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Nemertean and phoronid genomes reveal
lophotrochozoan evolution and the origin of
bilaterian heads

Yi-Jyun Luo ®'#*, Miyuki Kanda? Ryo Koyanagi?, Kanako Hisata', Tadashi Akiyama3,
Hirotaka Sakamoto3, Tatsuya Sakamoto? and Noriyuki Satoh®™

Nemerteans (ribbon worms) and phoronids (horseshoe worms) are closely related lophotrochozoans—a group of animals
including leeches, snails and other invertebrates. Lophotrochozoans represent a superphylum that is crucial to our understand-
ing of bilaterian evolution. However, given the inconsistency of molecular and morphological data for these groups, their ori-
gins have been unclear. Here, we present draft genomes of the nemertean Notospermus geniculatus and the phoronid Phoronis
australis, together with transcriptomes along the adult bodies. Our genome-based phylogenetic analyses place Nemertea sis-
ter to the group containing Phoronida and Brachiopoda. We show that lophotrochozoans share many gene families with deu-
terostomes, suggesting that these two groups retain a core bilaterian gene repertoire that ecdysozoans (for example, flies
and nematodes) and platyzoans (for example, flatworms and rotifers) do not. Comparative transcriptomics demonstrates that
lophophores of phoronids and brachiopods are similar not only morphologically, but also at the molecular level. Despite dissimi-
lar head structures, lophophores express vertebrate head and neuronal marker genes. This finding suggests a common origin of
bilaterian head patterning, although different heads evolved independently in each lineage. Furthermore, we observe lineage-
specific expansions of innate immunity and toxin-related genes. Together, our study reveals a dual nature of lophotrochozoans,

where conserved and lineage-specific features shape their evolution.

marine animals and play important ecological roles’. It is widely

accepted that they comprise a major protostome clade, although
the clade nomenclature depends on the taxa included. Nevertheless,
one classification scheme proposes that protostomes consist of
two sister groups—spiralians (most of which exhibit spiral cleav-
age) and ecdysozoans (that shed their exoskeletons)’. According
to the narrow definition, Lophotrochozoa is a subgroup of spira-
lians and most lophotrochozoans possess either lophophore or
trochophore larvae during the planktonic stage. Lophotrochozoans
sensu stricto include annelids (for example, leeches and polychaete
worms), molluscs (for example, snails and octopuses), nemerteans
(ribbon worms), phoronids (horseshoe worms), ectoprocts (bryo-
zoans, otherwise known as moss animals) and brachiopods (lamp
shells), although many phylogenetic relationships within the group
remain unresolved®~*. Molecular phylogenetics suggests that nemer-
teans and phoronids are closely related’, yet these two phyla have
divergent body plans and exhibit no morphological synapomorphic
traits. In particular, they have different lifestyles with distinct lar-
val forms and they possess different types of feeding apparatus. For
example, nemerteans are unsegmented worms. Mostly predators,
they have an eversible proboscis derived from the rhynchocoel (that
is, a fluid-filled tubular chamber) for capturing prey and for defence.
In contrast, phoronids are sessile filter feeders with ciliated tentacles
called lophophores—horseshoe-shaped feeding apparatus that are
also shared by ectoprocts and brachiopods. Given the incompatibil-
ity of molecular and morphological phylogenies for these groups,

Lophotrochozoans represent more than one-third of known

the origins of nemerteans and phoronids have remained obscure,
although some studies support the close relationship of phoronids
and brachiopods.

Our genomic understanding of protostomes is largely based on
comparative studies of model ecdysozoans, such as fruit flies and
nematodes. Although most developmental genes are shared between
protostomes and deuterostomes, some are lost in ecdysozoans, but
present in lophotrochozoans. For instance, Nodal, a member of the
transforming growth factor-p (TGFp) superfamily that is required
for left-right patterning, has been considered a deuterostome-spe-
cific gene, but recently it was found in molluscs®. Similarly, some
gene families, such as innate immunity-related genes, are highly
reduced in ecdysozoans, but more complex in lophotrochozoans™*.
Recent genomic studies have further shown that annelids and mol-
luscs share various genomic features, such as gene family size and
conserved orthologous gene clusters, with invertebrate deutero-
stomes (for example, amphioxus and sea urchins)’. This observa-
tion raises the question of whether lophotrochozoans share some
bilaterian ancestral features with invertebrate deuterostomes, which
apparently have been lost in ecdysozoans and other lineages during
protostome evolution.

Here, we present genomes of the nemertean Notospermus genicu-
latus and the phoronid Phoronis australis and explore lophotrocho-
zoan evolution using comparative genomics. With both genomic
and transcriptomic data, our phylogenetic analyses provide evi-
dence that nemerteans are probably sisters to lophophorates—a
clade of animals with horseshoe-shaped lophophores comprising
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phoronids, ectoprocts and brachiopods, although the position of
ectoprocts is questionable under a sensitivity analysis. Our results
clearly show that lophotrochozoans have a different evolutionary
history than other spiralians (or platyzoans), such as flatworms and
rotifers. In particular, lophotrochozoans retain a basic bilaterian
gene repertoire, which is probably lost in ecdysozoans and other
spiralian lineages. Unexpectedly, genes specifically expressed in
lophophores of phoronids and brachiopods are strikingly similar to
those employed in vertebrate head formation, although novel genes,
expanded gene families and redeployment of developmental genes
also contribute to the unique molecular identity of lophophores.
Furthermore, we provide examples of lineage-specific genomic fea-
tures in lophotrochozoans, such as the expansion of innate immu-
nity and toxin-related genes. Taken together, our study reveals the
dual nature of lophotrochozoan genomes, showing both conserva-
tive and innovative characteristics during their evolution.

