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Abstract
Genomics can play important roles in biodiversity conservation, especially for Extinct-
in-the-Wild species where genetic factors greatly influence risk of total extinction 
and probability of successful reintroductions. The Christmas Island blue-tailed skink 
(Cryptoblepharus egeriae) and Lister's gecko (Lepidodactylus listeri) are two endemic 
reptile species that went extinct in the wild shortly after the introduction of a preda-
tory snake. After a decade of management, captive populations have expanded from 
66 skinks and 43 geckos to several thousand individuals; however, little is known 
about patterns of genetic variation in these species. Here, we use PacBio HiFi long-
read and Hi-C sequencing to generate highly contiguous reference genomes for both 
reptiles, including the XY chromosome pair in the skink. We then analyse patterns of 
genetic diversity to infer ancient demography and more recent histories of inbreed-
ing. We observe high genome-wide heterozygosity in the skink (0.007 heterozygous 
sites per base-pair) and gecko (0.005), consistent with large historical population 
sizes. However, nearly 10% of the blue-tailed skink reference genome falls within long 
(>1 Mb) runs of homozygosity (ROH), resulting in homozygosity at all major histocom-
patibility complex (MHC) loci. In contrast, we detect a single ROH in Lister's gecko. 
We infer from the ROH lengths that related skinks may have established the captive 
populations. Despite a shared recent extinction in the wild, our results suggest im-
portant differences in these species' histories and implications for management. We 
show how reference genomes can contribute evolutionary and conservation insights, 
and we provide resources for future population-level and comparative genomic stud-
ies in reptiles.
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1  |  INTRODUC TION

Many species are threatened by human-driven extinction, yet rep-
tiles have historically received less conservation attention as com-
pared to other vertebrate groups (Gibbons et al., 2000). Recently, 
the first global assessment of reptile extinction risk found 21% of 
species were broadly considered threatened (Cox et al.,  2022). 
“Extinct-in-the-Wild” (EW), defined as species “known only to sur-
vive in cultivation, in captivity or as a naturalized population (or 
populations) well outside the past range”, is the final International 
Union for the Conservation of Nature (IUCN) category before total 
extinction (IUCN, 2023). A major conservation goal for EW species 
is reintroduction to the wild once extrinsic threats to their survival 
have abated (Smith et al.,  2023). However, while in captivity, EW 
species often face additional genetic threats including loss of diver-
sity (Russello & Jensen, 2021), increased frequency of deleterious 
variants (Ralls et al., 2000), and inbreeding (Robinson et al., 2021), 
which can reduce probability of successful reintroduction to the wild 
and increase the risk of total extinction.

Genetic management of threatened species is key to preserving 
fitness and future adaptive potential. Pedigree-based approaches 
have been employed for decades to avoid inbreeding and maximize 
retention of genetic diversity, but these approaches are imprecise 
due to linkage and make assumptions regarding equal relatedness of 
founders that are often violated in practice (Hogg et al., 2019; Knief 
et al., 2017). Genomic data can have multiple benefits in threatened 
species management, including the ability to ascertain relatedness 
of unpedigreed individuals and to directly assess genetic diversity 
over time (Russello & Jensen, 2021). In addition, it is possible to infer 
other information relevant to conservation from genomic data in-
cluding historical demography (Humble et al., 2020), inbreeding lev-
els (Robinson et al., 2021), genetic load (Dussex et al., 2021), disease 
susceptibility (Lok et al.,  2022), and population recovery potential 
(Robinson et al., 2022).

Such genomic investigations are aided by high-quality reference 
genomes, which allow for a more comprehensive measurement of 
genetic diversity and the opportunity to link genotype to phenotype, 
including in complex regions of the genome (Brandies et al., 2019; 
Formenti et al., 2022; Paez et al., 2022). While reference genomes 
from related species can be used for variant discovery and for some 
population genetic analyses (Galla et al., 2019), this approach may 
miss species-specific information, especially in parts of the genome 
where important evolutionary transitions occur, such as rapid sex 
chromosome turnover that can occur in reptiles, fish, and amphibi-
ans (Bachtrog et al., 2014).

Past work generating reference genomes for threatened spe-
cies has typically relied on additional resequencing of multiple indi-
viduals in order to perform analyses relevant to conservation (e.g., 
Dussex et al.,  2021; Humble et al.,  2020; Robinson et al.,  2021; 
Wilder et al., 2022; but see Morin et al., 2021; Sutton et al., 2018). 
However, for EW species, where traditional population-level studies 
may be difficult due to challenges in acquiring samples, it is valuable 
to investigate how much information can be obtained from a single, 

high-quality reference genome. Additionally, some commonly used 
genomic data types in conservation, such as reduced representation 
sequencing (e.g., ddRAD, GBS, DArT) and SNP arrays, are limited 
in their ability to detect informative local patterns of genomic di-
versity including runs of homozygosity (ROH; Ceballos et al., 2018; 
Lavanchy & Goudet, 2023). By analysing the same highly accurate 
long-read sequence data used to assemble the reference genome, 
it is possible to detect such patterns and thus better design future 
studies at the population-level. Such studies on maintaining genetic 
diversity are especially important in EW species, given there is no 
opportunity to introduce genetic variation from wild populations 
(i.e., genetic rescue, Frankham, 2015).

Only two reptile species are currently recognized as EW by the 
IUCN (Smith et al., 2023), both of which are endemic to Christmas 
Island, Australia (Figure  1a). The Christmas Island blue-tailed 
skink (Cryptoblepharus egeriae; Boulenger,  1888; Figure  1b) was 
once abundant and occupied diverse habitats across the island 
(Cogger et al., 1983; Gibson-Hill, 1947). In contrast, Lister's gecko 
(Lepidodactylus listeri; Boulenger,  1888; Figure  1c) was an infre-
quently observed arboreal specialist restricted to mature rainfor-
est (Cogger et al., 1983; Gibson-Hill, 1947). Both species persisted 
across Christmas Island for a century after permanent human settle-
ment in the late 1880s, with the skink becoming “hyperabundant” in 
gardens and phosphate mines (Cogger et al., 1983; Emery, Mitchell, 
et al.,  2021). However, shortly after the introduction of the com-
mon wolf snake (Lycodon capucinus) in the mid-1980s (Smith, 1988), 
both species began to decline dramatically (Cogger & Sadlier, 1999). 
Predation by the wolf snake is considered the most likely driver of 
native reptile declines on Christmas Island—notably, the last blue-
tailed skinks recorded in the wild were found in snake stomachs 
(Smith et al., 2012)—although predation by introduced giant centi-
pedes (Scolopendra subspinipes) and habitat modification by humans 
and invasive yellow crazy ants (Anoplolepis gracilipes) may have 
contributed (Emery, Mitchell, et al.,  2021). Twenty years after de-
clines were first reported, both species were limited to one location 
on Christmas Island (Figure  1a; Smith et al.,  2012). From 2009 to 
2010, 66 blue-tailed skinks and 43 Lister's geckos were collected 
to establish two independently managed captive populations, 
one on Christmas Island and the other at Taronga Zoo in Sydney, 
Australia (Smith et al., 2012). Both species were listed as EW in 2014 
(IUCN, 2023).

