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The emergence of animal phyla, each with their unique body plan, was arapid event in
the history of animal life, yet its genomic underpinnings are still poorly understood.
Here we investigate at the genomic, regulatory and cellular levels, the origin of one of

the most distinctive animal phyla, the chaetognaths, whose organismal characteristics
have historically complicated their phylogenetic placement**. We show that these
characteristics are reflected at the cell-type level by the expression of genes that
originated in the chaetognath lineage, contributing to adaptation to planktonic life at
thesensory and structural levels*. Similarly to other members of gnathiferans (which
alsoinclude rotifers and several other microscopic phyla)®¢, chaetognaths have
undergone accelerated genomic evolution with gene loss and chromosomal fusions™,
Furthermore, they secondarily duplicated thousands of genes®®, without evidence
forawhole-genome duplication, yielding, for instance, tandemly expanded Hox
genes, as well as many phylum-specific genes. We also detected repeat-rich highly
methylated neocentromeres and a simplified DNA methylation toolkit that isinvolved
in mobile element repression rather than transcriptional control. Consistent with
fossil evidence'?, our observations suggest that chaetognaths emerged after a phase
of morphological simplification through a reinvention of organ systems paralleled by
massive genomic reorganization, explaining the uniqueness of their body plan.

Whereas different scenarios have been proposed to account for the
emergence of animal phyla such as chordates', arthropods™ or anne-
lids®, other lineages resist attempts to do so. A prominent example is
the chaetognaths, whose phylogenetic positioninthe tree of bilaterians
haslongbeen disputed?. Although chaetognaths do not share obvious
similarities with any other extant animal group and their ancient fossil
record does not provide obvious clues into their origins, their body
plan has remained remarkably stable since the Cambrian period™2.
Patterns of embryonic development (enterocoely and secondary mouth
opening)' originally suggested an association with deuterostomes,
whereas other traits were reminiscent of protostomes (chitinous grasp-
ing spines and nervous system)>*. After years of sometimes contra-
dictory molecular analyses'®”, chaetognaths have been assigned to
the clade Gnathifera, which represents the sister group to the rest of
lophotrochozoan animals within spiralians>® (Fig. 1a,b). This place-
ment was then corroborated by the shared presence of the MedPost
Hox gene—aunique Hox gene bearing median and posterior molecular
signatures—with rotifers, another prominent gnathiferan group'®",
and was further supported by fossil interpretation2%,
Understanding the genomic events thatled to theemergence of such
anunusual body planthus represents a key challenge to understanding

the origin of animals itself. Recent studies have shown how genomic
and regulatory changes have sometimes (for example, vertebrates? and
annelids’) but not always (for example, echinoderms?) accompanied
the emergence of novel bodyplans. Many lophotrochozoans, such as
annelids, molluscs or lophophorates, retained ancestral bilaterian
genomic characters, such as gene content, introns®, or conserved chro-
mosomal ancestral linkage”**. However, within their sister group (the
Gnathifera) the only lineage characterized from agenomic standpoint
are the rotifers, which underwent fast genomic evolution associated
with the acquisition of asexuality in bdelloids®?*. Determining how
the evolution of genes and genomes shaped the cell-type complement
of gnathiferan lineages is thus crucial to understand the evolution of
organismal complexity?. To try to determine whether gnathiferans
preserved some of the ancestral traits uncovered in other spiralians
and to grasp the origin of the enigmatic chaetognath body plan, we
focused onthe free-living predatory chaetognath Paraspadella gotoi,
and generated a chromosome-scale genome, regulatory profiling
resources (Hi-C-seq, assay for transposase-accessible chromatin with
high-throughput sequencing (ATAC-seq) and methylome data) as well
asasingle-cell sequencingatlas, which, together, reveal how changesin
the generepertoire and generegulation underlined the cell-type bases
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Fig.1|Evolution of gene complement and genome architecturein ingnathiferans, highlighting the fusions that took place in chaetognath and
gnathiferans and chaetognaths. a, Adult P. gotoi (photograph credit: Taichiro ~ the extensive chromosomalscramblinginthe Adinetarotifer. Links between
Goto). b, Summary of gene family reconstruction in selected metazoan chromosomes showing significant reciprocal enrichmentare displayed and
genomes (Supplementary Table 2) including inference of duplication events coloured accordingto their bilaterian linkage group as defined by acomparison
using gene tree-species tree reconciliation®. ¢, Chromosomes of P. gotoi, withamphioxus. Amphioxus chromosomes not showing anenrichment with
highlighting the binned density of DNA transposons elements, thelevel of DNA  P. gotoi are omitted. f, Pearson correlation matrix and corresponding
methylationand the gene density, and the position of centromeres inferred eigenvector (EV1) derived from Hi-C data for chromosome 1. The shiftin
from Hi-C data (highlighted with agrey box). Chr.,chromsome. d, Gene contacts associated with position of centromere s highlighted (for other
ontology terms (biological functions) enriched in gene families lostin the chromosomes, see Extended DataFig. 4).

gnathiferanlineage (Fisher’s exact test, two-sided). e, Evolution of gene linkage
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of body plan evolution in this active predator with elaborate sensory
organs and complex behaviours?,

Fast genome evolution in Gnathifera

We sequenced the genome of the chaetognath P. gotoi by using long and
shortreads fromafive-generation inbred line and scaffolded the assem-
bly tochromosome-scale level using proximity ligation data (Fig. 1cand
Extended DataFig.1a). We obtained arelatively small assembly size of
257 Mb and found 9 major chromosome-size scaffolds, consistent with
cytogenetic data in other species*?. Repeats make up to 20% of the
genome, with the major class being long terminal repeat (LTR) retro-
transposons (8.6% of repeats), followed by long interspersed nuclear
elements (LINEs) (4.6%) and DNA transposons (3.4%) and alarge fraction
of unclassified repeats (around 80%) (Extended Data Fig. 1b). Of note,
several DNA transposons are enriched inlocalized putative centromeric
regions (Fig.1c). We annotated 22,072 protein-coding genes using long
and short-read transcriptomic data (Supplementary Table 1).

To characterize the genomic evolution of gnathiferans, we compared
our chaetognath genome and transcriptomes with those of other spi-
ralians’?**, Gene family analysis uncovered extensive gene loss (2,542
ancestral gene families) in the branch leading to Gnathifera (Fig. 1b
and Supplementary Tables 2 and 3). This observation is confirmed
by the distribution of PANTHER families (Extended Data Fig. 2a) and
maximum-likelihood estimation of gene loss (Extended Data Fig. 2b),
and is accompanied with contraction of neural- and sensory-related
gene families (Extended Data Fig. 2c,d). Among gnathiferans, both
rotifers and to a lesser extent chaetognaths further experienced
lineage-specificgenelosses (2,165 and 1,456 families lost, respectively)
and contractions of multiple gene families® (172 and 116 families,
respectively; Extended Data Fig. 2c). Estimation of these gene family
events is robust to alternative species tree>® (Supplementary Fig. 1).
Functional enrichment analyses surprisingly indicate that nearly all
genes involved in CenH3 (also known as CENP-A) centromeric chro-
matin assembly have been lost in Gnathifera (12 out of 20, including
the CenH3 and centromere protein T (CENP-T) genes; Fig.1d and Sup-
plementary Table 4), a condition that has been observed in insects
exhibiting non-localized holocentromeres®.

