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Abstract  53 

Background The central bearded dragon (Pogona vitticeps) is widely distributed in central 54 

eastern Australia and adapts readily to captivity. Among other attributes, it is distinctive because 55 

it undergoes sex reversal from ZZ genotypic males to phenotypic females at high incubation 56 

temperatures. Here, we report an annotated telomere to telomere phased assembly of the genome 57 

of a female ZW central bearded dragon. 58 

Results Genome assembly length is 1.75 Gbp with a scaffold N50 of 266.2 Mbp, N90 of 28.1 59 

Mbp, 26 gaps and 42.2% GC content. Most (99.6%) of the reference assembly is scaffolded into 60 

6 macrochromosomes and 10 microchromosomes, including the Z and W microchromosomes, 61 

corresponding to the karyotype. The genome assembly exceeds standard recommended by the 62 

Earth Biogenome Project (6CQ40): 0.003% collapsed sequence, 0.03% false expansions, 99.8% 63 

k-mer completeness, 97.9% complete single copy BUSCO genes and an average of 93.5% of 64 

transcriptome data mappable back to the genome assembly. The mitochondrial genome (16,731 65 

bp) and the model rDNA repeat unit (length 9.5 Kbp) were assembled. Male vertebrate sex genes 66 

Amh and Amhr2 were discovered as copies in the small non-recombining region of the Z 67 

chromosome, absent from the W chromosome.  68 

This, coupled with the prior discovery of differential Z and W transcriptional isoform 69 

composition arising from pseudoautosomal sex gene Nr5a1, suggests that complex interactions 70 

between these genes, their autosomal copies and their resultant transcription factors and 71 

intermediaries, determines sex in the bearded dragon.  72 

Conclusion This high-quality assembly will serve as a resource to enable and accelerate research 73 

into the unusual reproductive attributes of this species and for comparative studies across the 74 

Agamidae and reptiles more generally. 75 

 76 

Keywords: Squamata; Agamidae; lizard; AusARG; sex determination 77 

Species Taxonomy 78 

Eukaryota; Animalia; Chordata; Reptilia; Squamata; Iguania; Agamidae; Amphibolurinae; 79 

Pogona; Pogona vitticeps (Ahl, 1926) (NCBI:txid103695). 80 
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Graphical Abstract 81 

 82 

Introduction 83 

The family Agamidae, commonly known as dragon lizards, is a diverse group of lizards found in 84 

Africa, Asia, Australia, the Western Pacific, and warmer regions of Southern Europe. The 85 

Agamidae family is well represented in Australia, in part because of their successful radiation in 86 

response to the progressive aridification of the Australian continent during the Pleistocene. New 87 

species are continually being described, but on recent count they comprise 81 species in 15 88 

genera (Cogger 2018) that occupy a very wide array of habitats ranging from the inland deserts 89 

to the mesic habitats of the coast and the Australian Alps below the tree-line. The family 90 

includes some iconic species such as the thorny devil Moloch horridus and the frillneck lizard 91 

Chlamydosaurus kingii. Less spectacular perhaps is the central bearded dragon Pogona vitticeps 92 

(Ahl, 1926), a widely distributed species of Amphibolurine dragon common in central eastern 93 

Australia (Figure 1). The bearded dragon feeds on insects and other invertebrates, but a 94 

substantial component of the diet of adults is vegetable matter. It lives in the dry sclerophyll 95 

forests and woodlands in the southeast of its range, mallee and arid acacia scrublands further 96 

north and west, and the sandy deserts of the interior. Semi-arboreal, the species often perches on 97 

fallen timber and tree branches only to retreat to ground cover when disturbed.  98 
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Central bearded dragons adapt readily to captivity, lay large clutches of eggs several 99 

times per season, and are commonly kept as a pet in Europe, Asia, and North America. These 100 

attributes also increase its value as a popular reptile research model in a range of disciplines 101 

(Ollonen et al., 2018; Bonnan et al., 2024; Chandrasekara et al., 2024; Fenk et al., 2024; 102 

Nagashima et al., 2024; Razmadze et al., 2024). Central bearded dragons are a particularly 103 

compelling model species for sex determination because they display temperature-induced sex 104 

reversal in the laboratory and in the wild (Quinn et al., 2007; Holleley et al., 2015; Castelli et al., 105 

2021). The sex chromosomes of central bearded dragons are poorly differentiated 106 

morphologically. They exhibit female heterogamety (ZZ/ZW sex chromosome system, Ezaz et 107 

al., 2005) with 6 macrochromosome pairs and 10 microchromosome pairs (Witten, 1983) that 108 

includes the sex microchromosome pair (Ezaz et al., 2005). BAC sequences have been physically 109 

mapped uniquely to each of the chromosomes (Young et al., 2013; Deakin et al., 2016).  110 

Sex determination in this species is particularly subtle until now with no substantial 111 

difference between the Z and W chromosome gene content or single-copy sequence (Zhang et 112 

al., 2022). The developmental program initiated by chromosomal sex determination can be 113 

reversed by high incubation temperature, allowing for investigations of environmental influences 114 

on fundamental developmental processes. Research in these areas of interest will be greatly 115 

facilitated by applying modern sequencing technologies to generate a high-quality draft genome 116 

assembly for the central bearded dragon. The ability to generate telomere to telomere (T2T) 117 

assemblies of the sex chromosomes and identify the non-recombining regions within which lies 118 

any master sex determining gene will greatly narrow the field of candidate sex determining genes 119 

in species with chromosomal sex determination. Furthermore, the disaggregation of the Z and W 120 

sex chromosome haplotypes (phasing) will allow comparisons of the Z and W sequences to 121 

gauge putative loss or difference in function of key sex gene candidates. 122 

In this paper, we present a draft annotated telomere to telomere phased assembly of the 123 

genome of the Australian central bearded dragon as a resource to enable and accelerate research 124 

into the unusual reproductive attributes of this species and for comparative studies across the 125 

Agamidae and reptiles more generally. This is a vastly improved assembly in comparison with 126 

an earlier assembly based on Illumina short-read technology published in 2015 (Georges et al., 127 

2015). 128 
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 129 

Figure 1. The central bearded dragon Pogona vitticeps and the distribution of the species based on records from 130 
Australian museums (via Atlas of Living Australia https://www.ala.org.au/). 131 

 132 
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 133 
Figure 2. Schematic overview of workflow for sequencing, assembly and annotation of the genome of the central 134 
bearded dragon Pogona vitticeps. Target: Earth Biogenomes Project standard 6CQ40 (Lawniczak et al., 2022). 135 
Illumina 134 bp PE reads (Table S6) were not used directly in the assembly, but for quality assessment of the genome. 136 
Quality control workflow not shown. Repeat annotation was undertaken with Repeatmasker (4.1.2-p1, Smit et al., 137 
2013-2015). Refer to Table S1 for software used in this project. 138 
 139 

Materials and Methods 140 

Sample collection 141 

DNA samples were obtained from a blood sample taken from a single female Pogona vitticeps 142 

(RadMum, UCID Pit_001003342236) collected on 15-Mar-2011 on a road verge 62 km west of 143 

Eulo on Adventure Way, Queensland (GPS -28.099000 144.433000). It was verified as a ZW 144 

female using sex-linked polymerase chain reaction (PCR) markers (Holleley et al., 2015). 145 

An additional 3 adult individuals were sampled to provide tissues (brain, heart, kidney, liver, 146 

lung, skeletal muscle, testes, ovary), complemented by embryonic brain and gonad, for 147 

transcriptomics (Table S2). 148 
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Extraction and Sequencing 149 

We generated sequencing data using three platforms – PacBio HiFi, ONT ultralong reads and 150 

HiC generated using the Arima Genomics protocols (Figure 2). Illumina short read DNA data 151 

were previously generated (Georges et al., 2015). Transcriptome data were generated using the 152 

Illumina platform. All sequence data generated in this study are available from NCBI SRA under 153 

BioProject ID PRJNA1252275.  154 

PacBio HiFi: Genomic DNA was extracted from blood of the focal ZW individual by PacBio 155 

Asia (Singapore) and sequenced using two flow cells on a PacBio Sequel II (Table S3). HiFi data 156 

were processed using cutadapt (v3.7, parameters: --anywhere --error-rate 0.1 --overlap 25 --157 

match-read-wildcards --revcomp --discard-trimmed) to remove reads containing PacBio primers 158 

and adaptor sequences. This step removes putative chimeric sequences. 159 

ONT PromethION: Genomic DNA was extracted from blood of the focal ZW individual (Table 160 

S4) using the salting out procedure (Miller et al., 1988) and spooled to enrich for high molecular 161 

weight DNA. DNA was shipped to the Garvan Institute of Medical Research in Sydney. Library 162 

preparation was performed with 3 µg of DNA as input, using the SQK-LSK109 kit (Oxford 163 

Nanopore Technologies, UK) and sequenced across 4 x promethION (FLO-PRO002) flow cells, 164 

with washes (EXP-WSH004) performed when sequencing dropped.  165 

A second extraction was performed on 10 µl of blood using the Circulomics UHMW 166 

extraction kit, following the “Nucleated blood” protocol, obtaining approximately 60 µg of ultra-167 

high molecular weight DNA. Library preparation was then performed using a pre-release version 168 

of the SQK-ULK001 kit from Oxford Nanopore Technologies, which uses the RAP adapter. The 169 

library was then loaded onto one promethION (FLO-PRO002) flow cell with washes (EXP-170 

WSH004) performed at 24 and 48 hours to increase output. 171 

ONT basecalling was performed using the buttery-eel (v0.4.2+dorado7.2.13, parameters: 172 

--config dna_r9.4.1_450bps_hac_prom.cfg --detect_mid_strand_adapter --trim_adapters --173 

detect_adapter --do_read_splitting --qscore 7). Parameters were chosen to remove reads with 174 

average quality value score <7, remove adapters at 5’ or 3’ ends of sequence, and to split reads if 175 

adapters were in the middle of the read.  176 

HiC: A blood sample from the focal ZW individual (Table S5) was used for HiC. Blood sample 177 

was processed by the Biomolecular Resource Facility (BRF) at the Australian National 178 
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University using the Arima HiC 2.0 kit for library preparation and sequencing with two flow 179 

cells on an Illumina NovaSeq 6000 NovaSeq 6000, S1 300 cycles kit 2x150 bp. 180 

RNA: Total RNA was extracted from adult brain, liver, heart and ovary/testis (Table S2) by the 181 

Garvan Institute of Medical Research (Sydney). Tissue extracts were homogenized using T10 182 

Basic ULTRA-TURRAX® Homogenizer (IKA, Staufen im Breisgau, Germany) and extracted 183 

using TRIzol reagent following the manufacturer’s instructions, purifying with an isopropanol 184 

precipitation. Seventy-five bp single-end reads were generated for recent samples on the Illumina 185 

NextSeq 500 platform at the Ramaciotti Centre for Genomics (UNSW, Sydney, Australia). Some 186 

earlier samples generated 100 bp PE reads. 187 

RNAseq from three embryonic gonads were sourced from Whiteley et al. (2022) and 188 

