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ABSTRACT

This study was conducted to elucidate evolutionary relationships and species diversity within the
Fusarium buharicum species complex (FBSC). We also evaluate the potential of these species to
produce mycotoxins and other bioactive secondary metabolites. Maximum likelihood and max-
imum parsimony analyses of sequences from portions of four marker loci (ITS rDNA, TEF1, RPB1, and
RPB2) and the combined 4495 bp data set support recognition of seven genealogically exclusive
species within the FBSC. Two of the three newly discovered species are formally described as
F. abutilonis and F. guadeloupense based on concordance of gene genealogies and morphological
data. Fusarium abutilonis induces leaf, stem, and root lesions on several weedy Malvaceae (Abution
theophrasti, Anoda cristata, Sida spinosa) and a fabaceous host (Senna obtusifolia) in North America
and also was recovered from soil in New Caledonia. Fusarium abutilonis, together with its unnamed
sister, Fusarium sp. ex common marsh mallow (Hibiscus moscheutos) from Washington state, and
F. buharicum pathogenic to cotton and kenaf in Russia and Iran, respectively, were strongly
supported as a clade of malvaceous pathogens. The four other species of the FBSC are not
known to be phytopathogenic; however, F. guadeloupense was isolated from human blood in
Texas and soil in Guadeloupe. The former isolate is unique because it represents the only known
case of a fusarial infection disseminated hematogenously by a species lacking microconidia and the
only documented fusariosis caused by a member of the FBSC. Whole genome sequence data and
extracts of cracked maize kernel cultures were analyzed to assess the potential of FBSC isolates to
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produce mycotoxins, pigments, and phytohormones.

INTRODUCTION

Fusarium (Hypocreales, Nectriaceae) is widely recognized
as the most important group of mycotoxigenic plant patho-
gens, and also as an emergent opportunistic pathogen of
immunocompromised and artificially immunosuppressed
patients (Summerell 2019). Fusarium diseases and their
toxins are responsible for multibillion US dollar losses to
the world’s agricultural economy, caused by yield reduc-
tion and toxin contamination of commodities that are
unsuitable for food and feed. Ongoing multilocus molecu-
lar phylogenetic analyses of fusaria housed in the
Agricultural Research Service (ARS) Culture Collection
(NRRL; Peoria, Illinois), the Fusarium Research Center
(FRC; Pennsylvania State University, University Park,
Pennsylvania), and the Westerdijk Fungal Biodiversity

Institute (CBS-KNAW; Utrecht, the Netherlands) indicate
that this agronomically important genus comprises over
450 phylospecies distributed among 23 monophyletic spe-
cies complexes (Geiser et al. 2021, 2013; O’Donnell et al.
2013). The marriage of polymerase chain reaction (PCR)
and automatic DNA sequencing technologies, and broad
acceptance of phylogenetic species recognition based on
genealogical concordance (GCPSR; sensu Taylor et al
2000), has been largely responsible for the discovery and
formal recognition of ~250 phylospecies over the past two
decades (Aoki et al. 2014; Summerell 2019). Given the
omnipresent threat that these pathogens and their structu-
rally diverse mycotoxins (i.e., trichothecenes, zearalenone,
fumonisins, and enniatins) pose to global agricultural bio-
security, food safety, and human health, detailed molecular
systematic studies published over the past quarter century
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have focused on the largest and most important myco-
toxin-producing and phytopathogenic lineages, including
the F. sambucinum (Laraba et al. 2021), F. fujikuroi
(Nirenberg and O’Donnell 1998; O’Donnell et al. 1998a;
Yilmaz et al. 2021), F. solani (O’'Donnell 2000; Sandoval-
Denis and Crous 2018), F. oxysporum (O’Donnell et al.
2009), and F. tricinctum (Laraba et al. 2022) species com-
plexes as defined in O’Donnell et al. (2013) and Geiser et al.
(2021).

These GCPSR-based multilocus molecular phyloge-
netic studies clearly establish that morphological species
recognition (MSR) greatly underestimates species diver-
sity within Fusarium (Booth 1971; Gerlach and Nirenberg
1982; Nelson et al. 1983; Wollenweber and Reinking
1935). They also revealed that the morphology-based
subgeneric sectional classification (Wollenweber and
Reinking 1935) adopted in most taxonomic treatments
of the genus is nonmonophyletic (see O’Donnell et al.
2013). Section Discolor, for example, was erected to
include fusaria with thick-walled sporodochial conidia,
chlamydospore production, and the absence of microco-
nidia; however, it is a paraphyletic assemblage of phylo-
genetically diverse species from several species complexes
(i.e., Buharicum, Fujikuroi, Heterosporum, Sambucinum,
and Tricinctum).

Because morphological species recognition within
Fusarium has significant limitations, preliminary identi-
fications of a broad sampling of fusaria housed in NRRL,
FRC, and CBS-KNAW were obtained by conducting
BLASTn searches of FUSARIUM-ID (http://isolate.fusar
iumdb.org/blast.php; Geiser et al. 2004), Fusarium
MLST (http://www.westerdijkinstitute.nl/fusarium/;
O’Donnell et al. 2010), and National Center for
Biotechnology Information (NCBI) GenBank (http://
www.ncbi.nlm.nih.gov/; O’'Donnell et al. 2015), using
partial translation elongation factor 1-a (TEFI)
sequences as the queries. Results of these searches indi-
cate that several isolates in these collections appear to
represent putatively undescribed species within the
F. buharicum species complex (FBSC).

The FBSC currently comprises three formally
described species: Fusarium buharicum (Gerlach and
Scharif 1970; Jaczewski 1929), F. convolutans (Sandoval-
Denis et al. 2018), and F. sublunatum (Reinking 1934);
however, no detailed molecular phylogenetic analyses of
the FBSC have been conducted. Therefore, the present
study was initiated to (i) investigate evolutionary rela-
tionships among and species diversity within this com-
plex, (ii) formally describe two phylospecies that fulfill
the exclusivity criterion of reciprocal monophyly under
GCPSR, (iii) assess the potential of six species within the
FBSC to produce mycotoxins and other biologically
active secondary metabolites by conducting in silico
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analyses of whole genome sequence data, and (iv) deter-
mine whether members of this complex produce myco-
toxins, based on a cracked maize kernel culture assay
using high-performance liquid chromatography-mass
spectrometry (HPLC-MS) analyses.

