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Abstract

Squirrels (Rodentia; Sciuridae) are a well-known and diverse group of rodents, including the charismatic ground-dwelling members of the Tribe
Marmotini. In particular, the California ground squirrel (Otospermophilus beecheyi) is an emerging model system for the study of social and risk-
sensitive behaviors in a rapidly changing world, as well as the physiology of resistance to snake venoms. To complement extensive natural history
information for O. beecheyi, we provide a chromosome-scale genome to facilitate molecular studies focused on the genetic basis of ecologically
important traits, population genetics, comparative genomics, and social evolution. The final scaffolded genome was 2.27 Gb contained in 9,960
contigs and placed into 1,383 scaffolds. The scaffold N50 was just more than 125 Mb. We used the presence of 10,248 complete genes detected
by BUSCO v5 specifically to compare broad patterns of chromosomal synteny between chromosomal scaffolds for O. beecheyi and two other
sciurid rodents. The recovered pattern of synteny suggests several fusion and fission events for O. beecheyi in relation to the other two species.
Taken together, this new information should advance our understanding of O. beecheyi and comparative studies of mammalian genomic biology
and evolution.
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Introduction

Squirrels (Rodentia; Sciuridae) are extremely well-known and
charismatic animals. Our familiarity with squirrels stems from
the visibility of diurnal species and their propensity to live
among us in neighborhoods and parks (Parker and Nilon
2008). Squirrels are hunted by humans, can cause damage by
chewing or burrowing behaviors and through consumption
of crop plants, and are zoonotic reservoirs of bubonic plague
(Smith et al. 2016). Many basic biological features of squirrels
have garnered significant research attention as well, where the
diverse and often accessible squirrel species can be observed
through the lens of urban vs. natural ecology. Squirrels are a
diverse group of rodents with nearly 300 species distributed
worldwide (Rick et al. 2024), occupying most biomes and
therefore environmental extremes from tundra and deserts to
rainforests (Menéndez et al. 2021).

Tribe Marmotini includes the burrow-dwelling marmots,
chipmunks, prairie dogs, and ground squirrels. This clade
of squirrels includes emerging model systems in several
aspects of wild mammal biology. For example, ground squirrel
adaptation to extremes, particularly long bouts of hibernation
in cold climates, has garnered attention from a basic
and biomedical perspective. Adaptations to lowered body
temperature in 13-lined ground squirrels (Ictidomys

tridecemlineatus) include several modulations to blood
physiology, producing leads toward better cold storage of
blood platelets (Cooper et al. 2012). In Arctic ground squirrels
(Urocitellus parryii), hibernation studies have increased our
understanding of molecular basis of bone loss prevention
during long-term immobility, which could inform treatment of
immobilized patients (Wojda et al. 2016). Black-tailed prairie
dogs (Cynomys ludovicianus) have been heavily studied
at the interface of population biology, predation, disease
epidemiology, and conservation, because plague infections
cause populations cycles that threaten both prairie dogs and
the endangered black-footed ferrets that feed on them (Keuler
et al. 2020). Finally, behavior in marmots, prairie dogs, and
ground squirrels has received significant attention in testing
of fundamental hypotheses in the evolution of sociality (Wey
and Blumstein 2010) and the ecology of fear (Blumstein et al.
2009).

The California ground squirrel (Otospermophilus beecheyi;
Richardson et al. 1829) is a social mammal native to
California whose range extends from the San Francisco
Bay to the northern regions of the Baja peninsula, and east
through the Sierra Nevada to the border of the Great Basin
Desert (Phuong et al. 2014; Smith et al. 2016; Holding
et al. 2021). Whereas not under imminent conservation
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threat, the many interesting features of O. beecheyi include
complex social behaviors, engineering ecosystems through
deep burrows and adapting to resulting hypoxic underground
conditions, hibernation, coevolution with venomous snakes,
and acting as a bubonic plague (Yersinia pestis) reservoir. Of
particular note, O. beecheyi have served a textbook study
system for understanding variation in the psychology of fear
as it relates to predator presence, resource availability, and
sociality (Coss and Owings 1978). The pioneering long-term
studies by Richard Coss and Donald Owings unveiled the
multifaceted and variable behavioral responses of O. beecheyi
to rattlesnake predators. O. beecheyi were eventually found
to respond acutely to rattlesnakes at a physiological level
by warming their tails before tail-flagging displays (Rundus
et al. 2007), which was later revealed to be an honest signal
of squirrel vigilance (Putman and Clark 2015). Moreover, O.
beecheyi back up their anti-snake behaviors by being up to
hundreds of times more resistant to rattlesnake venom than
a mouse (Poran et al. 1987). Recent and ongoing work in
O. beecheyi has highlighted coevolved variation in venom
resistance (Holding et al. 2016), its physiological constraints
(Holding et al. 2020), and molecular basis (Biardi et al. 2011;
Gibbs et al. 2020), whereas ongoing studies of O. beecheyi
behavioral ecology continue to elucidate the interplay of
predation risk (Smith et al. 2023), stress (Hammond et al.
2019), parasite loads (Smith et al. 2021), kinship, and the
formation of social networks in human-influenced systems
(Smith et al. 2018; Person et al. 2024; Ortiz-Jimenez et al.
2025).