Absence of CenH3 centromeres has previously been associated with
accelerated genomic rearrangements®. We thus investigated the reten-
tioninchaetognath androtifers of bilaterian ancestral linkage groups
(BLGs), which are conserved throughout bilaterian animal evolution,
from chordates to annelids™. We found that most BLGs remain statisti-
cally detectable when comparing chaetognaths with amphioxus, sea
star and sea scallop despite multiple fusions, whereas they appear
completely scrambled inrotifers (Fig.1e and Extended Data Fig. 3a-d).
Most chaetognath chromosomes seemto derive from2to 4 fused BLGs
with detected BLGs only represented once, and A2, B2, L, Nor Q not
detected. Among the four fusions-with-mixing (®) previously reported
in spiralians, namely H®Q, J2®L, K®02, and O1®R"***, we identified
the presence of K®02 and O1®Rin chaetognaths, indicating that they
arelikely tobe shared by all spiralians (Fig.1e and Extended Data Fig. 3).
We could not detect Q and L, which could mean either that J2®L and
H®Q fusions took place after the divergence of gnathiferans (particu-
larly as we detected HandJ2 alone) or that the signalistoo limited. No
chromosomal correspondence is detectable between chaetognaths
androtifers (Fig. 1e and Extended Data Fig. 3d), indicating a similar fast
pace of chromosomal evolutionin bdelloid and monogonont rotifers
(Extended Data Fig. 3e,f). Together, these results suggest an acceler-
ated rate of chromosomal rearrangementin the gnathiferan lineages.

Theloss of CenH3 hasbeen associated in other lineages with the pres-
ence of holocentromeres and correlated with an absence of chromatin
compartmentalization at the level of chromosome arms in plants®.
Here we conversely found a bimodal compartmentalization of the
three-dimensional chromatin architecture for all P. gotoi chromosomes

(Fig.1fand Extended Data Fig. 4). The borders between these two inter-
acting compartments are enriched in several mobile element categories
observedin centromeric regions of other lineages, such as DNA trans-
posons (for example, PIF/Harbinger and ISL2EU transposons; Fig. 1c)
as well as LINE/SINE retrotransposons (Supplementary Table 5) and
they show increased CpG methylation (Fig. 1c). These regions there-
fore exhibit classical features of centromeres indicating that chae-
tognaths possess localized centromeres despite lacking CenH3 and
other molecular actors of centromere assembly* and corroborating
prior microscopic observations®>?. Unlike chaetognaths, the rotifer
Adinetavagaare likely to possesses holocentromeres®>>%, suggesting
that centromeres have broadly diverged in the gnathiferan lineage and
have been replaced in chaetognaths by neocentromeres making use
of alternative molecular components.

Atasmallerscale, chaetognath chromosomes appear to display very
limited large-scale A/B compartmentalization (Extended DataFig. 4a,e)
and we did not observe an aggregated signal consistent with the pres-
ence of local topologically associating domains® (TADs) (Extended
DataFig. 4c,d).

Ancestral and novel cell types

Tobetter understand how the observed changesingenomearchitecture
and gene complement have shaped the unusual body of chaetognaths,
we generated a single-cell atlas of P. gotoijuveniles and adults compris-
ing almost 30,000 cells classified into roughly 30 differentiated cell
types (Fig. 2a,b and Extended Data Fig. 5a-d). We used a combination
ofinsitu hybridization, literature surveys and cross-species compari-
sons to characterize these cell types and found neuronal, epidermal
and muscle cell types, ciliary cells, stem cells, chaetal cells, gut cells
and eye cells. To determine their evolutionary origin, we compared
chaetognaths cell types to those of selected representatives of main
animal lineages®*° (Extended Data Fig. 6). We found multiple cell
typesthatarelikely tobe derived from the bilaterian ancestor (namely,
neurons, muscles, gut, ciliary or germ cells), as supported by the shared
expression of multiple orthologous genes (Fig. 2c). However, several
celltypesappeartobe chaetognath-specific, such astheir characteristic
grasping spines, sensory papillae or ciliary sense organs.

Among ancestral cell types, we identified two neuronal clusters (clus-
ters1land 26) thatexhibit gene expression of the neuronal marker Elav,
several synaptotagmins, calcium (for example Cacla-2) and sodium (for
example, Scna-3) channels and a dopamine-synthesizing enzyme (Ddc),
and can be distinguished by distinct gene expression of glutamate
receptors (Grik2 and Grm) and degrading enzymes (Glna) (Fig. 2b).
Cacla-2isexpressedinboth the ventral and cephalic ganglia as well as
insome peripheral neurons, an abundant cell type in the chaetognath
nervous system* (Fig. 2d). These neuronal clusters map well to those
of other protostomes (shared expression of the transcription factor
genes Bclla, Cotl, Csdel and Meis and the splicing factor gene Rfox3;
Fig.2cand Supplementary Table 9). Identified sensory cells comprise a
photoreceptor cell-typeinthe eye (cluster 29) that expresses xenopsin
1(Opsd-I) as described*’. Notably, P. gotoi ciliary cell types express
Lophotrochin, a gene that was previously shown to be expressed in
ciliary bands of lophotrochozoans larvae and adults, including the
corona of cilia of rotifers®**. Two muscle cell types express titin and
troponin as well as distinct actin paralogues, corroborating prior
expression surveys of alpha actin (Acts-1), localized in longitudinal
muscles (cluster 12), and Actin 1 (Actil-5), in the muscles of the gnatha
(cluster 19)*. Finally, two putative germline clusters (clusters 16 and
32; Fig. 2b) express stem cell markers, multiple copies of Vasa (Ddx)
previously showed to be present in chaetognath germ cells*, other
germline markers such as piwi, Maelstrom and Elav, as well as several
enzymes controlling DNA methylation (DNMT3.1, DNMT3.4 and TETD).
More than a third of the total of cell-type marker genes are specific to
these germline clusters (Extended Data Fig. 6), indicating a massive
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Cacla-2

fertilization (dpf)). Allinsitu hybridization experiments were carried out on
atleastthree distinctindividuals. The second row shows higher magnification
ofimagesinthe firstrow. Numbersindicate clustersinathatarerepresented
by thelabelled cells. Chs2-Sisindicative of the chaete cells located near the
graspingspines. Vwf-2is expressedin the epidermal cells, in asubset of which
Wntlseemstobelocalized. Thx2and Fmar-5are expressedin ciliary organs.
Cacla-2is expressed in the main ventral neural ganglion as well as other
cephalic cells. Pxdn-9 marks the papillae sensory cellsin the head. A full list

of cell-type markersis provided in Supplementary Table 6 and molecular
probesarelisted in Supplementary Table 7. Scale bars, 50 um.



expression of maternal transcripts during oogenesis, as previously
observed inother species*. Chaetognath stem cells co-express multiple
chromatin modifiers (for example, Atrx, Chd5 and Dek) or splicing fac-
tors (Tra2b and Srrm1) as well as the transcription factors Yboxh-2with
other protostomes (Supplementary Table 9). Overall, we observed a
smalloverlapin transcription factor co-expression among protostome
cell types, which agrees with similar comparisons®***” and was further
confirmed by al:1comparison betweenthe earthwormand aflatworm
dataset (Schmidtea mediterranea; Supplementary Fig. 2).

