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Abstract

Human-mediated habitat destruction has had a profound impact on increased species
extinction rates and population declines worldwide. The coastal development in the
United Arab Emirates (UAE) over the last two decades, serves as an example of how
habitat transformation can alter the landscape of a country in just a few years. Here, we
study the genomic implications of habitat transformation in the Critically Endangered
Emirati Leaf-toed Gecko (Asaccus caudivolvulus), the only endemic vertebrate of the UAE.
We generate a high-quality reference genome for this gecko, representing the first refer-
ence genome for the family Phyllodactylidae, and produce whole-genome resequencing
data for 23 specimens from 10 different species of leaf-toed geckos. Our results show
that A. caudivolvulus has consistently lower genetic diversity than any other Arabian spe-
cies of Asaccus, suggesting a history of ancient population declines. However, high levels
of recent inbreeding are recorded among populations in heavily developed areas, with a
more than 50% increase in long runs of homozygosity within a 9-year period. Moreover,
results suggest that this species does not effectively purge deleterious mutations, hence
making it more vulnerable to future stochastic threats. Overall, results show that A. cau-
divolvulus is in urgent need of protection, and habitat preservation must be warranted to

ensure the species' survival.
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1 | INTRODUCTION

Over the last century, unprecedented extinction rates caused by
human activities have been reported across many populations and
species from a wide spectrum of taxa (Ceballos et al., 2020; Pimm
et al., 2014) with habitat loss and fragmentation often being the ini-
tial cause of population declines with subsequent genetic impover-
ishment (Allendorf et al., 2010; Frankham, 2005; Hung et al., 2014).
Endangered species, usually confined to small and isolated pop-
ulations, are especially vulnerable to population declines. In these
cases, genetic drift, high levels of inbreeding and loss of genetic vari-
ation, may facilitate the expression of harmful recessive alleles, have
a negative impact on their fitness and thereby increase their risk of
extinction (Kardos et al., 2018; Kleinman-Ruiz et al., 2022).

With the advent of next-generation sequencing and the in-
creasing availability of reference genomes, the field of conserva-
tion genomics has greatly benefited from new ways to evaluate
and assess genomic impoverishment in wild populations (Escoda
& Castresana, 2021; Irizarry et al., 2016; Kardos et al., 2018). The
depth of information retrieved from whole genome sequencing
(WGS) allows for the effective detection of a wide spectrum of
genomic characteristics, including inbreeding and the increase of
genetic load, among others, even when only a handful of samples
are available (Gaughran et al., 2018; lannucci et al., 2021; Mochales-
Riafio et al., 2023). This is of particular importance when dealing
with endangered species, as these are usually elusive and reduced in
numbers (McMahon et al., 2014; Morin et al., 2021).

Despite the exponential growth in the availability of reference ge-
nome datainrecentyears, squamate reptiles fall behind other taxonomic
groups in terms of reference genome availability. To date, reference
genomes are available for less than 1% of squamate reptiles whereas
this is the case for 9% and 6% of mammals and birds respectively (Card
et al., 2023). Within squamates, geckos are particularly underrepre-
sented with only 10 available reference genomes (Card et al., 2023) fora
group of 2291 species (Uetz et al., 2023). The lack of genomic resources
for geckos can have profound implications in conservation and manage-
ment strategies for endangered species within this group.

The Emirati Leaf-toed Gecko (Asaccus caudivolvulus) is a medium-
sized gecko from the family Phyllodactylidae, thought to be ex-
tinct in the wild. Historically spread through the Western Hajar
Mountains of Oman and the United Arab Emirates (UAE; Arnold
& Gardner, 1994), a taxonomic review based on molecular data re-
stricted A.caudivolvulus to two isolated localities in the UAE East
Coast, thus making this species the only endemic vertebrate of the
UAE (Carranza et al., 2016). However, the persistence of this species
was already dubious when Carranza et al. (2016) redescribed it, as
the rapid development of the UAE's East Coast had already affected
both localities. The type locality (Figure 1: white star in locality 1)
has been inaccessible since 2006, being affected by heavy devel-
opment that destroyed most of the natural coastal habitat of A.cau-
divolvulus. The second one was also found in a critical condition
(Figure 1: locality 5) since the small outcrop on which it was situated
was ready to be removed to construct a resort as part of the ongoing

coastal development, and was inaccessible since 2015 (Carranza
et al., 2016). This critical situation granted A.caudivolvulus the cat-
egory of Critically Endangered in the IUCN red list of threatened
species in 2018 (Carranza & Els, 2021). A sighting of this species
was reported in late 2018 in Wadi Wurayah National Park (Farkas
et al., 2018). However, the identity of the reported specimen had not
been genetically confirmed and in the available photograph, upper-
arm tubercles were not clearly distinguishable (i.e. a diagnostic char-
acter to identify A. caudivolvulus from its sister species A. gardneri).

Here, we evaluate the genomic status of A.caudivolvulus by per-
forming a state-of-the-art conservation genomics assessment of this
Critically Endangered species. We assemble and annotate the ref-
erence genome of A.caudivolvulus and generate WGS data for nine
specimens from all known localities, as well as for 11 individuals rep-
resenting the other six Arabian Asaccus and three Iranian Asaccus
species. With the genomic data generated herein, we explore the
systematics of all Arabian Asaccus species to provide a comprehen-
sive understanding on the evolution of this genus, placing special
attention to A.caudivolvulus and its intraspecific variation. We then
focus on evaluating the population structure, demographic history,
and genetic diversity of A.caudivolvulus and other relatives, to evalu-
ate its current genomic status and the impacts of habitat loss due to
the current coastal development in the region.

2 | MATERIALS AND METHODS
2.1 | A.caudivolvulus population discovery

In 2022, in collaboration with the local authorities from Sharjah and
Fujairah in the UAE, we set up an expedition to explore whether
A.caudivolvulus could still be found in the wild. After exhaustive
sampling throughout the UAE East Coast, five extant populations
were confirmed (Figure 1): Locality 1: South of Khor Fakkan, A.cau-
divolvulus was found north of its type locality in an almost inac-
cessible, non-developed coastal habitat, enclosed by two outcrops
reaching the sea; Locality 2: Few specimens were found on Shark
Island, a small islet of approximately 450m length, 400m off the
mainland; Locality 3: North of Khor Fakkan, in a promontory cur-
rently under development, A.caudivolvulus was found in relatively
high numbers; Locality 4: We confirmed the presence of A. caudivol-
vulus in Wadi Wurayah National Park; Locality 5: We were able to
access the heavily-developed area north of Sharms where A. caudi-
volvulus was discovered by Carranza et al. (2016). Although we con-
firmed its presence at this location, its habitat had been extremely
reduced to a small patch of rocks. It is notable that A.caudivolvulus
was not found in the mainland-facing slopes of the promontories in
which the species was discovered (e.g. locality 1), or in the adjacent
mountains further inland (which were separated by roads in locali-
ties 3 and 5), thus suggesting their strong relation with highly humid
habitats (Carranza et al., 2016). From each of the five localities we
sampled between 1 and 3 specimens (see Table 1) for subsequent
molecular analyses.

85UB017 SUOWILLOD AI81D 3ot [dde 8y} Aq peueAob 812 S9[o1e YO 8SN J0 S9N 10} Akeiq1 8UIIUO A8]IAN UO (SUONIPUOD-PUE-SWLBILIY™AB | 1M Aleq 1 puljuo//Sdny) SUONIPUOD pue swie | 841 88S * [1202/20/9T] Uo Ariqiiauluo Ajim ‘(101N) (ke elRpIo) WO BIusD Ugeziueblo 9150 Aq TSy, T 98W/TTTT 0T/I0p/L0Y A8 | im Akeiq | uljuo//Sdny Wolj pepeo|umod ‘0 'Xy62S9ET



BURRIEL-CARRANZA ET AL.

O Iranian Asaccus
@ A. montanus
caudivolvulus
gardneri
margaritae

A.

A.

A.

A. platyrhinchus
A. gallagheri

A.

arnoldi

South Khor Fakkan

FIGURE 1 Map of the study area showing the location of the Hajar Mountains in South-eastern Arabia in the first inset map, and the
specific geographical region where A. caudivolvulus resides in the second inset map. Numbers show the 19 localities from where all samples
used in this study were taken. The grey circle in the global map shows the approximate locality of the three species of Iranian Asaccus used
for this study (see Table 1 for specific coordinates for each locality). Inset pictures for localities 3 and 5 show the development and habitat
transformation that these two localities underwent during the last 18 and 15years respectively. The white star in the picture from locality 1
marks the type locality for the species, inaccessible since 2006. Map: Google Earth 2023 (Image: Landast/Copernicus). Temporal series were

done by using the historical imagery tool in Google Earth 2023.