MATERIALS AND METHODS

Fungal isolates.— Histories of the two novel species for-
mally described in the present study, Fusarium abutilonis
and F. guadeloupense, together with those of five other
members of the F. buharicum species complex (FBSC)
and two outgroups from the F. forreyae species complex
(F. torreyae and F. xanthoxyli; Zhou et al. 2018), are
included in TABLE 1. The eight strains of F. abutilonis
were isolated from three weedy members of the
Malvaceae (Abutilon theophrasti, velvetleaf; Anoda
cristata, crested or spurred anoda; and Sida spinosa,
prickly sida), a fabaceous weed (Senna obtusifolia,
sicklepod), and soil in New Caledonia (TABLE 1).
Pure cultures of F. abutilonis from several weeds
collected in Mississippi were previously reported as
F. lateritium (Walker 1981), and F. guadeloupense
NRRL 36125 from Guadeloupe was deposited by
H. Anders as F. sublunatum in the Institute for
Epidemiology and Pathogen Diagnostics Culture
Collection Berlin, Germany (BBA 70872), and
Westerdijk Fungal Biodiversity Institute (CBS
102302). The second strain of F. guadeloupense
NRRL 66743 was recovered from human blood in
Texas and deposited in the Fungus Testing
Laboratory, University of Texas Health Science
Center at San Antonio, as Fusarium sp. UTHSC
DI14-24.

Colony and conidial features were characterized by
culturing isolates on synthetic low nutrient agar (SNA;
Nirenberg 1976) with filter paper (Whatman, grade 4;
Sigma-Aldrich, St. Louis, Missouri) and potato dextrose
agar (PDA; Difco, Detroit, Michigan). Isolates were
grown in the dark at room temperature (20-22 C) or
under an alternating 12 h dark/12 h black (near-
ultraviolet [near-UV]) light cycle at 25 C. Photo docu-
mentation and measurements of macroconidia and
chlamydospores were taken from SNA cultures
mounted in water (Grifenhan et al. 2016). Isolates
were cultured on PDA in 9-cm Petri dishes in the
dark at room temperature to study colony morphology,
and Kornerup and Wanscher (1978) was used as the
source of alphanumeric codes to describe color.
Myecelial growth rates were determined by culturing
strains for 7 d in the dark on PDA and SNA at 25
C. Strains included in this study were accessioned in
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Table 1. Histories of strains included in this study and mycotoxin production.

Fusarium species” NRRL and KOD nos.’ Equivalent no.

Host/substrate

Geographic origin

Equisetin (ng/mL

)d

F. abutilonis NRRL 13279 FRC L-0105

F. abutilonis NRRL 54621 FRC L-0115

F. abutilonis NRRL 54622 FRC L-0118

F. abutilonis NRRL 54627 FRC L-0215

F. abutilonis NRRL 54654 FRC L-0117

F. abutilonis NRRL 54680 FRC L-0271

F. abutilonis NRRL 66737 [T] DAOMC 213370
F. abutilonis NRRL 66738 = KOD 928 BBA 69700

F. abutilonis BBA 65832 None

F. abutilonis BBA 65925 None

F. buharicum NRRL 13371 FRC R-4955 = CBS 796.70
F. buharicum NRRL 25488 CBS 178.35

F. convolutans KOD 1954 CBS 144207

F. convolutans KOD 1955 CBS 144208

NRRL 36125 [T]
NRRL 66743 = KOD 749

CBS 102302 = BBA 70872
UTHSC DI14-24

F. guadeloupense
F. guadeloupense

F. sublunatum NRRL 13384 = KOD 675 [T] (BS 189.34

F. sublunatum NRRL 20897 CBS 190.34
Fusarium sp. NRRL 66739 = KOD 1155 FRC L-0453
Fusarium sp. NRRL 66179 = KOD 935 WRPIS 2012-95
Fusarium sp. NRRL 66182 = KOD 938 WRPIS 2013-63
F. torreyae NRRL 54151 [T] MAFF 243468

F. zanthoxyli

NRRL 66285 [T]

CBS 140838

Anoda cristata

Anoda cristata

Anoda cristata

Sida spinosa

Abutilon theophrasti

Senna obtusifolia

Abutilon theophrasti

Abutilon theophrasti

soil, clay; soybean rhizosphere

soil, clay

Hibiscus cannabinus

Gossypium sp.

Kyphocarpa angustifolia rhizophere
Kyphocarpa angustifolia rhizophere

Mississippi, USA
Mississippi, USA
Mississippi, USA
Mississippi, USA
Mississippi, USA
Mississippi, USA
Ontario, Canada
Ontario, Canada
New Caledonia
New Caledonia
Iran

Russia

South Africa
South Africa

None detected
None detected
None detected
None detected
None detected
None detected
None detected
None detected

None detected

None detected

Soil Guadeloupe None detected
Human blood Texas, USA None detected
Soil Costa Rica 9.88

Soil Costa Rica 13.02
unknown China —

Hibiscus moscheutos
Hibiscus moscheutos
Torreya taxifolia
Zanthoxylum bungeanum

Washington, USA
Washington, USA
Florida, USA
China

None detected
None detected

Al of the species are members of the F. buharicum species complex except for F. torreyae and F. zanthoxyli, which are outgroups.
®NRRL = ARS Culture Collection, NCAUR, Peoria, lllinois; KOD = strain accession stored in Kerry O'Donnell laboratory at NCAUR. Whole genomes were obtained

for those strains listed in bold. [T] = ex-type strain.

‘BBA = Biologische Bundesanstalt fiir Land- und Forstwirtschaft, Institut fiir Mikrobiologie, Berlin, Germany; CBS = Westerdijk Fungal Biodiverity Institute,
Utrecht, The Netherlands; DAOMC = Canadian Collection of Fungal Cultures, Ottawa, Canada; FRC = Fusarium Research Center, The Pennsylvania State
University, University Park, Pennsylvania; KAS = Keith A. Seifert strain accession numbers, Ag-Canada, Ottawa, Canada; MAFF = Ministry of Agriculture and
Forestry, NIAS, Tsukuba, Japan; UTHSC = University of Texas Health Sciences Center, San Antonio, Texas; WRPIS = Western Regional Plant Introduction Station,

Pullman, Washington.

quuisetin (ng/mL) produced in vitro on solid cracked maize kernal culture. —, not tested.

the ARS Culture Collection (NRRL; TABLE 1) where
they are available for distribution upon request (https://
nrrl.ncaur.usda.gov/).

