American
\ Genetic
| o g0 OXFORD
I Association

Journal of Heredity, 2023, XX, 1-7
https://doi.org/10.1093/jhered/esad014
Advance access publication 2 March 2023

Genome Resources

G

Genome Resources

A high-quality reference genome for the critically
endangered Aeolian wall lizard, Podarcis raffonei

Maéva Gabrielli*(2, Andrea Benazzo' ">, Roberto Biello'>, Lorena Ancona?'?, Silvia Fuselli'=,
Alessio lannucci®(”, Jennifer Balacco*(>, Jacqueline Mountcastle*(>, Alan Tracey>”,

Gentile Francesco Ficetola®’2, Daniele Salvi®'2, Marco Sollitto®'>, Olivier Fedrigo*(~,

Giulio Formenti®**(2, Erich D. Jarvis*"*(2, Marco Gerdol*{2, Claudio Ciofi*), Emiliano Trucchi*(,
Giorgio Bertorelle™

'Department of Life Sciences and Biotechnology, University of Ferrara, Ferrara, Italy,

2Department of Life and Environmental Sciences, Marche Polytechnic University, Ancona, ltaly,

*Department of Biology, University of Florence, Florence, Italy,

“\ertebrate Genome Laboratory, The Rockefeller University, New York, NY, United States,

STree of Life, Wellcome Sanger Institute, Cambridge, United Kingdom,

SDepartment of Environmental Sciences and Policy, University of Milan, Milan, Italy,

Laboratoire d’Ecologie Alpine (LECA), CNRS, Université Grenoble Alpes and Université Savoie Mont Blanc, Grenoble, France,
®Department of Health, Life & Environmental Sciences—University of L'Aquila, LAquila, Italy,

*Department of Life Sciences, University of Trieste, Trieste, Italy,

"Howard Hughes Medical Institute, Chevy Chase, MD, United States

“These authors contributed equally.
Address correspondence to M. Gabrielli at the address above, or e-mail: maeva.gab@hotmail fr.

Corresponding Editor: Christopher Blair

Abstract

The Aeolian wall lizard, Podarcis raffonei, is an endangered species endemic to the Aeolian archipelago, Italy, where it is present only in 3 tiny
islets and a narrow promontory of a larger island. Because of the extremely limited area of occupancy, severe population fragmentation and
observed decline, it has been classified as Critically Endangered by the International Union for the Conservation of Nature (IUCN). Using Pacific
Biosciences (PacBio) High Fidelity (HiFi) long-read sequencing, Bionano optical mapping and Arima chromatin conformation capture sequencing
(Hi-C), we produced a high-quality, chromosome-scale reference genome for the Aeolian wall lizard, including Z and W sexual chromosomes. The
final assembly spans 1.51 Gb across 28 scaffolds with a contig N50 of 61.4 Mb, a scaffold N50 of 93.6 Mb, and a BUSCO completeness score of
97.3%. This genome constitutes a valuable resource for the species to guide potential conservation efforts and more generally for the squamate
reptiles that are underrepresented in terms of available high-quality genomic resources.
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Introduction the Aeolian wall lizard has been listed as Critically Endangered
in the Red List of Endangered Species of the ITUCN (2009).

The main threats to its survival include interactions with
the invasive Italian wall lizard Podarcis siculus, combined
with habitat degradation (Capula et al. 2002). This is partic-
ularly visible on the island Vulcano, where the intense hab-
itat change that occurred in the last 50 yr may have favored
the spread of P. siculus, leading to a sharp decline in the P.
raffonei population (Capula et al. 2002).

The Aeolian wall lizard Podarcis raffonei (Fig. 1A) is one of the
most endangered vertebrate in Europe (Gippoliti et al. 2017).
It is endemic to 4 islands of the Aeolian archipelago, located
North-East of Sicily, with an extremely restricted distribution
range including 3 islets less than 0.01 km? (La Canna, Scoglio
Faraglione, Strombolicchio) and a larger island (Vulcano,
21.2 km?) where it currently occupies nonetheless a very lim-

ited area (Bonardi et al. 2022). The total area of occupancy " ‘ h )
has been estimated to be as small as 5,000 m? (Ficetola et The production of highly contiguous genomes has greatly ac-

al. 2021) and the total population size is estimated at about celerated in the last decade, refining our understanding of the
2,000 individuals (Capula et al. 2002; Lo Cascio et al. 2014; genomic basis of organismal traits, the chromosome evolution,

