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Abstract

Phyllospadix spp. (surfgrass) are flowering plants and keystone species in the rocky intertidal and subtidal environments of the North Pacific
Ocean. Here we report a chromosome level assembly for P. torreyi, which occurs along the coast of California, sometimes in sympatry with P.
scouleri. Both of these species and their putative hybrids are being studied as part of the California Conservation Genomics Project. Phyllospadix
are dioecious, and males are exceptionally rare compared to females. Using high throughput, long reads (PacBio) and chromatin capture (Omni-
C), we assembled a chromosome level genome for a male individual and a contig level assembly for a female individual. Comparison between
the male and female assembly confirmed that the male is the heterogametic sex and has a massive Y chromosome at 124.8 megabases,
which encompasses over 27% of the male genome. We also compared the male P. torreyi assembly to a genome from its sister genus, the
monoecious Zostera marina, and found relatively high levels of synteny, that syntenic gene blocks on the P. torreyi sex chromosomes align to
a single chromosome of Z. marina, and an estimated divergence time of ca. 25 million years ago. The Phyllospadix genome will be a powerful
tool for studying marine dispersal, sex ratios, genetic diversity, sex chromosome evolution, and other dynamics in a keystone marine species.
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Introduction

Seagrasses encompass the small group of flowering plants that
grow in marine environments and their habitats are consid-
ered to be one of the most human impacted ecosystems and
threatened by climate change (reviewed by Mtwana Nordlund
et al. 2016). Unlike most seagrasses, which form habitat in
sheltered areas such as estuaries, Phyllospadix species (surf-
grass; Zosteraceae) occur along exposed rocky coasts where
they adhere to hard substrates in areas with heavy wave
action. Thus, Phyllospadix species are particularly unusual
angiosperms that form critical habitat for many organisms in
the intertidal and shallow subtidal zones (Shelton 2010a).

Two species of surfgrass occur along the California coast.
Phyllospadix torreyi S. Watson (Watson 1879) has narrow,

relatively cylindrical leaves, typically makes several female
inflorescences per flowering stem, and is distributed through-
out California (Williams 1995; Jepson eFlora 2025. P. scouleri
Hook has wider, flatter leaves, usually makes one female
inflorescence per flowering stem, and is found more com-
monly from Monterey county north, although disjunct pop-
ulations occur southward into Baja California (Jepson eFlora
2025). A previous study using morphological and isozyme
analyses found evidence of some hybridization between the
two species, but this has not been studied comprehensively
(McMillan et al. 1981).

Surfgrass is dioecious, and males are exceedingly rare,
often accounting for < 10% populations (Phillips 1979; Cox
et al. 1992; Williams 1995; Bush et al. 2006; Shelton 2008).
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Interestingly, (Shelton 2010b) found that sex ratios are nearly
equal at the seed stage, and that the sex discrepancy only
becomes pronounced in populations of established plants.
While sex chromosomes have not been definitively identified
cytologically (Stewart and Rudenberg 1980), genetic analysis
has suggested that males are the heterogametic sex (Bush et al.
2006; Shelton 2010b). Zostera (Linnaeus 1753), the sister
genus to Phyllospadix, is monoecious and a chromosome-
resolved genome has been assembled for Zostera marina
(Olsen 2016; Ma 2021). Monoecy is likely the ancestral state
of seagrasses, and therefore dioecy in Phyllospadix likely
evolved after the split with Zostera (Olsen 2016, Ma 2024).

The goal of the California Conservation Genomics Project
(CCGP) is to make detailed assessments of genetic diversity
of individuals across the tree of life and across the state,
while examining the abiotic influences driving biodiversity
(Shaffer et al. 2022). As such, we produced a genome assembly
from a male P. torreyi individual with scaffolded pseudo-
chromosomes. We also present an un-scaffolded female
assembly to complement the male and aid in identifying
Y chromosome sequence. Further, we compare the P.
torreyi and Z. marina genomes to gain insight into genome
divergence, including the evolution of sex chromosomes. The
Phyllospadix genome will facilitate population and landscape
genomic studies such as the CCGP and others examining the
relationships of genetic diversity, population structure, and
divergence with abiotic influences in intertidal plant species
across California.

Methods

Biological materials

Male: We collected approximately 12 g of young leaves and
floral tissue from a single subtidal individual at Campus
Point in Goleta adjacent to the University of California,
Santa Barbara campus (34.404861, −119.843571). Tissue
was weighed, snap frozen in liquid nitrogen and stored at
−80 ◦C.

