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Abstract

Chromosome-Scale Genomes, Resolving the Sister Phylum to Other Animals,

and Novel Bioluminescent Systems.

by

Darrin T. Schultz

Understanding how animals evolved from unicellular life requires

comprehensive analyses that sample all animal phyla. However, some major

outstanding questions in evolutionary biology, such as the evolutionary provenance of

neurons, developmental pathways, and animal-specific genes, remain unanswered for

one reason: it is unclear whether sponges (phylum Porifera) or ctenophores (phylum

Ctenophora) as the sister phylum to all other animals. Here, we resolved this question

using a chromosome-scale, whole-genome comparative approach. First, we generated

chromosome-scale genomes of ctenophore species, and of three species that are

unicellular, and outgroups to the Metazoa. By comparing these genomes to other

chromosome-scale animal genomes, we identified groupings of genes that have

persisted together on the same chromosomes since the common ancestor of the

Filozoa, more than one billion years ago. We track the fate of these linked genes in

the genomes of extant species, and find irreversible chromosomal

fusions-with-mixing that preclude sponges from being the sister phylum to other

animals. Thus, ctenophores must be the sister phylum to other animals.

vii



As a parallel effort, we sought to use transcriptomics and genomics to study a

trait that is common to many of the marine species that we studied above:

bioluminescence. Light-emitting luciferase proteins are a useful tool for visualizing

sub-cellular processes in microscopy, and are an interesting case of convergent

evolution in over fifty clades. We used transcriptomics, full-length cDNA sequencing,

and protein purification techniques to identify a novel luciferase in the polychaete

worm Odontosylllis undecimdonta. This luciferase appears to be specific to the genus

Odontosyllis, and there is no evidence for homologs in the transcriptomes of other

polychaetes. In addition to the polychaete luminescence, we also identified

luminescence in a species of deep-sea sponge. This finding is significant, as reports of

sponge luminescence in the past have been dubious. We used a biochemical approach

to identify the luminous small molecule, coelenterazine, that is used in the

bioluminescence reaction. A metagenomics sequencing approach revealed that the

sponge sample contained little to no bacteria, and therefore the luminescence

produced by the sponge was likely endogenous. Future efforts will focus on genome

sequencing, and identifying the luciferase, to determine if the luciferase is truly

encoded in the sponge genome.
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Chapter 1

1Introduction

“We should venture on the study of every kind of animal

without distaste; for each and all will reveal to us

something natural and something beautiful.”

-Aristotle� 3arts oI Animals� 350 BC

Taxonomy and systematics are the scientiIic disciplines oI categori]ing� and

determining the relationships betZeen� all liIe on (arth� +umans haYe been

documenting attempts to categori]e liIe� and to maNe inIerences Irom those

relationships Ior more than tZo thousand years �Aristotle 350 BC�� Since Aristotle¶s

Iirst taxonomic classiIication scheme in 350 BC� humans haYe recogni]ed ³Animalia´

as a classiIication� Since then� Zith the adYent oI D1A seTuencing� the deIinition oI

animal has morphed to mean multicellular organisms� Zith a single eYolutionary

common eYolutionary ancestor that may haYe looNed something liNe extant

single-celled Ilagellum-bearing organisms� the choanoIlagellates �:ainright et al.

1993�� This monophyletic group oI multicellular organisms is called the meta]oans�

or the animals in lay terms�

Meta]oans can be broNen into tZo general categories� the bilaterians and the

non-bilaterians� Bilaterian animals are a monophyletic clade oI organisms that are
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bilaterally symmetrical� This includes humans� other Yertebrates� chordates�

echinoderms� annelids� molluscs� arthropods� chaetognaths� rotiIers� nematodes�

xenacoelomorphs� and more� All oI the remaining animals are non-bilaterians� As the

name implies� they are not bilaterally symmetrical� This group oI animals includes the

phyla Cnidaria� 3laco]oa� 3oriIera �sponges�� and Ctenophora� Some important maMor

diIIerences betZeen the bilaterians and non-bilaterians are that most bilaterians haYe

extensiYe nerYous systems� oIten Zith a brain� and three layers oI cells in

deYelopment in addition to germ cells �triploblasty�� 1on-bilaterians do not haYe

brains� may not haYe nerYes ZhatsoeYer �placo]oans and sponges�� or haYe diIIuse

nerYe nets �cnidarians and ctenophores�� and haYe only tZo deYelopmental cell layers

�diploblasty - placo]oans� cnidarians� and ctenophores� or haYe no deYelopmental cell

layers at all �sponges��

Ctenophore *enomes

Ctenophore genome assemblies haYe been Ney to understanding the early

eYolution oI animals� The draIt genomes oI the ctenophores Mnemiopsis leidyi and

Pleurobrachia bachei shoZed that many important animal deYelopmental and

neuron-speciIic genes did not eYolYe until the common ancestor oI the bilateria �Ryan

et al. 2013� Moro] et al. 2014�� <ears aIter publication� these tZo ctenophore

genomes remain crucial Ior studying the eYolution oI gene Iamilies and

deYelopmental pathZays in the ancestor to all animals �Sebp-3edrys et al. 2018�

)erninde] and *abaldyn 2020� TiNhonenNoY et al. 2020� :ang et al. 2020�� and Ior

2
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studying the eYolution oI genome regulation Zithin animals �*aiti et al. 2017� Brnte

et al. 2018��

It remains controYersial Zhether ctenophores or sponges are sister to the rest

oI animals �Simion et al. 2017� Shen et al. 2017� :helan et al. 2017� /aumer et al.

2019�� ThereIore� it is unclear on Zhat ancestral eYolutionary branch some meta]oan

characters eYolYed� such as neurons and the mesoderm� One method that could

possibly resolYe the phylogenetic position oI ctenophores and sponges is comparing

Zhole-chromosomes �Sacerdot et al. 2018�� +oZeYer� the Mnemiopsis leidyi and

Pleurobrachia bachei assemblies are not chromosome-scale� )urthermore� Naryotypes

are not NnoZn Ior M. leidyi� P. bachei� or any other ctenophore�

In contrast to the hundreds oI published chromosome-scale genome

assemblies Irom Yertebrates and other bilterians� there are currently only three Irom

non-bilaterian animals� the IreshZater sponge Ephydatia �.enny et al. 2020�� the

cnidarian Rhopilema �/i et al. 2020� 1ong et al. 2020�� and the cnidarian

Nematostella �=immermann et al. 2020�� The disparity in the number oI bilaterian

Yersus non-bilaterian chromosome-scale assemblies can be partly explained by the

diIIiculties oI isolating nucleic acids Irom non-bilaterians �DaZson et al. 1998�

Simister et al. 2011�� Also� non-bilaterians tend to haYe highly hetero]ygous genomes

�/eIIler et al. 2012�� Zhich complicates standard approaches to genome assembly

�.aMitani et al. 2014�� The assemblies Irom Ephydatia� Rhopilema� and Nematostella

3
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Zere possible only due to recent adYances in long-read seTuencing and the adYent oI

+i-C data Ior Zhole-genome scaIIolding �Burton et al. 2013� Rice and *reen 2019��

Outgroups of Animals and Animal (volution

The outgroups oI the monophyletic animal clade are all unicellular organisms�

The immediate outgroup phylum is the ChoanoIlagellatea �/ang et al. 2002�� These

organisms are solitary� but occasionally agglomerate into larger groups �.ent 1880�

/eadbeater 1983�� The choanoIlagellates and meta]oa Iorm a clade called the

Choano]oa� The immediate outgroup to the choanoIlagellates are the unicellular

)ilastereans �3aps and Rui]-Trillo 2010�� The )ilastereans and the Choano]oa Iorm a

clade called the )ilo]oa� One oI the outgroups to the )ilo]oa are the unicellular

Icthyosporeans �Torruella et al. 2015�� The Icthyosporeans and the )ilo]oa Iorm a

clade called the +olo]oa� The outgroup to the +olo]oa is the unicellular and

multicellular Iungi� Together� all oI these organisms Iorm a clade called the

OpisthoNonta�

4
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)igure 1.1 - The Animal Tree of /ife � The meta]oa� also called animals� is a

monophyletic clade oI multicellular organisms that contains the phyla Ctenophora�

3oriIera �sponges�� 3laco]oa� Cnidaria� and many phyla Zithin the clade Bilateria�

Because Ze NnoZ the systematics oI hoZ multicellular animals are related to

other organisms� Ze NnoZ that the common ancestor oI the Choano]oa Zas a

unicellular organism that gaYe rise to all unicellular choanoIlagellates and all

multicellular animals� This eYolutionary transition is the subMect oI great Iocus in

contemporary biology� There are many studies that haYe classiIied Zhich genes Zere

liNely animal noYelties �SriYastaYa et al. 2010�� Zhich multicellularity-associated

genes eYolYed in unicellular organisms �Sebp-3edrys et al. 2017�� Zhich transcription

5
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Iactors common in animals eYolYed in a unicellular ancestor �Sebp-3edrys et al.

2011�� and hoZ genomes liNely eYolYed in animals since the unicellular common

ancestor �Suga et al. 2013� Sebp-3edrys et al. 2016�� It is possible to study the

eYolutionary transitions Irom unicellular ancestors to multicellular animals because

Ze NnoZ Zhich organisms are the direct outgroups oI animals - choanoIlagellates�

Iilastereans� and ichthyosporeans �)igure 1�1�� It is possible to map characters� or

gene gains or losses� onto a phylogenetic tree and draZ conclusions based on the

topology�

The other transitions that are critically important to understand the eYolution

oI animals happened Zithin the meta]oan clade� )or example� neurons eYolYed Zithin

the animals� as did triploblasty� the eYolution oI +O; and other deYelopmental genes�

as Zell as animal-speciIic transcription Iactors� :e are able to study the eYolution oI

these characters in the bilaterians� the placo]oans� and the cnidarians� because Ze

NnoZ that these animals Iorm a monophyletic clade �Dunn et al. 2008� 3hilippe et al.

2009�� +oZeYer� eYen aIter more than a decade oI debate using larger and larger

phylogenomics datasets� there remains one maMor outstanding Tuestion in animal

eYolution� Are ctenophores� or are sponges� the sister phylum to all other animals"

Sponges haYe long been postulated to be the sister phylum to all other

animals� This hypothesis greZ out oI an obserYation by the educator +enry -ames

ClarN in 1866� Zhen he noted the similarities in appearance oI choanoIlagellates and

oI Ilagellum-bearing collar cells in sponges �ClarN 1866�� :ithout other deIinitiYe

eYidence to the contrary� this hypothesis Zas Zidely accepted until 2008� Zhen a

6
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phylogenomic protein supermatrix analysis shoZed support Ior a neZ hypothesis� that

the Ctenophora Zere the outgroup phylum to all other animals� and that sponges

Iormed a monophyletic clade Zith cnidarians and bilaterians �Dunn et al. 2008�� This

study has sparNed more than a decade oI scientiIic debate oYer taxon and gene

sampling si]e �3hilippe et al. 2009� Ryan et al. 2013� Simion et al. 2017� :helan et

al. 2017�� gene sample composition �Shen et al. 2017�� and phylogenetic model

suitability �/i et al. 2021�� In short� it appears that phylogenomics alone� due to its

inherent shortcomings� and the short amount oI time betZeen the diYergence oI

sponges and ctenophores� Zill not be able to resolYe Zhether sponges or ctenophores

are the sister phylum to all other animals�

+oZeYer� the ansZer to this Tuestion is too important to leaYe unresolYed�

Consider the eYolution oI neurons in animals� Ctenophores haYe neurons� but sponges

do not� II ctenophores are the sister phylum to animals� then this implies that neurons

either eYolYed independently� once in the ctenophores� and once in the common

ancestor oI cnidarians and bilaterians Zith a subseTuent loss in placo]oans� Or� this

implies that neurons eYolYed once in the ancestor oI all animals� but Zere lost in the

sponges and in the placo]oans� II sponges are the sister phylum to all other animals�

then the eYolution oI neurons could be explained by a gain in the ancestor to

ctenophores� cnidarians� and bilaterians� Zith a singular loss in the placo]oans� In any

case� it is impossible to maNe conclusions about the eYolution oI neuron-speciIic

genes� or neuron-speciIic expression patterns� Zithout determining Zhether sponges

or ctenophores are the sister phylum to other animals�

7
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Bioluminescence

Many oI the organisms mentioned aboYe� including ctenophores and

cnidarians� are bioluminescent� Bioluminescence is the emission oI light Zhen an

en]yme� usually called a luciIerase� oxidi]es a substrate called a luciIerin� There are

thousands oI species that are bioluminescent� both on land and in the ocean� Studying

bioluminescent animals has not only proYided us a lens into the mating �Morin 2019��

Ieeding �/loyd 1965�� and general liIe history strategies oI the animals �Oba and

Schult] 2014�� but the bioluminescent proteins themselYes haYe become integral

research tools to Yisuali]e the inner ZorNings oI cells �.asNoYa et al. 2016��

Bioluminescent proteins are generally called luciIerases and the small

molecule substrates are generally called luciIerins� +oZeYer� these terms are Must

classiIications oI Iunction� and luciIerases Irom distantly related groups oI organisms

are not homologous� )or example� luciIerases and the luciIerins Iound in beetles are

not deriYed Irom the same luciIerin or ancestral protein Iound in sTuid� :e NnoZ that

bioluminescence eYolYed conYergently more than 50 times independently in diYerse

clades across the tree oI liIe �+addocN et al. 2010� /au and OaNley 2021�� hoZeYer

Ze only NnoZ the seTuences oI a handIul oI bioluminescent proteins and the structure

oI eYen IeZer luminous molecules� DiscoYering more bioluminescent species and

studying the proteins and molecules that maNe them luminesce Zill help us

understand the biology and eYolutionary history oI those animals� and Zill proYide

neZ molecular tools Ior scientists and doctors to use in research�
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OI all habitats on (arth� the ocean holds the most species that Ze NnoZ to be

bioluminescent� 1aturally� the ocean also contains the most NnoZn bioluminescent

species Ior Zhich Ze do not NnoZ the bioluminescent protein and substrate� *iYen the

small Iraction oI the ocean that has been explored� there are liNely many more species

that are bioluminescent� but haYe not yet been discoYered to be bioluminescent�
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Chapter 2

2A chromosome-scale genome assembly and karyotype of the

ctenophore Hormiphora californensis

This text is adapted Irom a published article�

Darrin T� Schult]��:arren R� )rancis�� -aNob D� McBroome� /ynne M� Christianson�

SteYen +�D� +addocN� Richard (� *reen� A chromosome-scale genome

assembly and karyotype of the ctenophore Hormiphora californensis. �2021�

*3� *enes� *enomes� *enetics

� - Indicates co-Iirst authorship
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Abstract

+ere� Ze present a Naryotype� a chromosome-scale genome assembly� and a genome

annotation Irom the ctenophore Hormiphora californensis �Ctenophora� Cydippida�

3leurobrachiidae�� The assembly spans 110Mb in 44 scaIIolds and 99�47� oI the

bases are contained in 13 scaIIolds� Chromosome micrographs and +i-C heatmaps

support a Naryotype oI 13 diploid chromosomes� +i-C data reYeal three large

hetero]ygous inYersions on chromosome 1� and one hetero]ygous inYersion shares

the same gene order Iound in the genome oI the ctenophore Pleurobrachia bachei�

:e Iind eYidence that Hormiphora californensis and Pleurobrachia bachei share

thirteen homologous chromosomes� and the same Naryotype oI 1n   13� The

manually-curated 3acBio Iso-SeT-based genome annotation reYeals complex gene

structures� including nested genes and trans-spliced leader seTuences� This

chromosome-scale assembly is a useIul resource Ior ctenophore biology and Zill aid

Iuture studies oI meta]oan eYolution and phylogenetics�
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Introduction

Hormiphora californensis is a globular 2 cm ctenophore abundant in the

temperate 3aciIic Ocean Zith seYeral attractiYe Ieatures Ior experimental ZorN

�MattheZs and 9osshall 2020�� This species is readily cultured in aTuaria �3atry et al.

2019�� has a liIe cycle as short as tZo ZeeNs� produces hundreds to thousands oI eggs

per spaZning eYent� and has easily-obserYed embryonic deYelopment �)reeman

1977�� In addition� there are established CRIS3R-Cas9 genome-editing methods Ior

other ctenophore species that may be adaptable to Hormiphora �3resnell and BroZne

2019�� The genus Hormiphora is in the same Iamily� the 3leurobrachiidae� as the

ctenophore Pleurobrachia bachei� *iYen these useIul traits� and the aYailability oI the

P. bachei genome� Ze selected Hormiphora californensis Ior chromosome-scale

genome assembly�

+ere� Ze report a Naryotype� chromosome-scale genome assembly� and a

manually-curated genome annotation oI Hormiphora californensis indiYidual +c1�

8sing +i-C data Irom +c1 and +c3� Ze present eYidence Ior three hetero]ygous

inYersions that span 73� oI one Hormiphora chromosome� :e Iind that there are

seYeral inYersion breaNpoints in common betZeen Hormiphora and Pleurobrachia�

:e estimate the indel and S13 hetero]ygosity oI H. californensis� :e use Iso-SeT

based annotation to resolYe hundreds oI complex nested intronic genes� and Iind that

trans-spliced leaders are common in ctenophore mR1As� The H. californensis

genome assembly� annotation� and seTuencing data Zill be a Yaluable resource Ior

comparatiYe genomics and eYolutionary studies�
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Materials and Methods

Sample Collection

:e sampled tZo H. californensis indiYiduals� +c1 and +c2� Zild-caught Irom

the Monterey Bay�  �)igure 2�1�� :e also sampled a third indiYidual� called +c3� Irom

the seYenth generation oI a lab-reared culture at the Monterey Bay ATuarium� The

aTuarium culture¶s proYenance Zas a single broadcast spaZning eYent Irom ten

indiYiduals Zild-caught in the Monterey Bay� +c1 and +c2 samples Zere collected

Zith the ROV Ventana aboard the Monterey Bay ATuarium Research Institute¶s R/V

Rachel Carson� and Irom a TucNer traZl aboard MBARI¶s R/V Western Flyer�

Samples Zere Ilash Iro]en in liTuid nitrogen aIter alloZing the gut to clear� Samples

Zere collected under the State oI CaliIornia Department oI )ish and :ildliIe

collecting permit SC-4029� Additional details are included in Table 2�1 and )igure

A1� An indiYidual collected by TucNer traZl� +c1� Zas selected as the sole source Ior

D1A and R1A seTuencing Ior the genome assembly and annotation�

Karyotyping

:e prepared H. californensis chromosomes Irom embryos to produce a

Naryotype� To collect embryos Ze placed TucNer traZl-collected H. californensis

indiYiduals in 200 m/ oI 12�C Iiltered seaZater� adapted the animals to darNness Ior 4

hours� then induced spaZning Zith light �3atry et al. 2019�� The embryos Zere

concentrated into 10m/ oI seaZater using a 40�m mesh )isherbrand Sterile Cell

Strainer� then Zere incubated at 12�C Ior six hours to alloZ deYelopment to
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approximately the 64-cell stage� The embryos Zere Iixed using a protocol Ior

chromosome spread preparation Ior Nematostella vectensis �*uo et al. 2018�� The

slides oI chromosome preparations Zere stained using DA3I� mounted Zith

)luoromount-*� then stored at 4�C until imaging� Micrographs oI chromosome

spreads Zere collected Zith a 100x obMectiYe and 1�5x diopter on a /eica DM5500 B

microscope Zith a DA3I excitation light and Iilter at the 8C Santa Cru] /iIe Sciences

Microscopy Center�

Data Preparation

In total� Ze constructed 13 Illumina and 3acBio D1A and R1A seTuencing

libraries� (leYen oI these libraries Zere Irom the indiYidual used Ior genome

assembly and annotation� +c1� The remaining tZo libraries Zere one Illumina :*S

oI indiYidual +c2� and a +i-C library oI indiYidual +c3� BrieIly� Irom +c1 Ze

collected 247x coYerage oI 3acBio :*S C/R reads� 573x coYerage oI Illumina

:*S reads� 1956x coYerage oI Chicago and +i-C reads� 28 *bp oI Illumina

R1A-seT reads� and 2�5 million Iso-SeT transcripts� The mean read length Ior both

the 3acBio SeTuel I C/R and the 3acBio SeTuel II Iso-SeT data Zas 2�7Nb �)igure

A2�� The Iso-SeT read length distribution roughly matched the si]e distribution oI the

input R1A �)igure A3�� SeTuencing Zas perIormed at the 8niYersity oI CaliIornia

DaYis �8CD� D1A Technologies Core� )ulgent *enetics� Med*enome Inc�� or at the

8niYersity oI 8tah� The raZ data are aYailable on 1CBI under Bio3roMect

3R-1A576068� Details Ior each library are aYailable in Table 2�2� Reads Zere

14

https://paperpile.com/c/MLZqNb/lsHyu


trimmed and prepared Ior genome assembly and genome annotation� )or details� see

the supplementary section Sequencing data preparation�

De Novo Transcriptome Assembly

The trimmed +c1 Illumina R1A-seT data Zere assembled using the Trinity

Y2�5�1 �*rabherr et al. 2011� Zith the parameter --SS_lib_type RF � Transcripts

that contained adapters or Yector contamination in the 1CBI contamination database

Zere remoYed� The assembly is aYailable on the 1CBI Transcriptome Shotgun

Assembly archiYe� accession *+;S00000000�

Mitochondrial Genome and Phylogeny

:e assembled the mitochondrial genomes oI H. californensis indiYiduals +c1

and +c2 using 3acBio and Illumina reads� To determine the phylogenetic position oI

H. californensis indiYiduals +c1 and +c2 Ze constructed an 18S tree� a CO;1

nucleotide tree� and a multi-locus mitochondrial protein tree� See the supplementary

materials sections Mitochondrial Genome Assembly and Annotation� and Phylogeny

construction�

Genome Size Estimation

.-mers Zere counted Irom trimmed Illumina :*S +� caliIornensis reads and

Irom publicly-aYailable 3� bachei :*S libraries �SRR116669 and SRR116670�

�Moro] et al. 2014� using MellyIish Y2�2�10 �Maroais and .ingsIord 2011� Zith
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options -C -s 1000000000 -k 21� *enome si]es oI both species Zere

estimated using the N-mer count histograms on the *enomeScope2 serYer

�Ranallo-BenaYide] et al. 2020��

Genome Assembly

The genome Zas assembled using Ztdbg2 Y2�4 �Ruan and /i 2019�� The

assembly Zas then polished Zith arroZ Y2�2 �github�com�3aciIicBiosciences�gcpp��

then Zith pilon Y1�22 �:alNer et al. 2014�� +aplotigs Zere remoYed Zith 3urge

+aplotigs Y1�0�4 �Roach et al. 2018�� DoYetail *enomics +iRise YAug2019 Zas used

to scaIIold the haplotig-purged assembly Zith the trimmed Chicago and +i-C reads�

ScaIIolds Zith a mean coYerage oI less than 100� or haYing greater than 50� *C�

Zere remoYed Irom the assembly using BlobTools Y1�1�1 �/aetsch and Blaxter 2017��

Assembly gaps Zere closed Zith /R*apcloser �commit 156381a�� The assembly Zas

polished Zith pilon� See the Genome Assembly section oI the supplementary methods

Ior additional details�

Genome Quality Assessment

:e calculated the Iinal assembly statistics such as the number oI scaIIolds�

contigs� and the 150� using the program IastaBstats included Zith the Meraculous

assembler �Chapman et al. 2011�� :e also assessed the completeness oI the assembly

by calculating the percent oI 3acBio SeTuel subreads and Iull-length non-chimeric

�)/1C� transcripts that mapped to the assembly� :e also used a custom python script
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to calculate the percent oI bases oI each read type that mapped to the assembly� :e

perIormed a selI-to-selI genome alignment using /AST= Y1�04�03 �+arris 2007� to

checN Ior erroneously duplicated regions� To checN Ior uncollapsed haplotypes or

regions Zith many indels Ze used samtools mpileup Y1�7 �/i et al. 2009� and chep

commit 60c4312 �github�com�conchoecia�chep��

Characterizing Chromosomal Inversions

:e generated a +i-C heatmap to checN Ior genome misassemblies� )or details�

see the Hi-C heatmap generation supplementary section� :e noticed three strong

oII-diagonal boZtie-shaped +i-C hotspots on Chromosome 1� II this type oI signal

arises Irom a misassembly� then the misassembly can be corrected by inYerting the

boZtie-shaped region oI the +i-C matrix� +etero]ygous inYersions are not correctable

by the same process �Corbett-Detig et al. 2019� Chida et al. 2020�� :e used

3retext9ieZ to combinatorially inYert sections oI the +i-C matrix to attempt to

remoYe the oII-diagonal signal�

Genome Variant Calling and Phasing

To Iind diploid Yariants in the genome� Ze mapped 3acBio C/R and Illumina

:*S reads to the genome Zith minimap2 Y2�17 �/i 2017� and B:A-M(M Y0�7�17

�/i 2013�� called Yariants using Ireebayes Y1�3�2-38 and gnu parallel Y20161222

�Tange and Others 2011�� then Iiltered the 9C) to only include diploid calls� :e then

phased the Yariants using 3icard Y2�25�1 �³3icard ToolNit´ 2016� and +apC8T2
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Y1�3�1 �(dge et al. 2017�� See the section Genome Variant Calling and Phasing in the

supplementary methods Ior parameters�

Genome Annotation

:e annotated the genome by manually combining transcript models generated

Irom seYeral datasets� The transcript sets Zere generated Zith 3acBio Iso-SeT and

Illumina R1A-seT reads as input Ior BRA.(R Y2�14 �+oII et al. 2019��

A8*8ST8S Y3�3�3 �StanNe et al. 2004�� and *eneMarN-(S�(T Y4�65 �+oII et al.

