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Abstract

Spiny lizards in the genus Sceloporus are a model system among squamate reptiles for studies of chromosomal evolution. While most
pleurodont iguanians retain an ancestral karyotype formula of 2n=36 chromosomes, Sceloporus exhibits substantial karyotype variation
ranging from 2n= 22 to 46 chromosomes. We present two annotated chromosome-scale genome assemblies for the Plateau Fence Lizard
(Sceloporus tristichus) to facilitate research on the role of pericentric inversion polymorphisms on adaptation and speciation. Based on pre-
vious karyotype work using conventional staining, the S. tristichus genome is characterized as 2n= 22 with six pairs of macrochromosomes
and five pairs of microchromosomes and a pericentric inversion polymorphism on chromosome 7 that is geographically variable. We
provide annotated, chromosome-scale genomes for two lizards located at opposite ends of a dynamic hybrid zone that are each fixed for
different inversion polymorphisms. The assembled genomes are 1.84-1.87 Gb (1.72 Gb for scaffolds mapping to chromosomes) with a scaf-
fold N50 of 267.5 Mb. Functional annotation of the genomes resulted in ~15K predicted gene models. Our assemblies confirmed the pres-
ence of a 4.62-Mb pericentric inversion on chromosome 7, which contains 62 annotated coding genes with known functions. In addition,
we collected population genomics data using double digest RAD-sequencing for 44 S. tristichus to estimate population structure and
phylogeny across the Colorado Plateau. These new genomic resources provide opportunities to perform genomic scans and investigate

the formation and spread of pericentric inversions in a naturally occurring hybrid zone.
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Introduction

Chromosomal rearrangements play important roles in adapta-
tion, divergence, and speciation (Wellenreuther and Bernatchez
2018). Pericentric chromosome inversions, which are classified as
inversions that include a centromere, impose significant evolu-
tionary and ecological constraints on genome evolution by trap-
ping alleles on inverted chromosome segments. This greatly
reduces recombination with noninverted regions and increases
linkage disequilibrium within inverted regions (Kirkpatrick 2010).
Furthermore, when locally adapted alleles are located inside of
an inversion, such as those that are ecologically relevant, the in-
version can spread to fixation in a population (Kirkpatrick and
Barton 2006).

The phrynosomatid lizard genus Sceloporus is a diverse clade
containing 108 species with a broad distribution across North
America (Leaché et al. 2016). Differentiation in the fundamental
number of chromosomes is hypothesized to be a factor responsi-
ble for driving the rapid diversification of the genus (Hall 2009;
Leaché and Sites Jr. 2009). While many species have the ancestral
karyotype formula of 2n= 36 chromosomes, Sceloporus exhibits
substantial karyotype variation (ranging from 2n= 22 to 46), sex
chromosome evolution (Lisachov et al. 2020), and large genome

rearrangements (Leaché and Sites Jr. 2009). Existing genomic
resources for Sceloporus include an annotated genome for S. undu-
latus (Westfall et al. 2020), a de novo assembled shotgun genome
for S. occidentalis and partial genomes for 34 other species
(Arthofer et al. 2015).

Here, we present two annotated chromosome-scale genome
assemblies for the Plateau Fence Lizard (Sceloporus tristichus),
which is 2n=22 with six pairs of macrochromosomes and five
pairs of microchromosomes, a karyotype formula shared with all
10 member of the undulatus species group (Leaché et al. 2016).
An early study of the karyological differences within the group
using conventional staining techniques identified a distinctive
pericentric inversion polymorphism on chromosome 7 that varies
geographically (Cole 1972). This inversion polymorphism produ-
ces distinctly recognizable variants classified by the position of
the centromere (Cole 1972), and individuals with heteromorphic
pairs of distinct chromosome 7 inversions can be found in a
dynamic hybrid zone (Leaché and Cole 2007). The hybrid zone
occurs in Arizona’s Colorado Plateau at the ecotone between
Great Basin Conifer Woodland and Grassland habitats (Leaché
and Cole 2007). Temporal comparisons of clinal variation in kayo-
types, morphology, mitochondrial DNA, and SNPs suggests that

Received: August 24, 2020. Accepted: January 25, 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of Genetics Society of America.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0001-8929-6300
https://academic.oup.com/

2 | G3,2021,Vol.0,No.0

the hybrid zone is moving, possibly as a response to habitat mod-
ification (Leaché and Cole 2007; Leaché et al. 2017). The new geno-
mic resources, reported here, provide a framework for increasing
our understanding of the formation and spread of large chromo-
some inversions across broad temporal and spatial scales.

