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Abstract

The family Nectriaceae (Hypocreales, Sordariomycetes) includes saprobes, endophytes and numerous important pathogens,
several of which are of high commercial interest. Presently there are numerous genera scattered throughout the Nectriaceae
that have a fusarioid asexual morph (i.e., genera with fusarium-like macroconidia). Fusarioid fungi encompass diverse
lifestyles, including plant, human, and animal pathogens or associates, saprobes, lichenicolous species, endophytes, and
mycophilic taxa. The fusarioid genera in Nectriaceae do not only differ in their sexual morphs, but also in their asexual
morphology and biology, although their ecology has remained rather unclear. While genome data are available for numer-
ous species, this has been mostly focused on Fusarium sensu stricto, as the genus encompasses most of the economically
important species in this generic complex. To compliment this, we expanded the sampling, and generated whole genome
sequences for 40 isolates representing the genera Atractium, Bisifusarium, Cinnamomeonectria, Corinectria, Cosmospora,
Cyanonectria, Cylindrodendrum, Dialonectria, Fusarium, Fusicolla, Geejayessia, Ilyonectria, Macroconia, Macronectria,
Microcera, Neocosmospora, Neonectria, Pseudofusicolla, Rectifusarium, Rugonectria, Scolecofusarium, Thelonectria, and
Tumenectria. Phylogenomic ancestral reconstructions showed that plant pathogenicity is most likely ancestral to Fusarium
and cylindrocarpioid genera, and revealed multiple and frequent lifestyle transitions. Although many species are prolific
generalists, several genera appear to be more specialised, being primarily plant pathogens, mycophilic, or insect associated,
while endophytism or plant pathogenicity evolved several times, and more recently in Fusarium. The broadly sampled Nectri-
aceae genomes supported morphological differences between most genera of Nectriaceae, mirrored by genome sizes, lactic
enzymes, biosynthetic gene clusters, and small secreted proteins. Furthermore, it also supported a narrow circumscription
of Fusarium in Nectriaceae that equals its morphology (Gibberella sexual morphs), and biology.

Keywords Biosynthetic gene clusters - CAZymes - Comparative genomics - Endophytes - Fusarium - Lifestyle evolution -
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Introduction

The abolishment of dual nomenclature in The International
Code of Nomenclature for algae, fungi and plants (ICN;
McNeill et al. 2012), determined that each morph competed
equally for priority. Geiser et al. (2013, 2021), Rossman
et al. (2013) and Crous et al. (2021) were in full agreement
that Fusarium equals Gibberella. Rossman et al. (2013)
therefore proposed that the sexual morph, Gibberella
(1877), be discontinued in its use in favour for its asexual
morph, Fusarium (1809). The fusarioid morphology (fal-
cate, multiseptate, hyaline conidia with basal foot cells),
however, has evolved in several genera throughout the Sor-
dariomycetes, and prominently in Nectriaceae, where these
asexual morphs are linked to a range of different nectrioid
sexual morphs (Rossman et al. 1999; Samuels et al. 2009;
Grifenhan et al. 2011; Schroers et al. 2011; Lombard et al.
2015; Sandoval-Denis et al. 2019). This phenomenon of
convergent evolution is similar to that observed in other
families in Sordariomycetes, such as Bionectriaceae (Hou
et al. 2023), Ceratocystidaceae (de Beer et al. 2014), Cry-
phonectriaceae (Jiang et al. 2020), Microascaceae (Sand-
oval-Denis et al. 2016), Ophiostomataceae (de Beer et al.
2022), Plectosphaerellaceae (Giraldo and Crous 2019),
Pyriculariaceae (Klaubauf et al. 2014), and Stachybotri-
aceae (Lombard et al. 2016), to name but a few.

