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Abstract 15 

The forma specialis system classifies Fusarium oxysporum by host of isolation, and multilocus 16 

studies have long shown that it conflicts with phylogeny. That conflict has been described label by 17 

label but never measured across the whole system, and the public genome collection such 18 

measurements now depend on has not been audited deposit by deposit. We retrieved 816 F. 19 

oxysporum assemblies from NCBI, ran BUSCO uniformly, and inferred a maximum-likelihood 20 

phylogeny of 363 genomes from 1,455 strict-core loci (795,943 amino-acid positions). Of 36 formae 21 

speciales with at least two genomes, only 12 (33.3%) were monophyletic, every one of them with 22 

fewer than 12 representatives; among the ten best-sampled labels only f. sp. lactucae was, and the 23 

largest fragmented into seven to eleven independent lineages. Rarefaction, label permutation and 24 

deduplication left this unchanged: drawn down to three genomes, a large forma specialis had at most a 25 

0.30 chance of appearing monophyletic. Twenty-eight genomes (7.7%) had a sister group carrying a 26 

different label. The panel was also redundant: 39 genomes (10.7%) carried no independent core-27 
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genome information. Six of the 22 deposits labelled f. sp. cubense were Fol4287-derived, separating 28 

from the genuine ones with no overlap in whole-genome distance, assembly size or effector content; 29 

three are reported here for the first time. One further genome was not F. oxysporum at all. None of 30 

these would be removed by a completeness filter. We release a curated 324-genome panel and argue 31 

that forma specialis is an operational pathological category requiring independent evidence. 32 

Keywords Fusarium oxysporum · forma specialis · phylogenomics · genome data quality · 33 

effector · Panama disease 34 

Introduction 35 

The Fusarium oxysporum species complex (FOSC) contains soil saprophytes, endophytes and 36 

the causal agents of vascular wilt on more than 100 plant hosts, making it one of the most 37 

economically damaging groups of soil-borne fungal pathogens (Dean et al., 2012; Gordon, 2017). 38 

Because members of the complex are morphologically indistinguishable and largely asexual, they 39 

have for a century been classified by host range: an isolate pathogenic on tomato is f. sp. lycopersici, 40 

one pathogenic on banana is f. sp. cubense, and so on (Michielse & Rep, 2009). More than 100 formae 41 

speciales have been described (Edel-Hermann & Lecomte, 2019), and because the category is defined 42 

by a pathogenicity test rather than by a character state, discriminating them molecularly has been a 43 

persistent practical problem (Kistler, 1997; Lievens et al., 2008). The concept itself, and the 44 

inconsistency with which it has been applied across the genus, has recently been reviewed in depth by 45 

Han et al. (2025). 46 

The forma specialis system was never intended as a phylogenetic classification, and multilocus 47 

sequence data show that it is not one. The classic demonstration is f. sp. cubense, shown by translation 48 

elongation factor and mitochondrial genealogies to have at least five independent evolutionary origins 49 

(O’Donnell et al., 1998); comparable polyphyly has since been reported for many other labels (Baayen 50 

et al., 2000; van Dam et al., 2016). The genomic mechanism became clear with the reference genome 51 

of F. oxysporum f. sp. lycopersici strain 4287, in which roughly a quarter of the assembly consists of 52 

accessory, repeat-rich lineage-specific chromosomes that carry the effector genes required for host 53 

colonisation and can transfer horizontally between strains in culture (Ma et al., 2010). Host specificity 54 
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therefore resides in a mobile compartment while the core genome records vertical descent, so two 55 

strains sharing a host may be phylogenetically remote and two nearly identical strains may differ in 56 

host range (Ma et al., 2013; Rep & Kistler, 2010). 57 

What has changed recently is scale. Genome-scale analyses of the complex now routinely 58 

involve hundreds of assemblies: McTaggart et al. (2021) inferred phylogenetic species and detected 59 

recombination from 40 single-copy orthologues across 410 genomes; Brenes Guallar et al. (2022) 60 

clustered 537 public genomes on effector presence and absence alongside a core phylogeny; van 61 

Westerhoven et al. (2024) inferred a maximum-likelihood backbone from 4,213 BUSCO loci across 62 

618 quality-filtered genomes; and Lopez-Jimenez et al. (2026) have proposed a phylogenomic 63 

framework from 4,286 orthologue coding sequences. Our panel is comparable to this body of work in 64 

scale and smaller than several members of it, and we make no claim to the contrary. 65 

What distinguishes the present study is its object rather than its size. Those studies infer FOSC 66 

phylogeny in order to ask about recombination, effector repertoires or organellar evolution, and the 67 

correspondence between forma specialis and phylogeny is noted in passing rather than measured. 68 

Brenes Guallar et al. (2022) state that many formae speciales are polyphyletic and give clade counts 69 

for two labels, and van Dam et al. (2018) report lineage counts for four; but no study has reported a 70 

monophyly verdict and an independent-lineage count for every represented label under one stated 71 

criterion, asked whether that result survives the fact that monophyly is arithmetically easier to satisfy 72 

in a small group, or paired the measurement with a per-deposit audit of the public panel itself. Two 73 

questions in particular have gone largely unasked. First, how much of the public panel is actually 74 

independent? Sequencing projects commonly deposit many isolates from one outbreak, and re-75 

assemblies accumulate; redundancy inflates apparent support and biases any downstream summary. 76 

Second, how reliable are the forma specialis labels attached to public deposits, given that they are 77 

supplied by submitters and rarely re-verified? 78 

Here we address these questions with a single uniform analysis. We retrieved every F. 79 

oxysporum assembly available from NCBI, applied one BUSCO protocol across the panel, and 80 

inferred a partitioned maximum-likelihood phylogeny from the strict core. We then use that tree to test 81 



4 

the monophyly of each forma specialis and count its independent lineages; to ask whether the answer 82 

survives rarefaction, label permutation and deduplication; to identify genomes whose nearest relatives 83 

carry a different label and resolve those conflicts where effector content can; and to establish what the 84 

failing deposits actually are. 85 

We are explicit about what is and is not new. That formae speciales are polyphyletic is 86 

established (Baayen et al., 2000; O’Donnell et al., 1998; van Dam et al., 2016) and has been reported 87 

for individual labels on genome-scale data (Brenes Guallar et al., 2022; van Dam et al., 2018); that 88 

public genome collections require quality filtering is likewise known, and the most directly 89 

comparable study removed duplicate and artefactual FOSC deposits before its own analysis (Brenes 90 

Guallar et al., 2022). Our contribution is to make both systematic: a verdict and lineage count for 91 

every represented label under one criterion, tested against the null models that could explain it away, 92 

and an audit that names the deposits at fault and establishes what each of them is. 93 

Materials and methods 94 

Genome retrieval, metadata and panel selection 95 

All F. oxysporum genome assemblies listed in NCBI at the time of analysis were retrieved (816 96 

accessions), and the organism string as deposited was recorded. Forma specialis was extracted from 97 

that string by regular expression on the epithet following f. sp., ignoring any trailing strain 98 

designation; 117 of the organism strings in the final panel carry a strain suffix, so matching on the full 99 

organism name would split single formae speciales into many apparent categories. 100 

The phylogenetic panel comprises the 362 genomes carrying a forma specialis designation for 101 

which a BUSCO run completed, plus Fusarium fujikuroi IMI 58289 (GCF_900079805.1) as outgroup: 102 

363 genomes. This is not a random sample of NCBI’s holdings, because genomes without a label carry 103 

no information for the test at issue; the consequence is stated under Limitations. 104 

