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Abstract

The genome contains all the genetic information of a given organism. Decoding the genome
therefore provides the molecular basis for understanding every biological phenomenon. Since
2009, the Marine Genomics Unit (MGU) has conducted research in the realm of genome-
based biological sciences. By decoding genomes of target marine organisms (mainly
invertebrates), we wish to understand genetic and developmental mechanisms underlying
diversity of marine organisms. The major research fields are (a) evolutionary and
developmental genomics of marine invertebrates, (b) environmental genomics of coral reefs,
and (c) functional genomics of marine organisms, including pearl oyster and algae. To date,
we have decoded genome of a coral in 2011, a pearl oyster in 2012, and symbiotic

dinoflagellate (Syrmbiodiniurm) in 2013. We further decoded genomes of hemichordates and a



brachiopod in 2015, a brown alga (Okinawa-mozuku) in 2016, Crown-Thorns-Starfish in
2017, and a nemertean, phoronid, and two dinoflagellate clades in 2018. This year we
deciphered genomes of two jellyfish, dicyemid, acoel flatworm, siphonous macroalga (umi-
budo), and brown alga (ito-mozuku). We also improved the Ciona intestinalis genome to be

nearly complete one. Main results of this year research shall be reported below.

1. Staff FY2019

Professor Noriyuki Satoh
Staff Scientists
o FEiichi Shoguchi (Group Leader)

o Keisuke Nakashima
o Konstantin Khalturin
o Ken Maeda
o Takeshi Takeuchi
o  Koki Nishitsuiji
o Yuna Zayasu
Postdoctoral Scholars
o Asuka Arimoto (~6/30, '19)
o Hitoshi Tominaga
JSPS Fellow
o Remi N. Ketchum (University of North Carolina at Charlotte)
PhD Students
o (Superviser)
= Girish Beedessee (JSPS DC Fellow)
= Yafei Mao (JSPS DC Fellow)

o (co-superviser)

= Kun-Lung Li (Supervisor: Assistant Prof. Watanabe, H.)
= Christina Ripken (Supervisor: Prof. Shannon, N.)
o Lab rotation students
= Billy Moore
= Rio Kashimoto
o Internship Students
= Yang Shu (Hainan Univ, China)



= Aya Koseki (Kitasato Univ)

e Technical Staffs

o Kanako Hisata

o Sakura Kikuchi

o Haruhi Narisoko
e Research Assistants

o Seiya Kitanobo (POC Program)

o Yoshie Nishitsuiji (AIMS project)

o Mayuki Suwa

o Wakana Chinen (Sep,2019 ~ Mar, 2020)
e Research Administrators

o Shoko Yamakawa

o Tomomi Teruya

2. OIST PhD Graduation

We congratulate a student for his OIST PhD Graduation.

h
" Mao Yafei

Thesis Title: Whole-genome sequence analysis of the evolutionary history of the reef-building

coral genus Acropora (Scleractinia, Cnidaria)



Girish Beedessee

Thesis Title: Genomic insights on secondary metabolism in symbiotic dinoflagellates

3. The Research Encouragement Prize of Okinawa 2019




Dr. Koki Nishitsuji(middle left) and Dr. Asuka Arimoto(left) were awarded the Research
Encouragement Prize of Okinawa 2019 as recognition for their contribution to Okinawa for
their work on deciphering the genomes of many algal crops, including Okinawa mozuku and
Umi-budo.

4. Collaborations

4-1 Genome scientific studies of chordate evolution

e Type of collaboration: Scientific collaboration

e Researchers: Prof. Daniel Rokshar, OIST
4-2. Molecular biological study of COTS communications

e Type of collaboration: Scientific collaboration

e Researchers: Prof. Scott Cummins, Univ. Sunshine Coast, Australia
4-3. Genome scientific study of dinoflagellates

e Type of collaboration: Scientific collaboration

e Researchers: Prof. Pengchen Fu, Hainan University
4-4. Genome scientific study of coral-dinoflagellate symbiosis

e Type of collaboration: Scientific collaboration

e Researchers: Profs. Shigeki Fujiwara & Kaz Kawamura, Kochi University
4-5. Genome scientific study of left-right asymmetry of snails