A priority is protecting both species from extinction, with the 
aim of one day reintroducing self-sustaining wild populations to 
Christmas Island. Over the past decade, populations of the blue-
tailed skink and Lister's gecko have increased under captive man-
agement (Andrew et al., 2018). However, immediate threats to their 
survival in captivity remain. In 2014, an outbreak of the bacterium 
Enterococcus lacertideformus at the Christmas Island breeding facil-
ity led to mortality in both species and initiated ongoing biosecurity 
protocols (Agius et al.,  2021; Rose et al.,  2017). Furthermore, the 
inability to manage invasive predators makes a wild release back 
on Christmas Island not yet feasible (Emery, Valentine, et al., 2021). 
However, between 2019 and 2021, the blue-tailed skink was 
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    |  3DODGE et al.

introduced to two small islets in the Cocos Archipelago, 1000 km 
southwest of Christmas Island in an assisted colonization trial. 
Introduction of Lister's gecko to the Cocos continues to be evaluated 
for suitability due to the unresolved status of the resident gecko 
Lepidodactylus lugubris.

Although the conservation breeding program has used pedi-
grees to genetically manage blue-tailed skinks and Lister's geckos 
for over a decade, no studies of genome-wide variation have been 
conducted. More generally, development of genomic resources 
for reptiles has been sparse and uneven (Geneva et al., 2022): to 
date, only 1% of reptile species have published reference genomes 
available on NCBI and many taxonomic groups lack a sequenced 
representative. For instance, skinks (Family: Scincidae) represent 
15% of all extant reptiles (Uetz et al.,  2022) but are 196 million 
years diverged from the closest published reference genomes 
(Zheng & Wiens,  2016). Geckos (Infraorder: Gekkota) represent 
another 18% of all reptile species (Uetz et al.,  2022), but only a 
single published chromosome-level genome currently exists for 
the clade (Pinto et al.,  2022). Thus, development of high-quality 
reference genomes for both species would be valuable for both 
conservation and evolutionary studies.

Here, we assemble and analyse high-quality reference ge-
nomes for the Christmas Island blue-tailed skink and the Lister's 
gecko. Despite both being endemic reptiles from Christmas Island 
that share a recent history of extinction in the wild and a decade of 

management in captivity, patterns of diversity across their genomes 
reveal important differences in their histories and may suggest al-
ternative conservation approaches. We provide a demonstration of 
the value of a single high-quality genomic resource to investigate 
multiple conservation and evolutionary questions.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Christmas Island is a 135 km2 seamount in the Indian Ocean, lo-
cated 360 km south of Java (Figure 1a). The island is a drowned coral 
atoll that reemerged an estimated 5.03 (4.49–5.66) million years 
before present (Ali & Aitchison, 2020). At the time of first perma-
nent human settlement in the late 19th century, the island was pri-
marily vegetated by tropical rainforest (Figure 1a; Andrews, 1899). 
However, 25% of the island has since been cleared for phosphate 
mining operations (Smith et al., 2012). All five of Christmas Island's 
endemic reptile species are currently either Extinct, Extinct-in-
the-Wild, or Endangered (James et al., 2019). The blue-tailed skink 
is estimated to be 7 million years diverged from its closest known 
relatives in the mainland Australian Cryptoblepharus metallicus group 
(Oliver et al., 2018). Lister's gecko is estimated to be 23–26 million 
years diverged from its closest known relatives in the Lepidodactylus 

F I G U R E  1  Christmas Island and its EW reptiles. (a) Vegetation cover and human-modification of Christmas Island (data from catal​ogue.
data.wa.gov.au) and timeline of key events. Location of Christmas Island in map inset. (b) Photograph of Christmas Island blue-tailed skink 
(Cryptoblepharus egeriae) at Taronga Zoo (provided by Lisa Cavanagh). (c) Photograph of Lister's gecko (Lepidodactylus listeri) at Taronga Zoo 
(provided by Lisa Cavanagh).
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lugubris group (Oliver et al., 2018), but this radiation has not been 
fully molecularly characterized (McDonald et al., 2022).

In 2011, a year after the Christmas Island conservation popula-
tion was established, 83 blue-tailed skinks (19 wild-born founders 
and 64 first-generation captive-born descendants) and 52 Lister's 
geckos (22 wild-born founders and 30 first-generation captive-born 
descendants) were transferred from the Christmas Island facility to 
Taronga Zoo in Sydney, Australia to start a second, independently-
managed population (Andrew et al.,  2018). At Taronga Zoo, blue-
tailed skinks have been managed under a Maximum Avoidance of 
Inbreeding (MAI) scheme (Princée,  1995), while a pedigree-based 
minimization of kinship approach has been used for Lister's geckos 
(Andrew et al., 2018). The Taronga populations have expanded over 
the last decade to a maximum of 425 skinks in October 2018 and 
190 geckos in April 2021. The populations on Christmas Island are 
both managed under MAI and peaked at more than 1417 skinks in 
August 2017 and 1430 geckos in December 2018. The mean gen-
eration time in captivity for both species in the Taronga population 
is 3–4 years and is expected to be similar for the Christmas Island 
population (C. Ford, personal communication).

2.2  |  Sampling, extraction, and sequencing

Due to their rarity, all individuals were sampled opportunistically 
after euthanasia for medical reasons. A full list of individuals se-
quenced is available in Table S1. All sampling and extractions were 
undertaken at the Taronga Zoo facilities in accordance with Approved 
Arrangement 7.9 for Zoo Animal Requirements, Department of 
Agriculture, Water, and the Environment (DAWE) biosecurity proto-
cols. Samples were released from quarantine with permission from 
DAWE.

We conducted high molecular weight (HMW) DNA extractions 
from heart, kidney, and muscle tissue for a single male from each 
species using the Circulomics Nanobind Tissue Big DNA Kit (NB-
900-701-001). We submitted pooled HMW DNA to the Australian 
Genome Research Facility (Brisbane, Australia) for PacBio HiFi li-
brary preparation and sequencing. HMW DNA was sheared to 15–
20 kb fragments using a Megaruptor2 (Diagenode), and fragments 
longer than 15 kb were selected with a BluePippin (Sage Science). 
A 0.5× ampurePB bead clean-up followed by a DNA repair protocol 
with NEBNext FFPE DNA Repair Mix treatment (NEB #M6630S/L) 
and a second bead clean-up were then undertaken. These fragments 
were used as input to the SMRTbell Express Template Prep Kit 2.0 
to prepare PacBio HiFi libraries. The resulting blue-tailed skink and 
Lister's gecko libraries were sequenced on a PacBio Sequel II across 
two and three single-molecule real-time (SMRT) cells, respectively. 
Sequencing yielded 58.7 Gb of HiFi data for the skink and 73.6 Gb 
for the gecko.

To increase assembly contiguity, we subsequently generated 
Hi-C data for Lister's gecko. Hi-C sequencing guidelines recommend 
flash-frozen tissue; however, due to biosecurity requirements, we 
preserved an entire male Lister's gecko in 100% ethanol, which 

allowed it to be released from quarantine. Heart, liver, and tail muscle 
tissue were subsequently dissected from this individual and stored 
in 100% ethanol for shipment to the ACRF Biomolecular Resource 
Facility (The John Curtin School of Medical Research, Australian 
National University, Canberra, Australia) for Hi-C library preparation 
using the Arima Hi-C kit, according to the manufacturer's protocols. 
Prior to library preparation, the tissue samples were washed twice 
for 5 min with 1 × PBS using a rotator wheel at room temperature. 
The resulting libraries were sequenced on an Illumina NovaSeq 6000 
to 150-base pairs (bp) paired-end (PE) length.