Materials and methods

Sampling, library preparation, and sequencing

We sequenced two female specimens of S. tristichus collected
from a hybrid zone in Navajo County, Arizona, USA in 2002. The
two individuals were karyotyped to determine the position of the
centromere on chromosome 7 in a previous study (Leaché and
Cole 2007). One specimen (NCBI BioSample ID SAMN15450893;
voucher specimen AMNH 153954) is from the northern end of the
hybrid zone (Holbrook; HOL), and is submetacentric at chromo-
some 7 (a nonmedial centromere that is closer to the middle than
to either end of the chromosome). The second specimen (NCBI
BioSample ID SAMN15450894; voucher specimen AMNH 154032)
is from the southern end of the hybrid zone (Snowflake; SNOW),
and is telocentric at chromosome 7 (a terminal centromere that
is close to the end of the chromosome) (Table S1).

Genome sequencing was performed by Dovetail Genomics
(Santa Barbara, CA, USA). High molecular weight genomic DNA
was extracted from flash frozen liver tissues and validated for
large fragment sizes (50-100 kb) using pulsed field gel electropho-
resis. 10X Chromium libraries were prepared using the
Chromium Genome Reagent Kit (10x Genomics, Pleasanton, CA,
USA) followed by Illumina HiSegX sequencing (150-bp paired-end
reads). One Chicago (Putnam et al. 2016) and one Hi-C library
(Belton et al. 2012) were prepared for each sample. Quality control
for these libraries was performed by mapping reads (75-bp
paired-end MiSeq reads) to draft 10x Supernova assemblies.
Finally, both libraries were sequenced on an Illumina HiSegX
(150-bp paired-end reads). Raw sequencing reads are deposited in
the NCBI Sequence Read Archive (BioProjectID PRINA644186).

Genome assembly and annotation

For each individual, a draft genome was de novo assembled from
709.35 million 10X Chromium sequence reads using the
SuperNova assembly pipeline. Chromosome-scale scaffolding was
achieved by mapping the Chicago and Dovetail Hi-C libraries
back to the 10x Supernova assembly (Weisenfeld et al. 2017) using
the HiRise software pipeline (Putnam et al. 2016).

Functional annotation of the two genomes was conducted
with Funannotate v1.7.2. (Palmer and Stajich 2019) on a 64-core
Ubuntu machine and the Hyak NextGen cluster supercomputer
at the University of Washington. Briefly, Funnanotate aligns raw
RNASeq reads to a genome sequence with minimap? and assem-
bles them using Trinity Grabherr et al. (2011). Such assemblies
are used along with PASA predictions Haas et al. (2003) to build
consensus gene model predictions, and train Augustus Stanke
et al (2004) and GeneMark-ES/ET Lomsadze et al. (2005).
Repetitive regions are softmasked in Funannotate and the soft-
masked genomes are passed to the ab initio predictors. We used
the Tetrapoda BUSCO (Benchmarking Universal Single-Copy
Orthologs) dataset for gene prediction (Simao et al. 2015) and
specified the option -repeats2evm, which passes repeat informa-
tion to Evidence Modeler. Finally, Funnanotate performs genome
functional annotations using the outputs of PFAM (Finn et al.
2016), MEROPS (Rawlings et al., 2018), InterProScan5 (Jones et al.
2014), eggNOG-mapper (Huerta-Cepas et al. 2017), and Phobius
(Kéall et al. 2004). We ran the pipeline for each of the two HiRise

