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Abstract

Early metazoan evolution was characterized by the expansion of multiple gene families, such as the Tudor family, involved
in novel multicellularity-related functions. In eukaryotes, Tudor genes (i.e. genes including at least one Tudor domain) are
numerous, heterogeneous, and mostly associated with gene expression regulation. However, they underwent an animal-
specific expansion, with novel elements almost exclusively involved in retrotransposon regulation through Piwi-interacting
RNAs, as spatiotemporal regulators of the key-element Piwi, another previously considered animal-specific gene. Here, we
used online-available proteomes covering 25 major taxonomic groups to characterize the Tudor gene family at a holozoan-
wide level, confirming the apomorphic metazoan expansion of Piwi-interacting RNA-related Tudor genes. However,
we also annotated elements of the Piwi-interacting RNA pathway (Tudor and Piwi genes) in Ichthyosporea species, suggest-
ing that elements of the Piwi-interacting RNA pathway were already present in the holozoan common ancestors. We ob-
served an outstanding variability (34-fold) of Tudor gene number between and within metazoan phyla that could be
associated with convergent genomic and phenotypic evolutions: expansions were usually sided by whole-genome duplica-
tions and/or life history traits such as parthenogenesis; reductions were mostly associated to overall phenotypic and genomic
simplifications, like in almost all considered endoparasites. Lastly, we phylogenetically tested, and mostly (but not completely)
confirmed, a previously proposed model for the evolution of the Tudor domain secondary structures.
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Significance

Similarly to other multicellularity-related gene families, many novel Tudor genes (i.e. genes including at least one Tudor
domain) evolved in animals, with functions mostly associated to an animal-specific pathway of genomic defense against
mobile elements. However, we observed that some elements of such pathway were already present in Ichthyosporea,
early diverging unicellular Holozoa. Moreover, we observed an astonishing variability of the number of Tudor genes
across and within animal phyla that can be associated to genomic dynamics, lifestyle, and reproduction modalities char-
acterizing the different taxonomic groups. Collectively, our analysis of early evolution and within Metazoa diversification
of the multifaceted Tudor protein family underlines the importance of considering lineage-specific evolutionary dynam-
ics and provides valuable considerations about the co-option of genetic elements at the root of animal multicellularity.
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Introduction

The Tudor domain is a protein—protein interaction domain
that has been observed in multiple proteins shared across
most eukaryotic species. Despite hints for remote hom-
ology that have been found with some prokaryotic domains
(Gonzalez et al. 2017; Liao and Smirnov 2023), the Tudor
domain is currently considered a eukaryotic synapomorphy.
It is nearly 60 amino acids long and it folds into a B-barrel
composed of five B-strands (Selenko et al. 2001). This
core tertiary structure is shared with other domains, namely
PWWP, MBT, Agenet, and Chromo domains, leading to
group these functional units in a eukaryote-specific remote-
homology domain superfamily named “Royal family”
(Maurer-Stroh et al. 2003). All members of this family can
bind methyl-lysines (in mono-, di-, or tri-methylated states),
while some Tudor domains evolved also the ability to bind
symmetrically and asymmetrically di-methylated arginines
(sDMAs and aDMAs, respectively; Coté and Richard
2005 ; Chen et al. 2011; Lu and Wang 2013; Botuyan
and Mer 2016).

The Tudor domain, often in combination with multiple
other domains, is present in a largely diverse set of protein-
coding genes (Tudor domain-containing genes, Tudor
genes from now on) whose functions are usually conserved
among species. The product of these genes (that we will re-
fer to as Tudor proteins) is involved in a great variety of mo-
lecular pathways (Siomi et al. 2010; Chen et al. 2011; Pek
et al. 2012; Lu and Wang 2013; Botuyan and Mer 2016;
Table 1), and their functional framework is associated to
the different secondary structures of their Tudor domains
that are classified into four groups (here called TO, T1, T2,
and T3; Jin et al. 2009; Fig. 1).

TO domains fold into the canonical B-barrel core and are
present in a wide range of proteins shared by most eukary-
otic lineages (here called TO genes/proteins). Most of them
possess histone “reading” activities, spacing from gene ex-
pression regulation to cell cycle regulation, DNA repair and
methylation, and heterochromatin formation (Table 1).
While most of these proteins harbor a single Tudor domain,
some have two, closely associated in their secondary and
tertiary folding, forming the so-called Tandem Tudor do-
main (namely TP53BP1, SGF29, SETDB1, UHRF1, and
KDMA4A/B; Botuyan and Mer 2016). All TO Tudor domains
bind specifically to methylated lysines, except for TDRD3
that has sSDMA-binding activities.

T1 domains display an additional N-terminal (N-1) a-helix
to the canonical B-barrel and bind sSDMAs (Chen etal. 2011;
Fig. 1). These Tudor domains characterize the closely re-
lated eukaryotic proteins SMN1 and SMNDC1, which are
components of the SMN complex, involved in the assembly,
metabolism, and transport of different ribonucleoproteins,
such as spliceosomal small nuclear ribonucleoproteins (Kolb
etal. 2007; Table 1). This Tudor domain type is also present

in orthologs of Drosophila melanogaster OTU protein,
which is a deubiquitinase with roles in female germline de-
termination and proliferation (Pauli et al. 1993; Glenn and
Searles 2001; Table 1), and the closely related ALG13,
which acts in N-glycosylation of polypeptide chains (Gao
et al. 2005).

T2 and T3 domains show an additional N-t extension and
characterize SND1 and the germline-related Tudor pro-
teins. Here, two B-strands and one a-helix precede the
B-barrel core, and they all display sSDMA-binding activities
(Fig. 1). SND1, which is the only Tudor protein included in
the third group (T2 in the present study), is present in
most eukaryotes and is involved in a great variety of mo-
lecular pathways of expression regulation, from RNA inter-
ference through RNA-induced silencing complex-mediated
miRNA (Caudy et al. 2003) to splicing (Gao et al. 2012), and
also in stress response and other functions (reviewed in
Gutierrez-Beltran et al. 2016; Table 1).

T3 domains, on the other hand, are specific of the
germline-related Tudor proteins (here referred to as T3 pro-
teins, i.e. containing at least one T3 domain) consist in a
conspicuous number of factors that often include multiple
T3 domains. Homologs of such proteins can be found ex-
clusively in Metazoa, and their functions appear
closely associated and limited to the germline-specific
Piwi-interacting RNA (piRNA) pathway of transposable
element (TE) silencing (Liu et al. 2010; Siomi et al. 2010;
Table 1). This pathway is an RNA-mediated pathway for
the silencing of retrotransposons that has been observed
exclusively in animals and whose functioning is crucial for
the proper formation of the germline and of totipotent
somatic stem cell lineages (Juliano et al. 2010, 2011; Alié
et al. 2015 ; Fierro-Constain et al. 2017).

The authors that formalized the above classification (Jin
et al. 2009) also proposed that the functional specialization
of the four Tudor domains was linked to the progressive ac-
quisition of the N-t extensions. These acquisitions may have
provided new intrinsic properties to the domains, which
emerged as new molecular mechanisms (the binding of
methylated arginines) and biological functions. According
to this “stepwise” acquisition model:

¢ The TO domain secondary structure is the ancestral state,
which binds exclusively methylated lysines, as suggested
by the fact that also other Royal family domains are com-
posed of 5 B-strands only.

¢ The ancestor of SMN-related Tudor proteins (T1 proteins)
acquired the a-helix extension (ALG13 and OTU were not
considered by the authors), shifting the molecular func-
tions to methylated arginine binding.

