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Abstract

The American pika (Ochotona princeps) is an alpine lagomorph found throughout western North
America. Primarily inhabiting talus slopes at higher elevations (>2000 m), American pikas are well
adapted to cold, montane environments. Warming climates on both historical and contemporary
scales have contributed to population declines in American pikas, positioning them as a focal
mammalian species for investigating the ecological effects of climate change. To support and
expand ongoing research efforts, here, we present a highly contiguous and annotated reference
genome assembly for the American pika (OchPri4.0).This assembly was produced using Dovetail de
novo proximity ligation methods and annotated through the NCBI Eukaryotic Genome Annotation
pipeline. The resulting assembly was chromosome- scale, with a total length of 2.23 Gb across
9350 scaffolds and a scaffold N50 of 75.8 Mb. The vast majority (>97%) of the total assembly
length was found within 36 large scaffolds; 33 of these scaffolds correlated to whole autosomes,
while the X chromosome was covered by 3 large scaffolds. Additionally, we identified 17 enriched
gene ontology terms among American pika-specific genes putatively related to adaptation to
high-elevation environments. This high-quality genome assembly will serve as a springboard for
exploring the evolutionary underpinnings of behavioral, ecological, and taxonomic diversification
in pikas as well as broader-scale eco-evolutionary questions pertaining to cold-adapted species in
general.
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The American pika (Ochotona princeps) is a small, alpine lago- Mexico in the United States, and north to British Columbia and
morph found along mountain ranges in western North America, Alberta in the Cascades and Northern Rockies of Canada (Smith
with a distribution that stretches from central California in the and Weston 1990; Hafner and Smith 2010). Although detected
Sierra Nevadas, to the Southern Rockies of Colorado and New across a wide range of elevations (0-4000 m), American pikas are
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primarily found at higher elevations (>2000 m), especially at more
southerly points of the range (Smith and Weston 1990; Millar and
Westfall 2010). American pikas are a typical rock-dwelling pika
species, primarily inhabiting talus slopes, though they can be found
along river banks and log piles at lower elevations and in cooler
climates (Smith and Beever 2016). American pikas are habitat spe-
cialists and are well-adapted to cold, montane environments (Smith
and Weston 1990); however, these adaptations can leave the species
vulnerable to warmer temperatures (MacArthur and Wang 1974).
In fact, warming climates across both historical and contemporary
timeframes have been implicated in range contractions, population
declines, and local extirpations (Beever et al. 2003, 2010, 2011;
Wilkening et al. 2011; but see Smith 2020). Likewise, numerous
niche models predict precipitous declines in the range of American
pikas in response to climate change projections (Galbreath et al.
2009; Stewart et al. 2015; Schwalm et al. 2016). American pikas
are also poor dispersers, particularly in warmer climates, further
exacerbating the potential impacts of rapidly changing environ-
ments (Tapper 1973; Peacock 1997; Henry et al. 2012; Henry and
Russello 2013; Robson et al. 2016; Smith and Beever 2016). This
thermal sensitivity and limited dispersal ability have led many to
consider the American pika as a sentinel mammalian species for the
ecological effects of climate change (Beever et al. 2003; Wilkening
and Ray 2016); a high-quality reference genome assembly would
provide a fundamental resource for informing studies of pika
ecology, evolution, and conservation moving forward.

Modern sequencing approaches, such as massively parallel
sequencing, have led to an expansion of genomic resources across
taxa, including non-model organisms (Muir et al. 2016). These re-
sources include an ever-increasing number of annotated reference
genomes; in fact, there are currently more than 1000 annotated ref-
erence or representative vertebrate genomes available in the NCBI
RefSeq database alone (O’Leary et al. 2016). Beyond quantity, the
quality of reference genomes being produced is also increasing with
the introduction of new genome sequencing and assembly methods
(Whibley et al. 2021). Whereas previous methods that largely relied
on whole-genome shotgun sequencing often resulted in highly frag-
mented assemblies, modern techniques, including proximity ligation
methods and single-molecule sequencing (Belton et al. 2012; Rhoads
and Au 2015; Lu et al. 2016), are producing chromosome-level as-
semblies at substantially lower costs than previously possible (Giani
et al. 2020). Reduction in reference genome fragmentation often
leads to better annotation and can provide new insights, such as
the discovery of novel genomic structures (Torresen et al. 2017), en-
hanced characterization of coding and noncoding regions including
improved gene models (Satou et al. 2008), and identification of
previously unknown gene regions and biochemical pathways (Rice
et al. 2017). These improvements can lead to more robust studies in
ecology and evolution (Holt et al. 2018), biomedicine and agricul-
ture (Warr et al. 2020), and conservation management (Macqueen
et al. 2017).

