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Abstract

Genome sequence assemblies provide the basis for our understanding of biology. Generating error-free assemblies is

therefore the ultimate, but sadly still unachieved goal of a multitude of research projects. Despite the ever-advancing

improvements in data generation, assembly algorithms and pipelines, no automated approach has so far reliably generated

near error-free genome assemblies for eukaryotes. Whilst working towards improved datasets and fully automated

pipelines, assembly evaluation and curation is actively used to bridge this shortcoming and signiocantly reduce the number

of assembly errors. In addition to this increase in product value, the insights gained from assembly curation are fed back

into the automated assembly strategy and contribute to notable improvements in genome assembly quality. We describe

our tried and tested approach for assembly curation using gEVAL, the genome evaluation browser. We outline the

procedures applied to genome curation using gEVAL and also our recommendations for assembly curation in a

gEVAL-independent context to facilitate the uptake of genome curation in the wider community.
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Assembly Curation Adds Signiocant Value

Despite the advances in sequencing and mapping technologies

and the ever-increasing number of sophisticated algorithms and

pipelines available, generating error-free eukaryotic genome as-

semblies in a purely automated fashion is currently not possible

[1, 2]. Assembly software designed to generate continuous se-

quence from raw reads is confused by heterozygous or repeat-

rich regions, introducing erroneous duplications, collapses, and

misjoins. The same issues recur in subsequent scaffolding pro-

cesses that aim to turn primary contigs into representations of

chromosomal units. The fact that these tools are commonly ap-

plied in series rather than in parallel results in the passing of

mistakes made from one process on to the next. As a result,

even so-called high-quality or <platinum= assemblies can suffer

from hundreds to thousands of duplications, collapses, misjoins

andmissed joins. Because assemblies are often judged simply by

their continuity rather than by their completeness and (struc-

tural) correctness, these errors go unnoticed. This affects re-

search in many ways, making whole regions of the genome im-

possible to access or misleading researchers who misinterpret

assembly artefacts as biological ondings (C. Lee, unpublished

data).

One way to address these shortcomings is in-depth analysis

of discordances between the assembly that has been generated

and the different data types available for the sequenced individ-

ual or species and subsequent resolution of these discordances.

This can be performed at the sequence and the structural level.

Many automated tools are available that assess sequence qual-

ity through read alignment, k-mer counting, gene onding, and

other methods [3–6]. For structural quality assessment, several
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individual tools can be used, but these tend to analyse a single

data type at a time rather than combining insights from analysis

of several in parallel [7, 8].

We created gEVAL, the genome evaluation browser, to en-

able a user to visualize and evaluate discordances between an

assembly and multiple sets of accompanying data at the same

time [9]. gEVAL enables the identiocation of errors and simulta-

neously suggests ways to resolve them. Combined with manual

assessment of the generated data by experienced curators and a

pipeline that enables the curators to record changes and recre-

ate the improved assembly accordingly, gEVAL provides a critical

addition to strategies striving to produce assemblies of the high-

est possible quality.

Herein we outline the strategic design, achievements, and

limitations of the gEVAL approach to assembly curation. gEVAL

is tied into our local infrastructure and as such sadly not

portable, yet fully publicly accessible at geval.org.uk. We there-

fore also provide detailed recommendations on how to create

similar analyses that do not use gEVAL to promote the core,

proven design concepts in gEVAL. This is especially timely in the

context of emerging projects that aim to assemble the genomes

of very large numbers of species to highest quality possible, in-

cluding the Vertebrate Genomes Project (VGP), the Darwin Tree

of Life Project (DToL, darwintreeoflife.org), and the overarching

Earth Biogenome Project [1, 10].