e Type of collaboration: Scientific collaboration

e Researchers: Prof. Takehiro Asami, Shinshu University

4-6. Genome scientific study of acoel development



e Type of collaboration: Scientific collaboration

e Researchers: Profs. Kunifumi Tagawa & Tatsuya Ueki, Hiroshima University

5. Research activities and findings
5.1 Developmental and evolutionary genomics

This year our Unit has deciphered genomes of two jellyfish, dicyemid, acoel flatworm,
siphonous macroalga (umi-budo), and brown alga (ito-mozuku). We have also improved

the Ciona intestinalis genome to be nearly complete one. Here, we report results of jellyfish
genomes, which was published in Nature Ecology and Evolution 3:811-822 (2019) with cover

photo of the journal.

The Cnidaria is an ancient phylum considered a sister group to all bilaterian animals. They are
astonishingly diverse in body form and lifestyle, including the presence of a jellyfish stage in
medusozoans and its absence in anthozoans (Fig. 1). Here, we sequence the genomes

of Aurelia aurita (a scyphozoan) and Morbakka virulenta (a cubozoan) to understand the
molecular mechanisms responsible for the origin of the jellyfish body plan. We show that the
magnitude of genetic differences between the two jellyfish types is equivalent, on average, to
the level of genetic differences between humans and sea urchins in the bilaterian lineage.
About one-third of Aurelia genes with jellyfish-specific expression have no matches in the
genomes of the coral and sea anemone, indicating that the polyp-to-jellyfish transition requires
a combination of conserved and novel, medusozoa-specific genes (Fig. 2). While no genomic
region is specifically associated with the ability to produce a jellyfish stage, the arrangement of
genes involved in the development of a nematocyte—a phylum-specific cell type—is highly

structured and conserved in cnidarian genomes; thus, it represents a phylotypic gene cluster.
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Fig. 1 | life cycle and phylogeny of jellyfish. a, Typical metagenetic life cycle of
medusozoans (Aurelia) compared with the life cycle of anthozoans (Nematostella). b, Adult
jellyfish of Aurelia. Scale bar: 1 cm. ¢, Metamorphosis of Aurelia from the Pacific Ocean (left)
and the Atlantic Ocean (right). Scale bar: 1 mm. d, Morbakka polyp. Scale bar:

1 mm. e, Morbakka jellyfish. Scale bar: 10 cm. f, Phylogeny of the sequenced species, based
on 133 proteins conserved across 47 taxa. Maximum likelihood with the LG substitution
model, rooted with a yeast protein set. All nodes have maximum bootstrap support except

for 1 node with 90% support.
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Fig. 2 | Phylogenetic distribution of genes and tissue-specific gene expression. a,
Numbers of shared orthologous genes among cnidarian groups (Supplementary Table 6).
Based on gene sets, there are four clusters corresponding to Anthozoa, Hydrozoa, Cubozoa

and Scyphozoa. Representative bilaterians were used as an outgroup. Abbreviated



genus/species names are shown at the bottom. The colours and order correspond to the
genus/ species names shown on the right-hand side. The colour key shows the number of
shared orthologous genes among cnidarian groups. b, Left, expression of polyp- and
jellyfish-specific genes in Aurelia. Middle, a total of 1,231 genes are jellyfish-specific, 2,487
are polyp-specific and 24,886 genes do not show stage-specific expression. Right, presence
or absence of Aurelia genes with stage-specific expression in the genomes

of Acropora and Nematostella. BLASTP cut-off: 1 x 10—4. ¢, Venn diagram showing the
number orthologous genes with jellyfish-specific expression in Aurelia and Morbakka. A list of
13 homeobox genes that are common markers of a jellyfish stage in Scyphozoa and Cubozoa
is shown below. d, Scanning electron microscope (SEM) image of a juvenile medusa. e-g,
Genes exclusively expressed in striated muscles of Aurelia revealed by in situ hybridization.
WD40-repeat protein gene (s1_g264; that is, gene 264 in scaffold 1) (e), putative
taxonomically restricted gene with novel repetitive domains (s226_g16) (f) and novel myosin
tail protein 4 gene, MTP4 (s206_g6/7) (g). Scale bars: 200 um. h, Expression of novel and
conventional myosins in various stages and tissues

