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INTRODUCTION

Fusarium and allied genera comprise a large number of de-
structive pathogens and mycotoxigenic fungi, threatening plant, 
animal, and human health, as well as food security (O’Donnell 
et al. 2013). Fusarioid species cause many notable plant dis
eases, such as Fusarium head blight or scab of cereals by 
members of the F. graminearum species complex (O’Donnell 
et al. 2000a, Cuomo et al. 2007), sudden death syndrome of 
soybeans (Aoki et al. 2005) and root rot of many diverse hosts 
(Coleman et al. 2009, Sandoval-Denis et al. 2018a) by members 
of Neocosmospora (Lombard et al. 2015, Sandoval-Denis et al. 
2019), ear rot of maize by members of the F. fujikuroi species 
complex (Desjardins et al. 2002), and vascular wilts of many 
economically important crops by members of the F. oxysporum 
species complex (O’Donnell et al. 1998b, Skovgaard et al. 2001, 

Van der Does et al. 2008, Lombard et al. 2019a, Maryani et 
al. 2019a). Species within this complex are also well-known 
for their ability to produce a range of secondary metabolites, 
including some notorious mycotoxins produced by Fusarium 
spp. in cereals (Marasas et al. 1984, O’Donnell et al. 2018).
Since the establishment of Fusarium (Link 1809), the taxonomic 
framework of this genus has undergone several significant 
changes. Link (1809) determined the primary morphological 
character of Fusarium to be the distinctive canoe- or banana-
shaped conidia. Wollenweber & Reinking (1935) surveyed the 
morphology of macro- and microconidia, and the presence of 
chlamydospores, sclerotia and sporodochia, and suggested 
that Fusarium should be divided into 16 morphological sections, 
including 65 species and 77 varieties and forms. In the next 
several decades, this system has largely influenced subsequent 
taxonomic studies. Despite the impact of this system, other 
several controversial viewpoints persisted. Snyder & Hansen 
(1940, 1941, 1945, 1954) reduced the number of species to 
nine with a number of formae speciales, and highlighted the 
importance of morphological observations based on cultures de-
rived from single-spore isolates. Gordon (1944, 1952, 1954a, b,  
1956a, b, 1959, 1960) developed a pragmatic approach that com-
bined sexual morph morphology, incorporating some thoughts  
from Wollenweber & Reinking (1935) and Snyder & Hansen 
(1940, 1941, 1945, 1954), which accepted 26 species in the 
genus. Booth (1971) introduced the morphology of the conidio
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complex is herein renamed as the F. falsibabinda species complex, including descriptions of new species. Sixteen 
species were reported as new records from China.
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genous cells as a species-level diagnostic character. Nelson 
et al. (1983) provided a detailed morphological identification 
manual for Fusarium. Nevertheless, the species identification 
in Fusarium, based on morphology was still confusing, because 
of the variable phenotypes in culture, intricate or too vague 
descriptions of species among different studies, and the histori-
cally complicated subspecies level ranks (Leslie & Summerell 
2006, Lombard et al. 2019a, b, Wang et al. 2019).
During the last three decades, phylogenetic inference played 
an increasingly important role in Fusarium taxonomy (Lombard 
et al. 2019a, b). Many morphological sections in the system 
of Wollenweber & Reinking (1935), e.g., sections Discolor 
and Elegans, proved to be polyphyletic based on rpb1-rpb2 
analyses (O’Donnell et al. 2013). Debates about the generic 
boundary of Fusarium also led to disagreement among taxon
omists. Gräfenhan et al. (2011) and Schroers et al. (2011) 
introduced several genera in the basal Fusarium clade in 
the Nectriaceae, and indicated that several monophyletic 
clusters in the terminal Fusarium clade corresponded to other 
genera, including Neocosmospora. However, Geiser et al. 
(2013) insisted on a broader definition of Fusarium, to avoid 
the introduction of additional genera. By means of a 10-locus 
phylogenetic analysis, Lombard et al. (2015) delineated se
veral genera in the terminal Fusarium clade, e.g., Bisifusarium 
(F. dimerum species complex), Rectifusarium (F. ventricosum 
species complex), and also resurrected some older generic 
names, e.g., Albonectria (F. decemcellulare species complex), 
and Neocosmospora (F. solani species complex). Based on the 
combined ITS-LSU-rpb1-rpb2-tef1 dataset, Crous et al. (2021) 
re-examined the fusarioid taxa in Nectriaceae and showed that 
the Wollenweber concept of Fusarium presently encompasses 
20 distinct genera, including four new genera (Luteonectria, 
Nothofusarium, Scolecofusarium, and Setofusarium). Following 
the end of dual nomenclature, the genus Fusarium as currently 
circumscribed accommodates members that belong to the 
Gibberella clade (O’Donnell et al. 2013, Lombard et al. 2015), 
including 18 species complexes (Laurence et al. 2011, Aoki et 
al. 2014, O’Donnell et al. 2013, Zhou et al. 2016, Sandoval-
Denis et al. 2018a, Lombard et al. 2019a, Crous et al. 2021). 
Numerous cryptic species have recently been uncovered based 
on multi-locus phylogeny, morphology, and ecological charac-
teristics (Gordon & Martyn 1997, O’Donnell et al. 2000a, b, 
2008, 2009a, b, Laurence et al. 2014, Lombard et al. 2019a, b, 
Sandoval-Denis et al. 2018a, b, 2019, Maryani et al. 2019a, b, 
Wang et al. 2019, Xia et al. 2019, Yilmaz et al. 2021).
Previous investigations on Fusarium in China were summa-
rised by Yu (1955), in which 77 species, varieties and formae 
speciales of pathogenic Fusarium spp. from 55 plant hosts 
were listed. A wider sampling region included 103 species, 
varieties and formae speciales of Fusarium and Gibberella 
(sexual morph of Fusarium s.str.) obtained from at least 111 
plant species, faeces, and soil (Tai 1979). Identifications in both 
studies employed the morphology-based taxonomic system of 
Wollenweber & Reinking (1935). According to the currently used 
taxonomic system, only 31 of the 77 names in Yu (1955), and 
36 of the 103 names in Tai (1979) remain in Fusarium. Con- 
sidering the importance of Fusarium and allied species, it is 
necessary to clarify the species diversity and distribution of 
Fusarium in China in a modern taxonomic framework.
In our continuous survey of phytopathogenic fungi from China, 
356 fusarioid strains have been isolated from diverse plant 
materials and various environmental samples including air, 
carbonatite, compost, faeces, water, and soil. In this study 
through a combination of morphology, multi-locus phylogeny 
and ecological characteristics, we advanced our knowledge on 
the species diversity of fusarioid taxa from China, as well as 
their host range and distribution.

MATERIALS AND METHODS

Sample collection
Samples were collected from 15 provinces (Fujian, Guangdong, 
Guizhou, Hainan, Hebei, Hubei, Hunan, Jiangsu, Jiangxi, Qing-
hai, Shandong, Shanxi, Sichuan, Yunnan, and Zhejiang), three 
autonomous regions (Guangxi Zhuang, Neimenggu, and Tibet) 
and two municipalities (Beijing and Chongqing) in China, and 
isolated from agricultural products imported into China from 
13 other countries (Argentina, Australia, Brazil, Canada, Italy, 
Japan, Netherlands, Philippines, Poland, Saudi Arabia, Spain, 
Ukraine, and USA). Diseased and healthy plant tissues were 
collected and placed in paper bags. Air samples were collected 
using the Koch sedimentation method (Zhang et al. 2017). 
Water samples were collected as 10 mL samples and kept in 
sterile 15 mL centrifuge tubes (Zhang et al. 2017). Compost, 
faeces, pollen, and soil samples were collected (10–100 g per 
sample) after removing the surface layer (Zhang et al. 2017). 
Carbonatite samples were collected as five pieces in different 
orientations at each sample site (Zhang et al. 2017).

Fungal isolation
Fungi were isolated from plant tissues using single spore isola-
tion as outlined in Zhang et al. (2013). Fungal endophytes were 
isolated using a tissue isolation method. Briefly, plant tissue 
pieces (4–5 mm2) were taken from the margin of leaf or stem 
spots as well as healthy sections, consecutively immersed in 
70 % ethanol for 1 min, 5 % NaClO for 3 min, 70 % ethanol 
for 1 min, and rinsed in sterile distilled water for 30 s. Tissue 
pieces were blotted dry in sterile paper towels and incubated 
on 1/4 strength potato dextrose agar (PDA; Crous et al. 2019) 
containing ampicillin and streptomycin (50 mg/L each) (Liu et 
al. 2015). Isolates were retrieved from compost, pollen, soil, and 
water using the plate dilution method. One gram of compost, 
faeces, pollen, soil, or water was suspended in 9 mL sterile  
water. The suspension was shaken on the Vortex vibration meter  
for 10 min. The extract was diluted to a series of concentrations, 
i.e., 10 -2 to 10-5. For each concentration, 200 μL suspensions 
were spread onto the 1/4 strength potato dextrose agar (PDA) 
with three replicates. Carbonatite samples were treated follow-
ing the protocol of Zhang et al. (2017).
All plates were incubated at room temperature and examined 
every 2 d for fungal hyphae. Individual colonies were picked up 
with a sterilised needle and transferred onto fresh PDA plates. 
All the cultures were then purified using an optimized protocol 
of single spore isolation (Zhang et al. 2013).
All isolates examined in this study were deposited in Lei Cai’s 
personal culture collection (LC), housed at the Institute of 
Microbiology, Chinese Academy of Sciences, Beijing, China. 
Information of isolates including geographic distribution and 
host/habitat are listed in Table 1. Type specimens of new 
species were deposited in the Mycological Fungarium of the 
Institute of Microbiology, Chinese Academy of Sciences, Beijing, 
China (HMAS), and living ex-type cultures in the China General 
Microbiological Culture Collection Centre (CGMCC).

Morphological observation
Examined isolates were incubated on synthetic nutrient poor 
agar plates (SNA; Nirenberg 1976) for 7 d at 25 °C. Agar pieces 
of approximately 5 × 5 mm were cut from the edge of colonies 
and transferred onto media for morphological characterisation. 
Culture characteristics, including colony morphology, pigmen-
tation and odour, were observed after 7 d incubation in the 
dark on PDA, oatmeal agar (OA; Crous et al. 2019), and SNA. 
Colours were rated according to the colour charts of Kornerup 
& Wanscher (1978). Sporodochia were induced by incubating 
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under a 12/12 h near-ultraviolet light /dark cycle, on SNA and 
water agar amended with sterilised pieces of carnation leaves 
(CLA; Snyder & Hansen 1947, Fisher et al. 1982) at 25 °C, 
respectively. Micromorphological characteristics were examined 
and photo-documented with water as mounting medium under 
a Nikon 80i microscope with Differential Interference Contrast 
(DIC) optics, and a Nikon SMZ1500 dissecting microscope. For 
each species, respectively 30 conidiophores, conidiogenous 
cells and chlamydospores, 50 micro- and macroconidia were 
mounted and randomly measured to calculate the mean size 
and standard deviation (SD).

