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Abstract

The Orcuttiinae subtribe of the grass tribe Cynodonteae (Poaceae) represents an ancient and unique group of amphibious grasses adapted to the
winter-wet, summerdry conditions of seasonally flooded vernal pools. The subtribe consists of nine species represented across three genera
(Neostapfia, Tuctoria, Orcuttia), most of which are endemic to, and found exclusively in, vernal pools throughout the California Floristic Province
(from the Modoc Plateau to Baja California, Mexico) and in the Magdalena Plain in the southern Baja California peninsula. All species are rare and
most have state and federal Threatened and/or Endangered protected status in the U.S.—except Tuctoria fragilis, which inhabits Baja California
Sur, Mexico, and does not have official protected status in Mexico. Here, we report a new chromosome-level reference genome assembly and
annotation for Greene's tuctoria (Tuctoria greenei) developed in collaboration with the California Conservation Genomics Project. The assembly
includes two haplotypes: haplotype one spans 2.59 Gb with contig N50 of 3.22 Mb, scaffold N50 of 216.09 Mb, largest contig N50 of 19.5 Mb,
and BUSCO completeness of 96.8%. Haplotype two spans 258.89 Gb with contig N50 of 3.27 Mb and scaffold N50 of 213.15 Mb, with a BUSCO
completeness of 97.4%. This genome assembly confirms earlier chromosome counts of n=24 for T greenei and represents a powerful new
tool that can be used to test hypotheses of gene flow, adaptation and comparative genomics between recently diverged species, and to assist
in regional conservation priorities and restoration efforts.
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Introduction have critically imperiled vernal pool specialist species, many of

Vernal pools are ephemeral wetlands characterized by sea-
sonal inundation and drying cycles that support a highly spe-
cialized and endemic biota, including numerous plant species
(Keeler-Wolf et al. 1998; Keeley and Zedler 1998; Barbour
et al. 2005). In California’s Central Valley, these ecosystems
have been severely impacted, with upwards of 95% of habitat
lost due to urban development and destructive agricultural
practices (Holland 2009; Witham et al. 2014). These losses

which exhibit narrow ecological niches and limited dispersal
capacity (Keeley and Zedler 1998; Barbour et al. 2007).
Tuctoria greenei (Greene’s tuctoria) is an annual, C4 pho-
tosynthetic grass belonging to the subtribe Orcuttiinae within
the tribe Cynodonteae (Poaceae: Chloridoideae). This sub-
tribe includes three genera and nine species of semi—aquatic
annual grasses that are endemic to vernal pool ecosystems in
California and Baja California (Reeder 1982; Soreng et al.
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2017). All species found in the United States are federally
and state listed as Threatened and/or Endangered. Tuctoria
greenei (Fig. 1) is one of three species in the genus Tuctoria;
whereas T. mucrunata and T. greenei occur in California, T.
fragilis—the type species of the genus—is restricted to Baja
California, Mexico, making it the only member of the subtribe
not found in the U.S. Like other members of Orcuttiinae,
T. greenei is wind-pollinated and has amphibious life-history
adaptations finely tuned to the extreme seasonal hydrological
cycles of flooding and drought conditions of vernal pool
ecosystems. Germination occurs under inundated and anaer-
obic conditions (Keeley 1988), with juvenile leaf formation
while submerged; as pools dry, terrestrial leaves develop,
allowing for rapid maturation and physiological drought
tolerance (Keeley 1998). Tuctoria greenei also maintains a
persistent seed bank, where seeds can remain dormant for
several years and germinate when favorable conditions return
(Griggs 1980). Nonetheless, habitat destruction and fragmen-
tation have resulted in severe range contractions for T. greenei,
leading to its listing as endangered under the U.S. Endangered
Species Act in 1997 (USFWS 2024). Historically, T. greenei
has been found across six of the sixteen California vernal
pool ecoregions described by Keeler-Wolf et al. (1998). There
are currently 31 known extant locations, many of which are
in poor condition with decreasing population trends or have
unknown status (CNDDB 2023). As with many organisms
that inhabit vernal pool ecosystems, T. greenei is at risk of
ongoing habitat loss, altered hydrology, and competition with
invasive species.

