microcera, Scolecofusarium, and
Varicosporella; and the latter is found in Albonectria, Fusarium,
Neocosmospora, Rectifusarium, Setofusarium and Stylonectria.
With the exception of Rectifusarium and Stylonectria, the peri-
thecial surface of the thick-walled genera is typically warted;
nevertheless, those of Setofusarium often present additional
scaly protrusions, while smooth perithecia can be rarely found in
Neocosmospora (i.e., N. vasinfecta). Additionally, both Cyano-
nectria and Gegjayessia most commonly have smooth perithe-
cial walls. The remaining genera, that is Cosmosporella,
Dialonectria, Fusicolla, Luteonectria, Macroconia, Microcera,
Rectifusarium, Scolecofusarium, Stylonectria, and Varicospor-
ella, all form smooth-walled perithecia.

Significant variation also exists among fusarioid genera
regarding ascospore characteristics. Most genera consistently
form 1-septate ascospores. These are seen in Cosmosporella,
Cyanonectria, Dialonectria, Fusicolla, Geejayessia, Macroconia,
Microcera, Rectifusarium, Scolecofusarium, Setofusarium, Sty-
lonectria, and Varicosporella. Except for Cyanonectria, in which
the ascospores remain hyaline and smooth; Setofusarium, in
which the ascospores surface is finely striated, and Varicospor-
ella, in which the ascospore surface is ribbed, ascospores of the
above-mentioned genera are often pale yellow to pale brown and
smooth at first, becoming finely spinulose or tuberculate. The
genus Neocosmospora forms (0-)1-septate, yellow-brown as-
cospores, which are often markedly striate, or more rarely cere-
briform (i.e., N. vasinfecta) or spiny (i.e., N. spinulosa). Albonectria
and Luteonectria form characteristic 3-septate, pale yellow-brown,
faintly striate ascospores, while Fusarium produces 1-3-septate,
hyaline to pale yellow-brown and smooth ascospores.

Based on the morphological variation observed in these taxa,
an identification scheme is presented for fusarioid genera of the
Nectriaceae (Fig. 9).

Ex-type strain phylogeny: The analyses included partial rpb1,
rpb2 and tef1 sequences of only the ex-, epi- and neotype strains
as indicated in the nomenclator list of all the names that have been
introduced in Fusarium. The analyses used both ML inferences
and Bl of the individual genes and combined datasets, and they
resulted in phylogenies with congruent topologies. Therefore, the
RAXML topology is presented with RAXML-BS, UFboot2-BS, BI-
PP and gCF support values superimposed (Fig. 10).

The combined alignment comprised 325 strains from 309
species of 14 fusarioid genera including Atractium stilbaster
(CBS 410.67) as the outgroup. A total of 14 fusarioid genera
were resolved of which six (Cosmosporella, Microcera, Notho-
fusarium, Rectifusarium, Scolecofusarium, and Setofusarium)
were represented by single lineages, mostly due to a lack of
living isolates directly linked to type material available for other
species recognised within these genera at present. The genera
Fusarium (224 strains; 220 accepted species) and Neo-
cosmospora (83 strains; 71 accepted species) both represented
the largest sampling of living isolates directly linked to type
material available. The remaining five genera were represented
by two or more strains and include Bisifusarium (five species and

strains), Cyanonectria (two species and strains), Fusicolla (three
species and strains), Geejayessia (two species and strains), and
Luteonectria (two species and strains).

In order to describe novel species found for the genera
treated in this study, additional phylogenies were constructed for
the Fusarium fujikuroi species complex (FFSC), Fusicolla,
Macroconia, Neocosmospora, and Stylonectria.