To increase genome annotation quality, we generated tran-
scriptomes for both species (Table  S2). Immediately following eu-
thanasia, we preserved three tissues (brain, liver, and gonads) in 
RNAlater and extracted total RNA using the Qiagen RNeasy Plus 
Mini Kit. Extracted RNA was sequenced at the Ramaciotti Centre 
for Genomics (University of New South Wales, Sydney, Australia) 
with TruSeq mRNA library preparation. All tissue libraries were se-
quenced using an Illumina NovaSeq 6000 to 100-bp PE length.

2.3  |  Read quality assessment and filtering

We assessed quality of the long-read sequencing using Nanoplot (De 
Coster et al., 2018) (Table S3). The blue-tailed skink HiFi data had a 
mean read length of 12,556.8 bases and quality score of 35.7 (read 
N50 of 12,885.0), and the Lister's gecko data had a mean read length 
of 14,441.2 bases and quality score of 32.8 (read N50 of 14,478.0). 
We used HiFiAdapterFilt (Sim et al., 2022) with default parameters 
(44 bp and 97% match) to remove residual adapter contamination 
present in our PacBio HiFi reads. This removed 0.134% of HiFi reads 
for the skink and 0.141% for the gecko.

We evaluated transcriptome read quality with FastQC version 
0.11.8 (Andrews,  2010; https://www.bioin​forma​tics.babra​ham.
ac.uk/proje​cts/fastq​c/) and multiQC version 1.13 (Ewels et al., 2016; 
https://github.com/ewels/​MultiQC). We used Trimmomatic ver-
sion 0.39 (Bolger et al.,  2014) to remove lower quality reads 
with the following flags: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 
SLIDINGWINDOW:4:5 LEADING:5 TRAILING:5 MINLEN:25. Over 
99.9% of reads for both species passed quality filtering.

2.4  |  Genome assembly

We assembled the genome with Hifiasm version 0.16.0 (Cheng 
et al., 2021; https://github.com/chhyl​p123/hifiasm) using a 256 GB 
RAM, 64 vCPU, 3TB storage cloud-based machine with the Pawsey 
Supercomputing Centre, Perth, Australia. We tested several Hifiasm 
parameter combinations that are known to increase contiguity at the 
cost of runtime (Cheng et al., 2021; shown in Table S4). To scaffold 
the Lister's gecko genome, we followed the Arima genomics pipe-
line for Hi-C read cleaning and alignment (A160156 v02; https://
github.com/Arima​Genom​ics/mappi​ng_pipeline). Briefly, we mapped 
our paired-end data as single end and used the Arima script to find 
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successfully mapped pairs. We used the alignments, sorted by name, 
as input for genome scaffolding with YaHS (Zhou et al., 2023; https://
github.com/c-zhou/yahs). We visualized the Hi-C contact matrix 
in Juicer (Durand et al.,  2016; https://github.com/aiden​lab/juicer) 
and made manual edits to correct two misassemblies identified on 
scaffolds 3 and 21. We assessed assembly contiguity using quast 
(Gurevich et al., 2013; https://quast.sourc​eforge.net/quast) and as-
sembly completeness with busco version 5.4.3 (Simão et al., 2015; 
https://busco.ezlab.org/) using the Vertebrata single copy ortho-
logue database (version 10).

We used MitoHiFi version 2.2 (Uliano-Silva et al., 2021; https://
github.com/marce​lauli​ano/MitoHiFi) to assemble a mitochondrial 
genome for each species from the raw HiFi reads. For the skink and 
gecko, we downloaded a complete mitochondrial genome from the 
closest available relative (Eutropis multifasciata and L.  lugubris, re-
spectively) as input to MitoHiFi. We annotated and visualized the 
mitogenomes with MitoZ (Meng et al.,  2019; https://github.com/
linzh​i2013/​MitoZ). We then used BLASTn to search for high-identity 
mitochondrial contaminants in each genome assembly, all of which 
were present on short contigs (<30 kb), and we subsequently re-
moved these sequences.

2.5  |  Synteny

To assess the extent of chromosome evolution, we generated 
whole-genome alignments between the blue-tailed skink and two 
chromosome-level squamate reptile assemblies: the green anole 
(Anolis carolinensis; RefSeq: GCF_000090745.1) and the common 
wall lizard (Podarcis muralis; RefSeq: GCF_004329235.1) using 
the approximate mapping feature of minimap2 version 2.24-r1122 
(Li, 2018; https://github.com/lh3/minimap2). We also generated an 
alignment between Lister's gecko and the chromosome-level gecko 
assembly for Sphaerodactylus townsendi (Pinto et al., 2022).

2.6  |  Annotation

Due to their divergence from other reptile genomes, we built a cus-
tom repeat library for each species. We used RepeatModeler version 
2.0.1 (Flynn et al., 2020) with the NCBI engine to model the repeats 
and RepeatMasker version 4.0.9 (Smit & Green, 2013–2015) to iden-
tify and mask repetitive regions in each genome. We hard-masked 
the genomes, excluding simple repeats (--nolow), and soft-masked 
the genomes (--xsmall) for subsequent downstream analyses. We 
identified telomeric repeats using RepeatMasker to discover regions 
matching canonical telomere hexamer sequences (e.g., (TTAGGG)n) 
and restricted our search to repeats greater than 1000 bp.

To assist with gene annotation, we generated a global transcrip-
tome for each species using three tissues: brain, gonads, and liver 
on the University of Sydney's Artemis High Performance Computer. 
RNA reads were mapped to the hard-masked genomes with hisat2 
version 2.1.0 (Kim et al., 2019), using the paired-end read options 

(specifying -1, -2, and --rna-strandness RF) and the -dta parame-
ter for downstream transcriptome assembly. Aligned reads were 
merged into tissue-specific transcriptomes with StringTie version 
2.1.6 (Shumate et al., 2022), combined into a global transcriptome 
with TAMA (Kuo et al., 2020) merge, and coding regions were pre-
dicted with TransDecoder version 2.0.1 (Haas et al., 2013) following 
the approach of Peel et al. (2022). We evaluated the quality of these 
global transcriptomes with BUSCO run in transcriptome mode using 
the Vertebrata (v10) database. We performed gene annotation with 
Fgenesh++ version 7.2.2 (Softberry; Solovyev et al.,  2006) on the 
Pawsey Supercomputing Centre's cloud machine using the longest 
open reading frame for each predicted gene in the global transcrip-
tome, nonmammalian settings, and optimized parameters with the 
supplied A.  carolinensis gene-finding matrix. Because automated 
annotation pipelines may not characterize immune genes well (Peel 
et al.,  2022), we performed manual annotation of the Toll-like re-
ceptors (TLR) and major histocompatibility complex (MHC) families 
using BLASTn searches, using 82 complete reptile TLR transcripts 
and 34 MHC transcripts available on NCBI (Table S5).