Genomic DNA extraction, PCR amplification, and
sequencing.— Total genomic DNA was extracted from
mycelium cultured in yeast-malt broth (3 g yeast extract,
3 g malt extract, 5 g peptone, 20 g dextrose per L) for 3-5 d,
freeze-dried, and then extracted using a CTAB (cetyl tri-
methylammonium bromide) protocol (Gardes and Bruns
1993). Portions of the following four marker loci were PCR
amplified and Sanger sequenced: nuclear ribosomal inter-
nal transcribed spacer region (ITS rDNA), translation elon-
gation factor 1-a (TEFl), and DNA-directed RNA
polymerase I largest (RPBI) and second largest (RPB2)
subunits. Amplicons were obtained using the following
primer  pairs: ITS5 (GGAAGTAAAAGTCGTAA
CAAGG) x ITS4 (TCCTCCGCTTATTGATATGC)
(White et al. 1990) for ITS rDNA; EF-1 (5-ATGGGT
AAGGARGACAAGAC-3") x EF-2 (5-GGARGTACCA
GTSATCATG-3") for TEFI (O’Donnell et al. 1998b); Fa
(5-CAYAARGARTCYATGATGGGWC-3") x G2R (5-
GTCATYTGDGTDGCDGGYTCDCC-3') for RPBI
(O’Donnell et al. 2010); and 52 (5-GGGGWGAYCA
GAAGAAGGC-3") x 7cr (CCCATRGCTTGYTTRCCC
AT-3") and 7cf (5- ATGGGYAARCAAGCYATGGG-3)

x 11ar (5-' GCRTGGATCTTRTCRTCSACC-3") for RPB2
(Liu et al. 1999; Reeb et al. 2004). Amplicons were obtained
following published protocols (Laraba et al. 2018;
O’Donnell et al. 2010; White et al. 1990) in a ProFlex
thermocycler (ABI, Emeryville, California) and purified
using ExoSAP-IT (ABI) after aliquots of the PCR reactions
were checked using electrophoresis in 1.5% agarose gels.
After amplicons were sequenced using ABI BigDye 3.1
Terminator reaction mix, they were purified using ABI
BigDye XTerminator and then run on an ABI 3730 48-
capillary DNA analyzer. ABI sequence chromatograms
were edited using Sequencher 5.2.4 (Gene Codes, Ann
Arbor, Michigan) and exported as FASTA files that were
aligned using MUSCLE (Edgar 2004) in SeaView 4.7 (Gouy
et al. 2009). Sequences were used to conduct BLASTn
queries of NCBI GenBank (https://www.ncbi.nlm.nih.
gov/genbank/), FUSARIUM-ID (http://isolate.fusar
iumdb.org/blast.php; Geiser et al. 2004), and Fusarium
MLST (https://fusarium.mycobank.org/) to obtain preli-
minary identifications (O’Donnell et al. 2015).

Phylogenetic analyses.— The multilocus sequence data
collected for F. abutilonis and F. guadeloupense were
aligned with sequences previously published and depos-
ited in NCBI GenBank for five FBSC species (Lupien et al.
2017; O’Donnell et al. 2013; Sandoval-Denis et al. 2018)
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and two outgroups (TABLE 1) (Aoki et al. 2013; Zhou et al.
2018). The latter were selected for rooting the trees based
on more inclusive analyses (Geiser et al. 2021;
SUPPLEMENTARY FIG. 1, SUPPLEMENTARY FILE 1).
Aligned sequences from the four individual partitions were
analyzed with maximum likelihood bootstrapping (ML-
BS) using IQ-TREE 1.6.12 (Nguyen et al. 2015; http://
www.igtree.org/) to determine the best-fit model of mole-
cular evolution. The latter were based on the Bayesian
information criterion (BIC) scores (Chernomor et al.
2016) using ModelFinder (Kalyaanamoorthy et al. 2017).
Once the optimal models were determined, a partitioned
ML-BS analysis was conducted with 1Q-TREE in which 5000
pseudoreplicates were run to assess statistical support for
evolutionary relationships among the lineages and species
monophyly (TABLE 2). Clade support was also assessed
using maximum parsimony bootstrap (MP-BS) analyses of
the four individual partitions and combined data set with
PAUP* 4.0a.168 (http://phylosolutions.com/paup-test/).
PAUP* was also used to assess the species status of
Fusarium sp. NRRL 66738 from China by
determining percent nucleotide divergence between it
and its putative sister, F. sublunatum NRRL 13384, based
on analyses of (i) the four individual partitions and com-
bined data set (TABLE 3), and (ii) alignments of 19 indi-
vidual genes mined from the genomes of Fusarium sp.
NRRL 66738 and F. sublunatum NRRL 13384, and the
combined 20-gene 60.4 kb data set (TABLE 4; Geiser
et al. 2021). DNA sequences generated in the present
study were deposited in NCBI (accession nos.
OM117592-OM117610 and OM160817-OM160879) and
FUSARIUM-ID 3.0 (Torres-Cruz et al. 2022).

Table 2. Buharicum clade loci sequenced and monophyly support.
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Whole genome sequencing.— Genomic DNA for the
strains was prepared using the ZR Fungal/Bacterial
DNA MiniPrep Kit (Zymo Research, Irvine,
California). The DNA was processed into libraries with
an average insert size of 300 bases using a Nextera XT
Kit (Illumina, San Diego, California). The libraries were
sequenced using a MiSeq instrument as specified by the
manufacturer (Illumina). Sequence reads were pro-
cessed and assembled with cLc Genomics Workbench
(CLC) 12.0 (CLC bio-Qiagen, Aarhus, Denmark). Prior
to de novo assembly, reads were screened against gen-
ome sequences of 84 bacterial species and sequences of
Nextera adapters to remove contaminating DNA. The
reads were also trimmed to remove low-quality bases at
either end. De novo assembly of the reads was accom-
plished using the following cLc settings: word size of 20;
bubble size of 50; minimum contig length of 500; auto-
detect paired distances; and perform scaffolding. The ab
initio gene prediction method implemented in AuGusTUs,
using F. graminearum data as a reference, was used to
predict proteins encoded by each genome sequence
(Stanke and Morgenstern 2005). antismasH (3.0 and
4.0) was then used to identify secondary metabolite
biosynthetic gene clusters in the genome sequences
(Blin et al. 2017). The presence or absence of some
gene clusters was confirmed by BLASTn analysis as
implemented in CLC using previously described biosyn-
thetic genes as queries (Laraba et al. 2018; Niehaus et al.
2016). Genome sequence data were generated for seven
members of the FBSC and deposited in NCBI GenBank:
F. guadeloupense NRRL 36125 (JAJJWL000000000),
F. guadeloupense NRRL 66743 (JAJJWMO000000000),

ML-BS/MP-BS support (%)°

Locus PICs/bp/% PIC* F. abutilonis F. buharicum F. convolutans F. guadeloupense F. sublunatum Fusarium sp. NRRL 66179
ITS rDNA® 27/491/5.5 </< </< —/— 100/100 87/87 83/80

TEF1 164/685/23.9 78/89 100/100 100/100 100/100 94/98 100/100

RPB1 311/1575/19.7 93/100 100/100 100/100 100/100 91/98 100/100

RPB2 345/1744/19.8 99/100 100/100 100/100 100/100 81/99 100/100
Combined 847/4495/18.8 97/100 100/100 100/100 100/100 98/100 100/100

Note. <, less than 70% bootstrap support; —, not evaluated due to missing data.