BUSCO analysis and sequence quality control 105 

BUSCO v6.0.0 (Tegenfeldt et al., 2025) was run in genome mode against the 106 

hypocreales_odb10 lineage dataset (Manni et al., 2021; n = 4,494 markers), parallelised with GNU 107 
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Parallel (Tange, 2026). Across the 363 genomes of the final panel, completeness had a median of 108 

99.7% (range 94.5–99.8%), with 322 genomes at or above 99.5%. 109 

Single-copy BUSCO protein sequences were then filtered per sequence. A protein was rejected 110 

if it was empty, contained an internal stop codon, or contained more than 5% X residues; terminal stop 111 

characters were stripped. Rejections were logged per genome. 112 

Core locus selection, alignment and phylogenetic inference 113 

Across the 363 genomes, 4,493 distinct BUSCO loci were detected. A locus was retained for the 114 

primary analysis only if a quality-passing single-copy protein was present in all 363 genomes, which 115 

retained 1,455 loci (32.4%). Each locus was aligned with MAFFT v7.526 --auto (Katoh & Standley, 116 

2013) and trimmed with trimAl v1.5.rev1 -automated1 (Capella-Gutiérrez et al., 2009); trimmed 117 

alignments shorter than 50 aa were discarded. Accepted alignments were concatenated into an amino-118 

acid supermatrix of 795,943 positions with one initial partition per locus. Because every locus is 119 

present in every genome by construction, the matrix has no locus-level missing data. 120 

Inference used IQ-TREE v3.1.2 (Wong et al., 2026) with -st AA -p <partitions> -m 121 

MFP+MERGE -rcluster 10 -B 1000 -alrt 1000 -bnni -T 32 -seed 1337. ModelFinder 122 

(Kalyaanamoorthy et al., 2017) selected substitution models and merged partitions with similar 123 

evolutionary behaviour, reducing 1,455 initial partitions to 508. Branch support was assessed by 124 

ultrafast bootstrap (Hoang et al., 2018) and SH-aLRT (Guindon et al., 2010), 1,000 replicates each. 125 

Partition-model inference used the terrace-aware data structure of Chernomor et al. (2016). The tree 126 

was rooted post hoc on the outgroup. 127 

Branch-length precision. The rooted tree is written with five decimal places, which rounds most 128 

terminal branches in this dataset to zero. All branch-length statistics were therefore computed on the 129 

full-precision unrooted treefile; only topology and support were taken from the rooted tree. 130 

Locus-set sensitivity 131 

Requiring 100% locus presence makes the matrix hostage to its worst genome. To quantify the 132 

cost, the locus-collection, alignment and trimming pipeline was repeated at a relaxed threshold of ≥ 133 
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362/363 genomes, yielding 2,843 loci and 1,592,856 amino-acid positions. Both matrices are released 134 

so that the choice can be re-examined. 135 

Monophyly, sister-group and rarefaction testing 136 

For each forma specialis represented by ≥ 2 genomes we tested whether a node exists whose 137 

leaf set is exactly the set of genomes carrying that label. Where no such node exists, the number of 138 

independent lineages was counted as the number of maximal clades composed exclusively of members 139 

of that label, plus any members not contained in such a clade. A monophyletic forma specialis 140 

therefore has one lineage; a value of 8 means the label is spread over eight parts of the tree separated 141 

by genomes carrying other labels. 142 

Separately, for every tip we examined its sister group. Where the focal genome carried a forma 143 

specialis designation, every member of its sister group carried one and the same designation, that 144 

designation differed from the focal genome’s, and the subtending node had ultrafast bootstrap ≥ 95, 145 

the case was recorded as a sister-group label conflict. Requiring the sister group to be uniform in its 146 

label is what makes the conflict interpretable: a sister group carrying several different labels licenses 147 

no inference about either genome’s assignment. 148 

Monophyly is arithmetically easier to satisfy in a small group, so the association between 149 

sampling depth and fragmentation is confounded by construction. To separate the two we asked, for 150 

each forma specialis with ≥ 10 genomes, what the probability is that a subsample of k of its genomes 151 

would be recovered as monophyletic on the full 363-tip tree under the criterion of the preceding 152 

paragraph: the most recent common ancestor of the drawn genomes must subtend no genome carrying 153 

a different label. Genomes carrying the same label but not drawn are permitted inside the clade, since 154 

they cannot make the drawn set non-monophyletic. That condition is met exactly when every drawn 155 

genome falls inside a single exclusive clade of the label, so the probability is analytic, P = Σi C(c_i_, 156 

k)/C(n, k), where c_i_ are the sizes of the label’s exclusive clades and n its total. We report these exact 157 

probabilities rather than Monte Carlo estimates; the identity was confirmed against exhaustive 158 

enumeration of every subset at k = 2 and k = 3, which reproduces it to machine precision for all six 159 

labels with more than twenty genomes. A random baseline was obtained by drawing k genomes from 160 
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the 362 ingroup genomes irrespective of label, 1,000 replicates per k. Two further controls were run on 161 

the unrarefied test: a fixed-margin label permutation, in which the 46 labels were reassigned at random 162 

over the 362 ingroup tips preserving the number of genomes per label, over 100,000 permutations; and 163 

a repeat of the whole analysis on the curated non-redundant panel. 164 

Redundancy detection 165 

IQ-TREE reports sequences identical across the whole alignment. These reports were resolved 166 

into groups by union–find, giving sets of genomes whose 795,943-position core sequences are 167 

indistinguishable. For the curated panel one representative per group was retained, the genome with 168 

the most quality-passing single-copy BUSCO proteins, ties broken by accession. The definition is 169 

deliberately conservative: genomes differing at a handful of core positions carry no independent signal 170 

either, but only exact matches are counted here. 171 

SIX effector screen 172 

All 363 assemblies were screened for the Secreted In Xylem family with tblastn (BLAST+ 173 

v2.16.0) using full-length SIX1–SIX15 reference proteins retrieved from GenBank, at E < 10−5. 174 

References annotated by GenBank as partial were replaced with full-length equivalents, since a fixed 175 

query-coverage threshold against a truncated reference lowers the effective detection footprint. 176 

A gene was scored present when the union of query positions covered by high-scoring pairs at ≥ 177 

60% amino-acid identity against a single subject sequence spanned ≥ 50% of the reference protein 178 

length. The union rule is necessary rather than cosmetic: SIX genes contain introns, so tblastn against 179 

genomic DNA returns coding exons as separate and sometimes overlapping high-scoring pairs, and 180 

summing their lengths, the conventional shortcut, drives apparent coverage above 100% for ten of the 181 

fifteen genes in this panel and generates false positives. Requiring coverage to accumulate on one 182 

subject sequence prevents a gene from being assembled out of unlinked fragments of a poorly 183 

contiguous assembly. 184 

The identity threshold was calibrated on a positive control rather than assumed. SIX alleles 185 

diverge substantially between formae speciales, so a threshold set too high scores true genes absent: at 186 
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≥ 70% identity the screen misses SIX1 and SIX6 in Fol4287 itself, even though both return near-full-187 

length hits on chromosome 14 (query coverage 1.00 at 65.1% identity and 0.98 at 60.6% respectively). 188 

