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Abstract

Bull kelp, Nereocystis luetkeana, is a northeastern Pacific kelp with broad distribution
from Alaska to central California. Its population declines have caused severe concerns in
northern California, the Salish Sea in Washington, and recently in some populations in Oregon.
Despite bull kelp's accumulated ecological and physiological studies, an assembled and
annotated genomic reference was still unavailable. Here, we report the complete and annotated
genome of Nereocystis luetkeana, produced by the California Conservation Genomics Project
(CCGP), which aims to reveal genomic diversity patterns across California by sequencing the
complete genomes of approximately 150 carefully selected species. The genome was assembled
into 1,562 scaffolds with 449.82 Mb, 80x of coverage and 22,952 gene models. BUSCO
assembly showed a completeness score of 72% for the stramenopiles gene set. The mitochondria
and chloroplast genome sequences have 37 Mb and 131 Mb, respectively. The orthology analysis
between 10 Phaeophycean genomes showed 1,065 expanded and 286 unique orthogroups for this
species. Pairwise comparisons showed 542 orthogroups present only in N. luetkeana and M.
pyrifera, another large-body kelp. The enrichment analysis of these orthogroups showed
important functions related to central metabolism and signaling due to ATPases enrichment in
these two species. This genome assembly will provide an essential resource for the ecology,
evolution, conservation, and breeding of bull kelp.

Keywords

Laminariales;, Macroalgae; Body size; Puget Sound; California Conservation Genomics Project
- CCGP


https://doi.org/10.1101/2025.07.16.665147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.16.665147; this version posted July 21, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Version 10

INTRODUCTION

Nereocystis luetkeana is a canopy-forming large phaecophyceae found from Point
Conception in California to Umnak Island, Alaska (Druehl 1970; Miller and Estes 1989; Konar
et al. 2017; Pfister et al. 2018). Despite its wide distribution, recent population declines have
caused serious concern in northern California (Rogers-Bennett and Catton 2019), the Salish Sea
in the northeast Pacific (Berry et al. 2021), and some populations in Oregon (Hamilton et al.
2020). Marine heat waves caused by anthropogenic climate change originated a cascade of
events that are associated with this decline (Assis et al. 2018; Wernberg et al. 2018; Smale 2020;
Finger et al. 2021; McPherson et al. 2021). However, as a ruderal species, N. luetkeana can
rapidly replenish dense beds even on resilient urchin barrens (Breen et al. 1976; Foreman 1977;
Pace 1981; Dayton et al. 1984; Dayton 1985) if temperatures are optimal (Liining and
Freshwater 1988; Supratya et al. 2020).

Bull kelp sporophyte can grow up to 27.1 cm daily, reaching ten times its length and
weight in less than two months (Foreman 1970; Kain 1987; Maxell and Miller 1996) and a total
length of 40 meters or more (Setchell 1908). Among all known life forms, this is one of the
highest mass-specific growth rates (Lynch et al. 2022). Morphological and physiological studies
on bull kelp development have been described in detail (Nicholson 1970; Schmitz and Srivastava
1976; Duncan and Foreman 1980; Kain and Norton 1987; Koehl et al. 2008; Knoblauch et al.
2016b, a; Liggan and Martone 2020), as much as its high nutrient uptake rates (Wheeler et al.
1984; Ahn et al. 1998), and tolerance to salinity (Lind and Konar 2017), mechanical (Koehl and
Wainwright 1977; Koehl and Alberte 1988; Denny et al. 1997) and light (Popovic et al. 1983;
Poulson et al. 2011) stresses.

As an annual species, N. luetkeana is known for its rhythmic phenology, showing diel
spore release (Amsler and Neushul 1989) and tidal sori abscission (Walker 1980) that is expected
to produce a bimodal spore release height (Amsler and Neushul 1989; Burnett et al. 2024). This
sorus abscission-spore release mechanism was proposed to be an adaptation to maximize the
photosynthetic potential of the spores and a dispersal life history where a proportion of the
spores can travel long distances while others are retained near the parents (Amsler and Neushul
1989, Burnett et al. 2024). Population genetics analysis of the species across its range confirmed
this life history (Gierke et al. 2023). This study revealed significant inbreeding coefficients,
likely caused by the local retention of spores, while also showing decreased genetic
differentiation across long stretches of coast.

Four main groups of genetic co-ancestry, genetic diversity hotspots, and impoverished
areas, have been detected in bull kelp using microsatellite markers (Gierke et al. 2023).
Nevertheless, characterizing genetic variants mapped to a reference genome can reveal additional
substructuring (Bemmels et al. 2025) and, most importantly, allow for the detection of localized
adaptation. This level of understanding is essential to guide which source should be used when
restoring natural populations from biobanks of ex-situ preserved gametophytes (Wade et al.
2020).