Female: The female (Ptor311-Wns) was collected at Win-
dansea Beach, Little Point tidepools, San Diego (32.83241,
−117.28235); approximately 3 g of young leaf tissue was
collected for nucleotide extraction, and flowers collected from
the same individual to confirm sex. Tissue was transported in
chilled sea water prior to snap freezing in liquid nitrogen for
nucleotide extraction.

DNA extraction
Male
High molecular weight (HMW) genomic DNA (gDNA)
was isolated from 405 mg of young leaf and floral tissues
using the cetyltrimethylammonium bromide (CTAB) method
as described by (Inglis et al. 2018), with the following
modifications: 1) we replaced 2-mercaptoethanol (1% v/v)
with sodium metabisulfite (1% w/v) in both the sorbitol
wash buffer and the CTAB solution; 2) we continued
washing the tissue homogenate until a clear supernatant
was obtained; 3) we conducted the CTAB lysis step at 45
◦C; and 4) we performed the chloroform extraction step
twice using ice-cold chloroform. We evaluated DNA purity
(260/280 = 1.83 and 260/230 = 2.05) using absorbance ratios
measured on a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, MA). The final DNA yield (7 μg

total) was quantified using QuantiFluor ONE dsDNA Dye
assay (Promega, WI). The size distribution of the HMW DNA
was analyzed with the Femto Pulse system (gDNA 165 kb kit,
Agilent, CA), revealing that 69% of the total fragments were
larger than 30 kb.

Female
Leaf tissue was ground by mortar and pestle in liquid nitrogen
to a fine powder, and 0.5 tsp, corresponding to approximately
a 1 g tissue was carried forward to lysis. Lysis and DNA
purification steps were performed in accordance with the
Oxford Nanopore Technologies Community protocol for
HMW DNA from Arabidopsis using the QIAGEN Blood
and Cell Culture DNA Midi Kit (Qiagen,Germany; Cat#
13343) (https://community.nanoporetech.com/extraction_me
thod_groups/plant-leaf-gDNA). To avoid sample splitting
across multiple columns, the protocol was modified at the
column purification step to combine two 20 mL lysis “half-
reactions” on the same column. The DNA was precipitated
in isopropanol for the minimum recommended incubation
period of 3 hours. DNA purity and quantity was assessed
by Nanodrop 2000c (Thermo Fisher Scientific; Cat# 8353-
30-0011) and Qubit Fluorometer (Invitrogen, Waltham,
MA; Cat# Q33238) with Broad Range Buffer (Invitrogen;
Cat# Q33231), and for fragment length by Agilent 4150
Tapestation (Agilent, Santa Clara, CA; Cat# G2992AA) with
a gDNA ScreenTape (Agilent; Cat# 5067–5365).

Nucleic acid library preparation
Male
The High Fidelity (HiFi) SMRTbell library was constructed
using the SMRTbell prep kit 3.0 (Pacific Biosciences—PacBio,
Menlo Park, CA; Cat. #102–182-700) according to the
manufacturer’s instructions. HMW gDNA was sheared to
a target DNA size distribution between 15–18 kb using
Diagenode’s Megaruptor 3 system (Diagenode, Belgium; cat.
B06010003). The sheared gDNA was concentrated using 1X
of SMRTbell cleanup beads provided in the SMRTbell prep
kit 3.0 for the repair and a-tailing incubation at 37 ◦C for
30 min and 65 ◦C for 5 min, followed by ligation of overhang
adapters at 20 ◦C for 30 min, clean-up using 1X SMRTbell
cleanup beads, and nuclease treatment at 37 ◦C for 15 min.
The SMRTbell library was size selected using 3.1X of 35%
v/v diluted AMPure PB beads (PacBio; Cat. #100–265-900)
to progressively remove SMRTbell templates < 5 kb.

The Omni-C library was prepared using the Dovetail™
Omni-C™ Kit (Dovetail Genomics, Scotts Valley, CA) accord-
ing to the manufacturer’s protocol with slight modifications.
First, specimen tissue (young leaves) was thoroughly ground
with a mortar and pestle while cooled with liquid nitro-
gen. Nuclear isolation was then performed using published
methods (Workman et al. 2018). Subsequently, chromatin
was fixed in place in the nucleus and digested under various
conditions of DNase I until a suitable fragment length dis-
tribution of DNA molecules was obtained. Chromatin ends
were repaired and ligated to a biotinylated bridge adapter
followed by proximity ligation of adapter containing ends.
After proximity ligation, crosslinks were reversed and the
DNA was purified from proteins. Purified DNA was treated
to remove biotin that was not internal to ligated fragments.
An NGS library was generated using an NEB Ultra II DNA
Library Prep kit (New England Biolabs, Ipswich, MA) with an
Illumina compatible y-adaptor. Biotin-containing fragments
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were then captured using streptavidin beads. The post capture
product was split into two replicates prior to PCR enrichment
to preserve library complexity with each replicate receiving
unique dual indices.