Chaetognath-specific cell types—thatis, those that appear unrelated
toany other bilaterian cell types in our cross-species comparison—are
associated with phylum-specific sensory and structural roles. Among
these, we find two peripheral sensory papillae cell types (expressing
neuronal genes such as synaptotagmins and acetylcholine receptors
Acha7-1) (clusters 15 and 25) positioned around the mouth and inter-
spersed in the epidermis throughout the body (see Pxdn-9 (ref. 48) in
Fig. 2d). We also recover two cell types (clusters 10 and 13) that are
associated with ciliary sense organs, mechanoreceptors distributed
onthebody of the animal that constitute their primary sensory system
for swimming and predation, as indicated by expression of Tbx2 and
Fmar-Sin these structures*® (Fig. 2b,d). The expression of chitin syn-
thase (Chs2-5) near chaetognath grasping spines indicates that these
are probably ensuring the growth and synthesis of the grasping spines
(cluster 18), whereas the gene Vwf-2 (clusters 2, 6 and 17) and Ifea-2
(clusters 8 and 20) show expression in the epidermal layer (Fig. 2d).
The presence of multiple epidermal cell types is consistent with the
presence of acomplex pluristratified epidermis in chaetognaths, a
conditionrarely found outside of vertebrates*. All these structural cell
types express various chitin synthase and chitinases, with alternative
paralogues present in the ‘chaete’ cells (clusters 18: Chs2-5, Chil0-1,
Chi10-3 and Chil0-4) and epidermal cells (clusters 2, 6 and 17: Chs2-3,
Chit1-7 and ChitI-8).

Tofurther understand the origin and diversification of chaetognath
cell types, we then investigated the evolution of the genes involved in
their making.

Gene turnover and cell-type innovation

Phylogenetic reconciliation indicated that chaetognaths share a
large burst of gene duplication, but whether this event results from
awhole-genome duplication or not remains unclear®® (Fig. 1b). The
magnitude of this event (3,379 families) is comparable in extent to
othergene duplication eventssuch as the vertebrate 2R (4,203 families)
or the clitellate-specific gene expansion event* (Fig. 1b). Functional
enrichment in P. gotoi duplicated genes highlighted terms related to
iontransmembrane transport, as well as developmental genes (Fig. 3a),
whichis also corroborated with phylogenetic estimation of gene fam-
ily expansion in chaetognaths (Extended Data Fig. 2c,d). This gene
expansion is linked to cell-type novelty, as for instance, P. gotoi has
eight copies of the piezo gene, a mechanosensory ion channel (with
one paralogue specifically expressed in the Papillae cluster 25), which
is presentas asingle copy in limpet or sea urchin®®, or up to eight copies
of Elav (expressed inneurons and germline cells), whichis presentas a
single copy in most non-vertebrates (Supplementary Table 3).
Todetermine whether gene duplications occurred at the same evo-
lutionary time, we examined the distribution of transversions at four-
fold degenerate sites (FDTv) in pairwise gene comparison. We observe
asingle FDTv peak for genes that belong to duplicated subfamilies
showing distinct numbers of paralogues, indicating that they probably
originated in a single event (Fig. 3c). Duplicated genes mostly occur
in pairs, but higher copy numbers make up more than 50% of these
duplicates (3 or more copies; Extended Data Fig. 7a). Next, we exam-
ined the location of duplicates across the genome. The chromosomal
distribution of duplicates does not match the distribution of ancestral
linkages across chromosomes as only one copy of bilaterian linkage

groups is detected in P. gotoi chromosomes (Fig. 3b). We also found
that about 25% of duplicate pairs are located on the same chromo-
somes, and that no chromosome pair displays amutual enrichmentin
duplicates, aswould be expected inawhole-genome duplication event
(Fig. 3d,e). The separation between duplicate pairs shows a bimodal
distribution, with some pairs approximately 10 kb apart and some
around 10 Mb apart (Extended DataFig. 7b). Similarly, we did not detect
fewer introns in members of duplicated gene families, ruling out a
burst of retrotransposition (Extended Data Fig. 7c). Together, these
observations are more consistent with a burst of tandem duplication
than with a single whole-genome duplication event, which is a rather
unique condition among animals. The unusual expansion of median
and posterior Hox genes of chaetognathsis an example of such tandem
expansion (Fig. 4a).

This reshuffling of the chaetognath gene repertoire is not limited
to gene duplications. In total, up to 2,250 gene families appear to be
specificto chaetognaths (thatis, foundin atleast two of the four chae-
tognath species considered, but not outside chaetognaths) (Fig. 1a).
This is quite a remarkable condition for a bilaterian phylum; by con-
trast, we detected only 157 and 124 lineage-specific gene families in
molluscs or echinoderms, respectively® (Fig. 1a). In P. gotoi, these
families include 1,832 genes, 8.3% of all predicted genes; to ascertain
these numbers, we further confirmed that 1,307 of these genes do
not have detectable homology outside chaetognathsin a direct phy-
lostratigraphy assignment, and we observed Pfam domains in only
397 of them (Supplementary Table1). These distinct lines of evidence
support that this observationis not areconstruction artefact such as
those pointed out by recent studies™. These novel genes appear to have
aregulated expression and putative functional role, as 1,471 of them
are among cell-type markers in at least a single-cell cluster (Fig. 3f,g
and Supplementary Table1). We did not observe similar bursts of gene
novelties in similarly fast-evolving lineages such as platyhelminths
or ecdysozoans, which further rules out the possiblity of homology
detection failure (Fig. 1a).

We found that both novel and duplicated gene populations have a
key role in chaetognath cell types, particularly novel ones, as many
of them are cell-type-specific (for example, ‘chaete’, Fmar, ciliary and
epidermis; Fig. 3g,h). We estimated the phylostratigraphic age of gene
sets specific to each cell type by leveraging gene phylogenetic age and
noticed that ciliary cells appear among the ones with the most recent
profile (Extended Data Fig. 8a,b). Notably, such an incorporation of
phylum-specific genes among cell-type markers is observed only in
chaetognaths when compared to five other investigated species in
whichmost marker genes are either ancient or species-specific (Fig. 3f
and Extended Data Fig. 8c). We therefore hypothesize that after exten-
sive gene loss in the gnathiferan lineage, particularly that affecting
gene familiesinvolvedin sensory and nervous functions, the evolution
of cell types in chaetognaths relied on newly evolved genes as well as
lineage-specific tandemly duplicated genes. This reshuffling of the
gene repertoire therefore probably had an instrumental role in the
establishment of their distinctive body plan of chaetognaths.

