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In Brief

Tikhonenkov et al. report a new lineage of

predatory protists (Tunicaraptor) related

to animals, challenging the existing

phylogenomic framework used to

reconstruct the evolution of ‘‘animal-

specific’’ genes. This protist highlights

the notion that eukaryovorous flagellates

may represent a major fraction of the

unicellular relatives of animals.
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SUMMARY

The origin of animals is one of the most intensely studied evolutionary events, and our understanding of this
transition was greatly advanced by analyses of unicellular relatives of animals, which have shown many ‘‘an-
imal-specific’’ genes actually arose in protistan ancestors long before the emergence of animals [1–3]. These
genes have complex distributions, and the protists have diverse lifestyles, so understanding their evolu-
tionary significance requires both a robust phylogeny of animal relatives and a detailed understanding of their
biology [4, 5]. But discoveries of new animal-related lineages are rare and historically biased to bacteriovores
and parasites. Here, we characterize themorphology and transcriptome content of a new animal-related line-
age, predatory flagellate Tunicaraptor unikontum. Tunicaraptor is an extremely small (3–5 mm) and morpho-
logically simple cell superficially resembling some fungal zoospores, but it survives by preying on other eu-
karyotes, possibly using a dedicated but transient ‘‘mouth,’’ which is unique for unicellular opisthokonts. The
Tunicaraptor transcriptome encodes a full complement of flagellar genes and the flagella-associated calcium
channel, which is only common to predatory animal relatives and missing in microbial parasites and grazers.
Tunicaraptor also encodes several major classes of animal cell adhesion molecules, as well as transcription
factors and homologs of proteins involved in neurodevelopment that have not been found in other animal-
related lineages. Phylogenomics, including Tunicaraptor, challenges the existing framework used to recon-
struct the evolution of animal-specific genes and emphasizes that the diversity of animal-related lineages
may be better understood only once the smaller, more inconspicuous animal-related lineages are better
studied.

RESULTS

Novel Unicellular Relative of Animals and Phylogeny of
Basal Holozoans
The novel free-living predatory species Tunicaraptor unikontum

(see Data S3 for formal taxonomic diagnosis) was isolated

from coastal marine waters of Chile. Tunicaraptor are small

(3.5–5.1 mm long), swimming, elongated-oval cells with a single

posterior flagellum (Figures 1A–1D, 1I, 1J, and 1M), resembling

animal sperm or zoospores of chytrid fungi and aphelids. It rarely

produces short filopodia (Figure 1L), and solitary cells can form

temporary aggregates of 3–6 flagellated or non-flagellated cells

(Figure 1E). Tunicaraptor feeds on eukaryotic prey and could not

be sustained on bacteria alone. Cells can feed jointly on a single

prey cell (Figures 1F–1H; Video S1) and form aggregations dur-

ing feeding. Except for the flagellum and a small anterior patch

(the ‘‘mouth’’; Figures 1K and 1Q), the entire cell is covered by

external envelope (theca) bearing long (~110 nm) external hairs

(Figures 1N, 1O, and 1Q). Dedicated mouth-like feeding struc-

tures are common in predatory biflagellate eukaryotes in general
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Figure 1. Morphology and Ultrastructure of Tunicaraptor unikontum

(A–H) Light microscopy, differential interference contrast (DIC); (I–L) scanning electron microscopy; (M [whole mount] and N–S [cell sections]) transmission

electron microscopy.

(A–C, I, and J) General view of the cell with posterior flagellum (fl), (D) binary fission (cytokinesis), (E) cell aggregation, (F–H) joint feeding on eukaryotic prey (pr) (see

also Video S1), (K) cell with small break (mouth [mo]) of the theca at the anterior end, (L) cell with filopodium (f), (M) cell bears acroneme (ac) on the flagellum, and (N

and O) longitudinal sections of the vegetative cell showing organelle disposition. Note unstable nuclear position in the cell depending of food uptake: (O) cell

before feeding: elongated with anterior nucleus (n) and flagellum and kinetosome (kn) posteriorly; (N) cell after feeding: roundedwith food vacuoles (fv) shifting the

nucleus (n) backward.

(legend continued on next page)

ll

2 Current Biology 30, 1–10, November 16, 2020

Please cite this article in press as: Tikhonenkov et al., New Lineage of Microbial Predators Adds Complexity to Reconstructing the Evolutionary Origin
of Animals, Current Biology (2020), https://doi.org/10.1016/j.cub.2020.08.061

Report



[6] but unknown in unicellular opisthokonts. Importantly, anterior

mouth in Tunicaraptor is not associated with the flagellar pocket

and apparatus, unlike the ancestral bikont mouth structure. Two

orthogonal centrioles are interconnected by a bridge, associated

with the Golgi apparatus, posterior to the nucleus (Figure 1R).

Centrioles migrate to the cell surface, and one develops the

lateral microtubular root and a flagellum, although the other ro-

tates to an acute angle to the kinetosome (Figure 1S). The cell

interior also contains prominent food vacuoles (Figures 1N, 1R,

and 1S) and a mitochondrion with flat cristae associated with

lipid globules (Figure 1P).

We assessed the environmental diversity of Tunicaraptor by

comparing its small subunit ribosomal RNA (SSU rRNA) to all

available data from environmental surveys of microbial diversity.

Despite the existence of large SSU rRNA databases from meta-

genomics and barcode surveys from a wide variety of environ-

ments, we found Tunicaraptor is not related to any known lineage

of environmental sequences, including any of the currently

recognized lineages of abundant uncultured opisthokonts (e.g.,

marine opisthokonts [MAOPs]; Figure S1A) [7–9].

Interpreting the evolutionary significance of animal-specific

genes in unicellular relatives depends on a well-resolved phylog-

eny, and recent advances appear to suggest that phylogenom-

ics is converging on a well-supported framework for the

holozoan tree [4, 10, 11]. The phylogenetic position of Tunicarap-

tor in this tree was addressed by adding the transcriptomic data

to a novel 200-gene dataset that partially overlaps (Figure S2A)

with previously analyzed datasets [4, 11]. The dataset was con-

structed on the basis of OrthoFinder orthology inference with

genomic data and augmented with transcriptomic data using

bi-directional similarity searches (STAR Methods). To eliminate

contaminating bacterial or eukaryotic prey sequences, the tran-

scriptomic data and each individual alignment were screened

and inspected for potential contamination.