DNA extraction and amplification
Genomic DNA was extracted from fungal mycelia grown on 
PDA, using a modified CTAB protocol as described in Guo et al. 
(2000). Seven loci, including the 5.8S nuclear ribosomal RNA 
gene with the two flanking internal transcribed spacer (ITS) re-
gions, intergenic spacer region of the rDNA (IGS), partial trans-
lation elongation factor (tef1), partial calmodulin (cam), partial 
RNA polymerase largest subunit (rpb1), partial RNA polymerase 
second largest subunit (rpb2) gene regions, and partial β-tubulin 
(tub2), were amplified and sequenced, respectively. The primer 
pairs and PCR amplification procedures following protocols 
described by O’Donnell et al. (1998a, b, 2008, 2009a, b,  
2010), Crous et al. (2009, 2021), and Lombard et al. (2015), are 
listed in Table 2. PCR amplifications were performed in a reaction  
mixture consisting of 12.5 μL 2 × Taq PCR Master Mix (Vazyme 
Biotech Co., Ltd, Nanjing, China), 1 μL each of 10 μM primers, 
1 μL of the undiluted genomic DNA, adjusted to a final volume 
of 25 μL with distilled deionized water. The PCR products were 
visualised on 1 % agarose electrophoresis gel. Sequencing was 
done bi-directionally, conducted by the Tianyi Huiyuan Company 
(Beijing, China). Consensus sequences were obtained using 
SeqMan of the Lasergene software package v. 14.1 (DNAstar, 
Madison, Wisconsin, USA).

Phylogenetic analyses
Sequences of the 425 fusarioid strains studied in this study 
(356 from China, 69 intercepted from 13 other countries) are 
listed in Table 1. For each locus, sequences were aligned us-
ing MAFFT v. 7 (Katoh et al. 2017), and the alignments were 
manually adjusted where necessary. The best-fit nucleotide 
substitution models under the Akaike Information Criterion (AIC) 
were selected using jModelTest v. 2.1.7 (Posada 2008, Darriba 
et al. 2012). Alignments derived from this study were deposited 
in TreeBASE (submission ID 29103), taxonomic novelties in 
MycoBank, and new sequences in NCBIs GenBank database 
(www.ncbi.nlm.nih.gov/; assession numbers shown in Table 1).
Phylogenetic analyses of both individual and combined datasets 
were performed using Bayesian inference (BI) and Maximum-
likelihood (ML) methods. The BI analyses were conducted using 
MrBayes v. 3.2.1 (Huelsenbeck & Ronquist 2001) following 
the protocol of Wang et al. (2019), with optimisation of each 
locus treated as partitions in combined analyses, based on the 
Markov Chain Monte Carlo (MCMC) approach (Ronquist et al. 
2012). All characters were equally weighted, and gaps were 
treated as missing data. Stationarity of analysis was determined 
by examining the standard deviation of split frequencies (< 0.01) 
and –ln likelihood plots in AWTY (Nylander et al. 2008). The ML 
analyses were conducted using PhyML v. 3.0 (Guindon et al. 
2010), with 1 000 bootstrap replicates. The general time rever
sible model was applied with an invariable gamma-distributed 
rate variation (GTR+I+G).

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Locus Primer	 Sequence of Primer (5’-3’)	 Annealing temperature (°C)	 References

ITS ITS5	 GGAAGTAAAAGTCGTAACAAGG	 55	 White et al. (1990)
 ITS4	 TCCTCCGCTTATTGATATGC	 	

IGS iNL11	 AGGCTTCGGCTTAGCGTCTTAG	 55	 O’Donnell et al. (2009a)
 iCNS1	 TTTCGCAGTGAGGTCGGCAG	 	

tef1 EF1	 ATGGGTAAGGARGACAAGAC	 55	 O’Donnell et al. (1998b)
 EF2	 GGARGTACCAGTSATCATG	 	

cam CL1	 GARTWCAAGGAGGCCTTCTC	 55	 O’Donnell et al. (2000a)
 CL2A	 TTTTTGCATCATGAGTTGGAC	 	

rpb1 RPB1-Fa	 CAYAARGARTCYATGATGGGWC	 58 (5 cycles)→57 (5)→56 (35)	 O’Donnell et al. (2010)
 RPB1-G2R	 GTCATYTGDGTDGCDGGYTCDCC	 	

rpb2 RPB2-5f2	 GGGGWGAYCAGAAGAAGGC	 57	 Reeb et al. (2004)
 RPB2-11ar	 GCRTGGATCTTRTCRTCSACC	 	 Liu et al. (1999)

tub2 T1	 AACATGCGTGAGATTGTAAGT	 54	 O’Donnell & Cigelnik (1997)
 T2	 TAGTGACCCTTGGCCCAGTTG	 	

Table 2   Primers information of PCR amplification of the seven loci.

RESULTS

Phylogenetic analyses
Analyses of the generic level phylogeny of fusarioid fungi were 
conducted by using a combined tef1, rpb1, and rpb2 dataset that 
included 643 bp for tef1, 1 583 bp of rpb1, and 1 311 bp for rpb2. 
For the BI and ML analyses, a GTR+I+G model was selected 
for the combined tef1-rpb1-rpb2 dataset. The combined tef1, 
rpb1, and rpb2 phylogeny (Fig. 1) revealed that the Chinese 
isolates clustered into nine species complexes in Fusarium, and 
two allied genera (Bisifusarium and Neocosmospora). Isolate 
LC13606 from Podocarpus macrophyllus imported from Japan 
was closest to Albonectria rigidiuscula CBS 122570 (Fig. 1).
Phylogenetic analyses of different Fusarium species complexes 
and allied genera were conducted using different multi-locus 
datasets following O’Donnell et al. (2009b), Jacobs-Venter et 
al. (2018), Sandoval-Denis et al. (2018a, b, 2019), Lombard et 
al. (2019a, b), Xia et al. (2019), Crous et al. (2021), and Yilmaz 
et al. (2021). Briefly, phylogenetic analyses of the F. concolor, 
F. falsibabinda, and F. nisikadoi species complexes were per- 
formed by using the tef1-rpb1-rpb2 dataset, and rooted with 
F. humuli CQ1039 (Fig. 2), and single gene trees were per-
formed respectively (Supplementary Fig. S1). Phylogenetic 
analyses of the F. fujikuroi species complex was performed 
by using the tef1-cam-rpb1-rpb2-tub2 dataset and rooted with 
F. nirenbergiae CBS 744.97 (Fig. 3), and single gene trees 
were performed respectively (Supplementary Fig. S2). A tef1-
cam-rpb2 dataset was constructed for phylogenetic analyses 
of the F. incarnatum-equiseti species complex and rooted with 
F. concolor NRRL 13994 (Fig. 4). Phylogeny of the F. lateritium 
species complex was performed using the tef1-rpb1-rpb2-tub2 

dataset, and rooted with F. sublunatum NRRL 13384 (Fig. 5). 
Phylogenetic analyses of the F. oxysporum species complex 
was performed by using the tef1-cam-rpb1-rpb2-tub2 dataset 
and rooted with F. globosum NRRL 26131 (Fig. 6). Phylogenetic 
analyses of the F. sambucinum species complex was performed 
using tef1-rpb1-rpb dataset and rooted with F. lactis CBS 411.97 
(Fig. 7). Phylogenetic analyses of the F. tricinctum species com-
plex was performed by using a combined ITS-tef1-rpb1-rpb2 
dataset and rooted with F. concolor NRRL 13994 (Fig. 8), and 
single gene trees were performed respectively (Supplementary 
Fig. S3). Phylogenetic analyses of the genus Bisifusarium 
were performed by using the ITS-tef1-cam-rpb2-tub2 dataset 
and rooted by Rectifusarium robinianum CBS 430.91 (Fig. 9), 
and single gene trees were performed respectively (Supple-
mentary Fig. S4). Phylogenetic analyses of Neocosmospora 
were performed using ITS-tef1-rpb2 dataset, and rooted by 
Geejayessia cicatricum CBS 125552 and G. atrofusca NRRL 
22316 (Fig. 10), and single gene trees were performed respec-
tively (Supplementary Fig. S5). Composition of the multi-locus 
datasets, outgroup taxa and character numbers and the best 
model of each locus were listed in Table 3.

Taxonomy
In total 425 strains were isolated. Of these, 356 isolated from 
China and were identified to 72 species, including 61 known 
and 11 novel species (Table 1). Sixty-nine isolates from diverse 
plants imported from 13 countries were identified as 26 spe-
cies including one new species, namely F. falsibabinda. New 
species in Fusarium are treated alphabetically based on their 
respective species complexes.

text continues on p. 25

Genus/Species complex ITS	 tef1	 cam	 rpb1	 rpb2	 tub2	 Outgroup taxon

Bisifusarium 480/SYM+I+G	 660/GTR+G	 565/SYM+G	 –	 1455/SYM+G	 528/HKY+I+G	 F. concolor

Fusarium concolor –	 627/GTR+G	 –	 1585/SYM+G	 1601/GTR+G	 –	 F. humuli

F. falsibabinda –	 627/GTR+G	 –	 1585/SYM+G	 1601/GTR+G	 –	 F. humuli

F. fujikuroi –	 666/GTR+I+G	 673/SYM+I	 1549/SYM+G	 1455/SYM+I+G	 573/SYM+G	 F. nirenbergiae

F. incarnatum-equiseti –	 592/GTR+I+G	 547/SYM+G	 –	 816/GTR+I+G	 –	 F. concolor

F. lateritium –	 645/HKY+G	 –	 1586/SYM+G	 1716/GTR+I+G	 555/HKY+G	 F. sublunatum

F. nisikadoi –	 627/GTR+G	 –	 1585/SYM+G	 1601/GTR+G	 –	 F. humuli

F. oxysporum –	 544/HKY+G	 552/K80	 1455/SYM+G	 1704/GTR+G	 505/SYM+G	 F. udum

F. sambucinum –	 621/GTR+G	 –	 1492/SYM+G	 1293/SYM+I	 –	 F. lactis

F. tricinctum 491/SYM+I	 613/GTR+G	 –	 1575/SYM+G	 1270/SYM+G	 –	 F. concolor

Neocosmospora 333/GTR+I+G	 606/GTR+G	 –	 –	 1202/SYM+I+G	 –	 Geejayessia atrofusca and 
 						      G. cicatricum

Table 3   Number of characters/model for BI analysis of each locus in phylogenetic analyses of different Fusarium species complexes and two other genera.
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Fig. 1   Fifty percent majority rule consensus tree from a Bayesian analysis based on a three-locus combined dataset (tef1, rpb1, and rpb2) showing the phyloge-
netic relationships of Fusarium and allied genera. The Bayesian posterior probabilities (PP > 0.9) and PhyML Bootstrap support values (BS > 50) are displayed 
at the nodes (PP/ML). The tree was rooted to Fusicolla violacea (CBS 634.76 T). Ex-type cultures are indicated with ‘T’, epi-type with ‘ET’, neotype with ‘NT’.