2.7  |  Identifying the sex chromosomes

Sex determination systems are highly variable in reptiles, and while 
both Christmas Island species are thought to have genetic sex deter-
mination (L. Cavanagh, personal communication), their sex chromo-
somes are unknown. We took several complementary approaches to 
identify sex chromosomes. First, we assessed read-depth (coverage) 
across the genome to identify hemizygous regions, expected to be 
present in the heterogametic sex of individuals with somewhat di-
vergent sex chromosomes. We mapped HiFi reads back to each ge-
nome with minimap2 --map-hifi and removed secondary alignments 
with the samtools(Danecek et al., 2021) --x100 flag. We calculated 
coverage in nonoverlapping 1 Mb windows using BEDTools version 
2.29.2 (Quinlan & Hall, 2010) genomecov. However, because altera-
tions in coverage can represent structural variants unlinked to sex, 
we also performed BLASTn searches using a list of previously identi-
fied X-linked genes shared across Scincidae (Kostmann et al., 2021). 
We also performed BLASTn searches with Y-linked markers from the 
skinks Bassiana duperreyi (Dissanayake et al., 2020) and Eulamprus 
heatwolei (Cornejo-Páramo et al.,  2020). A full list of query se-
quences for BLASTn searches are available in Table S6. Finally, we 
used minimap2 to create a whole-genome alignment of the alternate 
haplotigs generated with hifiasm.

2.8  |  Variant calling and filtration

From the PacBio HiFi reads mapped back to the genome assemblies, 
we called variants using gatk4 version 4.2.0.0 (McKenna et al., 2010) 
HaplotypeCaller and GenotypeGVCFs with the --all-sites parameter 
to include invariant sites. We filtered variant and invariant classes 
separately to remove low confidence genotype calls, following 
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GATK best practices with two modifications: depth filters below 
0.66× average coverage and above 1.5× average coverage, as well as 
QD (QualByDepth) >10. We chose more stringent depth filters than 
short-read best practices because coverage across the genome was 
relatively even, and these filters would exclude most hemizygous 
(0.5× coverage) or duplicated (2× coverage) regions. Additionally, 
the distribution of QD values was high and the QD >10 filter re-
moved 2% of total variants but removed most variants with skewed 
allele frequencies. From the resulting variant calls, we calculated 
genome-wide heterozygosity for all called sites ((SNP + INDEL)/
(SNP + INDEL + INVARIANT)). For local analyses of genetic diversity, 
we used BEDTools to count the number of variants across the ge-
nome in nonoverlapping windows containing 1 million and 10,000 
called sites.

2.9  |  Inferring historical population sizes

We used the pairwise sequentially Markovian coalescent (PSMC; 
Li & Durbin,  2011) method to infer historic effective population 
sizes from variants called with GATK4. We tested several modi-
fications of the time-segment parameter -p, but focus the results 
of PSMC with parameters -N 25 -t 12 -r 5 -p “4 + 30*2 + 4 + 6 + 10” 
(Schield et al., 2022) in the main text. We made two main modifica-
tions to use PSMC with GATK variants called from HiFi reads. First, 
because the majority of HiFi reads mapped uniquely, we did not 
make a mappability mask. We did, however, mask homozygous re-
gions greater than 1 Mb (see Section 3). Second, we kept stringent 
variant filters based on depth and GQ score, but we kept all refer-
ence genotype calls because GATK does not calculate the required 
FQ field. Generation time (θ) and mutation rate (ρ) are required to 
scale PSMC results. We used a generation time of 3.5 years for 
both species (Director of National Parks, 2012). Because mutation 
rate is not well understood in both skinks and geckos, we used 
6.125 × 10−9 per site per generation for both species, calculated 
from the phylogenetically inferred median squamate mutation 
rate of 1.75 × 10−9 per site per year (Gemmell et al.,  2020). We 
performed 100 bootstrap replicates to assess variability in our Ne 
estimates using PSMC.

2.10  |  Identifying runs of homozygosity (ROH)

Various approaches exist to detect long ROH (>1 Mb), a genomic 
signature of recent inbreeding; however, it was unclear how such 
approaches would perform on PacBio HiFi reads mapped back to 
a reference genome from the same individual. We developed an 
observational approach to detect ROH in both genome assemblies 
from the same set of variants called with GATK4. We first excluded 
INDELs because sequencing errors of this type are more likely to 
occur in PacBio HiFi reads (Nurk et al., 2020). We also masked the 
hemizygous regions, which can lead to high ROH calls for reasons 
other than inbreeding. We then counted SNPs in nonoverlapping 

windows containing 10,000 called sites (SNP + INVARIANT). The 
mean 10,000-site window had 61 SNPs for blue-tailed skink and 
43 SNPs for Lister's gecko. We called ROH by identifying stretches 
of ≥100 consecutive windows with fewer than two SNPs per win-
dow. To avoid spuriously breaking up long ROH due to erroneous 
heterozygous calls caused by sequencing or mapping errors in re-
petitive regions, we implemented a smoothing step whereby adja-
cent ROH were joined if they were separated by a single window, 
even if this window had >2 SNPs. While the distribution of ROH 
lengths is continuous, we focus on ROH >1 Mb, because 1 Mb is a 
common threshold for analyses of recent inbreeding and makes our 
reported values more easily comparable with other recent conser-
vation studies (Iannucci et al., 2021; Robinson et al., 2021; Wilder 
et al., 2022). To assess the robustness of our developed method, 
we also called ROH with the homozyg function in plink version 
1.90b6.5 (Purcell et al., 2007; www.cog-genom​ics.org/plink/​1.9/).

To understand if the identity by descent (IBD) blocks detected 
as ROH originated (i.e., coalesced) before or after the captive breed-
ing program began, we used mean ROH length to estimate the 
time since these tracts arose (following the approach of Robinson 
et al., 2021). To infer number of generations since IBD, we used the 
equation l = 100∕2g, where l is observed ROH length (in cM) and g 
is the number of generations since coalescence (Thompson, 2013). 
This model makes the simplifying assumptions that ROH lengths 
decay exponentially over time and that recombination rate is con-
stant across the genome. The rate of decay over physical distance 
depends on genetic map length, which is not well characterized in 
skinks or geckos. To capture this uncertainty, we used two extremes 
of reported squamate recombination rates. Representing a lower 
extreme, A. carolinensis has on average 23.3 crossovers per meiosis 
(estimated with foci of MLH1, a DNA repair protein that localizes 
to mature recombination nodules; Lisachov et al., 2017) and a ge-
nome size of 2.15 Gb (Peterson et al., 1994). On the higher reported 
bound, the Steppe Agama (Trapelus sanguinolentus) has on average 
38.4 crossovers per meiosis (Lisachov et al., 2019) and an estimated 
genome size of 1.68 Gb (Vinogradov, 1998). Genetic map lengths in 
these reptiles were estimated based the equation m = C ∕G × 50 cM, 
where m is map distance (in cM/Mb), C is crossovers (MLH1 foci) and 
G is haploid genome size in Mb (Calderón & Pigozzi, 2006).