Results and discussion

Genome characterization. We sequenced two lophotrochozoan
genomes (Supplementary Fig. 1) with at least 220-fold coverage
using random shotgun approaches with Illumina MiSeq, HiSeq
and Roche 454 platforms (Supplementary Figs. 2-4, Supplementary
Tables 1 and 2 and Supplementary Note 1). The haploid genome
assembly sizes of the nemertean N. geniculatus and the phoronid
P australis are 859 and 498 Mb, respectively, with N50 lengths of
assembled scaffolds of 239 and 655kb, respectively (Table 1). The
genome sizes and assembly quality are comparable to those of
other lophotrochozoans, such as the polychaete Capitella teleta
(324 Mb)’, Pacific oyster Crassostrea gigas (558 Mb)'” and brachio-
pod Lingula anatina (406 Mb)"' (Supplementary Table 3). With the
support of deep RNA sequencing (RNA-seq) data obtained from
21 libraries, including embryonic stages and adult tissues, we esti-
mated that the Notospermus and Phoronis genomes contain 43,294
and 20,473 protein-coding genes, respectively (Supplementary
Fig. 5 and Supplementary Tables 4 and 5). High gene numbers in
Notospermus may be related to acquisition of lineage-specific genes
and expansions of gene families. Both Notospermus and Phoronis
genomes exhibit high heterozygosity (2.4 and 1.2%, respectively)
(Supplementary Fig. 6). The abundance of repetitive sequences
contributes to the increased size of their genomes (37.5 and 39.4%,
respectively). In particular, although the intron-exon structure

(8 exons and 7 introns, on average) is similar between Phoronis and
Lingula, insertions of transposable elements into introns result in
doubling of the Phoronis gene size (14,590 base pair (bp)) compared
with that of Lingula (7,725bp) (Table 1, Supplementary Figs. 7-10
and Supplementary Tables 6-8).

Phylogeny of lophotrochozoans. The nomenclature of Lopho-
trochozoa varies, depending on whether the sensu stricto or
sensu lato definition is considered (Supplementary Figs. 11 and
12 and Supplementary Table 9). To prevent confusion, we used
Lophotrochozoa sensu stricto throughout this study. Given that
nemerteans possess few morphological features compared with
other lophotrochozoans, the phylogenetic position of Nemertea
within Lophotrochozoa is highly controversial>*'*"*. Some phy-
logenomic studies place Nemertea as sister to Phoronida and
Brachiopoda’®= (Fig. 1a). However, others propose different hypoth-
eses based on various marker sets and substitution models, placing
Nemertea in a variety of phylogenetic positions>'>'>'° (Fig. 1b-d and
Supplementary Table 10). To resolve this issue, we applied genome-
based phylogenetic analysis (Supplementary Note 2). Using 173
one-to-one orthologous genes from available lophotrochozoan
genomes’ 1”15, we showed that Nemertea is close to Phoronida and
Brachiopoda (Fig. le). Phylogenetic trees based on gene content
and transcriptomes also support this relationship (Supplementary
Figs. 13 and 14).

Besides the position of Nemertea, several issues about lophotro-
chozoan phylogeny remain a matter of debate. For example, whether
Ectoprocta belongs to the historical superphylum Lophophorata
has been contentious™'*"* (Supplementary Fig. 15). To test
these hypotheses, we retrieved deep RNA-seq reads from 26 taxa,
including annelids'®, molluscs'®, nemerteans”'**’, phoronids’, ecto-
procts®! and brachiopods®”''. After assembling the transcriptomes
de novo, we retained those of high quality (Supplementary Fig. 16
and Supplementary Tables 11-14) and performed phylogenetic
analyses with both genomic and transcriptomic data. Our analysis
supports monophyly of Brachiopoda, in which Linguliformea and
Craniiformea are sisters to Rhynchonelliformea (Supplementary
Figs. 17 and 18). Furthermore, Phoronida is probably sister to
Ectoprocta. Although the position of Ectoprocta is not certain,
our results provide evidence to support the traditional classifica-
tion of Lophophorata (Phoronida, Ectoprocta and Brachiopoda).

Table 1| Summary of nemertean, phoronid and brachiopod genomic features

Species N. geniculatus P. australis L. anatina®
Phylum Nemertea Phoronida Brachiopoda
Common name Ribbon worms Horseshoe worms Lamp shells
Genome size (Mb) 859 498 406
Sequencing coverage 265-fold 227-fold 226-fold
Number of scaffolds 11,108 3,984 2,677
Scaffold N50 (kb) 239 655 460

Contig N50 (kb) 23.6 71.4 58.2

GC content (%) 429 39.3 36.4
Repeats (%) 375 39.4 23.3
Number of genes 43,294 20,473 29,907
Gene density (per Mb) 50.4 411 737

Mean gene size (pb) 8,223 14,590 7725

Mean transcript size (bp) 1,448 1,587 1,551

Mean intron per gene 52 74 7.3

Mean intron size (bp) 1,308 1,744 840

?An updated Lingula genome with improved scaffolding and gene model prediction was included for comparison with phoronids. The Notospermus and Phoronis genomes are newly published in this study.
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Fig. 1| Genome-based phylogenetics support a close relationship between Nemertea and Phoronida. a-d, Proposed relationships of the five major

clades of lophotrochozoans. a, Kryptrochozoa hypothesis (monophyly of Nemertea, Phoronida and Brachiopoda). b, Nemertea as a sister group to other
lophotrochozoans. ¢, Nemertea as a sister group to Mollusca. d, Nemertea as a sister group to Annelida. e, Phylogeny of lophotrochozoans inferred from
173 one-to-one orthologous genes (62,928 amino acid positions with 92% overall matrix completeness). The maximum-likelihood tree was obtained using
LG+T, LG+ 1+T, LGAM +T and LG4X +T models with 1,000 bootstrap replicates. Black circles on nodes indicate 100% bootstrap support from all four

models.