Here we report the complete genome of Nereocystis luetkeana, assembled by the
California Conservation Genomics Project (CCGP), which aims to reveal patterns of genomic
diversity across California by sequencing the complete genomes of approximately 150 carefully
selected species (Shaffer et al. 2022). This genome assembly will provide an essential resource
for understanding bull kelp ecology, evolution, and conservation.
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METHODS
Biological Materials

Fertile fronds of Nereocystis luetkeana (K. Mertens) Postels and Ruprecht (Lessoniaceae,
Laminariales) sporophyte were sampled from North Beach, Port Townsend, WA (48.14533,
-122.77633) in July 2019, and sent to the University of Wisconsin-Milwaukee where spore
release was induced as previously described (Redmond et al. 2014). Developed female
gametophytes were distinguished from males based on morphology, isolated, and submitted to
the germplasm bank in UW-Milwaukee under code NB12FB3. Vegetative propagation was
performed in 25 cm? polystyrene vented culture flasks (Nunc) filled with 20 ml of sterile
Provasoli media-enriched semi-artificial seawater (Instant Ocean Salt), with salinity 34, pH 8.2,
and under 40 umol photons-m™-s™ of irradiance from white fluorescent full spectrum bulbs
covered with red cellophane paper. Bacterial contamination was decreased by treating with an
antibiotics mix (ampicillin 125 pg-ml™”, ciprofloxacin 15 pg'ml”, kanamycin 30 pg-ml’, and
streptomycin 30 pug-ml™') for one week. The biomass was fragmented weekly with a sterile pestle
to enhance vegetative growth up to 100 mg. At this stage, the tissue was freeze-dried and shipped
in dry ice to UC Davis and UC Santa Cruz for HiFi and Omni-C library prep and sequencing
respectively.

Nucleic acid extraction

We extracted high molecular weight (HMW) genomic DNA from 693 mg of the
tissue-cultured female haploid gametophyte using the cetyltrimethylammonium bromide (CTAB)
method as described previously (Inglis et al. 2018), with the following modifications: (i) we used
sodium metabisulfite (1% w/v) instead of 2-mercaptoethanol (1% v/v) in the sorbitol wash buffer
and CTAB solutions; and (ii) repeated the tissue homogenate wash steps until the supernatant
turned clear. We also performed (iii) the CTAB lysis at 45°C and (iv) the chloroform extraction
twice using ice-cold chloroform. The extracted HMW DNA was purified using the
high-salt-phenol-chloroform and phenol-chloroform methods (Pacific BioSciences - PacBio,
Menlo Park, CA). The DNA purity was estimated by absorbance ratios (260/280 = 1.84 and
260/230 = 2.16) measured using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). The DNA yield (2.3 pg) was quantified using a Quantus Fluorometer
(QuantiFluor ONE dsDNA Dye assay; Promega, Madison, WI), and the size distribution of the
DNA was estimated using the Femto Pulse system (Genomic DNA 165 kb kit, Agilent, Santa
Clara, CA), where 80% of the DNA fragments were found to be 30 kb or longer.

To assist the annotation of the bull kelp genome, we extracted RNA from male and
female gametophyte tissue preserved in a biobank (samples NB12FB3 and NB12MB4). The
gametophytes were exposed to red and white light for one week and sampled in the first hour of
the day and the first hour of the night. The RNA was extracted from 20 mg of the tissue-cultured
female haploid gametophyte sampled from T75 (20 ml) flasks with wide-bore 1 ml tips. Before
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weighing, the tuft moisture was removed by centrifugation for 2 min at 14,000 RPM and 4°C
using silica spin columns (Macherey-Nagel). The tufts were removed with tweezers and weighed
on an analytical scale. The tissue was transferred to 2 ml U-bottom tubes with two tungsten
carbide beads (5 mm) and flash-frozen in liquid nitrogen. The tissue was ground thrice in frozen
24-tube racks of QIAGEN tissue-lyser for 1 min at 25 Hz. The racks were cooled in dry ice
between each round for 5 minutes. The fine powder was diluted in the extraction buffer from the
Macherey-Nagel Plant and Fungi (PN: 740120.50) extraction kit and incubated at 25°C for 40
min vortexing at 1,400 RPM. The following steps followed the manufacturer's recommendations.
NanoDrop spectrophotometry, QUBIT fluorimetry (RNA broad range kit), and 1.5% agarose gel
electrophoresis were done to check RNA quality and integrity. All samples had A260/A280 and
A260/A230 higher than 1.8 and a yield higher than 1 ug. The RNA was sent to the Gene
Expression Center at the University of Wisconsin Biotechnology Center in Madison - WI.

