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Towards complete and error-free genome 
assemblies of all vertebrate species

    

A list of authors and their affiliations appears at the end of the paper.

High-quality and complete reference genome assemblies are fundamental for the 

application of genomics to biology, disease, and biodiversity conservation. However, 

such assemblies are available for only a few non-microbial species1–4. To address this 

issue, the international Genome 10K (G10K) consortium5,6 has worked over a �ve-year 

period to evaluate and develop cost-e�ective methods for assembling highly accurate 

and nearly complete reference genomes. Here we present lessons learned from 

generating assemblies for 16 species that represent six major vertebrate lineages.  

We con�rm that long-read sequencing technologies are essential for maximizing 

genome quality, and that unresolved complex repeats and haplotype heterozygosity 

are major sources of assembly error when not handled correctly. Our assemblies 

correct substantial errors, add missing sequence in some of the best historical 

reference genomes, and reveal biological discoveries. These include the identi�cation 

of many false gene duplications, increases in gene sizes, chromosome 

rearrangements that are speci�c to lineages, a repeated independent chromosome 

breakpoint in bat genomes, and a canonical GC-rich pattern in protein-coding genes 

and their regulatory regions. Adopting these lessons, we have embarked on the 

Vertebrate Genomes Project (VGP), an international e�ort to generate high-quality, 

complete reference genomes for all of the roughly 70,000 extant vertebrate species 

and to help to enable a new era of discovery across the life sciences.

Chromosome-level reference genomes underpin the study of func-

tional, comparative, and population genomics within and across spe-

cies. The first high-quality genome assemblies of human1 and other 

model species (for example, Caenorhabditis elegans2, mouse3, and 

zebrafish4) were put together using 500–1,000-base pair (bp) Sanger 

sequencing reads of thousands of hierarchically organized clones with 

200–300-kilobase (kb) inserts, and chromosome genetic maps. This 

approach required tremendous manual effort, software engineering, 

and cost, in decade-long projects. Whole-genome shotgun approaches 

simplified the logistics (for example, in human7 and Drosophila8), and 

later next-generation sequencing with shorter (30–150-bp) sequenc-

ing reads and short insert sizes (for example, 1 kb) ushered in more 

affordable and scalable genome sequencing9. However, the shorter 

reads resulted in lower-quality assemblies, fragmented into thousands 

of pieces, where many genes were missing, truncated, or incorrectly 

assembled, resulting in annotation and other errors10. Such errors 

can require months of manual effort to correct individual genes and 

years to correct an entire assembly. Genomic heterozygosity posed 

additional problems, because homologous haplotypes in a diploid 

or polyploid genome are forced together into a single consensus by 

standard assemblers, sometimes creating false gene duplications11–14.

To address these problems, the G10K consortium5,6 initiated the 

Vertebrate Genomes Project (VGP; https://vertebrategenomesproject.

org) with the ultimate aim of producing at least one high-quality, near 

error-free and gapless, chromosome-level, haplotype-phased, and 

annotated reference genome assembly for each of the 71,657 extant 

named vertebrate species and using these genomes to address funda-

mental questions in biology, disease, and biodiversity conservation. 

Towards this end, having learned the lessons of having too many 

variables that make conclusions more difficult to reach in the G10K 

from the G10K Assemblathon 2 effort15, we first evaluated multiple 

genome sequencing and assembly approaches extensively on one 

species, the Anna’s hummingbird (Calypte anna). We then deployed 

the best-performing method across sixteen species representing six 

major vertebrate classes, with a wide diversity of genomic character-

istics. Drawing on the principles learned, we improved these methods 

further, discovered parameters and approaches that work better for 

species with different genomic characteristics, and made biological 

discoveries that had not been possible with the previous assemblies.

Complete, accurate assemblies require long reads

We chose a female Anna’s hummingbird because it has a relatively 

small genome (about 1 Gb), is heterogametic (has both Z and W sex 

chromosomes), and has an annotated reference of the same individual 

built from short reads16. We obtained 12 new sequencing data types, 

including both short and long reads (80 bp to 100 kb), and long-range 

linking information (40 kb to more than 100 Mb), generated using eight 

technologies (Supplementary Table 1). We benchmarked all technolo-

gies and assembly algorithms (Supplementary Table 2) in isolation and 

in many combinations (Supplementary Table 3). To our knowledge, 

this was the first systematic analysis of many sequence technologies, 

assembly algorithms, and assembly parameters applied on the same 

individual. We found that primary contiguous sequences (contigs) 

(pseudo-haplotype; Supplementary Note 1) assembled from Pacific 

Biosciences continuous long reads (CLR) or Oxford Nanopore long 
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reads (ONT) were approximately 30- to 300-fold longer than those 

assembled from Illumina short reads (SR), regardless of data type com-

bination or assembly algorithm used (Fig. 1a, Supplementary Table 3). 