Genomic resources can enhance the potential for discovery
in ground squirrels and their relatives. At present, NCBI
Genbank houses 21 genome assemblies from 11 species within
Marmotini, of which only three species’ genomes are assem-
bled at the chromosome level. Despite being the focus of many
research programs, there has been no genome assembly for
O. beecheyi. To this end, we present here a chromosome-
scale genome for O. beecheyi that should powerfully advance
studies of their sociality, physiology, demography, and molec-
ular coevolution with venomous rattlesnakes, while increasing
the potential for comparative genome biology among squirrel
species.

Methods

Biological materials

The genome animal was an adult female live-trapped at Hast-
ings Natural History Reservation, Monterey, California under
the California Department of Fish and Wildlife Scientific
Collection Permit S-190320013-19228-001 and University
of California IACUC protocol AUP-2019-08-12453-1. The
specimen was deposited in the Museum of Vertebrate Zoology
at UC Berkeley as MVZ:Mamm:239690.

Nucleic acid library preparation

High molecular weight (HMW) DNA was extracted from
muscle tissue by phenol chloroform and ethanol precipitation.
Tissue was pulverized in liquid nitrogen and homogenized in
Qiagen Buffer ATL and Proteinase K (Qiagen, Germantown,
MD) for 4 h on a thermal mixer set at 56 ◦C and 400 rpm. The
then clear homogenate was mixed 1:1 with phenol chloroform
isoamyl (PCI) alcohol (Sigma-Aldrich, Burlington, MA) for
10 min on a lab rotator, transferred into a MaXtract High

Density phase lock tube (Qiagen, Germantown, MD) and
centrifuged at max speed for 5 min. The top aqueous layer
was washed with PCI a second time, followed by a third
1:1 chloroform isoamyl (CI) alcohol wash. 2.5× volume ice-
cold 100% ethanol was added to the final aqueous layer,
inverted 20 times, and stored at −20 ◦C for 1 h before being
pelleted at 16,000 × g in a 4 ◦C centrifuge. The pellet was
washed with room-temperature 70% ethanol until clear and
subsequently air dried to remove residual ethanol. HMW
genomic DNA (gDNA) was resuspended in PacBio Elution
Buffer (PacBio, Menlo Park, CA), placed overnight at 4 ◦C,
and then quantified with Quant-It Qubit reagents (Thermo
Fisher Scientific, Pleasanton, CA), and checked for purity on a
Nanodrop (Thermo Fisher Scientific, Pleasanton, CA). gDNA
was then subjected to a high-salt PCI wash and final AMPure
PB bead clean after the PacBio recommended protocol. The
initial 260/230 Nanodrop purity score increased from 1.7 to
2.09. The cleaned gDNA was evaluated on a Femto Pulse
(Genomic DNA 165 kb Kit, Agilent, Santa Clara, CA) show-
ing an average size of 93 kilobases (kb).

The PacBio sequencing library was then generated by ligat-
ing SMRTbell hairpin adaptors to the cleaned gDNA (PacBio
SMRTbell Template Prep Kit 1.0, PacBio, Menlo Park, CA).
Pre size selection Femto Analysis results show an average
library size of 48 kb with 72% of fragments more than 20 kb.
The final library was generated by size selecting 30 kb or
larger library molecules on a Blue Pippin (PAC30KB—0.75%
Agarose, High Pass, PacBio >30 kb templates, U1 Kit, Sage
Science, Beverly, MA).