“No. of parsimony-informative characters (PICs)/no. base pairs(bp)/% PIC.

®Maximum likelihood bootstrap support (%)/maximum parsimony bootstrap support (%) based on 5000 pseudoreplicates of the data.

Table 3. Divergence between Fusarium sublunatum NRRL 13384 and Fusarium sp. NRRL 66739.

4-gene (FIG. 1) Locus identifier bp alignment Steps % divergence
ITS rDNA Nuclear ribosomal ITS region 491 9 1.8
TEF1 Translation elongation factor 1-alpha 685 13 19
RPB1 RNA polymerase largest subunit 1575 12 0.8
RPB2 RNA polymerase 2nd largest subunit 1744 24 14
Combined 4 loci combined 4495 58 13
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Table 4. Divergence between Fusarium sublunatum NRRL 13384 and Fusarium sp. NRRL 66739 based on maximum parsimony analyses

of 20 full-length genes.

Locus Protein encoded bp alignment Steps % divergence
acll ATP citrate lyase large subunit 1883 21 1.1
actl Actin 1494 47 3.1
call Calmodulin 974 23 24
cpril Cytochrome P450 reductase 2205 40 1.8
dpal DNA polymerase alpha subunit 4593 84 1.8
dpel DNA polymerase epsilon subunit 6883 132 1.9
fas1 Fatty acid synthase alpha subunit 5696 75 13
fas2 Fatty acid synthase beta subunit 6367 55 0.9
ku70 ATP-dependent DNA helicase Il 2043 37 1.8
Ieb2 Sphinganine palmitoyl transferase subunit 1992 31 1.6
mcm7 DNA replication licensing factor 2674 34 13
pgk1 Phosphoglycerate kinase 1580 45 2.8
pho Phosphate permase 1905 100 5.2
rpb1 RNA polymerase largest subunit 5379 57 1.1
rpb2 RNA polymerase 2nd largest subunit 3916 59 15
tef1 Translation elongation factor 1-alpha 1791 17 0.9
top1 Topoisomerase 3131 63 2
tsr1 Ribosomal biogenesis protein 2513 81 3.2
tub1 Tubulin alpha subunit 1731 15 0.7
tub2 Tubulin beta subunit 1687 41 24
Combined 20 genes combined 60 437 1057 1.75

F. abutilonis NRRL 66737 (JAJJWNO000000000),
Fusarium sp. NRRL 66739 (JAJJWO000000000),
F. buharicum NRRL 13371 (JAATHB000000000),

F. sublunatum NRRL 13384 (JABFFF000000000), and
Fusarium sp. NRRL 66182 (JABFAK000000000).

Determination of secondary metabolite biosynthetic
potential.— Previously described methods were used to
screen the F. buharicum clade strains for production of
mycotoxins and other secondary metabolites (Aoki et al.
2015). After 14 d incubation in the dark on cracked maize
kernels, 10 g from each culture was extracted with 20 mL
86:14 (v/v) acetonitrile:water for 30 min with shaking.
Once the extracts were clarified by filtration, they were
analyzed by high-performance liquid chromatography-
mass spectrometry (HPLC-MS) using a Dionex Ultimate
U3000 liquid chromatography system coupled to a Q
Exactive high-resolution mass spectrometer equipped
with an electrospray ionization (ESI) source (Thermo
Fisher Scientific, Waltham, Massachusetts). A Phenom-
enex Kinetex 2 mm x 50 mm XB-C18 100A column
(2.6 um particle size, 100 A pore size; Phenomenex Inc.,,
Torrance, California) was used to separate the metabolites.
After injecting 10 pL of each extract, metabolites were
eluted in a binary gradient flow of mobile phase A (water:
acetic acid 99.7:0.3 v/v) and mobile phase B (methanol:
acetic acid 99.7:0.3 v/v). The mobile phase B gradient of
20-95% was delivered over 5 min at a flow rate of 0.6 mL/
min. The mass spectrometer to which the HPLC was con-
nected was operated in positive mode utilizing the follow-
ing parameters: 320 C capillary temperature, 310 C heater
temperature, and spray voltage of 4.00 kV for positive ESI.

In addition, the mass spectrometer was operated in full MS
mode (m/z range 150-2000 and 70 000 resolution), fol-
lowed by screening metabolite production as previously
described (Busman 2017; Busman et al. 2012).
Identification and quantification of equisetin production
was performed by HPLC-MS comparison of ion mass and
elution time to a purified standard (Cayman Chemical
Company, Ann Arbor, Michigan). Further confirmation
of equisetin identity was made by HPLC-MS/MS compar-
ison of ion fragmentation with the purified standard. The
limit of quantification for equisetin was 1 ng/uL.
Instrument operation and data processing were done
using Xcalibur data acquisition and interpretation software
(Thermo Fisher Scientific).