A revision of Fusarium by Crous et al. (2021) accepted
20 segregate fusarioid genera with clear-cut synapomor-
phic traits, with an additional genus, Longinectria, intro-
duced by Savary et al. (2021) to accommodate taxa isolated
from Swiss and Italian cheese. These morphologically dis-
tinct genera have been phylogenetically separated based
on multi-gene studies that used three (Crous et al. 2021),
10 (Lombard et al. 2015), 19 (Geiser et al. 2021), or 1001
genes (Han et al. 2023). In general, studies on fusarioid
fungi suffered from incomplete datasets with missing loci
and/or (ex-)type cultures, or unbalanced sampling, primar-
ily focusing on the genus Fusarium s. str., which currently
contains more than 341 validly described and accepted spe-
cies (https://www.fusarium.org/; accessed 14 May 2024).
Fusarium s. str. (type species F. sambucinum) is a genus of
primarily soil-borne fungi, many of which have a biologi-
cal association with grasses and herbs. The vast majority
of Fusarium s. str. species produce fumonisins, gibberel-
lins, or trichothecene mycotoxins as a chemical synapo-
morphy, and have Gibberella (type species G. pulicaris)
sexual morphs, characterised by subhyaline, ellipsoidal to
fusoid, 1-3-septate, smooth-walled ascospores, and purple
to black perithecia (Crous et al. 2021). Fusarium is the
fourth highest cited fungal genus (Bhunjun et al. 2024), and
ranks among the top 10 fungal plant pathogens (Dean et al.
2012), causing devastating diseases such as Panama dis-
ease of banana (Maryani et al. 2019a, b). However, many
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fusarioid genera and species are not reported as pathogens
(of plants, animals or humans), but exhibit other fungal
lifestyles, being saprotrophic, endophytic, insect symbi-
onts, or associated with other fungi (mycophilic) (Leslie
& Summerell 2006; Crous et al. 2021).

In trying to categorise lifestyles of Fusarium and allied
fusarioid taxa, Hill et al. (2022) performed whole genome
sequencing, assembly, and annotation of five novel endo-
phytic Fusarium strains. These data were added to genomes
of other publicly available fusarioid strains, Albonectria
(two isolates), Geejayessia (one), and Neocosmospora
(eight), to determine how lifestyles evolved across the phy-
logeny. These results revealed multiple and frequent lifestyle
transitions in Fusarium, with a major exception being Neo-
cosmospora which exhibited an insect mutualist lifestyle.
Although the ambrosia clade of Neocosmospora is strictly
associated with beetles in the genus Euwallacea, other mem-
bers of the genus are plant pathogenic, soilborne, or endo-
phytic, but were not included in the analyses of Hill et al.
(2022). In addition, several genera were missing that are
needed to infer genomic signatures of adaptation to various
lifestyles in Nectriaceae. For the present study, therefore,
we expanded the sampling, and generated whole genome
sequences for 40 isolates representing the genera Afractium
(two isolates), Bisifusarium (two), Cinnamomeonectria
(one), Corinectria (one), Cosmospora (three), Cyanonec-
tria (two), Cylindrodendrum (three), Dialonectria (one),
Fusarium (one), Fusicolla (one), Geejayessia (one), Ily-
onectria (two), Macroconia (two), Macronectria (two),
Microcera (two), Neocosmospora (one), Neonectria (one),
Pseudofusicolla (one), Rectifusarium (two), Rugonectria
(two), Scolecofusarium (two), Thelonectria (three), and
Tumenectria (two). These taxa were supplemented with 236
publicly available genomes (Supplementary Table S2). We
produced a genome-scale phylogeny of Fusarium and allied
fusarioid genera to address the following questions: 1) What
is the ancestral lifestyle of fusarioid fungi? 2) Do genomic
properties of closely related genera reflect their lifestyles?
3) Is there a genomic differentiation between lineages of the
Nectriaceae that underpin genus boundaries?

Materials and methods
Genome sequencing and assembly

Forty isolates representing 23 fusarioid genera (Supplemen-
tary Table S1) were selected for whole genome sequencing
based on the taxonomic identifications determined in Crous
et al. (2021) from the culture collection of the Westerdijk
Fungal Biodiversity Institute (CBS), Utrecht, the Netherlands.
Genomic DNA was isolated from actively growing cultures
using a modified CTAB-based protocol (Damm et al. 2008).
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Pair-end reads (PE-150) provided by BGI (Hongkong, PRC)
were trimmed with Trimmomatic v. 0.39 (Bolger et al. 2014)
with the following settings: remove leading and trailing low
quality (<3) or N bases; cutting when the average quality per
base drops below 15 in a 4-base sliding window; [llumina
adaptor removal; removing reads shorter than 70 bp. Trimmed
reads were used to assemble genomes with velvet v. 1.2.10
(Zerbino and Birney 2008) using three hash/k-mer values:
65, 85 and 93. Metrics of each assembly was checked with
the stats.sh script from the BBTools package (Bushnell 2021)
and the genome quality was measured with BUSCO v. 4.1.2
against the fungi_odb10 dataset (Manni et al. 2021). In terms
of sequence statistics e.g. assembly size, number of scaffolds,
N50 and BUSCO results (97.6-99.3%) (for details, see Supple-
mentary Table S1), K=93 performed the best for all genomes.