Expansion of the chaetognath Hox cluster

As a primary example of tandem duplication, we found that P. gotoi
possesses an increased complement of 14 Hox genes', related to an
expansion of both median (7 genes, 3 copies of the PG6/8 paralogy
group) and posterior Hox genes (5 genes), an exceptional situation
outside vertebrates (Fig.4a and Supplementary Fig.3). The Hox cluster
of P. gotoiis unusually large, spanning 2.4 Mb (Extended Data Fig. 9a),
withgenesarrangedinthe expected ‘colinear’ order, and alsoincludes
15interspersed non-Hox genes (Extended Data Fig. 9a). Remarkably, the
MedPost gene, originally described as an oddity' and later as a synapo-
morphy of Gnathifera'®, is consistently located in the cluster between
medianand bonafide posterior Hox genes, as originally predicted; its
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Fig.3|Geneduplication and gene novelty inchaetognaths. a, Overrepresented
geneontology termsin chaetognath duplicated genes (Fisher’s exact test,
two-sided). b, Distribution of ancestral BLGs in chaetognath chromosomes.
Eachbubblerepresentsthe number of shared orthologues between a pair of
chromosomes, whichis shownin colour (Fig.1e) if the enrichment is significant
(Fisher test) and is otherwise showningrey. ¢, Distribution of synonymous
transversions at fourfold degenerate sites (FDTvs) between pairs of paralogues
insets of duplicates showing distinct numbers of chaetognath-specific
paralogues.d, Number of paralogue pairs shared across chaetognath

location could not be corroborated inrotifers in which the Hox cluster
is dispersed®.

Hox genes are expressed in several cell types, mainly epidermal,
neuronal and papillae cell types (Extended Data Fig. 9b). Insitu hybridi-
zation on six Hox genes in P. gotoi juveniles (Fig. 4b,c and Supplemen-
tary Table 7) indicates that whereas anterior Hox genes show a broad
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chromosomesindicate the absence of pairwise chromosome clustering.

Each duplicated gene was only counted in paralogue pair to avoid giving excess
weight tolarge paralogous families, thus the matrix isasymmetrical. e, Expected
patterns of paralogue pairing in chromosomesin case of whole-genome
duplication (WGD; top) or tandem duplication (bottom). f, Phylostratigraphic
distribution of cell-type marker genes for P. gotoi (arrow). g,h, Hypergeometric
enrichment of genes that originated (g) or duplicated (h) at successive
phylostratainbroad cell types of chaetognaths. Box and arrow highlight
recently evolved and duplicated genes, respectively.

expression in the chaetognath nervous system (paired ventral and
cephalic ganglions for Hox1and Hox4), median and posterior Hox genes
showamore classical staggered expressionin the ventral ganglion that
appears coherent with the paralogy group (MedN3 is more anterior
than MedN4, and PostN4 in the posterior-most part of the ganglion)*
(Extended Data Fig. 9¢). PostN4 presents a dual domain, both in the
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b, Microphotographs of whole-mount insitu hybridization for 6 Hox genesin
lateral (left) and apical (right) view of P. gotoi 3 dpfjuveniles. Allin situ hybridization
experiments were carried out onatleast three distinctindividuals. HoxIand
Hox4 are expressed in paired ventral and cephalic ganglions, whereas MedN3,
MedN+4and PostN3show astaggered expressioninthe nervous system. MedPost
appearstobeexpressedinanarray of sensory cells thatareinterspersedin

the epidermis. ¢, Schematic of ajuvenile P. gotoi with overlaid Hox expression
domains.Scalebar, 100 pm.

posterior-most part of the ventral ganglion and in the postanal region
of the juvenile (Fig. 4b). Surprisingly, MedPost is localized in papillae
peripheral sensory neuronsinterspersed in the epidermis (Fig.4b and
Extended DataFig. 9b). The expression of MedPost in sensory neurons
throughout thebody is different from that observedinrotifers, where
itis expressed specifically in the postanal components of the nervous
system (Extended Data Fig. 9c). In chaetognaths, posterior Hox genes
are expressed in this postanal region; these genes have been lost in
rotifers™. The cell-type-specific expression of MedPost suggests that
acquisition of new expression domains could have participatedin the
emergence of novelties at the body plan or cell-type level.

Retargeting of DNA methylation

We set out to understand whether the reshuffling of chaetognath gene
complement had an effect on their gene regulation®. We found that
P.gotoirepresents an outlier in terms of DNA methylation among ani-
mals. Whereas most non-vertebrate lineages have highest levels of DNA
methylationon genebodies, usually associated with robustly expressed
genes®, the vast majority of P. gotoi genes are not methylated (Fig. 5a
and Supplementary Table 10), and the few that are contain protein
domainsthatare typical of retrotransposons and have depleted chro-
matinaccessibility, suggesting that they are silent genes with transpo-
sonorigins (Extended DataFig.10a,b). Morevoer, whereas transposable
elementsinmostinvertebrates are rarely directly methylated, P. gotoi
shows a clear targeting of DNA methylation on transposons—most
acutely on LTR retrotransposons, but also on other classes—but none
on low-complexity repeats that are less likely to be parasitic (Fig. 5a
and Extended Data Fig.10c). This pattern of exclusive transposable ele-
ment methylation and absence of gene body methylation representsa
pattern reminiscent of fungiand other unicellular eukaryotes, and has
been observed in only few animal lineages, including early diverging
nematodes and ctenophores®,

To explore how P. gotoi has modified its methylome compared to
other animals, we examined the genetic toolkit responsible for DNA
methylation in this species. We found that DNMTI and its partner
UHRFI1 underwent gene duplications, with their paralogues undergo-
ing probable sub-functionalization through theloss of ancestral protein
domainssuch as zinc-finger CXXCin DNMT1 or the ubiquitin domainin
UHRFI (Fig. 5b and Extended Data Fig.10d). Similarly, none of the three
copies of TET (including aretrocopy) encode the ancestral zinc-finger
CXXC domain combination that is probably shared by most spiralians®®.
Finally, six copies of DNMT3 are present in chaetognaths, which all lost
the ADD and PWWP domains; the latter drives DNA methylation to
gene bodies by binding to H3K36me3 in other animals, a histone post
translational modification that is typical of gene bodies”. Most DNA
methylation genes are expressed ingermline cell types similarly to what
has been observed in mice®® (Extended Data Fig. 10e). In sum, P. gotoi
represents an independent example of DNA methylation retargeting
from gene bodies to transposable elements, associated with protein
domain simplification of the DNA methylation toolkit.

Trans-splicing and operons

Many genes in chaetognaths have been reported to undergo
trans-splicing, a post-transcriptional spliceosomal modification that
is associated with operonic transcription and resolves polycistronic
transcripts'®®., At the genome scale, we found that trans-splicing is
prevalent, occurring in nearly half the genes (10,197 out 0f 21,072 pre-
dicted genes), and 18% of all genes are organized in operonsresolved by
trans-splicing (Fig. 5c). Trans-splicing involves spliceosomal addition
of splice leaders to messenger RNAs, with the splice leader sequence
derived from genes often located in the ribosomal DNA clusters far
from their target genes®’. We identified three distinct splice leaders
in P. gotoi, of which one (SLsl) is shared with Spadella cephaloptera™.
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annotated splice leaders and their combinationin trans-splicing and operonic

Trans-splicing and operonic transcription have a patchy distributions
across animals, which suggestsindependent evolutionindistinct line-
ages (nematodes, tunicates and rotifers)'*®°, However, despite its pro-
posed roleinrecovery from growtharrest* or germline maintenance®,
the evolution role of trans-splicing remains debated. Here, multiple
spliceleaders are found among the various transcripts of agiven gene,
and contrary to nematodes®®, we did not identify operon-specific splice
leaders (Fig. 5d).