Previous phylogenomic studies led to a generally strongly sup-

ported opisthokont phylogeny in both Bayesian and maximum

likelihood analyses. However, with the addition of Tunicaraptor,

PhyloBayes reconstruction leads to an unresolved phylogeny

because several key nodes lacked convergence between the

chains (Figure 2A). Individual chains consistently support a sister

relationship of Filasteria to a clade uniting choanoflagellates and

animals, but the positions of Pluriformea and Tunicaraptor vary

between chains. The consensus tree places Pluriformea closer

to the filasterian-choanoflagellate-animal group (Filozoa), but Plu-

riformea is sister to Ichthyosporea in 1 out of 4 chains (both alter-

natives having been observed previously) [10, 11]. The position of

Tunicaraptor is even less certain—it is recovered in different posi-

tions in all four chains: sister to either Filasteria, Pluriformea, and

Filozoa or as the earliest diverging holozoan lineage.

Maximum likelihood (ML) analysis resulted in a different tree

topology altogether, uniting Filasteria, Ichthyosporea,

Pluriformea, and Tunicaraptor into a monophyletic assemblage

(Figure 2B), with Filasteria and Tunicaraptor branching with Plu-

riformea. The ML tree is both weakly supported and at odds with

the Bayesian inference. Furthermore, ML trees omitting Plurifor-

mea and Tunicaraptor sequences recover the conventional rela-

tionship of Filasteria and Ichthyosporea as separate holozoan

lineages with high support (Figure 2C).

The lack of phylogenetic congruence prompted us to investi-

gate the position of T. unikontum using previously published da-

tasets. Adding Tunicaraptor to a 255-gene dataset derived from

eukaryote-wide phylogenomic studies [11, 12] and to an 87-

gene single-copy protein domain dataset (BVD57) from Grau-

Bove et al. [4] both result in Tunicaraptor branching with Filaste-

ria (with 71%–85% ultrafast bootstrap support) in ML analyses

but disagree on the placement of Pluriformea (Figures S1B and

S1C).

Hypothesis testing with 105 possible tree topologies does not

fully reconcile the analyzed datasets. Three phylogenetic posi-

tions for T. unikontum could not be rejected: sister to Filasteria;

Filozoa; or to all other Holozoa (Figure S3; Data S1). The latter to-

pology is rejected using the 255-gene dataset after the removal

of fast-evolving sites, but not with other datasets. The sister

group relationship of Pluriformea and Ichthyosporea is also re-

jected by the 255-gene dataset following the fast site removal

but is favored using the BVD57 dataset. Among the three align-

ments, the 200-gene dataset is the most permissive in the tests:

at least 11 topologies were not rejected at a 5% significance

level in any variation of the site removal analysis (Data S1). This

includes topologies with a monophyletic union of Filasteria, Ich-

thyosporea, Pluriformea, and Tunicaraptor, which are generally

rejected by the other two datasets.

To examine the influence of taxonomic sampling, we

expanded both previously published datasets to conform to

the taxa represented in the 200-gene alignment. All three align-

ments show similar degrees of mutational saturation (Figures

S2B–S2D), suggesting that the incongruence does not stem

from different evolutionary rates. ML reconstruction with the

expanded BVD57 alignment does not change the topology but

lowers support of several nodes, including the grouping of Tuni-

caraptor with Filasteria (Figure S1D). Taxonomic expansion of

the 255-gene alignment, in contrast, results in a different topol-

ogy, including a highly supported monophyletic assemblage of

Filasteria, Ichthyosporea, Pluriformea, and Tunicaraptor (Fig-

ure S1E), suggesting taxonomic sampling is a significant factor

in this dataset.

Finally, we attempted to reconcile these differences by

combining all three datasets into a 395-gene alignment, span-

ning a total of 155,000 positions. ML reconstruction recovers

themonophyletic union of Filasteria, Ichthyosporea, Pluriformea,

and Tunicaraptor. The analysis also supports a specific relation-

ship between Tunicaraptor and Filasteria and providesmoderate

(P) Cell interior showing a mitochondrion (m) associated with lipid globules (l), nucleus (n), and food vacuoles (fv); (Q) anterior end with theca break and proposed

cytostomal structures: a vacuole (v) attached to the plasma membrane and associated with microtubules (arrows) and microfilaments (arrowheads). Tunica

consists of internal dense layer (t) and long external hairs (h); (R) two centrioles (c) at orthogonal planes to each other with lateral microtubular root (lr) produced by

future kinetosome are shown. Centrioles are connected to each other by bridge (br) and associated with Golgi apparatus (Ga), which locates by the nucleus (n).

Lipid globule (l) forming in the food vacuole (fv) is visible.

(S) Longitudinal section of flagellar apparatus shows kinetosome (kn) with flagellum (fl) and centriole (c) connected to kinetosome by bridge (br) and lying in one

plane at acute angle to it. Golgi cisterns (Ga) underline both the kinetosome with lateral root (lr) and centriole.

See Data S3 for details. Scale bars, (A–H) 5 mm; (I–L) 1 mm; (M) 2 mm; (N and O) 1 mm; (P and R) 500 nm; and (Q and S) 200 nm.
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support for a relationship between Pluriformea and Ichthyo-

sporea (Figure 2D). Support for the monophyletic union of early

holozoans is high in the ML analysis with the full dataset (94%

bootstrap support) but decreases drastically when only the hol-

omycotan lineage is used as an outgroup (44% bootstrap sup-

port). A similar outgroup effect was reported in previous studies,

where restricting the outgroup to Fungi significantly enhanced

the support for Filozoa versus the grouping of Filasterea with Ich-

thyosporea [13]. Interestingly, Bayesian analysis with a recoded

dataset recovers Tunicaraptor as sister to all other holozoans

with complete support (Figure 2E): although it fails to converge

across all bipartitions, the phylogenetic relationships between

major holozoan lineages are resolved. Topology tests with the

combined dataset also failed to reject three possibilities: two

variants of a monophyletic union of Filasteria, Ichthyosporea,

Pluriformea, and T. unikontum and a topology with

T. unikontum sister to Filasteria and Pluriformea sister to Ichthyo-

sporea (Figure S3). Removing fast-evolving sites leads to the

rejection of some topologies but fails to reject additional alterna-

tives, including a topology that places Tunicaraptor sister to all

other holozoans (Data S1). Additional quality filtering of align-

ments in the combined dataset using the automated approaches

of PREQUAL and Divvier gave essentially the same outcomes for

the topology tests, despite notable differences in alignment sizes

(Data S1).