BUSCO assisted phylogeny

The phylogenetic analysis was conducted using the 40 new
assemblies and 236 Nectriaceae genomes downloaded (in
October 2021) from GenBank (235) and JGI (1) and Sarocla-
dium implicatum was chosen as outgroup. The quality of the
acquired 236 references was measured also by BUSCO and the
fungi_odbl10 dataset. All (276) genomes met the established
threshold of >95% out of 758 genes assessed by BUSCO (for
details, see Supplementary Table S2). A subset of 263 non-frag-
mented genes was present in all of the analysed references and
used for the phylogenetic analysis. For each genome, the protein
sequences were extracted by a custom bash script. Sequence
alignments were done separately for each gene with mafft v.
7.490 (Katoh and Standley 2013) in auto mode, followed by
trimming done with trimAl v. 1.4.rev15 (Capella-Gutiérrez
et al. 2009) using the automated] option in the first round and
by removing columns in an alignment with gaps > 5%, in the
second round. The final alignment merging was done with the
python script superalignment.py (Waterhouse et al. 2018).

The main phylogenetic tree was generated with RAXML
v. 8.2.12 (Stamatakis 2014) using the PROTGAMMAIJTT
model and 1 000 alternative runs to infer the tree with the
best likelihood score and 1000 bootstrap replicates. Sin-
gle gene-based phylogenies were inferred from individual
trimmed alignments using RAxXML (PROTGAMMA-
JTT + 100 bootstrap), the generated bestTrees were exam-
ined and used as pseudo-bootstrap runs to show the number
of genes supporting each node. Visualisation of the trees was
done with FigTree v. 1.4.4 (https://github.com/rambaut/figtr
ee) and InkScape v. 1.2 (https://inkscape.org/).

Genome annotations

All genomes were annotated by using MAKER v. 3.01.03 (Can-
tarel et al. 2008) by inferring predictions from protein homology

of 81 453 Fusarium oxysporum (FUSOX) amino acid sequences
downloaded (in October 2021) from the UniProt/SwissProt data-
base (https://www.uniprot.org/). Metabolite biosynthetic gene
clusters were investigated with the fungal antiSMASH online
tool (https://fungismash.secondarymetabolites.org, in the version
available on the server in December 2023) (Blin et al. 2021)
using relaxed detection strictness and all available extra fea-
tures. The carbohydrate-active enzyme (CAZymes) annotation
was done with standalone tool run_dbcan v. 3.0.5 (Zhang et al.
2018) and default settings. Signal proteins (SP) including small
secreted proteins (SSP; <300 aa) were searched with SignalP6
v. 6.0 g (Teufel et al. 2022) with default settings. Outputs for all
programs were processed with custom bash scripts; visualisation
of the results was done with InkScape. Detailed results for all
annotation features of the genomes can be found in Supplemen-
tary Table S2. All genomes were submitted to GenBank (see
Supplementary Tables S1 and S2 for details).

Reconstruction of ancestral ecological character
states

Known lifestyles of each species were codified in nine
categories according to published data (Supplementary
Fig. S1) and Farr et al. (2021). These categories included:
animal associate (reported from an animal host without clear
indication of pathogenicity), animal pathogen, endophyte,
human pathogen, insect symbiont, mycophilic, plant associ-
ate (reported from a plant host without clear indication of
pathogenicity), plant pathogen, and saprotroph. Ancestral
state reconstructions were carried out using an unordered
parsimony model for multistate ecological characters, and
a maximum-likelihood reconstruction with Mk1 (Markov
k-state 1 parameter) model using the Parsimony and Stoch-
char packages, respectively, as provided in Mesquite v. 3.81
(Maddison and Maddison 2023). Analyses were carried out
separately for the main (primary) reported lifestyles and with
up to eight combinations/analyses according to the variability
of reported secondary lifestyles. Branch lengths for likeli-
hood analyses were estimated from the 263-gene phylogeny
as indicated above.

Results
Phylogeny

The phylogenomic tree (based on 263 non-fragmented genes)
was similar in topology (i.e. no conflicting topology receiv-
ing strong support was found) with the multigene phylogeny
obtained by Crous et al. (2021), and separated Fusarium s. str.
from other genera of Nectriaceae (Fig. 1). The F3 node, rep-
resenting Fusarium as defined in a narrower sense as applied
by Crous et al. (2021), received 100% bootstrap support and
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support from 226/263 of the single gene phylogenies while
the two alternative nodes representing Fusarium in a broader
sense, although also with 100% bootstrap support each,
received less support on the total number of individual genes
(F2: 176/263 and F1: 145/263). The overall topology agrees
with previous studies — see discussion on the phylogenetic
backbone below.