Functionally, operonic genes are preferentially related to nitro-
gen and protein metabolism and they are negatively associated with
development, nervous system and signalling, suggesting that finely
regulated genes are excluded from this process (Fig. 5e). For instance,
thelongest operon gathers nine genes, including genes encoding ribo-
somal proteins, ubiquitin and proteasome subunits (Supplementary
Table1). Trans-spliced genes have a higher expression level (Extended

8 | Nature | www.nature.com

. A
100 | T A
Fraction of upregulated genes Q Q A AZQC
égrsﬂ‘é‘z&; o

genes. e, Geneontology enrichment (orange) and depletion (blue) for genes
belongingto operons (Fisher’s exact test, two-sided). ncRNA, noncoding RNA.
f, Trans-spliced and operonic genes exhibit alower expression specificity

as measured by coefficient of variation calculated using cell-type averaged
expression. g, Fraction of operonic, trans-spliced and other genesamong
marker genesinsingle-cell clusters with enrichment in germline marked by an
arrow. h, Number of open chromatinregions associated with the different gene
categories (box plot shows median, quartilesand extrema, n=2,643, 5,586 and
8,851genes for operons, trans-spliced genes and other genes, respectively),
indicating the higher number of putative regulatory elementsin genes thatare
not trans-spliced. i, Example of an enriched motifin open chromatin regions
related to operons.

Data Fig. 7f) and have, in general, a lower expression specificity at
the cell-type level than those not subjected to splice leader addition
(Fig. 5f); however, operonic and trans-spliced genes make up most of
cell-type marker genes in the germline clusters (Fig. 5g). Trans-spliced
genesare also not restricted to a phylogenetic origin and belongto all
phylostrata (Extended DataFig. 7g). Consistently, trans-spliced genes
have a smaller number of putative regulatory elements (for exam-
ple, asindicated by ATAC-seq peaks), in agreement with their lower
regulatory and expression complexity (Fig. 5h). The presence of alarge
fraction of trans-spliced genes could have contributed to the overall
compactregulatory landscape of P. gotoi compared to other lineages,
with open chromatin regions located closer to the transcription start
site (TSS)"* (Extended Data Fig. 7h and Supplementary Table 11). How-
ever, weidentified conserved distal regulatory regions and transcrip-
tion factor binding properties with that of other animals (Extended



Data Fig. 7h-k). Interestingly, this also suggests that non operonic
trans-spliced genes share these functional properties with operon
genes rather than non-trans-spliced ones. We also detected enriched
motifs associated with trans-spliced genes (for example, Fig. 5i), which
donotcorrespondto transcription factors characterizedinother line-
ages, corroborating the idea of independent origin of trans-splicing
and operonic transcription in metazoans'°,

Conclusion

Our results show that chaetognaths stand out from other animal line-
agesatthe molecular and genomiclevels, and provide clues to explain
why their unique body plan appears so distinctive from other animal
phyla’. Chaetognaths have undergone an extensive reshuffling of their
gene complement as well as major fusions of ancestral chromosomal
linkages (Fig. 1). This extensive duplication of genes does not appear
to be related to a single whole-genome duplication event, but rather
aburst oftandem duplications (Fig. 3). In contrast to the microscopic
rotifers and other gnathiferans, large-bodied chaetognaths have an
active predatory lifestyle with an array of sensory receptors, such as
ciliary organs reminiscent of the lateral line*, that are associated with
innovation and diversification at the cell-type level (papillar, Fmar,
ciliated and epidermal).

Thegnathiferanlineage underwent accelerated genomicevolution,
eitherasasingle event or as multiple lineage-specific events that could
plausibly have been coupled with morphological and body size reduc-
tion from their ancestors. In this view, chaetognaths would have sec-
ondarily evolved complex organ systems by mobilizing lineage-specific
duplicated and novel genes instead of mainly relying on genes from the
ancestral bilaterian toolkit, which had been decimated in this lineage,
unlike what is observed in other animals (Fig. 3g,h and Extended Data
Fig. 7). Of note, rotifers also acquired new genes, albeit through the
distinct process of horizontal gene transfer, that were involved in the
evolution of novel traits such as resistance to desiccation or ionizing
radiation®. The paucity of Cambrian fossils for other gnathiferans
such asrotifers or gnathostomulids, and their relatively large body size
(forexample, Amiskwia'®) does not provide palaeontological support
for asmall-bodied gnathiferan ancestor. Further characterization of
genomes and gene expression in other gnathiferan lineages (such as
micrognathozoans or gnathostomulids) would help to further resolve
organismal and genomic evolution in the gnathiferan lineage.

Chaetognaths also shed some light on the relationship between
generegulation and gene and genome evolution. The reshuffling of the
generepertoire in chaetognaths coincides with the evolution of novel
strategies of gene regulation, such as the acquisition of trans-splicing®.
Consistent with a previously proposed model®, trans-spliced genes
areparticularly enriched in the germinal cells and show limited regula-
tion. Trans-splicing may have a role in stabilizing housekeeping gene
expression whengene body methylationis lost, suggesting arecurrent
evolutionary process. Of note, trans-splicing is presentin ctenophores,
chaetognaths and nematodes®**, the three animal phylain which gene
body methylation has beenrepurposed for transposable element tar-
geting. However, other evolutionary forces may have arolein theloss
of gene body methylation, such as the DNA repair burden imposed
by DNA methyltransferases®*. Notably, lineages with trans-splicing,
such as nematodes, tunicates, rotifers, platyhelminths and potentially
ctenophores, are also prone to loss of ancestral linkage®*°. The absence
of detectable sequence-insulated chromatin domainsin chaetognaths,
which have recently been shown to be a bilaterian innovation®, would
require further confirmation (for example, using micro-C%), but could
suggest that such structures are less widespread than anticipated.

Our analysis of the genome, cell types and gene regulation provides
clues to the origin of one of the most enigmatic bilaterian lineages,
and amolecular explanation for its derived state and distinctive char-
acteristics.
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Methods

DNA isolation and sequencing

Aninbred line was generated for five generations by crossing the prog-
eny of anadult P. gotoi collected in the tidal zone near Amakusa (Kyushu
prefecture, Japan). To this aim, juvenile chaetognaths were fed with
increasingly older nauplii of the copepod Tigriopusjaponicusto match
their size until capable of feeding on adults according to previously
established culture protocol®*. DNA was extracted from about 20 adults
using phenol-chloroform®. lllumina paired-end (25.9 Gb, about100x),
mate-pair (4 libraries: 3, 5,7 and 10 kb insert) and Pacbio long-reads
(5Gb, about 20x) were sequenced from libraries prepared with this
material. A proximity ligation library was constructed from about 20
adults collected at the same locality near Amakusa. In brief, animals
were crosslinked in 1% paraformaledehyde, and chromatin was sub-
sequently extracted, immobilized on solid-phase reversible immobi-
lization beads, washed and digested with Dpnll as described®®. After
end-labelling, proximity ligation was carried out using T4 DNA ligase
and cross-linking reversed using Proteinase K, removed from the beads
and the DNA fragments were purified again on SPRI beads. Sequenc-
inglibrary was constructed using the NEB Ultra library preparation kit
(New England Biolabs) and sequenced on aNovaSeq6000 instrument.