F. iranicum LC1112

F. praegraminearum NRRL 39664 T

F. nepalense NRRL 54222 T

F. flagelliforme CBS 162.57 T

F. transvaalense LC13784

F. acuminatum LC13797

F. langsethiae CBS 113234 T

F. citri LC6896 T

F. compactum LC13699

F. meridionale LC7067

F. ipomoeae LC12165 T

F. acuminatum NRRL 36147

F. torulosum NRRL 22748

F. luffae LC12167 T

F. brachygibbosum NRRL 20954 T

F. nanum LC12168 T

F. sambucinum NRRL 22187
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Fig. 1   (cont.)
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Fig. 1   (cont.)
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Fig. 2   Fifty percent majority rule consensus tree from a Bayesian analysis based on a three-locus combined dataset (tef1, rpb1, and rpb2) showing the 
phylogenetic relationships of five species complexes within the Fusarium, namely F. concolor (FCOSC), F. falsibabinda (FFBSC), and F. nisikadoi (FNISSC). 
The Bayesian posterior probabilities (PP > 0.9) and PhyML Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to 
Fusarium humuli (CQ1039). New species are indicated in bold, ex-type cultures in bold with ‘T’.
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Fig. 3   Fifty percent majority rule consensus tree from a Bayesian analysis based on a five-locus combined dataset (tef1, cam, rpb1, rpb2, and tub2) showing 
the phylogenetic relationships of species within the Fusarium fujikuroi species complex (FFSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to F. nirenbergiae (CBS 744.97). New species are indicated in 
bold, ex-type cultures with ‘T’, epi-type with ‘ET’, neotype with ‘NT’.
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Fig. 4   Fifty percent majority rule consensus tree from a Bayesian analysis based on a three-locus combined dataset (tef1, cam, and rpb2) showing the 
phylogenetic relationships of species within the Fusarium incarnatum-equiseti species complex (FIESC). The Bayesian posterior probabilities (PP > 0.9) and 
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indicated with ‘T’, neotype with ‘NT’.
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Fig. 5   Fifty percent majority rule consensus tree from a Bayesian analysis based on a four-locus combined dataset (tef1, rpb1, rpb2, and tub2) showing 
the phylogenetic relationships of species within the Fusarium lateritium species complex (FLSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to F. sublunatum (NRRL 13384 T). Ex-type culture are indicated 
with ‘T’, epitype with ‘ET’, and neotype with ‘NT’.

FUSARIUM

Fusarium concolor species complex

Fusarium bambusarum M.M. Wang & L. Cai, sp. nov. — Myco
Bank MB 842152; Fig. 11

 Etymology. Named after the host of the type specimen, bamboo.

 Typus. China, Jiangxi Province, from bamboo, July 2016, J.E. Huang 
(HMAS 351575, holotype designated here, dried culture on SNA with carna-
tion leaves, culture ex-type CGMCC 3.20820 = LC7180).

Colonies on PDA grown in the dark reaching 5.7–5.9 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
erose to entire, surface and reverse white. Colonies on OA 
grown in the dark reaching 5.9–6.1 cm diam after 7 d at 25 °C, 
raise, aerial mycelia dense, colony margin entire, surface and 
reverse white. Colonies on SNA grown in the dark reaching 
5.2–5.5 cm diam after 7 d at 25 °C, flat, aerial mycelia scant, 

colony margin erose, surface and reverse white. Pigment and  
odour absent. Sporodochia orange grey (5B2), formed abun-
dantly on carnation leaves. Conidiophores in sporodochia verti- 
cillately branched and densely packed, consisting of a short, 
smooth- and thin-walled stipe, 4–7 × 3–5 μm, bearing an api-
cal pair or whorls of 3 monophialides; sporodochial phialides 
subulate to subcylindrical, 12–15 × 3–5 μm, smooth- and thin-
walled, sometimes showing a reduced and flared collarette. 
Sporodochial macroconidia falcate, slender, slightly curved with 
almost parallel sides tapering slightly towards both ends, with 
a papillate to hooked, curved apical cell and a foot-like basal 
cell, 3–6-septate, hyaline, smooth- and thin-walled; 3-septate 
conidia: (39.4–)41.2–50(–51.3) × 3.4–5.6 μm (av. ± sd. 45.7 ± 
2.4 × 4.3 ± 0.6 μm); 4-septate conidia: (50.3–)51–59.6(–59.7) × 
3.1–5.9 μm (av. ± sd. 56 ± 2.7 × 4.4 ± 0.8 μm); 5–6-septate co-
nidia: (62.9–)63.3–85.2(–85.7) × 3.6–6.2 μm (av. ± sd. 73.2 ± 
5.5 × 4.9 ± 0.7 μm). Conidiophores borne on aerial mycelia 

text continues on p. 30
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Fig. 6   Fifty percent majority rule consensus tree from a Bayesian analysis based on a five-locus combined dataset (tef1, cam, rpb1, rpb2, and tub2) showing 
the phylogenetic relationships of species within the Fusarium oxysporum species complex (FOSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to F. globosum (NRRL 26131). Ex-type cultures are indicated 
with ‘T’, epitype with ‘ET’.
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Fig. 7   Fifty percent majority rule consensus tree from a Bayesian analysis based on a three-locus combined dataset (tef1, rpb1, and rpb2) showing the phylo
genetic relationships of species within the Fusarium sambucinum species complex (FSAMSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to F. lactis (CBS 411.97 T). Ex-type cultures are indicated with 
‘T’, epitype with ‘ET’.
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Fig. 8   Fifty percent majority rule consensus tree from a Bayesian analysis based on a four-locus combined dataset (ITS, tef1, rpb1, and rpb2) showing the 
phylogenetic relationships of species within the Fusarium tricinctum species complex (FTSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to F. concolor (NRRL 13994 T). New species are indicated in 
bold, ex-type cultures are indicated with ‘T’, epitype with ‘ET’, neotype with ‘NT’.
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Fig. 9   Fifty percent majority rule consensus tree from a Bayesian analysis based on a five-locus combined dataset (ITS, tef1, cam, rpb2, and tub2) showing the 
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30–110 μm tall, unbranched or sparingly branched, bearing 
terminal or intercalary monophialides, often reduced to single 
phialides; aerial phialides subulate to subcylindrical, smooth- 
and thin-walled, 23–30 × 3–4 μm; aerial microconidia forming 
small false heads on the tips of the monophialides, hyaline, 
oval, smooth- and thin-walled, aseptate, (5–)5.5–11(–12) × 
1.6–3.5 μm (av. ± sd. 7.9 ± 1.4 × 2.8 ± 0.4 μm). Chlamydospores 
terminal, almost globose, rough, thick-walled, hyaline, aseptate, 
6.3–12.8 μm diam (av. ± sd. 10.4 ± 2.1).

 Additional material examined. China, Guangdong Province, Guangzhou 
city, from bamboo, July 2016, L. Cai, LC7187.

 Notes — The two isolates were resolved as a strongly sup-
ported genealogically exclusive lineage in the combined tef1, 
rpb1, and rpb2 phylogeny (Fig. 2). Phylogenetically, F. bam- 
busarum is closely related to F. austroafricanum and F. concolor, 
but differs by 152 bp and 136 bp in the three loci dataset, respec-
tively. Morphologically, this species is distinguished based on 
the number of septa in sporodochial macroconidia (3–6-septate 

in F. bambusarum vs 0–11-septate in F. austroafricanum) and 
in the type of aerial phialides (monophialides in F. bambusarum 
vs polyphialides in F. concolor) (Marasas et al. 1986).

Fusarium falsibabinda species complex

Fusarium falsibabinda M.M. Wang & L. Cai, sp. nov. — Myco
Bank MB 842153; Fig. 12

 Etymology. Named after species of this newly introduced clade, F. babinda.

 Typus. Japan, intercepted and isolated at Ningbo Customs, from Podocar-
pus macrophyllus imported to China, Oct. 2012, W.J. Duan (HMAS 351576, 
holotype designated here, dried culture on SNA with carnation leaves, culture 
ex-type CGMCC 3.20823 = LC13610 = F015).

Colonies on PDA grown in the dark reaching 3.7–4.2 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
erose, surface white; reverse pale yellow in the centre, white 
at the margin. Colonies on OA grown in the dark reaching 5.9–
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Fig. 10   Fifty percent majority rule consensus tree from a Bayesian analysis based on a three-locus combined dataset (ITS, tef1, and rpb2) showing the 
phylogenetic relationships of species within the genus Neocosmospora. The Bayesian posterior probabilities (PP > 0.9) and PhyML Bootstrap support values 
(BS > 50) are displayed at the nodes (PP/ML). The tree was rooted to Geejayessia cicatricum (CBS 125552) and G. atrofusca (NRRL 22316). Ex-type cultures 
are indicated with ‘T’, epitype with ‘ET’.
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Fig. 10   (cont.)
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Fig. 11   Fusarium bambusarum (ex-type culture LC7180). a, b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA; 
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA: e–f. colony on SNA; e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g. sporodochia on carnation leaves; h–i. conidiophores and phialides on sporodochia; j–o. sporodochial conidia (macro-
conidia); p. conidiophores and phialides on aerial mycelium; q. chlamydospores. — Scale bars: g = 50 μm; h = 20 μm; i–q = 10 μm.

6.1 cm diam after 7 d at 25 °C, raised, aerial mycelia dense, 
colony margin entire, surface and reverse white. Colonies on 
SNA grown in the dark reaching 5.2–5.5 cm diam after 7 d at 
25 °C, flat, aerial mycelia scant, colony margin erose, surface 
and reverse white. Pigment and odour absent. Sporodochia 
golden yellow (5B7), formed abundantly on carnation leaves. 
Conidiophores in sporodochia verticillately branched and 
densely packed, consisting of a smooth- and thin-walled stipe, 
14–17 × 5–6 μm, bearing apical pairs or whorls of 3 monophia
lides; sporodochial phialides subulate to subcylindrical, 15–21 × 
3–5 μm, smooth- and thin-walled, sometimes showing a re-
duced and flared collarette. Sporodochial macroconidia falcate, 
slender, slightly curved with almost parallel sides tapering slight-
ly towards both ends, with a papillate to hooked apical cell and 
a barely notched to distinctly notched basal cell, 3–5-septate, 
hyaline, smooth- and thin-walled; 3-septate conidia: (39.4–) 
41.2–47(–49.3) × 3.4–4.5 μm (av. ± sd. 44.6 ± 2.4 × 3.9 ± 0.6 μm); 

4-septate conidia: (42.3–)44–49.6(–51.7) × 3.6–4.5 μm  
(av. ± sd. 47 ± 1.7 × 4.1 ± 0.4 μm); 5-septate conidia: (50.9–) 
51.3–53.2(–53.5) × 3.7–4.5 μm (av. ± sd. 52.2 ± 0.8 × 4.2 ± 
0.3 μm). Conidiophores borne on aerial mycelia 30–50 μm tall, 
unbranched, polyphialides or monophialides, often reduced 
to single phialides; aerial phialides subulate to subcylindrical, 
smooth- and thin-walled, 30–40 × 3–5 μm; aerial microconidia 
forming small false heads on tips of mono- and polyphialides, 
hyaline, oval or obovoid with a truncate base, smooth- and 
thin-walled, aseptate, (6–)6.5–11(–12) × 2.6–3.5 μm (av. ± 
sd. 7.9 ± 1.4 × 3.1 ± 0.4 μm). Chlamydospores intercalary, 
almost globose, slight rough, thick-walled, hyaline, aseptate, 
4.3–5.1 μm diam (av. ± sd. 4.7 ± 0.3).

