
Journal of Heredity, 2023, 114, 418�427
https://doi.org/10.1093/jhered/esad008
Advance access publication 10 February 2023
Genome Resources

Received December 7, 2022;  Accepted February 9, 2023

Genome Resources

A highly contiguous genome assembly for the California 
quail (Callipepla californica)
Phred M.�Benham1,2, , Carla�Cicero1, , Merly�Escalona3, , Eric�Beraut4, ,  
Mohan P.A.�Marimuthu5, , Oanh�Nguyen5, , Michael W.�Nachman1,2, , Rauri C.K.�Bowie1,2,  
1Museum of Vertebrate Zoology, University of California Berkeley, Berkeley, CA, United States, 
2Department of Integrative Biology, University of California Berkeley, Berkeley, CA, United States, 
3Department of Biomolecular Engineering, University of California Santa Cruz, Santa Cruz, CA, United States, 
4Department of Ecology and Evolutionary Biology, University of California, Santa Cruz, Santa Cruz, CA, United States, 
5DNA Technologies and Expression Analysis Core Laboratory, Genome Center, University of California-Davis, Davis, CA, United States
Address correspondence to P.M. Benham at the address above, or e-mail: phbenham@gmail.com.

Corresponding Editor: Arun�Sethuraman

Abstract 
The California quail (Callipepla californica) is an iconic native bird of scrub and oak woodlands in California and the Baja Peninsula of Mexico. 
Here, we report a draft reference assembly for the species generated from PacBio HiFi long read and Omni-C chromatin-proximity sequencing 
data as part of the California Conservation Genomics Project (CCGP). Sequenced reads were assembled into 321 scaffolds totaling 1.08 Gb 
in length. Assembly metrics indicate a highly contiguous and complete assembly with a contig N50 of 5.5�Mb, scaffold N50 of 19.4�Mb, and 
BUSCO completeness score of 96.5%. Transposable elements (TEs) occupy 16.5% of the genome, more than previous Odontophoridae quail 
assemblies but in line with estimates of TE content for recent long-read assemblies of chicken and Peking duck. Together these metrics indicate 
that the present assembly is more complete than prior reference assemblies generated for Odontophoridae quail. This reference will serve as 
an essential resource for studies on local adaptation, phylogeography, and conservation genetics in this species of signi�cant biological and 
recreational interest.
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Introduction
The charismatic California quail (Callipepla californica) is the 
state bird of California. The �chi-ca-go� rally calls given by 
both sexes can be heard year-round from throughout its na-
tive distribution in the Baja peninsula of Mexico, California, 
southern Oregon, and western Nevada (Fig. 1; Calkins et al. 
2014). Starting in the mid-1800s, successful introductions 
were carried out widely across western North America (e.g. 
Washington, Idaho, Montana, Utah), Chile, Argentina, New 
Zealand, Australia, Hawaii, and Corsica (Calkins et al. 2014). 
California quail are typically found in a variety of oak wood-
land, chaparral, and sage habitats within its native range. 
The species spans broad thermal and precipitation gradients, 
but in the most arid regions of southeastern California it is 
replaced by its sister species, the Gambel�s quail (Callipepla 
gambeli). The 2 form a narrow hybrid zone in the Coachella 
valley in Riverside County, California (Zonana et al. 2019).

California and Gambel�s quail comprise half the members 
of the genus Callipepla, a lineage within the family 
Odontophoridae. Most of the 33 Odontophoridae quail 
species occupy tropical forest environments, but Callipepla 
and its sister genus, Colinus bobwhites, inhabit more open 

and arid habitats (Hosner et al. 2015; Winkler et al. 2020; 
Salter et al. 2022). Within California quail, 5 subspecies 
are currently accepted (Calkins et al. 2014). Callipepla c. 
californica is the most widespread subspecies ranging from 
southern Oregon south through much of California to 
northern Baja California, Mexico. It is replaced south of cen-
tral Baja California by C. c. achrustera and in northwestern 
California by C. c. brunnescens. Callipepla c. can�eldae is 
restricted to the Owen�s valley of eastern California and C. 
c. catalinensis is native only to Catalina Island off the coast 
of southern California. Population genetic data are largely 
lacking for California quail, although an early allozyme anal-
ysis suggested that some subtle population structure may 
exist between populations in California and Baja California 
(Zink et al. 1987).

