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Background: High-quality genomic resources facilitate investigations into behavioral ecology, morphological and
physiological adaptations, and the evolution of genomic architecture. Lizards in the genus Sceloporus have a long history as
important ecological, evolutionary, and physiological models, making them a valuable target for the development of
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genomic resources. Findings: We present a high-quality chromosome-level reference genome assembly, SceUnd1.0 (using
10X Genomics Chromium, HiC, and Paci c Biosciences data), and tissue/developmental stage transcriptomes for the
eastern fence lizard, Sceloporus undulatus. We performed synteny analysis with other snake and lizard assemblies to identify
broad patterns of chromosome evolution including the fusion of micro- and macrochromosomes. We also used this new
assembly to provide improved reference-based genome assemblies for 34 additional Sceloporus species. Finally, we used
RNAseq and whole-genome resequencing data to compare 3 assemblies, each representing an increased level of cost and
effort: Supernova Assembly with data from 10X Genomics Chromium, HiRise Assembly that added data from HiC, and
PBlelly Assembly that added data from Paci c Biosciences sequencing. We found that the Supernova Assembly contained
the full genome and was a suitable reference for RNAseq and single-nucleotide polymorphism calling, but the
chromosome-level scaffolds provided by the addition of HiC data allowed synteny and whole-genome association mapping
analyses. The subsequent addition of PacBio data doubled the contig N50 but provided negligible gains in scaffold length.
Conclusions: These new genomic resources provide valuable tools for advanced molecular analysis of an organism that has

become a model in physiology and evolutionary ecology.

Keywords: genome; transcriptome; squamate; reptile

Genomic resources, including high-quality reference genomes
and transcriptomes, facilitate comparisons across populations
and species to address questions ranging from broad-scale chro-
mosome evolution to the genetic basis of key adaptations.
Squamate reptiles, the group encompassing lizards and snakes,
have served as important models in ecological and evolution-
ary physiology owing to their extensive metabolic plasticity [1];
diverse reproductive modes including obligate and facultative
parthenogenesis [2]; repeated evolution of placental-like struc-
tures [2, 3]; shifts among sex-determining systems, with XY,
ZW, and temperature-dependent systems represented often in
closely related species [4, 5]; loss of limbs and elongated body
forms [6]; and the ability to regenerate tissue [7, 8].

Despite having evolved greater phylogenetic diversity than
mammals and birds, 2 major vertebrate groups with extensive
genome sampling, genomic resources for squamates remain
scarce and assemblies at the chromosome level are even more
rare [7, 9-13]. While squamates are known to have a level of kary-
otypic variability similar to that of mammals [14], the absence
of high-quality genome assemblies has led to their exclusion
from many chromosome-level comparative genome analyses. In
comparative studies, non-mammalian amniotes are often repre-
sented only by the chicken, which is divergent from squamate
reptiles by almost 280 million years [15], or the green anole (Ano-
lis carolinensis), whose genome is only 60% assembled into chro-
mosomes and is lacking assembled microchromosomes [14, 16].
However, recent analyses have identi ed key differences that
distinguish the evolution of squamate genomes from patterns
found in mammals and birds [17], underscoring the need for ad-
ditional high-quality genome assemblies for lizards and snakes.
The development of additional squamate genomes within and
across lineages will facilitate investigations of the genetic basis
for many behavioral, morphological, and physiological adapta-
tions in comparisons of organisms from the population up to
higher-order taxonomic ranks.

Our goal was to develop high-quality genomic and tran-
scriptomic resources for the spiny lizards (Sceloporus) to further
our ability to address fundamental ecological and evolutionary
questions within this taxon, across reptiles, and across verte-
brates. The genus Sceloporus includes 100 species extending
throughout Central America, Mexico, and the United States [18].
Researchers have used Sceloporus for decades as a model sys-
tem in the study of physiology [19, 20], ecology [21, 22], repro-

ductive ecology [23-25], life history [26-28], and evolution [25,
29-31]. The long history of research on Sceloporus species, appli-
cability across multiple elds of biology, and the extensive diver-
sity of the genus make this an ideal group to target for genomic
resource development.

We focus on the eastern fence lizard, Sceloporus undulatus
(NCBI:txid8520), which is distributed in forested habitats east of
the Mississippi River [32]. Recently, S. undulatus has been the fo-
cus of studies on the development of sexual size dimorphism
[33, 34], as well as experiments testing the effects of invasive
species [35-37] and climate change [22, 38-40] on survival and
reproduction as a model to better understand the consequences
of increasing anthropogenic disturbance. The development of
genomic resources for S. undulatus, particularly a high-quality
genome assembly, will support its role as a model species for
evolutionary and ecological physiology and will have immediate
bene ts for a broad range of comparative studies in physiology,
ecology, and evolution.

