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Genomic analysis reveals cryptic diversity in
aphelids and sheds light on the emergence of Fungi
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e Strains of A. protococcarum have a complex evolutionary
history involving hybridization
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between Aphelida and Fungi

e Aphelids demonstrate independent reduction of flagella in
two aphelid lineages

e Aphelids retain key genes involved in phagocytic activity that
were lost in Fungi
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In brief

Mikhailov et al. report the genomes of
Amoeboaphelidium species, revealing
vast divergence within the phylum
Aphelida and confirming their close
phylogenetic relationship to Fungi.
Genomic analyses show the conservation
of phagocytic proteins, expansions of
receptor-like kinases, and evidence for
horizontally transferred genes in
aphelids.
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Genomic analysis reveals
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SUMMARY

Over the past decade, molecular phylogenetics has reshaped our understanding of the fungal tree of life by
unraveling a hitherto elusive diversity of the protistan relatives of Fungi. Aphelida constitutes one of these
novel deep branches that precede the emergence of osmotrophic fungal lifestyle and hold particular signif-
icance as the pathogens of algae. Here, we obtain and analyze the genomes of aphelid species Amoeboa-
phelidium protococcarum and Amoeboaphelidium occidentale. Genomic data unmask the vast divergence
between these species, hidden behind their morphological similarity, and reveal hybrid genomes with a com-
plex evolutionary history in two strains of A. protococcarum. We confirm the proposed sister relationship be-
tween Aphelida and Fungi using phylogenomic analysis and chart the reduction of characteristic proteins
involved in phagocytic activity in the evolution of Holomycota. Annotation of aphelid genomes demonstrates
the retention of actin nucleation-promoting complexes associated with phagocytosis and amoeboid motility
and also reveals a conspicuous expansion of receptor-like protein kinases, uncharacteristic of fungal line-
ages. We find that aphelids possess multiple carbohydrate-processing enzymes that are involved in fungal
cell wall synthesis but do not display rich complements of algal cell-wall-processing enzymes, suggesting
an independent origin of fungal plant-degrading capabilities. Aphelid genomes show that the emergence
of Fungi from phagotrophic ancestors relied on a common cell wall synthetic machinery but required a
different set of proteins for digestion and interaction with the environment.

INTRODUCTION

Aphelids are a group of obligate intracellular parasitoids of algae
that is closely related to the kingdom Fungi.'* They are charac-
terized by a life cycle similar to that of zoosporic fungi, but with a
phagotrophic amoeba in the vegetative stage, as opposed to os-
motrophic rhizoids.® The motile zoospores, which may be flagel-
lated or amoeboid depending on the aphelid species, infect algal
cells by encysting on their surface and puncturing the cell wall
with a penetration tube. The parasitoid then migrates inside the
host through the penetration tube and matures into a multinu-
clear plasmodium by phagocytizing the host cytoplasm until
subsequent division and release of numerous zoospores.* The

4')

group comprises around a dozen described species in four
genera, Aphelidium, Amoeboaphelidium, Paraphelidium, and
Pseudaphelidium, while the environmental sequence data
expose substantial unexplored biodiversity within the group.®°
The described aphelids are known predominantly from fresh-
water habitats where they infect various green, yellow-green,
and diatom algae.?* These parasitic organisms have a strong ef-
fect on the development of algae in water bodies, regulating their
abundance, and can adversely affect aquacultures.”

Aphelids have been a subject of recent revisions in the high-
level classification of Holomycota."®° The initial molecular
phylogenetic analyses hinted at the existence of a monophyletic
group uniting aphelids with another prominent lineage of
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Table 1. Genome assembly and annotation characteristics

A. protococcarum X5

A. protococcarum FD95 A. occidentale FDO1

Assembly size (Mb) 23.7
Number of scaffolds 348
Scaffold N50 (kb) 778
Largest scaffold (kb) 2,509
GC content (%) 40.5
Protein-coding genes 12,712
Coding sequence (%) 75.7
Gene density (genes/Mb) 537
Intron density (introns/gene) 0.47
Mean intron length (bp) 100.3
Mean exon length (bp) 962
Mean intergenic length (bp) 394
BUSCO completeness® (%) 92.1

24.7 13.6
258 946
2,170 74
3,250 366
40.5 40.0
13,180 7,492
75.9 79.7
533 553
0.46 1.17
99.6 64.9
977 666
400 263
92.7 91.4

3Evaluated using the eukaryota_odb9 dataset

parasitic early-diverging fungi-like protists, Rozellomycota or
Cryptomycota including Microsporidia, leading to the proposi-
tion of a novel superphylum Opisthosporidia to house these or-
ganisms.® More recent analyses using ribosomal RNA genes
and phylogenomic datasets featuring aphelid Paraphelidium tri-
bonemae have opposed the monophyly of Opisthospori-
dia."'®"" These analyses have recovered strong support for
the sister relationship between Aphelida and true Fungi, high-
lighting the crucial significance of aphelids for the evolutionary
studies of the emergence of Fungi.

Here, we present the genomic data for three strains of
Amoeboaphelidium species: Amoeboaphelidium protococca-
rum (A. protococcarum) strains X5 and FD95 and Amoeboaphe-
lidium occidentale (A. occidentale) strain FDO1. Analysis of the
genomic data accentuates the high level of divergence between
the aphelid species and uncovers an intertwined evolutionary
history of hybrid strains of A. protococcarum. We annotate the
aphelid genomes and explore their kinomes and repertoires of
carbohydrate-processing enzymes. Using novel data, we recon-
struct the phylogeny of Holomycota and assess support for the
placement of aphelids, consolidating the sister relationship be-
tween Aphelida and true Fungi. With this novel phylogenetic
framework, we infer the evolutionary dynamics of gene family
content in Holomycota and illustrate the reduction of key phago-
trophy-related proteins in the evolution of Fungi.

RESULTS AND DISCUSSION

Genome assemblies of Amoeboaphelidium species

Sequencing data for three representatives of the aphelid genus
Amoeboaphelidium—A. protococcarum strain X5, A. protococ-
carum strain FD95, and A. occidentale strain FDO1—were
assembled into draft genomes totaling 24 megabases (Mb) for
the two strains of A. protococcarum and 13.6 Mb for A. occiden-
tale strain. The genomes of A. protococcarum strains X5 and
FD95 are predicted to encode around 13,000 protein-coding
genes, and the genome of A. occidentale is predicted to encode
7,500 genes, which amount to similar coding sequence percent-
ages and gene densities across all three genomes (Table 1). The
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genome of A. occidentale utilizes the standard genetic code,
whereas both strains of A. protococcarum utilize non-canonical
code with the traditional stop codons UAA and UAG encoding
glutamine. The UAR codons constitute 54% of all glutamine co-
dons in the genomes of A. protococcarum.

The genomes of both A. protococcarum strains show evi-
dence of whole-genome duplication. The clustering of transcript
sequences by similarity in each of the two strains of A. protococ-
carum revealed that the majority of predicted genes have a
duplicate with an average nucleotide sequence identity of
92.6% for copies in X5 and 95.6% for copies in FD95 (Fig-
ure S1A). The estimated values of synonymous divergence (Ks)
between the duplicated genes are distributed around a single
peak in each of the strains of A. protococcarum, with an average
Ks of 0.26 in the genome of X5 and 0.14 in the genome of FD95
(Figure S1B). The duplicated genes display a degree of intrage-
nomic synteny: we found 115 blocks of colinear genes with an
average span of 44 genes in the genome of X5 and 49 blocks
with an average span of 111 genes in the genome of FD95
(Figures 1A and 1B). The distribution of colinear genes in the
genomic sequences shows numerous rearrangements in a pair-
wise alignment of scaffolds and rarely extends to whole scaf-
folds, refuting conventional meiotic pairing between the dupli-
cated sequences.

A comparison of transcripts that were clustered using both
strains of A. protococcarum revealed that a dominant proportion
(87% of clusters that contain a pair from each of the strains)
supports a scenario where both strains emerge as products of
independent hybridization events involving four closely related
lineages (Figures 1C and S1C). The tree underlying the hybridiza-
tion scenario allows us to differentiate the genes in most intrage-
nomic pairs by assigning them to a particular ancestral genome.
The mapping of inferred subgenome assignments to the
genomic sequences shows regions of predominantly single
ancestry spanning several hundred kilobases of sequence
(Figures 1A and 1B). Genomic regions corresponding to individ-
ual subgenomes also cover multiple colinear blocks in both
strains, indicating that a significant amount of genomic rear-
rangements have occurred in the ancestral lineages before the
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Figure 1. Intragenomic synteny and subgenome assignments in the
genome assemblies of A. protococcarum
(A) Circular diagram of the genome assembly for strain X5.
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hybridization event. Consequently, the four lineages that have
given rise to the hybrid strains X5 and FD95 could have diverged
enough to be incompatible for meiotic recombination, meaning
that the sequenced strains of A. protococcarum are likely inter-
specific hybrids or allopolyploids.