Omni-C library preparation

For chromosome conformation, an Omni-C library was prepared using the Dovetail™
Omni-C™ Kit (Dovetail Genomics, Scotts Valley, CA), following the manufacturer’s protocol
with minor adjustments. First, specimen tissue (ID: NB12F.D) was thoroughly ground with a
mortar and pestle while cooled with liquid nitrogen. Subsequently, chromatin was fixed in the
nuclei to maintain its structural integrity during extraction, and then the chromatin solution was
filtered through 100 um and 40 pm cell strainers to remove debris. DNase I digestion was
conducted under varied conditions for optimal DNA fragment size distribution. Chromatin ends
were repaired and ligated to a biotinylated bridge adapter to facilitate proximity ligation.
Following ligation, crosslinks were reversed, and DNA was purified to remove proteins. Biotin
on non-ligated DNA fragments was selectively removed to increase specificity. Library
preparation continued using the NEB Ultra II DNA Library Prep Kit (New England Biolabs,
Ipswich, MA), with Illumina-compatible Y-adaptors and biotin-labeled DNA fragments were
captured using streptavidin beads. To preserve the library's complexity, the post-capture product
was divided into two replicates, each with unique dual indices before PCR amplification.
Sequencing was conducted at the Vincent J. Coates Genomics Sequencing Lab (Berkeley, CA)
on an Illumina NovaSeq 6000 platform (Illumina, CA), generating approximately 2 million
paired-end reads (2 x 150 bp) per gigabase (Gb) of genome size.

HiFi SMRTbell library preparation

For long-read base sequence data, a HiFi SMRTbell library was constructed using the
SMRTbell Express Template Prep Kit v2.0 (PacBio, Cat. #100-938-900) according to the
manufacturer's instructions. HMW gDNA was sheared to a target DNA size distribution
between 15 and 18 kb. The sheared gDNA was concentrated using 0.45X of AMPure PB beads
(PacBio, Cat. #100-265-900) for the removal of single-strand overhangs at 37°C for 15 minutes,
followed by further enzymatic steps of DNA damage repair at 37°C for 30 minutes, end repair
and A-tailing at 20°C for 10 minutes and 65°C for 30 minutes, and ligation of overhang adapter
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v3 at 20°C for 60 minutes. The SMRTbell library was purified and concentrated with 1X
Ampure PB beads (PacBio, Cat. #100-265-900) for nuclease treatment at 37°C for 30 minutes
and size selection using the BluePippin/PippinHT system (Sage Science, Beverly, MA; Cat
#BLF7510/HPE7510) to collect fragments larger than 7-9 kb. The 15 — 20 kb average HiFi
SMRTbell library was sequenced at UC Davis DNA Technologies Core (Davis, CA) using two
8M SMRT cells, Sequel II sequencing chemistry 2.0, and 30-hour movies, one on a PacBio
Sequel II sequencer and one on a PacBio Sequel Ile sequencer.

Nuclear Genome Assembly

To generate a high-contiguity assembly that preserves haplotypes, we assembled the
genome of the bull kelp following the CCGP assembly pipeline for haploid species, as outlined
in Table 1, which lists the tools and non-default parameters used in the assembly. The pipeline
uses PacBio HiFi reads and Omni-C data to produce high-quality and highly contiguous genome
assemblies. First, we removed the remnants adapter sequences from the PacBio HiFi dataset
using HiFiAdapterFilt (Sim et al. 2022) and generated an initial haploid assembly using HiFiasm
(Cheng et al. 2021, 2022), with the filtered PacBio HiFi reads and specifying no purging and the
ploidy. From the generated output, we kept the file corresponding to the primary assembly file.
We then aligned the Omni-C data to the assembly following the Arima Genomics Mapping
Pipeline and then scaffolded it with SALSA (Ghurye et al. 2017, 2019).

The assembly was manually curated by generating and analyzing their corresponding
Omni-C contact maps and breaking scaffolds when misassemblies were identified. In general, to
create the contact maps, we aligned the Omni-C data with BWA-MEM (Li 2013) and identified
ligation junctions to generate Omni-C pairs (Lee et al. 2022) using pairtools (Open2C et al.
2023). We generated multi-resolution Omni-C matrices with cooler (Abdennur and Mirny 2020)
and balanced them with hicExplorer (Ramirez et al. 2018). We used HiGlass (Kerpedjiev et al.
2018) and the PretextSuite to visualize the contact maps where we identified misassemblies and
misjoins. Some remaining gaps were closed using the PacBio HiFi reads and YAGCloser.
Finally, we checked for contamination using the BlobToolKit Framework (Challis et al. 2020)
(Challis et al. 2020) and FCS-GX (Astashyn et al. 2023). In addition, we identified plastid
scaffolds using HMMER 3.2 (Eddy 2011) by scanning for a set of HMMs of known marker
genes.