Gippoliti et al. 2017; Ficetola et al. 2018, 2021). As a result and allowing the detection of natural selection through genomic
’ ’ ’ ’ ’ > scans (Geneva et al. 2022). Furthermore, reference genomes can
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Fig. 1. A) Photography of an individual of Podarcis raffonei, on La Canna stack (Photo credit: Daniele Salvi), and visual overview of genome assembly
metrics. B) K-mer spectra output and corresponding genome size and heterozygosity estimated with GenomeScope 2.0. C) BlobToolKit Snail plot
showing a graphical representation of the quality metrics presented in Table 2 for the Podarcis raffonei primary assembly (rPodRaf1.pri). D) Hi-C contact
map for the 20 scaffolds of the primary genome assembly generated with PretextSnapshot.

be key for conservation genomics as they may permit, in combi-
nation with whole-genome resequencing data, to assess genetic
diversity, investigate inbreeding depression, or characterize del-
eterious mutations (Formenti et al. 2022b). High-quality refer-
ence genomes are unevenly distributed across the tree of life,
and some clades, such as the squamate reptiles, are underrepre-
sented (Pinto et al. 2022; Card et al. 2023).

Here, we present a high-quality chromosome-scale refer-
ence genome for the Aeolian wall lizard, produced as part
of the Endemixit project (www.endemixit.com). Our final
genome assembly spans 1.51 Gb across 28 scaffolds, with a

scaffold N50 of 93.6 Mb and a BUSCO completeness score
of 97.3%. This high-quality reference genome is a valu-
able resource to assess the genetic diversity in the 4 extant
populations of the Aeolian wall lizard and better develop the
conservation strategy for this species.

Methods

Biological materials

An adult female was collected on the 31st of July 2020
by D. Salvi on the stack of La Canna (38°34'56.13”N to
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14°31716.61”E; see Supplementary Fig. 1), in the Aeolian ar-
chipelago, in a small terrace at 50 m a.s.l. on the eastern slope
of the stack, reached by climbing with the technical assistance
of the mountain guide Lorenzo Inzigneri. A piece of tail was
cut and immediately frozen in liquid nitrogen until the final
storage at —80 °C.

Nucleic acid extraction, library preparation, and
sequencing

All the following steps were carried out at the Vertebrate
Genomes Project (VGP, https://vertebrategenomesproject.
org/) lab. High molecular weight (HMW) DNA was extracted
from muscle with the Circulomics HMW DNA extraction
standard TissueRuptor protocol with the Nanobind Tissue
Big DNA Kit (PN NB-900-701-01). DNA absorbance was
checked as quality and purity control with Nanodrop and av-
erage fragment length was verified with a Pulsed Field Gel
Electrophoresis (PFGE).

Genomic data from 3 different sequencing technologies
were used for the assembly: Pacific Biosciences (PacBio) High
Fidelity (HiFi) reads, Bionano optical maps, and Hi-C reads
from Arima Genomics.

PacBio HiFi libraries were prepared using the Pacific
Biosciences Express Template Prep Kit 2.0. The library was
then size selected (>10 kb) using the Circulomics Short Read
Eliminator. The PacBio library was sequenced on 2 PacBio
8M v3 SMRT Cells on a PacBio Sequel IT and 1 PacBio 8M
SMRT Cell on a PacBio Sequel Ile using the sequencing kit
2.0 and a 30-h movie.

An aliquot of the HMW DNA was labeled for Bionano
Genomics optical mapping using the Bionano Prep Direct
Label and Stain (DLS) Protocol and run on 1 Saphyr instru-
ment chip flowcell.

Hi-C libraries were generated by Arima Genomics (https:/
arimagenomics.com/) using muscle in vivo cross-linking
with the Arima-HiC kit with 2-enzyme proximity ligation.
Proximally ligated DNA was subjected to shearing, size selec-
tion (~200 to 600 bp) with SPRI beads, and enrichment with
streptavidin beads for the biotin-labeled DNA. KAPA Hyper
Prep kit was employed to generate libraries compatible with
[llumina technologies. Libraries were amplified through PCR,
purified with SPRI beads and sequenced on an Illumina HiSeq
X (~60x coverage) after a quality check with Bioanalyzer and
qPCR.