Checking for Assembly Coherence, Coverage,
and Contamination

We recommend that every genome assembly be checked for co-

herence. This includesmaking sure that only data that belong to

the relevant species are used for assembly in the orst place. This

is best checked before starting the assembly process by aligning

all raw datasets with, e.g., mash [11] and checking that the data

are in fact combinable (i.e., that they are likely to derive from

the same underlying distribution of sequence). A major source

of remaining technical error in assemblies is the retention of du-

plicated regions that result from failure to recognize that two se-

quences are in fact allelic. These false duplications have wide-

ranging negative consequences for subsequent research, e.g.,

causing prediction of erroneous gene duplications [1]. False du-

plications are caused by either incorrect resolution of assembly

graphs or failures in detection of haplotypic variation. They can

be detected using simple read coverage plots or more sophis-

ticated k-mer analyses (e.g., using the K-mer Analysis Toolkit

[KAT] [4], the K-mer Counter [KMC] [12], or Merqury [6]). K-mer

approaches also support the estimation of the completeness of

the assembly (i.e., whether the assembly contains all the rele-

vant k-mers present in the reads) and the ploidy of the genome

[13]. False duplications can be removed, ideally after generation

of the contigs, with tools that recognize partial and complete

allele overlap, such as purge dups [14]. In addition to duplica-

tions, assembly quality is also negatively affected by erroneous

sequence collapses, mostly located in repetitive regions. Col-

lapses are relatively easy to detect on the basis of increased read

coverage, but harder to resolve because they require generation

of new sequence. This can be performed through extraction of

mapped reads and local reassembly under more stringent con-

ditions, or with more sophisticated methods such as the Seg-

mental Duplication Assembler (SDA) [15].

Assemblies are frequently polished after contig generation,

using the bulk of data or particular high base accuracy data such

as Illumina short reads, to correct remaining errors in the de-

rived consensus sequence. It is however possible to over-polish,

such that rare repeat variants are replaced by themost abundant

version, or where nuclear insertions of organellar genome frag-

ments (nuclear mitochondrial transfers [NUMTs] and nuclear

plastid transfers [NUPTs]) are polished to match the organelle

sequence. For polishing, the target genome assembly therefore

must include the organelle genomes. Organellar genomes are

oftenmissing from assemblies because assembly toolkits recog-

nize and exclude them as repeat sequence or because they yield

complex graphs that connict with nuclear insertions. They can

be assembled independently from the raw reads, e.g., using the

mitoVGP pipeline [16]. Contigs/scaffolds that represent the or-

ganelle genomes should be identioed and submitted as such to

the International Nucleotide Sequence Database Collaboration

(INSDC) archives.

A preliminary assembly of data from a target species can

inadvertently include synthetic sequence from cloning or se-

quencing systems, contamination from species handled in the

same laboratory or sequencing centre, or contamination from

natural cobionts of the target (e.g., gut and skin microbiomes,

unsuspected parasites). Decontamination serves to detect and

mask or remove sequence not originating from the target

species, and to separate organelle genomes from the primary

assembly if not carried out previously. This includes identi-

fying remaining vector and adapter contamination based on

known sequence. Contaminating sequence can be detectedwith

dedicated toolkits, such as BlobToolKit [17] or Anvi9o [18], or

through individual sequence similarity searches using BLAST

or Diamond against suitable databases (Table 1). Our in-house

pipelines use automated detection of synthetic, laboratory, and

natural contaminants, but include manual controls to preserve

sequences that may be the product of horizontal gene transfer

(described below).

Last, trailing Ns should be removed from all contigs and scaf-

folds.

Improving Structural Integrity

Because most assembly pipelines currently apply different scaf-

folding steps in series, errors in early steps can propagate

through the process. To avoid compounding these errors, one

could carry out a thorough curation process after every scaf-

folding step, but if many scaffolding steps are involved this will

be very demanding on time and resources. Our experience has

shown that structural integrity can be successfully improved af-

ter completion of a full, automated assembly process [1, 9].

The principle behind identiocation of assembly errors is sim-

ple: align all available (raw and other) data to the produced as-

sembly, check for discordances, and then correct. Several tools

that detect scaffolding issues with single data types are avail-

able, including scaff10x for 10X Chromium linked reads [28], Ac-

cess for Bionano maps [7], and HiGlass [29], pretext [30], and

Juicebox [8] for Hi-C data. ASSET evaluates multiple data types

in parallel and is therefore an excellent tool to assess and vi-

sualize potential misassemblies [31]. Read coverage plots iden-

tify errors or problem regions through deviation from expected

averages (indicating possibly problematic low-coverage regions,

haploid regions, or regions of collapsed repeat) and sites where

aligned reads are all clipped at the same site (suggesting that

the assembly contains an erroneous join). Aligning the assem-

bly against itself can be used to detect duplications.

