
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=umyc20

Mycologia

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/umyc20

Three novel Ambrosia Fusarium Clade species
producing multiseptate “dolphin-shaped” conidia,
and an augmented description of Fusarium
kuroshium

Takayuki Aoki, Pradeepa N. H. Liyanage, Joshua L. Konkol, Randy C. Ploetz,
Jason A. Smith, Matt T. Kasson, Stanley Freeman, David M. Geiser & Kerry
O’Donnell

To cite this article: Takayuki Aoki, Pradeepa N. H. Liyanage, Joshua L. Konkol, Randy C. Ploetz,
Jason A. Smith, Matt T. Kasson, Stanley Freeman, David M. Geiser & Kerry O’Donnell (2021)
Three novel Ambrosia Fusarium Clade species producing multiseptate “dolphin-shaped”
conidia, and an augmented description of Fusarium kuroshium, Mycologia, 113:5, 1089-1109,
DOI: 10.1080/00275514.2021.1923300

To link to this article:  https://doi.org/10.1080/00275514.2021.1923300

View supplementary material Published online: 03 Aug 2021.

Submit your article to this journal Article views: 1087

View related articles View Crossmark data

Citing articles: 5 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=umyc20
https://www.tandfonline.com/journals/umyc20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00275514.2021.1923300
https://doi.org/10.1080/00275514.2021.1923300
https://www.tandfonline.com/doi/suppl/10.1080/00275514.2021.1923300
https://www.tandfonline.com/doi/suppl/10.1080/00275514.2021.1923300
https://www.tandfonline.com/action/authorSubmission?journalCode=umyc20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=umyc20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00275514.2021.1923300?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00275514.2021.1923300?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/00275514.2021.1923300&domain=pdf&date_stamp=03 Aug 2021
http://crossmark.crossref.org/dialog/?doi=10.1080/00275514.2021.1923300&domain=pdf&date_stamp=03 Aug 2021
https://www.tandfonline.com/doi/citedby/10.1080/00275514.2021.1923300?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/00275514.2021.1923300?src=pdf


Three novel Ambrosia Fusarium Clade species producing multiseptate “dolphin-shaped” 
conidia, and an augmented description of Fusarium kuroshium
Takayuki Aoki a, Pradeepa N. H. Liyanageb, Joshua L. Konkolc, Randy C. Ploetzd, Jason A. Smithe, 
Matt T. Kasson f, Stanley Freeman g, David M. Geiser h, and Kerry O’Donnell i

aGenetic Resources Center, National Agriculture and Food Research Organization, 2-1-2 Kannondai, Tsukuba, Ibaraki 305-8602, Japan; 
bInstitute of Biochemistry, Molecular Biology and Biotechnology, University of Colombo, No. 90, Cumaratunga Munidasa Mawatha, Colombo 3, 
Sri Lanka; cDepartment of Plant Pathology, University of Florida, Gainesville, Florida 32611; dTropical Research and Education Center, Institute 
of Food and Agricultural Sciences, University of Florida, Homestead, Florida 33031; eSchool of Forest Resources and Conservation, University of 
Florida, Gainesville, Florida 32611; fDivision of Plant and Soil Sciences, West Virginia University, Morgantown, West Virginia 26506; 
gDepartment of Plant Pathology and Weed Research, Agricultural Research Organization, The Volcani Center, Rishon LeZion, 7505101, Israel; 
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ABSTRACT
The Ambrosia Fusarium Clade (AFC) is a monophyletic lineage within clade 3 of the Fusarium solani 
species complex (FSSC) that currently comprises 19 genealogically exclusive species. These fungi 
are known or predicted to be farmed by adult female Euwallacea ambrosia beetles as a nutritional 
mutualism (Coleoptera: Scolytinae; Xyleborini). To date, only eight of the 19 AFC species have been 
described formally with Latin binomials. We describe three AFC species, previously known as AF-8, 
AF-10, and AF-11, based on molecular phylogenetic analysis of multilocus DNA sequence data and 
comparative morphological/phenotypic studies. Fusarium duplospermum (AF-8) farmed by 
E. perbrevis on avocado in Florida, USA, is distinguished by forming two morphologically different 
types of multiseptate conidia and brownish orange colonies on potato dextrose agar (PDA). 
Fusarium drepaniforme (AF-10), isolated from an unknown woody host in Singapore and deposited 
as Herb IMI 351954 in the Royal Botanic Gardens, Kew, UK, under the name F. bugnicourtii, is 
diagnosed by frequent production of multiseptate sickle-shaped conidia. Fusarium papillatum (AF- 
11), isolated from mycangia of E. perbrevis infesting tea in Kandy, Sri Lanka, forms multiseptate 
clavate conidia that possess a papillate apical cell protruding toward the ventral side. Lastly, we 
prepared an augmented description of F. kuroshium (AF-12), previously isolated from the heads or 
galleries of E. kuroshio in a California sycamore tree, El Cajon, California, USA, and recently validated 
nomenclaturally as Fusarium. Conidia formed by F. kuroshium vary widely in size and shape, 
suggesting a close morphological relationship with F. floridanum, compared with all other AFC 
species. Maximum likelihood and maximum parsimony analyses of a multilocus data set resolve 
these three novel AFC species, and F. kuroshium, as phylogenetically distinct based on genealogical 
concordance. Given the promiscuous nature of several Euwallacea species, and the overlapping 
geographic range of several AFC species and Euwallacea ambrosia beetles, the potential for 
symbiont switching among sympatric species is discussed.
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INTRODUCTION

The Ambrosia Fusarium Clade is a monophyletic line
age within clade 3 of the Fusarium solani species com
plex (FSSC; Kasson et al. 2013; O’Donnell et al. 2015; 
Geiser et al. 2021). The AFC currently comprises 19 
phylogenetically distinct species, most of which are 
known to be farmed by adult female Euwallacea ambro
sia beetles (Coleoptera: Scolytinae) as a nutritional 
mutualism (Freeman et al. 2013; Kasson et al. 2013; 
O’Donnell et al. 2015; Aoki et al. 2018, 2019; Na et al. 
2018; Carrillo et al. 2019; Lynn et al. 2020). Because 

F. ambrosium (Gadd & Loos) Agnihothr. & Nirenberg 
(Gadd and Loos 1947; Nirenberg 1990) was the only 
AFC species that possessed a Latin binomial when this 
clade was first discovered (Kasson et al. 2013), an infor
mal ad hoc nomenclature was adopted that distinguishes 
the AFC species as AF-1 through AF-19. Currently, 19 
AFC species are recognized but only eight have been 
formally described (Nirenberg 1990; Freeman et al. 
2013; Aoki et al. 2018, 2019, 2020; Na et al. 2018; Lynn 
et al. 2020). Most of the AFC species produce apically 
swollen, multiseptate clavate conidia atypical of the 
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FSSC, described as “dolphin-like” (Brayford 1987; Aoki 
et al. 2018) or clavate. This peculiar morphology was 
proposed to represent an adaptation for the mutualism 
with Euwallacea ambrosia beetles (Kasson et al. 2013).

Conidia of the AFC species are maintained and trans
ported by adult female Euwallacea ambrosia beetles in 
their mycangia (Spahr et al. 2020). These fusaria are 
farmed in galleries in the xylem of woody hosts, where 
they serve as the primary source of nutrition for their 
developing larvae and adults (Six 2003, 2012; Freeman 
et al. 2012a, 2013; Mendel et al. 2012). Several Fusarium- 
farming Euwallacea beetles cause dieback and death of 
economically/agriculturally important host trees or 
shrubs in their native range in southern Asia, including 
Chinese tea (Camellia sinensis (L.) Kuntze), cacao 
(Theobroma cacao L.), citrus (Citrus spp.), rubber 
(Hevea brasiliensis Müll. Arg.), and wattle (Acacia spp.) 
(Brayford 1987; Freeman et al. 2012a, 2012b, 2013; Lynn 
et al. 2020). In addition, invasive Euwallacea beetles are 
responsible for dieback symptoms of avocado (Persea 
americana Mill.) in commercial groves, as well as many 
other woody hosts in urban areas and native forests in 
the United States, Israel, Australia, Mexico, and South 
Africa (Mendel et al. 2012; Eskalen et al. 2013; Freeman 
et al. 2013; O’Donnell et al. 2016; Paap et al. 2018; Aoki 
et al. 2019).