of Nemopilema, Aurelia, Tripedalia, Morbakka and Chironex. s88_g59 and so on represent
gene IDs in the Aurelia genome (see Supplementary Note 3.1). Numbers following ‘Myh’ or
*‘Myo’ represent the classification of medusozoan myosins based on phylogenetic
reconstruction and their domain composition. 12 h and 20 h represent the time after
metamorphosis induction. ecto-, ectoderm; endo-, endoderm; FPKM, fragments per kilobase
of transcript per million mapped reads; j-r-t-mnb, jellyfish without rhopalia, tentacles and
manubrium; m-cells, mesoglea cells; meta-, metamorphosis; mnb, manubrium; muscles,
ectodermal striated muscles; nseg, non-segmented part; o. arms, oral arms of a jellyfish;
seg, segments. Captions for the jellyfish stages and muscle tissues are shown in red text. i,
Maximum-likelihood phylogenetic tree of myosin proteins based on the alignment of their
Myosin_tail_1 domains. Proteins of Aurelia and Morbakka belong to a distinct clade
highlighted in grey. LG substitution model was used. Bootstrap support for all nodes is shown
in Supplementary Fig. 14. j, Genomic localization of novel MTPs in the genomes

of Morbakka and Aurelia. Scaffolds (S) and the genes within the scaffolds are numbered. A
conventional myosin gene is located in Morbakka scaffold 128, adjacent to novel MTP genes.
1Q, calmodulin-binding domain; MN, myosin N-terminal domain. k, A possible evolutionary
scenario of MTP development from ancestral conventional myosin by gene duplication,
followed by subsequent gene family expansions. MTPs of Aurelia and Morbakka seem to be of
common origin, but have already acquired structural differences, such as additional

repetitive domains in Aurelia.



5.2 Functional genomics

We report here results of decoded genome of the siphonous green alga, Caulerpa lentillifera,
which was published in DNA Research 26:183-192 (2019). Genome evolution and
development of unicellular, multinucleate macroalgae (siphonous algae) are poorly known,
although various multicellular organisms have been studied extensively. To understand
macroalgal developmental evolution, we assembled approximately 26Mb genome of a
siphonous green alga, Caulerpa lentillifera (Fig. 1), with high contiguity, containing 9,311
protein- coding genes. Molecular phylogeny using 107 nuclear genes indicates that the
diversification of the class Ulvophyceae, including C. lentillifera, occurred before the split of the
Chlorophyceae and Trebouxiophyceae. Compared with other green algae, the TALE
superclass of homeobox genes, which expanded in land plants, shows a series of lineage-
specific duplications in this siphonous macroalga (Fig. 2). Plant hormone signalling
components were also expanded in a lineage- specific manner. Expanded transport
regulators, which show spatially different expression, suggest that the structural patterning
strategy of a multinucleate cell depends on diversification of nuclear pore proteins. These
results not only imply functional convergence of duplicated genes among green plants, but
also provide insight into evolutionary roots of green plants. Based on the present results, we
propose cellular and molecular mechanisms involved in the structural differentiation in the

siphonous alga.
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Figure 1 | The siphonous alga, Caulerpa lentillifera. Cultivated C. lentillifera (photo by
Dr Ken Maeda). The alga consists of many grape-like vesicles connected by stolons, and the

entire alga comprises one cell with many nuclei. Scale bar, 10 mm.
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Figure 2 | Molecular phylogenetic analysis showing lineage-specific evolution of

TALE class homeobox proteins in green plants and the ancient plant genomic

structure. (a) The maximum-likelihood tree is constructed using multiple alignments of

homeodomains. Green symbols show four members of the KNOX class and four of the BEL

class in the Caulerpa genome. Nodes with more than 50 and 70% bootstrap support are

marked with open and closed circles, respectively. Green, magenta and black lines

correspond to chlorophyte, rhodophyte and Arabidopsis sequences, respectively.