2016�� The 3acBio Iso-SeT data Zere used as input Ior 3acBio CupcaNe tools Y8�0

�github�com�Magdoll�cD1ABCupcaNe�� StringTie Y2�0�4 �3ertea et al. 2015�� and

3inIish commit b6I3c06 �github�com�nanoporetech�pinIish�� See the Genome

Annotation and Transcript phasing sections oI the supplementary materials Ior details

on hoZ each program Zas run�

*enome annotation consisted oI three rounds� In annotation round 1 Ze

reYieZed the genome in I*9 or -BroZse and manually YeriIied the StringTie

transcripts that Zere generated Zith the 3acBio Iso-SeT data� SpeciIically� Ze

identiIied iI the StringTie transcripts Zere Iused� correct� or Iragmented by comparing

them to the Iull-length� non-chimeric �)/1C� 3acBio Iso-SeT reads� II the mapping

pattern oI 3acBio Iso-seT reads suggested that a StringTie transcript Zas a Iusion

betZeen tZo or more adMacent transcripts� then Ze replaced the Iused StringTie

transcript Zith 3inIish� A8*8ST8S� or *eneMarN-(S�(T transcripts� The

replacement transcripts Zere selected iI they matched the gene structure oI the 3acBio
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Iso-SeT reads that mapped to the same locus� II a StringTie transcript Zas only a

partial gene� also eYidenced by the 3acBio Iso-SeT reads� then the partial StringTie

transcript Zas replaced Zith a correct 3inIish� A8*8ST8S� or *eneMarN-(S�(T

transcript� StringTie transcripts that did not match a transcript obserYed in the 3acBio

Iso-SeT data Zere remoYed� II Iso-SeT reads Zere mapped to a locus� but the locus

had no representatiYe StringTie transcript� then a matching 3inIish� A8*8ST8S� or

*eneMarN-(S�(T transcript Zas added to the annotation� StringTie transcripts that

Zere grouped together by StringTie� but actually represented multiple genes Zith

mutually exclusiYe exons� Zere split into multiple genes� At this stage the annotation

contained genes and transcripts representing the complement oI 3acBio Iso-SeT data

deriYed Irom the adult +c1�

In annotation round 2� A8*8ST8S gene models generated Irom hints that

included Illumina R1A-seT reads Zere added to the annotation iI they did not oYerlap

Zith the transcripts Irom round 1�

In annotation round 3� Ze sought to Iind liIe-stage-speciIic and tissue-speciIic

transcripts in the H. californensis genome that may not haYe been present in the R1A

sample Irom the adult +c1� *ene models Zere generated by mapping P. bachei

transcripts to the H. californensis genome�  The resulting gene models Zere remoYed

iI they did not contain an OR) in the H. californensis genome� or iI they oYerlapped

Zith H. californensis annotation round 1 or round 2 genes� *ene models Zere only

included in the annotation iI their OR)¶s protein product had a blastp hit to

publicly-aYailable ctenophore transcriptomes Zith an e-Yalue oI less than 1e-10�
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)or each transcript in the annotation Ze generated haplotype-resolYed protein

seTuences� See the Genome Annotation and Transcript phasing sections oI the

supplementary materials Ior more details�

Annotation Completeness Assessment

:e used g9olante and B8SCO (uNaryota Y3 to calculate the B8SCO score oI

the protein models Irom our annotation� the de novo transcriptome� and the genome

assembly �Simmo et al. 2015� 1ishimura et al. 2017��

TAD Calling and Boundary Analysis

:e called topologically associating domains �TADs� using the +OM(R +i-C

analysis pipeline �+ein] et al. 2018�� The TADs Zere called Zith 1Nb�4Nb bin

resolutions and 10Nb�40Nb ZindoZs� :e masNed regions around +i-C heatmap

irregularities such as oII-diagonal signal that appeared to be due to inYersions or

misassemblies� This signal conIounds the discoYery oI TADs in Zell-assembled

genome regions� :e calculated TAD separation scores Zith +iC(xplorer Y3�6

�Ramtre] et al. 2018� using Cooler Y0�8�10 �Abdennur and Mirny 2020��

:e applied +OM(R¶s de novo motiI discoYery pipeline to 1�5Nb regions on

either side oI each TAD boundary �+ein] et al. 2018�� )or motiI discoYery� Ze

selected bacNground regions that exhibited minimal local change in TAD separation

score� as these regions least resemble TAD boundaries�
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:e noticed that TADs tended to occur near gene boundaries� To test the

signiIicance oI this obserYation Ze perIormed a permutation test� :e Iirst measured

the median distance betZeen TAD boundaries and the nearest gene� The bacNground

distribution Zas calculated by 1000 permutations oI randomly placing TADs across

the genome using the same si]e distribution as our obserYed TADs� then measuring

the distance to the nearest gene�

Identification of Nested Intronic Genes

1ested intronic genes Zere identiIied using chep gIIBtoBintronBbed�py

�github�com�conchoecia�chep�� alloZing Ior a 15� oYerlap Zith the host exons at

both the 5މ and 3މ ends oI the nested transcript� :e excluded the longest 0�5� oI

introns Irom the analysis to aYoid counting the introns Irom trans-spliced splice

leaders�

Repeats and Centromeres

:e used Tandem Repeats )inder Y March 13� 2006 �Benson� 1999� and (DTA

Y1�8�3 �Ou et al. 2019� to identiIy repeats and transposable elements�

Whole-Genome Heterozygosity Estimation

The single nucleotide hetero]ygosity oI +c1 Zas estimated by only using sites

that had exactly 178x Illumina :*S read mapping depth� This depth� 178x� Zas the

mode oI the mapping depth Ior the Zhole genome� and thus represents sites at Zhich
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reads Irom both haplotypes mapped� :e implemented this method� Iirst described in

Saremi et al� 2019� in a purpose-built soItZare pacNage called chep

�github�com�conchoecia�chep��:e also measured the hetero]ygosity oI the +c1

exonic� intronic� and intergenic regions on indiYidual chromosomes using chep�

:e measured the hetero]ygosity oI +c1� +c2� and P. bachei indiYidual

SAM100216730 by counting 21-mers Zith MellyIish Y2�2�10 �Maroais and .ingsIord

2011� then using the resulting spectrum in *enomeScope 2 �Ranallo-BenaYide] et al.

2020�� by using YcItools¶ --het option �Y0�1�17�� and by using angsd realS)S

�Y0�921� �DaneceN et al. 2011� .orneliussen et al. 2014�� :e Zere not able to

measure the hetero]ygosity oI M. leidyi because the seTuencing libraries Zere deriYed

Irom multiple indiYiduals�

Analysis of the HiC-scaffolded Pleurobrachia genome

The Pleurobrachia bachei genome assembly Zas recently scaIIolded using

+i-C data �+oencamp et al. 2021�� The neZ� scaIIolded assembly did not include a

genome annotation� :e identiIied the protein positions in the P. bachei genome

assembly using tblastn and the preYiously published P. bachei protein seTuences

�Moro] et al. 2014�� :e also looNed Ior orthologous scaIIolds H. californensis and P.

bachei genomes by plotting the protein coordinates oI reciprocal best blastp hits

betZeen the proteins oI the tZo genomes� )or comparatiYe analysis� Ze generated a P.

bachei +i-C heatmap by mapping the P. bachei +i-C reads� SRR13364273
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�+oencamp et al. 2021�� to the neZ assembly using the same protocol as Ior H.

californensis� See the Hi-C heatmap generation supplementary section Ior details�

Microsynteny Between Ctenophores

The H. californensis proteins Zere Tueried against the M. leidyi and P. bachei

proteins using diamond blastp Y0�9�24 �BuchIinN et al. 2015�� The gene positions and

the diamond blastp table Zere then used to identiIy collinear blocNs oI genes using

the purpose-built 3ython script microsynteny�py �github�com�ZrI�genome*T)tools��

:e reTuired a minimum oI 3 consecutiYe genes� alloZed Ior up to 5 interYening

genes� and alloZed a maximum distance oI 30Nb to the next gene�
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5esults and Discussion

Genome Sequencing and Assembly

To determine the ploidy oI H. californensis and to estimate its genome si]e�

Ze computed N-mer spectra Irom H. californensis and P. bachei :*S libraries�

/ibraries Irom both species had tZo maMor N-mer peaNs� The loZer-coYerage peaN

Zas larger than the higher-coYerage peaN in both species� This pattern is consistent

Zith the N-mer spectra oI other highly hetero]ygous diploid organisms

�Ranallo-BenaYide] et al. 2020�� )rom the N-mer spectrum� the predicted 1C genome

si]e oI H. californensis Zas 96-98 Mb �)igure A4�� Zhich is close to the predicted P.

bachei genome si]e� 97�5 Mb �)igure A5��

:e aimed to generate a chromosome-scale reIerence genome Ior H.

californensis in Zhich each chromosome is represented by a composite seTuence

obtained by combining both haplotypes� This genome seTuence Zas assembled Irom

3acBio long reads� polished Zith Illumina short paired-end reads� and scaIIolded Zith

in Yitro and in YiYo chromatin conIormation capture reads Irom a single indiYidual�

+c1 �Methods�� The H. californensis genome assembly totaled 110�6 Mb in 44

scaIIolds and 351 contigs� +alI oI the seTuence is present in scaIIolds longer than 8�5

Mb� Zith 2�76 gaps per Mb Zithin scaIIolds� The 13 longest scaIIolds comprise

99�47� oI the assembly� ranging in si]e Irom 10�3 Mb to 6�4 Mb� These 13 long

scaIIolds match the microscopy-based Naryotype oI n 13� detailed beloZ� The

remaining 31 scaIIolds Zere each shorter than 50Nb and represent short unplaced

seTuences� :e Iound no detectable contamination Irom marine bacteria or gut
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contents based on the blobtools results �)igure A6�� The genome dotplot made Zith

D-*enies �Cabanettes and .lopp 2018� did not reYeal erroneously duplicated

assembly regions �)igure A7�� 95�32� oI the 3acBio SeTuel subreads �Table A2�� and

99�02� oI 3acBio SeTuel II Iso-SeT Iull-length non-chimeric �)/1C� transcripts

mapped to the 13 largest scaIIolds�

:e note that our 110 Mb H. californensis assembly is substantially shorter

than the published P. bachei assembly �156 Mb� despite similar si]e estimates based

on N-mer spectra�  Our analysis oI the P. bachei assembly� included in the

supplemental text� suggests that oYer halI oI the reported P. bachei scaIIolds are

unmerged haplotypes�

Variant Calling and Phasing

:e called Yariants using Ireebayes aIter mapping +c1 3acBio C/R and

Illumina :*S reads to the H. californensis reIerence genome� AIter Iiltering Ze

identiIied 2�24 million hetero]ygous single nucleotide or indel Yariants� These

Yariants Zere phased using 3acBio C/R� Chicago� and +i-C reads� resulting in

phased blocNs oI Yariants that spanned more than 99� oI the length oI each

chromosome-length scaIIold� OI the 2�24 million diploid Yariants� 1�75 million

�77�9�� Zere in the chromosome-scale phased Yariant blocNs� The high density oI

phased Yariants� one Ior eYery 63 bp oI genome assembly� suggests that the H.

californensis data may be a useIul benchmarNing candidate Ior phased� or diploid�

genome assemblers�
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Mitochondrial Genome and Phylogeny

:e assembled and annotated the mitochondrial genomes oI +c1 and +c2

�)igure A8�� tZo indiYiduals Irom the same Monterey Bay population� and collected

three years apart� The mitochondrial genomes �mtD1A� Irom +c1 and +c2 Zere

99�6� identical� The H. californensis mtD1A is 71�5� identical to the mtD1A oI the

closely-related P. bachei� and 80� identical to P. bachei Zhen only considering

coding regions� The H. californensis mitochondrial genome has a 1�8 Nb insertion

relatiYe to P. bachei� betZeen CO;2 and 16S� The percent identity betZeen the H.

californensis and P. bachei mtD1A conIirms they are distinct species� despite their

similar morphology� 3hylogenetic analysis oI P. bachei and H. californensis mtD1A

is also consistent Zith these being distinct species �)igure A9��

Despite the distinct mtD1A oI H. californensis and P. bachei, phylogenetic

trees based on 18S rR1A and CO;1 shoZ that H. californensis Ialls Zithin the

Pleurobrachia clade� )urthermore� other Hormiphora species are sister to

Pleurobrachia� These results suggest that the genus Hormiphora as currently deIined

may be polyphyletic� )uture taxonomy ZorN should consider reassigning Hormiphora

californensis to the genus Pleurobrachia�
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)igure 2.1 - .aryotype and genome assembly Tuality� �A� H. californensis Zith its

tentacles extended during Ieeding� �B� One Naryotype image �rearranged and

color-inYerted� oI a H. californensis chromosome preparation that contained 13

chromosome pairs� �C� The H. californensis +i-C map� shoZing thirteen

chromosome-scale scaIIolds� �D� *enome contiguity normali]ed by genome si]e

�au1 � Assembly Si]e� per �/i 2020� Irom all aYailable non-bilaterian holo]oan

genomes and select Iungal and bilaterian genomes� Zith tree topology based on

�:helan et al. 2017�� Bolded species names are non-bilaterians Zith

chromosome-scale genome assemblies� Terms- )81 )ungi� IC+ Ichthyosporea� )I/ -

)ilasteria� C+O - choanoIlagellates� CT( - ctenophores� 3OR - 3oriIera� 3/A -

placo]oans� C1I - cnidarians � BI/ - bilaterians�
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BioSample
Accession Species

Sample
1ame Depth

Collection
Temp

Collection
Method

Data
types

Collection Date
yyyymmdd

Collection
/atitude DMS

Collection
/ongitude

DMS
Mitochondria

Accession

SAM112924379
Hormiphora
californensis +c1 0-520m 6�C-13�C

TucNer
TraZl

D1A�
R1A 20161213 36� 41
 42

 1 122� 5
 22

 : M1544300

SAM112924380
Hormiphora
californensis +c2 230m 8�9�C

RO9
9entana D1A 20131111 36� 41
 48

 1 122� 2
 36

 : M1544301

SAM116124402
Hormiphora
californensis +c3 0m 12�C

)7 Irom
Monterey

Bay
ATuarium D1A 20200605 36� 41
 48

 1 122� 2
 36

 : 1A

Table 2.1 - Hormiphora californensis sample collection details.

Karyotype

The Naryotype has not been preYiously described Ior any ctenophore species�

:e used microscopy oI DA3I-stained chromosome spreads to determine that the H.

californensis genome is composed oI n   13 chromosome pairs �)igure 2�1� )igure

A10�� )our oI the images correspond to a 2n oI 26� and the remaining images are

Zithin 3 chromosomes oI 2n oI 26� This count� 13 pairs� is consistent Zith the 13

multi-megabase scaIIolds in the de novo genome assembly presented here�
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Individual S55 Data Type Total
*B

1umber of
reads

�or pairs� -
Millions

3hysical
coverage

Hc1

SRR10237148�
SRR10237149�
SRR10237137 3acBio :*S C/R 27�4 9�7 247�7

SRR10237134 10; Chromium 22�3 74�3 201�4
SRR10237129�
SRR10237130�
SRR10237131�
SRR10237132�
SRR10237133

Illumina :*S - 1(B
1ext 8II 36�1 120�2 325�8

SRR10237128 Chicago - DpnII 10�7 35�6 96�6
SRR10237146�
SRR10237147 Chicago - MluCI 20�9 69�8 189�2
SRR10237145�
SRR13784183 +iC - DpnII - rep 1 50�0 166�5 451�3
SRR10237144�
SRR13784182 +iC - DpnII - rep 2 68�1 226�8 614�8
SRR10237139�
SRR13784181 +iC - MluCI - rep 1 38�1 127�1 344�5
SRR10237138�
SRR13784180 +iC - MluCI - rep 2 28�8 95�9 260�0

SRR10237136

TruSeT R1A /ibrary
3rep .it Y2
�stranded� 28�8 96�0 1A

SRR10403849�
SRR10403581 Iso-SeT (xpress 6�0 2�5 1A

Hc2 SRR10237135
Illumina TruSeT

1ano D1A 12�8 64�0 115�7

Hc3 SRR12632403�
SRR13784179 +iC - DpnII 70�2 233�9 633�8

Table 2.2 - A summary of the H. californensis S5As seTuenced for this study�

(ach roZ is a single library� )or indiYidual +c1� the total physical coYerage oI D1A

:*S reads is 573�5x� and the coYerage Ior +i-C and Chicago data is 1956�4x� More

detailed inIormation can be Iound in Data S1�
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Genome Annotation

:e manually annotated the genome using gene models generated Zith +c1

Iso-SeT reads� Illumina R1A-seT data� and P. bachei transcripts� The long Iso-SeT

reads capture� in many cases� complete cD1A seTuences and represent transcripts

Irom a single haplotype� These Ieatures alloZed us to produce haplotype-speciIic

transcripts and proteins�

Our approach to annotating the H. californensis genome identiIied 14�265

protein-coding genes� oI Zhich 13�235 are supported by Iso-SeT reads �Table A2��

The B8SCO complete plus Iragmented score Zas 96� �303 (uNaryotic genes - Table

A3��:e Iound that 96� oI the Pleurobrachia proteins Zith orthologs in other

ctenophores also haYe an ortholog in the H. californensis annotation� :e note that due

to the haplotype redundancy oI the P. bachei assembly� many annotated P. bachei

genes are reported in allelic copies� Zhich thereIore oYerestimates the gene count oI

this species �Supplementary Materials��

Additionally� the H. californensis genome contains 619 protein-coding genes

that haYe orthologs in other ctenophore transcriptomes� but do not appear in either the

M. leidyi or P. bachei genomes �Table S2�� OI those 619 genes� 122 had blastp hits to

nr� and included genes Zith a Zide Yariety oI Iunctions such as D1A-binding

proteins� calmodulins� histones� proteases� and more� Among these 122 genes Ze did

not Iind any eYidence Ior the presence oI the neural and mesoderm-component genes

reported to be missing Irom ctenophores �Ryan et al. 2013��
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:e Iound 1729 cases Zhere tZo or more neighboring P. bachei gene models�

and 1200 cases Zhere M. leidyi gene models� appear to be Iragments oI a larger gene

based on orthology Zith H. californensis� )or example� the pecanex gene �2096

amino acids in H. californensis� appears to be split into Iour proteins in the M. leidyi

annotation �)igure A11��

97�7� oI the euNaryotic B8SCOs Zere complete or partial in the translated

Iso-SeT )/1C data� and 99�0� Zere complete or partial in the Illumina R1A-seT de

novo transcriptome� Because these Yalues are higher than the 96� complete or partial

B8SCOs Irom the genome annotation� it is possible that the genome annotation does

not capture the Iull complement oI H. californensis genes� )uture annotation

iterations Zill beneIit Irom Iso-SeT seTuencing oI diIIerent tissues and deYelopmental

stages�

Tandem Repeats )inder �Benson� 1999� identiIied 14 Mb �13�� oI the

genome as repeats� none oI Zhich Zere identiIiable as centromeric� Thus� Ze are

unable to annotate or Iurther describe centromeres in these genomes�
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Topologically Associating Domains and 3D Genome Structure

*enome analyses using +i-C data haYe shoZn that in many species�

chromatin is organi]ed in segments oI close proximity that are NnoZn as

topologically associating domains �TADs� �/ieberman-Aiden et al. 2009��

:e used proximity ligation data to identiIy and characteri]e TADs in H.

californensis and Iound eYidence that the H. californensis genome contains small

TADs Zith a median length oI 60Nb� The H. californensis TADs are signiIicantly

smaller than human TADs �median length 1�15 Mb� �McArthur and Capra 2021��

Despite the Iact that the Ephydatia and Drosophila genomes are comparable in si]e to

the H. californensis genome� the mean H. californensis TAD length is halI the length

oI the TADs in those tZo species �+ou et al. 2012� .enny et al. 2020�� :e Iound that

TAD boundaries tend to occur in the non-coding D1A bordering genes �p 0�001�

permutation�� The mean distance Irom a TAD boundary to a gene is 7�8Nb�

:e used +OM(R to search� de noYo� Ior D1A motiIs in the seTuences

IlanNing the outside oI TADs� In these seTuences IlanNing TADs Ze Iound enriched

motiIs� most oI Zhich resembled the R1A polymerase II-binding motiIs oI NnoZn

transcription Iactors� The six most-enriched motiIs Zere homeodomain and

M<B-related transcription Iactor binding sites� Zhich are conserYed in euNaryotes�

+omeodomain and M<B-related transcription Iactor genes� as Zell as R1A

polymerase II� Zere present in the H. californensis genome annotation�
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Analysis of the HiC-scaffolded Pleurobrachia genome

:e assessed the Tuality oI the P. bachei genome assembly that Zas recently

scaIIolded using +i-C data �+oencamp et al. 2021�� This assembly Zas generated by

linNing together contigs and scaIIolds Irom the original P. bachei assembly �Moro] et

al. 2014�� The authors reported that they Iound 13 or more putatiYe chromosomal

scaIIolds� but did not proYide Iurther description or analysis oI the assembly�

The scaIIolded P. bachei genome contains 157�1 Mbp in 20�121 scaIIolds and

39�072 contigs� The 13 largest scaIIolds contain 81�5 Mb oI seTuence� and appear to

be chromosome-scale in the +i-C map� Those scaIIolds contain 69�4 Mb oI contigs�

and 12�2 Mb oI stretches oI 1s� *iYen that the predicted 1C si]e oI the P. bachei

genome is 96�6 Mbp �see results aboYe�� the assembly si]e oI the contigs in the 13

largest scaIIolds relatiYe to the predicted si]e is 72�� The 81�5 Mbp in the 13 largest

scaIIolds is 51�9� oI the total assembly si]e �)igure A12��

To Iurther inYestigate the completeness and correctness oI the 13

chromosome-scale P. bachei scaIIolds� Ze perIormed synteny comparisons Zith the

H. californiensis genome assembly� The Moro] et al. �2014� and +oencamp et al�

�2021� P. bachei genomes do not include genome annotations� although Moro] et al.