RNAseq from three embyronic brains were sourced from Whiteley et al., (2021) and Wagner et 189 

al., (2023) (Table S2). 190 

Assembly 191 

All data analyses were performed on the high-performance computing facility, Gadi, hosted by 192 

Australia’s National Computational Infrastructure (NCI, https://nci.org.au). Scripts are available 193 

at https://github.com/kango2/ausarg. 194 

Primary genome assembly: PacBio HiFi, ONT and HiC sequence data were used to generate 195 

interim haplotype assemblies and an interim pseudohaplotype (=consensus haplotype) assembly 196 

using hifiasm (v0.19.8, Cheng et al. 2021, 2022, default parameters). HiC data were aligned to 197 

the interim pseudohaplotype and haplotype assembly using the Arima Genomics alignment 198 

pipeline (v03, https://github.com/ArimaGenomics/mapping_pipeline, last accessed 16-Apr-2025) 199 

following the user guide for scaffolding and assessing the accuracy of assembly. HiC read 200 

alignments were processed using YaHS (v1.1, Zhou et al. 2022, parameters: -r 10000, 20000, 201 

50000, 100000, 200000, 500000, 1000000, 1500000 --no-contig-ec -e 202 

GATC,GANTC,CTNAG,TTAA) to generate scaffolds. Range resolution parameter (-r) in YaHS 203 

was restricted to 1500000 to ensure separation of microchromosomes into individual scaffolds. 204 

Contig correction was disabled to maintain the original contig structure produced by hifiasm. 205 

HiC contact maps were processed and visualised using Juicer (v1.5, Durand et al., 2016). 206 

Read depth, GC content, and telomere locations for YaHS scaffolds >1 Mbp length were visually 207 

inspected. One scaffold in the pseudohaplotype assembly contained internal telomeric repeat and 208 
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contact pattern of a mis-join, owing to incorrect contig assembly by hifiasm. Similar error was 209 

observed for one scaffold in haplotype 2 as a result of scaffolding error (Figure S2). YaHS was 210 

rerun without --no-contig-ec parameter, which is the default behaviour that fixed these errors. 211 

Reference genome assembly: The karyotype was obtained from Witten (1983) and Ezaz et al. 212 

(2005) as a guide for the expected number of chromosomes for final T2T assembly. A reference 213 

assembly was generated by choosing the best chromosome scaffolds from one of the two 214 

haplotype assemblies. The basis for selection was as follows for scaffolds >1Mbp in size. If the 215 

scaffold of haplotype 1 had both ends represented by telomeric sequence and the corresponding 216 

scaffold of haplotype 2 had only one end represented by telomeric sequence, then the scaffold for 217 

haplotype 1 was chosen for the reference assembly, and vice versa. If both the scaffolds for 218 

haplotype 1 and haplotype 2 contained telomeric sequence at both ends, then the scaffold with 219 

the fewest gaps was chosen for the reference assembly. If both T2T haplotypes had the same 220 

number of gaps, then the longest scaffold was selected for the reference assembly. If both 221 

haplotypes were equal in telomere presence, number of gaps and length, haplotype 1 sequence 222 

was chosen for the reference assembly. The Z and W specific scaffolds were added to the 223 

reference assembly. All scaffolds <1Mbp were drawn from haplotype 1 for the reference 224 

assembly.  225 

Chromosome assignments: Bacterial Artificial Chromosome (BAC) clones were previously used 226 

for generating physical map for Pogona vitticeps (Young et al., 2013; Deakin et al., 2016). BAC 227 

end sequences (n=273) corresponding to 137 clones were downloaded from the NCBI GSS 228 

database. These sequences were aligned to the reference genome using minimap2 (parameters: -x 229 

asm20 --secondary-no) to identify their locations in the reference genome. We also mapped the 230 

sex-linked sequence represented by 3,288 bp Clone C1 of Quinn et al. (2010) (Genbank 231 

accession EU938138) generated by walking out from a sex-linked 50 bp AFLP Pvi72W marker 232 

(Genbank accession ED982907) identified by Quinn et al. (2007) to confirm the assignment of a 233 

scaffold to the non-recombining region of the W chromosome (Scaffold 17). 234 

Read depth and GC content calculations: PacBio HiFi (parameter: -x map-pb) and ONT 235 

(parameter: -x map-ont) sequence data were aligned to the scaffold assembly using minimap2 236 

(v2.17, Li 2018) Similarly, Illumina sequence data were aligned to the assembly using bwa-237 

mem2 (v2.2.1, Vasimuddin et al. 2019) using default parameters. Resulting alignment files were 238 
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sorted and indexed for efficient access using samtools (v1.19, Danecek et al. 2021). Read depth 239 

in non-overlapping sliding windows of 10 Kbp was calculated using the samtools bedcov 240 

command. GC content in non-overlapping sliding windows of 10 Kbp was calculated using 241 

calculateGC.py script. 242 

Telomere repeats: Tandem Repeat Finder (TRF) (v4.09.1, Benson 1999, parameters: 2 7 7 80 10 243 

500 6 -l 10 -d -h) was used to detect all repeats up to 6 bp length. TRF output was processed 244 

using processtrftelo.py script to identify regions >600 bp that contained conserved vertebrate 245 

telomeric repeat motif (TTAGGG). These regions were labeled as potential telomeres. 246 

Centromere annotations: Enrichment of satellite repeats, increased inter-chromosomal HiC 247 

contacts (Mokhtaridoost et al., 2024), and reduced recombination typically mark centromeric 248 

regions. To identify satellite repeats we followed the procedure described by Zhang et al. (2023) 249 

with some modifications. Briefly, we counted 101-mers occurring 20 times or more with k-mer 250 

counter KMC (v3.2.4, Kokot et al., 2017, parameters: k=101, ci=20, -cs=100000). Satellite 251 

Repeat Finder (SRF, Zhang et al. 2023, commit id e54ca8c) was used to identify putative satellite 252 

repeats using those k-mers. Identified repeat units were elongated up to 1000 bp if they were 253 

<1000 bp, and all-vs-all alignments were performed using minimap2 to group repeats into classes 254 

based on their sequence similarity. The reference genome was aligned to the identified repeat 255 

units using minimap2 (Li, 2018 Parameters: –c –N1000000 –f1000 –r100,100 <(srfutils.js enlong 256 

srf.fa)). Note that repeat units <200 bp were extended to 200 bp before alignments using the 257 

srfutils.js utility in SRF. Alignments were processed using srfprocess.R script to merge 258 

consecutive alignments to the same repeat unit separated by <10 bp. All regions >100 bp long 259 

and 10% of the repeat unit length were retained for further analysis. If a genomic region 260 

overlapped multiple repeat classes, the longer region with its repeat class was chosen as a set of 261 

putative satellite repeat region with corresponding repeat class. 262 

HiC inter-chromosomal interactions were examined and quantified for their association 263 

with centromeres. HiC data were mapped against the reference genome using the GEM mapper 264 

(v3.6.1, Marco-Sola et al. 2012) from TADbit (v1.0.1, Serra et al. 2017). Reads were iteratively 265 

mapped using windows from 15 bp to 75 bp in 5 bp steps. Possible artifacts were then removed, 266 

including: "self-circle", "dangling-end", "error", "extra dangling-end", "too short", "too large", 267 

"duplicated" and "random breaks". Binning and data normalization were conducted using an in-268 
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house script that imports the "HiC_data" module of TADbit to bin unique reads into a square matrix 269 

of 50 Kbp. A 500 Kbp matrix was created and subsequently processed with HiCExplorer (v3.7, 270 

Ramírez et al., 2018). Both 50 Kbp and 500 Kbp matrices were corrected with Iterative Correction 271 

and Eigenvector (ICE) decomposition and normalized to a total of 100,000,000 interaction counts 272 

by scaling the sum of all interactions within the matrix. Normalized matrices were then plotted at 273 

a 500 Kbp resolution using HiCExplorer. The normalized 50 Kbp matrix was transformed into a 274 

GInteraction table using HiCExplorer, which includes interaction values between all genomic bins. 275 

Inter-chromosomal interactions were log-transformed and normalized to obtain Z-score values for 276 

each chromosome and genomic bin, as previously described (Alvarez-Gonzalez et al. 2022; Bista 277 

et al. 2024). Z-score values were plotted with ggplot2 as points and the LOESS method (span=0.4, 278 

Cleveland, 1979) was used for best fit line. 279 

For measuring heterozygosity changes across the genome, each haplotype sequence was 280 

aligned to the reference genome using minimap2 (parameters: -x asm5 --cs –K 1000M). Resulting 281 

alignments were processed using paftools.js call to identify variant sites. Since one of the 282 

haplotype sequences is the reference sequence, all variable sites are considered as heterozygous 283 

sites. Heterozygous variant site counts in 50 Kbp windows were counted and plotted using ggplot2. 284 

LOESS smoothing (span=0.5) was applied for the best fit line.  285 

Sex chromosome identification: The putative Z and W scaffolds will have half the read depth of 286 

the autosomal scaffolds in a ZW individual. Scaffolds >1 Mbp long were examined for median 287 

read depths in 10 Kbp windows. Sex specific Z and W scaffolds were identified by having 288 

approximately half the median read depth of autosomes and the PAR in the sequenced ZW 289 

individual (Figure 10). The PAR scaffold was identified by homology with known Z 290 

chromosome sequence. 291 

HiC analysis for sex chromosome differences in contact maps: HiC reads were quality-trimmed 292 

using Trimmomatic v0.39 to remove adapter sequences and low-quality reads. The trimmed 293 

reads of HiC data and Illumina DNA sequence data were aligned to both genome haplotypes 294 

using BWA-mem (v0.7.17). PacBio data were aligned to both genome haplotypes using 295 

minimap2 v2.28. Resulting BAM files were merged and coordinate-sorted using SAMtools 296 

v1.19.2. Variant calling for each haplotype was performed using Illumina BAM files with 297 

FreeBayes v1.3.8 to generate VCF files. These VCF files were normalized using BCFtools 298 
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v1.14, then compressed using bgzip from HTSlib v1.20. Phasing of VCF files was then 299 

conducted using WhatsHap v2.3 to resolve haplotype-specific information across the dataset, 300 

using genome haplotypes, normalized VCF files and PacBio BAM files as inputs. Phased VCF 301 

files were then used to phase the mapped HiC reads. 302 

Mitochondria genome assembly: PacBio HiFi and ONT sequences were aligned to a Pogona 303 

vitticeps reference (NCBI Accession: NC_006922, Amer and Kumasawa, 2005) using minimap2 304 

(parameters: --map-pb or --map-ont) to search for mitochondrial reads. Alignments were 305 

processed to identify reads <20 Kbp and aligned residues >5 Kbp. No PacBio HiFi reads were 306 

identified using this filter. ONT reads were assembled using flye (v2.9.3, parameters: -- iterations 307 