Despite its critical conservation status, few genomic
resources are available for T. greenei, which limits insights
into its population genetic structure, adaptive potential,
and evolutionary history. A population genetic study of
Threatened and Endangered vernal pool grasses provided
estimates of genetic variation, gene flow, and genetic structure
for T. greenei (Gordon et al. 2012). It remains unclear,
however, how much genetic variation is available in the seed
bank, how variation may change between years, or if there is
enough variation available to maintain evolutionary potential
and respond to rapid climate change. The development of
genetic resources is increasingly recognized as essential for
informing conservation strategies, particularly for narrowly
distributed taxa facing rapid environmental change (Fiedler
et al. 2022; Shaffer et al. 2022). Reference genomes enable
the identification of adaptive loci, reconstruction of historical
demography, and delineation of conservation units, directly
informing management actions. As part of the California
Conservation Genomics Project (CCGP) (Shaffer et al. 2022),
we present the first chromosome—scale reference genome
for T. greenei. This resource will underpin future studies of
ecological genomics, adaptive evolution, and conservation
planning for vernal pool ecosystems.

Methods

Biological materials

To develop the high—quality reference genome for T. greenei
we sampled leaf tissue from live plants grown from seed
in lab conditions following methods adapted from Fisher
(2013) and Griggs (1980). Obtaining fresh leaf material in
the field from this species is challenging based on timing and
unpredictable precipitation patterns that drive plant presence
and phenology in this system. Access to land and the rarity of
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occurrences also contribute to challenges associated with sam-
pling T. greenei. Thus, we obtained mature seeds by collecting
whole inflorescences from senesced individuals at The Nature
Conservancy’s Vina Plains Preserve in summer (August) of
2018, a reliable and well-known occurrence for the species
(CNDDB Element Occurrence No. 37). Briefly, plants were
semi-randomly sampled by walking through the population
and hand—picking intact inflorescences from five robust indi-
viduals and placing them in separate large coin envelopes.
Seed envelopes were stored under cool, dry conditions in the
Sexton Lab at University of California, Merced (Merced, CA).
Whole inflorescences from individuals were placed into 6-
inch sterile Petri dishes lined with Whatman No. 1 filter paper
and submerged in ultra—purified molecular grade water. Petri
dishes were immediately placed in a germination cabinet and
cold stratified in the dark at 4°C for 7 weeks until seedlings
emerged. Seedlings were transferred to trays containing native,
saturated vernal pool soils and placed in growth chambers
held at 23°C with 12-h days for 6 weeks. The youngest leaves
were collected and flash-frozen in liquid nitrogen. Leaf tissue
was split into sterile 1.5 mL cryo-tubes and submerged in
a liquid nitrogen bath until frozen. Tubes containing flash—
frozen leaf material were immediately packaged with dry
ice and shipped to the University of California, Davis for
high molecular weight (HMW) genomic DNA extraction and
PacBio HiFi library preparation and sequencing and to the
University of California, Santa Cruz for Dovetail Omni-C
library preparation.

High-molecular-weight genomic DNA isolation

We extracted HMW genomic DNA (gDNA) from 140 mg
of leaves using the cetyltrimethylammonium bromide (CTAB)
method as described in Inglis et al. (2018) with the fol-
lowing modifications: 1) we used sodium metabisulfite (1%
w/v) instead of 2-mercaptoethanol (1% v/v) in the sorbitol
wash buffer and CTAB solution; 2) we repeated the tissue
homogenate wash steps until the supernatant turned clear;
3) we performed the CTAB lysis step at 45°C and 4) we
performed the chloroform extraction step twice using ice-cold
chloroform. The DNA purity was estimated by absorbance
ratios (260/280=1.82 and 260/230 =2.40) measured using
the NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). The DNA vyield (16 ug) was quanti-
fied 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
70% of the DNA fragments were found to be 30 kb or longer.