RESULTS

Molecular phylogenetics.— A 4-gene data set compris-
ing the entire ITS rDNA region (491 bp alignment, 27
parsimony-informative characters [PICs]) and portions of
TEF1 (685 bp alignment, 164 PICs), RPBI (1575 bp align-
ment, 311 PICs), and RPB2 (1744 bp alignment, 345 PICs),
totaling 4495 bp of aligned DNA sequence data, was con-
structed to assess species limits and evolutionary relation-
ships within the FBSC (TABLE 1; Geiser et al. 2021). The
19 FBSC strains included in this study were chosen to
represent their global genetic diversity based on prelimin-
ary molecular phylogenetic analyses of TEFI and/or RPB2
and BLASTn queries of NCBI GenBank and Fusarium
MLST. Maximum likelihood (ML) and maximum
parsimony (MP) bootstrapping (BS) of the TEFI
(SUPPLEMENTARY FIG. 2), RPB1 (SUPPLEMENTARY
FIG. 3), and RPB2 (SUPPLEMENTARY FIG. 4) partitions



conducted with 1Q-TRee (Nguyen et al. 2015) and paup*
supported monophyly of the six species represented by
two or more strains (TABLE 2). Although only three
species were supported as genealogically exclusive in ana-
lyses of the ITS rDNA partition, monophyly of the six
species represented by two or more strains received mod-
erate to strong ML and MP bootstrap support from the
three other loci (ML-BS/MP-BS = 78-100%/80-100%;
TABLE 2) and none of the inferred gene genealogies con-
tradicted species monophyly. BLASTn searches of NCBI,
using ITS rDNA sequences as the queries, suggest that
accession FJ892747 deposited as Fusarium sp. from tomato
in Xuzhou, China, might be F. abutilonis based on 99.8%
identity with the ITS rDNA sequence of F. abutilonis
NRRL 54654. These queries also suggest that sequences
deposited as F. buharicum from soil in India
(MN796096) and wetland sediments in China (JX076965)
and Hypocreales from a marine habitat in Hawaii
(EF060423) may represent novel species diversity within
the FBSC. When a partial TEFI sequence of a strain from
China without a detailed history (NRRL 66739 = FRC
L-0453) was used to query GenBank, it showed 100%
identity to GenBank accession EU668363 Fusarium sp.
FTP001, which was isolated from invasive alligator weed
(Alternanthera philoxeroides) in China, suggesting that
these strains might be conspecific. Similarly, a partial
TEFI sequence of the ex-type strain of F. convolutans
CBS 144207 (GenBank accession L'T996094) from soil in
South Africa showed 99.7% identity to strain Fusarium sp.
PD2 from China (GenBank accession MN848239). The
fact that the two mismatching nucleotide positions were
near either end of the alignment, and potentially represent
sequencing errors, suggests that they might be conspecific
or closely related sister species.

Analyses of the individual partitions identified JC+1
for ITS rDNA, TIM2e+G4 for TEFI1, TNe+G4 for RPBI,
and TIM2e+G4 for RPB2 as the optimal models of
molecular evolution based on the Bayesian information
criterion (BIC) scores (Chernomor et al. 2016) using
ModelFinder  (Kalyaanamoorthy et al. 2017).
A partitioned ML-BS analysis of the combined data set,
based on 5000 pseudoreplicates, provided strong sup-
port (ML-BS = 97-100%) for the six genealogically
exclusive lineages represented by two or more strains
(FIG. 1, TABLE 2). These six lineages were also strongly
supported as monophyletic by a MP-BS analysis of the
4-gene data set (MP-BS = 100%; FIG. 1, TABLE 2). In
the ML and MP analyses, a monotypic lineage repre-
sented by Fusarium sp. NRRL 66739 = FRC L-0453 from
an unknown source in China was resolved as a putative
sister to F. sublunatum from soil in Costa Rica in ana-
lyses of the four individual (SUPPLEMENTARY FIGS.
2-5) and the combined (FIG. 1) data set. To further
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evaluate its phylogenetic status, maximum parsimony
analyses of alignments of 20 individual genes mined
from the genomes of F. sublunatum NRRL 13384 and
Fusarium sp. NRRL 66739, and the combined 60.4 kb
data set, revealed that divergence between these putative
sister lineages ranged from 0.9% to 5.2%, with an overall
divergence of 1.75% across the concatenated 60.4 kb
data set (TABLE 4).

ML-BS and MP-BS analyses of the combined 4-
gene data set (FIG. 1) support the recognition of
seven phylogenetically distinct species within the
FBSC. Of the four newly discovered phylospecies,
F. abutilonis, a putative pathogen of weedy members
of the Malvaceae and Fabaceae in North America and
soil in New Caledonia, and F. guadeloupense from
soil in Guadeloupe and human blood in Texas are
formally described below. The two unnamed phylos-
pecies include Fusarium sp. NRRL 66179/66182 from
Hibiscus moscheutos (rose or swamp mallow) from
Washington State (Lupien et al. 2017) and the mono-
typic lineage represented by Fusarium sp. NRRL
66739 from China (TABLE 1). Except for one node
along the backbone of the phylogeny, which was
poorly resolved (FIG. 1; ML-BS/MP-BS = 57%/68%),
all other evolutionary relationships were strongly
supported (ML-BS/MP-BS = 97-100%/100%).
Fusarium abutilonis + Fusarium sp. NRRL 66179/
66182 from H. moscheutos and F. sublunatum +
Fusarium sp. NRRL 66739 were resolved as sisters.
In addition, two subclades were identified (FIG. 1):
F. buharicum + (F. abutilonis + Fusarium sp. NRRL
66179/66182) and F. convolutans from soil rhizo-
sphere in South Africa + (F. sublunatum +
Fusarium sp. NRRL 66739). By contrast, phylogenetic
relationships of F. guadeloupense NRRL 36125/66743
and the two subclades were unresolved. Of these,
F. buharicum, F. abutilonis, and Fusarium sp. NRRL
66179/66182 are the only species within the FBSC
that are known to be phytopathogenic, and they all
have been reported to induce disease on malvaceous
hosts (TABLE 1).

Determination of and secondary metabolite
biosynthetic potential.—antisMAsH analysis revealed
the presence of genes required for biosynthesis of some
mycotoxins in the genome sequences of some members of
the FBSC (SUPPLEMENTARY TABLE 1). The 16-gene
fumonisin biosynthetic gene cluster was detected in
Fusarium sp. NRRL 66182. The trichothecene biosyn-
thetic gene (TRI) cluster was present in Fusarium sp.
NRRL 66739, but the cluster consisted of only eight of
the 10-14 genes that are described in TRI clusters in other
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Figure 1. Partitioned maximum likelihood (ML) phylogeny of the Fusarium buharicum species complex (FBSC) inferred from aligned
sequences from portions of four loci totaling 4495 bp conducted with ie-Tree 1.6.12 (Nguyen et al. 2015). The phylogeny was rooted on
sequences of two outgroup species in the F. torreyae species complex based on prior analyses (O’'Donnell et al. 2013). Numbers above
and below nodes represent ML and maximum parsimony bootstrap values (MP-BS), respectively, based on 5000 pseudoreplicates of
the data. Thickened internodes identify six species lineages strongly supported by bootstrapping. The phylogenetic results support
recognition of seven phylospecies within the FBSC, including F. abutilonis and F. guadeloupense (in bold font) formally described
herein. Strains identified by a 5-digit number are accessioned in the ARS Culture Collection (NRRL). CBS = Westerdijk Fungal
Biodiversity Institute culture collection; MPTs = most parsimonious trees; PIC = parsimony-informative character; T = ex-type strain.