2.2 | DNA extraction, library
preparation and sequencing

We extracted high molecular weight (HMW) genomic DNA from
tail tips of 23 individuals including nine Asaccus caudivolvulus, 11
representatives from all other Arabian Asaccus species and lineages
(Arnold & Gardner, 1994; Burriel-Carranza et al., 2023; Carranza
et al., 2016; Simé-Riudalbas et al., 2018; Tamar et al., 2019) and
three lIranian Asaccus species (Table 1). We followed the manu-
facturer's protocol of the MagAttract HMW Kit (Qiagen) and se-
quenced a total of 22 lllumina libraries aiming for a coverage of
~20x (sample S7866 was exceptionally sequenced at ~60x cover-
age for polishing the reference genome, see below) on a 2x150
NovaSeq6000 lane (Novogene Co). HMW DNA for the reference
genome assembly was obtained from muscle tissue of a female
A.caudivolvulus specimen (Sample code S7866; Table 1), follow-
ing the same protocol as above. Long read data were obtained for
this specimen through sequencing 61.1 Gbp of Oxford Nanopore
Technologies (ONT) data. For chromosome-level scaffolding we
used liver and muscle tissue samples from another female speci-
men to prepare a Hi-C library using the Omni-C kit (Dovetail
Genomics) following the manufacturer's protocol. This Library was
sequenced aiming for a~60x coverage at 2x 150 NovaSeqé6000
(CNAG). Full-length transcriptome libraries were obtained by pool-
ing six different tissues (liver, heart, lungs, eyes, kidneys and brain)
of the latter specimen and sequencing was performed on a 1/6th of
8M SMRT PacBio HiFi cell using the Sequel Il system. Sequencing
was conducted by Novogene Co.

2.3 | Genome assembly and scaffolding

The reference genome was assembled with NextDenovo assembler
(https://github.com/Nextomics/NextDenovo). We ran the assem-
bler four different times, discarding reads that were smaller than
1, 3, 5 and 8kbp respectively. Then we selected the best assembly
according to QUAST v.5.1.0 (Gurevich et al., 2013) metrics (contig
number, N50 and L50 scores) and proceeded to polish the consen-
sus assembly (Table S1). Since Nanopore reads contain systematic
error in homopolymeric regions, we applied three rounds of polish-
ing with nanopore reads as input to the Racon (Vaser et al., 2017)
and Medaka (https://github.com/nanoporetech/medaka) programs
(i.e. two and one round respectively). Then, we applied two rounds
of polishing with the Illumina reads as input to the Pilon (Walker
et al., 2014) software. Purge dups (Guan et al., 2020) was used to
remove haplotypic duplicates from the assembly. Then we scaf-
folded the draft assembly using Omni-C data with SALSA2 (Ghurye
et al., 2019). Manual curation was performed with Pretext (https://
github.com/wtsi-hpag/PretextView) resulting in a total of 48 scaf-
folds, of which the first 20 comprised 99.8% of the data. Then, we an-
notated repetitive elements in the genome with Red (Girgis, 2015).
Contamination was assessed with BlobToolKit (Challis et al., 2020)
using the NCBI taxdump database, identifying and discarding
nine of the smallest scaffolds as putative contaminations. Finally,
we identified the mitochondrial genome within our assembly with
MitoFinder (Allio et al., 2020; Li et al., 2016), using the mitochondrial
genome of Phyllodactylus unctus (Yan et al., 2014) as a reference.
The mitochondrial genome of A.caudivolvulus was identified within
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one of the smallest scaffolds (33,387 bp). We removed that scaf-

fold and assembled de novo the mitochondrial genome with the 60x

lllumina reads. Quality assessment and general metrics for the final
assembly were carried out with gfastats (Formenti et al., 2022) while
completeness of the genome assembly was assessed with BUSCO
v5.3.0 (Simao et al., 2015) against the vertebrata_odb10 database
(n=3354). The final assembly contained 20 chromosome level scaf-
folds (11 macro-chromosomes and nine micro-chromosomes), as

well as 17 unplaced scaffolds.

2.4 | Genome annotation

Genome annotation was performed based on the integration of
three independent annotation approaches: (i) Annotation based on
de novo sequenced full-length transcriptome data (PacBio Iso-Seq):
Subreads from the PacBio SMRTcell were first converted into cir-
cular consensus sequences with the ccs function in pbccs v.6.4
(Pacific Biosciences of California, Inc.), followed by demultiplex-

ing and primer removal with lima v.2.7.1 (Pacific Biosciences of

Species Sample code Loc Lat Lon Cov
A. caudivolvulus CN21121 1 25.334 56.377 16.2
A. caudivolvulus CN21123 1 25.336 56.378 14.7
A. caudivolvulus CN21125 1 25.329 56.377 20.7
A. caudivolvulus CN21128 2 25.354 56.376 16.0
A. caudivolvulus CN21141 3 25.374 56.353 17.5
A. caudivolvulus CN21148 3 25.374 56.356 18.9
A. caudivolvulus CN21161 4 25.397 56.270 171
A. caudivolvulus S7866 5 25478 56.362 56.0
A. caudivolvulus CN21156 5 25.479 56.364 15.9
A. gallagheri CN8387 6 25.979 56.205 20.6
A. margaritae CN7126 7 25.965 56.203 15.4
A. gardneri CN21164 8 25.857 56.098 15.8
A. gardneri CN21154 9 25.444 56.194 15.8
A. margaritae CAS250892 10 25.265 56.307 14.5
A. margaritae CN749 11 25.008 56.215 14.7
A. montanus CN4045 12 23.295 57.132 10.9
A. gallagheri CN2593 13 23.192 57.199 134
A. platyrhynchus ZFMK84264 14 23.056 57.469 17.9
A. montanus CN196 15 23.081 57.670 11.8
A. arnoldi CN10790 16 22.107 59.357 13.5
A. elisae MVZ234315 17 32.849 48.264 14.7
A. griseonotus MVZ234325 18 33.260 47.804 13.7
A. nasrullahi MVZ234330 19 32.849 48.264 18.4

California, Inc.). Non-chimaeric full-length reads were then ob-
tained by removing concatemers with isoseq3 v.3.8.3 (Pacific
Biosciences of California, Inc.) and trimming polyA tails with the
(https://github.com/
GenomeRIK/tama/wiki). Resulting reads were mapped to the refer-

python script tama_flnc_polya_cleanup.py

ence genome with the splice-aware mapper pbmm2 v.1.10 (Pacific
Biosciences of California, Inc.). The resulting mapped reads were
collapsed into unique isoforms with isoseq3 v.3.8.3 with the -do-
not-collapse-extra-5exons flag. Collapsed unique isoforms were
then used to identify protein-coding regions with GeneMarkS-T
(Tang et al., 2015); (ii) Annotation based on protein evidence from pub-
lic databases: We merged the published protein data available for the
‘Vertebrata’ clade in OrthoDB v.11 (www.orthodb.org) as well as for
‘Sauropsida’ in OrthoDB v.10 (https://v10.orthodb.org/) as input for
the BRAKER2 pipeline (Brina et al., 2021), using these databases
to self-train GeneMark-EP+ and Augustus to make gene predictions
(Briina et al., 2021); (iii) Annotation based on other annotated refer-
ence genomes: We downloaded annotation files for Sphaerodactylus
townsendi (Pinto et al., 2022; NCBI BioSample ID: SAMN20179316),
Gekko japonicus (NCBI BioSample ID: SAMNO04157958) and Pogona

TABLE 1 Information on all samples
used for this study including locality

code, coordinates in decimal degrees
(WGS84), coverage, and genome-wide
heterozygosity in number of heterozygous
sites by kbp.

Heterozygosity
(SNPs/Kbp)

0.805
0.844
0.864
0.125
0.485
0.670
0.836
0.649
0.314
5.496
4.323
4.128
4.218
2.149
2.645
2.804
4.279
1.386
2.415
3.713
2.463
2.352
0.665

Note: The specimen used for the reference genome assembly is marked in bold. Locality column
corresponds to the localities shown in Figure 1. Loc: Locality number; Lat: Latitude; Lon:
Longitude; Cov: Coverage.
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vitticeps (NCBI BioSample ID: SAMEA2300447), and used the
homology-based gene prediction program GeMoMa v1.9 (Keilwagen
et al., 2016, 2018) to predict homologous genes on the reference
genome of A.caudivolvulus. Finally, we integrated the three annota-
tion approaches into a single file with TSEBRA (Gabriel et al., 2021),
keeping all predictions from GeMoMa and GeneMarkS-T. BUSCO
scores as well as general metrics (i.e. number of genes, transcripts,
or number of isoforms among others) were obtained to evaluate the

structural annotation of A.caudivolvulus.

2.5 | Processing of whole genome sequencing

Raw Illumina reads for each of the 23 samples were first processed
with fastp (Chen et al., 2018) applying a sequence quality filtering of
30, trimming poly-G and poly-X tails and performing base correction
and adapter trimming. Filtered lllumina reads were then mapped
to the de novo assembled reference genome with bwa v.0.7.17-
r1188 (Li, 2013), PCR duplicates were marked and removed with
PicardTools v.3.0.0 (https://broadinstitute.github.io/picard/) and
the final alignment files in BAM format were indexed with SAMtools
v.1.10 (Li et al., 2009). The per-individual read coverage distribu-
tion was determined with BEDTools v.2.27.1 (Quinlan & Hall, 2010)
and variant calling was performed independently for each scaf-
fold with GATK's ‘HaplotypeCaller’, ‘GenomicsDBImport’ and
‘GenotypeGVCFs' tools (McKenna et al., 2010), applying a minimum
base quality score of 30. Reads of specimen S7866 were downsam-
pled to a~20x coverage before the variant calling so that all sam-
ples were comparable.