To this end, we developed a high-quality chromosome-level
reference genome assembly and transcriptomes from multi-
ple tissues for S. undulatus. We apply this genome reference
to datasets on 3 scales: (i) to address how assembly qual-
ity in uences mapping of RNA sequencing (RNAseq) and low-
coverage whole-genome sequencing (WGS) data, (ii) to improve
upon the genomic resources for the Sceloporus genus by creating
reference-based assemblies of draft genomes for 34 other Scelo-
porus species, and (iii) to draw broad comparisons in chromo-
some structure and conservation with other recently published
squamate chromosome-level genomes through large-scale syn-
teny analysis.

Genome sequence data were generated from 2 male S. undulatus
collected at Solon Dixon Forestry Education Center, in Andalu-
sia, AL (31 09.49 N, 86 42.10 W). The animals were euthanized
and tissues were dissected, snap-frozen in liquid nitrogen, and
stored at —80°C. Procedures were approved by the Pennsylvania
State University Institutional Animal Care and Use Committee
(Protocol No. 44595-1).

We developed 3 S. undulatus genome assemblies using in-
creasingly more data with correspondingly greater cost: (i)
a SuperNova assembly containing data from 10X Genomics
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Chromium; (ii) a HiRise assembly containing the 10X Genomics
data with the addition of Hi-C data; and (iii) a PBJelly Assembly
containing the 10X Genomics data and Hi-C data, with the ad-
dition of Paci c Biosciences (PacBio) data. These assemblies are
provided as supplemental les and their summary statistics are
provided in Table 1.

In the fall of 2016, we sequenced DNA from snap-frozen brain
tissue of a single juvenile male S. undulatus using 10X Genomics
Chromium Genome Solution Library Preparation with Super-
Nova Assembly [41] through HudsonAlpha. The library was se-
quenced on 1 lane of Illumina HiSegX (lllumina HiSeq X Ten,
RRID:SCR.016385), resulting in 774 million 150-bp paired-end
reads that were assembled using the SuperNova pipeline. We
refer to this assembly with 46x coverage as the SuperNova As-
sembly.

In the fall of 2017, we sequenced a second male (Fig. 1) from
the same population using a Hi-C library with lllumina sequenc-
ing through Dovetail Genomics prepared from blood, liver, and
muscle tissue. We used this second individual because the re-
mains from the individual used for SuperNova Assembly were
insuf cient for Hi-C library preparation, which required 100 mg
of tissue. Dovetail Genomics developed 2 Hi-C libraries that were
sequenced on an Illumina HiSegX to produce 293 million and
289 million (total 582 million) 150-bp paired-end reads. The data
from both Hi-C and 10X Genomics were used for assembly via
the HiRise software (v2.1.3-5ce4af34ac25) pipeline at DoveTail
Genomics [42, 43]. This pipeline excludes contigs/scaffolds <1
kb and only uses MQ >50 reads for scaffolding, and the model

tting step uses a 10 Mb maximum. The reads were aligned with
amodi ed SNAP pipeline. We refer to this assembly with 4,859x
coverage as the HiRise Assembly.

Finally, also in fall of 2017, DNA extracted from the sec-
ond adult male was used by Dovetail Genomics to generate
1,415,213 PacBio reads with a mean size of 12,418.8 bp (range,
50-82,539 bp). These PacBio data were used for gap lling to
further improve the lengths of the scaffolds of the HiRise As-
sembly using the program PBJelly (PBlelly, RRID:SCR_012091) [44],
with the following parameters: -minMatch 8 —sdpTupleSize 8 -
minPctldentity 75 -bestn 1 —nCandidates 10 -maxScore -500 —
nproc 36 —noSplitSubreads. We refer to this nal assembly con-
taining all 3 types of sequencing data as the PBlelly Assembly
and the nal SceUnd1.0 reference genome assembly.

For a visual comparison of our 3 S. undulatus assemblies and
other squamate genomes, we graphed genome contiguity for
these 3 assemblies with other squamate reptile genomes, build-
ing on the graph by Roscito et al. [45]. The S. undulatus SuperNova
Assembly (containing only the 10X Genomics data) is as contigu-
ous as the bearded dragon genome assembly (Fig. 2a). The addi-
tion of the HiRise data brought a large increase in continuity. The
HiRise and PBlelly S. undulatus assemblies are nearly indistin-
guishable from each other and are among the most contiguous
squamate genome assemblies to date (Fig. 2a).