Table 1 Summary statistics for the HiRise genome assemblies

Metric HOL SNOW
Assembly size 1,870.61 1,844.30
Scaffolds >10 kb 25,615.68X 32,060.90X
L50 3 3
NS0 269.061 267.474
190 15 10
N90 17.367 36.595
Chromosome 1 366.851 366.429
Chromosome 2 304.053 319.091
Chromosome 3 269.060 267.474
Chromosome 4 249.456 247.712
Chromosome 5 173.679 170.938
Chromosome 6 164.133 162.452
Chromosome 7 50.424 50.665
Chromosome 8 38.601 38.926
Chromosome 9 36.602 36.595
Chromosome 10 19.413 16.366
Chromosome 11 11.809 11.585

Sequence lengths are given in megabases. L50, minimum number of scaffolds
that make up 50% of the total assembly length; N50, minimum scaffold size of
fragments that make up 50% of the total assembly length; L90, minimum
number of scaffolds that make up 90% of the total assembly length; N90,
minimum scaffold size of fragments that make up 90% of the total assembly
length.

genome assemblies and included a raw RNASeq dataset prepared
from skeletal muscle of an adult female of S. undulatus
(BioSample SAMNO06312743) to build consensus gene model pre-
dictions. Functional annotation was performed on the 11 scaf-
folds or putative chromosomes, which included 86.4% and 91.3%
of the total length of the HiRise assemblies (Table 1).

Pericentric inversion polymorphism

To identify the locations of inversions on chromosome 7 between
HOL and SNOW we used progressive Mauve v.2.4.0 (Darling et al.
2004). The program was run with default “seed families” and de-
fault values for all other parameters. We determined the identity
of large scaffolds by comparing S. tristichus assemblies to the as-
sembled chromosome-scale genome of the closely related species
S. undulatus (Westfall et al. 2020) (Table S3 and S4). Furthermore,
HiCUP v0.8.0 (Wingett et al. 2015) was used to map the Hi-C
paired end raw sequencing reads of HOL against the assembled
chromosome 7 of SNOW using bowtie? v.2.4.2. Briefly, HICUP was
used to digest the SNOW genome with Dpnll, truncate the HOL
raw reads at the putative Hi-C ligation junction, map Hi-C raw
reads to the SNOW digested reference genome, and remove Hi-C
artefacts and putative PCR duplicates. A pairwise interaction ma-
trix was computed using 500-kb windows with HOMER (Heinz
et al. 2010). The matrix was normalized for sequence depth.
Finally, a normalized linkage density heatmap of the first 25Mb
was generated with TreeView3 (Page 1996).