¢ Theinsertion of a T1 domain within a SN domain of SND1
explains the emergence of T2 domain architecture and
allowed to acquire biological functions associated to
the small RNA machinery. This is suggested by the fact
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Table 1 Nomenclature and function of known Tudor proteins

Protein name Protein name Tudor domain Co-occurrent Functions References (see

(H. sapiens) (D. domains Supplementary

melanogaster) Material)

TDRD3 TDRD3 Single TO UBA Recognizes methyl-arginines on histonesand on  Linder et al. (2008);
the C-terminal domain of RNApol-II; positive Yuan et al. (2021)
regulation of gene expression; included in
stress granules, in association with FMR,
probably sharing translational repression
functions

PHF1-19-MTF2  Polycomb-like  Single TO PHD Stimulates catalytic activity of Polycomb Dong et al. (2020)
repressive complexes 1 and 2 that are histone
silencers involved in transcriptional repression

PHF20-20L1 MBD-R2 Double TO Subunit of lysine acetyltransferase complex that Cui et al. (2012)
acetylates histone H4 and stabilize the tumor
suppression protein p53

SGF29 SGF29 Tandem TO Component of the SAGA complex, a positive Bian et al. (2011)
regulator of gene expression

UHRF1 Tandem TO UBL, PHD, SRA, Methyl-histone-binding protein that recruits Bostick et al. (2007);

RING DNMT1 to recently replicated Liang et al. (2015)
hemi-methylated DNA to facilitate efficient
remethylation; sensor of DNA interstrand
crosslinks
LBR LBR Single TO Tm, RS region, Transmembrane protein of the inner nuclear Liokatis et al. (2012);
Globular membrane proposed as chaperone-like Nikolakaki et al.
region Il docking platform for heterochromatin (2017)
assembly; also involved in cholesterol
biosynthetic pathway

TP53BP1 Tandem TO BRCT Involved in double-strand DNA break repair Bunting et al. (2010);
through promoting nonhomologous end Callen et al. (2013)
joining and inhibiting homologous
recombination DNA repair

SETDB1 Eggless Tandem TO MBD, SET Histone methyltransferase that tri-methylates Ayyanathan et al.
K9 of histone H3, inducing transcriptional (2003); Fei et al.
repression; regulator of tumor suppressor (2015)
protein p53

KDM4A-B-C KDM4A-B-C Hybrid tandem TO  JmjC, JmjN, PHD  Histone demethylase activity associated to Whetstine et al.
transcriptional activation (2006); Labbé et al.

(2014)

ZGPAT ZGPAT Single TO ZnF-CCCH Transcriptional repressor through recruitment Li et al. (2009); Gui
of the nucleosome remodeling and et al. (2012)
deacetylase complex

ARID4A-B Hat-trick Tandem TO RBB1 N-t, Arid/ Gene suppressor and epigenetic regulator Gong et al. (2021)

Bright,
CHROMO

SMN1-2-DC1 SMN-SPF30 Single T1 Components of the SMN (survival of motor Kolb et al. (2007);
neuron) complex of ribonucleoprotein Chen et al. (2011)
assembly; binds spliceosomal Sm proteins,
involved in spliceosomal small nuclear
ribonucleoprotein assembly

OoTUuD4 OoTU Single T1 OoTU Deubiquitinating enzyme, RNA binding with Steinhauer and
suggested functions in translation regulation, Kalfayan (1992);
germ cell division, and differentiation in Mevissen et al.
Drosophila (2013); Das et al.

(2019)

SND1 Tudor-SN Single T2 SN Positive regulator of gene expression; Reviewed in

spliceosomal small nuclear ribonucleoprotein

(continued)
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Table 1 Continued

Protein name Protein name Tudor domain Co-occurrent Functions References (see
(H. sapiens) (D. domains Supplementary
melanogaster) Material)
assembly; miRNA RISC-mediated RNA Gutierrez-Beltran
interference; component of stress granules; et al. (2016)
involved in piRNA pathway
TDRD1 CG9684/ Multiple T3 ZnF-MYND pPiRNA pathway; Ago3/Piwi-binding Chen et al. (2011);
CG9925 Vagin et al. (2009);
Ku and Lin (2014)
TDRD2 Papi Single T3 KH piRNA pathway, Ago3/Piwi-binding Chen et al. (2011); Liu
et al. (2010); Ku
and Lin (2014)
TDRD4 Qin Multiple T3 ZnF-RING piRNA pathway; Aub/Ago3/Piwi-binding Ku and Lin (2014)
TDRD5 Tejas Single T3 Lotus piRNA pathway; Aub-binding Yabuta et al. (2011);
Ku and Lin (2014)
TDRD6 Tudor Multiple T3 piRNA pathway; Aub/Ago3/Piwi-binding Chen et al. (2011); Ku
and Lin (2014)
TDRD7 Tapas Multiple T3 Lotus piRNA pathway; Piwi-binding Tanaka et al. (2011);
Ku and Lin (2014)
STK31 . Single T3 PK piRNA pathway; Piwi-binding Chen et al. (2011)
TDRD9 Spindle-E Single T3 DEAD/DEADH, piRNA pathway; Aub-binding Vagin etal. (2009); Ku
HELICc, HA2 and Lin (2014)
TDRD10 . Single T3 RRM Unknown
TDRD12 Yb-SoYb-BoYb  Single T3 DEAD/DEADH PiRNA pathway; Ago3/Piwi-binding Ku and Lin (2014)
TDRD15 Multiple T3 Unknown
AKAP1 Single T3 Tm, KH Regulation of mitochondrial functions; binding  Livigni et al. (2006)
of PKA regulatory subunits
Krimper Single T3 ZnF-CCCH piRNA pathway, Ago3-binding Sato et al. (2015)
Vreteno Multiple T3 piRNA pathway Zamparini et al.

(2011)

The extended list of references included within this table is in Supplementary Material.

SN domain

TDRD3, PHF20-L1, PHF1-19-MTF2,

SGF29, UHFR1, LBR, TP53BP1,
SETDB1, KDM4, ZGPAT, ARID4

TDRD1, TDRD2, TDRD4, TDRDS,
TDRD6, TORD?7, TDRD9,
TDRD10, TDRD12, TDRD15,
krimper, vreteno, AKAP1, STK31

T3

TO

Fig. 1. Structural division and evolutionary hypothesis of Tudor domains. The Tudor domains were previously grouped in four sets: TO domains are constituted

by five B-strands and are present usually in single or double copies in genes mostly involved in transcriptional regulation; T1 domains are present in fewer genes

and are characterized by an additional a-helix N-t to the B-barrel core; T2 + T3 domains present two additional N-t B-strands and are present in the eukaryote-

wide SND1 and in proteins of the animal-specific family expansion (present from single to multiple copies within the same sequence). Jin et al. (2009), who

formalized the division, also proposed that the N-t structures were progressively acquired in a stepwise model from an ancestral TO condition and that the
animal T3 expansion was characterized by the co-option of the SND1 T2 domain. See Table 1 for gene-specific functions and literature.
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that SND 1 is composed of four complete SN domains and
a Tudor domain inserted within the fifth SN domain, in
C-terminal position to the two B-strands.

e Subsequently, this Tudor domain together with the two
N-t B-strands was co-opted during the Metazoa-specific
expansion in the evolution of germline-related Tudor
genes (T3 genes), specifically specialized in the piRNA
pathway through the concurrent evolution of
Argonaute proteins with N-t RG motifs that are Piwi
and its close homologs (Ago3 and Aub in
D. melanogaster).

The last point has implications on the major novelty of
multicellularity in animals. Indeed, germline-related Tudor
proteins are part of the germline multipotency program
(GMP), a set of genes that are involved in primordial germ
cell specification and maintenance of long-term stem cell
multipotency (Juliano et al. 2010). The emergence of multi-
cellularity was sided by the evolution and/or the expansion
of many gene families involved in cell lineage specification
and tissue differentiation, including GMP genes. The pres-
ence of multiple Tudor domains in germline-related Tudor
proteins suggests that they might act as docking platform
for spatial organization of the components, forming typical
germline granules. Specifically, the binding affinity of
germline-related Tudor proteins with Piwi-like homologs
suggests that they participate in the piRNA pathway as scaf-
fold proteins (Juliano et al. 2011; Siomietal. 2011; Lim and
Kai 2015).

A certain degree of variability in the set of Tudor proteins
among different lineages has been observed. For example,
in well-studied organisms, such as Drosophila species and
mammals, multiple lineage-specific Tudor genes have
been observed, suggesting a flexibility in the composition
of the Tudor gene set. Moreover, previous comparisons be-
tween teleosts and mammals have shown lineage-specific
duplications and/or loss of T3 genes in fish that are also as-
sociated with higher rates of sequence evolution (Vi et al.
2014; Chen et al. 2017; Liu et al. 2022). The authors inter-
preted these events in terms of adaptive evolution acting on
the piRNA pathway required for gametogenesis in such
species, invoking TE dynamics and life history traits such
as external fertilization to interpret the different evolution-
ary dynamics.

However, the Tudor family as a whole was rarely consid-
ered in evolutionary studies. Therefore, in the present
study, we aimed to investigate the evolution of the Tudor
domain and of the whole Tudor domain-containing gene
family throughout the whole Metazoa clade and closely re-
lated unicellular Holozoa, using proteomic data from online
available genomes. First, the enormous variability that we
observed in the number of Tudor genes allowed us to
make some considerations about the driving forces that
might explain the dynamics of expansion and reduction

of this gene family in the animal lineage. We, therefore,
got insight on whether genomic features, piRNA pathway
evolution, and specific life history traits might be driving
forces in the evolution of the metazoan different Tudor pro-
tein sets.

