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Abstract 18 

Compared to well-known multicellular fungi and unicellular yeast, unicellular fungi with 19 

zoosporic, free-living flagellated stages remain poorly known and their phylogenetic position is 20 

often unresolved. Recently, 18S+28S rRNA gene molecular phylogenetic analyses of two atypical 21 

parasitic fungi with amoeboid zoospores and record-long simplified kinetosomes, Amoeboradix 22 

gromovi and Sanchytrium tribonematis, showed that they formed a monophyletic group without 23 

affinity with any known fungal clade. To assess their phylogenetic position and unique trait 24 

evolution, we sequenced single-cell genomes for both species. Phylogenomic analyses using 264 25 

protein markers and a comprehensive taxon sampling retrieved and almost fully-resolved fungal 26 

tree with these species forming a well-supported, fast-evolving clade sister to Blastocladiomycota. 27 

Chytridiomycota branched as sister to all other fungi, and the zoosporic fungus Olpidium 28 

bornovanus as sister to non-flagellated fungi. Comparative genomic analyses across Holomycota 29 

revealed an atypically reduced metabolic repertoire for sanchytrids given their placement in the 30 

tree. We infer four independent flagellum losses from the distribution of over 60 flagellum-specific 31 

proteins across Holomycota. The highly reduced sanchytrid flagellar machinery, notably their long 32 

kinetosome, might have been retained to support a putative light-sensing lipid organelle. Together 33 

with their phylogenetic position, these unique traits justify the erection of the novel phylum 34 

Sanchytriomycota. Our results also show that most of the hyphal morphogenesis gene repertoire 35 

of multicellular Fungi had already evolved in early holomycotan lineages. 36 

 37 
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Multicellularity independently evolved in Fungi and Metazoa from unicellular ancestors along 40 

their respective eukaryotic branches, Holomycota and Holozoa, within Opisthokonta1. The 41 

ancestor of this major eukaryotic supergroup originated ~1-1,5 Ga ago2–4 and likely possessed one 42 

posterior flagellum for propulsion in aquatic environments1. This character has been retained in 43 

many modern fungal lineages at least during some life cycle stages5,6. Along the holomycotan 44 

branch, the free-living, non-flagellated nucleariid amoebae were the first to diverge, followed by  45 

the flagellated, phagotrophic, endoparasitic Rozellida (Cryptomycota)7–9 and Aphelida10, and the 46 

highly reduced, non-flagellated Microsporidia11,12. Aphelids branch as sister lineage to bona fide, 47 

osmotrophic, Fungi13. Within fungi, except for the secondary flagellar loss in the chytrid 48 

Hyaloraphydium curvatum 14, all known early divergent taxa are zoosporic, having at least one 49 

flagellated stage. 50 

  Zoosporic fungi are widespread in all ecosystems, from soils to marine and freshwater 51 

systems , from tropical to Artic regions15,16. They are highly diverse saprotrophs and/or parasites, 52 

participating in nutrient recycling through the “mycoloop”17–20. Initially considered monophyletic, 53 

zoosporic fungi were recently classified into Blastocladiomycota and Chytridiomycota21, in 54 

agreement with multigene molecular phylogenies13,21,22. These two lineages appear sister to the 55 

three main groups of non-flagellated fungi, Zoopagomycota, Mucoromycota and Dikarya, for 56 

which a single ancestral loss of the flagellum has been proposed23. Characterizing the yet poorly-57 

known zoosporic fungi is important to understand the evolutionary changes (e.g. flagellum loss, 58 

hyphae development) that mediated land colonization and the adaptation of fungi to plant-59 

dominated terrestrial ecosystems24,25. This requires a well-resolved phylogeny of fungi including 60 

all main zoosporic lineages. Unfortunately, previous phylogenomic analyses did not resolve which 61 

zoosporic group, either Blastocladiomycota or Chytridiomycota, is sister to non-flagellated 62 

fungi21,26,27. This lack of resolution may derive from the old age of these splits (~0,5-1 Ga)3,28,29 63 

and the existence of several radiations of fungal groups, notably during  their co-colonization of 64 

land with plants25,30, which would leave limited phylogenetic signal to resolve these deep nodes22.  65 

 Because of this phylogenetic uncertainty, the number and timing of flagellum losses in 66 

fungi remain under debate, with estimates ranging between four and six for the whole 67 

Holomycota31. Improving taxon sampling with new, divergent zoosporic fungi can help resolving 68 

these deep nodes. One of such organisms is Olpidium, a morphologically reduced parasite of plant 69 

roots, nematodes and rotifers32,33. Although several few-genes phylogenies suggested a 70 
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relationship with Zoopagomycota26,31,34, its phylogenetic position remains unclear. Another 71 

interesting lineage of uncertain position is the sanchytrids, a group of chytrid-like parasites of algae 72 

represented by the genera Amoeboradix and Sanchytrium, which exhibit a highly reduced 73 

flagellum with an extremely long kinetosome35,36. Determining the phylogenetic position of these 74 

two zoosporic lineages remains decisive to infer the history of flagellum losses and the transition 75 

to hyphal-based multicellularity. With these objectives, we generated the first genome sequences 76 

for the sanchytrids Amoeboradix gromovi and Sanchytrium tribonematis and analysed them 77 

together with available genomic and transcriptomic data for Olpidium, Chytridiomycota and 78 

Blastocladiomycota. We obtained an almost fully-resolved phylogeny showing sanchytrids as a 79 

new fast-evolving lineage sister to Blastocladiomycota, and Olpidium as an independent lineage 80 

sister to the non-flagellated fungi. Contrasting with previous weakly-supported analyses13,22,37–39, 81 

we robustly placed the root of the fungal tree between chytrids and all other fungi. Our new 82 

phylogenomic framework of Fungi supports a conservative model of four flagellum losses in 83 

Holomycota and highlights the importance of early-diverging unicellular Holomycota in the 84 

evolution of hyphal-based multicellularity. 85 

 86 

Results and discussion 87 

 88 

The new zoosporic fungal phylum Sanchytriomycota 89 

We isolated individual sporangia of Amoeboradix gromovi and Sanchytrium tribonematis by 90 

micromanipulation and sequenced their genomes after whole genome amplification. After 91 

thorough data curation (see Methods), we assembled two high-coverage genome sequences 92 

(123.9X and 45.9X, respectively) of 10.5 and 11.2 Mbp, encoding 7,220 and 9,638 proteins, 93 

respectively (Table 1). Comparison with a fungal dataset of 290 near-universal single-copy 94 

orthologs40 indicated very high completeness for the two genomes (92.41% for A. gromovi; 95 

91.72% for S. tribonematis). The two sanchytrid genomes yielded similar sequence statistics 96 

(Table 1) but showed important differences with genomes from other well-known zoosporic fungi. 97 

They are five times smaller than those of Blastocladiomycota (40-50 Mb) and average chytrids 98 

(~20 to 101 Mb), an observation extensive to the number of protein coding genes. Their genome 99 

GC content (~35%) was much lower than that of Blastocladiomycota and most chytrids (40-57%, 100 

though some chytrids, like Anaeromyces robustus, can have values down to 16.3%41,42). Low GC 101 
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content correlates with parasitic lifestyle in many eukaryotes43. In Holomycota, low GC genomes 102 

are observed in microsporidian parasites and Neocallimastigomycota, both anaerobic and 103 

exhibiting reduced mitochondrion-derived organelles42,44, and in the aerobic parasite Rozella 104 

allomycis9. Although sanchytrids are aerobic parasites with similar life cycles to those of 105 

Blastocladiomycota and chytrids35,36,45, their smaller genome size and GC content suggest that they 106 

are more derived parasites. This pattern is accompanied by a global acceleration of evolutionary 107 

rate (see below), a trend also observed, albeit at lower extent, in R. allomycis9,46–48. 108 