At ≥ 60% the screen recovers exactly the fourteen SIX genes known from Fol4287 and correctly scores 189 

only SIX4 absent, consistent with strain 4287 belonging to race 2, in which SIX4/AVR1 is deleted. We 190 

therefore use 60%, and note that all prevalence figures below are lower bounds on the true prevalence 191 

of more divergent alleles. 192 

Whole-genome distance 193 

Because neither Mash, fastANI nor skani was available on the analysis machine, whole-genome 194 

distances were computed with a dependency-free MinHash implementation following Ondov et 195 

al. (2016): canonical k-mers (k = 21) were hashed with a 64-bit mixing function and the s = 20,000 196 

smallest hashes retained as a sketch. The Jaccard index J of two sketches was estimated from the 197 

merged bottom sketch and the Mash distance taken as D = −(1/k) ln(2J/(1 + J)). D saturates for 198 

divergent genomes, so values above roughly 0.2 are reported as “distant” rather than as a precise 199 

identity. All 363 × 363 pairwise distances were computed. 200 

Reproducibility 201 

Every table in this manuscript is regenerated from the primary outputs by a single script. 202 

Because no phylogenetics library was available on the analysis machine, tree parsing was 203 

implemented directly; as a correctness check, an independent second implementation re-derives the 204 

full monophyly table from the rooted treefile, returning the same 36 testable labels, the same 12 205 

monophyletic verdicts, and the same lineage counts and clade-size vectors. Software versions are 206 

given in Table S1. 207 

Results 208 

From 816 public assemblies to a 1,455-locus strict core 209 

The retrieval and filtering cascade is summarised in Table S2. Of 816 assemblies retrieved, 366 210 

(44.9%) carried a forma specialis designation. Across the 363 genomes of the final panel, BUSCO 211 

completeness had a median of 99.7% and 322 genomes reached 99.5% or above: in terms of gene-212 

space completeness the public FOSC panel is uniformly good. 213 
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Assembly quality is not. Assembly size ranges from 43.8 to 72.2 Mb (median 53.8), record 214 

count from 12 to 13,202 (median 2,225) and N50 from 47.8 to 5,280 kb (median 325 kb), the last 215 

distinctly bimodal with 103 genomes below 200 kb and 100 at or above 1 Mb. GC content by contrast 216 

is tightly unimodal (median 47.59%, interquartile range 47.45–47.75%), and contiguity is essentially 217 

uncorrelated with gene-space completeness (Spearman ρ = +0.12 against N50). Uniformly high 218 

BUSCO scores therefore conceal a panel whose assemblies differ by three orders of magnitude in 219 

contiguity (Fig. S1; per-genome values in Table S3). 220 

Protein-level quality control told a different story. A mean of 4,445 single-copy BUSCO 221 

proteins were recovered per genome but only 4,392 passed sequence QC. The dominant cause was 222 

internal stop codons: 18,765 proteins were rejected on that ground, a mean of 51.7 per genome (range 223 

43–83), so roughly 1.2% of the single-copy BUSCO proteins in a typical public assembly carry one; 224 

only 356 were rejected for excess ambiguity. The rate is broadly uniform across genomes rather than 225 

concentrated in a few poor assemblies, so it appears to be a systematic property of the ab initio gene 226 

prediction inside BUSCO rather than a marker of assembly quality; but any workflow taking BUSCO 227 

proteins at face value inherits it. 228 

Of the 4,493 BUSCO loci detected, 1,455 (32.4%) were present as a quality-passing single-copy 229 

protein in every genome and formed the strict core (795,943 aligned positions). The resulting 230 

maximum-likelihood tree (log L = −3,993,698.70; Fig. 1, with every tip labelled in Fig. S2) had a total 231 

length of 0.4497 substitutions per site, 20.2% of it on internal branches. Per-locus alignment statistics 232 

are in Table S4. 233 

Only one third of formae speciales are monophyletic 234 

Thirty-six formae speciales were represented by at least two genomes and could be tested 235 

(Table 1, Fig. 2a). Twelve (33.3%) were monophyletic. 236 

Monophyly was strongly and inversely associated with sampling depth. Every monophyletic 237 

forma specialis had fewer than 12 representatives: f. sp. lactucae (n = 11), f. sp. tulipae and f. sp. 238 

zingiberi (5 each), f. sp. passiflorae and f. sp. radicis-cucumerinum (4 each), f. sp. cepae, f. sp. 239 
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medicaginis and f. sp. narcissi (3 each), and f. sp. bulbigenum, f. sp. luffae, f. sp. momordicae and f. sp. 240 

raphani (2 each). Among the ten formae speciales with ≥ 10 genomes, only f. sp. lactucae was 241 

monophyletic. 242 

The larger the group, the more fragmented it was (Table 1): f. sp. melonis (53 genomes) into 8 243 

independent lineages, f. sp. vasinfectum (41) into 9, f. sp. fragariae (37) into 11, f. sp. niveum (33) into 244 

7, f. sp. lycopersici (31) into 8 and f. sp. cubense (22) into 8. Two distinct patterns are visible when the 245 

members of each label are traced along the tree (Fig. 2b). Some labels have a dominant clade with a 246 

scatter of outliers: f. sp. lycopersici has one clade of 21 genomes and seven other placements, and f. sp. 247 

conglutinans one clade of 9 and a single outlier. Others are split into large, comparably sized groups: 248 

f. sp. vasinfectum into clades of 19 and 14, f. sp. niveum into 17 and 9, f. sp. spinaciae into 6 and 5. 249 

The first pattern is consistent with a predominantly clonal forma specialis plus a few independent host 250 

jumps or mislabelled deposits; the second indicates multiple independent origins of the same host 251 

specificity, as documented for f. sp. cubense (O’Donnell et al., 1998). The recovery of 8 independent 252 

lineages for f. sp. cubense from 22 genomes is closely consistent with the ≥ 5 origins inferred from 253 

multilocus data and confirms that the earlier conclusion scales to genome-wide data. 254 

That two thirds of labels fail monophyly should not be read as forma specialis carrying no 255 

phylogenetic information, and a permutation test makes the distinction explicit. Reassigning the 46 256 

labels at random over the 362 ingroup tips while holding the number of genomes per label fixed, the 257 

expected number of monophyletic labels is 0.015; 98.6% of 100,000 permutations produced none at 258 

all, the maximum over all 100,000 was two, and none came close to twelve (P < 10−5). Formae 259 

speciales are therefore far more phylogenetically clustered than chance; they are simply not, in most 260 

cases, exactly clades. 261 

Polyphyly is not an artefact of sampling depth or redundancy 262 

Every monophyletic label in Table 1 has fewer than twelve genomes, and monophyly is easier 263 

to satisfy in a small group, so the association reported above is confounded by construction. 264 

Rarefaction separates the two (Fig. 3a). A subsample of size k is monophyletic exactly when all k 265 

drawn genomes fall inside one exclusive clade, so the probability has a closed form, P = Σi C(c_i_, 266 
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k)/C(n, k) over the label’s exclusive clade sizes c_i_; we therefore compute it rather than simulate it. 267 

Drawn down to k = 3, no large forma specialis exceeds a 30% chance of appearing monophyletic: 268 

f. sp. lycopersici 0.296, f. sp. melonis 0.194, f. sp. niveum 0.140, f. sp. vasinfectum 0.125, f. sp. cubense 269 

0.110, f. sp. fragariae 0.015. By k = 7 every one is below 0.05 and by k = 15 all are below 0.001. 270 