�2014� included 19�002 P. bachei protein models Irom the genome seTuence� 8sing

those 19�002 proteins Ze identiIied 9�714 genes on the 13 largest P. bachei scaIIolds�

This is 68�2� oI the total number oI genes Iound on the 13 largest Hormiphora

scaIIolds� :e perIormed a reciprocal-best blastp search betZeen the P. bachei and H.

californensis proteins and plotted their coordinates in 2-dimensions to Yisuali]e
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regions oI macrosynteny� also called an OxIord dot plot� This plot reYealed that each

oI the 13 largest P. bachei and H. californensis scaIIolds predominantly had

reciprocal best blastp hits on only one scaIIold oI the other species �)igure A13�� :e

did not Iind eYidence Ior chromosomal Iusions or Iissions betZeen the Naryotype oI

the tZo animals�

In summary� Ze Iind that the scaIIolded P. bachei assembly contains 13

scaIIolds that correspond to the 13 chromosomes oI H. californiensis� +oZeYer� as a

large Iraction oI the P. bachei genome is not represented in these 13 scaIIolds as

measured by oYerall assembled genome seTuence or gene content� the P. bachei

genome Zould liNely be greatly improYed using a contemporary long-read contig

assembly approach� IolloZed by chromosome-scale scaIIolding�

Heterozygous Chromosome Inversions and Microsynteny

Chromosome 1 oI H. californensis indiYidual +c1 contains three large

hetero]ygous chromosomal inYersions �)igure 2�2A� )igure A14�� (ach inYersion is

approximately 2 Mbp� or 20� oI chromosome 1� Together� these putatiYe inYersions

span 73� oI the length oI chromosome 1� These are unliNely to be assembly errors�

since inYerting the +i-C heatmap around the errors does not remoYe the oII-diagonal

signal� All six breaNs oI betZeen-haplotype synteny appear to occur betZeen genes�

and outside oI TAD boundaries� The +i-C matrix Irom indiYidual +c3 does not haYe

oII-diagonal hotspots �)igure 2�2C�� suggesting that both haplotypes oI +c3

chromosome 1 match the genome assembly seTuence� /arge hetero]ygous inYersions

can preYent recombination oYer large chromosomal regions �.irNpatricN 2010�
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McBroome et al. 2020�� thereIore these tZo haplotypes oI H. californensis

chromosome 1 may be segregating independently� /arge hetero]ygous inYersions

betZeen the haplotypes in one indiYidual are not preYalent in Yertebrate species� but

haYe been obserYed beIore in the genomes oI other inYertebrates� such as in the

mosTuito Anopheles gambiae �Corbett-Detig et al. 2019��

:e examined Zhether the inYersion breaNpoints in H. californensis

chromosome 1 also occurred in the genome oI the closely-related P. bachei. Three oI

these breaNpoints� including an exact match to +c1 hetero]ygous inYersion 2� Zere

Iound to occur in the P. bachei genome� +c1 inYersion 2� in Zhich H. californensis

gene 355 on chromosome 1 lies next to H. californensis gene 864 �seTuentially

numbered� on the alternate haplotype� reIlects the gene order in the P. bachei genome

on scaIIold A93101000013�1 �)igure 2�2B�� The H. californensis inYersion

breaNpoint at position 5�20 Mb is also a point oI synteny mismatch in P. bachei� in

Zhich the gene on one side oI the P. bachei synteny breaN matches a synteny

breaNpoint in H. californensis �H. californensis c1�g741�� +oZeYer� the gene on the

opposite side oI the synteny breaN �H. californensis c1�g424� does not match any oI

the gene interYals Irom inYersions 1� 2� or 3 Irom H. californensis� These results

suggest that chromosomal inYersions may not only exist betZeen diIIerent ctenophore

species� but also may be preYalent Zithin a single population oI one species�

*ene colinearity analyses suggest that H. californensis and M. leidyi only

share limited gene microsynteny� The largest identiIiable blocNs oI gene colinearity

only contained Iour genes in common�  *iYen the extensiYe gene rearrangements seen
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betZeen the closely-related species H. californensis and P. bachei� it is not surprising

to Iind the lacN oI gene colinearity betZeen the distantly-related H. californensis and

M. leidyi�

The largest colinear blocN Zas oYer 5�8 Mbp oI H.californensis-P.bachei

chromosome 5� encompassing 964 genes in H. californensis� +oZeYer� most other

chromosomes Zere signiIicantly rearranged betZeen the tZo species� There Zere no

chromosomes in Zhich the gene order appeared completely conserYed betZeen the

tZo species�
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)igure 2.2 - Heterozygous

inversions on H. californensis

Chromosome 1. �A� Three

hetero]ygous oYerlapping

inYersions are present on

chromosome 1 in the +c1

genome� BlacN�blue bars shoZ

the spans oI each hetero]ygous

inYersion� �B� The alternatiYe

haplotype oI +c1 inYersion 2�

indicated by the close proximity

oI the blue diamond and red

line� has the same gene order as

the P. bachei genome� The

x-axis is genome coordinates oI

P. bachei scaIIold

A93101000013�1� Orange H.

californensis and P. bachei genes to the leIt oI the Yertical red dotted line are

orthologous and haYe microsynteny� Blue genes to the right oI the Yertical red dotted

line are orthologous and haYe microsynteny� �C� +i-C map oI H. californensis

indiYidual +c3 shoZs concordance Zith +c chromosome 1� but no oII-diagonal +i-C

eYidence Ior hetero]ygous inYersions�
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Heterozygosity

:e measured the hetero]ygosity oI the intronic� exonic� and intergenic regions oI H.

californensis and six other meta]oan species  �)igure 2�3� )igure A15� Table A4�

Table A5� using a method that aYoids mis-estimation due to genome assembly errors

or inaccurate hetero]ygous site calls in a 9C) Iile �Saremi et al. 2019�� H.

californensis had a high combined single nucleotide and indel hetero]ygosity rate

²approximately 3�2� oYerall� and a per-chromosome rate oI betZeen 2�4� to 4�7��

The oYerall single nucleotide hetero]ygosity Zas 2�� These analyses also reYealed

that both H. californensis and the sponge Tethya wilhelma had high S13

hetero]ygosity in exons� but depressed S13 hetero]ygosity in both intergenic and

intronic regions �)igure 2�3D�(�� This pattern is contrary to other species� Zhere

hetero]ygosity oI the introns and intergenic regions is higher than in the exons� This

pattern in our data is liNely due to short Illumina reads Irom one allele not mapping to

regions Zith high combined S13 and indel hetero]ygosity �)igure 2�3A�� thereIore

placing an artiIicial ceiling on the measurable hetero]ygosity� 8sing long� accurate

reads such as 3acBio +i)i data� or measuring hetero]ygosity Zith a diploid genome

assembly� should oYercome these shortcomings�
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)igure 2.3 - The Hormiphora genome is highly heterozygous and contains many

indels in non-coding regions. �A� The histogram oI the number oI bases in a genome

assembly �y-axis� Zith a speciIic mapping depth �x-axis� using Illumina :*S reads�

The mode oI the mapping depth oI the Illumina :*S reads Zas 178x� so bases Zith

close to 178x mapping coYerage haYe reads Irom both haplotypes� ThereIore� bases

Zith a mapping coYerage around 89x haYe reads mapped Irom a single haplotype� �B�

The Zhole-genome hetero]ygosity calculated at each read mapping depth� The

hetero]ygosity Yalue Ior each mapping depth �x-axis� is the number oI sites Zhere

only one halI oI the mapped reads match the reIerence allele� diYided by the total

number oI sites at that depth� �C� The 2D histogram shoZing that bi-allelic sites are

centered around 178x read mapping depth� Also� the 2D histogram is one Zay to

Yisuali]e the data input Ior panel B� �D-(� Box-and-ZhisNers plots shoZ the

39



distribution oI S13 �D� or indel �(� hetero]ygosity in each chromosome-si]e

scaIIold� In H. californensis� the intergenic and intronic regions haYe a reduced S13

hetero]ygosity� but an eleYated rate oI indels� This pattern diIIers Irom the correlation

betZeen S13 and indel hetero]ygosity Iound in species Zith loZer oYerall

hetero]ygosity� �(nd oI )igure 2�3 caption�

Ubiquity of trans-spliced leader sequences

A 2010 study oI ctenophore and cnidarian (STs shoZed that these phyla haYe

extensiYe 5ƍ-capping trans-splicing �Derelle et al. 2010�� +oZeYer� this study lacNed

genomes to examine the origins oI the leader seTuence �Derelle et al. 2010�� One

preYalent Ieature oI H. californensis genome organi]ation Zas gene clusters sharing a

5ƍ exon� but otherZise haYing mutually exclusiYe exons� The shared Iirst exons Zere

betZeen 35-48bp long� and Zere all !90� identical to

�މA*TTTCAAACTTTTCAACACTACTTTAAACAAATTAATTT*A* 3*މ5 :e

identiIied 718 oI these leader seTuences in the H. californensis genome� The leader

seTuence Zas Iound on 56� oI our IsoSeT reads� This appears to be the result oI

trans-splicing oI a leader seTuence �Boroni et al. 2018�� The Iso-SeT reads lacNing the

leader seTuence may be sheared at the 5ƍ end� as is common in Iull-length cD1A

library preparation� Thus� 56� represents a loZer bound Ior the true percentage oI H.

californensis mR1As Zith trans-spliced leaders� The shared exons Ze identiIied in

the genome may be result oI the leader seTuences on Iso-SeT reads being artiIactually
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mapped to the nearest spliced-leader locus 5މ oI the transcript in the genome

assembly�

In Mnemiopsis leidyi� although it Zas not reported preYiously� Ze Iound

seYeral examples oI gene clusters Zith shared Iirst exons using a de novo M. leidyi

transcriptome �SR;993241� mapped to the M. leidyi genome� The leader motiI Irom

Derelle et al� 2010 Zas also identiIied in the M. leidyi genome 491 times� Both the M.

leidyi and H. californensis leader seTuences end in a T*A* motiI� part oI a

mostly-conserYed 5މAATTT*A* 3މ motiI� OYer halI oI the annotated transcripts in H.

californensis begin Zith A*�

Nested Intronic Genes In the Metazoa

8sing 1�058 euNaryotic genomes� including all genomes aYailable on 1CBI

ReISeT� Ze TuantiIied the percent oI exonic basepairs that are Irom nested intronic

�1I� genes ² genes Zhose transcripts are Zithin the boundaries oI a single intron oI

another gene �)igure 2�4�� In the H. californensis genome Ze Iound 1�654 genes

hosting one or more 1I genes� There Zere 2�357 1I genes inside the 1�654 host genes

�Supplementary Data�� :e estimated that H. californensis has 12�24� oI exonic bases

in 1I genes� similar to the rate Iound in primate and some arthropod genomes� )rom

the 2�357 1I genes Ze identiIied 484 doubly-nested genes� Zhich are nested intronic

genes Zithin another nested intronic gene� :e Iound that 1�109 1I genes are IlanNed

by transposable elements �T(s� on at least one side oI the gene� and 176 1I genes are

IlanNed on both sides by T(s� Many 1I genes are also parallel Zith the host gene�
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necessitating a complex transcription or splicing system to separately process the tZo

genes� 3arallel 1I genes haYe been obserYed beIore in other taxa� such as human �<u

et al. 2005� and Ily �+eniNoII et al. 1986��

:e obserYed that 1I genes are largely absent Irom the genomes oI protists�

Iungi� and other non-meta]oan opisthoNonts such as the choanoIlagellates� This

obserYation could be due to genome annotation errors in those clades� or 1I genes

may haYe undergone genomic expansions in the meta]oan last common ancestor

�/CA�� and in the plant /CA� :e also Iound that smaller animal genomes tend to

haYe a higher percent oI exonic bases in nested intronic genes �)igure 2�4C�� *iYen

that nested intronic genes introduce additional Zays to control transcription� such as

antisense transcription competition �<u et al. 2005�� the punctuated appearance oI

these genes in the meta]oa is possibly one oI the complex transcriptional control

mechanisms that eYolYed in the ancestor to all animals� +igh-Tuality genome

assemblies and annotations oI outgroup species to the meta]oa Zill be necessary to

determine iI nested genes are a Ieature oI meta]oan genomes�

Summary

:e describe a chromosome-scale genome assembly oI the ctenophore

Hormiphora californensis� The assembly consists oI 13 chromosome-scale scaIIolds

that comprise 99�47� oI the assembly and 31 additional small scaIIolds� The number

oI chromosome-scale scaIIolds in the genome is concordant Zith microscopic

Naryotyping� :e Iound eYidence that the Naryotype oI P. bachei genome is also 1n  
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13� and that P. bachei and H. californensis chromosomes are homologous� but highly

rearranged betZeen the tZo species� Our manual genome annotation using Iso-SeT

data reYeals many large transcripts that appear to be Iragmented in

preYiously-published ctenophore genome annotations� In addition� Ze Iind genomic

eYidence in support oI the putatiYe trans-spliced leader seTuences that Zere Iirst

discoYered in ctenophore (ST datasets oYer 10 years ago� :e characteri]e nested

intronic genes� Analyses oI S13 and indel hetero]ygosity in Hormiphora shoZ that

the genome is approximately 3�2� hetero]ygous� Zith an exceptionally high indel

hetero]ygosity ranging betZeen 1�-2�25� in non-coding genomic regions� /astly�

the +i-C data shoZ that large hetero]ygous chromosomal inYersions are present in

single ctenophore populations� and are a distinguishing Ieature betZeen ctenophore

species� )uture studies oI ctenophore genomes Zould beneIit Irom Iocusing on

haplotype-resolYed assemblies to clariIy remaining Tuestions about genome structure

and betZeen-haplotype nucleotide diYersity� This high-Tuality annotation Zill beneIit

Iuture ctenophore and meta]oan phylogenomic and eYolutionary studies� as Zell as

Iuture ctenophore genome assemblies�
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)igure 2.4 - An analysis of nested intronic

genes in 1058 eukaryote genomes. �A�

1ested intronic �1I� genes are genes that are

contained Zithin the introns oI other genes� In

this example Irom the H. californensis

genome� Iour genes are nested Zithin a single

host gene� TZo oI the genes are doubly-nested

² they are Zithin the intron oI another nested

intronic gene� Blue genes are coded on the

antisense strand relatiYe to the reIerence

seTuence and red genes are coded on the sense

strand� �B� The percent oI all exonic bp that

are in 1I genes� 3rotists and non-meta]oans

haYe a negligible proportion compared to

animals� AbbreYiations� ART - panarthropoda�

C+O - choanoIlagellates� C1I - cnidarians� CT( - ctenophores� )81 - Iungi� +CA -

Hormiphora californensis� +TC - holo]oa through choanoIlagellates� MAM -

mammals� M(T - Meta]oa� MO/ - molluscs� 1CD - non-chordate deuterostomes�

1CC - non-craniata chordates� 1(M - nematodes� 1MC - non-mammalian chordates�

O(C - other ecdyso]oa� OS3 - other spiralians� 3/A - placo]oans� 3/T - plants� 3OR

- 3oriIera� 3RT - other protists� �C� As animal and protist genomes become smaller� a

higher proportion oI the exonic bases are in 1I genes�
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Chapter 3

3 Deeply conserved syntenies show that ctenophores are sister

to other metazoa

Abstract

One oI the last maMor outstanding phylogenetic Tuestions in early Meta]oan

eYolution is determining the sister phylum to all other animals� AnsZering this

Tuestion is critical to understanding the emergence oI animal traits� such as neurons�

deYelopmental cell types� and animal-speciIic genes and regulatory pathZays�

3hylogenetic studies haYe identiIied ctenophores or sponges as the phylum sister to

the rest oI animals �Dunn et al. 2008� 3hilippe et al. 2009�� but haYe not been able to

resolYe Zhich is the sister phylum Zith certainty �/i et al. 2021�� Comparing

chromosome-scale genome assemblies� and speciIically tracNing the Iate oI ancestral

gene linNages �SimaNoY et al. 2020�� is a promising techniTue that may proYide

phylogenetically-diagnostic inIormation in resolYing the ctenophore-sister or

sponge-sister Tuestion� +oZeYer� a lacN oI chromosome-scale genomes Ior

non-bilaterian animals and unicellular outgroups to the Meta]oa has made this

approach intractable�

+ere� Ze scaIIold to chromosome-scale the genomes oI three unicellular

+olo]oan species that are outgroups to animals� These species are Creolimax

fragrantissima �OpisthoNonta� +olo]oa� Ichthyosporea� Ichthyophonida�� Capsaspora
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owczarzaki �OpisthoNonta� +olo]oa� )ilo]oa� )ilasterea� Ministeriida�, and

Salpingoeca fragrantissima �OpisthoNonta� +olo]oa� ChoanoIlagellatea�

ChoanoIlagellida�. Together Zith our chromosome-scale ctenophore genome

assemblies Irom Hormiphora californensis and Bolinopsis infundibulum� and the

chromosome-scale genomes oI the sponge Ephydatia muelleri and seYeral cnidarian

and bilaterian genomes� Ze identiIy tZenty three linNage groups oI genes traceable to

the ancestor oI the )ila]oa� By tracing the irreYersible Iusion-Zith-mixing oI ten these

linNage groups� Ze Iind that ctenophores are the sister phylum to a monophyletic

clade containing sponges� placo]oans� cnidarians� and bilaterians�

Introduction

Determining the phylogenetic position oI sponges and ctenophores is

paramount to understanding the eYolution oI animals� The eYolutionary proYenance oI

neurons� the animal deYelopment programme� and the eYolution oI cell types are

unclear Zithout being able to root the animal tree oI liIe� 3hylogenomic studies

leYeraging large protein supermatrices haYe repeatedly Iound that sponges or

ctenophores are the sister clade to bilaterians� cnidarians� and placo]oans �Dunn et al.

2008� 3hilippe et al. 2009� Simion et al. 2017� :helan et al. 2017�� +oZeYer� the

same protein supermatrices can produce trees that support either ctenophores or

sponges as the sister phylum to the rest oI the Meta]oa depending on Zhich

phylogenetic model is used �/i et al. 2021�� These hypotheses are also reIerred to as

the ctenophore-sister �or ctenophore-early� and  sponge-sister �or sponge-early�

hypotheses� It is unclear Zhether phylogenomics Zill be able to resolYe these
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hypotheses is the most liNely� )urthermore� Iossils cannot be used to resolYe this

Tuestion� as ctenophore Iossils are non-existent or dubious in ctenophores� and

sponge Iossils Irom the 3recambrian� the period in Zhich ctenophores and sponges

diYerged� are exceedingly rare �AntcliIIe et al. 2014��

One unexplored approach Ior determining Zhich phylum is the sister to other

animals is in comparing chromosomal macrosynteny� or Iinding megabase-scale

homologous chromosome regions betZeen species� It is possible to Iind regions oI

macrosynteny by plotting orthologous pairs oI proteins betZeen tZo species on an x-y

axis corresponding to genome coordinates� This is called an OxIord dot plot� In these

plots� regions oI macrosynteny are detectable betZeen chromosomes that haYe many

pairs oI homologous proteins� Comparing blocNs oI macrosynteny betZeen many

species enables the determination oI ancestral Naryotypes� or ancestral groups oI

linNed genes �3utnam et al. 2008�� It is possible to use these ancestral groups oI genes

to deIine hoZ extant species¶ chromosomes Iormed �SimaNoY et al. 2020��

There are three Iundamental mechanisms that can change a chromosome¶s

seTuence and composition� Chromosomes can split into multiple pieces� Iuse Zith

other partial or complete chromosomes� or undergo internal inYersions in Zhich the

gene order is changed� The aYailability oI chromosome-scale genome assemblies oI

Meta]oans has shoZn that genes tend to stay on the same homologous chromosomes�

eYen aIter hundreds oI millions oI years oI diYergence �/Y et al. 2011�� In other

Zords� animal chromosomes mostly change by internal inYersions that only change
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the gene order� +oZeYer� chromosomes do not oIten split into multiple smaller

chromosomes or Iuse Zith other chromosomes�

One combination oI eYents can cause tZo groups oI genes on separate

chromosomes to irreYersibly Iuse Zith one another� :hen pieces oI chromosomes A

and B Iuse� then undergo extensiYe inYersions� the genes Irom A and B are interlaced�

It is incalculably improbable Ior the neZ A�B chromosome to undergo a series oI

inYersions� then a Iission� that Zould restore the original separate A and B

chromosomes� Because the reYersal oI this character is highly unliNely� it is possible

to use these eYents to polari]e the eYolutionary relationship betZeen a NnoZn

outgroup species and tZo or more ingroup species� )or example� consider the

scenario in Zhich a the NnoZn outgroup species has gene groups A and B on separate

chromosomes� and a NnoZn ingroup has the same groups oI gene A and B on separate

chromosomes� but a third clade oI organisms has groups oI genes A and B on single

chromosomes� II Ze did not NnoZ the root oI the phylogenetic relationships betZeen

all oI these species� Ze could determine Zhether the A and B-split state� or the A and

B-Iused state Zas ancestral� +oZeYer� since Ze NnoZ that the outgroup has gene

groups A and B on separate chromosomes� and that chromosomal Iusion-then-mixing

is irreYersibile� Ze can conclude that gene groups A�B mixed on a single

chromosome is a deriYed state� It is important to use chromosome-scale genomes Ior

such analyses� and not genomes Zith Iragmented genomes� in order to properly

characteri]e Iusions and Iissions�
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It has not been possible to use the simple mechanism oI Iusion-then-mixing to

characteri]e early animal eYolution because oI the lacN oI chromosome-scale

genomes Irom non-bilaterian animals and the closest unicellular outgroups to

animals� The chromosome-scale genomes oI tZo cnidarian species� Rhopilema

esculentum and Nematostella vectensis (Li et al. 2020; Nong et al. 2020)� along Zith

the chromosome-scale genome oI one sponge� Ephydatia muelleri �.enny et al.

2020�� Zere published in 2020� The genome assembly oI the placo]oan� Trichoplax

adhaerens� appears to haYe some chromosome-scale scaIIolds �SriYastaYa et al.

2008�� but it is unclear Zithout chromatin-capture proximity-ligation �+i-C�

seTuencing data� The only published chromosome-scale genome assembly and

annotation oI a ctenophore is that oI Hormiphora californensis �Schult] et al. 2021��

There are seYeral published genome assemblies oI species that are unicellular

outgroups to animals� including the choanoIlagellate Salpingoeca rosetta (Fairclough

et al. 2013)� the Iilasterian Capsaspora owczarzaki (Suga et al. 2013)� and the

icthyosporean Creolimax fragrantissima �de Mendo]a et al. 2015�� :hile the

genomes are Yery contiguous relatiYe to the genome assembly si]e� it is unclear iI

these genomes are chromosome scale due to the lacN oI +i-C data�

+ere� Ze scaIIold Iour genomes to chromosome-scale� identiIy

ancestrally-linNed groups oI genes common to the )ilo]oa� and Iind phylogenetically

diagnostic Iusion-Zith-mixing eYents to determine Zhich phylum is sister to the rest

oI the Meta]oa� :e Iirst produced chromosome-scale genome assemblies oI the

ctenophore Bolinopsis infundibulum, and oI the unicellular animal outgroup species
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Salpingoeca rosetta, Capsaspora owczarzaki, and Creolimax fragrantissima using

neZ chromatin capture data �+i-C� data and the already-published assemblies� Then�

Ze compared the chromosome-scale genomes oI the unicellular outgroups to

published chromosome-scale non-bilaterian genomes and identiIied 14 linNage groups

oI genes that existed in the ancestor to the )ila]oa �Iilasterians� choanoIlagellates� and

animals�� :e Iirst identiIied the  linNage groups by perIorming a 4-Zay reciprocal

best blast hit analysis on the proteins oI Capsaspora� Hormiphora� Rhopilema� and

Ephydatia� 8sing +idden MarNoY Models� Ze expanded this geneset to analy]e the

present and location oI these genes in IiYe more chromosome-scale genomes� :e

Iound that seYeral oI the )/*s correspond Zith regions oI macrosynteny betZeen the

Capsaspora genome and meta]oan genomes� :e eYaluated the hypotheses that can

explain the Iate oI these linNage groups and Iound 5 irreYersible Iusion-then-mixing

eYents that linN sponges� cnidarians� placo]oans� and bilaterians into a monophyletic

clade to the exclusion oI ctenophores� Our analyses shoZ that ctenophores are the

sister phylum to the rest oI animals�

52



Main Text

Hi-C library preparation

:ith the goal oI scaIIolding the published genome assemblies to

chromosome-scale� Ze prepared tZo +i-C libraries per species Irom Salpingoeca

rosetta �ATCC� 3RA-366��� Capsaspora owczarzaki �ATCC� 30864��� and

Creolimax fragrantissima �ATCC� 3RA-284��� The American Type Culture

Collection samples that Ze used are the same accessions that Zere seTuenced Ior the

published genome assemblies Ior those three species �Suga et al. 2013� )airclough et

al. 2013� de Mendo]a et al. 2015�� (ach library Zas prepared using 0�125 m/ oI cell

culture stocN Zith the protocol described in �Adams et al. 2020��� :e also prepared

+i-C libraries Irom a single )3 Bolinopsis infundibulum ctenophore reared at the

Monterey Bay ATuarium� Irom a source population collected in the Monterey Bay�

CaliIornia� )or each species Ze prepared one library Zith the en]yme DpnII and one

library Zith MluCI� )or B. infundibulum Ze also prepared a +i-C library Zith the )atI

en]yme� These libraries Zere seTuenced on a 1oYaSeT 6000 Zith 2x150 cycles to a

depth oI oYer 500x Ior each species �Table 1�� Assessing the Tuality oI the libraries

shoZed that betZeen 10� and 44� oI the indiYidual reads had linNer seTuences oI

*ATC*ATC or AATTAATT that indicate a captured in vitro ligation eYent�
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Bolinopsis infundibulum genome sequencing and assembly

:e isolated D1A Irom the Bolinopsis infundibulum ctenophore using a

preYiously published protocol �Schult] et al. 2021�� One 3acBio C/R library Zas

constructed Zith the D1A at the Brigham <oung 8niYersity SeTuencing Center� and

the library Zas seTuenced on tZo 15-hour SMRT cells� :e constructed tZo B.

infundibulum Illumina Zhole-genome shotgun libraries at the 8niYersity oI CaliIornia

Santa Cru] using the 1(B1ext 8ltra II )S D1A /ibrary 3rep .it� The Illumina

:*S libraries Zere seTuenced at Med*enome� Inc�

The genome Zas assembled and scaIIolded using the published protocol that

Zas used to assemble the Hormiphora californensis genome �Schult] et al. 2021��

The assembly� scaIIolding� and polishing Zas all perIormed using reads Irom the

single indiYidual collected Irom the Monterey Bay ATuarium� ScaIIolds that appeared

to be bacterial contamination Zere remoYed� +oZeYer� unplaced scaIIolds Zere not

remoYed using 3urge +aplotigs �Roach et al. 2018� as Zas perIormed during

assembly oI the H. californensis genome�

The Iinal Bolinopsis infundibulum genome assembly Zas 277�5 Mb in 774

scaIIolds in 985 contigs� 92�99� oI the bases oI the assembly Zere contained in 13

scaIIolds and 224 contigs� 50� oI the assembly Zas in scaIIolds oI at least 20�1 Mbp

in length� The high number oI scaIIolds is liNely due to the lacN oI a haplotig purging

step� +i-C maps Zere constructed as preYiously described �Schult] et al. 2021�� The