Sequel I DNA polymerase was bound to the final PacBio
library after the manufacturer’s recommendations (Sequel
Binding Kit 2.1, PacBio, Menlo Park, CA) and sequenced
at the Vincent J Coates Genomics Sequencing Lab at UC
Berkeley to generate continuous long reads (CLRs) on 8
Sequel 1 M SMRTcell 10-h movies (Sequel Sequencing Kit
2.1, PacBio, Menlo Park, CA). All sequencing runs combined
resulted in more than 11 million reads with an average
length of 19.56 kb, generating 215,500,012,650 total bases.
We also generated Hi-C reads with the Dovetail Genomics
Omni-C protocol using the manufacturer’s protocol (Cantata
Bio, Scotts Valley, CA) and sequenced on a 150 bp paired-
end S4 Illumina NovaSeq6000 flowcell (Illumina, Inc., San
Diego, CA).

DNA sequencing and genome assembly

The resulting library was sequenced on the PacBio Sequel
I at the Vincent J Coates Genomics Sequencing Lab at UC
Berkeley to generate CLRs. We also generated Hi-C reads with
the Dovetail Genomics Omni-C protocol and sequenced on
an Illumina NovaSeq6000 platform. The contig-level primary
assembly was generated in a phase-aware manner using
Falcon-Unzip V1.3.7 followed by a round of polishing using
Arrow algorithm from SMRT Link software V6.0.0. Juicer
v1.6 (Durand et al. 2016) was used to align the Hi-C reads
to the primary assembly, and the contigs were sorted based
on Hi-C contacts with the 3d-DNA (Dudchenko et al. 2017)
“run-asm-pipeline.sh” with the early-exit flag. Chromosome-
level scaffolds were grouped and sorted based on visualized
Hi-C contacts with Juicebox Assembly Tools (JBAT) v1.11.08
(https://github.com/aidenlab/Juicebox). Scaffold arrange-
ments were corrected via “bow-tie motifs”and based on infor-
mation from the comparative order of orthologous loci on O.
beecheyi contigs and those in the chromosome-level genomes
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of the gray squirrel (Sciurus carolinensis; mSciCar1.2) and
Siberian chipmunk (Tamias sibiricus; ASM2559416v1).
Orthologous loci were identified using BUSCO (Manni
et al. 2021) and the glires odb10 database. Areas of broad
mismatch between the two genomes were visually examined
in JBAT for evidence of mis-assembly and corrected, and final
chromosomal contact map for the assembly was saved. The
final assembly was quality controlled with the NCBI Foreign
Contamination Screen toolkit (Astashyn et al. 2024), resulting
in the hard-masking of a single 31 bp PacBio adapter and a
lack of evidence for foreign contaminant scaffolds. Further
details on assembly software can be found in Table 1.

Genome annotation and analysis

The protein-coding regions of the genome were anno-
tated using braker v.3.0.8 (Gabriel et al. 2024). Protein
hints were generated via a concatenated file containing
the vertebrata odb10 protein sequences from OrthoDB
(Kriventseva et al. 2019), while O. beecheyi liver, kidney, large
intestine, small intestine, spleen, thyroid, and skeletal muscle
from NCBI PRJNA804109 (Ochoa et al. 2023) were utilized
as RNA hints. RNA-seq reads were aligned to the genome
assembly with B v.2.2.1 (Kim et al. 2019), and these resulting
alignments were provided to as input to braker. We added
functional annotations to the de novo gene models initially
by conducting a diamond v.2.11 (Buchfink et al. 2021) search
of each gene model against the vertebrata orthodb11 protein
set with an e-value cutoff 10−11 and set to “more-sensitive”.
Next, we used InterProScan v5.68-100.0 (Jones et al. 2014)
to search for protein domains in the predicted primary amino
acid sequences, and only retained annotations with detected
domains.

A de novo repeat database for our genome assembly was
generated with RepeatModeler v. 2.0.4 (Flynn et al. 2020),
and we concatenated this repeat library with the RepBase (Bao
et al. 2015) library for vertebrata, downloaded 18 February
2024. This concatenated library was used to annotate and
soft-mask repeats in the genome using RepeatMasker v4.1.5
(Smit et al. 1996).