Here, we formally describe AFC species AF-8, AF- 
10, and AF-11, which form characteristic apically 
swollen, multiseptate clavate conidia. These include 
F. duplospermum (AF-8) farmed by an ambrosia beetle 
(E. perbrevis (Schedl) = Euwallacea sp. 2; Stouthamer et al. 
2017; Smith et al. 2019); F. drepaniforme (AF-10) collected 
from an unknown host in Singapore; and F. papillatum 
(AF-11) isolated from tea infested with tea shot hole borer 
(TSHB) beetles (E. perbrevis; Stouthamer et al. 2017; Smith 
et al. 2019) in Kandy, Sri Lanka. In addition, because 
F. kuroshium (AF-12) was first validated nomenclaturally 
as Neocosmospora kuroshio F. Na, J.D. Carrillo & A. Eskalen 
ex Sand.-Denis & Crous (Sandoval-Denis et al. 2019), it 
was recombined as Fusarium kuroshium because 
Neocosmospora is nested within a monophyletic Fusarium 
(Aoki et al. 2020; Geiser et al. 2013, 2021; O’Donnell et al. 
2020). An augmented description of F. kuroshium is pro
vided here.

MATERIALS AND METHODS

Fungal isolates.— Collections of ambrosia beetles 
(Euwallacea perbrevis) were made in an avocado (Persea 
americana) grove in Homestead, Miami-Dade County, 
Florida, USA, in May and Jun 2012, and from tea 
(Camellia sinensis) bushes in Kandy, Central Province, 
Sri Lanka, in Feb 2014. In Sri Lanka, symptomatic tea 

bushes were showing typical dieback and canker symp
toms. Live mature female adult beetles that possess oral 
mycangia (Kasson et al. 2013) were selected for fungal 
isolation described as follows. Female beetles were surface 
sterilized in 70% ethanol for 15 s, and their heads were 
removed with a sterile scalpel. The head of each beetle was 
macerated in 100 µL of sterile deionized water in a 1.5-mL 
Eppendorf tube. The homogenate was streaked on half- 
strength potato dextrose agar (PDA) amended with strep
tomycin and incubated at 25 C. Single colonies were 
subcultured on PDA amended with streptomycin. Once 
AFC isolates were identified using multilocus DNA 
sequence data, they were deposited in the Agriculture 
Research Culture Collection (NRRL), National Center 
for Agricultural Utilization Research, Peoria, Illinois, 
and the NARO Genebank Microorganisms Section 
(MAFF), Genetic Resources Center, National 
Agriculture Research Organization, Tsukuba, Ibaraki, 
Japan. Other strains examined were obtained from 
NRRL. The KOD and UCR strain designations refer to 
collections maintained by Kerry O’Donnell and the 
University of California, Riverside, respectively.

Molecular phylogenetic analyses.— Methods for pre
paring total genomic DNA, polymerase chain reaction 
(PCR) amplification of portions of four marker loci, and 
DNA sequencing were published previously (Kasson 
et al. 2013; O’Donnell et al. 2015; Aoki et al. 2019). 
The loci amplified and sequenced included translation 
elongation factor 1α (TEF1, 684 bp alignment), nuclear 
ribosomal internal transcribed spacer region (ITS 
rDNA, 445 bp alignment), and DNA-directed RNA 
polymerase II largest (RPB1, 1588 bp alignment) 
and second largest (RPB2, 1635 bp alignment) subunit. 
All of the sequences analyzed were downloaded from 
GenBank or TreeBASE (Kasson et al. 2013, TreeBASE 
accession no. S13974; Na et al. 2018, table 2; Aoki et al. 
2019, TreeBASE accession no. S24402; Lynn et al. 2020, 
table 1). Sequences of Fusarium spp. AF-17, AF-18, and 
F. rekanum (AF-19) were not included in the analyses 
because their TEF1 sequences were too short (i.e., 272– 
274 bp in length) to analyze with IQ-TREE and RPB1 
was missing. Sequences from two isolates of 
F. neocosmosporiellum, a related species within clade 3 
of the FSSC (O’Donnell 2000), were used as the out
group taxa. Maximum likelihood (ML) and maximum 
parsimony (MP) bootstrap (BS) analyses were con
ducted, respectively, with IQ-TREE 1.6.12 (Nguyen 
et al. 2015; http://www.iqtree.org/) and PAUP* 
4.0a.168 (http://phylosolutions.com/paup-test/). ML-BS 
and MP-BS support was assessed by conducting 5000 
pseudoreplicates of the data. A ML-BS analysis of the 
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combined data set was conducted after the best-fit 
model of molecular evolution was determined for each 
partition using ModelFinder (Kalyaanamoorthy et al. 
2017) based on the Bayesian information criterion 
(BIC) scores (Chernomor et al. 2016).

Phenotypic characterization.— Phenotypic data, 
including colony color and morphology, growth rates, 
and morphological data of conidial structures, were 
collected following published methods (Freeman et al. 
2013; Aoki et al. 2018, 2019). Strains originating as 
single-conidial isolates were cultured on potato dextrose 
agar (PDA; Difco, Detroit, Michigan) and synthetic low- 
nutrient agar (SNA; Nirenberg and O’Donnell 1998) in 
the dark, under continuous black light (black light blue 
fluorescent tubes, FL8BL-B 8W/08; Panasonic, Osaka, 
Japan) or under an ambient daylight photoperiod. 
Cultures were incubated at 20 C in the dark on PDA in 
9-cm Petri dishes, which were used to characterize col
ony color, odor, and morphology, unless stated other
wise. The Methuen Handbook of Colour (Kornerup and 
Wanscher 1978) was used as the color standard. Half- 
strength PDA was also used for documenting images of 
F. duplospermum colonies. PDA cultures inoculated 
with colony plugs ca. 5 × 5 mm in size were used for 
determining mycelial growth rates in the dark at eight 
different temperatures from 5 to 40 C at 5 C intervals 
(Aoki et al. 2013). Their growth at 36, 37, 38, and 39 
C was also tested to assess their potential to infect 
humans. Cultures were examined at 1 and 4 d after 
inoculation, and colony margins were marked on the 
reverse side of the Petri dishes. Radial mycelial growth 
rates were calculated as arithmetic mean values per day 
by measuring the distance of 16 points around the col
ony radius and the agar plug. Measurements of growth 
rate at different temperatures were repeated twice, and 
the data were averaged for each strain. Microscopic 
characters were investigated on SNA at 20 C under 
continuous black light, unless otherwise stated, as 
described by Freeman et al. (2013) and Aoki et al. 
(2018, 2019). For F. drepaniforme (AF-10), morphologi
cal differences between cultures grown in the dark and 
under black light were also compared in the description. 
A Zeiss Stemi DRC stereo microscope (Zeiss, Jena, 
Germany) with a Nikon digital camera DS-Fi2 (Nikon, 
Tokyo, Japan) were used to record production of spor
odochia in cultures. Conidia and conidiophores pro
duced on SNA were examined and documented with 
a Zeiss Axioskop microscope using a Nikon digital cam
era DS-Fi2 after they were mounted in water and via 
direct observation of conidiogenous structures in aerial 
mycelia without a coverslip. Average and standard 

deviation (SD) for the size of individual conidial types 
for each strain were calculated from measurements of at 
least 50 conidia randomly chosen based on the number 
of septa. Measurements are indicated in the descriptions 
as follows: for the total range of a species: {minimum 
length–(minimum average length of a strain–maximum 
average length of a strain, among strains examined)– 
maximum length} × {minimum width–(minimum aver
age width of a strain–maximum average width of 
a strain, among strains examined)–maximum width}; 
for the ex-type strain: {minimum length–(average length 
± SD)–maximum length} × {minimum width–(average 
width ± SD)–maximum width}. Phenotypic characters 
were compared with previously published data for 
F. ambrosium (Aoki et al. 2018), F. euwallaceae 
(Freeman et al. 2013), F. oligoseptatum (Aoki et al. 
2018), F. kuroshium (Na et al. 2018), F. floridanum, 
F. tuaranense, and F. obliquiseptatum (Aoki et al. 
2019), and F. rekanum (Lynn et al. 2020). Swollen multi
septate aerial conidia were measured together with those 
formed on conidiophores on the substrate mycelium.

RESULTS

Molecular phylogenetic analyses.— The optimal 
model of molecular evolution found by ModelFinder 
(Kalyaanamoorthy et al. 2017) for each partition was as 
follows: TEF1 = HKY+F+I, ITS rDNA = TIM2e+I, RPB1 
= TIMe+I+G4, RPB2 = TNe+G4. The best tree found by 
a partitioned ML analysis of the combined data set with IQ- 
TREE (Nguyen et al. 2015) possessed a negative log- 
likelihood of −9356.275 (FIG. 1). Two AFC species (AF-8 
+ AF-9) in Clade A formed a well-supported sister group to 
Clade B, which contained the other AFC species. 
Considering phylogenetic relationships of the four AFC 
species that are the focus of the present study, a sister- 
group relationship of F. duplospermum (AF-8) + 
Fusarium sp. (AF-9) from Florida and Costa Rica and of 
F. kuroshium (AF-12) + Fusarium sp. (AF-13) from Taiwan 
received strong bootstrap support (i.e., ML-BS = 99%, MP- 
BS = 95–100%). However, a sister-group relationship of 
F. drepaniforme (AF-10) + F. papilliatum (AF-11) was not 
supported by ML and MP bootstrapping (FIG. 1). In addi
tion, most nodes along the backbone of the phylogeny were 
not supported by ML and MP bootstrapping (FIG. 1).

