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9 Abstract:

10 Taxonomic revisions for pathogens of crops should be based on robust underpinning evidence. 

11 Recently, a substantial revision was proposed for the taxonomy of the causative agent of Fusarium 

12 wilt on banana. We re-analysed the data on which this revision was based and discovered that the 

13 data do not robustly support the proposals. Several apparent discrepancies and errors in the published 

14 phylogenies cast further doubt on the conclusions drawn from them. Though we do not assert that 

15 the authors’ conclusions are incorrect, we posit that the taxonomic changes are premature, given the 

16 data currently in the public domain.

17

18 Main text

19 The (unintended) consequences of taxonomic revisions

20 Taxonomy is not static; it must be updated in the light of new knowledge, especially new insights into 

21 evolutionary relationships. However, changes to taxonomy of phytopathogens can have adverse 

22 consequences; for example, they can make the taxonomy used in the legislation and regulation 

23 difficult to interpret and pose problems for its application (Lodovica, Peter, and Bonants Editors n.d.). 

24 This is problematic enough in a relatively wealthy territory, but financial consequences may be more 

25 dire in resource-poor countries. Revisions to the taxonomy of pathogens of tropical crops such as 
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26 banana should not be imposed without strong justification and robust underpinning evidence. In our 

27 view, the recently proposed changes to the taxonomy of the causal agent of Fusarium wilt disease on 

28 banana, and their adoption by the Index Fungorum (www.indexfungorum.org) do not sufficiently 

29 stand up to scrutiny. 

30 The importance of Fusarium wilt on banana

31 Bananas and plantains (Musa spp.) are enormously important for subsistence of many millions of 

32 smallholder and corporate growers in Africa, Asia and South and Central America, both for subsistence 

33 and export. The fungal pathogen Fusarium oxysporum f. sp. cubense (Foc) poses a global threat to 

34 banana production, causing a wilting disease formerly known as Panama Disease. In the twentieth 

35 century, decimation by Foc Race 1 led to the replacement of a near-monoculture of variety Gros 

36 Michel by the resistant Cavendish varieties. However, Cavendish is susceptible to Foc Race 4. Of 

37 particular concern are Race-4 strains known as Foc Tropical Race 4 (TR4) that are gaining a foothold 

38 from southeast Asia to sub-saharan Africa and recently established in Latin America, precipitating a 

39 state of national emergency in Colombia (Maymon et al. 2020; Zheng et al. 2018; Ordonez et al. 2015; 

40 Ploetz 2015; Butler 2013; Stokstad 2019; Dita et al. 2018; García-Bastidas et al. 2014; Ploetz et al. 

41 2015; O’Neill et al. 2016; Ordoñez et al. 2016; Chittarath et al. 2018; Hung et al. 2018; Damodaran et 

42 al. 2019; Thangavelu et al. 2019; Aguayo et al. 2021; Hermanto et al. 2011). 

43 Recent taxonomic revisions around the Fusarium wilt pathogen

44 It is against this backdrop of new and longstanding threats to banana production in low- and middle-

45 income tropical nations that a substantial revision was proposed for the taxonomy of the causative 

46 agent, Foc (Maryani et al. 2019). It has long been known that Foc is not a single monophyletic group 

47 but rather a heterogeneous collection of lineages within the Fusarium oxysporum species complex 

48 that have independently converged upon pathogenicity in banana (Koenig, Ploetz, and Kistler 1997; 

49 Gordon and Martyn 1997; O’Donnell et al. 1998; Ploetz 2006; Fourie et al. 2009). The number of known 

50 independent lineages has been increased to nine following extensive sampling of isolates in Indonesia, 

51 a center of diversity of both host plant and pathogenic fungus (Maryani et al. 2019). The authors of 

52 that study went further than simply describing the lineages and formally proposed lineages as new 

53 species. The Fusarium oyxsporum species complex is conventionally divided into three major clades 

54 (O’Donnell et al. 1998). Maryani’s lineages 1, 2 and 3 fall within O’Donnell’s clade 1, while lineages 4 

55 – 9 fall within clade 2. They also propose a clade 5 (that is distinct from lineage 5). 

56 The authors of the recent Foc taxonomic revision did not explicitly state a rationale for proposing these 

57 new species. However, they used phylogeny and morphological characteristics as the basis and 
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58 claimed that each new species represented a monophyletic lineage (Maryani et al. 2019). The 

59 supporting evidence for these monophyletic lineages consisted of phylogenetic trees based on 

60 molecular sequences for several genetic loci including tef1a, rpb1 and rpb2. However, when we 

61 attempted to replicate these phylogenetic trees, we discovered that the data do not robustly support 

62 the monophyly of the proposed new species. We also identified several apparent discrepancies and 

63 errors in the published phylogenies that cast further doubt on the conclusions drawn from them.

64 It is possible that the proposed new species do in fact correspond to a biological reality; after all, some 

65 of the species appear to bear some distinct characteristic phenotypic features. However, the 

66 taxonomic revisions are not strongly and robustly supported by the molecular sequence data that are 

67 currently in the public domain. Therefore, considering the administrative burden imposed on those 

68 attempting to manage the disease and the potential for confusion in the research community, we 

69 oppose the adoption of these taxonomic revisions until more incontrovertible evidence is published. 

70 Several previous studies have recognised that F. oxysporum contains at least two or three biologically 

71 meaningful species.  A useful species concept for fungi is one in which recombination occurs within a 

72 species but not between different species (Taylor et al. 2000). Phylogenetic analyses implementing 

73 this concept supported the existence of two (Laurence et al. 2014) or three (Brankovics et al. 2017) 

74 phylogenetic species corresponding to O’Donnell’s clades 1, 2 and 3. We also note that previous 

75 studies of the F. oxysporum genetic diversity did not propose to elevate the various clades and 

76 subclades to the status of separate species. 

77 Lack of phylogenetic support for F. odoratissimum and F. purpurascens

78 The most impactful aspect of the recent taxonomic revision (Maryani et al. 2019) is the proposal of a 

79 new species, Fusarium odoratissimum, which includes strains informally dubbed TR4. We were unable 

80 to replicate the phylogeny on which that proposal is based. This new species is proposed to comprise 

81 lineage 1 in Figure 6 of Maryani and colleagues’ paper (Maryani et al. 2019). That figure consists of a 

82 phylogenetic tree based on concatenated sequences of tef1 and/or rpb1 and/or rpb2 depending on 

83 availability of sequence data for each isolate. Each of their nine lineages, including lineage 1 (i.e., F. 

84 odoratissimum), had less than 70 % bootstrap support.

85 We attempted to replicate their phylogenetic analysis and failed to recover a clade corresponding to 

86 their lineage 1; rather, we found that members of species F. odoratissimum and F. purpurascens are 

87 intermingled, with F. tardichlamydosporum NRRL 36108 and F. phialophorum NRRL 36110 also falling 

88 within the F. odoratissimum – F. purpurascens clade (Figure 1).
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89 We next generated a phylogenetic tree based solely on the tef1 locus (Figure 2), which also has F. 

90 odoratissimum and F. purpurascens are intermingled, suggesting a lack of robust support for these 

91 two proposed species as monophyletic entities. Isolates NRRL 36111, 36105, 36113, 36117, 36106, 

92 36115, 36120, 36116, 36118, 36108, FocCNPMFR2 and FocMal43 fall into clade 2 and NRRL 36101 fall 

93 into clade 3 according to Maryani and colleagues but they fall into clade 1 (F. odoratissimum) in our 

94 phylogenetic reconstruction. This throws further doubt on the monophyly of F. odoratissimum.

95 It is important to emphasize that we do not claim that our phylogeny is more correct than theirs; 

96 rather, we are pointing out that the underlying sequence data do not unequivocally support either 

97 phylogeny. Unfortunately, the multiple sequence alignments that underlie the phylogeny are not 

98 readily available to allow scrutiny by peer reviewers and interested readers (Vihinen 2020). Maryani 

99 and colleagues state that they submitted trees to TreeBASE (Sanderson et al. 1994) but no accession 

100 numbers were provided and we were unable to find the trees in TreeBASE. 

101 Further concerns about the published phylogeny

102 There are further important ambiguities and discrepancies in Maryani and colleagues’ Figure 6 

103 (Maryani et al. 2019) that undermine their proposed taxonomic changes. For example, lineage 3 is 

104 paraphyletic, its last common ancestor being also an ancestor of lineages 1 and 2. This error might be 

105 explained by a trivial oversight, which could be remedied by exclusion of isolates InaCC F869 and NRRL 

106 36110 from Lineage 3. The inclusion of InaCC F820 in lineage 4 seems to be similarly erroneous. 