Drawing k genomes at random from the 362 ingroup genomes irrespective of label never produced a 271 

monophyletic set in 1,000 replicates at any k. 272 

Two internal controls establish that the test can return high values and is measuring what it 273 

claims to. f. sp. lactucae, the only well-sampled monophyletic label, has probability exactly 1 at every 274 

k, since all eleven of its genomes lie in a single exclusive clade. f. sp. conglutinans, which comprises 275 

one clade of nine genomes plus a single outlier, decays exactly as that structure dictates: the 276 

subsample is monophyletic precisely when the outlier is not drawn, giving (10 − k)/10, so 0.700, 0.500 277 

and 0.300 at k = 3, 5 and 7. It is the only label in the panel whose curve is a straight line, and it is 278 

straight for that reason: a single contaminating genome makes the probability fall linearly, whereas a 279 

label broken into several comparable clades falls geometrically. 280 

The result is also robust to the panel’s redundancy. Repeating the whole analysis on the curated 281 

324-genome panel returns the same 36 testable labels, the same 12 monophyletic (33.3%), the same 282 

ten well-sampled labels of which the same one is monophyletic, and the same number of independent 283 

lineages for every label but one. Only the sizes of the exclusive clades shrink, as they must when 284 

identical genomes are removed. 285 

Finally, the strict-core locus definition is worth examining in its own right, because requiring 286 

100% presence makes the matrix hostage to its worst genome. The locus presence spectrum is steep 287 

(Fig. 4c): 1,455 loci are present in all 363 genomes, but a further 1,388 are present in exactly 362, 288 

each missing from a single genome. Relaxing the requirement by one genome therefore almost 289 

doubles the matrix, from 1,455 to 2,843 loci and from 795,943 to 1,592,856 amino-acid positions; 290 

relaxing it to ≥ 361/363 gives 3,620 loci and to ≥ 360/363 gives 3,921 (Table S5). In a panel of this 291 

size the strict core discards roughly two thirds of the available phylogenetic signal in order to avoid 292 

any missing data, and the loci discarded are not systematically different, being simply the ones that 293 
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happened to fail in one arbitrary genome. We retain the strict core for the primary analysis so that no 294 

result can be attributed to missing-data artefacts, but investigators building similar frameworks should 295 

report the presence spectrum rather than only the final locus count, and should consider whether 100% 296 

presence buys enough to justify the cost. 297 

Nearest relatives frequently carry a different label 298 

A stronger test than monophyly asks what a genome’s closest relative actually is. Twenty-eight 299 

genomes, 7.7% of the panel, had a sister group in which every member carried one and the same 300 

forma specialis label, different from the focal genome’s, at ultrafast bootstrap ≥ 95 (Table S6; Fig. 301 

S3). Seven were reciprocal pairs, representing 14 tips and seven branches of the tree; the remaining 14 302 

tips were single genomes sister to a larger, uniformly differently-labelled clade. The most striking 303 

cases involve a single genome sister to a large clade of another forma specialis: GCA_002234085.1 304 

(f. sp. melongenae) is sister to 31 f. sp. melonis genomes at 99.9/97; GCA_016164145.2 (f. sp. 305 

fragariae) to 14 f. sp. vasinfectum, GCA_054130785.1 (f. sp. phaseoli) to 8 f. sp. melonis, 306 

GCA_001703035.1 (f. sp. lycopersici) to 4 f. sp. radicis-cucumerinum and GCA_009602625.1 (f. sp. 307 

vasinfectum) to 4 f. sp. passiflorae, the last four all at 100/100. 308 

Each has two readings the core genome alone cannot distinguish: a genuine host jump within a 309 

clonal lineage, which is plausible because host specificity moves with accessory chromosomes 310 

independently of the core, or an error in the deposited metadata. Since effector presence/absence 311 

carries information the core genome does not (van Dam et al., 2016), we screened the whole panel for 312 

the SIX family and return to these genomes below. 313 

One genome in ten carries no independent core-genome information 314 

Fifty-nine of the 363 genomes fell into 20 groups whose 795,943-position core sequences are 315 

exactly identical (Fig. 4d; Table S7). Retaining one representative per group leaves 324 genomes, so 316 

39 genomes (10.7% of the panel) are redundant at the core-genome level. Redundancy was 317 

concentrated in a few submissions: one group of 9 f. sp. vasinfectum genomes, one of 7 f. sp. melonis, 318 

one of 4, five groups of 3 and twelve of 2. Most are presumably multiple isolates from one outbreak, 319 
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or a clonal lineage sequenced repeatedly. That is legitimate practice, but it must be accounted for in 320 

any analysis treating genomes as independent observations. 321 

Nineteen of the 20 groups were internally consistent in their label. The exception is notable: 322 

GCA_000149955.2, the F. oxysporum f. sp. lycopersici strain 4287 reference genome, has a core 323 

sequence identical to GCA_011316005.3 and GCA_016802225.1, both deposited as F. oxysporum 324 

f. sp. cubense. Because 795,943 amino-acid positions are involved, this is not a resolution artefact. 325 

Six f. sp. cubense deposits carry the tomato-pathogen effector complement 326 

Whole-genome comparison and effector profiling resolve that case decisively (Table 2). Both 327 

f. sp. cubense deposits have a whole-genome MinHash Jaccard index of exactly 1.000 against 328 

Fol4287; all three assemblies contain exactly 88 sequence records and differ in total length by 224 bp 329 

(61,471,697 bp against 61,471,473 bp), with the records simply renumbered; and all three carry an 330 

identical fourteen-gene SIX complement. The two deposits are Fol4287, not f. sp. cubense. 331 

Extending the comparison to the whole label shows that they are not isolated cases. The 22 332 

deposits carrying the f. sp. cubense label separate into two groups with no overlap on any of three 333 

independent axes (Table 2): MinHash distance to Fol4287 (six genomes at 0.000–0.016, sixteen at 334 

0.023–0.028), assembly size (61.4–63.2 Mb against 44.9–51.1 Mb) and SIX gene count (13–14 against 335 

0–6). The six also reproduce Fol4287’s assembly architecture, with 85 or 88 sequence records and an 336 

N50 of 4.59–4.78 Mb, whereas the sixteen span 12 to 2,807 records. Because the three axes are 337 

computed from independent properties of the data and agree exactly on membership, any cut-off 338 

placed inside the gaps selects the same six genomes. 339 

Three of the six are already known and must be credited. Brenes Guallar et al. (2022) describe 340 

GCA_016802225.1, together with GCA_016802195.1 and GCA_016802205.1, as in silico MISAG 341 

hybrids in which f. sp. cubense sequencing data were imputed onto the Fol4287 reference, and 342 

excluded all three from their 537-genome panel. Our screen recovers all three independently. 343 

The other three are identified here. GCA_011316005.3 was published as an Indian f. sp. cubense 344 

race 1 (VCG 0124) genome whose accompanying announcement reports SIX1, SIX5, SIX9 and 345 
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SIX13 (Thangavelu et al., 2021); the deposited assembly carries nine effectors the announcement does 346 

not report and is whole-genome indistinguishable from Fol4287, so the assembly in the public record 347 

does not correspond to the strain its own genome announcement describes. GCA_052818615.1 348 

matches Fol4287’s record count (88), assembly length (61.46 against 61.47 Mb) and N50 to within 349 