+i-C map shoZed that 13 largest scaIIolds inthe B. infundibulum genome Zere

consistent Zith chromosome-scale scaIIolds oI other species �)igure 3�1��
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Species Data Type Total *b
1umber
of reads

�or pairs�
� /inker

5ead
Depth

Coverage

Salpingoeca rosetta
ATCC� 3RA-366�

+iC - DpnII 12�0 *b 40�1 M 44�11 � 217 x

+iC - MluCI 15�9 *b 53�1 M 17�28 � 288 x

Capsaspora owczarzaki
ATCC� 30864�

+iC - DpnII 22�6 *b 75�4 M 40�2 � 821 x

+iC - MluCI 6�3 *b 20�8 M 16�69 � 226 x

Creolimax fragrantissima
ATCC� 3RA-284�

+iC - DpnII 8�1 *b 27�1 M 40�33 � 181 x

+iC - MluCI 15�3 *b 50�9 M 10�31 � 340 x

Bolinopsis infundibulum

+i-C DpnII 90�5 *b 301 M 21�94� 350 x

+i-C MluCI 50�5 *b 168 M 13�97� 196 x

+i-C )atI 57�1 *b 190 M 1�71� 221 x

Illumina :*S 15�6 *b 52�0 M 1A 60 x

3acBio C/R 52�3 *b 7�05 M 1A 203 x

Table 3.1 - SeTuencing libraries produced for this study. (ach species had one

DpnII and one MluCI library� The read depth Zas oYer 500x genome coYerage Ior

each species�
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Macrosynteny comparisons

:e Zrote a soItZare pacNage called odp �OxIord Dot 3lots� to perIorm

chromosome-scale synteny analyses �github�com�conchoecia�odp�� The soItZare uses

blastp or diamond blastp �BuchIinN et al. 2015� to Iind reciprocal-best-hit proteins

betZeen species� generates chromosome-scale synteny plots using the

reciprocal-best-hit proteins� and calculates the statistical signiIicance oI those

syntenic relationships using )isher¶s exact test �SimaNoY et al. 2020�� The soItZare

also calculates a rolling-ZindoZ measure oI breaNs in synteny� called D �SimaNoY et

al. 2020�� Ior each scaIIold�

Scaffolding Existing Genomes

:e scaIIolded the existing genome assemblies Ior S. rosetta

�*C)B000188695�1�� C. owczarzaki �*C)B000151315�2�� and C. fragrantissima

�*CAB002024145�1� using the +i-C seTuencing reads Zith DoYetail *enomics

+iRise �Y Aug 2019�� +i-C heatmaps Zere prepared using the protocol described in

�Schult] et al. 2021�� InYersions Irom genome misassembly� and assembly misMoins�

Zere identiIied using the +i-C heatmaps� (rroneous seTuence inYersions Zere

corrected by replacing the region Zith the reYerse complement oI that region�

Assembly misMoins Zere split at the nearest gap oI 1s� In the C. owczarzaki assembly

Ze Iound and remoYed large regions and scaIIolds that had no +i-C reads that

mapped� including one megabase-scale region oI a scaIIold and one
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chromosome-scale scaIIold� These regions Zere liNely due to contamination in the

original seTuencing data� giYen that these regions had no +i-C reads that mapped�

:e generated coordinates oI gene positions along the chromosome-scale scaIIolds by

mapping the transcripts Irom the published genome annotation to the neZ

chromosome-scale scaIIolds Zith minimap2 Y2�17 �/i 2017��

These libraries alloZed us to scaIIold the already-published genome

assemblies to chromosome-scale� The +i-C data also alloZed us to identiIy seYeral

megabases oI the original Creolimax fragrantissima assembly as contamination Irom

another source� possibly a co-cultured organism� :e identiIied the general location oI

the centromeres in Creolimax fragrantissima and Capsaspora owczarzaki using the

+i-C data� :e Iound that Salpingoeca rosetta has 36 chromosomes� Capsaspora

owczarzaki has 16 chromosomes� and Creolimax fragrantissima has 26 chromosomes

�)igure 3�1�� Comparing the published and neZ chromosome-scale assemblies

reYealed that the published assemblies oI these three species Zere nearly

chromosome-scale� (ach genome reTuired IeZer than 15 Moins to Iorm the complete

chromosomes�
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)igure 3.1 - 1ew Chromosome-Scale *enomes. �a� The species seTuenced in this

study are unicellular� and are outgroups to the Meta]oa� Creolimax fragrantissima is

an ichthyosporean� Capsaspora owczarzaki is a Iilasterian� and Salpingoeca is a

choanoIlagellate� Together� these organisms� along Zith the animals� Iorm a clade

called the +olo]oa� �b-e� The +i-C heatmaps oI the chromosome-scale presented in

this manuscript are consistent Zith the pattern seen Irom +i-C maps oI

chromosome-scale assemblies oI other species� in Zhich the inter-scaIIold +i-C

signal is much stronger than any inter-scaIIold +i-C signal�
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The conserved ctenophore karyotype and animal macrosynteny

:e used odp to identiIy iI the Naryotype oI 1n 13 in the Hormiphora

californensis genome Zas consistent among ctenophores� :e Iound that the

Bolinopsis infundibulum genome assembly contained 13 chromosome-scale scaIIolds

that had 1-to-1 homology Zith the 13 Hormiphora californensis chromosomes

�)igure 3�2� p��1e-9�� Hormiphora and Bolinopsis are estimated to haYe a most

recent common ancestor dating approximately betZeen 160-260 Mya �:helan et al.

2017�� and this clade contains much oI NnoZn ctenophore diYersity� *iYen the long

diYergence time� the Naryotype conserYation in ctenophores is remarNably high�

The conserYation oI Naryotype is also high betZeen bilaterians� sponges� and

cnidarians �)igure 3�2�� The genomes oI the cnidarian R. esculentum� the sponge E.

muelleri� and the bilaterian B. floridae can easily be described Zith in terms oI

another species¶ genome using IeZer than 15 chromosomal Iusions or Iissions�

8sing odp Ze Iound that the genomes oI the ctenophores are highly

rearranged relatiYe to cnidarians� sponges� and bilaterians �)igure 3�2�� Some

ctenophore chromosomes haYe clear homology to one� tZo� or three chromosomes in

a cnidarian� bilaterian� or sponge� +oZeYer� there are some chromosomes in the

sponge� the cnidarian� or the bilaterian genomes that haYe no clear homologs in

ctenophores� )or example� the sponge Ephydatia muelleri chromosomes 2� 7� 24� 17�

6� and 5 haYe no clear homologous chromosomes in ctenophores� despite haYe

easily-identiIiable homologous chromosomes in cnidarians or bilaterians�
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)igure 3.2 - Macrosynteny in the animals. (ach roZ is the genome oI one

organism� /abelled bars are chromosomes Zith ranNed gene coordinates� /ines

connecting bars represent a single reciprocal-best blastp hit� liNely orthologous

proteins� /ines colored in �R(S� B)/�� �B)/� (M8�� and �(M8� +CA� are colored

based on signiIicant gene groupings Iound in the sponge� cnidarian� and bilaterian

genomes� In the ctenophores� only genes on orthologous chromosomes are colored�

The ctenophores +CA and BI1 share 13 homologous chromosomes� The cnidarian

R(S� the lancelet B)/� and the sponge (M8 share many homologous chromosomes

in Yery IeZ rearrangements� The ctenophores are highly rearranged relatiYe to the

sponges� cnidarians� and bilaterians�
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Identification of Filazoan Linkage Groups

:e sought to identiIy groups oI genes that are both highly conserYed among

diYerse species in the )ilo]oa� and that persist on the same set oI chromosomes in

those species� )inding such groupings oI genes proYides eYidence Ior

ancestrally-linNed groups oI genes that Zere present in the common ancestor to the

species in Tuestion �/Y et al. 2011� SimaNoY et al. 2020�� In addition� Iinding sets oI

genes Zith common Iusions in tZo species to the exclusion oI others is

phylogenetically inIormatiYe� iI the Iissions or Iusions are shoZn to be irreYersible�

:e Iirst perIormed 4-Zay reciprocal-best-hit blastp searches betZeen all

combinations oI Hormiphora californensis �+CA�� Capsaspora owczarzaki �CO:��

Ephydatia muelleri �(M8�� and Rhopilema esculentum �R(S�� :e also perIormed the

same analysis� but substituted Rhopilema Zith the cnidarian Nematostella� the

placo]oan Trichoplax� or the bilaterian Branchiostoma� )or a set oI genes to be

retained as a 4-Zay reciprocal-best blastp hit� Ze reTuired that each gene had the

same best blastp hit to the same gene in all other species� (ach set oI reciprocal-best

blast hits is a complete directed graph� in Zhich the genes are nodes� and the edges

are the top blast hits Ior each gene� There Zere betZeen 1804 and 1862 gene sets that

Zere identiIiable Iour-Zay reciprocal-best hits Irom each analysis using this method�

)or the group +CA-CO:-(M8-R(S� there Zere 1856 Iour-Zay reciprocal-best gene

groups� :e then grouped reciprocal-best gene sets together based on their occupancy

on the same combination oI chromosomes in the Iour species� and used a randomi]ed
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permutation test to consider only groups oI genes Zith a loZ Ialse discoYery rate �𝛂 �

ௗ0�001� see Supplementary results��

:e Iound that this techniTue perIormed on CO:-+CA-(M8-R(S recoYered

signiIicant groupings oI genes that appeared on the same chromosomes in the Iour

species �𝛂 � ௗ0�0003� Table 2�� Based on the pairings oI (M8 and R(S chromosomes�

Ze Iound groups oI genes in CO:-+CA-(M8-R(S that corresponded to the

ancestral linNage groups �A/*s� oI genes A1a� B1� C1� C2� D� (a� )� *� +� I� -1� -2�

.� /� M� and 1� Iirst identiIied in �SimaNoY et al.�� :e note that the Ialse discoYery

rate� 𝛂� oI Iinding 6 or more genes on the same group oI Iour chromosomes in Iour

species Zas incalculably loZ aIter eYen 100 million permutation tests� ThereIore�

some oI the reported 𝛂 Yalues are maximum bounds �Table 3�2�� *iYen that the clade

including Capsaspora and animals is the Iilo]oa� Ze call these signiIicantly large

groupings oI genes Iilo]oan linNage groups �)/*s�� These represent groups oI genes

that appear to haYe been linNed on the same chromosomes since the ancestor oI the

)ilo]oa�
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Table 3.2 - )our-way reciprocal best blast hit results between

CO:-HCA-(M8-5(S. (ach roZ is a group oI genes that Zas present on the same

set oI chromosomes in CO:-+CA-(M8-R(S in a Iour-Zay reciprocal best blast

search� Only roZs Zith a signiIicant Ialse discoYery rate �𝛼 � 0�001� or at least 5

genes� are shoZn� The roZs labelled ³exclusiYe sponge-cnidarian grouping´ includes
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roZs that groups sponges and cnidarians together to the exclusion oI ctenophores and

Capsaspora� There Zere no roZs that grouped ctenophores and cnidarians together to

the exclusion oI sponges and Capsaspora� RoZs labelled ³exclusiYe animal

grouping´ are sets oI genes that are grouped on the same chromosomes in the

meta]oans� but occurred on separate chromosomes in Capsaspora� RoZs labelled

³uninIormatiYe´ had signiIicant numbers oI genes� but Zere uniTue chromosome

conIigurations that Zere not shared Zith other roZs� ScaIIold columns are colored

pastels or grays iI they share common chromosomes� RoZs are colored red or yelloZ

iI they are phylogenetically inIormatiYe Iusions-Zith-mixing� and correspond Zith

)igure 3�3� The red and yelloZ components on CO:3 Ior A/* C1 are located on

non-oYerlapping interYals oI CO:3� 1ote that our permutation test Ior Ialse

discoYery rates �𝛼� Iound a maximum oI Iour genes grouped together� so 𝛼 � 1e-4 is a

conserYatiYe upper limit to Ialse discoYery rate Ior chromosome groups Zith more

than 5 genes� �(nd oI caption Ior Table 3�1�

SeYeral oI the )/*s Iound in this analysis Zere not phylogenetically

inIormatiYe in that they had no pairs oI shared chromosomes Zith other gene groups�

This includes gene groupings corresponding to the SimaNoY et al. A/*s C2� D� -1�

-2� /� and M Zere singletons�

Other )/*s shared the same chromosomes in +CA-(M8-R(S to the

exclusion oI Capsaspora�  The A/*s B1� +� I� and . Iall in this category� These gene

groupings indicate possible chromosome Iusion eYents in the ancestor oI meta]oans�
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Because this analysis does not include an outgroup to Capsaspora� it is also possible

that these eYents represent lineage-speciIic chromosome Iissions in Capsaspora�

Because the chromosome conIigurations are shared betZeen ctenophores� sponges�

and cnidarians� these gene groupings are uninIormatiYe Ior resolYing Zhether sponges

or ctenophores are the sister to other animals�

The remaining )/*s� corresponding to the SimaNoY et al. A/*s A1a� C1� (a�

)� *� and 1� haYe genes that are shared on single cnidarian or sponge chromosomes�

but exist on separate ctenophore chromosomes and on separate Capsaspora

chromosomes� :e designate these groups as Bx or By subgroupings oI single )/*s�

)or example� the genes on )/* A1a can be split into tZo gene sets� A1aBx and

A1aBy� Both A1aBx and A1aBy reside on single chromosomes in (M8 and R(S� but

A1aBx and A1aBy are on separate chromosomes in +CA and CO:� *iYen that

Capsaspora is the NnoZn outgroup species to all animals� these gene groupings can

help polari]e the eYolutionary relationships betZeen sponges� ctenophores� and the

rest oI animals� 1one oI the )/*s existed on the same pairs oI chromosomes in

+CA-R(S� but on the separate pairs in (M8-CO: �Table 4�1��
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The extent of mixing of the FLGs

To Yisuali]e the extent oI mixing oI the )/*s in the sponge� cnidarian� and

bilaterian genomes� Ze plotted the coordinates oI the )/* genes Irom the Iour-Zay

CO:-+CA-(M8-R(S reciprocal-best blastp analysis in all Iour species �)igure 3�2��

:e also TuantiIied the extent oI mixing by calculating the percent oI each

chromosome that the Bx and By )/*s occupied� and the percent oI each chromosome

coYered by a region Zhich genes Irom Bx and By Zere interlaced�

All six )/*s Zith possibly phylogenetically-inIormatiYe pairings� A1a� C1�

(a� )� *� and 1� had the Bx and By components oI the A/*s on single separate

chromosomes in the genome oI the cnidarian R. esculentum and oI the sponge E.

muelleri� The analysis oI the extent oI mixing oI )/*s reYealed that the total percent

oI genes Irom Bx and By that are mixed into one another are 76� oI the R. esculentum

genes� and 47�� oI the E. muelleri genes� In other Zords� the Bx and By components

oI the )/*s are better mixed on the cnidarian chromosomes than on the sponge

chromosomes� In addition� the aYerage percent oI the chromosomes that are coYered

by the interlacing portions oI Bx and By are 22 � in Ephydatia� but 61 � in

Rhopilema� This means that the Bx and By genes Ior )/*s in the sponge are not

dispersed along the chromosomes as much as in the cnidarian� In one instance�

despite all oI the genes Irom the (aBx and (aBy components being on the same

chromosome in Ephydatia� the genes are on opposite sides oI the chromosome�

FLG edge cases
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:e Iound that C1Bx and C1By genes on Capsaspora chromosome 3 did not

haYe oYerlapping coordinates and Zere discrete regions� OtherZise� C1Bx genes exist

on CO:1� and C1By genes exist on CO:14� *iYen that Capsaspora is the NnoZn

outgroup to animals� it is unclear Zhether there Zas a deriYed translocation in

Capsaspora betZeen ancestrally separate Bx and By groups oI genes� or iI there Zas a

Iission oI CO:3� IolloZed by Iusions Zith CO:1 and CO:14 to Iorm the C1Bx and

C1By groups beIore the common ancestor oI Meta]oa or oI the Choano]oa�  *iYen

that Ze obserYe statistically signiIicant groupings oI C1Bx and C1By genes on

completely separate chromosomes in CO:1 and CO:14� and that these groupings

appear in Hormiphora� these Iindings do not reIute the hypothesis oI

ctenophore-sister�

The 1Bx and 1By genes on CO:2 oYerlapped on 3�8� oI the length oI

CO:2� Three out oI seYen genes Irom 1By Zere interlaced Zith tZo out oI seYen

genes Irom 1Bx� Similarly to C1Bx and C1By on CO:3� giYen that Capsaspora is an

outgroup to animals it is unclear Zhether the presence oI 1Bx and 1By on CO:2 is a

deriYed Iusion or the ancestral state� In Ephydatia� the cnidarians� and in

Branchiostoma� 1Bx and 1By are located on the same chromosome� and are

Zell-mixed� *iYen the lacN oI conserYed synteny in Salpingoeca� it is possible that

the Iission oI 1Bx and 1By in Hormiphora is deriYed� These possibilities are not

inIormatiYe Ior determining Zhether sponges or ctenophores are the sister phylum to

animals� but do not rule out either hypothesis�
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)igure 3.3 - The fate of )ilasterean linkage groups. Columns separated by lines are

linNage groups oI genes identiIied by Iour-Zay reciprocal best blastp search Zith

CO:-+CA-(M8-R(S� deIined by the A/* nomenclature oI SimaNoY et al� �2021 -

in reYieZ�� The genes in Creolimax� Salpingoeca� Bolinopsis� Nematostella� and

Branchiostoma Zere identiIied using a +MM oI the proteins identiIied Irom the

Iour-Zay CO:-+CA-(M8-R(S reciprocal best blastp search� The Bx linNage groups

are colored red� and the By linNage groups are colored yelloZ� The grey bars represent

the chromosomes on Zhich genes Irom the Bx and By components exist� :ithin each

chromosome� the minimum and maximum position oI the Bx component genes are

depicted as red bars� and the minimum and maximum position oI the By component

genes are depicted as yelloZ bars� 9ertical darN lines Zithin each red and yelloZ bar

shoZ the coordinates oI the each gene in that group� This plot shoZs that the Bx and
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By components oI genes Irom A1a� C1� (a� )� *� and 1 exist on the same

chromosomes in the sponges� cnidarians� and bilaterians� but exist on separate

chromosomes in ctenophores and unicellular outgroup species to animals� On CO:3�

some genes Irom both C1Bx and C1By are present� but on non-oYerlapping

coordinates� On CO:2� genes Irom 1By and 1Bx exist on the same chromosome�

Zith mostly non-oYerlapping interYals� Missing groups in Creolimax and Salpingoeca

indicate that Ze did not Iind signiIicantly large groupings oI the Bx or By components

in those genomes� The Ialse discoYery rate oI Iindings groupings oI genes this large is

less than 𝛼 � 1e-4 Ior each oI the depicted chromosomes� �(nd oI )igure 3�3 Caption�

69



Table 3.3 - Mixing of the Bx and By gene groups. (ach roZ is a chromosome on

Zhich there Zas mixing oI Bx and By genes� CO:3 has no oYerlap oI the range oI

genes Irom C1Bx and C1By� despite genes Irom both sets being present on the same

chromosome� CO:2 has tZo oI seYen genes in 1Bx interlaced Zith Iour oI seYen

genes Irom 1By� On aYerage� the Bx components and By components Zere better

dispersed along the chromosomes in Rhopilema than Ephydatia� In addition� the

mixed portions oI the Bx and By groups coYer a larger percentage oI the chromosomes

in Rhopilema than in Ephydatia� /astly� on aYerage� a higher percentage oI genes in

the Bx and By groups Zere interlaced in Rhopilema than in Ephydatia�

Evidence of Filozoan Linkage Groups using other taxa

)rom the Iour-Zay reciprocal best blast analysis Ze Iound that IiYe oI the

A/*s can be described as signiIicantly numerous �𝛂 � 1e-4� groups oI genes that are

mixed and present on the same chromosomes in Rhopilema and Ephydatia� but are on

separate chromosomes� or non-oYerlapping regions oI single chromosomes� in

Hormiphora and Capsaspora� These A/*s are A1a� C1� (a� )� and *� :e next
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sought to determine iI the patterns oI Bx�By gene colocali]ation or separation Zere

consistent in other species� Because reciprocal-best blast searches are increasingly

stringent Ior each additional species added� Ze used hidden MarNoY models �+MMs�

constructed Irom each oI the Iour-Zay reciprocal best blast hits to Iind the best

matches in the genomes oI other species� 8sing these +MMs Ze searched in the

genomes oI the uniceullular Creolimax� the unicellular Salpingoeca� the ctenophore

Bolinopsis� the antho]oan cnidarian Nematostella� and the chordate bilaterian

Branchiostoma�

:e Iound that there Zere Yery IeZ signiIicant gene groupings on single

chromosomes oI Creolimax and Salpingoeca relatiYe to the Bx and By components oI

A/*s A1a� C1� (a� )� and *� OxIord dot plots oI Capsaspora-Creolimax and

Salpingoeca-Creolimax shoZ that there are many rearrangements betZeen these

species� and no regions strongly eYident oI macrosynteny� OI the signiIicant

groupings oI genes in Creolimax and Salpingoeca chromosomes� Ze did not Iind any

A/*s Ior Zhich Ze recoYered genes Irom both the Bx and By components� ThereIore�

these species are not phylogenetically inIormatiYe Zhen considering only

macrosynteny� :e do note that the most signiIicant group oI genes that Ze recoYered

in both species Zas A1aBx� This indicates that this grouping oI genes may haYe been

present on a single chromosome in the ancestor oI all +olo]oans�

8sing the +MMs to search Ior genes in the Bolinopsis genome recoYered

signiIicant groupings oI genes oI all oI the Bx and By components oI the A/*s A1a�

C1� (a� )� *� and 1� (ach oI these groupings oI genes� Bx and By� occurred on
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separate chromosomes� (ach grouping oI genes present on a Bolinopsis chromosome

Zas also present on the orthologous chromosome in Hormiphora� and corresponded

to one oI the )/*s identiIied in the CO:-+CA-(M8-R(S reciprocal best blastp

analysis�

Both Hormiphora and Bolinopsis haYe a Naryotype oI 13 chromosomes� and

each chromosome has an orthologous chromosome in the other species� *iYen that

the Bx and By gene components Zere on separate� orthologous� chromosomes in both

ctenophores� the separation oI these linNage groups onto separate chromosomes in the

Ctenophora can be interpreted as as a generality Ior the phylum� rather than a deriYed

state in the Hormiphora�

SigniIicant Bx and By gene groupings on Nematostella and Branchiostoma

chromosomes reYealed that the Bx and By gene groups Zere colocali]ed on the same

chromosomes in both species Ior A/*s A1a� C1� (a� )� *� and 1� In addition� the

genes Irom the Bx and By groups Zere interlaced� and distributed oYer more than 75�

oI each chromosome on Zhich those gene groups Zere Iound� This is the same

pattern that Zas Iound in the cnidarian Rhopilema and the sponge Ephydatia�

Corroboration of FLGs with macrosynteny blocks in Oxford dot plots

:e next sought to determine Zhether any oI the )/*s that Ze identiIied Zith

Iour-Zay reciprocal-best blastp searches corresponded to regions oI macrosynteny

Yisible Irom dot plots� To test this� Ze plotted a monochromatic

Capsaspora-Rhopilema OxIord dot plot to Yisuali]e regions oI macrosynteny
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�)igure 3�4a�� :e then produced the same OxIord dot plot� but colored the dots by the

)/* identiIied in the Iour-Zay reciprocal best blast analysis Zith

CO:-+CA-(M8-R(S �)igure 3�4b��

The monochromatic plot �)igure 3�4a� clearly shoZs regions oI macrosynteny

betZeen CO:1-R(S19� CO:2-R(S8� CO:3-R(S2� CO:3-R(S5� CO:3-R(S17�

CO:4-R(S12� CO:5-R(S2� CO:8-R(S2� and possibly more� These appear as

dense rectangles oI many orthologous protein hits in the same region�

Surprisingly� each )/*� Zith the except oI some components oI C1� clearly

corresponds to a macrosynteny blocN identiIiable in )igure 3�4a�  1otably� A1aBx

corresponds to the large macrosynteny blocN on CO:3-R(S2� Zhile A1aBy

corresponds to the macrosynteny blocN on CO:5-R(S� Capsaspora chromosome 3

contains many regions Zith genes conserYed in the ctenophores� sponges� and

bilaterians� as it contains genes Irom )/*s (aBx� C1Bx� A1aBx� C1Bx� and C1By in

seTuential order �)igure 3�4�� :e Iound that in Bolinopsis� the )/*s occurred on the

homologous chromosomes as in Hormiphora �)igure 3�5��
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)igure 3.4 - Oxford dot plots of Rhopilema and Capsaspora. �a� (ach blue dot is a

reciprocal best blastp hit betZeen a protein in the Rhopilema genome and a protein in

the Capsaspora genome� There are rectangular regions oI high density on

CO:1-R(S19� CO:2-R(S8� CO:3-R(S2� CO:3-R(S5� CO:3-R(S17�

CO:4-R(S12� CO:5-R(S2� CO:8-R(S2� and possibly more� �b� The same

dotplot as panel a� but only genes Irom the Iour-Zay reciprocal best blastp search

betZeen CO:-+CA-(M8-R(S are shoZn� �c� The genes Irom the Iour-Zay

CO:-+CA-(M8-R(S reciprocal best blast search that represent gene groupings

present since the most recent animal ancestor� or since the ancestor oI the Iilo]oa�

These gene linNages do not contain inIormation in ansZering Zhether ctenophores or

sponges are the sister phylum to other animals� �(nd oI )igure 3�4 caption�
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)igure 3.5 - Oxford dot plots of CO:-HCA and CO:-BI1. In both plots� genes

Irom the CO:-+CA-(M8-R(S )/*s are colored� and other genes are gray� �a� The

OxIord dot plot oI CO:-+CA� �b� The OxIord dot plot oI CO:-BI1� The )/* gene

groupings occur on the same homologous chromosomes in BI1 as they do in +CA�

Filozoan linkage groups in Trichoplax and Amphimedon

The genome assemblies oI the placo]oan Trichoplax and the sponge

Amphimedon are not chromosome-scale� Despite this� Ze produced OxIord dot plots

oI Capsaspora-Amphimedon and Trichoplax-Amphimedon to see iI genes Irom Bx and

By A/* components Zere present on the same scaIIolds� )inding Bx and By gene

components on separate scaIIolds is not a true positiYe that those components are on

separate scaIIolds� due to the genomes being Iragmented� +oZeYer� Iinding Bx and By
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genes present on the same scaIIold is eYidence Ior an aIIinity to Bx and By Iusions

Iound on A/*s A1a� C1� (a� )� *� and 1 in sponges� cnidarians� and bilaterians�

:e Iound that the Amphimedon �3oriIera� genome contained tZo scaIIolds

Zith Bx and By Iusions �)igure 3�6�� A481 contained genes Irom both C1Bx and

C1By� A487 contained genes Irom both (aBx and (aBy� Similarly� in the Trichoplax

�3laco]oa� genome Ze Iound many genes Irom C1Bx and C1By present on TAD3�

genes Irom (aBx and (aBy on TAD3� (aBx and (aBy on TAD5� A1aBx and A1aBy on

TAD 6� and lastly Ze Iound *Bx and *By on TAD9 �)igure 3�7�� This direct eYidence

that there are genes Irom the Bx and By components on the same scaIIolds in these

Amphimedon and Trichoplax suggests that their Naryotypes more resemble those oI

sponges� cnidarians� and bilaterians rather than the Naryotypes oI ctenophores or

unicellular outgroup species�

Our analyses contain eYidence that placo]oan chromosomes haYe deriYed

Iusions and Iissions aIter the 5 )/* Iissions in the ancestor to sponges� cnidarians�

and ancestors� :hile it is impossible to absolutely determine the absolute

phylogenetic position oI placo]oans Zithout a complete chromosome-scale genome

oI at least one species� it is clear that they occur in a monophyletic clade containing

sponges� cnidarians� and bilaterians� to the exclusion oI ctenophores�
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)igure 3.� - Oxford dot plots of Capsaspora and Amphimedon queenslandica.

