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Abstract

Here, we present a karyotype, a chromosome-scale genome assembly, and a genome annotation from the ctenophore Hormiphora califor-
nensis (Ctenophora: Cydippida: Pleurobrachiidae). The assembly spans 110Mb in 44 scaffolds and 99.47% of the bases are contained in
13 scaffolds. Chromosome micrographs and Hi-C heatmaps support a karyotype of 13 diploid chromosomes. Hi-C data reveal three large
heterozygous inversions on chromosome 1, and one heterozygous inversion shares the same gene order found in the genome of the
ctenophore Pleurobrachia bachei. We find evidence that H. californensis and P. bachei share thirteen homologous chromosomes, and the
same karyotype of 1n ¼ 13. The manually curated PacBio Iso-Seq-based genome annotation reveals complex gene structures, including
nested genes and trans-spliced leader sequences. This chromosome-scale assembly is a useful resource for ctenophore biology and will
aid future studies of metazoan evolution and phylogenetics.
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Introduction

Ctenophore genome assemblies have been key to understanding

the early evolution of animals. The draft genomes of the cteno-

phores Mnemiopsis leidyi and Pleurobrachia bachei showed that many

important animal developmental and neuron-specific genes did not

evolve until the common ancestor of the bilateria (Ryan et al. 2013;

Moroz et al. 2014). Years after publication, these two ctenophore

genomes remain crucial for studying the evolution of gene families

and developmental pathways in the ancestor to all animals (Sebé-

Pedrós et al. 2018; Fernández and Gabaldón 2020; Tikhonenkov et al.

2020; Wang et al. 2020), and for studying the evolution of genome

regulation within animals (Gaiti et al. 2017; Bråte et al. 2018).

It remains controversial whether ctenophores or sponges are

sister to the rest of animals (Simion et al. 2017; Shen et al. 2017;

Whelan et al. 2017; Laumer et al. 2019). Therefore, it is unclear on

what ancestral evolutionary branch some metazoan characters

evolved, such as neurons and the mesoderm. One method that

could possibly resolve the phylogenetic position of ctenophores

and sponges is comparing whole-chromosomes (Sacerdot et al.

2018). However, the M. leidyi and P. bachei assemblies are not

chromosome-scale. Furthermore, karyotypes are not known for

M. leidyi, P. bachei, or any other ctenophore.

In contrast to the hundreds of published chromosome-scale

genome assemblies from vertebrates and other bilterians, there

are currently only three from nonbilaterian animals: the fresh-

water sponge Ephydatia (Kenny et al. 2020), the cnidarian

Rhopilema (Li et al. 2020; Nong et al. 2020), and the cnidarian

Nematostella (Zimmermann et al. 2020). The disparity in the num-

ber of bilaterian versus nonbilaterian chromosome-scale assem-

blies can be partly explained by the difficulties of isolating

nucleic acids from nonbilaterians (Dawson et al. 1998; Simister

et al. 2011). Also, nonbilaterians tend to have highly heterozygous

genomes (Leffler et al. 2012), which complicates standard

approaches to genome assembly (Kajitani et al. 2014). The assem-

blies from Ephydatia, Rhopilema, and Nematostella were possible

only due to recent advances in long-read sequencing and the ad-

vent of Hi-C data for whole-genome scaffolding (Burton et al.

2013; Rice and Green 2019).

Hormiphora californensis is a globular 2 cm ctenophore abun-

dant in the temperate Pacific Ocean with several attractive fea-

tures for experimental work (Matthews and Vosshall 2020). This

species is readily cultured in aquaria (Patry et al. 2019), has a life

cycle as short as 2 weeks, produces hundreds to thousands of

eggs per spawning event, and has easily observed embryonic de-

velopment (Freeman 1977). In addition, there are established

CRISPR-Cas9 genome-editing methods for other ctenophore spe-

cies that may be adaptable to Hormiphora (Presnell and Browne

2021). The genus Hormiphora is in the same family, the
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Pleurobrachiidae, as the ctenophore P. bachei. Given these useful

traits, and the availability of the P. bachei genome, we selected H.

californensis for chromosome-scale genome assembly.

Here, we report a karyotype, chromosome-scale genome as-

sembly, and a manually curated genome annotation of H. califor-

nensis individual Hc1. Using Hi-C data from Hc1 and Hc3, we

present evidence for three heterozygous inversions that span

73% of one Hormiphora chromosome. We find that there are sev-

eral inversion breakpoints in common between Hormiphora and

Pleurobrachia. We estimate the indel and SNP heterozygosity of H.

californensis. We use Iso-Seq based annotation to resolve hun-

dreds of complex nested intronic (NI) genes, and find that trans-

spliced leaders are common in ctenophore mRNAs. The H. califor-

nensis genome assembly, annotation, and sequencing data will be

a valuable resource for comparative genomics and evolutionary

studies.

Materials andmethods
Sample collection
We sampled two H. californensis individuals, Hc1 and Hc2, wild-

caught from the Monterey Bay (Table 1). We also sampled a third

individual, called Hc3, from the seventh generation of a lab-

reared culture at the Monterey Bay Aquarium. The aquarium cul-

ture’s provenance was a single broadcast spawning event from

ten individuals wild-caught in the Monterey Bay. Hc1 and Hc2

samples were collected with the ROV Ventana aboard the

Monterey Bay Aquarium Research Institute’s R/V Rachel Carson,

and from a Tucker trawl aboard MBARI’s R/V Western Flyer.

Samples were flash frozen in liquid nitrogen after allowing the

gut to clear. Samples were collected under the State of California

Department of Fish and Wildlife collecting permit SC-4029.

Additional details are included in Table 1 and Supplementary

Figure S1. An individual collected by Tucker trawl, Hc1, was se-

lected as the sole source for DNA and RNA sequencing for the ge-

nome assembly and annotation.

Karyotyping
We prepared H. californensis chromosomes from embryos to pro-

duce a karyotype. To collect embryos we placed Tucker trawl-

collected H. californensis individuals in 200mL of 12�C filtered sea-

water, adapted the animals to darkness for 4h, then induced

spawning with light (Patry et al. 2019). The embryos were concen-

trated into 10mL of seawater using a 40 mm mesh Fisherbrand

Sterile Cell Strainer, then were incubated at 12�C for 6 h to allow

development to approximately the 64-cell stage. The embryos

were fixed using a protocol for chromosome spread preparation

for Nematostella vectensis (Guo et al. 2018). The slides of chromo-

some preparations were stained using DAPI, mounted with

Fluoromount-G, then stored at 4�C until imaging. Micrographs of

chromosome spreads were collected with a 100x objective and

1.5x diopter on a Leica DM5500 B microscope with a DAPI excita-

tion light and filter at the UC Santa Cruz Life Sciences Microscopy

Center.

Data preparation
In total, we constructed 13 Illumina and PacBio DNA and RNA se-

quencing libraries. Eleven of these libraries were from the individ-

ual used for genome assembly and annotation, Hc1. The

remaining two libraries were one Illumina WGS of individual

Hc2, and a Hi-C library of individual Hc3. The preparation proto-

cols used for the Chicago (Putnam et al. 2016) and Hi-C (Adams et

al. 2020) libraries were from published methods. Briefly, from Hc1

we collected 247x coverage of PacBio WGS CLR reads, 573x cover-

age of Illumina WGS reads, 1956x coverage of Chicago and Hi-C

reads, 28 Gbp of Illumina RNA-seq reads, and 2.5 million Iso-Seq

transcripts. The mean read length for both the PacBio Sequel I

CLR and the PacBio Sequel II Iso-Seq data was 2.7 kb

(Supplementary Figure S2). The Iso-Seq read length distribution

roughly matched the size distribution of the input RNA

(Supplementary Figure S3). Sequencing was performed at the

University of California Davis (UCD) DNA Technologies Core,

Fulgent Genetics, MedGenome Inc., or at the University of Utah.

The raw data are available on NCBI under BioProject

PRJNA576068. Details for each library are available in Table 2.

Reads were trimmed and prepared for genome assembly and ge-

nome annotation. For details, see the Supplementary section

Sequencing data preparation.

De novo transcriptome assembly
The trimmed Hc1 Illumina RNA-seq data were assembled using

Trinity v2.5.1 (Grabherr et al. 2011) with the parameter

–SS_lib_type RF. Transcripts that contained adapters or vector

contamination in the NCBI contamination database were re-

moved. The assembly is available on the NCBI Transcriptome

Shotgun Assembly archive, accession GHXS00000000.

Mitochondrial genome and phylogeny
We assembled the mitochondrial genomes of H. californensis indi-

viduals Hc1 and Hc2 using PacBio and Illumina reads, using canu

v2.1.1 (Koren et al. 2017) and pilon v1.22 (Walker et al. 2014). To

determine the phylogenetic position of H. californensis individuals

Hc1 and Hc2 we constructed an 18S tree, a COX1 nucleotide tree,

and a multi-locus mitochondrial protein tree. See the

Table 1 Hormiphora californensis sample collection details

Biosample acces-

sion

Name Depth Collec. temp. Collection

method

Collec. date Latitude, longi-

tude DMS

mtDNA accession

SAMN12924379 Hc1 0-520m 6�C–13�C Tucker Trawl 2016-12-13 36� 41’ 42’’ N,
122� 5’ 22’’ W

MN544300

SAMN12924380 Hc2 230m 8.9�C ROV Ventana 2013-11-11 36� 41’ 48’’ N,
122� 2’ 36’’ W

MN544301

SAMN16124402 Hc3 0m 12�C F7 from
Monterey

Bay
Aquarium

2020-06-05 36� 41’ 48’’ N,
122� 2’ 36’’ W

NA
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Supplementary materials sections Mitochondrial Genome Assembly

and Annotation, and Phylogeny construction.

Genome assembly
Genome size estimation

K-mers were counted from trimmed Illumina WGS H. californensis

reads and from publicly available P. bachei WGS libraries

(SRR116669 and SRR116670) (Moroz et al. 2014) using jellyfish

v2.2.10 (Marçais and Kingsford 2011) with options -C -s

1000000000 -k 21. Genome sizes of both species were estimated

using the k-mer count histograms on the GenomeScope2 server

(Ranallo-Benavidez et al. 2020).