Nuclear genome assembly

The genome of the Aeolian wall lizard was assembled following
the VGP assembly pipeline v2.0 (Rhie et al. 2021), as outlined
in Table 1. Briefly, PacBio HiFi long reads were processed
using hifiasm (Cheng et al. 2021, 2022) producing a set of
primary contigs representing the initial haploid assembly and
separating alternative haplotypic variants. Primary contigs
were then processed with purge_dups (Guan et al. 2020) to
identify residual haplotype duplication in the assembly. Such
duplicated sequences were moved to the alternate assembly
that was then exposed to a second round of purge_dups to
obtain the final set of nonredundant haplotypic variants.
Primary contigs were anchored to scaffolds using Bionano
optical maps, adjusting the gap size according to the observed
optical distance with the bionano_solve pipeline v3.6.1 (Chan
et al. 2018). A second round of scaffolding was performed
using Hi-C data. Paired-end reads were aligned to the primary
assembly using the Arima genomics’ pipeline (https:/github.

com/ArimaGenomics/mapping_pipeline) and the obtained
contact data were used to guide the scaffolding procedure
using salsa2 (Ghurye et al. 2017, 2019). Hi-C contact maps
were generated and visually inspected using PretextSuite
(https://github.com/wtsi-hpag/PretextView;  https:/github.
com/wtsi-hpag/PretextMap;  https://github.com/wtsi-hpag/
PretextSnapshot) before and after the last scaffolding step.
The resulting primary and alternate assemblies were screened
for residual contaminations (Howe et al. 2021) and manual
curation was performed on the primary assembly using the
gEVAL browser release 73 (Howe et al. 2021), PretextView
and HiGlass (Kerpedjiev et al. 2018) to anchor scaffolds to
chromosomes and check their coherence.

Genome size estimation and quality assessment

We estimated the genome size from the PacBio HiFi reads
using a k-mer-based approach. The distribution of k-mers of
length 21 was generated using meryl v1.3 (Miller et al. 2008)
and GenomeScope 2.0 (Ranallo-Benavidez et al. 2020) was
subsequently used to infer the genome length, genome-wide
heterozygosity, and error rate.

We assessed the quality of our genome assembly using
2 independent methods. First, we used the BUSCO quality
control tool to check for genome completeness using a set
of conserved single-copy orthologous genes. We ran BUSCO
v5.3.2 (Manni et al. 2021) in the genome mode with default
parameters on the tetrapod dataset (tetrapoda_odb10) that
contains 5,310 orthologous genes. Second, we used Mercury
v1.3 (Rhie et al. 2020) to estimate the base level accuracy (QV)
and the assembly completeness comparing the k-mers in the
assembly and those observed in the HiFi reads. All assembly
metrics were computed using gfastats v1.2.3 (Formenti et al.
2022a).

Identification of repetitive elements and gene
annotation

To identify repetitive elements, we first generated a de novo
repeat library using the Extensive de novo TE Annotator
(EDTA) v1.9.9 (Ou et al. 2019) and DeepTE (Yan et al. 2020)
to refine classifications within this library. We then used the
final library to mask the genome with RepeatMasker v4.1.2
(Smit et al. n.d.). We used the same pipeline to identify repeats
in the genome of Podarcis muralis (assembly PodMur_1.0;
Andrade et al. 2019).

For gene prediction, we first downloaded RNA-seq reads
available on NCBI from various tissues of closely related spe-
cies (4 species of the genus Podarcis; see Supplementary Table
1). Quality control and trimming for adapters and low-quality
bases (quality score <20) of the raw reads were performed
using fastqc v0.11.8 (Andrews 2010) and TrimGalore v0.5.0
(https://github.com/FelixKrueger/TrimGalore), respectively.
High-quality reads were then mapped to the soft-masked
assembly with hisat2 v2.1.0 (Kim et al. 2015), and sorted
with samtools v1.10 (Li et al. 2009). All the BAM files were
filtered to remove invalid splice junctions with Portcullis
v1.1.2 (Mapleson et al. 2018). Filtered RNA-seq alignments
were passed to Braker v2.1.6 (Hoff et al. 2016, 2019), to-
gether with amino acid sequences of the whole exome of 22
closely related species from the order Squamata belonging
to 11 families including 3 Lacertidae (P. muralis, Lacerta
agilis, and Zootoca vivipara; see Supplementary Table 2).
The Braker gene prediction pipeline was run with the options
“--softmasking --prg=gth --gth2traingenes.” The resulting
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Table 1. Pipeline and software used for the genome assembly.
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Assembly Software Version
K-mer counting Meryl 1.3
Estimation of genome size and heterozygosity GenomeScope2 2.0
De novo assembly (contigging) HiFiasm 0.16.1-r375
Remove low-coverage, duplicated contigs purge_dups 1.2.5
Scaffolding
Bionano scaffolding bionano_solve 3.6.1
Hi-C mapping for SALSA Arima Genomics mapping pipeline Commit 2e74ea4
Hi-C scaffolding salsa2 2.3
Hi-C contact map generation
Short-read alignment Bwa 0.7.17
SAM/BAM processing Samtools 1.10
Pairs processing Bedtools 2.30
Contact map visualization PretextView 0.2.2
PretextMap 0.1.8
PretextSnapshot 0.0.4
Genome assembly refinement
Manual curation and contamination screening gEVAL Release 73
Genome quality assessment
Basic assembly metrics Gfastats 1.2.3
Assembly completeness BUSCO 532
Merqury 1.3
Repeat element identification
Repeat identification EDTA 1.9.9
DeepTE Commit babdé5e
Repeat annotation RepeatMasker 4.1.2
Gene annotation
RNA-seq read quality control Fastqc 0.11.8
TrimGalore 0.5.0
Mapping RNA-seq reads genome hisat2 2.1.0
Filtering splice junctions Portcullis 1.1.2
Gene prediction Braker 2.1.6
Comparison to P. Muralis
Genome-genome alignment minimap2 2.22
Synteny visualization Circos 0.69-8