Best protein hits betZeen Capsaspora and Amphimedon identiIied by an +MM�

*enes corresponding to )/*s are colored� Only the largest 40 Amphimedon scaIIolds

are plotted� ScaIIold A481 contained genes Irom both C1Bx and C1By� ScaIIold

A487 contained genes Irom both (aBx and (aBy�
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)igure 3.7 - Oxford dot plots of Capsaspora and Trichoplax adhaerens. Best

protein hits betZeen Capsaspora and Trichoplax identiIied by an +MM� *enes

corresponding to )/*s are colored� Only the largest 21 Trichoplax scaIIolds are

plotted� ScaIIold TAD3 contains genes Irom C1Bx and C1By� mixed� similar to the

sponge� cnidarians� and bilaterians� Also� genes Irom (aBx and (aBy are both on

TAD3� genes Irom (aBx and (aBy are both on TAD5� genes Irom A1aBx and A1aBy

are both on TAD 6� and genes Irom *Bx and *By are both on TAD9�

78



Ctenophores are the sister phylum to other animals

Our analyses haYe shoZn eight pieces oI eYidence to help determine Zhether

sponges or ctenophores are the sister clade to other animals� )irst� Ze Iound

groupings oI genes that occur on the same sets oI chromosomes in Capsaspora�

Rhopilema� Hormiphora� and Ephydatia using Iour-Zay reciprocal best blastp

searches� The Ialse discoYery rate oI Iinding that Tuantity oI genes on that pairing oI

chromosomes� calculated Zith a permutation test� Zas signiIicantly loZ Ior eYery

grouping �𝛂 �� 1e-4�� Second� oI these signiIicantly large groups oI genes� there Zere

10 groups oI genes that Zere present on separate chromosomes� or non-oYerlapping

chromosome interYals� in Hormiphora and Capsaspora �)igure 3�3�� +oZeYer� all oI

those ten groups oI genes occurred on a single chromosome in Rhopilema and

Ephydatia �)igure 3�3�� Third� oI the signiIicantly large groups oI genes Irom the

Iour-Zay reciprocal best blastp search� none oI the gene sets occurred on the same

pairs oI chromosomes in Hormiphora and Rhopilema� Zhile on diIIerent sets oI

chromosomes in Ephydatia and Capsaspora �)igure 3�3�� )ourth� the ten groups oI

genes that Ze call )/*s� or )ilo]oan linNage groups� are mixed on indiYidual

chromosomes in the sponge Ephydatia� and eYen more mixed and dispersed on

homologous chromosomes in Rhopilema �Table 3�2�� )iIth� the linNage groups that Ze

identiIied are also present in the genomes� to some extent� oI the unicellular species

Salpingoeca and Creolimax �)igure 3�3�� The groups that Zere present in these

species Zere all on separate chromosomes� Sixth� The ten linNage groups Zere also

all identiIied in the genome oI another ctenophore species� Bolinopsis infundibulum�
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Zith the same )/* conIiguration present in Hormiphora �)igure 3�5�� As in the

Hormiphora genome� there Zas no mixing betZeen genes on the Bx and By pairs oI

)/*s in the Bolinopsis genome� Zith the exception oI a single gene �)igure 3�5��

SeYenth� similar to the )/* conIiguration in the sponge Ephydatia and the cnidarian

Rhopilema� Ze identiIied all ten )/*s as IiYe mixed A/*s on single chromosomes in

the genomes oI the anemone Nematostella and in the chordate Branchiostoma �)igure

3�3�� (ighth� as in the sponge� cnidarian� and bilaterian genomes� the Iragmented

genomes oI the placo]oan Trichoplax and the sponge Amphimedon contained

scaIIolds Zith genes Irom both Bx and By partner )/*s �)igure 3�6� )igure 3�7�� )or

example� genes Irom both C1Bx and C1By Zere Iound on the same scaIIold�

:e must note that the mixing oI tZo groups oI genes on a chromosome is a

probabilistically irreYersible eYent� Imagine placing one decN oI 500 blue cards on top

oI a decN oI 500 red cards� Once the decN has been shuIIled seYeral times

�chromosomal inYersions�� the probability that another shuIIle Zill reYert the decN

bacN to a state Zith all red cards and blue cards separate is Yery unliNely� In this Zay�

gene order mixing is an irreYersible character that is phylogenetically inIormatiYe�

and giYes context about Zhere� in a phylogenetic tree� diIIerent Iusions occurred�

The Iindings presented aboYe leaYe tZo possible explanations Ior resolYing

the phylogenetic position oI sponges and ctenophores� The Iirst possibility is that

sponges are the sister phylum to the rest oI animals� In this scenario� the )/*s that Ze

identiIied Iused into common shared chromosomes in the ancestor to all animals� :e

see these Iused-and-mixed )/*s in chromosomes oI extant cnidarians� bilaterians� in
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the sponge Ephydatia� and in the placo]oan Trichoplax� In this scenario� the ancestral

ctenophore Zould haYe had to haYe undergo a series oI inYersions to un-mix the

)/*s on indiYidual chromosomes� then undergo seYen chromosomal Iissions to split

the genes into the same subgroups as Iound in the outgroup to all animals�

Capsaspora� The probability oI an entire phylum haYing a complete reYersal to an

ancestral Naryotype state through seYen Iusions� then seYen identical Iissions� is a

probability too small beyond reasonable consideration�

The alternatiYe explanation Ior the shared sub-A/* linNages on cnidarian�

bilaterian� placo]oan� and sponge chromosomes is that the phylum Ctenophora is the

sister phylum to all other animals� In this scenario� the 16 )/*s that Ze identiIied

Zere present on separate chromosomes in the genomes oI the ancestor to the )ilo]oa�

the ancestor to the Choano]oa� and the ancestor to the Meta]oa� These )/*s persist

on separate chromosomes today in Iilasterians� choanoIlagellates� and ctenophores�

+oZeYer� )/*s underZent chromosome Iusion-then-mixing eYents in the ancestor to

sponges� cnidarians� and bilaterians�

*iYen that the sponge-sister hypothesis can be reMected due to the

improbability oI the reYersal oI ctenophore genomes to the ancestral Naryotype state�

Ze conclude that the most parsimonious explanation is that ctenophores are the

phylum sister to the rest oI the Meta]oa�
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Evolutionary significance of ctenophore-sister

:hile these results may seem to simply resolYe an outstanding open

phylogenetic Tuestion� the implications oI this result impact many Iields oI biology�

8nderstanding the eYolution oI the neuron in animals is important to understanding

the eYolution oI all animals� and may help us better understand neuron physiology�

The Iact that ctenophores haYe neurons� but sponges and placo]oans do not� has been

one oI the phenetic characters used to argue that that sponges are clade sister to all

other animals� +oZeYer� the biology oI ctenophore neurons is diIIerent Irom other

animals� at least at the protein leYel� )or instance� ctenophores use many glutamate

receptors �Moro] et al. 2014� Moro] 2015� Zhere bilaterians use IeZer� ctenophore

neurons appear to lacN polarity in the same sense that bilaterians neurons haYe

�+ernande]-1icaise 1973�� +oZeYer� many oI the genes essential Ior synaptic

Iunction in bilaterians are also present in ctenophores �Ryan et al. 2013�� ResolYing

that ctenophores are the sister phylum to other animals leaYes open another critical

Tuestion� did ctenophores eYolYe neurons independently� or Zere neurons lost in the

sponges and in the placo]oans �Ryan and Chiodin 2015�"

Biological significance of genes in FLGs

)or eYery Bx and By component oI the )/*s A1a� C1� (a� )� *� and 1� Ze

Iound the closest human gene using a hidden MarNoY model� 8sing these genes� Ze

identiIied human orthologs� and perIormed a *O enrichment analysis to looN Ior a

biological signal grouping any oI the )/*s together� :e did not Iind signiIicant
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enrichment oI any *O term in any oI the gene groupings oI an )/*� +oZeYer� Ze

note that ctenophores� sponges� and cnidarians are not model organisms� and the *O

terms oI the human orthologous proteins may not reIlect the biology oI the proteins¶

Iunctions in non-bilaterian animals�

One alternatiYe explanation Ior Zhy these genes haYe persisted on the same

chromosomes is dosage-dependency� II genes reTuire expression at similar doses to

maintain Iitness� then there is negatiYe selection Zhen a chromosomal Iusion splits up

groups oI genes �/Y et al. 2011��

Conclusion

Comparing the chromosome-scale genome assemblies oI non-bilaterian

animals to unicellular outgroups has proYided seYeral lines oI eYidence that

ctenophores are the sister phylum to other animals� 3hylogenomic methods Ior

resolYing Zhether sponges or ctenophores are the sister clade to other organisms haYe

not been able to resolYe the Tuestion Zithout uncertainty� and haYe inherent issues

Zith model choice and long-branch artiIacts� In this study� the discoYery oI Iourteen

groups oI genes that are present on diIIerent chromosomes in ctenophores an

unicellular outgroups� but coexist and are interlaced on the same chromosomes in all

other animals� unambiguously polari]es the early eYents in animal eYolution� Other

plausible alternatiYes to this Iinding� such as the possibility that sponges or

placo]oans are the sister clade to other animals� had no supporting eYidence in the

genomes oI any species Ze studied� These results Zere consistent Zhen looNing at

multiple genomes oI unicellular outgroups� multiple ctenophore genomes� multiple
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sponge genomes� multiple cnidarian genomes� and the only contiguous placo]oan

genome assembly aYailable�

)urther genome seTuencing oI species that are unicellular outgroups to

animals may reYeal other ancestral linNages oI genes� :hile it is not yet clear iI these

ancestrally linNed genes share a common biological Iunction� these relationships

represent gene linNages that date to oYer one billion years ago �Dohrmann and

:|rheide 2017�� :e note that it is possible that the phylogenetic relationship oI

ctenophores and sponges may haYe neYer been ansZered Zith only a IeZ more

chromosomal rearrangements in the genome oI Capsaspora�
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Chapter 4

4 Bioluminescence biochemistry: a novel luciferase from the

syllid polychaete, Odontosyllis undecimdonta, and determining

the luminescence system of an undescribed cladorhizid sponge.

This text is adapted Irom tZo published articles�

SpYerine Martini�� Darrin T� Schult]�� /onny /undsten� SteYen +�D� +addocN�

 

�
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 Bioluminescence in an Undescribed Species of Carnivorous Sponge

 (Cladorhizidae) From the Deep Sea. Frontiers in Marine Science 7 (2020):

 1041.

 Darrin T. Schultz†, Alexey A. Kotlobay†, Rustam Ziganshin, Artyom Bannikov,

 Nadezhda M. Markina, Tatiana V. Chepurnyh et al. Luciferase of the

 Japanese syllid polychaete Odontosyllis undecimdonta. Biochemical and

 Biophysical Research Communications 502, no. 3 (2018): 318-323.

   

- Indicates co-first authorship



Introduction - Odontosyllis bioluminescence

One class oI marine organisms that has many bioluminescent species is the

3olychaeta� 3olychaete Zorms occupy many marine habitats including the intertidal�

reeIs and inshore ecosystems� the midZater� and the seaIloor� Six Iamilies Zithin the

polychaetes contain bioluminescent species� the Chaetopteridae� the 3olynoidae� the

Syllidae� the Tomopteridae� the CirratuliIormia� and the TerebelliIormia �9erdes and

*ruber 2017�� +oZeYer� the protein and small molecule components causing

bioluminescence are not NnoZn in any oI the species in these Iamilies�

OI the luminous polychaetes� species in the genus Odontosyllis are perhaps

the most Zidely distributed around the Zorld� There are luminous Odontosyllis

species reported in Toyama Bay in -apan �掘井直二郎 1982�� Bermuda �+untsman

1948�� San Diego �TsuMi and +ill 1983�� and Beli]e �*aston and +all 2000�� These

animals dZell in tubes in and on substrates on the seaIloor� and bioluminesce en

masse only seYeral times per year during courtship displays� Zhich haYe been

characteri]ed in seYeral studies �:ilNens and :olNen 1981� TsuMi and +ill 1983�

)ischer and )ischer 1995��

Odontosyllis courtship displays are both mesmeri]ing and haYe proYided

excellent opportunities to collect biomaterial Ior studying the bioluminescence

biochemistry oI these species �Shimomura et al. 1963� 1964� Trainor 1979� Deheyn

and /at] 2009�� +oZeYer� Odontosyllis secretes its luminescence in a mucus� Irom

Zhich it is diIIicult to puriIy proteins� Also� the luciIerin molecule Zas diIIicult to

collect in suIIicient Tuantity� and proYed to be unstable in the presence oI oxygen�
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These studies did not resolYe the protein seTuence or luciIerin structure oI the

Odontosyllis luminescence system�

Odontosyllis - Materials and Methods

Specimen collection

Odontosyllis undecimdonta Zorms used in this study Ior protein puriIication�

MS transcript identiIication� and nucleic acid puriIication Zere collected on October

06� 2016 in Toyama 3reIecture -apan� 1ameriNaZa City� at the coordinates 36� 46ƍ

40�3032´ 1 137� 20ƍ 42�378´ (� At dusN� Odontosyllis Zorms Zere attracted to a

handheld light at the surIace and collected Zith a hand dip net� :orms Zere

indiYidually preserYed in InYitrogen R1Alater or lyophili]ed Ior later analysis�

RNA Isolation and sequencing

Total R1A intended Ior Illumina R1A-seT and OxIord 1anopore cD1A

libraries Zas isolated using the Tri]ol protocol �Rio et al. 2010�� A

template-sZitching Illumina R1A-seT library Irom OdonB total R1A Zas prepared at

(Yrogen �MoscoZ� Russia� Zith a TruSeT Stranded mR1A /ibrary 3rep .it Y2 Zith

the i7 index ACA*T*�A�� The library Zas seTuenced at the 8C DaYis D1A

Technologies Core on an Illumina +iSeT 4000 2x150 3( run to a depth oI 32�457�166

read pairs�

)or cD1A seTuencing on the OxIord 1anopore Technologies Minion� Ze Iirst

synthesi]ed cD1A using an established synthesis protocol �3icelli et al. 2014�� :e
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captured mR1As Irom 50�/ oI O. undecimdonta R1A using the oligo

�5¶-�5Me-isodC�AA*CA*T**TATCAAC*CA*A*TACTTTTTTTTTTTTTTTTT

TTTTTTTT TTTTT91-3¶�� perIormed strand-sZitching Zith the oligo

�5¶-AA*CA*T**TATCAAC*CA*A*TACATr*r*r*-3¶�� then ampliIied the

cD1A using the IS3CR primer �5ƍ-AA*CA*T**TATCAAC*CA*A*T-3ƍ� Ior

IiIteen cycles�

)rom the ampliIied cD1A 1 �g Zas used as input Ior the S4.-/S.208

OxIord 1anopore Technologies 2D Strand sZitching cD1A seTuencing protocol� The

Iinal library concentration aIter 2D adapter-ligated capture and prior to seTuencing

Zas 8�18 ng��l� The Iinal library mass loaded to the IloZ cell Zas 98�16 ng in 12 �l oI

library� The IloZ cell used Zas a model )/O-MI1106� :e used Min.1O: Y1�3�30

to control the seTuencing run� The seTuencing run produced 428�172 Iast5 read Iiles�

:e used Albacore Y1�1�1 to perIorm 2D basecalling on the reads and poretools Y0�6�0

to extract reads Irom the basecalled Iast5 Iiles �/oman and 4uinlan 2014��

Transcriptome Assembly

Adapters Zere trimmed Irom the Illumina R1A-seT reads using SeT3rep2 �

:e then assembled the transcriptome using Trinity Y2�1�1 Zith the option

--SSBlibBtype )R Ior read directionality and the --longBreads option using all 2D

reads extracted Irom the Albacore-basecalled OxIord 1anopore reads �*rabherr et al.

2011��
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Luciferase identification and expression

The O. undecimdonta luciIerase Zas puriIied using chromatographic

techniTues� and the luminous Iractions Irom Zere analy]ed on a mass spectrometer�

:e used the mass spectrometry data to identiIy putatiYe luciIerase seTuences Irom the

transcriptome based on their high abundance in the protein puriIication Iraction that

had the highest bioluminescence actiYity�

:e mapped the long OxIord 1anopore cD1A reads� and Illumina R1A-seT

reads� to the putatiYe transcripts to determine Zhether the seTuence Ze identiIied

Irom the transcriptome Zas supported by the presence oI R1A-seT read data mapping

to the area�

Protein expression and characterization of the luciferase

AIter assaying Zhether the putatiYe luciIerase transcripts appeared to be real

isoIorms based on support Zith long-read cD1A data� the putatiYe luciIerase Zas

expressed in a mammalian cell culture� The cells expressing the putatiYe luciIerase

Zere lysed� and Zere Iound to be luminous upon mixing Zith an aTueous luciIerin

solution� The emission spectrum oI the in Yitro luminescence reaction matched the

emission spectrum oI the liYe Zorms�

Homology search in other polychaetes

:e sought to determine Zhether the luciIerase Irom O. undecimdonta had

orthologs in other polychaete species� luminous or not�  AnsZering this Tuestion can
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help determine iI bioluminescence eYolYed independently in this lineage� or iI the

eYolution Zas shared Zith another clade�

:e Iound R1A-seT data oI many polychaete species on the 1CBI SeTuence

Read ArchiYe �SRA�� but did not Iind transcriptomes assembled Irom these reads on

any publicly aYailable repositories� So� Ze used Trinity �*rabherr et al. 2011� to

assemble transcriptomes Irom publicly aYailable R1A-seT data oI the IolloZing

species� Amphinomidae �Pareurythoe californica SRR1926090 �Andrade et al.

2015��� Chaetopteridae �Chaetopterus sp� SRR1646443 �/emer et al. 2015��

Chaetopterus variopedatus SRR5590967� Mesochaetopterus minutus SRR1925760

�Andrade et al. 2015�� Phyllochaetopterus sp� SRR1257898 �:eigert et al. 2014��

Spiochaetopterus sp� SRR1224605 �:eigert et al. 2014��� (unicida �Eunice pennata

SRR2040479� Eunice torquata SRR2005375 �Andrade et al. 2015��� Cirratulidae

�Cirratulus cirratus SRR5590966� Cirratulus spectabilis SRR3574861 �/i et al.

2017��� )labelligeridae �Flabelligera mundata SRR3574613 �/i et al. 2017���

Acrocirridae �Macrochaeta clavicornis SRR1221445 �:eigert et al. 2014���

3hyllodocidae �Phyllodoce medipapillata SRR2016923 �Andrade et al. 2015���

3olynoidae �Harmothoe extenuata SRR1237766 �:eigert et al. 2014�� Harmothoe

imbricata SRR2005364 �Andrade et al. 2015� and SRR4841788 �)rancis et al.

2013��� Syllidae �Syllis sp� SRR1224604 �:eigert et al. 2014��� and Tomopteridae

�Tomopteris helgolandica SRR1237767 �:eigert et al. 2014��� The conIirmed

luminous species included in this analysis Zere Chaetopterus variopedatus

�Shimomura 2006�� Harmothoe extenuata �Bassot and 1icolas 1978�� Harmothoe
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imbricata �Miron et al. 1987�� and Tomopteris helgolandica �*ouYeneaux and

MalleIet 2013�� All other species mentioned aboYe may be luminous� Zith the

exception oI� Eunice spp�� Pareurythoe californica� and Phyllodoce medipapillata

�+erring 1987��

To search Ior homologs oI the putatiYe O. undecimdonta luciIerase� Ze

Tueried the O. undecimdonta luciIerase against indiYidual translated polychaete

transcriptomes using blastp Y2�7�1� )or each blastp search� Ze limited the search to

the top hit using -maxBtargetBseTs 1� The top hit Ior the luciIerase in each species¶

genome Zas Tueried against the nr database to determine the possible protein identity

against annotated proteomes�

Odontosyllis - 5esults

The isolation and puriIication oI O. undecimdonta luciIerase reTuired ion

exchange chromatography� si]e exclusion chromatography� and ultraIiltration� The

presence oI luciIerase in samples Zas controlled by a bioluminescence assay Ior all

stages oI puriIication� SeYeral bands that corresponded to bioluminescence actiYity in

the si]e exclusion chromatography Iractions Zere identiIied by polyacrylamide gel

electrophoresis� These bands Zere excised Irom gel and Zere identiIied by liTuid

chromatography mass spectrometry�

The transcriptome assembled Zith Illumina paired-end reads and O1T 2D

reads extracted Zith poretools ³IZd´ parameter yielded 256�027 transcripts and a
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median transcript length oI 737 base pairs� )our transcripts Zere identiIied as

potential luciIerases  based on coYerage and Tuantity oI MS matches� Three long

transcripts c9g1i2 �990 bp�� c9g1i3 �993 bp�� c9g1i6 �990 bp� had c-terminal amino

acid Yariation� Transcript c9g1i5 �711 bp� Zas homologous to the aIorementioned

three transcripts but lacNed 118 n-terminal amino acids� These Iour transcripts Zere

YeriIied by presence oI tZo O1T Zhole-cD1A reads that spanned Irom the 5ƍ 8TR to

the 3ƍ8TR �)igure 4�1�� 1on-spliced mapping oI an Illumina paired-end polyA

R1A-seT library also conIirmed that the longest oI the Iour transcripts Zere present

in the cD1A library oI the Zorm� The protein products oI these Iour transcripts Zere

identical at 92� oI sites �)igure 4�2��
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)igure 4.1 - Supporting evidence for putative luciferase seTuences. The 3eptide

Matches tracN shoZs uniTue peptide hits to any oI the Iour transcript models that

match by D1A and amino acid seTuence similarity� All transcript models except

c9g1i5 share the same structure� Zhereas c9g1i5 lacNs 93ௗ1-terminal amino acids�

The O1T cD1A Reads tracN shoZs indiYidual OxIord 1anopore 2D cD1A reads that

align to the c9g1i2 transcript� Three reads span the complete 5ƍ 8TR� transcript� and

3ƍ 8TR oI the long isoIorms �c9g1i2� c9g1i3� c9g1i6�� and Iour additional reads

support the 5ƍ 8TR oI the long isoIorms� The R1A-seT coYerage tracN supports the 5ƍ

and 3ƍ 8TR oI the long isoIorms� despite the predictable 3ƍ bias inherent to

polyA-selecting library preparation techniTues�
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)igure 4.2 - The amino acid alignment of the four putative luciferase transcripts.