Female
For sequencing on a PacBio Revio, a HiFi SMRTbell library
was constructed and barcoded using the HiFi SMRTbell
prep kit 3.0 (PacBio, Cat. #102–182-700) according to the
manufacturer’s instructions and the same as the male P. torreyi
library preparation.

DNA sequencing
Male
The 15–18 kb average HiFi SMRTbell library was sequenced
at the UC Davis DNA Technologies Core (Davis. CA) on
a PacBio Sequel IIe sequencer using one 8 M SMRT cell
(PacBio, Menlo Park, CA; Cat #101–389-001 with Sequel
II sequencing chemistry 2.0 and 30-h movies. The Omni-C
library was sequenced at Vincent J. Coates Genomics Sequenc-
ing Lab (Berkeley, CA) on an Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA) to generate approximately 100
million 2 × 150 bp read pairs per GB genome size.

Female
For the female (Ptor311-Wns), the SMRTbell library was
multiplexed with one other library and run on a PacBio Revio
running instrument chemistry bundle v13.0.0.205983 with a
25 M Single Molecular Real-Time (SMRT) cell (PacBio, Cat#
102–202-200) and 30-h movie time.

Genome size estimation

We estimated the genome size of P. torreyi, first by flow
cytometry. We collected young tissue from two plants near
Campus Point at the UCSB campus and shipped them on ice
to the laboratory of Brian Husband (University of Guelph,
Guelph, ON Canada) for analysis using the methods of Sabara
et al. 2013 and Sorghum bicolor as a standard. Plants were
not flowering at the time and given the highly female biased
sex ratio of natural populations were very likely female indi-
viduals. We also estimated the genome sizes of both the male
and female samples for genome sequencing using their K-mer
frequency distribution with the long read PacBio, SMRT, HiFi
reads (Supp. Figs. S2, S3).

Nuclear genome assembly
Male
We assembled the genome of the male P. torreyi following the
CCGP assembly pipeline, which uses PacBio HiFi reads and
Omni-C data to produce high quality and highly contiguous
genome assemblies. The pipeline is outlined in Table S1 and
lists the tools and non-default parameters used in the assembly
process. First, we removed the remnants adapter sequences
from the PacBio HiFi dataset using HiFiAdapterFilt (Sim
et al. 2022) and generated the initial phased diploid assembly
using HiFiasm (Cheng et al. 2021) on Hi-C mode, with the
filtered PacBio HiFi reads and the Omni-C dataset. We aligned
the Omni-C data to both assemblies following the Arima
Genomics Mapping Pipeline (https://github.com/ArimaGeno
mics/mapping_pipeline) and then scaffolded both assemblies
with SALSA (Ghurye et al. 2017; Ghurye et al. 2019).

Assemblies were manually curated by iteratively generating
and analyzing their corresponding Omni-C contact maps.

To generate the contact maps we aligned the Omni-C data
with BWA-MEM (Li 2013), identified ligation junctions, and
generated Omni-C pairs (Lee et al. 2022) using pairtools
(Open2C et al. 2024). We generated a multi-resolution
Omni-C matrix with cooler (Abdennur and Mirny 2020)
and balanced it with hicExplorer (Ramírez et al. 2018). We
used HiGlass (Kerpedjiev et al. 2018) and the PretextSuite
(https://github.com/wtsi-hpag/PretextView; https://github.
com/wtsi-hpag/PretextMap; https://github.com/wtsi-hpag/
PretextSnapshot) to visualize the contact maps where we
identified misassemblies and misjoins, and finally modified
the assemblies using the Rapid Curation pipeline from
the Wellcome Trust Sanger Institute, Genome Reference
Informatics Team (https://gitlab.com/wtsi-grit/rapid-curatio
n). Some of the remaining gaps (joins generated during
scaffolding and/or curation) were closed using the PacBio
HiFi reads and YAGCloser (https://github.com/merlyescalo
na/yagcloser). Finally, we checked for contamination using
the BlobToolKit Framework (Challis et al. 2020).

Female
We assembled the female P. torreyi genome (Ptor311-
Wns) with HiFiasm v0.19.9-r616 using the PacBio HiFi
reads (Cheng et al. 2021). We report the primary output,
which is an un-phased consensus assembly. The assembly
was passed through the National Center of Biotechnology
Information’s (NCBI) Foreign Contamination Screening—GX
Program v0.5.0 (https://github.com/ncbi/fcs-gx) to remove
contaminant contigs, given NCBI Taxonomy ID 55486 for P.
torreyi (Astashyn et al. 2024).