Genome assembly

The genome was assembled using wtdbg2 v2.4 (Ruan and Li

2019). The assembly was then polished with arrow v2.2 (github.-

com/PacificBiosciences/gcpp), then with pilon v1.22 (Walker et al.

2014). Haplotigs were removed with Purge Haplotigs v1.0.4

(Roach et al. 2018). Dovetail Genomics HiRise vAug2019 was used

to scaffold the haplotig-purged assembly with the trimmed

Chicago and Hi-C reads. Scaffolds with a mean coverage of less

than 100, or having greater than 50% GC, were removed from the

assembly using BlobTools v1.1.1 (Laetsch and Blaxter 2017).

Assembly gaps were closed with LRGapcloser (Xu et al. 2019). The

assembly was polished with pilon. See the Genome Assembly sec-

tion of the Supplementary methods for additional details.

Genome quality assessment

We calculated the final assembly statistics such as the number

of scaffolds, contigs, and the N50, using the program fasta_stats

included with the Meraculous assembler (Chapman et al. 2011).

We also assessed the completeness of the assembly by calculat-

ing the percent of PacBio Sequel subreads and full-length nonchi-

meric (FLNC) transcripts that mapped to the assembly. We also

used a custom python script to calculate the percent of bases of

each read type that mapped to the assembly. We performed a

self-to-self genome alignment using LASTZ v1.04.03 (Harris 2007)

to check for erroneously duplicated regions. To check for uncol-

lapsed haplotypes or regions with many indels we used samtools

Table 2 A summary of the H. californensis SRAs sequenced for this study

Individual SRR Data type Total GB Number of reads (or pairs)—Millions Physical coverage

Hc1 SRR10237148,
SRR10237149,
SRR10237137

PacBio WGS CLR 27.4 9.7 247.7

SRR10237134 10X Chromium 22.3 74.3 201.4

SRR10237129,
SRR10237130,
SRR10237131,
SRR10237132,
SRR10237133

Illumina WGS—
NEBNext UII

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

HiC—DpnII—rep 1 50.0 166.5 451.3

SRR10237144,
SRR13784182

HiC—DpnII—rep 2 68.1 226.8 614.8

SRR10237139,
SRR13784181

HiC—MluCI—rep 1 38.1 127.1 344.5

SRR10237138,
SRR13784180

HiC—MluCI—rep 2 28.8 95.9 260.0

SRR10237136 TruSeq RNA Library
Prep Kit v2
(stranded)

28.8 96.0 NA

SRR10403849,
SRR10403581

Iso-Seq Express 6.0 2.5 NA

Hc2 SRR10237135 Illumina TruSeq
Nano DNA

12.8 64.0 115.7

Hc3 SRR12632403,
SRR13784179

HiC—DpnII 70.2 233.9 633.8

Each row is a single library. For individual Hc1, the total physical coverage of DNA WGS reads is 573.5x, and the coverage for Hi-C and Chicago data is 1956.4x. More
detailed information can be found in Supplementary data S1.
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mpileup v1.7 (Li et al. 2009) and chep commit 60c4312 (github.-

com/conchoecia/chep).

Characterizing chromosomal inversions

We generated a Hi-C heatmap to check for genome misassem-

blies. For details, see the Hi-C heatmap generation Supplementary

section. We noticed three strong off-diagonal bowtie-shaped Hi-C

hotspots on Chromosome 1. If this type of signal arises from a

misassembly, then the misassembly can be corrected by invert-

ing the bowtie-shaped region of the Hi-C matrix. Heterozygous

inversions are not correctable by the same process (Corbett-Detig

et al. 2019; Chida et al. 2020). We used PretextView to combinatori-

ally invert sections of the Hi-C matrix to attempt to remove the

off-diagonal signal.

Genome variant calling and phasing

To find diploid variants in the genome, we mapped PacBio CLR

and Illumina WGS reads to the genome with minimap2 v2.17 (Li

2017) and BWA-MEM v0.7.17 (Li 2013), called variants using free-

bayes v1.3.2-38 (Garrison and Marth 2012) and gnu parallel

v20161222 (Tange 2011), then filtered the VCF to only include dip-

loid calls. We then phased the variants using Picard v2.25.1

(“Picard Toolkit” 2016) and HapCUT2 v1.3.1 (Edge et al. 2017). See

the section Genome Variant Calling and Phasing in the

Supplementary methods for parameters.

Genome annotation
Manual genome annotation

We annotated the genome by manually curating transcript mod-

els generated from several datasets. The transcript sets were gen-

erated with PacBio Iso-Seq and Illumina RNA-seq reads as input

for BRAKER v2.14 (Hoff et al. 2019), AUGUSTUS v3.3.3 (Stanke et al.

2004), and GeneMark-ES/ET v4.65 (Hoff et al. 2016). The PacBio

Iso-Seq data were used as input for PacBio Cupcake tools v8.0

(github.com/Magdoll/cDNA_Cupcake), StringTie v2.0.4 (Pertea

et al. 2015), and Pinfish commit b6f3c06 (github.com/nanopore-

tech/pinfish). See the Genome Annotation and Transcript phasing sec-

tions of the Supplementary materials for details on how each

program was run.

Genome annotation consisted of three rounds. In annotation

round 1, we reviewed the genome in IGV or JBrowse and manu-

ally verified the StringTie transcripts that were generated with

the PacBio Iso-Seq data. Specifically, we identified if the StringTie

transcripts were fused, correct, or fragmented by comparing

them to the FLNC PacBio Iso-Seq reads. If the mapping pattern of

PacBio Iso-seq reads suggested that a StringTie transcript was a

fusion between two or more adjacent transcripts, then we

replaced the fused StringTie transcript with Pinfish, AUGUSTUS,

or GeneMark-ES/ET transcripts. The replacement transcripts

were selected if they matched the gene structure of the PacBio

Iso-Seq reads that mapped to the same locus. If a StringTie tran-

script was only a partial gene, also evidenced by the PacBio Iso-

Seq reads, then the partial StringTie transcript was replaced with

a correct Pinfish, AUGUSTUS, or GeneMark-ES/ET transcript.

StringTie transcripts that did not match a transcript observed in

the PacBio Iso-Seq data were removed. If Iso-Seq reads were

mapped to a locus, but the locus had no representative StringTie

transcript, then a matching Pinfish, AUGUSTUS, or GeneMark-

ES/ET transcript was added to the annotation. StringTie tran-

scripts that were grouped together by StringTie, but actually rep-

resented multiple genes with mutually exclusive exons, were

split into multiple genes. At this stage the annotation contained

genes and transcripts representing the complement of PacBio

Iso-Seq data derived from the adult Hc1.

In annotation round 2, AUGUSTUS gene models generated

from hints that included Illumina RNA-seq reads were added to

the annotation if they did not overlap with the transcripts from

round 1.

In annotation round 3, we sought to find life-stage-specific

and tissue-specific transcripts in the H. californensis genome that

may not have been present in the RNA sample from the adult

Hc1. Gene models were generated by mapping P. bachei tran-

scripts to the H. californensis genome. The resulting gene models

were removed if they did not contain an ORF in the H. californensis

genome, or if they overlapped with H. californensis annotation

round 1 or round 2 genes. Gene models were only included in the

annotation if their ORF’s protein product had a blastp v2.10.0þ

(Altschul et al. 1997) hit to publicly available ctenophore tran-

scriptomes with an e-value of less than 1e-10.

For each transcript in the annotation, we generated

haplotype-resolved protein sequences. See the Genome Annotation

and Transcript phasing sections of the Supplementary materials for

more details.

Annotation completeness assessment

We used gVolante and BUSCO Eukaryota v3 to calculate the

BUSCO score of the protein models from our annotation, the de

novo transcriptome, and the genome assembly (Sim~ao et al. 2015;

Nishimura et al. 2017).

TAD calling and boundary analysis

We called topologically associating domains (TADs) using the

HOMER Hi-C analysis pipeline (Heinz et al. 2018). The TADs were

called with 1/4 kb bin resolutions and 10/40 kb windows. We

masked regions around Hi-C heatmap irregularities such as off-

diagonal signal that appeared to be due to inversions. This signal

confounds the discovery of TADs in well-assembled genome

regions. We calculated TAD separation scores with HiCExplorer

v3.6 (Ramı́rez et al. 2018) using Cooler v0.8.10 (Abdennur and

Mirny 2020).

We applied HOMER’s de novo motif discovery pipeline to 1.5 kb

regions on either side of each TAD boundary (Heinz et al. 2018).

For motif discovery, we selected background regions that exhib-

ited minimal local change in TAD separation score, as these

regions least resemble TAD boundaries.

We noticed that TADs tended to occur near gene boundaries.

To test the significance of this observation we performed a per-

mutation test. We first measured the median distance between

TAD boundaries and the nearest gene. The background distribu-

tion was calculated by 1000 permutations of randomly placing

TADs across the genome using the same size distribution as our

observed TADs, then measuring the distance to the nearest gene.

Identification of nested intronic genes

Nested intronic genes were identified using chep gff_to_intron_-

bed.py (github.com/conchoecia/chep, commit 60c4312), allowing

for a 15% overlap with the host exons at both the 50 and 30 ends of

the nested transcript. We excluded the longest 0.5% of introns

from the analysis to avoid counting the introns from trans-

spliced splice leaders.

Repeats and centromeres

We used Tandem Repeats Finder v March 13, 2006 (Benson 1999)

and EDTA v1.8.3 (Ou et al. 2019) to identify repeats and transpos-

able elements.
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Comparative analyses
Whole-genome heterozygosity estimation

The single nucleotide heterozygosity of Hc1 was estimated by

only using sites that had exactly 178x Illumina WGS read map-

ping depth. This depth, 178x, was the mode of the mapping depth

for the whole genome, and thus represents sites at which reads

from both haplotypes mapped. We implemented this method,

first described in Saremi et al. (2019), in a purpose-built software

package called chep (github.com/conchoecia/chep). We also

measured the heterozygosity of the Hc1 exonic, intronic, and

intergenic regions on individual chromosomes using chep.

