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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 species' . To address this
issue, the international Genome 10K (G10K) consortium>® has worked over a five-year
period to evaluate and develop cost-effective 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 confirm 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correct substantial errors, add missing sequence in some of the best historical
reference genomes, and reveal biological discoveries.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 identification
of many false gene duplications, increases in gene sizes, chromosome
rearrangements that are specific tolineages, arepeated independent chromosome
breakpointinbat genomes, and a canonical GC-rich patternin protein-coding genes
and their regulatory regions. Adopting these lessons, we have embarked on the
Vertebrate Genomes Project (VGP), an international effort to generate high-quality,
complete reference genomes for all of the roughly 70,000 extant vertebrate species
and to help to enable anew 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 human' and other
model species (for example, Caenorhabditis elegans?, mouse?, and
zebrafish*) were put together using 500-1,000-base pair (bp) Sanger
sequencingreads of thousands of hierarchically organized clones with
200-300-kilobase (kb) inserts, and chromosome genetic maps. This
approachrequired tremendous manual effort, software engineering,
and cost, in decade-long projects. Whole-genome shotgun approaches
simplified the logistics (for example, in human’ and Drosophila®), 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 sequencing’. However, the shorter
readsresultedinlower-quality assemblies, fragmented into thousands
of pieces, where many genes were missing, truncated, or incorrectly
assembled, resulting in annotation and other errors'. 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 duplications™ ™.

To address these problems, the G10K consortium>® initiated the
Vertebrate Genomes Project (VGP; https://vertebrategenomesproject.
org) withthe 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 effort®, 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, weimproved 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 reads'®. We obtained 12 new sequencing data types,
including bothshortandlongreads (80 bpto100kb), and long-range
linking information (40 kb to more than100 Mb), generated using eight
technologies (Supplementary Table 1). We benchmarked all technolo-
giesand assembly algorithms (Supplementary Table 2) inisolation 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 Illuminashort 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
0.025t00.169 Mb, whereas for long reads they were about 4.6 t0 7.66 Mb
(Fig.1a); contig NG50 is an assembly metric based on a weighted median
ofthelengths of its gapless sequencesrelative to the estimated genome
size. After fixing a function in the PacBio FALCON software" that caused
artificial breaksin contigs between stretches of highly homozygous and
heterozygous haplotype sequences (Supplementary Note 1, Supple-
mentary Table 2), contig NG50 nearly tripled to12.77 Mb (Fig.1a). These
findings are consistent with theoretical predictions'® and demonstrate
that, given current sequencing technology and assembly algorithms,
it is not possible to achieve high contig continuity with short reads
alone, asiitis typically impossible to bridge through repeats that are
longer than the read length.

Iterative assembly pipeline

Scaffolds generated with all three scaffolding technologies (that s,
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 fromabout 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
inrepeat or GC-rich regions. Considering the curated version of this
assembly tobe more accurate, we also identified roughly 5,000t0 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 2to 200 Mb; Fig.1g, h), withonly 1to 30 gaps per
autosome (bCalAnnlinSupplementary 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; bCalAnnl in Supplementary Table 6), indicat-
ing that the chromosome contigs were nearly complete. However,
they were missing long arrays of vertebrate telomere repeats within
1kb of their ends (Extended Data Fig. 1c; bCalAnnlin 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 genome®,
andincluded afemale trio for benchmarking haplotype completeness,
where sequenced reads from the parents were used to bin parental
haplotype reads from the offspring before assembly? (Extended Data
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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
structures™, and fewer than 3% had frame-shift base errors identified
inannotation. Q40 is the mathematical inflection point at which genes
go from usually containing an error to usually not?. 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),
suggestingthat larger genomes tend to have larger chromosomes. On
average, 98.3% of the assembled bases had reliable block NG50s ranging
from 2.3t040.2Mb; collapsed repeat bases” with abnormally high CLR
read coverage (morethan3s.d.) ranged from 0.7 to 31.4 Mb per Gb; and
the completeness of the genome assemblies ranged from 87.2t0 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
withincreasing 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
correlationbetween repeat content and number of gaps (Fig.2c). The
kakapo 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 (bStrHabl 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 someregions that contained collapses or low support (sSAmbRad1
inSupplementary 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 genesin the
collapsesall 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
t0 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 makingitinto the finalassembly (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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Fig.1|Comparative analyses of Anna’s hummingbird genome assemblies
withvariousdatatypes.a, Contig NG50 values of the primary
pseudo-haplotype. b, Scaffold NG50 values. ¢, Number of joins (gaps).