Genome quality assessment

We generated k-mer counts from the PacBio HiFi reads using
meryl (https://github.com/marbl/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. For contiguity metrics,
we ran QUAST (Gurevich et al. 2013). To evaluate genome
quality and functional completeness we used BUSCO (Manni
et al. 2021a) with the Embryophyta ortholog database
(embryophyta_odb10) which contains 1614 genes. Assess-
ment of base level accuracy (QV) and k-mer completeness
was performed using the previously generated meryl database
and merqury (Rhie et al. 2020). We further estimated
genome assembly accuracy via BUSCO gene set frameshift
analysis using the pipeline described in (Korlach et al. 2017).
Measurements of the size of the phased blocks is based on
the size of the contigs generated by HiFiasm on HiC mode.
We follow the quality metric nomenclature established by
(Rhie et al. 2021), with the genome quality code x.y.P.C,
where, x = log10[contig NG50]; y = log10[scaffold NG50];
P = log10[phased block NG50]; C = % genome represented by
the first “n” scaffolds, following a karyotype of 2n = 12, for
this species according to Genome on a Tree [GoaT; tax_tree(P.
torreyi); (Challis et al. 2023)]. Quality metrics for the notation
were calculated on the primary haplotype assembly.

Chloroplast genome assembly

The chloroplast sequence for P. torreyi was generated with
Oatk (Zhou et al. 2024). We used GeSeq (Tillich et al.
2017) to generate a draft genome annotation and after
completion of the male nuclear genome assembly. We used
the chloroplast genome assembly from Arabidopsis thaliana
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[NCBI:NC_000932.1; (Sato et al. 1999)] to visually validate
order of the regions. For this inspection, we aligned the
generate sequence against the guide, using lastz (Harris 2007),
extracted contigs and fixed orientation when needed using
samtools (Danecek et al. 2021) and seqtk (https://github.co
m/lh3/seqtk). Visual validation of the alignment was done
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). After completion of the nuclear genome,
we searched for matches of the resulting chloroplast 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 chloroplast assembly
sequence.

Evaluating the assembly

We used BUSCO (Manni et al. 2021b) with the embryophyta
database (embryophyta_odb10) to evaluate genome quality
and functional completeness, and compared the results to
those obtained from the most recent Z. marina v.3.1 genome
assembly (Ma et al. 2021). To assess broad synteny and
genome structure we generated dot plots with D-Genies using
Minimap version 2, and the “hide noise” feature (Cabanettes
and Klopp 2018).

Coverage analysis and heterozygosity calls

For the coverage analysis we generated tracks for depths
of coverage for both male and female samples by aligning
their corresponding PacBio HiFi datasets to the male genome
assembly (laPhyTorr1.0.p). In detail, we use minimap2 (−ax
map-hifi) (Li 2018; Li 2021), subsequently sorted and con-
verted the alignments into BAM files using samtools sort
(Danecek et al. 2021). From the resulting files, we generated
per window coverage information using the module genome-
cov of bedtools (−bga, −split) (Quinlan and Hall 2010). In
addition, we ran a genome mappability analysis to understand
the complexity of the genome using GenMap (k = 150, e = 0)
(Pockrandt et al. 2020).

For the heterozygous calls, we used the BAM files from
the coverage analysis and called variants using DeepVariant
(Poplin et al. 2018), then per alignment calculated the number
of segregating sites and heterozygous calls in 10 kb windows.
Finally, we aggregated all the information from coverage and
heterozygous calls and visualized it using HiGlass (Fig. S1).

Annotating genes and defining orthologs to Z.

Marina

We annotated protein coding genes on all putative autosomes
and sex chromosomes in the male assembly with the machine
learning gene prediction tools Helixer v0.3.3 (Stiehler et al.
2020) and eggNOG mapper (Cantalapiedra et al. 2021).
The JCVI toolkit v1.5.3 Python implementation of MCscan
(Wang et al. 2024) was used to identify syntenic ortholog pairs
between male P. torreyi and Z. marina v.3.1 (Ma et al. 2021).
We used default parameters for jcvi.compra.catalog (−-cscore
0.7, −-identity 90, −-coverage 70) to define orthology by blast
similarity and alignment coverage, and jcvi.compra.synteny
(−-gap_size 30, −-match_size 5 –score_cutoff 25, −-span_size
30) to define syntenic blocks, used for plotting genome
macrosynteny between P. torreyi and Z. marina in Fig. 3B.