Here, we present a chromosome-level reference genome assembly
for the American pika. We assessed the quality of the new assembly
relative to the previously available version and investigated syn-
teny, orthology, and gene ontology (GO) in comparisons with the
most closely related model organisms for which annotated reference
genomes are available, including the European rabbit (Oryctolagus
cuniculus) and house mouse (Mus musculus). In the process, we
explored functional enrichment and identified genes that may be
promising targets for investigating American pika adaptation to
high-elevation environments.

Methods

Status of American Pika Genomic Resources

The currently published reference genome for the American pika
(OchPri3.0; GenBank assembly accession: GCA_000292845.1)
available on NCBI is fragmented (10 420 scaffolds, scaffold
N50 =26.9 Mb, largest scaffold = 83.7 Mb; Table 1) and not assem-
bled to chromosomes (O. princeps 2N = 68; Stock 1976). Genome
annotation of this assembly through the NCBI Eukaryotic Genome
Annotation Pipeline (Pruitt et al. 2014; O’Leary et al. 2016) also
has fewer gene alignments (17 952 gene alignments with a target
sequence coverage >50%; NCBI Annotation Release 101) to curated
databases (e.g., UniProt and SwissProt) than other chromosomal
assemblies, such as O. cuniculus (18 830 gene alignments; NCBI
Annotation Release 102) and M. musculus (20 905 gene alignments;
NCBI Annotation Release 109).

Biological Materials, Nucleic Acid Library

Preparation, DNA Sequencing, and Genome

Assembly

We obtained a liver tissue sample from an adult, male pika collected
in Beaverhead-Deerlodge National Forest, Montana, USA, acces-
sioned at the University of Alaska Museum of the North (Fairbanks,
AK; Accession ID: UAM:Mamm:113957). High molecular weight
DNA was extracted and sent to Dovetail Genomics (Scotts Valley,
CA), who performed all subsequent library construction, sequencing,
assembly, and scaffolding. Briefly, 3 Chicago™ libraries were con-
structed following the methods described by Putnam et al. (2016)
and sequenced using the Illumina HiSeq X (PE150bp) platform
yielding 402 million 2x151bp total read pairs. These libraries were
then assembled and scaffolded using the Dovetail HiRise™ software
pipeline following Putnam et al. (2016) using the OchPri3.0 genome
as the input assembly. Shotgun reads from the Chicago library were
mapped to the input assembly and a custom statistical model was
generated for evaluating the assembly. The assembly was scanned for
errors, breaking misjoins where appropriate. Candidate scaffold ar-
rangements were evaluated over multiple iterations until maximum
support for the scaffold arrangements was achieved. Three Hi-C li-
braries were subsequently prepared according to the manufacturer’s

Table 1. Comparison of summary statistics for 2 American pika
(O. princeps) genome assemblies

Measure OchPri4.0 OchPri3.0
Total length 2.231 Gb 2.230 Gb
Number of scaffolds 9350 10 420
Scaffold L50/N50 11 scaffolds; 26 scaffolds;
75.8 Mb 26.8 Mb
Scaffold L90/N90 29 scaffolds; 97 scaffolds;
27.1 Mb 4.18 Mb
Longest scaffold 153.7 Mb 83.7 Mb
Contig N50 42.1 kb 42.4 kb
Number of gaps 124 941 122 542
Percentage of genome in gaps 12.88% 12.82%
BUSCO completeness: 92.4% 92.4%
Single copy 255 259
Duplicated 10 9
Fragmented 15 12
Missing 23 23
Total 303 303
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protocol. Chromatin was fixed in place with formaldehyde in the nu-
cleus and then extracted. Fixed chromatin was digested with DpnlI,
the 5" overhangs filled in with biotinylated nucleotides, and then free
blunt ends were ligated. After ligation, cross-links were reversed, and
the DNA purified from proteins. Purified DNA was treated to re-
move biotin that was not internal to ligated fragments. The DNA
was then sheared to ~350 bp mean fragment size and a sequencing
library was generated using Illumina-compatible adapters. Biotin-
containing fragments were isolated using streptavidin beads before
polymerase chain reaction enrichment of the library. The library was
sequenced on an Illumina HiSeq X (PE150bp) platform to generate
342 million 2x151bp read pairs. Hi-C sequence reads were then as-
sembled and scaffolded using the Dovetail HiRise™ software pipeline
using the above methods with the Chicago™ assembly as an input.