Genome quality assessment

We generated k-mer counts from the PacBio HiFi reads using meryl. The k-mer counts
were then used in GenomeScope2.0 (Ranallo-Benavidez et al. 2020) to estimate genome
features, including genome size, heterozygosity, and repeat content. To obtain general contiguity
metrics, we ran QUAST (Gurevich et al. 2013). We used BUSCO (Manni et al. 2021) with
Stramenopiles ortholog databases (stramenopiles odb10) containing 100 genes to evaluate
genome quality and functional completeness. Assessment of base level accuracy (quality value:
QV) and k-mer completeness was performed using the previously generated meryl database and
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merqury (Rhie et al. 2020). Given the ploidy of the species, measurements of the size of the
phased blocks are based on the size of the final contigs. We followed a quality metric
nomenclature previously established (Rhie et al. 2021) with the genome quality code x.y.P.Q.C,
where, x = log10[contig NG50]; y = log10[scaffold NG50]; P =1log10 [phased block NG50]; Q =
Phred base accuracy QV; C = % genome represented by the first ‘n’ scaffolds, following a
karyotype of n=31 (Kemp 1960), estimated as the mode of the number of chromosomes from this
species (Genome on a Tree, query= Nereocystis luetkeana; Challis et al. 2023).

Mitochondrial Genome Assembly

We assembled the mitochondrial genome of Nereocystis luetkeana from the PacBio HiFi
reads using the reference-guided pipeline MitoHiFi (Allio et al. 2020; Uliano-Silva et al. 2023),
from which we also obtained the mitochondrial genome annotation. The mitochondrial sequence
of an available Nereocystis luetkeana (NCBI:NC 042395.1; Zheng et al. 2019) was used as the
starting sequence. After completion of the nuclear genome, we searched for matches of the
resulting mitochondrial assembly sequence in the nuclear genome assembly using BLAST+
(Camacho et al. 2009) and filtered out contigs and scaffolds from the nuclear genome with a
percentage of sequence identity > 99% and size smaller than the mitochondrial assembly
sequence. No other manual curation was performed on the mitochondrial genome.

Chloroplast Genome Assembly

The chloroplast assembly was done using the Oatk pipeline for de novo assembly of
organelle genomes from PacBio HiFi data. We used the chloroplast genome assembly from
Saccharina japonica (NCBI:NC_018523.1; Wang et al. 2013) as a guide for manual curation, in
which we aligned the generated sequence against the guide, using lastz (Harris 2007), extracted
contigs and fixed orientation when needed using samtools (Danecek et al. 2021) and segtk. The
alignment was visually validated using LAJ (Wilson et al. 2001). The resulting assembly was
annotated using the online version of GeSeq (Tillich et al. 2017) and visualized using the online
version of OGDRAW (Greiner et al. 2019).

Annotation

The nuclear genome assembly of Nereocystis luetkeana was annotated using the JGI
Annotation pipeline to produce a set of predicted gene models and their functional annotations
(Grigoriev et al. 2014; Kuo et al. 2014). The pipeline is described briefly in the following steps.
First, to account for repetitive sequences, the genome was masked using RepeatMasker (Smit et
al. 1996) using the repeats from the RepBase library (Jurka et al. 2005) and the most frequently
occurring repeats (>150 copies) identified by RepeatScout (Price et al. 2005). We applied
multiple gene modelers to predict protein-coding genes, including ab initio modelers Fgenesh
(Salamov and Solovyev 2000) and GeneMark (Ter-Hovhannisyan et al. 2008), homology-based
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Fgenesh+ and GeneWise (Birney et al. 2004) seeded by BLASTx alignments against the NCBI
NR database, and transcriptome-based modelers Fgenesh and combest (Zhou et al. 2015). The
transcriptome was assembled from the RNAseq reads using Trinity (v2.11.0)(Grabherr et al.
2011). Automated filtering based on homology and transcriptome support was applied to select
the best representative gene model at each locus. Lastly, functional annotations of the predicted
gene models were generated using various tools. SignalP 6.0 (Teufel et al. 2022) identified
secretion signal sequences, TMHMM (Melén et al. 2003) detected transmembrane domains and
InterProScan (Quevillon et al. 2005) identified protein domains. Homology searches were
performed using Blastp against the NCBI NR, SwissProt, KEGG (Kanehisa et al. 2006), and
TCDB (Saier et al. 2021) databases. The unique protein-coding genes are referenced in this
manuscript by their protein identification number created by JGI. The genome assembly and
annotations of N. luetkeana are also publicly available at the JGI PhycoCosm portal (Grigoriev et
al. 2021).