Differences between the present results and those of previous stud-
ies are possibly due to the selection of different ectoproct gene sets
with differing evolutionary rates (Supplementary Figs. 19-21 and
Supplementary Table 15), highlighting the importance of careful
selection of genes with strong phylogenetic signals®. Further analy-
sis of ectoproct genomes as well as transcriptomes with more com-
plete sampling and higher sequencing coverage will be needed to
address its uncertain relationship in lophotrochozoans.

Bilaterian gene repertoire and gene family evolution. To gain
insight into bilaterian gene family evolution, we compared lophotro-
chozoan proteomes with those of other metazoans (Supplementary
Table 16 and Supplementary Note 3). The Notospermus genome has
experienced a high turnover rate and a recent expansion of gene fam-
ilies compared with Phoronis (Supplementary Fig. 22). Comparing
gene families among four lophotrochozoans including Lingula'' and
Octopus'’, we identified 7,007 lophotrochozoan core gene families,
with 1,127 gene families shared only among nemerteans, phoronids
and brachiopods, reflecting their relatively close phylogenetic rela-
tionships (Fig. 2a). A principle component analysis of gene family
size and protein domain showed that lophotrochozoans consistently
cluster with invertebrate deuterostomes, such as amphioxus, acorn
worms and sea urchins (Fig. 2b and Supplementary Fig. 23). We fur-
ther determined that lophotrochozoans and deuterostomes share
4,662 gene families that are not found in ecdysozoans or platyzo-
ans, such as flatworms and rotifers. In particular, except for those
belonging to eumetazoan genes®, 2,870 gene families are bilaterian-
specific. They cannot be found in cnidarians or sponges (Fig. 2¢
and Supplementary Fig. 24). Many of these gene families carry
epidermal growth factor-like, zinc finger and fibronectin domains,
which are related to regulation of cell cycle, biological adhesion and
immune response (Supplementary Table 17). Thus, our data suggest

that an ancestral bilaterian gene repertoire retained in lophotrocho-
zoans and deuterostomes is related to control of homoeostasis and
multicellularity*.

To investigate the evolution of developmental gene content,
we annotated transcription factor and signalling pathway-related
genes. The Phoronis genome has a smaller number of genes with
homeobox and helix-loop-helix binding domains compared with
those of other lophotrochozoans (Supplementary Tables 18 and 19).
TGFp and Wnt signalling pathways play important roles in axial
patterning, cell specification and control of cell behaviour during
embryonic development™?**. Some TGFp genes modulating Nodal
signals, such as Lefty and Univin, are considered deuterostome nov-
elties””. The Notospermus and Phoronis genomes have 15 and 10
TGEp genes, respectively (Supplementary Table 20). Interestingly,
in addition to Nodal, which can be found in the Notospermus,
Phoronis and Lingula genomes, we discovered the syntenic linkage
of Univin and Bmp2/4 in the Lingula genome, despite its absence
in other protostomes. Thus, this finding suggests that the linkage
of Univin and Bmp2/4 is a bilaterian ancestral feature that has been
lost in some vertebrates and protostomes (Supplementary Fig. 25).
Transcriptome analysis shows that Nodal is either not expressed
or is expressed at very low levels during early development in
Phoronis and Lingula. The Notospermus and Phoronis genomes
have 17 and 12 Wnt genes, respectively (Supplementary Table 21).
In Notospermus and Phoronis, we identified all Wnt genes (WntI,
Wnt2, Wnt4-11, Wnt16 and WntA) except Wnt3, which has prob-
ably been lost in all protostomes. We failed to find Wnt9 and Wnt10
in Notospermus (Supplementary Figs. 26 and 27). Unlike lophotro-
chozoans, extensive loss of Wnt genes may be a common feature in
Platyhelminthes* and Pancrustacea®.

Remarkably, we also observed many gene families that are lin-
eage-specific (10-30%) and patchy (~10%; that is, genes retained
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Fig. 2 | Lophotrochozoans share an ancestral bilaterian gene repertoire with deuterostomes. a, Venn diagram of shared and unique gene families

in four selected lophotrochozoans. Gene families were identified by clustering of orthologous groups using OrthoMCL. b, Principal component (PC)
analysis of PANTHER gene family sizes. Invertebrate deuterostomes (bfl, sko and spu) cluster with lophotrochozoans (solid-lined circle). The dashed-
lined circle denotes the clustering of vertebrates. ¢, Matrix of shared gene families among selected metazoans. The cladogram on the left is based on
phylogenetic positions inferred from this study. Dashed lines separate the major clades. Note that tunicates (cin) and leeches (hro) share fewer genes
with other bilaterians, probably because of their relatively high evolutionary rates and gene loss in each lineage. adi, Acropora digitifera; aqu, Amphimedon
queenslandica; ava, Adineta vaga; bfl, Branchiostoma floridae; cel, Caenorhabditis elegans; cgi, C. gigas; cin, Ciona intestinalis; cmi, Callorhynchus milii; cte,

C. teleta; dme, Drosophila melanogaster; dpu, Daphnia pulex; dre, Danio rerio; emu, Echinococcus multilocularis; gga, Gallus gallus; hro, Helobdella robusta; hsa,
Homo sapiens; lan, L. anatina; |gi, Lottia gigantea; nge, N. geniculatus; nve, Nematostella vectensis; obi, Octopus bimaculoides; ola, Oryzias latipes; pau,

P. australis; pfu, Pinctada fucata; sko, Saccoglossus kowalevskii; sma, Schistosoma mansoni; sme, Schmidtea mediterranea; spu, Strongylocentrotus purpuratus; tca,
Tribolium castaneum; tru, Takifugu rubripes; xtr, Xenopus tropicalis.