Seventeen of the 20 currently accepted species com-
plexes in Fusarium s.str. are presented in the phyloge-
netic tree; only the more recently introduced Fusarium
citricola species complex (FCCSC; Sandoval-Denis et al.
2018), Fusarium steppicola species complex (FSTEPSC;
Akhmetova et al. 2023) and Fusarium yunnanense spe-
cies complex (FYSC; Liu et al. 2023) are not represented.
All species complexes were fully supported in terms
of bootstrap support values, with the exception of the
Fusarium nisikadoi | Fusarium newnesense species com-
plexes where Fusarium newnesense was nested within the
Fusarium nisikadoi species complex as currently defined.
If Fusarium commune is considered as an additional lin-
eage separate from the Fusarium nisikadoi | Fusarium
newnesense species complexes, then the more restricted
Fusarium nisikadoi species complex (FNSC) would be
fully supported. Fusarium commune also forms a sister
lineage to the other species in the FNSC in the phylog-
eny of Han et al. (2023; Figs. 10, 14), with Fusarium
newnesense being the most early-diverging lineage to this
treatment of the FNSC.

Genome properties throughout Nectriaceae

The assembled genome size of the strains sequenced
ranged from about 26 Mb in Coccinonectria pachysandri-
cola to about 70 Mb in Calonectria ilicicola, while mono-
phyletic subgroups mostly had consistent genome sizes.
For example, the clade consisting of Dactylonectria,
Cylindrodendrum, and Ilyonectria had the larger genome
sizes, ranging from 48 to 65 Mb, while its sister clade,
Neonectria, had, with one exception, genome sizes below
47 Mb. Similarly, Calonectria has the biggest genomes
among Nectriaceae, ranging from 58 to 70 Mb, while
its sister clade, consisting of Macronectria, Rugonectria,
and Tumenectria had maximum genome sizes of 47 Mb.
Fusarium genomes ranged from 34 Mb in Fusarium sp.
NRRL 22566 to 60 Mb in Fusarium langsethiae, while
only 13 of 162 Fusarium genomes included were larger
than 50 Mb. Overall, genome size variation was in line
with delineation of several genera in Nectriaceae.

Biosynthetic gene clusters

In terms of biosynthetic gene clusters, significant variation
was observed across Nectriaceae. The genus Rectifusarium

had the lowest number of biosynthetic gene clusters, while
both Calonectria and the cluster consisting of Albonectria
and Setofusarium were comparatively rich in such clus-
ters. However, it is noteworthy that also within Fusarium,
which was mostly of intermediate richness in terms of
biosynthetic gene clusters, some species had significantly
less of these clusters, e.g. Fusarium xyrophilum, which
causes pseudoflowers in Xyris surinamensis, a member
of the Poales (Laraba et al. 2020). Interestingly, also the
domesticated species Bisifusarium domesticum in the
genus Bisifusarium that diverges next in the phylogenetic
reconstructions had very low numbers of biosynthetic gene
clusters.

CAZymes

The number of carbohydrate active enzymes is expect-
edly low in the saprotrophic genus Rectifusarium, which
is basal to the chiefly saprotrophytic genus Bisifusarium,
and remains similar in the plant-associated genera diverging
next. However, in both the following Fusarium/Cyanonec-
tria clade and the Serofusarium/Albonectria/Neocosmospora
clade, which both mark transitions to a plant pathogenic/
symbiotic lifestyle, the number of CAZymes markedly
increases. Interestingly, the rise in CAZyme numbers can
also be observed in the lineage containing Calonectria,
Neonectria, and other plant-pathogenic genera, while in the
earlier-diverging cylindrocarpioid plant-pathogenic genera
Coccinonectria and Pseudonectria, the amount of CAZymes
is rather low.