Overall, the addition of Tunicaraptor demonstrates that holo-

zoan phylogeny is not as well resolved as it appeared in recent

analyses but is instead highly sensitive to taxonomic sampling.

Given the number of as yet uncharacterized environmental line-

ages we already know about (Figure 2F), but which are not rep-

resented by phylogenomic data, major revisions to the frame-

work have the potential to significantly alter our reconstruction

of events leading up to the origin of animals. In addition, all three

of themost recently characterized lineages are small, flagellated,

eukaryovorous predators (Syssomonas, Pigoraptor, and

Tunicaraptor), none of which are well represented in the environ-

mental data. This suggests not only a greater diversity of unicel-

lular animal relatives remains uncharacterized but also that both

themethods for isolation and culturing and themethods for envi-

ronmental sequencing are biased but in different ways. Preda-

tors are often widespread, but not abundant, in natural

communities, where they occupy the upper levels of microbial

food webs. Although they probably play crucial roles in the

flow of energy and nutrients and represent evolutionarily signifi-

cant branches in the tree of opisthokonts, their real diversity is

hard to measure with current environmental survey strategies.

Because the actual diversity of unicellular relatives of animals re-

mains poorly characterized, and the topology of trees depends

significantly on the taxonomic sampling, we must remain open

to future changes to the phylogenetic framework and how these

affect our interpretation of the evolution of cellular and genomic

innovations leading to the origin of animals.

The Evolution and Distribution of Cell Motility and
Adhesion Genes in Holozoa
Unicellular holozoans have diverse motility strategies and asso-

ciated cytoskeletal adaptations. Even the characteristic opistho-

kont feature, a single posterior flagellum, has been lost several

times independently, each leading to an associated reduction

of axonemal dyneins and complexes involved in flagellar assem-

bly and maintenance, including the intraflagellar transport (IFT)

complexes, the IFT-associated BBSome complex, and the

ciliary transition zone MKS complex (Figure 3; Data S2). These

losses can be complete (e.g., some parasitic or commensal ich-

thyosporeans and the filasterian Capsaspora) or partial (e.g., the

putatively free-living species with rarely observed flagella like

Corallochytrium, the ichthyosporean Chromosphaera perkinsii,

and the filasterian Ministeria) [4, 14, 15]. Predatory unicellular

holozoans—Tunicaraptor, Syssomonas, and Pigoraptor—all

possess complete or nearly complete flagellar complexes,

including an ancient cation channel signaling complex, CatSper

[16]. This is significant because CatSper has been lost in most

unicellular holozoans but retained by all the eukaryovorous pred-

ators and the last common ancestor of all animals, pointing to a

possible shared evolutionary pressure for regulation of flagellar

activity and perhaps a predatory lifestyle linking animals and

their unicellular holozoan ancestors.

In addition to flagellar motility, Tunicaraptor is capable of pro-

ducing filopodia (Figure 1L). The transcriptome of Tunicaraptor

encodes evidence of WASP and WAVE family proteins—actin-

nucleation-promoting factors implicated in the formation of dy-

namic, actin-filled pseudopods across eukaryotes [17], as well

Figure 2. Reconstructions of Early Holozoan Phylogeny

(A) PhyloBayes consensus tree based on the four chains of CATGTR analysis with the 200-gene alignment (50% burn in). Nodes with posterior probability (pp)

below 1.0 are shown with the corresponding pp values; for all of the indicated bipartitions, the analysis failed to achieve convergence between the chains.

(B) IQ-TREE ML inference with the 200-gene alignment using the LG+C60+F+G4 model; support values were computed using the ultrafast bootstrap approach

with 1,000 replicates. The established opisthokont lineages all receive 100% support in the analysis and are shown in the tree schematically, colored according to

(A), and abbreviated by the first letter of the taxon name. Nodes with bootstrap support below 100% are marked, and the associated support values are written

next to the nodes.

(C) IQ-TREE ML inference with the 200-gene alignment excluding sequences of T. unikontum and Pluriformea species S. multiformis and C. limacisporum;

omission of these three sequences restores the filasterian-choanoflagellate-animal group (Filozoa) in the ML analysis.

(D) IQ-TREE ML reconstruction with the 395-gene alignment combining three datasets (200-gene, 255-gene, and BVD57); support for the inferred phylogeny of

early holozoans is dependent on the outgroup sampling: node support values on the left correspond to reconstruction with the full dataset and values on the right

to the dataset that excludes non-opisthokont species.

(E) PhyloBayes inference with the combined 395-gene dataset recoded using the Dayhoff-6 scheme. The inner nodes of early holozoan phylogeny receive 1.0 pp

in the analysis, but the chains fail to converge for several other bipartitions (maxdiff = 1.0).

(F) Schematic summary of the phylogenetic relationships of Opisthokonta, illustrating the currently accepted relationships between major lineages with known

taxa and lineages of purely environmental sequences (which are mapped onto the phylogenomic tree topology according to their position in small subunit rRNA

gene phylogeny).

See other phylogenetic reconstructions of the position of T. unikontum using previously published datasets and datasets characteristics in Figures S1 and S2.

Results of phylogenetic hypothesis testing are present in Figure S3 and Data S1.
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as Ena/VASP family proteins, which participate in the formation

of filopodia by facilitating actin polymerization [18] (Figure 3). A

member of the Merlin-ERM family of actin filament and plasma

membrane crosslinkers and an actin-bundling protein Villin are

also found in the transcriptome. The pseudopodia of Tunicarap-

tor are short, poorly defined, and distinct from the metazoan-

type microvilli seen in filasterians. Consistent with the

morphological distinction, we find no evidence of actin crosslink-

ing protein fascin, recognized as a conserved filopodia marker

protein in filasterians, choanoflagellates, and animals [19].

Unicellular holozoans generally possess several components

of animal cell-matrix adhesion complex and the associated ele-

ments of extracellular matrix (ECM), despite their lack of multi-

cellular tissues [20, 21]. The crucial components of the integrin

adhesome are also conserved in Tunicaraptor, which encodes

at least two integrin-alpha and two integrin-beta family proteins,

suggesting loss of adhesome components is restricted to some

choanoflagellates and ichthyosporeans (Figure 4A).