2, Kolmogorov et al., 2019) to generate mitochondrial genome sequence. The output assembly 308 

sequence was processed using MitoHiFi (v2.9.5, Uliano-Silva et al.,2023) to adjust the start 309 

coordinate and obtain annotations. 310 

Assembly evaluation 311 

The assembly was evaluated against criteria established by the Earth Biogenomes Project (EBP, 312 

https://www.earthbiogenome.org/report-on-assembly-standards, version 6CQ40, Lawniczak et 313 

al., 2022) namely: percentage of collapsed sequence, percentage false expansions, k-mer 314 

completeness, complete single copy BUSCO genes, and average percentage of transcriptome 315 

data mappable to the genome assembly and contaminations (Figure 2). 316 

K-mer completeness and per base error rate estimation: Illumina sequence data were trimmed 317 

for adapters and low-quality reads using Trimmomatic (v0.39, Bolger et al. 2014, parameters: 318 

ILLUMINACLIP:TruSeq3-PE.fa":2:30:10:2:True LEADING:3 TRAILING:3 319 

SLIDINGWINDOW:4:20 MINLEN:36). Resultant paired-end sequences were used to generate 320 

k-mer database using meryl (v1.4.1, Rhie et al. 2020). Merqury (v1.3, Rhie et al. 2020) was used 321 

with meryl k-mer database to evaluate assembly k-mer completeness and estimate per base error 322 

rate of pseudo-haplotype and individual haplotype assemblies.  323 

False expansions and collapses: Putative false expansion and collapse metrics were calculated 324 

using the Inspector (v1.2, Chen et al., 2021, default parameters) and PacBio HiFi data. 325 

Contamination check: Vector contamination was assessed using VecScreen defined parameters 326 

for BLAST (v2.14.1, Camacho et al., 2009, parameters: -task blastn -reward 1 -penalty -5 -327 
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gapopen 3 -gapextend 3 -dust yes -soft_masking true -evalue 700 -searchsp 1750000000000) and 328 

the UniVec database (accessed on 18th June 2024). 329 

Gene completeness evaluation: BUSCO (v5.4.7, Manni et al. 2021) was run using 330 

sauropsida_odb10 library in offline mode to assess completeness metrics for conserved genes. 331 

BUSCO synteny plots were created with ChromSyn (v1.3.0, Edwards et al. 2022).  332 

RNAseq mapping rate: RNAseq data from multiple tissues (Table S2) were aligned to the 333 

assembly using subread-align (v2.0.6, parameters: -n 150 Liao et al. 2013) to calculate 334 

percentage of mapped fragments for evaluating RNAseq mapping rate. We chose –n 150 to 335 

sample all possible seeds for alignments because of high heterozygosity observed for the species. 336 

We did not have RNAseq data for the focal individual used for the genome assembly. 337 

Annotation 338 

Repeat annotation: RepeatModeler (v2.0.4, Smit et al. (2008-2015) parameters: -engine ncbi) 339 

was used to identify and classify repetitive DNA elements in the genome. Subsequently, 340 

RepeatMasker (v4.1.2-pl, Smit et al. (2013-2015) was used to annotate and soft-mask the 341 

genome assembly using the species-specific repeats library generated by RepeatModeler and 342 

families were labelled accordingly. 343 

Ribosomal DNA: Assembled scaffolds were searched for ribosomal DNA units using ribocop.py 344 

which searches for consecutive alignments of 18S, 5.8S, and 28S to determine rDNA sequences.  345 

De novo gene annotations: RNAseq data from multiple tissues (Table S2) were processed using 346 

Trinity (v2.12.0, Grabherr et al. 2011, parameters: --min_kmer_cov 3 --trimmomatic) to produce 347 

individual transcriptome assemblies. Parameters were chosen to remove low abundance and 348 

sequencing error k-mers. The assembled transcripts were aligned to the UniProt-SwissProt 349 

database (last accessed on 28-Feb-2024) using diamond (v2.1.9, Buchfink et al. 2021, 350 

parameters: blastx --max-target-seqs 1 --iterate --min-orf 30). Alignments were processed using 351 

blastxtranslation.pl script to obtain putative open reading frames and corresponding amino acid 352 

sequences. Transcripts containing both the start and the stop codons, with translated sequence 353 

length between 95% and 105% of the best hit to UniProt_SwissProt sequence, were selected as 354 

full-length transcripts. 355 
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Amino acid sequences of full-length transcripts were processed using CD-HIT (v4.8.1, Fu 356 

et al. 2012, parameters: -c 0.8 -aS 0.9 -g 1 -d 0 -n 3) to cluster similar sequences with 80% 357 

pairwise identity and where the shorter sequence of the pair aligned at least 90% of its length to 358 

the larger sequence. A representative transcript from each cluster was aligned to the repeat-359 

masked genome using minimap2 (v2.26, parameters: --splice:hq), and alignments were 360 

coordinate-sorted using samtools. Transcript alignments were converted to gff3 format using 361 

AGAT (v1.4.0, Dainat, 2022, agat_convert_minimap2_bam2gff.pl) and parsed with genometools 362 

(v1.6.2, Gremme et al. 2013) to generate training gene models and hints for Augustus (v3.4.0, 363 

Stanke et al. 2008) with untranslated regions (UTRs). Similarly, transcripts containing both start 364 

and stop codons with translated sequence length outside of 95% and 105% of the best hit to 365 

UniProt_SwissProt sequence, were processed in the same way to generate additional hints. A 366 

total of 500 of these representative full-length transcripts were used in training for gene 367 

prediction to calculate species-specific parameters. During the gene prediction model training, 368 

parameters were optimized using all 500 training gene models with a subset of 200 used only for 369 

intermediate evaluations to improve run time efficiency. Gene prediction for the full dataset used 370 

20 Mbp chunks with 2 Mbp overlaps to improve run time efficiency. 371 

An issue was identified where the predicted Amh gene on the Z-specific scaffold 372 

(scaffold 18) was fused with neighboring genes. To resolve this, gene prediction was rerun on 373 

the Z scaffold with manually modified hints. Specifically, the weighting of UTR hints 374 

intersecting with the two predicted introns flanking the Amh coding sequence was increased to 375 

down weight intronic predictions by Augustus in that region. The updated Z scaffold gene 376 

predictions were then concatenated with the original gene predictions. 377 

Predicted genes were aligned against Uniprot_Swissprot database for functional 378 

annotation using best-hit approach and diamond. Unaligned genes were subsequently aligned 379 

against Uniprot_TrEMBL database for functional annotation.  380 

Results and Discussion 381 

DNA sequence data quantity and quality 382 

PacBio HiFi sequencing yielded 70.6 Gb with a mean read length of 14,980 bp (Table 1) and 383 

mean quality value >Q30 of all reads. The ONT sequencing yielded 105.6 Gb of reads with an 384 
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N50 value of ~37 Kbp and 48.1% reads with mean quality value >Q20 (Table 2). The 385 

distributions of quality scores and read lengths for the long-read sequencing align with known 386 

characteristics of the ONT and PacBio platforms (Figure S1). K-mer frequency histograms of 387 

Illumina, ONT and PacBio HiFi sequence data for k=17, k=21 and k=25 show two distinct peaks 388 

(Figure 3) confirming the diploid status of this species. The peak for heterozygous k-mers was 389 

smaller for k=17 compared to the homozygous k-mer peak. In contrast, the heterozygous k-mer 390 

peak was higher for k=25 compared to the homozygous k-mer peak, suggestive of high 391 

heterozygosity at a small genomic distance. Genome size was estimated to be 1.81 Gb using the 392 

formulae of Georges et al. (2015) and Illumina sequence data, with a k-mer length of 17 bp, 393 

homozygous peak of 45.5 (Figure 3) and the mean read length of 134.3 bp. However, the PacBio 394 

estimate of genome size of 1.74 Gb agrees more closely with the previous estimate using earlier 395 

Illumina reads (Georges et al. 2015) and the estimate from flow cell cytometry of 1.77 Gb 396 

(Georges et al. 2015). The reason for the discrepancy between the current and former estimates 397 

of genome size from Illumina data is unclear, but may have arisen because the current Illumina 398 

data was not filtered for error reads in the same way. 399 

Read depth, obtained by dividing the total DNA sequence data from each platform by the 400 

assembly size, was consistent (Table 1) with the median read depths of 60.6x for ONT, 40.5x 401 

PacBio HiFi and 52.7x Illumina platforms calculated for 10 Kbp non-overlapping sliding 402 

windows of the assembly.  403 

 404 

Table 1. Summary metrics for sequence data and assembly for the bearded dragon Pogona 405 

vitticeps.  406 

Sequencing Platform  Number of 
Reads  

Mean Read 
Length 
(bp)  

Total Bases  
Est. 

Genome 
size (Gbp)  

Read 
Depth  

Illumina PE DNA 694,401,150 134 93,255,202,850 1.81 52.6x 

PacBio HiFi Sequel II  4,714,654 14,980 70,625,888,904 
1.74 

40.4x 

ONT R9.4.1 7,118,515 14,830 105,566,275,033 
2.7 

60.5x 

Arima Genomics HiC  590,697,330 151 89,195,296,830 -- -- 
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Table 2. Summary metrics for the genome assembly of the bearded dragon Pogona vitticeps. 408 

The pseudo-haplotype is a combination of haplotypes 1 and 2 (sensu hifiasm); the Reference 409 

Assembly was constructed by selecting the best scaffolds from each of haplotypes 1 and 2. 410 

Metric  Haplotype 1 Haplotype 2  Pseudo-
haplotype  

Reference 
Assembly 

Assembly length  1,752,200,003 1,747,167,247 1,747,460,405 1,752,814,424 
No. of scaffolds/contigs  89 51 71 89 
GC Content  42.2 42.2 42.2 42.2 
No. of gaps > 100 bp 31 28 15 26 
Mean sequence length  19,687,640 34,258,181 24,612,118 19,694,544 
Median sequence length  77,000 152,108 85,021 77,000 
Longest sequence 359,918,989 358,276,425 359,349,958 358,276,425 
Shortest sequence 4,000 18,330 4,000 4,000 
N50  265,980,915 266,210,064 266,029,613 266,210,064 
N90  28,115,431 28,121,876 28,118,385 28,115,431 
L50  3 3 3 3 
L90  9 9 9 9 

 411 

 412 
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 413 
Figure 3. Distribution of k-mer counts frequency using sequences from Illumina, Oxford Nanopore 414 
Technologies (ONT), and PacBio (PB) platforms for the bearded dragon Pogona vitticeps. 415 
Heterozygosity is high as indicated by dual peaks in each graph, and the height of the heterozygous 416 
peak increases with the length of the k-mer. This confirms diploidy. 417 

Assembly 418 

Hifiasm produced three assemblies: one for each haplotype and a pseudo-haplotype of high 419 

quality as evidenced by assembly metrics (Table 2). The haplotype assemblies were subject to 420 

further scaffolding and mis-join error correction using the HiC data to improve assembly 421 

contiguity (Figure S2). Minimal manual curation was required as wrongly joined scaffolds were 422 

corrected by YaHS (Figure S2). The reference assembly for the central bearded dragon had a 423 
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total length of 1,752,814,424 bp assembled into 89 scaffolds, with 26 gaps each marked by 100 424 