0.02%, at a MinHash distance of 0.004, closer to Fol4287 than either confirmed MISAG hybrid, while 350 

not being core-identical to it, the signature expected of a hybrid assembly built on the Fol4287 351 

scaffold. GCA_014282265.3 shares the same 88-record architecture and thirteen of the fourteen Fol 352 

effectors but is 1.8 Mb larger, so we record it as Fol4287-derived without inferring how it was 353 

produced. Note that GCA_052818615.1 carries the second-deepest root-to-tip distance in the tree and 354 

is the sister of GCA_014770115.1, the genome shown below not to be F. oxysporum; the pairing of 355 

the two longest branches in the panel is the classic signature of long-branch attraction, so its position 356 

in the tree should not be over-interpreted. The evidence that it is Fol4287-derived does not rest on that 357 

position. 358 

Six of the 22 genomes deposited as f. sp. cubense (27%) are therefore Fol4287-derived and 359 

carry no information about banana-pathogenic F. oxysporum. Removing the four whose provenance is 360 

documented leaves the headline result unchanged at 12 of 36 formae speciales monophyletic; only the 361 

internal structure of f. sp. cubense changes, from 22 genomes in 8 lineages with a largest exclusive 362 

clade of 11 to 18 genomes in 9 lineages with a largest clade of 7. Removing all six gives 16 genomes 363 

in 11 lineages, none larger than 2. That is, once the Fol4287 derivatives are excluded, the f. sp. 364 

cubense deposits in public sequence databases contain almost no repeated core-genome lineage at all. 365 

One genome is not Fusarium oxysporum 366 

The core genome of this complex is extremely shallow (Fig. 4a). The median terminal branch 367 

length was 2.26 × 10−6 substitutions per site; 31.4% of terminal branches were ≤ 10−6, 69.1% ≤ 10−5 368 

and 81.5% ≤ 10−4 (Table S8). The single conspicuous exception was GCA_014770115.1 (f. sp. 369 

capsici), on a terminal branch of 0.2708, which is 60% of the entire tree length and 105-fold longer 370 

than the median. 371 
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That genome is not F. oxysporum. Four independent lines of evidence agree. Its whole-genome 372 

MinHash distance to Fol4287 is 0.2564 at a Jaccard index of 0.0023, so it shares essentially no 21-373 

mers with the reference; it is further from F. oxysporum than the outgroup is, since F. fujikuroi IMI 374 

58289 sits at 0.0845 (Jaccard 0.0926) from the same reference, placing it outside the F. fujikuroi 375 

species complex rather than merely outside the FOSC. Its GC content of 51.05% is 9.3 standard 376 

deviations above the panel mean and the highest in the set. It carries no detectable SIX gene. And 377 

NCBI’s own assembly record flags it as atypical, with the warning “unverified source organism”. Its 378 

BUSCO statistics are unremarkable, at 4,450 raw and 4,391 quality-passing single-copy proteins, 379 

which is precisely why no gene-space filter caught it: it is a good assembly of the wrong organism. We 380 

did not attempt to determine the species, and recommend that it be excluded from FOSC panels rather 381 

than flagged; we retain it here only so that the effect of its inclusion is documented, and removing it 382 

changes no conclusion. 383 

Support across the tree was correspondingly uneven (Fig. 4b). Of 341 internal branches 384 

carrying support values, 190 (55.7%) reached ultrafast bootstrap ≥ 95 and 178 (52.2%) met the joint 385 

criterion SH-aLRT ≥ 80 and UFBoot ≥ 95. Roughly half the backbone is well supported and roughly a 386 

quarter effectively unresolved. This is the expected signature of a shallow, densely sampled complex, 387 

and a limit of the data rather than the method: with 795,943 positions already in the matrix, adding loci 388 

will not resolve branches whose true length is near zero. 389 

SIX effector content is largely decoupled from core-genome descent 390 

Screening all 363 genomes recovers the fourteen-gene reference profile of Fol4287 and shows 391 

the family to be unevenly distributed (Fig. 3b; per-effector counts and the reference proteins used in 392 

Table S9; per-genome calls in Table S10). SIX13 (56.2%), SIX11 (49.9%), SIX1 (48.2%), SIX6 393 

(44.9%) and SIX8 (35.3%) are the common members; the remaining ten effectors are present in 9.6–394 

27.5% of genomes. The per-genome distribution is strongly bimodal: 11 genomes (3.0%) carry none 395 

and 202 (55.6%) carry one to three, but a discrete cluster of 36 genomes (9.9%) carries twelve or 396 

more, separated from the rest by a gap at nine to eleven effectors that no genome in the panel occupies 397 



16 

(Fig. 3c). That cluster consists entirely of genomes labelled f. sp. lycopersici (30) and f. sp. cubense 398 

(6), the six discussed above. 399 

Effector content and core divergence are close to orthogonal. Across all 65,341 ingroup pairs, 400 

the correlation between pairwise SIX Jaccard distance and pairwise core patristic distance is r = 0.103 401 

(P = 0.001 by 999 permutations; permuted r = −0.001 ± 0.029). The correlation is detectable only 402 

because the number of pairs is large: it accounts for about 1% of the variance. This is the two-403 

compartment model of F. oxysporum genome evolution (Ma et al., 2010, 2013) stated as a 404 

measurement rather than an assumption. 405 

Whether polyphyletic lineages share effectors is label-specific. Comparing mean pairwise SIX 406 

similarity between separate core-genome lineages of the same label against that within a lineage (Fig. 407 

3d), f. sp. mori (1.00), f. sp. conglutinans (0.96), f. sp. albedinis (0.85), f. sp. lycopersici (0.84) and 408 

f. sp. melonis (0.80) retain most or all of their effector similarity across phylogenetically separate 409 

lineages, the pattern expected when host specificity is carried on a compartment that moves between 410 

distantly related genomes. f. sp. vasinfectum (0.09) and f. sp. basilici (0.00) show the opposite, their 411 

lineages sharing almost no effectors, as independent origins of host specificity or label error would 412 

produce. We therefore do not claim a single mechanism: both appear to operate, and which applies is a 413 

property of the individual forma specialis. 414 

A fifteen-gene effector profile does not out-predict the core genome. In leave-one-out nearest-415 

neighbour prediction of the deposited label, core patristic distance is correct for 0.864 of the 352 416 

testable genomes and SIX profile distance for 0.699. (Ten genomes are not testable because their 417 

deposited label is carried by no other genome in the panel.) The gap is not an artefact of the panel’s 418 

redundancy, which was the obvious confound: on the curated panel the figures are 0.856 and 0.684, 419 

and excluding core-identical neighbours from the candidate pool gives 0.866 and 0.696. This qualifies 420 

rather than contradicts the established result that effector profiles separate formae speciales better than 421 

multilocus phylogeny (van Dam et al., 2016): against a 795,943-position core-genome phylogeny, the 422 

fifteen SIX genes are simply too low-dimensional to compete. Effector-based assignment in the FOSC 423 
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uses hundreds of mimp-associated candidates (Brenes Guallar et al., 2022), not the SIX family alone, 424 

and our result should be read as a statement about SIX rather than about effectors in general. 425 

Effector profiles nonetheless resolve most of the label conflicts. For each conflicting genome we 426 

asked whether its effector profile is closer to other genomes carrying its deposited label or to genomes 427 

carrying its sister group’s label. Four of the 28 cannot be assessed this way because their deposited 428 

label is carried by no other genome, and four more carry no SIX gene at all. Of the remaining 20, 429 

seventeen are closer to the deposited label and three to the sister group. The clearest case is 430 