The mitochondrial genomes of S. tribonematis and A. gromovi showed similar trends. Gene 109 

order was highly variable (Supplementary Fig. 1), as commonly observed in Fungi49, and their size 110 

(24,749 and 27,055 bp, respectively) and GC content (25.86% and 30.69%, respectively) were 111 

substantially smaller than those of most other Fungi. However, despite these signs of reductive 112 

evolution, most of the typical core mitochondrial genes were present, indicating that they have 113 

functional mitochondria endowed with complete electron transport chains. 114 

To resolve the previously reported unstable phylogenetic position of sanchytrids based on 115 

rRNA genes35, we carried out phylogenomic analyses on a manually curated dataset of 264 116 

conserved proteins (91,768 amino acid positions)13,50,51 using Bayesian inference (BI) and 117 

maximum likelihood (ML) with the CAT52 and PMSF53 models of sequence evolution, 118 

respectively. Both mixture models are robust against homoplasy and long-branch attraction (LBA) 119 

artefacts22,52. We selected 69 species (dataset GBE69), including a wide representation of 120 

holomycota plus two holozoans, two amoebae and one apusomonad as outgroup. In addition to the 121 

new sanchytrid data, we incorporated several key zoosporic fungi: the two Blastocladiomycota 122 

Paraphysoderma sedebokense54–56 and Coelomomyces lativittatus57, the enigmatic flagellated 123 

fungus Olpidium bornovanus58, and the non-flagellated chytrid Hyaloraphidium curvatum, 124 

thought to have completely lost its flagellum14. BI and ML phylogenomic analyses yielded the 125 

same tree topology for major fungal groups with only minor changes in the position of terminal 126 

branches (Fig. 1a). We recovered maximum statistical support for both the monophyly of 127 

sanchytrids (A. gromovi + S. tribonematis) and their sister position to Blastocladiomycota. Thus, 128 

sanchytrids form a new deep-branching zoosporic fungal clade. Given their divergence and marked 129 

genomic differences with their closest relatives (Blastocladiomycota), we propose to create the 130 

new phylum Sanchytriomycota to accommodate these fungal species (see description below). 131 

 132 
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The new phylogeny of Fungi 133 

In addition to the strongly supported Sanchytriomycota phyl. nov. and Blastocladiomycota 134 

relationship, and contrasting with its previous unstable position in few-genes phylogenies26,34, we 135 

retrieved O. bornovanus as an independent lineage branching as sister to the major non-flagellated 136 

fungal clade. Chytrids appeared as sister group of all other fungi with full Bayesian posterior 137 

probability (PP=1) but moderate ML bootstrap support (BS=79%). Despite the use of a large 138 

dataset, some branches remained unresolved, in particular the position of Glomeromycota sister 139 

either to Mucoromycota or Dikarya (Fig. 1a). 140 

 As observed in rRNA gene-based phylogenies35, sanchytrids exhibited a very long branch 141 

(Fig. 1a), suggesting a fast evolutionary rate. Long branches associated with fast evolving 142 

genomes, well-known in Microsporidia46 and other Holomycota, can induce LBA artefacts in 143 

phylogenetic analyses59–61. To ascertain if LBA affected the position of the fast-evolving 144 

sanchytrids and other fungi in our tree, we carried out several tests. First, we introduced in our 145 

dataset additional long-branched taxa, metchnikovellids and core Microsporidia, for a total of 84 146 

species and 83,321 conserved amino acid positions (dataset GBE84). Despite the inclusion of these 147 

LBA-prone fast-evolving taxa, we recovered the same topology as with the previous taxon 148 

sampling with just minor position changes for lineages within large clades (Supplementary Fig. 149 

2). Again, the sister relationship of sanchytrids and Blastocladiomycota and the monophyly of O. 150 

bornovanus and non-zoosporic fungi were fully supported. Chytrids were sister to all other fungi 151 

with full Bayesian PP and slightly higher ML BS (82%). 152 

 Second, we tested the influence of fast-evolving sites by applying a slow-fast approach62 153 

and progressively removing the fastest-evolving sites (in 5% steps) of both the 69- and 84-species 154 

alignments. The monophyly of sanchytrids and Blastocladiomycota obtained maximum support 155 

(>99% bootstrap) in all steps until only 25/20% (GBE69/GBE84) of the sites remained, when the 156 

phylogenetic signal was too low to resolve any deep-level relationship (Fig. 1b). The monophyly 157 

of sanchytrids and Blastocladiomycota was as strongly supported as that of Dikarya. A root of the 158 

fungal tree between sanchytrids + Blastocladiomycota and the rest of fungi always received poor 159 

support (<50% bootstrap). On the contrary, the root between chytrids and the rest of fungi was 160 

strongly supported (>90% bootstrap) by all datasets with 10% to 50% (GBE69) and 10% to 45% 161 

(GBE84) of the fast-evolving sites removed. The position of Olpidium as sister of the non-162 

flagellated fungi also received high support (>95% bootstrap) until 25/60% (GBE69/GBE84) of 163 
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the fast-evolving sites were removed. Its previously proposed relationship with 164 

Zoopagomycota21,26 was always poorly supported.  165 

Third, we applied sequence recoding63 to alleviate possible compositional biases in our 166 

data and, again, recovered the same tree topology for both BI and ML analyses except for minor 167 

changes in apical branches (Supplementary Fig. 3a-d). The general congruence between the 168 

recoded and non-recoded analyses indicates that our results were not disturbed by compositional 169 

biases. 170 

Finally, we further tested the robustness of the position of chytrids and Olpidium using 171 

alternative topology (AU) tests. They did not reject alternative positions for the divergence of 172 

Chytridiomycota and Blastocladiomycota + Sanchytriomycota (p-values >0.05; Supplementary 173 

Table 2), which likely reflected the weak phylogenetic signal concerning these deep branches22. 174 

However, we observed that, for the two datasets of 69 and 84 species, the p-values of trees showing 175 

chytrids as sister group of all other fungi were higher than those of trees with Blastocladiomycota 176 

+ Sanchytriomycota as the first fungal branch to diverge (Supplementary Table 2). In the case of 177 

Olpidium, all tests significantly rejected its relationship with Zoopagomycota, in particular a close 178 

association with Basidiobolaceae26,31,34 (p-value <0.001), and supported its position as a new 179 

lineage sister to the large non-flagellated fungal clade (p-values 0.539 and 0.554 for GBE69 and 180 

GBE84, respectively). Based on the zoospore ultrastructure, Olpidium was also suggested to be 181 

related with Caulochytrium protostelioides21,64. However, C. protostelioides branched in our 182 

multi-gene phylogenies within Chytridiomycota with maximum support, confirming that 183 

ultrastructural similarity most likely reflects convergent evolution. All our results concur to 184 

confirm that Olpidium constitutes a new phylum-level fungal linage (Olpidiomycota) sister to the 185 

non-flagellated fungi, in agreement with recent unpublished work by Chang et al.65. 186 

The relative position of Chytridiomycota or Blastocladiomycota as first branch to diverge 187 

within Fungi has remained a major unresolved question66. If the earliest fungal split occurred ~1 188 

billion years ago29, the phylogenetic signal to infer it may have been largely eroded over time. 189 

Likewise, if radiation characterized early fungal evolution22, the accumulation of enough sequence 190 

substitutions during diversification would have been limited. This would explain the difficulty to 191 

resolve the deepest branches of the fungal tree, the fact that Chytridiomycota and 192 