Additional data not used in generating an assembly also

provide critical information. Comparing the assembly to previ-

https://geval.org.uk
http://vertebrategenomesproject.org
https://www.darwintreeoflife.org/
http://earthbiogenome.org
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Table 1: Detecting contamination in assemblies, inspired by the processes carried out by GenBank9s genome archive [19]

Contaminant Software tools Detection requirements Database

Vector/adapter

sequence

Vecscreen [20] UniVec [21]

Common

contaminants

megaBLAST [22] e-value f1e−4, reporting matches g98% sequence identity with match

length 50–99 bp, g94% with match length 100–199 bp, or g90% with

match length >200 bp

Contamination in

eukaryotes [23]

Organelle genomes megaBLAST e-value f1e−4, sequence identity g90%, match length g500 RefSeq mitochondria [24]

and plastid [25] assemblies

Other species megaBLAST e-value f1e−4, match score g100, sequence identity g98%; ignore

regions also matching highly conserved rDNAs

Windowmasked [26]

RefSeq genomes [27]

Figure 1: Recommended worknow for curation activities during assembly generation.

ous assemblies from the same species or to assemblies from

closely related species can highlight areas of disagreement and

thus areas that deserve closer attention during curation. Tran-

script evidence, as assembled cDNAs or long single-molecule

reads, can be aligned to aform joins across sequence gaps,

identify local misassemblies, and detect false duplications. Pro-

tein sequences from the same or related species can serve the

same purpose. Centromeres and telomeres can be identioed in

the assembly through sequence features [32, 33]. Long-range

structural data (such as karyotypes and nuorescence in situ hy-

bridization mapping) and genetic mapping data (such as ge-

netic map or radiation hybrid mapping data) can provide val-

idation of the large-scale correctness of an assembly and, in

particular, guide correct association and orientation of chro-

mosomal arms with respect to telomeres and centromeres.

Chromosome-wide patterns of repeat proportion and GC con-

tent can also be used to aform completeness of chromosomal

units.
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Table 2: Examples of data types and analyses included in gEVAL and their ability to detect issues and errors

Data type Software

Analysis type supported

Misjoins Missed joins Duplications Collapses

Long reads Minimap2 [43], winnowmap [44] x x x x

Bionano Bionano Solve x x x x

10X linked reads Break10x [28] x

cDNAs/gene sets Blat [45], pblat [46] x x x

Self-alignments Mummer [47] x

Other assemblies Compara [40] x x

Centromeres Repeatmasker [40, 48], centromere db [32] x x

Telomeres Find telomere [33] adapted to work with

any sequence

x x

Genetic and other maps EPCR [49], Blast [50] x x x

cDNA: complementary DNA.

Figure 2: Examples of assembly error signatures in different data types. (A) Assembly issue identioed in gEVAL in a bird genome (Taeniopygia guttata, VGP). Feature

tracks (named on the right) are shown in the context of the assembly. A misjoin is visible in the middle of the example, indicated by the drop in Pacioc Biosciences

(PacBio) read coverage, discordance with the aligned (yellow indicates aligned, and beige, not aligned) Bionano maps, and the break in synteny. The alignments with

intermediate assembly stages show that this error was introduced by the scaffolding step involving scaff10x. (B–E) Assembly issues identioed in HiGlass Hi-C 2Dmaps

of a human assembly (HG002, varying assembly approaches). Scaffold boundaries are delineated in gray. (B) The orst of the 2 scaffolds depicted here shows a misjoin

(black arrow) that needs to be broken. The second scaffold reveals no structural issues. (C) The orst and third of the 3 scaffolds shown here need to be joined as

indicated by the green arrows. (D) The single scaffold depicted here has a misjoin (black arrow) that needs to be broken and rejoined as indicated by the green arrows.

(E) This single scaffold contains a duplication, half of which needs to be excised (e.g., black arrows) and the scaffold rejoined (green arrows). The choice of the excised

half can be based on phasing.

Once identioed, errors should be corrected. We have found

that whole-genome sequence editing tools, such as gap5 [34],

are useful for this process. It is critical to record the corrections

made so that the path from primary assembly to the onal com-

pleted genome assembly is clear and justioed.

Identifying and Naming Chromosome-Scale
Scaffolds

The ultimate goal of genome assembly is the production of

fully contiguous nucleotide sequences that represent each of the
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Figure 3: Comparison of the fbn2b region in the Danio rerio (zebraosh) reference assemblies Zv9 (top), GRCz10 (middle), and GRCz11 (bottom) in gEVAL. The fragmented

fbn2b locus (colour coded in orange and red) was adjusted for GRCz10 (colour coded in orange) and further improved by removing whole-genome shotgun contigs in

favour of onished clone sequence for GRCz11. The onal correct gene locus is indicated in green.