We measured the heterozygosity of Hc1, Hc2, and P. bachei in-

dividual SAMN00216730 by counting 21-mers with jellyfish

v2.2.10 (Marçais and Kingsford 2011) then using the resulting

spectrum in GenomeScope 2 (Ranallo-Benavidez et al. 2020), by

using vcftools’ –het option (v0.1.17), and by using angsd realSFS

(v0.921) (Danecek et al. 2011; Korneliussen et al. 2014). We were

not able to measure the heterozygosity of M. leidyi because the se-

quencing libraries were derived from multiple individuals.

Analysis of the HiC-scaffolded Pleurobrachia genome

The P. bachei genome assembly was recently scaffolded using Hi-

C data (Hoencamp et al. 2021). The new, scaffolded assembly did

not include a genome annotation. We identified the protein posi-

tions in the P. bachei genome assembly using tblastn and the pre-

viously published P. bachei protein sequences (Moroz et al. 2014).

We also looked for orthologous scaffolds between the H. califor-

nensis and P. bachei genomes by plotting the protein coordinates of

reciprocal best blastp hits between the proteins of the two

genomes. For comparative analysis, we generated a P. bachei Hi-C

heatmap by mapping the P. bachei Hi-C reads, SRR13364273

(Hoencamp et al. 2021), to the new assembly using the same pro-

tocol as for H. californensis. See the Hi-C heatmap generation

Supplementary section for details.

Microsynteny between ctenophores

The H. californensis proteins were queried against the M. leidyi and

P. bachei proteins using diamond blastp v0.9.24 (Buchfink et al.

2015). The gene positions and the diamond blastp table were

then used to identify collinear blocks of genes using the purpose-

built Python script microsynteny.py (github.com/wrf/

genomeGTFtools). We required a minimum of 3 consecutive

genes, allowed for up to 5 intervening genes, and allowed a maxi-

mum distance of 30 kb to the next gene.

Results and discussion
Genome sequencing and assembly
To determine the ploidy of H. californensis and to estimate its ge-

nome size, we computed k-mer spectra from H. californensis and P.

bachei WGS libraries. Libraries from both species had two major

k-mer peaks. The lower-coverage peak was larger than the

higher-coverage peak in both species. This pattern is consistent

with the k-mer spectra of other highly heterozygous diploid

organisms (Ranallo-Benavidez et al. 2020). From the k-mer spec-

trum, the predicted 1C genome size of H. californensis was 96–

98Mb (Supplementary Figure S4), which is close to the predicted

P. bachei genome size, 97.5Mb (Supplementary Figure S5).

We aimed to generate a chromosome-scale reference genome

for H. californensis in which each chromosome is represented by a

composite sequence obtained by combining both haplotypes.

This genome sequence was assembled from PacBio long reads,

polished with Illumina short paired-end reads, and scaffolded

with in vitro and in vivo chromatin conformation capture reads

from a single individual, Hc1 (Methods). The H. californensis ge-

nome assembly totaled 110.6Mb in 44 scaffolds and 351 contigs.

Half of the sequence is present in scaffolds longer than 8.5Mb

(N50), with 2.76 gaps per Mb within scaffolds. The 13 longest scaf-

folds comprise 99.47% of the assembly, ranging in size from 10.3

to 6.4Mb. These 13 long scaffolds match the microscopy-based

karyotype of n¼ 13, detailed below. The remaining 31 scaffolds

were each shorter than 50kb and represent short unplaced

sequences. We found no detectable contamination from marine

bacteria or gut contents based on the blobtools results

(Supplementary Figure S6). The genome dotplot made with D-

Genies (Cabanettes and Klopp 2018) did not reveal erroneously

duplicated assembly regions (Supplementary Figure S7). 95.32%

of the PacBio Sequel subreads (Supplementary Table S1), and

99.02% of PacBio Sequel II Iso-Seq FLNC transcripts mapped to

the 13 largest scaffolds.

We note that our 110Mb H. californensis assembly is substan-

tially shorter than the published P. bachei assembly (156Mb) de-

spite similar size estimates based on k-mer spectra. Our analysis

of the P. bachei assembly, included in the Supplemental text, sug-

gests that over half of the reported P. bachei scaffolds are

unmerged haplotypes.

Variant calling and phasing
We called variants using freebayes after mapping Hc1 PacBio CLR

and Illumina WGS reads to the H. californensis reference genome.

After filtering we identified 2.24 million heterozygous single nu-

cleotide or indel variants. These variants were phased using

PacBio CLR, Chicago, and Hi-C reads, resulting in phased blocks

of variants that spanned more than 99% of the length of each

chromosome-length scaffold. Of the 2.24 million diploid variants,

1.75 million (77.9%) were in the chromosome-scale phased vari-

ant blocks. The high density of phased variants, one for every

63bp of genome assembly, suggests that the H. californensis data

may be a useful benchmarking candidate for phased, or diploid,

genome assemblers.

Mitochondrial genome and phylogeny
We assembled and annotated the mitochondrial genomes of Hc1

and Hc2, two individuals from the same Monterey Bay popula-

tion, and collected 3 years apart. The mitochondrial genomes

(mtDNA) from Hc1 and Hc2 were 99.6% identical. The H. califor-

nensis mtDNA is 71.5% identical to the mtDNA of the closely re-

lated P. bachei, and 80% identical to P. bachei when only

considering coding regions. The H. californensis mitochondrial ge-

nome has a 1.8 kb insertion relative to P. bachei, between COX2

and 16S (Supplementary Figure S8). The percent identity between

the H. californensis and P. bachei mtDNA confirms they are distinct

species, despite their similar morphology. Phylogenetic analysis

of P. bachei and H. californensis mtDNA is also consistent with

these being distinct but closely related species (Supplementary

Figure S9).

Despite the distinct mtDNA of H. californensis and P. bachei, phy-

logenetic trees based on 18S rRNA and COX1 show that H. califor-

nensis falls within the Pleurobrachia clade. Furthermore, other

Hormiphora species are sister to Pleurobrachia. These results sug-

gest that the genus Hormiphora as currently defined may be poly-

phyletic. Future taxonomy work should consider reassigning H.

californensis to the genus Pleurobrachia.

D. T. Schultz et al. | 5
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Karyotype
The karyotype has not been previously described for any cteno-

phore species. We used microscopy of DAPI-stained chromosome

spreads to determine that the H. californensis genome is composed

of n¼ 13 chromosome pairs (Figure 1B, Supplementary Figure

S10). Four of the images correspond to a 2n of 26, and the remain-

ing images have counts within 3 chromosomes of 26. This count,

13 pairs, is consistent with the 13 multi-megabase scaffolds in

the de novo genome assembly presented here.

Genome annotation
We manually annotated the genome using gene models gener-

ated with Hc1 Iso-Seq reads, Illumina RNA-seq data, and P. bachei

transcripts. The long Iso-Seq reads capture, in many cases, com-

plete cDNA sequences and represent transcripts from a single

haplotype. These features allowed us to produce haplotype-

specific transcripts and proteins.

Our approach to annotating the H. californensis genome identi-

fied 14,265 protein-coding genes, of which 13,235 are supported

by Iso-Seq reads (Supplementary Table S2). The BUSCO complete

plus fragmented score was 96% (303 Eukaryotic genes—

Supplementary Table S3). We found that 96% of the Pleurobrachia

proteins with orthologs in other ctenophores also have an ortho-

log in the H. californensis annotation. We note that due to the hap-

lotype redundancy of the P. bachei assembly, many annotated P.

bachei genes are reported in allelic copies, which therefore overes-

timates the gene count of this species (Supplementary materials).

In addition, the H. californensis genome contains 619 protein-

coding genes that have orthologs in other ctenophore transcrip-

tomes, but do not appear in either the M. leidyi or P. bachei

genomes (Supplementary Table S2). Of those 619 genes, 122 had

blastp hits to nr, and included genes with a wide variety of func-

tions such as DNA-binding proteins, calmodulins, histones, pro-

teases, and more. Among these 122 genes we did not find any

evidence for the presence of the neural and mesoderm-

component genes reported to be missing from ctenophores (Ryan

et al. 2013).

We found 1729 cases where two or more neighboring P. bachei

gene models, and 1200 cases where M. leidyi gene models, appear

to be fragments of a larger gene based on orthology with H. califor-

nensis. For example, the pecanex gene (2096 amino acids in H. cali-

fornensis) appears to be split into four proteins in the M. leidyi

annotation (Supplementary Figure S11).

97.7% of the eukaryotic BUSCOs were complete or partial in

the translated Iso-Seq FLNC data, and 99.0% were complete or

partial in the Illumina RNA-seq de novo transcriptome. Because

these values are higher than the 96% complete or partial BUSCOs

from the genome annotation, it is possible that the genome anno-

tation does not capture the full complement of H. californensis

genes. Future annotation iterations will benefit from Iso-Seq se-

quencing of different tissues and developmental stages.
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Figure 1 Karyotype and genome assembly quality. (A) H. californensis with its tentacles extended during feeding. (B) One karyotype image (rearranged
and color-inverted) of a H. californensis chromosome preparation that contained 13 chromosome pairs. (C) The H. californensis Hi-C map, showing
thirteen chromosome-scale scaffolds. (D) Genome contiguity normalized by genome size [auN/Assembly Size, per (Li 2020)] from all available
nonbilaterian holozoan genomes and select fungal and bilaterian genomes, with tree topology based on (Whelan et al. 2017). Bolded species names are
nonbilaterians with chromosome-scale genome assemblies. BIL, bilaterians; CHO, choanoflagellates; CNI, cnidarians; CTE, ctenophores; FIL, Filasteria;
FUN, Fungi; ICH, Ichthyosporea; PLA, placozoans; POR, Porifera.
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Tandem Repeats Finder (Benson 1999) identified 14Mb (13%)

of the genome as repeats, none of which were identifiable as cen-

tromeric. Thus, we are unable to annotate or further describe

centromeres in these genomes.

Topologically associating domains and 3D
genome structure
Genome analyses using Hi-C data have shown that in many spe-

cies, chromatin is organized in segments of close proximity that

are known as TADs (Lieberman-Aiden et al. 2009).