fusaria (Alexander et al. 2009). Two genes of the beauver-
icin (enniatin) biosynthetic gene cluster were present in
Fusarium sp. NRRL 66182 and F. guadeloupense NRRL
36125. There was also a partial fusaric acid biosynthetic
cluster in NRRL 66182. Genes required for biosynthesis of
the mycotoxins fusarins and zearalenone were not
detected in any of the FBSC genome sequences examined.
Genes required for biosynthesis of several other Fusarium
metabolites that are not considered mycotoxins were also
detected in some or all the FBSC genome sequences
examined. These metabolites included the plant hormone
auxin, carotenoid and fusarubin pigments, and the side-
rophores ferricrocin and fusarinine (SUPPLEMENTARY
TABLE 1). Biosynthetic genes for the pigment bikaverin
(Busman et al. 2012) were also detected in Fusarium sp.
NRRL 66739 but not in other strains. A complete equise-
tin  biosynthetic gene cluster was detected in
F. sublunatum NRRL 13384, and a partial cluster was
detected in Fusarium sp. NRRL 66739. Equisetin biosyn-
thetic genes were not detected in other strains examined
(SUPPLEMENTARY TABLE 1), but equisetin was

detected in maize cultures of the two strains of
F. sublunatum tested (9.88-13.02 ng/mL; TABLE 1).

TAXONOMY

Fusarium abutilonis Grifenhan, Nirenberg & Seifert,
Sp. nov. FIG. 2
MycoBank MB838628

Typification: CANADA. ONTARIO: On Abutilon
theophrasti (holotype BPI 924391, dried culture of
NRRL 66737, Herbarium of US National Fungus
Collection, USA, designated in this study). Collector
and collection date unknown. Ex-type culture NRRL
66737 = DAOMC 213370.

Etymology: Based on one of the hosts, Abutilon
theophrasti.

Diagnosis: Genealogical exclusive sister to Fusarium sp.
NRRL 66179/66182 based on multilocus molecular phy-
logenetic analyses. A putative leaf, stem, and root rot
pathogen of weedy members of Malvaceae and
Fabaceae, also isolated from soil. Colonies 34-44 mm
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Figure 2. Fusarium abutilonis cultured under a 12 h dark/12 h near-UV black and white fluorescent light cycle at 25 C on SNA.
A. Conidiophores with phialides. B. Sporodochial conidia. C-D. Sporodochial conidia on agar surface and in aerial mycelium. E, F. Apical
and basal cells of sporodochial conidia. G. Chlamydospores. H, . Colony surface and reverse. Bars: A-B = 20 ym; C-D = 200 um; E-G = 10 um.

radius after 7 d on PDA; sporodochia pale orange.
Sporodochial conidia larger than in most Fusarium spe-
cies, mostly 5-septate, 64-85 x 7-9 pm; microconidia and
chlamydospores sparse or absent.

Observations on PDA: Fast-growing wild-type colony
radius 34-44 mm after 7 d under black light at 25 C;
degenerate colonies only grew 15-28 mm during the
same time frame. Wild-type colony reverse orange
(7A4), sometimes turning grayish brown (7E3) or gray-
ish blue (21E6) in the center. Surface smooth or slightly
mealy, orange (6A7), sometimes turning grayish brown
(7E3) in the center, aerial mycelium white (1A1), sparse
to slightly lanose to cottony, margin transparent or
white. Sporodochia in older colonies up to 1 mm diam,
occasionally coalescing into larger, irregular conidial
masses up to 1 cm in diam, conidial masses dark to
dull blue (21F3-23E3) turning yellow in 85% lactic acid.

Observations on SNA: On agar with filter paper puta-
tively mutated slow-growing colony radius 13-22 mm
after 7 d under near-UV black and white fluorescent
light at 25 C. Colonies transparent, sporodochia pro-
duced on filter paper or on surrounding agar at first pale
orange (5A3). Phialides 15.5-23.5 x 4-5 um, cylindrical
or slightly swollen, periclinal thickening visible, collar-
ette slightly flared. Sporodochial conidia mostly 5-sep-
tate, 54-87 x 7.5-9 pum (n = 62), sometimes 4-septate
(48-72 x 5.5-8.5 um, n =7) or 6-septate (73.5-89 x 6-
8 um, n = 4), almost straight to curved, walls parallel in
the center, apical cell conical and slightly hooked, about
the same length as or slightly longer than the penulti-
mate cell, basal cell with a relatively distinct foot.
Conidia absent or sparsely produced in aerial mycelium
on SNA and PDA in ambient light: 1-septate aerial
conidia 15 x 3.5-4 um, 2-septate aerial conidia 25.5-29
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X 4-5 um, and 3-septate aerial conidia 34 x 5 pm
observed among larger sporodochial conidia. Aerial
conidia 21-30 x 1.5-4 pm, produced from lateral soli-
tary phialides on hyphae of aerial mycelium, or fascicles
of hyphae. Chlamydospores sparse, single or in chains of
up to 6, intercalary or terminal, hyaline, globose, 10—
20 um diam.

Distribution: Ontario, Canada; Mississippi, USA; Port
Laguerre, New Caledonia.

Additional strains studied: See TABLE 1.

Notes: The blue color of the sporodochial conidia of
F. abutilonis grown under some conditions is unusual in
Fusarium but is also seen in members of the Fusarium
solani species complex and in the potato pathogen
F. coeruleum. In the FBSC, it was also reported in
F. buharicum by Gerlach and Nirenberg (1982). We
are not aware of other observations of these pigments
turning yellow in lactic acid, but pH-sensitive red or
blue pigments are well known in stromata and perithecia
of the Hypocreales (Samuels 1973).

Fusarium guadeloupense Grifenhan, Nirenberg &
Seifert, sp. nov. FIG. 3
MycoBank MB838630

Typification: GUADELOUPE. Soil (holotype BPI
924391, dried culture of NRRL 36125, Herbarium of
US National Fungus Collection, USA, designated in
this study). Collector and collection date unknown. Ex-
type culture NRRL 36125 = CBS 102302 = BBA 70872.

Etymology: Based on type locality in Guadeloupe.