TAXONOMY

Fusarium duplospermum T. Aoki, Konkol, R.C. Ploetz, 
J.A. Smith, Kasson, S. Freeman, Geiser & O’Donnell, sp. 
nov.     FIGS. 2–4; SUPPLEMENTARY FIG. 1A, E, I–L
Index Fungorum: IF558017

MYCOLOGIA 1091



 62946 F. kuroshium [AF-12] CA-USA

 62945 F. kuroshium [AF-12] CA-USA (T)

 UCR4674 F. sp [AF-13] Taiwan

 UCR4675 F. sp [AF-13] Taiwan

 UCR4681 F. sp [AF-14] Taiwan

 UCR4672 F. sp [AF-14] Taiwan

 UCR4679 F. sp [AF-15] Taiwan

 54722 F. euwallaceae [AF-2] Israel (T)

 62626 F. euwallaceae [AF-2] CA-USA

 54727 F. euwallaceae [AF-2] Israel

 62608 F. floridanum [AF-3] FL-USA

 62606 F. floridanum [AF-3] FL-USA

 62628 F. floridanum [AF-3] FL-USA (T)

 62579 F. oligoseptatum [AF-4] PA-USA (T)

 62578 F. oligoseptatum [AF-4] PA-USA

 62582 F. oligoseptatum [AF-4] PA-USA

 UCR4673 F. sp [AF-16] Taiwan

 UCR4676 F. sp [AF-16] Taiwan

 62943 F. papillatum [AF-11] Sri Lanka (T)

 62944 F. papillatum [AF-11] Sri Lanka

 62941 F. drepaniforme [AF-10] Singapore (T)

 22346 F. ambrosium [AF-1] India (ET)

 62942 F. ambrosium [AF-1] Sri Lanka

 20438 F. ambrosium [AF-1] India

 46518 F tuaranense [AF-5] Malaysia

 22231 F. tuaranense [AF-5] Malaysia (T)

 46519 F. tuaranense [AF-5] Malaysia

 62611 F. obliquiseptatum [AF-7] Australia (T)

 62610 F. obliquiseptatum [AF-7] Australia

 62590 F. sp [AF-6] FL-USA

 62591 F. sp [AF-6] FL-USA

 62586 F. duplospermum [AF-8] FL-USA

 62583 F. duplospermum [AF-8] FL-USA (T)

 62585 F. duplospermum [AF-8] FL-USA

 62589 F. duplospermum [AF-8] FL-USA

 62587 F. duplospermum [AF-8] FL-USA

 62584 F. duplospermum [AF-8] FL-USA

 66088 F. sp [AF-9] FL-USA

 22643 F. sp [AF-9] Costa Rica

 43467 F. neocosmosporiellum

 22166 F. neocosmosporiellum (ET)
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(Ambrosia Fusarium Clade)

Clade B

Clade A

TEF1 + ITS rDNA
RPB1 + RPB2
4352 bp
384 bp PIC
TEF1: HKY+F+I
ITS rDNA: TIM2e+I
RPB1: TIMe+I+G4
RPB2: TNe+G4
5000 ML-BS
Best ML tree –9356.275

100

100

72

72

outgroups

Figure 1. Maximum likelihood bootstrap (ML-BS) analysis of 16 AFC species, which are distinguished by an informal ad hoc 
nomenclature (i.e., AF-1 through AF-16). Eleven of the AFC species have been formally described, including four highlighted in gray 
reported herein. The combined 4.35-kb 4-locus data set was analyzed via maximum likelihood bootstrapping (ML-BS) with IQ-TREE 
(Nguyen et al. 2015) and maximum parsimony bootstrapping (MP-BS) with PAUP* 4.0a.168 (http://phylosolutions.com/paup-test/). 
Sequences of F. neocosmosporiellum were chosen to root the 39 ingroup AFC sequences based on more inclusive phylogenetic analyses 
(O’Donnell et al. 2013; Geiser et al. 2021). ML-BS and MP-BS support values ≥70% are reported above and below nodes, respectively, 
based on 5000 pseudoreplicates of the data. The 34 strains from the ARS Culture Collection are identified by a 5-digit accession 
number. Sequences of the seven University of California–Riverside (URC; Na et al. 2018) strains were downloaded from GenBank. PIC, 
parsimony-informative character.
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Typification: USA. FLORIDA: Miami-Dade County, 
Homestead, originally isolated from the oral mycangium 
of an ambrosia beetle (E. perbrevis (Schedl)) trapped in 
an avocado (Persea americana) grove, 11 May 2012, 
Joshua Konkol Amb1 (holotype BPI 923529, a dried 
specimen from a culture of NRRL 62583, Herbarium 
US National Fungus Collection, USA). Ex-holotype cul
ture NRRL 62583 = MAFF 247220.

Etymology: duplo- (doubled) + -spermus (-spored), 
based on production of two morphologically distinct 
types of multiseptate conidia.

Diagnosis: Fusarium duplospermum can be distin
guished from the other AFC species by forming two 
morphologically distinct types of multiseptate conidia, 
i.e., (i) long, slender, and falcate, or (ii) relatively short, 
apically swollen, curved and clavate. Conidia of the latter 
type are sometimes “dolphin-like” in appearance, as 
found in many AFC species, whereas the narrower fal
cate conidia resemble multiseptate conidia typically 
formed by most FSSC species that do not produce api
cally swollen “dolphin-like” conidia. Some isolates pro
duce distinctly verticillate conidiophores. Fusarium 
duplospermum is characterized by forming brownish 
orange colonies on PDA, which differs from all other 
described AFC species, which typically produce whitish, 
yellowish, or grayish dull-colored mycelia on PDA.

Observation on PDA: Radial mycelial growth rates of 
colonies 1.8–2.3 mm per day at 20 C and 2.4–3.4 mm 
per day at 25 C; no growth at 38 C or higher, dead at 39 
C. White (1A1), yellowish white (4A2), pale yellow 
(4A3), light yellow (4A4) to greyish yellow (4B3–5) 
initially, becoming pale orange (5A3) to greyish orange 
(5B3–5), or reddish white (7–8A2) to pale red (7–8A3), 
reddish grey (7–8B2) to greyish red (7–8B3) with age, 
often with a brownish orange (5–7C3–5) center when 
cultured in the dark. When cultured under black light, 
becoming more brownish centrally, or yellowish brown 
(5D–E4–6). Aerial mycelium white (1A1), sparsely 
formed, but sometimes floccose or funiculose. Colony 
margin typically entire, undulate in some strains. 
Reverse pigmentation absent or yellowish white (4A2) 
or pale yellow (4A3) to light yellow (4A4–5), some grey
ish orange (5B3–5), brownish orange (5C3–5) to yellow
ish brown (5D–E4–6) or brown (6D–E4–6), sometimes 
with yellowish pigments in the agar. Exudates absent. 
Odor absent or moldy. When cultured under black light, 
forming pale yellowish sporodochia as minute pustules 
with abundant conidial production after ca. 1 mo.

Microscopic characters on SNA: Hyphae 1–9 µm wide. 
Chlamydospores formed but delayed, intercalary in or 
on hyphae and conidia, terminally on lateral hyphal 
branches, or sometimes directly on hyphae and conidia, 

mostly subglobose to oblong-ellipsoidal, single or some
times in chains of up to 3, hyaline to slightly pale yellow, 
smooth to often minutely rough-walled, 3.5–14 × 3–10.5 
µm. Sclerotia absent. Sporulation generally starts within 
2–3 d and abundant under black light, reduced in the 
dark in many strains; sporodochia formed sparsely and 
absent in some strains.

Aerial conidiophores ordinarily formed abundantly, 
erect, often tall and narrow, unbranched or branched 
sparsely to verticillately, up to 245 µm long, 2.5–6 µm 
wide at the base, often thin-walled, sometimes thick- 
walled, forming monophialides often integrated as api
cal segments of conidiophore branches, or sometimes as 
a proliferated phialide. Phialides on aerial conidiophores 
simple, subcylindrical to subulate, or integrated at the 
apex of a conidiophore, tapering toward the apex, often 
with a minute collarette at the tip, 9–56.5 × 1.5–5.5 µm. 
Aerial conidia hyaline, mostly (i) elliptical, oblong- 
elliptical, fusiform-elliptical to short-clavate, straight or 
sometimes curved, reniform or crescent-shaped, some 
obovate to comma-shaped, 0–1-septate; 0-septate: 3.5– 
(8.3–9.1)–21 × 1.5–(2.9–3.5)–6.5 µm [ex-type: 4.5–(8.3 ± 
2.8)–21 × 1.5–(2.9 ± 0.6)–4.5 µm]; 1-septate: 10–(14.1– 
16.9)–34 × 2.5–(4.0–4.4)–7 µm [ex-type: 10.5–(14.1 ± 
2.3)–20 × 2.5–(4.0 ± 0.6)–5.5 µm]; often also forming (ii) 
larger, falcate to clavate, sometimes curved cylindrical, 
(1–)3–4(–5)-septate conidia that are morphologically 
indistinguishable from multiseptate conidia formed on 
conidiophores from the substrate mycelium.