A strict filtering pipeline was then applied to variant calls to en-
sure high call reliability. Calls were discarded if they had a Phred-
scaled p-value of Fisher's exact test for strand bias above 20, a quality
score normalized by read depth below two, a root mean square of the
mapping quality below 40, or if the overall read depth across the 23
samples was either below five or above 550. We also excluded sites
with Mann-Whitney-Wilcoxon rank sum test statistic below -0.5
for either mapping quality bias between reference and alternative
alleles as well as for site position bias within reads. Indels were nor-
malised and SNPs within 10bp of an indel were also excluded. We
further excluded repetitive regions inferred with Red (Girgis, 2015)
(see above) and sites within regions of the Asaccus caudivolvulus ref-
erence genome in which mapping was likely to be ambiguous. These
regions were determined using the SNPable pipeline (http://Ih3Ih3.
users.sourceforge.net/snpable.shtml), in which the reference ge-
nome is split into overlapping fragments of 100bp (overlapping by
99 bp), followed by mapping those fragments back to the reference,
and estimating the number of fragments mapping correctly at each
site. We then excluded those regions in which less than 95 of the
100 fragments mapped back correctly. Finally, we masked individual
genotypes with a read depth below five, removed all sites that were
no longer polymorphic, and concatenated the filtered scaffolds into
a single file in VCF format with VCFtools (Danecek et al., 2011), re-
sulting in a final dataset of 102,621,032 SNPs.
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2.6 | Phylogenomic reconstructions

Toinvestigate the phylogenomic relationships within the genus Asaccus,
we performed phylogenomic reconstructions based on genome-wide
nuclear SNPs and assembled mitochondrial genome sequences. To
reconstruct a maximume-likelihood (ML) phylogeny with nuclear SNPs,
we further filtered the 102,621,032 SNP dataset with VCFtools, ex-
cluding SNPs with more than 20% missing data and selecting one
allele at random at each site. The resulting final dataset contained
96,296,559 SNPs. We split the dataset in non-overlapping windows
with a length of 100kbp, and ran IQTREE2 (Nguyen et al., 2015) on
each of these independently, applying a GTR+ASC model (account-
ing for ascertainment bias), 100 starting parsimony tree searches and
1000 bootstrap replicates. Bootstrap convergence was ensured post-
hoc by using the bsconverge function implemented in raxml-ng v.1.2.0
(Kozlov et al., 2019). The best trees of all analyses were combined and
a maximum clade credibility tree across all windows was obtained with
TreeAnnotator implemented in BEAST2 (Bouckaert et al., 2019).

One representative from each species (including two highly diver-
gent lineages within A.montanus species; Tamar et al., 2019) was then
selected to generate a time-calibrated species tree under the multi-
species coalescent (MSC) with SNAPP (Bryant et al., 2012), using the
program's implementation in BEAST2 v.2.6.4 (Bouckaert et al., 2019)
and the SNP-based molecular clock of Stange et al. (2018). We again
filtered the initial SNPs dataset only keeping one biallelic SNP and not
allowing more than 10% missing data for every window of 10kbp, re-
sulting in a final dataset of 159,370 unlinked SNPs (USNPs). We then
generated the input file of SNAPP with the ‘snapp_prep.rb’ script
(https://github.com/mmatschiner/tutorials), constraining the deepest
node of the phylogeny (the divergence between A.montanus and all
other Asaccus) with a normally distributed prior centred at 31.93 mil-
lion years ago (Ma) and a standard deviation of 4 according to the mean
and 95% highest posterior density (HPD) interval estimated in Burriel-
Carranza et al. (2023) respectively. We then selected 50,000 uSNPs at
random and ran three replicate chains of Markov-chain Monte Carlo,
each with a length of 5x10° generations, sampling every 50 genera-
tions. Convergence and stationarity of these chains was checked with
Tracer V1.7 (Rambaut et al., 2018). Posterior distributions were com-
bined with LogCombiner v.2.6.4, discarding 10% of the posterior trees
as burnin, and a maximum clade credibility tree was obtained with node
ages set to median heights in TreeAnnotator v.2.6.4 (both programs
are part of the BEAST2 package; Bouckaert et al., 2019). Additionally,
to infer the phylogenomic relationships of populations within A.cau-
divolvulus, we reconstructed a time-calibrated species tree under the
MSC only with A.caudivolvulus samples and A.gardnerii as outgroup.
We generated a new dataset of uSNPs with the same filter settings as
above, resulting in 163,866 uSNPs. We then constrained the deepest
node (the split between A.caudivolvulus and A.gardneri) to a normal
distribution centred at 5.08 Ma (with a standard deviation of 0.8) ac-
cording to the results from the previously inferred species tree, and
ran the analysis with the same specifications as above.

To test for discrepancies between nuclear and mitochondrial
evolutionary histories, we extracted a set of 13 proteins coding
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genes (atpé, atp8, cox1, cox2, cox3, cytb, ND1, ND2, ND3, ND4, ND4L,
ND5 and NDé) and two ribosomal genes (rrnL and rrnS) from the

mitochondrial genomes identified with MitoFinder. We aligned se-
quences of each gene separately with MAFFT v. 7.505 (Katoh &
Standley, 2013), and concatenated the resulting alignments. The
final dataset had a length of 12,671bp. We then inferred the ML
mitochondrial phylogeny with IQTREE2 (Nguyen et al., 2015) from
the concatenated alignment, applying a GTR model, 100 starting
parsimony tree searches, and 1000 bootstrap replicates. Bootstrap
convergence was again ensured using the function bsconverge from
raxml-ng v.1.2.0 (Kozlov et al., 2019).

2.7 | Population structure

We analysed the patterns of population structure within A. caudivol-
vulus by means of a principal component analysis (PCA) and through
admixture analyses on a reduced dataset containing the A.caudivol-
vulus specimens only. We further filtered the dataset by excluding
non-biallelic SNPs with more than 10% missing data, and apply-
ing a minor allele frequency of 0.05. We then assessed the decay
of linkage disequilibrium with PopLDdecay (Zhang et al., 2019)
and kept 1 SNP every 10.000 to obtain uSNPs, resulting in a final
dataset of 147,419 uSNPs. The PCA was implemented in Plink
v2.00a2.3 (Changet al., 2015). We then applied ADMIXTURE v.1.3.0
(Alexander et al., 2009; Alexander & Lange, 2011) to detect popula-
tion structure, assuming K, the number of genetic clusters, ranging
from K=1 to K=5, with a total of 15 cross validation replicates for
each tested K.

2.8 | Demographic history

The demographic history of all samples of Asaccus caudivolvulus as
well as A.gardneri and A.margaritae, two closely related species to
A.caudivolvulus presenting similar distribution, habitat requirements
and morphologic characteristics, was inferred with the Pairwise
Sequential Markovian Coalescent (PSMC) software. Heterozygous
positions were inferred from BAM files with SAMtools v.1.10 (Li
et al., 2009) discarding samples with low mapping quality (<30) or
low base quality (<30). A generation time (9) of 3.5years was as-
sumed for all species (J.E., pers. obs.) and the mutation rate was as-
sumed to match the median squamate mutation rate (1.75x 1077 per
site per year; Gemmell et al., 2020), resulting in 6.125e™7 per site per
generation. We performed 15 bootstrap replicates for each sample

to assess variability in the N, estimates using PSMC.

2.9 | Heterozygosity and ROH

We calculated genome-wide heterozygosity estimates for each of
the 23 Asaccus specimens from a VCF file including invariant sites.
We generated non-overlapping sliding windows of 100 kbp and

calculated the number of heterozygous sites among the number
of callable sites per window (considering callable sites those not
excluded by some of the following filters: proximity to indels, re-
petitive regions, mappability, overall read depth, and read depth per
individual; see WGS data processing above). Only those windows
with more than 60,000 callable sites were considered. Additionally,
we calculated genome-wide heterozygosities per chromosome,
calculating the number of heterozygous sites among callable sites
(applying the same filtering as above) using the function ‘stats’ in
BCFtools v.1.13 (Li, 2011).

We explored the number of genomic segments that are identical
by descent (IBD) and thus result from inbreeding, by determining
runs of homozygosity (ROH). A reduced dataset excluding A. monta-
nus and all the Iranian samples was filtered discarding non-biallelic
SNPs with more than 10% missing data, resulting in a dataset con-
taining 50,064,602 SNPs. ROH were estimated based on density of
heterozygous sites, using the Hidden Markov Model implemented in
the roh function of BCFtools v.1.13 (Li, 2011). Once ROH were in-
ferred, we kept only those with a minimum length of at least 100kbp
and a quality Phred score above 70. Results were divided into short
(0.1-0.5Mbp), medium (0.5-1 Mbp) and long (>1 Mbp) ROH depend-
ing on sequence length. Then, we performed a correlation test be-
tween the number and cumulative length of ROH, and the frequency
of long ROH (F g ,,) within each sample's genome was calculated.