Ns. This compares well with other published squamate genome assemblies.  425 

The central bearded dragon reference genome (PviZW2.1) is contiguous with a scaffold 426 

N50 value of 266.2 Mbp and a N90 value of 28.1 Mbp with the largest scaffold of 358.3 Mbp 427 

(Table 2). L50 and L90 values were 3 and 9 respectively, typical of species with 428 

microchromosomes, where most of the genome is present in large macrochromosomes.  429 

All 15 major scaffolds in the assembly (corresponding to autosome number in the 430 

karyotype of the bearded dragon) had well defined telomeres at each end (Figure 4). Telomeres 431 

were comprised of the vertebrate telomeric motif TTAGGG and ranged in size from 2,430 bp 432 

(405 copies of the repeat motif) to 42,098 bp (7,151 repeat copies). The telomeric regions were 433 

typically characterized by an expected rise in GC content (Figure 4) and a significant rise in 434 

inter-chromosomal contact (Figure 5; Figure S3), mirroring patterns previously described in 435 

turtles (Bista et al. 2024).  436 

Initially, we did not detect telomere repeat sequence on 5’ end of the Scaffold 10 using a 437 

stringent threshold of 600 bp for telomeric region. However, manual examination revealed 32 438 

repeats of telomeric sequence from position 1-214 on Scaffold 10 verifying that it had telomeres 439 

at both ends. The missing telomere for Scaffold 16 is expected because it is the pseudo-440 

autosomal region of the sex chromosomes. The putative sex chromosome scaffolds 17 = W and 441 

18 = Z also each possessed only one terminal telomeric sequence. This is consistent with T2T 442 

assembly for the sex chromosomes once the PAR and the non-recombining regions of Z and W 443 

are combined.  444 

Typical centromeric satellite repeats units were not evident in the repeat structure, read 445 

depth profiles or GC content profiles (Figure 4) as they were for Bassiana duperreyi (Hanranan 446 

et al. 2025). Putative centromeric regions were evident for the macrochromosomes as an increase 447 

in the levels of inter-chromosomal contact in the HiC data and as a drop in heterozygosity 448 

(Figure 5 and Figure S3). 449 
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Figure 4. A plot of the 18 longest scaffolds (corresponding to the number of chromosomes of the bearded dragon 451 
Pogona vitticeps. Four traces are shown on each chromosome. The top trace (purple, range 30-60%) represents GC 452 
content, the next trace (green, range 0-50x) represents PacBio HiFi read depth, the next trace (red, range 0-100x) 453 
represents ONT read depth, and the fourth trace (blue, range 0-100x) represents Illumina read depth. Note that there 454 
is no indication in any of these traces of centromeric position in contrast to Bassiana (Hanrahan et al., 2025). 455 
Telomeres are shown as black dots; satellite repeats are indicated by the blue plus symbols (+); gaps by vertical black 456 
lines. The red diamonds show the location of BAC anchors (Young et al., 2013; Deakin et al., 2016, Table S7). 457 
Locations of the putative centromeres are shown in Figure 5. (a) Macrochromosomes; (b) Microchromosomes (c) both 458 
the Z and W specific regions were assembled into single scaffolds, with the PAR assembled into a single scaffold in 459 
both haplotypes. Refer to Supplementary Materials for a high-resolution version of this figure. 460 

 461 

462 
Figure 5. Identification of putative centromeres for the six macrochromosomes. The upper row of panels gives 463 
chromosome-specific Hi-C heatmaps showing intra-chromosomal interactions. The second row of panels shows the 464 
count of heterozygous sites per 50 Kbp window (green dots) with lines of best fit and 95% confidence interval (grey 465 
shading). The lower row of panels are the Z-scores for inter-chromosomal HiC interactions along chromosome length 466 
(Mbp) with smoothed lines of best fit. Each dot in the lower panels represents the Z-score interaction value of a 467 
different 50 Kbp bin. Chromosomes images are taken from Ezaz et al. (2005) and are not to scale. They are to illustrate 468 
the correspondence between the karyotype centromere and the putative position of the centromere (dashed lines) 469 
inferred from the dip in heterozygosity and the peak in inter-chromosomal contact. Scaffold 2 marked (*) is inverted 470 
with respect to the published karyotype. Refer to Figure S3 for similar plots for the microchromosomes. 471 

Of 137 BAC clones (Young et al., 2013; Deakin et al., 2016), 5 with single sequences did 472 

not align, 2 had inter-chromosomal mappings, 14 had discrepant mappings for 473 

macrochromosomes and 2 had end sequences that were too far apart to be considered valid. This 474 

left 114 clones (83.2%) with reliable mappings. This physical mapping validated the assignment 475 
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of assembly scaffolds 1-6 to the macrochromosomes 1-6 of the genome (Figure 4a). The 476 

assignment of scaffolds 7-15 to the microchromosomes (Figure 4b) albeit with altered order 477 

(Figure 7), scaffold 16 to the PAR of the sex chromosomes (Figure 4c), and scaffold 18 as the 478 

nonrecombining region of the Z chromosome (Figure 4c). Mapping of the W-linked sequence 479 

Clone C1 (3,288 bp, Quinn et al., 2010) confirmed the identity of scaffold 17 as the non-480 

recombining region of the W chromosome (Figure 4c).  481 

Assembly evaluation 482 

The percent collapsed sequence in the assembly was exceptionally low at 0.003% (492,971 bp, 483 

54-13,643 bp, n=255) as was the percentage of false expansions at 0.03% (49,447 bp, 52-5,133 484 

bp, n=69); two of the indicators of genome assembly quality identified by the Earth Biogenome 485 

Project (Lawniczak et al., 2022). 486 

Completeness of the assembly was estimated to be 99.82% for both haplotype assemblies 487 

combined and the per base assembly quality estimate exceeded Q40 at 48.36 (1 error in 146 488 

Kbp). High heterozygosity in the k-mer profiles (Figure 3) affects assembly completeness 489 

metrics measured by Merqury. Individual haplotype assemblies were 85.5% complete, which is 490 

expected of animals with high heterozygosity (in our case, 1.98%). This shows that assembly 491 

completeness metrics for a single haplotype assembly measured using k-mers can be understated 492 

for species with high heterozygosity. 493 

Analyses using the Benchmarking Universal Single-Copy Orthologs (BUSCO) gene set 494 

for Sauropsids reveals 7,321 genes as complete (97.9%), with a minimal proportion duplicated 495 

(D: 1.1%), indicating a robust genomic structure with minimal redundancy (Figure 7). The 496 

central bearded dragon genome also had a low proportion of fragmented (F: 0.5%) and missing 497 

(M: 1.6%) orthologs. These results positioned central bearded dragon favorably in terms of 498 

genome completeness and integrity, on par with other squamates, and highlights its potential as a 499 

reference for further genomic and evolutionary studies within this phylogenetic group. In our 500 

comparison set, only chicken (Gallus gallus) has better BUSCO statistics than the bearded 501 

dragon. RNAseq data mappability was on average 93.5% and 18 of 22 samples had more than 502 

90% of fragments mapped to the genome (Table S2). Note that sensitivity settings for alignments 503 

had to be increased for mapping RNAseq data given high hetergozygosity observed for this 504 

species (1.98%). 505 
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 506 

 507 

 508 
Figure 6. Distribution of Illumina k-mers (k = 17) in the genome assembly of the bearded 509 
dragon Pogona vitticeps (Table S6). K-mer counts are shown on the x-axis and the frequency 510 
of occurrence of those counts on the y-axis. Those scored as missing are found in reads only. 511 

 512 
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 513 
Figure 7. A visual representation of how complete the gene content is for each listed species genome, 514 
including Pogona vitticeps, based on Benchmarking Universal Single-Copy Orthologs (BUSCO, 515 
n=7480). 516 

Chromosome Assembly 517 

The bearded dragon has 2n=32 chromosomes with six pairs of macrochromosomes and ten pairs 518 

of microchromosomes including the sex chromosomes. The distinction between macro and 519 

microchromosomes typically relies on a bimodal distribution of size, however other 520 

characteristics such as GC content provide additional evidence for this classification (Waters et 521 

al. 2021; Bista et al., 2024) (Figure 8). The median GC content of 10 Kbp windows for the six 522 

largest scaffolds (representing macrochromosomes) ranged between 40.7% and 41.8% . In 523 

contrast, the remaining 12 scaffolds ordered by decreasing length had a median GC content of 524 

between 42.6% and 47.6% characteristic of microchromosomes in other squamates.  525 

  526 
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 527 

Figure 8. A plot of assembly scaffolds defined by scaffold length vs median GC content in 10 Kbp windows. 528 
Microchromosomes are characterised by higher GC content than macrochromosomes. Median GC content in 10 Kbp 529 
windows of scaffolds vs length of scaffolds representing macrochromosomes (scaffolds 1-6, red), the sex 530 
chromosomes (blue, the PAR and nonrecombining regions of the Z and W) and the other microchomosomes (green, 531 
scaffolds 7-15). Scaffold numbers 1-6 correspond to the macrochromosome numbers of Deakin et al. (2016) for 532 
scaffolds. Scaffold numbers 7-15 translate to the microchromosome numbers of Deakin et al. as per Table S6.   533 

 534 

 535 

 536 
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 537 
Figure 9. Synteny conservation of BUSCO homologs for the bearded dragon Pogona vitticeps and squamates with 538 
chromosome level assemblies including representative skink, iguanid, snake and gecko lineages and chicken. Synteny 539 
blocks corresponding to each species are aligned horizontally, highlighting conserved chromosomal segments across 540 
the genomes. The syntenic blocks are connected by ribbons that represent homologous regions shared between species, 541 
with the varying colours denoting segments of inverted gene order. Duplicated BUSCO genes are marked with yellow 542 
triangles. Predicted telomeres are marked with black circles. 543 

 544 

  545 
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Unlike mammals, reptiles (including most birds) show a high level of chromosomal homology 546 

across species (Waters et al. 2021; Bista et al. 2024). Figure 9 shows synteny conservation 547 

between bearded dragon, representative squamate species and chicken. Apart from a handful of 548 

intrachromosomal rearrangements, the major scaffolds of bearded dragon and other squamates 549 

corresponded well, including the pseudoautosomal region (PAR) of the sex microchromosomes 550 

