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Abstract

Colusa grass, Neostapfia colusana, is a listed California endangered plant endemic to the vernal pools of California. Vernal pool habitat is highly
degraded and threatened by further anthropological development, with only 10% of its historical range remaining. With only 42 confirmed
extant populations, it is a major conservation concern to understand patterns of genomic diversity. Here we report the first complete genome
assembly of Colusa grass. The assembly includes two haplotypes: haplotype one spans 2.13 Gb with contig N50 of 10.62 Mb, scaffold N50 of
112.31 Mb, and BUSCO completeness of 98.1%. Haplotype two spans 2.04 Gb with contig N50 of 10.05 Mb and scaffold N50 of 138.31 Mb,
with a BUSCO completeness of 97.6%. This genome assembly will allow for in-depth analysis of genomic variation and gene flow in populations
of this threatened grass and will be a major asset to studies supporting its conservation. This genome was assembled as part of the California

Conservation Genomics Project, which contributes to a collection of resources and tools to support state-wide conservation efforts.
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Introduction

Vernal pools are a unique type of seasonal wetlands and
in California they are found primarily in the Great Central
Valley. Given conversion of most of the valley to agriculture,
California vernal pool habitat is now heavily degraded, with
less than 10% of historical habitat remaining (Keeler-Wolf
et al., 1998; Witham et al., 2013). Vernal pools are home to
a wide assortment of unique plant and animal species (Keeley
and Zedler 1998) due their unique ecology (Wellborn et al.,
1996). Vernal pool grasses comprise some of the ~ 100 species
of plants restricted to California vernal pools (Keeley and
Zedler 1998) and are uniquely adapted to the soil type and
seasonality of flooding and drought that characterize this
extremely specialized habitat. These grasses are already rare
due to their habitat specificity and are further endangered by
climate change and habitat loss, with 94 % of California vernal
pool habitat already extirpated because of urbanization and
agricultural expansion.

Neostapfia colusana (Poaceae; common name Colusa grass;
Fig. 1) is endemic to California vernal pools (Keeley 1998)
and is listed as endangered in the state of California (CNDDB
2023) and is federally listed as threatened (USFWS 20035). It
is a member of the Cynodonteae tribe (subtribe Orcuttiinae)
and is the only member of the genus Neostapfia (Reeder
1965). Neostapfia colusana is an annual, self-compatible,
wind pollinated grass whose life history is linked with vernal
pool ecology: germination occurs when pools are inundated,
and juvenile leaves form underwater. As the pools dry the
plant matures and forms terrestrial leaves (Keeley, 1998). It
has a strong seed bank (Gordon et al., 2012), which allows
for populations to remain dormant until more favorable
conditions arise. Colusa grass does not establish upland of the
vernal pools, suggesting it is a weak competitor (Keeley, 1998),
however, this does mean that the loss of vernal pools results in
the complete loss of habitat. There are only 42 known popu-
lations of N. colusana, down from 63 in 2006 (Gordon et al.,
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Fig. 1. (A) Neostapfia colusana individual growing within a large population. (B) Map of vernal pool habitat in California, showing California natural
diversity database (CNDDB) records of extant N. colusana populations and the location of the population used to source the reference genome sample.
(C) Inundated vernal pool in Merced County. (D) the same vernal pool shown in panel C, after drying down, with a large population of N. colusana. Photo

credit: Dr. Daniel Toews.

2012), with a majority of populations occurring on private
land.

Despite its rarity and threatened status, genetic resources for
N. colusana remain limited. Microsatellite markers revealed
high genetic diversity within populations, and low gene flow
among populations (Gordon et al.,2012). However, it remains
unclear how much genetic variation is available in the seed
bank, how this variation may vary from year to year, or if there
is variation available to respond to rapid climate change. The
availability of modern genomic resources, including a refer-
ence genome, will aid in N. colusana conservation, allowing
genetic and genomic studies that further our understanding of
adaptative potential and variation in this species, as well as
ecologically similar plants.

Here, we present a high-quality genome assembly for N.
colusana that we developed as a part of the California Con-
servation Genomics Project (CCGP, Shaffer et al. 2022), which
is primarily concerned with landscape genomic variation pat-
terns and trends across the state of California (Fiedler et al.,
2022; Shaffer et al., 2022).

Methods

To develop the high-quality genome assembly for N. colusana
we sampled leaf tissue from live plants found during field

surveys on the Flying M Ranch, an important vernal landscape
that lies within the Southern Sierra Foothills Vernal Pool
Region in East Merced County, CA (USFWS, 2005). The
youngest leaves of the most robust plant were collected and
flash-frozen in the field using liquid nitrogen. Leaf tissue was
split into sterile 15-mL conical tubes and submerged in a liquid
nitrogen bath until frozen. Tubes containing flash-frozen leaf
material were immediately placed in dry ice and transported
to the Sexton Lab at UC Merced where they were stored
at —80°C. Frozen samples were shipped on dry ice to UC
Davis (PacBio HiFi) and UC Santa Cruz (Dovetail Omni-C)
for extraction and library preparation.