The SceUnd1.0 assembly contains 45,024 scaffolds (>850 bp,
without gaps) containing 1.9 Gb of sequence, with an N50 of 275
Mb. Importantly, 92.6% (1.765 Gb) of the assembled sequence
is contained within the rst 11 scaffolds. Chromosomal stud-
ies have determined that the S. undulatus karyotype is 2N = 22
with a haploid genome of N = 11 (6 macrochromosomes + 5 mi-
crochromosomes) [31, 46]. Sorting the top 11 scaffolds by size
(Fig. 2b) suggests that scaffolds 1-6 are the macrochromosomes
(170-383 Mb in size) and scaffolds 7-11 are the 5 microchromo-
somes (13-52 Mb in size) (Fig. 2b). These results suggest that the

rst 11 scaffolds represent the 11 chromosomes, although the
assembly also produces 45,000 smaller scaffolds between 0.85

kb and 7 Mb that may still contain relevant chromosomal seg-
ments that could not be assembled. Estimated genome size of
the closely related species Sceloporus occidentalis is 2.36 Gb on
the basis of Feulgen densiometry [14]. Assuming that S. undula-
tus is similar, the 1.9 Gb of sequence in our SceUnd1.0 assem-
bly is likely either missing some data, or repeat regions have
been condensed, representing redundancies. To assess the level
of contamination in our SceUnd1.0 genome assembly, we used
Blobtools v1 (Blobtools, RRID:SCR_017618) [47] work ow A to esti-
mate contamination based on GC content differences that exist
between taxa. To visualize depth by GC content for taxa repre-
sented in the assembly, we created a blobDB using a BAM le to
infer coverage and sequence similarity hits based on the DIA-
MOND blast and the SceUnd1.0 assembly fasta le. Plots were
produced for 2 taxonomic ranks, phylum and order, with taxo-
nomic annotation based on the “bestsum” taxrule. The majority
of the represented taxa in the assembly were annotated as be-
longing to Chordata (phylum level) and Squamata (order level).
There is a smaller, but visible, proportion of reads that are as-
sociated with order Testudines, which is likely due to regions
of sequence similarity across reptiles. Overall, the plot demon-
strates negligible contamination of other taxa (Supplementary
Fig. S1).

To assess the completeness of our 3 genome assemblies, we
used the BUSCO (BUSCO, RRID:SCR_015008) Tetrapoda dataset
(3,950 genes) [48, 49]. For all 3 assemblies we found >89% of
BUSCO genes complete (Table 1) with only minor differences
in BUSCO genes between the SuperNova, HiRise, and PBlelly
Assemblies (89.5%, 90.2%, 90.9% complete). This suggests that
the initial SuperNova Assembly captured nearly all the genomic
content despite having considerably shorter scaffolds (Table 1).
The small increase in success with the more contiguous assem-
blies seems to result from a reduction in fragmented BUSCO
genes with increasing data. In the SuperNova Assembly, 6.4%
of BUSCO genes were present as fragments whereas only 5.5%
and 5.0% were present as fragments in the HiRise and PBlelly
Assemblies, respectively, thus explaining the 1.4% difference in
complete BUSCO genes present. Interestingly, there was a 0.2%
(i.e., 8 genes) increase in missing BUSCO genes from the Su-
perNova to the HiRise Assembly. In the PBlelly Assembly (Sce-
Und1.0), the BUSCO genes are almost all found on the largest
11 scaffolds (Fig. 2c), as we would predict if those scaffolds cor-
responded to chromosomes. Most of the BUSCO genes on the
smaller scaffolds were duplicated. Even so, there are a small
number of complete and fragmented BUSCO genes present on a
handful of the tiny scaffolds (Fig. 2c), suggesting that these scaf-
folds contain pieces of the chromosomes that were not properly
assembled.

