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SUMMARY

Within flatworms, the vast majority of parasitism is innate to Neodermata, the most derived and diversified
group of the phylum Platyhelminthes."? The four major lineages of Neodermata maintain various combina-
tions of life strategies.® They include both externally (ecto-) and internally feeding (endo-) parasites. Some
lineages complete their life cycles directly by infecting a single host, whereas others succeed only through
serial infections of multiple hosts of various vertebrate and invertebrate groups. Food sources and modes
of digestion add further combinatorial layers to the often incompletely understood mosaic of neodermatan
life histories. Their evolutionary trajectories have remained molecularly unresolved because of conflicting
evolutionary inferences and a lack of genomic data.* Here, we generated transcriptomes for nine early
branching neodermatan representatives and performed detailed phylogenomic analyses to address these
critical gaps. Polyopisthocotylea, mostly hematophagous ectoparasites, form a group with the mostly hema-
tophagous but endoparasitic trematodes (Trematoda), rather than sharing a common ancestor with Monop-
isthocotylea, ectoparasitic epithelial feeders. Phylogenetic placement of the highly specialized endoparasitic
Cestoda alters depending on the model. Regardless of this uncertainty, this study brings an unconventional
perspective on the evolution of platyhelminth parasitism, rejecting a common origin for the endoparasitic life-
style intrinsic to cestodes and trematodes. Instead, our data indicate that complex life cycles and invasion of
vertebrates’ gut lumen, the hallmark features of these parasites, evolved independently within Neodermata.
We propose the demise of the traditionally recognized class Monogenea and the promotion of its two sub-

classes to the class level as Monopisthocotyla new class and Polyopisthocotyla new class.

RESULTS AND DISCUSSION

We sequenced seven transcriptomes from early diverging repre-
sentatives of five cestode orders, including three unsegmented
(monozoic) groups, a previously omitted representative of a prin-
cipal trematode lineage Aspidogastrea, and a representative of
Polyopisthocotylea (Data S1). These parasitic lineages have
never been investigated in phylogenomic analyses or were rep-
resented by the most derived representatives, especially in the
case of tapeworms. Our supermatrix included 83 platyhelminth
taxa (51 of which were parasites), containing 225 genes
(77,824 amino acid sites) selected based on >60% representa-
tion of the included platyhelminths after manual curation of or-
thologs (see details in Data S1). Maximum likelihood (ML) and
Bayesian inference phylogenies estimated using the profile
mixture models LG + C60 + G4 + F (hereafter referred to as
LG-C60) in IQ-TREE and CAT + GTR + G4 (hereafter referred to
as CAT-GTR) in Phylobayes, respectively, yielded two alternative
topologies that contradict each other with respect to the phylo-
genetic position of the cestodes (Figures 1A and 1B). Although
the LG-C60 model resolved the cestodes as sister to the group
formed by Polyopisthocotylea + Trematoda, the CAT-GTR

4')

model resolved them as sister to Monopisthocotylea. In addition
to Phylobayes, an ML analysis ran under CAT-GTR with posterior
mean site frequencies model (CAT-PMSF®) in IQ-TREE (Fig-
ure S1) has recovered the same topology as Phylobayes. It is
important to note that the internal topology between the four ma-
jor neodermatan lineages remained unchanged across the ana-
lyses; the difference between the estimates is limited to the po-
sition of the root: the LG-C60 topology places root between
Monopisthocotylea and other lineages, whereas the CAT-GTR
topology roots Neodermata between Monopisthocotylea + Ces-
toda and Polyopisthocotylea + Trematoda. As it is impossible to
objectively decide which of the two topologies is more likely cor-
rect, we discuss the evolution of Neodermata in the frame of both
topologies.

Comprehensive understanding of the phylogeny of
Neodermata

Neodermata is a group characterized morphologically by the
presence of a ciliated larva (with the exception of a few derived
taxa) whose epidermis is replaced with a new syncytial layer
(tegument or neodermis) at all later developmental stages. Our
analyses confirm the status of the parasitic Neodermata as the
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Figure 1. Interrelationships of Neodermata

LEtenutda Sienostomom iaueons.

Phylograms are based on 225 genes (77,824 amino acid sites) and rooted with Catenulida. Four parasitic groups of Neodermata are highlighted in group-specific
colors. Newly characterized transcriptomes marked with an asterisk. Black arrow marks the conflict between the two phylogenies. The branch length scale bar

indicates number of substitutions per site.