DNA extraction

We extracted high molecular weight (HMW) genomic DNA
from 81 mg of inflorescence tissue using the cetyltrimethy-
lammonium bromide (CTAB) method as described in Inglis
(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 solution; (ii)
we repeated the tissue homogenate wash steps until the
supernatant turned clear; (iii) we performed the CTAB
lysis step at 45°C and (iv) the chloroform extraction step
twice using ice-cold chloroform. A majority of the shorter
DNA fragments (<20 kilobases (kb)) from the resulting



‘Neostapfia colusana reference genome’ doi:10.1093/jhered/esaf075

DNA were removed using the Short Read Eliminator-XL kit
(Pacific Biosciences - PacBio, Menlo Park, CA) following the
manufacturer’s instructions to enrich HMW DNA. The DNA
purity was estimated by absorbance ratios (260/280=1.86
and 260/230 =2.41) measured using the NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
The DNA vyield (17.4 pug) 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 82% of the
DNA fragments were found to be 20 kb or longer.

Nucleic acid library preparation
Omni-C library

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,
specimen tissue (Sample ID: NECOFM4.2) was thoroughly
ground with a mortar and pestle while cooled with liquid
nitrogen. Nuclear isolation was then performed using meth-
ods in 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.
A next-generation sequencing (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 were then captured using strepta-
vidin beads. The post capture product was split into two repli-
cates prior to polymerase chain reaction (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.

PacBio HiFi library preparation and sequencing

The HiFi SMRTbell library was constructed using the SMRT-
bell prep kit 3.0 (PacBio; 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.
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
15-18 kb average HiFi SMRTbell library was sequenced at
UC Davis DNA Technologies Core (Davis, CA) using two
8 M SMRT cells (PacBio, Cat #101-389-001), Sequel Ile
sequencing chemistry 2.0, and 30-h movies each on a PacBio
Sequel II sequencer.
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Transcriptome library preparation and sequencing

Total RNA from 4 tissues (flowers, roots, stem, and leaves)
was extracted using a Qiagen RNeasy Mini Kit (Qiagen,
Netherlands), according to the manufacturer’s protocol. RNA
libraries were then prepared using the KAPA mRNA Hyper-
Prep Kit (Roche, Switzerland) according to the manufacturer’s
protocol. Libraries were sequenced with 100 bp reads on an
Mlumina NovaSeq 6000 platform (Illumina, San Diego, CA),
to generate approximately 50 M reads per library.

Nuclear genome assembly

We assembled the genome of N. colusana 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 1 and lists the
tools and non-default parameters used in the assembly pro-
cess. First, we removed the remnant 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, 2022, 2024) in Hi-C mode, with
the filtered PacBio HiFi reads and the Omni-C dataset. We
aligned the Omni-C data separately to each assembly fol-
lowing the Arima Genomics Mapping Pipeline (https://github.
com/ArimaGenomics/mapping_pipeline) and then scaffolded
both assemblies with SALSA (Ghurye et al., 2017, 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 to
each assembly with BWA-MEM (Li 2013), identified ligation
junctions, and generated Omni-C pairs using pairtools
(Goloborodko et al., 2018). 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/PretextView; https://github.com/wtsi-
hpag/PretextMap;  https://github.com/wtsi-hpag/PretextSna
pshot) to visualize the contact maps where we identified mis-
assemblies 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-curation). Some of the remaining
gaps (joins generated during scaffolding and/or curation) were
closed using the PacBio HiFi reads and YAGCloser (https://
github.com/merlyescalona/yagcloser). Finally, we checked for
contamination using the BlobToolKit Framework (Challis
et al., 2020).

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.,, 2021) 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).
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Table 1. Assembly pipeline and software used. Software citations are listed in the text.

Assembly

Software and any non-default options

Version

Filtering PacBio HiFi adapters
K-mer counting

Estimation of genome size and
heterozygosity

De novo assembly (contiging)

Scaffolding

Omni-C data alignment
Omni-C Scaffolding
Gap closing

HiFiAdapterFilt

Commit 64d1c7b

Meryl (k=21) 1

GenomeScope 2

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

Arima Genomics Mapping Pipeline Commit 2e74ea4
SALSA (-DNASE, —i 20, —p yes) 2

YAGCloser (—mins 2 -f 20 -mcc 2 -prt 0.25 -eft Commit 0e34c3b

0.2 -pld 0.2)
Omni-C Contact map generation

Short-read alignment BWA-MEM (-5SP)