in certain lineages, but unevenly lost in others) among bilaterians  protein (RTLI). The role of this gene is not clear, but it has been
(Supplementary Fig. 28). Together with lineage-specific gene fam-  neofunctionalized for developmental processes. Other expanded
ily expansion, these features reflect the dynamics of genome evo-  gene families in Notospermus are mostly related to toxin metabo-
lution (Supplementary Fig. 29). For instance, the most expanded lism (SLC25A17 and S47A1) and immune response (APAF, IRF5
gene family in Notospermus belongs to retrotransposon-like and IN80C). The most expanded gene families in Phoronis are

144 NATURE ECOLOGY & EVOLUTION | VOL 2 | JANUARY 2018 | 141-151 | www.nature.com/natecolevol

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION

ARTICLES

also related to immunity and programmed cell death (TRI56 and
RIPK3) (Supplementary Table 22). Further analysis shows that both
Notospermus and Phoronis genomes have more genes with apop-
tosis-related domains, indicating more complex regulation of cell
death programmes (Supplementary Table 23). Notably, gene fami-
lies related to mucus production, such as mucin-4 (MUC4) and car-
bohydrate sulfotransferase (CHST) are expanded independently in
Phoronis and Lingula and are highly expressed in the lophophores
(Supplementary Figs. 30 and 31). This finding indicates possible
independent adaptation within each lophophorate lineage, where
P australis may adapt to live with tube-dwelling anemones by
protecting themselves with mucus layers. Altogether, our results
suggest that both conservation (for example, conserved gene reper-
toire) and innovation (for example, lineage-specific gene gains and
losses and gene family expansion) are fundamental processes shap-
ing the evolution of bilaterian gene families.

Hox genes and conserved bilaterian microsyntenies. Hox genes
play essential roles during metazoan development, especially for
body patterning and appendage formation®'. Notospermus contains
16 Hox genes and two ParaHox genes, although Xlox may have been
absent. The Notospermus Hox cluster is disorganized, with Hox
genes dispersed in ten different scaffolds (Fig. 3a, Supplementary
Figs. 32 and 33 and Supplementary Tables 24-26). In contrast,
Phoronis has eight Hox genes in one Hox cluster and three ParaHox
genes. We failed to find Scr and Antp in Phoronis. Given that Scr and
Antp are expressed in the shell-forming epithelium in brachiopods®,
possible gene loss of Scr and Antp in the phoronid lineage may con-
tribute to their shell-less morphology. This may also imply that
common lophophorate ancestors had either unmineralized (agglu-
tinated) or mineralized shells that were lost secondarily in crown
phoronids™**. With improved scaffolding, we discovered Lox4 in
Lingula, which is linked between Post2 and Antp. Both Notospermus

and Phoronis have only one posterior Hox, Post2. Post2 has been
identified in polychaetes and brachiopods as a spiralian gene®. Our
phylogenetic analysis further shows that Post2 is shared by platy-
helminths and all lophotrochozoans. We demonstrated that Post2
has a different evolutionary origin from ecdysozoan AbdB, whereas
Post] may be specific to lophotrochozoans (Supplementary Fig. 34).
Interestingly, a recent study shows that rotifers do not have the Post2
gene. Instead, they carry a different posterior Hox gene, MedPost™.
This finding suggests different origins of Hox genes among gnathif-
erans, rouphozoans and lophotrochozoans.

Notospermus Hox genes are expressed along the adult anterior-
posterior axis with HoxI and Hox2 expressed anteriorly, Lox2 and
Lox4 mid-posteriorly and Post2 posteriorly, but with no strict spa-
tial collinearity. In contrast, Hox gene expression in Phoronis and
Lingula does not exhibit apparent spatial polarity (Supplementary
Fig. 35). Remarkably, Hox genes are not expressed in the probos-
cis and head of Notospermus nor in lophophores of Phoronis and
Lingula. This anterior Hox-free region is also found in juvenile
amphioxus”, hemichordates®, arthropods®, nemerteans” and
annelids*, suggesting that the absence of Hox gene expression at
the anterior end is a common adult body plan for all bilaterians.

Unlike the Hox cluster, other conserved gene linkages (‘syn-
teny’) among animals are rarely studied. Conserved microsyn-
teny, such as the pharyngeal gene cluster, is thought to contribute
to morphological innovation among deuterostomes, although the
regulatory mechanism is still unknown?’. We identified ~300-400
conserved microsyntenic blocks (that is, clusters of three or more
orthologues with close physical linkages) among lophotrochozoans
and amphioxus, indicating a deep bilaterian ancestry of gene link-
ages (Fig. 3b and Supplementary Note 3). Intriguingly, however,
most gene clusters associated with embryonic development, such
as Wnt (Wnt9, Wntl, Wnt6 and Wnt10), ParaHox (Gsx, Xlox and
Cdx) and NK (MsxIx, Nkx2.2 and Nkx2.1; Msx, Nkx4, Nkx3, Lbx
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Fig. 3 | Hox gene clusters are disorganized in Notospermus, but lophotrochozoans generally have conserved microsyntenies. a, Hox clusters in selected
protostomes. Arrows indicate transcript directions. Double slashes denote non-continuous linkages between two genes. Black dots signify the end of

the scaffolds. b, Matrix of microsyntenic blocks (clustered orthologous genes > 3) among bilaterians. ¢, An example of neighbouring tightly linked

(<20 kb) orthologous genes shared by lophotrochozoans. The numbers on scaffolds indicate genomic distance (kb). ALKBS5, alpha-ketoglutarate-
dependent dioxygenase alkB homologue 5; COX11, mitochondrial cytochrome ¢ oxidase assembly protein; DRG2, developmentally regulated GTP-binding

protein 2; FSCN1, fascin; Sca, scaffold.
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and Tlx) clusters, are disorganized in Notospermus and Phoronis,
although they are retained intact in Lingula (Supplementary
Fig. 36). In contrast with the Hox cluster, where transcriptional
direction among Hox genes is often the same, neighbouring,
tightly linked genes (distance <20kb) in the microsyntenic blocks
are mostly in opposing directions (Fig. 3¢, Supplementary Fig. 37
and Supplementary Table 27). Interestingly, we found that tightly
linked genes show significantly lower evolutionary rates, suggest-
ing that they are under strong negative selection. Also, tightly
linked genes within microsyntenic blocks tend to be expressed
constantly across different species and tissue types (Supplementary
Fig. 38 and Supplementary Table 28).