Genome completeness was assessed with both BUSCO v5.8
(Manni et al. 2021) and Compleasm (Huang and Li 2023);
the unique and shared detected genes for each program were
joined to generate a report of single copy, duplicated, frag-
mented, and missing genes. BEDtools v2.29.2 (Quinlan and
Hall 2010) was used to calculate Guanine + Cytosine (GC)
content, gene density, and repeat density in 500 kB sliding
windows, which were later visualized these along chromo-
somes using circlize v0.4.16 (Gu et al. 2014). ChromoSyn
v1.6.1 pipeline (Edwards et al. 2022) was used to visualize
chromosomal synteny between O. beecheyi, T. sibiricus, and
S. carolinensis.

Results

The final scaffolded genome was 2.27 Gb contained in 9,960
contigs and placed into 1,383 scaffolds. The scaffold N50 was
just more than 125 Mb (Table 2). Of these scaffolds, 20 were
greater than 10 Mb in length, which we suggest represent 19
autosomes and the X chromosome for this individual (Fig. 1;
Supplementary Information). These chromosome-scale scaf-
folds comprise 91.7% of the total assembly, whereas the
remainder represents small unplaced contigs and scaffolds.

The content of the assembly is largely consistent with that
of other ground squirrel taxa. For example, we recovered
an overall GC content for O. beecheyi at 38.6%, which
is comparable to Gunnison’s prairie dog (40.1%). Repeat
content was modestly higher for O. beecheyi (41.6%) than
the comparative analyses reported previously where species
ranged from 30% to 35% (Tsuchiya et al. 2020). Finally,
after filtering based on the presence of protein domains,
we identified 20,301 genes in our assembly. A considerable
portion of the genic content is unfortunately missing, because
19.2% of the genes in the Glires geneset from OrthoDb10 are
missing. This inconsistency is likely reflective of an incomplete
and more fragmented assembly generated by our use of earlier
generations of PacBio sequencing technology that preceded
HiFi reads and lack of complementary whole genome short-
read sequencing. ShinyGO v0.77 (Ge et al. 2020) analysis of
the missing BUSCO content revealed a lack of bias in GO Bio-
logical Processes or sequence length, but a strong bias toward
higher GC content of missing genes (Supplementary Fig. S1),
consistent with increased difficulty of during primary assem-
bly (Chen et al. 2013). We do not expect the levels of missing-
ness to impact our conclusions about chromosome number
or comparative analysis of synteny, given those inferences are
based on the present, rather than absent, gene blocks.

We used the presence of 10,248 complete genes detected
by BUSCO v5 specifically to compare broad patterns of
chromosomal synteny between our O. beecheyi chromosomal
scaffolds and those of two other chromosome-scale genomes:
the Siberian chipmunk (Tamias sibiricus; a distantly related
Marmotini-clade member; Li et al. 2022) and the eastern
gray squirrel (S. carolinensis; a tree squirrel; tribe Sciurini;
Mead et al. 2020). The resulting synteny plot suggests several
fusion and fission events can be inferred for O. beecheyi in
relationship to the other two species (Fig. 1C), which is sur-
prising given the closer relationship of Tamias and Otosper-
mophilus. The second largest O. beecheyi scaffold (Chr 2)
represents a fusion of Chr8 and Chr17 both present in the
other two species. Conversely, two of the larger chromosomes
present in S. carolinensis (Chr 1 and Chr 3) and T. sibiricus
(Chr 2 and Chr 4, respectively) have each undergone fission
to produce four O. beecheyi chromosomes. These include two
of the smallest chromosomes-level scaffolds in O. beecheyi
(Chr 15 and Chr 17) as well as the medium-sized Chr 11
and Chr 12.

Discussion

Chromosome numbers in several North American ground
squirrel taxa have been characterized through direct obser-
vation of dividing cells (Nadler 1966a, 1966b), where diploid
counts range from 30 to 50 chromosomes. Thus, a chromo-
some count of 20 (2n = 40) for O. beecheyi is well within
the known range for the group. Interestingly, Nadler (1966b)
reported a cytogenetic estimate of 2n = 38 for O. beecheyi,
differing from our estimate by one. Based on the locality
information, the samples from Nadler’s cytogenetic work
were from north of the San Francisco Bay and San Joaquin
River Delta, meaning they are within the highly divergent
northern lineage (Phuong et al. 2014; Holding et al. 2021)
that has been recently reassigned to the resurrected Douglas’
ground squirrel (Otospermophilus douglasii) taxon (Long and
Smith 2023). We do not see evidence from the Hi-C contact
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Table 1. Assembly strategy and software.