0.7.17-r1198-dirty

SAM/BAM processing samtools 1.16-8-g629tb5e (using htslib
1.16-3-g5036186)

SAM/BAM filtering pairtools 0.3.0

Pairs indexing pairix 0.3.7

Matrix generation cooler 0.8.10

Matrix balancing hicExplorer (hicCorrectmatrix correct 3.6
—filterThreshold —2 4)

Contact map visualization HiGlass 2.1.11
PretextMap 0.1.4
PretextView 0.1.5
PretextSnapshot 0.0.3

Manual curation tools Rapid curation pipeline (Wellcome Trust Sanger Commit 4ddca450
Institute, Genome Reference Informatics Team)

Genome quality assessment

Basic assembly metrics QUAST (—-est-ref-size) 5.0.2

Assembly completeness BUSCO (—m geno, —| embryophyta) 5.0.0
Merqury 2020 January 29

Chloroplast genome assembly

de novo assembler of organelle Oatk 1.0 (Commit

genomes 6591c42)

Genome annotation GeSeq (https://chlorobox.mpimp-golm.mpg.de/ge Last accessed April 17th, 2025
seq.html)

Contamination screening

Local alignment tool BLAST+ (—db nt, —outfmt ‘6 gseqid staxids 2.10

bitscore std’, —max_target_seqs 1, —max_hsps 1,

—evalue 1e-235)
General contamination screening

BlobToolKit (PacBlo HiFi Coverage, NCBI Taxa 2.3.3

ID=160571, BUSCODB = embryophyta)

Measurements of the size of the phased blocks are based on
the size of the contigs generated by HiFiasm in 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=log10[contig NG50]; y=logl10[scaffold NG50];
P =1og10 [phased block NG50]; Q = Phred base accuracy QV
(quality value); C= % genome represented by the first ‘n’
scaffolds, following a karyotype of 2n =40, known for the
number of chromosomes for this species (Genome on a Tree—
GoaT; tax_tree(N. colusana); Challis et al., 2023). Quality
metrics for the notation were calculated on the assembly for
haplotype 1.

Genome annotation

We annotated the reference assembly for this species 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 Eukaryotes and Poales (odb12) using BUSCO v5.8.2
(Manni et al. 2021). We report the number of annotation
features and the BUSCO results in Table 2.

Chloroplast genome assembly

The chloroplast sequence for N.colusana was generated with
Oatk (https://github.com/c-zhou/oatk, Zhou et al., 2024).
We used the chloroplast genome assembly from Arabidop-
sis thaliana (NCBI:NC_000932.1; Sato et al., 1999) as a
guide for manual curation, in which we aligned the gener-
ated 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
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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).

Results

The Omni-C and PacBio HiFi sequencing libraries gener-
ated 63.37 million read pairs and 4.96 million reads respec-
tively. The latter yielded ~28-fold coverage, with anN50
read length 14 330 bp; minimum read length 154 bp; mean
read length 12772 bp; maximum read length of 64 026 bp
(Fig. S1). Based on the PacBio HiFi data, Genomescope 2.0
estimated a genome size of 2.21 Gb, a 0.0755% sequenc-
ing error rate and 0.854% nucleotide heterozygosity rate.
The k-mer spectrum based on PacBio HiFi reads show a
bimodal distribution with two major peaks at ~ 14 and ~ 28-
fold coverage (Fig. 2A). Sequencing of mRNA libraries for
SAMN41406410, SAMN41406412, SAMN41406413, and
SAMNA41406411 yielded 34 M, 41 M, 54 M, and 60 M
paired-end reads, respectively.

The final assembly (IpNeoColul) consists of two phased
haplotypes that vary slightly in size compared with the esti-
mated value from GenomeScope2.0 (Fig.2A), as has been
observed in other taxa (see Pflug et al., 2020). Haplotype
one consists of 746 scaffolds spanning 2.13 Gb with contig
N50 of 10.62 Mb, scaffold N50 of 112.31 Mb, largest contig
of 47.89 Mb and largest scaffold of 143.97 Mb. Haplotype
two consists of 496 scaffolds, spanning 2.04 Gb with contig
N50 of 10.05 Mb, scaffold N50 of 138.31 Mb, largest contig
35.34 Mb and largest scaffold of 138.31 Mb.

During manual curation, we generated a total of 54 breaks
and 340 joins; where 23 breaks were made on haplotype one
and 31 were made on haplotype two, whereas we made 149
joins on haplotype one, and 191 joins on haplotype two. We
were able to close a total of 82 gaps, 32 on haplotype one and
50 on haplotype two. No further modifications were made to
our assemblies.