107 Another, more serious error arises where Figure 6 falls across the page break between pages 175 and 

108 176 (Maryani et al. 2019). At the bottom of page 175, two limbs of the tree are indicated as joining to 

109 three limbs at the top of page 176. This might be explained by part of the tree having been accidentally 

110 omitted from the figure, leaving clade 2 unconnected with the rest of the tree. In any case, confidence 

111 in the phylogenetic tree is compromised.

112 The authors proposed a new species F. grosmichelli composed of Foc lineage 4, but there were several 

113 issues apparent with this clade and taxon. According to their Table 3, Isolate InaCC F820 belongs to 

114 this new species, yet in their Figure 6 it is quite clear that it does not fall within lineage 4; rather it 

115 seems to be an early-branching member of lineage 3 (F. phialophorum). Another problem concerns 

116 isolates InaCC F824, F988 and F938; each of these appears at two different locations in the FOSC clade 

117 in Figure 4 of Maryani et al. study, without explanation. Similarly, InaCC F839 appears twice in clade 1 

118 in their Figure 5. Isolates InaCC F856, InaCC F929 and InaCC F983 are also duplicated in Figure 6 of 

119 Maryani et al., InaCC F983 even falls in two completely different lineages L3 (F. phialophorum) and L7 

120 (F. cugenangense). Isolate NRRL 34939 appears in the phylogenetic tree in Figure 4 of Maryani et al., 

121 though not listed in the accompanying Table 3. Similarly, isolate NRRL 36104 is included in a 
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122 phylogenetic tree, but is not included in the corresponding table. The most likely explanation for these 

123 latter discrepancies is a simple typographical error. Nevertheless, taken together, the constellation of 

124 errors and inconsistencies in this study combine to erode confidence in its conclusions and the 

125 taxonomic proposals based upon them.

126

127 What is TR4?

128 Given the threat posed by this pathogen and the ambiguity around its taxonomy, it is worthwhile to 

129 ask the question: what is Foc tropical race 4 (TR4)? Different authors have defined the term TR4 as “a 

130 new race” (Maymon et al. 2020), a synonym for vegetative compatibility group VCG01213 (Maryani 

131 et al. 2019; Zheng et al. 2018), a “unique genotype” (Maryani et al. 2019), a synonym for the species 

132 F. odoratissimum (Warmington et al. 2019) and as those isolates of Race 4 that cause disease on 

133 Cavendish banana in tropical conditions (Czislowski et al. 2018). Clearly, F. odoratissimum is not 

134 synonymous with Foc TR4 since included within this species is at least one isolate (CBS 794.70) that 

135 belongs to special form perniciosum rather than cubense  (Lombard et al. 2019). So, TR4 has been used 

136 to describe such diverse entities as species, race, vegetative compatibility group, genotype and set of 

137 isolates. Most of these definitions are problematic, but the most coherent is “those isolates of race 4 

138 that cause disease on Cavendish in tropical conditions” (Czislowski et al. 2018). That is, TR4 is a subset 

139 of race 4, which in turn is defined as comprising strains pathogenic to all race 1- and 2-susceptible 

140 cultivars plus the Cavendish subgroup (Czislowski et al. 2018; Ji Su 1986; Bourne 2007). TR4 isolates 

141 are members of the F. oxysporum species complex, and appear to be mostly if not entirely restricted 

142 to Clade 1 sensu O’Donnell (O’Donnell et al. 1998). Ultimately, however, TR4 is a phenotype, not a 

143 taxonomic unit. If further data emerge that confirm F. odoratissimum as a discrete species, then it is 

144 very likely that strains designated as TR4 will indeed fall within that species.

145 Concluding Discussion

146 In summary, given the multiple issues undermining confidence in the study that underlies recent 

147 taxonomic revision (Maryani et al. 2019), we counsel against its adoption, yet. It is important to 

148 emphasise that we are not saying that those authors’ conclusions are incorrect. Maybe future 

149 publication of existing but as-yet-unavailable data (Maryani 2018) and subsequent research will 

150 confirm the monophyly of the proposed new species. Rather, we are concerned that the taxonomic 

151 changes are premature, based on the data currently in the public domain and the body of currently 

152 published knowledge. It is unclear how the newly proposed species (Maryani et al. 2019) integrate 
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153 with the previous framework proposed by some of the same authors that divided the species complex 

154 into 15 species (Lombard et al. 2019). There continues to be active debate and controversy around 

155 the taxonomy of Fusarium species; recently a letter co-authored by many prominent Fusarium 

156 researchers rejected a proposal to split the genus into seven genera (Geiser et al. 2020). Morphology 

157 of asexual reproductive structures was previously used to distinguish ten species within the Elegans 

158 division of Fusarium; however, these were collapsed into a single species F. oxysporum on the grounds 

159 that these differences are small and morphology is variable and susceptible to environmental 

160 influence (Snyder and Hansen 1940; Nelson 1991). Re-splitting would be unwise without significant 

161 improvement in our ability to distinguish the proposed species morphologically and/or genetically. 

162 The existence of monophyletic lineages is not itself sufficient justification for taxonomic revision; 

163 acceptable rationales for revision might include greater clarity or taxonomic stability, neither of which 

164 is achieved in Maryani’s proposal.

165 The limited confidence in Maryani’s phylogenetic analysis arises in part from the sparsity of the data. 

166 The phylogeny is based on just three loci, fewer for some isolates. Increasing the number of sampled 

167 loci might strengthen robustness of phylogenetic inferences, as seen in recent studies that considered 

168 the whole mitochondrial genome (Brankovics et al. 2017) or the entire nuclear and mitochondrial 

169 genomes (Achari et al. 2020). The latter confirmed the existence of five well-supported clades 

170 corresponding to three distinct species within the F. oxysporum complex. Genome-scale sequencing 

171 data for Maryani’s collection of diverse Indonesian isolates may well resolve the current ambiguities.

172 Finally, we draw attention to the various conflicting uses of the term TR4 and recommend that it be 

173 used in the sense of Czislowski and colleagues (2018) and as a phenotypic rather than taxonomic 

174 designation. We look forward to publication of further research in this area that will resolve the 

175 phylogenetic and taxonomic ambiguities. 

176

177 Acknowledgements

178 This work was supported by “MUSA: Microbial Uptakes for Sustainable management of major 

179 bananA pests and diseases” (Grant ID 727624 , European Union [Horizon 2020]). EBT was supported 

180 by a doctoral training award funded by Waitrose Agronomy Group/Primafruit, the Ayudar 

181 Foundation and the University of Exeter.

182

Page 6 of 14



7

183 References

184 Achari, S. R., Kaur, J., Dinh, Q., Mann, R., Sawbridge, T., Summerell, B. A., et al. 2020. Phylogenetic 

185 relationship between Australian Fusarium oxysporum isolates and resolving the species complex 

186 using the multispecies coalescent model. BMC Genomics. 21:1–20.

187 Aguayo, J., Cerf-Wendling, I., Folscher, A. B., Fourrier-Jeandel, C., Ioos, R., Mathews, M. C., et al. 

188 2021. First Report of Fusarium oxysporum f. sp. cubense Tropical Race 4 (TR4) Causing Banana Wilt 

189 in the Island of Mayotte. Plant Dis. 105:219.

190 Bourne, P. E. 2007. Ten simple rules for making good oral presentations. PLoS Comput. Biol. 3:e77.

191 Brankovics, B., van Dam, P., Rep, M., de Hoog, G. S., van der Lee, T. A. J., Waalwijk, C., et al. 2017. 

192 Mitochondrial genomes reveal recombination in the presumed asexual Fusarium oxysporum species 

193 complex. BMC Genomics. 18:1–14.

194 Butler, D. 2013. Fungus threatens top banana. Nature. 504:195–196.

195 Chittarath, K., Mostert, D., Crew, K. S., Viljoen, A., Kong, G., Molina, A. B., et al. 2018. First Report of 

196 Fusarium oxysporum f. sp. cubense Tropical Race 4 (VCG 01213/16) Associated with Cavendish 

197 Bananas in Laos. Plant Dis. 102:449.

198 Czislowski, E., Fraser-Smith, S., Zander, M., O’Neill, W. T., Meldrum, R. A., Tran-Nguyen, L. T. T., et al. 

199 2018. Investigation of the diversity of effector genes in the banana pathogen, Fusarium oxysporum f. 