(scaffold 16) within the Agamidae. When compared with other genomes in the analysis, the 551 

bearded dragon genome showed a high degree of evolutionary conservation with respect to both 552 

chromosomal arrangement and gene order (Figure 9).  553 

The Z and W specific sex chromosome scaffolds were identified as 18 and 17, 554 

respectively. These represent the non-recombining region of the sex chromosomes. They were 555 

not assembled to the PAR in either haplotype. The Z specific scaffold was 2.78 Mbp and W 556 

specific scaffold was 4.64 Mbp. In the sequenced ZW female, read depth for both scaffolds were 557 

identified based on the median read depth in 10 Kbp sliding windows. As expected, read depth 558 

was approximately half that of the autosomes and the PAR scaffold (Figure 10a). The first half 559 

of the Z and W scaffolds share good homology (Figure 10b). On the second half of the W 560 

scaffold there appears to have been duplication and expansion that increased its size relative to 561 

the Z. The PAR scaffold (scaffold 16 reference, 11.77 Mbp) was identified by homology to 562 

known Z sequences from Pvi1.0.  563 

The W specific scaffold had seven annotated genes, with none presenting as an obvious 564 

sex determining candidate. The Z specific scaffold also had seven annotated genes, four of which 565 

were ZW shared (Figure 10b). Notably, copies of both Amh and its receptor (AmhR2) were 566 

located on the Z, presumably duplicated from the autosomal homologues which remain present 567 

on scaffolds 7 and 2 respectively. Both genes are central to the sex determining pathway in other 568 

vertebrates, so present as strong sex determining candidates that would presumably function in a 569 

dosage dependent manner. 570 

 571 
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 572 

Figure 10. Sex chromosome analysis. a) For each sequencing technology, boxplots of read depth in 10 Kbp windows 573 
of macrochromosomes, microchromosomes, the PAR, and Z and W specific scaffolds. Boxes represent the middle 574 
50% of the data, notches represent 95% confidence intervals of the medians (central horizontal black bar), whiskers 575 
are +/- 1.5 the interquartile range, outliers not plotted. b) Alignment of the Z specific (y-axis) and W specific (x-axis) 576 
scaffolds. Red lines represent homologies. Blue horizonal bars are genes annotated on the Z scaffold (gene names 577 
given on the y-axis), pink vertical bars are genes annotated on the W scaffold (gene names given on the x-axis). c) 578 
Phase HiC contact maps of the PAR in the two different haplotypes. Note that it is unknown which is the Z PAR and 579 
which is the W PAR. 580 
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HiC reads were phased to the PAR scaffolds to determine if there was different 3D 581 

structure of the Z and W scaffolds (see Zhang et al., 2022). Surprisingly, despite clear 582 

cytological differences between the Z and W in cultured fibroblasts (Ezaz et al., 2005), there was 583 

little difference between HiC contact maps for each haplotype (Figure 10c). The discrepancy 584 

between cytogenetic (fibroblasts) and HiC data (blood) with respect to the Z and W structure, 585 

likely arise from the different cell types examined. Alternatively, the cytogenetic data only 586 

captures cells in metaphase when three-dimensional genome structure differences might be at 587 

their most pronounced. 588 

Annotation  589 

General Repeat Annotation 590 

An estimated 45.6% (798 Mbp) of the bearded dragon genome was composed of repetitive 591 

sequences, including interspersed repeats, small RNAs and simple and low complexity tandem 592 

repeats (Table 9). Retroelements (SINEs and LINEs) were the most common repetitive element 593 

(17.3%). DNA transposons were the second most common repetitive element (5.1%) and are 594 

dominated by Tc-Mar and hAT elements (Table S8). CR1, BovB and L2 elements were the 595 

dominant long interspersed elements (81% of LINE elements; 13.4% of the genome), which is 596 

consistent with other squamate genomes (Pasquesi et al. 2018). A total of 37% of all repeat 597 

content was unclassified and did not correspond to any element in the RepeatModeler libraries. 598 

Refer to Figure S4 for the size distribution of these unclassified repeats. The number of elements 599 

masked and their relative abundances are presented in the supplementary material (Table S8). 600 

  601 
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 602 
Table 9. Condensed summary of the copy number and percentage of the bearded dragon 603 
(Pogona vitticeps) genome covered by repeat elements. Refer to Table S8 for full 604 
breakdown. 605 

 606 
Family Numbers of 

elements  
Length masked 

(bp)  
% of 

sequence  

Retroelements  1,061,885 303,713,020 17.33 
 SINEs 114,787 15,769,671 0.90 
 LINEs 947,098 287,943,349 16.43 
LTR elements  80,454 72,706,738 4.15 
DNA transposons  432,771 89,795,030 5.12 
Penelope-like elements 1,797 150,905 0.01 
Rolling-circles  447 95,044 0.01 
Unclassified retroelements 1,775,114 294,309,581 16.79 
Total interspersed repeats  3,352,468 760,770,318 43.40 
     
Satellite 4,246 1,284,141 0.07 
Simple Repeat 576,326 34,276,116 1.96 
rRNA 402 1,812,567 0.10 
snRNA 2,397 502,447 0.03 
tRNA 101 6,775 0.00 
     
Total Masked   798,652,364 45.56 

 607 

Satellite repeats 608 

We undertook a more detailed analysis in an attempt to identify centromeric satellite repeats and 609 

centromeric regions as we did for the genome assembly of the skink Bassiana duperreyi 610 

(Hanrahan et al., 2025). The 67 satellite repeat units identified in the KMC/SRF analysis had 611 

lengths between 5 bp and 9,460 bp. These collapsed into 45 distinct classes based on sequence 612 

similarity (Table S9).  613 

One repeat class (srfclass-16) corresponded to the telomeric microsatellite repeats 614 

(TTAGGG). A second class (srfclass-18) with a large repeat unit of 9,460 bp corresponded to 615 

ribosomal DNA sequence, dealt with in more detail later. A class of interspersed repeat (srfclass-616 

11), possibly LINE elements, was comprised of 5,695 bp in unit length. A class of repeat 617 
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(srfclass-30) was present as 84 copies on Scaffold 4 (119,114,420-119,423,712); all other copies 618 

were interspersed across the genome. A telomeric repeat was embedded in this larger repeat. A 619 

fifth class (srfclass-21) comprised repeat units of 2,190 bp on Scaffold 1 (117 copies, 620 

167,719,827-167,977,892) and was somewhat enigmatic. These units were tandemly organized 621 

as 1 to 43 repeats, occasionally with a small intervening sequence. This repetitive sequence was 622 

found also on other scaffolds as interspersed units comprising a 1,406 bp motif and a 606 bp 623 

motif separated by 500 bp intervening sequence. A sixth class (srfclass-38) comprised repeat 624 

units of 877 bp, found only on scaffold 1 (238 copies, 54,463,716 – 254,497,379). A seventh 625 

class (srfclass-15) comprised repeat units of 398 bp, each as a composite of a 68 bp subunit, on 626 

scaffold 1 (181407117- 181830275, ca 1063 copies). These repeat units align with elements on 627 

Scaffolds 3, 4 and 5, but with abbreviated subunits (e.g. 56 bp on Scaffold 3; 64 bp on Scaffold 628 

4). An eighth repeat class (srfclass-4) comprised a 98 bp motif occurred on the W chromosome 629 

scaffold 17 (1,961 copies, 281,785-473,916) found as 109-450 bp alignments on other scaffolds. 630 

Of the 45 repeat classes, only one (srfclass-5, 151 bp) showed potential as a centromeric repeat 631 

unit. However, this repeat class was not distributed as a single consolidated cluster on each 632 

chromosome, as would be expected of centromeric repeat units.  633 

We were thus unable to definitively identify centromeric repeat units in the bearded 634 

dragon to confirm the presence of only one per chromosomal scaffold as we were able to do in 635 

the skink Bassiana duperreyi (Hanrahan et al., 2025). We were however able to confirm the 636 

likely presence of one centromere per scaffold as expected if the scaffolds correspond to 637 

chromosomes using plots of heterozygosity and an index of inter-chromosomal contact rates 638 

against position on the scaffold (Figure 5). A dip in heterozygosity corresponded with a peak in 639 

HiC inter-chromosomal contact rate which together corresponded well with the position of the 640 

centromere taken from metaphase chromosomal spreads (Ezaz et al., 2005). 641 

Gene Annotation 642 

We assembled transcriptomes from 22 samples (Table S2). Genome annotation using Augustus 643 

predicted 17,237 genes and transcripts, of which 16,799 had a match to a Uniprot_Swissprot or 644 

Uniprot_TrEMBL protein sequence, and 16,483 were assigned a gene name. The quality of the 645 

annotation was further validated using RNAseq data from 22 samples, with an average 54.4% 646 

(ranging from 22.8% to 76.4%) of aligned reads assigned to annotated exons, indicating a 647 
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reasonable level of correspondence between the predicted gene models and the observed 648 

transcriptomes. 649 

Mitochondrial Genome 650 

The bearded dragon mitochondrial genome assembly was 16,731 bp in size with 37 intact genes 651 

without frameshift mutations. It consisted of 22 tRNAs, 13 protein coding genes, 2 ribosomal 652 

RNA genes and the control region (Figure S5), so was typical of the vertebrate mitochondrial 653 

genome. Base composition was A = 33.0%, C = 29.8%, G = 13.1% and T = 24.0%. 654 

We note that mitochondrial sequence was absent in the HiFi data presumably because it 655 

was eliminated during the size selection step. As the assembly software uses PacBio HiFi for the 656 

core assembly, these mitochondrial sequences, although present in the ONT data, were not 657 

recovered during the combined assembly process. We also note a drop in the read depth for the 658 

PacBio HiFi and Illumina data for exceptionally small microchromosomes (Figure 10a) that is 659 

not observed for ONT data. This suggests a systematic bias in the data from sequence-by-660 

synthesis platforms for small elements and high GC content sequences.  661 

Ribosomal DNA 662 

The rDNA unit length in the bearded dragon is approximately 9.5 Kbp, with a total of 1.75 Mbp 663 

of sequence across 24 scaffolds containing rDNA sequences. The rDNA sequence was found on 664 

chromosome 2 scaffold as expected (Young et al., 2013) near the sub-telomeric region of 2q. 665 

There were 23 additional short scaffolds comprised entirely of rDNA arrays as well indicating 666 

poor quality assembly of rDNA array. The first and second internal transcribed spacers (533 bp 667 

and 344 bp respectively) and intergenic spacer (2.7 Kbp) are relatively small, compared to 668 

mammals (McDonald et al., 2024). 669 

Conclusion  670 

Here we present a high-quality genome assembly of the central bearded dragon, Pogona vitticeps 671 

(Ahl, 1926). The quality of the genome assembly and annotation compares well with other 672 

chromosome-length assemblies and is among the best for any species of Agamidae. We have 673 

chromosome length scaffolds, telomere-to-telomere.  674 
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The non-recombining regions of the Z and W chromosomes were each assembled as a 675 

single scaffold. The PAR was assembled as a single scaffold in both haplotypes. The sex 676 

chromosomes scaffolds and PAR scaffold each lacked one telomere, but this is likely resolved 677 

when they are combined to form Z and W scaffolds including both the PAR and non-678 

recombining regions. The identification of Amh and Amhr2 on the Z specific scaffold (but not the 679 