Haplotype one has a BUSCO completeness score of 98.1%
using the Embryophyta gene set, a per-base quality (QV) of
65.95, a kmer completeness of 87.66 and a frameshift indel
QV of 47.89. The haplotype two has a BUSCO completeness
score of 97.6% using the same gene set, a per base quality
(QV) of 65.94, a kmer completeness of 86.5 and a frameshift
indel QV of 46.43. Assembly statistics are reported in Table 2,
and graphical representation for the haplotype 1 assembly in
Fig. 2B.

The Omni-C contact maps show highly contiguous assem-
blies, with chromosome-length scaffolds, suggesting that the
N. colusana genome is organized in 20 chromosomes based
on the number of major bins along the diagonal axis of the
plot, and the chromosome-scaffolds have been named based
on their ordered length (Fig. 2C, 2D, Supplementary Table 1).
N. colusana appears to be diploid (2n =40), as reported first
in Reeder (1982), which is unique in this family (Hilu 2004),
but common in this tribe (Reeder 1982). Assembly statistics
are reported in Table 2 and represented graphically in Fig. 2B.
We have deposited the genome assembly on NCBI GenBank
(See Table 2 and Data Availability for details).

Our final genome annotation for N. colusana included
30836 genes, with a Poales BUSCO completeness of
96.3%. A list of annotation statistics and BUSCO score
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breakdowns for Eukaryota and Poales gene sets is reported in
Table 2.

Chloroplast genome assembly

The final chloroplast genome assembly spans 135891 bp,
has a nucleotide composition of A=31.03%, C=19.03%,
G=19.17%, T=30.77%. The large single copy is 81437 bp
long, the small single copy is 12 551 bp long, and the inverted
repeat is 20 950 bp long (Fig. S2). The chloroplast sequence
has been deposited on NCBI (see Data Availability for
details).

Discussion

To our knowledge, this is the first genome published for
a plant species restricted to vernal pool habitats, and as
such, is also the first published genome for this subtribe of
grasses (tribe Cynodonteae, subtribe Orcuttiinae). Neostapfia
colusana and other vernal pool plant populations are in
decline due to habitat degradation and changing climates.
Within subtribe Orcuttiinae, several species have evolved and
specialized in the unique hydrology of vernal pool ecosystems
(Reeder, 1965), yet due to modern land changes, all species
within this group are now listed by the State of California or
the Federal Government as endangered or threatened. Habitat
restoration and population management will be crucial for
the persistence of these species, and these vernal pool grasses
serve as key indicators for success in restoration efforts of
endangered wetlands in California.

California vernal pool ecosystems are endangered yet har-
bor a great number of unique and endemic species that
California and the US Fish and Wildlife Services are charged
to protect and manage. Restoration efforts are ongoing and
can benefit from predicting and mapping genetic diversity.
This reference genome will be highly valuable for popula-
tion genomics studies that can target quality and function
of genomic diversity across the species’ range. The use of
a high-quality reference genome in these studies will aid in
the development of improved genetic tools and increased
understanding of the distribution of genetic diversity within
California vernal pool ecosystems.

The availability of this reference genome, and the landscape
genomic patterns to come from the next CCGP efforts, will
open this species up to more avenues of research, which
will aid in its management and persistence. The last genetic
assessment of this species, based on microsatellite markers,
found high rates of genetic variation with little connectivity
between northern and southern populations (Gordon et al.,
2012). Updated studies using the new reference genome and
sampling across the range will allow for a more complete
understanding of past and current trends in genomic variation
and gene flow, which can inform management and restoration
decisions. Furthermore, the destruction of vernal pool habitat
in recent years is often required to be mitigated with the
creation of new habitat; that is to say, human-made pools
that can become habitat for vernal pool species. Using these
genomic tools, researchers will be able to better understand
what genotypes can be used for mitigation, and if these
synthetic pools differ over time from natural pools in terms of
the genetic diversity they can support. Further, these updated
genomic tools can be used in research into the adaptability of
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current populations, and how these populations may or may
not be able to respond to climate change.

Understanding and managing vernal pool grasses benefits
myriad other wetland species, including other plants, ani-
mals, fungi, and microbes in these ecosystems (Ruiz-Ramos
et al., 2023). Moreover, past populations can inform current
populations to further understand vernal pool habitat. His-
torical samples from now extirpated N. colusana popula-
tions are available in herbaria, providing the opportunity to
understand past and present gene flow and genomic variation
in this species, and to understand what massive population
loss does to a species. These samples can also help inform
current restoration strategies— estimating past rates of gene
flow and habitat connectivity can inform current restora-
tion activities (Proft et al., 2018) and provide a baseline for
these activities to work toward. This work will enhance and
complement other projects and species in the CCGP (e.g.,
Orcuttia and Tuctoria species) and management programs in
California by establishing genomic baselines that can be used
by management to set priorities and goals across endangered
ecosystems such as those found in the California Great Central
Valley.
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