chromosomal units for the species, with an estimate of both

overall and local quality, and with known sites that may have

issues nagged. Long-range data, such as Hi-C contact maps, can

reliably indicate which scaffolds correspond to chromosomal

units, and these putative chromosomal assemblies can be rec-

onciled with karyotypic information where available. Fully re-

solved chromosomal units (where all contigs and scaffolds are

ordered and oriented) can be submitted to the the INSDC se-

quence archives (the INSDC partners: GenBank, European Nu-

cleotide Archive [ENA], and DNA Data Bank of Japan [DDBJ]) as a

<chromosome.= Scaffolds and contigs that are demonstrably as-

sociated with a chromosomal unit but that cannot be joined be-

cause of ambiguous order or orientation must be submitted as

<unlocalized= for this chromosome. Scaffolds and contigs that

cannot be associated with a chromosome and that also cannot

be established as being separate chromosomes are deemed <un-

placed.=

If a reference assembly for the same species or a karyotype

with sequence-based anchors is available, chromosome naming

should follow the precedent to ensure compatibility with pre-

viously reported results. Identiocation of sex chromosomes can

be based on comparisons to related species or the location of

marker genes. In heterogametic individuals, sex chromosomes

will also be easily recognizable by their halved sequence cov-

erage compared with automsomes. If no reference for chromo-

some naming is established, they should be named by size.

Last but not least, every assembly, together with all relevant

raw and metadata, should be submitted to one of the INSDC

archives (Genbank, ENA, or DDBJ [35]) to allow discoverability,

ensure community access, and provide stability for future anal-

yses.

Fig. 1 summarizes the above recommendations in a sug-

gested worknow for assembly curation activities.

Assembly Curation for High-Throughput
Projects

The aforementioned curation processes suffer from the same

shortcoming as the assembly process itself: they are usually ap-

plied in series rather than in parallel. The beneots of amultitude

of data types and approaches are also difocult to realize. Whilst

the identiocation of many assembly issues can be automated,

the actual decision to apply a change is still best made by an ex-

perienced curator, seemingly slowing the process to an extent

that excludes it from any high-throughput project.

The Genome Reference Informatics Team (GRIT) assembly

curation pipeline was established to deliver high-quality assem-

bly curation for the Genome Reference Consortium (GRC [36]),

the VGP, and DToL. The pipeline automates the processes of data

gathering and computational analysis for decontamination, val-

idation, and correction of assemblies, sourcing all available data

from in-house and public resources. The analyses are then pre-

sented for manual evaluation by experienced genome curators,

who perform the evaluation and log required changes. The cor-

rected assembly ready for submission is generated automati-

cally. Central to this pipeline is gEVAL, the genome evaluation

browser [9]. gEVAL enables visualization and evaluation of dis-

cordances between an assembly and multiple sets of accom-

panying data in parallel, enabling the simultaneous identioca-

tion of errors and ways to resolve them [37]. The pipeline that

GRIT deploys has much evolved since its orst implementation

[9] and is now so closely tied into the Wellcome Sanger Insti-

tute9s internal data structure that it cannot be ported, but is

described here as an example of a successful implementation

that mixes automated and manual processes and signiocantly

improves genome assemblies in a time- and resource-sensitive

way that allows its use within high-throughput projects. All as-
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Figure 4: Changes to 111 assemblies from different clades through manual assembly curation by the Genome Reference Informatics Team at the Wellcome Sanger

Institute. (A) Manual interventions (breaks, joins, removal of false duplications) as events per gigabase of assembly sequence. (B) Changes in scaffold N50 after curation.

(C) Changes in scaffold counts after curation. The depicted assemblies were created with PacBio CLR, Chromium 10X, Bionano, and Hi-C data.

sembly projects loaded into gEVAL are publicly accessible at

geval.org.uk.

The GRIT curation process usually starts with assemblies

that have been purged of duplicates and most haplotypic seg-

ments, scaffolded with long-range data and polished. Before be-

ing loaded into gEVAL, all assemblies are run through a nextnow

[38] pipeline that performs contamination detection and separa-

tion or removal as described in Table 1, combined with removal

of trailing Ns [38]. Brief manual checking of the results prevents

the erroneous removal of regions likely derived from horizontal

gene transfer. This pipeline was inspired by the contamination

checking process conducted by Genbank [39].

gEVAL analyses are collated in a database built on an En-

sembl framework [40] that has beenmodioed to visualize assem-

bly quality rather than gene and feature annotation. Loading of

the analyses into gEVAL and subsequent assembly analyses are

pipelined using snakemake and vr-runner [41, 42]. Which anal-

yses are run and visualized depend on the availability of data,

but typically include the types listed in Table 2. The alignments

and placements are visualized in a genome browser as feature

tracks and colour coded to indicate agreement or disagreement

with the assembly (Fig. 2). The gEVAL process also generates lists

that detail discordances between the assembly and the differ-

ent data types. The process of analysis and loading into gEVAL

requires up to 3 days for a 1-Gb assembly.