Fusarium fujikuroi SC phylogeny: The analyses included
partial sequences of five genes (CaM, rpb1, rpb2, tef1 and tub2)
from 52 strains representing 46 species of the FFSC, and two
outgroup taxa (F. curvatum CBS 744.97 and F. inflexum CBS
716.74) (Fig. 11). The analysis of the combined dataset fully
supported five main clades corresponding to the African,
American and Asian clades sensu O'Donnell et al. (2000b), plus
the African B-clade (Sandoval-Denis et al. 2018b, Yilmaz et al.
2021) and a fifth, monotypic clade, which formed the sister
clade to the joint American and African B clades and which is
here termed African C. The latter clade included two strains
showing a clear genealogical and morphological separation from
their closest phylogenetic relatives; both came from an unknown
tree species in South Africa. This clade is here described as the
novel species F. echinatum. Another fully supported novel
monophyletic group was found within the main African clade,
related to but distinct from F  brevicatenulatum and
F. pseudonygamai. This novel group, represented by isolates of
South African origin isolated from Prunus spinosa and from the
South African indigenous species Aloidendron dichotomum, is
here recognised as the novel species F. prieskaense.

Fusicolla phylogeny: The alignment consisted of partial acl?,
ITS, LSU, rpb2, tefl, and tub2 sequences from 20 type or
reference strains, representing 17 species of Fusicolla (Fu.) plus
one outgroup taxon (Macroconia leptosphaeriae CBS 100001).
The analysis confidently resolved 11 ingroup taxa (Fig. 12),
including three novel monotypic lineages, represented by strains
URM 8367, CBS 110189, and CBS 110191, described here as
the new species Fu. quarantenae, Fu. meniscoidea and Fu.
sporellula. Due to a partial lack of sequence data, six species
could not be clearly resolved. Fusicolla cassiae-fistulae and Fu.
siamensis did not receive statistical support in the combined
analysis but are well-resolved using nrDNA sequence data (data
not shown). Fusicolla acetilerea and Fu. bharatavarshae, while
well-delimited in the individual ITS, LSU and rpb2 analyses (data
not shown), were ill-supported in the 6-marker combined anal-
ysis. Similarly, Fu. epistroma and Fu. ossicola were not differ-
entiated in either the multimarker analysis, or in the individual
rpb2 analysis. The lack of sequences available to allow com-
parison with Fu. epistroma, for which only LSU and rpb2 se-
quences are available, prevented further analysis, as did a
similar problem with Fu. bharatavarshae, for which only nrDNA
and rpb2 are available.

Macroconia phylogeny: The analysis consisted of partial acl?,
CaM, ITS, LSU, rpb1, rpb2, and tub2 sequences from 12 strains
representing seven lineages of Macroconia (Ma.) plus one out-
group taxon (Microcera rubra CBS 638.76) (Fig. 13). Four out of

Fig. 7. Maximum-Likelihood (IQ-TREE-ML) consensus tree inferred from the combined ITS, LSU, rpb1, rpb2 and teff multiple sequence alignment of members of Nectriaceae.
Numbers at the branches indicate support values (RAXML-BS / UFboot2-BS / BI-PP / gCF) above 70 % / 0.95 with thickened branches indicating full support (RAXML-BS /
UFboot2-BS / gCF = 100 %; BI-PP = 1). The scale bar indicates expected changes per site. The tree is rooted to Nectria cinnabarina (CBS 125165). Arrows “F1”, “F2” and “F3”
indicate the three alternative Fusarium hypotheses sensu Geiser et al. (2013). Ex-epitype, ex-isotype, ex-neotype and ex-type strains are indicated with ET, IT, NT, and T,