Conidiophores arising from the substrate mycelium 
or in sporodochia generally shorter than aerial conidio
phores, sometimes tall and thick, unbranched or 
branched, up to 127.5 µm long, 2.5–6 µm wide at the 
base, straight or sometimes contorted or twisted, form
ing apical monophialides integrated at the apex of con
idiophores, or reduced to a simple phialide on substrate 
mycelium. Phialides simple, subulate or subcylindrical, 
often with a conspicuous collarette at the tip, 8–60 × 
2.5–6 µm. Conidia formed on conidiophores arising 
directly from the substrate mycelium or in sporodochia 
frequently under black light, less frequently in the dark, 
hyaline, of two distinct shapes: usually (i) not swollen 
apically, falcate, lanceolate to long clavate, or curved 
cylindrical, crescent-shaped, with a rounded or pointed 
apex, tapering gradually toward the base, with a distinct 
or indistinct foot-like basal cell, and sometimes (ii) 
straight or curved and swollen in their upper parts 
with a tapering apical cell, tapering toward the base 
with a distinct or indistinct foot-like basal cell, some 
“dolphin-like” (Brayford 1987), (1–)3–5(–7)-septate, 
1-septate: 10–34 × 2.5–7 µm; 2-septate: 13–41.5 × 3–7 
µm; 3-septate: 17.5–(28.1–41.6)–55 × 3.5–(4.9–5.6)–8 
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µm [ex-type: 17.5–(29.8 ± 5.7)–45.5 × 4–(5.2 ± 0.6)–8 
µm]; 4-septate: 28–(37.0–49.9)–60 × 4–(5.1–6.1)–9 µm 
[ex-type: 28–(38.3 ± 5.8)–55 × 4–(5.7 ± 0.6)–7.5 µm]; 
5-septate: 29.5–(43.3–55.2)–65 × 4–(5.5–6.4)–9 µm [ex- 
type: 34–(46.1 ± 5.5)–59 × 5–(6.4 ± 0.6)–9 µm]; 6-sep
tate: 39.5–62.5 × 5–7.5 µm. Short-clavate to obovate or 
naviculate, straight or curved conidia, with a rounded 
apex and a truncate base, 0–1(–2)-septate, sometimes 
formed together with multiseptate conidia on shorter 
conidiophores arising from the substrate mycelium.

Additional isolates studied: (Only collected from the 
type locality.) USA. FLORIDA: Miami-Dade County, 
Homestead, isolated from the oral mycangium of an 
ambrosia beetle (E. perbrevis) trapped in an avocado 
grove, 11 May 2012, Joshua Konkol Amb2 = NRRL 
62584 = MAFF 247221; 11 May 2012, AF4 = NRRL 
62585 = MAFF 247222; 11 May 2012, AF5 = NRRL 
62586 = MAFF 247223; 1 Jun 2012, AF6 = NRRL 

62587 = MAFF 247224; 1 Jun 2012, AF8 = NRRL 
62589 = MAFF 247225.

Notes: This species forms two morphologically distinct 
multiseptate conidia: (i) narrow multiseptate falcate con
idia (FIGS. 2H–L, 3L–N, Q–T) as observed in many FSSC 
species, and less frequently (ii) swollen “dolphin-like” mul
tiseptate clavate conidia (FIGS. 2M–Q, 3O, P, U, V) as 
typically observed in many AFC species. Multiseptate con
idia formed on conidiophores arising directly from the 
substrate mycelium or in sporodochia overlap morpholo
gically with multiseptate aerial conidia (FIGS. 2G, 3H, I). 
This species forms chlamydospores in or on hyphae and 
conidia (FIGS. 2R, S, 3W–Y) that are hyaline or slightly 
pale yellow, smooth to often minutely rough-walled on 
SNA. Brownish orange colonies on PDA (FIG. 4) is 
a distinctive character of this species. Fusarium duplosper
mum’s fastest growth rate was at 30 C (FIG. 5), except for 
NRRL 62587, which grew fastest at 25 C. Except for two 
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Figure 2. Fusarium duplospermum. A‒C. Tall aerial conidiophores forming 0- and 1-septate conidia (B. Proliferated phialide formed 
through apex). D‒F. 0- and 1-septate aerial conidia. G. Erect aerial conidiophore forming multiseptate conidia. H. Short conidiophores 
arising from substrate mycelium forming multiseptate falcate conidia, with some 1- and 2-septate shorter conidia. I‒L. Falcate, curved 
cylindrical to crescent-shaped, multiseptate conidia, formed from short conidiophores on substrate mycelium. M‒Q. Apically swollen, 
curved multiseptate clavate conidia, with a tapering or papillate apical cell, formed from conidiophores on substrate mycelium. R, 
S. Chlamydospores formed in hyphae. All from SNA cultures grown under black light; A, K, N, S from NRRL 62587; B, I, O from NRRL 
62585; C, H, R from NRRL 62583 (ex-holotype); D, M from NRRL 62584; E, J, P from NRRL 62586; F, G, L, Q from NRRL 62589. Bar = 25 μm.
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Figure 3. Fusarium duplospermum. A‒G. Aerial conidiophores forming 0- and 1-septate conidia. H, I. Aerial conidiophores forming 
multiseptate falcate conidia. J‒P. Short conidiophores arising from substrate mycelium forming multiseptate conidia that are falcate 
(L‒N) or swollen in upper parts, curved clavate (O, P). Q‒V. 3–5(–7)-septate multiseptate falcate conidia (Q‒T) or ones swollen in upper 
parts and curved clavate (U, V). W‒Y. Chlamydospores formed in hyphae (W, X) and on apex of conidium (Y). All from SNA cultures 
grown under black light; A, W from NRRL 62584; B, C, G, L, X from NRRL 62585; D, K, O, P, R, U, V from NRRL 62589; E, F, H, J, N, Q, S, T, 
Y from NRRL 62583 (ex-holotype); I, M from NRRL 62587. A‒C, J, K. Direct observation without a coverslip. D‒I, L‒Y. Mounted in water 
with a coverslip. Bars = 50 μm.
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strains, this species grew very slowly, i.e., <0.1 mm per day 
at 37 C. The genome sequence of NRRL 62584 is available 
in Genbank, i.e., BioSample: SAMN07244161; BioProject: 
PRJNA389173.

Fusarium drepaniforme T. Aoki, Kasson, J.A. Smith, 
S. Freeman, Geiser & O’Donnell, sp. nov. FIGS. 6–8; 
SUPPLEMENTARY FIG. 1B, F, M–Q

Index Fungorum: IF558018
Typification: SINGAPORE. Isolated from unknown 

woody host, no further collection information found 
(holotype BPI 923530, a dried specimen from 
a culture of NRRL 62941, Herbarium of US 
National Fungus Collections, USA); isotype Herb 
IMI 351954, the IMI fungarium, Mycology 
Department, Royal Botanic Gardens, Kew, UK [as 
F. bugnicourtii]); ex-holotype culture NRRL 62941 
(= KOD 147) = MAFF 247230.

Etymology: drepani- (sickle-) + forme (shaped), based 
on morphology of multiseptate conidia.

Diagnosis: The species can be distinguished from all 
other AFC species by frequent production of multisep
tate sickle-shaped conidia.

Observations on PDA: Radial mycelial growth rates 
3.5 mm per day at 20 C and 4.8 mm per day at 25 C; no 
growth at 36 C or higher, dead at 40 C. White (1A1), 
yellowish white (4A2) to pale yellow (4A3) initially, 
becoming pale orange (5A3), light orange (5A4–5) to 
greyish orange (5B3–5) with age. Aerial mycelium white 
(1A1), sparsely formed. Colony margin entire. Reverse 
pigmentation yellowish white (4A2) or pale yellow 
(4A3) to greyish yellow (4B3–4). Exudates absent. 
Odor absent or moldy. When cultured under black 
light, forming pale yellow (4A3) to light yellow (4A4– 
5) sporodochia with abundant conidial production after 
ca. 1 mo.