Genome assembly

The genome was assembled using meraculous (v.2.2.2.5) withak-mer size
of41and diploid mode setto ‘1’ to enable haplotypes merging®. Primary
contigs were screened for contamination using Blobtools (v.1.0.1) and
three contaminant contigs were removed at this stage. Pacbio long-reads
were then incorporated in the assembly using PBJelly with blasr align-
ment performed with the parameters ‘-minMatch 8 -sdpTupleSize 8
-minPctldentity 75-bestn1-nCandidates 10 -maxScore -500’. The result-
ing assembly was scaffolded using HiRise with the Hi-C data®® as pre-
viously described®. The assembly was evaluated with BUSCO (v.5.4.1)
with a final score of C:94.3% [S:91.3%, D:3.0%], F:1.3%, M:4.4% (n:954,
metazoa_odbl0). Examination of coverage and k-mer distribution using
Merqury (v.1.3)”°and BUSCO statistics” indicate that aminimal fraction of
residual haplotypes hasbeenretained (Extended DataFig.1). Thisis pos-
sibly due totheloss of polymorphisms during the inbreeding procedure.

Annotation

lllumina RNA-seq and Pacbio Isoseq reads were generated using RNA
extracted from pooled adult individuals. RNA-seq was aligned to the
genome using STAR (v.2.5.2b), assembled using stringtie (v.1.3.3b) and
alsoassembled as de novo transcripts using Trinity (v.2.5.1)"%. For Isoseq
reads, full length transcripts were obtained after circular consensus,
detection of SMART adaptors, and polishing, as recommended by the
manufacturer (https://github.com/PacificBiosciences/IsoSeq). These
transcripts, as well as the trinity contigs, were aligned to the genome
using GMAP (v.2017-09-05) and processed according to the Mikado
pipeline (v.1.2.1) that leverages distinct transcriptomes, detects putative
gene fusions by similarity search against Swissprot, enforces adequate
splice-junctions from a curated set inferred using Portcullis (v.1.0.2)
andinferred coding sequence using Trans-decoder”. High-quality tran-
scripts derived from Mikado were used as a training set to generate a
species-specific profile in the Augustus de novo prediction tool™. Intron
and exon positions were subsequently used as hints to performagene
prediction with Augustus, together with proteins of Lottia gigantea
aligned using Exonerate (v.2.2.0). Gene models were further refined
using PASA adding untranslated region (UTR) regions and isoforms by
relying on the Mikado transcriptomes. We obtained a total of 22,082
genes (Supplementary Table 1). Repeat families were reconstructed
using RepeatModeller (2.0.1) and subsequently used to annotate
repetitive regions and compute repeat divergence in the genome with
RepeatMasker (4.1.0) (Extended Data Fig. 1b). Rideogram was used for
karyotype representation of gene and transposable elements contents

(Fig.1c). Functional annotation was performed using Eggnog-mapper
(v.2.1.5)” and Gene Ontology (GO) enrichments were performed using
the goatools Python package’. For GO enrichment associated with
family losses, we assigned non-redundant GO terms for each family
from the emapper annotation obtained for selected species specified
inSupplementary Table 2 and computed enrichment at the family level.

Gene family and synteny analyses

Gene families were first reconstructed using Broccoli (v.1.1)”” using
the proteomes from the species listed in Supplementary Table 2. We
constructed sequence alignments for all families including more than
6 genes, more than 3 species and fewer than 400 sequences in total
using MAFFT (v.7.471)”® filtered with CLIPKIT (v.1.1.6, -m gappy)”® and
aninitial tree reconstructed with IQ-TREE (v.2.1.1) assuming the LG +R
model®®. These alignments and trees were then used as input for Gen-
eRax (v.2.1.3)% with duplication and loss model (UndatedDL) and a
per family rate. Reconciled trees in XML format were subsequently
parsed to infer gene loss and gene duplication events for each node
of the species tree (Fig. 1a and Extended Data Fig. 2b). Gene gains
and losses were inferred following parsimony principles and using
the ete3 Python library to process phylogenetic trees. For relevant
lost families, we assessed whether the best blastp match in relevant
species belonged to another gene family to disclose potential gene
fragmentation related to evolutionary acceleration. Gene absence
was also corroborated by tblastn against the genome of P. gotoi. For
complementary phylostratigraphic analyses, we used GenEra (v.1.0.2)%
with default options using the NCBI NR database. To compute FDTvs,
we performed a self-alignment of the chaetognath proteome using a
MMSeqs2 (r12-113e3)%?, and then reverse translated the alignments
and computed the corresponding substitutions using custom code.
For the CAFé analysis, a dated tree was obtained by extracted phyloge-
netic markers described inref. 5 for the selected proteomes included
in the analyses. An ultrametric dated tree was reconstructed using
Phylobayes (v.4.1e) assuming a CAT + GTR model, a CIR relaxed clock
model, birth-death priors on divergence times (0.5) and the following
calibrations®*® (lower-upper bounds in millionyears): euarthropods
(531-514), ecdysozoans (636-519), Gnathifera (636-518.5), bilateri-
ans (636-521) and deuterostomes (635-516). CAFE (v.5.1) was then
applied using gene families previously defined from Broccoliassuming
agamma model with one rate category (k=1) and no error model®®.

For synteny comparisons, orthologous pairs were inferred by mutual
best hit using MMSeqs2 (r12-113e3)%. Joint orthologue genome coor-
dinates in chromosomal location were used for ‘Oxford grid’ plots
(Fig. 1f and Extended Data Fig. 3) and Fisher’s exact test was used to
determine mutual enrichment of orthologues between chromosomes.
Ribbon plots connecting orthologues in multiple species (Fig.1d) were
generated using Rideogram (v.0.2.2).

Hox genes were annotated based on similarity search toward previ-
ously annotated chaetognath Hox genes™®, inspection of diagnostic
residues and phylogenetic analysis of selected bilaterian homeodomain
genes (Supplementary Fig. 3) using IQ-TREE with a LG4X model and
1000 ultra-fast bootstraps.

)77

Hi-C processing

Hi-C reads were mapped using bwa mem (v.0.7.17) with parameters
-5SP -TO. Ligation events in the aligned sequences were then identi-
fied with pairtools (v.1.0.2)%8. In brief, we first used pairtools parse
with parameters --min-mapq 30 --max-inter-align-gap 30 --no-flip
--add-columns mapq --walks-policy 5unique, sorted resulting con-
tact pairs with pairtools sort and removed duplicates with pairtools
dedup to obtain the final filtered contact pairs file. Using juicer_tools
(v.1.22.01)% filtered contact pairs were exported to a multi-resolution
Hi-C matrix (2.5 Mb, 1 Mb, 500 kb, 250 kb, 100 kb, 50 kb, 25 kb, 15 kb,
10 kb, 5 kb) and normalized with the Knight-Ruiz (KR) procedure®.
Contact map resolution was estimated using the approach proposed
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inref. 66. In brief, for each bin size stored in the multi-resolution Hi-C
matrix, we count the number of bins with >1,000 contacts. The map
resolution is given as the smallest bin size where >80% of bins have
>1,000 contacts (5 kb here). Alldownstream analyses were performed
using the fanc Python package (v.0.9.23)°".

Putative centromere positions were inferred from Hi-C (Extended
DataFig. 4f): for each chromosome, we: (1) computed Pearson contact
correlation matrices; (2) visually selected for each chromosome the
eigenvector that best captured centromere information; and (3) iden-
tified centromere as the most insulating region (highest eigenvector
value differential). We tested for the enrichment of specific repeats
atinferred centromere location using a permutation procedure. Spe-
cifically, for each repeat family or subfamily ‘¥ overlapping at least 1
predicted centromere, and for each chromosome ‘c’, we: (1) generated
n=1,000 randomizations of ‘r over ‘c’ and (2) computed empirical
permutation-based Pvalues based on the random background overlap
of repeats at centromere.