Then, we tested the stepwise model of N-t extension ac-
quisition in Tudor domains through phylogenetic tools,
comparing expectations of the model (like monophyly of
T1+T2+T3 domains or sister relationships between T2
and T3 domains) with observed relationships retrieved by
profile-based and alignment-based tree inferences.

Results

Tudor Protein Homology Group Composition

We downloaded proteomes from online databases for a to-
tal of 111 holozoan species, comprehending 21 metazoan
phyla and 4 major taxonomic groups of unicellular Holozoa
(supplementary table S1, Supplementary Material online).
We kept only the longest isoform for each gene, and we
clustered homologous sequences with OrthoFinder
v2.3.11 (Emms and Kelly 2019). Crossing the homology
clusters (OrthoFinder’s orthogroups or OGs), with domain
annotation by InterProScan v5.45.80 (Jones et al. 2014),
followed by within-cluster HMMER v3.2.1 iterations (Eddy
2011; see Materials and Methods for details), we identified
33 OGs comprising at least ten Tudor proteins of at least
two species (therefore here named Tudor OGs). Of these,
21 contained Tudor proteins previously annotated and
characterized in model species (we will refer to them as
“annotated OGs” from now on), while 12 contained
Tudor proteins that were never named in other works
("new OGs": since they are not annotated, they are named
with the OrthoFinder nomenclature). Of the latter, only
four OGs included more than two phyla, suggesting that
these Tudor proteins likely reflect lineage-specific
evolutions.

The total number of Tudor proteins we identified was
3,323, most of which (2,266) ended up in the annotated
0OGs, 178 in the new OGs, while 279 were either not in-
cluded in any OG considering our threshold for defining
OGs (see Materials and Methods). Of the Tudor proteins in-
cluded in the annotated OGs, more than one-third (900
proteins) ended up within the same homology group
(OG164 referring to OrthoFinder nomenclature), which col-
lected most Metazoa-specific T3 proteins: namely
TDRD1-2-4-5-6-7-15, and AKAP1 (following Homo sapiens
nomenclature). This “noisy” OG comprising multiple
multi-Tudor proteins likely reflects a bricolage-like complex
evolutionary pattern of Tudor domain acquisition that these
proteins experienced during the metazoan radiation, lead-
ing to many cases of multiple occurrences within the same
protein. To improve the resolution of subsequent analyses,
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Fig. 2. Phylum-specific patterns of presence/absence of Tudor OGs. Most TO and T1 genes could be annotated in unicellular holozoan. Tudor OG annotation
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they lack annotation. Relationships between clades are schematized on the |
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to the number of species considered in the present study. Numbers within colored squares refer to the number of species comprising at least one
Tudor-containing sequence in that OG. Colors refer to Tudor gene sets schematized in Fig. 1.

we subsampled the 0G164 in eight subclades with DISCO
(Willson et al. 2022 ) that decomposes gene family trees in
orthology groups based on a reference species tree.

The Variability in Numbers of the Different Sets of Tudor
Proteins Within Metazoa Is Associated to Different
Genomic/Genetic Features

We could identify the great majority of annotated Tudor
genes in almost all animal phyla, including early-branching
clades like Porifera and Ctenophora, confirming the
metazoan-wide distribution of the whole Tudor protein
set (Fig. 2). Within Metazoa, we observed a conspicuous
variation in the number of Tudor genes, even within the
same phylum (Fig. 3). Moreover, the distributions of the
four Tudor groups (TO, T1, T2, and T3) differed both in
terms of absolute values and coefficient of variation. This,
together with the functional differences explained in the
Introduction, suggests that their evolutionary patterns
should be considered separately. To better characterize
the possible driving forces of the great variability in Tudor

genes, we decided to explore possible correlation with a
series of variables that consider the different functions of
the four Tudor groups (Fig. 3; correlations were checked
for phylogeny and tested after removing species below
the 10th and over the 90th percentiles of the distribution
of total number of Tudor genes: see Materials and
Methods; all numerical values used for the correlations
are present in supplementary table S2, Supplementary
Material online, and a summary of all correlations is in
supplementary table S3, Supplementary Material online).
Because most of the TO proteins are involved in epigenetic
gene expression regulation and chromatin formation, we
considered genome size (C-value) and gene density as sim-
ple proxies of genome complexity. T1 proteins are involved
in posttranscriptional regulation, acting in the spliceosome
complex (except for OTU), and thus, we considered the spli-
cing index. Finally, T3 proteins (T2 genes were not consid-
ered in statistics since they comprise SND1 only) are
involved in the piRNA pathway, and we investigated the
correlation with the number of Piwi-like proteins (i.e. the
OG comprehending Piwi, Ago3, and Aub sequences of
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Fig. 3. Barplot of Tudor gene numbers across species and correlation between number of T3 and Piwi homologs. Species are ordered based on the total
number of Tudor genes we annotated. Unicellular holozoan is shown in a separate barplot on the bottom. There is a 34-fold variability in the total number
of Tudor genes in the species of our dataset (endoparasites depicted in red). The number of genes (higher than 1) belonging to each Tudor set is depicted in the
top of the respectively colored barplot. Nonmetazoa Holozoa is separated on the bottom right of the figure. On the left of each species, is an abbreviation of
the first three letters of the belonging phylum (exceptions due to homonymy: NMR, Nemertea; PLZ, Placozoa; CHF, Choanoflagellata). On the right side of the
figure, the linear regressions for PICs of the number of T3 genes and the number of Piwi-like homologs (p = 0.429; corrected P= 6.826  10™%; see Materials
and Methods). PIC values were calculated on the distributions after removing species below the 10th and over the 90th percentiles of the distribution of the
total number of Tudor genes.
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D. melanogaster) and Ago-like homologs as a control (i.e.
the OG comprehending Ago1 and Ago2 of D. melanogaster,
involved in non-piRNA silencing mechanisms). All correla-
tions were corrected for phylogenesis.

e The number of TO proteins was mildly correlated with the
total number of genes, C-value, and gene density, but
significance was not kept after correcting for false dis-
covery rate (supplementary table S3, Supplementary
Material online). The same is true for the number of T1
proteins that was weakly correlated with gene density
before correction for multiple tests.

¢ Only the number of T3 proteins positively correlated
with the total number of genes (p =0.545, corrected
P=3.027 + 107°). Moreover, only T3 protein number
significantly correlated with the number of Piwi-like
genes: p =0.429, corrected P=6.826 = 1074).

¢ No structural Tudor group correlated with the number of
Ago-like genes.

The Evolutionary History of the Tudor Domain During
the Holozoan Diversification

To explore the evolutionary history of the Tudor domains
and to test the “stepwise” model of evolution as proposed
by Jin et al. (2009), we considered only domain sequences
from Tudor OGs for which the iterative HMMER annotation
was performed. We extracted each occurrence of a Tudor
domain within each protein included in the Tudor OGs
(see Materials and Methods for domain extraction details),
and we followed two different phylogenetic approaches.

First, we built a neighbor-joining (NJ) tree based on
HMMER profile distances (Fig. 4a). For each Tudor OG, we
built a profile for each occurrence of a Tudor domain (for in-
stance, two separate profiles were built for the alignment of
the first and second Tudor domains of TP53BP1) and inferred
a NJ tree with pHMM-Tree (Huo et al. 2017) based on a pro-
file distance matrix obtained with the PRC algorithm.

Second, we ran ten replicates of IQ-TREE to infer max-
imum likelihood (ML) phylogenetic tree topologies (each
with 1000 UltraFast Bootstrap [UFB] iterations for support)
on a subsample of Tudor domains: comprehending all “an-
notated” and “new"” OGs, except for 0G164 (see Materials
and Methods). The ten replicate topologies were evaluated
with the topology tests implemented by IQ-TREE, and three
were significantly excluded by at least two methods (Fig. 4b
represents one of the seven replicates; for others, see
supplementary figs. S1 to S6, Supplementary Material on-
line). Considering the enormous tree space that the soft-
ware needed to explore, we decided to compare the
different replicate topologies by stating how many times
a discussed relationship was retrieved, rather than discuss
a single consensus tree.

The NJ tree topology inferred is mostly concordant with
the stepwise model of Tudor evolution (Fig. 4a; Jin et al.