200 sp. cubense , reveals evidence of horizontal gene transfer. Mol. Plant Pathol. 19:1155–1171.

201 Damodaran, T., Mishra, V. K., Jha, S. K., Gopal, R., Rajan, S., and Ahmed, I. 2019. First Report of 

202 Fusarium Wilt in Banana Caused by Fusarium oxysporum f. sp. cubense Tropical Race 4 in India. Plant 

203 Dis. 103:1022–1022.

204 Dita, M., Barquero, M., Heck, D., Mizubuti, E. S. G., and Staver, C. P. 2018. Fusarium Wilt of Banana: 

205 Current Knowledge on Epidemiology and Research Needs Toward Sustainable Disease Management. 

206 Front. Plant Sci. 9.

207 Fourie, G., Steenkamp, E. T., Gordon, T. R., and Viljoen, A. 2009. Evolutionary relationships among 

208 the Fusarium oxysporum f. sp. cubense vegetative compatibility groups. Appl. Environ. Microbiol. 

209 75:4770–4781.

210 García-Bastidas, F., Ordóñez, N., Konkol, J., Al-Qasim, M., Naser, Z., Abdelwali, M., et al. 2014. First 

211 Report of Fusarium oxysporum f. sp. cubense Tropical Race 4 Associated with Panama Disease of 

Page 7 of 14



8

212 Banana outside Southeast Asia. Plant Dis. 98:694–694.

213 Geiser, D. M., Al-Hatmi, A., Aoki, T., Arie, T., Balmas, V., Barnes, I., et al. 2020. Phylogenomic analysis 

214 of a 55.1 kb 19-gene dataset resolves a monophyletic Fusarium that includes the Fusarium solani 

215 Species Complex. Phytopathology®. :PHYTO-08-20-0330-LE.

216 Gordon, T. R., and Martyn, R. D. 1997. The evolutionary biology of Fusarium oxysporum. Annu. Rev. 

217 Phytopathol. 35:111–28.

218 Gouy, M., Guindon, S., and Gascuel, O. 2010. SeaView Version 4: A Multiplatform Graphical User 

219 Interface for Sequence Alignment and Phylogenetic Tree Building. Mol. Biol. Evol. 27:221–224.

220 Guindon, S., and Gascuel, O. 2003. A simple, fast, and accurate algorithm to estimate large 

221 phylogenies by maximum likelihood. Syst. Biol. 52:696–704.

222 Hermanto, C., Sutanto, A., Jumjunidang, Edison, H. S., Daniells, J. W., O’Neill, W. T., et al. 2011. 

223 INCIDENCE AND DISTRIBUTION OF FUSARIUM WILT DISEASE OF BANANA IN INDONESIA. Acta Hortic. 

224 :313–322.

225 Hung, T. N., Hung, N. Q., Mostert, D., Viljoen, A., Chao, C. P., and Molina, A. B. 2018. First Report of 

226 Fusarium Wilt on Cavendish Bananas, Caused by Fusarium oxysporum f. sp. cubense Tropical Race 4 

227 (VCG 01213/16), in Vietnam. Plant Dis. 102:448–448.

228 Ji Su, H.-. 1986. Fusarial Wilt of Cavendish Bananas in Taiwan. Plant Dis. 70:814.

229 Katoh, K. 2002. MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier 

230 transform. Nucleic Acids Res. 30:3059–3066.

231 Koenig, R. L., Ploetz, R. C., and Kistler, H. C. 1997. Fusarium oxysporum f. sp. cubense consists of a 

232 small number of divergent and globally distributed clonal lineages. Phytopathology. 87:915–923.

233 Laurence, M. H., Summerell, B. A., Burgess, L. W., and Liew, E. C. Y. 2014. Genealogical concordance 

234 phylogenetic species recognition in the Fusarium oxysporum species complex. Fungal Biol. 118:374–

235 384.

236 Letunic, I., and Bork, P. 2021. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree 

237 display and annotation. Nucleic Acids Res. :1–4.

238 Lodovica, M., Peter, G., and Bonants Editors, J. M. Plant Pathology in the 21st Century Detection and 

239 Diagnostics of Plant Pathogens.

240 Lombard, L., Sandoval-Denis, M., Lamprecht, S. C., and Crous, P. W. 2019. Epitypification of Fusarium 

Page 8 of 14



9

241 oxysporum – clearing the taxonomic chaos. Persoonia - Mol. Phylogeny Evol. Fungi. 43:1–47.

242 Maddison, D. R., Swofford, D. L., and Maddison, W. P. 1997. NEXUS: An Extensible File Format for 

243 Systematic Information. Syst. Biol. 46:590.

244 Maryani, N. 2018. A complex relationship : banana &amp; Fusarium wilt in Indonesia.

245 Maryani, N., Lombard, L., Poerba, Y. S., Subandiyah, S., Crous, P. W., and Kema, G. H. J. 2019. 

246 Phylogeny and genetic diversity of the banana Fusarium wilt pathogen Fusarium oxysporum f. sp. 

247 cubense in the Indonesian centre of origin. Stud. Mycol. 92:155–194.

248 Maymon, M., Sela, N., Shpatz, U., Galpaz, N., and Freeman, S. 2020. The origin and current situation 

249 of Fusarium oxysporum f. sp. cubense tropical race 4 in Israel and the Middle East. Sci. Rep. 10:1–11.

250 Nelson, P. E. 1991. History of Fusarium Systematics. Phytopathology. 81:1045–1048.

251 O’Donnell, K., Kistlerr, H. C., Cigelnik, E., and Ploetz, R. C. 1998. Multiple evolutionary origins of the 

252 fungus causing panama disease of banana: Concordant evidence from nuclear and mitochondrial 

253 gene genealogies. Proc. Natl. Acad. Sci. U. S. A. 95:2044–2049.

254 O’Neill, W. T., Henderson, J., Pattemore, J. A., O’Dwyer, C., Perry, S., Beasley, D. R., et al. 2016. 

255 Detection of Fusarium oxysporum f. sp. cubense tropical race 4 strain in northern Queensland. 

256 Australas. Plant Dis. Notes. 11:33.

257 Ordoñez, N., García-Bastidas, F., Laghari, H. B., Akkary, M. Y., Harfouche, E. N., al Awar, B. N., et al. 

258 2016. First Report of Fusarium oxysporum f. sp. cubense Tropical Race 4 Causing Panama Disease in 

259 Cavendish Bananas in Pakistan and Lebanon. Plant Dis. 100:209.

260 Ordonez, N., Seidl, M. F., Waalwijk, C., Drenth, A., Kilian, A., Thomma, B. P. H. J., et al. 2015. Worse 

261 Comes to Worst: Bananas and Panama Disease—When Plant and Pathogen Clones Meet. PLOS 

262 Pathog. 11:e1005197.

263 Ploetz, R. C. 2015. Fusarium Wilt of Banana. Phytopathology. 105:1512–1521.

264 Ploetz, R. C. 2006. Fusarium wilt of banana is caused by several pathogens referred to as Fusarium 

265 oxysporum f. sp. cubense. Phytopathology. 96:653–656.

266 Ploetz, R., Freeman, S., Konkol, J., Al-Abed, A., Naser, Z., Shalan, K., et al. 2015. Tropical race 4 of 

267 Panama disease in the Middle East. Phytoparasitica. 43:283–293.

268 Sanderson, M. J., Donoghue, M. J., Piel, W., and Eriksson, T. 1994. TreeBASE: a prototype database of 

269 phylogenetic analyses and an interactive tool for browsing the phylogeny of life. Am. J. Bot. 81:1.

Page 9 of 14



10

270 Sayers, E. W., Agarwala, R., Bolton, E. E., Brister, J. R., Canese, K., Clark, K., et al. 2019. Database 

271 resources of the National Center for Biotechnology Information. Nucleic Acids Res. 47:D23–D28.