Secretome

The secretome of Nectriaceae varies greatly, mostly accord-
ing to lifestyle. It is smallest in the early-diverging lineages
and the saprotrophic genus Rectifusarium, with less than
400 total secreted proteins and only about 60 small secreted
proteins (SSPs). In contrast, it is greatest in Fusarium, where
less than 10% of the species code for fewer than 800 secreted
proteins and all except for the pseudo-flower-inducing F.
xyprophilum code for more than 700 SSPs. Also, SSP num-
bers are high in Fusarium, with about 95% of the coding
for more than 150 SSPs (up to more than 240), while the
genomes of the sister genus of Fusarium, Cyanonectria code
for a maximum of 134 SSPs and also has a lower amount of
secreted proteins as compared to Fusarium, rendering the
genera distinct in terms of their secretomes. Similarly, the
secretome of the plant-associated genus Atractium, which is
the earliest-diverging lineage in the Calonectria/llyonectria
clade, is smaller than 400 secreted proteins and 100 SSPs,
while the plant-pathogenic species in the cluster all have a
secretome with more than 400 proteins and mostly code for
more than 100 SSPs.

@ Springer
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Distinctive features of the genera of Nectriaceae

Most of the genera of Nectriaceae included in this study
showed a distinctive combination of genomic features that
distinguished them from sister genera. However, there were
some monophyletic clades that shared genomic features,
despite a somewhat deviating morphology.

The genus Fusarium is characterised by a relatively low
number of biosynthetic gene clusters, which is contrasted by
its rather large secretome, with an abundance of CAZymes
and small secreted proteins. Its sister genus, Cyanonectria,
also had a rather low number of biosynthetic gene clus-
ters. It had both a smaller secretome and lower numbers of
CAZymes and small secreted proteins, in line with those
Fusarium species that evolved a hemibiotrophic to endo-
phytic lifestyle, while Cyanonectria is a plant associate,
invading moribund plant tissue and mostly living on dead
plant material.

The Cyanonectria and Fusarium clade clustered sister to
the clade consisting of Albonectria, Neocosmospora, and
Setofusarium. Notable synapogenomic traits are that the
genomes in this clade are larger than in its sister clade and
that all species have a relatively high amount of polyke-
tide synthases (PKS) while at the same time having a low
amount of hybrid PKS / non-ribosomal protein synthases
(NRPS). The genus Albonectria (characterised by its white
ascomata) and its sister genus Sefofusarium (characterised
by setose sporodochia) both had a relatively high amount
of biosynthetic gene clusters as compared to their sister
clade, Neocosmospora. It is notable that Albonectria and
Setofusarium had a similar number of CAZymes and small
secreted proteins as their hemibiotrophic sister group, Neo-
cosmospora, suggesting that the traditional characterisation
as plant associates might need re-examination.

The genera Geejayessia and Nothofusarium were sister
to all previously mentioned genera and were characterised
by rather small genome sizes (all smaller than 35 Mb) and
low numbers of biosynthetic gene clusters, CAZymes, and
small secreted proteins, in line with being opportunistic
plant pathogens. There were no genomic features to separate
the genera Geejayessia and Nothofusarium.

The genus Luteonectria, which together with all before-
mentioned genera forms the clade subtending the node F2,
is characterised by a rather large genome with more than
50 Mb and a high number of CAZymes, while at the same
time coding for a low number of biosynthetic gene clus-
ters. At the same time, it has a larger secretome, similar to
Neocosmospora, suggesting that it might be an (opportun-
istic) plant pathogen, despite its characterisation as a plant
associate.

Bisfusarium, characterised by small, (1-)2(-3)-septate
macroconidia, is sister to all beforementioned groups. In its

@ Springer

genetic makeup it is similar to Geejayessia, and has a sub-
stantial amount of small secreted proteins. This suggests that
the genus might have a so far hidden pathogenic lifestyle.

In contrast, the genus Rectifusarium, branching below
the previous groups, has only a very low number of small-
secreted proteins, in line with its saprotrophic nature. In
addition, the two members of the genus have a low number
of genes coding for CAZymes and biosynthetic gene clus-
ters, suggesting that they might be substrate specialists.

Collectively, the aforementioned genera form a clade
representing the node F1, and are sister to a second larger
basal clade containing genera that are equally diverse in their
genetic repertoire. Also in the basal group, the different gen-
era are mostly well-delimitated in terms of their genomic
toolkit. For example, the genus Calonectria features the larg-
est genomes of the Nectriaceae with very high numbers of
biosynthetic gene clusters, in line with its plant pathogenic
nature, while the plant associate Atractium contains only
very low numbers of biosynthetic gene clusters, CAZymes,
and small secreted proteins.