Molecular signature of lophophore and bilaterian head pattern-
ing. Traditionally, the lophophore is a feeding apparatus defined
as a mesosomal extension with ciliated tentacles that are present
in both pterobranch hemichordates and lophophorates. To avoid
confusion, here, we apply the term 'lophophore’ to the horseshoe-
shaped homologous structure shared by brachiopods and phoro-
nids*”. Recent immunohistochemical and ultrastructural studies
have shown that the lophophore is enriched with neural cells***,
yet the molecular signature of the lophophore remains unclear. To
explore the origin of the lophophore, we applied molecular profil-

ing using an unbiased all-to-all pairwise comparison of different
tissues among Notospermus, Phoronis and Lingula using RNA-
seq (Fig. 4a-c and Supplementary Note 4). We first conducted
comparative transcriptomics by calculating the Spearman’s cor-
relation coefficient (p) based on expression levels of 8,650 ortho-
logues shared by all three genomes. The Notospermus proboscis
is molecularly distinct from other types of Notospermus tissues
(Supplementary Fig. 39) and dissimilar to the Phoronis lophophore
(p=0.31) (Fig. 4d). Instead, at the molecular level, the Phoronis
lophophore is considerably more similar to the Notospermus head
(anterior end and anterior part 1; p=0.46) (Fig. 4a,b,d). Further
comparison of Phoronis and Lingula lophophores confirms the
shared origin of their feeding apparatus (p=0.61) (Fig. 4b,c,e
and Supplementary Fig. 40). Next, to investigate the molecu-
lar nature of lophophores, we performed expression profiling
based on differentially expressed genes. We identified 2,572 and
1,591 genes that are specifically expressed in the lophophores of
Phoronis and Lingula, respectively. Approximately 40% of these
genes have no available annotation, reflecting the contribution of a
large number of lineage-specific genes to tissue-specific functions
(Supplementary Fig. 41).

Many annotated genes in lophophores are related to neural
development; for example, those expressed in the Notospermus
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Fig. 4 | Comparative transcriptomics reveals molecular similarities between lophophores and bilaterian heads. a-c, Cartoon illustrations of an adult
Notospermus (a), Phoronis (b) and Lingula (c; with the dorsal shell removed) with the anterior end facing left. d,e, Analyses of Spearman's correlation
coefficient (p) and hierarchical clustering with expression levels of 8,650 orthologous genes from larvae and adult tissues of Notospermus versus Phoronis
(d) and Phoronis versus Lingula (e). f, Expression profiles of head patterning-related and neuronal genes in the head of Notospermus and lophophores of
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head (Supplementary Figs. 41 and 42 and Supplementary Table 29).
Unexpectedly, we found that vertebrate head markers such as
otx, lhx1/5, foxG, pax6 and six3/6 are specifically expressed in
both the Notospermus head and the Phoronis lophophore (Fig. 4f,
Supplementary Figs. 43 and 44 and Supplementary Tables 30 and
31). Neuronal markers such as soxB2 and achaete-scute (ascl), as
well as genes associated with synaptic machinery, such as tyro-
sine monooxygenase (th) and choline acetyltransferase (chat), are
also highly and specifically expressed in lophophores (Fig. 4f and
Supplementary Table 32). In addition, we found specific expres-
sion of genes for sensory ion channels, such as the cyclic nucle-
otide-gated olfactory channel (cnga2) and amiloride-sensitive
sodium channel subunit beta (scnnlb) in lophophores, suggest-
ing their roles in taste perception and environmental responses
(Fig. 4f). These results indicate that lophophores share the molec-
ular nature of the head and anterior centralized nervous system.
Interestingly, many of these ‘head/lophophore’ genes overlap with
those that are conservatively expressed during the organogenesis
stage in vertebrates—the phylotypic period", including foxG1,
pax6, klf2, emx2 and islet1 (Supplementary Tables 29 and 30). Most
of these genes are associated with neuronal differentiation, sensory
organ development and forebrain development (Supplementary
Table 29). Thus, the vertebrate phylotypic period probably reflects
the importance of the head patterning step during evolution of
bilaterian development.

In bilaterians, the anterior-posterior axis is patterned by a gra-
dient of canonical Wnt signalling through p-catenin®. Along the
axis, the bilaterian head develops at the anterior end, character-
ized by centralization of the nervous system, where Wnt signal-
ling is down-regulated®. Intriguingly, Wnt signalling genes are
differentially expressed along the anterior-posterior axis with
the Wnt receptor fzd5/8, as well as Wnt antagonists, sfrp1/5 and
notum, which are expressed in the head of Notospermus and lopho-
phores of Phoronis and Lingula (Supplementary Fig. 45). Thus, it
is tempting to speculate the existence of a conserved anterior-pos-
terior patterning mechanism in which inactivation of Wnt signal-
ling at the anterior end is essential for bilaterian head formation.
Superimposed on the conserved patterning system, we found ten
homeobox genes (uncx, poud, six4/5, barx, prox, arx, vsx, alx, msx
and nkxI) that are specifically expressed in both Phoronis and
Lingula lophophores, but not in the Notospermus head, suggest-
ing a redeployment of developmental genes in patterning lineage-
specific structures (Supplementary Fig. 46). Taken together, the
lophophore is a structure at the anterior end without Hox gene
expression. It expresses Wnt antagonists, head and neuronal mark-
ers as well as genes that are associated with synaptic machinery and
sensory functions. These features thus resemble the head pattern-
ing systems and entities seen in other deuterostomes, ecdysozoans
and lophotrochozoans*** (Fig. 4g,h). Therefore, despite the lack
of morphological similarity, lophophores bear a molecular resem-
blance to the heads of other bilaterians. Our findings thus suggest a
possible common origin of bilaterian head patterning in the bilat-
erian ancestor of protostomes and deuterostomes, although distinct
corresponding structures are formed and evolved independently in
different lineages**™.