respectively.
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Fig. 8. Morphological features and phylogenetic affinities of fusarioid genera of Nectriaceae and close relatives. The tree was delineated based on the phylogeny presented in
Fig. 7 and does not indicate phylogenetic distances. Fully supported branches are indicated in bold. The genus Fusarium is indicated in blue. Arrows “F1”, “F2” and “F3”
indicate the three alternative Fusarium hypotheses sensu Geiser et al. (2013). Fusarium. A, B. Ascomata. C—E. Ascospores. F, G. Conidiogenous cells. H-J. Macroconidia.
(B. Adapted from Schroers et al. 2011). Cyanonectria. A, B. Ascomata. C—E. Ascospores. F. Conidiogenous cells. G. Macroconidia. Neocosmospora. A, B. Ascomata. C—E.
Ascospores. F, G. Conidiogenous cells. H, I. Macroconidia. [A. Adapted from Sandoval-Denis & Crous (2018). G. Adapted from Sandoval-Denis et al. (2019)]. Albonectria. A,
B. Ascomata. C—E. Ascospores. F, G. Conidiophores and conidiogenous cells. H. Macroconidia. Setofusarium. A, B. Ascomata. C—E. Ascospores. F—H. Setae formed on
sporodochia. |. Conidiophore. J. Conidia. Geejayessia. A, B. Ascomata. C—E. Ascospores. F, G. Conidiophores and conidiogenous cells. H, I. Macroconidia. [A. Adapted from
Schroers et al. (2011)]. Nothofusarium. A-D. Conidiophores and conidiogenous cells. E. Conidia. Luteonectria. A, B. Ascomata. C-D. Ascospores. F, G. Conidiophores and
conidiogenous cells. H. Conidia. Rectifusarium. A-D. Conidiophores and conidiogenous cells. E, F. Conidia. Bisifusarium. A-D. Conidiophores and conidiogenous cells.
E, F. Conidia. Mariannaea. A, B. Conidiophores. C, D. Conidiogenous cells. E. Conidia. Tumenectria. A, B. Ascomata. C. Ascospores. D, E. Conidiophores and conidiogenous
cells. F. Conidia. [A-C. Adapted from Salgado-Salazar et al. (2016)]. Rugonectria. A, B. Ascomata. C—E. Ascospores. F, G. Conidiophores and conidiogenous cells.
H. Conidia. Thelonectria. A, B. Ascomata. C, D. Ascospores. E, F. Conidiophores and conidiogenous cells. G. Conidia. Corinectria. A, B. Ascomata. C—E. Ascospores.
F, G. Conidiophores and conidiogenous cells. H. Conidia. (H. Picture by C. Gonzélez). Neonectria. A, B. Ascomata. C, D. Ascospores. E, F. Conidiophores and conidiogenous
cells. G, H. Conidia. [A. Adapted from Chaverri et al. (2011)]. llyonectria. A, B. Ascomata. C, D. Ascospores. E, F. Conidiophores and conidiogenous cells. G, H. Conidia.
Atractium. A, B. Conidiophores. C, D. Conidiogenous cells. E, F. Conidia. Fusicolla. A, B. Ascomata. C. Ascospores. D, E. Conidiogenous cells. F, G. Conidia. (A-C. Pictures
by C. Lechat). Scolecofusarium. A. Ascomata. B, C. Ascospores. D, E. Conidiophores and conidiogenous cells. F. Conidia. Microcera. A. Ascomata. B. Ascospores.
C, D. Conidiogenous cells. E, F. Conidia. (A, B. Pictures by N. Aplin, Fungi of Great Britain and Ireland). Macroconia. A, B. Ascomata. C-E. Ascospores. F, G. Conidiophores
and conidiogenous cells. H, I. Conidia. (B. Picture by P. Micoch). Pseudofusicolla. A, B. Conidiophores and conidiogenous cells. C, D. Conidia. [A—D. Adapted from Triest et al.
(2016)]. Cosmospora. A, B. Ascomata. C, D. Ascospores. E, F. Conidiophores and conidiogenous cells. G. Conidia. Dialonectria. A, B. Ascomata. C—E. Ascospores.
F, G. Conidiophores and conidiogenous cells. H. Conidia. (A. Picture by P. Micoch). Cosmosporella. A, B. Ascomata. C—E. Ascospores. F, G. Conidiophores and con-
idiogenous cells. H, I. Conidia. (A-E. Pictures by P. Micoch). Stylonectria. A, B. Ascomata. C—E. Ascospores. F-I. Conidiophores and conidiogenous cells. J. Conidia.
(A-C, E. Pictures by B. Wergen).