3  |  RESULTS

3.1  |  High quality de novo genome assemblies

We generated contiguous and complete de novo genome assem-
blies for both the blue-tailed skink and Lister's gecko (Table 1). Using 
PacBio HiFi long-reads sequenced at ~40× mean genome coverage, 
the final skink assembly was 1.40 Gb, near the 1.47 Gb haploid size 
for relative Cryptoblepharus plagiocephalus (MacCulloch et al., 1996). 
The final assembly was 72 contigs with a contig N50 of 109.1 Mb 
(Figure  2a). 99.0% of the genome was contained in 18 contigs (all 
>10 Mb), approaching the chromosome number of the blue-tailed 

 17550998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.13780 by Stanford U

niversity, W
iley O

nline L
ibrary on [16/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.cog-genomics.org/plink/1.9/


    |  7DODGE et al.

skink's closest karyotyped relative Cryptoblepharus boutonii (2n=28; 
Makino & Momma, 1949). Of these 18 contigs, 10 were flanked on 
both ends by long (>6500 bp) telomere-like repeats, suggesting that 
these contigs represent full chromosomes (Figure  2a). The blue-
tailed skink genome was also highly complete, with 97.8% of verte-
brate BUSCOs present and complete (C: 97.8% [S: 97.1%, D: 0.7%], 
F: 0.7%, M: 1.5%, n: 3354).

For the larger and more complex Lister's gecko genome, 
and we used PacBio HiFi long reads and Hi-C data to achieve a 
chromosome-level assembly. The final genome was 2.35 Gb, near 
average for Gekkonidae (Gregory, 2023). With PacBio HiFi reads, 
sequenced at ~30× average read-depth, we recovered 381 contigs 
with a contig N50 of 72.2 Mb. Following Hi-C scaffolding, 96.2% 

of the Lister's gecko genome was contained in 22 scaffolds (all 
>30 Mb) with a scaffold N50 of 119.9 Mb (Figure  2b), matching 
the karyotype of its closest relative, L.  lugubris (2n=44/3n=66; 
Volobouev & Pasteur, 1988). Our Hi-C contact map indicated phys-
ical proximity within assembled scaffolds, but not between scaf-
folds (Figure S1). The 22 largest scaffolds had 97.6% of vertebrate 
BUSCOs present and complete (C: 97.6% [S: 96.3%, D: 1.3%], F: 
0.9%, M: 1.5%, n: 3354). The remaining 379 scaffolds contained 
14 duplicated BUSCOs and two single-copy BUSCOs not found in 
the chromosome-level scaffolds. Two Lister's gecko scaffolds were 
telomere-to-telomere (Figure 2b).

We also assembled mitochondrial genomes for both species. 
The blue-tailed skink and Lister's gecko mitochondrial genomes 

Blue-tailed skink Lister's gecko

Sequencing technologies PacBio HiFi PacBio HiFi + Hi-C

Hifiasm parameters –k 63 –r 5 –D 20 –k 63 –r 9 --max-kocc 
10000 –a 6 –s 0.65 –N 300 
--hom-cov 30

Assembly size 1.40 Gb 2.35 Gb

Number of contigs 72 381

Number of contigs >10 Mb 18 48

Contig N50 109.1 Mb 72.3 Mb

Genome in contigs >10 Mb (%) 99.0% 91.7%

Scaffold number - 401

Number of scaffolds >10 Mb - 22

Scaffold N50 - 119.9 Mb

Genome in scaffolds >10 Mb (%) - 96.2%

Complete vertebrate BUSCOs (%) 97.8% 97.6%

Note: Both Christmas Island reptile genome assemblies were highly contiguous and complete, 
representing a near chromosome-level assembly for the blue-tailed skink and a chromosome-level 
assembly for the Lister's gecko.

TA B L E  1  Genome assembly quality 
statistics.

F I G U R E  2  Genome assemblies of Christmas Island reptiles. (a) 18 longest contigs of blue-tailed skink genome assembly, representing 
>99% of assembled sequence, ordered by length. Contig 4 is the shortest contig for which longer and equal length contigs cover ≥50% 
of the assembly (contig N50). Red dots denote approximate telomere locations. Ten dark grey contigs represent telomere to telomere 
contigs (i.e., potential chromosomes). Vertical dashed line indicates expected karyotype (n = 14) based on closest karyotyped relative 
Cryptoblepharus boutonii (2n=28). (b) Longest 22 scaffolds of Lister's gecko genome assembly, representing >96% of assembled sequence, 
ordered by length. Scaffold 8 is the shortest scaffold for which longer and equal length scaffolds cover ≥50% of the assembly (scaffold N50). 
Dark grey scaffolds represent telomere to telomere scaffolds. Horizontal bars denote contig joins based on Hi-C contacts. Vertical dashed 
line indicates expected karyotype (n = 22) based on closest karyotyped relative Lepidodactylus lugubris (2n=44 and 3n=66).
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8  |    DODGE et al.

were 17,216 and 16,967 bp long, respectively. Both mitochondrial 
genomes had the expected 37 genes, including 13 protein-coding 
genes, two RNAs, and 22 tRNAs (Figure S2).

3.2  |  Synteny

Despite nearly 200 million years of divergence, the blue-tailed 
skink genome displayed strong overall identity with the largest 
chromosomes of A. carolinensis, which are thought to represent an 
ancestral-like iguanid karyotype (Deakin et al.,  2016). The longest 
three contigs of blue-tailed skink showed identity with three of the 
four longest A. carolinensis chromosomes (Figure S3A). Additionally, 
contigs 5, 6, and 18 displayed identity with A. carolinensis chromo-
some 2 in an orientation that would create a telomere-to-telomere 
scaffold in blue-tailed skink. However, contigs shorter than the 
eighth longest contig in the skink displayed little homology to the 
A.  carolinensis genome. There was identity between these smaller 
skink chromosomes when compared to the genome of the wall lizard 
P. muralis (Figure S3B).

We aligned the Lister's gecko genome to the published 
chromosome-level genome of the gecko S.  townsendi (Pinto 
et al., 2022). Despite having diverged more recently as compared to 
the blue-tailed skink alignments (119 vs. 196 million years; Zheng & 
Wiens,  2016), the gecko alignments showed numerous rearrange-
ments, particularly at the putative chromosome ends (Figure S3C), 
possibly reflecting mapping issues in repetitive, acrocentric regions.

3.3  |  Genome annotation

We annotated repetitive regions in both genomes with custom 
RepeatModeler libraries. The blue-tailed skink assembly was less 
repetitive than the Lister's gecko assembly, at 44% compared to 
55%. Most transposable element (TE) families showed a greater 
proliferation in the gecko compared to the skink, except for DNA 
elements (Table S7). A large percentage of repeats in both species 
were unclassified. In the blue-tailed skink, most telomere-like hex-
amers were under five repeats long, but 29 of these sequences were 
greater than 1000 bp, all of which started within 20 bp of a contig 
end. These 29 putative telomeres had a mean length of 10,066 bp 
(range: 2153–17,157 bp). In the Lister's gecko, we identified 43 such 
sequences greater than 1000 bp, all of which started within 135 bp 
of the end of a scaffold. These 43 putative telomeres in Lister's 
gecko had a mean length of 10,000 bp (range: 1341–17,822 bp), but 
we found no evidence that Lister's gecko telomere length was dif-
ferent than that of the blue-tailed skink (Welch's two sample t-test, 
p = .94; Figure S4).