(A) Maximum likelihood phylogeny estimated using the LG + C60 + F + G4, model in IQ-TREE. Nonparametric posterior mean site frequencies (PMSF) standard

bootstrap support (1,000 repetitions) shown only when less than 100.

(B) Bayesian inference consensus of four independent Markov chains run for 19,000 generations in Phylobayes under the CAT + GTR + G4 model (burn-in 3,000
trees). Posterior probabilities shown only when less than 1.0. See also Figures S1 and S2 for CAT-PMSF and unrooted phylogenies, respectively.

most derived group of Platyhelminthes and the free-living
Bothrioplana as their closest living relatives, as previously sug-
gested."?*® However, our phylogenetic estimates reveal an unor-
thodox evolutionary scenario for the relationships within the ma-
jor Neodermata groups, in which polyopisthocotylean
monogeneans are sister to Trematoda (Figures 1A, 1B, and
S1). This scenario has never been hypothesized by flatworm sys-
tematists and has virtually never been recovered with molecular
data, except for a single analysis based on a reduced 28S ribo-
somal DNA (rDNA) dataset (D3 domain)” and a more recent phy-
logenomic analysis based on automatically predicted groups of
orthologous genes.® Conflicting phylogenetic signals have also
emerged from whole genome comparisons that included a poly-
opisthocotylean representative Protopolystoma xenopodis, in
addition to the medically relevant cestodes and trematodes®:
Coghlan and colleagues’ analysis of a dataset of 202 single-
copy genes (21,649 amino acids) found trematodes as sister to
P. xenopodis, but at the same time, they also found that trema-
todes shared nearly twice as many gene families with cestodes
(1,329) than with the polyopisthocotylean representative (725),
and the number of shared genes showed a similar pattern.®
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Earlier molecular phylogenies inferred from a single locus, typi-
cally parts of the nuclear ribosomal operon or mitochondrial ge-
nomes (reviewed in Olson and Tkach'®), proposed two other
competing hypotheses for the evolution of Neodermata. Most
studies tended to consider trematodes as sister to cestodes
(Trematoda sister to Cestoda [TsC] topology, Figure 2D), whereas
others placed trematodes as the earliest-branching neoderma-
tans (Trematoda basal [Tb] topology, Figure 2D). The Tb scenario
is particularly notable because it substantiates the “cercomer”
theory'"'? that assumed a common evolutionary origin for ces-
todes and the two monogenean lineages (Monopisthocotylea +
Polyopisthocotylea) based on the presumed homology of the on-
cospheral (larval) hooks of cestodes and the haptoral (posterior
attachment organ) hooks of monogeneans. The cercomer theory
was supported by some rDNA data®'*~'° but less often with phy-
logenomic approaches,”®'® although there were some excep-
tions." Another frequently debated topological scenario considers
the monophyly of Monogenea, along-held morphology-based hy-
pothesis that Monopisthocotylea and Polyopisthocotylea share a
common ancestor (Monopisthocotylea + Polyopisthocotylea
monophyly [MPm] topology, Figure 2D). Our analyses, using the
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Monopisthocotylea + Polyopisthocotylea mono-
phyly; Tb, Trematoda basal; Pb, Polyopisthocotylea
B Heterotachous sites removal (Lc+c60+G4+F model) basal; PsC, Polyopisthocotylea sister to Cestoda;
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c . gate whether systematic errors influenced
Random gene subsampling (Lc+c60+G4+F model) our phylogenetic inferences. Due to
20 (n=14) 40 (n=6) 60 (n=4) 80 (n=2) computational intensity, we performed
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Trematoda+Polyopisthocotyla+Cestoda —— Trematoda+Cestoda (TsC topology) fastest-evolving sites and most heterota-
Neodermata — Cestoda+Monopisthocotyla (CAT-GTR topology)  cpous sites, neither of which showed st-
rong effects on the topology or statistical
D Alternative topology tests support (Figures 2A and' 2B; Data S1). In
these dataset manipulations, none of the
LG-C60 topology CAT-GTR topology TsC topology MPm topology competing topologies received any statis-
Monopisthocotyla tical support. For the fast-evolving site
Monopisthocotyla . the t | Il d only aft
Monopisthocotyla removal, the topology collapsed only after
PsC topology Tb topology Pb topology NsK topology nearly 70% of the sites had been removed
: (step 18, Figure 2A). For the heterotachous
Monopisthocotyla . .
site removal, the topology did not fall apart
Kronborgia until 92.5% of the amino acids had been
LG-C60 model AU test CAT-GTR model AU test removed (step 24, Figure 2B). Thus, we
topology logL| deltall p-AU topology logL deltall p-AU did not find any evidence that long-branch
LG-C60 -2497906.9 0.03 0.841 + LG-C60 -2090312.0 37.07 0.000 - attraction and other systematic errors
CAT-GTR -2497963.4 56.48 0.039 - CAT-GTR -2090275.0 0.03 0.455 + affect the topology inferred in the ML
TsC -2498009.7 102.78 0.001 - TsC -2090295.7 20.78 0.036 - nalvsi
MPm  -2498126.8 219.93 0.000 - MPm  -2090340.8 6588 0.000 - analysis. o
PsC -2498050.5 143.62 0.000 - PsC -2090337.3  62.33 0.000 - To test for gene sampling bias, genes
Tb -2498105.9 198.99 0.001 - Tb -2090291.7  16.76 0.093 + were randomly subsampled into sets of
Pb -2498095.2 188.25 0.002 - Pb -2090332.7 57.73 0.000 - 209 _ 0 _ o,
n = 14 datasets), 4 n=
NsK -2499259.3 1,352.40 0.000 - 0% ( datasets), 40% (n = 6), 60%