‘In addition to integrins, Tunicaraptor encodes domains of other

major classes of animal cell adhesion molecules. Four partial C-

type lectin domain proteins and six proteins containing domains

of immunoglobulin-like (Ig) superfamily were found. Outside of

the choanoflagellate-animal group, the C-type lectin domains

have patchy distribution in holozoans, and none are found in filas-

terians (Figure 4A). Tunicaraptor Ig-like domains display highest

similarity to the animal I-set, Ig2, and Ig3 immunoglobulin-like

domain families (DataS2). Amongholozoans,domainswithaffinity

for the animal Ig-like domain families have only previously been re-

ported in choanoflagellates [22]. Two of Tunicaraptor Ig-domain-

containing transcripts are predicted to contain a signal peptide

sequence; however, only one these transcripts likely represents

a complete protein. The putatively complete transcript encodes

aprotein tyrosinephosphatase (PTP) thatconforms to theclassical

structure of metazoan transmembrane receptor-like PTP proteins

[23]. The extracellular ligand-binding segment of the protein is

composed of an array of tandem Ig domains, and the cytoplasmic

segment contains two PTP domains (Figure 4B), suggesting that

its activity is regulated through dimer formation, similarly to ani-

mal-receptor-like PTPs. Another Ig-domain-containing transcript

encodes a transmembrane protein with homology to a phosphati-

dylcholine biosynthesis enzyme lysophosphatidylcholine acyl-

transferase (LPCAT). Both PTP and LPCAT proteins are common

to unicellular holozoans, but the fusion with Ig domains is specific

to Tunicaraptor. No cadherins were identified in Tunicaraptor. The

earliest instanceofholozoancadherindomains corresponds to the

divergenceoffilasterians; subsequently, cadherinsunderwent sig-

nificant expansions in choanoflagellates and animals [24].

Metazoan Innovations in Tunicaraptor

Protein domain searches in Tunicaraptor identify several domains

otherwise exclusive to animals. Tunicaraptor encodes a beta sub-

unit of core-binding factor (CBFb)—an allosteric regulator of Runx

Figure 3. Occurrences of Cytoskeletal Proteins Associated with Genesis and Maintenance of Flagella or Filopodia

Filled shapes mark presence of proteins or complex components as determined by KEGG KAAS, InterProScan or Pfam searches; completeness of protein

complexes is represented by fills of circular diagrams (see Data S2 for details). Species abbreviations: outgroup species: Ng,Naegleria gruberi; Dd,Dictyostelium

discoideum; Tt, Thecamonas trahens; Holomycota: Fa, Fonticula alba; Ra, Rozella allomycis; Pf, Piromyces finnis; Am, Allomyces macrogynus; Cr, Coemansia

reversa; Nc, Neurospora crassa; Ichthyosporea: Sd, Sphaerothecum destruens; Cp, Chromosphaera perkinsii; Sa, Sphaeroforma arctica; Cf, Creolimax fra-

grantissima; Ap,Amoebidium parasiticum; Ih, Ichthyophonus hoferi; Aw,Abeoformawhisleri; Pg, Pirum gemmata; Pluriformea: Cl,Corallochytrium limacisporum;

Sm, Syssomonas multiformis; Filasteria: Mv,Ministeria vibrans; Co, Capsaspora owczarzaki; P, Pigoraptor spp.; Choanoflagellata: Ch, Codosiga hollandica; Hn,

Helgoeca nana; Sr,Salpingoeca rosetta; Metazoa:Ml,Mnemiopsis leidyi; Aq,Amphimedon queenslandica; Hv,Hydra vulgaris; Hs,Homo sapiens; Dm,Drosophila

melanogaster; La, Lingula anatina; Tu, Tunicaraptor unikontum. Question marks at the WASP and WAVE families for T. unikontum signify presence of partial

transcripts that support the suggested orthology through reciprocal BLAST searches but lack complete domain architectures for confident identification. As-

terisks (*) on names indicate the data come from transcriptomes as opposed to a whole genome.
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family transcription factors. Runx family transcription factors and

theCBFb cooperate as a heterodimeric complex in animalmodels

[25] and were once viewed as a metazoan innovation [26]. Runx

proteins have since been reported in unicellular relatives of ani-

mals, but CBFb remains absent [27]. Tunicaraptor uniquely con-

tains both Runx and CBFb proteins, which suggests cooperative

CBFb and Runx interactions also evolved prior to animals.

Several other transcripts in Tunicaraptor are homologous to an-

imal-specific proteins implicated in the development and function

of the nervous system. T. unikontum contains a transcript sharing

domains with the repulsive guidance molecule (RGM)—a protein

with critical roles in neurodevelopment and axon guidance in ani-

mals [28]. The transcript encodes a domain with weak similarity

to the N-terminal domain of RGM and is truncated at the C termi-

nus, lacking theC-terminalRGMdomain.TheC-terminalportionof

RGMor the Ig-domain-containing proteinNeogenin, a receptor for

RGM inanimals [29],wasnot found in the transcriptome.However,

a module of tandem Ig domains in one Tunicaraptor transcript

shows similarity to the structurally related families of animal Ig-

domain-containing cell adhesion molecules, including Robo,

DSCAM, and contactin, which are involved in axonogenesis [30].

Another transcript encodes an atypical FYVE-type zinc finger

that occurs at the N terminus of animal rabphilin and synaptotag-

min-like Rab effector proteins, with roles in synaptic vesicle

exocytosis [31]. The zinc finger is part of a Rab-binding domain

with a Rab specificitymotif SGAWFF [32] conserved in the rabphi-

lin family and the Tunicaraptor protein. The protein lacks the

commonly associated phospholipid-binding C2 domains of the

rabphilin membrane trafficking proteins and thus resembles the

structure of Rab effector protein Noc2 [33]. Tunicaraptor also has

two members of an ionotropic glutamate receptor (iGluR) fam-

ily—ligand-gated ion channels thatmediate excitatory neurotrans-

mission in animals. Animal iGluRs are classified into four subfam-

ilies (AKDF, NMDA, Epsilon, and Lambda) that emerged through

duplication events before the divergence of animal phyla [34].

Reconstructionof the iGluRphylogenyplaces theT.unikontum se-

quences after the divergence of Lambda and NMDA subfamilies

and sister to the branch uniting Epsilon and AKDF subfamilies,

although alternative positions, including branching of

T. unikontum iGluRs prior to the NMDA divergence or sister to

the Epsilon subfamily, could not be rejected (Figure S4).