The highest contig NG50s for short-read-only assemblies were about 

0.025 to 0.169 Mb, whereas for long reads they were about 4.6 to 7.66 Mb 

(Fig. 1a); contig NG50 is an assembly metric based on a weighted median 

of the lengths of its gapless sequences relative to the estimated genome 

size. After fixing a function in the PacBio FALCON software17 that caused 

artificial breaks in contigs between stretches of highly homozygous and 

heterozygous haplotype sequences (Supplementary Note 1, Supple-

mentary Table 2), contig NG50 nearly tripled to 12.77 Mb (Fig. 1a). These 

findings are consistent with theoretical predictions18 and demonstrate 

that, given current sequencing technology and assembly algorithms, 

it is not possible to achieve high contig continuity with short reads 

alone, as it is typically impossible to bridge through repeats that are 

longer than the read length.

Iterative assembly pipeline

Scaffolds generated with all three scaffolding technologies (that is, 

10X Genomics linked reads (10XG), Bionano optical maps (Opt.), and 

Arima Genomics, Dovetail Genomics, or Phase Genomics Hi-C) were 

approximately 50% to 150% longer than those generated using one 

or two technologies, regardless of whether we started with short- or 

long-read-based contigs (Fig. 1b, Extended Data Fig. 1a, Supplemen-

tary Table 3). These findings include improvements we made to each 

approach (Supplementary Note 1, Supplementary Tables 4, 5, Supple-

mentary Fig. 1). Despite similar scaffold continuity, the short-read-only 

assemblies had from about 18,000 to about 70,000 gaps, whereas the 

long-read assemblies had substantially fewer (about 400 to about 

4,000) gaps (Fig. 1c). Many gaps in the short-read assemblies were 

in repeat or GC-rich regions. Considering the curated version of this 

assembly to be more accurate, we also identified roughly 5,000 to 8,000 

mis-joins in short-read-based assemblies, whereas long-read-based 

assemblies had only from 20 to around 700 mis-joins (Fig. 1d). These 

mis-joins included chimeric joins and inversions. After we curated 

this assembly for contamination, assembly errors, and Hi-C-based 

chromosome assignments (Fig. 1e, f), the final hummingbird assembly 

had 33 scaffolds that closely matched the chromosome karyotype in 

number (33 of 36 autosomes plus sex chromosomes) and estimated 

sizes (approximately 2 to 200 Mb; Fig. 1g, h), with only 1 to 30 gaps per 

autosome (bCalAnn1 in Supplementary Table 6). Of the five autosomes 

with only one gap each, three (chromosomes 14, 15, and 19) had com-

plete spanning support by at least two technologies (reliable blocks, 

Extended Data Fig. 1c; bCalAnn1 in Supplementary Table 6), indicat-

ing that the chromosome contigs were nearly complete. However, 

they were missing long arrays of vertebrate telomere repeats within 

1 kb of their ends (Extended Data Fig. 1c; bCalAnn1 in Supplementary 

Tables 6, 7).

Assembly pipeline across vertebrate diversity

Using the formula that gave the highest-quality hummingbird 

genome, we built an iterative VGP assembly pipeline (v1.0) with 

haplotype-separated CLR contigs, followed by scaffolding with linked 

reads, optical maps, and Hi-C, and then gap filling, base call polishing, 

and finally manual curation (Extended Data Figs. 2a, 3a). We systemati-

cally tested our pipeline on 15 additional species spanning all major 

vertebrate classes: mammals, birds, non-avian reptiles, amphibians, 

teleost fishes, and a cartilaginous fish (Supplementary Tables 8, 9, 

Supplementary Note 2). For the zebra finch, we used DNA from the 

same male as was used to generate the previous reference genome19, 

and included a female trio for benchmarking haplotype completeness, 

where sequenced reads from the parents were used to bin parental 

haplotype reads from the offspring before assembly20 (Extended Data 

Figs. 2a, 3b). We set initial minimum assembly metric goals of: 1 Mb 

contig NG50; 10 Mb scaffold NG50; assigning 90% of the sequence 

to chromosomes, structurally validated by at least two independent 

lines of evidence; Q40 average base quality; and haplotypes assem-

bled as completely and correctly as possible. When these metrics were 

achieved, most genes were assembled with gapless exon and intron 

structures11, and fewer than 3% had frame-shift base errors identified 

in annotation. Q40 is the mathematical inflection point at which genes 

go from usually containing an error to usually not21. Of the curated 

assemblies (Supplementary Table 10, Supplementary Note 2), 16 of 

17 achieved the desired continuity metrics (Extended Data Table 1). 

Scaffold NG50 was significantly correlated with genome size (Fig. 2a), 

suggesting that larger genomes tend to have larger chromosomes. On 

average, 98.3% of the assembled bases had reliable block NG50s ranging 

from 2.3 to 40.2 Mb; collapsed repeat bases22 with abnormally high CLR 

read coverage (more than 3 s.d.) ranged from 0.7 to 31.4 Mb per Gb; and 

the completeness of the genome assemblies ranged from 87.2 to 98.1%, 

with less than 4.9% falsely duplicated regions, consistent with the false 

duplication rate we found for the conserved BUSCO vertebrate gene 

set (Extended Data Table 1, Supplementary Tables 11, 12).