Alignment and Identification of Putative

Chromosomes

The Dovetail assembly (hereafter “OchPri4.0”) produced 37 large
scaffolds (>5 Mb) covering >97% of the total assembly length
(Supplementary Figure S1), putatively representative of chromosomes
(see Results). To evaluate this possibility, we aligned the 37 largest
scaffolds to the European rabbit (O. cuniculus) reference genome
(OryCun2.0; GenBank assembly accession: GCA_000003625.1),
which is the closest related organism with a chromosomal assembly.
The European rabbit does have both a larger genome size (~2.7
Gb) and fewer chromosomes (2N = 44) than the American pika;
however, Ye et al. (2011) found evidence of significant homology
between Forrest’s pika (O. forresti; 2N = 54) and European rabbit
using cross-species chromosome painting. We used the k-mer align-
ment algorithm implemented by the nucmer program in MUMmer
v4.0.0.0beta2 (Kurtz et al. 2004). This program compares 2 gen-
omes by finding highly similar regions between 2 sequences or gen-
omes in both the forward- and reverse-complemented orientation
and can also identify structural rearrangements. For this analysis,
only assembled European rabbit chromosomes were used. Only
alignments that uniquely matched to both the American pika and
European rabbit genomes were considered to minimize misalign-
ments. Alignments were visualized using Dot (https:/github.com/
dnanexus/dot). Scaffolds were considered chromosomes if most
of the sequence aligned to at least 1 rabbit chromosome and did
not overlap with any other scaffold alignments following Marques
et al. (2020). The resulting American pika putative chromosomes
were evaluated for their coverage across the rabbit genome. To fur-
ther validate chromosomal designations, assembled scaffold lengths
were sorted by size and plotted against chromosome size estimates
of American pika autosomes following Rhie et al. (2021) and Ba
et al. (2020). Size estimates were obtained from a karyotype image
(Wurster et al. 1971) using a custom python script (see Supplemental
Materials in Rhie et al., 2021).

Assembly Annotation

Following putative chromosome identification, the reference genome
was processed and annotated through the NCBI Eukaryotic Genome
Annotation Pipeline, part of the NCBI RefSeq database (Pruitt et al.
2014; O’Leary et al. 2016). This automated pipeline performs all
steps of the annotation process, including repeat identification and
masking via WindowMasker (Morgulis et al. 2006), transcript
(including transcriptome, where available) and protein alignment,
ab initio and model-based gene prediction, and mapping of curated
gene products. All annotation steps were performed de novo for the

new assembly making use of previously generated American pika
transcriptome data (Lemay et al. 2013). The final annotated as-
sembly was evaluated for completeness using BUSCO v3.0.2 (Simdo
et al. 2015). This software aligns a curated database of single-copy
orthologs to a draft genome assembly and identifies complete, dupli-
cated, fragmented, and missing genes within the assembly.

Analysis of Synteny and Gene Orthology

We identified sequence homology and gene order between the
American pika genome and those of 2 model organisms, European
rabbit and house mouse, using synteny analysis as implemented in
Satsuma v2.0 (Grabherr et al. 2010). We chose these species based
on the availability of a chromosome-level genome assembly as well
as their phylogenetic relationships to American pika. This analysis
can identify chromosomal rearrangements, as indicated by split
alignments (Taylor et al. 2018), and can also assist in identifying
chromosomes within a draft assembly (Roodgar et al. 2020). The
results of the synteny analysis were visualized using Circos v0.69-8
(Krzywinski et al. 2009).