Automated gene annotation with FGENESH++, using a combina-
tion of transcriptome and protein homology, identified 29,055 genes 
in the blue-tailed skink and 42,053 genes in Lister's gecko (Table S7). 
The mean number of exons was 7.84 and 6.82 in the blue-tailed 
skink and Lister's gecko, respectively. The number of annotated 

genes is substantially higher than reptile genomes annotated by the 
NCBI pipeline, a pattern that has previously been described with 
fgenesh++ software and may result from use of incomplete tran-
scriptomes as evidence (Peel et al., 2021). However, BUSCO analysis 
of these transcriptomes indicated RNA sequencing captures most 
core vertebrate genes, with 94.1% of expected genes present and 
complete for the skink and 92.4% for the gecko. Manual immune 
gene annotation yielded the expected squamate TLR genes in both 
species: TLRs 2-7 and TLR13. Using the same approach to annotate 
the MHC class I and II families, we identified a 3.0 Mb region on con-
tig 2 and a 0.5 Mb region on contig 25 in the blue-tailed skink as well 
as a nearly 4 Mb region on scaffold 7 containing all MHC class I and 
II genes in the Lister's gecko.

3.4  |  Identification of sex chromosomes

Our read-depth analysis identified a 15 Mb region of half-fold cov-
erage on the eighth longest contig of the blue-tailed skink genome 
(Figure 3a,b). Such a pattern is consistent with a XY sex determina-
tion system but could also be explained by a non-sex-linked struc-
tural variant or regions that are difficult to assemble, thus requiring 
additional evidence. Of 10 X-linked genes shared across multiple 
skink families (Kostmann et al., 2021), we recovered alignments to 
six of these transcripts in the blue-tailed skink, all of which fell in this 
region of half coverage (Figure 3b), identifying this contig as the pu-
tative X chromosome. From the blue-tailed skink genome-assembly 
graph, we recovered a nearly chromosome-length alternate hap-
lotype representing the putative Y chromosome. This region was 
largely syntenic to the X chromosome but contained a 10 Mb region 
that was highly divergent from the 15 Mb half-coverage region on 
the X (Figure 3c). The center of this region showed very little ho-
mology between the X and Y, but there was greater sequence iden-
tity on both sides despite the presence of a chromosomal inversion 
(Figure 3c). We found that few Y-linked markers identified in other 
skinks BLASTed uniquely to the Y chromosome in the blue-tailed 
skink. Only one of seven Y-linked PCR markers identified in the skink 
Bassiana duperreyi (Dissanayake et al.,  2020), and four of 382 Y-
linked transcripts in the skink Eulamprus heatwolei (Cornejo-Páramo 
et al., 2020) blasted uniquely to the blue-tailed skink Y chromosome. 
In contrast, we found multiple small regions of lower coverage in 
Lister's gecko, particularly on the ends of putative chromosomes 
(Figure 3d). Given that there were no clear candidate regions based 
on coverage, we did not pursue additional analyses in the gecko.

3.5  |  High heterozygosity and large historical 
population sizes

After calling and filtering variants with GATK4, we discovered 9.28 
million variants for the blue-tailed skink and 9.41 million variants for 
Lister's gecko. We estimated autosomal heterozygosity to be 0.007 
heterozygous sites per base pair in the blue-tailed skink and 0.005 
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    |  9DODGE et al.

heterozygous sites per base pair in Lister's gecko. In the skink, het-
erozygosity was relatively uniform across the chromosomes and 
slightly elevated at the tips except for long stretches of very low 
heterozygosity (Figure  4a,b, Figure  S5). The gecko showed larger 
variation in heterozygosity across chromosomes with more elevated 
heterozygosity towards chromosome ends (Figure 4c,d, Figure S6).

From these variant calls, we used PSMC to infer historical effec-
tive population sizes (Figure 4e). We inferred that the skink had a 
larger historical Ne than the gecko, but both were high until relatively 
recently, peaking at ~965,000 individuals in the skink and ~265,000 
in the gecko. However, due to uncertainty in mutation rates and gen-
eration times, precise estimates may not be accurate. Additionally, 
PSMC is known to lose resolution at more recent timescales, e.g. 
~20,000 years in humans (Li & Durbin, 2011; Nadachowska-Brzyska 
et al.,  2022), so more recent population size inferences should be 
interpreted with caution. We also note the overlap in population 
sizes 5 million years before present does not reflect coalescence be-
tween species, as these species diverged some 200 million years ago 
(Zheng & Wiens,  2016). Our PSMC results were largely robust to 
different time segment choices (Figure S7).

3.6  |  Runs of homozygosity

Using our custom ROH discovery approach, we identified 33 ROH 
longer than 1  Mb in the skink, covering 135.8 Mb of the genome 
(FROH = 0.0963; Figure 4a,f). The mean ROH size in the skink was 
4.1 Mb and the longest was 15.1 Mb. In contrast, we detected a 
single ROH in the gecko (1.7 Mb; FROH = 0.0007; Figure 4b,f). We 
uncovered broadly similar patterns using PLINK (Figures  S5 and 
S6); however, many of these ROH appeared spuriously broken or 
truncated, so we focus here on results from our custom approach. 
Using the highest and lowest recombination rates known in reptiles 
and making the simplifying assumption that recombination rate is 

constant across the genome, we estimate that IBD tracts detected 
as ROH originated between 11 and 24 generations ago (Figure 4g). 
A single 6 Mb ROH on contig 2 in the blue-tailed skink genome over-
lapped with all the MHC class I and II genes on contig 2 and a 7 Mb 
ROH overlapped with TLR4 on contig 11 (Figure S8).

4  |  DISCUSSION

Here, we generate genomic resources for the Christmas Island blue-
tailed skink and Lister's gecko, the only two reptiles currently clas-
sified as Extinct-in-the-Wild. These represent some of the highest 
quality reptile assemblies to date in terms of both contiguity and 
completeness (Geneva et al.,  2022). Our extensive analyses show 
that long-reads can hold a wealth of information relevant to con-
servation even when population-level data are not available. Our 
study marks an important step towards understanding the genomic 
makeup of two understudied reptile clades, Scincidae and Gekkota, 
provides insights into the histories of two species of high conserva-
tion value, and serves as a springboard for future studies by evolu-
tionary and conservation biologists.

4.1  |  Assembly and genome organization

For the smaller and less repetitive blue-tailed skink genome, PacBio 
HiFi sequencing alone resulted in a nearly chromosome-level assem-
bly, with 10 telomere-to-telomere contigs of the 14 expected chromo-
some pairs in Cryptoblepharus (Makino & Momma, 1949). However, 
the larger and more repetitive Lister's gecko genome required Hi-C 
sequencing in addition to PacBio HiFi to achieve chromosome-level 
scaffolds matching the expected 22 acrocentric chromosome pairs 
in Lepidodactylus (Volobouev & Pasteur,  1988). The Vertebrate 
Genomes Project aims to generate gapless, telomere-to-telomere 

F I G U R E  3  Identification of a XY chromosome pair in the blue-tailed skink. (a) Relative read-depth plotted across genome for the blue-
tailed skink shows one region of half coverage. Contigs are coloured in an alternating pattern to aid visualization. (b) Relative read-depth 
across contig 8, the presumptive X chromosome. Black bars above denote BLAST hits for previously identified X-linked genes conserved in 
across all major skink lineages (Kostmann et al., 2021), which all fall within the region of half read-depth. (c) Alignment between blue-tailed 
skink X (contig 8) and putative Y chromosome, showing low identity in the centre as well as a chromosomal inversion. (d) Relative read-depth 
across Lister's gecko genome shows no clear signal of a sex chromosome. Scaffolds are coloured in an alternating pattern to aid visualization. 
(a and d) are scaled to their respective genome sizes (a: 1.40 Gb, d: 2.35 Gb).