Lineage-specific expansion of innate immune genes.
Invertebrates defend themselves against infection by viruses,
bacteria, fungi or other parasites using innate immune responses
that involve pattern recognition and signalling (Fig. 5a). We
showed that toll-like receptor (TLR) genes are absent in rotifers,
planarians and blood flukes, but are expanded in most lophotro-
chozoans with numbers of genes comparable to those of deutero-
stomes (Fig. 5b and Supplementary Note 4). The Notospermus
and Phoronis genomes contain 8 and 25 TLR genes, respectively
(Supplementary Table 33). Most TLR genes show lineage-specific
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expansion through tandem duplications (Fig. 5c,d). Although TLR
genes are mostly intronless, we found several that carry introns
(Fig. 5d). In humans, TLR genes with low numbers (<10) of leu-
cine-rich repeats, such as TLR1, TLR2 and TLR6, recognize glyco-
lipids or lipopeptides, whereas those with high numbers (10-18)
of leucine-rich repeats usually target nucleic acids®. Expanded
Notospermus and Phoronis TLR genes are mostly long and have
low numbers of leucine-rich repeats (Fig. 5e and Supplementary
Fig. 47). Some TLR genes are specifically expressed in Phoronis
and Lingula lophophores, whereas many of them have low expres-
sion across tissues, indicating that they may be triggered by infec-
tion® (Supplementary Fig. 48).

Nemertean toxins. Nemerteans produce peptide toxins to cap-
ture prey and for defense'’. To investigate the origins of nemertean
toxins, we annotated 63 putative toxin genes in the Notospermus
genome. Of these, 15 genes, such as metalloproteases and phos-
pholipases, are shared with other lophotrochozoans that have no
reported toxic proteins, suggesting that those genes may have other
roles in metabolism and may have been co-opted for toxic func-
tions (Supplementary Table 34). We focused on 32 putative toxin
genes that are specifically present in Notospermus, and found 26
of these differentially expressed in eggs and tissues. Many of these
genes, such as C-type lectins (SL27) and serine protease inhibitors
(VKT6) expressed in the proboscis are associated with inhibition
of platelet aggregation and haemolysis (Supplementary Fig. 49
and Supplementary Table 35). Among these toxin genes, we also
found several genes that have high sequence similarities to the
stonefish toxin, stonustoxin. Stonustoxin is a pore-forming protein
of the membrane attack complex-perforin/cholesterol-dependent
cytolysin superfamily, which is widely distributed among eukary-
otes’>. Wide distribution of this gene in non-toxic taxa suggests
that it may play a broader role than envenomation. For known
nemertean-specific toxin genes, we could not find neurotoxin B-II
or neurotoxin B-IV in the Notospermus genome, indicating
they may be lineage-specific in Cerebratulus lacteus. Instead, we
found the cytolytic protein cytotoxin A-III, which is expanded in
Notospermus (Supplementary Fig. 49). Cytotoxin A-III is a poly-
peptide cytotoxin that was first isolated from C. lacteus mucus and
has also been found in other heteronemerteans™. Notospermus
cytotoxin A-III genes are expanded through tandem duplication
and expressed throughout the body or specifically in the proboscis
and eggs.

Biomineralization. Although phoronids are closely related to bra-
chiopods, they have no mineralized tissues. Chitin synthase genes,
which are required for biomineralization, are reduced in Phoronis
(6) compared with Lingula (31)"" (Supplementary Fig. 50). Some
chitin synthase genes present in molluscs and brachiopods with
close orthology cannot be found in Phoronis. This probably indi-
cates loss of these genes in the phoronid lineage, although we can-
not exclude the possibility of misannotation. To explore the origin
of mineralized tissues in lophophorates, we compared biomineral-
ization-related genes among phoronids and brachiopods, including
the mantle transcriptome of the brachiopod Magellania venosa®.
We found only five shell matrix protein genes that are shared by
Phoronis, Lingula and Magellania (Supplementary Fig. 51). These
genes include peroxidasin (PXDN), mucin-5B (MUCS5B), serine pro-
tease 42 (PRS42), SVEPI and hemicentin-1 (HMCN1). Notably, most
of these genes can also be found in other metazoans with functions
other than biomineralization. We failed to find brachiopod-spe-
cific shell matrix proteins in the Phoronis genome (Supplementary
Table 36)'"*". Thus, our findings suggest that lineage-specific gene
expansions, acquisition of novel genes and redeployment of extra-
cellular matrix genes are involved in the evolution of lophophorate
biomineralization.
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Fig. 5 | Lophotrochozoan TLR genes underwent a lineage-specific expansion. a, Schematic representation of components in the MyD88-dependent
pathway of TLR and interleukin-1 receptor (IL-1R) signalling. AP1, activator protein 1; Ig, immunoglobulin; IKK, inhibitor of kB kinase; IRAK, interleukin-1
receptor-associated kinase; JNK, c-Jun N-terminal kinases; LRR, leucine-rich repeat; MKK, mitogen-activated protein kinase kinase; MyD88, myeloid
differentiation primary response protein 88; NF-kB, nuclear factor-xB; TAB1, TAK1-binding protein 1; TAK1, TGF-beta-activated kinase 1; TIR, toll/
interleukin-1receptor; TRAF, TNF receptor-associated factor. b, Distribution of TLR/IL-1R signalling components among selected metazoans. ¢, Phylogenetic
analysis of TLR genes among Notospermus (green), Phoronis (blue) and Lingula (red), with TIR domains using the neighbour-joining method with the Jones-
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organization of TLR genes. Arrows show the direction of transcription. Rectangles indicate exons. e, Gene structure of TLR genes.