DISCUSSION

Tunicaraptor represents a new lineage of holozoan predators,

with unique features at the structural and molecular levels. Its

phylogenetic position within the holozoans is not yet clear: Tuni-

caraptor may be sister to filasterians, Filozoa, or it may be the

A

B

Figure 4. Occurrences of Cell Adhesion Domains and Proteins

(A) Occurrences of integrin adhesome components, ECM domains, and domains of major cell adhesion molecule classes. Filled circles mark presence of do-

mains or proteins; species abbreviations are as in Figure 3.

(B) Domain architecture of Ig-domain-containing protein tyrosine phosphatase in T. unikontum with a predicted signal peptide (red), 1.0 probability of Sec signal

peptide reported by SignalP.

Domain abbreviations: IG, immunoglobulin-like domain superfamily (IPR036179); PTP, protein tyrosine phosphatase, catalytic domain (SM00194); TMHMM-

predicted transmembrane region is shown with a pictogram. Asterisks (*) on names indicate the data come from transcriptomes as opposed to a whole genome.

See Figure S4 for phylogeny of ionotropic glutamate receptors and Data S2 for details.

ll

Current Biology 30, 1–10, November 16, 2020 7

Please cite this article in press as: Tikhonenkov et al., New Lineage of Microbial Predators Adds Complexity to Reconstructing the Evolutionary Origin
of Animals, Current Biology (2020), https://doi.org/10.1016/j.cub.2020.08.061

Report



earliest branching holozoan known. What is clear, however, is

that including this lineage has a substantial confounding effect

on the resolution of conventional views of early holozoan phylog-

eny. The branching order of unicellular relatives of animals is a

critical requirement for accurately reconstructing the steps lead-

ing up to the origin of animals. This includes how we interpret all

kinds of characteristics, from the complex distribution of ‘‘ani-

mal-specific’’ proteins now known to be widespread in their uni-

cellular relatives to the variety of cellular structures, life cycles,

and life history strategies of these organisms and how theymight

have contributed to the origin of multicellularity.

Morphologically, the mouth observed in Tunicaraptor raises

other interesting questions about early opisthokont evolution,

because it is unique among unicellular opisthokonts but common

and likely ancestrally present in bikonts, where it is associated

with the flagellar pocket at the opposite cell pole. In typical bi-

konts, beating of the locomotory flagellum pulls them forward

though the water. However, if in the ancestor of opisthokonts

the main feeding stage was a suspension-feeder attached to a

substrate (as in many choanoflagellates, attached Syssomonas

cells, orMinisteria, for example), such flagellar beating is inconsis-

tent with the mode of feeding: flagellar motion would most likely

tear the sessile cell from the substrate. Instead, opisthokonts

have changed the direction of flagellar beating so that the force

propels water away from the cell (creating a current that passes

food over the cell). Perhaps this process contributed to the evolu-

tionary extinction of feeding associated with the flagellar pocket

and the cytostome in opisthokonts, because the flow of water

would make these structures inefficient at best. Remarkably, the

mouth in Tunicaraptor is not connected with the flagellar appa-

ratus but is instead situated at the opposite cell pole. So the evolu-

tionary history of this structure may be interesting to examine

further, as it most likely evolved independently of the canonical

mouth structures in the context of opisthokont flagellar motion.

Tunicaraptor also emphasizes the importance of eukaryovo-

rous unicellular holozoans to understanding the transition to

multicellularity. Although this was previously unknown, all three

of the most recently discovered holozoan lineages are eukar-

yovorous predators, and they share specific features with the

last common ancestor of animals. This raises the possibility

of a long-term functional continuity of the predatory lifestyle

during holozoan evolution that is not evident from the best-

studied unicellular holozoans, which are parasites and bacterial

grazers. Such small, inconspicuous, flagellate eukaryovorous

predators possess an almost ideal set of characteristics to

make them easily overlooked. They are, like predators in gen-

eral, numerically under-abundant compared with their prey,

and physically, they are easily overlooked. More worryingly,

these cells closely resemble sperm cells and zoospores of

both fungi and aphelid parasites, all of which would lead

them to be misidentified and altogether strongly biasing both

molecular and morphological observations against their wide-

spread detection and characterization. But collectively, such

eukaryovorous organisms now make up almost half the known

lineages of unicellular holozoans (Figure 2F), leading us to

speculate they may even be a dominant form of life among

the key ancestral lineages leading up to the origin of animal

multicellularity. Other new holozoan lineages undoubtedly exist

and indeed some have even been found in environmental

surveys and remain uncultured (e.g., the marine MAOPs) [7].

Predatory flagellates may represent a major fraction or even

the majority of holozoan diversity, and the elucidation of their

biological and molecular characteristics will be crucial for un-

derstanding of the emergence of multicellular animals.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Sample of bottom detritus Marine lagoon Cabeza de Mar,

South Patagonia, Chile

Sample #18, IBIW RAS

Chemicals, Peptides, and Recombinant Proteins

Glutaraldehyde Carl Roth GmbH Art.-Nr. 4157.1

Osmium Tetroxide Electron Microscopy Sciences Cat# 19100

Cacodylic Acid Sigma Chemicals Co Lot# 14H02591

Hexamethyldisilazane Aldrich Chemistry Lot# SHBB0080V

Poly-L-lysine Sigma-Aldrich Product Number: P8920-100ML

Araldite 502 Electron Microscopy Sciences Cat# 10900

Epon-812 Substitute EMbed-812 Electron Microscopy Sciences Cat# 14900

Critical Commercial Assays

RNAqueous-Micro Kit Invitrogen Cat# AM1931

MasterPure Complete DNA and RNA

Purification Kit

Epicenter Cat.# MC85200

SMART-Seq v4 Ultra Low Input RNA Kit

for Sequencing

Takara Bio Cat.# 634889

Nextera XT DNA Library Prep Kit Illumina FC-131-1024

Deposited Data

Tunicaraptor unikontum 18S rRNA This study GenBank: MT611055

Phylogenomic datasets This study Mendeley data depository https://doi.