(a)

(d)

(b) (c)
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10  |    DODGE et al.

assemblies of all vertebrate species (Rhie et al., 2021); however, the 
first human genome meeting these criteria was sequenced only re-
cently from a haploid cell line (Nurk et al., 2022), showcasing the am-
bition of these goals. Our nearly chromosome-level skink genome, 
generated with only long-read sequencing, suggests some clades 
may be less challenging to complete than others.

Long-read assemblies often better resolve repetitive regions of 
the genome, including transposable elements and telomeres (Nurk 
et al., 2022; Rhie et al., 2021). Compared to other short-read gecko 
assemblies of similar or larger size (Liu et al., 2015; Xiong et al., 2016), 
Lister's gecko had higher transposable element content which could 
reflect lineage-specific differences in repeat content or be caused 
by technical factors (e.g., fewer collapses of high-identity repeats 
during assembly). Telomeres represent another repetitive region im-
proved by long-read assembly. Presence of interstitial telomere-like 
repeats, which arise due to karyotypic rearrangements, is variable 

among reptiles (Rovatsos et al., 2015). For instance, fewer than half 
of all skinks and geckos studied to date have these repeats (Rovatsos 
et al., 2015). We found no evidence of such interstitial sequences in 
blue-tailed skink or Lister's gecko, suggesting some karyotypic sta-
bility over recent evolutionary timescales.

4.2  |  Sex chromosomes

Sex determination systems are variable across reptile clades, and the 
study of sex chromosome evolution in skinks and geckos has been 
hampered by lack of high-quality reference genomes. In the blue-
tailed skink, we generated phased X and Y haplotypes (Figure 3c). A 
recent study has shown the skink XY chromosome pair is probably 
shared across all major skink lineages and originated 85–150 mil-
lion years ago, despite being cytologically indistinguishable in most 

F I G U R E  4  Patterns of heterozygosity reveal ancient demography and recent history of inbreeding. (a) Heterozygous sites per kilobase 
(kb) in bins of 1 million called sites across blue-tailed skink genome. Contigs are coloured in an alternating pattern to aid visualization. 
Locations of 33 called runs of homozygosity (ROH) displayed in grey blocks above contigs. The 15 Mb X-linked structural variant on contig 
8 is masked. (b) Histogram of heterozygous sites per kb in bins of 1 million called sites across skink genome. (c) Heterozygous sites per kb 
in bins of 1 million called sites across Lister's gecko genome. Scaffolds are coloured in an alternating pattern to aid visualization. Locations 
of 1 ROH displayed in grey block above scaffold 1. (d) Histogram of heterozygous sites per kb in bins of 1 million called sites across gecko 
genome. (e) PSMC plot, blue represents skink, yellow represents gecko, with lighter colours denoting 100 bootstraps. PSMC plot is scaled 
with generation time θ = 3.5 and median squamate mutation rate of ρ = 6.125 × 10−9. Grey bar is estimated reemergence of Christmas Island 
from Indian Ocean 5 million years before present (Ali & Aitchison, 2020). Overlap in population size ~5 million years ago does not reflect true 
coalescence, as species diverged >200 million years before present. (f) Cumulative lengths of skink and gecko ROH, coloured by 4 length 
categories: 1–5 Mb, 5–10 Mb, 10–15 Mb, >15 Mb. (g) Models used to estimate ROH length decay per generation with recombination rates 
from Anolis carolinensis and Trapelus sanguinolentus. Grey box shows estimated number of generations ago IBD segments detected as ROH 
originated. Red star shows average number of generations in captivity for blue-tailed skinks (1.5–3.5 generations based on pedigree). (a and 
c) are scaled to their respective genome sizes (a: 1.40 Gb, c: 2.35 Gb) to permit ROH comparison.
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species (Kostmann et al., 2021). While prior genomic studies of skink 
sex chromosome evolution have used the reference genomes of the 
lizards A.  carolinensis (Cornejo-Páramo et al.,  2020) and P.  muralis 
(Kostmann et al.,  2021), these species are known to have distinct 
sex chromosomes from skinks and are phylogenetically distant. In 
the alignment of the blue-tailed skink XY chromosome pair, we ob-
serve increasingly less sequence identity towards the centre of the 
sex chromosomes (Figure 3c), a signal of progressive degeneration.

We were not able to confidently identify a sex-chromosome pair 
in Lister's gecko. We opportunistically sequenced a male Lister's 
gecko and found no clear signal of hemizygosity (Figure 3d). We note 
this gecko's closest relative, L. lugubris, possesses a ZW system with 
chromosome 1 being the most likely sex chromosome based on R-
banding pattern (Volobouev & Pasteur, 1988), although geckos have 
undergone over 25 transitions between temperature-dependent sex 
determination (TSD), male heterogamety (XY), and female heterog-
amety (ZW) in their evolution (Gamble, 2010). As additional skink 
and gecko genomes are sequenced, comparisons between species 
will help characterize sex chromosome evolution in these clades.

Molecular sexing is a priority in reptile conservation manage-
ment, given that sexes are often indistinguishable as juveniles. In 
the blue-tailed skink, an early male sex-bias at Taronga Zoo later 
was determined to have resulted from male aggression, which has 
since been resolved by adjusting sex ratios in holding tanks (L. 
Cavanagh,  personal communication). Molecular sexing in reptiles 
has been difficult due to variable sex determining mechanisms, fre-
quency of homomorphic sex chromosomes, and rapid evolution of 
new sex determination systems. In the blue-tailed skink, we found 
homology of several previously identified X-linked genes shared 
across multiple Scincidae groups (Kostmann et al.,  2021), indicat-
ing broad utility of these markers for qPCR-based molecular sexing. 
However, previously identified Y-linked markers in other skink spe-
cies (Cornejo-Páramo et al., 2020; Dissanayake et al., 2020) showed 
much less identity. These phased X and Y haplotypes can be used to 
develop Y-linked PCR markers for the blue-tailed skink, which would 
allow for molecular sexing at lower cost and in easier compliance 
with quarantine procedures.

4.3  |  Patterns of heterozygosity reveal distinct 
ancient and recent histories

Both species studied here were extremely heterozygous at a 
genome-wide level compared to other vertebrates, particularly 
species threatened by extinction (Green et al.,  2014; Iannucci 
et al., 2021; Morin et al., 2021). Heterozygosity was elevated on 
the ends of chromosomes for both species (Figure 4a,c), mirror-
ing variation in GC content (Figure S9). These patterns are prob-
ably driven by differences in recombination rates and background 
selection across the genome, which may also differ by species 
(Robinson et al.,  2021; Schield et al.,  2020). High heterozygo-
sity in these reptiles is reflective of large historical Ne, which we 
inferred to approach 1 million in the skink and 250,000 in the 

gecko. An important limitation, however, is that mutation rates 
underpinning Ne estimates are not well known for skinks or 
geckos, so precise estimates of population size remain uncertain. 
In early reptile surveys, the blue-tailed skink was noted as “fairly 
common” across a range of habitats including coastal thickets 
and cliffs and was somewhat less common in primary rainfor-
est (Cogger et al.,  1983; Gibson-Hill,  1947), and it later became 
“hyper-abundant” in human modified areas including the main set-
tlement in the northeast (Figure 1a; Cogger et al., 1983; Emery, 
Mitchell, et al., 2021; Emery, Valentine, et al., 2021). In contrast, 
Lister's gecko was probably somewhat abundant in primary rain-
forest (Cogger et al.,  1983), although its nocturnal and arboreal 
life-history probably contributed to it being one of the least com-
monly observed reptiles on Christmas Island (Gibson-Hill, 1947). 
While habitat change over time may have mediated changes in 
historical Ne, patterns of past vegetation change on Christmas 
Island are not well understood, which limits current insights into 
mechanisms driving such fluctuations. It is clear, however, that 
in contrast to many endangered species, these Christmas Island 
reptiles appeared to have large, genetically diverse populations 
until a recent collapse, which showcases that even genetically di-
verse species can be vulnerable to rapid declines brought about 
by novel invasive predators or disease.