W) has them as strong candidates for the sex determining gene(s) in this species. Gene Nr5a1, 680 

encoding transcription factor SF1, was previously identified as a candidate sex determining gene 681 

because it resided on the sex chromosomes and because of its differential transcript isoform 682 

composition (Zhang et al., 2022); it is confirmed as residing within the PAR on both the Z and W 683 

chromosomes. The concurrent discovery of Amh and Amhr2 as duplicate copies of their 684 

autosomal orthologs (see Guo et al., 2025 GigaScience, this issue) on the Z chromosome and 685 

confirmation here that they do not reside on the W, hints at a dosage-based mechanism of sex 686 

determination involving one or both of these genes. Amh is a gene and its receptor AmhR2 are 687 

central to male differentiation in vertebrates and so are predisposed to recruitment as master sex 688 

determining genes on the sex chromosomes. This has occurred multiple times in fish with the 689 

enlistment of Amh or AmhR2 to the Y chromosome (Li et al., 2015; Song et al., 2021; Nakamoto 690 

et al., 2021; Jeffries et al., 2022) or the involvement of Amh in the establishment of a de novo sex 691 

chromosome (Kamiya et al., 2012). In the frog Rana temporaria, the Y chromosome underwent 692 

a reciprocal translocation with an autosome fusing them into a single inherited neo-Y 693 

chromosome that included key sex genes Dmrt1, Amh, and AmhR2 (Rodrigues et al., 2016). Amh 694 

is also implicated as the master sex determining gene in monotremes (Zhou et al., 2021).  Our 695 

results indicate that sex determination in the dragon is likely involve more complex gene 696 

interactions, involving expression of the Z and autosomal copies of Amh and AmhR2 and 697 

involving also Nr5a1 which encodes transcription factor SF1 and has a foundational involvement 698 

in sex determination in vertebrates. The gene Nr5a1, although on the PAR as confirmed here, 699 

and with virtually identical copies on the Z and W chromosomes, yields substantially different Z 700 

and W transcriptional isoform composition (Zhang et al., 2022). This suggests that complex 701 

interactions between these genes and their resultant transcription factors and intermediaries, 702 

determines sex in the bearded dragon. This will be a fruitful area for future investigation.  703 

This annotated assembly for the central bearded dragon was generated as part of the 704 

AusARG initiative of Bioplatforms Australia, to contribute to the suite of high-quality genomes 705 
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available for Australian reptiles and amphibians as a national resource. The central bearded 706 

dragon is already widely used in research requiring genomic foundations, in large part because of 707 

the earlier publication of an assembly based on short read technologies (Georges et al., 2015). 708 

The central bearded dragon is an emerging model species (Ollonen et al., 2018) because of its 709 

high fecundity and short incubation, ease with which it adapts to captivity and a published 710 

genome, all considered key advantages accelerating its use (Infante et al., 2018). We anticipate 711 

that this new and vastly improved reference genome will serve to accelerate comparative 712 

genomics, developmental studies and evolutionary research on this and other species. As an 713 

exemplar of a well-studied oviparous taxon with sex reversal by temperature, the central bearded 714 

dragon reference assembly will provide a solid basis for genomic studies of the evolution of the 715 

genetic basis for reprogramming of sexual development under the influence of environmental 716 

temperature (Quinn et al., 2007; Holleley, et al., 2015; Castelli et al., 2021). 717 
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Table S1. A list of software used for the analyses reported in this paper. Included are the use to which the software was put, the version 

number used, the source of the latest release of the software, and the associated published reference if available. 

 

Software Use case Version URL (latest release) Reference 
Arima 
Genomics 
Alignment 
Pipeline 

Align HiC data to the 
interim haplotype 
consensus 

03 https://github.com/ArimaGenomics/mapping_pipeline Wingett et al. (2015) 

3D-DNA Visualisation of HiC 
scaffolding 

180922 https://github.com/aidenlab/3d-dna Dudchenko et al. (2023) 

AGAT Conversion from bam to 
gff3 

1.4.0 https://github.com/NBISweden/AGAT Dainat, 2022 

Augustus De novo gene 
annotations 

3.4.0  https://github.com/Gaius-Augustus/Augustus Stanke et al. (2008) 

bcftools Normalise vcf files 1.14 https://samtools.github.io/bcftools/ Danecek et al. (2021)  
Biopython Python tools for 

Computational Molecular 
Biology 

1.79 https://github.com/biopython/biopython Cock et al. (2009) 

BLAST Vector contamination 2.12.0 https://blast.ncbi.nlm.nih.gov/Blast.cgi Camacho et al. (2009) 

BUSCO Standard gene set 5.4.7 https://busco.ezlab.org/ Manni et al. 2021 
buttery-eel ONT basecalling wrapper 

for Dorado 

 
https://github.com/Psy-Fer/buttery-eel https://doi.org/10.1093/bioinformatics/btad352 

bwa-mem Short-read alignments 0.7.17 https://sourceforge.net/projects/bio-bwa/files/ Li and Durban, (2010) 

CD-HIT Clustering of redundant 
transcript sequences 
across multiple samples 

4.8.1 https://sites.google.com/view/cd-hit Fu et al. (2012) 

chromsyn Synteny plotting tool 
 

https://github.com/slimsuite/chromsyn Edwards et al. (2022) 

cutadapt Trim reads containing 
adapter sequences 

3.7 https://github.com/marcelm/cutadapt https://doi.org/10.14806/ej.17.1.200 

dorado ONT basecalling 7.2.13 https://github.com/nanoporetech/dorado (c) 2024 Oxford Nanopore Technologies PLC 
diamond Aligning transcriptomic 

and peptide sequences to 
uniprot databases for 
annotation 

2.1.9 https://github.com/bbuchfink/diamond Buchfink et al. (2021) 
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flye Mitochondrial genome 
assembly 

2.9.5 https://github.com/mikolmogorov/Flye  Kolmogorov et al., 2019 

freebayes  Creating vcf files 1.3.8 https://github.com/freebayes/freebayes Garrison & Marth (2012) 
GEMmapper Mapping HiC data to the 

reference genome 
3.6.1 https://github.com/smarco/gem3-mapper Marco-Sola et al. (2012) 

genometools Parse gff3 annotation 
files 

1.6.2 https://github.com/genometools/genometools Gremme et al. (2013) 

GNU parallel Parallel processing of 
commands 

20191022 https://www.gnu.org/software/parallel/ Tange, 2018 

HiCexplorer Visualising HiC contact 
maps 

3.7.3 https://hicexplorer.readthedocs.io/en/latest/ Ramirez et al. (2018); Wolff et al. (2020) 

hifiasm Assembly construction 0.19.6 https://github.com/chhylp123/hifiasm Cheng et al. (2021, 2022) 

htslib bgzip of vcf files 1.20 https://github.com/samtools/htslib Bonfield et al. (2021) 
inspector Assembly evaluation 1.3 https://github.com/Maggi-Chen/Inspector Chen et al. 2021 
Juicer Construct and visualize 

HiC contact maps 
1.5 https://github.com/aidenlab/juicer Durand et al. (2016) 

karyoploteR Plot customizable 
genomes in R 

1.8.4 https://github.com/bernatgel/karyoploteR Gel and Serra (2017) 

KMC Kmer counts 3.2.4 https://github.com/refresh-bio/KMC Marek Kokot et al. 2017 

Merqury Quality, completeness, 
and phasing assessment 

1.3 https://github.com/marbl/merqury Rhie et al. 2020 

MitoHiFi Mitochondrial genome 
annotation 

2.9.3  https://github.com/marcelauliano/MitoHiFi Uliano-Silva et al. (2023) 

minimap2 Long-read alignments, 
Alignment for gene 
model training and 
prediction 

2.28 https://github.com/lh3/minimap2 Li, H. (2018) 

RepeatMasker Repeat annotations 4.1.2-p1 https://github.com/rmhubley/RepeatMasker Smit et al. (2013-2015) 

RepeatModeler Repeat annotations 2.0.4 https://github.com/Dfam-consortium/RepeatModeler Smit et al. (2008-2015) 

RepeatScout Repeat annotation 1.0.6 https://github.com/mmcco/RepeatScout Price et al. (2005) 

Samtools SAM/BAM viewing, 
manipulation and 
calculations 

1.19,1.19.2 https://github.com/samtools/samtools Danecek et al. (2021) 

seqkit Toolkit for FastA/FastQ 
files 

2.5.1 https://github.com/shenwei356/seqkit Shen et al. (2016) 

seqtk Toolkit for FastA/FastQ 
files 

1.3 https://github.com/lh3/seqtk – 
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SRF Satellite Repeat Finder 9ab3695  https://github.com/lh3/srf Zhang et al. 2023 
subread-align Align RNAseq to the 

assembly 
2.0.6 https://sourceforge.net/projects/subread/ Liao et al. 2013 

TADbit Analysis of HiC data 1.0.1 https://github.com/3DGenomes/TADbit Serra et al. (2017) 
TRF Tandem repeat 

annotations including 
telomeres 

4.09.1 https://github.com/Benson-Genomics-Lab/TRF Benson, G. (1999) 

trimmomatic Trim Illumina sequence 
data 

0.39 https://github.com/usadellab/Trimmomatic Bolger et al., 2014 

Trinity Transcriptome assembly 2.12.0 https://github.com/trinityrnaseq/trinityrnaseq Grabherr et al. (2011) 

whatshap phasing vcf files and HiC 
reads 

2.3 https://github.com/whatshap/whatshap Martin et al. (2016) 

YAHS Scaffolding with HiC 1.1 https://github.com/c-zhou/yahs Zhou et al. (2023) 
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Table S2. Summary statistics for the raw Illumina RNA sequence data used to assemble the transcriptome and for annotation. 

SpecimenID 
(UC<Aus>) Tissue LibraryID SRA No. of 

Reads 
Read 

Length 
Mapped 
read % 

SW_28ZWC1_2a Embryonic 
brain CAGRF20994.36 SRR33206849 77479290 100 94.38 

SW_28C1_2a Embryonic 
brain  

CAGRF20994.70 SRR33206848 81974270 100 94.31 

28ZWC6_2a Embryonic 
brain CAGRF20994.18 SRR33206842 83774333 100 93.67 

SW_3603zz:18:1:19 Embryonic 
gonad CAGRF19863.35 Available on 

acceptance 56313909 150 82.53 

SW_3603zz:18:1:12 Embryonic 
gonad  

CAGRF19863.28  56727130 150 84.47 

SW_3632:18:2:1 Embryonic 
gonad CAGRF19863.42  60050561 150 85.37 

Pit_001003344319 Heart POGwqlTABRAAPEI-88 ERR413072 15400726 90 95.07 
Pit_005005002929 Heart PW2_GCCAAT_L002 ERR413078 16503039 101 93.64 
Pit_001003348030 Heart POGwqlTAHRAAPEI-32 ERR413065 19844224 90 94.92 

Pit_001003344319 Kidney 344319kidneyA_FCC1L8RACXX_POGwqlTACRAAPEI-
89 ERR413073 12018708 90 94.71 

Pit_001003348030 Kidney POGwqlTAIRAAPEI-55 ERR413066 18108164 90 95.57 
Pit_005005002929 Liver PW4_GTGAAA_L002 ERR413080 140350855 101 93.87 
Pit_001003344319 Liver POGwqlTAARAAPEI-87 ERR413074 164221222 90 95.70 
Pit_001003348030 Liver POGwqlTAGRAAPEI-26 ERR413067 16466411 90 95.74 

Pit_001003344319 Lung 344319lungA_FCC1L8RACXX_POGwqlTADRAAPEI-
90 ERR413075 12205166 90 95.53 

Pit_005005002929 Lung PW3_CTTGTA_L002 ERR413079 15418237 101 92.67 
Pit_001003348030 Lung POGwqlTAJRAAPEI-61 ERR413068 21179788 90 96.02 

Pit_001003344319 Skeletal 
muscle 

344319muscleA_FCC1L8RACXX_POGwqlTAERAAPEI-
94 ERR413076 11722151 90 96.30 

Pit_001003348030 Skeletal 
muscle POGwqlTAKRAAPEI-71 ERR413069 18252709 90 96.82 

Pit_005005003588 Ovary PW6_ACTTGA_L002 ERR413082 20079842 101 94.46 
Pit_005005002929 Ovary PW5_ATCACG_L002 ERR413081 8909165 101 94.38 
Pit_001003348030 Testis POGwqlTAMRAAPEI-83 ERR413070 20764245 90 95.94 
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Table S3. Summary statistics for the raw PacBio HiFi sequence data used for the assembly.  