We further identified orthologous gene sets between the American
pika, European rabbit, and house mouse. To begin, we assigned func-
tional annotations to all American pika sequences using BLASTP
v2.9.0 (Camacho et al. 2009) with an E-value cutoff of 1e-* against
the protein databases NR (nonredundant proteins from NCBI) and
SwissProt (Boeckmann et al. 2003). We then mapped associated GO
terms for BLAST hits using Blast2GO v5.2.5 (Gotz et al. 2008). We
mapped GO terms to motifs and domains using InterProScan v5.50—
84.0 (Cock et al. 2013; Jones et al. 2016) using default settings, and
GO terms were merged with those from BLAST in Blast2GO (Gotz
et al. 2008).

Protein sequences for all species were downloaded from NCBI, and
proteins with multiple isoforms within each species were filtered such
that only the longest isoform was retained. Additionally, sequences
shorter than 50 amino acids were removed. Orthologous protein
sequences were detected and grouped into gene sets using a Markov
Clustering algorithm (MCL) as implemented in a custom version of
OrthoMCL 22.0.9 (Fischer et al. 2011; www.github.com/apetkau/
orthomclsoftware-custom) and automated with the orthomcl-pipeline
using default settings (www.github.com/apetkau/orthomcl-pipeline).
We found overrepresented pika-specific genes (i.e., genes that could
not be clustered into any gene family and could only be found in a
single species) using a hypergeometric test using BINGO v3.0.4
(Maere et al. 2005) as implemented in Cytoscape v3.8.2 (Smoot et al.
2011). We used the entire pika GO annotations as the reference set
and corrected all P-values using the Benjamin—-Hochberg false dis-
covery rate with a corrected significance threshold of a = 0.05.

Results

Genome Assembly

The initial Chicago™ assembly made 1312 breaks in the input as-
sembly (OchPri3.0) as well as 1585 joins, reducing the overall
scaffold count to 10 147. Five misassemblies were identified fol-
lowing Hi-C proximity ligation, while an additional 802 joins were
introduced, resulting in a final genome assembly of total length
2.23 Gb across 9350 scaffolds with 37 scaffolds >5 Mb (Table 1;
Supplementary Figure S1). The OchPri4.0 assembly offered a sub-
stantial improvement over the input assembly (OchPri3.0), with ap-
proximately one thousand fewer scaffolds and improved contiguity
(scaffold LSO/N50 = 11 scaffolds/75.8 Mb; Table 1). Additionally,
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nearly the entire assembly (>97%) was covered by the 37 largest
scaffolds (Supplementary Figure S1), whereas the input assembly was
considerably more fragmented (>95% coverage over 136 scaffolds).
Each assembly had similar numbers of gaps (OchPri3.0: 12.82% of
the genome; OchPri4.0: 12.88%) as well as similar BUSCO scores
using the eukaryota odb9 database (Table 1).

Chromosome Identification

Thirty-six of the 37 scaffolds >5 Mb aligned to a single rabbit
chromosome, none of which overlapped in alignment (Supplementary
Figure S2). Only 1 scaffold (CM25742.1; chromosome 22) had par-
tial alignment to 2 separate rabbit chromosomes (7 and 15). Of the
remaining 36 scaffolds, 33 covered putative autosomes, while 3 sep-
arate scaffolds covered the putative X chromosome (none of which
overlapped). Furthermore, these scaffold alignments covered the
majority of the European rabbit genome, though with significant re-
arrangement between the 2 genomes (Supplementary Figure S2). The
33 putative autosomes also significantly correlated with chromosome
size estimates taken from the American pika karyotype (Pearson’s
r=0.985; df = 31; ¢ = 32.34; P < 0.0001; Supplementary Figure S3).

Genome Annotation

Annotation produced 21 186 genes and 32 187 RNA transcripts,
both improvements over the previous reference genome, though still
fewer than for the model organisms (European rabbit and house
mouse; Table 2). Repeat masking resulted in 26.22% of the genome
masked, similar to the previous assembly (26.24%); this value is
lower than for the other species, likely reflective of better character-
ization of repeats in the model organisms (Table 2).