 Additional material examined. Japan, intercepted and isolated at Ningbo 
Customs, from Camellia sasanqua imported to China, Mar. 2014, W.J. Duan, 
LC13611 (= F058).
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 Notes — Several strains isolated from soil in China (NRRL 
25539, NRRL 53467, and NRRL 53470), and Camellia sasan-
qua and Podocarpus macrophyllus from Japan (LC13610 and 
LC13611), clustered as a distinct clade near the F. concolor 
complex (Fig. 2). This clade was recognised as F. babinda by 
Jacobs-Venter et al. (2018) and Sandoval-Denis et al. (2018a), 
with NRRL 25539 (= CBS 396.96) as the representative isolate. 
However, based on the ex-type isolate of F. babinda (BBA 
69872 = F11217 = NRRL 25807) designated in Summerell et al. 
(1995), Crous et al. (2021) confirmed that F. babinda clustered 
in the F. fujikuroi complex, distant from the clade encompass-
ing NRRL 25539. In this paper, we introduce a new species, 
F. falsibabinda, to represent this previously incorrectly named 
clade (Fig. 2). Based on morphology, F. falsibabinda is distinct 
from F. babinda in the sporodochia colour (golden yellow in 
F. falsibabinda vs pale orange in F. babinda), macroconidial 
size (39.4–53.5 × 3.4–4.5 μm in F. falsibabinda vs 32–72 × 

4–6 μm in F. babinda), type of conidiophores (polyphialides or 
monophialides in F. falsibabinda vs monophialides in F. babin-
da), and shape and septation of microconidia (oval or obovoid 
with a truncate base, aseptate in F. falsibabinda vs fusiform, 
0–1-septate in F. babinda) (Summerell et al. 1995, Leslie & 
Summerell 2006). Phylogenetically, F. falsibabinda is closest 
to an undescribed Fusarium species (represented by NRRL 
25533), with both taxa residing in the F. falsibabinda species 
complex (Fig. 2).

Fusarium fujikuroi species complex

Fusarium aquaticum M.M. Wang & L. Cai, sp. nov. — Myco-
Bank MB 842154; Fig. 13

 Etymology. Refers to its habitat, water, from which the holotype was 
isolated.

Fig. 12   Fusarium falsibabinda (ex-type culture LC13610). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 25 °C; 
f. reverse of colony on SNA; g. sporodochium on carnation leaves; h–i. conidiophores and phialides on sporodochia; j. sporodochial conidia (macroconidia);  
k–l. phialides on aerial mycelium; m. aerial conidia (microconidia); n. chlamydospores. — Scale bars: g = 50 μm; h = 20 μm; i–n = 10 μm.
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Fig. 13   Fusarium aquaticum (ex-type culture LC7502). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g–j. conidiophores and phialides on aerial mycelium; k. aerial conidia. — Scale bars: g–k = 10 μm.

 Typus. China, Guizhou Province, Zunyi city, from water, May 2015, L. Cai, 
Z.F. Zhang, X. Zhou & J.R. Jiang (HMAS 351577, holotype designated here, 
dried culture on SNA with carnation leaves; culture ex-type CGMCC 3.20819 
= LC7502).

Colonies on PDA grown in the dark reaching 5.7–5.9 cm diam 
after 7 d at 25 °C, flat, aerial mycelia scant, colony margin 
filamentous to erose, filiform, surface pastel yellow (2A4) in 
the centre, white at the margin; reverse pastel yellow (2A4). 
Colonies on OA grown in the dark reaching 5.8–6.2 cm diam 
after 7 d at 25 °C, flat, aerial mycelia dense, colony margin 
entire, surface and reverse pastel yellow (3A4). Colonies on 
SNA grown in the dark reaching 5.4–5.7 cm diam after 7 d at 
25 °C, flat, aerial mycelia scant, colony margin erose, white; 
reverse white. Pigment and odour absent. Sporodochia not 
observed. Conidiophores borne on aerial mycelia 30–50 μm 
tall, unbranched or rarely branched, bearing terminal or inter
calary mono- or polyphialides, often reduced to single phialides; 
aerial phialides subulate to subcylindrical, smooth- and thin-
walled, 2–23 × 2.5–3 μm, periclinal thickening inconspicuous 
or absent; aerial microconidia single, forming short chains or 
small false heads on tips of mono- and polyphialides, hyaline, 
ovoid, ellipsoid to reniform, smooth- and thin-walled, aseptate, 
(4–)4.1–11.9(–12.7) × 1.6–3.7 μm (av. ± sd. 6.9 ± 2 × 2.6 ± 0.5 
μm). Chlamydospores not observed.

 Additional material examined. China, Guizhou Province, Zunyi city, from 
water, May 2015, L. Cai, Z.F. Zhang, X. Zhou & J.R. Jiang, LC13615; ibid., 
LC13616.

 Notes — Fusarium aquaticum is phylogenetically closely 
related to F. udum (Fig. 3), but differs by 68 bp in the five loci 
dataset. Morphologically, F. aquaticum is distinct from F. udum 
in the type of aerial phialides (polyphialides or monophialides in 

F. aquaticum vs monophialides in F. udum), shape and septa-
tion of aerial microconidia (ovoid, ellipsoid to reniform, aseptate 
in F. aquaticum vs fusoid to reniform or ovoid 0–1-septate in 
F. udum) (Leslie & Summerell 2006).

Fusarium elaeagni M.M. Wang & L. Cai, sp. nov. — MycoBank 
MB 842155; Fig. 14

 Etymology. Named after the host genus of the type specimen, Elaeagnus.

 Typus. China, Jiangsu Province, Suzhou city, from Elaeagnus pungens, 
Nov. 2017, Q. Chen (HMAS 351578, holotype designated here, dried culture 
on SNA with carnation leaves; culture ex-type CGMCC 3.20822 = LC13627 
= CQ1053).

Colonies on PDA grown in the dark reaching 5.7–5.9 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
erose, surface and reverse white. Colonies on OA grown in 
the dark, reaching 5.7–5.9 cm diam after 7 d at 25 °C, raised, 
aerial mycelia dense, colony margin entire, surface and reverse 
white. Colonies on SNA grown in the dark reaching 5.5–5.8 
cm diam after 7 d at 25 °C, flat, aerial mycelia scant, colony 
margin erose, surface and reverse white. Pigment and odour 
absent. Sporodochia greyish orange (2C3), formed abundantly 
on carnation leaves. Conidiophores in sporodochia verticillately 
branched and densely packed; sporodochial phialides subulate 
to subcylindrical, 13–17 × 3–4 μm, smooth- and thin-walled. 
Sporodochial macroconidia slender, falcate, slightly curved with 
almost parallel sides tapering slightly towards both ends, with 
a papillate to hooked, curved apical cell and a blunt to foot-
like basal cell, 3–4-septate, hyaline, smooth- and thin-walled, 
(21–)23.5–35.8(–37) × 2.5–3.7 μm (av. ± sd. 30.7 ± 4.1 × 3.1 ± 
0.9 μm). Conidiophores borne on aerial mycelia 20–40 μm tall, 
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often reduced to single mono- or polyphialides; aerial phialides 
subulate to subcylindrical, smooth- and thin-walled, 20–29 × 
2–3 μm; aerial microconidia forming small false heads on tips 
of mono- and polyphialides, hyaline, ellipsoid to falcate, rarely 
club-shaped, smooth- and thin-walled, 0–1-septate; aseptate 
conidia: (5–)6–9(–11) × 1.7–4.2 μm (av. ± sd. 6.9 ± 1.1 × 2.4 ± 
0.5 μm); 1-septate conidia: (8–)9–17.5(–20) × 2.1–4.2 μm (av. 
± sd. 13.5 ± 2.8 × 2.8 ± 0.5 μm). Chlamydospores not observed.

 Additional material examined. China, Jiangsu Province, Suzhou city, from 
Elaeagnus pungens, Nov. 2017, Q. Chen, LC13628 (= CQ1053.2); ibid., 
LC13629 (= CQ1053.3).

 Notes — This species is phylogenetically closely related to 
F. fujikuroi, but differs by 112 bp in the five loci dataset (Fig. 3). 
Morphologically, F. elaeagni is distinguished in sporodochial 
colour (greyish orange in F. elaeagni vs orange in F. fujikuroi ), 
macroconidial septa (3–4-septate in F. elaeagni vs 3–5-septate 
in F. fujikuroi), microconidial shape (ellipsoidal to falcate, rarely 

club-shaped in F. elaeagni vs ovoid or club-shaped in F. fuji
kuroi ), and the type of aerial phialides (mono- or polyphialides in 
F. elaeagni vs polyphialides commonly in F. fujikuroi) (Nirenberg 
1976, Leslie & Summerell 2006).

Fusarium hechiense M.M. Wang & L. Cai, sp. nov. — Myco-
Bank MB 842156; Fig. 15

 Etymology. Named after the location of the type specimen, Hechi city.

 Typus. China, Guangxi Zhuang Autonomous Region, Hechi city, Sanwang 
country, from Musa nana, June 2017, M.M. Wang (HMAS 351579, holotype 
designated here, dried culture on SNA with carnation leaves; culture ex-type 
CGMCC 3.20824 = LC13644 = GXHCSWL14-E1).