Repeats markedly affect continuity

For assemblies generated using our automated pipeline (Extended 

Data Fig. 3a) before manual curation, all but 2 (the thorny skate and 

channel bull blenny) of the 17 assemblies exceeded the desired continu-

ity metrics (Supplementary Table 13). In searching for an explanation 

of these results, we found that contig NG50 decreased exponentially 

with increasing repeat content, with the thorny skate having the high-

est repeat content (Fig. 2b, Supplementary Table 13). Consequently, 

after scaffolding and gap filling, we observed a significant positive 

correlation between repeat content and number of gaps (Fig. 2c). The 

kākāpō parrot, which had 15% repeat content, had about 325 gaps per 

Gb, including 2 of 26 chromosomes with no gaps (chromosomes 16 

and 18) and no evidence of collapses or low support, suggesting that 

the chromosomal contigs were complete (bStrHab1 in Supplemen-

tary Table 6). By contrast, the thorny skate, with 54% repeat content, 

had about 1,400 gaps per Gb (Extended Data Table 1); none of its 49 

chromosomal-level scaffolds contained fewer than eight gaps, and all 

had some regions that contained collapses or low support (sAmbRad1 

in Supplementary Table 6). Even after curation and other modifications 

to increase assembly quality (Supplementary Note 2), the number of 

collapses, their total size, missing bases, and the number of genes in the 

collapses all correlated with repeat content (Extended Data Fig. 4a–d). 

The average collapsed length, however, correlated with average CLR 

read lengths (10–35 kb; Extended Data Fig. 4e). There were no cor-

relations between the number of collapsed bases and heterozygosity 

or genome size (Extended Data Fig. 4f, g). Depending on species, 77.4 

to 99.2% of the collapsed regions consisted of unresolved segmental 

duplications (Extended Data Fig. 4h). The remainder were high-copy 

repeats, mostly of previously unknown types (Extended Data Fig. 4i), 

and of known types such as satellite arrays, simple repeats, long termi-

nal repeats (LTRs), and short and long interspersed nuclear elements 

(SINEs and LINEs), depending on species (Extended Data Fig. 4j). We 

found that repeat masking before generating contigs prevented some 

repeats from making it into the final assembly (Supplementary Note 3). 

All of the above findings quantitatively demonstrate the effect that 

repeat content has on the ability to produce highly continuous and 

complete assemblies.

Detection and removal of false duplications

During curation, we discovered that one of the most common assem-

bly errors was the introduction of false duplications, which can be 

misinterpreted as exon, whole-gene, or large segmental duplications.  
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We observed two types of false duplication: 1) heterotype duplications, 

which occurred in regions of increased sequence divergence between 

paternal and maternal haplotypes, where separate haplotype contigs 

were incorrectly placed in the primary assembly (Extended Data Fig. 5a); 

and 2) homotype duplications, which occurred near contig boundaries or 

under-collapsed sequences caused by sequencing errors (Extended Data 

Fig. 5b). False heterotype duplications appeared to occur with higher 

heterozygosity. For example, during curation of the female zebra finch 

genome, we found an approximately 1-Mb falsely duplicated heterozy-

gous sequence (Extended Data Fig. 6a). This zebra finch individual had 

the highest heterozygosity (1.6%) relative to all other genomes (0.1–1.1%). 

Homotype duplications often occurred at contig boundaries, and were 

approximately the same length as the sequence reads (Extended Data 

Fig. 6b, c). We identified and removed false duplications during curation 

using read coverage, self-, transcript-, optical map- and Hi-C-alignments, 

and k-mer profiles (Extended Data Fig. 6, Supplementary Fig. 2).

Before we purged false duplications, the primary assembly genome 

size correlated positively with estimated percentage heterozygosity; 

more heterozygous genomes tended to have assembly sizes bigger 

than the estimated haploid genome size (Fig. 2d). Similarly, the extra 

duplication rate in the primary assembly, measured using k-mers23 or 

conserved vertebrate BUSCO genes24, varied from 0.3% to 30% and 

trended towards correlation with heterozygosity (Fig. 2e, f, Supple-

mentary Table 13). Apparent false gene duplication rates correlated 

more strongly with the overall repeat rate in the assemblies (Fig. 2g, h).  

To remove these false duplications automatically, we initially used 

Purge_Haplotigs13, which removed retained falsely duplicated contigs 

that were not scaffolded (Extended Data Fig. 5; VGP v1.0–1.5). Later, 

we developed Purge_Dups14 to remove both falsely retained contigs 

and end-to-end duplicated contigs within scaffolds (Extended Data 

Fig. 5; VGP v1.6), which reduced the amount of manual curation. After 

we applied these tools, the primary assembly sizes and the k-mer and 

BUSCO gene duplication rates were all reduced, and their correlations 

with heterozygosity and repeat content were also reduced or eliminated 

(Fig. 2d–h). These findings indicate that it is essential to properly phase 

haplotypes and to obtain high consensus sequence accuracy in order to 

prevent false duplications and associated biologically false conclusions.