(n=4), and 80% (n = 2) of the full dataset,
under a 95% confidence interval that all
most comprehensive gene- and taxon-rich dataset to date, reject  genes were included in one of the sub-datasets, as in Salomaki
all these scenarios and suggest a new interpretation of platyhel- et al.'” Each of these randomly subsampled datasets was sub-
minth evolution. jected to phylogenetic reconstruction and bootstrapping to
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Figure 3. Evolution of the parasitic flatworms (Neodermata) and the distribution of conspicuous biological traits characteristic of individual

groups

The maximum likelihood (LG + C60 + F + Gy4) scenario is shown on the left, and the Bayesian inference under the CAT + GTR + G, model is shown on the right.
Presence of individual traits is depicted with white circles that can contain taxon-specific details relevant for a given trait. Absence of a trait is depicted with ).

See also Data S2 for an overview of basic characteristics of the four classes.

examine support for the alternative topologies (Figure 2C; Data
S1). As expected, the datasets based on 20% of the genes showed
the highest variability, with the clade Trematoda + Polyopisthoco-
tylea receiving mixed support. More importantly, the competing
topologies remained unsupported in all cases of subsampling,
except for a few outlying datasets based on only 20% of the genes.
To further investigate whether the topology found was influ-
enced by a few highly biased loci, we identified genes with the
strongest influence on the conflicting topologies (n.b., the LG-
C60, CAT-GTR, TsC, and MPm topologies) as recovered by
the difference in gene-wise log-likelihood scores (AGLS)
approach of Shen et al.'® Removal of five genes with the greatest
impact on the AGLS supporting either of the hypothesized alter-
native topologies (Data S1) also did not alter the LG-C60 topol-
ogy (Figure S8). Finally, we performed the approximately unbi-
ased (AU) topology test on a set of alternative topologies
constrained to the CAT-GTR, TsC, MPm, and Tb, as well as three
other topologies (Figure 2D). The AU test with LG-C60 model
clearly favored the LG-C60 topology and rejected all seven alter-
native topologies tested, whereas the CAT-GTR model favored
the CAT-GTR topology and rejected all but the Tb alternative to-
pology (rejection probability at 0.05; Figure 2D; Data S1).

Endoparasitic versus ectoparasitic strategies

Parasitism is a commonly encountered life strategy among eu-
karyotes, but the intimacy and intricacy of the relationships be-
tween neodermatans and their numerous hosts have few analo-
gies elsewhere. Both trematodes and cestodes were able to
establish themselves as strict endoparasites (hypothetically to
escape predators by moving into their hosts’ bodies). They
evolved complicated life cycles colonizing all vertebrate groups
and diversified into a large number of species (Figure 3). Until
now, the origin of endoparasitism has been considered a single
evolutionary event (the isolated endoparasites within Monopis-
thocotylea and Polyopisthocotylea are thought as secondary
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lineage-specific adaptations) with two possible scenarios: endo-
parasitism either (1) evolved from ectoparasitism (which itself
represented the first step away from a free-living lifestyle) or (2)
represents the original life strategy of all neodermatans, which
was later superseded by monogeneans’ switch to ectoparasi-
tism.® It was primarily molecular data that supported the hypoth-
esis that endoparasitism was the derived strategy novel solely to
the last common ancestor of trematodes and cestodes, two of the
most “sophisticated” lineages of flatworms.'®