2009). The TO domain secondary structure is paraphyletic,
with both T1, T2, and T3 domains nested within TO clades,
suggesting that the TO type was indeed the ancestral Tudor
state. The same pattern was retrieved also for all seven ML
replicates (Fig. 4b), and indeed ancestral state reconstruc-
tion (ASR) analyses inferred the TO domain as the ancestral
Tudor state with ~1 probability for all the considered repli-
cates (see Materials and Methods). The second TO domain
of PHF20-20L1 proteins (involved in histone acetylation)
shows the shortest distance from the PWWP outgroup in
the NJ tree and appears in a sister relationship with all other
Tudor domains in the NJ tree. Despite being often paraphy-
letic, this was observed also in four out of seven ML
replicates.

As regards the evolutionary emergence of subsequent
N-t extensions, in the NJ tree, both T1 and T2 + T3 domains
form monophyletic groups. However, they are separated by
a couple of nodes that include TO domains, suggesting a
single acquisition of the N-t a-helix followed by subsequent
losses, or its independent evolution in the T1 and T2 + T3
groups. In the ML trees, despite retrieving T2 + T3 domains
as monophyletic in five out of seven replicates (except for
some not consistent single TO domain sometimes nested
within T2 domains), T1 domains were most of the time
para- or polyphyletic. In most replicates (four out of seven),
domains belonging to OTU proteins were either in sister re-
lationship or included within the T2 + T3 domain clade, and
domains belonging to SMN1-2-DC1 and TDRD3 were in a
sister relationship with T2 and OTU ones. In the ASR ana-
lyses, however, the transition from T1 to T2 domain
had the lowest probability for nearly all replicates
(supplementary table S4, Supplementary Material online).

Regarding inner relationships of the T2 + T3 domain
clade, the T2 domains belonging to SND1 proteins were
never retrieved in a sister relationship with all T3 domains
(neither in the NJ tree nor in the seven ML trees).
However, the branch lengths of the internal nodes that de-
fine the different T2-T3 domain clusters were usually very
short, and deep nodes had lower support with respect to
the rest of the tree, hinting toward a shorter divergence
time among their common ancestors, possibly impeding ac-
curate phylogenetic reconstruction. Indeed, by collapsing
nodes with UFB support lower than 95 (as shown in
Fig. 4b), T1 + T2 + T3 domains are still included in a mono-
phyletic clade, but their relative relationships are not solved.

piRNA-Related Elements Were Retrieved in Two
Ichthyosporea Species

In most unicellular Holozoa we observed a discrete
number of TO and T1 genes, we could annotate SND1
(the only T2 gene), but barely no T3 gene was retrieved
(Fierro-Constain et al. 2017). Two notable exceptions
were in the Ichthyosporea species Ichthyophonus hoferi
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Fig. 4. Phylogenetic reconstructions of the relationships between Tudor domains belonging to different OGs. Trees are rooted with PPWWP domains. a) NJ tree
of the alignment profiles of the Tudor domains. The tree was inferred (pHMM-Tree) based on the distance matrix between profiles built on alignments of
Tudor domains belonging to the same OG. Branches are colored based on the Tudor gene set. b) ML tree of the Tudor domain alignment. A 50% subsample
of filtered Tudor domains of all OGs (with the exclusion of the noisy 0G164; see Materials and Methods) were aligned and ten ML tree replicates were inferred
(IQTREE; three failed topology tests). The topology depicted in the figure is that of the replicate with the highest likelihood (others are shown as supplementary
figs. S1to S6, Supplementary Material online). UFB supports (1,000 replicates) were collapsed at 95%. Tudor types are shown in the circle surrounding the tree

(together with OG nomenclatures for monophyletic groups). Blue dotted line: /. hoferi T3 sequence; red dotted lines: C. perkinsii T3 sequences.
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(additional T3 gene belonging to 0G164) and
Chromosphaera perkinsii (a T3 gene belonging to a small
OG comprising some Tardigrada sequences). In a recent
work, proteins containing T3 domains (almost always
coupled to Development and Cell Death [DCD] domains)
were annotated in five Choanoflagellata belonging to the
two major clades of loricate (Acanthoecida) and non-
loricate (Craspedida) species (Bell et al. 2020). No sequence
similarity could be retrieved between the five choanoflagel-
late T3+DCD proteins from the literature and the two
ichthyosporean T3 proteins of the present study.
Moreover, no Tudor domain nor protein homologous to
those annotated by Bell et al. could be annotated in none
of the Choanoflagellata included in the present analysis
(supplementary table S5, Supplementary Material online).

To get insight on whether the two ichthyosporean T3
genes we retrieved are the results of horizontal gene trans-
fers (HGTs) from animals (most Ichthyosporea are endopar-
asites of animals; in our dataset, only C. perkinsii is
free-living to present knowledge; Grau-Bové et al. 2017),
we included their T3 domains in our Tudor domain ML
tree topology. We ran ten ML replicates forcing the previ-
ously retrieved topology (see previous Results subsection)
and allowing for the ichthyosporean T3 domains to be free-
ly placed in the tree. Ichthyophonus hoferi T3 domain
was included into a polytomic clade (after UFB collapse)
comprising domains belonging to SND1, STK3, and
0G0009555, while the three T3 domains of C. perkinsii
ended up scattered among metazoan T3 domain noisy re-
lationships (dotted colored branches in Fig. 4b).

To test different a priori topologies and compare their
likelihood, we first built ten ML tree replicates of an align-
ment of T3 domains belonging to OG164 subclades
(including 1. hoferi T3 domain) and T2 domains of SND1
proteins (as outgroup). We compared the likelihood
of the topologies with ten replicates for which we forced
I. hoferi in a sister relationship with all other 0G164 do-
mains. These latter topologies did not have significantly
lower likelihoods (for none of the IQTREE topology tests;
Minh et al. 2020); therefore, I. hoferi T3 domain as sister
to all T3 domains belonging to OG 164 stands as a plausible
hypothesis (trees in Supplementary Material).

Interestingly, /. hoferi and C. perkinsii were the only two
holozoan species for which we also identified sequences in-
cluded in the homology cluster of Piwi proteins (including
Piwi, Ago3, and Aub of D. melanogaster). The two ichthyos-
porean Piwi-like protein sequences were characterized by the
precise domain architecture found in metazoans (Piwi + PAZ
domains), that is, however, also shared by close homologs
of Ago1 and Ago2, that are not involved in the piRNA path-
way. We, therefore, built HMM profiles for both Piwi and PAZ
domains of both OGs (Piwi-like and Ago-like; excluding
Ichthyosporea sequences) and found that C. perkinsii and
I. hoferi Piwi and PAZ domain sequences better aligned

with the profiles built on the Piwi-like OG, suggesting that
they could indeed be putative holozoan homologs of the
Piwi-related proteins. Coherently, both ichthyosporean
Piwi-like proteins (especially /. hoferi) shared the presence of
characteristic N-t RG conserved motifs (supplementary fig.
S7, Supplementary Material online)

To better investigate the phylogenetic relationships of
these proteins, we built ten replicates of ML phylogenetic
trees based on partitioned alignments of Piwi and PAZ do-
mains only. A subsample of sequences belonging to the
Ago-like OG was used as outgroup (one sequence for
each phylum). Sequences of C. perkinsii and /. hoferi clus-
tered outside the Ago-like outgroups, confirming their
higher similarity with Piwi-like metazoan sequences with
an independent method. Nonetheless, in none of the ten
ML replicates, C. perkinsii and I. hoferi were in a sister rela-
tionship with Metazoa, but they were rather nested within
early diverging small metazoan clades. We then tested the
likelihoods of a priori topologies against the free inferences:
we tested ten topologies forcing the two ichthyosporean
species in a sister relationship with animals, ten topologies
forcing only C. perkinsii, and ten topologies forcing only
I. hoteri. None of the 40 topologies was significantly better
than the others with the approximately unbiased test
(Shimodaira 2002), but the only case where all ten repli-
cates passed all topology tests implemented by IQTREE
(therefore them not being statistically worse than the free-
inference topologies) was when forcing both Ichthyosporea
Piwi + PAZ domains in a sister relationship to all animal ones
(Fig. 5 depicts the Ichthyosporea-sister replicate with high-
est likelihood; all trees in Supplementary Material).