272 Snyder, W. C., and Hansen, H. N. 1940. The Species Concept in Fusarium. Am. J. Bot. 27:64–67.

273 Stokstad, E. 2019. Banana fungus puts Latin America on alert. Science (80-. ). 365:207–208.

274 Taylor, J. W., Jacobson, D. J., Kroken, S., Kasuga, T., Geiser, D. M., Hibbett, D. S., et al. 2000. 

275 Phylogenetic Species Recognition and Species Concepts in Fungi. Fungal Genet. Biol. 31:21–32.

276 Thangavelu, R., Mostert, D., Gopi, M., Devi, P. G., Padmanaban, B., Molina, A. B., et al. 2019. First 

277 detection of Fusarium oxysporum f. sp. cubense tropical race 4 (TR4) on Cavendish banana in India. 

278 Eur. J. Plant Pathol. 154:777–786.

279 Vihinen, M. 2020. Guidelines for systematic reporting of sequence alignments. Biol. Methods Protoc. 

280 5:1–3.

281 Warmington, R. J., Kay, W., Jeffries, A., O’Neill, P., Farbos, A., Moore, K., et al. 2019. High-Quality 

282 Draft Genome Sequence of the Causal Agent of the Current Panama Disease Epidemic ed. Antonis 

283 Rokas. Microbiol. Resour. Announc. 8:16–17.

284 Zheng, S.-J., García-Bastidas, F. A., Li, X., Zeng, L., Bai, T., Xu, S., et al. 2018. New Geographical 

285 Insights of the Latest Expansion of Fusarium oxysporum f.sp. cubense Tropical Race 4 Into the 

286 Greater Mekong Subregion. Front. Plant Sci. 9:1–9.

287

288 Figures

289 Figure 1. Maximum likelihood tree inferred from a combined dataset of rpb1, rpb2 and tef1a from 

290 215 Fusarium spp. isolates. Taxa are labelled and coloured according to the species attributed by 

291 Maryani et al. (2019). Isolates mentioned in the main text are indicated by text labels. Fusarium 

292 fujikuroi (CBS 221.76) served as the outgroup to root the tree. Sequences were obtained from the 

293 NCBI Entrez portal (Sayers et al. 2019) via the accession numbers provided by Maryani et al. (2019). 

294 Sequences were aligned using MAFFT (Katoh 2002) and manually trimmed in Seaview (Gouy, Guindon, 

295 and Gascuel 2010). Phylogenetic trees were generated using PhyML (Guindon and Gascuel 2003) from 

296 using the command lines documented in the Extra Files. Graphics were rendered using the Interactive 

297 Tree of Life (Letunic and Bork 2021). Bootstrap support is indicated by thickness of branches. Species 

298 designations are coloured as blue for duoseptatum, brown for grosmichelii, green for odoratissimum, 

299 white for oxysporum, magenta for phialophorum, red for purpurascens, cyan for 
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300 tardichlamydosporum, purple for tardiscrescens, orange for kalimantense, yellow for sangayamense 

301 and mercury for cugenangense.

302

303 Figure 2. Maximum likelihood tree of the FOSC inferred from tef1a from 234 Fusarium spp. isolates. 

304 Taxa are labelled and coloured according to the species attributed by Maryani et al. (2019) using the 

305 same colour coding as in Figure 1. Fusarium fujikuroi (CBS 221.76) served as the outgroup to root the 

306 tree. Sequences were obtained from the NCBI Entrez portal (Sayers et al. 2019) via the accession 

307 numbers provided by Maryani et al. (2019). Sequences were aligned using MAFFT (Katoh 2002) and 

308 manually trimmed in Seaview (Gouy, Guindon, and Gascuel 2010). Phylogenetic trees were generated 

309 using PhyML (Guindon and Gascuel 2003) using the command lines documented in the Extra Files. 

310 Graphics were rendered using the Interactive Tree of Life (Letunic and Bork 2021). Bootstrap support 

311 is indicated by thickness of branches. 

312

313 Extra files

314  Multiple sequence alignment of concatenated rpb1, rpb2 and tef1a from 215 Fusarium 

315 spp. isolates. This is the alignment from which the phylogeny in Figure 1 is derived. 

316 Sequences were obtained from the NCBI Entrez portal (Sayers et al. 2019) via the accession 

317 numbers provided by Maryani et al. (2019). Sequences were aligned using MAFFT (Katoh 

318 2002) and manually trimmed in Seaview (Gouy, Guindon, and Gascuel 2010). Phylogenetic 

319 trees were generated using PhyML (Guindon and Gascuel 2003). This file serves as input for 

320 phylogenetic analysis tools such as RAxML. Filename: concatenated_fna.txt.

321  Multiple sequence alignment of tef1a from 234 Fusarium spp. isolates. This is the 

322 alignment from which the phylogeny in Figure 2 is derived. Sequences were obtained from 

323 the NCBI Entrez portal (Sayers et al. 2019) via the accession numbers provided by Maryani et 

324 al. (2019). Sequences were aligned using MAFFT (Katoh 2002) and manually trimmed in 

325 Seaview (Gouy, Guindon, and Gascuel 2010). Phylogenetic trees were generated using 

326 PhyML (Guindon and Gascuel 2003). This file serves as input for phylogenetic analysis tools 

327 such as RAxML. Filename: tef1_fna.txt.

328  RAxML commands used to generate the trees illustrated in Figures 1 and 2. Filename: 

329 run_RAxML.pdf.
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330  RAxML bipartitions tree file for concatenated rpb1, rpb2 and tef1a from 215 Fusarium spp. 

331 isolates. This is the output from RAxML in Newick format and serves as input into tree 

332 visualisation tools. Filename: RAxML_bipartitions.concatenated_partitions.txt.

333  RAxML bipartitions tree file for concatenated tef1a from 234 Fusarium spp. isolates. This is 

334 the output from RAxML in Newick format and serves as input into tree visualisation tools. 

335 Filename: RAxML_bipartitions.tef1_partitions.txt.

336  Nexus tree file for concatenated rpb1, rpb2 and tef1a from 215 Fusarium spp. isolates. This 

337 is the output from RAxML converted into Nexus format (Maddison, Swofford, and Maddison 

338 1997). Filename: concatenated-nexus.txt.

339  Nexus tree file for concatenated tef1a from 234 Fusarium spp. isolates. This is the output 

340 from RAxML converted into Nexus format (Maddison, Swofford, and Maddison 1997). 