SpecimenID 
(UC<Aus>) Tissue Flow Cell SRA No. of Bases No. of 

Reads 
Read 

Length N50 N90 

Pit_001003342236 Blood DAGPOG SRR33206838 70,625,888,904 4,714,654 14,980 15,021 12,612 
 

Table S4. Summary statistics for the raw Oxford Nanopore sequence data used for the assembly. 

SpecimenID 
(UC<Aus>) Tissue Flow cell SRA No. of Bases No. of 

Reads 

Read 
Length 

(bp) 
N50 N90 

Pit_001003342236 Blood PAF09309 SRR33206836 25,283,044,433 1,617,304 15,633 32,645 8,495 

Pit_001003342236 Blood PAF09661 SRR33206837 39,491,153,126 3,394,876 11,633 32,142 5,155 

Pit_001003342236 Blood PAF10280 SRR33206835 13,661,149,861 1,040,853 13,125 33,901 5,869 

Pit_001003342236 Blood PAF14969 SRR33206845 3,934,999,270 332,739 11,826 34,339 4,907 

Pit_001003342236 Blood PAF21165 SRR33206847 13,025,356,130 41,0291 31,747 59,981 16,099 

Pit_001003342236 Blood PAF32809 SRR33206846 10,170,572,213 322,452 31,541 59,310 16,562 

   
Table S5. Summary statistics for the HiC sequence data used to scaffold the assembly.  

SpecimenID 
(UC<Aus>) Tissue Library SRA No. of Bases No. of Reads Read 

Length 

Pit_001003342236 Blood 350768_L001 SRR33206844 22,349,129,631 148,007,481 151 

Pit_001003342236 Blood 350768_L002 SRR33206843 22,248,518,784 14,7341,184 151 

 

Table S6. Summary statistics for the Illumina sequence data.  

SpecimenID 
(UC<Aus>) Tissue SRA No. of Bases No. of Reads 

Mean 
Read 

Length 
Pit_001003342236 Blood ERR409918, ERR409919, ERR409920 46,627,601,425 347,200,575 134 
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Table S7. Bacterial Artificial Chromosome (BAC) sequences mapped to the assembly 
scaffolds for the bearded dragon Pogona vitticeps. These BAC sequences were physically 
mapped to the chromosomes of the dragon by Deakin et al. (2016) and Young et al. 
(2013). They serve to confirm the association of the assembly scaffolds with the physical 
chromosomes. Scaffolds 1-6 correspond to Chromosomes 1-6, both assigned numbers by 
size. Scaffolds 7-15 correspond to microchromosomes numbered by Deakin et. al. (2016) 
as indicated. Scaffold 16, the pseudo-autosomal region of the Z and W sex chromosomes, 
is confirmed to correspond to the Z chromosome in the physical mapping of Clone 
150H19. Scaffold 17 is confirmed to be associated with the W chromosome by the anchor 
Clone C1 of Quinn et al. (2010, Genbank EU938138). 

BAC ID Chromosome Scaffold Start End Pairing Length (bp) 

16A1 1 1 123,407,376 123,573,280 Double End 165904 
16A9 1 1 206,788,482 206,922,132 Double End 133650 
57H2 1 1 23,855,452 23,978,560 Double End 123108 
170F19 1 1 264,497,932 264,639,501 Double End 141569 
184J20 1 1 273,284,146 273,381,615 Double End 97469 
220D11 1 1 269,856,714 269,989,320 Double End 132606 
220D7 1 1 198,454,349 198,556,275 Double End 101926 
229E3 1 1 333,283,458 333,284,262 Single End 804 
16A12 1 1 196,202,148 196,307,065 Double End 104917 
11A17 1 1 157,690,828 157,788,565 Double End 97737 
63H9 1 1 87,094,079 87,094,329 Single End 250 
55I5 1 1 241,422,170 241,423,063 Single End 893 
50I5 1 1 241,629,475 241,630,352 Single End 877 
32C14 1 1 251,475,667 251,576,845 Double End 101178 
31C8 1 1 159,024,102 159,024,242 Single End 140 
240M14 1 1 219,470,320 219,470,616 Single End 296 
191F7 1 1 302,271,442 302,349,405 Double End 77963 
166M7 1 1 177,617,052 177,734,321 Double End 117269 
161K22 1 1 312,800,053 312,800,696 Single End 643 
12E8 1 1 275,882,655 275,883,474 Single End 819 
57C5 1 1 113,655,489 113,656,282 Single End 793 
28K11 1 1 233,289,187 233,289,570 Single End 383 
231C17 1 1 139,946,455 139,946,593 Single End 138 
167F2 1 1 189,870,499 189,871,006 Single End 507 
16A23 2 2 66,988,935 67,151,660 Double End 162725 
16A4 2 2 253,796,445 253,948,084 Double End 151639 
176E5 2 2 211,772,680 211,923,226 Double End 150546 
189J12 2 2 143,064,625 143,210,897 Double End 146272 
195K1 2 2 166,137,002 166,292,352 Double End 155350 
200H9 2 2 166,111,395 166,264,490 Double End 153095 
219G15 2 2 39,640,903 39,810,574 Double End 169671 
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238E7 2 2 39,702,429 39,859,488 Double End 157059 
203J2 2 2 146,656,877 146,757,171 Double End 100294 
119M24 2 2 28,575,669 28,661,793 Double End 86124 
76H7 2 2 301,486,841 301,597,372 Double End 110531 
63C12 2 2 28,669,241 28,669,816 Single End 575 
52J6 2 2 217,609,420 217,729,471 Double End 120051 
21F11 2 2 93,857,250 93,857,797 Single End 547 
213G6 2 2 139,763,286 139,763,386 Single End 100 
160F4 2 2 29,206,132 29,283,406 Double End 77274 
153E7 2 2 23,679,237 23,797,983 Double End 118746 
74F13 2 2 77,615,637 77,615,778 Single End 141 
57B1 2 2 123,317,551 123,318,392 Single End 841 
42J16 2 2 203,443,365 203,443,969 Single End 604 
225M3 2 2 4,920,160 4,920,229 Single End 69 
104C4 2 2 31,514,680 31,515,011 Single End 331 
185A1 3 3 228,674,547 228,798,733 Double End 124186 
213B13 3 3 161,338,667 161,452,623 Double End 113956 
214J17 3 3 154,656,138 154,797,939 Double End 141801 
220D15 3 3 132,974,112 133,117,342 Double End 143230 
221A23 3 3 72,300,526 72,406,473 Double End 105947 
233A1 3 3 259,774,934 259,868,300 Double End 93366 
71H17 3 3 212,191,524 212,191,947 Single End 423 
60E8 3 3 101,809,810 101,809,872 Single End 62 
41K6 3 3 263,235,206 263,235,636 Single End 430 
224N13 3 3 54,477,440 54,572,033 Double End 94593 
212O13 3 3 28,075,418 28,172,637 Double End 97219 
98J10 3 3 48,936,383 49,023,996 Double End 87613 
70H15 3 3 89,843,258 89,843,367 Single End 109 
141N2 3 3 207,206,868 207,207,300 Single End 432 
16A5 4 4 223,343,607 223,475,138 Double End 131531 
219I19 4 4 15,956,020 16,099,868 Double End 143848 
219N21 4 4 212,509,566 212,656,462 Double End 146896 
230L10 4 4 30,902,447 31,039,140 Double End 136693 
240P5 4 4 217,448,160 217,604,952 Double End 156792 
94G20 4 4 131,828,670 131,828,800 Single End 130 
55L2 4 4 35,486,665 35,486,806 Single End 141 
39P7 4 4 22,140,696 22,140,795 Single End 99 
240G13 4 4 70,024,998 70,025,094 Single End 96 
6M2 4 4 46,157,770 46,158,228 Single End 458 
47D22 4 4 50,742,605 50,742,749 Single End 144 
43K4 4 4 197,338,787 197,338,848 Single End 61 
152L3 4 4 44,449,933 44,450,480 Single End 547 
16A22 5 5 21,793,409 21,907,879 Double End 114470 
16A3 5 5 77,173,589 77,287,486 Double End 113897 
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210E16 5 5 191,209,567 191,327,937 Double End 118370 
220D13 5 5 90,196,139 90,319,940 Double End 123801 
233L23 5 5 191,071,018 191,295,551 Double End 224533 
127M2 5 5 75,255,243 75,255,595 Single End 352 
64B22 5 5 32,602,157 32,602,461 Single End 304 
213P24 5 5 105,780,143 105,780,819 Single End 676 
106M24 5 5 112,608,113 112,608,684 Single End 571 
16A11 6 6 48,179,595 48,324,927 Double End 145332 
132P11 6 6 98,533,797 98,652,352 Double End 118555 
174P24 6 6 40,475,783 40,599,680 Double End 123897 
200O10 6 6 115,445,513 115,564,715 Double End 119202 
211I19 6 6 6,747,727 6,748,354 Single End 627 
212P4 6 6 91,758,787 91,899,479 Double End 140692 
225A2 6 6 113,902,256 114,060,808 Double End 158552 
58O7 6 6 85,615,842 85,616,283 Single End 441 
64E23 6 6 23,949,286 23,949,848 Single End 562 
197P21 7 7 3,381,866 3,526,151 Double End 144285 
75B13 7 7 4,323,835 4,324,297 Single End 462 
163B7 7 7 7,515,270 7,515,386 Single End 116 
55E1 7 7 27,269,115 27,269,479 Single End 364 

220D8 11 8 19,977,289 20,074,547 Double End 97258 

60I7 Unplaced 9 10,399,195 10,399,466 Single End 271 
105P18 8 10 14,907,609 15,070,287 Double End 162678 
232P19 8 10 3,325,360 3,419,255 Double End 93895 
90K22 8 10 6,519,310 6,519,416 Single End 106 
220D12 10 11 5,805,476 5,892,623 Double End 87147 
161M1 10 11 25,752,319 25,752,921 Single End 602 
188M22 11? 12 3,335,567 3,499,827 Double End 164260 
26E15 9 12 24,695,378 24,696,082 Single End 704 
221B16 12 13 3,354,875 3,470,616 Double End 115741 
39B11 Unplaced 13 9,469,199 9,469,292 Single End 93 
214G3 14 14 13,829,067 13,993,455 Double End 164388 
104H17 Unknown 

micro 
14 15,328,359 15,328,421 Single End 62 

16A10 15 15 7,185,376 7,387,041 Double End 201665 
185N3 13 15 2,286,971 2,409,964 Double End 122993 
240C19 13 15 1,448,843 1,448,947 Single End 104 
218G5 Unknown 

micro 
16 (PAR) 3,169,270 3,169,542 Single End 272 

150H19 Z 16 (PAR) 3,169,270 3,169,542 Single End 272 

Contig C Unplaced 17 2,268,844 2,271,580 -- 2,736 
57P12 Unknown 

micro 
18 2,381,218 2,381,349 Single End 131 
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Table S8. Satellite repeat units of the genome assembly for the 
bearded dragon Pogona vitticeps collapsed into 45 distinct 
classes based on sequence similarity.  