Blastocladiomycota have alternatively been recovered as sisters of all other fungi21,26,27,39,65 and 193 

the low support and discrepancies observed for the split between Glomeromycota and 194 
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Mucoromycota (with additional constraints related to their symbiotic adaptation to land 195 

plants24,67,68). The solid position of the root of the fungal tree on the chytrid branch revealed by our 196 

phylogenomic analyses with a richer dataset is additionally consistent with the distribution of so-197 

considered derived characters in Blastocladiomycota, including sporic meiosis, relatively small 198 

numbers of carbohydrate metabolism genes and, in some species, hyphal-like apical growing 199 

structures (Allomyces) and narrow sporangia exit tubes (e.g. Catenaria spp.)5,69–71. 200 

 201 

Macroevolutionary trends in primary metabolism 202 

To assess if sanchytrid metabolic capabilities are as reduced as suggested by their small genome 203 

sizes, we inferred their metabolic potential in comparison with other major fungal clades as well 204 

as other opisthokonts and amoebozoa as outgroup (43 species). Only half of the predicted 205 

sanchytrid proteins could be functionally annotated using EggNOG72 (3,838 for A. gromovi; 4,772 206 

for S. tribonematis), probably due to the fact that, being fast-evolving parasites35,36,45, many genes 207 

have evolved beyond recognition by annotation programs73,74. However, low annotation 208 

proportions are common in holomycotans, including fast-evolving parasites (e.g. only 20% and 209 

52% of the genes of the Microsporidia Nosema parisii and Encephalitozoon cuniculi could be 210 

assigned to Pfam domains and GO terms73,75) but also the less fast-evolving metchnikovellids 211 

(Amphiamblys sp., 45.6%), rozellids (R. allomycis, 64.9%;  P. saccamoebae, 66.7%) and 212 

Blastocladiomycota (P. sedebokerense, 66.8%; Catenaria anguillulae, 47.5%; Blastocladiella 213 

britannica, 44.1%). We then compared the annotated metabolic repertoires of holomycotan phyla 214 

by focusing on 1,158 orthologous groups distributed in eight primary metabolism categories. 215 

Unexpectedly, cluster analyses based on the presence/absence of these genes did not group 216 

sanchytrids with canonical fungi and their closest aphelid relatives ( i.e. Paraphelidium), but with 217 

non-fungal parasites (R. allomycis Mitosporidium daphniae and P. saccamoebae) which show 218 

evidence of reductive genome evolution9,11,76 (Fig. 2a). An even further metabolic reduction was 219 

observed in Neocallimastigomycota, gut-inhabiting symbiotic anaerobic chytrids33,77,78. A 220 

principal coordinate analysis of the same gene matrix confirmed this result (Fig. 2b). 221 

At a more detailed level, the main differences in the metabolic complement of sanchytrids 222 

and that of canonical fungi (+Paraphelidium) concerned the carbohydrate and lipid transport and 223 

metabolism categories, for which sanchytrids clustered with rozellids (Supplementary Fig. 4). We 224 

further pairwise-compared KEGG79 orthologs of sanchytrids against R. allomycis and the 225 
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blastocladiomycete A. macrogynus (as representative of the sanchytrid closest canonical fungal 226 

relatives). The comparative metabolic maps of A. gromovi and S. tribonematis contained 1,222 227 

and 1,418 orthologous groups, respectively, whereas those of R. allomycis and A. macrogynus 228 

contained 845 and 4,860, respectively (Supplementary Fig. 5a-c). Blastocladiomycota and 229 

sanchytrids shared more similarities, including the maintenance of amino acid and nucleotide 230 

metabolism and energy production with a complete electron transport chain, which were largely 231 

lacking in Rozella9,13. Nonetheless, some reductive trend in energy production pathways could be 232 

observed in sanchytrid mitochondria, including the loss of ATP8, one F-type ATP synthase 233 

subunit, which is also absent or highly modified in several metazoans, including chaetognaths, 234 

rotifers, most bivalve molluscs, and flatworms80,81. S. tribonematis also lacked the NADH 235 

dehydrogenase subunit NAD4L (Supplementary Fig. 1), although this loss is unlikely to impact its 236 

capacity to produce ATP since R. allomycis, which lacks not only ATP8 but also the complete 237 

NADH dehydrogenase complex, still seems to be able to synthesize ATP9. 238 

Most carbohydrate-related metabolic pathways were retained in sanchytrids and canonical 239 

fungi except for the galactose and inositol phosphate pathways, absent in both sanchytrids and 240 

Rozella. Nonetheless, sanchytrids displayed a rich repertoire of carbohydrate-degrading enzymes 241 

(Supplementary Figs. 6-10), most of them being likely involved in the degradation of algal cell 242 

walls required for their penetration into the host cells13,82,83. However, the most important 243 

difference between sanchytrids and canonical fungi concerned lipid metabolism, with the steroids 244 

and fatty acids metabolism missing in sanchytrids and also in Rozella9 (Supplementary Fig. 5d-i). 245 

Collectively, our data suggest that, compared to Blastocladiomycota and other fungal relatives, 246 

sanchytrids have undergone a metabolic reduction that seems convergent with that observed in the 247 

phylogenetically distinct rozellid parasites. 248 

 249 

Convergent reductive flagellum evolution in Holomycota  250 

The loss of the ancestral opisthokont single posterior flagellum in Fungi84,85 is thought to have 251 

facilitated their adaptation to land environments86. The number and timing of flagellum losses 252 

along the holomycotan branch remains to be solidly established. The flagellum is completely 253 

absent in nucleariids12,51 but is found in representatives of all other major holomycotan clades, 254 

including rozellids87, aphelids10, and various canonical fungal groups, namely chytrids78, 255 

Blastocladiomycota88, Olpidium21,26, and sanchytrids35,36,45, although the latter are atypical. 256 
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Sanchytrid amoeboid zoospores have never been observed swimming, but glide on solid surfaces 257 

via two types of pseudopods: thin filopodia growing in all directions and a broad hyaline 258 

pseudopodium at the anterior end. The posterior flagellum, rather described as a pseudocilium, 259 

drags behind the cell without being involved in active locomotion35,36. Its basal body (kinetosome) 260 

and axoneme ultrastructure differ from that of most flagellated eukaryotes. Instead of the canonical 261 

kinetosome with 9 microtubule triplets and axonemes with 9 peripheral doublets + 2 central 262 

microtubules89, sanchytrids exhibit reduced kinetosomes (9 singlets in S. tribonematis; 9 singlets 263 

or doublets in A. gromovi) and axonemes (without the central doublet and only 4 microtubular 264 

singlets)35,36. Despite this substantial structural simplification, sanchytrid kinetosomes are among 265 

the longest known in eukaryotes, up to 2.2 µm35,36. Such long but extremely simplified 266 

kinetosomes have not been reported in any other zoosporic fungi, including Blastocladiomycota90. 267 

Some of them, including P. sedebokerense 91, branching early in our multi-gene phylogeny (Fig. 268 

1a), display amoeboid zoospores during the vegetative cycle, flagellated cells being most likely 269 

gametes90,92,93.  270 

 To better understand flagellar reduction and loss across Holomycota, we analysed 61 271 

flagellum-specific proteins on a well-distributed representation of 48 flagellated and non-272 

flagellated species. Sanchytrids lacked several functional and maintenance flagellar components 273 

(Fig. 3a), namely axonemal dyneins, single-headed and double-headed inner arm dyneins, all 274 

intraflagellar transport proteins (IFT) of the group IFT-A and several of the group IFT-B. 275 