Ath, Arabidopsis thaliana. Cle, Caulerpa lentillifera. Cme, Cyanidioschyzon merolae.

Cre, Chlamydomonas reinhardtii. Ota, Ostreococcus tauri. Vca, Volvox carteri. (b) Origin and

evolution of the plant BEL/KNOX family and candidate genes for exploring the duplication

mechanism of the ancestral gene. Simplified gene order in the Caulerpa genome is shown

above. Scaffold numbers are indicated at the left side. Potential ancestral genomic structures

are surrounded by dotted lines. Circles, rectangles and hexagonal boxes in diagrams of

genomic sequences indicate protein domains contained in each locus. The synteny diagrams




are not drawn to scale. (c) Expression levels of TALE homeobox genes. * indicates P-value
<0.05 and false discovery rate <0.05. Two genes, g4802 of BEL, and g2165 of KNOX, show
the difference of gene expression level between frond and stolon. Error bars and white circles

show standard deviation and TMM-normalized CPM observed in each replicate, respectively.
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Jellyfish genomes

halturin, K., Shinzato, C., Khalturina, M., Hamada, M.,

Fujie, M., Koyanagi, R., Kanda, M., Goto, H., Anton-Erxleben, F., Toyokawa, M.,
Toshino, S., Satoh, N.
Medusozoan genomes inform the evolution of the jellyfish body plan
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M., Hankeln, T., Mertes, F., Wallberg, A., Rast, J.P., Copley, R.R., Martinez, P.,
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Repertoires of G protein-coupled receptors for Ciona-specific neuropeptides.
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Evolution of cis-regulatory modules for the head organizer gene goosecoidin
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Gene expression profiles of dicyemid life-cycle stages may explain how dispersing

larvae locate new hosts.
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Transcriptomic profiling of the mussel Mytilus frossulus with a special emphasis on

integrin-like genes during development
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16. Satou, Y., Nakmura, R., Deli, Y., Yoshida, R., Hamada, M., Fuijie, M., Hisata, K.,
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A nearly-complete genome of Ciona intestinalis type A (C. robusta) reveals the

contribution of inversion to chromosomal evolution in the genus Ciona.
Genome Biology and Evolution, 1;11:3144-3157 (2020) (HIERED
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17. Zayasu, Y., Suzuki, G.
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populations of an arborescent coral, Acropora yongei. implications for the efficacy
of "artificial spawning hotspots"
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A likely ancient genome duplication in the speciose reef-building coral
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Scientific Reports, 9: 4002 (2019) (EEEED
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Diversified secondary metabolite biosynthesis gene repertoire revealed in symbiotic

dinoflagellates
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A siphonous macroalgal genome suggests convergent functions of homeobox
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E.

Draft genome of the brown alga, Nemacystus decipiens, Onna-1 strain: Fusion of
genes involved in the sulfated fucan biosynthesis pathway
Scientific Reports, 9: 4607 (2019)

25. Arimoto, A., Nishitsuiji, K., Narisoko, H., Shoguchi, E., Satoh, N.
Differential gene expression in fronds and stolons of the siphonous




macroalga, Caulerpa lentillifera
Dev. Growth Diff, doi:10.1111/dgd.12634 (2019)

26. Ogawa, T., Oda-Ueda, N., Hisata, K., Nakamura, H., Chijiwa, T., Hattori, S., Isomoto,
A., Yugeta, H., Yamasaki, S., Fukumaki, Y., Ohno, M., Satoh, N., Shibata, S.
Extensive alternative mRNA splicing underlying highly divergent venom proteins of

the habu snake Protobothrops flavoviridis

Toxins, 11,581 (2019) [PUBMED |

(d) Other Fields

27. Nakashima, K., Kikuchi, S.
Chitin-based barrier immunity and its loss predated mucus-colonization by

indigenous gut microbiota. (in Japanese)
EEREZ 37, 69-72 (2019)

28. Arimoto, A.
Exploring the mysteries of morphogenesis of sea grapes: insights from the sea

grape genome. (in Japanese)
academist journal (2019)
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