GCA_001703035.1, deposited as f. sp. lycopersici and sister to four f. sp. radicis-cucumerinum 431 

genomes at 100/100 support: it carries the complete fourteen-gene Fol complement, at mean SIX 432 

distance 0.06 to other lycopersici and 0.79 to radicis-cucumerinum. Its label is correct and its core-433 

genome position genuinely lies among another forma specialis, a clean demonstration that the two 434 

axes are independent. On the evidence available, the majority of the sister-group conflicts we report 435 

are biology rather than metadata error. 436 

A curated non-redundant panel 437 

We provide the deduplicated panel as a reusable resource (Table S11): 324 of the 363 genomes, 438 

retaining for each core-identical group the genome with the most quality-passing single-copy BUSCO 439 

proteins. We recommend that this panel, rather than an unfiltered NCBI download, be used as the 440 

reference set for FOSC comparative work, and that the seven genomes resolved above be excluded: 441 

GCA_014770115.1, which is not F. oxysporum, and the six Fol4287-derived deposits carrying a f. sp. 442 

cubense label. Only GCA_014770115.1 is flagged by GC content, at 51.05% against a panel median 443 

of 47.59%; none of the seven is an outlier in contig count or N50, so none would be caught by a 444 

conventional contiguity filter. Assembly size does separate the six Fol4287 derivatives, at 61.4–63.2 445 

Mb against a panel median of 53.8 Mb, but only once the f. sp. cubense label makes that size 446 

anomalous: a 61 Mb assembly is unremarkable for the panel as a whole. BUSCO completeness comes 447 

closest to a general filter and still fails: the four deposits of documented provenance sit at 98.4%, the 448 

1.9th percentile, and the other two at 98.6% and 98.8%, all far above any threshold applied in practice, 449 
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and 7 of the 363 genomes score lower while being unremarkable in every other respect. This is the 450 

general lesson of the audit: the deposits that most need removing are the ones that look fine. 451 

Discussion 452 

Forma specialis is an operational category, not a phylogenetic one 453 

That formae speciales are polyphyletic is not new, and it has been stated for individual labels on 454 

genome-scale data before (Brenes Guallar et al., 2022; van Dam et al., 2018). What our analysis adds 455 

is a verdict for every represented label under one criterion, and a test of whether that verdict means 456 

anything. The association with sampling depth needed testing rather than interpreting, because 457 

monophyly is easier to satisfy in a small group whatever the biology; rarefaction shows the 458 

fragmentation is real, since drawn down to the size of the small labels the large formae speciales are 459 

still almost never monophyletic while f. sp. lactucae remains monophyletic in every replicate. We 460 

would predict that f. sp. lactucae is the exception that will hold, and that f. sp. cepae, f. sp. narcissi and 461 

the other small groups will fragment as more genomes appear. That prediction rarefaction cannot itself 462 

test, since it can show that observed polyphyly is not an artefact of large samples but not what a small 463 

label would do if sampled more deeply. 464 

Our effector data bear on why the two axes disagree without settling it. Effector content is 465 

almost independent of core-genome distance across the panel, which is what a horizontally mobile 466 

pathogenicity compartment predicts and is the mechanism usually invoked (Croll & McDonald, 2012; 467 

Ma et al., 2010). But the pattern across the polyphyletic labels is not uniform: some retain nearly all 468 

their effector similarity across separate core lineages and some retain almost none. A single 469 

explanation, transfer of a shared pathogenicity chromosome, does not fit both, and models of 470 

accessory-compartment evolution more elaborate than a strict two-speed genome are increasingly 471 

required to accommodate this kind of heterogeneity (Torres et al., 2020). The more defensible reading 472 

is that the forma specialis system aggregates outcomes of several distinct histories, and that treating 473 

“polyphyletic” as one phenomenon obscures this. 474 

None of this means the system should be abandoned. It encodes something real and 475 

agronomically decisive, namely which crop an isolate can destroy, that no phylogenetic classification 476 
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captures, precisely because that trait sits on a horizontally mobile compartment. It fails only when 477 

used as a proxy for evolutionary relatedness, which is exactly how a forma specialis label in a genome 478 

database tends to be read. The constructive position, consistent with the recent reappraisal of the 479 

concept by Han et al. (2025), is that forma specialis is a pathological designation requiring 480 

pathogenicity or effector evidence, that phylogeny is a separate axis, and that public deposits should 481 

carry both. 482 

Data quality in public FOSC genome space 483 

Four quality findings emerge, none specific to F. oxysporum and all likely to apply to other 484 

rapidly growing pathogen genome collections. 485 

First, redundancy: 10.7% of the panel is exactly identical to another member at 795,943 core 486 

positions, concentrated in a few large submissions. Analyses weighting genomes equally, such as 487 

allele-frequency summaries, population-structure inference and machine-learning training sets, will be 488 

biased toward whichever lineages were sequenced most heavily unless this is corrected. 489 

Second, label conflict: 7.7% of genomes have a nearest relative bearing a different forma 490 

specialis. Some are real biology and some metadata error; the point is that a user cannot tell which 491 

from the database record alone. 492 

Third, annotation noise: about 1.2% of the single-copy BUSCO proteins in a typical public 493 

assembly carry an internal stop codon. This is small, uniform and easy to filter, but invisible unless 494 

checked, and it propagates silently into any concatenation-based analysis that does not screen protein 495 

sequences. 496 

Fourth, heterogeneous assembly quality behind homogeneous completeness scores. Gene-space 497 

completeness is nearly uniform (median 99.7%) while contiguity spans 12 to 13,202 records and is 498 

essentially uncorrelated with it, so BUSCO makes an attractive but misleading inclusion filter. 499 

Analyses sensitive to contiguity, such as synteny, accessory-chromosome or repeat content and 500 

structural variation, must filter on N50 or record count explicitly. 501 
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The f. sp. cubense case deserves emphasis because of what it costs. Banana Fusarium wilt is 502 

among the most consequential plant diseases now spreading, and f. sp. cubense is heavily studied for 503 

that reason. A panel assembled by metadata query returns 22 genomes under that label, of which six 504 

are Fol4287 derivatives carrying no information about banana-pathogenic F. oxysporum. Any study 505 

using those deposits to characterise f. sp. cubense effector repertoires, define diagnostic markers or 506 

train a host-range classifier would have drawn conclusions about a tomato pathogen, and the error is 507 

invisible to every filter normally applied, because apart from their size these are good assemblies. 508 

Recommendations 509 

For investigators building FOSC comparative datasets: deduplicate before analysis, using the 510 

curated panel provided here; report the locus presence spectrum rather than only the final core size; 511 

screen single-copy proteins for internal stops and ambiguity before concatenation; treat deposited 512 

forma specialis labels as hypotheses and confirm them by effector profiling where the label matters; 513 

and compute branch-length statistics from full-precision tree files, since rounded output silently 514 

converts short branches to zero. 515 

For depositors: pairing a submission with the pathogenicity or effector evidence behind its 516 

forma specialis assignment, and flagging re-assemblies of existing strains, would remove most of the 517 

ambiguity documented here at negligible cost. 518 

Limitations 519 

The panel is the forma specialis-designated subset of available assemblies. This is appropriate 520 

for the question asked but means the tree is not a random sample of FOSC diversity, and unlabelled 521 

genomes, which include many endophytic and soil isolates, are absent; lineage-level conclusions 522 

should not be extrapolated to the complex as a whole. Labels are taken as deposited and were not 523 

verified against pathogenicity data: effector profiling adjudicates only 20 of the 28 sister-group 524 

conflicts, since four genomes carry no SIX gene and four have a deposited label carried by no other 525 

genome in the panel. A SIX profile is in any case evidence about effector content rather than about 526 

host range measured in planta, and where a label matters the standard remains a pathogenicity test. 527 