BlacN boxes surrounding the alignment indicate regions to Zhich there Zere exact

MS peptide matches� The Iour transcripts are� on aYerage� 92� identical to one

another� Transcript c9g1i5 lacNs 93 1-terminal amino acids� All transcripts haYe a

highly Yariable C-terminus� Alignment columns highlighted blacN are Yariable sites�

All Iour candidate D1A seTuences Zere synthesi]ed as linear dsD1A

Iragments and cloned using MoClo technology� Then� mammalian cells Zere

transIected by resulting constructs� Mammalian cell culture lysate Irom tZo oI the

aboYe Iour candidates produced bioluminescence Zhen assayed Zith puriIied

luciIerin �c9g1i2 and c9g1i6�� The bioluminescence spectra oI positiYe clones Zere

similar to that oI natiYe O. undecimdonta Zorms� +oZeYer� cell culture lysate Irom

expressed transcripts c9g1i3 and c9g1i5 Zere not luminous� 1one oI the non-lysed

cell cultures produced luminescence Zhen puriIied luciIerin Zas applied�
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The protein product oI c9g1i2 is 329ௗamino acids� A tblastn search Zith the

c9g1i2 protein product only Iound an insigniIicant match �(-Yalueௗ ௗ3�1� to a

predicted transcription Iactor �seTuence ;MB021634012�1� Irom gerbil �Meriones

unguiculatus�� A blastn search returned no signiIicant matches� Blast searches against

the assembled transcriptomes oI publicly aYailable polychaete R1A-seT read data

also yielded no signiIicant matches in any oI the species�

Odontosyllis - Discussion

*iYen our lacN oI Iresh specimens Ze opted to extract and puriIy the Odontosyllis

luciIerase directly Irom the lyophili]ed Zorms and successIully identiIied the

luciIerase gene using classic protein puriIication� luciIerin puriIication� and recent

Zhole-cD1A seTuencing techniTues� :e then reconstructed natiYe Odontosyllis

bioluminescence in vitro using puriIied protein and highly puriIied luciIerin  Zith no

additional coIactors� /astly� Ze YeriIied the identity oI the Odontosyllis luciIerase

gene by shoZing that recombinant protein and puriIied luciIerin in cell-lysate is

luminous� in Zhich the luminescence spectra �Ȝmax� near 510ௗnm� matches that oI the

Odontosyllis in YiYo luminescence�

:hile the bioluminescence emitted during mating is Zell-characteri]ed in

Odontosyllis spp�� the luciIerase structure and the mechanism oI the

luciIerin-luciIerase reaction remains unclear� Despite this uncertainty� protein

ortology searches using B/AST shoZ that syllid luciIerase is uniTue both among

seTuenced polychaetes and other seTuenced organisms in public databases� The lacN
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oI eYidence Ior a conserYed protein in the transcriptomes oI other luminous

polychaetes leaYes open the theory that bioluminescence eYolYed more than three

times in the annelids� In this conserYatiYe estimate� Ze only include the eYolution oI

tZo uniTue bioluminescent systems Ior Zhich either the structure oI the luciIerin�

luciIerase� or both haYe been determined �earthZorms �3etushNoY et al. 2014� and

Odontosyllis� plus at least one eYent Ior other annelids Zith uncharacteri]ed

bioluminescent systems� *iYen that the structure oI other polychaete luciIerins is still

unNnoZn� this leaYes the Tuestion oI polychaete bioluminescence unansZered�

IdentiIication oI the O. umdecimdonta luciIerase seTuence is the most important step

to Iurther characteri]ation oI this Zorm
s bioluminescent system and the screening oI

other puriIied polychaete luciIerins Ior cross-reactiYity�
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Introduction - Bioluminescence in sponges

Another group oI marine organisms that has poorly understood or dubious

accounts oI bioluminescence is the sponges �phylum 3oriIera�� The Iirst record oI

autogenic sponge luminescence is a 19th-century mention oI light-emitting sponge

embryos �3agenstecher 1881�� Other obserYations oI luminous sponges oYer the next

seYeral decades Zere ultimately attributed to Zorms or other inYertebrates liYing in

the pores oI the sponge tissue �Dahlgren 1916� ONada 1925�� One record Irom the

20th century describes light being emitted Irom a sponge itselI �+arYey 1921�� but

this has also been considered doubtIul by later authors �+erring 1987�� A recent

publication claims the discoYery oI a luminous sponge �Demospongiae� Suberites

domuncula� and a luciIerase� hoZeYer the authors argue that this marine sponge uses

a IireIly luciIerase homolog and IireIly luciIerin as its luminescence system �:iens et

al. 2010� :ang et al. 2012�� Because sponges Iilter large Yolumes oI Zater� it is

challenging to distinguish betZeen luminescence oI the animal itselI or light

produced by other organisms concentrated Zithin its tissues� Bioluminescence

obserYations in sponges may haYe been induced by numerous bioluminescent

symbiotic� entrained� or captured bacteria liYing in sponges �+entschel et al. 2006�� or

other associated euNaryotes� *iYen the unclear records oI luminescence in sponges�

Zhether or not autogenically luminous sponges exist remains a mystery�

In these studies� Ze determined the protein seTuence oI the luciIerase oI

Odontosyllis undecimdonta� discoYered luminescence in a sponge� and determined

some components oI the luminescence system in the sponge� My contributions to the
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polychaete luciIerase proMect Zere seTuencing the transcriptome oI Odontosyllis

undecimdonta� helping to identiIy the putatiYe luciIerase seTuences using mass

spectrometry data� corroborating the transcripts Zith long-read seTuencing data� and

perIorming homology searches Ior the Odontosyllis luciIerase in other polychaetes�

The co-Iirst author oI this study� Dr� Alexey .otlobay� puriIied the luciIerase�

perIormed mass spectrometry� characteri]ed the biochemical properties oI the

luminescence system� and expressed the luciIerase�

My contributions to the sponge luminescence proMect Zere perIorming the

molecular identiIication oI the sponge¶s taxonomic placement� photographing and

recording Yideo oI sponge bioluminescence� perIorming biochemical experiments on

the bioluminescence system oI the sponge� and perIorming a metagenomics analysis

on the sponge tissue to consider alternatiYe hypotheses oI the proYenance oI the

sponge¶s luminescence� The Iirst co-Iirst author on the manuscript� Dr� SpYerine

Martini� Iirst discoYered that the sponge Zas luminous� and also photographed and

recorded Yideos oI the animals�

Sponge - Materials and Methods

Sample Collection

In three consecutiYe years� betZeen -une� 2017 and -uly� 2019� MBARI¶s

RO9 Doc RicNetts� Zas used to collect six specimens oI an undescribed poriIeran

�hereaIter named indiYiduals Clado1-Clado6�� in the deep 1ortheast 3aciIic Ocean

�)igure 4�3� approximately tZo hundred Nilometers oIIshore Irom Big Sur� CaliIornia

�Table 4�1�� All specimens Zere sampled on the seaIloor composed oI silt and clay�
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Other macro-organisms Zere obserYed in the surrounding area� including the

+olothuroidea �Scotoplanes sp�� and benthic ctenophores� These sponges Zere

anchored to the substrate Zith rhi]oids� The sponges Zere collected using the RO9¶s

robotic arm to clasp the stem and Zere dropped into a sampling container dedicated to

biological collections� SeYeral sponge specimens Zere collected Zith one or more

benthic ctenophores attached to the rigid stalN �)igure 4�3A�� Once the specimens

Zere retrieYed Irom the RO9� they Zere Nept in a 4�C� darN cold room in seaZater�

)igure 4.3 - Sampling of the Cladorhizidae sponge and morphological
observation. �A� In situ obserYation oI Clado6 by RO9� Zith tZo benthic
ctenophores attached on the stalN� �B� In the lab obserYation oI Clado6� )ilaments are
retracted�

Bioluminescence Observations

Remaining sediments Zere cleaned Irom the samples �)igure 4�3B�� then the

samples Zere transIerred to Iresh 4�C seaZater and Zere leIt to rest Ior 10 minutes
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beIore being gently stimulated to determine Zhether they emitted light� To document

light emission� images Zere taNen using a Sony Į7S camera�

In Vitro Bioluminescence Assays

AIter Ze mechanically stimulated bioluminescence in the sponges� Ze cut

approximately 200 mg portions oI sponge indiYiduals Clado3 and Clado5 to use Ior

biochemical tests� (ach sample Zas ground in a loose-Iitting 1 m/ Dounce

homogeni]er on ice in approximately 750�/ oI 750 mM 1aCl 20 mM Tris-+C/

buIIer eTuilibrated to p+ 8�0 at 3�C� The homogenate Zas centriIuged at 14�000 rcI at

4�C Ior ten minutes on the ship� The supernatant Zas remoYed and placed in a neZ

tube� The pellet Zas resuspended in 500�/ oI the Tris-+Cl� 1aCl buIIer described

aboYe� Bioluminescence measurements Zere taNen in a custom-built integrating

sphere that enables using a micropipettor to inMect samples into the measurement

chamber Zhile recording� Measurements Zere made at a sampling IreTuency oI 40ms

�+addocN et al. 2001�� The measurement protocol Zas as IolloZs� �1� place 1-10 �/

oI buIIer� coelentera]ine� or Renilla luciIerase solution in a clear 1�5 m/

microcentriIuge tube inside the integrating sphere� �2� place a micropipettor Zith

90-190 �/ oI homogenate or other sample inside the tube in the integrating sphere�

but not touching the 1-10 �/ oI liTuid� �3� close the door to the integrating sphere and

record the baseline luminescence oI the unmixed analytes Ior Iour seconds� �4� inMect

the contents oI the micropipettor into the tube to mix� Zithout remoYing the

micropipettor� �5� alloZ the assay to continue to completion at 20s total�
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8sing Clado3� Ze conducted the IolloZing assays� �A� To test iI

coelentera]ine Zas the luciIerin causing light emission in the sponge sample Ze

added 90 �/ oI homogenate to 10 �/ oI 1 �g�m/ coelentera]ine in Tris�1aCl buIIer�

:e also added 90 �/ oI homogenate to 10�/ oI 0�1 �g�m/ coelentera]ine� As a

negatiYe control Ze used 10 �/ oI Tris�1aCl buIIer and 90 �/ oI homogenate� �B� To

determine iI the sponge homogenate contained coelentera]ine Ze added 98 �/ oI

homogenate to 2�/ oI 1�4 �g�m/ oI Renilla luciIerase �R/uc� in the Tris�1aCl buIIer

described aboYe� :e conducted this test tZice� As a negatiYe control Ze used 2 �/ oI

Tris�1aCl buIIer and 90 �/ oI homogenate� �C� :e assayed the heat stability oI the

luciIerase by measuring the baseline actiYity oI 60 �/ oI homogenate and 10 �/ oI 1

�g�m/ coelentera]ine in Tris�1aCl buIIer� 8nused homogenate Zas incubated in a

heat blocN at 96�C Ior three minutes� then placed on ice� 60 �/ oI heat-treated

homogenate Zas mixed Zith 10 �/ oI 1 �g�m/ coelentera]ine in Tris�1aCl buIIer�

�D� /astly� Ze mixed 90 �/ oI Tris�1aCl buIIer Zith 10 �/ oI Tris�1aCl buIIer as an

absolute control� and conducted the same assay Zith a homogenate preparation Irom a

nonluminous sponge Irom the genus Caulophacus.

8sing Clado5� Ze prepared homogenate as described aboYe� then perIormed

additional sample clariIication to ensure that the obserYed luminescence Zas Irom

soluble proteins and not bacteria� The homogenate described aboYe Zas passed

through a 0�45�m Iilter spin column �Millipore Sigma 8ltraIree-MC� at 12�000 rcI

Ior ten minutes at 4�C� then that Iiltrate Zas passed through a 0�1�m Iilter spin

column under the same conditions� This material Zas used to conduct the IolloZing
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tests� 90 �/ oI homogenate Zas mixed Zith 10 �/ oI the IolloZing compounds to

assay Ior coIactors triggering luminescence� �A� 3� +2O2� �B� 200 mM calcium

acetate� �C� 1M CaCl2� �D� 2M .Cl� and �(� 3M 1aCl� :e also used the clariIied

sample to conduct the IolloZing assays� �)� 90 �/ homogenate and 10 �/ oI 1 �g�m/

coelentera]ine in Tris�1aCl buIIer� �*� 90 �/ homogenate and 10 �/ oI Tris�1aCl

buIIer� �+� 90 �/ homogenate and 10 �/ oI 1�4 �g�m/ oI Renilla luciIerase in

Tris�1aCl buIIer�

To determine the si]e oI the protein or protein complex responsible Ior light

emission� Ze concentrated 150 �/ oI the 0�45 �m- and 0�1 �m-Iiltered Clado5

homogenate on a 50 NDa spin column �Millipore Sigma 8ltraIree-MC� at 12�000 rcI

until the sample had 75 �/ in the retentate and 75 �/ in the Iiltrate� :e assayed Ior

luminescence by mixing �I� 60 �/ oI the retentate Zith 10 �/ oI 1 �g�m/

coelentera]ine solution� and �-� 60 �/ oI the Iiltrate Zith 10 �/ oI 1 �g�m/

coelentera]ine solution� The Clado5 0�45 �m and 0�1 �m Iilter-clariIied homogenate

still emitted light Zhen it Zas mixed Zith coelentera]ine� The Clado5 clariIied

homogenate¶s light-emitting actiYity Zith coelentera]ine Zas concentrated on a 50

NDa spin column� and the 50 NDa spin column Iiltrate had little light-emitting actiYity

Zhen mixed Zith coelentera]ine�
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Sequencing and COI Assembly

The Clado1 sponge Zas rinsed in Iiltered seaZater� then a subsample Zas

Iro]en in liTuid nitrogen� The sample Zas later pulYeri]ed Zith a blue plastic pestle in

tissue lysis buIIer and genomic D1A Zas isolated Zith an (�=�1�A� Mollusc D1A Nit

�Omega Bio-teN�� D1A Zas sheared Zith a Bioruptor sonicator and a Zhole-genome

shotgun �:*S� seTuencing library Zas prepared �Meyer and .ircher 2010�� This

library� DS137� Zas seTuenced on a 2x753( MiSeT run in the 8C Santa Cru]

3aleogenomics laboratory to a depth oI approximately tZo million read pairs�

Reads Zere mapped to the mitochondrial genome oI Negombata magnifica

(Belinky et al. 2008) using bZa mem �/i 2013�� both S13s and indels Zere corrected

using pilon Y1�22 �:alNer et al. 2014�� The corrected assembly Zas then used again

Ior another round oI mapping and correction� This process Zas iteratiYely repeated

ten times to generate mitochondrial regions containing the seTuence Irom DS137� The

corrected N. magnifica CO;1 seTuence had tZo regions tZo Zhich DS137 reads

mapped� These tZo regions Zere used as seeds Ior tZo independent runs oI MITObim

Y1�9�1 �+ahn et al. 2013�� The seTuences Irom the tZo MITObim assemblies Zere

aligned into a single contig oI approximately 3Nbp� DS137 reads Zere aligned to the

contig using bZa mem� then S13s and indels Zere corrected Zith pilon� The

assembly Zas YeriIied by Yisuali]ing reads mapped to the contig using I*9

�Robinson et al. 2011� and by Yisually inspecting a CO;1 protein alignment betZeen

DS137 and closely related species� *eneious Y11�1�5 Zas used to identiIy OR)s in
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the contig� and blastx Zas used to determine the identity oI the OR)s �Altschul et al.

1997��

Molecular Identification and Phylogeny

To identiIy the most similar species to the sample� the complete CO;1 OR)

in the mitochondrial contig Zas used as a blastn Tuery against all sponge nucleotide

seTuences in 1CBI�

To generate a CO;1 phylogeny Ze doZnloaded select all Poecilosclerida

�1CBI�txid27925� sponge seTuences Irom 1CBI� largely based on the literature

�+estetun et al�� 2016� remoYed seTuences that had not been identiIied to the species

leYel� and remoYed identical seTuences� The CO;1 seTuences Zere aligned using

M8SC/( Y3�8�425 �(dgar 2004� and the alignment Zas trimmed to a 575bp region

contained in all seTuences� A maximum liNelihood phylogeny Zas generated Zith

raxml+3C-3T+R(ADS using model *TR*AMMA Zith the extended maMority-rule

consensus tree criterion �-� autoMR(� using Guitarra antarctica

/1870510M.833943 as an outgroup �StamataNis 2014�� The analysis completed

aIter 45000 bootstrap replicates� A Bayesian phylogeny Zas generated using

MrBayes Y3�2�6 using a chain length oI 630000� Iour heated chains� a heated chain

temperature oI 0�2� subsampling IreTuency oI 200� a burn-in oI 2500� a random see oI

2020145� and a +.<85 model Zith gamma rate Yariation �+uelsenbecN and RonTuist

2001� RonTuist and +uelsenbecN 2003��
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Metagenomic Analysis

:e used bbmerge�sh to merge the DS137 read pairs �Bushnell et al. 2017�� In

order to haYe one Tuery per pair oI unmerged reads� the unmerged reads Zere

concatenated together Zith 40 1s� and the R2 read Ior each pair Zas in the reYerse

complement orientation� The 2�020�492 merged reads Zere Tueried against the 1CBI

nt database using blastn �Altschul et al. 1997�� M(*A1 Y6�5�4 Zas used to perIorm

metagenomic binning oI the seTuences �+uson et al. 2007�� DS137 reads Zere

mapped against the lux operons oI Vibrio� Photobacterium� Aliivibrio� Photorhabdus�

and Shewanella using bZa mem�

Sponge - 5esults

Bioluminescence observation

Bioluminescence Zas tested and obserYed in all oI the six specimens sampled

�Table 1�� AIter gently touching each indiYidual sponge Zith a gloYed hand or

round-pointed Iorceps� Ze obserYed blue-green bioluminescence locali]ed around the

point oI mechanical depression �)igures 4�4�� Composite images oI bioluminescence

Yideo Irame grabs shoZ that the luminescence in the animals occurs in Yarious parts

oI the animal rather than in a single location �)igures 4�5� 4�6� 4�7�� /ocal light

responses Zere emitted Irom the globular mass� Iilamentous processes along the

siliceous stalN� but not Irom the rhi]oid structure� The light Ninetics Zere bright and

Yisible to the naNed eye Ior 5-10 seconds� RepetitiYe stimulations Zere reproducible�

and the light did not appreciably dim oYer time� :e attempted to stimulate

bioluminescence in Clado1 by Ilashing a Zhite light at the organism� but it did not
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produce a Yisible bioluminescent response� 3otassium chloride� calcium chloride� and

IreshZater did not cause the animal to emit light� Only mechanical stimulation caused

the sponge to bioluminesce�

)urthermore� the luminescence does not correspond Zith patches oI residual

marine snoZ or detritus that remain on the animal eYen aIter cleaning� :e Iound no

Yisible animals liYing in or on the sponges that could be responsible Ior the

luminescence�

)igure 4.4 - Composite observation of bioluminescence from Clado�. �A�

obserYation oI the sponge under Zhite-light� �B� 2�5s exposure oI the

bioluminescence aIter mechanical stimulation� �C� red light obserYation oI the

indiYidual� and �D� composite oI �A-C��
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)igure 4.5 - Composite bioluminescence from Clado3. IndiYidual Yideo Irames

�A-+� oI discrete luminescence eYents Irom mechanically stimulating Clado3� �I� is a

composite oI the indiYidual Irames�
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)igure 4.� - Composite bioluminescence from Clado4. IndiYidual Yideo Irames

�A--� oI discrete luminescence eYents Irom mechanically stimulating Clado4� �.� is a

Zhite-light image� �/� is a composite oI the indiYidual Irames�
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)igure 4.7 - Composite bioluminescence from Clado5. IndiYidual Yideo Irames

�A-(� oI discrete luminescence eYents Irom mechanically stimulating Clado5� �)� is a

composite oI the indiYidual Irames�
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Sample
1ame

Collection
/atitude

Collection
/ongitude

Collection
Depth

Collection
Date

Bioluminescence (xperiments
performed

Clado1 35�498�1 123�99�: 3�958 m -une 10�
2017

obserYed�
photographed
�)igure S3-A�

morphological�
spicules

obserYation
�)igure 2��
seTuencing
�)igure 6�

Clado2 35�50�1 124�01�: 3�978 m May 4�
2018

obserYed�
photographed
�)igure S3-B�

morphological
obserYation

Clado3 35�50�1 123�99�: 3�976 m -uly 12�
2019

obserYed� Yideo
�)igure S4�

morphological
obserYation�

bioluminescence
essays �)igure 4�

Clado4 35�50�1 123�99�: 3�977 m -uly 12�
2019

obserYed� Yideo
�)igure S5�

morphological
obserYation

Clado5 35�50�1 123�99�: 3�977 m -uly 12�
2019

obserYed� Yideo
�)igure S6�

morphological
obserYation�

bioluminescence
assays �)igure 4

and 5�

Clado6 35�49�1 124�00�: 3�979 m -uly 14�
2019

obserYed�
photograph

�)igure 3�

morphological
obserYation
�)igure 1�

Table 4.1 - Sample collection information for all six sponge specimens. SeTuence

Read ArchiYe accession Ior Clado 1 is ³3R-1A556048´�
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In Vitro Bioluminescence Assays

Biochemical tests Zere perIormed to YeriIy the presence oI a luciIerin and

luciIerase light-emitting reaction� The homogenate¶s supernatant Irom both

indiYiduals Clado 3 and 5 luminesced aboYe bacNground Zithout the addition oI any

coIactors �)igure 4�8�� Adding homogenate to a coelentera]ine-containing solution

caused a light-emitting reaction consistent Zith luciIerase-luciIerin type reactions

Irom other species� The intensity oI the light-emitting reaction Zas proportional to the

Tuantity oI coelentera]ine mixed Zith the Clado3 homogenate� Adding Clado3 and

Clado5 homogenate to Renilla luciIerase resulted in a light-emitting reaction �)igure

4�8�� The light-emitting reaction Zas not triggered in Clado5 homogenate by any oI

the IolloZing compounds� calcium chloride� calcium acetate� hydrogen peroxide�

potassium chloride� sodium chloride �)igure 4�8�� In comparison� homogeni]ed tissue

Irom a nonluminous Caulophacus species sponge did not produce a light-emitting

reaction Zhen added to coelentera]ine� Mixing nonluminous sponge homogenate and

Renilla luciIerase also did not produce light �)igure 4�8��

+eating the Clado3 homogenate at 96�C Ior three minutes reduced the

light-emitting actiYity oI the solution by 93� �)igure 4�9�� In comparison�

homogeni]ed tissue Irom a nonluminous sponge species did not produce a

light-emitting reaction Zhen added to coelentera]ine� Mixing nonluminous sponge

homogenate and Renilla luciIerase also did not produce light�
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)igure 4.8 - Bioluminescence Assays for the Cladorhizid sponges. RelatiYe /ight

8nits �R/8� is integrated Irom 6 to 20 seconds. �A� ShoZs that Renilla luciIerase �R

luciIerase� added to Clado3 and Clado5 homogenate �hom�� results in a

bioluminescent reaction� Renilla luciIerase added to a nonluminous �1/� sponge did

not result in a bioluminescent reaction� This suggests that Clado3 and Clado5

contained coelentera]ine Zhile the non-luminous sponge did not� �B� ShoZs that

coelentera]ine �CT=� added to Clado3 and Clado5 homogenate resulted in a

bioluminescent reaction in a dose-dependent Iashion �1ȝ/ and 10ȝ/�� Compounds

that are possible triggers Ior bioluminescent reactions in photoproteins do not cause a

bioluminescent reaction� Coelentera]ine added to the non-luminous sponge

homogenate does not produce a bioluminescent reaction�
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)igure 4.9 - Heat deactivation and activity concentration on a 50. filter. RelatiYe