To assess the ploidy state of the sequenced strains, we
examined the SNP frequency distributions within the read
data. Not counting the variants introduced by hybridization, the
sequencing reads from both strains of A. protococcarum are
relatively homogeneous: the total number of potential polymor-
phisms is in the range of 100-600, and the allele frequency dis-
tributions do not reveal any peaks that would indicate ploidy
higher than one (Figure S1E). By contrast, the number of poten-
tial variants found in A. occidentale is close to 21,000, which
evaluates to per nucleotide SNP rate of 1.8E—3. The allele fre-
quency distribution in A. occidentale has a single peak at 0.5,
characteristic of a diploid state (Figure S1E).

Mitochondrial genomes of A. protococcarum strains X5 and
FD95 were assembled into circular molecules of 30,437 and
32,381 bp, respectively. The assembly of A. occidentale con-
tained three overlapping mitochondrial fragments, allowing a
provisional contiguous circular molecule of 26,157 bp (Fig-
ure S2). Aphelids possess a common set of fungal mtDNA-en-
coded respiratory complex components, but lack an atp8 gene
or any ribosomal protein genes, and have a highly reduced set
of tRNA genes. Several genes in A. protococcarum are punctu-
ated by members of the LAGLIDADG family of homing endonu-
cleases, commonly found in fungal mitochondrial genomes.'?
The intricate relationship between the sequenced strains of
A. protococcarum is elaborated further by the mitochondrial ge-
nomes. The mtDNA sequences of X5 and FD95 have 99.7%
identity, with only several indels accounting for the difference
in the genome sizes. Divergence between the closest ancestral
lineages that constitute hybrid nuclear genomes of X5 and
FD95 is estimated to be nearly 10 times higher than the diver-
gence observed for their mtDNAs (Figure 1C). This level of simi-
larity refutes simple vertical inheritance of mitochondria in X5 and
FD95, suggesting that the evolution of these strains or their pro-
genitor lineages involved mitochondrial introgression.

Phylogenomics support sister-group relationship
between aphelids and fungi

To reconstruct fungal phylogeny and investigate the position of
aphelids, we assembled a 300-gene concatenated alignment.
Bayesian inference (Bl) and maximum likelihood (ML) analyses
with the alignment, using site-heterogeneous models, success-
fully recover the majority of well-recognized fungal phyla'®

(B) Circular diagram of the assembly for strain FD95. Links in circular diagrams
connect the identified colinear regions within the genomes. The assignments
of genes to the subgenomes are shown in the outer layer of the diagram: inner
ring, subgenomes “a”; outer ring, subgenomes “b.” Only scaffolds longer than
100 kb are shown in the diagrams; the ruler for genomic scaffolds is given
in Mb.

(C) Phylogenetic analysis with a concatenated alignment of coding sequences
attributed to the individual subgenomes in A. protococcarum, designated here
as X5a, X5b, FD95a, and FD95b, performed by BEAST and visualized with
DensiTree; the estimates of relative divergence times (substitutions per
nucleotide site) for the ancestral lineages are shown below the tree.

See also Figures S1 and S2.
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Figure 2. Bayesian inference with the concatenated 300-gene
alignment

PhyloBayes consensus tree reconstructed with the alignment using four
analysis chains under the CAT-GTR-G4 model; tree nodes that fail to reach
maximal support in the analysis are labeled with red dots, and the corre-
sponding posterior probability values are provided. See also Figure S3 and
Table S1.

(Figures 2 and S3A). These phylogenies show no support for the
earlier proposed superphylum Opisthosporidia,® a union of
Aphelida and Rozellomycota (including Microsporidia), and
instead place Aphelida in a sister relationship to Fungi with full
support, in agreement with the previous analyses.'®'" Several
contentious deep nodes of fungal phylogeny'“ are also resolved:
the trees fully support the basal placement of chytrids relative to
the rest of fungi and back the paraphyly of zygomycete fungi,'®
Zoopagomycota and Mucoromycota. On the other hand, the an-
alyses fail to converge in asserting the branching within the Zoo-
pagomycota, or in resolving the relationship of early-diverging
ascomycetes and chytrids, and show a striking inconsistency
in the position of glomeromycete Rhizophagus irregularis, which
groups with the Mucoromycota in the ML tree but shifts in favor
of a classical grouping of Glomeromycota and Dikarya'® in the Bl
tree.

We examined the stability of key tree nodes using gene sub-
sampling and site elimination techniques. Phylogenetic signal
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supporting the sister position of aphelids relative to fungi and
the basal placement of chytrids dominates in over 90% of all rep-
licates obtained by random subsampling (Figure S3B). The rela-
tionship of zygomycete fungi or even the monophyly of Zoopa-
gomycota is less stable: these nodes have a wide range of
support values across all subsampling replicates, converging
on 60%-90% for the early divergence of Zoopagomycota at
80% of the genes sampled. Approximately unbiased (AU) tests
with alignments, generated by the removal of fast-evolving sites
or compositionally heterogeneous partitions, firmly reject the
monophyly of Opisthosporidia (Table S1). The rejection of Opis-
thosporidia is unaffected by the exclusion of highly divergent Mi-
tosporidium. The tests also reject the alternative placements for
chytrids until over 70% of the dataset is eliminated. Furthermore,
alternative branching scenarios for zygomycete fungi are re-
jected following the removal of 10% of the fastest evolving sites,
indicating that instability around this node is caused by system-
atic biases in the data.

Next, the phylogeny is further corroborated by an analysis with
a recoded dataset, aiming to alleviate the impact of composi-
tional biases and mutational saturation.'” The analysis recovers
the tree obtained with the non-recoded data (Figure 2), showing
full support for all tree nodes, with the exception of nodes in Zoo-
pagomycota, where both analyses fail to converge.

Within Aphelida we find that A. occidentale groups with Para-
phelidium tribonemae rather than A. protococcarum (Figure 2).
The AU tests confidently reject closer affinity of A. occidentale
to A. protococcarum, rendering their attribution to a single genus
incongruous with molecular data (Table S1). In the 300-gene da-
taset, the two Amoeboaphelidium species display only 60%
identity at the amino acid level, which is comparable to the level
of identity between members of different fungal phyla. In fact, us-
ing time-calibrated phylogeny, we obtained an estimate of 420-
640 million years ago for the time of divergence of these aphelids
(Figure S3C). This interval overlaps the estimated split of asco-
mycete and basidiomycete fungi, emphasizing just how under-
estimated the extent of aphelid diversity is currently.

Variation in gene family content and independent loss of
flagellum in Aphelida

The predicted genes in A. occidentale and both strains of
A. protococcarum are inferred to comprise 4,947 and 5,711
gene families, respectively. Gene content-wise the two aphelids
are considerably diverged. Approximately 1,100 gene families
are species specific in A. occidentale, and 2,000 families are
specific to A. protococcarum. The number of families inherited
from the last common holomycotan ancestor is estimated by
the parsimony analysis to be in the range of 3,300-3,400 for
both aphelid species. This puts them near the midpoint of ances-
tral family counts among holomycotan genomes, above the
sequenced members of Rozellomycota and several Dikarya,
but below Chytridiomycota, Blastocladiomycota, or Mucoromy-
cota species (Figure 3A). A probabilistic model of gene content
evolution suggests that major events of gene loss in the evolution
of Holomycota were associated with the appearance of Holomy-
cota, the transition from zoosporic to hon-zoosporic fungi, and
the emergence of Dikarya (Figure 3B). Extensive changes in
gene content are also predicted in lineages of Aphelida,
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Figure 3. Conservation of inferred ancestral gene families in aphelids and fungi

(A) Scatterplot of the inferred ancestral family counts and the total gene family counts in the genomes of holomycotan species; the ancestral families are or-
thologous groups predicted to be inherited from the last common ancestor of Holomycota, according to the Dollo parsimony.

(B) Evolution of gene family content in Holomycota, according to the birth-and-death model. Numbers on the branches show the inferred gains (green) and losses
(red) of gene families, illustrated schematically using waffle charts. The estimated total gene family counts at the ancestral nodes for Opisthokonta, Holomycota,
and each phyla are shown for the corresponding nodes; only families shared by at least two genomes were considered in the analysis.

See also Figure S4 and Tables S2 and S8.

Rozellomycota, and Blastocladiomycota, although these esti-
mates are likely biased by unequal representation of diversity
across phyla.