Both LG-C60 and CAT-GTR phylogenies suggest that endo-
parasitism arose twice independently from ectoparasitism in
Neodermata or, alternatively and equally likely, one or two rever-
sals to ectoparasitism occurred in Polyopisthocotylea and Mo-
nopisthocotylea, depending on the phylogenetic position of the
cestodes (Figure 3). Examples of secondary life strategy switches
in certain small taxa within Neodermata support neither of these
versions unanimously. For example, there are more than a hun-
dred endoparasitic (~2.5% of known) species among the other-
wise ectoparasitic Monopisthocotylea (mostly within the genera
Enterogyrus and Calicotyle). About 8.3% of all Polyopisthocoty-
lea species are also endoparasitic, found primarily within Polysto-
matidae, one of the major families formerly considered a separate
monogenean lineage.”>?" There is no reversal of life strategy to-
ward ectoparasitism in cestodes, but trematodes house a few ex-
ceptions: adults of the relatively basal family Transversotremati-
dae”? live under the scales of fish, and some representatives of
Accacoeliidae live on fish gills.>®> Both modes of parasitism also
arose several times in non-neodermatan flatworm lineages. The
group Fecampiida (represented by Kronborgia in our dataset),
consists of several small, clearly delineated families, all of which
are obligate endoparasites of various invertebrate hosts,
including crustaceans, molluscs, polychaetes or, less often,
fish.?*~2¢ Other lesser-known parasitic lineages include Genosto-
matidae, ectoparasites of crustaceans; Acholadidae, endosym-
bionts of sea stars that have even lost their guts; and
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Temnocephalida, ectocommensals of crustaceans.’”*® None of
the above-mentioned non-neodermatan parasitic lineages is
mutually interrelated according to molecular phylogenies,®?%2°
and all display only relatively simple life cycles.*°

Origins of complex life cycles in Neodermata
Our phylogenomic analyses refute the most parsimonious expla-
nation for the common origin of complex life cycles of trematodes
and cestodes. Both groups begin life as free-living larvae that
hatch from an egg, which is always armed with hooks in cestodes
but never in trematodes (Figure 3). Larvae usually develop in
aquatic environments before entering either one or a chain of
several intermediate hosts, often (but not exclusively) linked by
predator-prey relationships. However, the first intermediate
hosts of trematodes and cestodes belong to different taxonomic
groups. Trematodes begin their parasitic life almost exclusively in
molluscs (except Aporocotylidae found in polychaetes), where
they reproduce clonally (except Aspidogastrea), whereas the first
intermediate hosts of cestodes span several groups across ar-
thropods and annelids or, exceptionally, vertebrates. Given the
lack of reliably resolved relationships within Neodermata, previ-
ous authors have tended to consider a single switch from direct
(single-host) to complex (multiple-host) life cycles as the most
plausible scenario,® ' but our data challenge this scenario.
Parasitism pervades the tree of life and is found within at least
223 metazoan lineages and 15 phyla.®’ Some sub-lineages of
these parasites have also evolved complex life cycles® % in a
manner similar to Neodermata—the nematode families Ascaridi-
dae and Anisakidae® or Pentastomida within crustaceans,° for
example. Although cartilaginous and bony fishes serve as defin-
itive hosts for many early-branching cestode and trematode line-
ages, they are less prevalent among trematodes.® Trematodes
of elasmobranchs are also less abundant and probably represent
secondary host switches from teleosts.*” It is becoming increas-
ingly clear that the complexity of life cycles has not evolved in
concert across the individual lineages during the evolutionary his-
tory of Neodermata. Although complex life cycles are believed to
have helped cestodes and trematodes colonize a wide range of
tetrapod hosts (along with the adoption of asexual reproduction
by trematodes in molluscs), the increasing complexity of their
life cycles was sometimes accompanied by simplification
through progenesis, a seemingly contradictory developmental
adaptation thought to further increase transmission success.*®