/ight 8nits �R/8� are integrated Irom 6 to 20 seconds� �A� ShoZs that heat treating

the homogenate �hom�� caused a reduction in bioluminescence actiYity Zhen

coelentera]ine �CT=� Zas added� �B� Clado5 homogenate bioluminescence actiYity

passed through a 0�2�m Iilter� but Zas concentrated on a 50.Da Iilter� These results

together �Clado5 50. Iiltrate and retentate� imply that the bioluminescent system is

protein-based and consists oI a protein or protein complex larger than 50.Da� The

Clado5 0�45 �m and 0�1 �m Iilter-clariIied homogenate still emitted light Zhen it Zas

mixed Zith coelentera]ine�
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Molecular identification and Phylogeny

A contig containing CO;1 Zas assembled using the Zhole-genome shotgun

�:*S� library and Yalidated using read coYerage and AA similarity to closely related

species�

The top tZo blastn hits Ior the complete CO;1 nucleotide seTuence Zere

close to the CO;1 seTuences Irom Cladorhiza sp� �.;266208�1� and Irom

Chondrocladia sp� �/1870486�1�� Both blastn hits Zere 97�7� identical to the

Clado1 Tuery �*enbanN accession number is M1418897�� The Clado1 CO;1

seTuence Zas most closely related to species in the genus Cladorhiza �)igure 4�10��
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)igure 4.10 - Maximum

likelihood and Bayesian

phylogenetic analysis of

COI locus. The branch

lengths here are Irom the

Bayesian analysis� The

Bayesian and maximum

liNelihood analyses had

the same tree topology�

so support Yalues shoZ

both the bootstrap Yalues

Irom RAxM/ and the

posterior probability

Irom MrBayes� The

topology oI the RAxM/

tree matched the

genus-leYel topology oI the 28S rD1A� COI and A/*11 tree Irom +estetun et al

2016� The COI seTuence Irom Clado1 Ialls as an outgroup oI the Chondrocladia sp�

and Cladorhiza genus� Bayesian support Ior maMor nodes are prepended� underlined�

to bootstrap Yalues�
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Metagenomic Analysis

The analysis oI 2�020�492 Illumina read pairs Iound 64�221 reads� or 3�17� oI

all read pairs� reads that Zere identiIiable to a taxonomic unit �)igure 4�11�� This loZ

percent oI identiIiable reads is liNely due to the Iact that this sponge¶s genome� the

primary component oI the seTuencing library� is not present in any online database�

31�6� oI the identiIiable read pairs �20�322� Zere oI bacterial origin� although only

133 read pairs Zere identiIiable as belonging to the bioluminescent bacterial genera

Vibrio �133 read pairs - 0�2� oI 64�221�� Photorhabdus �42 read pairs - 0�007� oI

64�221�� or Photobacterium �11 reads pairs - 0�0002� oI 64�221�� The remaining

largest contributors oI identiIiable reads Zere deriYed Irom (uteleost Iish �8784

reads� 13� oI 64�221�� Most reads that map to Iish Zere identiIiable to the Cyprinus

carpio genome� and Zere attributable to Illumina adapters erroneously included in the

Cyprinus carpio genome and occurring at a loZ rate in the Illumina library� Other

reads Zith a large number oI identiIiable reads Zere identiIiable as coming Irom

3oecilosclerida sponges �2786 reads� 4�3��� and protostomes �mostly nematodes�

1087 reads� 1�7��� :e did not Iind any reads that Zere identiIiable as

ctenophore-origin� suggesting that the sponges do not consume the ctenophores that

liYe on their silicious stalNs� :e also attempted to map the Clado1 reads to the

complete bacterial luciIerase operons Irom multiple bacterial species� but no reads

mapped�
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)igure 4.11 - Composition of taxa from metagenomic analysis. The proportion oI

64�221 identiIiable reads are shoZn here� split into taxa� Reads mapping to Iishes

Zere mostly Ialse positiYe hits to the Cyprinus carpio genome� Zhich erroneously has

many Illumina seTuencing adapters� �(nd oI caption�

Sponge - Discussion

MBARI¶s 9ideo Annotation ReIerence System �9ARS �Schlining and Stout

2006��� a 30� year record oI deep-sea obserYations� contains many occurrences oI

Cladorhi]idae species� They Zere obserYed Irom diIIerent locations Zhere MBARI
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has conducted RO9 research in the Canadian Arctic Ocean� the northeast 3aciIic� the

*ulI oI CaliIornia� and +aZaii� 1umerous morphologically similar indiYiduals oI our

neZ deep-sea sponge Zere obserYed at these sampling locations� )urther phylogenetic

analyses using additional loci� as Zell as an extensiYe morphological characteri]ation�

Zill be necessary to determine this bioluminescent sponge to species leYel� +oZeYer�

it is clear that these bioluminescent sponges are Zithin a clade containing

Chondrocladia and Cladorhiza (Hestetun et al. 2016)�

DoubtIul obserYations oI bioluminescence in sponges haYe been reported

since the beginning oI the 19th century �e�g� 3agenstecher 1881� ONada 1925�� )alse

obserYations may be induced by numerous bioluminescent symbiotic �+entschel et al.

2006�� entrained� or captured bacteria in sponges �Dahlgren 1916� ONada 1925�� In

our obserYations� light emitted upon mechanical stimulation Zas locali]ed to the

general area oI stimulation� and only lasted Ior seYeral seconds� The brieI gloZ oI

seYeral seconds obserYed in these sponges does not correspond to the continuous

gloZ characteristic oI bacterial bioluminescence� :e shoZed that the sponge

homogenate cross reacts Zith the luciIerin coelentera]ine� a molecule not used in any

NnoZn bioluminescence biochemical system in bacteria or annelids� Another potential

source oI misinterpretation is the presence oI partially digested luminous planNtonic

organisms� since these are carniYorous sponges� +oZeYer� the sponge Zas cleaned

beIore stimulation and light emission Zas obserYed in Yarious parts oI the sponge

mechanically stimulated and Ior each specimen�
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The sponge homogenate released light Zhen mixed Zith coelentera]ine eYen

Zhen it had passed through a 0�1 ȝm Iilter� a pore si]e through Zhich only the

smallest bacteria are NnoZn to pass �:ang et al. 2008�� MoreoYer� in metagenomic

analyses only a Yery small proportion oI the reads Zere related to bioluminescent

bacteria� :e also checNed careIully Ior contamination Irom other small organisms

such as copepods or annelids� :hile Ze cannot YeriIy Zith certainty that our

obserYations are autogenic luminescence� the obserYation oI similar bioluminescence

on Yarious body parts oI six diIIerent specimens� Irom diIIerent collection times and

locations� Zith corresponding light Ninetics� and an absence oI data suggesting that

the luminescence is caused by bacteria or other contaminating animals certainly

Zarrants Iurther inYestigation� A Iuture study conIirming that the

coelentera]ine-luciIerase is encoded in the sponge genome Zill be necessary to

Yalidate that these cladorhi]id sponges are autogenically luminous�

/astly� these Iindings raise Tuestions around the eYolution oI marine

bioluminescence in animals� In our hypothesis� these sponges use coelentera]ine as

their light-emitting molecule� Coelentera]ine is the only luciIerin used in the

luminescent systems oI a IeZ protists and the other non-bilaterian clades� the Cnidaria

and the Ctenophora �+addocN et al. 2010�� The ancestors oI these three phyla liNely

diYerged beIore the Cambrian (xplosion oYer 600 million years ago �Dohrmann and

:|rheide 2017�� and bioluminescence is thought to play a role in speciation �(llis

and OaNley 2016�� Our results sparN interest in the numerous roles oI
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bioluminescence and its inYolYement in the speciation and diYersiIication oI liIe in

the ocean�
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Appendix A

Appendix A Supplementary Materials for Chapter 2

A chromosome-scale genome assembly and karyotype of

the ctenophore Hormiphora californensis

This text is adapted Irom a published article�

Darrin T� Schult]��:arren R� )rancis�� -aNob D� McBroome� /ynne M� Christianson�

SteYen +�D� +addocN� Richard (� *reen� A chromosome-scale genome

assembly and karyotype of the ctenophore Hormiphora californensis. �2021�

*3� *enes� *enomes� *enetics

� - Indicates co-Iirst authorship
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Supplementary Materials and Methods

)igure A1 - Hormiphora californensis and B. forskalii sample collection map. H.

californensis indiYiduals +c1 and +c2 Zere collected Zithin tZo Nilometers oI one

another three years apart� See collection conditions and parameters in Table A1�

Sequencing data preparation

H. californensis +M: D1A Zas isolated Irom indiYidual +c1 by lysing

tissue in CTAB buIIer �DaZson et al. 1998�� then puriIying the D1A Zith a

chloroIorm� phenol�chloroIorm� chloroIorm� ethanol precipitation protocol

�SambrooN and Russell 2006�� TZo 3acBio SMRT C/R seTuencing libraries Zere

constructed and seTuenced on three SMRT cells on a 3acBio SeTuel or SeTuel II

machine at 8CD� yielding 27�4 *bp oI C/R subreads �)igure S2�� A +c1 +M:

D1A extract Zas also used to create three DoYetail Chicago libraries at 8niYersity oI

CaliIornia Santa Cru] �8CSC� �3utnam et al. 2016�� using either the DpnII or MluCI
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en]yme� The Chicago libraries Zere seTuenced to a depth oI 105 million read pairs�

One +c1 +M: D1A extract Zas used to construct a 10; chromium library at

8CSC� and Zas seTuenced to a depth oI 74 million read pairs �:eisenIeld et al.

2017�� (ight +i-C libraries Ior indiYidual +c1 Zere constructed using less than 50mg

oI Ilash-Iro]en tissue per prep �Adams et al. 2020�� Six libraries Zere made Zith

DpnII� and tZo Zere made Zith MluCI� )our oI these libraries Zere seTuenced to a

depth oI 616�4 million read pairs� Zith each replicate haYing at least 95�9 million read

pairs� In addition� Ze prepared one DpnII +i-C library Zith tentacle tissue Irom

indiYidual +c3� seTuenced to a depth oI 233�9 million read pairs�

Total R1A Zas isolated Irom H. californensis indiYidual +c1 by pulYeri]ing

100 mg oI Iro]en tissue under liTuid nitrogen� then proceeding Zith a Tri]ol R1A

isolation protocol �Rio et al. 2010�� The R1A Zas assayed at the 8C DaYis �8CD�

D1A Technologies Core� One Illumina TruSeT R1A /ibrary 3rep .it Y2 library Zas

constructed Irom this R1A at 8CD� This library Zas seTuenced to a depth oI 95

million read pairs� The 8CD D1A Technologies Core also prepared an Iso-SeT

library and seTuenced this library on a single SeTuel II SMRT cell�

/astly� H. californensis shotgun libraries Zere prepared Irom +c1 and +c2 by

isolating D1A using the Omega BioteN (=1A Mollusc D1A Nit� shearing the D1A

using a Bioruptor� and preparing libraries Zith insert si]es oI 400-500bp using the

1(B1ext 8ltra II :*S� 1(B1ext 8ltra II )S� or Illumina TruSeT 1ano D1A

library prep Nits� +c1 libraries Zere seTuenced to a depth oI 120 million read pairs�
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The +c2 library Zas seTuenced to a depth oI 64 million 1003( reads on a +iSeT 2500

at the 8niYersity oI 8tah D1A SeTuencing Core )acility�

Trimming raw sequencing data

All Illumina libraries Zere trimmed Zith Trimmomatic Y0�35 �Bolger et al.

2014� using the options

ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:1:TRUE LEADING:3

TRAILING: 3 SLIDINGWINDOW:4:15 MINLEN:36� All +i-C and Chicago

libraries Zere additionally trimmed by remoYing the 3ƍ end oI reads aIter the

restriction en]yme¶s Munction seTuence�

The 3acBio Iso-SeT and :*S data Zere conYerted to circular consensus

seTuences using ccs Y4�0 �github�com�3aciIicBiosciences�ccs�� The Iso-SeT data then

had the 5ƍ and 3ƍ cD1A primers remoYed using lima Y1�10�0

�github�com�3aciIicBiosciences�barcoding�� then polyA tails and chimeric seTuences

Zere remoYed Zith isoseT3 Y3�2 �github�com�3aciIicBiosciences�IsoSeT�� :e used

pauYre marginplot commit 13uhtt7 �github�com�conchoecia�pauYre� to checN the

oYerall consensus Tuality and length oI transcripts �)igure S3� �De Coster et al.

2018��

Mitochondrial genome assembly

To assemble the H. californensis mitochondrial genome� Ze Iirst mapped the

3acBio SeTuel CCS reads to the corrected P. bachei mitochondrial genome �.ohn et
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al. 2012� AraIat et al. 2018� using minimap2 Y2�17 �/i 2017� Zith parameters -ax

asm20� Reads that mapped to the P. bachei mitochondrial genome Zere assembled

using canu Y2�1�1 �.oren et al. 2017� Zith the options genomeSize=15kb

-pacbio-corrected� :e used *eneious Y11 to identiIy the largest OR)� and

used blastn Y2�6�0 �Altschul et al. 1997� to identiIy that the OR) encoded CO;1� :e

selected the start codon oI the CO;1 gene to be the 5ƍ-most position oI the

mitochondrial genome� as is conYentional Zith preYious ctenophore mitochondrial

genome annotations �.ohn et al. 2012� 3ett and /aYroY 2015� AraIat et al. 2018�� The

seTuence Zas trimmed up to the start codon oI the CO;1 gene on the canu contig� To

conIirm that the seTuence Zas circular� Ze mapped the CCS reads to tZo

concatenated copies oI the mitochondrial genome using minimap2�

The mitochondrial genome assembly Ior indiYidual +c2 Zas generated by mapping

the trimmed +c2 Illumina :*S reads to the +c1 mitochondrial assembly using

B:A-M(M �/i 2013�� then correcting the reIerence using pilon �:alNer et al. 2014��

:e mapped the reads bacN to the pilon-corrected reIerence to YeriIy that it Zas

correct�

The Iinal 12564 bp +c1 mitochondrial genome assembly Zas annotated by

mapping the rR1A and CDS seTuences Irom the corrected P. bachei mitochondrial

genome �AraIat et al. 2018� to the assembly using *eneious Y11� *eneious Zas then

used to predict OR)s using the Mold 3roto]oan Mitochondrial translation table� OR)

start sites that Zere conserYed betZeen +c1 and +c2 Zere used to delimit the

beginning oI the transcripts�
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To annotate the ribosomal R1A boundaries Ze mapped the untrimmed

R1A-seT reads to the Iinal assembly Zith B:A-M(M �/i 2013�� The start and stop

sites Ior each ribosomal R1A Zere selected by Iinding positions that had seYeral

reads Zith the same start�stop site IolloZed by a Iast attenuation in coYerage� also

guided by the length oI the P. bachei ribosomal R1A seTuences� I-TASS(R Zas to

predict the protein structure and to Iind the best structural analogs Ior the conserYed

8R)s present in the genomes �<ang et al. 2015�� :e used the TM+MM tool to

predict transmembrane domains Ior the 8R)s �.rogh et al. 2001�� :e used

tR1AscanS( and AR:(1 to search Ior mitochondrially-encoded tR1As �/oZe and

(ddy 1997� /aslett and CanbacN 2008��
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Phylogeny construction

)ull-length ctenophore 18S seTuences Zere doZnloaded Irom 1CBI� aligned

using M8SC/(� then trimmed such that each seTuence had greater than 90�

occupancy� This alignment Zas used in a rapid bootstrapping maximum liNelihood

�M/� search oI 250 trees Zith the *TR *AMMA model using RAxM/ Y7�2�8

�StamataNis 2014�� A tree Ior CO;1 nucleotide seTuences Zas constructed in the

same Iashion� The mitochondrial nucleotide alignment Zas constructed by

indiYidually perIorming translation alignments on the CO;1� CO;2� CO;3� C<TB�

1D1� 1D2� 1D4� and 1D5 loci Irom multiple species using MA))T Y7�388 �.atoh

et al. 2002�� The alignments Zere concatenated� and a RAxM/ M/ tree Zas

constructed using the parameters described aboYe� A Bayesian tree Zas constructed

Zith the same concatenated protein alignment using MrBayes Y3�2�6 �RonTuist and

+uelsenbecN 2003�� Zith Tethya actinia as an outgroup� the +.<85 substitution

model� gamma rate Yariation� chain length oI 30000� 4 heated chains� 0�2 heated chain

temp� subsampling IreTuency eYery 200 trees� a 2500-tree burn-in� and a random seed

oI 1910�

Genome assembly

The Ztdbg2 assembler Y2�4 �Ruan and /i 2019� Zith parameters -g 85m

-p 0 -k 15 -e 3 -A -S 2 -s 0.05 -L 5000 -R --aln-dovetail

10240 Zas used to de novo assemble the 3acBio C/R subreads� The assembly Zas

polished Zith arroZ Y2�2 �github�com�3aciIicBiosciences�gcpp�� then Zith pilon

Y1�22 �:alNer et al. 2014� using the Illumina :*S libraries� +aplotigs Zere remoYed
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Zith 3urge +aplotigs Y1�0�4 �Roach et al. 2018� using parameters

purge_haplotigs cov -l 50 -m 175 -h 600 -j 70 -s 80 and

purge_haplotigs purge -a 30� :e then ran purgeBhaplotigs clip to remoYe

oYerlapping contig ends�

DoYetail *enomics +iRise �Y Aug 2019� Zas used to scaIIold the genome

Iirst using the Chicago libraries� then using the +i-C libraries �3utnam et al. 2016��

:e mapped shotgun reads to the contig assembly Zith B:A-M(M Y0�7�17 �/i 2013�

and calculated the mean coYerage and *C content using BlobTools Y1�1�1 �/aetsch

and Blaxter 2017�� ScaIIolds Zith a mean coYerage oI less than 100� or haYing greater

than 50� *C� Zere remoYed Irom the assembly� The resulting assembly Zas

gapIilled using /R *apcloser Zith the 3acBio subreads �commit 156381a� �;u et al.

2019�� The assembly Zas then polished Zith pilon using the Illumina :*S libraries�

Hi-C heatmap generation

:e generated a +i-C heatmap to checN Ior genome misassemblies� The +i-C

reads Zere mapped to the genome assembly using B:A-M(M Zith options -5SPM

�/i 2013�� the BAM Zas conYerted to a sorted and deduplicated pair Iile Zith

pairtools Y0�3�0 �github�com�mirnylab�pairtools�� the pairs Iile Zas indexed Zith

pairix Y0�3�7 �github�com�4dn-dcic�pairix�� then the pairs Iile Zas conYerted to a

normali]ed mcool Iile using Cooler Y0�8�10 �Abdennur and Mirny 2020��

Additionally� Ze generated a 3retextMap +i-C matrix

�github�com�Ztsi-hpag�3retextMap commit ee1bI66�� To Yisuali]e the matrices Ze
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used +i*lass Y1�10�0 �.erpedMieY et al. 2018� or 3retext9ieZ Y0�1�0

�github�com�Ztsi-hpag�3retext9ieZ��

Variant Calling

To call Yariants to be used in phasing and in other analyses� Ze Iirst mapped

the 3acBio C/R :*S reads to the genome using minimap2 Y2�17 �/i 2017�� and

mapped the +c1 Illumina :*S reads to the genome using B:A-M(M and samtools

�/i et al. 2009� /i 2013�� :e then called Yariants using these tZo BAM Iiles as inputs

to the soItZare Ireebayes and gnu parallel �Tange and Others 2011� *arrison and

Marth 2012�� :e Iiltered the 9C) Iile to only include diploid calls�

To phase the Yariants Ze then marNed duplicates in the +i-C BAM Iile using

3icard Y2�25�1 �³3icard ToolNit´ 2016�� then used +apC8T2 Y1�3�1 �(dge et al. 2017�

extract+airs on the +i-C� Chicago� and 3acBio CCS BAMs� )or the 3acBio subreads

Ze used the extract+airs parameters --pacbio 1 --new_format 1

--indels 1� )or the +i-C reads Ze used the +apC8T2 extract+airs parameters

--hic 1 --new_format 1 --indels 1� )or the Chicago reads Ze used the

+apC8T2 extract+airs parameters --maxIS 10000000 --new_format 1

--indels 1� :e then concatenated these Iragment Iiles and used them as input to

phase the genome using +apC8T2 Zith the parameters --hic 1 --outvcf 1

�(dge et al. 2017��

Genome annotation
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The genome annotation is composed oI manually-selected transcripts Irom

seYeral soItZare pacNages� including BRA.(R� *eneMarN-(S�(T� A8*8ST8S�

Stringtie� pinIish� and the cD1A cupcaNe pipeline� Blast results to the Mnemiopsis

leidyi Y2�2 proteins or the SZiss3rot database �SNinner et al. 2009� Robinson et al.

2011� Zere also used as additional sources oI eYidence� To generate the indiYidual

annotations� Ze perIormed the IolloZing�

B5A.(5, *eneMarN-(S�(T and A8*8ST8S� Illumina R1A-seT reads

Zere aligned to the genome assembly using STAR Y2�7�1a �Dobin et

al. 2013�� and the Trinity transcriptome and 3acBio Iso-SeT reads Zere

aligned to the assembly using minimap2 Zith option -x

splice:hq� A8*8ST8S and *eneMarN-(S�(T annotations Zere

generated by running BRA.(R Y2�14 Zith the Illumina R1A-seT�

3acBio Iso-SeT� and Trinity transcriptome BAM Iiles as inputs �StanNe

et al. 2004� /omsad]e et al. 2014� +oII et al. 2019��

Cupcake: :e mapped the Iull length� non-chimeric �)/1C� 3acBio Iso-SeT

reads mentioned aboYe in ³SeTuencing read preparation´ to the H.

californensis genome using minimap2 Zith the parameters -ax

splice -uf --secondary=no -C5 � :e then used the 3acBio

CupcaNe tools to collapse the )/1C reads into transcript models

�github�com�Magdoll�cD1ABCupcaNe�� :e generated one set oI

130

https://paperpile.com/c/MLZqNb/wOZtk+gjYoq
https://paperpile.com/c/MLZqNb/wOZtk+gjYoq
https://paperpile.com/c/MLZqNb/1Og60
https://paperpile.com/c/MLZqNb/1Og60
https://paperpile.com/c/MLZqNb/YINry+gOaom+msRNp
https://paperpile.com/c/MLZqNb/YINry+gOaom+msRNp
https://github.com/Magdoll/cDNA_Cupcake


transcripts containing singletons� and one dataset Zithout singletons�

using the command filter_away_subset.py

--fuzzy_junction 5�

Stringtie� Transcripts Zere predicted Irom the BAM Iile output oI the

minimap2 )/1C 3acBio Iso-SeT-to-genome alignment using

StringTie Y2�0�4 �3ertea et al. 2015�� /ong parameters Zere used �-L�

and the minimum isoIorm Iraction Zas set to 0�1 �-f 0.1�� Zith

otherZise deIault parameters�

3infish� Transcripts Zere also predicted Irom the long reads using pinIish

�github�com�nanoporetech�pinIish�� Zith minimum isoIorm percentage

set to 20� a minimum cluster si]e oI 2 reads �-p 20 -c 2� and

otherZise deIault parameters�

Manual inspection oI each oI the Iour annotations reYealed many genes Zere

erroneously Iused or broNen� compared to the true isoIorms eYident Irom the Iso-SeT

data mapped to the reIerence� Because Ze Iound that each oI the Iour annotations

described aboYe Zere imperIect� Ze chose to manually curate the annotation oI the H.

californensis genome� To ensure that the Tuality oI the manual annotation Zas

consistent across all 110 Mb� Ze deYeloped a set oI rules Ior diIIicult-to-annotate

genes� liNe nested genes� gene clusters that appeared to haYe a trans-spliced leader
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exon� and hoZ to combine multiple annotations into a single gene� These guidelines

are aYailable Ior doZnload �github�com�conchoecia�hormiphora and =enodo DOI�

10�5281�]enodo�4074309��

Transcript phasing

:e Iirst generated a transcript seTuence Ior each isoIorm in the genome

annotation Zith gIIread �github�com�gpertea�gIIread�� then non-splice aligned the

Illumina R1A-seT and 3acBio Iso-SeT reads to the transcripts Zith B:A-M(M and

minimap2 �/i 2013� 2017�� :e then used Ireebayes to call Yariants Ior each isoIorm

in parallel �github�com�eNg�Ireebayes� �Tange and Others 2011�� then phased each

isoIorm Zith :hats+ap �3atterson et al. 2015�� A neZ reIerence seTuence Ior each

haplotype Zas generated using bcItools consensus �/i 2011�� then haplotype-speciIic

Iso-SeT reads Zere used to correct the neZ haplotype-speciIic isoIorm using pilon

Y1�22 �:alNer et al. 2014�� These isoIorms Zere then mapped to the reIerence

genome using minimap2 -ax splice� phased Zith :hats+ap� then matched Zith

the Zhole-genome phase Yariant phase blocNs�

The longest OR)s Irom the phased and polished transcript isoIorms Zere

predicted using prottrans�py using the parameters -a 50 -r

�bitbucNet�org�ZrI�seTuences�src�master�prottrans�py�� )or each gene isoIorm Ze

randomly selected one oI the amino acid seTuences Irom one oI the haplotypes� :hen

the amino acid seTuence Irom one haplotype Zas longer than the amino acid

seTuence on the other haplotype� Ze selected the longer one�
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P. bachei genome reannotation