Functional characterization of aphelid genomes, using KEGG
orthology, reveals variation in the categories of amino acid meta-
bolism, membrane trafficking, chromosome associated pro-
teins, and cytoskeleton (Figures S4A and S4B). The sequenced
aphelids display different capacities for amino acid biosynthesis.
In A. occidentale, the pathways for biosynthesis of amino acids
are largely intact, which resembles the situation seen in the ma-
jority of fungal species (Table S2). In A. protococcarum, entire
pathways for histidine, tryptophan, and arginine biosynthesis
are lost, suggesting stricter reliance on the amino acid uptake
from the host. The lack of functional flagella in Amoeboapheli-
dium species® is reflected in the reduction of cytoskeletal pro-
teins. Both species lack axonemal dyneins and experience
loss of complexes involved in the assembly and maintenance
of cilia (Table S3). The intraflagellar transport (IFT) complexes
and the ciliary transition zone MKS complex, which are generally
conserved in zoosporic fungi, undergo loss of components in
both aphelids. Dynein assembly factors and the IFT-associated
BBSome complex are completely lost in these aphelids. Reduc-
tion of the flagellar cytoskeleton extends further in A. protococ-
carum and involves crucial elements of the basal body biogen-
esis. A. protococcarum lacks centrosomal proteins SAS4/
CENPJ, CEP135, POC1, POCS, and tubulins 3 and &, predicting
centrioles with aberrant structure. By contrast, the transcriptome
of Paraphelidium tribonemae shows conservation of axonemal
motor and ciliogenesis proteins (Table S3), which agrees with
the presence of flagellated zoospores in the species.” Phyloge-
netic analyses support closer affinity of A. occidentale to P. tribo-
nemae (Figure 2). This indicates that the common ancestor of
these aphelids was flagellated, and the reduction of flagellum
occurred independently in A. occidentale and A. protococcarum.

Conserved cell wall synthesis and horizontal transfers
shaped the repertoires of carbohydrate-active enzymes
in aphelids

Aphelid genomes possess a unique composition of carbohy-
drate-active enzymes (CAZymes), which includes essential com-
ponents of the fungal cell wall synthesis and remodeling machin-
ery, and enzymes potentially capable of participating in algal cell
wall degradation (Table S4). Clustering of the identified CAZy
families by their phyletic profiles reveals a group of enzymes
associated with the synthesis and processing of -1,3-glucans
that are shared by aphelids and fungi (Figure S5). The group in-
cludes 1,3-B-glucan synthases (GT48) and -1,3-glucan-specific
transglycosylases and endoglucanases of families GH72 and
GH81, which are implicated in the remodeling of fungal cell
walls.'®"® Aphelid GT48 and GH72 family sequences are orthol-
ogous to the fungal enzymes and represent the earliest diverging
members of these families in the holomycotan lineage. Aphelid
GH81 family sequences, however, are not closely related to
the fungal endo-f-1,3-glucanases and instead branch with pro-
karyotic representatives of the family, suggesting the enzyme
was acquired independently through a horizontal gene transfer
(HGT) event (Figure S6A). The largest CAZy family in aphelids,
GT2, includes chitin synthases (CHSs)—central enzymes in the
synthesis of the characteristic polymer of fungal cell walls. Aphe-
lids mark an expansion of this family in Holomycota, with
A. occidentale and A. protococcarum each containing 10 CHS
genes. The domain architectures of aphelid sequences conform
to the archetypes of the main fungal CHS classes and branch pri-
marily with the homologs from lower fungi (Figure 4A). Staining of
algal cultures infected with A. protococcarum, using wheat germ
agglutinin, reveals chitinous walls of the invasive cysts (Fig-
ure 4B). The rigidity conferred by chitin is proposed to facilitate
the mechanical penetration of host cell walls, while the release
of mature parasitoid from the infected algal cells happens by
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Figure 4. Evolution of chitin synthases in Holomycota and chitin staining of aphelid invasive cysts

(A) Maximum likelihood tree of chitin synthases (CHSs) in Holomycota reconstructed using an alignment of the core domain of 246 CHSs from 21 species. The tree
only depicts the topology —branch lengths are not representative of true genetic distances. Branches receiving >95% UFBoot support are marked with a black
dot. Clades formed by sequences belonging to major taxonomic lineages are collapsed in the tree. The CHS divisions (outer circle labels) and classes (inner circle
labels) are named in accordance with Li et al.> Domain architectures of aphelid CHSs are shown to the right of the dendrogram: CS1N, chitin synthase N-terminal
(PF08407); CS1, chitin synthase 1 (PF01644); CS2, chitin synthase 2 (PF03142); Cyt-b5, cytochrome b5-like heme/steroid binding domain (PF00173); myosin
head, myosin motor domain (PF00063); and DEK_C, DEK C-terminal domain (PFO8766).

(B) Fluorescent wheat germ agglutinin staining of aphelid invasive cysts. The cysts of A. protococcarum are attached to the cells of Scenedesmus obliquus, where
most of the cytoplasm has been consumed by the parasitoid. The parasitoid escapes through the openings created by the penetration tubes and disintegrated

invasive cysts (white arrows).
See also Figures S5 and S6 and Tables S4 and S5.

dehiscence of former invasive cysts,”**° which presumably in-

volves lysis of chitinous walls. Notably, the most abundant glyco-
side hydrolase family in the sequenced aphelids, and also the
family with the highest number of predicted secreted members,
is GH18, known to contain the bulk of fungal chitinases.”’ Amoe-
boaphelidium species encode from 6 to 8 members of the GH18
family, and at least half of those sequences are predicted to
possess a signal peptide (Table S4).

The repertoire of aphelid CAZymes potentially capable of de-
grading cellulose, hemicellulose, and pectin is very limited or
lacking (Figure S5). Among the fungal CAZy families with cellulo-
lytic activities, namely glycoside hydrolase families GH5, GH6,
GH7, GH12, GH45, and the AA9/GH61 family of lytic polysac-
charide monooxygenases,?® aphelid sequences are found only
in the GH5 family. Phylogenetic analysis of the diverse GH5 fam-
ily enzymes (Figure S6B) places aphelid sequences in the sub-
family GH5_12, with characterized B-glucosylceramidase and
flavonoid B-glucosidase activities, and inside a cluster of sub-
families GH5_11, GH5_16, GH5_24, and GH5_51, harboring a
single characterized enzyme with B-1,6-galactanase activity.?*
However, both the GH5_12 subfamily and the GH5_11-16-25-
51 subfamily clusters also include homologs from mycoparasitic
Rozella allomycis, challenging their association with algal cell
wall degradation.

Exploring aphelid CAZymes we noticed several other candi-
dates for bacterial and algal HGTs. A member of the GH1 family
in aphelids groups with algal and plant homologs of the
chloroplast membrane remodeling galactosyltransferase SFR2,
although bacterial origin of the enzyme could not be ruled out
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(Figure S6C). Two more examples include GT2 family mannosyl-
transferase and GT34 family xylosyltransferase, where aphelids
group with sequences from chlorophytes, streptophytes, hapto-
phytes, and glaucophytes (Figures S6D and S6E). The se-
quences from both aphelid species branch together in the trees,
which points to the antiquity of the presumable acquisition
events, and might be indicative of a long-standing association
between aphelids and their algal hosts. A systematic genome-
wide search for HGT cases revealed around a 100 potential
acquisition events in aphelids, with the majority of findings
involving either Bacteria or eukaryotic groups Viridiplantae and
stramenopiles (Table S5).

Expansions of receptor-like protein kinases in aphelids
Kinannote identifies 311 protein kinases in A. occidentale and
215 distinct protein kinases in A. protococcarum. Classification
of the detected kinases shows an atypically large number of se-
quences among the unclassified kinase findings and in the group
of tyrosine kinase-like (TKL) kinases (Table S6). Phylogenetic
reconstruction with the catalytic domains of aphelid sequences
clusters the majority of unclassified kinases with the TKL group,
which together constitute 50% of the kinome in A. occidentale
and 30% of the kinome in A. protococcarum (Figure 5A).
Evolution of fungal kinomes is marked by the loss of protein
tyrosine kinases®® and the narrowing of the receptor kinase com-
plements to hybrid histidine kinases.*® Aphelid genomes provide
further evidence for the early loss of tyrosine kinases by the
Holomycota lineage, as their kinases lack the characteristic
residues for tyrosine recognition.?”?® Additionally, we find no
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Figure 5. Protein kinases in A. occidentale and A. protococcarum
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(A) Maximum likelihood tree reconstructed using an alignment of 569 catalytic domains of protein kinases detected in aphelids. Branches receiving >95%
UFBoot support are marked with a black dot, the branches of A. occidentale are colored blue, and those of A. protococcarum are colored red. Blue and red
shading in the tree additionally highlights species-specific expansions of kinases. Domain architectures for the kinases are shown, with the catalytic domain in
red, transmembrane helices in green, signal peptide in blue, and the repeat arrays of TKL kinases in light blue (WD40-type), orange (Kelch-type), and purple

(SBBP-type).

(B) Domain architecture archetypes of the receptor-like protein kinases in A. occidentale (NWD40-type and Kelch-type) and A. protococcarum (SBBP-type).

See also Table S6 and Figure S7.

phosphotyrosine-interacting Src homology 2 (SH2) domains in
their genomes, supporting the lack of tyrosine kinase activity.
However, in contrast to the kinomes of fungal species, the TKL
assemblage in aphelids comprises proteins that follow the com-
mon architecture of cell-surface receptor kinases, with a single
transmembrane helix, a variable extracellular region, and a
C-terminal kinase catalytic domain (Figure 5B). In the majority
of cases, the extracellular ligand-binding region is composed
of an array of repeats, which tend to be specific to the TKL clus-
ters in the tree but are all recognized as members of the versatile
B-propeller fold.>® The receptor-like kinases in A. occidentale
have WDA40-type repeats or Kelch-type repeats, and the repeats
in A. protococcarum show the highest similarity to the SBBP
family (PF06739).