Orthogroup analysis

Translated non-redundant protein sequences of 10 phaeophyceae and 1 outgroup
(Schizocladia ischiensis) reference genomes were obtained from the JGI PhycoCosm and
Phaeoexplorer (Denoeud et al. 2024) portals, all taxa showing at least 70% BUSCO
completeness provided by each database. The fasta files were included in OrthoFinder (Emms
and Kelly 2015) to identify orthogroups with default parameters. A lineage-specific orthogroup
was defined when only a single species, or group of species, possessed genes within that
orthogroup. Orthogroup pairwise intersections and the enrichment of gene ontology terms in
each orthogroup were made using R (R Core Team 2024) using packages ggplot2 (Wickham
2009), UpSetR (Conway et al. 2017) and topGO (Alexa and Rahnenfuhrer 2023).
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RESULTS

The Omni-C library generated 53.03 million read pairs and the PacBio HiFi library
generated 2.15 million reads. The PacBio HiFi sequences yielded ~80X genome coverage and
had an N50 read length of 15,356 bp; a minimum read length of 230 bp; a mean read length of
14,681 bp; and a maximum read length of 51,198 bp (Supplementary Figure 1 for read length
distribution). The coverage was estimated based on the estimates of genome size for other
Laminariales (Kapraun 2005; Ye et al. 2015; Shan et al. 2020). The genome assembly size was
calculated to be 449.77 mb. Based on the PacBio HiFi data, Genomescope 2.0 estimated a
genome size of 416.29 Mb, and a 0.431% sequencing error rate. The k-mer spectrum shows an
unimodal distribution with a major peak at ~66-fold coverage (Figure 2A). The transcriptome
showed 89% mapping to the genome, with 22,952 gene models predicted using JGI annotation
pipeline with an average length of 8,312 bp and 5.89 exons per gene.

Nuclear genome assembly

The final genome assembly size (uoNerLuetl) is similar to the estimated genome
assembly size from GenomeScope2.0. The assembly consists of 1,562 scaffolds spanning 449.82
Mb with a contig N50 of 1.1 Mb, a scaffold N50 of 10.96 Mb, the largest contig size of 9.67 Mb,
and the largest scaffold size of 21.86 Mb. The assembly has a BUSCO completeness score for
the Stramenopiles gene set of 72.0%, a base pair quality value (QV) of 57.82, and a kmer
completeness of 84.99%.

During manual curation, we made 120 joins and 22 breaks based on the Omni-C contact
map signal. We closed a single gap and we filtered out six contigs corresponding to
mitochondrial contamination, 469 contigs corresponding to chloroplast contamination
(cumulative size 17.83 Mb), and 525 (cumulative size 118.93Mb) corresponding to other sources
of contamination (Supplementary Table 1). No other contigs were removed or modified. The

Omni-C contact maps show a highly contiguous assembly with some chromosome-length
scaffolds (Figure 2B). Assembly statistics are reported in Table 2 and represented graphically in
Figure 2C. We have deposited the genome assembly on NCBI GenBank (see Table 2 and Data
Availability for details).

Mitochondrial genome assembly

We assembled a partial mitochondrial genome for Nereocystis luetkeana with MitoHiFi.
The final mitochondrial sequence is 37,397 bp long, with base composition of A=35.92%,
C=9.418%, G=14.99%, and T=39.67%. It consists of 2 rRNAs, 23 unique transfer RNAs, and 38
protein-coding genes.
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Chloroplast genome assembly

The final chloroplast assembly of N. luetkeana is 131,016 bp long and has 31.12% GC
content. The large single copy (LSC) is 78,062 bp long, the small single copy (SSC) is 45,058 bp
long, and the inverted repeat is 3,933 bp long. This plastome contains 85 genes, including
rRNAs and tRNAs (not counting the duplication of the IR).

Orthogroup analysis and Gene Ontology enrichment

The OrthoFinder analysis revealed 4,762 orthogroups common to all 11 taxa (Figure 5),
of which 850 are common to all analyzed phacophyceae. N. luetkeana and M. pyrifera had more
lineage-specific orthogroups (542) than any other species or group intersection. These
orthogroups comprised 858 and 907 genes, of which 320 and 200 had known annotations in N.
luetkeana and M. pyrifera, respectively (Table 2). From these, the molecular function “ATP
binding” was the most enriched GO term in M. pyrifera, with 21 ATPase genes and 10 in M.
luetkeana. These enriched ATPases were classified as dynein-related (IPRO11704), Na'-K"
transport P-type ATPase (IPR004014), and AAA-type (IPR003960) in both kelps. No cellular
components nor biological processes were significantly enriched.
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DISCUSSION

Considering seaweed diversity, available reference genomes are underrepresented
compared to land plants. Almost half of vascular plant orders have at least one complete genome
available (Marks et al. 2021), while only 32% (n=16) of multicellular algae orders are
represented (Cock et al. 2010; Collén et al. 2013; Brawley et al. 2017; Gabrielson et al. 2018; De
Clerck et al. 2018; Kinnby et al. 2020; Thapa et al. 2020; Graf et al. 2021; Steele et al. 2022;
Nakamura-Gouvea et al. 2022). Recently, 60 new genomes of Phaeophyceae have been
sequenced in a considerable effort by the Phaeoexplorer project (Denoeud et al. 2024), which
provided 14 new families sequenced and 17 good-quality genomes. The giant kelp, Macrocystis
pyrifera, has also been sequenced to the chromosome level (Diesel et al. 2023). The CCGP
initiative is contributing to expanding the available seaweed genomes by sequencing the
monospecific kelp genus Nereocystis.