In the basal group, there are some generic boundaries
that are not supported by genomic features. Examples of
these are the separation of Corinectria and Neonectria
(chiefly separated on perithecial wall anatomy; Gonzalez
and Chaverri 2017), as well as the separation of Ilyonectria,
Cylindrodendrum, and Dactylonectria (separated on perithe-
cial morphology, asexual morphs and culture characteristics;
Lombard et al. 2014). In both cases, the genomic features
are not differentiated within the clades, while there are pro-
nounced differences in the sister clades.

Reconstruction of ancestral lifestyles

A lifestyle dataset was compiled including all ecological
niches known for each species included in this study; the data
sources for lifestyles and hosts for terminal taxa are listed
in Table 1 and in the References section. Since most taxa
were found to lack a unique lifestyle, conversely reported with
multiple lifestyles related to host or substrate associations,
ancestral lifestyles were reconstructed using Maximum Likeli-
hood (ML) and Parsimony methods in different combinations,
including all published lifestyles. Ancestral lifestyle recon-
structions inferred by both methods from the most commonly
reported lifestyle (main lifestyle) are shown in Fig. 2, while
results based on less common reports (secondary lifestyles)
are shown in Supplementary Fig. S1.

The last common ancestor for all taxa included in this
study was ambiguous, mapped by ML as most probably a
plant pathogen; however, with only a marginal difference
(proportional likelihood (PL) 0.155) over plant associate
(PL 0.128) and mycophilic (PL 0.124). Parsimony identified
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Discussion
Phylogenetic backbone

Phylogenetically, the present study separated Fusarium s.
str. from other fusarioid genera, which is in agreement with
multigene phylogenetic analyses by Crous et al. (2021),
and phylogenomic analyses of Hill et al. (2022), Han et al.
(2023), Chen et al. (2023), and Gomez-Chavarria et al.
(2024). Rokas et al. (2003) estimated that at least 20 unre-
lated and unlinked genes, or 8 000 randomly selected orthol-
ogous nucleotides would be required to establish a stable
systematic framework for fungi, which is well exceeded in
our study.

The phylogenetic backbone for Fusarium s. str. was in
agreement with the morphology, biology and phylogeny
published by Crous et al. (2021). Although the phylog-
enomic study of Hill et al. (2022) did not focus on separat-
ing genera of fusarioid fungi, they did conclude that the
divergence between Fusarium s. str. and other fusarioid
taxa was associated with positive selection on a consider-
able number of core genes, an upwards shift in transla-
tional selection, and distinct patterns in codon usage bias,
signalling a “larger and more abrupt” divergence between
Neocosmospora and Fusarium s.str. than between species
within the same genus, thus contrary to the wider defi-
nition of Fusarium s. lat. advocated by O'Donnell et al.
(2020) and Geiser et al. (2021). This was also the conclu-
sion of a similar study on Fusarium and allied genera by
Han et al. (2023), and a subsequent revision of the Sor-
dariomycetes by Chen et al. (2023), who included nine
additional fusarioid genera (Albonectria, Bisifusarium,
Cyanonectria, Geejayessia, Luteonectria, Neocosmos-
pora, Nothofusarium, Rectifusarium, and Setofusarium),
and found them to represent well-supported phylogenetic
nodes, which are also morphologically and biologically
distinct from Fusarium.

A recent phylogenomic study by Gomez-Chavarria et al.
(2024) concluded that Fusarium s.str. genomes within the
F3 hypothesis clade demonstrated a notably higher level
of feature conservation than the various basal genera (F1
hypothesis). Furthermore, the branch lengths observed in
their phylogenomic tree indicated a wider evolutionary
divergence between the "allied" genera compared to the
species within the F3 node (Fusarium s. str.). They also
found that earlier-diverging fusarioid genera had higher
GC content ratios (>50%), while most groups in the F3
clade have shown a reductive trend, with values dropping
to 47-48% in most Fusarium species complexes. They con-
cluded that the groups diverging before the F3 clade exhib-
ited a significant evolutionary distance from Fusarium s.
str. (F3 node).