Diagnosis:  Genealogical exclusive lineage within
F. buharicum species complex; however, its precise phylo-
genetic relationship with six other species within this com-
plex unresolved by molecular phylogenetic analyses of a 4-
gene data set. Colonies 41-43 mm radius after 7 d on PDA;
sporodochia pale orange; sporodochial conidia larger than
in most Fusarium species, mostly 5-septate, 41.5-63 x 5-
6 um. Microconidia absent. Chlamydospores present.

Observations on PDA: Colonies very fast-growing,
radius 41-43 mm after 7 d under near-UV black and
white fluorescent light at 25 C. Colony reverse orange
(6B4-7B5) with grayish brown (7E4) spots 1-4 mm in
diam, sporodochia immersed in medium. Surface white
(1A1) to reddish gray (8A1-8B2), aerial mycelium white
(1A1) to reddish gray (8A1-8B2), dense, cottony up to
6 mm high. Sporodochia up to 2 mm in diam, some-
times coalescing into larger, irregular conidial masses up
to 5 mm in diam, conidial masses yellowish brown
(5D5-5D6).

Observations on SNA: On agar with filter paper fast-
growing, radius 37-45 mm after 7 d under near-UV
black and white fluorescent light at 25 C. Colonies trans-
parent, aerial mycelium on SNA with filter paper

occasionally lanate, sporodochia at first light to grayish
orange (6A2-6B2), produced on filter paper or directly
on and in agar up to 2 mm in diam. Phialides 13-24 x 2—
5 um (n = 30), cylindrical or slightly swollen, periclinal
thickening usually visible. Sporodochial conidia mostly
5-septate, 41.5-63 x 5-6 um (n = 50), rarely 6-septate
(68 x 6 pm, n = 1), almost straight to slightly curved,
dorsal surface more curved than ventral surface, broad-
est at or slightly above the center, apical cell conical and
slightly bent, about the same length as or slightly longer
than the penultimate cell, foot of the basal cell not as
distinct as in F. abutilonis. Chlamydospores single or in
chains, intercalary or terminal, hyaline, mostly globose,
7.5-11.5 pm diam (n = 30).

Distribution: Guadeloupe and Texas, USA.

Additional strain examined: NRRL 66743 = UTHSC
DI14-24 from human blood, Texas, USA.

Notes: The two strains of Fusarium guadeloupense,
NRRL 36125 and NRRL 66743, did not produce micro-
conidia in yeast-malt broth cultures, and 3-d-old cul-
tures grown at 25 C only grew 1.9 mm/d when they were
transferred to 37 C.

DISCUSSION

The present study represents the most detailed assess-
ment of evolutionary relationships and species diversity
within the FBSC to date. GCPSR-based analyses of three
of the four individual partitions and the combined 4-
gene data set strongly support recognizing seven species
within the FBSC (TABLE 2, FIG. 1). Although analyses
of the ITS rDNA, with only 27 PICs, did not resolve
F. abutilonis and F. buharicum as genealogically exclu-
sive (SUPPLEMENTARY FIG. 5), it did not contradict
their monophyly. Therefore, these analyses fulfill opera-
tional criteria of genealogical concordance and nondis-
cordance under GCPSR (Dettman et al. 2003; Taylor
et al. 2000). Because monophyly of the monotypic line-
age represented by Fusarium sp. NRRL 66739 could not
be assessed by bootstrapping, maximum parsimony ana-
lyses of the 4-gene data set (mean divergence = 1.3%;
TABLE 3) and 20 full-length genes mined from whole
genome sequence data (mean divergence = 1.75%;
TABLE 4; Geiser et al. 2021) support recognition of
this monotypic lineage as a phylogenetically divergent
sister of F. sublunatum.

In prior morphological taxonomic treatments, mem-
bers of what is now recognized as the FBSC,
F. buharicum and F. sublunatum, were placed in section
Discolor (Gerlach and Nirenberg 1982; Wollenweber
and Reinking 1935) or treated as and insufficiently docu-
mented in this section (Nelson et al. 1983), or not illu-
strated (Leslie and Summerell 2006). Booth (1971)
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Figure 3. Fusarium guadeloupense cultured under a 12 h dark/12 h near-UV black and white fluorescent light cycle at 25 C on SNA. A,
B. Chlamydospores in aerial mycelium and substrate. C, D. Apical and basal cells of sporodochial conidia. E. Sporodochia on agar
surface. F. Aerial mycelium with chlamydospores. G. Sporodochial conidia. H. Conidiophores with phialides. I, J. Colony surface and
reverse. bars: A-D = 10 pm; E-F = 200 pm.
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placed F. buharicum in section Discolor but did not
include F. sublunatum. Section Discolor was established
by Wollenweber (1913) to include fusaria that produce
thick-walled sporodochial conidia that are fusiform to
falcate with a beaked to fusoid apical cell and an apedi-
cellate or pedicellate foot cell, chlamydospore produc-
tion, and the absence of microconidia. In morphological
terms, the species of the FBSC are like those of the
F. sambucinum species complex, which includes the
majority of other species previously attributed to section
Discolor.

The two species formally described herein,
F. abutilonis and F. guadeloupense, share several mor-
phological characters with other members of the FBSC,
including slow to moderate growth rates, production of
robust, thick-walled sporodochial conidia with pedicel-
late foot cells, chlamydospores, and a relative sparseness
of microconidia. The number of septa in most sporodo-
chial conidia and the range in their lengths and their
widths are useful diagnostic morphological characters
for distinguishing the five formally described Buharicum
clade species when cultured on SNA with filter paper at
25 C. Fusarium convolutans, the only member of the
FBSC reported from the African continent, is unique in
that it is the only species in this complex that produces
mostly 3-septate conidia; it also produces abundant ster-
ile, coiled hyphae in vitro. With 3-septate conidia mea-
suring 25.5-38.5 pm, these are shorter than the
predominately 5-septate sporodochial conidia of the
four other species. The length ranges of the 5-septate
conidia of F. abutilonis (64-85 pm) and
F. guadeloupense (41.5-63 um) can be used to distin-
guish these two sister species. The conidia of
F. abutilonis are 7.5-9 um wide, and among the broadest
in the genus. However, the length ranges of
F. guadaloupense overlaps with the sporodochial conidia
produced by F. buharicum (typically 45-65 um) and
F. sublunatum (48-66 pm) (Gerlach and Nirenberg
1982; Wollenweber and Reinking 1935). The macroco-
nidia of F. guadaloupense and F. buharicum have similar
shapes, but the macroconidia of F. sublunatum are more
falcate than those of the other Buharicum clade species
and sometimes have a more extended foot on the basal
cell.