Colonies on PDA grown in the dark reaching 5.3–5.6 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
erose, surface white; reverse yellowish white (4A2) in the centre, 
white at the margin. Colonies on OA grown in the dark reaching 
5.7–5.9 cm diam after 7 d at 25 °C, raised, aerial mycelia dense, 

Fig. 14   Fusarium elaeagni (ex-type culture LC13627). a–b. Colony on PDA; a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 25 °C;  
f. reverse of colony on SNA; g. sporodochium on carnation leaves; h–i. conidiophores and phialides on sporodochia; j–n. sporodochial conidia (macroconidia); 
o. conidiophores and phialides on aerial mycelium; p. aerial conidia. — Scale bars: g = 50 μm; h = 20 μm; i–q = 10 μm.
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colony margin entire, surface and reverse white. Colonies on 
SNA grown in the dark reaching 5.5–5.8 cm diam after 7 d at 
25 °C, flat, aerial mycelia scant, colony margin erose, white; 
reverse white. Pigment and odour absent. Sporodochia not ob- 
served. Conidiophores borne on aerial mycelia 15–90 μm tall, 
unbranched or sparingly branched, bearing terminal or inter-
calary monophialides, often reduced to single phialides; aerial 
phialides subulate to subcylindrical, smooth- and thin-walled, 
15–21 × 2–4 μm, periclinal thickening inconspicuous or absent; 
aerial microconidia forming small false heads or chains on tips 
of monophialides, hyaline, subglobose, oval, reniform or obo-
void with a truncate base, ellipsoidal, smooth- and thin-walled, 
0–1-septate, (5–)5.2–10 × 1.8–3.5 μm (av. ± sd. 6.9 ± 1.2 × 
2.6 ± 0.4 μm). Chlamydospores not observed.

 Additional material examined. China, Guangxi Zhuang Autonomous Re-
gion, Hechi city, Sanwang country, from Musa nana, June 2017, M.M. Wang, 
LC13645 (= GXHCSWL14-E12; ibid., LC13646 (= GXHCSWL14-E13).

 Notes — Fusarium hechiense is phylogenetically closely 
related to F. annulatum (Fig. 3), but differs by 143 bp in the 
five loci dataset. Morphologically, the two species are distin-
guished in the number of microconidial septa (0–1-septate in 
F. hechiense vs aseptate in F. annulatum) (Leslie & Summerell 
2006).

Fusarium panlongense M.M. Wang & L. Cai, sp. nov. — Myco
Bank MB 842157; Fig. 16

 Etymology. Name refers to the location of the type specimen, Panlong 
country.

 Typus. China, Guangxi Zhuang Autonomous Region, Guilin city, Panlong 
country, from Musa nana, June 2017, M.M. Wang (HMAS 351580, holotype 

designated here, dried culture on SNA with carnation leaves; culture ex-type 
CGMCC 3.20825 = LC13656 = GXGLPLL15E2).

Colonies on PDA grown in the dark reaching 5.7–5.9 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
filamentous, erose to filiform, surface white; reverse grey (3B1) 
in the centre, white at the margin. Colonies on OA grown in the 
dark reaching 5.0–5.5 cm diam after 7 d at 25 °C, raised, aerial 
mycelia dense, colony margin entire, surface white; reverse 
orange grey (6B2) to brownish grey (6C2) in the centre, white 
at the margin. Colonies on SNA grown in the dark reaching 
5.2–5.5 cm diam after 7 d at 25 °C, flat, aerial mycelia scant, 
colony margin erose, white; reverse white. Pigment and odour 
absent. Sporodochia brownish orange (5C4), formed abun-
dantly on carnation leaves. Conidiophores in sporodochia 
verticillately branched and densely packed; sporodochial phia
lides subulate to subcylindrical, 9–17 × 3–4 μm, smooth- and 
thin-walled. Sporodochial macroconidia slender, falcate, slightly 
curved with almost parallel sides tapering slightly towards both 
ends, with a papillate to hooked, curved apical cell and a blunt 
to foot-like basal cell, (3–)4–5-septate, hyaline, smooth- and 
thin-walled; 3-septate conidia: (35–)37.4–49.7(–50.1) × 2.7–
4.4 μm (av. ± sd. 41.7 ± 3.7 × 3.6 ± 0.5 μm); 4-septate conidia: 
(39.3–)40.3–53(–53.9) × 2.5–5.9 μm (av. ± sd. 48.4 ± 3.7 × 
4 ± 0.6 μm); 5-septate conidia: (42.9–)46.1–57.5(–59.4) × 
2.6–5.1 μm (av. ± sd. 51.4 ± 3.9 × 4 ± 0.6 μm). Conidiophores 
borne on aerial mycelia often reduced to single monophialides; 
aerial phialides subulate to subcylindrical, smooth- and thin-
walled, 10–50 × 2–4 μm, periclinal thickening inconspicuous or 
absent; aerial microconidia forming small false heads on tips of 
monophialides, hyaline, ovoid, reniform, ellipsoid, smooth- and 
thin-walled, 0–1-septate; aseptate conidia: (4.3–)4.8–7.6(–8) × 

Fig. 15   Fusarium hechiense (ex-type culture LC13644). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g–j. conidiophores and phialides on aerial mycelium; k. aerial conidia. — Scale bars: g–k = 10 μm.
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1.5–2.7 μm (av. ± sd. 6 ± 0.7 × 2.1 ± 0.3 μm); 1-septate conidia: 
(7.3–)8.2–14(–16.5) × 2–3.4 μm (av. ± sd. 10.7 ± 2 × 2.7 ± 
0.3 μm). Chlamydospores not observed.

 Notes — Phylogenetically, F. panlongense is well separated 
from known species in the FFSC, and clustered basally to se
veral species in the Asian clade of the FFSC (Fig. 3). To date all 
known isolates of this species were isolated from Musa spp. in 
China (isolates MUCL 55954, MUCL 55958, and MUCL 55950 
from Hainan Province), suggesting a possible preference in 
host and geography. Species in the FFSC are common in Musa 
spp. hosts, e.g., F. concentricum, F. lumajangense, F. musae, 
F. sacchari, and F. verticillioides were recovered from Musa 
spp. from Costa Rica, Guatemala, Honduras, Indonesia, Mexico 
(Yilmaz et al. 2021). Fusarium panlongense was distinguished 
from F. concentricum in the width of macroconidia, type of 
aerial phialides and shape of aerial microconidia (macroconidia 
width 2.7–5.9 μm, monophialides, microconidia oval, reniform, 

ellipsoidal in F. panlongense vs macroconidia width 3.5–4 μm 
mono- and polyphialides, microconidia obovoid or ovoid to 
allantoid in F. concentricum) (Nirenberg & O’Donnell 1998), 
from F. lumajangense in the size of microconidia (4.3–14 × 
1.5–3.4 μm in F. panlongense vs 6–23 × 2–5 μm in F. lumajan-
gense) (Maryani et al. 2019b), from F. musae in the presence 
of sporodochia and macroconidia (absent in F. musae) and 
shape and size of aerial microconidia (ovoid, reniform, ellip-
soid, 4.3–14 × 1.5–3.4 μm in F. panlongense vs claviform or 
ellipsoid, often truncated, 5–17 × 1.5–4 μm in F. musae) (Van 
Hove et al. 2011), from F. sacchari in the septation of conidia 
(macroconidia 3–5-septate, microconidia 0–1-septate in F. pan-
longense vs macroconidia usually 3-septate, microconidia 
0–2-septate in F. sacchari ) (Leslie & Summerell 2006), and 
from F. verticillioides in the shape and septation of microconidia 
(oval, reniform, ellipsoidal, 0–1-septate in F. panlongense vs 
ovoid to club-shaped with a flattened base, usually aseptate in 
F. sacchari) (Leslie & Summerell 2006).

Fig. 16   Fusarium panlongense (ex-type culture LC13656). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g. sporodochia on carnation leaves; h–i. conidiophores and phialides on sporodochia; j–k. sporodochial conidia (macro-
conidia); l–m. phialides on aerial mycelium; n. aerial conidia (microconidia). — Scale bars: g = 50 μm; h–i = 20 μm; j–n = 10 μm.
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Fusarium nisikadoi species complex

Fusarium paranisikadoi M.M. Wang & L. Cai, sp. nov. — Myco
Bank MB 842158; Fig. 17

 Etymology. Named after its morphological similarity to Fusarium nisikadoi.

 Typus. China, Beijing, Beijing Botanical Garden, from unidentified grass, 
July 2010, W. Sun (HMAS 351581, holotype designated here, dried culture 
on SNA with carnation leaves; culture ex-type CGMCC 3.20826 = LC2800).

Colonies on PDA grown in the dark reaching 5.7–5.9 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
erose, surface greyish orange (5B3) in the centre, white at the 
margin; reverse greyish orange (5B4) in the centre, white at the 
margin. Colonies on OA grown in the dark reaching 5.9–6.2 cm 
diam after 7 d at 25 °C, flat, aerial mycelia scant, colony mar-
gin entire, surface orange grey (5B2) in the centre, white at 
the margin; reverse greyish orange (5B4) in the centre, white 

at the margin. Colonies on SNA grown in the dark reaching 
5.7–5.9 cm diam after 7 d at 25 °C, flat, aerial mycelia scant, 
colony margin erose, white; reverse white. Pigment and odour 
absent. Sporodochia greyish orange (5B3), formed abundantly 
on carnation leaves. Conidiophores in sporodochia verticillately 
branched and densely packed, consisting of a short, smooth- 
and thin-walled stipe, 11–17 × 2–5 μm, bearing an apical 
pair or whorls of three monophialides; sporodochial phialides 
subulate to subcylindrical, 9.2–14.6 × 2.4–3.8 μm, smooth- 
and thin-walled, sometimes showing a reduced and flared 
collarette. Sporodochial macroconidia falcate, slightly curved 
with almost parallel sides tapering slightly towards both ends, 
with a blunt to papillate, slightly curved apical cell and a blunt 
to distinctly notched basal cell, 3–4-septate, hyaline, smooth- 
and thin-walled; 3-septate conidia: (36.7–)39.4–50.3(–51.6) × 
2.3–4.1 μm (av. ± sd. 45.7 ± 3.5 × 3.1 ± 0.4 μm); 4-septate 
conidia: (42.8–)43.1–56.3(–57.6) × 2.5–5.2 μm (av. ± sd. 

Fig. 17   Fusarium paranisikadoi (ex-type culture LC2800). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA; 
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g–h. sporodochia on carnation leaves; i. conidiophores and phialides on sporodochia; j. aerial conidia (macroconidia); 
k–m. phialides on aerial mycelium (microconidia); n. aerial conidia (napiform microconidia); o. aerial conidia (ovoid microconidia). — Scale bars: g–h = 50 μm;  
i = 20 μm; j–o = 10 μm.
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50.2 ± 3.5 × 3.8 ± 0.6 μm). Conidiophores borne on aerial 
mycelia, 15–80 μm tall, unbranched or sparingly branched, 
bearing terminal or intercalary monophialides, often reduced 
to single phialides; aerial phialides subulate to subcylindrical, 
smooth- and thin-walled, 15–25 × 2–4 μm, periclinal thickening 
inconspicuous or absent; aerial microconidia forming chains 
on the tips of the monophialides, hyaline, oval, pyriform to 
napiform, smooth- and thin-walled, aseptate; ovoid conidia: 
(3.5–)4.5–7.2(–7.7) × 1.5–3.2 μm (av. ± sd. 5.8 ± 0.9 × 2.2 ± 
0.4 μm); pyriform to napiform conidia: (4.7–)5.2–8(–8.1) × 
3.4–6.3 μm (av. ± sd. 6.4 ± 0.8 × 4.5 ± 0.6 μm). Chlamydo-
spores not observed.