org/10.17632/dnwzj78w8w

Tunicaraptor unikontum transcriptome

sequencing data and assembly

This study NCBI BioProject: PRJNA638967

Experimental Models: Organisms/Strains

Strain Opistho-3 Marine lagoon Cabeza de Mar,

South Patagonia, Chile

MI-PR423; urn:lsid:zoobank.org:

act:A1E21FFC-F8AE-40F9-AEBF-

17EC126B67C6

Oligonucleotides

ATGCTTGTCTCAAAG

RYTAAGCCATGC

[32] 18SFU

CWGGTTCACCWACGG

AAACCTTGTTACG

[32] 18SRU

Software and Algorithms

Trimmomatic [33] RRID: SCR_011848

Cutadapt [34] RRID: SCR_011841

Trinity [35] https://github.com/trinityrnaseq/

trinityrnaseq

TransDecoder [36] RRID: SCR_017647

CD-HIT [37] https://github.com/weizhongli/cdhit

BUSCO [38] RRID: SCR_015008

MAFFT [39] RRID: SCR_011811

MrBayes [40] RRID: SCR_012067

OrthoFinder [41] RRID: SCR_017118

RAxML [42] RRID: SCR_006086

HMMER [43] RRID: SCR_005305

BioEdit [44] RRID: SCR_007361

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and data should be directed to and will be fulfilled by the Lead Contact, Denis Tikho-

nenkov (tikho-denis@yandex.ru).

Materials Availability
This study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

trimAl [45] RRID: SCR_017334

SCaFoS [46] https://megasun.bch.umontreal.ca/

Software/scafos/scafos.html

PREQUAL [47] https://github.com/simonwhelan/

prequal

Divvier [48] https://github.com/simonwhelan/

Divvier

IQ-TREE [49] RRID: SCR_017254

PhyloBayes MPI [50] RRID: SCR_006402

MEGA [51] RRID: SCR_000667

iTOL [52] RRID: SCR_018174

BaCoCa [53] https://github.com/PatrickKueck/

BaCoCa

PATRISTIC [54] http://www.bioinformatics.org/

patristic/

KAAS [55] https://www.genome.jp/kegg/kaas/

PfamScan EMBL-EBI repository ftp://ftp.ebi.ac.uk/pub/databases/

Pfam/Tools/PfamScan.tar.gz

InterProScan [56] RRID: SCR_005829

TMHMM [57] RRID: SCR_014935

SignalP [58] RRID: SCR_015644

DIAMOND [59] RRID: SCR_016071

TaxonKit [60] https://bioinf.shenwei.me/taxonkit/

NCBI BLAST [61] RRID: SCR_004870

Other

UniProtKB/Swiss-Prot database [62] RRID: SCR_004426

Pfam 32.0 database [63] RRID: SCR_004726

eukaryota_odb9 dataset [38] https://busco-archive.ezlab.org/v3/

datasets/eukaryota_odb9.tar.gz

NCBI Microbial RefSeq database [64] https://ftp.ncbi.nlm.nih.gov/genomes/

refseq/bacteria

InterPro v74.0 database [65] RRID: SCR_006695

NCBI CDD [66] RRID: SCR_002077

SMART [67] RRID: SCR_005026

NCBI https://www.ncbi.nlm.nih.gov/ RRID: SCR_006472

JGI Genome Portal https://genome.jgi.doe.gov/portal/ RRID: SCR_002383

NHGRI Research Projects https://research.nhgri.nih.gov/ N/A

Multicellgenome lab http://multicellgenome.com/ N/A

datadryad.org https://dx.doi.org/10.5061/dryad.

26bv4

N/A

figshare.com https://dx.doi.org/10.6084/m9.

figshare.5686984

N/A

KEGG [68] RRID: SCR_012773
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Data and Code Availability
Tunicaraptor unikontum transcriptome sequencing data and assembly are available at the NCBI BioProject PRJNA638967. Phylo-

genomic datasets including single-gene alignments and trees have been deposited to the Mendeley data depository at https://doi.

org/10.17632/dnwzj78w8w.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Isolation and culturing of novel species and microscopy
Tunicaraptor unikontum (cloneOpistho-3) was obtained from the sample of bottomdetritus inmarine lagoonCabeza deMar (salinity =

33&, T = 10.2�C, pH = 8.4; –4 m altitude), S 52�45’50.6," W 70�58’55.1," South Patagonia, Chile on November 9, 2015. The samples

were examined on the third, sixth and ninth days of incubation. Following isolation by glass micropipette, clone Opistho-3 was prop-

agated on the bodonid Procryptobia sorokini (strain B-69) grown in marine Schmalz–Pratt’s medium (20&; 18.48 g NaCl, 0.44 g KCl,

3.62 g MgCl2$6H2O, 0.71 g MgSO4$7H2O, 0.95 g CaCl2$H2O, 0.07 g KNO3, 0.007 g K2HPO4$3H2O l�1 water) by using the bacterium

Pseudomonas fluorescens as food. The clone Opistho-3 is stored in the ‘‘Live culture collection of free-living amoebae, heterotrophic

flagellates and heliozoans’’ at the Papanin Institute for Biology of Inland Waters, Russian Academy of Science.

Lightmicroscopyobservationsweremadebyusing theZeissAxioScopeA.1equippedwithaDICcontrastwater immersionobjective (63x).

The images were taken with the AVT HORNMC-1009/S analog video camera and directly digitized by using the Behold TV 409 FM tuner.

For transmission electronmicroscopy (TEM), cells were centrifuged, fixed at 1�C for 15-60min in a cocktail of 0.6%glutaraldehyde

and 2% OsO4 (final concentration) prepared using a 0.1 M cacodylate buffer (pH 7.2). Fixed cells were dehydrated in alcohol and

acetone series (30, 50, 70, 96, and 100%, 20 minutes in each step). Afterward, the cells were embedded in a mixture of Araldite

and Epon [35]. Ultrathin sections (50 nm) were prepared with an Leica EM UC6 ultramicrotome (Leica Microsystems, Germany)

and observed by using the JEM 1011 transmission electron microscope (JEOL, Japan).

For scanning electronmicroscopy, cells from a culture in exponential growth phase were fixedwith 2.5%glutaraldehyde (final con-

centration). The cells weremounted on a glass coverslip coatedwith poly-l-lysine for 30min and subsequently rinsed three timeswith

0.1 M sodium cacodylate buffer (pH 7.34), which was diluted twice with Schmalz–Pratt’s medium. Next, cells were fixed in 1%

osmium tetroxide for 1 h. The fixed cells were rinsed three times with distilled water, 10 min each time, and dehydrated with a graded

ethanol series from 30% to absolute ethanol (10min per step), followed by 100%hexamethyldisilazane (three times, 15min each) and

dried at 65�C. Dry glass coverslips weremounted on aluminum stubs, coated with gold-palladium, and observed with a JSM-6510LV

scanning electron microscope (JEOL, Japan).