We further explored the IBD segments classified as IROH by esti-
mating the number of generations (g) for each ROH, keeping only IBD
segments arising from recent ancestors (i.e. the last 10 generations)
and calculating the frequency of the remaining ROH for each sample
(From1o)- Based on the simplifying assumptions that ROH decay ex-
ponentially over time and that recombination rate is constant across
the Asaccus genome, the age of each ROH in numbers of generations
was calculated by solving g in the equation [=100/2gcM, where | is
the length of the ROH in centimorgans (cM; Thompson, 2013). Since
genetic map length data is not well understood in geckos, we fol-
lowed the approach implemented in Dodge et al. (2023) and used
two extremes of reported squamate recombination rates to calcu-
late genetic map distances (m) in ctM/Mbp by solving the equation
m=C/Gx50cM, where C is the number of crossovers per meiosis
and G is the haploid genome size in Mbp (Calderdén & Pigozzi, 2006).
The lower extreme was represented by Anolis carolinensis with an
average of 23.3 crossovers per meiosis (Lisachov et al., 2017) and
a genome size of 1.68Gb (Peterson et al., 1994), while the higher
extreme was represented by Trapelus sanguinolentus with an average
of 38.4 crossovers per meiosis (Lisachov et al., 2019) and a genome
size of 1.68Gb (Vinogradov, 1998).

2.10 | Mutational load

We estimated the mutational load for coding regions in Asaccus cau-
divolvulus specimens using SNPeff v.4.3 (Cingolani et al., 2012). To
avoid reference bias, we excluded all samples that were not equi-
distant in branch length to the reference genome assembled in the
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present study. Moreover, since the reference genome presented in
this study is the first available genome in the whole family, we were
not able to implement this analysis with another reference. Hence,
we were only able to compare the effects of mutational load on the
Asaccus caudivolvulus specimens from localities 1 to 4. We produced
a reduced dataset containing the seven A.caudivolvulus and not al-
lowing missing data, which yielded a resulting dataset of 2,299,095
SNPs. We generated a custom database with the annotation files
of the reference genome and identified putative deleterious alleles
falling into one of the following default categories: (i) Low: variants
found to be mostly harmless, unlikely to modify the protein's be-
haviour; (ii) Moderate: alleles possibly influencing the protein effec-
tiveness but being non-disruptive; (iii) High: variants with most likely
high or disruptive effects on the protein, probably causing protein
loss of function; (iv) Modifier: Variants with no evidence of impact
or difficult-to-predict impact. Then, we counted the number of de-
rived alleles for each of the categories, removing observations with
warnings produced by SNPeff. Since we used sites with no missing
data, each variable could be independently counted without the
need of bootstrapping (Dussex et al., 2021). Finally, we assessed the
distribution of mutational load in each population by calculating the
number of alleles in homozygosity (the realized load), the number of
alleles in heterozygosity (masked load), and the sum of both (total
load) for each type of lowly-, moderately- and highly-deleterious al-
leles (Bertorelle et al., 2022).

3 | RESULTS
3.1 | Genome assembly and annotation

Using a combination of Nanopore long read sequencing at a~40x
mean genome coverage, lllumina short-reads sequencing at ~60x
mean genome coverage and Omni-C reads sequenced at a~60x
mean genome coverage, we successfully assembled the first
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chromosome-level genome for the Phyllodactylidae family and
the most contiguous genome among all available gecko genomes
(Table 2). The final assembly span was 1.73 Gb, comprising 37 scaf-
folds with a scaffold N50 of 114.54 Mbp (Table 2). We found that
99.8% of the assembly was comprised by the first 20 scaffolds, in-
cluding 11 macro- and nine micro-scaffolds (Figure S1). This number
of scaffolds matches the chromosome number of the Fan-footed
gecko, Ptyodactylus hasselquisti (i.e. the closest species to the
Asaccus genus with known karyotype data; 2n=40), thus suggesting
a chromosome-level assembly (King, 1987). The Emirati Leaf-toed
Gecko genome also had high BUSCO scores with a completeness of
96.7% of vertebrate orthologue groups, a GC content of 44.3% and
37.2% of the genome composed of repetitive elements (Figure S2).

Within the Phyllodactylidae family, two sex determination
systems have been described so far: temperature-dependent sex
determination (TSD) in the genus Tarentola, and female heterog-
amety (ZW) in species from the Thecadactylus and Phyllodactylus
genera (Nielsen et al., 2019). Since the only known chromosome-
dependent sex determination system in the family is female het-
erogamety, we opportunistically sequenced a female Emirati
Leaf-toed Gecko. However, we were not able to confidently
identify a sex-chromosome pair, with no clear signal of female
hemizygosity. Further analyses of individual read depth in the re-
sequenced specimens did not show any clear patterns of a pair of
sexual chromosomes, which could be indicative of a TSD system
in this species.

We successfully annotated the reference genome of A.caudivol-
vulus through the integration of three independent annotation ap-
proaches based on full-length transcriptome data, protein evidence
from public databases and other annotated reference genomes. This
allowed us to identify up to 39,360 genes and a total of 76,795 cod-
ing regions with a mean number of 7.3 exons per transcript. BUSCO
evaluation on the sauropsida_odb10 database indicated that we
captured most of the core sauropsida genes (n=7480), with 95.3%
of the genes present and complete for A.caudivolvulus, providing

TABLE 2 Reference genome comparison of Asaccus caudivolvulus and other published geckotan reference genomes, including genome
size, number, and N50 for scaffolds and contigs, as well as the technologies used for the reference genome assembly.

Gm
size Sf N50
Family Species Gb Sf n° Mb
Phyllodactylidae Asaccus 1.73 37 114.5
caudivolvulus
Sphaerodactylidae Sphaerodactylus 1.81 1742 133.8
townsendii
Gekkonidae Paroedura picta 1.56 4871 109.0
Gekkonidae Gekko japonicus 249 191,500 0.71
Eublepharidae Eublepharis 224 76 145.6
macularius
Gekkonidae Lepidodactylus 235 401 119.9
listeri

Note: In bold, the best result in each column.

Cg

N50
Cgn° Mb Technology Study
290 19.95  ONT+lllumina + Omni-C  Present study
4332 9.46 ONT + lllumina + Pinto et al., 2022

Hi-C

118,732 0.02 Illumina Hara et al. 2018
335,470 0.03 Illumina Liu et al., 2015
137 80.1 PacBio HiFi +Hi-C Pinto et al., 2023
381 72.3 PacBio HiFi +Hi-C Dodge et al., 2023

Abbreviations: Cg, Contig; Gm, Genome; ONT, Oxford Nanopore Technologies; Sf, Scaffold.
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an almost complete annotation with a substantially high number of
genes compared to other genomes annotated by the NCBI pipeline
(Peel et al., 2022). The final genome assembly and annotation files
were stored at NCBI under bioproject code PRINA1043593 and at
Mendeley Data project accessible at doi: 10.17632/bwtnzysk9v.2
respectively.

We also assembled the mitochondrial genome for the A.cau-
divolvulus reference sample as well as for all other Asaccus samples.
Although complete circularization was not accomplished, we were
able to assemble a 15,997-bp genome for the reference sample, and
13 protein-coding genes, two rRNAs and 22 tRNAs were identi-
fied for all samples, except for A.nasrullahi sample MVZ234330-19
and A. caudivolvulus sample CN21123-1, for which the assembly of
the mitochondrial genome was not successful. The assembled mi-
tochondrial genomes are available in NCBI under accession codes
PP886534-PP886554.