We used proximity ligation data to identify and characterize

TADs in H. californensis and found evidence that the H. californensis

genome contains small TADs with a median length of 60 kb. The

H. californensis TADs are significantly smaller than human TADs

(median length 1.15Mb) (McArthur and Capra 2021). Despite the

fact that the Ephydatia and Drosophila genomes are comparable in

size to the H. californensis genome, the mean H. californensis TAD

length is half the length of the TADs in those two species (Hou

et al. 2012; Kenny et al. 2020). We found that TAD boundaries tend

to occur in the noncoding DNA bordering genes (P¼ 0.001, permu-

tation). The mean distance from a TAD boundary to a gene is

7.8 kb.

We used HOMER to search, de novo, for DNA motifs in the

sequences flanking the outside of TADs. In these sequences

flanking TADs we found enriched motifs, most of which resem-

bled the RNA polymerase II-binding motifs of known transcrip-

tion factors. The six most-enriched motifs were homeodomain

and MYB-related transcription factor binding sites, which are

conserved in eukaryotes. Homeodomain and MYB-related tran-

scription factor genes, as well as RNA polymerase II, were present

in the H. californensis genome annotation.

Analysis of the HiC-scaffolded Pleurobrachia
genome
We assessed the quality of the P. bachei genome assembly that

was recently scaffolded using Hi-C data (Hoencamp et al. 2021).

This assembly was generated by linking together contigs and

scaffolds from the original P. bachei assembly (Moroz et al. 2014).

The authors reported that they found 13 or more putative chro-

mosomal scaffolds, but did not provide further description or

analysis of the assembly.

The scaffolded P. bachei genome contains 157.1 Mbp in 20,121

scaffolds and 39,072 contigs. The 13 largest scaffolds contain

81.5Mb of sequence, and appear to be chromosome-scale in the

Hi-C map. Those scaffolds contain 69.4Mb of contigs, and 12.2Mb

of stretches of Ns. Given that the predicted 1C size of the P. bachei

genome is 96.6 Mbp (see results above), the assembly size of the

contigs in the 13 largest scaffolds relative to the predicted size is

72%. The 81.5 Mbp in the 13 largest scaffolds is 51.9% of the total

assembly size (Supplementary Figure S12).

To further investigate the completeness and correctness of the

13 chromosome-scale P. bachei scaffolds, we performed synteny

comparisons with the H. californensis genome assembly. The Moroz

et al. (2014) and Hoencamp et al. (2021) P. bachei genomes do not in-

clude genome annotations, although Moroz et al. (2014) included

19,002 P. bachei protein models from the genome sequence. Using

those 19,002 proteins we identified 9714 genes on the 13 largest P.

bachei scaffolds. This is 68.2% of the total number of genes found

on the 13 largest Hormiphora scaffolds. We performed a reciprocal-

best blastp search between the P. bachei and H. californensis proteins

and plotted their coordinates in 2-dimensions to visualize regions

of macrosynteny, also called an Oxford dot plot. This plot revealed

that each of the 13 largest P. bachei and H. californensis scaffolds pre-

dominantly had reciprocal best blastp hits on only one scaffold of

the other species (Supplementary Figure S13). We did not find evi-

dence for chromosomal fusions or fissions between the karyotype

of the two animals.

In summary, we find that the scaffolded P. bachei assembly

contains 13 scaffolds that correspond to the 13 chromosomes of

H. californensis. However, as a large fraction of the P. bachei ge-

nome is not represented in these 13 scaffolds as measured by

overall assembled genome sequence or gene content, the P. bachei

genome would likely be greatly improved using a contemporary

long-read contig assembly approach, followed by chromosome-

scale scaffolding.

Heterozygous inversion

in H. californensis

P. bachei scaffold AVPN01000013.1 (kb)
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Figure 2 Heterozygous inversions on H. californensis chromosome 1. (A)
Three heterozygous overlapping inversions are present on chromosome 1
in the Hc1 genome. Black/blue bars show the spans of each heterozygous
inversion. (B) The alternative haplotype of Hc1 inversion 2, indicated by the
close proximity of the blue diamond and red line, has the same gene order
as the P. bachei genome. The x-axis is genome coordinates of P. bachei
scaffold AVPN01000013.1. Orange H. californensis and P. bachei genes to the
left of the vertical red dotted line are orthologous and have microsynteny.
Blue genes to the right of the vertical red dotted line are orthologous and
have microsynteny. (C) Hi-Cmap of H. californensis individual Hc3 shows
concordance with Hc1 chromosome 1, but no off-diagonal Hi-C evidence
for heterozygous inversions.
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Heterozygous chromosome inversions and
microsynteny
Chromosome 1 of H. californensis individual Hc1 contains three

large heterozygous chromosomal inversions (Figure 2A,

Supplementary Figure S14). Each inversion is approximately 2

Mbp, or 20% of chromosome 1. Together, these putative inver-

sions span 73% of the length of chromosome 1. These are un-

likely to be assembly errors, since inverting the Hi-C heatmap

around the errors does not remove the off-diagonal signal

(Supplementary Figure S14). All six breaks of between-

haplotype synteny appear to occur between genes, and outside

of TAD boundaries. The Hi-C matrix from individual Hc3 does

not have off-diagonal hotspots (Figure 2C), suggesting that both

haplotypes of Hc3 chromosome 1 match the genome assembly

sequence. Large heterozygous inversions can prevent recombi-

nation over large chromosomal regions (Kirkpatrick 2010;

McBroome et al. 2020), therefore these two haplotypes of H. cali-

fornensis chromosome 1 may be segregating independently.

Large heterozygous inversions between the haplotypes in one

individual are not prevalent in vertebrate species, but have

been observed before in the genomes of other invertebrates,

such as in the mosquito Anopheles gambiae (Corbett-Detig et al.

2019).

We examined whether the inversion breakpoints in H. califor-

nensis chromosome 1 also occurred in the genome of the closely

related P. bachei. Three of these breakpoints, including an exact

match to Hc1 heterozygous inversion 2, were found to occur in

the P. bachei genome. Hc1 inversion 2, in which H. californensis

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

(sequentially numbered) on the alternate haplotype, reflects the

gene order in the P. bachei genome on scaffold AVPN01000013.1

(Figure 2B). The H. californensis inversion breakpoint at position

5.20Mb is also a point of synteny mismatch in P. bachei, in which

the gene on one side of the P. bachei synteny break matches a syn-

teny breakpoint in H. californensis (H. californensis gene c1.g741).

However, the gene on the opposite side of the synteny break (H.

californensis gene c1.g424) does not match any of the gene inter-

vals from inversions 1, 2, or 3 from H. californensis. These results

suggest that chromosomal inversions may not only exist between

different ctenophore species, but also may be prevalent within a

single population of one species.

Gene colinearity analyses suggest that H. californensis and M.

leidyi only share limited gene microsynteny. The largest identifi-

able blocks of gene colinearity only contained four genes in com-

mon. Given the extensive gene rearrangements seen between the

closely related species H. californensis and P. bachei, it is not sur-

prising to find the lack of gene colinearity between the distantly

related H. californensis and M. leidyi.

The largest colinear block was over 5.8 Mbp of H.californensis-

P.bachei chromosome 5, encompassing 964 genes in H. californensis.
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Figure 3 The Hormiphora genome is highly heterozygous and contains many indels in noncoding regions. (A) The histogram of the number of bases in a
genome assembly (y-axis) with a specific mapping depth (x-axis) using Illumina WGS reads. The mode of the mapping depth of the Illumina WGS reads
was 178x, so bases with close to 178x mapping coverage have reads from both haplotypes. Therefore, bases with a mapping coverage around 89x have
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However, most other chromosomes were significantly rearranged

between the two species.

Comparative analyses
Heterozygosity

We measured the heterozygosity of the intronic, exonic, and

intergenic regions of H. californensis and six other metazoan spe-

cies (Figure 3, Supplementary Figure S15 and Tables S4 and S5)

using a method that avoids mis-estimation due to genome as-

sembly errors or inaccurate heterozygous site calls in a VCF file

(Saremi et al. 2019). H. californensis had a high combined single nu-

cleotide and indel heterozygosity rate—approximately 3.2% over-

all, and a per-chromosome rate of between 2.4% and 4.7%. The

overall single-nucleotide heterozygosity was 2%. These analyses

also revealed that both H. californensis and the sponge Tethya wil-

helma (Mills et al. 2018) had high SNP heterozygosity in exons, but

depressed SNP heterozygosity in both intergenic and intronic

regions (Figure 3, D and E). This pattern is contrary to other spe-

cies, where heterozygosity of the introns and intergenic regions is

higher than in the exons. This pattern in our data is likely due to

short Illumina reads from one allele not mapping to regions with

high combined SNP and indel heterozygosity (Figure 3A), there-

fore placing an artificial ceiling on the measurable heterozygos-

ity. Using long, accurate reads such as PacBio HiFi data, or

measuring heterozygosity with a diploid genome assembly,

should overcome these shortcomings.

Ubiquity of trans-spliced leader sequences

A 2010 study of ctenophore and cnidarian ESTs showed that

these phyla have extensive 50-capping trans-splicing (Derelle

et al. 2010). However, this study lacked genomes to examine the

origins of the leader sequence (Derelle et al. 2010). One prevalent

feature of H. californensis genome organization was gene clusters

sharing a 50 exon, but otherwise having different exons, and

seemingly nonoverlapping transcripts. The shared first exons

were between 35-48bp long, and were all >90% identical to

50GAGTTTCAAACTTTTCAACACTACTTTAAACAAATTAATTTGA

G 30. We identified 718 of these leader sequences in the H. califor-

nensis genome. The leader sequence was found on 56% of our

Iso-Seq reads. This appears to be the result of trans-splicing of a

leader sequence (Boroni et al. 2018). The Iso-Seq reads lacking

the leader sequence may be sheared at the 50 end, as is common

in full-length cDNA library preparation. Thus, 56% represents a

lower bound for the true percentage of H. californensis mRNAs

with trans-spliced leaders. The shared exons we identified in

the genome may be a result of the leader sequences on the Iso-

Seq reads being artifactually mapped to the nearest spliced-

leader locus 50 of the transcript in the genome assembly.