the five Macroconia spp. previously known from culture, Ma.
gigas, Ma. leptosphaeriae, Ma. papilionacearum, and Ma.
sphaeriae, resolved as highly to fully-supported lineages. The
poorly resolved position of the ex-type isolate of Ma. cupularis
(HMAS 173240) should be interpreted in light of the fact that only
nrDNA sequences were available for analysis. However, sepa-
rate ITS and LSU comparisons demonstrated it as distinct (data
not shown). Two distinct and highly supported novel lineages of
South African origin were determined and are described here as
the novel species, Ma. bulbipes and Ma. phlogioides.
Neocosmospora phylogeny: The alignment consisted of
partial acl/1, CaM, ITS, LSU, rpb1, rpb2, and tef! sequences of
107 ex-type and reference strains, including two outgroup taxa
(Geejayessia atrofusca NRRL 22316 and G. cicatricum CBS
125552). The analysis resolved 76 terminal clades, of which 71
correspond to known species of Neocosmospora (Fig. 14).
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Seventy of these clades resolved with high support from two or
more independent algorithms (RAxML, IQ-TREE-ML, and BI).
The position of the ex-type of N. crassa (CBS 144386) is poorly
resolved and only partially supported by BI. Similarly, except for
the types of N. ambrosia (CBS 571.94), N. obliquiseptata (NRRL
62611), N. rekana (CMW 52862), and the reference strain of
N. pseudensiformis (CBS 130.78), the position of most members
of the well-delimited Ambrosia-clade of Neocosmospora were
only partially supported by the individual analyses (only Bl in
N. kuroshio, N. oligoseptata, and N. tuaranensis, and only 1Q-
TREE-ML-BS for N. euwallaceae and N. floridana). All these
lineages were represented by single isolates in these analyses.
Of the five unnamed phylogenetic clades, one corresponded to a
species previously known from phylogenetic analyses (FSSC 41,
Cardoso 2015), for which a Latin binomial is lacking; this species
is here formally described as N. merkxiana. The four additional
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novel lineages discovered here are proposed as the novel
species N. neerlandica, N. nelsonii, N. pseudopisi, and
N. epipeda.

Stylonectria phylogeny: The alignment consisted of partial
acl1, ITS and rpb2 sequences of 11 strains, including the out-
group (Nectria cinnabarina CBS 125165). The analyses (Fig. 15)
identified eight species-level clades, of which six represented
previously known species of the genus: St. applanata, St. carpini,
St. norvegica, St. purtonii, St. qilianshanensis, and St. wege-
liniana. One strain, CBS 125491, isolated from an unknown
ascomycetous host, corresponded to a previously known un-
named and fully supported monophyletic lineage, which is
formally described here as St. comiculata. In addition, a fully
supported clade formed by two strains, CBS 147305 from Dia-
porthe sp. and CBS 147306 from Dothiorella sarmentorum, is
here recognised as the novel species St. hetmanica.

Taxonomy

Albonectria Rossman & Samuels, Stud. Mycol. 42; 105. 1999.
Figs 8, 16.

Type species: Albonectria rigidiuscula (Berk. & Broome) Ross-
man & Samuels, Stud. Mycol. 42: 105. 1999.
(See F. colorans in List section for synonyms)