We provide a high-quality genome of N. luetkeana compared to the quality of currently
available kelp genomes. N. luetkeana genome is larger than the average Phacophyceae genomes
(321 mb) but slightly smaller (10%) than other Laminariales (496 mb), as previously reported
from DAPI fluorimetry (Kapraun 2005). The number of detected genes is similar to M. pyrifera
but 30% larger than Sacharina japonica. The genome of Laminaria digitata could not be
compared because it is highly fragmented (Denoeud et al. 2024). As important marine
forest-forming species that sustain significant biodiversity, more genomes from members of the
Laminariaceae family are needed as genomics is becoming an essential conservation biology tool
(Fiedler et al. 2022; Theissinger et al. 2023).

The enrichment of specific orthogroups for N. luetkeana and M. pyrifera can be related to
their large body size and the new gene functions needed to sustain their remarkable development.
The presence of unique ATP-binding protein-coding genes in both N. luetkeana and M. pyrifera
may be linked to the increased metabolic flux required by their rapid growth rate. Similarly, the
elevated energetic demands for synthesizing carbon-rich molecules have already been described
in other large body-sized organisms. In birds and mammals, Na'-K"-ATPases gene enrichment
and higher enzymatic activity have been associated with body size changes of three orders of
magnitude, primarily associated with lipid biosynthesis (Turner et al. 2005). For photosynthetic
eukaryotes, ATPase upregulation has been associated with higher growth and rubisco protein
levels in Ulva lactuca (El-Adl et al. 2021) and increased nitrogen assimilation and overall yield
in Oryza sativa (Zhang et al. 2021). The synthesis of polysaccharides, such as alginate and
fucoidan, and their transport via cytoskeletal trafficking of Golgi-derived vesicles require
elevated ATP hydrolysis (Nagasato and Motomura 2009; Cosgrove 2024). This is crucial for cell
wall thickening during the rapid cell division and elongation in basal meristems in the massive
sporophytes (Bisgrove and Kropf 2001; Starko et al. 2018). Furthermore, the enrichment of
ATPases in large-body kelps is consistent with earlier findings of high ATP concentration in
sieve elements (Schmitz and Srivastava 1974). This supports the energy-intensive process of
rapid, long-distance translocation of photoassimilates, essential for sustaining the growth of these
large kelps (Schmitz and Srivastava 1974; Schmitz and Lobban 1976; Knoblauch et al. 2016a).

The association between ATP-binding protein-coding genes and body size could be
further detailed when the closest relatives to bull kelp, Postelsia palmaeformis, genome is
sequenced given its much smaller body size. Conversely, another large-body, closely related
species is the elk kelp, Pelagophycus porra (Parker and Bleck 1965), an understudied, ironically
cryptic species (deep habitat) with no genomic resources. The genomes of two other large-bodied
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kelps from related groups, the 25-meter-long kelp Eualaria fistulosa (Alariaceae) (Setchell and
Gardner 1925) and the 17.5-meter-long Himantothallus grandifolius (Desmarestiaceae)
(Dieckmann et al. 1985), could also provide important insights into gene repertoire evolution
responsible for kelp body size.

The genomic resources developed here enable a suite of narrow-semse population
genomics tools to assist the species' conservation biology (Luikart et al. 2018). For example,
high-density SNP panels mapped to this genome will allow pinpointing specific genomic
features when detecting signatures of selection and their association with environmental
variation. Likewise, transcriptomics experiments (RNAseq) can now produce sets of
differentially expressed genes and test their enrichment in different conditions. Patterns of
linkage disequilibrium decay across the genome can now be characterized and used in
demographic inference.
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Figure 1. The bull kelp, Nereocystis luetkeana. A - Mature diploid sporophytes in the wild
forming the marine forest canopy (Credit to Steve Lonhart). B) Female and male haploid
microscopic gametophytes (Credit to Gabriel Montecinos). C - Distribution of Nereocystis
luetkeana on Northeastern Pacific


https://doi.org/10.1101/2025.07.16.665147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.07.16.665147; this version posted July 21, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Version 10

GenomeScope Profile

len:422,071,022bp uniq:66.9% Scaffold statistics BUSCO  stamenopites_oab10 (100)
] og10 scafold count (total 1.66) [ compiete (85.0%) [ Fragmented (3.0%)

a:100%
kcov:67.9 err:0.5% dup:9.12 k:21 p:1 = Jength (ot 450M) 1B ovwtentsa %) [ wissing (120%

: [ ongest scatfoid (22m) &
«© [ nsotengtn (1) .
o ~—— observed N
& - — full model Dl ownan s | 8
g unique sequence A
o errors
— kmer-peaks
g o
S ©
S &
> o
o <
T
b
[©) -
&
o
£
o 8 7
o
S
T
o " "
g T T T T T Scale Composition
0 50 100 150 200 o W cecor
Oz ] O arasan
N (0.0%)
Coverage Dataset: blobtools_GCA_031213475 o