Microscopic characters on SNA: Hyphae on SNA 1.5– 
7.5 µm wide. Chlamydospores in or on hyphae and 
conidia, mostly subglobose to round ellipsoidal, inter
calary or terminal, often single, sometimes in chains or 

A B C

Figure 4. Colony morphology of Fusarium duplospermum on half-strength PDA in the dark. A, B. Colony surface. C. Colony undersur
face. A. NRRL 62583 (ex-holotype). B, C. NRRL 62584. Fusarium duplospermum is distinguished by forming brownish orange colonies on 
PDA.
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Figure 5. Daily radial mycelial growth rate of Fusarium duplospermum on PDA cultured at eight different temperatures. Thick horizontal 
and vertical bars indicate means and total ranges, respectively, of the six isolates analyzed. All isolates failed to grow and died at 40 C.
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in mass of up to 4, hyaline or pale yellow, smooth to 
often minutely rough-walled, 8–11.5 × 3–7 µm. Sclerotia 
absent. Sporulation starts within 2–3 d and abundant 
under black light, less abundant in the dark; sporodochia 
formed sparsely.

Aerial conidiophores usually formed abundantly, 
erect, often tall and narrow, often unbranched, some 
sparsely branched, up to 219 µm long, 2.5–5 µm wide 
at the base, mostly thin-walled, sometimes thick-walled, 
forming monophialides integrated at the apices. 
Phialides on aerial conidiophores simple, subcylindrical 
to subulate, integrated, tapering toward the apex, often 
with a minute collarette at the tip, 10.5–40 × 2–4.5 µm. 
Aerial conidia hyaline, of two types: (i) elliptical, oblong- 
elliptical, fusiform-elliptical to clavate, straight or some
times curved and reniform or crescent-shaped, some 
obovate to comma-shaped, 0–1(–3)-septate; 0-septate: 
5–(9.9 ± 1.8)–14.5 × 2–(3.6 ± 0.7)–5 µm in the dark, 
4.5–(9.4 ± 2.0)–14.5 × 1.5–(3.6 ± 0.7)–7 µm under black 
light; 1-septate: 7.5–(14.2 ± 2.7)–22.5 × 3–(4.3 ± 0.7)–5.5 
µm in the dark, 10.5–(14.4 ± 2.1)–21 × 3–(4.4 ± 0.5)–5.5 
µm under black light; often forming (ii) larger, clavate to 
falcate, sometimes curved cylindrical, (1–)3–4(–5)- 
septate swollen conidia, morphologically overlapping 
and indistinguishable from multiseptate conidia formed 
on conidiophores from the substrate mycelium.

Conidiophores arising from the substrate mycelium 
or in sporodochia generally shorter than aerial conidio
phores, but sometimes relatively tall and thick, 
unbranched or branched, up to 87.5 µm long, 2.5–6.5 
µm wide at the base, straight or sometimes contorted or 
twisted, forming apical integrated monophialides, or 
reduced to a simple phialide on substrate mycelium. 
Phialides simple, subulate or subcylindrical, rarely 
ampulliform, often with a minute collarette at the tip, 
10–47.5 × 2.5–4.5 µm. Conidia formed on conidio
phores arising directly from the substrate mycelium or 
in sporodochia, often clavate and straight in the dark, 
becoming falcate and curved under black light, with 
a tapering and papillate apical cell, gradually tapering 
toward the base, sickle-shaped, with a distinct or indis
tinct foot-like basal cell, often swollen in the upper parts, 
and sometimes “dolphin-like” (Brayford 1987), hyaline, 
(0–)3–7-septate, often becoming larger when cultured 
under black light than in the dark; 0-septate: 8–11.5 × 
4.5–7.5 µm in the dark, 10–18 × 4–8 µm under black 
light; 1-septate: 11.5–22.5 × 3.5–7 µm in the dark, 11.5– 
29.5 × 4.5–8.5 µm under black light; 2-septate: 13–33 × 
5–10 µm in the dark, 15.5–44.5 × 4.5–11.5 µm under 
black light; 3-septate: 19.5–(29.7 ± 5.0)–45.5 × 5.5–(7.5 ± 
1.0)–10.5 µm in the dark, 19.5–(34.2 ± 6.2)–46 × 6.5– 
(9.1 ± 1.6)–12 µm under black light; 4-septate: 18–(35.9 
± 5.4)–48.5 × 6.5–(8.2 ± 0.8)–10.5 µm in the dark, 30– 

(42.8 ± 5.0)–54.5 × 7.5–(10.3 ± 1.2)–12.5 µm under black 
light; 5-septate: 25.5–(37.7 ± 4.0)–45.5 × 6.5–(8.1 ± 0.7)– 
10 µm in the dark, 26.5–(45.9 ± 7.6)–57.5 × 7–(10.0 ± 
1.1)–12 µm under black light; 6-septate: 32.5–56 × 7–9.5 
µm in the dark, 29.5–(51.2 ± 5.2)–63.5 × 7.5–(10.2 ± 
0.8)–12.5 µm under black light; 7-septate: 42.5–59.5 × 
8.5–11.5 µm formed only under black light. Short- 
clavate to obovate or naviculate, straight or slightly 
curved conidia, with a rounded apex and a truncate 
base, 0–1(–2)-septate, sometimes formed together with 
multiseptate conidia from shorter conidiophores on the 
substrate mycelium.

Notes: The single strain of this species, originally 
deposited in the HerbIMI, Kew, and the CABI Culture 
Collection as F. bugnicourtii Brayford IMI 351954, was 
accessioned in the NRRL and MAFF culture collections 
and deposited in BPI as the holotype. Fusarium drepani
forme frequently forms multiseptate sickle-shaped conidia 
(FIGS. 6F–I, 7N, O), especially under black light. These 
are larger in size than those formed in the dark, which 
distinguishes it from all other described AFC species. 
Some multiseptate sickle-shaped conidia become swollen 
apically and appear “dolphin-like” (Brayford 1987). 
When the ex-type strain was cultured on SNA in the 
dark, it produced narrower and straight multiseptate cla
vate conidia (FIG. 6E, H, J), whereas those produced 
under black light were thicker and longer, often falcate 
and curved (FIGS. 6F, G, I, K, 7N, O). Fusarium drepani
forme grew fastest at 25 C (FIG. 8).

Fusarium papillatum T. Aoki, Liyanage, Kasson, J. 
A. Smith, S. Freeman, Geiser & O’Donnell, sp. 
nov. FIGS. 9–11; SUPPLEMENTARY FIG. 1C, G, R–W

Index Fungorum: IF558019
Typification: SRI LANKA. CENTRAL PROVINCE: 

Kandy, originally isolated from the mycangium of 
a living female TSHB beetle (E. perbrevis) from 
a gallery in a branch of an infested tea (C. sinensis) 
bush, 16 Feb 2014, Pradeepa N.H. Liyanage PL-KH1 
(holotype BPI 923531, a dried specimen from 
a culture of NRRL 62943, Herbarium of US 
National Fungus Collection, USA). Ex-holotype cul
ture NRRL 62943 (= KOD 796) = MAFF 247228.

Etymology: papillatus (papillate), the epithet is based 
on the papillate morphology of multiseptate conidia.

Diagnosis: This species forms multiseptate clavate 
conidia that possess a papillate apical cell that protrudes 
toward the ventral side.

Observations on PDA: Radial mycelial growth rates 
3.4–3.7 mm per day at 20 C and 4.4–4.7 mm per day at 
25 C; no growth at 38 C or higher, dead at 40 C. White 
(1A1), yellow white (4A2) to pale yellow (4A3), orange 
white (5A2) initially, becoming partly pale orange (5A3) 
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to greyish orange (5B3–4) with age. Aerial mycelium 
white (1A1), cottony to felty. Colony margin entire. 
Reverse pigmentation pale yellow (4A3) to light yellow 
(4A4–5), or greyish yellow (4B4–6). Exudates absent. 
Odor absent or moldy. When cultured under black 
light, forming orange (5–6A–B7–8), greyish yellow (2– 
4B–C3–6) to olive (2–3D–F3–7) sporodochia with 
abundant conidial production after ca. 1 mo.