Curation is needed for a high-quality reference

Each automated scaffolding method introduced tens to thousands 

of unique joins and breaks in contigs or scaffolds (Supplementary 

Table 14). Depending on species, the first scaffolding step with linked 

reads introduced about 50–900 joins between CLR-generated contigs. 

Optical maps introduced a further roughly 30–3,500 joins, followed by 

Hi-C with about 30–700 more joins, and each identified up to several 

dozen joins that were inconsistent with the previous scaffolding step. 

Manual curation resulted in an additional 7,262 total interventions for 

19 genome assemblies or 236 interventions per Gb of sequence (Sup-

plementary Table 15). When a genome assembly was available for the 

same or a closely related species, it was used to confirm putative chro-

mosomal breakpoints or rearrangements (Supplementary Table 15). 

These interventions indicate that even with current state-of-the-art 

assembly algorithms, curation is essential for completing high-quality 

reference assemblies and for providing iterative feedback to improve 

assembly algorithms. A further description of our curation approach 

and analyses of VGP genomes are presented elsewhere25.

Hi-C scaffolding and cytological mapping

Most large assembled scaffolds of each species spanned entire chromo-

somes, as shown by the relatively clean Hi-C heat map plots across each 
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scaffold after curation (Extended Data Fig. 7), near perfect correlation 

between chromosomal scaffold length and karyotypically determined 

chromosome length (Fig. 1h), and the presence of telomeric repeat 

motifs on some scaffold ends (Supplementary Table 7). In our VGP zebra 

finch assembly, all inferred chromosomes were consistent with previ-

ously identified linkage groups in the Sanger-based reference, except 

for chromosomes 1 and 1B (Extended Data Fig. 8a). Their join in the VGP 

assembly was supported by both single CLR reads and optical maps 

through the junction. We also corrected nine inversion errors and filled 

in large gaps at some chromosome ends. In the platypus, we identified 

18 structural differences in 13 scaffolds between the VGP assembly and 

the previous Sanger-based reference anchored to chromosomes using 

fluorescence in situ hybridization (FISH) physical mapping (Extended 

Data Fig. 8b, Supplementary Table 16). Of these 18, all were supported 

with Hi-C, and seven were also supported by both CLR and optical maps 

in the VGP assembly. Our platypus assembly also filled in many large 

(approximately 1–30 Mb) gaps and corrected many inversion errors 

(Extended Data Fig. 8b). Furthermore, we identified seven additional 

chromosomes (chromosomes 30–36) in the zebra finch, and eight 

(chromosomes 8, 9, 14, 15, 17, 19, 21, and X4; Extended Data Fig. 8a, b) 

in the platypus26,27. Relative to the VGP assembly, the earlier short-read 

Anna’s hummingbird assembly was highly fragmented (Extended Data 

Fig. 8c), despite being scaffolded with seven different Illumina libraries 

spanning a wide range of insert sizes (0.2–20 kb). The previous climbing 

perch assembled chromosomes were even more fragmented and also 

had large gaps of missing sequence (Extended Data Fig. 8d). On average, 

97% ± 3% (s.d.) of the assembled bases were assigned to chromosomes 

(Extended Data Table 1), compared with 76% and 32% in the prior zebra 

finch and platypus references, respectively. We believe the comparable 

or higher accuracy of Hi-C relative to genetic linkage or FISH physical 

mapping is due to the higher sampling rate of Hi-C pairs across the 

genome. Nonetheless, visual karyotyping is useful for complementary 

validation of chromosome count and structure28.

Trios help to resolve haplotypes

We were able to assemble the trio-based female zebra finch contigs into 

separate maternal and paternal chromosome-level scaffolds (Extended 

Data Fig. 9a) using our VGP trio pipeline (Extended Data Fig. 3b). Com-

pared to the non-trio assembly of the same individual, the trio version 

had seven- to eightfold fewer false duplications (k-mer and BUSCO dups 

in Supplementary Tables 11, 12), well-preserved haplotype-specific vari-

ants (k-mer precision/recall 99.99/97.08%), and higher base call accu-

racy, exceeding Q43 for both haplotypes (Extended Data Table 1). The 

trio-based assembly was the only assembly with nearly perfect (99.99%) 

separation of maternal and paternal haplotypes, determined using 

k-mers specific to each23. We identified haplotype-specific structural 

variants, including inversions of 4.5 to 12.5 Mb on chromosomes 5, 11, 

and 13 that were not readily identifiable in the non-trio version (Extended 

Data Fig. 10a–e). Moving forward, the VGP is prioritising the collection 

of mother–father–offspring trios where possible, or single parent–off-

spring duos, to assist with diploid assembly and phasing, as well as the 

development of improved methods for the assembly of diploid genomes 

in the absence of parental genomic data, as described in another study29.