 

Satellite Repeat Name Class 
Repeat Unit 
Length (bp) 

POGVIT.v2.1#circ15-93 srfclass-1 93 
POGVIT.v2.1#circ19-93 srfclass-1 93 
POGVIT.v2.1#circ56-93 srfclass-1 93 
POGVIT.v2.1#circ47-93 srfclass-1 93 
POGVIT.v2.1#circ54-93 srfclass-1 93 
POGVIT.v2.1#circ45-93 srfclass-1 93 
POGVIT.v2.1#circ43-93 srfclass-1 93 
POGVIT.v2.1#circ55-93 srfclass-1 93 
POGVIT.v2.1#circ35-93 srfclass-1 93 
POGVIT.v2.1#circ39-93 srfclass-1 93 
POGVIT.v2.1#circ23-93 srfclass-1 93 
POGVIT.v2.1#circ60-93 srfclass-1 93 
POGVIT.v2.1#circ9-167 srfclass-2 167 
POGVIT.v2.1#circ24-166 srfclass-2 166 
POGVIT.v2.1#circ33-169 srfclass-2 169 
POGVIT.v2.1#circ44-166 srfclass-2 166 
POGVIT.v2.1#circ4-128 srfclass-3 128 
POGVIT.v2.1#circ11-129 srfclass-3 129 
POGVIT.v2.1#circ49-129 srfclass-3 129 
POGVIT.v2.1#circ5-98 srfclass-4 98 
POGVIT.v2.1#circ10-98 srfclass-4 98 
POGVIT.v2.1#circ8-151 srfclass-5 151 
POGVIT.v2.1#circ22-151 srfclass-5 151 
POGVIT.v2.1#circ17-115 srfclass-6 115 
POGVIT.v2.1#circ27-115 srfclass-6 115 
POGVIT.v2.1#circ20-161 srfclass-7 161 
POGVIT.v2.1#circ41-161 srfclass-7 161 
POGVIT.v2.1#circ32-83 srfclass-8 83 
POGVIT.v2.1#circ50-44 srfclass-8 44 
POGVIT.v2.1#circ52-63 srfclass-9 63 
POGVIT.v2.1#circ57-63 srfclass-9 63 
POGVIT.v2.1#circ1-6 srfclass-10 6 
POGVIT.v2.1#circ2-5695 srfclass-11 5,695 
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POGVIT.v2.1#circ3-151 srfclass-12 151 
POGVIT.v2.1#circ6-150 srfclass-13 150 
POGVIT.v2.1#circ7-151 srfclass-14 151 
POGVIT.v2.1#circ12-398 srfclass-15 398 
POGVIT.v2.1#circ13-157 srfclass-16 157 
POGVIT.v2.1#circ14-230 srfclass-17 230 
POGVIT.v2.1#circ16-9460 srfclass-18 9,460 
POGVIT.v2.1#circ18-175 srfclass-19 175 
POGVIT.v2.1#circ21-6 srfclass-20 6 
POGVIT.v2.1#circ25-2190 srfclass-21 2,190 
POGVIT.v2.1#circ26-115 srfclass-22 115 
POGVIT.v2.1#circ28-249 srfclass-23 249 
POGVIT.v2.1#circ29-179 srfclass-24 179 
POGVIT.v2.1#circ30-236 srfclass-25 236 
POGVIT.v2.1#circ31-5 srfclass-26 5 
POGVIT.v2.1#circ34-144 srfclass-27 144 
POGVIT.v2.1#circ36-150 srfclass-28 150 
POGVIT.v2.1#circ37-102 srfclass-29 102 
POGVIT.v2.1#circ38-3674 srfclass-30 3,674 
POGVIT.v2.1#circ40-252 srfclass-31 252 
POGVIT.v2.1#circ42-145 srfclass-32 145 
POGVIT.v2.1#circ46-130 srfclass-33 130 
POGVIT.v2.1#circ48-5 srfclass-34 5 
POGVIT.v2.1#circ51-6 srfclass-35 6 
POGVIT.v2.1#circ53-171 srfclass-36 171 
POGVIT.v2.1#circ58-104 srfclass-37 104 
POGVIT.v2.1#circ59-877 srfclass-38 877 
POGVIT.v2.1#circ61-5 srfclass-39 5 
POGVIT.v2.1#circ62-5 srfclass-40 5 
POGVIT.v2.1#circ63-6 srfclass-41 6 
POGVIT.v2.1#circ64-152 srfclass-42 152 
POGVIT.v2.1#circ65-128 srfclass-43 128 
POGVIT.v2.1#circ66-54 srfclass-44 54 
POGVIT.v2.1#circ67-5 srfclass-45 5 
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Table S9. Summary of the copy number and percentage of the bearded dragon 
(Pogona vitticeps) genome covered by repeat elements. 
 
Family Numbers of 

elements  
Length masked 

(bp)  
% of 

sequence  

Retroelements  1,061,885 303,713,020 17.33 
  SINEs  114,787 15,769,671 0.90 
 5S 6,625 553,278 0.03 
 ID 3,444 310,000 0.02 
 MIR 36,494 5,075,373 0.29 
 U 346 11,467 0.00 
 U-L1 82 5,430 0.00 
 tRNA 15,532 1,687,441 0.10 
 tRNA-Core-RTE 8,936 319,829 0.02 
 tRNA-Deu 39,885 7,574,891 0.43 
 tRNA-RTE 3,443 231,962 0.01 
  LINEs  947,098 287,943,349 16.43 
 CR1 178,263 39,822,603 2.27 
 Dong-R4 21,177 6,300,007 0.36 
 I 649 44,872 0.00 
 I-Jockey 16,536 3,023,508 0.17 
 L1 32,568 15,027,310 0.86 
 L2 199,361 64,273,433 3.67 
 Penelope 66,521 13,708,273 0.78 
 R2-NeSL 116 22,059 0.00 
 RTE-BovB 372,010 129,982,167 7.42 
 RTE-RTE 269 64,349 0.00 
 RTE-X 50,133 11,827,799 0.67 
 Rex-Babar 9,495 3,846,969 0.22 
     
LTR elements  80,454 72,706,738 4.15 
 Copia 3,713 3,224,584 0.18 
 DIRS 25,270 16,851,664 0.96 
 ERV 272 104,097 0.01 
 ERV1 5,776 1,596,256 0.09 
 ERVK 1,795 996,283 0.06 
 Gypsy 27,479 42,285,692 2.41 
 Ngaro 16,149 7,648,162 0.44 
     
DNA transposons  432,771 89,795,030 5.12 
 CMC-Chapaev-3 385 154,910 0.01 
 Maverick 871 618,150 0.04 
 PIF-Harbinger 5,195 676,377 0.04 
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 TcMar 58,667 18,056,702 1.03 
 TcMar-Mariner 2,350 1,083,990 0.06 
 TcMar-Tc1 10,032 4,721,161 0.27 
 TcMar-Tc2 120,600 15,583,345 0.89 
 TcMar-Tigger 120,825 27,876,875 1.59 
 Zisupton 1,384 316,647 0.02 
 hAT-Ac 24,713 4,868,609 0.28 
 hAT-Blackjack 6,949 1,247,319 0.07 
 hAT-Charlie 61,120 10,465,252 0.60 
 hAT-Tag1 7,783 1,336,798 0.08 
 hAT-Tip100 11,161 2,464,145 0.14 
 hAT-hAT19 237 113,591 0.01 
 hAT-hAT5 499 211,159 0.01 
     
Penelope-like elements 1,797 150,905 0.01 
 Chlamys 1,797 150,905 0.01 
     
Rolling-circles  447 95,044 0.01 
 Helitron 447 95,044 0.01 
     
Unclassified  1,775,114 294,309,581 16.79 
     
Total interspersed repeats  3,352,468 760,770,318 43.40 
       
Satellite 4,246 1,284,141 0.07 
Simple Repeat 576,326 34,276,116 1.96 
rRNA 402 1,812,567 0.10 
snRNA 2,397 502,447 0.03 
tRNA 101 6,775 0.00 
     
Total Masked   798,652,364 45.56 

 

 

 
 
 

  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 2, 2025. ; https://doi.org/10.1101/2025.05.01.651798doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.01.651798
http://creativecommons.org/licenses/by/4.0/


10 
 

     

 

 

 

 

 

 

 

 
Figure S1. Comparison of average read quality values (QV) versus read length 

for the two sequencing technologies: Oxford Nanopore Technologies (ONT) 

and PacBio HiFi. Color intensity represents the base fraction in specified 

ranges, with darker colors indicating lower fractions and lighter colors 

indicating higher fractions. ONT reads show a broader distribution of read 

lengths with moderate quality values, whereas PacBio HiFi reads exhibit 

higher quality values with more concentrated reads at ~15 Kbp lengths. 
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Figure S2. HiC contact maps for Haplotype 2 showing an assembly mis-join in the YAHS 
assembly. (a) The original contact map showing the mis-join; (b) the resolved assembly with the 
mis-join was resolved manually. 
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Figure S3. Identification of putative centromeres for the six macrochromosomes and 10 
microchromosomes of the bearded dragon Pogona vitticeps. For both macrochromosomes and 
microchromosomes, the upper panels are chromosome-specific Hi-C heatmaps showing intra-
chromosomal interactions. The lower panels are the Z-scores for the HiC inter-chromosomal 
interactions along chromosome length (Mbp) with smoothed lines of best fit. Each dot in the lower 
panels represents the Z-score interaction value of a different 50 Kbp bin. The middle panels for the 
macrochromosomes only, show the counts of heterozygous sites per 50 Kbp window (green dots) 
with lines of best fit and 95% confidence interval (grey shading). Dashed vertical lines correspond to 
putative centromere locations. Scaffold 16 is the pseudo-autosomal region (PAR) of the sex 
chromosomes. Scaffolds marked with an asterisk are inverted with respect to the published karyotype. 
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Figure S4. Size distribution of the repetitive elements that could not be identified (16.8%, Table S8). 
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Figure S5. Annotation of the mitochondrial genome of the bearded dragon Pogona vitticeps 
assembled using flye and annotated using mitoHiFi. Control region not shown. Length 16,731 
bp. 
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