California quail are generally considered widespread 
and of least conservation concern. An exception is the en-
demic Catalina Island population (C. c. catalinensis), which 
is classi�ed as a California Bird Species of Special Concern 
due to the narrowness of its distribution (Collins 2008). 
Quail populations across the state of California also have 
declined precipitously from historic highs in the 1800s. These 
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declines were driven by unregulated hunting and trapping 
that supplied tens of thousands of quail annually to markets 
in San Francisco and Los Angeles (e.g. 177,366 quail in 
1895; Grinnell et al. 1918; Leopold 1977). Bag limits and 
anti-trapping laws were established in 1901, but ongoing 
habitat degradation from overgrazing, mechanized agricul-
ture, and urbanization have all contributed to a constricted 
quail distribution with lower densities than historically re-
ported. Furthermore, persistent drought conditions and the 
increasing severity of wild�res in the western United States 
continue to pose signi�cant threats to California quail across 
its distribution (Calkins et al. 2014). Finally, free-ranging 
(feral) cats also can reduce the likelihood of habitat occu-
pancy by California quail, especially in urban environments 
(Iknayan et al. 2021).

In light of these historic and future threats to California 
quail populations, the species has been included in the 
California Conservation Genomics Project (CCGP; Shaffer 
et al. 2022). The goals of the CCGP are to better under-
stand shared patterns of genetic diversity and population 
structure across over 150 California plant and animal spe-
cies. A key component of each CCGP project is the gener-
ation of high-quality reference genomes for each species. 
Here, we report on the reference assembly of the California 
quail generated by the CCGP using PacBio HiFi long-read 
and Omni-C chromatin-proximity sequencing data. This 
represents the �rst long-read-based genome assembly for the 
family Odontophoridae. Along with high-quality reference 
genomes for the domestic chicken (Gallus gallus; Warren et 
al. 2017) and mallard duck (Anas platyrhynchos; Zhu et al. 
2021) the California quail genome generated for the CCGP 
will serve as an important resource for the intensively studied 
and harvested Galloanserae (ducks, upland game birds, and 
relatives).

Methods
Biological materials
A liver tissue sample was obtained from a male California 
quail (C. californica brunnescens) collected on 13 October 
2020. This bird was captured at Cow Mountain Recreation 
Management Area, Lake Co., California (39.08005°N; 
122.08910°W). The individual was collected with approval 
of the California Department of Fish and Wildlife (permit #: 
SCP-458) and the U.S. Fish and Wildlife Service (permit #: 
MB153526-0). The bird was captured and euthanized using 
methods approved by the University of California, Berkeley 
IACUC (AUP-2016-04-8665-1). A voucher specimen has 
been deposited at the Museum of Vertebrate Zoology, 
Berkeley, California (https://arctos.database.museum/guid/
MVZ:Bird:193975).

PacBio HiFi library preparation
High molecular weight (HMW) genomic DNA (gDNA) was 
extracted from 45� mg of liver tissue using the Nanobind 
Tissue Big DNA kit as per the manufacturer�s instructions 
(Paci�c BioSciences�PacBio, Menlo Park, California). The 
DNA purity was estimated using absorbance ratios (260/280 
= 1.80 and 260/230 = 2.06) on the NanoDrop ND-1000 spec-
trophotometer. The �nal DNA yield (17 µg) was quanti�ed 
using the Quantus Fluorometer (QuantiFluor ONE dsDNA 
Dye assay; Promega, Madison, Wisconsin). The size distribu-
tion of the HMW DNA was estimated using the Femto Pulse 
system (Agilent, Santa Clara, California) and found that 71% 
of the fragments were 120�kb or more.

The HiFi SMRTbell library was constructed using the 
SMRTbell Express Template Prep Kit v2.0 (PacBio; Cat. 
#100-938-900) according to the manufacturer�s instructions. 
HMW gDNA was sheared to a target DNA size distribution 

Fig. 1. Female (a) and male (b) California quail (Callipepla californica). (c) Distribution of California quail (red) across western North America. Map includes 
both native and introduced populations. Distribution data from eBird (https://science.ebird.org/). Photos taken at Blue Oak Ranch Reserve, Santa Clara 
County, California and courtesy of Jackie Childers.
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