Sensing functions in many fungal species are mediated by the
eukaryotic two-component system, which involves hybrid histi-
dine kinases as receptor proteins.*® We find five proteins with
the domain architectures of hybrid histidine kinases in A. occi-
dentale and nine proteins in A. protococcarum. Aphelid se-
quences are primarily species specific and fall into eight individ-
ual lineages in the tree with fungal histidine kinases (Figure S7).
The only histidine kinase with orthology in both aphelids is
closely related to receptors for the plant hormone ethylene and
contains the ethylene binding domain. Phytohormone receptor
homologs occur in the genomes of several early-diverging fungal
species and are believed to be orchestrating interactions with
the host organisms.®' Participation of phytohormones in the
regulation of cellular activities in algae®® and the conservation
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Figure 6. Conservation of the actin-remodeling and endosomal complexes in Holomycota

A parsimonious scenario for the reduction of WASH (orange) and WAVE (blue) complexes in the evolution of Holomycota. Components of the WAVE complex are
WAVE/SCAR protein (W), HSPC300 (H), Abi (A), Nap1 (N), and Sra1 (S). Components of the WASH complex are WASH protein (W), CCDC53 (C), Fam21 (F), SWIP
(S), and strumpellin/KIAA0196 (St). Components of the retromer cargo-selective complex are Vps26, Vps35, and Vps29. Components of the retriever complex are
DSCRS (D), C160rf62 (C), and Vps29. Components of the CCC complex are CCDC22 (22), CCDC93 (93), and 10 copper metabolism MURR1 domain-containing
proteins (COMMD1-10). Components of the actin nucleation Arp2/3 complex are ARPC1-5 (C1-C5), ARP2 (2), and ARP3 (3). See also Table S7.

of the ethylene receptor in aphelids support the possibility of
their involvement in interaction with their algal hosts.

Evolution of proteins associated with the transition to
fungal lifestyle
Central to the evolutionary transition from ancestral Holomycota
to Fungi is the loss of phagotrophy and the gradual restructuring
of cellular machinery for osmotrophy and hyphal growth.*® Pre-
vious comparative genomic analyses have linked the loss of the
Wiskott-Aldrich syndrome protein (WASP) family members,
WAVE and WASH, with the transition to hyphal organization in
Holomycota.?® With the inclusion of data from aphelids, a com-
parison of annotated protein domain families highlights the
loss of WASH complex as one of the demarcating features,
setting apart Fungi and the ancestral phagotrophic Holomycota.
The WASH complex includes five proteins that are conserved
in the deeper-branching eukaryotes (Figure 6). In aphelids, we
find orthologs of the WASH protein and three other components
of the complex: CCDC53, SWIP, and strumpellin. Aphelid se-
quences are remarkably divergent—they display the highest
evolutionary rates among eukaryotic orthologs. Sensitive profile
searches could not detect the fifth component, Fam21, which is
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implicated in maintaining the stability of the complex and inter-
acting with various other proteins.®**° Although the aphelids
present exceedingly divergent orthologs, retention of the com-
plex would be consistent with its crucial role in phagocytosis.
WASH functions as a nucleation-promoting factor for branched
actin filament networks in vesicular trafficking,36 and the com-
plex is necessary for organizing endosomal retrieval subdo-
mains, which recycle surface receptors and acidifying V-
ATPases in the endocytic pathway.®” The reliance on WASH
for maintaining phagocytic receptors and efficient proteolysis
is conserved between mammalian cells and the amoebozoan
Dictyostelium discoideum,*®° suggesting a similar function in
phagotrophic holomycotans. The reported ability of the WASH
complex to perform many of its functions without Fam21“° sup-
ports the existence of this complex in aphelids, which might
represent its minimal functionally active variant. The complete
loss of WASH complex in the last common ancestor of Fungi
marks the transition to extracellular digestion, superseding
the requirement for phagocytosis-associated cargo recycling
(Figure 6).

In the endosomal retrieval subdomains, the WASH complex
interacts with other retrieval complexes, which include retromer,
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retriever, and the CCC complex.‘” The three core subunits of the
retromer are almost universally conserved in eukaryotes“? and
are retained in both Aphelida and Fungi. The other retrieval com-
plexes with deep eukaryotic ancestry, retriever and CCC com-
plexes, undergo reduction in the early evolution of the Holomy-
cota and are completely lost in the fungal lineages (Figure 6;
Table S7). Aphelids retain orthologs of only two CCC complex
subunits, CCDC22 and CCDC93, and no proteins specific to
the retriever complex.

In aphelids, we find orthologs of another major activator of
branched actin filaments, protein WAVE, along with a more
widely conserved and versatile WASP. All components of the
pentameric WAVE complex, structurally analogous to the
WASH complex,*® are conserved in aphelids. WAVE is associ-
ated primarily with the actin-based plasma membrane protru-
sions and cell motility.***> The loss of WAVE complex in the
fungal evolution coincides with the appearance of non-zoosporic
terrestrial fungi (Figure 6). However, the phylogenetic distribution
of a wider set of actin-remodeling proteins traces an even earlier
reduction of cytoskeletal complexity in the zoosporic fungi.*® In
contrast to the zoosporic fungi, aphelids retain members of the
Ena/VASP family—mediators of actin elongation involved in the
formation of filopodia.*” In A. protococcarum, we also find a pro-
tein with the highest similarity to the regulators of actin assembly
of the CARMIL family, which is lost by Fungi.*® The searches also
reveal aphelid orthologs of an animal actin filament stabilizer
Lasp of the nebulin family,*® moving the emergence of this family
to the common ancestor of Holozoa and Holomycota.

Conclusions
Genomic data demonstrate that A. protococcarum and A. occi-
dentale are not closely related aphelid species and challenge
their attribution to a single genus, which was originally motivated
by the apparent morphological likeness of their zoospores.*”
These species have different biosynthetic capabilities, use
different genetic codes, and have independently experienced
reduction of the flagellar apparatus. Their dissimilarity, first
recognized from the comparison of rRNA sequences,’ is also
apparent in the time-calibrated analysis, dating back their diver-
gence to over 400 million years ago, and phylogenetic recon-
structions, asserting the paraphyly of the genus Amoeboapheli-
dium. The propensity to form hybrids, shown by the strains of
A. protococcarum, adds further complexity to the scope of ap-
helid diversity. The sequenced aphelids serve as a good
example of how unremarkable morphological features and sim-
ilarities of life cycles can mask deep diversity within a group.
Our phylogenomic reconstructions firmly reject the monophyly
of Opisthosporidia and support a sister-group relationship be-
tween Aphelida and Fungi, reinforcing the results of earlier ana-
lyses.”'%"" As the closest relatives of true Fungi, aphelids offer
insight into the evolution of ancestral features of the fungal
stem lineage. Common cell wall remodeling enzymes and the
early diversification of CHSs seen in aphelids link their invasive
cysts with the fungal cysts and sporangia, suggesting shared
early origin of their cell walls. The presence of similar parasitic
lifestyles among the early-diverging fungal lineages®' hints at
the possibility that the whole group has emerged from a parasitic
aphelid-like ancestor in close association with algae. On the sur-
face, however, the genomic data show that aphelids display a

¢ CellP’ress

more derived state by retaining fewer ancestral gene families
overall than the predominantly saprotrophic members of the zo-
osporic fungal lineages. Among the ancestral gene families that
are retained in aphelids we find regulators of actin-based motility
and endosomal cargo recycling, consistent with the presence of
amoeboid and phagotrophic stages in aphelids. The losses of
these proteins by the fungal lineages coincide with key transi-
tions in their evolution: the loss of WASH complex marks the
switch from phagotrophy to extracellular digestion, and the
loss of WAVE complex along with the flagellum marks the transi-
tion from zoosporic to non-zoosporic fungi as an adaptation to
dry terrestrial habitats. In essence, Aphelida appear to have
emerged as a lineage capturing one of the niches explored by
the fungal ancestors before they transitioned to exclusively os-
motrophic nutrition, a niche tightly linked to predation on algae.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The strain X5 of Amoeboaphelidium protococcarum was part of the Collection of Algae of Leningrad University (CALU),"'®” currently
maintained at the stock collection of ZIN RAS. The strain was originally isolated from an algal enrichment culture of aqueous samples
collected from the hydrothermal springs near the Paratunka township in southern Kamchatka in August of 1966. The culture is main-
tained using the algal host Scenedesmus obliquus grown on a solid mineral medium'%® at 25°C in the presence of white light. For
genomic sequencing the cultures of A. protococcarum X5 and its algal host were treated with antibiotics to remove bacterial contam-
ination. An aliquot of A. protococcarum X5 cell suspension was incubated for 16 hours in a solution with kanamycin (40 pg/ml) and
streptomycin (100 ng/ml), collected by centrifugation, mixed with an aliquot of the axenic culture of S. obliquus and plated on a solid
culture medium containing ampicillin (100 pg/ml) and cefotaxime (100 pug/ml). The inoculated algal culture was incubated under
normal growth conditions for 2 weeks, producing plaques in the algal lawn as a result of the spread of the parasitoid. A single plaque
was then used for inoculating another aliquot of the algal culture and incubated to obtain sufficient material for sequencing.
Amoeboaphelidium protococcarum strain FD95 and Amoeboaphelidium occidentale strain FDO1 were isolated from outdoor algal
ponds of Scenedesmus dimorphus grown for biofuel production in New Mexico, USA. The parasitoids were detected in samples
collected from the ponds using microscopy and isolated by plaque-plating as described in Letcher et al.” Ten-fold serial dilutions
of the infected culture were placed in 96-well plates. One-tenth mL of each dilution was added to 1 mL of a saturated axenic culture
of S. dimorphus grown in modified artificial seawater media MASM(D) and 4 mL of 0.75% soft agar in 15 mL culture tubes. Culture
tubes were mixed thoroughly and poured onto solid agar plates. Plates were placed in an acrylic box maintained at 33°C with contin-
uous light (Utilitech Lighting 4100 K T8 light bulbs, 200 microEinsteins) and a CO, flow rate of 0.3 L/min. Plaques were generated in
approximately 5 to 7 days.