 Additional material examined. China, Beijing, Beijing Botanical Garden, 
from unidentified grass, July 2010, Dimuthu, LC2819; ibid., LC2824; Beijing, 
Beijing Botanical Garden, from Pennisetum alopecuroides, July 2010, W. Sun,  
LC2823.

 Notes — Fusarium paranisikadoi is phylogenetically closest 
to F. miscanthi and F. nisikadoi (Fig. 2), but differs from the latter 
by 45 bp and 71 bp in the combined tef1, rpb1, and rpb2 data-
set, respectively. Morphologically, F. paranisikadoi differs from 
F. miscanthi in shape, septation, and size of their sporodochial 
macroconidia (slender, with a slightly foot-shaped basal cell 
and a curved and gradually tapering apical cell, 3–5-septate, 
40–65(–75) × 2.5–4.5 μm in F. miscanthi vs falcate, slightly 
curved with almost parallel sides tapering slightly towards both 
ends, with a blunt to papillate, slightly curved apical cell and a 
blunt to distinctly notched basal cell, 3–4-septate, 36.7–57.6 × 
2.3–5.2 μm in F. paranisikadoi) (Gams et al. 1999), and from 
F. nisikadoi in the size of their sporodochial macroconidia 
(56–92 × 3.5–4 μm in F. nisikadoi vs 36.7–57.6 × 2.3–5.2 μm 
in F. paranisikadoi) (Nirenberg & Aoki 1997).

Fig. 18   Fusarium alpinum (ex-type culture LC6045). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g. sporodochia on carnation leaves; h–i. conidiophores and phialides on sporodochia; j. sporodochial conidia (macroconidia);  
k. phialides on aerial mycelium; l. aerial conidia (microconidia). — Scale bars: g = 50 μm; h = 20 μm; i– l = 10 μm.
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Fusarium tricinctum species complex

Fusarium alpinum M.M. Wang & L. Cai, sp. nov. — MycoBank 
MB 842159; Fig. 18

 Etymology. Named after the special geographical reference of this spe-
cies, ‘alp’.

 Typus. China, Tibet Autonomous Region, from species of Fabaceae, June 
2015, L. Cai (HMAS 351582, holotype designated here, dried culture on SNA 
with carnation leaves; culture ex-type CGMCC 3.20818 = LC6045).

Colonies on PDA grown in the dark reaching 5.9–6.2 cm diam 
after 7 d at 25 °C, raised, punctiform, aerial mycelia dense, 
colony margin undulate, surface purplish grey (14C2) in the 
centre, white at the margin; reverse reddish lilac (14C5) in the 
centre, white at the margin. Colonies on OA grown in the dark 
reaching 5.7–5.9 cm diam after 7 d at 25 °C, raised, aerial 
mycelia dense, colony margin entire, surface white; reverse dull 
red (9B3) in the centre, white at the margin. Colonies on SNA 
grown in the dark reaching 5.2–5.5 cm diam after 7 d at 25 °C, 
flat, aerial mycelia scant, colony margin erose, white; reverse 
white. Pigment and odour absent. Sporodochia greyish yellow 
(4B4), formed abundantly on carnation leaves. Conidiophores 
in sporodochia verticillately branched and densely packed, 
consisting of a short, smooth- and thin-walled stipe, 9–11 × 
3–4 μm, bearing apical whorls of 3 or more monophialides or 
rarely as single lateral monophialides; sporodochial phialides 
subulate to subcylindrical, 9.3–19.7 × 2–4 μm (av. ± sd. 13.9 ± 
2.2 × 3.3 ± 0.4 μm), smooth- and thin-walled, sometimes 
showing a reduced and flared collarette. Sporodochial mac-
roconidia falcate, curved slightly to dorsiventrally with almost 
parallel sides tapering slightly towards both ends, with a blunt 
to hooked, curved apical cell and a blunt to distinctly notched 
basal cell, 1- or 3-septate, hyaline, smooth- and thin-walled; 
1-septate conidia: (15.6–)15.7–34.9(–35) × 2.4–4.6 μm (av. 
± sd. 26.1 ± 6.3 × 3.3 ± 0.5 μm); 3-septate conidia: (29.2–) 
30.5–46.3(–48.2) × 2.7–5.1 μm (av. ± sd. 37.8 ± 4.8 × 3.7 ± 
0.6 μm). Conidiophores borne on aerial mycelia 20–70 μm 
tall, unbranched or sparingly branched, bearing terminal or 
intercalary monophialides, often reduced to single phialides; 
aerial phialides subulate to subcylindrical, smooth- and thin-
walled, 16–23 × 2–3 μm, periclinal thickening inconspicuous 
or absent; aerial microconidia forming single on the tips of the 
monophialides, hyaline, ellipsoidal to falcate, smooth- and thin-
walled, 0–1-septate; aseptate conidia: (6.8–)7.8–12.6(–12.8) × 
2.2–4.7 μm (av. ± sd. 10.3 ± 1.2 × 3.9 ± 0.4 μm); 1-septate 
conidia: (12.7–)13.3–19.1(–20.8) × 3.1–5.5 μm (av. ± sd. 16.6 ± 
1.8 × 4.4 ± 0.5 μm). Chlamydospores not observed.

 Additional material examined. China, Yunnan Province, from unidentified 
plant, Sept. 2011, F. Liu, LC2853; ibid., LC2854; Tibet Autonomous Region, 
from species of Fabaceae, June 2015, L. Cai, LC6034; ibid., LC6037; ibid., 
LC6043.

 Notes — Fusarium alpinum was collected from high altitude 
areas of Yunnan province and the Tibet Autonomous Region 
in this study. Phylogenetically, F. alpinum is closely related 
to F. paeoniae (Fig. 8), but differs by 44 bp in the three loci 
dataset. Morphologically, the two species are distinguished in 
the number of conidial septa (0–1(–3)-septate microconidia, 
3–5-septate macroconidia in F. paeoniae vs 0–1-septate micro
conidia, 1- or 3-septate macroconidia in F. alpinum).

Fusarium chongqingense M.M. Wang & L. Cai, sp. nov. — 
MycoBank MB 842160; Fig. 19

 Etymology. Named after the location of the type specimen, Chongqing.

 Typus. China, Chongqing, Jinfo Mountain, from Bothrocaryum contro-
versum, Oct. 2012, L. Cai (HMAS 351583, holotype designated here, dried 
culture on SNA with carnation leaves; culture ex-type CGMCC 3.20821 = 
LC4957).

Colonies on PDA grown in the dark reaching 4.6–5.1 cm diam 
after 7 d at 25 °C, umbonate, aerial mycelia dense, colony 
margin erose, surface pale yellow (4A3) to dull red (8B3) in 
the centre, white at the margin; reverse brownish red (10C6) 
in the centre, white at the margin. Colonies on OA grown in the 
dark reaching 5.7–5.9 cm diam after 7 d at 25 °C, flat, aerial 
mycelia dense, colony margin entire, surface white to greyish 
yellow (4C3) in the centre, white at the margin; reverse brown-
ish orange (5C4) in the centre, white at the margin. Colonies 
on SNA grown in the dark reaching 5.2–5.5 cm diam after 7 d 
at 25 °C, flat, aerial mycelia scant, colony margin erose, white; 
reverse white. Pigment and odour absent. Sporodochia grey-
ish orange (5B3), formed on carnation leaves. Conidiophores 
in sporodochia verticillately branched and densely packed, 
bearing apical pairs or whorls of three monophialides or single 
terminal monophialides; sporodochial phialides subulate to 
subcylindrical, 8–11 × 2–4 μm, smooth- and thin-walled, some-
times showing a reduced and flared collarette. Sporodochial 
macroconidia falcate, curved slightly with almost parallel sides 
tapering slightly towards both ends, with a blunt apical cell and 
a blunt basal cell, 1- or 3-septate, hyaline, smooth- and thin-
walled; 1-septate conidia: (5.8–)8.7–18.8(–19) × 1.5–4.4 μm  
(av. ± sd. 13.9 ± 3 × 3.1 ± 0.4 μm); 3-septate conidia: (21–) 
21.8–31.6(–31.8) × 2.6–5 μm (av. ± sd. 25.7 ± 2.5 × 4 ± 
0.4 μm). Conidiophores borne on aerial mycelia not observed. 
Chlamydospores not observed.

 Additional material examined. China, Chongqing, Jinfo Mountain, from 
Bothrocaryum controversum, Oct. 2012, L. Cai, LC13813; ibid., LC13814.

 Notes — Fusarium chongqingense is phylogenetically closely  
related to F. avenaceum, F. paeoniae, and F. alpinum (Fig. 8). 
However, F. chongqingense differs by 67 bp from F. paeoniae, 
and 59 bp from F. alpinum in the three loci dataset, respectively. 
Morphologically, F. chongqingense is distinct based on the type 
of apical and basal cells of its macroconidia (blunt apical and 
basal cell in F. chongqingense vs long and tapering to a point 
to somewhat bent apical cell, and poorly to well-developed foot-
shaped basal cell in F. avenaceum, blunt to papillate, curved 
apical cell and a blunt to foot-like basal cell in F. paeoniae; 
and blunt to hooked, curved apical cell and a blunt to distinctly 
notched basal cell in F. alpinum) (Wollenweber & Reinking 
1935, Leslie & Summerell 2006).

Fusarium paeoniae M.M. Wang & L. Cai, sp. nov. — Myco-
Bank MB 842161; Fig. 20

 Etymology. Named after the host genus of the type specimen, Paeonia.

 Typus. China, Qinghai Province, from Paeonia lactiflora, Aug. 2019, M.M. 
Wang (HMAS 351584, holotype designated here, dried culture on SNA with 
carnation leaves; culture ex-type CGMCC 3.20817 = LC13817 = YZG12-2).