341 Filename: tef1-nexus.txt.

Page 12 of 14



InaCC F922 FOSC Clade 5 Nov F kalimantanense LS479246

In
aC

C
 F

83
9 

1 
F 

od
or

at
is

si
m

um
 L

S4
79

58
0

L
eb

12C
 1 F

 o
d

o
ratissim

u
m

 L
S

479466

InaCC F929 1 F odoratissimum LS479508

In
aC

C
 F

93
5 

1 
F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

95
15

InaCC F947 1 F odoratissimum LS479526

In
do66

 1
 F

 o
dora

tis
si

m
um

 L
S47

96
05

In
aC

C
 F

976
 5 F

 d
u

o
sep

tatu
m

 L
S

479550

In
aC

C
 F

96
6 

2 
F

 p
u

rp
u

ra
sc

en
s 

L
S

47
95

39

InaCC F924 1 F odoratissimum LS479502

InaCC F959 6 F tardichlam
ydosporum

 LS479535

InaCC F879 1 F odoratissimum LS479612

Indo222 1 F odoratissimum LS479576

In
aC

C
 F

85
3 

4 
F 

gr
os

m
ic

he
lii

 L
S

47
93

43

InaCC F841 1 F odoratissim
um

 LS479581

In
aC

C F
82

5 
1 

F o
dora

tis
si

m
um

 L
S47

94
96

InaCC F923 1 F odoratissimum LS479501

InaCC F826 3 F phialophorum LS479505

NRRL 26406 FO
SC Clade 3 F oxysporum

 LS479461

In
aC

C
 F

979 5 F
 d

u
o

sep
tatu

m
 L

S
479553

NRRL 3
61

11
 6

 F
 ta

rd
ic

hla
m

yd
osp

oru
m

 L
S47

94
72

In
aC

C
 F

934 1 F
 o

d
o

ratissim
u

m
 L

S
479514

In
aC

C
 F

83
3 

4 
F 

gr
os

m
ic

he
lii

 L
S

47
95

48N
R

R
L 37622 9 F tardicrescens LS

479463

InaCC F889 3 F phialophorum LS479622

InaCC F994 1 F odoratissimum LS479569

N
R

R
L 

36
11

6 
5 

F 
du

os
ep

ta
tu

m
 L

S4
79

21
9

InaCC F846 1 F odoratissimum LS479336

In
aC

C
 F

93
7 

1 
F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

95
17

InaCC F928 1 F odoratissimum LS479507

InaC
C

 F899 1 F odoratissim
um

 LS
479632

In
aC

C
 F

915 5 F
 d

u
o

sep
tatu

m
 L

S
479494

Fo
cM

al
43

 5
 F

 d
uo

se
pt

at
um

 L
S47

92
07

In
aC

C
 F

835 5 F
 d

u
o

sep
tatu

m
 L

S
479567

In
aC

C
 F

95
3 

1 
F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

95
29

InaCC F917 FOSC Clade 5 Nov F kalimantanense LS479497

InaCC F955 1 F odoratissimum LS479531

NRRL 
36

12
0 

4 
F 

gr
os

m
ic

he
lii

 L
S47

94
78

In
aC

C
 F

939 1 F
 o

d
o

ratissim
u

m
 L

S
479519

InaCC F906 1 F odoratissimum LS479639

FocCNPMFR2 6 F
 ta

rd
ichlam

ydosporu
m

 L
S479458

In
aC

C
 F

96
7 

2 
F

 p
u

rp
u

ra
sc

en
s 

L
S

47
95

40

In
aC

C
 F

85
5 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
92

NRRL 36109 3 F phialophorum LS479471

InaCC F973 1 F odoratissimum LS479547

In
aC

C F
81

7 
1 

F o
dora

tis
si

m
um

 L
S47

95
56

N
R

R
L 54005 9 F tardicrescens LS

479482

InaCC F892 1 F odoratissimum LS479624

In
aC

C
 F

87
5 

1 
F 

od
or

at
is

si
m

um
 L

S4
79

60
7

FocCNPMFR1 FOSC C
lade 4 F oxysporu

m LS479457

NRRL 36105 6 F
 ta

rd
ichlam

ydosporu
m

 L
S479470

InaCC F897 1 F odoratissimum LS479630

InaCC F842 3 F phialophorum LS479582

In
aC

C
 F

85
9 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
96

InaCC F930 1 F odoratissimum LS479509

JV
11 1 F

 o
d

o
ratissim

u
m

 L
S

479465

NRRL 36107 2 F purpurascens LS479213

In
aC

C
 F

85
1 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

93
41

InaCC F990 1 F odoratissimum LS479568

In
aC

C
 F

88
4 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

96
16

InaCC F948 1 F odoratis
sim

um LS479527

In
aC

C
 F

84
9 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
89

In
aC

C
 F

82
4 

1 
F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

94
86

N
R

R
L 25433 7 Fusarium

 cugenangense LS479462

NRRL 34936 FOSC Clade 3 F oxysporum
 LS479460

In
aC

C
 F

847 1 F
 o

d
o

ratissim
u

m
 L

S
479587

In
d

o
83

 4
 F

 g
ro

sm
ic

h
el

ii 
L

S
47

93
90

InaCC F971 3 F phialophorum LS479545

In
aC

C F
81

9 
1 

F 
od

or
at

is
si

m
um

 L
S47

96
00

In
aC

C
F9

36
 1

 F
 o

do
ra

tis
si

m
um

 L
S

47
95

16

InaCC F960 FOSC Clade 5 Nov F sangayamense LS479537

InaCC F918 FOSC Clade 5 Nov F kalimantanense LS479242

N
R

R
L 36108 6 F tardichlam

ydosporum
 LS

479660

Race10124 3 F phialophorum LS479483

Indo89 1 F odoratissimum LS479627

InaCC F970 3 F phialophorum LS479544

In
aC

C
 F

86
2 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
98

InaCC F969 3 F phialophorum LS479543

InaCC F907 1 F odoratissimum LS479487

In
aC

C
 F

95
4 

1 
F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

95
30

ATCC76244 2 F purpurascens LS479199

In
aC

C
 F

88
6 

2 
F

 p
u

rp
u

ra
sc

en
s 

L
S

47
93

85

InaCC F881 1 F odoratissimum LS479613

In
aC

C
 F

890 1 F
 o

d
o

ratissim
u

m
 L

S
479623

FocST498 3 F phialophorum LS479484

NRRL 36103 3 F phialophorum LS479469

NRRL 3611
7 6 F ta

rd
ichlamydosporu

m LS479476

In
do

77
 1

 F
 o

do
ra

tis
si

m
um

 L
S

47
96

17

In
aC

C
 F

920 5 F
 d

u
o

sep
tatu

m
 L

S
479499

In
aC

C
 F

975
5 F

 d
u

o
sep

tatu
m

 L
S

479549

InaC
C

 F957 6 F tardichlam
ydosporum

 LS479533

InaC
C

 F984 7 Fusarium
 cugenangense LS479560

InaCC F989 1 F odoratissimum LS479566

InaCC F843 3 F phialophorum LS479583InaCC F865 1 F odoratissimum LS479358

NRRL 36112 3 F phialophorum LS479473

InaC
C

 F894 1 F odoratissim
um

 LS
479626

NRRL 26406 AF FOSC Clade 3 F oxysporum
 AF008504

NRRL 36102 1 F odoratissim
um

 LS479468

.