METHOD DETAILS

Genome sequencing and assembly

The DNA was extracted from plaques in algal cultures using a Diatom DNA Prep kit (Isogen Laboratory) after lysing the cells in the RLT
buffer (RNeasy kit, Qiagen) and incubating the lysate with silica-gel granules in solution with 1/3 volume of ethanol. The RNA was
extracted using an RNeasy kit (Qiagen) following the manufacturer’s protocol with on column DNase digestion. The genome
sequencing of Amoeboaphelidium species was done with an lllumina HiSeq 2000 system. The genomes of A. protococcarum strains
X5 and FD95 were sequenced using paired-end and mate-pair libraries, and the genome of A. occidentale strain FDO1 was
sequenced using a single paired-end library. The paired-end and mate-pair libraries were prepared following the TruSeq and Nextera
library preparation protocols (lllumina). Two paired-end and two mate-pair libraries were prepared for A. protococcarum X5 with the
estimated mean insert lengths of 170, 280, 3550, and 6950 bp. One paired-end and two mate-pair libraries were prepared for
A. protococcarum FD95 with the insert lengths of 320, 4700, and 7700 bp. The paired-end library for A. occidentale FDO1 was pre-
pared with an insert length of 320 bp. The 2x 100 bp read pairs were generated for each library, with the total number of read pairs in
the range of 17-20 million for the paired-end libraries and 24-29 million for the mate-pair libraries, which ultimately amounts to the
average sequencing depth of approximately 300x for A. protococcarum X5 and 150x for A. protococcarum FD95 and
A. occidentale FDO1.

Genomic assemblies were performed with Velvet®® using k-mer length of 77. Prior to assembly the reads were trimmed to remove
sequencing and junction adapters with Trimmomatic.>® For the assemblies of hybrid genomes of A. protococcarum X5 and FD95 the
maximum divergence rate and maximum gap count parameters of the Velvet assembler were set to 0 to avoid undue merging of
homoeologous genomic regions. The gaps in scaffolds were closed successively by the GapCloser of the SOAPdenovo package®
and the GapFiller®® programs. The genome assembly statistics were evaluated by QUAST.*®

The assemblies were screened for prokaryotic contamination by performing BLAST searches®’ against the NCBI non-redundant
database'® with translated ORF sequences predicted by MetaGene.”® Additional filtering was done for the assembly of
A. occidentale FDO1 using iterative ClaMS®°® to categorize several sources of contamination. Contigs with identified bacterial or eu-
karyotic contaminants or contigs shorter than 500 bp were discarded from the assemblies.

Genome annotation

Gene prediction in the genomes of A. protococcarum X5 and FD95 was done with Augustus®® using a non-standard genetic code:
TAA and TAG coding for glutamine. To assist the gene prediction we constructed and sequenced an RNA-Seq library for
A. protococcarum X5. The paired-end RNA-Seq library was prepared using the TruSeq library preparation protocol and sequenced
with a HiSeq 2000 system (lllumina) generating 11 million 100-bp read pairs. The reads were mapped to the assembly of
A. protococcarum X5 with TopHat261 and the mapping was provided to Augustus as extrinsic evidence for gene prediction. The
model parameters of Augustus were trained and optimized iteratively using predictions supported by the RNA-Seq data. The con-
structed Augustus model was used for gene prediction in both strains of A. protococcarum. Gene prediction in the genome of
A. occidentale FDO1 was performed with the MAKER2 pipeline®® using Augustus and GeneMark-ES®® gene predictors. The Augustus
model for A. occidentale was constructed using gene predictions reported by the CEGMA pipeline®* and the best scoring predictions
derived from the preliminary run of the MAKER2 pipeline. The UniProtKB/Swiss-Prot database’'® and Augustus gene predictions
from A. protococcarum were provided as homology based evidence in the annotation pipeline for A. occidentale. Repeats in the
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assemblies were identified by the RepeatModeler program®® and classified with the RepeatMasker®® using the 2014-01-31 repeat-
masker version of the Repbase.'"" Codon usage tables for predicted transcript sequences were generated with the Sequence
Manipulation Suite.®” Prediction of the genetic code in mitochondrial genomes was done with FACIL.®® Completeness of predicted
gene sets was evaluated using BUSCO.%°

Analysis of hybrid genomes

Similarity clustering of predicted transcript sequences in the genomes of A. protococcarum X5 and FD95 was performed with the cd-
hit-est program of the CD-HIT package.’° The following clustering algorithm parameters were used: accurate clustering mode (-g 1),
only +/+ strand alignment (-r 0) with an alignment bandwidth of 1000 (-b 1000); the final set of clusters was generated with the
sequence identity and length difference thresholds of 0.8 (-c 0.8 -s 0.8). The intra and intergenomic alignments of transcript se-
quences in the resulting clusters were done with the TranslatorX”" and MAFFT’? alignment programs using the “ciliate nuclear” ge-
netic code for amino acid-based nucleotide alignments. Analysis of intragenomic synteny was performed by identifying the colinear
blocks of homoeologous genes with MCScanX"® using the default parameters; all-vs-all search for predicted protein sequences was
done with BLAST.®” Genomic diagrams depicting the identified colinear regions were drawn with Circos.”*

For the alignments of “2+2” clusters, containing a homologous gene pair from each of the strains of A. protococcarum, we per-
formed phylogeny reconstructions using the UPGMA algorithm implemented in MEGA.”®> An UPGMA tree was constructed for each
cluster on the basis of nucleotide p-distance. The resulting tree topologies were classified into six categories according to the inferred
root position and the branching order of homologous genes from the two strains. The dominant tree topology (((X5,FD95),FD95),X5),
which was recovered in 3,968 out of 4,585 clusters, was then used to differentiate the homoeologous genes in intragenomic pairs: the
closest related genes of X5 and FD95 were classified as subgenomes “a” of the respective strains, and their deeper-branching ho-
moeologs were assigned to subgenomes “b”. For the estimates of genetic distances between the four subgenomes we selected a
total of 2,132 clusters where subgenome assignments were additionally supported by the adjacent genes in the genomic sequences.
The aligned transcript sequences representing each of the four subgenomes (X5a, X5b, FD95a, and FD95b) were concatenated into a
3.4 Mb alignment and analyzed as an unpartitioned dataset with BEAST2.”® The BEAST analysis was performed using the lognormal
relaxed clock, Yule model, and with GTR+G4+I substitution model parameters estimated from the data in 100 million MCMC sam-
ples. The generated trees were summarized with a 50% burn-in using the TreeAnnotator program and visualized with DensiTree.'"?
The values of synonymous and nonsynonymous divergence for the concatenate and for individual gene alignments were calculated
with the KaKs_Calculator2.0”” using the “ciliate nuclear” genetic code and the model averaging method of parameter estimation.

Variant calling

The variants in the three sequenced genomes were detected using read mapping of the respective paired-end libraries. Prior to map-
ping the sequencing reads were processed using the error correction module of the ALLPATHS-LG pipeline.”® The mapping of reads
to the genome assemblies was performed with bowtie2.”® The variants were called from the generated read alignments with
FreeBayes®’ using naive variant calling and filtered to remove calls with phred quality below 20. Potentially artefactual variants asso-
ciated with repetitive or poorly covered genomic regions were excluded by filtering out calls from the alignment regions with over
twice or below half the mean depth of coverage.

Dataset preparation for phylogenomic analysis

The dataset for phylogenetic reconstructions was assembled on the basis of orthogroup inference performed with OrthoFinder.®?
Orthogroups were generated from the genomic data of 52 opisthokont species, including the newly obtained Amoeboaphelidium
species, and 3 non-opisthokont species. The protein sequences were collected from the NCBI GenBank database (https://www.
ncbi.nlm.nih.gov/genbank/) and the JGI Genome Portal (https://genome.jgi.doe.gov/portal/). For orthogroup inference and phyloge-
netic analysis the protein sequences from both strains of A. protococcarum were clustered, and the clustered sequences were
treated as a single proteome of the A. protococcarum species. Data from the transcriptomes of Paraphelidium tribonemae'® and Par-
vularia atlantis''® were added to the dataset using bi-directional BLAST approach with the orthogroup sequences. Algal contamina-
tion was filtered from the Paraphelidium data using BLAST searches against the available stramenopile genomic (Nannochloropsis
gaditana, Phaeodactylum tricornutum, Thalassiosira pseudonana) and transcriptomic (Spumella elongata) data.