Sanchytrid kinetosomes also lost several components of the centriolar structure and tubulins, 276 

including Centrin2, involved in basal body anchoring94, and Delta and Epsilon tubulins, essential 277 

for centriolar microtubule assembly and anchoring95. These losses (Fig. 3b) explain why 278 

sanchytrids lack motile flagella. Cluster analyses based on the presence/absence of flagellar 279 

components (Supplementary Fig. 11) showed sanchytrids at an intermediate position between 280 

flagellated and non-flagellated lineages. Therefore, sanchytrids are engaged in an unfinished 281 

process of flagellum loss, thereby providing an interesting model to study intermediate steps of 282 

this reductive process. 283 

 In addition to sanchytrid reduction, between four and six independent flagellar losses have 284 

been inferred in Holomycota31. Our new, more robust phylogenetic framework (Fig. 1) allowed to 285 

infer only four independent flagellum losses, plus the ongoing one in sanchytrids (Fig. 3c). Three 286 

of them occurred at the base of high-rank taxa: nucleariids, Microsporidia and the 287 
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Zoopagomycota+Mucoromycota+Dikarya clade. The fourth loss occurred in H. curvatum, an 288 

atypical fungus originally classified as a colourless green alga14 and later reclassified within the 289 

Monoblepharidomycota26,96. The fourth one concerned Olpidium, which our phylogenomic 290 

analysis robustly placed as an independent lineage sister to major non-flagellated fungal taxa (Fig. 291 

1b). Although Olpidium has a functional flagellum, its flagellar toolkit is reduced, lacking Delta 292 

and Epsilon tubulins and several dyneins (Fig. 3c). This suggests that, analogously to sanchytrids, 293 

Olpidiomycota represent an intermediate stage between zoosporic fungi possessing fully 294 

functional flagella and flagellum–lacking fungi. This would be consistent with observations that 295 

Zoopagomycota, the first lineage diverging after Olpidiomycota, possess a degenerated 9+2 296 

microtubular system as potential remnant of the ancestral flagellum97–99. Our data support a global 297 

scenario of major progressive reduction of the flagellar toolkit from Olpidium to Dikarya, with a 298 

few additional punctual independent losses or reductions in some distant branches of the fungal 299 

tree (H. curvatum and sanchytrids). In addition, a putative fifth independent loss in Holomycota 300 

might have occurred in the Nephridiophagida, a clade of fungal parasites of insects and 301 

myriapods100,101 without clear affinity with established fungal clades101. Recently, a possible 302 

relationship to chytrids has been suggested102. Genomic or transcriptomic data should clarify their 303 

phylogenetic position in the future. 304 

 305 

Fungal “vision” and flagellum exaptation 306 

Why do sanchytrids retain a non-motile flagellum with a long kinetosome?  Since the primary 307 

flagellar function has been lost in favour of amoeboid movement, other selective forces must be 308 

acting to retain this atypical structure for a different function in zoospores. In bacteria, the 309 

exaptation of the flagellum for new roles in mechanosensitivity103,104 and wetness sensing105 has 310 

been documented. Microscopy observations of sanchytrid cultures showed that the flagellum is 311 

rather labile and can be totally retracted within the cell cytoplasm, the long kinetosome likely being 312 

involved in this retraction capability35,36. Interestingly,  a conspicuous curved rosary chain of lipid 313 

globules has been observed in the kinetosome vicinity in A. gromovi zoospores, often close to 314 

mitochondria35,36. In the blastocladiomycete B. emersonii, similar structures tightly associated with 315 

mitochondria are known as "side-body complexes"106. B. emersonii possesses a unique bacterial 316 

type-1-rhodopsin+guanylyl cyclase domain fusion (BeGC1, 626 amino acids) which, together with 317 

a cyclic nucleotide-gated channel (BeCNG1), control zoospore phototaxis in response to cGMP 318 
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levels after exposure to green light107. BeGC1 was localized by immunofluorescence on the 319 

external membrane of the axoneme-associated lipid droplets, which function as an eyespot at the 320 

base of the flagellum and control its beating107–109. The BeGC1 fusion and the channel BeCNG1 321 

proteins have also been found in other Blastocladiomycota (A. macrogynus and C. anguillulae). 322 

 Both A. gromovi and S. tribonematis possessed the BeGC1 fusion (532 and 535 amino 323 

acids, respectively) and the gated channel BeCNG1 (Supplementary Fig. 12a-c). We also found 324 

the BeGC1 fusion in the newly available Blastocladiomycota genome and transcriptome sequences 325 

of P. sedebokerense and C. lativittatus. Therefore, this fusion constitutes a synapomorphy for the 326 

Blastocladiomycota+Sanchytriomycota clade. However, we found the BeCNG1 channel in C. 327 

lativittatus but not in P. sedebokerense, suggesting that this species probably uses a different way 328 

to finish the cGMP cascade reaction (Supplementary Fig. 12c). Despite some ultrastructural 329 

differences, and although functional studies need to confirm their role, the presence of lipid threads 330 

in the vicinity of the kinetosome and mitochondria, together with BeGC1/BeCNG1  homologs in 331 

Amoeboradix and Sanchytrium tentatively suggest a comparable light-sensing organelle in 332 

sanchytrids. We hypothesize that, as in B. emersonii, the sanchytrid reduced flagellum could be 333 

involved in phototactic response, at least as an structural support for the lipid vacuoles. 334 

Interestingly, sanchytrids showed considerably shorter branches in rhodopsin and guanylyl cyclase 335 

domain phylogenetic trees (Supplementary Fig. 12) than in multi-gene phylogenies (Fig. 1), 336 

indicating that these proteins (and their functions) are subjected to strong purifying selection as 337 

compared to other proteins in their genomes. 338 

 Since rhodopsins capture light by using the chromophore retinal110, we looked for a set of 339 

carotenoid (β-carotene) biosynthesis enzymes107,111 necessary for retinal production. Surprisingly, 340 

the enzymes involved in the classical pathway (bifunctional lycopene cyclase/phytoene synthase, 341 

phytoene dehydrogenase and carotenoid oxygenase)107,111 were missing in both sanchytrid 342 

genomes, suggesting that they are not capable of synthesize their own retinal (Supplementary 343 

Table 4). We only detected two enzymes (isopentenyl diphosphate isomerase and farnesyl 344 

diphosphate synthase) that carry out early overlapping steps of both sterol and carotenoid 345 

biosynthesis. By contrast, the β-carotene biosynthesis pathway is widely distributed in Fungi, 346 

including chytrids and Blastocladiomycota (Allomyces and Blastocladiella107,112, and also in P. 347 

sedebokerense and C. lativittatus, Supplementary Table 4). Therefore, sanchytrids, like most 348 

heterotrophic eukaryotes, seem unable to synthesize β-carotene and must obtain carotenoids 349 
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through their diet111. Indeed, we detected all carotenoid and retinal biosynthesis pathway genes in 350 

the transcriptome of the yellow-brown alga Tribonema gayanum, (Supplementary Table 4), their 351 

host and likely retinal source during infection. 352 

 353 

Evolution of multicellularity in Holomycota 354 

Fungal multicellularity results from connected hyphae113. Diverse genes involved in hyphal 355 

multicellularity were present in the ancestors of three lineages of unicellular fungi 356 

(Blastocladiomycota, Chytridiomycota and Zoopagomycota; BCZ nodes)114. To ascertain whether 357 

they were also present in other deep-branching Holomycota with unicellular members, we 358 

reconstructed the evolutionary history of 619 hyphal morphogenesis proteins114, grouped into 10 359 

functional categories  (see Methods; Supplementary Table 5; Supplementary Fig. 13). Our results 360 

showed that most hyphal morphogenesis genes were not only present in the fungal ancestor but 361 

also in their unicellular holomycotan relatives, indicating that they evolved well before the origin 362 

of fungal multicellularity (Fig. 4a). This pattern could be observed for all functional categories 363 

with the clear exception of the adhesion proteins, most of only occur in Dikarya (Supplementary 364 