Toassess the organization of the P. gotoi genome into TADs, we com-
puted insulation scores on the Hi-C matrix at 25 kb resolution using
awindow size of 250 kb. Putative TAD boundaries were called from
insulation scores and TADs with boundary strength >0.5 (that is, dis-
carding the first peak of weak boundary scores) were retained for the
aggregated TAD and Hox cluster plots. Finally, organization into A/B
compartments was assessed by: (1) selecting, for each chromosome,
eigenvectorsthatbest separate active and inactive regions on the basis
of ATAC peak number; (2) orienting eigenvectors with ATAC peaks so that
entries >0 correspond to active regions and <O inactive; (3) represent-
inginteractions strength across active and inactive regions as asaddle
plot (Extended Data Fig. 4e) using 50 eigenvector value categories.

ATAC-seq

ATAC-seq was performed as previously described® following the
Omni-ATAC protocol including digitonin (Promega)®?. Tn5 tagmentase
(Illumina) was applied to 50k nucleus and library subsequently con-
structed by PCR. ATAC-seq reads were aligned to the genome using
bowtie2 (v.2.4.2)°* with the parameters -very-sensitiveand -k 10. Open
chromatin regions (OCR or peaks) were called using Generich (v.0.6)
(https://github.com/jsh58/Genrich) using ATAC model (-j), keeping
unpaired alignments (-y), removing PCR duplicates (-r) and excluding
reads mapped to mitochondria (-e MT). Unified OCRs were computed
using pyBEDtools (github) as well as their relative location toward genes
and 42,810 peaksintotal wereidentified (Supplementary Table 11) and
compared with their distribution in other species’?°*, Mapping statis-
ticsand fraction of readsin peaks, calculated using bedtools (v.2.30.0),
are provided in Supplementary Table 12. Motif enrichment was per-
formed using HOMER (v.5) for both known and de novo motifs and plant
derived motifs were excluded from results relying on known motifs®.

Trans-splicing and operons

Low-input RNA-seq libraries were generated from gastrula, hatchling
and 3 days post-hatchling juveniles using low-input protocol (NEBNext
Low Input RNA). We used SLIDR to perform a de novo annotation of
splice leaders from RNA-seq data using default parameters® and com-
pared theidentified list with previously identified splice leadersin other
chaetognath species'®. We found that P. gotoi uses three major splice
leaders of which two are shared with other chaetognath species. We
performed a BLAST similarity search on Isoseq full length transcripts
to annotate trans-spliced genes. To quantify trans-splicing in RNA-seq
data, we aligned each set of RNA-seq reads to the genome using STAR
(v.2.7.8a), detected splice leadersinreads using BBDuk from BBTools to
with k=25 and hdist=3 and set them aside as separate BAM (https://jgi.
doe.gov/data-and-tools/software-tools/bbtools/bb-tools-user-guide/).
We then quantified reads for our gene models using featureCount”. We
considered a gene trans-spliced if at least five reads including a splice
leader aligned toit. We annotated operonsin the genome as sets of two

or more genes separated by less than 250 bp, which yielded 2,151 candi-
date operons containing 5,061 genes. Of those, 1,470 validated operons
include atleast1gene with annotated splice leaderinvolving 3,565 genes.

Single-cell transcriptomics

Adults and 3 dpfjuveniles of P. gotoi were dissociated in filtered natu-
ral sea water in presence of 1% Pronase with gentle trituration, cells
were washed, debris removed using 40-pum and 70-um cell strainers
(Flowmi) and resuspended in 50% Leibowitz L15 medium. Single-cell
suspension quality and cell concentration was evaluated using C-Chip
Disposable haemocytometer (NanoEntek) and viability was assessed
using Trypan blue (Thermo Fisher). Around 15,000 cells were loaded
into a10x chip (10x Genomics, v.2) and 3 libraries (2 for adults and 1
for 3 dpfjuveniles) were prepared and sequenced on a NovaSeq6000
and NovaSeq X instrument (Illumina). Reads were mapped onto the
P. gotoi genome using Cell Ranger (v.7.0.1) after extending the 3’ UTR
ofthe genome annotation by 900 bp with the script utr_extension.py.
Library saturation is 59.8% for adult 1, 74.2% for adult 2, and 89.5% for
3 dpfjuveniles, and read depthis 24,583 meanreads per cell foradult1,
37,173 for adult2 and 58,191 for juveniles. Counts were analysed using
Seurat (v.5)* and all cells with fewer than 500 or more than 20,000
unique molecularidentifiers, fewer than 200 genes and mitochondrial
content higher than 20% were filtered out. Our final dataset contains
29,513 cells (21,777 adult cells and 7,736 juvenile cells) expressing 19,367
genes. These datasets were merged, normalized, scaled and subjected
to principal components analysis (using the top 50 principal compo-
nents) followed by canonical correlation analysis integration were
performed onthe object layers. Our final resolution for clustering was
settol, resultinginatotal of 33 cell clusters (Rscriptin Supplementary
Information). Gene expression specificity such as the tau metrics or
the coefficient of variation were computed as described®”.

SAMap (v.1.0.2) was applied between the P. gotoi datasets and the
following species: the polyclad flatworm Prostheceraeus crozieri®,
the flatworm S. mediterranea', the oyster Crassostrea gigas (larval
stages®), the earthworm Eisenia andrei*®, the annelid worm Pristina
leidyi*®and the fruit fly Drosophila melanogaster*®. Cell-type annota-
tion for all species can be found in Supplementary Table 8; for alist of
genes shared between dataset per cell type, see Supplementary Table 9.

Insitu hybridization

Synthetic probes were designed for selected genes (Supplementary
Table 7) flanked by T7 or SP6 adaptor (IDT). Riboprobes were then
synthesized using the DIG labelling kit (Roche). In situ hybridization
was performed as described”®?with ashortened Proteinase K diges-
tion (2-3 min). Stained embryos and juveniles were imaged with a Zeiss
Axiolmager M1 using bright field Nomarski optics. Unfortunately,
surveying the expression of other Hox genes than the one we investi-
gate herein P. gotoi proved challenging as the high AT percentage and
low-complexity stretches in their transcripts made it impossible to
synthesize or clone a probe.