These parameters were sufficiently relaxed as to capture a
large number of syntenic gene pairs despite the evolutionary
distance between the two organisms (diverged protein
sequences), and allowed for syntenic blocks containing up
to 30 non-syntenic genes to maintain synteny visualization
across regions with some tandem duplications and insertions.

Estimating speciation divergence time

All syntenic orthologs between P. torreyi and Z. marina were
supplied to gKaKs v1.3.0 (Zhang et al. 2013) to compute
divergence values, except orthologs on the Y and X, as they
have different divergence rates due to several factors. To
estimate speciation divergence time between Z. marina and
P. torreyi we used the neutral substitution rate of 6.5e-09 per
synonymous site per year for the grass monocot Oryza sativa
(Gaut et al. 1996).

Results

P. torreyi genome size estimation

There are no published genome size estimates for P. torreyi.
The mean genome size estimates from flow cytometry for the
two samples (each analyzed with two replicate runs) were
333.5 Mbp and 330.1 Mbp. The k-mer analysis of the male
genome yielded an estimate of 356 megabases (Mb) with
0.78% heterozygosity. The k-mer spectrum shows a bimodal
distribution with a major peak at ∼ 90-fold coverage and
a minor peak at ∼ 45-fold coverage (Fig. 2A). The female
genome was estimated to be 289 Mb with 2.91% heterozy-
gosity rate. The k-mer spectrum shows a bimodal distribution
with a major peak at ∼ 60-fold coverage and a minor peak at
∼ 120-fold coverage (Fig. S3). “Based on the k-mer analyses,
the male genome was 23% (67Mb) larger than the female
genome, likely due to the Y-chromosome.”

Nuclear genome assembly

We generated PacBio long read data for both male and female
samples to generate high quality genome assemblies. For the
male, we generated ∼97X genome coverage of PacBio HiFi
reads with a N50 read length of 16 364 bp; in addition, for
the male we generated a Omni-C High-throughput Chromatin
Conformation and Capture (HiC) to scaffold the contigs into
chromosomes (Table S2).

The final genome assembly (laPhyTorr1) consists of two
phased haplotypes; however, the assemblies have been tagged
as primary and alternate based on our assessment of complete-
ness and contiguity. The primary haplotype (laPhyTorr1.0.p)
consists of 79 scaffolds spanning 447.94 Mb with a contig
N50 length of 21.57 Mb, a scaffold N50 length of 36.62 Mb,
the largest contig size of 37.77 Mb, and the largest scaffold
size of 124.81 Mb (Table 1, Table S2). SCAF_8 of the primary
male assembly did not have a homologous scaffold in the
alternate haplotype of the male assembly, but it did align to
contig ptg000002l in the female consensus assembly. Thus,
SCAF_8 was included in the primary male haplotype.

The alternate haplotype (laPhyTorr1.0.a) consists of 47
scaffolds spanning 263.66 Mb with a contig N50 length of
25.23 Mb, a scaffold N50 length of 33.46 Mb, the largest
contig size of 35.93 Mb and the largest scaffold size of
40.26 Mb (Table 1, Table S2).

The primary haplotype has a BUSCO completeness score
for the Embryophyta gene set of 93.5%, a base pair quality
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Table 1. Basic assembly metrics for the male assembly (both haplotypes) and the contig-level female assembly.

Total size Contig N50 Scaffold N50 BUSCO completeness

Male (primary) 447.9 Mb 21.6 Mb 36.6 Mb 93.5%
Male (alternate) 263.7 Mb 25.2 Mb 33.5 Mb 79.3%
Female 355.8 Mb 32.3 kb NA 94.9%

value (QV) of 71.55, a k-mer completeness of 90.74%, and
a frameshift indel QV of 49.45 (Table 1, Table S2). The
alternate haplotype has a BUSCO completeness score for the
same gene set of 79.3%, a base pair QV of 70.65, a k-
mer completeness of 72.2%, and a frameshift indel QV of
48.84. Because the assemblies differ in chromosome content,
their relative completeness cannot be directly compared. To
assess the relative completeness of the haplotype assemblies
of the male, we removed Pt.1 (Y), Pt.5 (X) and Pt.8 from
the primary assembly and found a BUSCO completeness of
76.5%, similar to the alternate assembly (79.3%). Similarly, to
assess relative completeness of the male and female assemblies,
we removed Pt.1 (Y) from the male primary assembly and
found a BUSCO completeness of 92.1%, similar to the female
assembly (94.9%).