Effects of polishing on accuracy

Despite their increased continuity and structural accuracy, CLR-based 

assemblies required at least two rounds of short-read consensus polish-

ing to reach 99.99% base-level accuracy (one error per 10 kb, Phred30 

Q40; Supplementary Table 5). Before polishing, the per-base accuracy 

was Q30–35 (calculated using k-mers). The most common errors were 

short indels from inaccurate consensus calling during CLR contig for-

mation, which resulted in amino acid frameshift errors. Using our com-

bined approach of long-read and short-read polishing applied on both 

primary and alternate haplotype sequences together, we polished from 

82% to 99.7% of the primary and about 91.3% of the alternate assembly 

(Supplementary Table 17). Of the remaining unpolished sequence, 

one haplotype was sometimes reconstructed at substantially lower 

quality, because most reads aligned to the higher quality haplotype 

(Extended Data Fig. 11a). False duplications had similar effects, where 

the duplicated sequence acted as an attractor during the read mapping. 

Haplotypes in the more homozygous regions tended to be collapsed by 

FALCON-Unzip17. All such cases recruited reads from both haplotypes 

and thereby caused switch errors, which we confirmed in the trio-based 

assembly and fixed when excluding read pairs from the other haplotype 
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during polishing (Extended Data Fig. 11b). These findings indicate that 

both sequence read accuracy and careful haplotype separation are 

important for producing accurate assemblies.

Sex chromosomes and mitochondrial genomes

Sex chromosomes have been notoriously difficult to assemble, owing 

to their greater divergence relative to autosomes and high repeat con-

tent31. We successfully assembled both sex chromosomes (Z, W) for all 

three avian species, the first W chromosome (to our knowledge) for 

vocal learning birds (Extended Data Figs. 7, 9b), the X and/or Y chromo-

some in placental mammals (Canada lynx and two bat species), the X 

chromosome in the thorny skate, and for the first time, to our knowl-

edge, all ten sex chromosomes (5X and 5Y) in the platypus26 (Extended 

Data Fig. 9c). The completeness and continuity of the zebra finch Z and 

W chromosomes were further improved by the trio-based assembly 

(Extended Data Fig. 9b). However, the sex chromosome assemblies 

were still more fragmented than the autosomes, probably owing to 

their lower sequencing depth and high repeat content.

Mitochondrial (MT) genomes, which are expected to be 11–28 kb 

in size32, were initially found in only six assemblies (Supplementary 

Table 18). The MT-derived raw reads were present, but they failed to 

assemble, in part because of minimum read-length cutoffs for the start-

ing contig assembly. Furthermore, if the MT genome was not present 

during nuclear genome polishing, the raw MT reads were attracted to 

nuclear MT sequences (NuMTs), incorrectly converting them to the 

full organelle MT sequence (Extended Data Fig. 11c). To address these 

issues, we developed a reference-guided MT pipeline and included the 

MT genome during polishing33 (Extended Data Fig. 3c; VGP v1.6). With 

these improvements, we reliably assembled 16 of 17 MT genomes (Sup-

plementary Table 18) and discovered 2 kb of an 83-bp repeat expansion 

within the control region in the kākāpō (Extended Data Fig. 9d), and 

Nad1 and trnL2 gene duplications in the climbing perch (Extended  

Data Fig. 9e). These duplications were verified using single-molecule 

CLR reads that spanned the duplication junctions or even the entire MT 

genome. Their absence in previous MT references34,35 is likely to result 

from the inability of Sanger or short reads to correctly resolve large 

duplications. More details on the MT-VGP pipeline and new biological 

discoveries are reported elsewhere33.

Improvements to read alignment and annotation

Compared to previous Sanger (zebra finch and platypus) and Illumina 

(Anna’s hummingbird and climbing perch) assemblies, we added about 

42–176 Mb of missing sequence and placed 68.5 Mb (zebra finch) to 

1.8 Gb (platypus) of previously unplaced sequence within chromo-

somes. We corrected about 7,800–64,000 mis-joins, and closed 55,177–

193,137 gaps per genome (Supplementary Table 19). Consistent with 

these improvements, both transcriptome RNA sequencing (RNA-seq) 

data (Fig. 3a) and genome assay for transposase-accessible chromatin 

using sequencing (ATAC–seq) data (Fig. 3b) aligned with about 5 to 

10% greater mapability to our new VGP assemblies compared with the 

previous assemblies. The NCBI RefSeq and EBI Ensembl annotations 

revealed: 5,434 to 14,073 more protein-coding transcripts per species, 

with 94.1 to 97.8% fully supported (Fig. 3c, Supplementary Table 20); 

only about 100 to 300 partially assembled coding genes, compared 

with about 1,600 to 5,600 (Fig. 3d); more orthologous coding genes 

shared with human; and fewer transcripts that required corrections 

to compensate for premature stop codons or frame-shift indel errors 

(Extended Data Table 2). The total number of genes annotated went 

down in the VGP assemblies (Extended Data Table 2), partly because 

there were fewer false duplications (Supplementary Table 19). Sup-

porting these results, the VGP assemblies had 0 to 13% higher k-mer 

completeness (95% mean ± 3.5% s.d. versus 88 ± 4.3%; Extended Data 

Table 2, Supplementary Table 19; P = 0.0047, n = 4 prior and 17 VGP 

assemblies, unpaired t-test).
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the lessons learned will be applicable to future efforts. Areas in which 

improvement is needed include more accurate and complete hap-

lotype phasing, base-call accuracy, and resolution of long repetitive 

regions such as telomeres, centromeres, and sex chromosomes. The 

VGP is working towards these goals and making all data, protocols, and 

pipelines openly available (Supplementary Notes 5, 7).