In M. leidyi, although it was not reported previously, we found

several examples of gene clusters with shared first exons using a

de novo M. leidyi transcriptome (SRX993241) mapped to the M. lei-

dyi genome. The leader motif from Derelle et al. (2010) was also

identified in the M. leidyi genome 491 times. Both the M. leidyi and

H. californensis leader sequences end in a TGAG motif, part of a

mostly conserved 50AATTTGAG 30 motif. Over half of the anno-

tated transcripts in H. californensis begin with AG.

Nested intronic genes in the Metazoa

Using 1058 eukaryotic genomes, including all genomes available

on NCBI RefSeq, we quantified the percent of exonic basepairs

that are from NI genes—genes whose transcripts are within the

boundaries of a single intron of another gene (Figure 4). In the H.

californensis genome, we found 1654 genes hosting one or more NI

genes. There were 2357 NI genes inside the 1654 host genes

(Supplementary data). We estimated that H. californensis has

12.24% of exonic bases in NI genes, similar to the rate found in

primate and some arthropod genomes. From the 2357 NI genes

we identified 484 doubly-nested genes, which are NI genes within

another NI gene. We found that 1109 NI genes are flanked by

transposable elements (TEs) on at least one side of the gene, and

176 NI genes are flanked on both sides by TEs. Many NI genes are

also parallel with the host gene, necessitating a complex tran-

scription or splicing system to separately process the two genes.

Parallel NI genes have been observed before in other taxa, such

as human (Yu et al. 2005) and fly (Henikoff et al. 1986).
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We observed that NI genes are largely absent from the

genomes of protists, fungi, and other nonmetazoan opisthokonts

such as the choanoflagellates (Figure 4C). This observation could

be due to genome annotation errors in those clades, or NI genes

may have undergone genomic expansions in the metazoan last

common ancestor (LCA), and in the plant LCA. We also found

that smaller animal genomes tend to have a higher percent of ex-

onic bases in NI genes (Figure 4C). Given that NI genes introduce

additional ways to control transcription, such as antisense tran-

scription competition (Yu et al. 2005), the punctuated appearance

of these genes in the metazoa is possibly one of the complex tran-

scriptional control mechanisms that evolved in the ancestor to

all animals. High-quality genome assemblies and annotations of

outgroup species to the metazoa will be necessary to determine

the extent to which nested genes are a feature of metazoan

genomes.

Data availability

All sequencing reads, transcriptomes, and the genome assembly

are available for download via NCBI BioProject PRJNA576068. Hc1

and Hc2 mitochondrial sequences are available through NCBI

accessions MN544300 and MN544301. Additional data are avail-

able through G3 figshare: https://doi.org/10.25387/g3.15170382.

Custom programs used in this publication, and annotation guide-

lines, are available at github.com/conchoecia/hormiphora and

Zenodo DOI: 10.5281/zenodo.4074309. No tissue from these sam-

ples is available, as it was consumed during library preparation.
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Materials and Methods

Figure S1

Figure S1. Hormiphora californensis and B. forskalii sample collection map. H. californensis
individuals Hc1 and Hc2 were collected within two kilometers of one another three years apart.
See collection conditions and parameters in Table S1.

Sequencing data preparation
H. californensis HMW DNA was isolated from individual Hc1 by lysing tissue in CTAB

buffer (Dawson et al. 1998), then purifying the DNA with a chloroform, phenol:chloroform,
chloroform, ethanol precipitation protocol (Sambrook and Russell 2006). Two PacBio SMRT
CLR sequencing libraries were constructed and sequenced on three SMRT cells on a PacBio
Sequel or Sequel II machine at UCD, yielding 27.4 Gbp of CLR subreads (Figure S2). A Hc1
HMW DNA extract was also used to create three Dovetail Chicago libraries at University of
California Santa Cruz (UCSC) (Putnam et al. 2016), using either the DpnII or MluCI enzyme.
The Chicago libraries were sequenced to a depth of 105 million read pairs. One Hc1 HMW DNA
extract was used to construct a 10X chromium library at UCSC, and was sequenced to a depth of
74 million read pairs (Weisenfeld et al. 2017). Eight Hi-C libraries for individual Hc1 were
constructed using less than 50mg of flash-frozen tissue per prep (Adams et al. 2020). Six
libraries were made with DpnII, and two were made with MluCI. Four of these libraries were
sequenced to a depth of 616.4 million read pairs, with each replicate having at least 95.9 million
read pairs. In addition, we prepared one DpnII Hi-C library with tentacle tissue from individual
Hc3, sequenced to a depth of 233.9 million read pairs.

Total RNA was isolated from H. californensis individual Hc1 by pulverizing 100 mg of frozen
tissue under liquid nitrogen, then proceeding with a Trizol RNA isolation protocol (Rio et al.
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2010). The RNA was assayed at the UC Davis (UCD) DNA Technologies Core. One Illumina
TruSeq RNA Library Prep Kit v2 library was constructed from this RNA at UCD. This library
was sequenced to a depth of 95 million read pairs. The UCD DNA Technologies Core also
prepared an Iso-Seq library and sequenced this library on a single Sequel II SMRT cell.

Lastly, H. californensis shotgun libraries were prepared from Hc1 and Hc2 by isolating DNA
using the Omega Biotek EZNA Mollusc DNA kit, shearing the DNA using a Bioruptor, and
preparing libraries with insert sizes of 400-500bp using the NEB Next Ultra II WGS, NEB Next
Ultra II FS, or Illumina TruSeq Nano DNA library prep kits. Hc1 libraries were sequenced to a
depth of 120 million read pairs. The Hc2 library was sequenced to a depth of 64 million 100PE
reads on a HiSeq 2500 at the University of Utah DNA Sequencing Core Facility.

Trimming raw sequencing data
All Illumina libraries were trimmed with Trimmomatic v0.35 (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 Hi-C and Chicago libraries
were additionally trimmed by removing the 3′ end of reads after the restriction enzyme’s junction
sequence.

The PacBio Iso-Seq data were converted to circular consensus sequences using ccs v4.0
(github.com/PacificBiosciences/ccs). The Iso-Seq data then had the 5′ and 3′ cDNA primers
removed using lima v1.10.0 (github.com/PacificBiosciences/barcoding), then polyA tails and
chimeric sequences were removed with isoseq3 v3.2 (github.com/PacificBiosciences/IsoSeq).
We used pauvre marginplot commit 13uhtt7 (github.com/conchoecia/pauvre) to check the overall
consensus quality and length of transcripts (Figure S3) (De Coster et al. 2018).

Mitochondrial Genome Assembly and Annotation

Mitochondrial genome assembly
To assemble the H. californensis mitochondrial genome, we first mapped the PacBio

Sequel CCS reads to the corrected P. bachei mitochondrial genome (Kohn et al. 2012; Arafat et
al. 2018) using minimap2 v2.17 (Li 2017) with parameters -ax asm20. Reads that mapped to
the P. bachei mitochondrial genome were assembled using canu v2.1.1 (Koren et al. 2017) with
the options genomeSize=15kb -pacbio-corrected. We used Geneious v11 to identify
the largest ORF, and used blastn v2.6.0 (Altschul et al. 1997) to identify that the ORF encoded
COX1. We selected the start codon of the COX1 gene to be the 5′-most position of the
mitochondrial genome, as is conventional with previous ctenophore mitochondrial genome
annotations (Kohn et al. 2012; Pett and Lavrov 2015; Arafat et al. 2018). The sequence was
trimmed up to the start codon of the COX1 gene on the canu contig. To confirm that the
sequence was circular, we mapped the CCS reads to two concatenated copies of the
mitochondrial genome using minimap2.

The mitochondrial genome assembly for individual Hc2 was generated by mapping the trimmed
Hc2 Illumina WGS reads to the Hc1 mitochondrial assembly using BWA-MEM (Li 2013), then
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correcting the reference using pilon (Walker et al. 2014). We mapped the reads back to the
pilon-corrected reference to verify that it was correct.

The final 12564 bp Hc1 mitochondrial genome assembly was annotated by mapping the rRNA
and CDS sequences from the corrected P. bachei mitochondrial genome (Arafat et al. 2018) to
the assembly using Geneious v11. Geneious was then used to predict ORFs using the Mold
Protozoan Mitochondrial translation table. ORF start sites that were conserved between Hc1 and
Hc2 were used to delimit the beginning of the transcripts.

To annotate the ribosomal RNA boundaries we mapped the untrimmed RNA-seq reads to the
final assembly with BWA-MEM (Li 2013). The start and stop sites for each ribosomal RNA
were selected by finding positions that had several reads with the same start/stop site followed by
a fast attenuation in coverage, also guided by the length of the P. bachei ribosomal RNA
sequences. I-TASSER was to predict the protein structure and to find the best structural analogs
for the conserved URFs present in the genomes (Yang et al. 2015). We used the TMHMM tool to
predict transmembrane domains for the URFs (Krogh et al. 2001). We used tRNAscanSE and
ARWEN to search for mitochondrially-encoded tRNAs (Lowe and Eddy 1997; Laslett and
Canback 2008).

Phylogeny construction
Full-length ctenophore 18S sequences were downloaded from NCBI, aligned using

MUSCLE, then trimmed such that each sequence had greater than 90% occupancy. This
alignment was used in a rapid bootstrapping maximum likelihood (ML) search of 250 trees with
the GTR GAMMA model using RAxML v7.2.8 (Stamatakis 2014). A tree for COX1 nucleotide
sequences was constructed in the same fashion. The mitochondrial nucleotide alignment was
constructed by individually performing translation alignments on the COX1, COX2, COX3,
CYTB, ND1, ND2, ND4, and ND5 loci from multiple species using MAFFT v7.388 (Katoh et
al. 2002). The alignments were concatenated, and a RAxML ML tree was constructed using the
parameters described above. A Bayesian tree was constructed with the same concatenated
protein alignment using MrBayes v3.2.6 (Ronquist and Huelsenbeck 2003), with Tethya actinia
as an outgroup, the HKY85 substitution model, gamma rate variation, chain length of 30000, 4
heated chains, 0.2 heated chain temp, subsampling frequency every 200 trees, a 2500-tree
burn-in, and a random seed of 1910.