Synteny Analysis and Gene Orthology

We found substantial synteny with relatively few split alignments be-
tween the American pika and European rabbit (Figure 1a), providing
further support for chromosomal designations. In contrast, we de-
tected significant genomic rearrangements between the American
pika and the more distantly related house mouse (Figure 1b). We did
find substantial synteny between the 3 American pika X scaffolds
and the house mouse X chromosome (Figure 1b). Moreover, several

Table 2. Summary of annotated features for 2 American pika gen-
omes (OchPri4.0, NCBI Annotation Release 102; OchPri3.0, NCBI
Annotation Release 101), the European rabbit reference genome
(OryCun2.0, NCBI Annotation Release 102), and the house mouse
reference genome (GRCm39, NCBI Annotation Release 109)

Feature OchPri4.0 OchPri3.0 OryCun2.0 GRCm39
Genes 21186 18 976 24120 39728
Transcripts: 32 187 26 432 44108 131 115
mRNA 29 688 25678 38 445 92 486
tRNA 340 330 485 422
IncRNA 335 328 4291 23611
rRNA 4 0 1 64
CDSs 29701 25678 38 445 92 499
Exons 199 586 196 561 223017 352138
Introns 178 616 176 085 195 269 291 708
% masked 26.22% 26.24% 37.77% 44.29%*

All genomes were annotated with the NCBI Eukaryotic Genome Annota-
tion Pipeline (Pruitt et al. 2014; O’Leary et al. 2016).

“Repeat masking was performed with RepeatMasker; all other genomes
were masked with WindowMasker.

other house mouse chromosomes (e.g., chromosome 10; Figure 1b)
seem to be covered by a small number of American pika chromo-
somes and could be indicative of Robertsonian translocations, as
breakpoints between each American pika chromosome-alignment
appear in centromeric locations.

We found that 94.1% of filtered American pika genes clustered
into 14 813 gene families, with 75 genes across 33 families and 1112
unclustered genes unique to the species (Supplementary Table S1).
Of these unclustered genes, 1069 could be annotated with GO terms.
Among these annotated American pika-specific genes, we detected sig-
nificant over-representation for 152 GO terms following correction
for multiple testing (Supplementary Table S2). We found 4 enriched
GO terms (cytochrome-c oxidase activity [GO:0004129]; heme-
copper terminal oxidase activity [GO:0015002]; oxidoreductase
activity [GO:0016675 and GO:0016676]; Table 3) that have been
previously linked to hypoxia response (Qiu et al. 2012; Li et al.
2018). Additionally, 10 enriched GO terms related to mitochondrial
development and activity could be indicative of increased metabolic
activity in American pikas (Table 3), 2 of which (mitochondrion
[GO:0005739]; mitochondrial inner membrane [GO:0005743])
were consistent with upregulated genes in high-elevation Himalayan
pikas (O. royeli; Solari et al. 2018). We also found 1 GO term as-
sociated with DNA double-strand break processing (GO:0000729)
and 2 terms for the regulation of DNA repair (GO:0045739;
G0:0006282), which could have implications for cellular response
to UV damage (Table 3; Yang et al. 2015).

Discussion

Improvements to the American Pika Genome

Improving reference genome assemblies often can lead to novel dis-
coveries. For example, improvements to the Atlantic cod (Gadus
morhua) reference genome uncovered a high density of tandem
repeats, with many associated with gaps in the previous assembly
(Torresen et al. 2017). A more contiguous American alligator
(Alligator mississippiensis) genome led to the discovery of signifi-
cantly enriched estrogen-responsive genes critical for sex determin-
ation (Rice et al. 2017). Moreover, an improved reference genome
for rainbow trout (Oncorbynchus mykiss) identified novel struc-
tural variants between 2 separate lineages and featured a scaffolded
sex-determination gene (sdY) in the Y chromosome sequence (Gao
et al. 2021). Likewise, improvements to the desert poplar (Populus
euphratica) assembly identified previously undescribed gene family
expansions and unique structural variants likely involved with adap-
tation to xeric environments (Zhang et al. 2020), while an improved
large yellow croaker (Larimichthys crocea) reference genome led
to the discovery of numerous adaptations to diverse environmental
conditions (Mu et al. 2018). With greater numbers of high-quality
reference genomes being produced, novel discoveries will continue to
provide unprecedented insights into species evolution.