Population genomics of the plateau fence lizard

To investigate the population structure of S. tristichus, we col-
lected ddRADseq data for 44 samples from across the Colorado
Plateau, USA (Table S5). The demultiplexed data are available at
the NCBI Sequence Read Archive (SAMN14488621-
SAMN14488665). The SNOW genome presented here was used as
a reference to guide the assembly and alignment. To estimate the
number of populations (K), we used PCA and discriminant analy-
sis of principal components (DAPCs). A concatenated phyloge-
netic analysis of the SNP data using maximum likelihood with an
acquisition correction model was estimated using one sample of
Sceloporus cowlesi to root the phylogenetic tree. Detailed methods
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EPHA2 47,297 59,581 RAP1GAP2 793,005 793,263 MAD2L2 1,876,216 1,879,887
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FBX042 94,090 98,902 KLHDC7A 1,129,209 1,129,530 PLOD1 2,009,542 2,022,573
SZRD1 103,203 104,514 IGSF21* 3,573,874 3,581,957 MFN2 2,026,925 2,035,658
MFAP2 131,250 132,109 PAXT* 3,426,027 3,485,177 MASP2* 2,550,862 2,552,147
HSPB7 213,437 213,680 ALDH4A1 1,319,439 1,329,531 CASZ1 2,456,548 2,496,019
ZBTB17 217,613 217,883 IFFO2 1,339,606 1,369,873 PEX14* 2,155,137 2,158,059
FBLIM1* 4,378,115 4,380,573 UBR4 1,381,008 1,449,191 KIF1B 2,652,640 2,677,794
PLEKHM2 308,077 318,631 EMC1 1,453,651 1,463,007 KIF1C 2,686,397 2,709,782
DDI2* 4,325,121 4,328,249 MRTO4 1,468,231 1,471,688 UBE4B 2,755,310 2,781,859
EIF4G3 397,263 406,307 AKR7A2 1,472,539 1,476,779 RBP7* 1,876,003 1,877,677
HP1BP3 416,310 422,272 AKR7L 1,478,848 1,482,914 NMNAT1 2,802,307 2,812,284
ECE1 438,300 454,390 NBL1 1,563,954 1,565,557 CLSTN1* 1,745,601 1,771,419
RCC2 521,922 524,232 HTR6 1,569,546 1,573,095 PIK3CD 2,935,256 2,952,010
PADI1 549,852 555,772 TMCO4 1,583,556 1,589,915 SPSB1* 1,615,418 1,615,418
PADI2 571,117 595,440 EXOSC10 1,617,393 1,629,987 HBPD 3,077,493 3,085,634
TRIM62 598,762 602,463 ANGPTL7 1,668,073 1,675,522 ENO1 3,230,446 3,248,571
HSPG2 673,331 722,501 UBIAD1 1,711,218 1,712,783 SAMD11 3,838,974 3,844,566
UsP48 734,394 755,258 DISP3 1,795,244 1,809,628 NOC2L 3,886,350 3,901,613
RAP1GAP 787,783 800,822 FBX02 1,851,421 1,855,498 HES1 4,104,477 4,107,702
FBX06 1,874,361 1,875,382 PTPN11 4,504,209 4,520,535

Figure 1 Pericentric inversion polymorphism on chromosome 7 in Sceloporus tristichus. (A) Karyotype of a naturally occurring hybrid from Arizona with a
heteromorphic pair of chromosome 7 (telocentric + submetacentric; specimen voucher AMNH 112492; photo courtesy of Charles J. Cole). (B)
Chromosome 7 alignment using Mauve for the two S. tristichus genomes sequenced in this study. The samples used for genome sequencing are from
opposite sides of a hybrid zone (Holbrook and Snowflake). The two scaffolds that span chromosome 7 in HOL are indicated with a red line. Color bars
indicate syntenic blocks, and connecting lines indicate correspondence of blocks across genomes. Blocks below the center line indicate regions that are
inverted. The height of the bars indicates the average level of conservation in that region of the genome. (C) Population structure results using
ddRADseq data for 44 samples assuming a K =2 model supports northern and southern populations that come into close geographic proximity at a
hybrid zone in Arizona between Holbrook (northern population) and Snowflake (southern population). (D) Annotated genes located inside the
pericentric inversion. Genes marked with an asterisk were not annotated for HOL so their position in SNOW is given.

for sequencing and analysis of the population genomics data are
provided in the Supplementary Materials.

Data availability

The raw data for genome sequencing underlying this article are
available at the NCBI Sequence Read Archive (SRA) under Bioproject
ID: PRINA616379 (SRR12147734-SRR12147739). GenBank accession
numbers for the two genome assemblies are JACSCIO00000000
(HOL) and JACSCJ000000000 (SNOW). ddRADseq raw reads are
under NCBI SRA accessions (SAMN14488621-SAMN14488665).
Supplementary data including annotations and Supplemental
Methods, Tables S1-S8, and Figures S1-S10 are available at figshare:
https://doi.org/10.6084/m9.figshare.13180268.

Results and discussion

Assembly and annotation

10X SuperNova assemblies included 31,453 and 30,454 scaffolds
at 53.06X and 53.88X coverage, with a total assembly length of
1870.17 and 1843.78Mb. In turn, the final HiRise assemblies
resulted in 27,095 and 25,281 scaffolds at 25,615X and 32,060X
coverage, adding to a total length of 1,870.61 and 1,844.30 Mb for
HOL and SNOW, respectively. Genome assembly statistics are
provided in Table 1 and in the Supplementary Material (Figures

S1 and S2; Table S2 and S3). The top 11 scaffolds account for
86.44% and 91.79% of the total length of the HOL and SNOW as-
semblies, and comparisons to the S. undulatus genome confirmed
that these scaffolds are the 11 chromosomes (Supplementary
Figures S3 and S4). The top six scaffolds are on average ~206 Mb
longer than the subsequent five, which is expected given that S.
tristichus has 6 macrochromsomes.