Genome assembly
The wtdbg2 assembler v2.4 (Ruan and Li 2019) with parameters -g 85m -p 0 -k

15 -e 3 -A -S 2 -s 0.05 -L 5000 -R --aln-dovetail 10240 was used to
de novo assemble the PacBio CLR subreads. The assembly was polished with arrow v2.2
(github.com/PacificBiosciences/gcpp), then with pilon v1.22 (Walker et al. 2014) using the
Illlumina WGS libraries. Haplotigs were removed with Purge Haplotigs v1.0.4 (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. We then ran purge_haplotigs clip to remove
overlapping contig ends.
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Dovetail Genomics HiRise (v Aug 2019) was used to scaffold the genome first using the
Chicago libraries, then using the Hi-C libraries (Putnam et al. 2016). We mapped shotgun reads
to the contig assembly with BWA-MEM v0.7.17 (Li 2013) and calculated the mean coverage and
GC content using BlobTools v1.1.1 (Laetsch and Blaxter 2017). Scaffolds with a mean coverage
of less than 100, or having greater than 50% GC, were removed from the assembly. The resulting
assembly was gapfilled using LR Gapcloser with the PacBio subreads (commit 156381a) (Xu et
al. 2019). The assembly was then polished with pilon using the Illumina WGS libraries.

Hi-C heatmap generation
We generated a Hi-C heatmap to check for genome misassemblies. The Hi-C reads were mapped
to the genome assembly using BWA-MEM with options -5SPM (Li 2013), the BAM was
converted to a sorted and deduplicated pair file with pairtools v0.3.0
(github.com/mirnylab/pairtools), the pairs file was indexed with pairix v0.3.7
(github.com/4dn-dcic/pairix), then the pairs file was converted to a normalized mcool file using
Cooler v0.8.10 (Abdennur and Mirny 2020). Additionally, we generated a PretextMap Hi-C
matrix (github.com/wtsi-hpag/PretextMap commit ee1bf66). To visualize the matrices we used
HiGlass v1.10.0 (Kerpedjiev et al. 2018) or PretextView v0.1.0
(github.com/wtsi-hpag/PretextView).

Variant Calling
To call variants to be used in phasing and in other analyses, we first mapped the PacBio

CLR WGS reads to the genome using minimap2 v2.17 (Li 2017), and mapped the Hc1 Illumina
WGS reads to the genome using BWA-MEM and samtools (Li et al. 2009; Li 2013). We then
called variants using these two BAM files as inputs to the software freebayes and gnu parallel
(Tange and Others 2011; Garrison and Marth 2012). We filtered the VCF file to only include
diploid calls.

To phase the variants we then marked duplicates in the Hi-C BAM file using Picard v2.25.1
(“Picard Toolkit” 2016), then used HapCUT2 v1.3.1 (Edge et al. 2017) extractHairs on the Hi-C,
Chicago, and PacBio CCS BAMs. For the PacBio subreads we used the extractHairs parameters
--pacbio 1 --new_format 1 --indels 1. For the Hi-C reads we used the HapCUT2
extractHairs parameters --hic 1 --new_format 1 --indels 1. For the Chicago reads
we used the HapCUT2 extractHairs parameters --maxIS 10000000 --new_format 1
--indels 1. We then concatenated these fragment files and used them as input to phase the
genome using HapCUT2 with the parameters --hic 1 --outvcf 1 (Edge et al. 2017).
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Genome annotation
The genome annotation is composed of manually-selected transcripts from several

software packages, including BRAKER, GeneMark-ES/ET, AUGUSTUS, Stringtie, pinfish, and
the cDNA cupcake pipeline. Blast results to the Mnemiopsis leidyi v2.2 proteins or the SwissProt
database (Skinner et al. 2009; Robinson et al. 2011) were also used as additional sources of
evidence. To generate the individual annotations, we performed the following:

BRAKER, GeneMark-ES/ET and AUGUSTUS: Illumina RNA-seq reads were aligned
to the genome assembly using STAR v2.7.1a (Dobin et al. 2013), and the Trinity
transcriptome and PacBio Iso-Seq reads were aligned to the assembly using
minimap2 with option -x splice:hq. AUGUSTUS and GeneMark-ES/ET
annotations were generated by running BRAKER v2.14 with the Illumina
RNA-seq, PacBio Iso-Seq, and Trinity transcriptome BAM files as inputs (Stanke
et al. 2004; Lomsadze et al. 2014; Hoff et al. 2019).

Cupcake: We mapped the full length, non-chimeric (FLNC) PacBio Iso-Seq reads
mentioned above in “Sequencing read preparation” to the H. californensis
genome using minimap2 with the parameters -ax splice -uf
--secondary=no -C5 . We then used the PacBio Cupcake tools to collapse
the FLNC reads into transcript models (github.com/Magdoll/cDNA_Cupcake).
We generated one set of transcripts containing singletons, and one dataset without
singletons, using the command filter_away_subset.py
--fuzzy_junction 5.

Stringtie: Transcripts were predicted from the BAM file output of the minimap2 FLNC
PacBio Iso-Seq-to-genome alignment using StringTie v2.0.4 (Pertea et al. 2015).
Long parameters were used (-L) and the minimum isoform fraction was set to 0.1
(-f 0.1), with otherwise default parameters.

Pinfish: Transcripts were also predicted from the long reads using pinfish
(github.com/nanoporetech/pinfish), with minimum isoform percentage set to 20, a
minimum cluster size of 2 reads (-p 20 -c 2) and otherwise default
parameters.

Manual inspection of each of the four annotations revealed many genes were erroneously fused
or broken, compared to the true isoforms evident from the Iso-Seq data mapped to the reference.
Because we found that each of the four annotations described above were imperfect, we chose to
manually curate the annotation of the H. californensis genome. To ensure that the quality of the
manual annotation was consistent across all 110 Mb, we developed a set of rules for
difficult-to-annotate genes, like nested genes, gene clusters that appeared to have a trans-spliced
leader exon, and how to combine multiple annotations into a single gene. These guidelines are
available for download (github.com/conchoecia/hormiphora and Zenodo DOI:
10.5281/zenodo.4074309).
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Transcript phasing
We first generated a transcript sequence for each isoform in the genome annotation with gffread
(github.com/gpertea/gffread), then non-splice aligned the Illumina RNA-seq and PacBio Iso-Seq
reads to the transcripts with BWA-MEM and minimap2 (Li 2013, 2017). We then used freebayes
to call variants for each isoform (github.com/ekg/freebayes) (Tange and Others 2011), then
phased each isoform with WhatsHap (Patterson et al. 2015). A new reference sequence for each
haplotype was generated using bcftools consensus (Li 2011), then haplotype-specific Iso-Seq
reads were used to correct the new haplotype-specific isoform using pilon v1.22 (Walker et al.
2014). These isoforms were then mapped to the reference genome using minimap2 -ax
splice, phased with WhatsHap, then matched with the whole-genome phase variant phase
blocks.

The longest ORFs from the phased and polished transcript isoforms were predicted using
prottrans.py using the parameters -a 50 -r
(bitbucket.org/wrf/sequences/src/master/prottrans.py).

To generate a non-redundant model set of proteins for convenience for analyses, we randomly
selected one of the amino acid sequences from one of the haplotypes for each gene isoform.
When the amino acid sequence from one haplotype was longer than the amino acid sequence on
the other haplotype, we selected the longer one.

P. bachei genome reannotation
As no structural annotation, specifically no GFF file, was provided with the P. bachei

genome, we created an exon-by-exon annotation file in GFF format from the reported scaffolds
and transcripts for use in our whole-genome comparisons with H. californensis. The transcripts
were mapped to the scaffolds with minimap2, using the options -x splice
--secondary=no . Based on the mapping positions of each transcript in the BAM file, a GFF
file was generated using pinfish (github.com/nanoporetech/pinfish) with the option -g. Of the
18950 transcripts, 18947 mapped back to the genome. For many protein comparisons, the
proteins and transcripts provided with the P. bachei genome were insufficient due to the
fragmented nature of the source scaffolds.

Next, we generated gene models using the AUGUSTUS web server
(http://bioinf.uni-greifswald.de/webaugustus/index) (Hoff and Stanke, 2013) using the transcript
models as the training set. This yielded two versions, the “hints” set and the “ab initio” set. As
the “hints” version closely matched the transcript models, and likewise any gene fusions or
breaks of that dataset, we instead used the “ab initio” set for downstream analyses.
Lastly, due to the relatedness between H. californensis and P. bachei, we examined whether we
could simply map the H. californensis model transcripts to the P. bachei scaffolds using
minimap2, with the options -x splice --secondary=no. With this strategy, 99% of H.
californensis transcripts mapped to P. bachei. 8000 of the transcripts had an additional mapping,
likely due to fragmentation across different scaffolds or matching to both of a pair of uncollapsed
haplotigs. We then used pinfish to generate a GTF file, as used above for the transcript model set.