Nucleic acid library preparation
PacBio HiFi library preparation and sequencing

The HiFi SMRTbell library was constructed using the SMRT-
bell 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 and 18 kb using Diagenode’s
Megaruptor 3 system (Diagenode, Belgium; cat. B0O6010003).
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
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Fig. 1. Image of Green's tuctoria (Tuctoria greenei) used to generate the reference genome (A). Photo taken by Dr. Jason Sexton. Distribution map (B)
for T greenei based on California Native Diversity Database records (CNDDB 2023) with extant populations indicated by circles, polygons without border
outlines representing U.S. Fish and Wildlife Service critical habitat (USFWS. 2005), and six vernal pool ecoregions shown with outlines, including the
Modoc Plateau, Northwestern Sacramento Valley, Northeastern Sacramento Valley, San Joaquin Valley, Southern Sierra foothills, and Solano-Colusa
regions (KeelerWolf et al. (1998). Photos of T greenei habitat representing the fully aquatic phase (C) and dry terrestrial phase (D) of vernal pool

seasonal conditions. Habitat photos by Dr. Daniel Toews.

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 15 to 18 kb average HiFi
SMRTbell library was sequenced at UC Davis DNA Technolo-
gies Core (Davis, CA) using two 8 M SMRT cells (PacBio, Cat
#101-389-001), Sequel II sequencing chemistry 2.0, and 30-h
movies each on a PacBio Sequel Ile sequencer.

Omni-C library preparation and sequencing

The Omni-C library was prepared using the Dovetail™ Omni-
C™ Kit (Dovetail Genomics, Scotts Valley, CA) according to

the manufacturer’s protocol with slight modifications. First,
leaf tissue (Sample ID: TUGR_VPL22_DT) was thoroughly
ground with a mortar and pestle while cooled with liquid
nitrogen. Nuclear isolation was then performed using pub-
lished methods (Workman et al. 2018). Subsequently, chro-
matin was fixed in place in the nucleus and digested under
various conditions of DNase I until a suitable fragment length
distribution 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
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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 a NEB Ultra II DNA
Library Prep kit (New England Biolabs, Ipswich, MA) with an
[llumina compatible y-adaptor. Biotin-containing fragments
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. The library was sequenced at Vincent
J. Coates Genomics Sequencing Lab (Berkeley, CA) on an
[llumina NovaSeq 6000 platform (Illumina, CA) to generate
approximately 100 million 2 x 150 bp read pairs per gigabase
(Gb) of genome size.

Transcriptome library preparation and
sequencing

Total RNA was extracted from four tissue types—leaves,
shoots, flowers, and roots—using the Qiagen RNeasy Mini
Kit (Qiagen, Netherlands), following the manufacturer’s pro-
tocol. RNA libraries were prepared with the KAPA mRNA
HyperPrep Kit (Roche, Switzerland), also according to the
manufacturer’s instructions. Sequencing was performed on an
Illumina NovaSeq 6000 platform (Illumina, San Diego, CA)
using 100 bp reads, generating approximately 50 million reads
per library.

Nuclear genome assembly

We assembled the genome of T. greenei following the CCGP
assembly pipeline, which uses PacBio HiFi reads and Omni-
C data to produce a high-quality and highly contiguous
assembly while minimizing manual curation, as outlined in
Table 2 listing the tools and non-default parameters used in
the process. We removed remnant adapter sequences from
the PacBio HiFi dataset using HiFiAdapterFilt (Sim et al.
2022) and, joining the adapter-trimmed PacBio HiFi and
the Omni-C datasets, we obtained the initial phased diploid
assembly using HiFiasm (Cheng et al. 2021; Cheng et al.
2022).

We scaffolded each assembly using SALSA (Ghurye et al.
2017; Ghurye et al. 2019) with the Omni-C data and manually
curated the assemblies by iteratively generating and analyz-
ing 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 gener-
ated Omni-C pairs 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
(Ramirez et al. 2018). We used HiGlass (Kerpedjiev et al.
2018) and the PretextSuite (https://github.com/wtsi-hpag/Pre
textView; https://github.com/wtsi-hpag/PretextMap; https:/
github.com/wtsi-hpag/PretextSnapshot) to visualize the con-
tact 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/rapi
d-curation). Some of the remaining gaps (joins generated
during scaffolding and/or curation) were closed using the
adapter-filtered PacBio HiFi reads and YAGCloser (https:/
github.com/merlyescalona/yagcloser). Finally, we checked for
contamination using the BlobToolKit Framework (Challis
et al. 2020).
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Genome size estimation and 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. To obtain general
contiguity metrics, we ran QUAST (Gurevich et al. 2013). To
evaluate genome quality and functional completeness, we
used BUSCO (Manni et al. 2021) with the Embryophyta
ortholog database (embryophyta_odb10), which contains
1,614 genes. Assessment 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 are 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.Q.C, where, x=logl0[contig
NG50]; y=logl0[scaffold NG50]; P=1og10 [phased block
NGS50]; Q=Phred base accuracy QV (quality value); C=%
genome represented by the first “n” scaffolds, following a
karyotype of 272 =24, known for the number of chromosomes
for this species (Reeder 1982). Quality metrics for the notation
were calculated on the assembly for haplotype 1.