During manual curation we made a total of 34 joins (27
on the primary haplotype and 7 on the alternate haplotype)
and 4 breaks (2 per haplotype) based on the signal from the
Omni-C contact maps. We filtered out a total of 76 contigs
on the contamination screening with Blobtools corresponding
to various contaminants (detailed taxonomic assignment of
removed contigs on Table S3). We also filtered out 1 con-
tig corresponding to a mitochondrial contamination and 11
contigs corresponding to chloroplast contamination. No other
contigs were removed.

The Omni-C contact maps show highly contiguous assem-
bly, suggesting that the P. torreyi genome is organized in 11
chromosomes based on the number of major bins along the
diagonal axis of the plot (Fig. 2B). Due to the ease of analysis
and the substantially higher completeness of the primary
assembly, we placed both the putative Y and X chromosomes
on the primary assembly. Assembly statistics are reported
in Table S2 and represented graphically in Fig. 2C and D.
We have deposited both haplotypes of the genome assembly
on NCBI GenBank (see Table S2 and Data availability for
details).

For the female, we generated 117X coverage and assembled
a 355.8 Mb consensus, contig-level assembly (Ptor311-Wns)
with a contig N50 length of 32.3 Mb and BUSCO complete-
ness of 94.9% (Table 1, Table S2).

Chloroplast genome assembly

The final chloroplast assembly of P. torreyi is 123,576 bp long,
36.15% GC content. The large single copy is 85,734 bp long,
the small single copy is 17,665 bp long, and the inverted repeat
is 24,692 bp long. This plastome contains a total of 270 genes
including rRNAs and tRNAs (not counting the duplication of
the IR). We have deposited the chloroplast genome assembly
on NCBI GenBank (see Data availability for details).

Comparison of male and female assemblies

Going forward, we refer to chromosomes, scaffolds or contigs
by the species (Pt, P. torreyi; or Zm, Z. marina) followed

by their number, e.g, chromosome 1 in P. torreyi is Pt.1.
Chromosomes were named/numbered according to their size,
where chromosome 1 is the largest, regardless of whether they
were subsequently determined to be sex chromosomes. Unless
specified, we refer to the primary assembly of the male sample.

Dot plots between the two haplotypes of the male assembly
revealed that three large scaffolds in the primary assembly
(Pt.1, Pt.5, and Pt.8) did not have a homologous counterpart
in the alternate assembly (Fig. S4), suggesting that they may
be hemizygous. However, coverage of PacBio HiFi reads from
both the male and female samples to the primary assembly
showed similar coverage to Pt.8 as for most other large scaf-
folds, indicating that Pt.8 is an autosome that did not resolve
into separate haplotypes in our analysis, possibly due to a
lack of variation between haplotypes (Fig. S1). Conversely,
reads from the male sample had less than about one-half
the coverage on Pt.1 and Pt.5 as on autosomes, indicating
hemizygosity. Using the female reads, Pt.1 had essentially no
coverage except for a ca. 5 Mb region at one end, and Pt.5
had similar coverage to other autosomes (Fig. S1). In addition,
dot plots between the male primary assembly and the female
consensus assembly show high sequence similarity between
Pt.5 and Pt.3 of the female assembly. Further, the 5 Mb region
at one end of Pt.1 is highly similar to and contiguous with
the sequence at one end of Pt.5 (Pt.3 in the female assembly,
Fig. 3A). Thus, given that Pt.1 appears to be hemizygous in
the male and non-existent in the female (other than the ca.
5 Mb region), it is the putative Y chromosome. Further, as Pt.5
appears to be hemizygous in the male, yet have two copies in
the female, it is the putative X-chromosome. The ca. 5 Mb
region that is both homologous and contiguous on both Pt. 1
and Pt. 5 is the putative pseudoautosomal region (PAR), while
the remaining 99 Mb of Pt.5 is the sex determining region
(SDR).

The P. Torreyi Y chromosome

The P. torreyi Y chromosome (Pt.1) is unusually large at
124.8 Mb, or 27% of the haploid genome. Like other plant Y
chromosomes, it is gene-poor; we annotate just 581 protein-
coding genes (3% of all predicted genes; Fig. S1). Using
read-coverage, gene density, and X–Y collinearity with the X
chromosome (Pt.5), we delimit a PAR of ∼ 5 Mb (4% of Pt.1)
and a sex-determining region (SDR) comprising the remainder
(Fig. 3A). The PAR contains 209 predicted genes and the SDR
372; 141 PAR genes and 106 SDR genes retain X–Y synteny.
Nonsynonymous/synonymous divergence (Ka/Ks) is elevated
in both the PAR and the SDR of the Y, at approximately two-
times the X and autosomal values, consistent with reduced
efficacy of purifying selection (Fig. S5).