Samples used for the de novo transcriptome were obtained from
3 gravid female S. undulatus collected in Edge eld County, SC
(33.7°N, 82.0°W), and transported to Arizona State University.
These animals were maintained under conditions described in
previous publications [50, 51], which were approved by the In-
stitutional Animal Care and Use Committee (Protocol No. 14-
1338R) at Arizona State University. Approximately 2 days after
laying eggs, each lizard was killed by injecting sodium pento-
barbital into the coelomic cavity. Whole-brain and skeletal mus-
cle samples were removed and placed in RNA-lysis buffer (mir-
Vana miRNA lIsolation Kit, Ambion) and ash-frozen. Addition-
ally, 3 early-stage embryos from each clutch were dissected,
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Table 1: Summary statistics across genome assemblies for Sceloporus undulatus

Supernova Assembly

Metric (10X Chromium)
Coverage 46%
Contig N50 0.049 Mb
Scaffold N50 2.55 Mb
Scaffold N90 0.241Mb
Scaffold L50 218 Scaffolds
Scaffold L90 987 Scaffolds

Tetrapoda BUSCO (n = 3,950)

On whole genome

89.5% Complete;
6.4% Fragmented;
4.1% Missing

HiRise Assembly (10X

Chromium + Hi-C)

4,859%
0.073 Mb
265.4 Mb

35.4 Mb

3 Scaffolds
9 Scaffolds

90.2% Complete;
5.5% Fragmented,
4.3% Missing

PBlelly Assembly
(SceUnd1.0) (10X Chromium
+ Hi-C + PacBio)

4,859%
0.193 Mb
275.6 Mb

37.1 Mb

3 Scaffolds
9 Scaffolds

90.9% Complete;
5.0% Fragmented;
4.1% Missing

On top 24 scaffolds

On predicted proteins from top 24 scaffolds

Assembly size 1.61 Gb

90.7% Complete;
4.9% Fragmented;
4.4% Missing
79.1% Complete;
13.7% Fragmented;
7.2% Missing
1.9056 Gb with gaps;
1.8586 Gb without gaps
Annotation: 21,050 of our
predicted proteins had hits
in ENSEMBL

1.836 Gb

N50 (N90): The contig or scaffold length such that the sum of the lengths of all scaffolds of this size or larger is equal to 50% (90%) of the total assembly length; L50
(L90): The smallest number of scaffolds that make up 50% (90%) of the total assembly length.

pooled together, homogenized in RNA-lysis buffer, and also
ash-frozen.

Total RNA was isolated from the embryo and 3 tissue samples
from each adult female (whole brain, skeletal muscle) using the
mirVana miRNA Isolation Kit (Ambion) total RNA protocol. Sam-
ples were checked for quality on a 2100 Bioanalyzer (Agilent).
One sample from each tissue was selected for RNAseq based on
the highest RNA Integrity Number (RIN), with a minimum cut-
off of 8.0. For each selected sample, 3 pg of total RNA was sent to
the University of Arizona Genetics Core (Tucson, AZ) for library
preparation with TruSeq v3 chemistry for a standard insert size.
RNA samples were multiplexed and sequenced using an Illu-
mina HiSeq 2000 (Illumina HiSeq 2000, RRID:SCR_020132) to gen-
erate 100-bp paired-end reads. Publicly available raw Illumina
RNAseq reads from S. undulatus liver (juvenile male) were also
added to our dataset [52, 53]. After removing adapters, raw reads
from the 4 tissues were evaluated using FastQC [54] and trimmed
using Trimmomatic v-0.32 [55], Itering for quality score (=Q20)
and using HEADCROP:9 to minimize nucleotide bias. This proce-
dure yielded 179,374,469 quality- Itered reads. Table 2 summa-
rizes read-pair counts from whole brain, skeletal muscle, whole
embryos, and liver.

All trimmed reads were pooled and assembled de novo us-
ing Trinity v-2.2.0 with default k-mer size of 25 [56]. From the

nal transcriptome, a subset of contigs containing the longest
open reading frames (ORFs), representing 123,323 transcripts,
was extracted from the de novo transcriptome assembly using
TransDecoder v-3.0.0 (TransDecoder, RRID:SCR_017647) [57] with
homology searches against the databases UniProtKB/SwissProt
[58] and PFAM [59]. The transcriptome was annotated using
Trinotate v-3.0 (Trinotate, RRID:SCR_018930) [60], which involved
searching against multiple databases (as UniProtKB/SwissProt,
PFAM, signalP, GO) to identify sequence homology and protein
domains, as well as to predict signaling peptides. This pooled

Tissue-Embryo Transcriptome and annotation are provided as
supplemental les.