Genome annotation

We annotated the reference assembly for T. greenei using the
NCBI Eukaryotic Genome Annotation Pipeline v0.3.2-alpha
(hereafter, “EGAPx”), which is published in the NCBI RefSeq
database (O’Leary et al. 2016) and accessible through the
NCBI GitHub page (“ncbi/egapx”). Annotation features were
identified by aligning transcripts and proteins from related
taxa in the RefSeq database using BLAST (Camacho et al.
2009). Novel, species-specific RNA-Seq reads generated from
five tissue types were also aligned to the assembly using the
alignment software STAR (Dobin et al. 2013). Additional
features are predicted using HMM-based gene models using
the NCBI Gnomon software. We evaluated the quality and
completeness of our annotation by comparing the longest
protein for each annotated coding gene to Poales (0db10)
using BUSCO v5.7.1 (Manni et al. 2021). We report the
number of annotation features and the BUSCO results in
Table 3.

Chloroplast genome assembly

The chloroplast sequence for T. greenei was generated with
Oatk (Zhou et al. 2025) and we used GeSeq (Tillich et al.
2017) to generate a draft genome annotation. We used
the chloroplast genome assembly of Arabidopsis thaliana
(NCBI:NC_000932.1; Sato et al. 1999) 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 seqtk (https:/github.com/lh3/seqtk). Visual
validation of the alignment was done using LA] (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
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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.

Results

The Omni-C and PacBio HiFi sequencing libraries generated
182.66 million read pairs and 4.31 million reads, respectively.
The latter yielded ~23-fold coverage, with N50 read length
of 14,686 bp; minimum read length 118 bp; mean read
length 13,765 bp; maximum read length of 53,438 bp
(see Supplementary Fig. S1 for read length distribution).
Based on the PacBio HiFi long reads, we estimated with
Genomescope 2.0 a genome assembly size estimation of 2.56
Gb, 0.205% sequencing error rate, and 0.01% nucleotide
heterozygosity rate. The k-mer spectrum shows a bimodal
distribution with two major peaks at ~11 and ~22-
fold coverage (Fig. 2A). Sequencing of mRNA libraries
for SAMN41791172, SAMN41406448, SAMN41791171,
SAMN41791173 yielded 54M, 48M, 51M, 48M paired-end
reads, respectively.

The final assembly (IpTucGreel) consists of two phased
haplotypes that vary slightly in size compared to the estimated
value from GenomeScope2.0 (Fig. 2A), as has been observed
in other taxa (see Pflug et al. 2020 for example). Haplotype
1 consists of 599 scaffolds spanning 2.59 Gb with contig
N50 of 3.22 Mb, scaffold N50 of 216.09 Mb, largest contig
of 19.5 Mb, and largest scaffold of 308.98 Mb. On the
other hand, haplotype two consists of 451 scaffolds, spanning
2.58 Gb with contig N50 of 3.27 Mb, scaffold N50 of
213.15 Mb, largest contig 20.68 Mb and largest scaffold of
303.04 Mb.

During manual curation, we generated a total of 219 breaks
and 534 joins, where 118 breaks were made on haplotype
one and 101 were made on haplotype two, while we made
286 joins on haplotype one, and 248 joins on haplotype two.
We were able to close a total of 111 gaps, 55 on haplotype
one and 56 on haplotype two. Finally, we removed a total
of 5 contigs due to contaminants from the Aves Phylum, 3
on haplotype one and 2 on haplotype two; and removed 15
contigs matched to the chloroplast, 8 from haplotype one and
7 from haplotype two.