Conclusion

Despite being phylogenetically closely related, nemerteans, phoro-
nids and brachiopods diverged early, perhaps before the Cambrian
explosion®. During more than 540 million years of evolution,
they have evolved many lineage-specific features and yet retained
unexpected elements in terms of the bilaterian gene repertoire and
head patterning system. One remarkable finding is that the same
developmental head marker genes are expressed in the adult ante-
rior structure, which may highlight their roles in maintaining tis-
sue identity and homoeostasis in all bilaterians. We argue that
the molecular basis of morphological features is the combination
of the conserved gene repertoire and patterning system, together
with lineage-specific gene family expansions and novel genes'®'""".

However, co-option and redeployment of developmental and
structural genes in different lineages also contribute to specializa-
tion and functions of body structures*. Although our phylogenetic
analysis based on transcriptomic data suggests the possible mono-
phyly of lophophorates, an ectoproct genome will be needed for a
comprehensive understanding of lophophorate evolution. Given
Xenacoelomorpha as the earliest branching bilaterians’, the origins
of the bilaterian gene repertoire and heads will be further clari-
fied with the available genomes from Acoela, Nemertodermatida
and Xenoturbella. The draft Notospermus and Phoronis genomes
presented here, together with our comparative genomics and tran-
scriptomics, provide insight into the conservation and dynamics of
lophotrochozoan evolution.
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Methods

Biological materials. Adult nemerteans (N. geniculatus) were collected at the
Ushimado Marine Institute, Okayama University, Japan. Adult phoronids

(P. australis) were collected at Kuroshima Island, near Ushimado town, Okayama,
Japan (Supplementary Fig. 1). After starvation, genomic DNA was extracted from
intact adults using the phenol/chloroform method.

Genome sequencing and assembly. The Notospermus and Phoronis genomes were
sequenced using Illumina MiSeq, HiSeq 2500 and Roche 454 GS FLX + platforms
(Supplementary Figs. 2 and 3). Paired-end libraries (286-1,100 bp) were prepared
using the NEBNext Ultra DNA Library Prep Kit for Illumina (New England
Biolabs). Paired-end reads were sequenced to obtain 127 and 71 Gb of data from
Notospermus and Phoronis samples, respectively, using Illumina MiSeq (read length
250-400bp) (Supplementary Tables 1 and 2). A mate pair library from 3kb DNA
fragments was prepared using the Cre-Lox recombination approach. Other mate
pair libraries generated from 1.5 to 20kb DNA fragments were size selected with
the automated electrophoresis platforms SageELF or BluePippin (Sage Science)
and prepared using the Nextera Mate Pair Sample Prep Kit. Mate pair libraries
were sequenced to obtain 100 and 38 Gb of data from Notospermus and Phoronis
samples, respectively, using Illumina HiSeq 2500 and MiSeq platforms.

After quality control checks with FastQC (v0.10.1), Illumina reads were
quality filtered (Q score >20) and trimmed with Trimmomatic (v0.33). Roche
454 reads were filtered with PRINSEQ (v0.20.3) to remove duplicated and low-
complexity sequences. Mate pair reads prepared from Cre-LoxP and Nextera
were filtered with DeLoxer (http://genomes.sdsc.edu/downloads/deloxer/)
and NextClip (v0.8), respectively. To overcome high heterozygosity, genomes
were assembled using a de Bruijn graph-based assembler, Platanus (v1.2.4)".
Scaffolding was conducted by mapping Illumina paired-end and mate pair
reads to contigs using SSPACE (v3.0)**. For the Phoronis genome, a set of long
454 reads (750 bp) with 3 Gb of data was used for scaffolding with SSPACE-
LongRead (v1-1)*. Gaps in the scaffolds were filled with GapCloser (v1.12-r6).
Redundant allele scaffolds were removed with HaploMerger (2_20151106).
Genome assembly quality was assessed with N(X) graphs using QUAST (v3.1)
(Supplementary Fig. 4). Mitochondrial genomes and high GC scaffolds possibly
derived from bacterial contamination were removed using custom Perl scripts.
Genome sizes and heterozygosity rates were estimated by k-mer analysis using
SOAPec (v2.01) and GCE (v1.0.0), as well as JELLYFISH (v2.0.0)¢' and a custom
Perl script. Genome assembly completeness was assessed with CEGMA (v2.5)
(Supplementary Table 3).

Transcriptome sequencing and assembly. RNA-seq of adult tissues and
embryonic stages was performed using the Illumina HiSeq 2500 platform. In total,
435 and 174 million RNA-seq read pairs from 15 Notospermus and 6 Phoronis
samples, respectively, were generated (read length 100-300bp) (Supplementary
Tables 4 and 5). After quality checking and trimming of raw sequencing reads,
transcripts were assembled de novo with Trinity (v2.1.0)**. Transcript isoforms
with high similarity (>95%) were removed with CD-HIT-EST. Transcript
abundance was estimated with Bowtie (v2.1.0)** and RSEM (v1.2.26)*° by mapping
reads back to the transcript assembly. The trimmed mean of M-values-normalized
expression values in fragments per kilobase of transcript per million mapped reads
(FPKM) were used to estimate relative expression levels across samples. To reduce
data complexity, functional filtering with TransDecoder (v2.0.1)* was applied with
the following three criteria: (1) open reading frames larger than 70 amino acids;
(2) sequences with HMMER (v3.1b2) hits against the Pfam database (Pfam-A 29.0;
16,295 families); and (3) sequences with BLASTP (v2.2.29+) hits against the Swiss-
Prot database (20160122; 550,299 sequences). Expression filtering was applied
with two criteria: (1) expression levels > 1 FPKM in at least one sample; and (2)
transcript isoforms with abundances > 5% (Supplementary Figs. 2 and 3).