Discussion

Reductions in the Number of Tudor Genes is (Often)
Associated With Endoparasitism and Expansions With
WGDs

Interestingly, nearly all dataset species with a severely
reduced number of Tudor genes were endoparasites
(most of these species did not drive the statistics since
we removed the first and last deciles before correlating).
For seven out of these eight independent evolutions of en-
doparasitism in our dataset (14 out of 16 endoparasite
species; data on parasitism occurrences from the survey
of Weinstein and Kuris 2016; supplementary table S6,
Supplementary Material online), we could find a common
pattern of strong reduction of Tudor genes (Fig. 3;
supplementary table S2, Supplementary Material online).

Parasitism has been often associated in a causal manner to
a reduction of phenotypic/genotypic complexity (Tsai et al.
2013; Zarowiecki and Berriman 2015). Indeed, we observed
mere global gene content reduction, together with high
gene density and small genome size, for many extreme
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Fig. 5. ML tree topology of Piwi + PAZ domains of Piwi-like homologs in Holozoa. The tree was inferred from the alignment of concatenated and partitioned
Piwi and PAZ domains of sequences belonging to the Piwi-like OG. The topology depicted refers to the highest likelihood IQ-TREE replicate (of ten replicates)
inferred forcing ichthyosporean sequences in a sister relationship with metazoan ones (for inferences with no constraint or other topological constraints, at
least one replicate failed topology tests; see Results). The tree is rooted with domains belonging to Ago-like sequences.

parasites of our dataset: the phyla Orthonectida and
Dicyemida (represented by one species each), the class
Myxozoa (three species of highly derived parasitic cnidarian),
and Neodermata (Platyhelminthes). This was associated es-
pecially to extreme reduction of TO genes (five or less genes,
i.e. lower than half of the overall median), with numbers con-
spicuously lower than their free-living close relatives, and
even lower than some unicellular holozoan clades (Fig. 3).

Also, in Nematoda, we observed lower total number
of genes for parasitic species compared to the free-living
species Caenorhabditis elegans, Aphelenchus avenae,
Bursaphelenchus okinawaensis, and Plectus sambesii.
However, in these cases, the variability of the Tudor gene
sets probably followed lineage-specific evolutionary path-
ways. Indeed, data from independent occurrences of para-
sitism evolution in Nematoda revealed how genome
dynamics are highly variable and not straightforwardly
associated with lifestyle strategies (Blaxter and
Koutsovoulos 2015; Viney 2018). Thus, the phenotypic,
genomic, and lifestyle evolutionary history of Nematoda ap-
pears extremely convoluted, and no unifying consideration
can be made to explain their extreme variability.

For many species that showed Tudor gene number infla-
tions (Fig. 3), on the other hand, we could identify lineage-

specific whole-genome duplication (WGD) events that might
explain the component of the Tudor set made by regulatory
TO genes, since regulatory genes and genes involved in pro-
tein—protein interactions are thought to be more often re-
tained by mechanisms of dosage balance after WGDs
(Freeling and Thomas 2006; Sémon and Wolfe 2007 ; Jiang
et al. 2013): the free-living flatworm Macrostomum lignano
(recent species-specific WGD; Zadesenets et al. 2017),
three species of bdelloid rotifers (ancient tetraploidy in
Bdelloidea; Hur et al. 2009), and Acipenser ruthenus
(Acipenseriformes-specific WGD with high degrees of both
structural and functional tetraploidy at present times;
Cheng et al. 2019; Du et al. 2020). Moreover, usually the
number of TO genes is almost perfectly doubled compared
to the closest relatives: in Bdelloidea rotifers with respect to
the monogonont Brachionus calyciflorus (16 against 7; for
Adineta ricciae enormous inflation, see Nowell et al. 2018)
and in A. ruthenus with respect to other Craniata (40 TO
genes against a Craniata median of 21).

The Evolutionary Patterns of T3 Genes Are Strongly
Associated to Piwi Proteins and Reproductive Strategies

We found a strong correlation exclusively between the
number of T3 genes and of Piwi homologs (Piwi, Ago3,
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and Aub; following D. melanogaster nomenclature). T3
proteins are almost exclusively associated with the piRNA
pathway of retrotransposon silencing in the germline (Jin
et al. 2009), and the correlation between these two gene
groups reflects their role in the same molecular pathway.
We could not find any correlation with Ago-related genes,
confirming how the strict relationship with Piwi-like pro-
teins is specific and limited to the piRNA pathway, rather
than to generic Piwi domain-containing proteins.

In most of the species with an overall low number of
Tudor genes (e.g. endoparasites and the two free-living
species Oikopleura dioica and Trichoplax adhaerens), the
reduction was mostly driven by reduction in the number
of T3 genes, flanked by a reduction in the number of
Piwi-like homologs. This was not sided by a similar trend
for the Ago-like homologs (coherently with the exclusive
and positive correlation between numbers of T3 and
Piwi-like genes; Fig. 3). For instance, endoparasitic flat-
worms lost all Piwi homologs, as previously observed in
other works (Tsai et al. 2013; Fontenla et al. 2021), sided
by the complete loss of the piRNA pathway and most of
its associated genes (Skinner et al. 2014; Fontenla et al.
2021), and T3 gene group reduction (median of 2 against
an overall metazoan median of 16; TO and T1 gene groups
had a median of 9.5 against an overall metazoan median of
11 for TO genes; median of 2 against 3 for T1 genes).

Also, the nematodes Brugia malayi and Loa loa did not
have Piwi copies and, interestingly, they lost almost all clas-
sic piRNA-associated T3 genes: the T3 genes present were
sequences included in nematode-specific OGs or in nonan-
notated OGs shared with few other phyla (supplementary
fig. S8, Supplementary Material online). However, we
could observe the same loss of canonical T3 genes in other
Nematoda who also lost Piwi (endoparasites Trichinella
spiralis and Strongyloides ratti and the free-living A. ave-
nae) and also in species that did not lose it, like Necator
americanus and the free-living B. okinawaensis and C. ele-
gans (supplementary fig. S8, Supplementary Material on-
line), suggesting that in Nematoda, the Tudor gene loss
is @ common pattern, despite lifestyle and piwi-related
dynamics.

Coherently, species with a conspicuously higher number
of Tudor genes mostly coincided with those with the high-
est number of Piwi-like homologs (the first and last deciles
of the distribution were removed before correlating; there-
fore, the significant correlation was not driven by those
species). Especially Folsomia candida, M. lignano, Cloeon
dipterum, and bdelloid rotifers (A. ricciae, Rotaria socialis,
and Didymodactylos carnosus) were characterized by a
strong expansion of both Piwi-like homologs and T3 genes
(Figs. 3 and 5). For some of these species (M. lignano and
Bdelloidea), expansions can be partially explained with
WGD dynamics (see the first section of Discussion).
However, most of the T3 gene radiations are broader

than those of TO and T1 within the same species and invoke
further interpretations.

The piRNA pathway is extremely important in the gen-
omic homeostasis of both germ and totipotent stem cells
(such as planarian neoblasts or poriferan archaeocytes),
preventing retrotransposable TE burst in dividing cells de-
voted to genetic transmission across generations (Juliano
et al. 2010; Siomi et al. 2011). It is therefore unavoidable
to interpret expansions and reduction of genes involved
in this process in the light of lineage-specific TE composition
and activity, as well as considering reproductive features.

In M. lignano, T3 genes are strikingly numerous, being
the most numerous T3 gene set of all our dataset (63 genes;
Fig. 3). Even considering the retention of the whole dupli-
cated set, therefore, merely dividing by two to simulate
pre-WGD condition, the number is still high and would
fall in the first decile of the distribution. The massive expan-
sion in the number of Piwi-like homologs (14 sequences)
and T3 genes (19 belonging to 0G164, 4 to TDRD12, 3
to TDRD9, and 36 belonging to nonannotated OGs) in
M. lignano might be due to selection for TE regulation in a
species were neoblasts represent the only dividing cells,
being crucial for regeneration, tissue homeostasis, and asex-
ual reproduction. Long terminal repeats (LTRs) retrotranspo-
sons, one of the TE classes whose mobility is directly
controlled by piRNAs, represent the 21% of M. lignano gen-
ome (Wudarski et al. 2017), and in the present study, we
could observe a high peak of very recent LTR retrotranspon
activity (measured as frequency of lowly divergent elements;
supplementary fig. S9, Supplementary Material online). The
recent WGD might have induced an uncontrolled TE motility
(Lien et al. 2016), and this might have promoted the selec-
tion for overnumerary copy numbers of both Piwi-like and
T3 genes. Coherently, in M. lignano, most Piwi-like copies
have extremely short branch lengths and can be divided
into four clusters, each comprehending numerous paralogs
very similar to each other (Fig. 5). Therefore, these Piwi-like
genes are probably very recent and might be the sign of a
presently occurring arms race driven by the highly dynamic
M. lignano genomic environment.