InaCC F909 1 F odoratissimum LS479489
InaC

C
 F900 1 F

odoratissim
um

 LS479633

In
aC

C
 F

91
4

 2
 F

 p
u

rp
u

ra
sc

en
s 

L
S

47
9

49
3

In
aC

C
 F

978 5 F
 d

u
o

sep
tatu

m
 L

S
479552

In
aC

C
 F

904 1 F
 o

d
o

ratissim
u

m
 L

S
479637

InaCC F834 3 F phialophorum LS479557

In
aC

C
 F

86
8 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

93
61

InaC
C

 F910 1 F odoratissim
um

 LS479490

In
aC

C
 F

82
1 

1 
F 

od
or

at
is

si
m

um
 L

S
47

96
09

In
aC

C
 F

86
7 

4 
F 

gr
os

m
ic

he
lii

 L
S

47
93

60

In
aC

C
 F

85
2 

4 
F 

gr
os

m
ic

he
lii

 L
S

47
93

42

In
aC

C
 F

838 1 F
 o

d
o

ratissim
u

m
 L

S
479579

In
do

4 
1 

F 
od

or
at

is
si

m
um

 L
S47

95
90

In
aC

C F
86

9 
3 

F 
ph

ia
lo

ph
or

um
 L

S47
93

62

InaCC F988 1 F odoratissim
um

 LS479565

InaCC F999 1 F odoratissimum LS479574

InaCC F985 1 F odoratissimum LS479562

Phi26C 1 F odoratissim
um

 LS479480

In
aC

C
 F

858
 1 F

 o
d

o
ratissim

u
m

 L
S

4
79595

In
aC

C
 F

87
4 

1 
F 

od
or

at
is

si
m

um
 L

S
47

96
06

In
aC

C
 F

891
 1 F

 o
d

o
ratissim

u
m

 L
S

4
79393

InaCC F981 3 F phialophorum LS479303

Indo51 1 F odoratissim
um

 LS479601

InaC
C

 F902 1 F odoratissim
um

 LS479635

In
aC

C
 F

873 1 F
 o

d
o

ratissim
u

m
 L

S
479604

InaCC F885 1 F odoratissimum LS479384

NRRL 
36

11
3 

9 
F ta

rd
ic

re
sc

en
s 

LS47
94

74

In
aC

C F
83

7 1 
F o

dora
tis

sim
um

 L
S479

57
8

NRRL 26381 FOSC Clade 3 F oxysporum
 LS479456

InaC
C

 F877 1 F odoratissim
um

 LS479610

InaCC F844 3 F phialophorum LS479585

InaCC F896 1 F odoratissimum LS479629

InaCC F980 3 F phialophorum LS479555

InaC
C

 F921 5 F duoseptatum
 LS

479500

InaCC F931 1 F odoratissimum LS479510

InaCC F912 1 F odoratissimum LS479491

InaCC F946 1 F odoratis
sim

um LS479525

In
aC

C
 F

88
8 

4 
F 

gr
os

m
ic

he
lii

 L
S

47
96

21

NRRL 54002 FOSC Clade 3 F oxysporum
 LS479455

In
aC

C
 F

94
5 

1 
F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

95
24

Indo204 1 F odoratissimum LS479561

In
aC

C
 F

88
7 

4 
F 

gr
os

m
ic

he
lii

 L
S

47
96

20

In
aCC F

816 1 F
 o

dora
tis

sim
um

 L
S479485

InaCC F997 1 F odoratissimum LS479572

InaCC F864 1 F odoratissimum LS479356

In
aC

C
 F

911 5 F
 d

u
o

sep
tatu

m
 L

S
479234

In
aC

C
 F

81
8 

1 
F 

od
or

at
is

si
m

um
 L

S4
79

58
4

InaCC F986 1 F odoratissimum LS479563

InaCC F956 6 F tardichlam
ydosporum

 LS479532

InaCC F998 1 F odoratissimum LS479573

InaCC F882 1
F odora

tis
sim

um LS479614

FocII5NRRL 54006 1 F odoratissim
um

 LS479459

InaCC F933 1 F odoratissimum LS479512

InaCC F972 3 F phialophorum LS479546

InaCC F925 1 F odoratissimum LS479503
InaCC F905 1 F odoratissimum LS479638

InaCC F827 3 F phialophorum LS479513

In
aC

C
 F

85
4 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
91

Indo62 1 F odoratissimum LS479367

N
R

R
L 36110 3 F phialophorum

 LS
479662

In
aC

C
 F

903 1 F
 o

d
o

ratissim
u

m
 L

S
479636

InaC
C

 F901 1 F odoratissim
um

 LS
479634

InaCC F961 FOSC Clade 5 Nov F sangayamense LS479284

NRRL 3
61

18
 7

 F
usa

riu
m

 c
ugen

an
gen

se
 L

S47
94

77

In
aC

C
 F

831 5 F
 d

u
o

sep
tatu

m
 L

S
479538

In
aC

C
 F

857 1 F
 o

d
o

ratissim
u

m
 L

S
479594

N
R

R
L 54008 9 F tardicrescens LS

479481

In
aC

C
 F

82
3 

2 
F

 p
u

rp
u

ra
sc

en
s 

L
S

47
96

28

InaCC F938 1 F odoratis
sim

um LS479518

In
aC

C
 F

86
1 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
97

InaC
C

 F983 7 Fusarium
 cugenangense LS

479559

In
aC

C
 F

84
8 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
88

InaCC F1000 1 F odoratissimum LS479575

InaCC F932 1 F odoratissimum LS479511

In
aC

C
 F

83
2

 4
 F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
4

2

InaCC F880 1 F odoratis
sim

um LS479378

Indo64 3 F phialophorum LS479603

In
aC

C
 F

876 1 F
 o

d
o

ratissim
u

m
 L

S
479608

In
d

o
80 5 F

 d
u

o
sep

tatu
m

 L
S

479619

InaCC F927 1 F odoratissimum LS479506

InaCC F845 3 F phialophorum LS479586

P
ak11A

 1 F
 o

d
o

ratissim
u

m
 L

S
479479

InaCC F878 1 F odoratis
sim

um LS479611

NRRL 36101 3 F phialophorum LS479467

In
aC

C
 F

96
8 

2 
F

 p
u

rp
u

ra
sc

en
s 

L
S

47
95

41

NRRL 36106 6 F ta
rd

ichlamydosporu
m

LS479212

InaC
C

 F958 6 F tardichlam
ydosporum

 LS479534

In
aC

C
 F

91
9 

1 
F 

od
or

at
is

si
m

um
 L

S
47

94
98

InaCC F995 3 F phialophorum LS479570

In
aC

C
 F

85
0 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

93
40

In
aC

C
 F

82
0 

4 
F 

gr
os

m
ic

he
lii

 L
S4

79
36

4

FocIndo25 3 F phialophorum LS479464

InaCC F830 3 F phialophorum LS479536

InaCC F987 3 F phialophorum LS479564

InaC
C

 F829 5 F duoseptatum
 LS

479528

InaCC F944 1 F odoratissimum LS479523

InaCC F822 1 F odoratissimum LS479618

InaCC F908 1
F odoratissim

um
 LS479488

In
aC

C
 F

85
6

 1
 F

 o
d

o
ra

ti
ss

im
u

m
 L

S
4

79
59

3

Indo61 1 F odoratissimum LS479366

In
aC

C
 F

980 5 F
 d

u
o

sep
tatu

m
 L

S
479554 In

aC
C

 F
86

6
 8

 F
 h

ex
as

ep
ta

tu
m

 L
S

47
93

5
9

N
R

R
L 

36
11

5 
5 

F 
du

os
ep

ta
tu

m
 L

S4
79

47
5

In
d

o
53

 1
 F

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

93
57

InaCC F871 1 F odoratissimum LS479365

In
aC

C
 F

86
3 

4 
F

 g
ro

sm
ic

h
el

ii 
L

S
47

95
99

InaCC F870 1 F odora
tis

sim
um LS479602

In
aC

C
 F

977
 5 F

 d
u

o
sep

tatu
m

 L
S

479551

In
aC

C
 F

828 5
F

 d
u

o
sep

tatu
m

 L
S

479520

InaCC F840 1 F odoratissimum LS479329

In
aC

C
 F

916 5 F
 d

u
o

sep
tatu

m
 L

S
479495

InaCC F942 1 F odoratissimum LS479521

In
aC

C
 F

83
6 

1 
F 

od
or

at
is

si
m

um
 L

S4
79

57
7

InaCC F996 3 F phialophorum LS479571

In
aC

C
 F

91
3 

2 
F

 p
u

rp
u

ra
sc

en
s 

L
S

47
94

92

NRRL 36108
NRRL 36110

F. purpurascens

F. odoratissimum

F. grosmichelli

F. phialophorum

F. odoratissimum

F. duoseptatum

outgroup

Page 13 of 14



InaCC F844 3 F. p
hialophorum

LS479783

InaCC F913 2 F. purpurascens LS479685

In
aC

C F
95

5 
1 

F.
 o

do
ra

tis
si

m
um

 L
S47

97
26

In
aC

C
 F

817 1 F. o
d

o
ratissim

u
m

 L
S

479753

NRRL 36120 4 F. grosmichelii L
S479670

InaCC F823 2 F. purpurascens LS479838

Indo64 3 F. phialophorum LS479813

InaCC F998 1 F. odoratissimum LS479770

In
d

o
80

 5
 F

. d
u

o
se

p
ta

tu
m

 L
S

47
98

29

InaC
C

 F894 1 F. odoratissim
um

 LS
479836

In
aC

C
 F

892 1 F. o
d

o
ratissim

u
m

 L
S

479834

InaCC F932 1 F. odoratissim
um

 LS479706

InaCC F843 3 F. p
hialophorum LS479781