Prospective orthogroups for phylogenetic reconstructions were identified by enumerating species with a single ortholog in each
group. Orthogroups with the highest number of single gene representatives were inspected manually at the level of sequence align-
ments to ensure lack of artefactual or unexpectedly divergent sequences or spurious orthologies. Additionally, we considered several
orthogroups with multiple representatives per species, when they included easily distinguishable components of conserved macro-
molecular complexes, such as subunits of RNA polymerases, mini-chromosome maintenance complex components, structural
maintenance of chromosomes proteins, and proteasome subunits. In all such cases where the OrthoFinder algorithm failed to prop-
erly divvy up the group, orthologs were identified using phylogeny reconstructions. The orthogroups were selected from the candi-
date set through manual review, generally favoring longer and likely less compositionally-biased genes. No requirements were
applied to single gene phylogenies to avoid artificially influencing the analysis. Three hundred orthogroups were selected for phylo-
genetic reconstructions, aiming for a total of approximately 100K sites — a tradeoff between the alignment length and the available
computational resources. Orthologous sequences were aligned using MAFFT’? with the L-INS-i algorithm. The alignments were in-
spected using BioEdit®® and ambiguously aligned regions were excluded using a custom-made mask. The trimmed alignments were
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concatenated using SCaFoS®* into a matrix with 113,270 aligned amino acid sites. Constant sites were eliminated from the full
concatenated alignment to reduce computation time, resulting in a 100,256-site alignment for phylogenetic reconstructions.

Site-specific rates in the concatenated alignment were estimated with IQ-TREE®® using the LG+C60+F+G4 evolutionary model.
Alignments for the data removal analysis were generated by iteratively discarding 10% of the fastest-evolving sites. Compositional
heterogeneity in the alignment partitions was evaluated using the relative composition frequency variability (RCFV) metric.''* The
RCFV values were calculated for the 300-gene alignment using BaCoCa.®® The partitions were rated by the respective RCFV values
(ranging from 0.06 to 0.29) and discarded in batches comprising approximately 10% of the alignment sites starting from the most
heterogeneous partitions. Recoding of the concatenated alignment was done using the Dayhoff recoding scheme with 6 amino
acid groups: AGPST, DENQ, HKR, MIVL, WFY, C,""* via the recode option of the PhyloBayes program.®®

The gene subsampling procedure was carried out using the random resampler tool of the PhyloFisher package.®® Datasets were
generated by randomly sampling 20%, 40%, 60%, or 80% of the genes in the 300-gene dataset. Forty replicates were generated
by sampling 20% of the dataset, twenty replicates by sampling 40%, ten replicates by sampling 60%, and five replicates by
sampling 80%.

Phylogenomic analyses

Bayesian inference with the concatenated 300-gene alignment was performed with PhyloBayes MPI®® using the CAT-GTR+G4
model — an evolutionary model with site-specific profiles, global substitution rates inferred from the data, and across-site rate vari-
ation with 4 discrete Gamma-distributed categories. Analysis of the Dayhoff-recoded 300-gene alignment was performed similarly
with the CAT-GTR+G4 model and utilizing the special alphabet. The inference for each dataset used four independent chains that
were run for 10,000 cycles each. The consensus trees were constructed on the basis of all four chains, sampled with a 50%
burn-in and a frequency of 0.02.

Maximum likelihood analyses with the concatenated 300-gene alignment and the alignments generated by the subsampling pro-
cedure were performed with IQ-TREE.®® Tree inference with IQ-TREE was done using the LG+C60+F+G4 evolutionary model: the LG
substitution matrix combined with a 60-profile mixture model, empirical AA frequencies, and 4 categories for Gamma-distributed
rates. Node support for the IQ-TREE analysis was evaluated using the ultrafast bootstrap approximation''® with 1000 replicates
and the nearest neighbor interchange tree optimization. Box plots summarizing the support values for the bipartitions of interest
across the subsampling replicates were drawn using the Python data visualization library Seaborn.*”

Approximately unbiased (AU) tests''” were performed by IQ-TREE with the site-wise likelihoods estimated using the LG+C60+
F+G4 evolutionary model. The tree obtained by IQ-TREE with the complete alignment was used as the starting tree for evaluating
the alternative hypotheses. The AU tests were conducted for the complete 300-gene alignment and the alignment variants generated
by the site or partition removal procedures. Alternative tree topologies for testing were constructed using the MEGA software.”®

Molecular dating

Estimation of divergence ages was performed using PhyloBayes.?” The constrained phylogeny for the analysis was obtained by
reconciling the conflicting nodes of the PhyloBayes trees with the ML tree obtained for the 300-gene dataset. Three calibration points
were applied, based on the proposed links between the evolution of Streptophyta and Fungi''® and the available fossil record for
animals. We limited the maximal age of true fungi to 890 Ma, linking it to the previously estimated upper bound for the emergence
of Streptophyta''® — a connection motivated by the reported shared appearance of pectin-degrading capabilities in the fungal line-
age.'*° The minimal age for the divergence of mycorrhizal fungi was set to 470 Ma — a lower bound linked to the estimated emergence
of land plants."'® The third constraint (550-636 Ma) was applied to the radiation of bilaterian animals, confining it to the Ediacaran
period, based on the fossil data.’>’ A gamma of mean 2000 and standard deviation 2000 million years were used for the prior on
the age of the root.

To make computations with a complex model more feasible we subsampled the original 300-gene dataset, selecting only 30 genes
with the most clock-like behavior: the genes were selected using SortaDate”’ favoring the lowest root-to-tip variance in individual
gene trees. Individual gene phylogenies were reconstructed using IQ-TREE®® with automatic model selection by ModelFinder."??
Prior to molecular dating analysis we confirmed that the 30-gene alignment (14,318 sites) reproduced the phylogeny fixed for the
analysis, by reconstructing the ML tree with IQ-TREE. The PhyloBayes analysis was run under the lognormal relaxed clock model'?®
with the substitution process defined by the CAT-GTR+G4 model. Two analysis chains were run for 60,000 cycles, monitoring the
behavior of optimized parameters using the Tracer tool.”” The age estimates were obtained by summarizing one of the analysis
chains, using a 25% burn-in and sampling 100 data points.

Inference of ancestral gene families

For the analysis of gene family content evolution we treated the orthologous groups reconstructed using OrthoFinder'?* as synonyms
of gene families. Genomic data for the following species were used for the analysis: Neurospora crassa, Magnaporthe oryzae, Asper-
gillus niger, Tuber melanosporum, Yarrowia lipolytica, Saccharomyces cerevisiae, Ascoidea rubescens, Saitoella complicata, Schiz-
osaccharomyces pombe, Puccinia graminis, Ustilago maydis, Malassezia globosa, Wallemia mellicola, Cryptococcus neoformans,
Dacryopinax primogenitus, Coprinopsis cinerea, Rhizophagus irregularis, Mortierella verticillata, Umbelopsis ramanniana, Phycomy-
ces blakesleeanus, Mucor circinelloides, Syncephalis plumigaleata, Basidiobolus meristosporus, Conidiobolus coronatus, Ramican-
delaber brevisporus, Linderina pennispora, Coemansia reversa, Allomyces macrogynus, Catenaria anguillulae, Blastocladiella
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britannica, Piromyces finnis, Gonapodya prolifera, Rhizoclosmatium globosum, Chytriomyces sp. MP71, Spizellomyces punctatus,
Globomyces pollinis-pini, Batrachochytrium dendrobatidis, Amoeboaphelidium occidentale, Amoeboaphelidium protococcarum;
Rozella allomycis, Mitosporidium daphniae, Fonticula alba, Sphaeroforma arctica, Capsaspora owczarzaki, Salpingoeca rosetta,
Monosiga brevicollis, Amphimedon queenslandica, Nematostella vectensis, Homo sapiens, Capitella teleta, Drosophila mela-
nogaster, Thecamonas trahens, Dictyostelium discoideum, Acanthamoeba castellanii. The predicted genes in A. protococcarum
strains X5 and FD95 were clustered into a non-redundant gene set, representing the A. protococcarum species, as detailed in the
hybrid genome analysis section. The searches for the OrthoFinder workflow were performed using the BLAST algorithm.®” For
computational tractability only families found in at least two species were used in the analysis (18,062 families). Identification of
ancestral families and inference of gains and losses were performed with the software package Count” using two approaches:
the Dollo parsimony principle and the probabilistic birth-and-death model. The family-specific rates of loss, gain, and duplication
along with edge lengths were optimized for the birth-and-death model using 3 Gamma-distributed categories. The optimization
was performed iteratively in 5 steps, progressively increasing the model complexity, per recommendation in the manual. The
maximum number of rounds for optimization and the convergence delta used default values: 100 and 0.001, respectively. For 87 fam-
ilies where the posterior probability calculations returned a “NaN” error, the birth-and-death modeling results for family presence,
gains, and losses were substituted with simple Dollo parsimony calculations.