3.2 | Phylogenomics

To explore the evolutionary history of the Asaccus genus, we in-

ferred the phylogenomic relationships among species through ML

(@

tree inference as well as Bayesian inference of the time-calibrated
species tree under the MSC (Figures S3 and 2 respectively). The ML
tree reconstruction shows strong support for the position of A.mar-
garitae as sister to the clade formed by A.platyrhynchus, A.arnoldi
and A.gallagheri. We also recovered two distinct Iranian clades, in
contrast to the reported monophyly of A.nasrullahi, A.griseono-
tus and A.elisae (Carranza et al., 2016; Fattahi et al., 2020; Simo-
Riudalbas et al., 2018). These results are in congruence with a recent
phylogenomic reconstruction based on ddRAD sequencing (Burriel-
Carranzaetal., 2023). The same topology was supported by the time-
calibrated species tree inferred under the MSC (Figure 2a), which
yielded a mean time of divergence between A.caudivolvulus and
A.gardneri of 5.08 Ma (95% HPD: 3.7-6.3Ma). The MSC reconstruc-
tion of divergences within A.caudivolvulus (Figure 2b) showed that
the first split within the species occurred approximately 27,000 years
ago between the North Sharm population (locality 5) and all others.
The internal topology of the clade formed by populations 1-4 should
be interpreted with caution, since the ML and MSC species trees
were discordant in the relationships of these populations. In the spe-
cies tree based on ML, the specimen from Wadi Wurayah National
Park (locality 4) is sister to all other localities and the specimen from

Shark Island (locality 2) is recovered among the South Khor Fakkan

—— @ Asaccus montanus - 12

Asaccus montanus - 15

Asaccus nasrullahi

Asaccus elisae

Asaccus griseonotus

Asaccus margaritae

Asaccus platyrhynchus

Asaccus gallagheri

I I I ’ I ’ J
0.04 0.03 0.02 0.01 0

Time (Ma)

Asaccus arnoldi

Asaccus gardneri

Asaccus caudivolvulus

I ’ ! v | v | v | v
40 35 30 25 20

15 10 5

| ’ | ’ | ’ |
0Time (Ma)

FIGURE 2 Time-calibrated species trees. (a) Species tree inferred with SNAPP from a dataset of 50,000 unlinked SNPs (uSNPs) using one
representative of each Asaccus species (including two deeply divergent lineages of A. montanus). Numbers following the two A. montanus tip
labels correspond to the locality code from Table 1. (b) Time-calibrated species tree using SNAPP on a 50,000 uSNPs dataset containing all
A. caudivolvulus specimens used in the present study. Grey bars depict the 95% posterior density intervals for the ages of all nodes. All nodes
are supported by a posterior probability of 1. The geological time scale is colour coded according to the Commission for the Geological Map

of the World (CGMW), Paris, France.
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specimens (being sister to the geographically closest mainland speci-
men; Figure S3a). In the MSC species tree reconstruction, on the
other hand, the specimen from Shark Island is recovered as sister to
all other localities (localities 1, 3 and 4; Figure 2a).

The mitogenomic phylogeny recovered the same interspecific
relationships among Asaccus as the nuclear ones, contrasting again
with previous published data (see above). Here, however, the mono-
phyly of A.margaritae with A.gallagheri, A.arnoldi and A.platyrhyn-
chus was not robustly supported (Figure S3b). The support for the
monophyly of the Iranian Asaccus could not be tested in the mito-
chondrial phylogeny since we were not able to recover the mito-
chondrial genome of A.nasrullahi.
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3.3 | Population structure

We explored the population structure of A.caudivolvulus with a data-
set of 147,419 uSNPs with no more than 10% missing data. In the
PCA, all A.caudivolvulus localities were geographically segregated on
PC1 (Figure 3a). The most likely number of populations inferred with
ADMIXTURE was K=1 (cross-validation=1.26). However, when a
K=5 was enforced, all specimens were clustered into their respective
locality, with no signs of admixture between them (Figure 3b). In both
analyses the A.caudivolvulus specimens from north of Sharm (locality
5) were the first to segregate from the rest of the localities, suggesting
a greater genetic distance between them and the other specimens.
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FIGURE 3 Population structure and demographic history analyses. (a) First two principal components of a PCA of genetic variation in A.
caudivolvulus summarizing 147,419 unlinked SNPs. (b) Results of admixture analyses in A. caudivolvulus specimens with K=1, K=2 and K=5.
The numbers after the last dash in the specimen code represent locality code in Figure 1. (c) Demographic history reconstruction for the
nine specimens of A.caudivolvulus, two A.gardneri and three A.margaritae. The generation time was set to 3.5years and the substitution rate
to 0.6x 1078 per site per year; the grey dashed line defines the end of the first recorded population decline in A. caudivolvulus, coinciding
with the maximum effective population size recorded in A. gardneri; 15 bootstrap replicates for each sample are shown in the background

with paler thinner lines.
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Demographic history

The demographic history of A.caudivolvulus, A.gardneri and A.mar-
garitae was evaluated through a PSMC analysis, which showed a
continuous and sharp decline of A.caudivolvulus population sizes
through time (Figure 3c), with the steepest drop occurring ap-
proximately 1.5-0.7 Ma. Effective population sizes in this species
decreased from 150,000 individuals to approximately 60,000. In
contrast, A.caudivolvulus' sister species, A.gardneri, presented the
opposite pattern, showing increasing levels of population size in the
1.5- to 0.7-Ma period. A similar pattern was also found with A. mar-
garitae, which, despite having already low base population sizes,

(a) Heterozygosity

showed signs of population increase when population declines
of A.gardneri occur, especially in the specimen from population 7
(specimen code CN7126; Table 1) which shows a significant popu-
lation growth between 10° and 10*years ago. Moreover, the PSMC
analyses allowed us to identify the date of coalescence among the
three A. margaritae lineages to approximately 80.000years ago.

3.5 | Heterozygosity and ROH

Genome-wide heterozygosity in Asaccus caudivolvulus samples
was consistently lower than in all other Asaccus species (Figure 4a
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FIGURE 4 Assessment of genetic diversity. (a) Genome-wide heterozygosity for several mammal, non-avian reptile and bird species,

most of them of conservation concern. For references for all species not sequenced in this study see Table S2. All Arabian leaf-toed geckos
sequenced in this work are shown in colour. Iranian Asaccus species are highlighted in dark grey. Silhouettes for non-Asaccus species were
retrieved from Phylopic (phylopic.org). (b) Percentage of the callable genome under runs of homozygosity (ROH) for each sample, excluding
A.montanus and all Iranian species. Paler bars represent the proportion of the genome under ROH accumulated in the last 10 generations
(Fromn1os Which is O or negligible in all species except A. caudivolvulus) when the lower extreme of the squamate recombination rate is used
(see Materials and Methods). Whiskers show the F,,,, for the higher extreme of the squamate recombination rate. An absence of a whisker
means that the higher recombination rate is 0. The number after the last dash in the specimen codes indicates the locality of each specimen

as in Table 1.
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and Figure S4). Additionally, within A.caudivolvulus specimens,
those found in non-developed localities presented higher levels
of heterozygosity than those found in developed areas, although
these had still lower heterozygosity than any other Asaccus spe-
cies (with the exception of A.nasrullahi). While genome-wide
heterozygosity ranged between 125 and 864 SNPs/Mbp in
A.caudivolvulus, it was above 1000 SNPs/Mbp in all other Asaccus
species (excluding A.nasrullahi), reaching 5496 SNPs/Mbp in
A.gallagheri (Figure 4a and Figure S4a). Such low heterozygo-
sity levels in A.caudivolvulus are comparable to other Critically
Endangered species such as the Iberian lynx (Lynx pardinus) in the
case of the Shark Island specimen (CN21128-2), or to the kidkipo
(Strigops habroptila) in the case of the specimen from North Sharm
in 2022 (Figure 4a, Table S2).

ROH analyses supported again a high disparity between
A.caudivolvulus and the other Asaccus species (Figure 4b). For
some specimens from localities 2, 3 and 5, more than 50% of
their genome was in ROH (with sample CN21128-2 having
more than 80%), while none of the other Asaccus species had
more than 20% of their genome in ROH, and generally showed
values of less than 10% (Figure 4b). Moreover, when inspect-
ing the frequency of short ROH (sROH: 0.1-0.5 Mbp), medium
ROH (mROH: 0.5-1Mbp) and long ROH (IROH: >1Mbp), we
found that ROH found in most of the evaluated Asaccus spe-
cies (including all A. caudivolvulus from locality 1) corresponded
to sROH (Figure 5a). Short and medium ROH can be indicative
of long-term small effective population sizes (Mochales-Riafio
et al., 2023) while IROH are consistent with recent inbreeding
events. Specimens from localities 2 to 5 contained a high per-
centage of IROH, thus suggesting a history of recent inbreeding
events in those localities (Figure 5a and Figure S4b). Further in-
spection of Fpq,,,, (inbreeding resulting from the last 10 gener-
ations; Figure 4b), as well as IROH distribution in chromosome
1 (Figure 5b), suggest that the specimen recently collected in
the heavily developed locality in North Sharm (CN21156-5) is a
product of a very recent inbreeding event, as 44%-58% of its ge-
nome (corresponding to the lower and higher ends of the squa-
mate recombination rates used respectively) is in ROH resulting
from inbreeding in the last 10 generations (Figure 4b, Table S3).
Surprisingly, while CN21128-2 is the specimen with the highest
percentage of its genome in ROH (Figure 4b) and presents a high
percentage of its genome in IROH (Figure 5a), those IROH seem
to be partially fragmented with mean ROH lengths being approx-
imately four times lower than the aforementioned CN21156-5
specimen (Table S3, Figure 4b).