Repeat analysis. Regions of repetitive sequences in the genomes were identified
with RepeatScout (v1.0.5) using default settings (that is, a sequence length larger
than 50bp and occurring > 10 times). Repetitive sequences were masked with
RepeatMasker (http://www.repeatmasker.org/; v4.0.6). Transposable elements were
annotated with TBLASTX and BLASTN searches against Repbase for RepeatMasker
(v20150807). Repeat landscape (Kimura genetic distance) was calculated with the
Perl script RepeatLandscape.pl bundled within RepeatMasker (v4.0.5+).

Gene prediction and annotation. Non-exon (that is, repeat) hints were generated
with RepeatScout and RepeatMasker. Intron hints from spliced alignments of
RNA-seq reads were generated using TopHat (v2.0.9) and Bowtie (v2.1.0)** with
the two-step method: (1) genome assembly mapping and (2) exon-exon junction
mapping. Exon hints were generated from spliced alignments of transcriptome
assemblies using BLAT (v.35). Gene structure was annotated by extraction of open
reading frames with PASA (v2.0.2). Gene models were predicted with trained
AUGUSTUS (v3.2.1)” with repeat, intron and exon hints on the soft-masked
genome assemblies. KEGG orthology was assigned using the KEGG Automatic
Annotation Server. Gene models were annotated with protein identity and domain
composition by BLASTP and HMMER searches against the Swiss-Prot and Pfam
databases, respectively (Supplementary Fig. 5).

Gene family analysis. After all-to-all BLASTP searches against 31 selected
metazoan proteomes (Supplementary Table 13), orthologous groups were
identified with OrthoMCL (v2.0.9)* using a default inflation number (I=1.5).
Venn diagrams were plotted with jvenn. Gene ontology annotation was performed
with PANTHER (v10.0) using the PANTHER HMM scoring tool (pantherScore.pl).
Gene ontology enrichment analysis was conducted with DAVID (v6.8). Gene
family gain-and-loss was estimated using CAFE (v3.1)®. Principal component
analysis was performed using the R package, prcomp.

Phylogenetic analysis. Genome-based orthologues with one-to-one relationships
were selected with custom Perl scripts from OrthoMCL orthologous groups.
Orthologues identified from transcriptomic data with many-to-many relationships
were selected with HaMStR (v13.2.3)”. Paralogy screening was conducted with
TreSpEx (v1.1)"". Sequence alignments were performed with MAFFT (v7.271)7.
Unaligned regions were trimmed with TrimAl (v1.2rev59)”. Species trees were
constructed with RAXML (v8.2.4)"" using the maximum-likelihood method

with the LG, LG4M and LG4X models. Bayesian analyses were performed with
PhyloBayes (v3.3f)" using the CAT + GTR model with the first 1,000 trees as a
burn-in. For sensitivity analyses, four major factors that may cause systematic
errors were assessed as follows: (1) branch length heterogeneity, as measured by
the standard deviation of the average pairwise distance between taxa;

(2) evolutionary rate, as estimated by the average patristic distance; (3) topological
robustness, as defined by the average bootstrap support; and (4) compositional
heterogeneity, as measured by relative composition frequency variability. Branch
length heterogeneity, average patristic distance and average bootstrap support
values were calculated with TreSpEx"'. Relative composition frequency variability
values were calculated with BaCoCa (v1.1)".

Microsynteny analysis. At least three orthologues on the same scaffold shared
between two species were considered as microsyntenic blocks, as previously
described'. In brief, after assigning orthologues with a universal orthologous
group identifier using OrthoMCL, the genomic locations of orthologues among
different species were compared. All-to-all pairwise comparison was conducted
with genome GFF (general feature format) files and OrthoMCL outputs using
custom Perl scripts. Detailed step-by-step methods and Perl scripts are available on
our genome project website (http://marinegenomics.oist.jp/).

Transcriptome analysis. To identify transcriptomic similarities between tissues,
orthologues were identified among species using the bidirectional best hits (that
is, reciprocal BLAST) approach. Spearman’s and Pearson’s correlation coefficients
were calculated as previously described''. Differential expression analysis was
conducted with a Trinity bundled Perl script (run_DE_analysis.pl). Heat maps and
clustered matrices were created using R (v3.2.4) with the package Bioconductor
(v3.0) and pheatmap (v1.0.8).

Life Sciences Reporting Summary. Further information on experimental design is
available in the Life Sciences Reporting Summary.

Data availability. This genome project has been registered at NCBI under the
BioProject accession PRJNA393252. Genome assemblies have been deposited at
DDBJ/ENA/GenBank under accession numbers NMRB00000000 (N. geniculatus)
and NMRA00000000 (P, australis). Transcriptome assemblies have been deposited
in the NCBI Transcriptome Shotgun Assembly Sequence Database under accession
numbers GFRY00000000 (N. geniculatus) and GFSC00000000 (P. australis).
Sequencing reads of the genomes and transcriptomes have been deposited in

the NCBI Sequence Read Archive under the study accession SRP111350. The
updated L. anatina genome (v2.0) has been deposited under the accession
number LFEI00000000. Genome browsers, genome assemblies, gene models and
transcriptomes, together with annotation files, are available at
http://marinegenomics.oist.jp/.
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