Enzymatic Methyl-seq analysis

Using the same genomic DNA obtained for genome sequencing, 100 ng
of P. gotoi gDNA were spiked in with unmethylated lambda phage and
CpG methylated pUC19 control before fragmenting it to about 300 bp
withaBioRuptor (Covaris). Theresulting sheared DNA was then used to
prepare an Enzymatic Methyl-seq library according to the manufactur-
er’sinstructions (NEBNext Enzymatic Methyl-seqKit). The library was
sequenced withaNovaSeqinstrument using 150 paired-end readsto an
average coverage of -14x per CpG site. Reads were mapped to the refer-
ence genome, including also a phage lambda and pUC19 sequences,
using BS-Seeker2 (v.2.1.8) with bowtie2 as back-end. Duplicate reads
were removed with Sambamba (v.1.0.1), and methylation calls were
obtained using CGmapTools (v.0.1.3). The lambda genome showed a
non-conversion rate of 0.11%, and the pUC19 methylated control showed
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97.88% global methylation at CpG methylation sites, as expected for
this technology and validating the quality of thelibrary. Therest of the
datawerereadinto Rusing the bsseqBioconductor package, which was
used to obtain methylation average per gene and genomic windows
used for chromosome-level methylation. Bigwig files were constructed
from the CGmapTools output, and were used asinput for DeepTools2 to
detect methylationlevels ontop of protein-coding genes and the repeat
annotation (Extended DataFig.10). Methylation genes were obtained
using human DNMT1, DNMT3A, TET1and UHRF1sequences asinput for
aBLASTP search against the predicted proteome of P. gotoi, and were
subsequently analysedinthe InterProScan web server (https:/www.ebi.
ac.uk/interpro). The top hits were manually inspected and contrasted
with the phylogenetic trees obtained from the GeneRax search.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The genome assembly and associated data have been deposited to the
NCBIdatabase under BioProject PRJINA1169515. Functional genomics data
havebeendepositedinthe Gene Expression Omnibus (GEO) GSE279488.
Processed datafilesincluding genome annotation have alsobeen depos-
ited at Zenodo (https://doi.org/10.5281/zenod0.13936459 (ref.103)).

Code availability

Code used is available at Zenodo (https://doi.org/10.5281/zenodo.
13936459 (ref.103)).
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Extended DataFig.2|Evolution ofgene complement. a, Loss of PANTHER
families inferred on the metazoan tree according to parsimony. b. Maximum-
likelihood rates of genelossinferred from GeneRax gene tree/speciestree
reconciliation. ¢, Number of expanded (red) and contracted (blue) gene
families inferred in the CAFE analysis mapped onatime tree.d, Gene ontology
enrichment for gene families expanded (red) or contracted (blue) at different

gnathiferan nodes highlighting termsinvolved in neuronal functionin yellow
thatappearsreducedinthe gnathiferan node and expanded secondarily in
chaetognaths (Fisher’s exact test, two-sided). e, Gene ontology enrichment
calculated for genes belonging to families expanded in chaetognaths (Fisher’s
exacttest, two-sided).
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Extended DataFig. 4 |Limited compartimentalisation of P. gotoi
chromatin. a, Mappingstatistics of the Hi-Clibrary highlighting the number
of mapped andinferred contacts used to generate contacts mapsincluding
thosein cis-b, Resolution of Hi-C library estimated by computing the number
of bins containing >1000 contacts atincreasingly higher resolutions. ¢, Hi-C
contactsmapinthe Hox cluster region showinginsulation scores and putative
TAD boundaries revealing the limited structuration of chromatin in the Hox
region.d, TAD metaplot showing the limited domain structuration of P. gotoi
chromatin (average within TADs observed/expected contact ratio=1.05) as

wellasthe expected patternin case of strong TAD structuration shown asthe
bottomrightinset. e, Saddle plot showinginteractions strengthacross active
andinactiveregions withinset showing expected pattern for strong A/B
compartmentalisation. f, Pearson correlation matrices and associated
eigenvectors thatbest capture centromere position, calculated at 250 kb
resolution for the 9 chromosomes of P. gotoi. Putative centromere positions
areindicated (highest eigenvector value differential). Hi-C maps suggest alack
of A/Bstructures (except possibly for chr5).
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Extended DataFig.5|Single cell of juvenile and adult P. gotoi. a, UMAP of 3 differentsamplesineachsingle-cell cluster. Most cell types are shared across

all cells with annotated cluster, b, same UMAP with individual cellsannotated juveniles and adults except for one germline cell cluster (cluster 32) and cluster
fromthe sample origin. ¢, Quality control statistics across single-cell samples, 31whicharespecific toadults, while papillae cluster 25 and cluster 23 are mostly
including number of features (genes) per cell, number of reads per cell, and composed of juveniles cells. e, Number of genes from distinct phylostratigraphic

percentage of mitochondrialreads per cell.d, Number of cellsderived fromthe  originineachsingle-cell cluster.
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Extended DataFig. 6 | See next page for caption.



Extended DataFig. 6 | Pairwise SAMap comparisonbetweenselected
scRNA-seqdatasets and P. gotoi. a, platyhelminth Schmidtea mediterranea
from (Garcia-Castro et al.’°). b, annelid Pristinaleyidi from (Alvarez-Campos
etal.’®).c, thelarvaofthe flatworm Prostheceraeus crozieri from (Piovanietal.,
2023)* d, earthworm Eisenia andrei (annelid) from (Li et al.*°). e, the larva of
the oyster Crassostrea gigas from (Piovanietal.,2023)* and f, the fruit fly

Drosophila melanogaster (Liet al.*®). The cell-type colour code corresponds to
broad putatively homologous cell type categories. The scale barindicates the
alignmentscore whichis defined as the average number of mutual nearest
cross-species neighbours of each cell relative to the maximum possible
number of neighbours.
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Extended DataFig.7| Genome duplication and regulationin P. gotoi.

a, Number of paraloguous genes (multiplicity) derived from each
chaetoganth-specific duplication. b, Distance between paralogue pairs
belonging to asingle chromosome. ¢, Difference between exon number of
paralogues belonging to agiven gene family for gene family containing
chaetognath-specific duplicates or not. d-e, Gene expression specificity (tau)
computed using averaged expression of main chaetognath cell types for
chaetognath duplicates (d, n=15060 and 4250 genes for duplicated and
non-duplicated, respectively), as well as depending on their trans-splicing
status (e, n=3612, 6342 and 9356 genes for operon, trans-spliced and other
genes, respectively). Ind-f, violin plots with mean and quartiles as error bars.

f,Expression level (FPKM) of genes depending on their trans-splicing status
(n=3740,6457 and 11885 genes for operon, trans-spliced and other genes,
respectively); g, Distribution of genes of distinct trans-splicing status across
phylostratigraphiclevels. h, Number of Open Chromatin Regions OCR)
assigned to various genomic locations (proximal is <5 kb) toward the genome.
i, Distance to TSS of ATAC-based OCRs in aselect species.j, De novo motifs
detected by HOMER for OCR localised at different genomic positions.

k, Enriched known motifs detected by HOMER in the different peak categories
highlighting the conservation of some transcription factors properties, with
bHLH and homeodomains preferentially targeting distal OCRs (one-sided
hypergeometric test).
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Extended DataFig. 8| Phylostratigraphic analysis of single-cell gene
expression clusters. a-b,Transcriptome Age Index (Al) calculated using gene
age derived from GenErathatrelies onblast similirity search (a) and from the
age of inferred Broccoli gene families (b). ¢, Phylostratigraphic distribution of

cell-type marker genesin P.gotoiand other species considered according to
the age of Broccoligene families. d, Number of cell-types belonging to broad
functional categories in the different species for which we compared single-
celldatasets.
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the major types of repetitive elements in the Paraspadella genome. Only
>500 bprepeats/inserts are displayed. Domain architecture of DNA
methylation toolkitin Paraspadella.d, The domain architecture of DNMTIL,
UHRF1, TETand DNMT3 genesin anancestral configurationand in P. gotoi,
defined by PfamA domain presence/absence. RFD (PF12047), zf-CXXC
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e, Expression of P. gotoi methylation toolkit in broad cell types.
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