Suppression of Monogenea Carus, 1863 and proposal of
two new classes

Our two phylogenies based on genomic data provide compelling
evidence for the non-monophyly of Monogenea, which has been
widely accepted based on previous phylogenies based on mito-
chondrial genome® and a larger rDNA fragment.® According to
our analyses, Monopisthocotylea are either the earliest-diverging
lineage of Neodermata or a sister group of Cestoda, whereas Poly-
opisthocotylea forms a sister lineage to Trematoda according to
both models (Figures 1A and 1B). The idea of independent origins
forthe constituent groups of Monogenea based on the putative ho-
moplasy of several morphological, ultrastructural, and ecological
characters’®“® has long been debated. However, the relative
phylogenetic positions of the two groups remained unclear, and
the paraphyletic monogeneans were thought to form either the
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earliest-diverging lineages of Neodermata or a relatively derived
group to trematodes. Previously, monopisthocotyleans had been
reconstructed as the earliest-branching neodermatan lineage by
some single-gene analyses,”** mitogenomics,*® and phyloge-
nomic analyses in which monopisthocotyleans were the sole rep-
resentatives of Monogenea.” In sharp contrast to that, recent
phylogenetic inferences based on orthologous groups of proteins
have reconstructed monopisthocotyleans as sister to cestodes,
although without convincing statistical support.® Our analyses
complement these recent studies by reliably resolving the position
of Polyopisthocotylea using transcriptomic data, a suggestion that
has been called for previously.” Although our analyses do not fully
clarify the position of cestodes within Neodermata, the signals for
the non-monophyly of the two monogenean lineages are strong
and consistent, justifying the suppression of the class Monogenea.

Consequently, we propose to elevate the two subclasses pro-
posed already by Odhner*® to the class level as Monopisthocotyla
new class and Polyopisthocotyla new class. A summary of the ma-
jor synapomorphies and taxonomic diagnoses of all classes of
Neodermata is provided in Data S2. Several platyhelminth mor-
phologists independently argued for mutual non-homology of
numerous characters in monogeneans —from ciliated larval (onco-
miracidial) morphology, including attachment adaptations in the
haptor and development of the glandular system that supports
attachment of the parasite to the host, to a number of adult body
characters, including the organization of the haptor, presence or
absence of the genitointestinal canal, and sperm ultrastructure
(summarized in Euzet and Combes*? and Data S2). The differences
in feeding strategies and the spatial organization of digestion are
probably most striking to non-specialists: monopisthocotylans
feed on the epithelia and mucus of their fish hosts, whereas poly-
opisthocotylans feed almost exclusively on host blood. Thus, the
dogma of monophyly of monogeneans, which lasted for more
than 150 years, was based on erroneous assumptions about the
homologies shared by the two groups and an underestimation of
the numerous differences that exist. >

Our interpretation of the evolution of parasitic flatworms (sup-
ported by our transcriptomic data, in combination with publicly
available genomic data) clearly refutes the common origin of
endoparasitism in cestodes and trematodes. Our phylogenomic
analyses show that the ectoparasitic polyopisthocotyleans form
a sister lineage of the endoparasitic trematodes, whereas monop-
isthocotyleans, the second ectoparasitic group, are either sister to
cestodes or the earliest-diverging lineage of Neodermata. In view
of the concordance of the phylogenies and the additional tests
performed here, we propose suppression of the paraphyletic
class Monogenea and elevation of its two original subclasses to
Monopisthocotyla new class and Polyopisthocotyla new class.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE

e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
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o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Specimen details
e METHOD DETAILS
O RNA extraction, sequencing, and assembly
Dataset construction
Phylogenetic analyses
Constrained topologies test
Systematic error tests and random gene subsampling
Identification of genes with strong topology signal
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2023.08.064.
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Materials availability

No new reagents were generated in this study.

Data and code availability

o All new raw RNA sequencing read data have been deposited into NCBI’s short-read archive (SRA) under BioProject
PRJNA925671 (SRA accessions SRX19281359-SRX19281367). Transcriptome assemblies, orthology/paralogy single gene

assignments, alignments and resulting tree files are publicly available at Zenodo (https://doi.org/10.5281/zenodo.7562084).
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