gene set was further filtered by evidence, keeping only gene
predictions supported by RNA-seq or protein evidence using
a BRAKER2 script (selectSupportedSubsets.py). The com-
pleteness of the final gene set was checked with BUSCO
v5.3.2 (Manni et al. 2021) using the longest transcript of each
gene as the representative transcript.

Mitochondrial genome sequencing and assembly
To characterize the entire sequence of the mitochondrial DNA
via Sanger sequencing, we designed 4 different, and partially
overlapping, amplicons of expected length between 4 and
7.3 kb. Primers were designed based on mitochondrial DNA
sequences of congeneric species (P. siculus NC_011609.1, P.
muralis NC_011607 and NC_011609). Amplifications were
carried out starting from 50 ng of extracted DNA, in a 50 pL
reaction with 0.2 pM primers and 1.25 u of PrimeSTAR GXL
DNA Polymerase. Amplification primers and additional in-
ternal primers were used for Sanger sequencing reactions (see
Supplementary Table 3). Fragments were visually inspected
and manually assembled to reconstruct the mitochondrial
sequence.

Comparative analyses with P muralis

We performed a synteny comparison with the P.muralis assembly
(PodMur_1.0; Andrade et al. 2019), the only chromosome-
scale assembly presently available for the Podarcis genus.
Phylogenetic reconstructions based on whole-genome data
suggest that the 2 species diverged ~18 Mya during Miocene
(Yang et al. 2021). We used minimap2 (Li 2018) to map the
genome assembly of P. raffonei to the genome reference of P.
muralis allowing a maximum sequence divergence of 5% (pa-
rameter -x asm20). We then filtered the alignment by mapping
quality (>60) and length of the mapped fragments (>1 Mb)
and plotted the alignment between the 18 autosomes and Z
sexual chromosome (the W chromosome being absent from the
P. muralis assembly) using Circos v0.69-8 (Krzywinski et al.
2009). Synteny between the 2 species was finally used to anno-
tate the scaffolds of the P. raffonei assembly as chromosomes.

Results

The final genome size (1.51 Gb) is in agreement with the size
estimated from the k-mer analysis with GenomeScope 2.0
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(Fig. 1B) and very close to the genome size of P. muralis (1.51
Gb, Andrade et al. 2019). The k-mer spectrum shows a bi-
modal distribution with 2 major peaks, at ~20- and ~40-fold
coverage, corresponding to heterozygous and homozygous
states, respectively. Based on PacBio HiFi reads, we estimated
a 0.159% sequencing error rate and a 0.177% nucleotide het-
erozygosity rate (Fig. 1B). The mitochondrial genome size is
17,038 bp, in agreement with the mitochondrial genome size
of other species of Podarcis (17,311 bp for P. muralis and
17,297 bp for P. siculus; Podnar et al. 2009). The primary
assembly contains 28 scaffolds for a total length of 1.51 Gb,
with a contig N50 of 61.4 Mb, a scaffold N50 of 93.6 Mb, a
longest contig size of 104.8 Mb, and a longest scaffold size of

Table 2. Genome assembly statistics.

Measure rPodRaf1

Total length 1.513 Gb
Number of scaffolds 28
Scaffold LS0/N50 7 scaffolds; 93.6 Mb

Longest scaffold 139.1 Mb
Number of contigs 53
Contig L50/N50 10 contigs; 61.4 Mb
Longest contig 104.8 Mb
BUSCO completeness 97.3%
Single copy 5,095
Duplicated 67
Fragmented 34
Missing 114
Total 5,310

Fig. 2. Comparison of the chromosomal structure between the 18
autosomal chromosomes and Z chromosome between F raffonei (right)
and P muralis (left). The different colors correspond to the different
chromosomes of R raffonei. The chromosomes were aligned using
minimap2 and the resulting alignment between fragments longer than
1 Mb is represented with a ribbon plot using Circos.