Fig. 13), reinforcing previous conclusions that adhesion proteins played a marginal role in the early 365 

evolution of hyphae114.  366 

 The ancestor of Olpidium and the multicellular fungi clade possessed a high percentage of 367 

hyphae-related proteins (88.4%, node O in Fig. 4a), similarly to the ancestor of sanchytrids and 368 

Blastocladiomycota (82%), though this ancestral repertoire became secondarily reduced in 369 

sanchytrids (65.9%). Likewise, many yeasts, which are also secondarily reduced organisms, 370 

retained most of the genetic repertoire needed for hyphal development. Many of these proteins 371 

were also present in nucleariids, Rozellida-Microsporidia and Aphelida (nodes N, R, and A in Fig. 372 

4a and Supplementary Table 6; NRA nodes). Clustering analysis based on the presence/absence 373 

of hyphal morphogenesis proteins did not clearly segregate unicellular and multicellular lineages 374 

(Fig. 4b) and retrieved very weak intragroup correlation (Fig. 4c). Our results extend previous 375 

observations of hyphal morphogenesis genes from Fungi114 to much more ancient diversifications 376 

in the Holomycota. The holomycotan ancestor already possessed a rich repertoire of proteins, 377 

notably involved in ’actin cytoskeleton’ and ’microtubule-based transport’, that were later 378 

recruited for hyphal production (Supplementary Table 6). Most innovation concerned the proteins 379 

involved in the ’cell wall biogenesis/remodeling’ and ‘transcriptional regulation’ functional 380 
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categories, which expanded since the common ancestor of Aphelida and Fungi. This pattern is 381 

consistent with the enrichment of gene duplications in these two categories observed in all major 382 

fungal lineages114. Nevertheless, genome and transcriptome data remain very scarce for the 383 

Aphelida and we expect that part of these duplications will be inferred to be older when more data 384 

for this sister lineage of Fungi become available. 385 

 386 

Conclusions 387 

We generated the first genome sequence data for the two known species of sanchytrids, a group of 388 

atypical fungal parasites of algae. The phylogenetic analysis of 264 conserved proteins showed 389 

that they form a new fungal phylum, the Sanchytriomycota, sister to the Blastocladiomycota. Our 390 

phylogenetic analysis also provided strong support for Chytridiomycota being the sister group of 391 

all other fungi and confirmed the position of the enigmatic flagellated fungus Olpidium as sister 392 

of the main group of non-flagellated fungi (Zoopagomycota+Mucoromycota+Dikarya). 393 

Sanchytrids have a complex life cycle that includes a flagellated phase (zoospores) with non-motile 394 

flagella that are engaged in an ongoing reductive process. The inclusion of both, other zoosporic 395 

(e.g., Olpidium) and non-flagellated (e.g., the chytrid H. curvatum), fungi in our multi-gene 396 

phylogeny allowed the inference of four independent flagellum losses across Holomycota. 397 

Interestingly, the sanchytrid residual flagellum endowed with a long kinetosome might represent 398 

an exaptation of this structure as support for a lipid organelle putatively involved in light sensing. 399 

Our taxon-rich dataset of deep-branching Holomycota also provided evidence for a very ancient 400 

origin of most genes related to hyphal morphogenesis, well before the evolution of the 401 

multicellular fungal lineages. 402 

 403 

Taxonomic appendix 404 

Sanchytriomycota phyl. nov. 405 

Monocentric thallus, epibiotic; usually amoeboid zoospores with longest-known kinetosome in 406 

fungi and immobile pseudocilium; centrosome in sporangium with two centrioles composed by 407 

nine microtubular singlets.  408 

Class Sanchytriomycetes (Tedersoo et al. 2018)34 emend.  409 

Diagnosis as for the phylum. 410 
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Order Sanchytriales (Tedersoo et al. 2018)34 emend. 411 

Diagnosis as for the phylum. 412 

Family Sanchytriaceae (Karpov & Aleoshin, 2017)45 emend. 413 

Amoeboid zoospores with anterior lamellipodium producing subfilopodia, and lateral and 414 

posterior filopodia; with (rarely without) posterior pseudocilium; kinetosome composed of nine 415 

microtubule singlets or singlets/doublets, 1–2 µm in length. Zoospores attach to algal cell wall, 416 

encyst, and penetrate host wall with a short rhizoid. Interphase nuclei in sporangia have a 417 

centrosome of two centrioles composed of nine microtubular singlets. Predominantly parasites of 418 

freshwater algae. 419 

Type: Sanchytrium (Karpov et Aleoshin 201745) emend. Karpov, 201936. 420 

Parasite of algae. Epibiotic, spherical to ovate, sporangia with one (rarely more) discharge papillae. 421 

Amoeboid zoospores with anterior lamellipodium; with (rarely without) pseudocilium; contains 422 

kinetosome composed of nine single microtubules 1–1.2 µm in length. Interphase nuclei in 423 

sporangia have a centrosome with two orthogonal centrioles composed of nine microtubular 424 

singlets and with an internal fibrillar ring. 425 

Type: Sanchytrium tribonematis (Karpov et Aleoshin, 201745) emend. Karpov, 201936. 426 

Sanchytrium tribonematis (Karpov et Aleoshin, 201745) emend. Karpov, 201936. 427 

Round to ovate smooth sporangium, ~10 µm diameter, without or with one discharge papilla; 428 

sessile on algal surface. Slightly branched rhizoid, almost invisible inside host. Amoeboid 429 

zoospores 5.4 - 3.3 µm (maximum) with anterior lamellipodium producing subfilopodia, lateral 430 

and posterior filopodia; normally with posterior pseudocilium up to 5 µm in length supported by 431 

up to four microtubules. 432 

Amoeboradix Karpov, López-García, Mamkaeva & Moreira, 201835. 433 

Zoosporic fungus with monocentric, epibiotic sporangia and amoeboid zoospores having posterior 434 

pseudocilium that emerges from long kinetosome (ca. 2 µm) composed of microtubular singlets 435 

or doublets. 436 

Type species:  A. gromovi Karpov, López-García, Mamkaeva & Moreira, 201835. 437 
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A. gromovi Karpov, López-García, Mamkaeva & Moreira, 201835. 438 

Amoeboid zoospores of 2-3×3-4 µm with posterior pseudocilium up to 8 µm in length, which can 439 

be totally reduced; kinetosome length, 1.8-2.2 µm. Sporangia of variable shape, from pear-shaped 440 

with rounded broad distal end and pointed proximal end to curved asymmetrical sac-like 8-10 µm 441 

width 16-18 µm long with prominent rhizoid and 2-3 papillae for zoospore discharge; spherical 442 

cysts about 3-4 µm in diameter; resting spore is ovate thick walled 12×6 µm. Parasite of Tribonema 443 

gayanum, T. vulgare and Ulothrix tenerrima.  444 

 445 

Methods 446 

Biological material. Sanchytrium tribonematis strain X-128 and Amoeboradix gromovi strain X-447 

113, isolated from freshwater sampling locations in Russia35,36, were maintained in culture with 448 

the freshwater yellow-green alga Tribonema gayanum Pasch. strain 20 CALU as host 45. The algal 449 

host was grown in mineral freshwater medium at room temperature under white light. After 450 

inoculation with Sanchytrium or Amoeboradix, cultures were incubated for 1–2 weeks to reach the 451 

maximum infection level. We then collected both individual zoospores and sporangia full of 452 

moving zoospores by micromanipulation with an Eppendorf PatchMan NP2 micromanipulator 453 

using 19 μm VacuTip microcapillaries (Eppendorf) on an inverted Leica Dlll3000 B microscope. 454 