Only the core genome and the SIX family were analysed; the fifteen SIX genes are a small and biased 528 
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sample of the effectorome, and our finding that they under-predict forma specialis relative to the core 529 

genome should not be generalised to effectors as a class. The screen also detects only alleles at least 530 

60% identical to a single reference protein over half its length, so every prevalence figure is a lower 531 

bound; the sensitivity of the result to that threshold is shown by the positive control, where raising it to 532 

70% loses two of the fourteen genes Fol4287 is known to carry. Redundancy is defined conservatively 533 

as exact identity over the full supermatrix, and whole-genome MinHash shows the true figure is 534 

higher. Sampling is uneven across formae speciales, from 1 to 53 genomes; the rarefaction closes this 535 

concern in one direction only, since it asks what a large label would look like if sampled shallowly and 536 

cannot say whether the small monophyletic labels would survive deeper sampling. A single outgroup 537 

was used for rooting; the root position within the ingroup is not a focus of this study and should not be 538 

over-interpreted, and a second, more distant outgroup would test it directly. Finally, BUSCO-based 539 

sampling is biased toward conserved, slowly evolving loci by construction, which is desirable for deep 540 

relationships and contributes to the shallow terminal branches we report. 541 

Conclusions 542 

A uniform BUSCO-based analysis of 362 publicly available, forma specialis-designated F. 543 

oxysporum genomes and one outgroup shows that only a third of testable formae speciales are 544 

monophyletic, that among well-sampled labels the proportion falls to one in ten, and that the largest 545 

labels fragment into seven to eleven independent lineages. That result is not an artefact of the test: it 546 

survives rarefaction to the size of the small labels and deduplication, and the labels are nonetheless far 547 

more phylogenetically clustered than random reassignment would produce. Nearly 8% of genomes 548 

have a nearest relative carrying a different label, and for 17 of the 20 such cases that effector content 549 

can adjudicate, the complement supports the deposited label, making them biology rather than 550 

metadata error. 551 

The audit of the panel itself returned findings of the same weight as the phylogenetics. Six of 552 

the 22 genomes deposited as f. sp. cubense are Fol4287-derived, three of them reported here for the 553 

first time and one contradicting its own published genome announcement, and one further genome is 554 

not F. oxysporum at all. None would be caught by an assembly-quality or completeness filter. Effector 555 
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content across the panel is almost orthogonal to core-genome divergence, confirming by measurement 556 

that the two compartments record different histories; but a fifteen-gene SIX profile predicts the 557 

deposited label less well than the core genome does, and effector sharing between separate lineages of 558 

one label varies from complete to absent, so no single mechanism accounts for forma specialis 559 

polyphyly. 560 

We release the framework, per-genome quality metrics, effector profiles and a curated non-561 

redundant panel, and conclude that forma specialis should be treated as an operational pathological 562 

category to be evidenced independently of phylogeny, and that a public genome panel assembled by 563 

metadata query should be treated as a hypothesis about its own contents until audited. 564 
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Figure captions 693 

 694 
Fig. 1 Maximum-likelihood phylogeny of 363 Fusarium oxysporum species complex genomes, with forma 695 
specialis mapped onto the topology. The tree was inferred from 1,455 strict-core single-copy BUSCO proteins 696 
(795,943 amino-acid positions in 508 ModelFinder-merged partitions) and rooted on Fusarium fujikuroi IMI 697 
58289, marked at the top of the fan. The outer ring gives the forma specialis of each genome as deposited in 698 
NCBI: the ten most heavily sampled are coloured and the remaining 36 are grey, with counts in the key. 699 
Coloured arcs bracket every maximal clade containing only one forma specialis and at least seven genomes, 700 
labelled with the epithet, the number of genomes in that clade and the total carrying the label; a label appearing 701 
in more than one bracket, or whose bracket accounts for only part of its genomes, is not monophyletic. Among 702 
the ten most heavily sampled labels only f. sp. lactucae (11 of 11) forms a single clade, whereas f. sp. melonis, 703 
f. sp. vasinfectum, f. sp. fragariae, f. sp. niveum, f. sp. lycopersici and f. sp. cubense occupy 8, 9, 11, 7, 8 and 8 704 
lineages respectively. Grey dots mark the 178 of 341 supported internal branches reaching both SH-aLRT ≥ 80 705 
and ultrafast bootstrap ≥ 95. Black ticks outside the ring mark the 28 genomes whose entire sister group carries a 706 
different forma specialis. The black bracket marks the tomato reference GCA_000149955.2 together with 707 
GCA_011316005.3 and GCA_016802225.1, both deposited as f. sp. cubense, whose 795,943-position core 708 
sequences are identical (Table S7). Radial distance is proportional to substitutions per site over the drawn range 709 
0–0.02871, which contains 360 of the 363 tips. The three tips beyond that range are truncated at a double-slash 710 
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break: GCA_014770115.1 (root-to-tip 0.3135, terminal branch 0.2708, 60% of the total tree length), 711 
GCA_001888865.1 (0.0430) and GCA_052818615.1 (0.0429). The rooting step assigned the whole basal branch 712 
(0.00596 substitutions per site) to the ingroup side, so for display it is drawn split evenly across the root; no 713 
topology and no other branch length is altered. Tip labels cannot be resolved at this size and are given in full in 714 
Fig. S2 715 