JARUPZ010000003.1 JARUPZ010000013.1 JARUPZ010000027.1  JARUPZ010000360.1

Figure 2. Visual overview of Nereocystis luetkeana genome assembly metrics and quality. A) A
GenomeScope 2.0 k-mer spectrum from adapter-trimmed HiFi sequence data. B) BlobToolKit
Snailplot showing N50 metrics for N. luetkeana assembly uoNerLuetl. Central circular plot
shows genome length, with scaffolds added in clockwise fashion from longest to shortest. The
outer ring indicates relative AT/CG content, and scaffold summary statistics and BUSCO scores
for the stramenopiles odb10 set of orthologues (n = 100). are shown at top left and right. C)
Haploid contact map of uoNerLuetl (10k resolution). Current data resolution: 640k.
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Figure 3. BUSCO’S eukaryote (n=255) and stramenopiles (n = 100) ortholog gene groups set on
Nereocystis luetkeana (Nerluetl) assembly and other phaeophyceae seaweed genome assemblies,
specifically: Alaesc: Alaria esculenta, Cloak: Cladosiphon okamuranus, Ectsil: Ectocarpus
siliculosus, Macpyr2: Macrocystis piryfera, Nemdel: Nemacystus decipiens, Sacja: Saccharina
Jjaponica, Sarfu: Sargassum fusiforme, Undpil: Undaria pinnatifica.
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Figure 4. Model of the putative chloroplast structure for Nereocystis luetkeana.
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Figure 5. Comparative orthogroup and gene ontology enrichment analysis of Nereocystis luetkeana genome. In A,
an upset plot showing all orthogroup counts for intersection groups between 10 other phacophyceae genomes. B)
The expanded orthogroups in each species, highlighting the proportion of unique orthogroups. In C, D, E, F, G and
H, enrichment analysis of gene ontology terms of the 592 unique orthogroup genes present in both N. luetkeana
(left) and M. pyrifera (right). C and D) Molecular functions; E and F) Cellular Components; G and H) Biological
Processes. The acronyms are: “ae”: Alaria esculenta ,”co”: Cladosiphon okamuranus , “es”: Ectocarpus siliculosus,
“mp”: Macrocystis pyrifera, “nd”: Nemacystus decipiens, “st”: Sargassum fusiforme, “si”’: Schizocladia ischiensis
(outgroup), “sj”: Saccharina japonica,sl”: Saccharina latissima, ‘“up”: Undaria pinnatifida. The silhouette images
were obtained at https://www.phylopic.org/, credit of Macrocystis silhouette to Harold N Eyster, 2019.
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Tables 1
Table 1: Sequencing and assembly statistics, and accession numbers.
Bio Projects |CCGP NCBI BioProject PRINA720569
& Vouchers . ora NCBI BioProject PRINA765643
Species NCBI BioProject PRINA777199
NCBI BioSample SAMN25872350
Specimen identification NB.12.F.B3
NCBI Genome accessions
Assembly accession JARUPZ000000000
Genome sequence GCA 031213475.1
Genome PacBio HiFi reads Run 1 PACBIO_SMRT (Sequel Il) run: 1.5M spots,
Sequence 21.9G bases, 13.6Gb, 1 PACBIO_SMRT
(Sequel lle) runs: 622,181 spots, 9.7G bases,
6.7Gb
Accession SRX28564289, SRX28564290
Omni-C Illumina reads Run 2 ILLUMINA (lllumina NovaSeq 6000) runs:
51.3M spots, 15.5G bases, 5.3G
Accession SRX28564291-2
Genome Assembly identifier (Quality code *) uoNerLuet1(6.7.P6.Q57.C81)
Qu?l?tsjr:/}:t};ics HiFi Read coverage ** 60.30X
Number of contigs 2,121
Contig N50 (bp) 1,105,316
Contig NG50 1,390,945
Longest Contigs 9,676,312
Number of scaffolds 1,562
Scaffold N50 10,969,560
Scaffold NG50 11,402,812
Largest scaffold 21,869,845
Size of final assembly (bp) 449,826,560
Phased block NG50 § 1,390,945
Gaps per Gbp (#Gaps) 1243(559)
Base pair QV 57.822
k-mer completeness 84.9951
BUSCO completeness** C S D F M
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1083 (stramenopiles) n=100 72.00% = 69.00% = 3.00% = 12.00% = 16.00%

* Assembly quality code x.y.P.Q.C derived notation, from (Rhie et al. 2021). x = log10[contig NG50]; y =
log10[scaffold NG50]; P = log10 [phased block NG50]; Q = Phred base accuracy QV (Quality value); C =%
genome represented by the first ‘n’ scaffolds, following a known karyotype for this species of n=31(Genome on a
Tree, query (Nereocystis luetkeana); Challis et al. 2023)