The haplotype one has a BUSCO completeness score of
96.8% using the Embryophyta gene set, a per base quality
(QV) of 63.3, a k-mer completeness of 83.82 and a frameshift
indel QV of 44.91. The haplotype two has a BUSCO com-
pleteness score of 97.4% using the same gene set, a per base
quality (QV) of 63.24, a k-mer completeness of 83.93 and a
frameshift indel QV of 46.27. The Omni-C contact maps show
that both assemblies are highly contiguous, suggesting that the
genome of T. greenei is organized in 12 chromosomes based
on the number of major bins along the diagonal of the contact
maps (Fig. 2C and Dj; Supplementary Table S1). Assembly
statistics are reported in Table 3, and graphical representation
for the haplotype 1 assembly in Fig. 2B (see Supplementary
Fig. S2 for haplotype 2 graphical representation). We have
deposited both assemblies on NCBI (see Table 3 and Data
Availability for details).

Our final genome annotation for T. greenei included 33 566
genes, with a Poales BUSCO completeness of 96.1%. A list of
annotation statistics and BUSCO score breakdowns for Poales
is reported in Table 3.
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Chloroplast genome assembly

The final chloroplast genome assembly spans 133,732 bp,
has a nucleotide composition of A=31.02%, C=19.09%,
G=19.17%, T =30.73%, and 3 gaps (sequence of running Ns
of 10 bp). The large single copy region is 80,712 bp long, the
small single copy region is 12,770 bp long, and the inverted
repeat (IR) is 20,110 bp long. This plastome contains a total
of 299 genes including rRNAs and tRNAs (not counting
the duplication of the IR, Supplementary Fig. S3). We have
deposited the chloroplast assembly on NCBI (See Table 3 and
Data Availability for details).

Discussion

This is the first reference genome published for a Tuctoria
species, and one of the first for California vernal pool endemic
plants in general (Pennington et al. 2025, Neostapfia genome
assembly), and will be useful for further population genomics
and phylogenetics research. This work establishes a genomic
baseline for Tuctoria that can be used by management to
set priorities and goals across endangered ecosystems such as
those found in California’s Great Central Valley. Moreover,
this genome can be used to compare herbarium specimens
from extirpated and historical records of extant populations,
allowing for an understanding of genomic changes that have
occurred across the species’ ranges of these species over time.

The grass subtribe Orcuttiinae has evolved to specialize
in the unique hydrology of vernal pool ecosystems (Boykin
et al. 2010), yet due to modern land changes, all species
that live within California within this group are now listed
by the State of California or the Federal Government as
Rare, Threatened or Endangered (Table 1). Tuctoria greenei
appears to be diploid, with 272 = 24 chromosomes (Fig. 2C, D),
which is consistent with past treatments based on cell squash
techniques (e.g. Reeder 1982). The estimated genome size of
T. greenei is relatively large at 2.59 Gb, compared to 2.21 Gb
for another Orcuttiinae grass, Neostapfia colusana (2n=40)
(Pennington et al. 2025).

Orcuttiinae grasses have been the subject of conservation
genetics (e.g. Gordon et al. 2012) and phylogenetics research
(e.g. Boykin et al. 2010), but to date, few genomic resources
exist. Gordon et al. (2012) conducted a population genetics
study of T. greenei (and N. colusana) using five microsatel-
lite markers. They found high within-population diversity
in this wind-pollinated species, evidence for regional genetic
structure, and temporal genetic variation between sampling
years. Griggs and Jain (1983), in a prior study using allozyme
markers, found high intrapopulation genetic variation in a
study of two populations. Boykin et al. (2010) conducted a
phylogenetic study of the Orcuttiinae clade and concluded
that Tuctoria is paraphyletic, raising the need for further
studies of this group.

This project will provide genomic tools that can be used
for future conservation genomics aims and goals for the rest
of this special-status clade. These tools and databases will
enable state and federal agencies to understand historical
and contemporary gene flow patterns, patterns of genetic
variation, and regions of highest genetic vulnerability and
resilience. Among other aims, these data will be highly useful
for the future development of conservation and restoration
of these species and ecosystems, as well as to inform potential
patterns of genetic diversity, current and past, within the Great
Central Valley. Most of the plants that make California a
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Fig. 2. Visual overview of the genome assembly for Tuctoria greenei. (A) K-mer spectrum with vertical bars representing the observed k-mer
frequencies, the bold line shows the GenomeScope model fit, while the lines under and outside the bold model fit line indicate the contributions of
unigue sequences and sequencing errors, respectively, and the vertical dashed lines mark estimated k-mer coverage peaks. (B) BlobToolKit Snailplot
showing quality metrics for T greenei haplotype one assembly presented in Table 3. The circular plot presents scaffold statistics, with scaffold lengths
shown in grey and scaffold counts (log10 scale) in white. Outer rings show GC content (44.8%) and AT content (55.2%), with no ambiguous bases (N).
BUSCO scores for the Embryophyta set of orthologues indicate high assembly completeness. Omni-C contact heatmaps for the primary (C) and
alternate (D) assemblies reflect chromatin interaction frequency, with red representing higher contact intensity. Strong diagonal patterns and distinct
chromosomal interaction blocks indicate well-assembled, chromosome-scale scaffolds. The maps support the structural integrity of both assemblies and
highlight the continuity and organization of genomic regions in the IpTucGree1 genome.