 716 
Fig. 2 Polyphyly of formae speciales. (a) Number of independent lineages against the number of genomes 717 
carrying the label, for the 36 formae speciales with at least two genomes (abscissa log-scaled). An independent 718 
lineage is a maximal clade composed exclusively of members of that label, so a monophyletic forma specialis 719 
has exactly one. Filled symbols, monophyletic (12 of 36); open symbols, not. Symbol area is proportional to the 720 
number of labels sharing a coordinate, printed beside every symbol representing more than one. The dashed line 721 
is the ceiling y = n. No trend line is fitted, because monophyly is more easily satisfied in a small group and part 722 
of the association between sampling depth and fragmentation is a property of the test rather than of biology. The 723 
shaded field contains the ten labels with n ≥ 10, of which only f. sp. lactucae is monophyletic. (b) Where the 724 
members of the six largest formae speciales fall in the tip order of Fig. 1, unrolled onto a straight axis. Each bar 725 
is one independent lineage drawn across the tips it occupies, so a monophyletic label would appear as a single 726 
block; a bar one tip wide is a single genome placed among genomes carrying other labels. White hairlines 727 
separate lineages adjacent in tip order whose common ancestor also subtends genomes of other formae speciales. 728 
The number inside the widest bar of each row is that label’s largest exclusive clade, and the total number of 729 
lineages is given at the right 730 
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 731 
Fig. 3 Rarefaction of the monophyly test, and SIX effector content against core-genome descent. (a) Exact 732 
probability that a subsample of k genomes drawn from one forma specialis is recovered as monophyletic on the 733 
full 363-tip tree, meaning that the most recent common ancestor of the drawn genomes subtends no genome 734 
carrying a different label. The subsample satisfies that condition exactly when all k genomes fall inside one 735 
exclusive clade, so the probability is computed in closed form as Σi C(c_i_, k)/C(n, k) rather than simulated. 736 
Curves are drawn for the ten formae speciales with at least ten genomes and stop at each label’s own size; the 737 
two annotated directly are the controls. The shape of each curve reports the label’s internal structure. f. sp. 738 
lactucae, the only well-sampled monophyletic label, is flat at 1 because all eleven of its genomes lie in one 739 
clade. f. sp. conglutinans falls as a straight line because it is one clade of nine plus a single outlier: for k ≥ 2 the 740 
subsample is monophyletic exactly when that one genome is not drawn, and C(9, k)/C(10, k) reduces to (10 − 741 
k)/10, which is linear in k. The remaining eight labels are convex because their largest exclusive clade is a small 742 
fraction of the label, so the ratio falls off geometrically, roughly as (c/n)k. The dashed line is the random baseline, 743 
k genomes drawn from the 362 ingroup genomes irrespective of label: 0 of 1,000 replicates at every k. (b) 744 
Prevalence of each SIX effector, as the percentage of the 363 genomes in which it was scored present. (c) 745 
Number of SIX genes per genome. The distribution is bimodal: 11 genomes carry none and 202 carry one to 746 
three, but a discrete group of 36 (red) carries twelve or more, comprising 30 genomes deposited as f. sp. 747 
lycopersici and 6 as f. sp. cubense. No genome carries nine, ten or eleven. (d) Mean pairwise SIX profile 748 
similarity (Jaccard) within a single core-genome lineage (blue) against that between separate lineages carrying 749 
the same label (red), for the fourteen labels with at least five genomes and more than one lineage, ordered by the 750 
between-lineage value; genome counts in parentheses. A short connector indicates a label whose 751 
phylogenetically separate lineages nonetheless share most of their effector complement; a long connector 752 
indicates lineages sharing almost none 753 
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 754 
Fig. 4 Resolution and redundancy of the 363-genome public panel. (a) Empirical cumulative distribution of the 755 
363 terminal branch lengths, on a logarithmic axis. Branch lengths were taken from the full-precision unrooted 756 
treefile, because the rooted treefile is written at five decimal places and rounds most terminal branches to zero. 757 
Dotted guides mark 10−6, 10−5 and 10−4 substitutions per site; open circles and bold labels give the cumulative 758 
percentage at or below each. The open diamond marks the median. Twenty-seven branches are exactly zero and 759 
cannot be placed on a logarithmic axis; they form the first tread, drawn dotted against the left spine. The star at 760 
the right is GCA_014770115.1, whose terminal branch of 0.2708 is 105 times the median and the only 761 
conspicuous outlier. (b) Branch support across the 341 internal branches carrying support values, in 5-point bins. 762 
Filled bars, ultrafast bootstrap; dashed outline, SH-aLRT; the shaded region and vertical rule mark the UFBoot 763 
95 threshold. 190 of 341 (55.7%) reach UFBoot ≥ 95 and 178 (52.2%) meet the joint criterion. (c) Locus 764 
presence spectrum: the number of BUSCO loci recovered as a quality-passing single-copy protein in at least the 765 
indicated number of genomes; the dashed line is the 4,493 loci detected in at least one. The strict core (red 766 
hatched bar) retains 1,455 loci, whereas allowing a locus to be missing from a single genome retains 2,843; the 767 
arrow marks this step. (d) Sizes of the 20 groups of genomes whose 795,943-position core sequences are 768 
identical, ordered by size and labelled with the forma specialis of the group. The groups contain 59 genomes, so 769 
39 carry no independent core-genome information. Nineteen groups are internally label-consistent; the 770 
exception, in red, places Fol4287 with GCA_011316005.3 and GCA_016802225.1, both deposited as f. sp. 771 
cubense 772 

Tables 773 
Table 1 Monophyly of the 36 formae speciales represented by at least two genomes 774 

forma specialis Genomes Monophyletic Lineages Sizes of exclusive clades 

melonis 53 no 8 31;8;4;3;2;2;2;1 

vasinfectum 41 no 9 19;14;2;1;1;1;1;1;1 

fragariae 37 no 11 8;7;6;4;3;2;2;2;1;1;1 
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niveum 33 no 7 17;9;3;1;1;1;1 

lycopersici 31 no 8 21;3;2;1;1;1;1;1 

cubense 22 no 8 11;4;2;1;1;1;1;1 

lactucae 11 yes 1 11 

lini 11 no 3 7;3;1 

spinaciae 11 no 2 6;5 

conglutinans 10 no 2 9;1 

cucumerinum 9 no 5 3;2;2;1;1 

basilici 5 no 2 4;1 

mori 5 no 2 4;1 

physali 5 no 3 3;1;1 

tulipae 5 yes 1 5 

vanillae 5 no 3 3;1;1 

zingiberi 5 yes 1 5 

albedinis 4 no 3 2;1;1 

lagenariae 4 no 3 2;1;1 

nicotianae 4 no 4 1;1;1;1 

passiflorae 4 yes 1 4 

radicis-cucumerinum 4 yes 1 4 

apii 3 no 2 2;1 

cepae 3 yes 1 3 

gladioli 3 no 3 1;1;1 

medicaginis 3 yes 1 3 

narcissi 3 yes 1 3 

bulbigenum 2 yes 1 2 
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capsici 2 no 2 1;1 

coriandrii 2 no 2 1;1 

luffae 2 yes 1 2 

melongenae 2 no 2 1;1 

momordicae 2 yes 1 2 

phaseoli 2 no 2 1;1 

radicis-lycopersici 2 no 2 1;1 

raphani 2 yes 1 2 

a 12 of 36 formae speciales represented by >= 2 genomes are monophyletic (33.3%). The number of independent 775 
lineages is the number of maximal clades composed only of members of that forma specialis, plus any members 776 
not contained in such a clade, so a monophyletic forma specialis has exactly one. Tested on the rooted 777 
maximum-likelihood tree of 363 genomes. The ten formae speciales represented by a single genome cannot be 778 
tested and are listed in Table S3. 779 
Table 2 Genomes deposited as Fusarium oxysporum f. sp. cubense that carry a Fol4287-type SIX effector 780 
complement 781 

Accession Deposited f. sp. 

MinHash 

D Size (Mb) Records 

SIX 

genes Assessment 

GCA_000149955.2 lycopersici 0.00000 61.47 88 14 reference 

GCA_011316005.3 cubense 0.00000 61.47 88 14 Fol4287 re-deposition (core-identical) 

GCA_016802225.1 cubense 0.00000 61.47 88 14 Fol4287 re-deposition (core-identical) 

GCA_052818615.1 cubense 0.00419 61.46 88 14 Fol4287-derived, new here 

GCA_016802195.1 cubense 0.01104 61.38 85 14 MISAG hybrid (Brenes Guallar et al., 

2022) 

GCA_016802205.1 cubense 0.01229 61.38 85 14 MISAG hybrid (Brenes Guallar et al., 

2022) 

GCA_014282265.3 cubense 0.01631 63.22 88 13 Fol4287-derived, new here 

a Every genome deposited as f. sp. cubense that carries a Fol4287-type SIX complement (>= 10 of 15 effectors), 782 
with Fol4287 itself as the reference row. These six separate from the sixteen remaining cubense deposits on three 783 
independent axes with no overlap: MinHash distance to Fol4287 (0.000-0.016 against 0.023-0.028), assembly 784 
size (61.4-63.2 Mb against 44.9-51.1 Mb) and SIX gene count (13-14 against 0-6). Any cut-off inside those gaps 785 
selects the same six genomes. Whole-genome MinHash distance: k = 21, s = 20,000 canonical k-mers. Core-786 
identity from IQ-TREE identical-sequence reporting over the 795,943-position supermatrix. Brenes Guallar et 787 
al. (2022) describe GCA_016802195.1, GCA_016802205.1 and GCA_016802225.1 as in silico MISAG hybrids 788 
in which f. sp. cubense reads were imputed onto the Fol4287 reference; the other three are identified here. 789 
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