@ Springer

Fig.2 Ancestral character state reconstruction of main (primary) »
lifestyles of fusarioid and cylindrocarpon-like fungi. Confronted
maximum likelihood (left cladogram) and maximum parsimony
(right cladogram) ancestral character reconstruction based on con-
catenated 263 BUSCO genes from 283 taxa. Coloured terminal cir-
cles represent observed character states for extant species. Recon-
structed character states and their estimated proportions are shown
at internal nodes. Fusarium species complexes (SC) are indicated at
their respective nodes as: FBSC: F. buharicum SC, FBurSC: F. bur-
guesii SC, FCSC: F. chlamydosporum SC, FFBSC: F. falsibabinda
SC, FFSC: F. fujikuroi SC, FHSC: F. heterosporum SC, FIESC: F.
incarnatum-equiseti SC, FLSC: F. lateritium SC, FNSC: F. nisikadoi
SC, FOSC: F. oxysporum SC, FRSC: F. redolens SC, FSAMSC: F.
sambucinum SC and FTSC: F. tricinctum SC

Lifestyles

Species of Fusarium and allied fusarioid genera have diverse
lifestyles, which we classified here as animal or plant associ-
ates, animal, plant or human pathogens, endophytes, sapro-
phytes, insect symbionts, and mycophilic, i.e. growing on
other fungi (Table 1). By performing ancestral state recon-
structions, we attempted to determine the evolution of their
lifestyle, although some species seem to be multifunctional
and up to eight different lifestyles have been linked to a sin-
gle species in literature. Fungal species, for instance, have
proven able to transition from an endophytic to a plant path-
ogenic lifestyle, and vice versa (Buijs et al. 2022; Liu et al.
2022). Hill et al. (2022) reported a significant difference
in the candidate secreted effector protein content between
saprophytes and endophytes, suggesting that fusarioid endo-
phytes are more likely to be latent pathogens than inactive
saprophytes waiting for a natural plant death.

In the present ancestral state reconstruction, the most
early-diverging clade was inferred to have probably evolved
from a mycophilic ancestor, and contains some very spe-
cific fungicolous genera such as Dialonectria (Lechat et al.
2021b), and members of Cosmospora and Stylonectria
(Lechat et al. 2021a). Human pathogenicity is very rare, and
appears only as a secondary, tertiary or additional lifestyle,
suggesting these taxa to be opportunists.

Both ML and Parsimony analyses showed some uncer-
tainty regarding the ancestral lifestyle of fusarioid and cylin-
drocarpioid genera in Nectriaceae (Supplementary Fig. S1).
However, the Parsimony analysis suggested a plant para-
sitic ancestral state for cylindrocarpioid genera, while for
fusarioid genera subtending F1, both a saprotrophic and a
plant parasitic ancestral state were inferred to be equally
parsimonious (Fig. 2). Considering the very low number of
small secreted proteins and low number of CAZymes in the
earliest-diverging genus of that clade, the saprotrophic genus
Rectifusarium, and the also still comparatively low number
of such genes in the genus diverging next, the saprotrophic
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genus Bisifusarium, it seems likely that that root of the fusa-
rioid genera lies in saprophytes rather than plant pathogens.
Saprotrophism or a life as a plant-associate appears to be the
ancestral state for Neocosmospora, Bisifusarium and Recti-
fusarium based on the ML reconstruction, but the Parsimony
analysis contradicts this, identifying plant pathogenicity as
the ancestral state, in line with the genomic content of these
genera. The various cases of species of Fusarium that have
been suggested to be saprophytes need to be revisited, as
their genome content suggests that they are rather plant path-
ogens, considering that their genomic features, especially
with respect to CAZYmes and small secreted proteins match
those of well-known plant pathogens. This is also true for
the symbiotic species of Neocosmospora and various spe-
cies in Fusarium that have been classified as plant associ-
ates. This suggest that the ecological niche of Nectriaceae
might be more complex than previously thought and that
a thorough investigation might reveal yet unknown plant-
pathogenic associations of those species.

The common ancestor of Fusarium (node F3) was most
likely a plant pathogen. However, except for the most early-
diverging clades of Fusarium (F. buharicum, F. lateritium
and F. torreyae species complexes) all the other major clades
are inferred to have likely evolved from an endophytic or
plant pathogenic lifestyle, with plant pathogenic species
present throughout the genus. The reason for this might
be the ambiguity between the two lifestyles. Many studies
have shown that fungi can switch between their growth as an
asymptomatic endophyte and a virulent pathogen depend-
ing on environmental conditions (Kogel et al. 2006; Fesel
and Zuccaro 2016; Rai and Agarkar 2016). Based on these
data, it is apparent that in Fusarium s. str., most plant patho-
gens will also be isolated as endophytes, and that its species
have adaptable lifestyles, underlining their potential to act
as generalists and opportunists in various niches. Further-
more, definitions of lifestyles are known to be too rigid, and
frequently cannot incorporate the flexibility as observed in
nature (Buijs et al. 2022). For fusarioid fungi specifically,
in line with our conclusions, Hill et al. (2022) therefore sug-
gested that multiple lifestyle hypotheses need to be consid-
ered to incorporate their various interactions, which depend
on host, climate and environment. Thus, especially the clas-
sification into endophytes vs pathogens should be considered
ambiguous.