These results were supported by the correlation between the
number of ROH (NROH) and the cumulative sum of ROH (SROH;
Pearson correlation t=2.13, correlation value=0.47 and p-
value=0.04). Characteristic for small and inbred populations, A. cau-
divolvulus specimens from localities 3 and 5 presented a small NROH
but a high SROH, whereas large and diverse populations tend to
present reduced values in both metrics (Figure 5c).
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3.6 | Mutational load

We compared the mutational load of four populations of the Emirati
Leaf-toed Gecko (localities 1-4). Specimens from locality 5 were
not included since preliminary analyses showed that they were
influenced by reference bias. Although significance could not be
confirmed due to the low number of samples from each locality, con-
siderable differences were observed between specimens from local-
ity 2 and the other localities. While the total load remained similar,
the realized load (i.e. the number of high-impact deleterious alleles
affecting the current generation) observed in the Shark Island speci-
men was 1.4-2 times higher than any other specimen (Figure 5d and
Table S4). Conversely, the masked load was 3.3-5.5 times lower in
the Shark Island specimen than in any other specimen (Figure 5d and
Table S4). The same pattern was observed when evaluating the num-
ber of moderate-impact and low-impact alleles, with the specimen
from Shark Island having consistently higher realized loads and lower
masked loads than any other specimen (Table S4 and Figure S5).

4 | DISCUSSION

In the present study, we assembled and annotated a chromosome-
level genome for Asaccus caudivolvulus, representing the first refer-
ence genome forthe family Phyllodactylidae. This reference genome
fills a gap for the Gekkomorpha group (including Eublepharidae,
Sphaerodactylidae, Gekkonidae and Phyllodactylidae), where
reference genomes for all the other families have already been
produced (Liu et al., 2015; Pinto et al., 2022, 2023), and can thus
become a key resource to better understand the history and evolu-
tion of sex determination in geckos (Gamble, 2010).

Here, we have generated, for the first time, whole-genome re-
sources for all Arabian leaf-toed geckos, together with represen-
tatives from Iran. We have placed a special focus on the Critically
Endangered Emirati Leaf-toed Gecko (A.caudivolvulus), the only en-
demic vertebrate of the UAE, which was feared to be extinct, but
recently found by our team in five isolated localities across the UAE
East Coast (i.e. some of them being heavily developed; Figure 1).
The present study has applied an integrative conservation genomics
approach, providing detailed insights into the phylogenomics, pop-
ulation structure, demographic history, genomic diversity and muta-
tional load of A.caudivolvulus, in order to guide future conservation

plans for this species.

4.1 | Phylogeography and demographic
history of the Emirati Leaf-toed Gecko

Asaccus caudivolvulus is part of a clade of leaf-toed geckos that colo-
nized the Hajar Mountains through Iran about 20-10Ma, coincid-
ing with the uplift of the Zagros Mountains in Iran (Burriel-Carranza
et al., 2023). Since then, a species radiation has occurred with some
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FIGURE 5 Distribution of runs of homozygosity (ROH) and mutational load. (a) Proportion of the callable genome under long (>1 Mbp),
medium (0.5>ROH < 1 Mbp) and short (0.1 > ROH <0.5 Mbp) ROH (IROH, mROH and sROH respectively). Colours represent different
Asaccus species as in Figure 1. (b) Samples containing IROH (red bars) across chromosome 1, showing the distribution, amount and
fragmentation of IROH across the chromosome. Numbers after the last dash in the specimen code show locality numbers. All specimens
are of the species A. caudivolvulus, with the exception of the last two, which are an A.gardneri and A. margaritae, respectively. (c) Pearson's
correlation between the number (NROH) and cumulative sum of ROH length (SROH). Samples above the line suggest long-term inbreeding
and samples below the line support recent inbreeding. Numbers represent the locality code for each specimen. (d) Mutational load is given
as the number of high-impact deleterious alleles affecting each A. caudivolvulus specimen from populations 1-4. Total load: Sum of Masked
load and two times Realized load (counting each deleterious allele); Realized load: Number of deleterious alleles in homozygosity, thus being
expressed in the current generation; Masked Load: Number of deleterious alleles being observed in heterozygosity.

species dispersing south throughout the whole mountain range. on the coloration of the tail in males: the yellow-tailed clade (com-
Traditionally, this clade of Asaccus geckos had been divided into two posed by A. platyrhynchus and the dwarf Asaccus species A. gallagheri
monophyletic groups that can be phenotypically distinguished based and A.arnoldi); and the white-tailed clade (composed by A.gardneri,
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A.caudivolvulus and A.margaritae, and restricted to the Western
Hajars; Carranza et al., 2016; Simo-Riudalbas et al., 2018). However,
the monophyly of these two groups was contested by a recent phy-
logeny based on ddRADseq data (Burriel-Carranza et al., 2023),
which recovered A. margaritae as sister to all other Asaccus from the
yellow-tailed clade. In the present study, we corroborate this new
topology with strong and shallow support from the nuclear and mi-
tochondrial phylogenies, respectively. Therefore, we confirm A.mar-
garitae to be sister species to the yellow-tailed clade (Figure 2a and
Figure S3). These findings are also phenotypically congruent, since
A.margaritae juvenile specimens also present a yellow-copperish
tail (adult males do not), while juveniles from A.gardneri and A.cau-
divolvulus always present white tails with one to three dark bands
(Burriel-Carranza et al., 2022; Carranza et al., 2021).

The time-calibrated MSC species tree suggested that A.cau-
divolvulus diverged from its sister species A.gardneri approximately
5.05Ma, in the earliest split among described Arabian Asaccus spe-
cies (Figure 2a). In contrast to other Arabian Asaccus (e.g. A. gallagheri
or A.montanus; Figure S3), intraspecific divergence within A.cau-
divolvulus appears to be relatively recent, with the first split within
the species having occurred around 28,000years ago, separating
North Sharm specimens from the other localities (Figure 2b). Despite
the recent split among populations, we did not find clear evidence of
gene flow between them. Population structure analyses clearly sep-
arated specimens geographically (Figure 3a), with the exception of
the specimen from Wadi Wurayah National Park, which was partially
assigned to several populations until K=5 (Figure 3b). This popula-
tion is of particular interest, as it is found in the only locality that is
not by the sea (Figure 1). Despite extensive sampling in the area, the
specimens found in Wadi Wurayah National Park were exclusively
seen in rocks that had been translocated and placed within a parking
area at the entrance to the National Park. Additionally, this parking
area shows a distinct substrate composition compared to the natu-
ral surroundings of the wadi. Together, these observations suggest
that this population is probably the product of human introduction.
The provenance of this population remains unknown as it clustered
independently in the genomic space reconstructed by means of a
PCA (Figure 3a). However, given the genetic similarity to the A.cau-
divolvulus specimens from near Khor Fakkan, the geographic prox-
imity between this city and the National Park, and the number of
extraction sites surrounding the city, it appears plausible that the
origin of this population comes from an unsampled and possibly ex-
tinct population that probably occupied former outcrops surround-
ing Khor Fakkan.

The reconstruction of the demographic history of A.caudivolvu-
lus has shown that this species has not only been affected by cur-
rent anthropogenic coastal development, but also by a long history
of population declines and subsequent bottlenecks. In particular, a
steep population drop between 1.5 and 0.7 Ma with effective pop-
ulation sizes plummeting from approximately 150,000 specimens
to 60.000 was observed in A.caudivolvulus. This sudden decline
coincides with a population growth of its sister species, A.gardneri
(Figure 3c). Gardner's Leaf-toed Gecko is the largest Arabian Asaccus
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species, reaching up to 71 mm of snout-to-vent length, and it can
be considerably abundant at low elevations in wadis, caves and out-
crops in the Musandam Peninsula, reaching south until the Dibba
Line (Carranza et al., 2016, 2021). In the Musandam Peninsula, this
species partially shares its distribution with the smallest species of
the former white-tailed Asaccus clade, A.margaritae. In the regions
where both species are present (e.g. locality 7; Figure 1), A.margar-
itae only occurs in summits above 1300 m above sea level (asl), be-
yond the 1000 m maximum elevation that A. gardneri reach (Carranza
et al., 2021). However, in regions where these two species do not
coexist, A.margaritae can be found up to 125m a.s.l. (e.g. locality 11;
Figure 1). Considering that both species share similar habitat require-
ments and diets (Carranza et al., 2021), along with opposite popula-
tion trends—especially in locality 7—and the fact that A.gardneri is
larger and more agile than A.margaritae, suggests a scenario consis-
tent with the displacement of A.margaritae by A.gardneri towards
mountain summits through competitive interactions. Although cur-
rently occurring in allopatry, such displacement through competition
could have also occurred with the Emirati Leaf-toed Gecko, which
has a similar body size and habits as A.margaritae (Burriel-Carranza
et al., 2022), and would explain the dramatic population declines ob-
served in this species around 1 mya. However, as an alternative to
resource competition with other species, the dramatic population
drop in A.caudivolvulus could have been driven by the aridification
trends of the Arabian Peninsula. In contrast to A.margaritae and
A.gardneri, A. caudivolvulus seems to be constrained to habitats with
exceptionally high humidity (Carranza et al., 2016) which, conse-
quently, make this species especially susceptible to the ongoing arid-
ification of Arabia and especially to hyper-aridity episodes (Béhme
et al., 2021). After this first bottleneck, small fluctuations on effec-
tive population sizes in A.caudivolvulus, seemingly decoupled from
A.gardneri's demographic history, were also observed (Figure 3c).
Such fluctuations could have been the result of population declines
and growths responding to further Quaternary climatic fluctuations
on already displaced or reduced populations (Petraglia et al., 2018;
Roberts et al., 2018).