Zoospores and sporangia were then washed 2 times in clean sterile water drops before storing them 455 

into individual tubes for further analyses. 456 

 457 

Whole genome amplification and sequencing. DNA extraction from single zoospores and 458 

sporangia was done with the PicoPure kit (Thermo Fisher Scientific) according to the 459 

manufacturer’s protocol. Whole genome amplification (WGA) was carried out by multiple 460 

displacement amplification with the single-cell REPLI-g kit (QIAGEN). DNA amplification was 461 

quantified using a Qubit fluorometer (Life Technologies). We retained WGA products that yielded 462 

high DNA concentration and for which we were able to obtain sanchytrid 18S rRNA gene 463 

amplicons by PCR. As expected, WGA from sporangia (many zoospores per sporangium) yielded 464 

more DNA than individual zoospores and were selected for sequencing (K1-9_WGA for A. 465 

gromovi; SC-2_WGA for S. tribonematis). TruSeq paired-end single-cell libraries were prepared 466 

from these samples and sequenced on a HiSeq 2500 Illumina instrument (2 x 100 bp) with v4 467 
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chemistry. We obtained 121,233,342 reads (26,245 Mbp) for A. gromovi and 106,922,235 reads 468 

(21,384 Mbp) for S. tribonematis. 469 

 470 

Genome sequence assembly, decontamination and annotation. Paired-end read quality was 471 

assessed with FastQC115 before and after quality trimming. Illumina adapters were removed with 472 

Trimmomatic v0.32 in Paired-End mode116, with the following parameters: 473 

ILLUMINACLIP:adapters.fasta:2:30:10LEADING:28 TRAILING:28 SLIDINGWINDOW:4:30. 474 

Trimmed paired-end reads were assembled using SPAdes 3.9.1 in single-cell mode117. This 475 

produced assemblies of 48.7 and 37.1 Mb with 8,420 and 8,015 contigs for A. gromovi and S. 476 

tribonematis, respectively. The decontamination of contaminant prokaryotic contigs was carried 477 

out by a three-step process. First, genome sequences were subjected to two rounds of assembly, 478 

before and after bacterial sequence removal with BlobTools v0.9.19118. Second, open-reading 479 

frames were predicted and translated from the assembled contigs using Transdecoder v2 480 

(http:transdecoder.github.io) with default parameters and Cd-hit v4.6119 with 100% identity to 481 

produce protein sequences for A. gromovi and S. tribonematis. Finally, to remove possible 482 

eukaryotic host (Tribonema) contamination, the predicted protein sequences were searched by 483 

BLASTp120 against two predicted yellow-green algae proteomes inferred from the  Tribonema 484 

gayanum transcriptome 13 and the Heterococcus sp. DN1 genome (PRJNA210954) (also member 485 

of the Tribonematales). We excluded sanchytrid hits that were 100% or >95% identical to them, 486 

respectively. Statistics of the final assembled genomes were assessed with QUAST 4.5121 and 487 

Qualimap v2.2.1122 for coverage estimation.  In total, we obtained 7,220 and 9,368 protein 488 

sequences for A. gromovi and S. tribonematis, respectively (Table 1). To assess genome 489 

completeness, we used BUSCO v2.0.140 on the decontaminated predicted proteomes with the 490 

fungi_odb9 dataset of 290 near-universal single-copy orthologs. The inferred proteins were 491 

functionally annotated with eggNOG mapper72 using DIAMOND as the mapping mode and the 492 

eukaryotic taxonomic scope. This resulted in 3,757 (A. gromovi) and 4,670 (S. tribonematis) 493 

functionally annotated peptides for the predicted proteomes (Supplementary Table 1). The 494 

mitochondrial genomes of both sanchytrids were identified in single contigs using Blast123 and 495 

annotated with MITOS124. Additional Blast searches were made to confirm missing proteins.  496 

 497 
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Phylogenomic analyses and single-gene phylogenies. A revised version of a 264 protein dataset 498 

(termed GBE)47 was used to reconstruct phylogenomic trees13,51. This dataset was updated with 499 

sequences from the two sanchytrid genomes, the non-flagellated chytrid Hyaloraphidium 500 

curvatum SAG235-1 (SRX4387575), the enigmatic flagellated fungus Olpidium bornovanus UBC 501 

F19785 (SRX125102, SRX123912, SRX123911), and all publicly available Blastocladiomycota 502 

sequences, including the recently sequenced Paraphysoderma sadebokerense JEL821 503 

(SRX3538887) and Coelomomyces lativittatus ClRM-AVA-1 (SRX2781572). Sequences were 504 

obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank, last accessed November, 2019), 505 

and the Joint Genome Institute (http://www.jgi.doe.gov/; last accessed May 2017). Our updated 506 

taxon sampling comprises a total of 81 Opisthokonta (2 Holozoa and 79 Holomycota), 2 507 

Amoebozoa and 1 Apusomonadida. Two datasets with two different taxon samplings were 508 

prepared, one with all 84 species (GBE84) and one without the long-branching core Microsporidia 509 

and metchnikovellids for a total of 69 species (GBE69).  510 

 The 264 proteins were searched in the new species with tBLASTn120, incorporated into the 511 

individual protein datasets, aligned with MAFFTv7 125 and trimmed with TrimAl with the 512 

automated1 option126. Alignments were visualized, manually edited and concatenated with 513 

Geneious v6.0.6127 and single gene trees obtained with FastTree v2.1.7128 with default parameters. 514 

Single gene trees were manually checked to identify and remove paralogous and/or contaminating 515 

sequences. The concatenation of the clean trimmed 264 proteins resulted in alignments containing 516 

91,768 (GBE69) and 83,321 (GBE84) amino acid positions. Bayesian inference (BI) phylogenetic 517 

trees were reconstructed using PhyloBayes-MPI v1.5129 under CAT-Poisson model, two MCMC 518 

chains for each dataset were run for more than 15,000 generations, saving one every 10 trees. 519 

Analyses were stopped once convergence thresholds were reached (i.e. maximum discrepancy 520 

<0.1 and minimum effective size >100, calculated using bpcomp) and consensus trees constructed 521 

after a burn-in of 25%. Maximum likelihood (ML) phylogenetic trees were inferred with IQ-TREE 522 

v1.6130 under the LG + R9 + PMSF model for GBE69 and LG + F+ R10 + PMSF for GBE84, 523 

selected with the IQ-TREE TESTNEW algorithm as per the Bayesian information criterion (BIC). 524 

Statistical support was generated with 1000 ultrafast bootstraps131 and 1,000 replicates of the SH-525 

like approximate likelihood ratio test132. All trees were visualized with FigTree133. 526 

 To test alternative tree topologies we used Mesquite134 to constrain the following 527 

topologies: 1) chytrids as sister lineage of all other fungi (Blastocladiomycota + Sanchytriomycota 528 
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+ Olpidium + Zygomycota + Dikarya), 2) Blastocladiomycota + Sanchytriomycota as sister 529 

lineage of all other fungi (Chytridiomycota +  Olpidium + Zygomycota + Dikarya), and 3) 530 

Olpidium as an independent lineage sister of all other non-flagellated fungi (Zygomycota + 531 

Dikarya) or belonging within Zoopagomycota. The constrained topologies without branch lengths 532 

were reanalysed with the -g option of IQ-TREE and the best-fitting model. AU tests were carried 533 

out on the resulting trees for each taxon sampling with the -z and -au options of IQ-TREE. 534 

Additionally, to minimize possible systematic bias due to the inclusion of fast-evolving sites in 535 

our protein alignments, we progressively removed the fastest evolving sites, 5% of sites at a time. 536 