d, Number of mis-join errors compared with the curated assembly. The curated
assembly has no remaining conflicts with the raw data and thus noknown
mis-joins. *Same as CLR +linked + Opt. + Hi-C, but with contigs generated with
anupdated FALCON" version and earlier Hi-C Salsa version (v2.0 versus v2.2;
Supplementary Table 2) for less aggressive contigjoining. e, f, Hi-C

interaction heat maps before and after manual curation, which identified

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
wereincorrectly placedinthe primary assembly (Extended Data Fig. 5a);
and 2) homotype duplications, which occurred near contigboundaries or
under-collapsed sequences caused by sequencingerrors (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 oftenoccurred at contigboundaries, and were
approximately the same length as the sequence reads (Extended Data
Fig. 6b, c). Weidentified 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-mers? or
conserved vertebrate BUSCO genes?, 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 repeatratein the assemblies (Fig.2g, h).
To remove these false duplications automatically, we initially used
Purge_Haplotigs™, which removed retained falsely duplicated contigs
that were not scaffolded (Extended Data Fig. 5; VGP v1.0-1.5). Later,
we developed Purge_Dups™ 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

34 chromosomes. Grid lines indicate scaffold boundaries. Red arrow, example
mis-join that was corrected during curation. g, Karyotype of theidentified
chromosomes (n=36+ZW), consistent with previous findings™. h, Correlation
between estimated chromosome sizes (in Mb) based on karyotype imagesing
and assembled scaffolds in Supplementary Table 4 (bCalAnal) onalog-log
scale.v1.0, VGP assembly v1.0 pipeline; linked, 10X Genomics linked reads;
Hi-C, Hi-C proximity ligation; 1D, 2D, Oxford Nanopore long reads; NRGene,
NRGene paired-end llluminareads; SR, paired-end Illumina short reads.

we applied these tools, the primary assembly sizes and the k-mer and
BUSCO gene duplicationrates were all reduced, and their correlations
with heterozygosity and repeat content were also reduced or eliminated
(Fig.2d-h). Thesefindingsindicate thatitis essential to properly phase
haplotypes and to obtain high consensus sequence accuracy inorder to
prevent false duplications and associated biologically false conclusions.

Curationis 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
readsintroduced about 50-900 joins between CLR-generated contigs.
Opticalmapsintroduced afurther roughly 30-3,500 joins, followed by
Hi-C with about 30-700 more joins, and each identified up to several
dozenjoins that were inconsistent with the previous scaffolding step.
Manual curationresulted 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 aclosely 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, curationis essential for completing high-quality
reference assemblies and for providingiterative feedback toimprove
assembly algorithms. A further description of our curation approach
and analyses of VGP genomes are presented elsewhere®.