Microscopic characters on SNA: Hyphae on SNA 2–9 
µm wide. Chlamydospores present in hyphae and con
idia, mostly subglobose to round ellipsoidal, intercalary, 
or terminal, often single or sometimes in chains of up to 
several, hyaline or slightly pale yellow, smooth to often 
minutely rough-walled, 5.5–11.5 × 4–10 µm. Sclerotia 
absent. Abundant sporulation starts within 2–3 d; spor
odochia formed abundantly after ca. 1 mo. Aerial con
idiophores formed abundantly, erect, often tall, and 

narrow, often unbranched but some sparsely branched, 
up to 400 µm long, 2.5–6.5 µm wide at the base, thin- 
walled, forming monophialides integrated at the apex. 
Phialides on aerial conidiophores simple, subcylindrical 
to subulate, integrated, tapering toward the apex, often 
with a minute collarette at the tip, 13.5–70 × 2.5–6.5 µm. 
Aerial conidia hyaline, variable in shape, oblong- 
elliptical, fusiform-elliptical to clavate, straight or cres
cent- or comma-shaped, also sometimes forming swol
len clavate to falcate, straight or curved conidia, 0–1(– 
3)-septate; 0-septate: 5–(9.6)–15 × 2–(2.9–3.1)–5.5 µm 
[ex-type: 6.5–(9.6 ± 1.9)–15 × 2–(3.1 ± 0.6)–5.5 µm]; 
1-septate: 10.50–(14.6–17.6)–33.5 × 2.5–(4.4–4.5)–7.5 
µm [ex-type: 11–(14.6 ± 2.0)–20 × 2.5–(4.4 ± 0.9)–7.5 
µm]; 2-septate: 15–23.5 × 4–7.5 µm.

Conidiophores arising from substrate mycelium or 
sporodochia generally shorter than aerial conidiophores, 
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Figure 6. Fusarium drepaniforme NRRL 62941 ex-holotype. A, B. Aerial conidiophores forming 0- and 1-septate conidia. C, D. Aerial 
conidiophores forming multiseptate conidia. E‒G. Short conidiophores arising from substrate mycelium forming apically swollen 
multiseptate conidia. H, I. Apically swollen, curved multiseptate clavate conidia, formed from short conidiophores on substrate 
mycelium. J, K. 0‒3-septate conidia, formed from short conidiophores together with curved multiseptate conidia. 
L. Chlamydospores formed in hyphae. All from SNA cultures; A, C, E, H, J, L formed in the dark (d); B, D, F, G, I, K formed under the 
black light (B). Bar = 25 μm.
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but sometimes relatively tall and thick, unbranched or 
branched, up to 87.5 µm long, 3.5–6.6 µm wide at the 
base, straight or sometimes contorted, forming apical 
integrated monophialides, or reduced to a simple phia
lide on substrate mycelium. Phialides simple, subulate or 
subcylindrical, sometimes ampulliform, often with 
a minute collarette at the tip, 9.5–48 × 2.5–6.5 µm. 
Conidia formed on conidiophores arising directly from 
the substrate mycelium or sporodochia, clavate to fal
cate, often gently curved, sometimes crescent-shaped, 
often swollen in their upper parts with a papillate apical 
cell resembling a protruded beak toward the ventral side, 
gradually tapering toward the base, with a distinct or 
indistinct foot-like basal cell, some “dolphin-like” 
(Brayford 1987), (0–)3–7(–8)-septate, formed frequently 

and abundant under black light, less abundant and 
smaller in the dark; 1-septate: 15.5–41 × 4.5–10 µm; 
2-septate: 15–42.5 × 5–9.5 µm; 3-septate: 18.5–(37.5– 
39.9)–60 × 5.5–(9.6–10.1)–12.5 µm [ex-type: 18.5–(37.5 
± 6.6)–48.5 × 5.5–(10.1 ± 1.4)–12.5 µm]; 4-septate: 28.5– 
(42.4–46.5)–61.5 × 7–(10.3–10.7)–12.5 µm [ex-type: 
28.5–(42.4 ± 4.0)–49.5 × 8–(10.7 ± 0.8)–12.5 µm]; 5-sep
tate: 35.5–(44.8–48.7)–58.5 × 8.5–(10.7–11.0)–13.5 µm 
[ex-type: 35.5–(44.8 ± 4.0)–58.5 × 9.5–(11.0 ± 0.6)–12.5 
µm]; 6-septate: 38–(47.1–52.0)–77.5 × 8–(10.6–11.1)–13 
µm [ex-type: 38–(47.1 ± 4.1)–57 × 9.5–(11.1 ± 0.6)–12.5 
µm]; 7-septate: 29.5–(50.4–53.1)–64 × 9.5–(10.6–11.1)– 
13.5 µm [ex-type: 43.5–(50.4 ± 3.7)–64 × 10–(11.1 ± 
0.8)–13.5 µm]. Short-clavate to obovate or naviculate, 
straight or curved conidia, with a rounded apex and 
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Figure 7. Fusarium drepaniforme NRRL 62941 ex-holotype. A‒G. Aerial conidiophores forming 0- and 1(‒2)-septate conidia (F. Aerial 
conidia formed from conidiophore in E). H‒J. Aerial conidiophores forming multiseptate conidia. K, L. Short conidiophores arising from 
substrate mycelium forming multiseptate conidia. M‒O. 1–5(–7)-septate clavate, falcate or apically swollen, and multiseptate sickle- 
shaped conidia. P. Microcycle conidiation with 0-septate conidia formed on phialide on septate conidia. Q, R. Chlamydospores formed 
in hyphae. All from SNA cultures grown under black light. A, B. Direct observation without a coverslip. C‒R. Mounted in water with 
a coverslip. Bars: A‒C, E, G‒J, M‒P = 50 μm; D, F, K, L, Q, R = 20 μm.
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Figure 8. Daily radial mycelial growth rate of Fusarium drepaniforme on PDA cultured at eight different temperatures. Thick horizontal 
and vertical bars indicate means and total ranges, respectively, of the single isolate (NRRL 62941 ex-holotype) analyzed. The isolate 
failed to grow and died at 40 C.
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Figure 9. Fusarium papillatum. A, B. Tall aerial conidiophores forming 0- and 1(‒3)-septate conidia. C, D. Short conidiophores arising 
from substrate mycelium forming large multiseptate clavate conidia, with some 0- and 1-septate small conidia. E‒H. Multiseptate 
clavate conidia with a papillate apical cell formed under black light. I. Smaller multiseptate conidia formed in dark. J, 
K. Chlamydospores formed in hyphae. All from SNA cultures. A‒H, J, K formed under black light, I in the dark; A, C, E‒H, J from 
NRRL 62943 (ex-holotype); B, D, I, K from NRRL 62944. Bar = 25 μm.
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a truncate base, 0–1(–3)-septate, sometimes formed 
together with multiseptate conidia from conidiophores 
on substrate mycelium or sporodochia.

Additional isolate studied: (Only collected from the 
type locality.) SRI LANKA. CENTRAL PROVINCE: 
Kandy, isolated from the mycangium of a living female 
TSHB beetle from a gallery in a branch of a infested tea 
bush, located approx. 10 m from the holotype collection 
site, 16 Feb 2014, Pradeepa N.H. Liyanage PL-KH2 = 
NRRL 62944 (= KOD 797) = MAFF 247229.

Notes: This species frequently forms multiseptate cla
vate conidia with papillate apical cells that protrude 
ventrally, especially under black light (FIGS. 9C–H, 
10K–Q), which distinguishes it from all other described 
AFC species. Fusarium papillatum is similar morpholo
gically to F. drepaniforme in that it forms curved multi
septate conidia of similar size and number of septa. 
However, multiseptate conidia of F. papillatum often 
possess a papillum protruding ventrally from the apical 
cells, and their ultimate and penultimate apical cells are 
often swollen so that they are widest in the terminal half. 
By contrast, multiseptate conidia of F. drepaniforme are 
often widest at the second to fourth cells from their 
apices. Some multiseptate conidia of F. papillatum are 
“dolphin-like” (Brayford 1987). This species grew very 
slowly, i.e., <0.2 mm per day at 37 C (FIG. 11).

Fusarium kuroshium (F. Na, J.D. Carrillo & A. Eskalen 
ex Sand.-Denis & Crous) O’Donnell, Geiser, Kasson & 
T. Aoki, Index Fungorum 440:2. 2020. [IF557669] FIGS. 
12–14; SUPPLEMENTARY FIG. 1D, H, X, Y

≡ Neocosmospora kuroshio F. Na, J.D. Carrillo & 
A. Eskalen ex Sand.-Den. & Crous, Persoonia 43:137. 
2019. [MB831184]

≡ Fusarium kuroshium F. Na, J.D. Carrillo & 
A. Eskalen, Plant Disease 102:1159. 2018. Nom. inval., 
Art. 40.7 of ICNafp (Turland et al. 2018). [MB821907]

Type: USA. CALIFORNIA: San Diego County, El Cajon, 
originally isolated from the surface of a Kuroshio shot hole 
borer (KSHB; Euwallacea kuroshio Gomez and Hulcr) gal
lery in an infested California sycamore tree (Platanus race
mosa Nutt.), 14 Dec 2013, Akif Eskalen (holotype BPI 
910340, isotype UCR 3641). Ex-holotype culture CBS 
142642 = NRRL 62945 = MAFF 247226 = UCR3641.

Etymology: Derived from the ambrosia beetle vector, 
the Kuroshio shot hole borer (Na et al. 2018; Sandoval- 
Denis et al. 2019).