major biodiversity hotspot are annual species like members Furthermore, understanding and managing rare Orcuttiinae
of the tribe Orcuttiinae. Thus, this newest genome reference amphibious grasses benefits other wetland species, including
will be beneficial by adding new, useful, relevant genomic  other plants, animals, fungi, and microbial communities in

resources for plant conservation in California. these ecosystems (Montiel-Molina et al. 2023; Ruiz-Ramos
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Table 1. California state and U.S. federal government listing status for the eight Orcuttiinae species within California (USFWS, 2024).

Species

Common name

State; federal listing status

Neostapfia colusana
Orcuttia californica
Orcuttia inaequalis
Orcuttia pilosa
Orcuttia tenuis
Orcuttia viscida
Tuctoria greenei
Tuctoria mucronata

Colusa grass

California orcutt grass
San Joaquin orcutt grass

Hairy orcutt grass
Slender orcutt grass

Sacramento orcutt grass

Green’s tuctoria
Prickly spiralgrass

State endangered; federally threatened
State endangered; federally endangered
State endangered; federally threatened
State endangered; federally endangered
State endangered; federally threatened
State endangered; federally endangered
State rare; federally endangered

State endangered; federally endangered

Table 2. Assembly pipeline and software used. Software citations are listed in the text.

Assembly Software and any non-default options Version

Filtering PacBio HiFi adapters HiFiAdapterFilt Commit 64d1c7b

K-mer counting Meryl (k=21) 1

Estimation of genome size and heterozygosity GenomeScope (k=21,1-7) 2

De novo assembly (contiging) HiFiasm (Hi-C Mode, —primary, output p_ctg.hap1, 0.16.1-r375
p_ctg.hap2)

Scaffolding

Omni-C data alignment Arima genomics mapping pipeline Commit 2e74ea4

Omni-C Scaffolding SALSA (-DNASE, -i 20, -p yes) 2

Gap closing YAGCloser (-mins 2 -f 20 -mcc 2 -prt 0.25 -eft 0.2 Commit 0e34c3b

Omni-C Contact map generation
Short-read alignment
SAM/BAM processing

SAM/BAM filtering
Pairs indexing
Matrix generation
Matrix balancing

Contact map visualization

Manual curation tools

Genome quality assessment
Basic assembly metrics
Assembly completeness

Chloroplast genome assembly
de novo assembler of organelle genomes

Sequence editing
Sequence alignment
Alignment visualization
Genome annotation

Contamination screening
Local alignment tool

General contamination screening

-pld 0.2)

BWA-MEM (-5SP)

samtools 1.16-8-g629fbS5e (using htslib
1.16-3-g5036186)

pairtools 0.3.0

pairix 0.3.7

cooler 0.8.10

hicExplorer (hicCorrectmatrix correct 3.6

—filterThreshold -2 4)

HiGlass 2.1.11

PretextMap 0.1.4

PretextView 0.1.5

PretextSnapshot 0.0.3

Rapid curation pipeline (Wellcome Trust Sanger Commit 4ddca450

Institute, Genome Reference Informatics Team)

QUAST (—est-ref-size) 5.0.2

BUSCO (-m geno, -1 embryophyta) 5.0.0

Merqury 29 January 2020

Oatk (-k 1001, - 300) 1.0 (Commit
6591c42)

seqtk 1.3-r115-dirty

lastz (—-nogapped,—notransition, —step = 20) 1.04.15

LA] (http://globin.cse.psu.edu/dist/laj/)
GeSeq (https://chlorobox.mpimp-golm.mpg.de/gese
q.html)