el Current Biology 33, 4269-4275.e1-e3, October 9, 2023



Current Biology ¢? CellP’ress

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Specimen details

Newly characterised specimens (Data S1) were collected opportunistically by the authors or our collaborators, fixed alive in RNAlater
(Invitrogen) and long-term stored in -80 °C until further processing. Aspidogaster limacoides was collected from white bream (Blicca
bjoerkna) in the delta of the river Danube, Romania. Amphilina foliacea was collected from sterlet (Acipenser ruthenus) in river
Danube, Hungary. Breviscolex orientalis was collected from barbel steed (Hemibarbus barbus) in Makino, Tahashima-shi, Japan.
Capingens singularis was collected from black buffalo (Ictiobus niger) in Pascagoula River, USA. Glaridacris catostomi was collected
from white sucker (Catostomus commersonii) in Connecticut River, USA. Didymobothrium rudolphii was collected from sand sole
(Pegusa lascaris) in the Atlantic, Portugal. Spirometra mansoni was collected from edible frog (Pelophylax esculentus) in the delta
of the river Danube, Romania. Both Marsipometra hastata and Diclybothrium hamulatum were collected from American paddlefish
(Polyodon spathula) in Bluff Creek, USA.

METHOD DETAILS

RNA extraction, sequencing, and assembly

Total RNA was extracted from single worm individuals using the Monarch Total RNA Miniprep kit (New England Biolabs) following the
manufacturer’s v3.0 protocol and submitted to Macrogen Europe for library construction using the TruSeq Stranded mRNA LT prep-
aration kit and sequencing to generate 40 million 150 bp pair-end reads per library on the lllumina NovaSeq6000 platform (Data S1).
Quality of the resulting reads was checked with FastQC, low-quality bases and lllumina adapters were trimmed and reads shorter
than 100 nucleotides excluded using Trimmomatic 0.39*” and re-checked with FastQC. Surviving reads were assembled using
rmaSPAdes,*® followed by ORF prediction and translation in TransDecoder. Previously characterised transcriptomes of both parasitic
and free-living Platyhelminthes were downloaded either as raw sequence data from the Sequence Read Archive (SRA) repository or
as proteins from the WormBase ParaSite®® or NCBI’s Sequence sets databases (Data S1). Raw sequence data from the SRA archive
were checked with FastQC, followed by a technical sequence and low-quality reads removal as described above.

Dataset construction

Phylogenomic dataset construction was carried out using tools of the software package PhyloFisher®® with the following steps:
(i) predicted protein sequences from TransDecoder were searched for the presence of homologs of each of the 240 protein-coding
genes provided with the curated PhyloFisher eukaryotic database, using the fisher.py script and the script’s phylogenetically
informed route of identifying up to five candidate homologs; (ii) the identified sequences were added to the corresponding single-pro-
tein homologs in the PhyloFisher’s eukaryotic database using PhyloFisher’s working_dataset_constructor.py script; (iii) the resulting
fasta files were filtered for non-homologous sites and sequencing errors using PREQUAL,** and aligned using MAFFT’s G-INS-I al-
gorithm.>® DIVVIER®® (-partial -mincol 4 -divvygap) was run to filter out alignment uncertainty and errors, and finally the filtered align-
ments were trimmed of sites comprised of >90 % gaps using trimAL°’ (-gt 0.1). For each resulting alignment, phylogenies were con-
structed using IQ-TREE 1.6.12°" under the LG+C20+F+G, profile mixture model selected to balance between analysis’ speed and
performance. Nodal support values were estimated in RAXML 8.2.12°? using 100 replicates of rapid bootstraps under the
PROTGAMMALG4X model. Bootstrap support was mapped to each tree and the resulting trees were manually inspected to identify
orthologs, paralogs, and contamination for each taxon using the ParaSorter graphical user interface of PhyloFisher. We followed the
same criteria for paralog/ortholog identification described in length by Salomaki et al.'’; (iv) the final phylogenomic dataset of 225
genes was based on 60% taxon occupancy of ingroup taxa. After taxon and ortholog selection, the final supermatrix composed
of the newly added taxa plus Schistosoma mansoni and Taenia solium (the only platyhelminth representatives from the starting data-
set of PhyloFisher) was created using the PhyloFisher script matrix_constructor.py according to the default settings.