As a preliminary analysis, we scanned the list of functional
annotations for genes of interest for the origin of dioecy such
as genes involved in floral or gamete development (Table S4).
For example, genes with high similarity to those involved
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Fig. 1. Photographs and ranges of Phyllospadix (surfgrass) species. A) P. scouleri and B) P. (male individual with inflorescences). Border colors around
photos in A & B correspond to the color of the dots in C. C) Map of California showing the locations of sites for both species of Phyllospadix found in
coastal California visited by the authors. The collection points of P. Torreyi tissue used for the male (♂) and female (♀) genome assemblies are indicated.

with floral development (APETALA1 and CONSTITUTIVE
TRIPLE RESPONSE1), the development of the central cell
of the female gametophyte (AGAMOUS-like80), and meiotic
division (MEIOSIS-DEFICIENT2). Thus, this system will
likely add significantly to our knowledge of sex chromosome
evolution.

Comparison of P. Torreyi to Z. Marina

We visualized how orthologous genes have moved between
chromosomes, contributed to chromosome fusions or splits,
and undergone large structural inversions by extracting syn-
tenic gene blocks between P. torreyi and Z. marina. From
these syntenic blocks, 301 were plotted to create the linear
karyotype plot in Fig. 3B. This comparison revealed two
chromosomes with highly conserved synteny, Zm.2 and Zm.4
corresponding to Pt.2 and Pt.6, respectively. Some noticeable
rearrangements and splits/fusions have also taken place as
these plants diverged. Two Z. marina chromosomes share
their syntenic blocks with nearly all the blocks from two P.
torreyi chromosomes: (Zm.3 with Pt.7 and Pt.8) and (Zm.6
with Pt.9 and Pt.10). Finally, two Z. marina chromosomes
share all their syntenic blocks with blocks from two P. torreyi
chromosomes plus the blocks from one end of a third P. torreyi
chromosome: (Zm.1 with Pt.11, Pt.3 and one end of Pt.4) and
[Zm.5 with the sex chromosomes Pt.5 (X), Pt.1 (Y) and the
other end of Pt.4].

Computing synonymous divergence values for 9378 orthol-
ogous protein pairs from syntenic blocks, excluding those on
the sex chromosomes, indicates that P. torreyi and Z. marina
diverged from a common ancestor approximately 25 million

years ago (Mya). Of the 581 annotated proteins on the P.
torreyi Y, 112 are in syntenic blocks shared with Z. marina.
There are 81 syntenic genes in the PAR, while there are 31
in the SDR; five have two copies left over from the last
whole genome duplication. 37 syntenic genes in the PAR are
mitochondrial insertions, while the remaining 75 genes (44
PAR, 31 SDR) are syntenic with Zm.5.

Discussion

Here we present the first de novo genome for one of the key-
stone species of the California coastal intertidal and subtidal
habitats, P. torreyi. As P. torreyi is dioecious, we have assem-
bled genomes from both male and female individuals. Com-
paring these genomes revealed that the male is the heteroga-
metic sex, with a putative X chromosome, a very large putative
Y chromosome, and 9 major autosomal chromosomes. This
scaffold number (n = 10) matches the chromosome number
identified with cytological analysis (Harada 1944), which is
also the ancestral chromosome number of the Zosteraceae
(Silva et al. 2021).

Notably, the putative Y chromosome (Pt.1) is extremely
large at 124.8 Mb, which is over 27% of the size of the
entire haploid genome. A similar pattern was recently found
in Silene latifolia, where the Y chromosome consists of ca.
20% of the total genome (Moraga et al. 2025, Akagi et al.
2025). Other recent genome assemblies for dioecious plants
have revealed large and/or degenerate Y chromosomes (e.g.
Rumex hastatulus: Sacchi et al. 2024; Spinacia tetranda: She
et al. 2025). As is common with Y chromosomes, Pt.1 is very



572 Jason Johns et al. A large Y-chromosome in a chromosome-level genome

Fig. 2. Overview of genome assembly metrics for P. Torreyi . A) K-mer spectrum output of male PacBio HiFi data without adapters, generated using
GenomeScope2.0. K-mers at lower coverage and lower frequency correspond to differences between haplotypes, whereas the higher coverage and
higher frequency k-mers correspond to the similarities between haplotypes. B) Hi-C contact map for the primary genome assembly of the male genome
generated with PretextSnapshot. Hi-C contact maps translate proximity of genomic regions in 3-D space to contiguous linear organization. Each cell in
the contact map corresponds to sequencing data supporting the linkage (or join) between two of such regions. Scaffolds are separated by black lines
and higher density corresponds to higher levels of fragmentation. C,D) Snail plots for the primary (C) male and consensus (D) female genome assembly
showing a graphical representation of the quality metrics in Table S2 for the primary assembly. The circle represents the full size of the assembly. From
the inside-out, the central plot displays length-related metrics. The red line represents the longest scaffold; other scaffolds are ordered by size moving
clockwise around the plot and drawn in gray starting from the outside of the central plot. Dark and light orange arcs mark the scaffold N50 and N90
values. The central light gray spiral shows the cumulative scaffold count with a white line at each order of magnitude. White regions in this area reflect
the proportion of ns in the assembly the dark versus light blue area around it shows mean, maximum, and minimum GC versus AT content at 0.1%
intervals (Challis et al. 2020).