Functional annotation

The predicted proteomes of Amoeboaphelidium species were annotated using the KEGG database.'?® KEGG orthology (KO) assign-
ments were generated by the KEGG Automatic Annotation Server® using the bi-directional best hit method and the default score
threshold. Pathway mappings were done using the KEGG Mapper annotation tool.”®> Comparative analyses of KEGG annotations
in aphelids and other holomycotan species were performed on the basis of KO assignments generated for each of their proteomes:
the results of orthology assignments were summarized with a comparative table, incorporating the KEGG BRITE classification sys-
tem for orthologs. The KO assignments for each species were reduced to the KO presence/absence data, and the ancestral holo-
mycotan KO entries were determined using the Count software®® and the Dollo parsimony principle. The violin plot and the heatmap
of KO entry counts for each genome in a selection of functional categories defined by BRITE were created using the Python data
visualization library Seaborn.

Analysis of carbohydrate-active enzymes
Carbohydrate-active enzymes (CAZymes) were searched and classified with the dbCAN2 meta server®® using a union of HMMER®”
and Hotpep'?® annotations. To obtain accurate counts of orthologous CAZymes in aphelids, we reconstructed phylogenies for all
OrthoFinder-inferred orthogroups containing aphelid CAZymes, and inspected the trees for monophyletic groupings of aphelid se-
quences. The orthogroup alignments were prepared with MAFFT"? using the L-INS-i algorithm, and trimmed with trimAI®® using the
-gappyout option. The phylogenies were reconstructed by IQ-TREE®® with the LG+C20+F+Gé4 evolutionary model. The heatmap
featuring CAZyme counts in aphelids and other holomycotan species was created with the Python data visualization library Sea-
born,’® and the hierarchical clustering of CAZyme families was done using the Ward’s method and binary distance measure, imple-
mented in R."?” Prediction of signal peptides in aphelid CAZymes was performed with SignalP using default score thresholds.®’
Domain architectures of chitin synthases (CHSs) were examined using Pfam'?® and InterPro'*° database searches. The dataset of
holomycotan CHSs was assembled from a sample of 21 holomycotan species, where the CHS sequences were identified by profile
searches with the Pfam domain families “chitin synthase 1” (PF01644) and “chitin synthase 2” (PF03142). The dataset of GH5 family
sequences was assembled on the basis of the sequence set examined by Aspeborg et al.,>* and expanded here with Pfam domain
PF00150 searches in the genomes of fungal species and early-branching holomycotans. The datasets for CAZyme families with ap-
helid HGT candidates (GH1, GH81, GT2, GT34) were assembled using OrthoFinder-inferred orthogroups and expanded further with
BLAST®’ searches against the NCBI’s non-redundant database'%° and with sequences found in the corresponding OrthoMCL-DB'*°
ortholog groups. Sequence alignments for all datasets were generated with MAFFT"? using the L-INS-I algorithm. For the alignment
of CHS sequences we used a custom mask to eliminate columns outside of the core chitin synthase domain; the alignments of GH5
family sequences and families with HGT candidates were processed with trimAI°® using the -gappyout option or a gap threshold of
0.2, adjusted to exclude unreliable alignment regions while preventing overtrimming. The trees were reconstructed with IQ-TREE®®
using the LG+C20+F+G4 evolutionary model for the CHSs and GH5 family alignments or automatic best-fit model selection by
ModelFinder'#? for HGT candidate alignments, and the node support was estimated with ultrafast bootstrap''® and 1000 replicates.
Approximately unbiased (AU) tests''” for aphelid CAZyme HGT candidates were performed with IQ-TREE using best-fit models for
each dataset.

Chitin staining

Chitin was detected using the wheat germ agglutinin tetramethylrhodamine conjugate (Life Technologies). Samples of Amoeboaphe-
lidium protococcarum strain X5 were collected from plaques in the inoculated algal cultures of Scenedesmus obliquus grown on a
solid mineral medium. Collected samples were suspended in distilled water, incubated for 10 min with the dye at 5 ng/ml concen-
tration, and imaged using an inverted microscope Zeiss Axiovert 200M. Photographs were taken with the ORCAII-ERG2 CCD-cam-
era and processed using ImageJ software.'?°
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Global search for horizontally transferred genes

A genome-wide search for HGT candidates in aphelid genomes was performed using an Alien Index (Al) analysis'®! with a taxonom-
ically broad selection of 67 opisthokont species and 291 non-opisthokont species acquired from the UniProt reference proteomes
database.''® We used an Al threshold of 23, which roughly corresponds to an E-value difference of ten orders of magnitude between
the best hit in non-opisthokont and opisthokont species, to identify an initial set of HGT candidates. This initial set was scrutinized
further using phylogenetic analyses and BLAST searches®’ against a wider set of species. To obtain orthologous groups for phylo-
genetic reconstructions we used OrthoFinder clustering'®* with the selected set of 358 reference proteomes plus two aphelid spe-
cies. Similarity searches in OrthoFinder were carried out using DIAMOND.°" The OrthoFinder-inferred orthogroups containing ap-
helid HGT candidates were aligned using MAFFT’? with the L-INS-i algorithm and processed with trimAI°® using a gap threshold of
0.1. Phylogenetic reconstructions were performed by IQ-TREE®® using ModelFinder'?? for automatic best-fit model selection, and
evaluating support using ultrafast bootstrap’'® with 1000 replicates. By relying on the obtained phylogenies and alignment inspection
we filtered the 442 initial findings in 203 orthogroups, discarding dubious candidates that fell into clusters with UFBoot support below
95% or generally had poorly resolved phylogenetic affinities or grouped with opisthokont species. Additionally, we identified and
excluded multiple candidates picked up through spurious matches over architectures with expansions of repeat domains, such
as Ankyrin, Kelch, and WD40. The filtered set of aphelid HGT candidates, which included 193 findings in 98 orthogroups, was queried
against the entire reference proteomes database and the NCBI non-redundant database'“ to check for agreement between the phy-
logeny-derived taxonomic affiliations and similarity search results, and determine the likely source of horizontal transfer. Annotations
for the HGT candidates were acquired using InterProScan searches. '

Analysis of protein kinases
Identification and classification of protein kinases was performed with Kinannote ~~ using non-metazoan classification setting and
built-in cutoffs. The sequences of catalytic domains of identified protein kinases in aphelids were aligned with MAFFT’? using the
L-INS-i algorithm and trimmed with trimAI°® using a gap threshold of 0.5. The tree of aphelid protein kinases was reconstructed
from the trimmed alignment of catalytic domains with IQ-TREE®® using the LG+C20+F+G4 evolutionary model, with node support
estimated by ultrafast bootstrap’'® with 1000 replicates. The domains in protein kinases were explored using HMMER searches®’
with the PfamScan tool against the Pfam database.'?® Transmembrane regions were predicted with the TMHMM program'%* and
secretory signal peptides were predicted with SignalP®° using default score thresholds. The illustration of aphelid protein kinase phy-
logeny with the domain architectures was drawn using the iTOL service.®' The predicted extracellular regions of kinases in the ap-
helid TKL assemblage were explored by constructing alignments of full kinase sequences and identifying archetypes for the domain
architectures in each sequence cluster. The repeat units found in these extracellular regions were aligned by MAFFT’? and classified
using HMM searches with the HH-suite'®° against the Pfam database.'*®

Hybrid histidine kinases were detected in aphelids by BLAST searches.®” The identified hybrid histidine kinase sequences were
added to the dataset of Hérivaux et al.,*" and aligned with MAFFT’? using the L-INS-i algorithm. The alignment was trimmed by
trimAI°® using a gap threshold of 0.1, and the phylogeny was reconstructed by IQ-TREE®® using the best-fitting LG+R6 evolutionary
model, with node support estimated by ultrafast bootstrap''® with 1000 replicates. Domain architectures of aphelid sequences were
explored using SMART analysis service.'%®