METHOD DETAILS

Small subunit rRNA gene, RNA-seq, transcriptome assembly and contamination filtering
Sells grown in clonal laboratory cultures were collected when the cultures had reached peak abundance and after most of the prey

cells had been eaten (based on daily light microscopy observations). Cells were collected by centrifugation (1,000g, room temper-

ature) onto a 0.8-mm membrane of a Vivaclear mini column (Sartorius Stedim Biotech, VK01P042). Total RNA was then extracted

using an RNAqueous-Micro Kit (Invitrogen, AM1931). Total DNA was also extracted from the membrane of a Vivaclear mini column

using the MasterPure Complete DNA and RNA Purification Kit (Epicenter, Cat. No. MC85200). The SSU rRNA gene of T. unikontum

was amplified by polymerase chain reaction (PCR) using the general eukaryotic primers 18SFU-18SRU [36]. PCR products were sub-

sequently cloned and sequenced using Sanger dideoxy sequencing.

Two cDNA libraries for Tunicaraptor unikontumwere prepared from RNA using a Smart Seq 2 and Smart Seq 4 protocols and Nex-

tera XT kit and sequenced with a MiSeq instrument (Illumina), generating 13M read pairs for each library. The reads were processed

with Trimmomatic [61] and cutadapt [43] programs to remove sequencing and Nextera XT kit adaptor sequences. Processed reads

from both libraries were assembled together with the Trinity software [62], and ORF predictions were carried out with TransDecoder

[63]. BLAST [37] andHMMER [38] searches against the UniProtKB/Swiss-Prot [39] and Pfam [40] databases were performed to assist

the ORF prediction. Predicted peptide sequences were clustered with CD-HIT [41] using a 90% identity threshold to reduce the

sequence redundancy. The assembly completeness was estimated with BUSCO [42] using the eukaryota_odb9 dataset.

The RNA samples of T. unikontumwere obtained from a culture containing eukaryotic euglenozoan prey Procryptobia sorokini and

bacterial contamination. To identify potentially contaminating sequences in the assembled set of peptides we performed BLAST [37]

search against the NCBI’s non-redundant database. The search was done with an e-value cutoff of 1E-03, and the sequences were

classified on the basis of the taxonomic assignment of best hit. From the full set of 64,204 predicted peptides 18,585 were removed

as likely prokaryotic or viral contamination, and 9,077 were discarded by producing best hit against sequences classified as Eugle-

nozoa. The cleaned set of T. unikontum contains 12,994 peptides; additional 23,548 peptides yield no hits in the database. The

cleaned set of peptides was used for all downstream analyses. The filtered transcriptome of T. unikontum is evaluated by BUSCO

to have 78.6% completeness rating with 13.9% fragmented sequences.

Phylogenetic analyses
For small subunit rRNA gene phylogeny, the obtained SSU rRNA gene sequence of T. unikontum, along with MAOP sequences [7, 8]

and environmental sequences of Filasterea from Heger et al. [9] were added to the previously constructed alignment of rRNA genes
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[11] using the MAFFT [69] option to add full length sequences (–add) and the L-INS-i refinement method. The resulting alignment was

trimmed by trimAl [44] with a 0.1 gap threshold setting. Phylogeny reconstruction for the small subunit rRNA genes was performed

with MrBayes [45] utilizing the GTR substitution model with eight categories of Gamma-distributed among site rate variation and

calculation of proportion of invariable sites. The analysis was performed with four independent runs of four Metropolis-coupled Mar-

kov chains, sampled across 20 million generations and summarized with a 50% burn-in.

Orthologous groups for multigene phylogenetic analysis with opisthokont taxa were initially constructed on the basis of the

genomic data of 52 opisthokont and 3 non-opisthokont species. Ortholog clustering with the genomic data was performed with Or-

thoFinder [46]. The alignments of inferred orthogroups were prepared with MAFFT using the L-INS-i algorithm [69], and the ML trees

constructed with RAxML [47]. The candidate alignments were inspected for cases of erroneous or ambiguous orthology and dis-

carded or corrected when necessary. We selected and manually reviewed 200 orthologous groups from the result of OrthoFinder

clustering. To extend the taxonomic sampling of alignments we utilized HMMER [38] searches with the alignment profiles of selected

orthogroups and reciprocal BLAST [37] searches for accurate orthology assignments, in a pipeline analogous to the HaMStR

approach [48]. Additional BLAST searches were performed for candidate orthologs in transcriptomic datasets against databases

of prokaryotic sequences and likely eukaryotic contamination to filter out potentially contaminating sequences. Contamination

filtering was performed using the NCBI’s Microbial RefSeq database [64] and a selection of eukaryotic genomes, including algal

and kinetoplastid organisms commonly used as prey. Several transcriptomes were additionally screened for specific contamination

identified during the alignment inspection step: Ministeria vibrans for Allomyces, Nutomonas longa for Ichthyophonus, Pirum gem-

mata for human sequences. Searches against databases of potential contaminants were performed with an E-value threshold of

1e-05. Only transcripts scoring lower against the databases of contaminating sequences than the orthogroup genomic sequences

were kept for the analyses. Selected orthogroups extended with novel sequences were realigned with MAFFT [69] using the L-INS-i

algorithm, and inspected manually using BioEdit [49]. The alignments were trimmed with trimAl [44] using the automated trimming

heuristic, and concatenated by SCaFoS [70] into a data matrix containing 75 species with 98,717 aligned amino acid sites.

To cross-check the results of phylogenetic reconstructions with the novel 200-gene dataset, we used two datasets employed in

the earlier phylogenomic analyses [4, 11]. The additional datasets were reconstructed by identifying the corresponding OrthoFinder

orthogroups using shared orthologous sequences. Taxonomic sampling for these datasets was adjusted to conform to the sampling

of the 200-gene dataset using the approach relying on alignment profile and reciprocal BLAST searches. For the combined dataset,

the union of three analyzed datasets, the constituent orthogroups were also vetted through manual inspection of alignments. Four

orthogroups, corresponding to CORO1C, gnb3, FAM96B from the Hehenberger et al. 255-gene dataset [11], and PF00215 from

the BVD57 dataset [4], were discarded as problematic. The combined 395-gene dataset was concatenated by SCaFoS [70] into a

data matrix with 155,102 amino acid sites. To confirm that uncertainties in phylogenies were not stemming from feasibly preventable

sequence or alignment artifacts, we assembled and tested a second version of the 395-gene dataset, by applying automated quality

filtering procedures implemented in PREQUAL [50] and Divvier [71] programs. Quality filtering for unaligned sets of orthologous se-

quences was done by PREQUALwith a 0.95 posterior probability filtering threshold. Filtered sequence sets were aligned withMAFFT

using the L-INS-i algorithm, and the alignments were processed with Divvier using the divvygap option and requiring a minimum of 4

characters per column for output. Processed alignments were further trimmed by trimAl with a gap threshold of 0.2, and concate-

nated by SCaFoS into an alignment with 180,785 amino acid sites.