Endophytism appears to be a lifestyle derived from plant
parasitism, and vice versa. Both lifestyles have evolved
in many separate occasions in most genera included here.
Endophytism is however markedly more common in Fusar-
ium, but it also appears as a more recent evolutionary event,
or as secondary lifestyle in Calonectria, Corinectria, Cylin-
drodendrum, Dactylonectria, Ilyonectria, Neocosmospora,
Neonectria, Scolecofusarium and Thelonectria.

Genomic content

The genomic content is in line with the reported lifestyles,
with saprotrophs or plant associates featuring lower num-
bers of small-secreted proteins, CAZymes and biosynthetic
gene clusters than plant pathogenic, endophytic or symbi-
otic species (Haridas et al. 2020). However, there are some
hints of hidden lifestyles in the Nectriaceae, e.g. the number
of small-secreted proteins and CAZymes in Bisifusarium
suggests that there is a pathogenic lifestyle apart from the
known role as saprotroph. Similarly, two of the three species
of Albonectria included are characterised as plant associates,
while their genome content, with a large secretome and a
high number of small-secreted proteins is similar to the spe-
cies classified as plant pathogens, suggesting that they are in
fact plant pathogens rather than plant associates.

Interestingly, in contrast to a previous study (Hill et al.
2022), the broad sampling of high-quality genomes of Nec-
triaceae revealed higher support values for most Nectriaceae
genera, both for genera proposed for inclusion in Fusarium
(Geiser et al. 2021) and genera branching earlier than node
F1. Apart from the morphological, biological and ecological
differences previously used to circumscribe these genera in
Nectriaceae, they also appear to have pronounced differ-
ences in their genomic makeup.

However, there are also a few genera branching below the
F1 node that should be reconsidered, as their phylogenetic
and genomic differentiation was not obvious, e.g. for the
genera Corinectria and Neonectria, which were highly simi-
lar in terms of genome properties, as well as for the genera
Ilyonectria, Cylindrodendrum and Dactylonectria. Given
the fact that the morphological differentiation between these
genera is also narrow, further research should be conducted
with an even wider sampling to determine if they should be
retained as separate or be fused.

It is noteworthy that within in the genera studied, there
are some species that diverge from the overall properties
with the genus, reflecting innovations in their lifestyle. A
striking example for this is the species Fusarium xyrophilum,
which differs from other Fusarium species by having evolved
the ability to produce pseudoflowers on Xyris species (Lar-
aba et al. 2020). This remarkable adaptation is paralleled by
the pseudoflowers incited by some rust species (Roy 1993),
which also use insect vectors to disperse their propagules.
In pseudoflower-inducing rusts and in floricolous downy
mildews, the adaptation to insect vectors as dispersers has
led to a significant diversification of the pathogens (Pfunder
and Schiirch 2001; Thines and Kummer 2013), and it seems
possible that additional species with the ability to produce
pseudoflowers will be discovered in the hardly explored
ecosystems of northern South America. In any case, it can
be expected that such a huge innovation in the lifestyle will
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have a major impact on the genome of the pathogen, as it
requires to keep the host competitive in its fitness over a long
time, so it can successfully form pseudoflowers for its dis-
persal. In line with this, the genome of Fusarium xyrophilum
codes for less than half the amount of CAZymes, similar to
the situation in downy mildews, which, exemplary for bio-
trophic pathogens, also feature a significantly reduced set of
cell-wall degrading enzymes (Baxter et al. 2010). Interest-
ingly, also the overall secretome and even more so the small
secreted proteins that are putative effector candidates have
been drastically reduced, a development that is again similar
to the situation in downy mildews and probably a sign of a
high degree of specialisation (Baxter et al. 2010).

In addition, some other species also have significantly
diverging genomic properties from the vast majority of spe-
cies in the same genus, e.g. the endophytic species Neocos-
mospora mori. However, unlike Fusarium xyrophilum, where
the innovation that led to the genomic anomalies is obvious,
only deep genomic analyses that were out of the scope of the
present study could reveal the hidden innovations causing this
divergence. Such studies are highly warranted in future, as
they promise to shed light on the ecological differentiation
of Nectriaceae and the innovations that led to radiations of
distinct species groups now recognisable as genera.
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