As no structural annotation� speciIically no *)) Iile� Zas proYided Zith the P.

bachei genome� Ze created an exon-by-exon annotation Iile in *)) Iormat Irom the

reported scaIIolds and transcripts Ior use in our Zhole-genome comparisons Zith H.

californensis� The transcripts Zere mapped to the scaIIolds Zith minimap2� using the

options -x splice --secondary=no � Based on the mapping positions oI each

transcript in the BAM Iile� a *))  Iile Zas generated using pinIish

�github�com�nanoporetech�pinIish� Zith the option -g� OI the 18950 transcripts�

18947 mapped bacN to the genome� )or many protein comparisons� the proteins and

transcripts proYided Zith the 3� bachei genome Zere insuIIicient due to the

Iragmented nature oI the source scaIIolds�

1ext� Ze generated gene models using the A8*8ST8S Zeb serYer

�http���bioinI�uni-greiIsZald�de�Zebaugustus�index� �+oII and StanNe� 2013� using

the transcript models as the training set� This yielded tZo Yersions� the ³hints´ set and

the ³ab initio´ set� As the ³hints´ Yersion closely matched the transcript models� and

liNeZise any gene Iusions or breaNs oI that dataset� Ze instead used the ³ab initio´ set

Ior doZnstream analyses�

/astly� due to the relatedness betZeen H. californensis and P. bachei� Ze

examined Zhether Ze could simply map the H. californensis model transcripts to the

P. bachei scaIIolds using minimap2� Zith the options -x splice

--secondary=no� :ith this strategy� 99� oI H. californensis transcripts mapped
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to P. bachei� 8000 oI the transcripts had an additional mapping� liNely due to

Iragmentation across diIIerent scaIIolds or matching to both oI a pair oI uncollapsed

haplotigs� :e then used pinIish to generate a *T) Iile� as used aboYe Ior the

transcript model set�

Assessing fragmentation and fusion of genes

8sing the H. californensis protein set� Ze used a custom 3ython script

�compareBhcalBreIBproteins�py� to examine Iragmentation oI the M. leidyi protein set�

The script uses the coordinates oI local alignments generated by diamond �BuchIinN

et al. 2015� to checN Zhether a protein in H. californensis contains multiple

non-oYerlapping alignments to M. leidyi proteins on the same scaIIold� Although this

could mutually imply an erroneous Iusion oI tZo genes in H. californensis� the use oI

IsoseT reads Ior annotation maNes this scenario unliNely� 1onetheless� out oI around

1200 M. leidyi proteins that Zere identiIied as Iragmented� Ze then manually checNed

a set oI 384 genes �all those Zith 3 or more Iragments� as Zell as others� and Iound

that all oI them Zere indeed Iragmented� Most oI these had correct isoIorms Irom de

novo transcriptome assemblies�
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Supplementary 5esults

)igure A2 - 3acBio subread size distribution. Read length distribution �top� and

cumulatiYe sum oI total basepairs �bottom� oI the 3acBio SeTuel and SeTuel II

subreads�
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)igure A3 - 51A and IsoSeT size distribution. �A� The Agilent Bioanaly]er trace

oI the R1A used to create the 3acBio Iso-SeT library +c1Blib18Brun1B3BBIso-SeT

�SRR10403581 and SRR10403849�� The R1A used Ior the library Zas largely intact�

�B� A heatmap oI the Iso-SeT reads aIter consensus calling Zith the ccs soItZare and

Iiltering to retain Iull-length� non-chimeric seTuences� The read length histogram

roughly resembles the R1A si]e distribution in 3anel A�
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Figure A4 - H. californensis k-mer based genome size prediction. �A�C� The

haploid genome si]e estimate Irom the *enomeScope2 Ior +c1 �A� Zas 96�6 Mb� and

Ior +c2 �C� Zas 98�72 Mb� Altogether� the Illumina :*S libraries Irom +c1 had

212x genome coYerage� and the +c2 Illumina :*S library had 82x genome

coYerage� The H. californensis genome appears to be diploid Irom the N-mer

spectrum based on the presence oI tZo peaNs in both A and C� 3anels B and D are

log-log plots oI panels A and C�

137



)igure A5 - P. bachei k-mer based genome size prediction. :e predicted the P.

bachei genome si]e using publicly-aYailable single-indiYidual :*S data Irom SRA�

the MellyIish N-mer counter� and *enomeScope2� The predicted haploid si]e Zas

97�57 Mb� This predicted si]e is Yery close to the predicted si]e oI the H.

californensis genome �96-98 Mb� � Altogether� the shotgun libraries had

approximately 250x coYerage oI the genome� Similar to the H. californensis N-mer

spectrum� this plot suggests that the animal is diploid�
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Assembly

Step

� �Ill�� 3B�

:*S reads

mapping

1umber

oI

Contigs

1umber

oI

ScaIIolds

Assembly

Si]e �Mb�

contig

150

�Nb�

scaIIold

150

B8SCO stats

�C� �S� �D� �)� �M�

Ztdbg2 �97�85 � 94�08� 1769 1769 113�14 144 143 Nb 58�8 58�1 0�7 18�8 22�4

arroZ � pilon �97�85 � 95�14� 1769 1769 113�15 144 143 Nb 88�8 86�8 2 5�3 5�9

purge

haplotigs �98�03 � 94�57� 1309 1309 106�89 152 152 Nb 87�5 85�8 1�7 5�6 6�9

blobtools � � 94�06� 1283 1283 106�44 153 152 Nb 87�5 85�8 1�7 5�6 6�9

+iRise

Chicago � � � 1334 287 106�55 150 822 Nb 88�4 87�1 1�3 4�6 7

+iRise +i-C � � � 1340 44 106�57 150 8�14 Mb 87�8 86�1 1�7 5�3 6�9

3BMelly � � � 975 44 110�67 204 8�54 Mb 88�4 87�1 1�3 5�3 6�3

/R*C � � 95�16� 355 44 110�67 581 8�54 Mb 88�5 86�8 1�7 5�3 6�2

pilon � 98�24 � 95�32� 355 44 110�66 580 8�54 Mb 89�4 88�1 1�3 4�6 6

Table A1 - Statistics through the H. californensis genome assembly stages. (ach

roZ oI this table shoZs Yarious statistics aIter each step oI the assembly� The percent

oI Illumina and 3acBio :*S reads that map to the genome� the contig 150� the

scaIIold 150� and the B8SCO nucleotide mode completeness scores increase Zith

subseTuent assembly steps�
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3rotein-coding genes

Annotation
Step

1umber oI
non-3rotein

Coding
*enes

1umber oI
3rotein-Coding

*enes

1umber oI
proteins
Zith hits

!1e-5 to nr

1umber oI
proteins

Zithout hits
!1e-5 to nr

1umber oI 3roteins
that do not appear
in Mnemiopsis or

3leurobrachia
genomes

Total
1umber oI

*enes

1� *enes
added Irom

Iso-SeT 248 12�987 8�420 4�567 619 13�235

2� *enes
added Irom

A8*8ST8S 38 1�170 585 585 95 1�208
3� *enes

added Irom
3leurobrachia

transcripts 23 108 20 88 10 131

Totals 309 14�265 8�945 5�320 714 14�574

Table A2 - *enome Annotation Steps. This table includes the total number oI genes

added at each annotation step� There Zere 13�236 genes that had Iso-SeT read

support� There Zere 12�987 that Zere protein-coding and 249 that Zere not

protein-coding� )or each step Ze also included the number oI protein coding genes

that had signiIicant hits to nr� and the number oI protein-coding genes that did not

appear in the Mnemiopsis or Pleurobrachia genomes¶ proteins� but appeared in the

transcriptomes oI other ctenophores� The total number oI protein-coding genes that

Ze identiIied Zas 14�265� The total number oI genes that Ze identiIied� including

non-protein-coding genes� Zas 14�574�
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Dataset Complete

Complete

� 3artial

1umber

oI

missing

core

genes

AYerage

number oI

orthologs

per core

genes

� oI detected

core genes

that haYe

more than 1

ortholog B8SCO string

3rotein

Models

281

�92�74��

291

�96�04��

12

�3�96�� 1�18 10�68�

C�92�7�>S�82�8��D�9�9�@

)�3�3��M�4�

*enome

270

�89�11��

286

�94�39��

17

�5�61�� 1�01 0�74�

C�89�1�>S�88�4��D�0�7�@

)�5�3��M�5�6�

IsoSeT

)/1C

290

�95�71��

296

�97�69��

7

�2�31�� 101�57 96�55�

C�95�7�>S�3�3��D�92�4�@

)�2�0��M�2�3�

Illumina

de novo

Transcrip

-tome

299

�98�68��

300

�99�01��

3

�0�99�� 2�35 71�57�

C�98�7�>S�28�1��D�70�6�@

)�0�3��M�1�0�

Table A3 - B8SCO scores. These B8SCO protein mode scores Zere calculated

using g9olante �1ishimura et al. 2017��
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)igure A� - H. californensis assembly intermediate blobtools plot. �A� :hile the

BlobTools taxonomic classiIication suggests that there is a large amount oI

contamination in the D1A seTuencing libraries� the *C and read depth coYerage plot

�B� suggests otherZise� Most contigs had close to 42� *C and had a mean read depth

coYerage around the haploid N-mer coYerage oI 212�
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)igure A7 - D-genies genome dotplot. A dot-plot oI the entire genome aligned

against itselI� shoZing that Yery IeZ regions are duplicated� and there are no large

segmental duplications� /ight-green lines indicate matches �beloZ diagonal�� purple

lines indicate reYerse-complement matches �aboYe diagonal�� Short lines appear as

dots�
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)igure A8 - A synteny plot of P. bachei and H. californensis mtD1A. These tZo

species share the same gene order� except that H. californensis has a large insertion

betZeen the CO;2 gene and the 16S gene� The insertion in the H. californensis

mtD1A contains tZo 8R)s� 8R)1� 8R)2� and 8R)3 occur in both +c1 and +c2�
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)igure A9 - 3hylogenetic position of Hc1 and Hc2. �A� Ctenophore mitochondrial

protein tree� including the CO;1� CO;2� CO;3� C<TB� 1D1� 1D2� 1D4� and 1D5

loci� 1ode labels are posterior probability Irom the Bayesian tree� and the bootstrap

Yalue Irom the maximum liNelihood tree� All nodes had a posterior probability oI 1

and a bootstrap Yalue oI 100� �B� A CO;1 nucleotide tree using additional CO;1

seTuences Irom 1CBI� 1ode labels are bootstrap Yalues� Samples +c1 and +c2 are in

a clade Zithin the genus Pleurobrachia� �C� A 18S ctenophore tree� 1ode labels are

bootstrap Yalues� Samples +c1 and +c2 lie Zithin a polytomy oI other Pleurobrachia

species� but are distinct Irom H. palmata� H. plumosa� and a H. californensis sample

Irom the *ulI oI CaliIornia�
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)igure A10 - Hormiphora californensis karyotyping results. 3anels �A-+� are the

Naryotyping results Irom indiYidual embryos stained Zith DA3I� image color inYerted

and grayscale� (ach chromosome is numbered 1-1� 1umbers in blacN is the total

number oI chromosomes estimated in that panel� 3anel �C� is numbered in pairs using

the same scheme as )igure 1� �I� shoZs a histogram oI the number oI times that each

chromosome count Zas obserYed� There is one 4n count included in the 26

chromosomes bin� as the count Zas 52 and liNely corresponded to a 2n oI 26� A 2n oI

26 corresponds to 13 pairs oI chromosomes�
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*ene number and synteny with other ctenophores

)or M. leidyi� the M/2�2 annotation and protein set Zere compared to the H.

californensis proteins Zith the script scaIIoldBsynteny�py �=enodo DOI�

10�5281�]enodo�4074309�� :e examined gene positions Ior 450 oI the longest

scaIIolds in M. leidyi� accounting Ior 110Mb� Zhereby the smallest scaIIold examined

Zas 114Nb in length� OI the 8685 Tuery proteins Zith matches to any M. leidyi

protein� 6422 gene matches Zere retained aIter Iiltering Ior Tuality and matches to the

longest scaIIolds�

:e then examined collinearity oI genes betZeen the tZo genomes� again

based on unidirectional B/AST hits� reTuiring at least 3 genes in a roZ� alloZing up

to 5 interYening genes� This identiIied 571 blocNs containing 2258 total genes� though

439 oI these blocNs contained either 3 or 4 genes� suggesting that collinearity is

limited betZeen the tZo species� As the script that identiIied these blocNs alloZs Ior

tZo tandem genes to hit the same Tuery� Ialse positiYes Irom Iragmented genes may

account Ior some oI these� )or instance� Ze Iound 279 cases Zhere the gene in H.

californensis spans tZo or more genes in the M/2�2 annotation�

The P. bachei genome si]e prediction using *enomeScope2 Zas 97�57 Mb

�)igure S5� - only 62�5� oI the si]e oI the published assembly� 156�1 Mb �Moro] et

al. 2014�� The predicted P. bachei genome si]e oI 97�57 Mb is Yery close to the

predicted genome si]e oI H. californensis� Based on the mean read mapping depth

per-scaIIold� it appeared that haplotypes Zere collapsed Ior 5310 scaIIolds� but that

oYer halI oI the P. bachei scaIIolds Zere unmerged haplotypes� II the remaining
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16669 scaIIolds Zere collapsed into a haploid representation this Zould yield a Iinal

estimated genome si]e oI 107Mb� close to the si]e oI the H. californensis genome�

This suggests that only one third oI the P. bachei assembly represents a haploid

assembly� This may also account Ior the additional a7000 proteins predicted in the P.

bachei genome compared to H. californensis�

ThereIore� Ze used tZo approaches to estimate coliniarity betZeen H.

californensis and P. bachei� )irst� Ze tried an analysis oI only the 59Mb oI scaIIolds

that had a mean coYerage close to the haploid N-mer coYerage oI 250x� OI these

scaIIolds� the longest Zas only 221Nb� thereIore broad scale synteny could not be

eIIectiYely analy]ed� OI the original 18950 P. bachei transcripts� 7076 mapped to one

oI the 5310 haplotype-collapsed P. bachei scaIIolds� :e used this geneset Ior

microsynteny analyses Zith H. californensis� In total� 299 putatiYe collinear gene

blocNs oI at least 3 genes Zere identiIied� accounting Ior 1280 genes� OYerall� the

high number oI scaIIolds in the P. bachei genome hampered our ability to detect

microsynteny betZeen P. bachei and H. californensis� Despite their relatedness� this

Zas loZer than the detectable synteny betZeen the more phylogenetically distant M.

leidyi and H. californensis�

1ext� Ze tried reanaly]ing the P. bachei scaIIolds using an ab initio annotation

Irom A8*8ST8S� This program had predicted 32683 total proteins across the P.

bachei assembly� though the density is much higher than the Y1 transcripts� )or

example� on the longest 3bac scaIIold oI 320Nb� there are 12 mapped transcripts but

31 A8*8ST8S genes are predicted� Ab initio gene predictions haYe diIIiculty

148



resolYing nested genes� Zhich is disabled by deIault in A8*8ST8S� thus many oI

these predictions are liNely to be Iragments oI larger genes that are split by nested

genes� :e analy]ed microsynteny betZeen H. californensis and the P. bachei

A8*8ST8S annotation� using H. californensis as the Tuery� This had identiIied 983

blocNs Ior 5025 genes� more than tZice the count Irom the original transcript

annotation� II the P. bachei A8*8ST8S predictions Zere instead used as the Tuery�

this identiIied 1648 blocNs Zith 7803 genes� in many cases spanning the entire

scaIIold� Because multiple Tuery genes Zere alloZed to map to a single target gene�

this increase oI almost 3000 genes is liNely due to the Iragmented A8*8ST8S

predictions� 1onetheless� it is eYident that there is substantial synteny betZeen H.

californensis and P. bachei�

Comparison to ML2 Assembly and Annotation

The M. leidyi M/2 annotation �Ryan et al. 2013� had 16545 proteins� almost

2000 more than the H. californensis Y1 annotation Irom this study� :e sought to

explain the large diIIerence in protein number using synteny and orthology

inIormation Irom blast searches�

:e Iound 1200 neighboring M/2 proteins that Zere bridged by a single H.

californensis protein� suggesting that either the M. leidyi proteins are Ialsely split� or

the H. californensis protein is a Ialse Iusion� The maMority oI these cases only had tZo

neighboring M. leidyi genes� though there Zere 8 cases oI 4 or 5 neighboring M.
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leidyi genes that Zere bridged by a single H. californensis protein� In all cases� these

transcripts Zere supported Zith single Iso-SeT reads in H. californensis�

:e manually corroborated these 8 cases by comparing the M. leidyi genes to

the H. californensis ortholog� matches in publicly-aYailable transcriptomes oI other

ctenophores �)rancis et al. 2015� :helan et al. 2015� 2017�� and orthologs in other

animals� This analysis reYealed that all 8 proteins appear to be Iragmented in M. leidyi

and the H. californensis Yersion appears to be complete� *enerally these genes Zere

large� and many included nested intronic genes� These included homologs oI Midasin

�4284AAs�� 3ecanex �2096AAs�� Dynein heaYy chain 14 �4735AAs�� 3ie]o

�2335AAs�� a possible homolog oI Centriolin �2141AAs�� glycogen synthase

�1214AAs�� oxysterol binding protein �894AAs�� and a putatiYe homolog oI S=T2

�3031AAs�� /arge genes such as dynein heaYy chain reTuired manual reannotation in

H. californensis as Zell� as only 2�17 dynein genes Zere correctly annotated in the

Iso-SeT-based Stringtie annotation�
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)igure A11 - 3ecanex and Spatacsin loci. /oci oI the homolog oI pecanex in M.

leidyi �A� and H. californensis �B�� In M. leidyi� the Iull-length gene Moins 4 genes

Irom the M/2 annotation� and contains 6 nested intronic genes� one oI Zhich Zas

Ialsely Iused� )our oI these genes haYe homologs in H. californensis in the

orthologous introns� The gene M/040024a Iuses the single-exon homolog oI

spatacsin� though this is not supported by the transcripts or de noYo assembly� Many

oI the surrounding or nested genes are homologous betZeen the tZo species� as

M/040019a� M/040021a� M/040023a� M/040029a� and M/040030a� match Zith

H. californensis c5�g977� c5�g979� c5�g980� c5�g982� and c5�g984� respectiYely� and

are colored pairZise�
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)igure A12 - Hi-C map of H. californensis and P. bachei. These are the +i-C maps

oI H. californensis and P. bachei� shoZn Zithout indiYidual lines separating scaIIolds�

The x-y scale oI megabase pairs �Mbp� in both plots is the same� The genome

assembly si]es are shoZn Zith a blacN bounding border� The predicted genome si]e

Ior both species based on N-mer spectra� 96�6 Mbp� is shoZn Zith a blue arroZ� The

amount oI the genome in the 13 largest scaIIolds is shoZn Zith a red arroZ� and the

percent oI the assembly in those 13 scaIIolds is shoZn in red text� �A� The +i-C map

Ior H. californensis� The largest 13 scaIIolds contain 99�4� oI the total bases in the

assembly� �B� The +i-C map Ior P. bachei Irom +oencamp et al �2014�� The largest

13 scaIIolds contain 51�9� oI the assembly� 48�1� oI the genome is not in

chromosome-scale scaIIolds� yet has +i-C connections to the chromosome-scale

scaIIolds�
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)igure A13 - Pleurobrachia-Hormiphora Oxford dot plot. This plot shoZs the

coordinates oI mutual best blastp hits Zhen comparing the proteins in the genomes oI

P. bachei to H. californensis� and H. californensis to P. bachei� Only the Iirst 13 H�

californensis scaIIolds� and the largest 14 P. bachei scaIIolds� are plotted� One dot is

one putatiYely orthologous protein shared by the tZo species� The dots are colored by

Hormiphora chromosome� This plot shoZs that each H. californensis chromosomal

scaIIold has a homologous chromosomal scaIIold in P. bachei� )or example� H.

californensis 1 predominantly shares genes Zith P. bachei +iCBscaIIoldB5� MoreoYer�

this plot shoZs that Zhile shared chromosomes 5 and 11 haYe large regions Zith gene
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colinearity� most oI the other homologous chromosomes are highly rearranged

betZeen H. californensis and P. bachei� /astly� Ze see that only the 13 largest P.

bachei scaIIolds haYe enough inIormation to assign them to homologous H.

californensis scaIIolds� The 14th-largest P. bachei scaIIold has no proteins that had

reciprocal best matches to the 13 chromosomal H. californensis scaIIolds�
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)igure A14. Scaffold 1

heterozygous inversion.

OII-diagonal hotspots in

+i-C contact matrices �A�

red arroZs� indicate

assembly errors� or

hetero]ygous inYersions�

One method oI

determining iI

oII-diagonal +i-C

hotspots are

misassemblies Zas to

manually inYert the

assembly at the suspect

breaN points �B�C�� The manipulation Zill result in remoYing the oII-diagonal signal

Zhile preserYing the diagonal signal� or preserYing the oII-diagonal signal Zhile

degrading the diagonal signal �D� red arroZs�� 3anels �(-T� shoZ all the possible

combinations oI rearrangements to attempt to correct the oII-diagonal signal� Red

numbers aboYe blacN arroZs indicate Zhich oII-diagonal signal Zas inYerted� The

right-most panels shoZ that the oII-diagonal signals remain aIter manipulating the

heatmaps� and the continuity oI the diagonal signal is interrupted� ThereIore� this

signal is liNely Irom heterogy]ous inYersions�
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)igure A15 - 3lots pertaining to the heterozygosity of H. californensis and P.

bachei. The bottom-most panels shoZ a heat map oI the number oI positions in the

genome that haYe ;-number oI reads Zith the reIerence allele Zhen the total read

depth at that position is <� A smear at 1x seTuencing depth coYerage �x-axis� Zith

only 50� oI bases matching the reIerence allele� shoZs that the animals are diploid�

The top-most panel is a histogram oI the total number oI positions in the genome

�<-axis� that haYe ; number oI reads at that position� This plot is useIul to Yisuali]e

the proportion oI bases that are either located on uncollapsed haplotigs� or are indels

present in the assembly� The middle panel shoZs the hetero]ygosity at each read

depth� The most reliable ZindoZ Ior calculating hetero]ygosity is at the mode oI the

mapping depth Zhere reads Irom both haplotypes map to the reIerence� This point is

approximately 160x read depth Ior H. californensis and 205x read depth Ior P. bachei�

The top panel oI the P. bachei analysis shoZs that there are many positions in the

genome that haYe reads mapped Irom only one haplotype� indicated by the peaN

around 102x read depth�
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Individual Acc. 1umber Species Method k-mer size
� S19

Het �min�

� S19

Het �max�

SAM100216730 SAM100216730 P. bachei mpileup 1A 2�63� 1A

angsd 1A 2�40� 1A

YcItools 1A 0 1A

*enomeScope2 21 4�20� 4�25�

*enomeScope2 41 3�03� 3�08�

+c1 SAM112924379 H. californensis
mpileup 1A 2�00� 1A

angsd 1A 1�65� 1A

YcItools 1A 1�51� 1A

*enomeScope2 21 2�95� 2�98�

*enomeScope2 41 2�36� 2�39�

+c2 SAM112924380 H. californensis
angsd 1A 1�85� 1A

YcItools 1A 1�56� 1A

*enomeScope2 21 3�25� 3�28�

*enomeScope2 41 2�55� 2�58�

Table A4 - (stimated heterozygosity of H. californensis and P. bachei. :e

measured the hetero]ygosity oI P. bachei SAM100216730 and H. californensis +c1

using the mpileup method �Saremi et al. 2019�� In this table� the mpileup method only

measures the single-nucleotide hetero]ygosity� In addition Ze measured the

hetero]ygosity using angsd� YcItools� and *enomeScope2 �DaneceN et al. 2011�

.orneliussen et al. 2014� Ranallo-BenaYide] et al. 2019�� The N-mer si]e used and

the ZindoZ oI hetero]ygosity Yalues Zere reported Ior the *enomeScope method�

9cItools reported ]ero hetero]ygous sites Ior the P. bachei indiYidual� Zhich Ze

attribute to a soItZare error giYen the results oI the mpileup and angsd analyses�
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Species *enome accession used S5A accessions used
T. wilhelma �Mills et al. 2018� SRR2163223

T. adhaerens *C)B000150275�1 SR;6204530 through
SR;6204554

N. nomurai *CAB003864495�1 SRR6298213
D. melanogaster *C)B000001215�4 SRR10512945

S. purpuratus *C)B000002235�5 SRR7211988
H. sapiens *RCh38 �=ooN et al. 2016�

Table A5 - *enome samples used in heterozygosity measurements. These genome

assemblies and SRAs Zere used as a comparison Ior genome hetero]ygosity

measurements compared to H. californensis�
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