Diagnosis: This species can be differentiated from all 
other described AFC species by the morphology of its 
conidia that vary widely in size, shape, and number of 
septa, i.e., (0–)1–5(–8)-septate. The straight or curved 
multiseptate conidia of this species are swollen apically 
and taper toward the apex, which is often rounded and 

not distinctly papillate. These morphological features 
distinguish F. kuroshium from the other described 
AFC species.

Observations on PDA: Radial mycelial growth rates 
2.8–3.3 mm per day at 20 C and 3.5–4.4 mm per day at 
25 C; no growth at 35 C or higher, dead at 39 C. White 
(1A1) initially, becoming yellow white (4A2) to pale 
yellow (4A3), light yellow (4A4) to partly greyish yellow 
(4B4–5) when aged. Aerial mycelium white (1A1), cott
ony to felty, moderate to abundant. Colony margin 
entire. Reverse pigmentation pale yellow (4A3) to grey
ish yellow (4B4–5). Exudates absent. Odor absent or 
moldy.

Microscopic characters on SNA: Hyphae 1–7.5 µm wide. 
Chlamydospores present in or on hyphae and conidia, 
mostly subglobose to round ellipsoidal, intercalary or term
inal, often single or sometimes in chains or in masses of up 
to 4, hyaline or slightly pale yellow, smooth to minutely 
rough-walled, 5.5–11 × 3.5–9 µm. Sclerotia absent. 
Abundant sporulation starts within 2–3 d under black 
light, less abundant in the dark in some strains; sporodo
chia formed abundantly under black light, less abundant in 
the dark in ca. 1 mo. Aerial conidiophores formed abun
dantly, erect, often tall and narrow, often unbranched or 
some sparsely branched, up to 113 µm long, 2.5–6.5 µm 
wide at the base, thin-walled or sometimes slightly thick- 
walled, forming monophialides integrated at the apex. 
Phialides on aerial conidiophores simple, subcylindrical 
to subulate, some curved, integrated, tapering toward the 
apex, often with a minute collarette at the tip, 10.5–52.5 × 
2.5–5 µm, sometimes formed as a percurrent-proliferated 
phialide. Aerial conidia hyaline, variable in shape: (i) obo
vate to clavate, elliptical, oblong-elliptical, fusiform- 
elliptical, fusiform, straight or sometimes crescent- or 
comma-shaped, 0–1(–3)-septate; 0-septate: 4–(7.4–9.6)– 
17.5 × 2–(3.8–5.5)–8.5 µm; 1-septate: 10.5–(13.5)–18 × 
3.5–(4.2–4.8)–6 µm; often also forming (ii) larger, falcate 
to clavate, sometimes curved cylindrical, (1–)3–5-septate 
conidia, morphologically overlapping and indistinguish
able from multiseptate conidia formed on conidiophores 
from the substrate mycelium.

Conidiophores arising from the substrate mycelium 
or in sporodochia generally shorter than aerial conidio
phores, but sometimes tall, unbranched or branched, up 
to 85 µm long, 2.5–5.5 µm wide at the base, straight or 
sometimes contorted, forming apical integrated mono
phialides, or reduced to a simple phialide on substrate 
mycelium. Phialides simple, subulate or subcylindrical, 
sometimes ampulliform, often with a minute collarette 
at the tip, 9.5–52.5 × 2.5–5.5 µm, or sometimes percur
rently or sympodially proliferating from previous phia
lides. Conidia formed on conidiophores arising directly 
from substrate mycelium or in sporodochia hyaline, 
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variable in size, clavate to falcate, straight or curved, 
sometimes crescent-shaped, often swollen in their 
upper parts and with an apical cell tapering toward an 
often rounded apex or sometimes slightly protruded like 

a beak, but not distinctly papillate, tapering gradually 
toward the base, with or without a distinct foot-like basal 
cell under black light, some “dolphin-like” (Brayford 
1987), (0–)1–5(–8)-septate, formed frequently under 
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Figure 10. Fusarium papillatum. A‒E. Aerial conidiophores forming 0- and 1(‒2)-septate conidia. F‒H. Aerial conidiophores forming 
multiseptate clavate conidia. I‒M. Short conidiophores arising from substrate mycelium forming multiseptate clavate conidia. N‒R. 
Multiseptate clavate conidia swollen apically and papillate with (1–)3–7 septa (arrowheads: papillate apical protrusion on ventral side 
of conidia). S, T. Chlamydospores formed in hyphae. All from SNA cultures. A‒Q, S, T formed under black light, R in the dark; A‒H, J‒N, 
Q‒S from NRRL 62943 (ex-holotype); I, O, P, T from NRRL 62944. A‒D, F, G. Direct observation without a coverslip. E, H‒T. Mounted in 
water with a coverslip. Bars = 50 μm.
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black light, less frequently in the dark; 1-septate: 9.5– 
(16.8–18.1)–30.5 × 4–(6.1–6.2)–11.5 µm; 2-septate: 15– 
(23.5–24.7)–37.5 × 4–(6.4–6.9)–9.5 µm; 3-septate: 20– 
(30.4–34.9)–54.5 × 4.5–(7.0–7.6)–11 µm; 4-septate: 23– 
(37.6–42.8)–53 × 5–(8.2–8.9)–12 µm; 5-septate: 28– 
(46.6–47.5)–64.5 × 4–(8.7–9.1)–12 µm.

When cultured in the dark, multiseptate conidia less 
abundant and shorter in size. Obovate to short-clavate 
or naviculate, or reniform to crescent or comma-shaped, 
straight or curved conidia, with a rounded apex and 
a truncate base, 0–1(–2)-septate, often formed together 
with swollen multiseptate conidia from conidiophores 
arising directly from the substrate mycelium.

Original description and illustration: Na et al. (2018).
Isolates studied: USA. CALIFORNIA: San Diego 

County, El Cajon, originally isolated from the surface 
of a KSHB beetle (E. kuroshio) gallery in an infested 
California sycamore tree, 14 Dec 2013, Akif Eskalen AE- 
FD420-G47, ex-holotype culture NRRL 62945 (= KOD 
793) = MAFF 247226 = UCR 3641; ibid., 2014, Francis 
Na AE-FD422-G69, NRRL 62946 (= KOD 795) = MAFF 
247227 = UCR 3644.

Notes: The description was prepared based on NRRL 
62945 and NRRL 62946 on PDA and SNA. This species 
was first described by Na et al. (2018) with pictures of 
the colony together with conidial and chlamydospore 
morphology. However, because the holotype indicated 
two specimens in the description, it was invalid nomen
claturally (Sandval-Denis et al. 2019). Based on the spe
cies description given by Na et al. (2018), and by 
designating one of the specimens as the holotype (BPI 
910340), Sandval-Denis et al. (2019) established a new 
species, N. kuroshio, validating it under the generic 
name Neocosmospora. However, because comparative 

phylogenomic data support inclusion of the FSSC in 
a monophyletic circumscription of Fusarium (Geiser 
et al. 2013, 2021; O’Donnell et al. 2020), N. kuroshio 
(as the basionym) was recombined in Fusarium as 
F. kuroshium (Aoki et al. 2020). Based on study of two 
NRRL strains, including the ex-holotype, F. kuroshium 
frequently forms apically swollen multiseptate conidia, 
especially on SNA under black light (FIGS. 12E–H, 
13H–T), with a “dolphin-like” morphology (Brayford 
1987). In our study, multiseptate conidia of this species 
were variable in size, shape, and number of septa, 
together with smaller rounded or short-clavate, 0–1(–2)- 
septate conidia, which distinguishes it from all other 
AFC species. Although this morphology is similar to 
the diverse types of conidia produced by F. floridanum 
(Aoki et al. 2019), the multiseptate clavate conidia of 
F. floridanum possess a papillate apical cell. By contrast, 
F. kuroshium produces multiseptate conidia with 
a tapering but often rounded and less papillate apical 
cell. Fusarium kuroshium grew fastest at 25 C (FIG. 14; 
Na et al. 2018).