Similar Piwi-like/T3 gene number expansions are present in
Bdelloidea and the springtail . candlida (the latter having the
outstanding number of 19 Piwi-like homologs and 45 T3
genes). Also, in these cases, the maintenance of overnumer-
ary Piwi-like/T3 genes could have been selected for the regu-
lation of TE activity. Indeed, these four species are
parthenogenetic (bdelloids are apomictic; i.e. they lack mei-
osis), and it might be tempting to associate the T3 gene num-
ber expansion to the selection for an efficient TE control
pathway in species that lack or have weaker sex-related de-
fenses to mobile elements (e.g. genetic exchange among indi-
viduals and meiotic recombination). The consequences of
asexuality and unisexuality on TE loads have always been of
interest. It has been predicted that asexual populations that
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lacked efficient ways for controlling TE expansions should ei-
ther accumulate them up to lineage extinction or lack TEs in
the first place (Dolgin and Charlesworth 2006). However,
this prediction was not always confirmed, and asexual or uni-
sexual lineages usually show TE loads similar to closely related
sexual taxa (see for instance Kraaijeveld et al. 2012; Bast et al.
2016; but see Jaron et al. 2021). In long-term asexual
Bdelloidea, for example, relatively abundant, diversified, and
recently active transposons and retrotransposons have
been found (Nowell et al. 2021; but see also the recent LTR
retrotransposon expansion observed in Adineta vaga: Kim
etal. 2018). The same authors did not find any significant dif-
ference in respect to other Rotifera in terms of TE load, but
they, however, found bdelloid-specific expansions of TE silen-
cing pathways (Nowell et al. 2021). In our bdelloid species,
and also in the other apomictic parthenogenetic species, the
springtail F. candida, we could confirm an increase in
Piwi-like/T3 genes, putatively selected to avoid detrimental ef-
fects of TE mobility in genomic systems that lack other effect-
ive molecular mechanisms of TE mobility prevention. In
particular, the overnumerary copies of Piwi-like homologs in
Bdelloidea and F. candida represent two clade-specific expan-
sions (Fig. 5). However, the branches separating the paralogs
are long and suggest a deep and old diversification, coherently
with the ancient persistence of apomictic parthenogenesis in
these species (tens of million years for bdelloid rotifers; \Welch
et al. 2009).

It is interesting to notice that another species with a con-
spicuously high number Piwi-like/T3 genes (12 Piwi-like; 39
T3)is the mayfly C. dipterum. In Ephemeroptera, parthenogen-
esis is supposed to be independently evolved in 12 different
families, with different declensions (obligate, facultative, and
spontaneous) and various percentages of occurrence, suggest-
ing high evolvability of the trait in the clade (Liegeois et al.
2021). The estimate of occurrence in species studied for their
reproductive mode is 47.8%, reaching ~80% in some families
like Baetidae, that includes C. dipterum (Liegeois et al. 2021).
Even if the family of C. dipterum shows a strong propensity
for parthenogenesis evolution (in both automictic and apomic-
tic forms), the species has never been observed to reproduce
parthenogenetically. It is tempting to interpret the here ob-
served C. dipterum Piwi-like/T3 gene number expansion as a
form of exaptation for parthenogenesis in such animals, being
a potential advantage for TE load regulation.

The Model of Stepwise Accumulation of N-t Secondary
Structure Remains a Valid Hypothesis for Tudor Domain
Evolution

The stepwise acquisition model of N-t extensions (Jin et al.
2009) theorizes that the ancestral Tudor domain would
have been a TO type, and our phylogenetic analyses based
on Tudor domain sequences are consistent with this hy-
pothesis. Indeed, beside the early divergence of

PHF20-20L1, the TO domain secondary structure is para-
phyletic, with both T1, T2, and T3 domains nested within
TO clades. This pattern was consistent both in the NJ tree
of the profiles and in all seven ML replicate trees (Fig. 4a
and b; supplementary figs. S1 to S6, Supplementary
Material online), and statistical support was provided by
the ASR analyses that inferred TO as the ancestral state
with ~1 probability for all ML replicates (supplementary
table S4, Supplementary Material online).

According to the NJ tree of the profiles and most ML
trees (four out of seven), the second Tudor domain of
PHF20-20L1 is in a sister relationship with all other Tudor
domains and has the lower distance from the remote
PWWP homologs. Interestingly, previous works have found
that the putatively Tudor C-terminal domain of ProQ in
Escherichia coli has the highest structural similarity with
the second Tudor of PHF20, with respect to all other PDB
database hits (Gonzalez et al. 2017). Such bacterial ProQ
Tudor-like domain was found so far exclusively in a limited
set of y-proteobacteria RNA chaperones, and previous
authors speculatively suggested that its presence in prokar-
yotes might be the result of HGT rather than far vertical
homology (Gonzalez et al. 2017; Liao and Smirnov 2023).
However, structural similarities are the highest with the se-
cond Tudor domain of PHF20, and the fact that this domain
is the closest one to the root and in a sister relationship with
all other Tudor (in NJ tree and most ML ones) might be a
hint for vertical homology from the bacterial Tudor-like do-
main. It might be interesting to more deeply characterize
such similarities and discriminate between far homology
and convergent evolution.

The prediction of the stepwise model of the emergence
of the T2 domain from a single insertion event of a T1 do-
main within the fifth SN domain of SND1 followed by its co-
option in the T3 domains (Jin et al. 2009) could not be
strongly confirmed by our phylogenetic inference. Indeed,
neither the NJ tree nor ML replicates consistently retrieved
the expectation of a sister relationship of T1 domains
with a T2 +T3 domain clade. The polyphyly of the N-t
a-helix extensions could be explained either by a single ac-
quisition of the N-t a-helix that might have been subse-
guently lost in the intercalated TO domain clades or by
the independent evolution of the a-helix in the progenitors
of T1 and T2 domains. In the NJ tree, the putative independ-
ent losses or acquisitions would be two in both cases, but in
the ML replicates, the situation is more convoluted and
would require multiple events for both scenarios.

Another prediction of the stepwise model would be the
sister relationship of T2 domains (those of SND1 proteins)
and all T3 domains, but this was never retrieved in any of
the ML replicates or the NJ tree: T2 domains always cluster
within T3 domains in both methods. However, internal ba-
sal nodes of the T2 + T3 domains are very lowly supported
and separated by very short branches (Fig. 4b) that probably
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reflect a relatively fast diversification. Collapsing nodes for
UFB support still shows the monophyly of Tudor domains
with N-t extension and highlights the difficulties in confi-
dently solving their relationship. The evolutionarily fast T3
gene family expansion in Metazoa might have obscured
the resolution power of phylogenetic inference, confound-
ing the deep nodes of T2 + T3 domains and the inner rela-
tionships of the T3 domain clade but leaving as hints the
much shorter and less supported internal branches than
the rest of the tree.

Moreover, most T3 Tudor proteins were grouped within
the large OG164 homology cluster, despite belonging to
different orthologous genes, and T3 domains display an
enormous range of different occurrences, from single cop-
ies to up to 19 multiple copies within the same protein
(some cnidarian sequences included in OG164). These
genes in OG164 almost perfectly coincided with the
Tudor genes that were considered as metazoan innovations
involved in the GMP program by Fierro-Constain et al.
(2017) (excluding TDRD9 and STK31 that constituted inde-
pendent OGs). Curiously, the relationships among them
could not be confidently solved and they were ascribed in
the same homology cluster, suggesting a convoluted pat-
tern of evolution that involved multiple duplications and
likely a bricolage-like evolution by domain exon shuffling
of the proteins that impeded the algorithm to distinguish
orthologs. Their evolution might have been fast enough
to impede distinguishing their reciprocal evolutionary rela-
tionships after hundreds of million years of sequence evolu-
tion (also considering the short length of the Tudor domain
that led to infer phylogenetic relationships).

We believe that the previously proposed model elegantly
based on structural similarities (the entangled association of
the Tudor and the fifth SN domain of SND1; Jin et al. 2009)
remains the strongest hypothesis. Some of the predictions
of the model of Tudor evolution proposed by Jin et al.
(2009) were here confirmed, while others could not be con-
fidently supported due to lack of phylogenetic resolution.
Nevertheless, they could not be excluded either, leaving
the stepwise model as a valid hypothesis for the evolution-
ary pathways of the Tudor domain.