The most comprehensive transcriptome, obtained using
reads from 4 tissues, consists of 547,370 contigs with a mean
length of 781.5 nucleotides (Table 2)—shorter than other assem-
blies because of the range of contig sizes that varied among
datasets (1, 3, and 4 tissues; Supplementary Table S1, Fig. S2).
The N50 of the most highly expressed transcripts that repre-
sent 90% of the total normalized expression data (E90N50) was
lowest in the assembly based on 1 tissue (Table 2). To validate
the de novo transcriptome data, trimmed reads from the 4 tis-
sues used for RNA sequencing (brain, skeletal muscle, liver, and
whole embryos) were aligned back to the Trinity-assembled con-
tigs using Bowtie2 v2.2.6 (Bowtie2, RRID:SCR_016368) [61]. From
the 176,086,787 reads that aligned, 97% represented proper pairs
(Supplementary Table S2), indicating good read representation
in the de novo transcriptome assembly. To assess quality and
completeness of the assemblies, we rst compared the de novo
assembled transcripts with the BUSCO Tetrapoda dataset, with
BLAST+ v2.2.31 [62] and HMMER v3.1b2 (HMMER, RRID:SCR_005
305) [63] as dependencies. This procedure revealed that the de
novo transcriptome assembly captured 97.1% of the expected or-
thologues (sum of completed and fragmented), a result compa-
rable to the 97.8% obtained for the green anole transcriptome
using 14 tissues [64] (Table 3). Next, nucleotide sequences of de
novo assembled transcripts with the longest ORFs were com-
pared to the protein set of A. carolinensis (AnoCar2.0, Ensembl)
using BLASTX (BLASTX, RRID:SCR_001653) (e-value = 1e—20,
max_target_seqs = 1). This comparison showed that 11,223 tran-
scripts of S. undulatus have nearly full-length (>80%) align-
ment coverage with A. carolinensis proteins (Supplementary Ta-
ble S3). Predicted proteins of S. undulatus were also used to iden-
tify 13,422 one-to-one orthologs with proteins of A. carolinensis
through reciprocal BLAST (e-value = 1le—6, max_target.seqs =
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Figure 1: Adult male Sceloporus undulatus (eastern fence lizard) from Andalusia, AL, pictured outside of Samford Hall at Auburn University, (a) pro le, (b) ventral, (c)
dorsal view. This specimen was used for genome sequencing at DoveTail Genomics. Photo credit: R. Telemeco.

Table 2: Sceloporus undulatus de novo transcriptome assembly statistics

Assembly 1 Tissue [51]
Total of Trinity transcripts 158,323
Total of Trinity “genes” 138,031
GC% 43.81
Contig N50 1,720
Contig E9ON50 2,254
Mean contig length (bp) 833.0

Transcripts with the longest ORFs 86,630 (54.7%)

3 Tissues 4 Tissues
492,249 547,370
422,687 467,658

42.85 42.76
1,648 1,438
2,640 2,550
822.4 781.5

212,172 (43.1%) 217,756 (39.8%)

The 4 tissues comprise 3 tissues rst reported in this study (brain, skeletal, and embryos) from gravid females collected in Edge eld County, SC, plus liver tissue

previously reported by McGaugh et al. 2015 [51].

1). Table 4 summarizes the de novo transcriptome annotation re-
sults.

Using the 24 largest scaffolds of the SceUnd1.0 assembly (we
refer to this set as SceUnd1.0_top24), we used the Funanno-
tate v1.5.0 pipeline [65] for gene prediction and functional an-
notation. Funannotate uses RNAseq data and the Tetrapoda
BUSCO [48] dataset to train the ab initio gene prediction pro-
grams Augustus [66] and GeneMark-ET [67]. Evidence Mod-
eler is used to generate the consensus from Augustus and

GeneMark-ES/ET. In the training step, we used 4 raw RNAseq
datasets described in Table 5 that contained a total of 68 se-
quenced libraries. tRNAscan-SE (tRNAscan-SE, RRID:SCR_01083
5) [68] was used to predict transfer RNA (tRNA) genes. Finally
the genes were functionally annotated via InterProScan (In-
terProScan, RRID:SCR_005829) [69], eggNOG (eggNOG, RRID:SC
R_002456) [70], Pfam (Pfam, RRID:SCR_004726) [59], UniProtKB
[58], MEROPS (MEROPS, RRID:SCR.007777) [71], CAZyme, and
GO ontology. We also used DIAMOND blastp [72] to compare
the predicted proteins to ENSEMBL human, chicken, mouse,
and green anole lizard databases (Data archived les: Sce-
Und1.0_top24.gff3; SceUnd1.0_top24_CompiledAnnotation.csv).
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