. Quality code for all the assembly denoted by primary assembly (uoNerLuet1.0.p)

§ Read coverage and NGx statistics have been calculated based on the estimated genome size of 500 Mbp

** BUSCO Scores. Complete BUSCOs (C). Complete and single-copy BUSCOs (S). Complete and duplicated
BUSCOs (D). Fragmented BUSCOs (F). Missing BUSCOs (M).
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Table 2: Assembly Pipeline and Software Used. Software citations are listed in the text.
Software and any non-default
Assembly options Version Reference
Filtering PacBio HiFi Commit
adapters HiFiAdapterFilt 64d1c7b Sim et al. 2022
K-mer counting Meryl (k=31) 1 https://github.com/marbl/meryl
Estimation of genome
size and heterozygosity GenomeScope (k=31) 2 Ranallo-Benavidez et al. 2020
De novo assembly HiFiasm (—primary, -10, output Cheng et al. 2021
(contiging) p_ctg) 0.16.1-r375 Cheng et al. 2022
Scaffolding
Omni-C data alignment Arima Genomics Mapping Commit https://github.com/ArimaGeno
Pipeline 2eT74ead mics/mapping_pipeline
Arima Genomics BWA-MEM 0.7.17-r118 Li2013
Mapping Pipeline 8
AGMP samtools 1.11 Danecek et al. 2021
filter five end.pl (AGMP) Commit | https://github.com/ArimaGeno
2e74¢ead mics/mapping_pipeline
two_read bam combiner.pl Commit https://github.com/ArimaGeno
(AGMP) 2e74¢ead mics/mapping_pipeline
picard 2.27.5 https://broadinstitute.github.io/
picard/
Omni-C Scaffolding SALSA (-DNASE, -i 20, -p yes) 2 Ghurye et al. 2017, Ghurye et
al. 2019
YAGCloser (-mins 2 -f 20 -mcc 2 Commit | http://github.com/merlyescalon
Gap closing -prt 0.25 -eft 0.2 -pld 0.2) 0e34c3b alyagcloser
Omni-C Contact map generation
Short-read alignment BWA-MEM (-5SP) 0.7.17-r118 Li2013
8
SAM/BAM processing samtools 1.11 Danecek et al. 2021
SAM/BAM filtering  pairtools 0.3.0 Open2C et al. 2024
Pairs indexing pairix 0.3.7 Lee at al 2022
Matrix generation cooler 0.8.10 Abdennur and Mirny 2020
Matrix balancing hicExplorer (hicCorrectmatrix 3.6 Ramirez et al. 2018
correct --filterThreshold -2 4)
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Contact map HiGlass 2.1.11 Kerpedjiev et al. 2018
visualization PretextMap 0.1.4  https://github.com/wtsi-hpag/P
retextView
PretextView 0.1.5  https://github.com/wtsi-hpag/P
retextMap
PretextSnapshot 0.0.3 | https://github.com/wtsi-hpag/P
retextSnapshot
Manual curation tools  Rapid curation pipeline Commit | https://gitlab.com/wtsi-grit/rap
(Wellcome Trust Sanger Institute, 7acf220c id-curation
Genome Reference Informatics
Team)
Genome quality assessment
Basic assembly metrics QUAST (--est-ref-size) 5.0.2 Gurevich et al. 2013
BUSCO (-m geno, -1 Manni et al. 2021
Assembly stramenopiles) 5.0.0
completeness Merqury 2020-01-29 Rhie et al. 2020
Contamination screening
Local alignment tool ~ BLAST+ (-db nt, -outfmt '6 qseqid Camacho et al. 2009
staxids bitscore std',
-max_target seqs 1, -max_hsps 1,
-evalue 1e-25) 2.15
General contamination BlobToolKit (PacBlo HiFi Challis et al. 2020
screening Coverage, NCBI Taxa ID =
117523, BUSCODB =
stramenopiles) 2.3.3
Mitochondrial assembly
MitoHiFi (-r, -p 80, -0 1, -a plant) Uliano-Silva et al. 2023
Mitochondrial genome Reference: Nereocystis luetkeana
assembly (NCBI:NC _042395.1) 3
MitoFinder (MitoHiFi pipeline Allio et al. 2020
Genome annotation parameters) 1.4
Chloroplast assembly
de novo genome
assembly Oatk (syncasm -k 1001 -c 400) 1 https://github.com/c-zhou/oatk
1.3-r115-dir
Sequence editing seqtk ty https://github.com/Ih3/seqtk
Sequence alignment lastz (--nogapped,--notransition, 1.04.15 Harris 2017
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—step=20)
Alignment LAJ
visualization (http://globin.cse.psu.edu/dist/laj/) | 2005-12-14 Wilson et al. 2001
GeSeq
(https://chlorobox.mpimp-golm.m
Genome annotation pg.de/geseq.html) 2021 Tillich et al. 2017
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