Colonies on PDA grown in the dark reaching 5.3–5.5 cm diam 
after 7 d at 25 °C, raised, aerial mycelia dense, colony margin 
entire, surface greyish yellow (3B4) to bluish red (12A3) in the 
centre, white at the margin; reverse greyish ruby (12E4) in the 
centre, white at the margin. Colonies on OA grown in the dark 
reaching 5–5.3 cm diam after 7 d at 25 °C, raised, aerial myce-
lia dense, colony margin entire, surface greyish yellow (3B4) in 
the centre, white at the margin; reverse golden brown (5D7) to 
greyish yellow (3B4) in the centre, white at the margin. Colonies 
on SNA grown in the dark reaching 4.8–5.3 cm diam after 7 d 
at 25 °C, flat, aerial mycelia scant, colony margin erose, white; 
reverse white. Pigment and odour absent. Sporodochia pale 
orange (5A3) to brownish orange (5C4), formed abundantly 
on carnation leaves. Conidiophores in sporodochia verticil-
lately branched and densely packed, consisting of a short, 
smooth- and thin-walled stipe, 8–10 × 6–8 μm, bearing apical 
pairs or whorls of three monophialides, or as single lateral 
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monophialides; sporodochial phialides subulate to subcylindri-
cal, 6.9–13.3 × 2.2–4.5 μm (av. ± sd. 9.6 ± 1.7 × 3.6 ± 0.5 μm), 
smooth- and thin-walled, sometimes showing a reduced and 
flared collarette. Sporodochial macroconidia falcate, slightly 
curved, with a blunt to papillate, curved apical cell and a blunt 
to foot-like basal cell, 3–5-septate, hyaline, smooth- and thin- 
walled; 3-septate conidia: (27.6–)28.4–39(–39.4) × 3.8–5.8 μm  
(av. ± sd. 32.1 ± 3.3 × 4.5 ± 0.5 μm); 4-septate conidia: (30.3–) 
32.1–41.7(–43) × 3.6–7.1 μm (av. ± sd. 37.9 ± 2.7 × 5 ± 0.8 μm); 
5-septate conidia: (39.5–)39.8–50.2(–52.2) × 3.2–5.8 μm (av. 
± sd. 45.2 ± 2.8 × 4.7 ± 0.7 μm). Conidiophores borne on aerial 
mycelia often reduced to single phialides, mono- or polyphial-
ides; aerial phialides subulate to subcylindrical, smooth- and 
thin-walled, 5–20 × 3–5 μm, periclinal thickening inconspicu-
ous or absent; aerial microconidia forming small false heads 
on the tips of the mono- and polyphialides, hyaline, ellipsoid 
to falcate, smooth- and thin-walled, 0–1(–3)-septate; aseptate 
conidia: (6–)7–10(–11) × 2.2–3.6 μm (av. ± sd. 8.6 ± 0.9 × 
2.9 ± 0.4 μm); 1-septate conidia: (12.7–)13–15.8(–16.2) × 
3.5–4.7 μm (av. ± sd. 14.2 ± 0.8 × 4.1 ± 0.3 μm); 3-septate 
conidia: (20.2–)21.3–25.2(–25.4) × 3.6–5.7 μm (av. ± sd. 
23.4 ± 1.5 × 4.8 ± 0.6 μm). Chlamydospores not observed.

 Additional material examined. China, Qinghai Province, from Crataegus 
monogyna, Sept. 2013, Q. Chen, LC5166; Qinghai Province, from Elymus 
dahuricus, Aug. 2019, M. Gao, LC13815 (= GM56); ibid., from Plantago 
sp., LC13807 (= GM123); ibid., from Gentiana scabra, LC13810 (= GM65); 
ibid., LC13812 (= GM85); Qinghai Province, from Populus sp., Aug. 2019. 
M.M. Wang, LC13816 (= YZG10-2); Tibet Autonomous Region, from species 
of Poaceae, June 2015, F. Liu, LC7358.

 Notes — Phylogenetically F. paeoniae is closely related 
to F. alpinum (Fig. 8), but differs by 44 bp in the three loci 
dataset. Morphologically, the two species differ in the number 

of conidial septa (0–1(–3)-septate microconidia, 3–5-septate 
macroconidia in F. paeoniae vs 0–1-septate microconidia, 1- or 
3-septate macroconidia in F. alpinum).

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

Bisifusarium aseptatum M.M. Wang & L. Cai, sp. nov. — Myco
Bank MB 842162; Fig. 21

 Etymology. Refers to the aseptate sporodochial conidia.

 Typus. China, Guangdong Province, Guangzhou city, from species of 
Orchidaceae, Mar. 2011, Y.Y. Su (HMAS 351585, holotype designated here, 
dried culture on SNA with carnation leaves; culture ex-type CGMCC 3.20816 
= LC1075).

Colonies on PDA grown in the dark reaching 1.7–2.1 cm diam 
after 7 d at 25 °C, flat, aerial mycelia dense, colony margin 
erose, surface and reverse white. Colonies on OA grown in the 
dark reaching 0.9–1.1 cm diam after 7 d at 25 °C, flat, aerial 
mycelia dense, colony margin entire, surface and reverse  
white. Colonies on SNA grown in the dark reaching 1.2–1.5 cm 
diam after 7 d at 25 °C, flat, aerial mycelia scant, colony margin 
filamentous, white; reverse white. Pigment and odour absent. 
Sporodochia white to yellowish white (4A3), formed on carnation 
leaves. Conidiophores in sporodochia forming a smooth- and 
thin-walled stipe, bearing apical whorls of mostly 3 monophiali
des; sporodochial phialides subulate to subcylindrical, 8–10 × 
3–4 μm, smooth- and thin-walled. Sporodochial macroconidia 
oval, reniform, aseptate, hyaline, smooth- and thin-walled; (4.4–) 
4.5–7(–7.1) × 2.6–4.1 μm (av. ± sd. 5.7 ± 0.7 × 3.3 ± 0.3 μm). 
Conidiophores borne on aerial mycelia, 50–80 μm tall, un-
branched, bearing terminal monophialides, sometimes reduced 
to single phialides; aerial phialides subulate to subcylindrical, 

Fig. 19   Fusarium chongqingense (ex-type culture LC4957). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on 
PDA; c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 
7 d at 25 °C; f. reverse of colony on SNA; g. sporodochium on carnation leaves; h–i. conidiophores and phialides on sporodochia; j. sporodochial conidia 
(macroconidia). — Scale bars: g = 50 μm; h–i = 20 μm; j = 10 μm.
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smooth- and thin-walled, 30–35 × 3–5 μm, periclinal thickening 
inconspicuous or absent; aerial microconidia single or forming 
small false heads on the tips of the monophialides, hyaline, 
ovoid, reniform, or obovoid with a truncate base, smooth- and 
thin-walled, aseptate, (5.2–)5.7–8.8(–9.7) × 2.1–3.8 μm (av. 
± sd. 7 ± 0.9 × 2.7 ± 0.3 μm). Chlamydospores not observed.

 Additional material examined. China, Guangdong Province, Guangzhou 
city, from species of Orchidaceae, Mar. 2011, Y.Y. Su, LC13607; ibid., 
LC13608.

 Notes — The genus Bisifusarium was established to accom-
modate several fusarioid species previously included in the 
F. dimerum species complex, with B. dimerum as type species 
(Lombard et al. 2015). Prior to this study eight species were 
known from the genus (Lombard et al. 2015, Sun et al. 2017). 
Bisifusarium aseptatum is distinct from other Bisifusarium spe-
cies in producing unicellular sporodochial conidia (Lombard et 
al. 2015).

Neocosmospora E.F. Sm., U.S.D.A. Div. Veg. Pathol. Bull. 
17: 45. 1899

Neocosmospora lithocarpi M.M. Wang & L. Cai, sp. nov. — 
MycoBank MB 842163; Fig. 22

 Etymology. Named after the host genus Lithocarpus, from which the 
holotype was isolated.

 Typus. China, from Lithocarpus glabra, May 2011, W. Sun (HMAS 351586, 
holotype designated here, dried culture on SNA with carnation leaves; culture 
ex-type CGMCC 3.20827 = LC1113).

Colonies on PDA grown in the dark reaching 5.7–5.9 cm diam 
after 7 d at 25 °C, flat, aerial mycelia dense, colony margin 
filamentous to erose, filiform, surface white to greyish yellow 
(4B3) in the centre, white at the margin; reverse greyish orange 
(5B3) in the centre, white at the margin. Colonies on OA grown in 
the dark reaching 5.7–5.9 cm diam after 7 d at 25 °C, flat, aerial 
mycelia dense, colony margin entire, surface white to yellowish 

Fig. 20   Fusarium paeoniae (ex-type culture LC13817). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g–h. sporodochia on carnation leaves; i– j. conidiophores and phialides on sporodochia; k–o. sporodochial conidia (macro
conidia); p. phialides on aerial mycelium; q. aerial conidia (microconidia). — Scale bars: g–h = 50 μm; i– j = 20 μm; k–q = 10 μm.
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grey (4B2) in the centre, white at the margin; reverse yellowish 
grey (4B2) in the centre, white at the margin. Colonies on SNA 
grown in the dark reaching 5.2–5.5 cm diam after 7 d at 25 °C, 
flat, aerial mycelia scant, colony margin erose, white; reverse 
white. Pigment and odour absent. Sporodochia opaline green 
(25C6), formed abundantly on carnation leaves. Conidiophores 
in sporodochia verticillately branched and densely packed; 
sporodochial phialides subulate to subcylindrical, 9.9–23.3 × 
2.8–6.3 μm (av. ± sd. 14.4 ± 2.7 × 4.0 ± 0.8 μm), smooth- and 
thin-walled, showing a reduced and flared collarette. Sporo-
dochial macroconidia falcate, with a blunt apical and basal 
cell, 5-septate, hyaline, smooth- and thin-walled, 32.1–57.8 × 
3.9–8.1 μm (av. ± sd. 49.6 ± 4.8 × 5.3 ± 0.9 μm). Conidiophores 
borne on aerial mycelia, 20–60 μm tall, unbranched or sparingly  
branched, bearing terminal or intercalary monophialides, 
often reduced to single phialides; aerial phialides subulate 
to subcylindrical, smooth- and thin-walled, 20–45 × 2–3 μm; 
aerial microconidia forming small false heads on the tips of 

the monophialides, hyaline, ellipsoid to falcate, smooth- and 
thin-walled, 0–1-septate; aseptate conidia: (7–)8.8–11.1(–12) × 
3.5–3.9 μm (av. ± sd. 9.9 ± 1 × 3.7 ± 0.2 μm); 1-septate conidia: 
(12–)12.5–23.8(–24) × 3.6–7 μm (av. ± sd. 16.3 ± 2.8 × 5 ± 
0.7 μm). Chlamydospores abundant, terminal, ellipsoid, rough, 
thick-walled, hyaline, aseptate, 6.1–8.7 × 5.3–7.3 μm (av. ± sd. 
6.8 ± 0.9 × 5.8 ± 0.7 μm).

 Additional material examined. China, from Lithocarpus glabra, May 2011, 
W. Sun, LC13831; ibid., LC13832.

 Notes — Neocosmospora lithocarpi is phylogenetically 
closely related to N. ambrosia, N. euwallaceae, N. kuroshio, 
N. oligoseptata, and N. pseudensiformis (Fig. 10). Morphologi-
cally, this species is distinguished in the shape, septum number 
and length of its sporodochial macroconidia (falcate, 5-septate 
in N. lithocarpi, vs irregularly clavate and swollen conidia pre-
sent, 3- or 5-septate in N. ambrosia, N. euwallaceae, N. kuro-
shio, N. oligoseptata; 5-septate, 32.1–57.8 μm in N. lithocarpi, 

Fig. 21   Bisifusarium aseptatum (ex-type culture LC1075). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA;  
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 
25 °C; f. reverse of colony on SNA; g–h. sporodochia on carnation leaves; i. conidiophores and phialides on sporodochia; j. sporodochial conidia (macroconidia);  
k–l. phialides on aerial mycelium; m. aerial conidia (microconidia). — Scale bars: g–h = 50 μm; i– j, m = 10 μm; k–l = 20 μm.
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vs 2–8-septate, 49–63 μm in N. pseudensiformis) (Nalim et 
al. 2011, Aoki et al. 2018, Na et al. 2018, Sandoval-Denis et 
al. 2019).