Phylogenetic analyses

The final supermatrix comprised 83 taxa and 77,824 sites. The phylogenomic analyses were run under maximum likelihood criterion
in IQ-TREE, using the profile mixture model LG+C60+F+G,4. Nodal support was estimated using 1,000 nonparametric bootstraps
computed under the posterior mean site frequencies (PMSF) model®® (Figure 1A). Outgroup selection of Catenulida was informed
by previously inferred phylogenies. Bayesian phylogenetic analysis was run in Phylobayes*® as four independent Markov chains un-
der the CAT+GTR+G4 model for 19,016 to 19,160 generations (Figure 1B). Convergence of only two of the four chains was achieved,
using a burn-in of 3,000 trees. Since three of the four chains of Phylobayes remained divergent, the CAT-PMSF pipeline® was utilised
to perform a tree search using the CAT+GTR+G,4 model-estimated parameters out of the Bayesian framework (Figure S1). This was
achieved through the following steps: (i) the ML topology estimated under the LG+C60+F+G4 model in IQ-TREE was fixed as a guide
topology for Phylobayes analysis with a CAT+GTR+G4 model. Two chains have been run until the effective sample size of all param-
eters reached at least 100; (ii) the posterior mean-site specific stationary distributions of amino acids were extracted and subse-
quently used to fix the site-specific stationary distributions in IQ-TREE phylogeny inference; (iii) the PMSF°® method was used to es-
timate 1,000 nonparametric bootstraps under the PMSF model. In addition, an unrooted ML phylogeny was also inferred from the
supermatrix dataset with two representatives of Catenulida removed to evaluate the effect of the removal of the relatively long branch
on the ingroup topology (Figure S2).
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Constrained topologies test

The approximately unbiased (AU) topology tests were performed in order to assess if the CAT-GTR topology and six other historically
relevant evolutionary scenarios (depicted schematically on Figure 2D) could be statistically rejected on the basis of the 225-gene da-
taset. The constrained maximum likelihood estimates were calculated in IQ-TREE using the identical models (LG-C60 and CAT-
PMSF) as in the initial analyses, and analysed by the AU test along with the original topologies and further 92 (LG-C60 model) or
93 (CAT-GTR model) local topologies saved during the LG-C60 and CAT-PMSF analyses in IQ-TREE, respectively, in order to provide
statistical significance for the AU test.

Systematic error tests and random gene subsampling

The following PhyloFisher utilities were employed to examine the supermatrix for sources of systematic error: the fast_site_remo-
ver.py script was used to iteratively remove 3,000 of the fastest evolving sites per step within the supermatrix resulting in 25 iteratively
smaller datasets; the heterotachy.py script was used in an analogous manner to produce 25 reduced datasets by iteratively removing
the most heterotachous sites (i.e. sites of the highest within-site rate variation). Genes within the 225-gene supermatrix were
randomly subsampled using the random_resampler.py script, resulting in 14, 6, 4, and 2 alternative datasets in which 20, 40, 60
and 80 percent of the original dataset was randomly subsampled, respectively. The number of replicates was derived as the minimum
number necessary for a 95% probability of sampling every gene when subsampling a given proportion of the original gene set as in
Salomaki et al.'” All the generated alternative datasets were then analysed phylogenetically: ML tree search was run in IQ-TREE un-
der the LG+C20+G4 model, nodal support values were estimated in RAXML using 100 replicates of rapid bootstraps under the
PROTGAMMALG4X model.

Identification of genes with strong topology signal

We defined the strength of the topology signal as the difference in the log-likelihood scores for the unconstrained LG-C60 topology
against the ML tree constrained to a conflicting topology, as done by Shen et al.'® The 225-gene supermatrix was analysed individ-
ually as single-gene ML analyses under the LG+C20+G4 model in IQ-TREE, constrained to: (1) the original LG-C60 topology resulting
from the full supermatrix or, (2) an alternative topology in conflict with the LG-C60 topology. The alternative topologies tested
included the following: (i) the CAT-GTR topology estimated in Phylobayes in which cestodes were constrained as sister to monop-
isthocotyleans; (ii) cestodes constrained as sister to trematodes (TsC topology); (iii) monogeneans constrained as a monophyletic
group (MPm topology). The site-wise log-likelihood values (SLV) for both the LG-C60 and the alternative topologies were saved
and used to calculate the difference in SLV between the LG-C60 and the alternative topology. The difference in gene-wise log-likeli-
hood scores (AGLS) under the LG-C60 and the alternative topology was then calculated through summarising the differences of the
SLVs of all sites within a given gene. The influence of the removal of a few genes on the phylogenetic inference was tested by
excluding 5 genes with the highest absolute AGLS values from the supermatrix and estimating an ML tree from the reduced datasets
using the LG+C60+F+G4 model. Nodal supports were estimated using 10,000 repetitions of ultrafast bootstrap in IQ-TREE.
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