Phylogeny reconstructions were carried out with maximum likelihood (ML) and the Bayesian inference approaches. ML analyses

for all datasets were performed with IQ-TREE [51] using the LG+C60+F+G4 profile mixture model, and ultrafast bootstrap approx-

imation [52] with 1000 replicates for estimation of branch support. Bayesian inference was performed with PhyloBayes MPI [72] for

the 200-gene alignment and for the 395-gene combined alignment. The combined alignment utilized a special alphabet correspond-

ing to the Dayhoff recoding scheme with 6 amino acid groups: AGPST, DENQ, HKR, MIVL, WFY, C [53]. PhyloBayes inference for

both datasets was done using the CAT-GTR model and 4 discrete Gamma rate categories in four independent chains that were

run for 10,000 cycles and sampledwith a 50%burn-in. Tree visualization was donewith the help ofMEGA [54] and iTOL [68] software.

ML analyses for all datasets were performed with IQ-TREE [51] using the LG+C60+F+G4 profile mixture model, and ultrafast boot-

strap approximation [52] with 1000 replicates for estimation of branch support.

Approximately unbiased (AU) tree topology tests were performed by IQ-TREE, with the site-wise likelihood estimates done under

the LG+C60+F+G4 model. Tree topologies for all datasets were constructed in MEGA [54]. Topology tests were done in conjunction

with the site or partition removal analyses: alignments were subjected to stepwise elimination of either fastest-evolving sites or most

compositionally heterogeneous partitions in batches amounting to approximately 10% of the full alignment’s length, and topology

tests were performed for each of such datasets. Site rates in the alignments were estimated using IQ-TREE, and the compositional

heterogeneity of alignment partitions was evaluated using the relative composition frequency variability (RCFV) metric [55] by Ba-

CoCa [56].

Mutational saturation in the concatenated datasets was estimated using the relation of patristic distances inferred from the cor-

responding ML tree and p-distance values calculated from the alignment. Patristic distances were extracted from IQ-TREE trees us-

ing the program PATRISTIC [65], and p-distance values were calculated using MEGA.

Transcriptome annotation and protein domain searches
Annotation of the contamination-filtered T. unikontum transcriptome was performed with the KEGG [66] orthology assignments,

generated by the KEGG Automatic Annotation Server [67] using bi-directional best hit method and the default BLAST bit score
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threshold of 60. Protein domain family searches for predicted peptides were done using HMMER [38] and the PfamScan tool (ftp://

ftp.ebi.ac.uk/pub/databases/Pfam/Tools/PfamScan.tar.gz) with the Pfam 32.0 database [40] and also by InterProScan [57] with the

InterPro v74.0 database [58]. Default family-specific gathering thresholds were used for all domain searches. Protein domain archi-

tectures were analyzed using CDD [59], Pfam, InterPro, and SMART [60] resources. Transmembrane regions in proteins were pre-

dicted with TMHMM2.0 [73] and signal peptides with SignalP-5.0 [74].

For comparative analyses we collected genomic or transcriptomic data of 23 holozoan species, 6 holomycots, and 3 species

outside of the Opisthokonta. The following resources were used to collect the data: NCBI Genome, TSA, and SRA databases

(https://www.ncbi.nlm.nih.gov/), JGI Genome Portal (https://genome.jgi.doe.gov/portal/), NHGRI Research Projects (https://

research.nhgri.nih.gov/), Multicellgenome lab (http://multicellgenome.com/), datadryad.org (https://dx.doi.org/10.5061/dryad.

26bv4), and figshare.com (https://dx.doi.org/10.6084/m9.figshare.5686984). Protein orthology assignments and domain searches

were performed with the genomic or transcriptomic data for each organism using the KEGG orthologies, Pfam, and InterPro data-

bases, similarly to searcheswith the transcriptome of T. unikontum. The transcriptomic data were filtered prior to searches, in order to

remove bacterial and potential eukaryotic contamination. Contamination filtering was done with the help of DIAMOND [75] searches

against the NCBI’s non-redundant database. Taxonomy assignments for DIAMOND search results were extracted using TaxonKit

[76] and screened for discernible cases of contamination.

QUANTIFICATION AND STATISTICAL ANALYSIS

Branch support evaluations for phylogenies were performed in conjunction with the tree reconstruction procedures, using parame-

ters specific to each of the employed programs. Bayesian inference with MrBayes [45] utilized four independent runs of four Metrop-

olis-coupledMarkov chains to evaluate convergence, and the chains were sampled across 20million generations with a frequency of

1 sample per 10,000 generations; the consensus tree and branch support values were obtained following a 50% burn-in of the four

runs. Bayesian inference with PhyloBayes [72] used four independent chains that were run for 10,000 cycles each and sampledwith a

frequency of 1 sample per 50 cycles; the consensus tree and branch support valueswere obtained following a 50%burn-in of the four

chains. The chain convergence details were checked using the bpcomp utility of the PhyloBayes software. Branch support values for

ML phylogenies obtained with IQ-TREE [51] were calculated with the ultrafast bootstrap approximation [52] for the phylogenomic

datasets or non-parametric bootstrap for the glutamate receptor phylogeny. Bootstrap support calculation was done with 1000 rep-

licates for each analysis; analyses utilizing the ultrafast bootstrap approximation were performed with the nearest neighbor inter-

change refinement (-bnni setting). The AU tests [77] of tree topologies were carried out with IQ-TREE using 10,000 replicates formulti-

scale bootstrap, with the starting tree corresponding to the ML tree obtained for the full alignment (in the case of the data-removal

datasets). The alternative tree topologies were evaluated by the respective AU test p values, with the criterion for rejection defined by

the 0.05 significance level; all of the AU test p values for the tested topologies and datasets are listed in Data S1.
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