Some Previously Considered Metazoa-Specific
piRNA-Related Elements Were Present Also in
Early-Branching Unicellular Holozoa

Piwi and other GMP genes (like vasa and nanos) were
thought to be metazoan innovations evolved alongside
multicellularity (Alié et al. 2015; Fierro-Constain et al.
2017). Some Tudor genes, namely those belonging to the
T3 structural group, are comprised among such innovations
(Fierro-Constain et al. 2017) as confirmed by the animal-
wide distribution of these genes, comprising also the basal
clades of Porifera, Cnidaria, and Ctenophora (Fig. 2).

Nonmetazoan eukaryotes were thought to completely
lack T3 genes, but some were recently annotated in choa-
noflagellates of the Salpingoeca order (Bell et al. 2020).
With the present study, we expand the number of unicellu-
lar Holozoa that present T3 domains, annotating them in
two Ichthyosporea species, that represent early branching
holozoan clades. The lack of homology between Bell
et al. (2020) T3 + DCD proteins and any sequence of our
holozoan proteomes, and the differences in domain com-
position between the two ichthyosporean T3 genes, com-
plicate the scenario. Indeed, considering the ML analyses
and the different domain composition of /. hoferi and
C. perkinsii T3 genes, a plausible hypothesis is that they re-
present independent co-options of T3 domains.
Chromosphaera perkinsii T3 domains cluster scattered
among metazoan ones, and the belonging protein
clustered in a separated OG with some Tardigrada se-
guences, possibly meaning that it is the result of HGT.
Ichthyophonus hoferi T3 domain, on the other hand, be-
longed to a protein included by OrthoFinder in the “noisy”
0G164, and in the ML tree, it clustered in a polytomy with
T2 domains belonging to SND1 proteins (Fig. 4b).
Ichthyophonus hoferi T3 domain indeed represents a
good candidate for the early evolution of the piRNA silen-
cing toolkit, even more than the choanoflagellate se-
guences annotated by Bell et al. (2020). Indeed, while
choanoflagellates appear to completely lack Piwi-like
homologs, we found that /. hoferi has one whose position
in a sister relationship with all animal Piwi-like proteins
could not be refused (based on Piwi+ PAZ domains).
Moreover, [. hoferi Piwi-like sequence presents multiple
RG motifs in its N-t position, comprising many positions
conserved in most animal sequences (supplementary fig.
S7, Supplementary Material online). These Piwi RG motifs
are those that get methylated and then recognized by the
sDMA-binding activity of T3 domains (Liu et al. 2010),
meaning that these might be potential binding sites for
I. hoferi T3 protein.

Our data predate the emergence of both T3 gene ele-
ments and Piwi-like ones to early diverging Holozoa, sug-
gesting that at least part of a potentially functional piRNA
genetic toolkit was shared by the common ancestor of all
Holozoa and is still present in some ichthyosporean species.
These genes might have been subsequently lost in most
unicellular phyla while they expanded in Metazoa, in which
they were co-opted for functions strictly related to multicel-
lularity (i.e. germline establishment). However, by propos-
ing I. hoferi, C. perkinsii, and Choanoflagellata T3 genes
as independent evolutions, we delineate a scenario where
the co-option of Tudor domains is a relatively frequent
event, and the metazoan emergence might simply re-
present an additional independent co-option. The future in-
clusion of additional genomic resources and works focused
on unicellular holozoan might provide a better
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understanding of the convoluted evolutionary dynamics
of T3 domains.

Conclusions

In the present study, we conducted a wide-scale evolution-
ary survey of the Tudor domain-containing proteins in
Metazoa and their closely related unicellular holozoan rela-
tives. We aimed to characterize the distribution of the gene
family in the different animal phyla, trying to explain the
evolutionary forces that shaped such variability and to
test a previously proposed model of the evolution of the
Tudor domain secondary structure.

Our observations suggest that some major and poten-
tially functional elements of the piRNA pathway were al-
ready present in the genomic landscape of the first
Holozoa. Their massive and relatively quick expansion at
the root of animals provided the genetic potential for their
co-option in finely-tuned multicellularity-related pathways.

We could observe an outstanding variability of Tudor
gene numbers across phyla and species. Overall, Tudor
gene number extreme variations were associated to whole-
genome expansion and reduction, probably due to their
epigenetic regulatory roles. However, T3 gene set dynamics
were largely explained by specific evolutionary patterns of
the piRNA pathway, with severe reduction or complete
loss in species that lacked Piwi-like homologs, and con-
spicuous expansions in species in which selection for strin-
gent TE regulatory dynamics was/is advantageous (e.g.
parthenogenetic species).

With phylogenetic tools based on Tudor domain se-
guences, we tested the so-called stepwise model of Tudor
N-t structure acquisition, confirming the TO domain type
(no N-t extension) as the ancestral state. The further predic-
tions of the model, i.e. a single acquisition of the N-t a-helix
and the co-option of the T2 domain of SND1 in the T3 gene
metazoan radiation, were not rejected by our analysis, but
their support was nevertheless slight.

Materials and Methods

Dataset

We downloaded from online-available annotated genomes
112 species proteomes, covering 21 metazoan phyla and
four major taxonomic groups of unicellular Holozoa
(supplementary table S1, Supplementary Material online).
The choice of proteomes was driven to maximize phylogen-
etic representativeness, including all available proteomes
for lowly covered phyla, and no more than ten species for
highly represented taxonomic groups like vertebrates and
insects. We collapsed the proteomes keeping exclusively
the longest isoform for each gene (when unique gene iden-
tifiers were present: roughly two-thirds of the dataset).

Tudor Protein Identification and Tudor Domain
Extraction

To identify the Tudor proteins in the proteomes, we first in-
ferred homology clusters between all proteomes with
OrthoFinder v.2.3.11 (with --ultra-sensitive parameter). We
then annotated all OrthoFinder's OGs that included at least
one Tudor domain, cross-checking with the domain annota-
tion performed on the whole dataset with InterProScan
(domain annotation e-value cutoff: 107>; the InterProScan
codes that we used are in supplementary table S7,
Supplementary Material online).

For those OGs that collected at least ten sequences belong-
ing to at least 2 species and that contained at least 10% of
Tudor proteins, we implemented the raw InterProScan annota-
tion with iterative within-OG HMMER profile searches. For
each OG, we built a profile on the alignments of their Tudor
domains (sequences aligned with MAFFT-DASH v7.471,
--global-pair algorithm; Katoh and Standley 2013; profiles built
with hmmbuild by HMMER v3.2.1), and we run it back on all
sequences of its belonging OG (hmmsearch by HMMER). If
additional domains were retrieved, they were included in the
construction of a new profile for a subsequent iteration, and
so on until no further sequences were found. We performed
these iterations with different hmmbuild -symfrac parameter
values (namely 30%, 50%, and 70%; threshold for the per-
centage of gaps in a position; supplementary table S8,
Supplementary Material online): we then kept results for the
value that needed the lowest number of iterations to reach
plateau to minimize the risk of flanking position inclusions.
When the annotation pipeline did not automatically separate
multiple Tudor domains occurring in the same sequences (for
some cases where consecutive domains were very close), we
did it manually using the positional information on H. sapiens
(namely for SGF29, Espinola-Lopez and Tan 2021; TP53BP1,
Charier et al. 2004; UHFR1, Kori et al. 2019).

The secondary structures of all Tudor domains of our da-
taset were predicted with SSpro v6.0 as implemented in
SCRATCH-1D v2.0 (Cheng et al. 2005). We then manually
annotated the presence of a-helices and B-strands in the
proximity of the Tudor domain core (five B-strands), and
each Tudor gene was assigned to a different class based
on their domain structure: TO for no N-t extension; T1 for
N-t a-helix; and T2 and T3 for N-t a-helix and two
B-strands (T2 group referring to SND1 Tudor domain only
due to functional reasons and previous classifications; Jin
et al. 2009).

Statistical Analyses

Statistical analyses were performed correlating the number
of Tudor genes for each species with other genetic and gen-
omic variables. We considered for this analysis all Tudor
genes, therefore, including both those that underwent
the curated iterative annotation for a subset of OGs and

Genome Biol. Evol. 17(6) https://doi.org/10.1093/gbe/evaf051

Advance Access publication 9 June 2025 15

Gz0zZ 8unr 60 Uo 1sanb AQ 808G 18/1.50¥AS/9// | /801E/006/W00"dNO"dIWSPESE//:SARY WO} PAPEOJUMOC


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf051#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf051#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf051#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf051#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf051#supplementary-data

Piccinini et al.

GBE

all other Tudor genes identified by the raw InterProScan do-
main annotation.