BLAST+ (-db nt, -outfmt ‘6 gseqid staxids bitscore
std’, -max_target_seqs 1, -max_hsps 1, -evalue
1e-25)

BlobToolKit (PacBlo HiFi Coverage, NCBI Taxa
ID =160,569, BUSCODB = embryophyta)

0.7.17-r1198-dirty

14 December 2005
13 July 1905

2.10

2.3.3

et al. 2023). Finally, this work complements existing genomic
resources produced by the CCGP for vernal pool plant
and animal species—including related Orcuttiinae grasses
(Pennington et al. 2025; Toews et al., unpublished manuscript),

fairy shrimp (Kieran Blair et al. 2023a; Kieran Blair et al. taxa.

2023b), tadpole shrimp (Kieran Blair et al. 2022), and others
(www.ccgproject.org/species)—further enhancing our ability
to understand and conserve the unique, ephemeral ecosystems
that support these highly specialized and often imperiled
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Table 3. Sequencing and assembly statistics, and accession numbers.

Bio projects CCGP NCBI BioProject PRJNA720569
& vouchers
Genera NCBI BioProject PRJNA765880
Species NCBI BioProject PRJNAS808381
NCBI Genome BioSample SAMN38285869

Genome sequence

Genome assembly quality
metrics

Specimen identification (Genome)
NCBI RNA BioSamples

NCBI Genome accessions
Assembly accession
Genome sequences

PacBio HiFi reads Run
Accession

Omni-C Illumina reads Run
Accession

Assembly identifier (quality code*)

TUGR_VPL22_DT

SAMN41791172, SAMN41406448, SAMN41791171,

SAMN41791173
Haplotype 1
JAYESD000000000
GCA_036927565.1

1 PACBIO_SMRT (Sequel Ile) run: 4.3 M spots, 59.3G bases, 35.5Gb

SRX25183507

2 ILLUMINA (Illumina NovaSeq 6000) runs: 182.6 M spots, 55.2G

bases, 18.2Gb

Haplotype 2
JAYESE000000000
GCA_036927555.1

SRX25183508-9

IpTucGreel(6.8.26.Q63.C97)

HiFi Read coverage$ 48.10X
Haplotype 1 Haplotype 2
Number of contigs 1,846 1,688
Contig N50 (bp) 3,223,507 3,270,295
Contig NG50% 5,770,543 5,618,589
Longest Contigs 19,508,695 20,687,851
Number of scaffolds 599 451
Scaffold N50 216,090,640 213,150,644
Scaffold NG50° 231,641,634 231,416,900
Largest scaffold 308,983,293 308,983,293
Size of final assembly 2,595,920,285 2,589,077,426
Phased block NG50$ 5,676,136 5,635,868
Gaps per Gbp (# Gaps) 480 (1,247) 478 (1,237)
Indel QV (Frame shift) 4491 46.27
Base pair QV 63.3079 63.2486
Full assembly = 63.2782
k-mer completeness 83.8236 83.9336
Full assembly = 97.8002
BUSCO completeness™* C S D F M
(embryophyta) n=1614 H1# 96.80% 85.00% 11.80% 1.00% 2.20%
H2* 97.40% 85.60% 11.80% 0.80% 1.80%
Organelles 1 partial chloroplast assembly JAYESD010000599.1
Genome annotation Count of features
quality metrics Genes 33,566
Transcipts 4,717
mRNA 32,892
IncRNA 2,708
CDSs 32,892
BUSCO completeness™* C S D F M
Poales 96.1% 73.8% 22.3% 0.4% 3.5%

(odb_10; =4 896)

2 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
NGS50]; Q=Phred base accuracy QV (Quality value); C= % genome represented by the first “n” scaffolds, following a known karyotype for this species
of 2n =24 (Reeder 1982). Quality code for all the assembly denoted by primary assembly (IpTucGreel.0.hap1). bBUSCO Scores. Complete BUSCOs (C).
Complete and single-copy BUSCOs (S). Complete and duplicated BUSCOs (D). Fragmented BUSCOs (F). Missing BUSCOs (M). “Read coverage and NGx
statistics have been calculated based on the estimated genome size of 2.53 Gb d(H1) Haplotype 1 and (H2) haplotype 2 assembly values.
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