gEVAL automatically nags areas where the raw and other

comparative data available are discordant with the presented

assembly. Experienced curators use the gEVAL database and vi-

sualization, and (where available) Hi-C maps (generated outside

the gEVAL pipeline and viewed in HiGlass [29] or pretext [30]),

to check each listed discordance and decide whether and how

to adjust the sequence on the basis of the available data (Fig. 2).

https://geval.org.uk
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Figure 5: Hi-C maps (pretext) showing the Asterias rubens (starosh) genome assembly (sequenced as part of the Sanger Institute9s 25 Genomes for 25 Years project)

before (A) and after (B) curation. The curation corrected the initial assembly by making 75 breaks and 216 joins and removed 1 stretch of erroneously duplicated

sequence. A total of 97% of the assembly sequence could be assigned to 22 chromosomes. The curated assembly (B) contains 1 scaffold that is known to be associated

with a second one (off-diagonal signal at bottom right), but its order and orientation are ambiguous. This scaffold has been submitted as <unlocalized= for the relevant

chromosome.

In rare cases, the information contained in gEVAL and the Hi-C

maps is not sufocient to decide whether a change is warranted.

The curators then use additional tools such as gap5 [34] for in-

depth analysis of aligned reads or Genomicus for information

on synteny with other species [51]. Curators propose a variety

of interventions such as breaking or joining sequence regions,

changing the order and orientation of scaffolds and contigs, and

removing false duplications. Detangling sequence collapses is

currently only possible where additional data can be used for

local reassembly. In high-throughput projects such as DToL or

VGP, curation is usually restricted to a resolution of∼100 kb. This

allows an experienced curator to complete curation of 1 Gb of

sequence in ∼3 days. For projects without immediate time con-

straints and aimed at single references, such as the genomes

curated within the GRC, there is no resolution limit.

During the gEVAL build, assembly scaffolds are split into

equally sized components, with their order and orientation

recorded in a path ole under version control, listing compo-

nent name, scaffold name, and orientation. Should any rear-

rangement be necessary, the curators simply reorder/reorient

the components in the path ole. If necessary, components can

be split with bespoke scripts that create new components and

store them in the gEVAL database. After manual curation, the

adjusted ordering and orientation of components and a list of

scaffold-chromosome associations are processed automatically

to generate the onal assembly for submission. All milestones

and metrics of the whole curation process are recorded in a

tracking database.

Using gEVAL to Assess Published Assemblies

Above we have described the use of gEVAL to create high-quality

assemblies. gEVAL can also be used to support research commu-

nities in verifying research results, ensuring that they are not

based on assembly artefacts. For this, a gEVAL database is gen-

erated for publicly available assemblies, as, e.g., is the case for

all GRC assemblies [37]. Here, gEVAL offers the same analyses as

detailed above, plus additional databases with other assemblies

of the same species, such as previous versions of the current

reference, including whole-genome alignments between them

(Fig. 3). Combined with tutorials and documentation, this pro-

vides a valuable resource for users of the featured reference as-

semblies.

Impact of Assembly Curation for High
Throughput-Projects

During curation of 111 assemblies (174 Gb sequence) for VGP

and DToL, on average 221 interventions per Gb of sequence were

applied (67 breaks, 105 joins, and 49 removals of false duplica-

tions, Fig. 4). These changes led to a mean reduction in assem-

bly length by 2% because the curation effort did not generate

new sequence. However, mean scaffold N50 increased by 40%

and scaffold number decreased by 29%. It is important to note

that scaffold N50 changes differed for each assembly and that

while the process improved N50 several hundred fold in initially

fragmented assemblies it halved the N50 in over-scaffolded as-

semblies. On average 96% of assembly sequence was scaffolded

to chromosome level (Fig. 5). The number and scale of changes

to the assemblies necessary across the diversity of species anal-

ysed shows the persistent need for manual intervention on the

path to high-quality genome assemblies. Our experiences in cu-

rating partially and fully haplotype-resolved genome assemblies

for GRC, VGP, and DToL have driven improvements in assembly

software (e.g., purge dups [14], salsa2 [52]), assembly pipelines

(VGP, DToL), and assembly assessment tools (e.g., Asset [31, 37]).

Genome assembly generation is a fast-moving oeld, and we are

constantly adapting the curation software and processes to in-

clude novel data types and novel ways of generating assem-

blies whilst being conscious of the need to maximize through-

put. This ensures ongoing involvement of assembly curation in

high-throughput projects to produce the best possible data for

the community to base their research upon.
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