gene poor (Charlesworth and Charlesworth 2000; Bachtrog
2013), with only 581 annotated genes, 209 of which are in
the PAR, and only makes up ca. 4% of the chromosome.

We would expect the hemizygous Y chromosome (Pt.1) to
have about half of the coverage as the autosomes in the male.
In this assembly, however, the male had less than half of the
coverage on this chromosome compared to the autosomes,
and about half of the coverage in the PAR (Fig. 1). This is
likely due to lower mappability and the gene poor nature of
Pt.1, which may be caused by high levels of repetitiveness on
this chromosome, possibly due in part to an accumulation of

transposable elements (Fig. 1). Further, the X chromosome,
which has higher gene content and thus mappability, has
closer to half the coverage, as expected for a hemizygous
chromosome.

Syntenic blocks of homologous genes between P. torreyi
and Z. marina revealed significant rearrangements (Fig. 3B).
Previous phylogenetic analysis of chromosome number evolu-
tion in marine angiosperms found that n = 10 is the ancestral
state and that a series of chromosomal fusions must have
led to a reduction from n = 10 in the common ancestor
of the Zosteraceae to n = 6 in Zostera (Silva et al. 2021).

https://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esaf097#supplementary-data
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Fig. 3. Alignment of genome assemblies. A) Dot plot alignment comparing P. Torreyi male primary assembly and female consensus assembly. 11
chromosomes/contigs are labeled for each assembly. Chromosome 1 (Y chromosome; Pt.1) is unique to the male except for the putative PAR with the
X chromosome (circled on both Pt.1 and Pt.5/Pt.3 female). B) Gene synteny blocks shared between P. Torreyi scaffolds and Z. Marina chromosomes.
Yellow syntenic blocks denote genes occurring on the P. Torreyi X chromosome, and orange on the Y. Chromosomes (1–6 for Z. Marina, and 1–11 for P.
Torreyi) scale by presence of gene coding regions and therefore do not reflect relative chromosome size.

Our analyses clarify the nature of those fusions as well as
identifying large-scale rearrangements. Further, our finding
that Zostera and Phyllospadix split 25 Mya is consistent with
Coyer et al. (2013) who estimated the split at 23 Mya and
(Silva et al. 2021), who estimated 25–45 Mya. Despite the Y
chromosome of P. torreyi being gene-poor overall (hence why
it appears so small in Fig. 3B), 139 of its 581 annotated pro-
teins sit within syntenic blocks that are shared with Z. marina,
underscoring substantial orthologous continuity even within
sex-linked regions. The persistence of floral regulatory genes
on the P. torreyi Y chromosomes indicates that sex linkage
may have arisen through the adaptive recruitment of ancestral
developmental loci, linking pre-existing meristem and organ
identity pathways to the evolution of sexual dimorphism after
the divergence from Zostera.

The near chromosome level assembly of the P. torreyi
genome will be a powerful tool for population and land-
scape genomic studies across California and North America.
The assembly of this genome may help reveal the genetic
mechanism driving male scarcity in P. torreyi. Future studies
should also examine the molecular dynamics of dioecy in
Phyllospadix, including the age of origin, and whether this
coincided with the split with Zostera, or if it happened sub-
sequently. Further, assembling genomes for multiple P. torreyi
individuals could help resolve whether the presence or absence
of genes is fixed in the species, or if insertions/deletions
occurred specifically in the individuals we sequenced.

Comparing P. torreyi (surfgrass) and Z. marina (eelgrass)
offers a natural experiment in how closely related seagrasses
within Zosteraceae have diverged to thrive in starkly dif-
ferent coastal regimes—wave-swept rocky intertidal versus
sheltered soft-sediment bays. Future studies should explore
the molecular mechanisms governing the adaptation to dif-
ferent habitats between the two lineages, and how selective
pressures have shaped genome architecture, physiology, and
reproductive strategy. The abundance of surfgrass, its ecolog-
ical importance, and its relatively small genome size make it
an efficient resource for coastal marine conservation planning
and evolutionary studies.
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