The subtle morphological differences of these
species are reflected by the fact that three of the
FBSC were not recognized as novel when originally
deposited in culture collections: F. abutilonis as
F. tumidum and Fusarium sp. NRRL 66739 as
F. lateritium in the Fusarium Research Center,
Pennsylvania State University (Walker 1981), and
F. guadeloupense as F. sublunatum in the Institute
for Epidemiology and Pathogen Diagnostics Culture

Collection, Berlin, Germany (BBA 70872 = CBS
102302). The FRC misidentifications are attributed
in part because Nelson et al. (1983) employed an
overly broad morphological concept of F. lateritium,
F. tumidum, and other fusaria that only produce
unusually large sporodochial conidia. This also
explains Nelson’s misidentification of F. torreyae as
F. lateritium (Aoki et al. 2013).

The FBSC phylogeny inferred from the combined
data set resolved a clade comprising three species that
induce disease symptoms on malvaceous hosts, includ-
ing cotton and kenaf (F. buharicum), rose or swamp
mallow (Fusarium sp. NRRL 66179/66172; Lupien
et al. 2017), and three invasive weeds in North
America (F. abutilonis). The latter species was reported
as F. lateritium pathogenic to several other members of
the Malvaceae and the leguminous weed sicklepod
(Senna obtusifolia), inducing leaf, stem, and root lesions
(Walker 1981). It remains to be determined whether the
four other F. buharicum clade species are phytopatho-
genic. None were isolated from symptomatic plants, and
three were recovered from soil, including F. sublunatum
in Costa Rica and Panama (Wollenweber and Reinking
1935), F. guadeloupense in New Caledonia, and
F. convolutans in South Africa (Sandoval-Denis et al.
2018).

The second strain of F. guadeloupense NRRL 66743
was recovered from human blood in Texas and depos-
ited in the Fungus Testing Laboratory, University of
Texas Health Science Center at San Antonio, as
Fusarium sp. UTHSC DI14-24. This finding is note-
worthy because it represents the only human isolate of
Fusarium known to us that produces abundant chlamy-
dospores but no microconidia in yeast-malt broth cul-
tures and the only representative of the FBSC implicated
in a human infection (Zhang et al. 2015). Given the
novelty of this putative mycotic agent, which exhibited
slow growth at 37 C, future studies are needed to assess
the extent to which it can infect humans and other
animals.

Fumonisins and trichothecenes are among the myco-
toxins of most concern to food and feed safety. Although
fumonisin and trichothecene biosynthetic gene clusters
were detected in the genome sequences of Fusarium spp.
NRRL 66182 and NRRL 66739, respectively, production
of economically important analogs of these mycotoxins
families was not detected in cracked maize kernel cul-
tures of either strain. It is not clear why the mycotoxins
were not detected, but it is possible that the maize kernel
medium was not conducive to production in these taxa.
In addition, the absence of the TRII, TRI7, and TRII3
genes in the trichothecene gene cluster of Fusarium sp.
NRRL 66739 could account for the absence of



production of nivalenol, deoxynivalenol, and T-2 toxin,
which require one or more of these genes for their
biosynthesis. We are currently conducting a more exten-
sive analysis of NRRL 66739 to determine whether it
produces novel trichothecene analogs. The presence of
fumonisin, trichothecene, fusaric acid, equisetin, and
bikaverin biosynthetic gene clusters in the genome
sequences of members of the FBSC was not expected
because surveys of these genes indicate that they are
present in distantly related species complexes (Brown
and Proctor 2016; Kim et al. 2020; O’Donnell et al.
2013). Indeed, the presence of the clusters is not surpris-
ing given evidence for multiple occurrences of horizon-
tal transfer of biosynthetic gene clusters among
Fusarium species complexes (Kim et al. 2020; Proctor
et al. 2013; Villani et al. 2019). The discovery that the
two strains of F. sublunatum NRRL 13384 and 20897
produced the tetramic acid analog equisetin (Sims et al.
2005) represents the first report of toxin production
within this species complex. Marasas et al. (1984),
Munkvold (2017), and Munkvold et al. (2021) did not
include members of the FBSC in their reviews of toxi-
genic Fusarium species. Equisetin is a cytotoxic antibio-
tic that acts on protein membranes and hydrophobic
domains in a nonspecific manner (Konig et al. 1993)
and is produced by phylogenetically diverse species
within Fusarium (Kim et al. 2020). Confirming the
report of Schiitt et al. (1998), we also did not detect
moniliformin production in solid cracked maize cul-
tures of F. buharicum and F. sublunatum, and the
other FBSC tested.

In summary, two genealogically exclusive members of
the FBSC discovered in the present study, F. abutilonis
and F. guadeloupense, were formally described here.
Although future studies are needed to determine whether
two undescribed species, Fusarium sp. ex Hibiscus
moscheutos from Washington, USA (Lupien et al. 2017),
and Fusarium sp. NRRL 66739 from China, can be dis-
tinguished using morphological data, we recommend
using partial sequences from a phylogenetically informa-
tive gene (TEFI, RPBI, or RPB2) to obtain a definitive
species identification by conducting BLASTn queries of
FUSARIUM-ID 3.0 (Torres-Cruz et al. 2022) and NCBI
GenBank (O’Donnell et al. 2022). This recommendation
is based in part on results of BLASTn searches of
GenBank, using ITS rDNA sequences as the queries,
that indicate the FBSC likely comprises more species
than included in the present study. No sexual cycle has
been reported for any member of the FBSC, but this could
be due to scientists encountering this group on a rare
basis, as evidenced by the relatively few known FBSC
isolates available in culture. Karyotype evolution within
the FBSC appears to be another fertile area of research:
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despite genomes of F. buharicum NRRL 13371 and
F. sublunatum NRRL 13384 genomes having similar esti-
mated sizes (36.1 vs. 35.7 Mb, respectively), germ tube
burst method (GTMB)-based karyotyping revealed that
they possess 9 + 1 and 18-20 chromosomes, respectively
(Waalwijk et al. 2018). Given that 5/7 species within the
Buharicum clade were discovered within the past 5 years
(Lupien et al. 2017; Sandoval-Denis et al. 2018; present
study), GCPSR-based analyses of multilocus DNA
sequence data from phylogenetically diverse fusaria have
and will continue to greatly advance our knowledge of
evolutionary relationships among and species diversity
within this agronomically important group of mycotoxi-
genic plant pathogens (Summerell 2019).
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