Here, we produced a substantially improved reference genome
assembly for the American pika. Our assembly offers considerable
gains in contiguity, with >97% of the genome accounted for in 36
large scaffolds (Table 1; Supplementary Figure S1); the previous
assembly required 178 scaffolds to reach this same threshold. We
found that 33 of the new large scaffolds putatively represented auto-
somal chromosomes, while the X chromosome was covered by 3
separate scaffolds (Supplementary Figure S2). These chromosome-
scale scaffolds strongly correlated with physical chromosome meas-
urements, providing further evidence for chromosomal designations;
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Figure 1. Synteny analysis and structural differences between American pika (Opri) and (a) European rabbit (Ocun) and (b) house mouse (Mmus) chromosomes.
Only alignments > 1kb in length are shown for clarity.

thus, this assembly represents the first chromosome-level reference 3025 exons additional annotations. Of the genes and transcripts an-
genome assembly for the American pika. We also found substan- notated, 17 116 were identical between OchPri3.0 and OchPri4.0,
tial improvements in annotation products, with 2210 genes, 5755 with minor and major changes made to 13 437 and 1537 transcripts,

transcripts, 4023 coding domain sequences, and 2531 introns and respectively (see the NCBI O. princeps Annotation Release 102 for a
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Table 3. Enriched GO terms of American pika (O. princeps) putatively linked to high-elevation adaptation

GO ID Type Description

GO0:0004129 MF Cytochrome-c oxidase activity

G0:0015002 MEF Heme-copper terminal oxidase activity

GO:0016675 MF Oxidoreductase activity, acting on heme group of donors
GO0:0016676 MF Oxidoreductase activity, acting on heme group of donors, oxygen as acceptor
GO:0015078 MF Hydrogen ion transmembrane transporter activity
GO:0005740 CcC Mitochondrial envelope

GO:0005743 cC Mitochondrial inner membrane

GO:0031966 CcC Mitochondrial membrane

GO0:0044455 CcC Mitochondrial membrane part

GO:0005742 cC Mitochondrial outer membrane translocase complex
GO0:0044429 CcC Mitochondrial part

GO:0005746 CcC Mitochondrial respiratory chain

GO0:0005739 cC Mitochondrion

GO:0070469 CcC Respiratory chain

GO:0000729 BP DNA double-strand break processing

GO:0045739 BP Positive regulation of DNA repair

GO0:0006282 BP Regulation of DNA repair

Enriched GO terms were detected from species-specific American pika genes using a hypergeometric test with false discovery rate correction for multiple testing.

ME, molecular function; CC, cellular component; BP, biological process.

description of changes). There were 2988 newly annotated features
in OchPri4.0, whereas 509 annotated features from OchPri3.0 were
deprecated. Furthermore, we detected large-scale synteny between
the American pika and European rabbit genomes, a finding that had
been previously undescribed.

Putative Signatures of Adaptation in the American

Pika Genome

High-elevation habitats often have extreme environmental condi-
tions such as low atmospheric oxygen (i.e., hypoxia) and low am-
bient temperatures (Sun et al. 2018). Hypoxic conditions can lead to
reduced oxygen supply to tissues, limiting both aerobic metabolism
and hindering thermogenesis in endotherms, exacerbating the effects
of low ambient temperatures (Cheviron and Brumfield 2012). Species
must adapt to these unique challenges in order to survive life at high
elevations, often at a genomic level (Cheviron and Brumfield 2012;
Qu et al. 2020). We found significant GO enrichment for genes puta-
tively associated with adaptation to high-elevation environments in
the American pika (Table 3). These included genes related to mito-
chondria development and structure (Solari et al. 2018), DNA repair
(Yang et al. 2015), and response to hypoxic stress (Qiu et al. 2012;
Li et al. 2018; Solari et al. 2018). American pikas have a high basal
metabolic rate, which results in a very high mean body temperature
(~40 °C; MacArthur and Wang, 1974). This elevated metabolic rate
likely evolved to support higher levels of thermogenesis in response
to cold climates. Previous studies have also found evidence for pu-
tative adaptation by the American pika to hypoxic and cold con-
ditions (Lemay et al. 2013; Rankin et al. 2017; Waterhouse et al.
2018; Wang et al. 2020) as well as some evidence for adaptation to
increased UV radiation (Wang et al. 2020). Further investigation will
be necessary, however, to demonstrate links between genomic enrich-
ment and phenotypic change in this species.