Despite remaining imperfections, our reference genomes are the 

most complete and highest quality to date for each species sequenced, 

to our knowledge. When we began to generate genomes beyond the 

Anna’s hummingbird in 2017, only eight vertebrate species in Gen-

Bank had genomes that met our target continuity metrics, and none 

were haplotype phased (Supplementary Table 23). The VGP pipeline 

introduced here has now been used to complete assemblies of more 

than 130 species of similar or higher quality (Supplementary Note 5; 

BioProject PRJNA489243). We encourage the scientific community to 

use and evaluate the assemblies and associated raw data, and to provide 

feedback towards improving all processes for complete and error-free 

assembled genomes of all species.

Online content

Any methods, additional references, Nature Research reporting sum-

maries, source data, extended data, supplementary information, 

acknowledgements, peer review information; details of author con-

tributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41586-021-03451-0.

1. International Human Genome Sequencing Consortium. Initial sequencing and analysis of 
the human genome. Nature 409, 860–921 (2001).

2. Sulston, J. et al. The C. elegans genome sequencing project: a beginning. Nature 356, 37–
41 (1992).

3. Mouse Genome Sequencing Consortium. Initial sequencing and comparative analysis of 
the mouse genome. Nature 420, 520–562 (2002).

4. Howe, K. et al. The zebrafish reference genome sequence and its relationship to the 
human genome. Nature 496, 498–503 (2013).

5. Genome 10K Community of Scientists. Genome 10K: a proposal to obtain whole-genome 
sequence for 10,000 vertebrate species. J. Hered. 100, 659–674 (2009).

6. Koepfli, K.-P., Paten, B., the Genome 10K Community of Scientists & O’Brien, S. J. The 
Genome 10K Project: a way forward. Annu. Rev. Anim. Biosci. 3, 57–111 (2015).

7. Venter, J. C. et al. The sequence of the human genome. Science 291, 1304–1351 (2001).
8. Adams, M. D. et al. The genome sequence of Drosophila melanogaster. Science 287, 

2185–2195 (2000).
9. Shendure, J. & Ji, H. Next-generation DNA sequencing. Nat. Biotechnol. 26, 1135–1145 

(2008).
10. Yin, Z.-T. et al. Revisiting avian ‘missing’ genes from de novo assembled transcripts. BMC 

Genomics 20, 4 (2019).
11. Korlach, J. et al. De novo PacBio long-read and phased avian genome assemblies correct 

and add to reference genes generated with intermediate and short reads. Gigascience 6, 
1–16 (2017).

12. Kelley, D. R. & Salzberg, S. L. Detection and correction of false segmental duplications 
caused by genome mis-assembly. Genome Biol. 11, R28 (2010).

13. Roach, M. J., Schmidt, S. A. & Borneman, A. R. Purge Haplotigs: allelic contig 
reassignment for third-gen diploid genome assemblies. BMC Bioinformatics 19, 460 
(2018).

14. Guan, D. et al. Identifying and removing haplotypic duplication in primary genome 
assemblies. Bioinformatics 36, 2896–2898 (2020).

15. Bradnam, K. R. et al. Assemblathon 2: evaluating de novo methods of genome assembly 
in three vertebrate species. Gigascience 2, 10 (2013).

16. Zhang, G. et al. Comparative genomics reveals insights into avian genome evolution and 
adaptation. Science 346, 1311–1320 (2014).

17. Chin, C.-S. et al. Phased diploid genome assembly with single-molecule real-time 
sequencing. Nat. Methods 13, 1050–1054 (2016).

18. Bresler, G., Bresler, M. & Tse, D. Optimal assembly for high throughput shotgun 
sequencing. BMC Bioinformatics 14 (Suppl. 5), S18 (2013).

19. Warren, W. C. et al. The genome of a songbird. Nature 464, 757–762 (2010).
20. Koren, S. et al. De novo assembly of haplotype-resolved genomes with trio binning.  

Nat. Biotechnol. (2018).
21. Koren, S., Phillippy, A. M., Simpson, J. T., Loman, N. J. & Loose, M. Reply to ‘Errors in 

long-read assemblies can critically affect protein prediction’. Nat. Biotechnol. 37, 127–128 
(2019).

22. Vollger, M. R. et al. Long-read sequence and assembly of segmental duplications.  
Nat. Methods 16, 88–94 (2019).

23. Rhie, A., Walenz, B. P., Koren, S. & Phillippy, A. M. Merqury: reference-free quality, 
completeness, and phasing assessment for genome assemblies. Genome Biol. 21, 245 
(2020).

24. Waterhouse, R. M. et al. BUSCO applications from quality assessments to gene prediction 
and phylogenomics. Mol. Biol. Evol. 35, 543–548 (2018).