7

https://github.com/gpertea/gffread
https://paperpile.com/c/MoaqZv/JvDoL+gVoZ1
https://github.com/ekg/freebayes
https://paperpile.com/c/MoaqZv/W9IuF
https://paperpile.com/c/MoaqZv/QHfWp
https://paperpile.com/c/MoaqZv/Vrzti
https://paperpile.com/c/MoaqZv/0eRdW
https://paperpile.com/c/MoaqZv/0eRdW
https://bitbucket.org/wrf/sequences/src/master/prottrans.py
https://github.com/nanoporetech/pinfish
http://bioinf.uni-greifswald.de/webaugustus/index


Assessing fragmentation and fusion of genes
Using the H. californensis protein set, we used a custom Python script

(compare_hcal_ref_proteins.py) to examine fragmentation of the M. leidyi protein set. The script
uses the coordinates of local alignments generated by diamond (Buchfink et al. 2015) to check
whether a protein in H. californensis contains multiple non-overlapping alignments to M. leidyi
proteins on the same scaffold. Although this could mutually imply an erroneous fusion of two
genes in H. californensis, the use of Isoseq reads for annotation makes this scenario unlikely.
Nonetheless, out of around 1200 M. leidyi proteins that were identified as fragmented, we then
manually checked a set of 384 genes (all those with 3 or more fragments, as well as others) and
found that all of them were indeed fragmented. Most of these had correct isoforms from de novo
transcriptome assemblies.
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Supplementary Text - Extended Results

Figure S2

Figure S2. PacBio subread size distribution. Read length distribution (top) and cumulative
sum of total basepairs (bottom) of the PacBio Sequel and Sequel II subreads.
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Figure S3

Figure S3. RNA and IsoSeq size distribution. (A) The Agilent Bioanalyzer trace of the RNA
used to create the PacBio Iso-Seq library Hc1_lib18_run1_PB_Iso-Seq (SRR10403581 and
SRR10403849). The RNA used for the library was largely intact. (B) A heatmap of the Iso-Seq
reads after consensus calling with the ccs software and filtering to retain full-length,
non-chimeric sequences. The read length histogram roughly resembles the RNA size distribution
in Panel A.
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Figure S4

Figure S4. H. californensis k-mer based genome size prediction. (A,C) The haploid genome
size estimate from the GenomeScope2 for Hc1 (A) was 96.6 Mb, and for Hc2 (C) was 98.72 Mb.
Altogether, the Illumina WGS libraries from Hc1 had 212x genome coverage, and the Hc2
Illumina WGS library had 82x genome coverage. The H. californensis genome appears to be
diploid from the k-mer spectrum based on the presence of two peaks in both A and C. Panels B
and D are log-log plots of panels A and C.
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Figure S5

Figure S5. P. bachei k-mer based genome size prediction. We predicted the P. bachei genome
size using publicly-available single-individual WGS data from SRA, the jellyfish k-mer counter,
and GenomeScope2. (A) The predicted haploid size was 97.57 Mb. This predicted size is very
close to the predicted size of the H. californensis genome (96-98 Mb) . Altogether, the shotgun
libraries had approximately 250x coverage of the genome. Similar to the H. californensis k-mer
spectrum, this plot suggests that the animal is diploid. (B) is the log-log version of panel A.
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Table S1

Assembly Step

% (Ill./ PB)
WGS reads

mapping

Number
of

Contigs

Number
of

Scaffolds
Assembly

Size
contig

N50
scaffold

N50

BUSCO stats

(C) (S) (D) (F) (M)

wtdbg2 (97.85 / 94.08) 1769 1769 113.14 Mb 144 kb 143 kb 58.8 58.1 0.7 18.8 22.4

arrow + pilon (97.85 / 95.14) 1769 1769 113.15 Mb 144 kb 143 kb 88.8 86.8 2 5.3 5.9

purge_haplotig
s (98.03 / 94.57) 1309 1309 106.89 Mb 152 kb 152 kb 87.5 85.8 1.7 5.6 6.9

blobtools ( / 94.06) 1283 1283 106.44 Mb 153 kb 152 kb 87.5 85.8 1.7 5.6 6.9

HiRise Chicago ( / ) 1334 287 106.55 Mb 150 kb 822 kb 88.4 87.1 1.3 4.6 7

HiRise Hi-C ( / ) 1340 44 106.57 Mb 150 kb
8.14
Mb 87.8 86.1 1.7 5.3 6.9

PBjelly ( / ) 975 44 110.67 Mb 204 kb
8.54
Mb 88.4 87.1 1.3 5.3 6.3

LRGC ( / 95.16) 355 44 110.67 Mb 581 kb
8.54
Mb 88.5 86.8 1.7 5.3 6.2

pilon ( 98.24 / 95.32) 355 44 110.66 Mb 580 kb
8.54
Mb 89.4 88.1 1.3 4.6 6

Table S1. Statistics through the H. californensis genome assembly stages. Each row of this
table shows various statistics after each step of the assembly. The percent of Illumina and PacBio
WGS reads that map to the genome, the contig N50, the scaffold N50, and the BUSCO
nucleotide mode completeness scores increase with subsequent assembly steps.
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Table S2
Protein-coding genes

Annotation
Step

Number of
non-Protein

Coding
Genes

Number of
Protein-Coding

Genes

Number of
proteins
with hits

>1e-5 to nr

Number of
proteins

without hits
>1e-5 to nr

Number of Proteins
that do not appear
in Mnemiopsis or

Pleurobrachia
genomes

Total
Number of

Genes

1. Genes
added from

Iso-Seq 248 12,987 8,420 4,567 619 13,235

2. Genes
added from

AUGUSTUS 38 1,170 585 585 95 1,208

3. Genes
added from

Pleurobrachia
transcripts 23 108 20 88 10 131

Totals 309 14,265 8,945 5,320 714 14,574

Table S2. Genome Annotation Steps. This table includes the total number of genes added at
each annotation step. There were 13,236 genes that had Iso-Seq read support. There were 12,987
that were protein-coding and 249 that were not protein-coding. For each step we also included
the number of protein coding genes that had significant hits to nr, and the number of
protein-coding genes that did not appear in the Mnemiopsis or Pleurobrachia genomes’ proteins,
but appeared in the transcriptomes of other ctenophores. The total number of protein-coding
genes that we identified was 14,265. The total number of genes that we identified, including
non-protein-coding genes, was 14,574.
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Table S3

Dataset Complete
Complete
+ Partial

Number
of

missing
core

genes

Average
number of
orthologs
per core
genes

% of
detected

core genes
that have

more than 1
ortholog BUSCO string

Protein
Models

281
(92.74%)

291
(96.04%)

12
(3.96%) 1.18 10.68% C:92.7%[S:82.8%,D:9.9%],F:3.3%,M:4%

Genome
270

(89.11%)
286

(94.39%)
17

(5.61%) 1.01 0.74% C:89.1%[S:88.4%,D:0.7%],F:5.3%,M:5.6%

IsoSeq
FLNC

290
(95.71%)

296
(97.69%)

7
(2.31%) 101.57 96.55% C:95.7%[S:3.3%,D:92.4%],F: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%],F:0.3%,M:1.0%

Table S3. BUSCO scores. These BUSCO protein mode scores were calculated using gVolante
(Nishimura et al. 2017).
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Figure S6

Figure S6. H. californensis assembly intermediate blobtools plot. (A) While the BlobTools
taxonomic classification suggests that there is a large amount of contamination in the DNA
sequencing libraries, the GC and read depth coverage plot (B) suggests otherwise. Most contigs
had close to 42% GC and had a mean read depth coverage around the haploid k-mer coverage of
212.
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Figure S7

Figure S7. D-genies genome dotplot. A dot-plot of the entire genome aligned against itself,
showing that very few regions are duplicated, and there are no large segmental duplications.
Light-green lines indicate matches (below diagonal), purple lines indicate reverse-complement
matches (above diagonal). Short lines appear as dots.
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Figure S8

Figure S8. A synteny plot of P. bachei and H. californensis mtDNA. These two species share
the same gene order, except that H. californensis has a large insertion between the COX2 gene
and the 16S gene. The insertion in the H. californensis mtDNA contains two URFs. URF1,
URF2, and URF3 occur in both Hc1 and Hc2.
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Figure S9

Figure S9. Phylogenetic position of Hc1 and Hc2. (A) Ctenophore mitochondrial protein tree,
including the COX1, COX2, COX3, CYTB, ND1, ND2, ND4, and ND5 loci. Node labels are
posterior probability from the Bayesian tree, and the bootstrap value from the maximum
likelihood tree. All nodes had a posterior probability of 1 and a bootstrap value of 100. (B) A
COX1 nucleotide tree using additional COX1 sequences from NCBI. Node labels are bootstrap
values. Samples Hc1 and Hc2 are in a clade within the genus Pleurobrachia. (C) An 18S
ctenophore tree. Node labels are bootstrap values. Samples Hc1 and Hc2 lie within a polytomy
of other Pleurobrachia species, but are distinct from H. palmata, H. plumosa, and a H.
californensis sample from the Gulf of California.
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Figure S10

Figure S10 Hormiphora californensis karyotyping results. Panels (A-H) are the karyotyping
results from individual embryos stained with DAPI, image color inverted and grayscale. Each
chromosome is numbered 1-N. Numbers in black and underlined are the total number of
chromosomes estimated in that panel. Panel (C) is numbered in pairs using the same scheme as
Figure 1. (I) shows a histogram of the number of times that each chromosome count was
observed. There is one 4n count included in the 26 chromosomes bin, as the count was 52 and
likely corresponded to a 2n of 26. A 2n of 26 corresponds to 13 pairs of chromosomes.
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Gene number and synteny with other ctenophores
For M. leidyi, the ML2.2 annotation and protein set were compared to the H.

californensis proteins with the script scaffold_synteny.py (Zenodo DOI:
10.5281/zenodo.4074309). We examined gene positions for 450 of the longest scaffolds in M.
leidyi, accounting for 110Mb, whereby the smallest scaffold examined was 114kb in length. Of
the 8685 query proteins with matches to any M. leidyi protein, 6422 gene matches were retained
after filtering for quality and matches to the longest scaffolds.

We then examined the collinearity of genes between the two genomes, again based on
unidirectional BLAST hits, requiring at least 3 genes in a row, allowing up to 5 intervening
genes. This identified 571 blocks containing 2258 total genes, though 439 of these blocks
contained either 3 or 4 genes, suggesting that collinearity is limited between the two species. As
the script that identified these blocks allows for two tandem genes to hit the same query, false
positives from fragmented genes may account for some of these. For instance, we found 279
cases where the gene in H. californensis spans two or more genes in the ML2.2 annotation.

The P. bachei genome size prediction using GenomeScope2 was 97.57 Mb (Figure S5) - only
62.5% of the size of the published assembly, 156.1 Mb (Moroz et al. 2014). The predicted P.
bachei genome size of 97.57 Mb is very close to the predicted genome size of H. californensis.
Based on the mean read mapping depth per-scaffold, it appeared that haplotypes were collapsed
for 5310 scaffolds, but that over half of the P. bachei scaffolds were unmerged haplotypes. If the
remaining 16669 scaffolds were collapsed into a haploid representation this would yield a final
estimated genome size of 107Mb, close to the size of the H. californensis genome. This suggests
that only one third of the P. bachei assembly represents a haploid assembly. This may also
account for the additional ~7000 proteins predicted in the P. bachei genome compared to H.
californensis.