First, we checked for any possible bias due to the quality
of genome annotation, but we found no correlations be-
tween the BUSCO completeness (Metazoa database, v5;
Manni et al. 2021) and the total number of genes. We
then performed correlations considering separately the sub-
sets corresponding to the three Tudor domain structural
types (T2 not considered). The variables investigated were
as follows: the number of Piwi-like homologs (sequences
with Piwi and PAZ domains in the OG that included Piwi,
Ago3, and Aub of D. melanogaster and PiwilL1-2-3-4
of H. sapiens); the number of Ago-like homologs (OG con-
taining Ago1-2 of D. melanogaster and Ago1-2-4 of
H. sapiens); the number of all protein-coding genes; the
genome size (in terms of C-value; retrieved from NCBI's
genomesize.com or from the specific databases from which
the proteome was collected); the gene density (number
of protein-coding genes over genome size); and the splicing
index (number of all protein products over the number
of protein-coding genes, exclusively for those genomes for
which isoform annotation was present: roughly two-thirds).
Given that the distribution of Tudor genes in our species
was highly variable, with cases of extreme reduction and ex-
pansion, to perform correlation tests, we removed the
edges of the distribution (below the 10th and above the
90th percentiles of the total number of Tudor genes: below
11 and over 45) to avoid the statistics being driven by them.

We corrected for phylogenetic biases by calculating phylo-
genetic independent contrasts (PICs; calculated with pic func-
tion of ape package in R; Felsenstein 1985). The phylogenetic
tree we used to calculate PICs was built on 333 BUSCO v5
genes (Metazoa database) present in more than 90% of
the species (alignment: MAFFT; trimming: BMGE; model se-
lection: IQTREE’s ModelFinder; branch length calculation:
RAXML-NG, Kozlov et al. 2019; topology was fixed and
based on the literature: see Extended_reference.pdf in
Supplementary Material for references; alignment and tree
provided in Supplementary Material). For each pair of tested
PICs, we fitted a linear model with Im function in R ("y ~ x —
1" to force it through the origin given that the sign of the
contrasts calculated with pic functions is arbitrary). P-values
were adjusted with the “fdr” method of p.adjust function
of R. Since we were interested in the metazoan variability
of the Tudor family, and to avoid biases due to the smaller
genome sizes and lower gene content of nonmetazoan
Holozoa, we performed all correlations excluding unicellular
Holozoa. All noncorrected numerical values are present in
supplementary table S2, Supplementary Material online.

Tudor Domain Phylogenetic Inference

To explore the evolutionary history of the Tudor domain,
we considered only domain sequences from Tudor OGs

for which the iterative HMMER annotation was performed.
Moreover, to reduce complexity and avoid misannotations,
we excluded sequences with length lower than 45 amino
acids (roughly 3/4 of the TO Tudor domain length). For
the noisy 0G164, we used DISCO to subsample the OG
in orthology groups. We aligned the whole-length proteins
with MAFFT and ran an IQTREE tree inference. We then fed
the OG164 tree to DISCO that divides it into subtrees coher-
ent with a reference species tree (built based on the litera-
ture). We obtained eight subclades of orthology that were
treated separately in the phylogenetic analyses.

Tudor domains of each OG were aligned with
MAFFT-DASH (—globalpair), using tertiary structures from
online databases (Rozewicki et al. 2019). We evaluated
the alignment with the Transitive Consistency Score (TCS)
calculated by TCOFFEE (Chang et al. 2014) and excluded se-
quences with a score lower than 50 (this step was per-
formed iteratively until all sequences had a TCS higher or
equal to 50).

As a first phylogenetic approach, we used HMM profiles
to infer the evolutionary relationships between the Tudor
domains, simplifying the dataset while attempting to pre-
serve as much information as possible about sequence vari-
ability. We built an HMM profile for each Tudor domain
belonging to each OG (hmmbuild by HMMER), and a NJ
profile tree was inferred with pHMM-Tree, based on a dis-
tance matrix calculated with the PRC algorithm. When a
gene contained multiple Tudor domains, we considered
each separately (e.g. for the first and second Tudor of
KDM4A/B/C, two different profiles were built). When do-
mains could not be confidently split due to uncertain hom-
ology relationships (e.g. in OG0009555, some species
contained two domains and some one), a single profile
for all Tudor domains was built. The HMMER profile of
the PWWP domain was used as outgroup (domains ex-
tracted from the more numerous OG whose sequences in-
cluded PWWP domains, following the same procedure of
Tudor domain profiles).

We also inferred ML replicate trees of the domain se-
quences with IQ-TREE. Given the high number of se-
guences and the low length of the domain, we
subsampled the dataset in order to reduce the enormous
tree space that the software would have explored. For
each Tudor domain, we kept only the 50% of sequences
with higher similarity to the OG’'s HMMER profile
(hmmsearch of profile against sequences). Moreover, we
excluded from the ML inference the noisy OG164.
Considering the complex evolution that probably lies be-
hind these multidomain proteins and considering that
they consisted in almost half of the total number of Tudor
domains (therefore consistently expanding the tree space),
we decided to remove them. The final sequences (1,435
Tudor domains) were aligned with MAFFT-DASH
(—globalpair algorithm) and trimmed with BMGE v1.12
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(-b 1-g0.999-h 0.6; Criscuolo and Gribaldo 2010), and ten
IQ-TREE replicates were run (with 1000 UFB replicates
each), forcing PWWP monophyly. Model testing was per-
formed by ModelFinderProtein as implemented by
IQ-TREE: we tested LG, WAG, and JTT including all combi-
nations of models of rate heterogeneity across sites and
with or without empirical amino acid frequencies; mixture
models C10-60, LG4X, and LG4M were included in the
model testing. The best-fitting model according to
Bayesian information criterion was LG +R7, which was
used for all ten replicates. The likelihoods of the ten repli-
cate ML trees were evaluated with the topology tests as im-
plemented by IQ-TREE (approximately unbiased test:
Shimodaira 2002; bootstrap proportion using RELL meth-
od; Kishino—Hasegawa test: 1989; Kishino et al. 1990;
Shimodaira—Hasegawa test: 1999; expected likelihood
weight: Strimmer and Rambaut 2002).

Different models of character (TO/T1/T2 +T3) evolution
were tested for all ten ML replicates with the fitDiscrete
function of R geiger package (ER, SYM, and ARD models
were tested). ASR analyses were conducted with the se-
lected model (lowest corrected Akaike information criter-
ion) with the corHMM function of R corHMM package.

Ichthyosporean T3 and Piwi-Like Protein Domains
Phylogenetic Inference

Due to our filters (see previous subsection), the ML trees in-
ferred on the Tudor domain alignment did not include nei-
ther . hoferi T3 gene (belonging to the excluded OG164)
nor the C. perkinsii one (belonging to a small OG not in-
cluded in the analysis). To get insight on their evolutionary
history, we extracted their belonging T3 domains and rea-
ligned them with all other Tudor (MAFFT-DASH --add op-
tion). We then built ten ML trees with IQTREE, forcing the
best previously obtained topology and allowing for the po-
sitions of ichthyosporean sequences to be freely placed in
the tree. To test a priori topologies, we built trees with se-
guences of SND1 and the eight subclades of 0G164
(MAFFT-DASH + BMGE + IQTREE): ten replicates with free
topology (only imposing monophyly of SND 1) and ten repli-
cates with I. hoferi T3 domain in a sister relationship with all
other 0G164 domains. Tree topologies were then evalu-
ated with all topology tests implemented by IQTREE.

For Piwi-like homologs, we implemented the Piwi do-
main annotation within the OG using the same iterative
HMMER-profile pipeline used for the Tudor domain extrac-
tion. To build ML phylogenetic trees, we used a concate-
nated alignment of Piwi and PAZ domain amino acid
sequences aligned with MAFFT-DASH (--global-pair).
Model testing was performed with ModelFinderProtein as
implemented in IQTREE on the partitions corresponding
to the two domains, including all models used for the
Tudor phylogeny: LG+ C50+F and LG+C60+F were

retrieved as best models for Piwi and PAZ partitions, re-
spectively. We ran ten replicates, and trees were rooted
with 24 sequences belonging to Ago-like homologs (one
for each phylum). To further test the relationship of the
two ichthyosporean sequences, we ran ten replicates for-
cing them to be in a sister relationship with all Metazoa,
ten replicates forcing only C. perkinsii as sister, and ten re-
plicates forcing only /. hoferi. Tree topologies were then
evaluated with all topology tests implemented by IQTREE.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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