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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Fig.2|Impactofrepeats and heterozygosity on assembly quality.

a, Correlationbetween scaffold NG50 and genome ssize of the curated
assemblies. b, Nonlinear correlation between contig NG50 and repeat content,
before and after curation. ¢, Correlation between number of gaps per Gb
assembled and repeat content.d, Correlation between primary assembly size
relative to estimated genome size (y axis) and genome heterozygosity (x axis),
before and after purging of false duplications. Assembly sizes above 100%
indicate the presence of false duplications and those below 100% indicate
collapsedrepeats. e, f, Correlations between genome duplication rate using
k-mers® (e) and conserved BUSCO vertebrate gene set (f), and genome

scaffold after curation (Extended DataFig. 7), near perfect correlation
between chromosomal scaffold length and karyotypically determined
chromosome length (Fig. 1h), and the presence of telomeric repeat
motifs onsomescaffold ends (Supplementary Table 7). In our VGP zebra
finchassembly, allinferred chromosomes were consistent with previ-
ously identified linkage groupsin the Sanger-based reference, except
forchromosomes1and 1B (Extended DataFig. 8a). Their joininthe VGP
assembly was supported by both single CLR reads and optical maps
throughthejunction. We also corrected nine inversion errors and filled
inlarge gaps at some chromosome ends. Inthe platypus, we identified
18 structural differences in 13 scaffolds between the VGP assembly and
the previous Sanger-based reference anchored to chromosomes using
fluorescenceinsitu hybridization (FISH) physical mapping (Extended
DataFig.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 platypus®?. 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 Illuminalibraries
spanning awide 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 DataFig.8d). Onaverage,
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
finchand platypusreferences, 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 structure®,

Trios help to resolve haplotypes

Wewere able to assemble the trio-based female zebra finch contigs into
separate maternal and paternal chromosome-level scaffolds (Extended
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heterozygosity before and after purging of false duplications. g, h,Asine, f, but
with whole-genome repeat content before and after purging of false
duplications. Genome ssize, heterozygosity, and repeat content were estimated
from 31-mer counts using GenomeScope”, except for the channel bull blenny,
asthe estimates were unreliable (see Methods). Repeat content was measured
by modelling the k-mer multiplicity from sequencing reads. Sequence
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**P<0.01;**P<0.001, of the correlation coefficient: Pvalues and adjusted r
from F-statistics. n=17 assemblies of 16 species.

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
inSupplementary Tables11,12), 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 each?. We identified haplotype-specific structural
variants, including inversions of 4.5 to 12.5 Mb on chromosomes 5, 11,
and13 that werenotreadily identifiablein 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
inthe absence of parental genomic data, as described inanother study®.

Effects of polishing on accuracy

Despite theirincreased 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, Phred*
Q40; Supplementary Table 5). Before polishing, the per-base accuracy
was Q30-35 (calculated using k-mers). The most common errors were
shortindels frominaccurate consensus calling during CLR contig for-
mation, which resulted inamino 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%1099.7% 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 DataFig.11a). False duplications had similar effects, where
the duplicated sequence acted as anattractor during theread mapping.
Haplotypesinthe more homozygous regions tended to be collapsed by
FALCON-Unzip". Allsuch casesrecruited 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
totheir greater divergence relative to autosomes and high repeat con-
tent®., 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 DataFigs. 7, 9b), the Xand/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 platypus® (Extended
DataFig.9c). The completeness and continuity of the zebrafinchZand
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 size®, 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 areference-guided MT pipeline and included the
MT genome during polishing® (Extended Data Fig. 3¢c; VGP v1.6). With
theseimprovements, 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 kakapo (Extended Data Fig. 9d), and
Nadl and trnL2 gene duplications in the climbing perch (Extended

DataFig. 9e). These duplications were verified using single-molecule
CLRreadsthatspannedthe duplicationjunctions or eventhe entire MT
genome. Their absence in previous MT references®** 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 elsewhere®,

Improvements to read alignment and annotation

Compared to previous Sanger (zebra finch and platypus) and lllumina
(Anna’shummingbird 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 to14,073 more protein-coding transcripts per species,
with 94.1to0 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-shiftindel 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 O 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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thelessons 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
VGPisworking 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 PRINA489243). We encourage the scientificcommunity to
use and evaluate the assemblies and associated raw data, and to provide
feedback towardsimprovingall processes for complete and error-free
assembled genomes of all species.
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Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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