25. Howe, K. et al. Significantly improving the quality of genome assemblies through 
curation. Gigascience 10, giaa153 (2021).

26. Zhou, Y. et al. Platypus and echidna genomes reveal mammalian biology and evolution. 
Nature https://doi.org/10.1038/s41586-020-03039-0 (2021).

27. Kim, J. et al. False gene and chromosome losses affected by assembly and sequence 
errors. Preprint at https://doi.org/10.1101/2021.04.09.438906 (2021).

28. Lewin, H. A., Graves, J. A. M., Ryder, O. A., Graphodatsky, A. S. & O’Brien, S. J. Precision 
nomenclature for the new genomics. Gigascience 8, giz086 (2019).

29. Kronenberg, Z. N. et al. Extended haplotype phasing of de novo genome assemblies with 
FALCON-Phase. Nat. Commun. https://doi.org/10.1038/s41467-020-20536-y (2021).

30. Ewing, B., Hillier, L., Wendl, M. C. & Green, P. Base-calling of automated sequencer traces 
using phred. I. Accuracy assessment. Genome Res. 8, 175–185 (1998).

31. Tomaszkiewicz, M., Medvedev, P. & Makova, K. D. Y and W chromosome assemblies: 
approaches and discoveries. Trends Genet. 33, 266–282 (2017).

32. Kolesnikov, A. A. & Gerasimov, E. S. Diversity of mitochondrial genome organization. 
Biochem. (Mosc.) 77, 1424–1435 (2012).

33. Formenti, G. et al. Complete vertebrate mitogenomes reveal widespread repeats and 
gene duplications. Genome Biol. (in the press).

34. Harrison, G. L. A. et al. Four new avian mitochondrial genomes help get to basic 
evolutionary questions in the late cretaceous. Mol. Biol. Evol. 21, 974–983 (2004).

35. Zhao, H. et al. The complete mitochondrial genome of the Anabas testudineus 
(Perciformes, Anabantidae). Mitochondrial DNA A DNA Mapp. Seq. Anal. 27, 1005–1007 
(2016).

36. Suzuki, A. et al. How the kinetochore couples microtubule force and centromere stretch 
to move chromosomes. Nat. Cell Biol. 18, 382–392 (2016).

37. Pfenning, A. R. et al. Convergent transcriptional specializations in the brains of humans 
and song-learning birds. Science 346, 1256846 (2014).

38. Robinson, R. For mammals, loss of yolk and gain of milk went hand in hand. PLoS Biol. 6, 
e77 (2008).

39. Brandl, K. et al. Yip1 domain family, member 6 (Yipf6) mutation induces spontaneous 
intestinal inflammation in mice. Proc. Natl Acad. Sci. USA 109, 12650–12655 (2012).

40. Malmstrøm, M. et al. Evolution of the immune system influences speciation rates in 
teleost fishes. Nat. Genet. 48, 1204–1210 (2016).

41. Japundžić-Žigon, N., Lozić, M., Šarenac, O. & Murphy, D. Vasopressin & oxytocin in control 
of the cardiovascular system: an updated review. Curr. Neuropharmacol. 18, 14–33 
(2020).

42. Cataldo, I., Azhari, A. & Esposito, G. A review of oxytocin and arginine-vasopressin 
receptors and their modulation of autism spectrum disorder. Front. Mol. Neurosci. 11, 27 
(2018).

43. Warren, W. C. et al. Genome analysis of the platypus reveals unique signatures of 
evolution. Nature 453, 175–183 (2008).

44. Ko, B. J. et al. Widespread false gene gains caused by duplication errors in genome 
assemblies. Preprint at https://doi.org/10.1101/2021.04.09.438957 (2021).

45. Lemaire, S. et al. Characterizing the interplay between gene nucleotide composition bias 
and splicing. Genome Biol. 20, 259 (2019).

46. Zhang, L., Kasif, S., Cantor, C. R. & Broude, N. E. GC/AT-content spikes as genomic 
punctuation marks. Proc. Natl Acad. Sci. USA 101, 16855–16860 (2004).

47. Jarvis, E. D. et al. Global view of the functional molecular organization of the avian 
cerebrum: mirror images and functional columns. J. Comp. Neurol. 521, 3614–3665 (2013).

48. Kubikova, L., Wada, K. & Jarvis, E. D. Dopamine receptors in a songbird brain. J. Comp. 

Neurol. 518, 741–769 (2010).
49. Sémon, M. & Wolfe, K. H. Rearrangement rate following the whole-genome duplication in 

teleosts. Mol. Biol. Evol. 24, 860–867 (2007).
50. Jebb, D. et al. Six reference-quality genomes reveal evolution of bat adaptations. Nature 

583, 578–584 (2020).
51. Schneider, V. A. et al. Evaluation of GRCh38 and de novo haploid genome assemblies 

demonstrates the enduring quality of the reference assembly. Genome Res. 27, 849–864 
(2017).

52. Warren, W. C. et al. A new chicken genome assembly provides insight into avian genome 
structure. G3 (Bethesda) 7, 109–117 (2017).