InaCC F909 1 F. odoratissimum LS479681

In
aC

C
 F

936
 1 F. o

d
o

ratissim
u

m
 L

S
47

9711

NRRL 26379 F
OSC C

lade 3 F.
 o

xysporu
m

 A
F008508

InaCC F1000 1 F. odoratissimum LS479772

NRLL 3
61

18
 7

 F
usa

riu
m

 c
ugen

an
gen

se
 L

S47
96

69

NRRL 22550 FOSC Clade 1 F. oxysporum AF008506

In
aC

C
 F

90
2 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

98
45

N
R

R
L 

25
60

7 
F

O
S

C
 C

la
d

e 
2 

F.
 o

xy
sp

o
ru

m
 A

F
00

84
89

In
aC

C
 F

938 1 F. o
d

o
ratissim

u
m

 L
S

479713

NRRL 36105 6 F. ta
rdichlamydosporum LS479657

In
aC

C
 F

930 1 F. o
d

o
ratissim

u
m

 L
S

479704

In
aC

C
 F

863 4 F. g
ro

sm
ich

elii L
S

479799

InaCC F885 1 F. odoratissimum LS479826

Leb1.2C 1 F. odoratissimum LS479652

In
aC

C
 F

819 1 F. o
d

o
ratissim

u
m

 L
S

479800

InaCC F877 1 F. odoratissim
um

 LS479819

In
aC

C F
87

6 
1 

F.
 o

do
ra

tis
si

m
um

 L
S47

98
17

InaCC F873 1 F. odoratissimum LS479814
NRRL 

26
38

0 
FO

SC C
la

de 
3 

F.
 o

xy
sp

oru
m

 A
F00

85
09

In
do

61
 1

 F
. o

do
ra

tis
si

m
um

 L
S

47
98

12

NRRL 36102 1 F. odoratissimum LS479655

Indo51 1 F.
 odora

tis
sim

um LS479801

C
A

V
300 F

O
S

C
 C

lad
e 1 F. o

xysp
o

ru
m

 F
J664932

InaCC F840 1 F. odoratissimum LS479778 InaCC F827 3 F. phialophorum LS479708

N
R

R
L

 3
49

36
 F

O
S

C
 C

la
d

e 
3 

F.
 o

xy
sp

o
ru

m
 L

S
47

96
46

InaCC F987 3 F. phialophorum LS479761

NRRL 25433 7 Fusarium cugenangense LS479648

InaCC F999 1 F. odoratissimum LS479771

InaCC F973 1 F. odoratissimum LS479743

In
aC

C
 F

99
6 

3 
F.

 p
hi

al
op

ho
ru

m
 L

S4
79

76
8

InaC
C

 F896 1 F. odoratissim
um

 LS479839

InaCC F982 3 F. phialophorum LS479755

InaCC F948 1 F.
 odoratis

sim
um LS479722

InaCC F905 1 F. odoratissim
um

 LS479848

In
aC

C
 F

82
8 

5 
F.

 d
u

o
se

p
ta

tu
m

 L
S

47
97

15

NRRL 
26

38
3 

FO
SC C

la
de

 3
 F

. o
xy

sp
or

um
 A

F0
08

50
2

NRRL 36112 3 F. phialophorum LS479664

In
aC

C
 F

975 5 F. d
u

o
sep

tatu
m

 L
S

479745

InaCC F971 3 F. phialophorum LS479741

In
aC

C
 F

82
5 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

96
89

In
aC

C
 F

91
1 

5 
F.

 d
u

o
se

p
ta

tu
m

 L
S

47
96

83

InaCC F865 1 F. odoratissimum LS479804

InaC
C

 F912 1 F. odoratissim
um

 LS
479684

InaCC F969 3 F. phialophorum LS479739

In
aC

C
 F

99
7 

1 
F.

 o
do

ra
tis

si
m

um
 L

S
47

97
69

InaCC F875 1 F. odoratissimum LS479816

In
aC

C
 F

821 1 F. o
d

o
ratissim

u
m

 L
S

479818

InaC
C

 F910 1 F. odoratissim
um

 LS479682

In
aC

C
 F

868 4 F. g
ro

sm
ich

elii L
S

479807

InaCC F864 1 F. odoratissimum LS479802

InaC
C

 F866 8 F. hexaseptatum
 LS

479805
Indo53 1 F.

 odora
tis

sim
um LS479803

FocIndo25 3 F. phialophorum LS479650

Indo77 1 F. odoratissimum LS479825

NRRL 3611
0 3 F.

 phialophoru
m LS479662

In
aC

C
 F

831 5 F. d
u

o
sep

tatu
m

 L
S

479734

In
aC

C
 F

928 1 F. o
d

o
ratissim

u
m

 L
S

479702

NRRL 54008 9 F. tardicrescens LS479673

NRRL 2
62

03
 F

OSC C
la

de 
3 

F. 
oxy

sp
oru

m
 A

F00
85

01

InaCC F904 1 F. odoratissimum LS479847

NRRL 25420 FOSC Clade 2 F. oxysporum
 AF008512

InaCC F933 1 F. odoratissimum LS479707

N
R

R
L 

36
11

6 
5 

F.
 d

uo
se

pt
at

um
 L

S4
79

66
7

InaC
C

 F852 4 F. grosm
ichelii LS479790

NRRL 26381 FOSC C
lade 3 F.

 oxysporu
m LS479641

In
aCC F

947 1 F.
 o

dora
tis

sim
um

 L
S479721

InaC
C

 F897 1 F. odoratissim
um

 LS
479840

InaCC F972 3 F. phialophorum LS479742

NRRL 36111 6 F. ta
rdichlamydosporum LS479663

InaCC F903 1 F. odoratissim
um

 LS479846

NRRL 37622 9 F. tardicrescens LS479649

InaCC F989 1 F. odoratissimum LS479763

InaCC F990 1 F. odoratissimum LS479765

InaC
C

 F884 4 F. grosm
ichelii LS

479824 C
AV

60
2 

FO
S

C
 C

la
de

 2
 F

. o
xy

sp
or

um
 F

J6
64

95
7

InaCC F886 2 F. purpurascens LS479827

In
aC

C
 F

87
1

1 
F.

 o
do

ra
tis

si
m

um
 L

S4
79

81
1

In
aC

C
 F

92
4 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

96
97

In
aC

C
 F

901 1 F. o
d

o
ratissim

u
m

 L
S

479844

InaC
C

 F853 4 F. grosm
ichelii LS

479791

In
aC

C
 F

90
6 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

98
49

InaCC F889 3 F. phialophorum LS479832

InaCC F816 1 F. odoratissim
um

 LS479677

In
aC

C
 F

93
9 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

97
14

FocCNPMFR1 FOSC Clade 4 F. o
xysporum LS479642

In
aC

C
 F

93
1 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

97
05

InaC
C

 F887 4 F. grosm
ichelii LS

479830

NRRL 36113 9 F. tardicrescens LS479665

CAV1107 FOSC Clade 1 F. o
xysporum FJ664950

In
aC

C F
99

5 
3 

F.
 p

hi
al

op
ho

ru
m

 L
S47

97
67

InaCC F981 3 F. phialophorum LS479752

InaCC F834 3 F. phialophorum LS479754

In
aC

C
 F

99
4 

1 
F.

 o
do

ra
tis

si
m

um
 L

S4
79

76
6

InaCC F942 1 F. odoratissim
um

 LS479716

NRRL 26029 FOSC Clade 3 F. oxysporum AF008493

InaCC F826 3 F. phialophorum LS479700
InaCC F870 1 F. odoratissimum LS479809

NRRL 
22

55
5 

FO
SC C

la
de

 3
 F

. o
xy

sp
or

um
 A

F0
08

51
1

In
aC

C
 F

97
9 

5 
F.

 d
u

o
se

p
ta

tu
m

 L
S

47
97

49

In
aC

C
 F

92
0 

5 
F.

 d
u

o
se

p
ta

tu
m

 L
S

47
96

93

InaCC F968 2 F. purpurascens LS479737

In
aC

C
 F

822 1 F. o
d

o
ratissim

u
m

 L
S

479828
Race1.0124 3 F. phialophorum LS479675

In
aC

C
 F

84
6 

1 
F.

 o
do

ra
tis

si
m

um
 L

S
47

97
85

NRRL 25357 FOSC Clade 1 F. oxysporum AF008481

FocCNPMFR2 6 F. ta
rdichlamydosporum LS479643

NRRL 26035 FOSC Clade 1 F. oxysporum AF008485

InaCC F984 7 Fusarium cugenangense LS479757

ATCC76244 2 F. purpurascens LS479645

NRRL 36108 6 F. tardichlamydosporum LS479660

In
aC

C
 F

899
 1 F. o

d
o

ratissim
u

m
 L

S
47

9842

NRRL 
36

10
6 

6 
F. 

ta
rd

ic
hla

m
yd

osp
oru

m
 L

S47
96

58

Phi2.6C 1 F. odoratissimum LS479672

InaC
C

 F937 1 F. odoratissim
um

 LS
479712

In
aC

C
 F

96
0 

FO
S

C
 C

la
de

 5
 N

ov
. F

. s
an

ga
ya

m
en

se
 L

S
47

97
32

In
aC

C
 F

91
6

 5
F.

 d
u

o
se

p
ta

tu
m

 L
S

47
96

88

NRRL 54005 9 F. tardicrescens LS479674

In
aC

C
 F

934 1 F. o
d

o
ratissim

u
m

 L
S

479709

In
aC

C
 F

980 5 F. d
u

o
sep

tatu
m

 L
S

479750

InaCC F836 1 F. odoratissimum LS479774

InaCC F820 4 F. g
rosmichelii 

LS479810

InaCC F880 1 F. odoratissimum LS479821

Pak1.1A 1 F. odoratissimum LS479671

InaC
C

 F867 4 F. grosm
ichelii LS

479806

In
aC

C
 F

90
8

 1
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
4

79
68

0

NRRL 25598 FOSC Clade 2 F. oxysporum AF008496

NRRL 26574 FOSC C
lade 3 F.