DISCUSSION

In this study, 259 species belonging to four well-supported ge
nera, including 12 new species were analysed using a combined 
tef1-rpb1-rpb2 multi-locus phylogeny (Fig. 1). Within Fusarium, 
196 species are categorised in nine species complexes, one of 
these complexes here renamed as the F. falsibabinda complex 
(previously incorrectly recognised as the F. babinda species 
complex) (Fig. 1, 2). One and four distinct clades in the FLSC 
(Fig. 5) and FOSC (Fig.6), respectively, were not described, 
awaiting more data for species delimitation. Seven loci were 
employed in this study, i.e., ITS, IGS, tef1, cam, rpb1, rpb2 and 
tub2 (Table 1). Among these seven loci, ITS failed to resolve any 
species in Fusarium, but recognized B. aseptatum, B. penzigii 

and B. tonghuanum from other known species in Bisifusarium. 
The IGS locus was amplified for the FOSC members, but its 
phylogenetic topology showed significant conflict with other 
loci. The rpb2 locus appeared to be most effective in species 
recognition in several Fusarium complexes, e.g., the FFSC 
(Supplementary Fig. S2d), the FTSC (Supplementary Fig. S3d), 
and Neocosmospora (Supplementary Fig. S5c), followed by 
tef1 (effective in the FOSC). The rpb1 locus showed the best 
species recognition in the FNISSC (Supplementary Fig. S1b).
Employing morphological characters, multi-locus phylogenies 
and ecological preferences, 356 fusarioid isolates from China 
were identified to 72 species belonging to three genera (1 spe-
cies with 3 isolates in Bisifusarium, 60 species with 321 isolates 
in Fusarium and 11 species with 32 isolates in Neocosmospora). 
Most of the previous studies on Fusarium in China focused 
on species associated with agricultural and cash crops, e.g., 
maize, rice, wheat, pepper, and tobacco (Yu 1955, Tai 1979, 
Wang et al. 2013a, b, Zhang et al. 2014a, b), and insects (Bai 

Fig. 22   Neocosmospora lithocarpi (ex-type culture LC1113). a–b. Colony on PDA: a. surface of colony on PDA after 7 d at 25 °C; b. reverse of colony on PDA; 
c–d. colony on OA: c. surface of colony on OA after 7 d at 25 °C; d. reverse of colony on OA; e–f. colony on SNA: e. surface of colony on SNA after 7 d at 25 °C;  
f. reverse of colony on SNA; g. sporodochium on carnation leaves; h–i. conidiophores and phialides on sporodochia; j. phialide on sporodochia; k. sporodochial 
conidia (macroconidia); l. phialides on aerial mycelium; m. aerial conidia (microconidia); n. chlamydospores. — Scale bars: g = 50 μm; h = 20 μm; i–n = 10 μm.
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& Chen 1991), with more than 250 species, subspecies, va-
rieties, and formae specialis hitherto reported. Based on the 
current taxonomy, these records correlate to 87 species, as 
summarised in Table 4. Our results present a significant step 
towards understanding the species diversity and distribution 
of Fusarium in China (Table 1), which increased the number 
of species to 114 (11 new species and 16 new records from 
China (23.7 % increase)).
In this study, 321 isolates from China were characterised be-
longing to eight species complexes in Fusarium. The F. fujikuroi 
complex (FFSC) presented the widest geographic distribu-
tion (30 locations) and the second highest number of hosts/
habitats (28 types; 20 plant genera). Members in this complex 
were well-known for their worldwide distribution, with wide host 
ranges, diverse habitats, and pathogenicity to many cereals and 
economically relevant plants (O’Donnell et al. 1998a, 2000b, 
Leslie & Summerell 2006). Hitherto about 73 species were 
accepted in this complex, and 17 of them (15 from China, two 
from the USA), including four novel species and four newly 
recorded species in China, were reported in this study. The 
F. incarnatum-equiseti complex (FIESC) presented the second 
widest geographic distribution (21 locations) and the highest 
number of hosts/habitats (50 types; 44 plant genera). This 
complex is well-known as pathogens of plants and animals, 
endophytes, and saprobes of various host substrates (Leslie 
& Summerell 2006, O’Donnell et al. 2009b, Villani et al. 2016). 
Currently about 38 species have been introduced in the FIESC 
(O’Donnell et al. 2009b, Wang et al. 2019, Xia et al. 2019). In 
this study, 15 species in the complex were reported from envi-
ronmental habitats and 44 plant genera (29 families) in China 
(Table 1), suggesting a very wide host range of this complex. 
The F. tricinctum species complex (FTSC) is an important 
group in Fusarium which encompasses mycotoxin producing 
species (Leslie & Summerell 2006). Members of this complex 
are well-known as cereal grain inhabitants (Kulik 2008), smut 
and mushroom endophytes (Torbati et al. 2019), and saprobes 
in soil and other environmental habitats (Leslie & Summerell 
2006). Previously four species in this complex were recorded 
from China, i.e., F. acuminatum, F. avenaceum, F. flocciferum, 
and F. tricinctum from cereals, pumpkin, and winter squash 
(Yu 1955, Tai 1979, Zhuang 2005, Zhang et al. 2015, Chang 
et al. 2018, Li et al. 2019). In this study, seven species were 
identified, including three new species and one species newly 
recorded from China (F. iranicum).
This study also investigated 66 strains isolated and intercepted 
at Ningbo Customs from various economically important plants 
of 12 countries over six years (2012–2017), e.g., cereals, 
ornamental plants, and fruits (Table 1). These strains were 
identified as 26 species, including 25 known and one new 
species (Table 1). Six known species were hereto undetected 
in China, and two of them, F. curvatum and N. pisi, were previ-
ously reported as pathogens of Brassicaceae and Rubiaceae 
plants and Pisum sativum, respectively (Lombard et al. 2019a, 
Sandoval-Denis et al. 2019). Interception of these species 
implies potential threats to biosafety and ecosystem stability 
of China in international trade.
The taxonomic framework of Fusarium and allied genera has 
undergone several significant changes since establishment. De-
spite controversial opinions that exist on the generic boundaries 
of Fusarium and allied genera, we favour separating Fusarium 
s.lat. into multiple genera including Albonectria, Bisifusarium, 
Fusarium, Neocosmospora, and Rectifusarium as proposed 
by Gräfenhan et al. (2011), Nalim et al. (2011), Schroers et 
al. (2011), Lombard et al. (2015), and Crous et al. (2021). 
Approximately 1 800 Fusarium and allied species epithets are 
recorded in the Index Fungorum and MycoBank databases 

(accessed December 2021). However, presently less than 400 
species are accepted and have been studied using multi-locus 
DNA data from type specimens (Aoki et al. 2014, O’Donnell et 
al. 2009a, b, Sandoval-Denis et al. 2018a, b, Lombard et al. 
2019a, b, Wang et al. 2019, Xia et al. 2019, Crous et al. 2021, 
Yilmaz et al. 2021). The taxonomic status of many names re-
mains unresolved because of the lack of type specimens and 
derived sequences, e.g., F. caeruleum. It is noteworthy that 
there is still an incredibly high number of undescribed Fusarium 
species, e.g., 256 phylogenetic clades recorded in Fusarium-ID 
database (http://isolate.fusariumdb.org/blast.php) vs hitherto 
only about 31 species introduced in the FOSC (Lombard et 
al. 2019a). Considering the huge number of fusarioid strains/
specimens from diverse fungaria around the world, there are 
undoubtedly many as yet resolved new species. Significant 
effort is thus required to fully discern the complexity of such a 
diverse and important fungal group. It is hoped that with the 
epitypification and neotypification of old names, and descrip-
tion of cryptic species, the classification system of this fungal 
group would be more stable and less artificial and serve the 
needs of the users and community impacted by this fungal 
group in future.
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Supplementary material

Fig. S1   Fifty percent majority rule consensus trees from Bayesian analyses 
inferred from the tef1 (a), rpb1 (b), and rpb2 (c), showing the phylogenetic 
relationships of five species complexes within the Fusarium, namely F. con-
color (FCOSC), F. falsibabinda (FFBSC), and F. nisikadoi (FNISSC). The 
Bayesian posterior probabilities (PP > 0.9) and PhyML Bootstrap support 
values (BS > 50) are displayed at the nodes (PP/ML). The tree was rooted 
to Fusarium humuli (CQ1039). Ex-type cultures are indicated with ‘T’.

Fig. S2   Fifty percent majority rule consensus trees from Bayesian analyses 
inferred from the tef1 (a), cam (b), rpb1 (c), rpb2 (d), and tub2 (e), showing 
the phylogenetic relationships of species within the Fusarium fujikuroi species 
complex (FFSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). All 
the trees were rooted to F. nirenbergiae (CBS 744.97). Ex-type cultures are 
indicated with ‘T’, epi-type with ‘ET’, neotype with ‘NT’.

Fig. S3   Fifty percent majority rule consensus trees from Bayesian analy-
ses inferred from the ITS (a), tef1 (b), rpb1 (c), and rpb2 (d) showing the 
phylogenetic relationships of species within the Fusarium tricinctum species 
complex (FTSC). The Bayesian posterior probabilities (PP > 0.9) and PhyML 
Bootstrap support values (BS > 50) are displayed at the nodes (PP/ML). 
The tree was rooted to F. concolor (NRRL 13994 T). Ex-type cultures are 
indicated with ‘T’, neotype with ‘NT’.

Fig. S4   Fifty percent majority rule consensus trees from Bayesian analyses 
inferred from the ITS (a), tef1 (b), rpb2 (c), cam (d), and tub2 (e), show-
ing the phylogenetic relationships of species within the Bisifusarium. The 
Bayesian posterior probabilities (PP > 0.9) and PhyML Bootstrap support 
values (BS > 50) are displayed at the nodes (PP/ML). All the trees were 
rooted to Rectifusarium robinianum (CBS 430.91 T). Ex-type cultures are 
indicated with ‘T’.

Fig. S5   Fifty percent majority rule consensus trees from Bayesian analyses 
inferred from the ITS (a), tef1 (b), and rpb2 (c), showing the phylogenetic 
relationships of species within the genus Neocosmospora. The Bayesian pos-
terior probabilities (PP > 0.9) and PhyML Bootstrap support values (BS > 50) 
are displayed at the nodes (PP/ML). The tree was rooted to Geejayessia 
cicatricum (CBS 125552) and G. atrofusca (NRRL 22316). Ex-type cultures 
are indicated with ‘T’, neo-type with ‘NT’.