Therefore, we used two approaches to estimate colinearity between H. californensis and P.
bachei. First, we tried an analysis of only the 59Mb of scaffolds that had a mean coverage close
to the haploid k-mer coverage of 250x. Of these scaffolds, the longest was only 221kb, therefore
broad scale synteny could not be effectively analyzed. Of the original 18950 P. bachei
transcripts, 7076 mapped to one of the 5310 haplotype-collapsed P. bachei scaffolds. We used
this geneset for microsynteny analyses with H. californensis. In total, 299 putative collinear gene
blocks of at least 3 genes were identified, accounting for 1280 genes. Overall, the high number
of scaffolds in the P. bachei genome hampered our ability to detect microsynteny between P.
bachei and H. californensis. Despite their relatedness, this was lower than the detectable synteny
between the more phylogenetically distant M. leidyi and H. californensis.

Next, we tried reanalyzing the P. bachei scaffolds using an ab initio annotation from
AUGUSTUS. This program had predicted 32683 total proteins across the P. bachei assembly,
though the density is much higher than the v1 transcripts. For example, on the longest Pbac
scaffold of 320kb, there are 12 mapped transcripts but 31 AUGUSTUS genes are predicted. Ab
initio gene predictions have difficulty resolving nested genes, which is disabled by default in
AUGUSTUS, thus many of these predictions are likely to be fragments of larger genes that are
split by nested genes. We analyzed microsynteny between H. californensis and the P. bachei
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AUGUSTUS annotation, using H. californensis as the query. This had identified 983 blocks for
5025 genes, more than twice the count from the original transcript annotation. If the P. bachei
AUGUSTUS predictions were instead used as the query, this identified 1648 blocks with 7803
genes, in many cases spanning the entire scaffold. Because multiple query genes were allowed to
map to a single target gene, this increase of almost 3000 genes is likely due to the fragmented
AUGUSTUS predictions. Nonetheless, it is evident that there is substantial synteny between H.
californensis and P. bachei.

Comparison to ML2 assembly and annotation
The M. leidyi ML2 annotation (Ryan et al. 2013) had 16545 proteins, almost 2000 more

than the H. californensis v1 annotation from this study. We sought to explain the large difference
in protein number using synteny and orthology information from blast searches.

We found 1200 neighboring ML2 proteins that were bridged by a single H. californensis protein,
suggesting that either the M. leidyi proteins are falsely split, or the H. californensis protein is a
false fusion. The majority of these cases only had two neighboring M. leidyi genes, though there
were 8 cases of 4 or 5 neighboring M. leidyi genes that were bridged by a single H. californensis
protein. In all cases, these transcripts were supported with single Iso-Seq reads in H.
californensis.

We manually corroborated these 8 cases by comparing the M. leidyi genes to the H. californensis
ortholog, matches in publicly-available transcriptomes of other ctenophores (Francis et al. 2015;
Whelan et al. 2015, 2017), and orthologs in other animals. This analysis revealed that all 8
proteins appear to be fragmented in M. leidyi and the H. californensis version appears to be
complete. Generally these genes were large, and many included nested intronic genes. These
included homologs of Midasin (4284AAs), Pecanex (2096AAs), Dynein heavy chain 14
(4735AAs), Piezo (2335AAs), a possible homolog of Centriolin (2141AAs), glycogen synthase
(1214AAs), oxysterol binding protein (894AAs), and a putative homolog of SZT2 (3031AAs).
Large genes such as dynein heavy chain required manual reannotation in H. californensis as
well, as only 2/17 dynein genes were correctly annotated in the Iso-Seq-based Stringtie
annotation.
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Figure S11

Figure S11. Pecanex and Spatacsin loci. Loci of the homolog of pecanex in M. leidyi (A) and
H. californensis (B). In M. leidyi, the full-length gene joins 4 genes from the ML2 annotation,
and contains 6 nested intronic genes, one of which was falsely fused. Four of these genes have
homologs in H. californensis in the orthologous introns. The gene ML040024a fuses the
single-exon homolog of spatacsin, though this is not supported by the transcripts or de novo
assembly. Many of the surrounding or nested genes are homologous between the two species, as
ML040019a, ML040021a, ML040023a, ML040029a, and ML040030a, match with H.
californensis c5.g977, c5.g979, c5.g980, c5.g982, and c5.g984, respectively, and are colored
pairwise.
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Figure S12

Figure S12. Hi-C map of H. californensis and P. bachei. These are the Hi-C maps of H.
californensis and P. bachei, shown without individual lines separating scaffolds. The x-y scale of
megabase pairs (Mbp) in both plots is the same. The genome assembly sizes are shown with a
black bounding border. The predicted genome size for both species based on k-mer spectra, 96.6
Mbp, is shown with a blue arrow. The amount of the genome in the 13 largest scaffolds is shown
with a red arrow, and the percent of the assembly in those 13 scaffolds is shown in red text. (A)
The Hi-C map for H. californensis. The largest 13 scaffolds contain 99.4% of the total bases in
the assembly. (B) The Hi-C map for P. bachei from Hoencamp et al (2014). The largest 13
scaffolds contain 51.9% of the assembly. 48.1% of the genome is not in chromosome-scale
scaffolds, yet has Hi-C connections to the chromosome-scale scaffolds.
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Figure S13

Figure S13. Pleurobrachia-Hormiphora Oxford dot plot. This plot shows the coordinates of
mutual best blastp hits when comparing the proteins in the genomes of P. bachei to H.
californensis, and H. californensis to P. bachei. Only the first 13 H. californensis scaffolds, and
the largest 14 P. bachei scaffolds, are plotted. One dot is one putatively orthologous protein
shared by the two species. The dots are colored by Hormiphora chromosome. This plot shows
that each H. californensis chromosomal scaffold has a homologous chromosomal scaffold in P.
bachei. For example, H. californensis 1 predominantly shares genes with P. bachei
HiC_scaffold_5. Moreover, this plot shows that while shared chromosomes 5 and 11 have large
regions with gene colinearity, most of the other homologous chromosomes are highly rearranged
between H. californensis and P. bachei. Lastly, we see that only the 13 largest P. bachei scaffolds
have enough information to assign them to homologous H. californensis scaffolds. The
14th-largest P. bachei scaffold has no proteins that had reciprocal best matches to the 13
chromosomal H. californensis scaffolds.
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Figure S14

Figure S14. Scaffold 1 heterozygous inversion. Off-diagonal hotspots in Hi-C contact matrices
(A, red arrows) indicate assembly errors, or heterozygous inversions. One method of determining
if off-diagonal Hi-C hotspots are misassemblies was to manually invert the assembly at the
suspect break points (B,C). The manipulation will result in removing the off-diagonal signal
while preserving the diagonal signal, or preserving the off-diagonal signal while degrading the
diagonal signal (D, red arrows). Panels (E-T) show all the possible combinations of
rearrangements to attempt to correct the off-diagonal signal. Red numbers above black arrows
indicate which off-diagonal signal was inverted. The right-most panels show that the
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off-diagonal signals remain after manipulating the heatmaps, and the continuity of the diagonal
signal is interrupted. Therefore, this signal is likely from heterogyzous inversions.

Figure S15

Figure S15. Plots pertaining to the heterozygosity of H. californensis and P. bachei. The
bottom-most panels show a heat map of the number of positions in the genome that have
X-number of reads with the reference allele when the total read depth at that position is Y. A
smear at 1x sequencing depth coverage (x-axis) with only 50% of bases matching the reference
allele, shows that the animals are diploid. The top-most panel is a histogram of the total number
of positions in the genome (Y-axis) that have X number of reads at that position. This plot is
useful to visualize the proportion of bases that are either located on uncollapsed haplotigs, or are
indels present in the assembly. The middle panel shows the heterozygosity at each read depth.
The most reliable window for calculating heterozygosity is at the mode of the mapping depth
where reads from both haplotypes map to the reference. This point is approximately 160x read
depth for H. californensis and 205x read depth for P. bachei. The top panel of the P. bachei
analysis shows that there are many positions in the genome that have reads mapped from only
one haplotype, indicated by the peak around 102x read depth.
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Table S4

Individual Acc. Number Species Method
k-mer

size
% SNV  Het

(min)
% SNV Het

(max)

SAMN00216730 SAMN00216730 P. bachei

mpileup NA 2.63% NA

angsd NA 2.40% NA

vcftools NA 0 NA

GenomeScope2 21 4.20% 4.25%

GenomeScope2 41 3.03% 3.08%

Hc1 SAMN12924379 H. californensis

mpileup NA 2.00% NA

angsd NA 1.65% NA

vcftools NA 1.51% NA

GenomeScope2 21 2.95% 2.98%

GenomeScope2 41 2.36% 2.39%

Hc2 SAMN12924380 H. californensis

angsd NA 1.85% NA

vcftools NA 1.56% NA

GenomeScope2 21 3.25% 3.28%

GenomeScope2 41 2.55% 2.58%

Table S4. Estimated heterozygosity of H. californensis and P. bachei. We measured the
heterozygosity of P. bachei SAMN00216730 and H. californensis Hc1 using the mpileup method
(Saremi et al. 2019). In this table, the mpileup method only measures the single-nucleotide
heterozygosity. In addition we measured the heterozygosity using angsd, vcftools, and
GenomeScope2 (Danecek et al. 2011; Korneliussen et al. 2014; Ranallo-Benavidez et al. 2020).
The k-mer size used and the window of heterozygosity values were reported for the
GenomeScope method. Vcftools reported zero heterozygous sites for the P. bachei individual,
which we attribute to a software error given the results of the mpileup and angsd analyses.
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Table S5.

Species Genome accession used SRA accessions used
T. wilhelma (Mills et al. 2018) SRR2163223
T. adhaerens GCF_000150275.1 SRX6204530 through SRX6204554
N. nomurai GCA_003864495.1 SRR6298213

D. melanogaster GCF_000001215.4 SRR10512945
S. purpuratus GCF_000002235.5 SRR7211988

H. sapiens GRCh38 (Zook et al. 2016)

Table S5. Genome samples used in heterozygosity measurements. These genome assemblies
and SRAs were used as a comparison for genome heterozygosity measurements compared to H.
californensis.
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