For that, among-site substitution rates were inferred using IQ-TREE under the -wsr option and the 537 

best-fitting model for both taxon samplings for a total of 19 new data subsets of each 538 

(Supplementary Table 2). We then reconstructed phylogenetic trees for all these subsets using IQ-539 

TREE with the same best-fitting model as for the whole dataset. To assess the support of the 540 

alternative topologies in the bootstrapped trees, we used CONSENSE from the PHYLIP 541 

package135 and interrogated the UFBOOT file using a Python script (M. Kolisko, pers. comm). 542 

Finally, to remove possible compositional heterogeneity within our data, we used the Dayhoff 543 

recoding scheme (from 20 to 4 categories) using an in-house Python script. We then reconstructed 544 

phylogenetic trees for all the recoded subsets using IQ-TREE with the GTR+F+I+G4 model for 545 

ML trees and PhyloBayes-MPI v1.5 with the CAT-Poisson model for BI trees. 546 

 547 

Comparative analysis of primary metabolism. To get insights into the metabolic capabilities of 548 

sanchytrids in comparison with other Holomycota we carried out statistical multivariate analyses. 549 

Protein sets used in this study were obtained between May 2017 and November 2019 from the 550 

NCBI protein, genome and SRA databases (https://www.ncbi.nlm.nih.gov/), except the following: 551 

Spizellomyces punctatus, Gonapodya prolifera, Batrachochytrium dendrobatidis, Allomyces 552 

macrogynus, Catenaria anguillulae and Blastocladiella britannica, retrieved from the MycoCosm 553 

portal of the Joint Genome Institute (these sequence data were produced by the US Department of 554 

Energy Joint Genome Institute http://www.jgi.doe.gov/ in collaboration with the user community) 555 

and Parvularia atlantis (previously Nuclearia sp. ATCC50694, from 556 

https://doi.org/10.6084/m9.figshare.3898485.v4). We searched in both sanchytrids 1206 eggNOG 557 

orthologous groups72 corresponding to 8 primary metabolism categories (Gene Ontology, GO). 558 

The correspondence between GO terms and primary metabolism COGs used are the following: 559 
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[C] Energy production and conversion (227 orthologs); [G] Carbohydrate transport and 560 

metabolism (205 orthologs); [E] Amino acid transport and metabolism (200 orthologs); [F] 561 

Nucleotide transport and metabolism (87 orthologs); [H] Coenzyme transport and metabolism (94 562 

orthologs); [I] Lipid transport and metabolism (201 orthologs); [P] Inorganic ion transport and 563 

metabolism (153 orthologs); and [Q] Secondary metabolites biosynthesis, transport and catabolism 564 

(70 orthologs). From these categories, we identified 1158 orthologs non-redundant among 565 

categories in the sanchytrid genomes which were shared among a set of 45 species, including 8 566 

opisthosporidians, 30 fungi, 2 holozoans, 2 amoebozoans, and 1 apusomonad (for the complete 567 

list, see Supplementary Table 3). We annotated the protein sets of these 45 species using eggNOG-568 

mapper72 with DIAMOND as mapping mode and the eukaryotic taxonomic scope. All ortholog 569 

counts were transformed into a presence/absence matrix (encoded as 0/1) and analysed with the R 570 

script136 detailed in Torruella et al. (2018) in which similarity values between binary COG profiles 571 

of all species were calculated to create a complementary species-distance matrix. We then analysed 572 

this distance matrix using a Principal Coordinate Analysis (PCoA) and plotted binary COG profiles 573 

in a presence/absence heatmap. Clustering of the species and orthologs was done by Ward 574 

hierarchical clustering (on Euclidean distances for orthologs) of the interspecific Pearson 575 

correlation coefficients. The raw species clustering was also represented in a separate pairwise 576 

correlation heatmap colour-coded to display positive Pearson correlation values (0–1). Finally, 577 

COG categories of each primary metabolism were also analysed separately (categories C, E, F, G, 578 

H, I, P, and Q) using the same workflow (for more details see Torruella et al. 2018 and 579 

https://github.com/xgrau/paraphelidium2018). We compared in more detail the inferred 580 

metabolism of a subset of species (the two sanchytrids, Rozella allomycis and Allomyces 581 

macrogynus). The annotation of these proteomes was done using BlastKOALA137, with eukaryotes 582 

as taxonomy group and the genus_eukaryotes KEGG GENES database, and the annotations 583 

uploaded in the KEGG Mapper Reconstruct Pathway platform79 by pairs. First, we compared the 584 

two sanchytrid proteomes to confirm their similarity and, second, we compared them with the 585 

proteomes of R. allomycis and A. macrogynus to study their metabolic reduction. 586 

  587 

Homology searches and phylogenetic analysis of specific proteins. To assess the evolution of 588 

the flagellum in holomycotan lineages we used a dataset of over 60 flagellum-specific proteins 589 

85,138–140 to examine a total of 47 flagellated and non-flagellated species within and outside the 590 
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Holomycota. The flagellar toolkit proteins were identified using Homo sapiens sequences as Blast 591 

queries. Candidate proteins were then blasted against the non-redundant GenBank database to 592 

confirm their identification and submitted to phylogenetic analysis by multiple sequence alignment 593 

with MAFFT125, trimming with TrimAl126 with the automated1 option, and tree reconstruction 594 

with FastTree128. After inspection of trees, we removed paralogs and other non-orthologous protein 595 

sequences. We excluded the proteins with no identifiable presence in any of the 47 species used in 596 

the analysis and encoded the presence/absence of the remaining ones in a 1/0 matrix. The native 597 

R heatmap function136 was used to plot the flagellar proteome comparison between all species 598 

according to their presence/absence similarity profiles. To study the presence or absence of the 599 

fusion of the BeGC1 and BeCNG1 light-sensing proteins, we blasted them against the proteomes 600 

of S. tribonematis, A. gromovi, P. sedebokerense and C. lativittatus using the Blastocladiella 601 

emersonii sequences (BeGC1: AIC07007.1; BeCNG1: AIC07008.1) as queries. We used MAFFT 602 

to include the new sequences in a multiple sequence alignment for the BeCNG1 protein channel 603 

and separately for both the guanylyl-cyclase GC1 domain and the rhodopsin domain of the BeGC1 604 

fusion protein107. After trimming with TrimAl we reconstructed phylogenetic trees for the three 605 

datasets using IQ-TREE with the best-fitting models: LG+F+I+G4 for the rhodopsin domain and 606 

BeCNG1, and LG+G4 model for BeGC1. The resulting trees were visualized with FigTree133. To 607 

study the possible presence of a carotenoid synthesis pathway for retinal production in sanchytrids, 608 

we combined previous datasets for carotenoid biosynthesis and cleavage enzymes from one giant 609 

virus (ChoanoV1), two choanoflagellates and two haptophytes111, together with the carotenoid 610 

biosynthesis enzymes found in B. emersonii107. This dataset also included three enzymes for early 611 

sterol and carotenoid biosynthesis (isoprenoid biosynthesis steps). The protein sequences from this 612 

dataset where blasted (BLASTp) against the two sanchytrid proteomes and their host Tribonema 613 

gayanum proteome. Results were confirmed by blasting the identified hits to the NCBI non-614 

redundant protein sequence database. To study the presence of proteins involved in cell-wall 615 

penetration in sanchytrids (including cellulases, hemicellulases chitinases and pectinases), we used 616 

the complete mycoCLAP database of carbohydrate-degrading enzymes 617 

(https://mycoclap.fungalgenomics.ca/mycoCLAP/). We blasted this database against our two 618 

sanchytrid proteomes and other five close representatives of Blastocladiomycota and four 619 