 oxysporu
m AF008495

NRRL 25603 FOSC Clade 1 F. oxysporum AF008487

InaCC F946 1 F. o
doratis

sim
um LS479720

In
do22

2 
1 

F. 
odora

tis
si

m
um

 L
S47

97
73

In
d

o
89 1 F. o

d
o

ratissim
u

m
 L

S
479837

In
aC

C
 F

91
7 

FO
SC

 C
la

de
 5

 N
ov

. F
. k

al
im

an
ta

ne
ns

e 
LS

47
96

90

In
aC

C
 F

919 1 F. o
d

o
ratissim

u
m

 L
S

479692

In
aC

C
 F

83
9 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

97
77

CAV189 FOSC Clade 2 F. oxysporum
 FJ664956

InaCC F830 3 F. phialophorum LS479731

In
d

o
4 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
4

79
79

2

InaCC F837 1 F. odoratissimum LS479775

N
R

R
L 

36
11

7 
6 

F.
 ta

rd
ic

hl
am

yd
os

po
ru

m
 L

S
47

96
68

In
aC

C
 F

84
1 

1 
F.

 o
do

ra
tis

si
m

um
 L

S
47

97
79

CAV794 FOSC Clade 1 F. oxysporum FJ664922

InaCC F927
1 F. odoratissim

um
 LS479701

InaCC F966 2 F. purpurascens LS479735

In
aC

C
 F

95
6 

6 
F.

 ta
rd

ic
hl

am
yd

os
po

ru
m

 L
S

47
97

27

InaC
C

 F848 4 F. grosm
ichelii LS

479786 N
R

R
L 

25
36

9 
F

O
S

C
 C

la
d

e 
2 

F.
 o

xy
sp

o
ru

m
 A

F
00

84
82

InaCC F953 1 F. odoratissimum LS479724

In
aC

C
 F

91
8 

FO
SC

 C
la

de
 5

 N
ov

. F
. k

al
im

an
ta

ne
ns

e 
LS

47
96

91

NRRL 20433 FOSC Clade 2 F. oxysporum
 AF008479

InaC
C

 F833 4 F. grosm
ichelii LS479744

InaCC F970 3 F. phialophorum LS479740

InaCC F879 1 F. odoratissimum LS479820

InaCC F954 1 F. odoratissimum LS479725

In
aC

C
 F

95
9 

6 
F.

 ta
rd

ic
hl

am
yd

os
po

ru
m

 L
S

47
97

30

InaC
C

 F861 4 F. grosm
ichelii LS

479797

InaCC F891 1 F. odoratissimum LS479833

In
aC

C
 F

923 1 F. o
d

o
ratissim

u
m

 L
S

479696

InaCC F985 1 F. odoratissimum LS479759

In
aC

C
 F

92
5 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

96
98

InaCC F818 1 F. odoratissim
um

 LS479782

InaCC F854 4 F. grosm
ichelii LS479793

NRRL 5
40

02
 F

OSC C
la

de 
3 

F. 
oxy

sp
oru

m
 L

S47
96

40

In
aC

C
 F

915 5 F. d
u

o
sep

tatu
m

 L
S

479687

In
aC

C
 F

96
1 

FO
SC

 C
la

de
 5

 N
ov

. F
. s

an
ga

ya
m

en
se

 L
S4

79
73

3

In
aC

C
 F

92
6 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

96
99

NRRL 36109 3 F. phialophorum LS479661

NRRL 22549 F
OSC C

lade 3 F.
 o

xysporu
m

 A
F008505

N
R

R
L

25
59

4
F

O
S

C
 C

la
d

e 
4 

F.
 o

xy
sp

o
ru

m
 A

Y
33

77
17

.

In
aC

C
 F

94
4 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

97
18

InaCC F988 1 F. odoratissimum LS479762

InaC
C

 F900 1 F. odoratissim
um

 LS479843

NRRL 36115 5 F. duoseptatum LS479666

In
aC

C
 F

850 4 F. g
ro

sm
ich

elii L
S

479788 In
aC

C
 F

97
6 

5 
F.

 d
u

o
se

p
ta

tu
m

 L
S

47
97

46In
aC

C
 F

835 5 F. d
u

o
sep

tatu
m

 L
S

479764

InaCC F832 4 F. grosm
ichelii LS479738

In
aC

C
 F

862 4 F. g
ro

sm
ich

elii L
S

479798

In
aC

C
 F

921
 5 F. d

u
o

se
p

tatu
m

 L
S

4796
94

N
R

R
L

 26022 F
O

S
C

 C
lad

e 2 F. o
xysp

o
ru

m
 A

F
008491

InaCC F986 1 F. odoratissimum LS479760

NRRL 2
63

74
 F

OSC C
la

de 
3 

F. 
oxy

sp
oru

m
 A

F00
84

83

CAV299 FOSC Clade 1 F. oxysporum FJ664946

NRRL 26033 FOSC C
lade 3 F.

 oxysporu
m A

F008507

In
aC

C
 F

888 4 F. g
ro

sm
ich

elii L
S

479831

InaC
C

 F855 4 F. grosm
ichelii LS479794

NRRL 26178 FOSC Clade 2 F. oxysporum AF008503

InaC
C

 F851 4 F. grosm
ichelii LS479789

In
aC

C
 F

95
7 

6 
F.

 ta
rd

ic
hl

am
yd

os
po

ru
m

 L
S

47
97

28

InaCC F857 1 F. odoratissimum LS479795

N
R

R
L 

36
10

1 
3 

F.
 p

h
ia

lo
p

h
o

ru
m

 L
S

47
96

54

NRRL 25609 FOSC Clade 2 F. oxysporum
 AF008490

InaCC F914 2 F. purpurascens LS479686

N
R

R
L 

26
40

6 
A

F
 F

O
S

C
 C

la
d

e 
3 

F.
 o

xy
sp

o
ru

m
 A

F
00

85
04

In
aC

C
 F

92
2 

FO
SC

 C
la

de
 5

 N
ov

. F
. k

al
im

an
ta

ne
ns

e 
LS

47
96

95

In
aC

C
 F

95
8 

6 
F.

 ta
rd

ic
hl

am
yd

os
po

ru
m

 L
S

47
97

29

Indo204 1 F. odoratissimum LS479758

In
aC

C
 F

849 4 F. g
ro

sm
ich

elii L
S

479787

InaC
C

 F943 1 F. odoratissim
um

 LS
479717

InaCC F983 7 Fusarium cugenangense LS479756

N
R

R
L

 2
63

60
 F

O
S

C
 C

la
d

e 
4 

F.
 o

xy
sp

o
ru

m
 A

Y
52

75
22

FocII5NRRL 54006 1 F. odoratissimum LS479644

In
aC

C
 F

90
7 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

96
79

InaCC F842 3 F. phialophorum LS479780

In
aC

C
 F

92
9 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

97
03

NRRL36107 2 F. purpurascens LS479659

In
aC

C
 F

977 5 F. d
u

o
sep

tatu
m

 L
S

479747
In

aC
C

 F
829

 5 F. d
u

o
sep

tatu
m

 L
S

47
9723

In
aC

C
 F

94
5 

1 
F.

 o
d

o
ra

ti
ss

im
u

m
 L

S
47

97
19

InaCC F838 1 F. odoratissimum LS479776

In
aC

C
 F

97
8

 5
 F

. d
u

o
se

p
ta

tu
m

 L
S

47
97

48

N
R

R
L

 2
64

06
 F

O
S

C
 C

la
d

e 
3 

F.
 o

xy
sp

o
ru

m
 L

S
47

96
47

Fo
cM

al
43

 5
 F

. d
uo

se
pt

at
um

 L
S

47
96

53

C
A

V
194 F

O
S

C
 C

lad
e 2 F. o

xysp
o

ru
m

 F
J66

4955

InaCC F967 2 F. purpurascens LS479736

FocST4.98 3 F.
 p

hialo
phoru

m
 L

S479676

JV11 1 F. odoratissimum LS479651

InaCC F980 3 F. phialophorum LS479751

Indo66 1 F. odoratissim
um

 LS479815

InaC
C

 F935 1 F. odoratissim
um

 LS
479710

NRRL 36113

NRRL 36115

NRRL 36108

NRRL 36120
FocCNPMFR2

NRRL 36118
NRRL 36106

NRRL 36117
FocMaI43

NRRL 36111

NRRL 36116

NRRL 36105

F. odoratissimum

F. purpurascens

F. grosmichelii

F. phialophorum

F. duoseptatum

outgroup

NRRL 25357

Page 14 of 14