In both cases, high-quality genome assemblies allow for quantifi-
cation of local patterns of heterozygosity, which illuminate patterns 
that contrast with the genome-wide heterozygosity estimates and 
provide a fuller picture of genetic diversity in both species. Despite 
being more heterozygous genome-wide, 10% of the blue-tailed skink 
reference genome fell in long runs of homozygosity (ROH), a ge-
nomic signature of recent inbreeding. A similar pattern of long ROH 
in an otherwise highly heterozygous genome has previously been 
reported in the California condor (Gymnogyps californianus), another 
formerly EW species (Robinson et al., 2021).

To discern if ROH were caused by IBD tracts that coalesced 
after the skinks were brought into captivity or if they were older, 
perhaps originating in the wild during population declines, we took 
advantage of ROH lengths to estimate the number of generations 
since IBD blocks arose. Recombination rates and genetic map 
lengths have not been well characterized in skinks, and we account 
for this uncertainty by using the lowest and highest reported squa-
mate recombination rates (Lisachov et al., 2017, 2019) which led to 
estimates of identity by descent between 11 and 24 generations 
ago. Despite uncertainty in global recombination rates, and with 
the caveat that recombination events are unlikely to be uniformly 
distributed across the genome (Lisachov et al., 2017, 2019; Schield 
et al.,  2020), these estimates substantially pre-date the number 
of generations the blue-tailed skink reference individual has been 
bred in captivity (1.5–3.5 generations based on pedigree). Thus, 
the IBD segments detected as ROH in this individual probably did 
not originate in captivity and instead originated before the skink 
went extinct in the wild. Future population-level resequencing of 
the founders, which is currently planned, could help discern if the 
founding individuals were inbred themselves, or merely related to 
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each other when brought into captivity. Additionally, while we did 
not detect high ROH abundance in the reference Lister's gecko, 
we cannot rule out the possibility that other geckos in the pop-
ulation are inbred. Indeed, it is quite possible that the extent of 
inbreeding in both species may be variable due to stochasticity 
imposed by small population size.

By sequencing one individual of each species from the Taronga 
Zoo population, we were unable to capture potential variation in in-
breeding at the population level. However, by analysing ROH in the 
reference genomes, we can better target questions for future rese-
quencing studies. For example, resequencing additional individuals 
from the Taronga Zoo and Christmas Island populations would help 
clarify variation in ROH abundance and sharing. Assessing trends in 
inbreeding within and between the captive populations could inform 
whether separate management should be continued or if gene flow 
between captive populations should be instituted. While inbreed-
ing investigations would be partially retrospective in the case of 
Christmas Island reptiles, knowledge of founder relatedness would 
be helpful in reducing future inbreeding and modelling admixture 
scenarios for the assisted colonization of the Cocos Islands (Emery, 
Mitchell, et al., 2021).

4.4  |  Immune gene diversity

Homozygosity may lead to inbreeding depression if it exposes re-
cessive deleterious alleles or overlaps loci where there is a hete-
rozygote advantage. For instance, homozygosity at immune genes 
reduces pathogen recognition ability and immune response under 
the heterozygote advantage hypothesis (Sommer,  2005). MHC 
and TLR genes contribute to reptiles' strong innate immune sys-
tems (Rios & Zimmerman, 2015), and confer resistance to bacterial 
infections, including some Enterococcus (Baik et al.,  2008; Xiong 
et al.,  2022). In the blue-tailed skink, we found ROH that over-
lapped all MHC class I and II genes, as well as 1 of 7 TLR genes 
(TLR4; Figure S8). An outbreak of E. lacertideformus in 2014 at the 
Christmas Island facility caused the deaths of 40 blue-tailed skinks 
and 40 Lister's geckos (Agius et al., 2021; Rose et al., 2017). This 
deadly pathogen continues to circulate in feral reptiles across the 
island and poses a threat to both species. The Taronga Zoo popula-
tion has been under quarantine since 2011 and has not been ex-
posed to E.  lacertideformus, which may have relaxed selection on 
immune genes.

Homozygosity at MHC may also reduce mating success in cap-
tivity if these species have MHC-dependent mate choice. Prior 
studies of MHC-dependent mate choice in reptiles have gener-
ally found support for assortative mating based on MHC diver-
sity or dissimilarity (Han et al.,  2019; Miller et al.,  2009; Olsson 
et al., 2003; but see Hacking et al., 2018), including in some skinks 
(Pearson et al.,  2017). Importantly, mate choice preferences for 
increased diversity and dissimilarity become more pronounced 
as more MHC markers are considered (Kamiya et al., 2014). Thus, 
long ROH causing homozygosity at all MHC class I & II genes could 

increase magnitude of mate choice effects. In captive populations 
where mating opportunities are chosen based on overall pedigree 
relatedness, sequencing to determine MHC genotype could be 
undertaken to maintain immune gene diversity for both patho-
gen recognition and possible mate choice. Further investigation 
of population-level immune gene diversity beyond this individual 
is a priority.

5  |  CONCLUSIONS

We generated high-quality genomic resources for the only two rep-
tile species currently classified as EW by IUCN: the Christmas Island 
blue-tailed skink and the Lister's gecko. These species join a short 
list of other EW and formerly EW vertebrates with reference ge-
nomes including the ʻAlalā (Corvus hawaiiensis; Sutton et al., 2018), 
California condor (Gymnogyps californianus; Robinson et al.,  2021), 
milu (Elaphurus davidianus; Zhang et al., 2018), Monterrey platyfish 
(Xiphophorus couchianus; Shen et al.,  2016), and scimitar-horned 
oryx (Oryx dammah; Humble et al., 2020). We show here that analys-
ing a single high quality reference genome per species can provide 
a wealth of information relevant to conservation when population-
level data are not yet available. Such analyses of genomic diversity 
can be an important first step, serving to both complement and guide 
future resequencing studies, which can ascertain parameters at the 
population-level. Here, the comparison of the two genomes was 
valuable in showing that despite a shared recent history of captive 
management, these species may differ particularly in reference to 
levels of recent inbreeding. Our results suggest a need to sequence 
blue-tailed skinks before making breeding decisions to maintain ge-
netic diversity, especially at functional loci such as MHC, which may 
play a role current and future resilience to disease. These genomes 
provide a resource for future population-level studies to assess the 
extent of inbreeding and immune gene diversity in an extinct-in-the-
wild program and set the stage to include skinks and geckos in com-
parative genomic studies of reptiles.
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