4.2 | Signals of recent inbreeding in an already
depauperate genome

Long-term population declines have left a genomic footprint in the
A.caudivolvulus genome in terms of much lower base heterozygosity
levels than other congeneric species (with the exception of A.nasrul-
lahi; Figure 4a and Figure S4). The loss of diversity in past bottle-
necks in A. caudivolvulus could have already diminished their genetic
toolkit, limiting the capacity of adaptation to new threats for this
species. The currently most diverse population (locality 1) has similar
heterozygosity levels as the Critically Endangered and long-termed
inbred Cross River gorilla (Xue et al., 2015), but an up to seven times
lower heterozygosity estimate (125 SNPs/Mbp) was found in the
specimen from Shark Island (locality 2), representing the lowest
heterozygosity values ever recorded in reptiles using whole genome

85UB017 SUOWILLOD AI81D 3ot [dde 8y} Aq peueAob 812 S9[o1e YO 8SN J0 S9N 10} Akeiq1 8UIIUO A8]IAN UO (SUONIPUOD-PUE-SWLBILIY™AB | 1M Aleq 1 puljuo//Sdny) SUONIPUOD pue swie | 841 88S * [1202/20/9T] Uo Ariqiiauluo Ajim ‘(101N) (ke elRpIo) WO BIusD Ugeziueblo 9150 Aq TSy, T 98W/TTTT 0T/I0p/L0Y A8 | im Akeiq | uljuo//Sdny Wolj pepeo|umod ‘0 'Xy62S9ET



BURRIEL-CARRANZA ET AL.

14 of 19
\YVAI A4 MOLECULAR ECOLOGY

resequencing (Gabrielli et al., 2023) and suggesting a scenario of se-
vere recent inbreeding (Figure 4a).

Recent and long-term inbreeding can also be evaluated through
the analysis of IBD segments represented by ROH. While sROH and
mROH are indicative of old population bottlenecks, IROH suggest a
recent history of inbreeding. While all A. caudivolvulus samples had a
higher percentage of their genome under ROH than any other con-
generic species (Figure 4b), the distribution of these into short, me-
dium and long fragments was not even among samples (Figure 5a-c).
The composition of ROH from the specimens found south of Khor
Fakkan (locality 1) was mostly of sSROH, suggesting that this popu-
lation was most likely not affected by recent inbreeding. In all other
localities, all samples presented a higher number of IROH than the
sum of mROH and sROH together, supporting recent inbreeding. It
is noteworthy that all of the latter localities were affected, up to
some extent, by habitat fragmentation, transformation or destruc-
tion that could be promoting inbreeding. Specimens from localities
2 and 4 are constrained to very small areas, the first one spanning
a 150x 60m stretch of rock and the second being restricted to an
islet of approximately 450x200m. Specimens from localities 3 and
5 have undergone a great deal of habitat destruction due to coastal
development on the UAE East coast (Figure 1).

Specimens from localities 3 and 5 show signals of a recent in-
breeding history. Specimen CN21141-3 from north of Khor Fakkan
had a maximum value of F,,,, of 0.26 (Figure 4b), which suggests
that its parents were related at approximately the level of full sib-
lings (Kardos et al., 2018). This is also supported by the correlation
between NROH and SROH (Figure 5c), where this specimen is found
below the regression line, suggesting a scenario of recent inbreed-
ing. This pattern is not apparent in the other sample from this locality
(CN21148-3), which was found slightly away from the construction
site (Figure 1). Exceptionally worrying are the results obtained from
the two temporal samples from north of Sharms. While specimen
S7866-5 (from 2013) already presented considerable levels of recent
inbreeding (Fyq,=0.28; Fpoyy10=0.13-0.23), the specimen sampled
9years later (CN21156-5), after the development of a hotel com-
plex that caused a notable amount of habitat destruction (Figure 1),
showed extremely high values of recent inbreeding (Fgn,=0.67,
FROH10=O'59_O'45)' Additionally, 83.5% of the observed IROH ac-
cumulated during the last 10 generations, suggesting a continuous
and successive mating between closely related individuals. Since
A.caudivolvulus seems to be a species with relatively low dispersal
capabilities (i.e. as observed by the lack of admixture between pop-
ulations at less than 3km from each other; Figure 3b), the mainte-
nance of each population's genetic pool is of utmost importance, as
itis not expected for migrants to arrive at new localities and increase
the genomic diversity. Hence the continuous inbreeding caused by
anthropic pressures may lead to reduced fitness and inbreeding de-
pression in this species if no measures are taken into consideration.
The case of rapid depauperation of genomic diversity observed in
the locality north of Sharms, foreshadows the effects that coastal
development may cause in other Asaccus populations if no conser-
vation management plans are implemented.

From the four localities with high F .., the only case that is
most probably not anthropologically driven, and therefore might
have been occurring for an extended period of time, is that of Shark
Island. Long-distance marine colonization in geckos has been re-
ported extensively, with dispersal across up to 6000km in some
cases (Carranza et al., 2000). Hence, only being about 400 m away
from another mainland Asaccus population, natural colonization of
Shark Island is more than probable to have occurred, even several
times. Island populations are expected to have high levels of in-
breeding, retaining lower population sizes due to limited resource
availability (Frankham, 1998). Despite being relatively close to main-
land, the extremely high frequency of ROH in specimen CN21128-2
(Figure 4b) suggests a high degree of inbreeding in the Shark Island
population. Surprisingly, although having an F ., of 62% (Figure 5a
and S4b), only between 2% and 12% of the genome was found to
be under ROH from inbreeding events in the last 10 generations
(Figure 4b, Table S3). Since ROH can be easily fragmented when
mating of non-related individuals occurs, such disparity could be in-
dicative of occasional migrants from the mainland adding diversity
to the island's genetic pool and thus preventing the population's col-
lapse. However, the large fraction of the genome under IROH older
than 10 generations suggest a long history of recurrent inbreeding,
which could also lead to reduced individual fitness and inbreeding
depression. Further studies should focus on analysing a larger sam-
ple size of A. caudivolvulus from Shark Island to assess the viability of

this population.

4.3 | Coping with inbreeding

Mutational load, the reduction in individual and mean popula-
tion fitness caused by recent deleterious mutations, can be parti-
tioned into two categories in diploid organisms: the realized load
and the masked load. The realised load (or expressed load) rep-
resents those alleles in homozygosity (assuming recessivity) that
reduce the fitness of the current generation. The masked load
(or potential load) is represented by those alleles in heterozygo-
sity carrying potentially harmful recessive variants (Bertorelle
et al., 2022). Therefore, long stretches of the genome being IBD
as a result of inbreeding or long demographic bottlenecks tend to
leave a footprint on the mutational load of an individual, which
should have lower masked loads and higher realized loads than
‘healthy’ specimens (Bertorelle et al., 2022). Some species seem
to be able to avoid inbreeding depression by purging of delete-
rious mutations and thus reducing their realised load. Although
this has been recently reported in several cases of endangered and
inbred species (Dussex et al., 2021; Kleinman-Ruiz et al., 2022;
Mochales-Riafio et al., 2023), including some examples of reptiles
like the Chinese crocodile lizard (Xie et al., 2022), it does not seem
to be the case in A. caudivolvulus. The specimen from Shark Island,
following the theoretical predictions after a prolonged bottleneck
(Bertorelle et al., 2022), had consistently higher realized load and
lower masked load than specimens from other localities, together
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with a higher total load than in other populations (Figure 5d and
Figure S5; Table S4). Such result is congruent with other analy-
ses suggesting a long-term bottleneck in Shark Island but adds
another layer of complexity for the survival of this species: Since
this result suggests that the species does not have the capability
to purge deleterious mutations, it becomes even more susceptible
to future threats.

However, as this analysis could not be carried out on A. caudivol-
vulus specimens from population 5, or be compared to any other
Asaccus species due to the effects of reference bias, further studies
are advisable to better understand the effects of mutational load
on leaf-toed geckos. Future work should focus on this direction, in-
cluding more specimens from each locality and using a reference
genome from a phylogenetically equidistant relative to all Asaccus
species (i.e. the Socotran endemic genus Haemodracon would rep-
resent the closest relative) when alternative reference genomes

become available.

5 | CONCLUSIONS

Here we provide a comprehensive and exhaustive conservation
genomics study on the Critically Endangered Emirati Leaf-toed Gecko
(Asaccus caudivolvulus), the only endemic vertebrate of the UAE. We
assembled a chromosome-level reference genome for the species
(constituting the first reference genome for the Phyllodactylidae
family) and provided whole genomes for 23 Asaccus specimens in-
cluding all Arabian species and three Iranian Asaccus. Despite the
discovery of A.caudivolvulus in five localities, results show that this
species is severely threatened. Signals of ancient and recent popula-
tion declines, extremely low genetic diversity, several evidences of
recent inbreeding, and low capabilities of purging of deleterious mu-
tations make this gecko especially vulnerable to any future stochas-
tic factor, whether demographic, environmental, catastrophic, or
genetic. Although some signals seem to be originating from natural
processes, the demise of this species has been evidently worsened
by the human activities through the UAE East Coast over the last
decade, which has undergone a rapid transformation with recurrent
destruction of the coastal outcrops that serve as the natural habitat
of the Emirati Leaf-toed Gecko.