DISCUSSION

The objective of this study was to use multilocus mole
cular phylogenetic and phenotypic data to formally 
describe three unnamed species within the AFC that 
produce multiseptate “dolphin-like” conidia (Brayford 
1987). These include F. duplospermum, F. drepaniforme, 
and F. papillatum. Based on the present study, 11 of the 
19 AFC species have been formally described (Gadd and 
Loos 1947; Nirenberg 1990; Freeman et al. 2013; Aoki 
et al. 2018, 2019, 2020; Na et al. 2018; Sandoval-Denis 
et al. 2019; Lynn et al. 2020). The three newly described 
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Figure 11. Daily radial mycelial growth rate of Fusarium papillatum cultured on PDA at eight different temperatures. Thick horizontal 
and vertical bars indicate means and total ranges, respectively, of the two isolates analyzed. Both isolates failed to grow and died at 40 
C.
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species can be differentiated from all other AFC species 
phylogenetically and can be diagnosed phenotypically. 
Two different types of multiseptate conidia are produced 
by F. duplospermum, multiseptate conidia of 
F. drepaniforme are sickle-shaped and those produced 
by F. papillatum frequently possess a papillate apical cell 
that protrudes ventrally. Although multiseptate conidia 
with a papillate apical cell were also found in 
F. floridanum and F. obliquisetatum, the apical cell pro
duced by the latter two species mostly protruded parallel 
to the curvature of the conidia. The apical cell of conidia 
in F. papillatum, by contrast, was often hooked and the 
papillum projected ventrally. In contrast to 
F. papillatum, multiseptate conidia in F. floridanum are 
highly variable in shape and size and those of 
F. obliquisetatum often possess oblique or thicker septa 
(Aoki et al. 2019). We discovered that conidia produced 
by F. kuroshium vary widely in size, shape, and number 
of septa, i.e., (0–)1–5(–8)-septate (FIGS. 12A–H, 13A– 
T), a feature shared with F. floridanum. However, multi
septate clavate conidia produced by F. kuroshium 

possess a tapering apical cell that is often rounded and 
less papillate, whereas conidia of F. floridanum typically 
possess a papillate apical cell. Conidia of F. kuroshium 
are diagnostic when compared with all other AFC 
species.

Among the three novel species described in this 
study, F. duplospermum from Florida grew fastest at 30 
C (FIG. 5). By contrast, F. drepaniforme from Singapore 
(FIG. 8), F. papillatum from Sri Lanka (FIG. 11), and 
F. kuroshium from southern California grew fastest at 25 
C (FIG. 14; Na et al. 2018). Several other AFC species 
exhibited their highest growth rate at 30 C, i.e., 
F. ambrosium from India (Aoki et al. 2018), 
F. tuaranense from Malaysia, F. obliquiseptartum from 
Australia (Aoki et al. 2019), and the undescribed species 
AF-6 and AF-9 from Florida that only produce slender, 
multiseptate falcate conidia (T. Aoki, unpublished data). 
Two of the six strains of F. floridanum from Florida, 
USA, also grew fastest at 30 C (Aoki et al. 2019). Because 
most FSSC and other fusaria grow fastest at 25 C, this is 
an additional attribute observed among the AFC species. 

A
B

C

D

F

E
G

H

I

Figure 12. Fusarium kuroshium. A, B. Tall aerial conidiophores forming 0- and 1(‒2)-septate conidia. C‒D. Aerial conidia. C. 0-septate 
conidia. D. 1- and 2-septate conidia. E, F. Aerial conidiophores forming 0- to multiseptate, conidia of various size, shape, and septation. 
G, H. Short conidiophores arising from substrate mycelium forming multiseptate apically swollen, clavate conidia. I. Chlamydospores 
formed in hyphae. All from SNA cultures grown under black light; A, B, E, F, I from NRRL 62945 (ex-holotype); C, D, G, H from NRRL 
62946. Bar = 25 μm.
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Figure 13. Fusarium kuroshium cultured on SNA under black light. A‒G. Aerial conidiophores forming 0- and 1-septate conidia. H, 
I. Aerial conidiophores forming multiseptate clavate conidia. J‒N. Short conidiophores arising from substrate mycelium forming 
multiseptate clavate conidia, sometimes together with 0-septate conidia (M, N). O‒T. Multiseptate clavate conidia swollen in upper half 
and tapering toward an often rounded apex with 1–8 septa. U‒W. Chlamydospores formed in hyphae. All from SNA cultures grown 
under black light; A, F, J, Q‒S, V, W from NRRL 62946; B‒E, G‒I, K‒P, T, U from NRRL 62945 (ex-holotype). A, B, J. Direct observation 
without a coverslip. C‒I, K‒W. Mounted in water with a coverslip. Bars: A‒C, G‒W = 50 μm; D‒F = 20 μm.
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Two new AFC species, F. duplospermum and 
F. papillatum, were able to grow at 37 C, but very slowly, 
less than 0.2 mm per day (FIGS. 5, 11).

Most AFC species produce apically swollen multi
septate “dolphin-like” conidia, which distinguishes 
them from all other fusaria. Another AFC species, 
F. rekanum Lynn & Marinc., was recently described 
from Indonesia as a symbiont of E. perbrevis (as 
TSHBa), an important pest in Acacia plantations (Lynn 
et al. 2020). Fusarium rekanum also forms curved cla
vate, (0–)2–6-septate conidia that are swollen in the 
upper part. According to Lynn et al. (2020), swollen 
conidia of this species formed on SNA are slightly 
curved but sometimes also straight and relatively slender 
(Lynn et al. 2020, Fig. 4d–f, i), which distinguishes it 
from the three AFC species described in the current 
study. Two undescribed AFC species isolated in 
Florida, USA, i.e., AF-6 isolated from E. perbrevis on 
avocado and AF-9 from royal poinciana (Delonix regia 
(Boj. ex Hook.) Raf.), only produced slender, multisep
tate falcate conidia and no apically swollen “dolphin- 
like” conidia (T. Aoki, unpublished data). Therefore, 
comparative morphological studies with other groups 
within the FSSC will be required in order to formally 
describe them and identify their diagnostic features.

The AFC represents one of the 13 known indepen
dent evolutionary origins of fungal genera farmed by 
ambrosia beetles (Jordal and Cognato 2012; Li et al. 
2015; Hulcr and Stelinski 2017), including some 
Geosmithia species (Kolařik and Kirkendall 2010; 
Kolařik et al. 2015) within the Hypocreales. AFC mutu
alists are carried by female Euwallacea beetles in their 
mycangia (Spahr et al. 2020) and are farmed in galleries 
in the xylem of diverse woody hosts (Hulcr and Stelinski 

2017) as a source of nutrition for adult beetles and their 
larvae (Freeman et al. 2012a). The relationship between 
AFC species and Euwallacea ambrosia beetles that farm 
them have long been considered an obligate mutualistic 
association (Freeman et al. 2012a; Aoki et al. 2018). 
However, several Euwallacea species are promiscuous 
in that they farm more than one AFC species 
(O’Donnell et al. 2015; Carrillo et al. 2019, 2020).

Based on prior reports (Gadd and Loos 1947; 
Brayford 1987; Kasson et al. 2013; O’Donnell et al. 
2015; Aoki et al. 2018, 2019; Lynn et al. 2020) and the 
current study, the geographic range of several AFC 
species and Euwallacea ambrosia beetles overlap 
(Cognato et al. 2015; Short et al. 2017; Carrillo et al. 
2020), e.g., (i) F. ambrosium and F. papillatum are 
farmed by the TSHB beetle E. perbrevis (Stouthamer 
et al. 2017; Smith et al. 2019) in tea trees in Sri Lanka 
(current study); (ii) undescribed AFC species AF-6 and 
F. duplospermum are both farmed by the TSHB beetle 
E. perbrevis on avocado, and F. floridanum is farmed by 
E. interjectus on box elder (Acer negundo) in Florida, 
USA; and (iii) F. kuroshium is farmed by E. kuroshio (= 
Euwallacea sp. 5) and F. euwallaceae by E. fornicatus on 
avocado in California, USA. Undescribed AFC species 
AF-9 has also been isolated from royal poinciana in 
Florida, USA, but it remains to be determined whether 
this species is farmed by Euwallacea. Several unnamed 
AFC species have also been isolated in Taiwan (Na et al. 
2018; Lynn et al. 2020). In addition, E. interjectus is 
sympatric with E. validus at the southernmost limits of 
the latter species’ known range in northern Georgia and 
western South Carolina, USA (Cognato et al. 2015).

By experimental switching the primary (F. kuroshium 
or F. euwallaceae) and/or auxiliary (Graphium 

(† )†
0

1

2

3

4

5

5 10 15 20 25 30 35 40 (C)

(mm/day)

37

Figure 14. Daily radial mycelial growth rate of Fusarium kuroshium on PDA cultured at eight different temperatures. Thick horizontal 
and vertical bars indicate means and total ranges, respectively, of the two isolates analyzed. Both isolates failed to grow at 35 C but 
died at 40 C.
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kuroshium, G. euwallaceae, or Paracremonium pem
beum) fungal symbionts, Carrillo et al. (2020) found 
that brood size was highest when Euwallacea was 
grown with its primary Fusarium symbiont or its con
gener within the AFC. However, because host shifts have 
helped drive speciation within the AFC (O’Donnell et al. 
2015), symbiont switching among sympatric AFC spe
cies in natural populations has the potential to bring 
together more damaging Fusarium-Euwallacea 
mutualists.
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