103

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical support for reconstructed phylogenies was evaluated using parameters specific to each of the employed programs.
Bayesian inference with PhyloBayes®® used four independent chains for each analysis. The chains were run for 10,000 cycles
each and sampled with a frequency of 0.02. The consensus tree and posterior probability values were obtained by sampling all
four analysis chains with a 50% burn-in. Chain convergence details were checked using the bpcomp utility of the PhyloBayes soft-
ware, and the effective sample sizes were inspected using the Tracer tool.”> We note that the analyses fail to achieve convergence
across chains: maximal difference between bipartitions is 1.0. Support values for the ML phylogenies reconstructed with IQ-TREE®®
were calculated using ultrafast bootstrap approximation UFBoot.''® Bootstrap support calculations utilized 1,000 replicates and the
nearest neighbor interchange tree refinement. Hypothesis testing for tree topologies was carried out with IQ-TREE using 10,000 rep-
licates for multiscale bootstrap. The alternative tree topologies were evaluated by the approximately unbiased (AU) test''” p-values,
with the criterion for rejection defined by the 0.05 significance level. Tree topologies tested with the phylogenomic dataset and the
corresponding AU test p-values are summarized in Table S1. The subsampling procedure for the phylogenomic dataset was carried
out using the random resampler tool of the PhyloFisher package.®® Confidence level for sampling all genes in the dataset was set in
excess 0of 99.9%. Forty replicates were generated by sampling 20% of the dataset, twenty replicates by sampling 40%, ten replicates
by sampling 60%, and five replicates by sampling 80%. Ultrafast bootstrap support values for bipartitions across subsampling rep-
licates are summarized in Figure S3B using box plots with a 1.5 interquartile range threshold to specify outliers.
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Figure S1. Characteristics of hybrid genomes of A. protococcarum. Related to Figure 1. (A)
Clustering of transcripts in the genomes of A. protococcarum strains X5 and FD95. The cd-hit clustering
was performed with a varying identity threshold (from 100% to 80% with a step of 1%), for each value of
the threshold the graphs show the number of genes that fall in clusters of size 2 (red), clusters with over 2
members (blue) or remain singular (black). (B) Distributions of per-site synonymous divergence (Ks)
values between the gene pairs in the genomes of A. protococcarum strains X5 and FD95. (C) Similarity
clustering of pooled transcripts from the genomes of A. protococcarum strains X5 and FD95, and UPGMA
tree inference for clusters containing a gene pair from each of the strains. The cd-hit clusters of all
predicted transcripts in the genomes of X5 and FD95 were classified into categories according to the
number genes from each strain that formed the cluster; sequences in clusters with a pair of genes from
each strain (“2+2” clusters) were aligned and their phylogenetic relationship was inferred using the
UPGMA method - the resulting trees were classified into the six topologies depicted in the diagram. (D)
Estimates of synonymous divergence (Ks), nonsynonymous divergence (Ka), and divergence time in
substitutions per site in the concatenated alignments of “2+2” cluster sequences following subgenome
assignments of homoeologous genes. (E) Histograms of variant frequencies (minor variant to read depth
ratios) in the mappings of paired-end reads to genome assemblies of A. protococcarum strains X5 and
FD95 and A. occidentale strain FDO1.
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Figure S2. Mitochondrial genome assemblies of A. protococcarum and A. occidentale. Related to
Figure 1. (A) Mitochondrial genome maps of A. protococcarum strains X5 and FD95. (B) Mitochondrial
contigs of A. occidentale strain FDO1. All genes in the mitochondrial genomes of A. protococcarum are
encoded on a single strand; they include 13 respiratory complex components, small and large subunits of
ribosomal RNA, with the latter one split into 2 parts (rrnLa and rrnLb), 4 transfer RNAs, and homing
endonuclease genes (HEGs) — 7 in X5 and 8 in FD95. The mitochondrial genome in A. occidentale is
found in 3 contigs and contains no introns or HEGs; the average read coverage of the 8 Kb contig is
approximately 2.5 times higher than the coverage of the shorter contigs. The overlaps between contigs of
A. occidentale are represented with light blue and dark blue arrowheads. (C) Two possible models for the
assembly of a 26,157 bp circular mitochondrial genome for A. occidentale with the 8 Kb contig
incorporated as an inverted repeat.
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Figure S3. Assessment of the influence of gene subsampling on the stability of phylogeny and
divergence date estimates using time-calibrated analysis. Related to Figure 2. (A) IQ-TREE
maximum likelihood reconstruction with the 300-gene alignment using the LG+C60+F+G4 evolutionary
model; node support was calculated using the ultrafast bootstrap approximation with 1000 replicates;
nodes with support values below 100% are marked in red. (B) Impact of gene subsampling on the
bipartitions of interest; the 300-gene dataset was used to randomly sample 20%, 40%, 60%, and 80% of



genes, which were concatenated and analyzed with IQ-TREE; 40 replicates were generated for the 60-
gene dataset, 20 replicates for the 120-gene dataset, 10 replicates for the 180-gene dataset, and 5
replicates for the 240-gene dataset; ultrafast bootstrap support values for bipartitions across replicates
are presented using box plots with a 1.5 interquartile range threshold to specify outliers. (C) Time-
calibrated phylogeny inferred by PhyloBayes under the CAT-GTR model using a 30-gene dataset — a
subset of the 300-gene dataset, selected for most clock-like behavior; green bars at the tree nodes
represent 95% confidence intervals for posterior probability estimates of divergence times; the analysis
was performed under a lognormal autocorrelated relaxed clock model with three calibration points (nodes
marked with yellow crosses): setting the maximal age of true fungi at 890 Ma, the minimal age for the
divergence of mycorrhizal fungi at 470 Ma, and confining the divergence of the bilaterian lineage within
the 550-636 Ma time interval; the maximal and minimal ages for fungal divergences are motivated by the
proposed links between the evolution of streptophytes and fungi®', and the previously estimated bounds
on the emergence of streptophytes and land pIantsSZ; the estimated evolutionary rates of branches (in
substitutions per site per million years) are presented using a color gradient.
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Figure S4. Comparative analysis of functional annotations for the genomes in Holomycota using
KEGG. Related to Figure 3. (A) Distributions of annotated KEGG orthology (KO) counts in holomycotan
genomes by functional categories, according to the KEGG BRITE classification; the distributions, shown
as grey violin plots, were constructed from the genomic data of 40 holomycotan species, annotated using
KAAS; KO annotations for each genome were reduced to KO presence/absence data; KO counts for the
genomes of A. occidentale and A. protococcarum are shown as blue and red data points, respectively.
(B) Heatmap of KO entries (presence/absence data) for BRITE functional categories in the genomes of
holomycotan species, normalized to the inferred counts of unique KOs in the last common ancestor of
Holomycota.
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Figure S5. Heatmap of CAZy family member counts in the genomes of 54 eukaryotic species.
Related to Figure 4. The coloring intensity is scaled logarithmically (scale bar to the right); CAZy families
are clustered on the basis of binary presence/absence profiles in the inspected genomes using the
Ward's method; families containing characterized enzymes with plant cell wall degrading activities are
marked with colors: cellulolytic — green, hemicellulolytic — orange, pectin-degrading — blue; families were
the two Amoeboaphelidium species have shared orthologous groups are marked with a red frame; white
asterisks for aphelid families denote presence of sequences with a predicted secretory signal peptide.
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Figure S6. Maximum likelihood phylogenetic trees for GH5 family sequences and horizontal gene
transfer candidates among the aphelid CAZymes. Related to Figure 4. (A) Phylogenetic tree with
GHB81 family endoglucanases; aphelid sequences are marked in red, bacterial sequences are in dark
blue, and archaeal in light blue; eukaryotic cluster includes fungal, streptophyte and algal sequences;
black circles on tree branches correspond to 100% UFboot support in the analysis; alternative
placements for aphelid sequences, which were examined using the AU test, are labeled with triangles on
tree branches: the placements rejected by the AU test at the 5% level are labeled with red triangles; for
GHB81 family we tested three alternative positions for aphelids within the cluster of eukaryotic sequences,
by placing them at the bases of three fungal clusters — all alternatives were rejected by the test. (B)
Phylogenetic tree with GH5 family sequences; the tree was reconstructed using the LG+C20+F+G4
model with an alignment of 1,431 Cellulase GH5 domain (PF00150) sequences; GH5 subfamilies and the
corresponding subtrees are indicated in color and labeled on the outer rim of the diagram; subfamily
classification and the initial sequence set are based on Aspeborg et al., 2012%° — the sequence set from
the 2012 study was expanded with PFO0150 domain hits from aphelid, rozellid, and fungal GH5 family
enzymes; aphelid sequences in the tree are shown in red and highlighted on the rim of the diagram with
red pins. (C) Phylogenetic tree with GH1 family SFR2 homologs; the tree colors and labels are as in (A),



additionally, green marks chlorophyte and streptophyte sequences/clusters, hapthophytes are marked in
orange, and fungal sequences with magenta; a green triangle on the bacterial branch marks an
alternative position for aphelid sequences that was not rejected by the AU test (p-value 0.165). (D)
Phylogenetic tree with GT2 family putative mannosyltransferases; using the same color scheme and
labels as in (A) and (C). (E) Phylogenetic tree with GT34 family putative xylosyltransferases; using the
same color scheme and labels as in (A) and (C). The putative enzyme activities for (C-E) are based on
the characterized enzymes of Arabidopsis thaliana most closely related to the aphelid sequences.
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Figure S7. Phylogeny of hybrid histidine kinases with aphelid sequences. Related to Figure 5.
Maximum likelihood phylogenetic tree was reconstructed by IQ-TREE with the LG+R6 model using an
alignment of hybrid histidine kinase regions spanning the conserved Histidine Kinase A, ATPase, and the
Receiver domains; the dataset of hybrid histidine kinases along with the sequence names and group
designations are based on the Herivaux et al., 2017%% branch support was evaluated using UF bootstrap
with 1,000 replicates; highly-supported groups are collapsed in the tree; aphelid sequences are marked
with red color and the corresponding protein domain architectures are depicted on the right; EtBD —

ethylene binding domain.
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