Limitations and Future Directions
The assembly produced here can be improved further. While we
were able to produce and identify chromosome-level scaffolds, most

of the scaffolds (9314) remain unlocalized to a particular chromo-
some. While these unplaced scaffolds do represent a minority of the
genome (<3% of the total assembly length) and are generally quite
short (mean length 7150 bp; range 1000 bp to 7.26 Mb), placement
within chromosome scaffolds could help with gap filling and reduce
the overall proportion of the genome found in gaps, which remains
high even in the current assembly (Table 1). Many of these gaps are
the result of long, repetitive sequences that cannot be spanned using
short-read sequencing (English et al. 2012; Torresen et al. 2017). One
approach for gap filling and reducing the overall number of scaffolds
is to incorporate sequencing from long-read technologies such as
those offered from Oxford Nanopore (ONT) and Pacific Biosciences
(Menlo Park, CA). These long-read sequencing platforms provide
substantially longer read lengths than short-read platforms (typically
<500 bp reads), producing read lengths in the tens of thousands to
hundreds of thousands and even millions of base pairs (longest read
from ONT was >2 Mb; Payne et al. 2019; Whibley et al. 2021). Long
reads may span the entire length of a repeat region, which can be used
to increase contiguity and resolve uncertainties in the assembly, often
resulting in much higher-quality genome assemblies than those pro-
duced by short-read sequencing alone (Whibley et al. 2021).

We were able to identify 3 large scaffolds covering the
American pika X chromosome, though we were unable to resolve
the order and orientation of these scaffolds into a single molecule.
This problem of incompletely assembled sex chromosomes is not
unique to American pikas; the mammalian X and Y chromosomes
contain many highly repetitive regions that often cannot be assem-
bled using just short-read sequencing (Tomaszkiewicz et al. 2017).
The mammalian Y chromosome can be particularly challenging
to assemble, as this chromosome is primarily composed of repeti-
tive sequences. One method to identify Y chromosome scaffolds
is to compare candidate scaffolds from a draft assembly to anno-
tated Y chromosome assemblies of a related species using BLAST,
though these rely heavily on Y-linked genes, which may not be
present on all Y scaffolds (Ba et al. 2020). Long-read sequencing
can again be used to help resolve these difficult to assemble sex
chromosomes and has been recently employed to produce the first
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gapless, telomere-to-telomere assembly of the human X chromo-
some (Miga et al. 2020). Future incorporation of long-read
sequencing into the American pika reference assembly could help
resolve both the X and Y chromosomes into single, representative
scaffolds, and, in general, improve contiguity and completeness
across this assembly.

Conclusions

Here, we generated the first chromosome-level reference genome
assembly for the American pika. This assembly offers significant
improvements over the previously published genome in terms of
contiguity and annotation quality and exhibited large-scale synteny
with the European rabbit genome. Moreover, we detected significant
GO enrichment that may provide targets for future studies related
to the genetic basis of adaptation to high-elevation environments,
including investigations into gene family expansions and contrac-
tions, and identification of genes undergoing positive selection.
These types of analyses have been fruitful in detecting putative sig-
natures of adaptation in similar, high-elevation systems (Qiu et al.
2012; Shao et al. 2015; Li et al. 2018; Sun et al. 2018). The inclusion
of long-read sequencing could provide further improvements to this
assembly and should be explored in the future.

Moving forward, this reference genome will serve as a vital re-
source for research on the American pika and other mammals that
occupy similar environments. Given that ecological disruption due to
ongoing climate warming disproportionately affects species associ-
ated with high elevations and high latitudes (e.g., Cardillo et al. 2006;
Moritz et al. 2008), enhancing capacity for genome-enabled investi-
gations in these systems is a priority (Colella et al. 2020; Theodoridis
et al. 2021). Such genomic perspectives hold great promise for ad-
dressing challenging questions regarding the relative roles of climate,
landscape complexity, and interspecific interactions in the assembly
of biotic communities (e.g., for North American pikas, see Lanier
and Olson 2009; Galbreath et al. 2020). Furthermore, across Asia
and North America, most pika species are closely tied to sensitive
high-elevation environments, yet they exhibit diverse ecologies and
behaviors (Smith et al. 2018). Thus, the high-quality genome as-
sembly presented here will serve as a springboard for exploring the
evolutionary underpinnings of behavioral, ecological, and taxonomic
diversification in pikas as well as broader-scale eco-evolutionary
questions pertaining to cold-adapted species in general.
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