Chytridiomycota. We then screened for canonical cellulose, hemicellulose, pectin and chitin 620 

degrading enzymes identified in Fungi from previous studies13,141,142. The identified hits were 621 
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blasted back to both the NCBI non-redundant protein sequence database and the CAZy database 622 

(cazy.org) to create a dataset for phylogenetic reconstruction for each enzyme. In some cases, we 623 

added the identified sequences to specific protein datasets from previous studies. For cellulases, 624 

we updated a previous aphelid dataset13, and for the chitin degradation proteins we updated 625 

previous datasets of GH20 β -N-acetylhexosaminidase (NAGase)83 and GH18 chitinase82. Proteins 626 

were aligned with MAFFT125 and trimmed from gaps and ambiguously aligned sites using 627 

TrimAl126 with the automated1 algorithm. ML trees were inferred using IQ-TREE130 with the best-628 

fitting model selected with the IQ-TREE TESTNEW algorithm as per BIC. The best-scoring tree 629 

was searched for up to 100 iterations, starting from 100 initial parsimonious trees; statistical 630 

supports were generated from 1000 ultra-fast bootstrap replicates and 1000 replicates of the SH-631 

like approximate likelihood ratio test. Trees were visualized with FigTree133. 632 

 633 

Analyses of hyphae multicellularity-related genes. We used a dataset of 619 hyphal 634 

multicellularity-related proteins belonging to 362 gene families114. These gene families were 635 

grouped into 10 functional categories: actin cytoskeleton (55 proteins), adhesion (30), polarity 636 

maintenance (107), cell wall biogenesis/remodeling (92), septation (56), signaling (82), 637 

transcriptional regulation (51), vesicle transport (103), microtubule-based transport (32) and cell 638 

cycle regulation (11).  The 619 proteins were searched by BLAST in the GBE69 dataset proteome 639 

and later incorporated into individual gene family protein alignments with MAFFT v7125. After 640 

trimming with TrimAl126 with the automated1 option, alignments were visualized with Geneious 641 

v6.0.6127 and single gene trees obtained with FastTree128 with default parameters. Single protein 642 

trees were manually checked to identify paralogous sequences and confirm the presence of genes 643 

within large gene families. Presence/absence of genes was binary coded (0/1) for each species and 644 

the resulting matrix processed with a specific R script13. Finally, we reconstructed the 645 

multicellularity-related gene gain/loss dynamics by applying the Dollo parsimony method 646 

implemented in Count143. These analyses were done on both the complete dataset of all hyphae 647 

multicellularity-related genes and on 10 separate datasets corresponding to the functional 648 

categories mentioned above.  649 

 650 

Data availability 651 
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The raw sequence data and assembled genomes generated in this work have been deposited at the 652 

National Center for Biotechnology Information (NCBI) sequence databases under Bioprojects 653 

PRJNA668693 and PRJNA668694.  654 
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Table 1. Comparative statistics of sanchytrid genomes before and after decontamination with 1000 

related zoosporic lineages. 1001 

  

Amoeboradix 
gromovi  

Sanchytrium 
tribonematis Allomyces 

macrogynus 
Catenaria 
anguillulae 

R. globosum 
S. 

punctatus 
A. 

robustus 
Before After Before After 

Genome 
size (Mb) 

48.7 10.5 37.1 11.2 52.62 41.34 57.02 24.1 71.69 

GC% 51.06 36.27 42.9 34.64 61.6 56 44.9 47.6 16.3 

Number 
of 

contigs 
8,420 1,167 8,015 1,960 8,973 509 437 329 1,035 

N50 27,236 13,376 17,350 11,874 35,497 217,825 292,246 155,888 141,798 

Predicted 
proteins 

87,868 7,220 50,780 9,368 19,447 12,763 16,987 9,422 12,083 

 1002 

  1003 
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Fig. 1. Phylogenomic analysis of Holomycota. a, Bayesian inference (BI) phylogenomic tree 1004 

based on 264 conserved proteins. The tree was reconstructed using 69 species and 91,768 amino 1005 

acid positions with the CAT-Poisson model and the LG+R9+PMSF model for maximum 1006 

likelihood (ML). Branches with support values higher or equal to 0.99 BI posterior probability and 1007 

99% ML bootstrap are indicated by black dots. b, Evolution of IQ-TREE ML bootstrap support 1008 

for Chytridiomycota sister of all other fungi (C+F), Blastocladiomycota + Sanchytriomycota sister 1009 

of all other fungi (B+F), Olpidium independent lineage sister to non-flagellated fungi (O+ZMD), 1010 

Olpidium within Zoopagomycota (O+Z), Sanchytriomycota within Blastocladiomycota (S+B), 1011 

and the monophyly of Dikarya (Dikarya) as a function of the proportion of fast-evolving sites 1012 

removed from two datasets (GBE69 without long-branching Microsporidia, and GBE84 with long-1013 

branching Microsporidia). The canonical Fungi clade is indicated next to the node. Holomycota 1014 

are highlighted in violet, sanchytrids in pink and outgroup taxa in other colors. All phylogenomic 1015 

trees can be seen in Supplementary Figs. 2a-e. 1016 

 1017 

Fig. 2. Distribution patterns of primary metabolism genes in Holomycota. a, Binary heat-map 1018 

and b, principal coordinate analysis (PCoA) species clustering based on the presence/absence of 1019 

1158 orthologous genes belonging to 8 primary metabolism Gene Ontology categories across 43 1020 

eukaryotic genomes and transcriptomes. Species are color- and shaped-coded according to their 1021 

taxonomic affiliation. COG presence is depicted in blue and absence is depicted in white. 1022 

 1023 

Fig. 3. Comparison of flagellar protein distribution and structure in sanchytrids and other 1024 

Holomycota. a, Presence/absence heatmap of 61 flagellum-specific proteins in 48 eukaryotic 1025 

flagellated (purple) and non-flagellated (pink) lineages. The right column lists microtubular genes 1026 

and flagellum-specific genes. b, Illustration depicting the main structural elements present in a 1027 

typical eukaryotic flagellum (left) and a reduced sanchytrid flagellum (right). Gene presence is 1028 

depicted in blue and absence is depicted in white. c, Representation of the evolutionary 1029 

relationships of holomycotan lineages and their patterns of presence/absence of key molecular 1030 

components of the flagellar apparatus. Red crosses on branches indicate independent flagellum 1031 

losses. 1032 

 1033 
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Fig. 4. Hyphae-related genes across Holomycota. a, Cladogram of Holomycota depicting the 1034 

phylogenetic relationships according to the GBE69 phylogenomic reconstruction. Bubble size on 1035 

the nodes and tips represents the total number of reconstructed ancestral and extant hyphal 1036 

multicellularity-related proteins. CBOZ (Chytridiomycota, Blastocladiomycota, Olpidiomycota 1037 

and Zoopagomycota) and NRA (Nucleariids, Rozellida-Microsporidia and Aphelida) nodes are 1038 

indicated with letters within the corresponding bubbles. Unicellular lineages are highlighted in 1039 

colors according to their taxonomic affiliation (bottom to top: Amoebozoa, Apusomonadida, 1040 

nucleariids, Rozellida-Microsporidia, Aphelida, Chytridiomycota, Sanchytriomycota-1041 

Blastocladiomycota, Olpidiomycota and Zoopagomycota). b, Presence/absence heatmap of 619 1042 

hyphal morphogenesis proteins in 69 unicellular (color-highlighted) and multicellular (not 1043 

highlighted) eukaryotic proteomes. Gene presence is depicted in blue and absence in white. c, 1044 

Heatmap clustered by similarity showing the correlation between unicellular (color-highlighted) 1045 

and multicellular (not highlighted) taxa according to the presence/absence of hyphal 1046 

morphogenesis gene proteins.  1047 
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