Functional annotation of the genomes resulted in up to
14,128 and 15,469 predicted gene models for HOL and SNOW,
respectively (https://doi.org/10.6084/m9.figshare.13180268).
Chromosome 7 spanned 864 annotated genes for HOL, whereas
1,030 were identified for SNOW. The higher number of anno-
tated genes in SNOW is likely the result of a higher quality and
more complete assembly compared to HOL as interpreted from
the assembly summary statistics in Table 1.

Pericentric inversion polymorphism

Alignment of chromosome 7 with Mauve and HOL Hi-C reads
mapping to chromosome 7 in SNOW resulted in the detection of
a 4.62-Mb pericentric inversion (Figures 1 and 2). A chromosomal
rearrangement at chromosome 7 distinguishes populations of S.
tristichus located at opposite ends of the hybrid zone and is
expected to reduce recombination in hybrids with heteromorphic
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Figure 2 Normalized linkage density heatmap of the first 25 Mb of
chromosome 7 of S. tristichus. Bins of 500kb were used. The heatmap is
visualized as log2 ratios of observed interactions relative to expected
interactions. Raw Hi-C sequence reads of HOL were mapped to SNOW. Blue
squares indicate high interactions that are visible at the length reported for
the inversion in this study (4.62MB). Interactions along the diagonal are the
highest, as expected. The blue arrow indicates the approximate number of
interaction counts at the inversion.

pairs of chromosome 7, which are found at the center of the hy-
brid zone.

A total of 62 annotated genes with known function are found
within the region that spans the inversion (Figure 1 and
Supplementary Material Table S4). Whether any of these genes
are involved in local adaptation, functional enrichment, or fixa-
tion of the inversion remains to be examined. The large size of
this inversion makes it more likely that it would span multiple
loci involved in local adaptation. However, it also makes it more
likely to suffer meiotic costs that could reduce hybrid fitness
(Kirkpatrick and Barton 2006). Adding sequencing data to refine
our assemblies would help to confirm the extent of the inversion,
as chromosome 7 in HOL included two scaffolds. As we used S.
undulatus as a reference to confirm our chromosome-scale as-
semblies, we expect to find 1:1 synteny with S. undulatus (Westfall
et al. 2020). Therefore, the pericentric inversion could be much
larger than reported here, since it is possible that either one or
both of the chromosome 7 scaffolds in HOL are reversed.

Population genomics of the plateau fence lizard

Reference-based assembly of the ddRADseq data for 44 S. tristi-
chus provided 8,652 loci mapping to scaffolds and a total of 20,299
SNPs (Supplementary Table S7). PCA analysis revealed regional
population structuring across the Colorado Plateau, and DAPC
results provide biologically plausible models for K=2, 3, and 4
(Supplementary Figures S5-S9). The hybrid zone samples (HOL
and SNOW) belong to distinct populations under each of these
models; HOL is a member of a northern population that extends
north across the Colorado Plateau into Utah, Colorado, and
Wyoming, while SNOW clusters with other southern samples

from the Mogollon Rim and central Arizona. The phylogenetic
analysis used 8,130 biallelic SNPs and supported clades that are
concordant with the populations identified using PCA and DAPC
(Supplementary Figure S10 and Supplementary Table S8).
This analysis provides an evolutionary context for studying the
formation of the hybrid zone, which appears to be the result of
secondary contact and not primary divergence (Supplementary
Figure S10).

These new genomic resources provide a starting point for un-
derstanding how a pericentric inversion polymorphism could cy-
cle in frequency in a dynamic hybrid zone that is moving through
time. Identifying the location, size, and gene content of this inver-
sion polymorphism provides the necessary tools for investigating
the role of inversions on local adaptation and speciation.
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