53. Meredith, R. W. et al. Impacts of the Cretaceous Terrestrial Revolution and KPg extinction 
on mammal diversification. Science 334, 521–524 (2011).

54. Rodriguez-Agudo, D. et al. StarD5: an ER stress protein regulates plasma membrane and 
intracellular cholesterol homeostasis. J. Lipid Res. 60, 1087–1098 (2019).

55. Kim, J. et al. Reconstruction and evolutionary history of eutherian chromosomes. Proc. 

Natl Acad. Sci. USA 114, E5379–E5388 (2017).
56. Lin, B., Dutta, B. & Fraser, I. D. C. Systematic investigation of multi-TLR sensing identifies 

regulators of sustained gene activation in macrophages. Cell Syst. 5, 25–37.e3 (2017).
57. Theofanopoulou, C., Gedman, G. L., Cahill, J. A., Boeckx, C. & Jarvis, E. D. Universal 

nomenclature for oxytocin-vasotocin ligand and receptor families. Nature https://doi.
org/10.1038/s41586-020-03040-7 (2021).

58. Ocampo Daza, D. & Haitina, T. Reconstruction of the carbohydrate 6-O sulfotransferase 
gene family evolution in vertebrates reveals novel member, CHST16, lost in amniotes. 
Genome Biol. Evol. 12, 993–1012 (2020).

59. Damas, J. et al. Broad host range of SARS-CoV-2 predicted by comparative and structural 
analysis of ACE2 in vertebrates. Proc. Natl Acad. Sci. USA 117, 22311–22322 (2020).

60. Dussex, N. et al. Population genomics reveals the impact of long-term small population 
size in the critically endangered kākāpō. Cell Genom. (in the press).

61. Teeling, E. C. et al. Bat biology, genomes, and the Bat1K project: to generate 
chromosome-level genomes for all living bat species. Annu. Rev. Anim. Biosci. 6, 23–46 
(2018).

62. Lewin, H. A. et al. Earth BioGenome Project: sequencing life for the future of life. Proc. 

Natl Acad. Sci. USA 115, 4325–4333 (2018).
63. Jarvis, E. D. et al. Whole-genome analyses resolve early branches in the tree of life of 

modern birds. Science 346, 1320–1331 (2014).
64. Li, S. et al. Genomic signatures of near-extinction and rebirth of the crested ibis and other 

endangered bird species. Genome Biol. 15, 557 (2014).

https://doi.org/10.1038/s41586-021-03451-0
https://doi.org/10.1038/s41586-020-03039-0
https://doi.org/10.1101/2021.04.09.438906
https://doi.org/10.1038/s41467-020-20536-y
https://doi.org/10.1101/2021.04.09.438957
https://doi.org/10.1038/s41586-020-03040-7
https://doi.org/10.1038/s41586-020-03040-7


https://doi.org/10.1038/s41586-021-03420-7
http://creativecommons.org/licenses/by/4.0/
mailto:kj2@sanger.ac.uk
mailto:gene@mpi-cbg.de
mailto:rd109@cam.ac.uk
mailto:adam.phillippy@nih.gov
mailto:adam.phillippy@nih.gov
mailto:ejarvis@rockefeller.edu


http://vgpdb.snu.ac.kr/splist/
http://vgpdb.snu.ac.kr/splist/
https://id.tol.sanger.ac.uk/
https://www.ncbi.nlm.nih.gov/biosample
https://www.ncbi.nlm.nih.gov/biosample
https://arimagenomics.com/


http://www.genomesize.com/




https://github.com/VGP/vgp-assembly/tree/master/mitoVGP
https://github.com/VGP/vgp-assembly/tree/master/mitoVGP
https://vgp-geval.sanger.ac.uk/index.html
https://www.ncbi.nlm.nih.gov/tools/vecscreen/
https://github.com/jdamas13/assembly_comparison


http://eh-demo.ncsa.illinois.edu/vgp/
https://vgp.github.io/genomeark
https://www.ncbi.nlm.nih.gov/bioproject/489243
https://hgdownload.soe.ucsc.edu/hubs/VGP/
https://hgdownload.soe.ucsc.edu/hubs/VGP/
https://vgp-geval.sanger.ac.uk
https://github.com/VGP/vgp-assembly
https://platform.dnanexus.com/
https://hgdownload.soe.ucsc.edu/hubs/VGP
https://github.com/VGP/vgp-assembly/tree/master/pipeline
https://github.com/VGP/vgp-assembly/tree/master/pipeline
https://github.com/wtsi-hpag/Scaff10X
http://arxiv.org/abs/1207.3907
https://bionanogenomics.com/support/software-downloads/
https://bionanogenomics.com/support/software-downloads/
https://github.com/ArimaGenomics/mapping_pipeline
https://github.com/ArimaGenomics/mapping_pipeline
https://github.com/dfguan/asset
https://github.com/wtsi-hpag/PretextView
https://github.com/MariaNattestad/dot


https://doi.org/10.1038/s41586-021-03451-0
http://www.nature.com/reprints






https://github.com/VGP/vgp-assembly
https://github.com/VGP/vgp-assembly



