139.1 Mb (Table 2; Fig. 1C). The alternate assembly contains
4,811 scaffolds spanning 182 Mb, having a N50 of 38.4 kb.

This assembly is highly contiguous, as shown in the Hi-C
contact map (Fig. 1D), with the 20 first scaffolds being of
chromosome length and corresponding to the 18 autosomes
and the 2 sexual chromosomes Z and W (see Supplementary
Table 4). The sequencing depth of the HiFi reads along
chromosomes is approximately uniform and does not re-
veal discrepancies in the assembly (see Supplementary Fig.
2). The completeness of the assembly is very high, with a
BUSCO completeness score of 97.3% ([Single copy: 96.0%,
Duplicated: 1.3%], Fragmented: 0.6 %, Missing: 2.1%) using
the tetrapod gene set and a k-mer completeness of 99.5%.
Per base quality (QV) as estimated by Merqury is 62, corre-
sponding to less than 1 incorrect nucleotide per megabase.

In total, 22,463 protein-coding genes were predicted.
The BUSCO completeness of the gene annotation using the
same tetrapod gene set was 92.1% ([Single copy: 91.1%,
Duplicated: 1.0%], Fragmented: 3.9%, Missing: 4.0%). The
identification of repetitive elements resulted in a 48.2% repeat
content, falling within the range of repeat contents for other
squamate species (24.4% to 73.0%; Pasquesi et al. 2018). In
Lacertidae and Teiidae, the repeat content was estimated to
be 45.1% and 44.5%for P. muralis and Salvator merianae
(Roscito et al. 2018), respectively (see Supplementary Tables 5
and 6). The major class of repetitive elements was constituted
by LTR elements and DNA transposons (see Supplementary
Table 5).

The alignment of the genomes of P. muralis and P. raffonei
revealed a very high congruency in the chromosomal organ-
ization (Fig. 2). The only chromosomal segment that did not
map to the homologous chromosome from the other species
was a 1.5 Mb segment of the chromosome 2 of P. raffonei that
mapped to the chromosome 18 of P. muralis. We analyzed
the depth of coverage profile and the reads mapping in the
edges of this segment of chromosome 2 in P. raffonei and did
not find any discrepancies in the assembly (see Supplementary
Fig. 3). The 2 species have a similar number of genes (24,656
protein-coding genes were predicted in P. muralis; Andrade
et al. 2019).

Discussion

We present here the first chromosome-scale genome assembly
for the Aeolian wall lizard (scaffold N50 of 93.6 Mb). Several
metrics indicate that our genome assembly possesses a very
high quality being chromosome-scale, accurate and complete.
It constitutes a useful resource for squamates, a group com-
posed of ~11,000 species for which only 29 high-quality ge-
nome assemblies are currently available (Card et al. 2023). In
comparison to the other squamates, the P. raffonei assembly
has a high scaffold N50 and the highest BUSCO completeness
score (see Supplementary Table 6).

The alignment between the genomes of P. raffonei and P.
muralis showed a very high synteny, suggesting that both
assemblies are structurally accurate and that the 2 species
share a very similar chromosomal organization. Only 1 seg-
ment of the chromosome 2 of P. raffonei mapped to the chro-
mosome 18 of P. muralis. This finding could be a biological
chromosomal rearrangement between these 2 species (that
belong to distinct clades of the genus Podarcis; Salvi et al.
2021; Yang et al. 2021) or a disjunction in the genome as-
sembly of P. muralis.
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The genome assembly of the Aeolian wall lizard, one of
the most endangered vertebrate species in Europe, is a useful
resource to better plan conservation efforts. Previous studies
have highlighted that the Aeolian wall lizard exhibits low
levels of genetic diversity and that the populations inhabiting
different islands show a very reduced gene flow, constituting
additional threats to this species (Capula 2004). Accordingly,
our genome assembly suggests a very low heterozygosity
(0.177% as estimated by GenomeScope), the lowest value
documented among 7 species belonging to distinct squa-
mate families (see Supplementary Table 6). The genome
resequencing of several individuals from different islands is in
progress to comprehensively characterize the genetic diversity
of this species and evaluate its extinction risk.

Supplementary material

Supplementary material is available at Journal of Heredity
online.
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