Ascomata perithecial, solitary or gregarious, superficial on a
sparse to well-developed, pseudoparenchymatous stroma,
globose to subglobose to ellipsoidal or ovoid to obovoid, not
collapsing or laterally pinched when dry, off-white to pale yellow to
pale ochraceous, not changing in KOH, strongly tuberculate and
thick-walled, with or without a small, pointed papilla, lacking hairs
or appendages. Ascomatal wall of three regions: outer region of
thick-walled, textura angularis to textura globulosa; middle region
of elongate thick-walled cells; inner region with thin-walled, hy-
aline elongated cells. Asci narrowly to broadly clavate or ellip-
soidal, 4—8-spored, ascospores obliquely uniseriate or biseriate.
Ascospores ellipsoidal to long-ellipsoidal or fusoid to long-fusoid,
3- to multiseptate, hyaline to yellow-brown, smooth to striate, not
to slightly constricted at the septum. Conidiophores mono-
nematous (aerial conidiophores) or grouped on sporodochia;
aerial conidiophores unbranched or irregularly branched, bearing
terminal or lateral phialides, often reduced to single phialides;
conidiogenouhs cells monophialidic, cylindrical to subcylindrical,
smooth- and thin-walled, with periclinal thickening inconspicuous
or absent, producing arial micro- and macroconidia. Microconidia
hyaline, thin-walled, 0- or 1-septate, ovoid to obovoid, with or
without a flattened basal papilla, borne in dry chains or small
slimy heads. Macroconidia falcate, multiseptate, thick-walled,
with a blunt to hooked apical cell and well-developed foot-shaped
basal cell or distinctly beaked at both ends. Sporodochia cream to
yellow; sporodochial conidiophores verticillately branched and
densely packed, consisting of short, smooth- and thin-walled
stipes bearing apical whorls of 2—4 monopbhialides; sporodochial
conidiogenous cells monophialidic, cylindrical to subulate,
smooth- and thin-walled, with reduced or flared collarette.
Sporodochial macroconidia formed in off-white or creamy slimy
masses, falcate, 5-9-septate, thick-walled, gently curved to
straight, with a blunt to hooked apical cell and distinct well-
developed foot-shaped basal cell. Chlamydospores absent.
[Description adapted from Rossman et al. (1999), Booth (1971)
and Lombard et al. (2015)].
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Diagnostic features: Off-white to pale yellow to pale ochraceous
perithecia producing narrowly or broadly clavate to ellipsoidal
asci containing (long) ellipsoidal to fusoid, 3- to multiseptate
ascospores; fusarioid asexual morph characterised by mono-
phialides producing distinctly long, robust, slightly curved to
straight multiseptate macroconidia and dry chains or small slimy
heads of ovoid microconidia. Chlamydospores absent.

Atractium Link, Mag. Ges. Naturf. Freunde Berlin 3: 10. 1809
(Fries, Syst. Mycol. 1: XLI. 1821, nom. sanct.). Figs 8, 17.

Type species: Atractium stilbaster Link, Mag. Ges. Naturf.
Freunde Berlin 3: 10. 1809.

Ascomata unknown. Conidiophores aggregated into sporodochia
or synnemata, non-stromatic; synnemata determinate, pale
brown, composed of a stipe of parallel hyphae and a divergent
capitulum of conidiophores giving rise to a slimy conidial mass;
conidiophore branching once or twice monochasial, 2-level
verticillate, monoverticillate or irregularly biverticillate. Con-
idiogenous cells monophialidic, hyaline, subulate with conspic-
uous periclinal thickening, producing micro- and macroconidia.
Microconidia hyaline, thin-walled, 0- or 1-septate, ellipsoidal,
allantoid, broadly lunate to reniform, straight or slightly curved,
tapering towards both apices with rounded base. Macroconidia
3-5-septate, falcate, gently curved, with a rounded to blunt
apical cell, and obtuse, non foot-shaped basal cell, forming
yellow to orange masses.

[Description adapted from Grafenhan et al. (2011)].

Diagnostic features: Synnematous asexual morph characterised
by fusarioidal macroconidia lacking foot-shaped basal cells.

Bisifusarium L. Lombard et al., Stud. Mycol. 80: 223. 2015. Figs
8, 18.

Type species: Bisifusarium dimerum (Penz.) L. Lombard &
Crous, Stud. Mycol. 80: 225. 2015.
(See F. dimerum in List section for synonyms)

Ascomata unknown. Conidiophores mononematous (aerial co-
nidiophores) or grouped on sporodochia; aerial conidiophores
simple, unbranched or irregularly branched, mostly reduced to
terminal or single lateral conidiogenous cells. Conidiogenous
cells often formed as (i) lateral phialidic pegs arising from su-
perficial or submerged intercalary hyphal cells or, (i) cylindrical
and slightly tapering towards apex or ampulliform, smooth- and
thin-walled monophialides, rarely polyphialides, with inconspic-
uous or absent periclinal thickening, solitary or aggregated to
represent a poorly develope