Assembly
Primary assembly Falcon-Unzip 1.3.7
Polishing Arrow SMRT Link software V6.0.0
Hi-C read alignment Juicer 1.6
Hi-C scaffolding 3d-DNA run-asm-pipeline.sh 180 922
Manual scaffold editing Juicebox Assembly Tools 1.11.08

Content and completeness
Gene content BUSCO + Glires Odb10 5.8
RNA-alignment HISAT2 2.2.1
De novo gene annotation Braker 3.0.8
Functional annotation Diamond 2.11
Repeat library generation RepeatModeler 2.0.4
Repeat annotation RepeatMasker 4.1.5
GC content Bedtools 2.29.2

Fig. 1. A chromosome-scale genome assembly for the California ground squirrel (O. beecheyi). (A) The final Hi-C contact map for the genome assembly,
with 20 chromosome-scale scaffolds boxed in blue lines. (B) A circular representation of the 20 chromosomes showing 500 kB sliding windows for the
gene density, repeat content, and GC content as line plots. (C) Resolved synteny between the O. beecheyi chromosomes and the chromosomes of two
other Sciuridae, the Siberian chipmunk (T. sibiricus; assembly ASM2559416v1) and the eastern gray squirrel (S. carolinensis; assembly mSciCar1.2). The
lines connecting scaffolds indicate the locations of orthologous BUSCO (Manni et al. 2021) genes between the assemblies.

map (Fig. 1A) to suggest that any two of our scaffolds should
be combined to reach the lower our chromosome count to that
of Nadler’s. We hypothesize that genetic divergence between
the ecologically and morphologically similar O. beecheyi and
O. douglasii could be associated with this difference in chro-
mosome numbers as a prezygotic barrier to gene flow. This

hypothesis is consistent with the apparent tendency toward
rapid change in chromosome number among other closely
related ground squirrels taxa (Nadler 1966a; Nadler et al.
1971). Meanwhile, broad synteny of Tamias and Sciurus
(one fusion event) and chromosome count variation among
taxa such as Cynomys and Marmota (Tsuchiya et al. 2020)
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Table 2. Quantification of contiguity, content, and gene completeness for
the California ground squirrel genome assembly.

Assembly contiguity
Number of contigs 9,960
Number of scaffolds 1,383
Number of scaffolds >10 M 20
Assembly size (bp) 2,269,446,536
Contig N50 425,996
Scaffold N50 124,984,502
% in chromosomal scaffold 91.7%

Assembly content
GC content 38.6%
SINEs 7.5%
LINEs 17.5%
LTR elements 10.3%
DNA transposons 4.6%
Annotated gene count 20,301

Gene completeness C: 77%; D: 3.7%; F:
2.1%; M: 19.2%

suggests that rapid chromosomal evolution in ground squir-
rels occurred after the divergence of Tamias and the bulk
of tribe Marmotini (Mclean et al. 2019). As comparative
genomic resources continue to build for sciurid rodents at
multiple scales of evolutionary divergence, the role of chro-
mosomal rearrangements as either a passenger or driver in the
diversification process may be clarified.

We produced the first chromosome-scale reference genome
for the California ground squirrel, O. beecheyi. From a
comparative genomics perspective, we have added a new
chromosome-scale assembly to the small but growing number
of such resources for squirrels (Sciuridae) as a group. Squirrels
are among the best studied wild rodent lineages. They have
been researched from all aspects of basic biology, and current
research on squirrels is becoming both increasingly integrative
as well as translational in nature. This genome will be used
as a basis to study the genetic architecture and population
genomics of loci involved in resistance to rattlesnake venoms,
as well as the role of relatedness and specific genes in the
social behaviors of these mammals. We also see the potential
of this genome as a resource for studies of plague resistance
and in studies of adaptation to agricultural and urbanized
environments. Each of these subjects, among others, can be
combined with the abundance and accessibility of ground
squirrel for use in an educational framework as students
learn to generate and analyze the genetic data of animals
captured on campus. In conclusion, the release of this
genome represents another important step in the study of
the California ground squirrel as a model species in diverse
studies of wild mammals.
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