We strongly advocate for the preservation of this species' habi-
tat, especially considering that relocation further north might not be
feasible due to the presence of its sister species, A.gardneri, which
could pose a threat through competition. Another viable approach
would be the implementation of ex situ breeding programmes for
this species. With a carefully planned breeding programme of un-
related individuals, the genetic diversity within the species could be
bolstered and thereby mitigate the IROH observed. However, fur-
ther studies including more individuals should be conducted to en-
sure the viability of such techniques. Altogether, results suggest that
this emblematic gecko species might be on the brink of extinction
and its survival in the wild might not be warranted unless immediate
protection is ensured.
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SUPPLEMENTARY FIGURES

Figure S1. Hi-C contact map for the Emirati Leaf-toed Gecko assembly. Map displays high identity within
20 primary linkage groups (scaffolds), supporting the existence of 11 macro-scaffolds (with low interaction
between other scaffolds) and 9 micro-scaffolds (with higher interaction between them), indicating a
chromosome-level assembly. Scaffolds are enclosed by blue lines.
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Figure S2. Genome assembly of Asaccus caudivolvulus illustrated as a BlobToolKit Snailplot. The plot
shows scaffold statistics for the 4. caudivolvulus assembly and BUSCO scores based on the

Vertebratea_odb10 set of orthologues, as well as GC and AT composition.
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Figure S3. Phylogenomic consensus tree for nuclear (a) and mitochondrial (b) data. (a) Maximum clade
credibility tree summarising 960 maximum likelihood phylogenomic trees of 100 kbp, obtained from non-
overlapping sliding windows along the reference genome of 4. caudivolvulus. Nodes with black circles
indicate a clade frequency over 0.95. (b) Maximum likelihood mitogenome phylogeny from a concatenated
assembly of 12,671 bp including 13 protein coding genes and two ribosomal genes. Bootstrap values above
85 and above 75 are represented by black and white circles, respectively. A. montanus was used as an
outgroup in both phylogenomic reconstructions. The legend of (a) also applies to (b) The numbers after
the last dash in the specimen codes represent the locality as in Table 1.
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Figure S4. Genomic diversity. (a) Genome-wide heterozygosity of all Asaccus species shown as SNPs per
Mbp. (b) Heterozygosities plotted across the genome of all Arabian Asaccus excluding 4. montanus. Given
on the left is the proportion of the genome under long ROH (Firon). Numbers within 4. caudivolvulus
specimens represent locality code. Dashed lines in the top half separate distinct non-4sacus species. To the
right, specimen code and locality code are given and separated by a long dash.
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Figure S5. Mutational load in 4. caudivolvulus. (a) Numbers of moderate-impact deleterious alleles found
in Total, Realized and Masked genetic load for specimens from localities 1—4. (b) Numbers of low-impact
deleterious alleles found in Total, Realized and Masked genetic load for specimens from localities 1-4.



SUPPLEMENTARY TABLES

Table S1. NextDenovo genome assembly metrics according to QUAST v.5.1.0. In black, the chosen minimum
read length for the final genome assembly.

Minimum read

Genome Size

Contig

length (bp) (Gb) Contig n N50 (Mb) Contig L50
1000 1.73 251.00 23.70 22.00
3000 1.73 255.00 22.60 26.00
5000 1.73 259.00 20.40 25.00
8000 1.73 266.00 21.90 24.00

Table S2. Genome wide heterozygosity rate for several mammal, reptile and bird species, including references to the

publications where the data has been extracted from.

Species SNPs/Mbp Publication Doi
Lister's gecko 5000 Dodge et al., 2023 https://doi.org/10.1111/1755-0998.13780
Sumatran Orangutan 1200 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Giant Panda 1120 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
African wild dog 1100 Armstrong et al., 2019 https://doi.org/10.1093/gigascience/giy124
Monocled cobra 1076 Thongchum et al., 2019 https://doi.org/10.1038/s41598-019-51863-w
Cross River gorilla 985 Xue et al., 2015 https://doi.org/10.1126/science.aaa3952
Chimpanzee 950 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Arabian dromedary 740 Guang et al., 2014 https://doi.org/10.1038/ncomms6 188
Naked mole rat 680 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Human (Korean) 660 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Giant otter 628 Beichman et al., 2019 https://doi.org/10.1093/molbev/msz101
African Lion 580 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Minke whale 530 Yim et al., 2014 https://doi.org/10.1038/ng.2835
Amur tiger 490 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Kaképo 400 Dussex et al., 2021 https://doi.org/10.1016/j.xgen.2021.100002
Tasmanian devil 320 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Aeolian wall lizard 267 Gabrielli et al., 2023 https://doi.org/10.1093/jhered/esad014
Wolverine 240 Ekblom et al., 2018 https://doi.org/10.1111/cobi.13157
Snow leopard 230 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Cheetah 200 Dobrynin et al., 2015 https://doi.org/10.1186/s13059-015-0837-4
Altai Neandertal 170 Priifer et al., 2014 https://doi.org/10.1038/nature 12886
Domestic cat (inbred) 120 Cho et al., 2013 https://doi.org/10.1038/ncomms3433
Iberian lynx 102 Abascal et al., 2016 https://doi.org/10.1186/s13059-016-1090-1
Island fox 14 Robinson et al., 2016 https://doi.org/10.1016/j.cub.2016.02.062
Pyrenean desman 12 Escoda and Castresana, 2021 https://doi.org/10.1111/eva.13249




Table S3. ROH analyses on Asaccus specimens. FROH: Proportion of the genome under ROH; FIROH: Proportion of the genome under long ROH > 1Mbp;
FmROH: Proportion of the genome under medium ROH (0.5 > ROH < 1Mbp); FsROH: Proportion of the genome under short ROH (0.1 >ROH < 0.5
Mbp); FROH10: Proportion of the genome under ROH from inbreeding events in the last 10 generations. Lower and upper numbers in FROH10 show the
FROHI10 according to the higher and lower extremes of squamate recombination rates represented by Trapelus sanguinolentus and Anolis carolinensis
respectively (see Materials and Methods).

Species Sample code FROH FIROH FmROH FsROH FROH10
A. caudivolvulus CN21121-1 0.23 0.07 0.02 0.14 0.01-0.03
A. caudivolvulus CN21123-1 0.21 0.04 0.02 0.14 0-0.01
A. caudivolvulus CN21125-1 0.18 0.02 0.02 0.14 0-0.01
A. caudivolvulus CN21128-2 0.89 0.63 0.13 0.13 0.02-0.13
A. caudivolvulus CN21141-3 0.55 0.43 0.05 0.08 0.14-0.27
A. caudivolvulus CN21148-3 0.38 0.22 0.06 0.11 0.03-0.06
A. caudivolvulus S7866-5 0.39 0.29 0.02 0.08 0.14-0.23
A. caudivolvulus CN21156-5 0.72 0.67 0.01 0.03 0.45-0.59
A. caudivolvulus CN21161+4 0.24 0.16 0.01 0.07 0.09-0.13
A. gardneri CN21154-9 0.12 0.03 0.02 0.08 0-0.01
A. gardneri CN21164-8 0.05 0.01 0.01 0.04 -
A. margaritae CAS250892-10 0.19 0.01 0.02 0.16 -
A. margaritae CN7126-7 0.02 0.00 0.00 0.02 -
A. margaritae CN749-11 0.06 0.00 0.01 0.05 -
A. platyrhynchus ZFMK84264-14 0.09 0.00 0.00 0.09 -
A. arnoldi CN10790-16 0.03 0.00 0.01 0.02 -
A. gallagheri CN2593-13 0.01 0.00 0.00 0.01 -
A. gallagheri CN8387-6 0.01 0.00 0.00 0.01 -




Table S4. Mutational load represented as number of low, moderate, and high-impact alleles affecting each A. caudivolvulus specimen from localities 1-4.
Total load: sum of Masked load and two times Realized load (counting each deleterious allele); Realized load: number of deleterious alleles in
homozygosity, thus being expressed in the current generation; Masked Load: Number of deleterious alleles being observed in heterozygosity.

Total load Realized Load Masked Laod
Sample Population
LOW MODERATE HIGH | LOW MODERATE HIGH | LOW MODERATE HIGH
CN21121 1 52107 23817 504 15453 6991 141 21201 9835 222
CN21123 1 51936 23490 500 14740 6703 142 22456 10084 216
CN21125 1 52001 23911 497 14686 6693 146 22629 10525 205
CN21128 2 52871 24671 520 25065 11609 240 2741 1453 40
CN21148 3 51375 23317 481 16516 7684 165 18343 7949 151
CN21141 3 51392 23414 480 19454 8839 174 12484 5736 132
CN21161 4 50777 23011 463 13978 6374 122 22821 10263 219
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