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Abstract

Since the early days of the genome era, the scientific community has relied on a single ‘reference’ 

genome for each species, which is used as the basis for a wide range of genetic analyses, including 

studies of variation within and across species. As sequencing costs have dropped, thousands of 

new genomes have been sequenced, and scientists have come to realize that a single reference 

genome is inadequate for many purposes. By sampling a diverse set of individuals, one can begin 

to assemble a pan-genome: a collection of all the DNA sequences that occur in a species. Here we 

review efforts to create pan-genomes for a range of species, from bacteria to humans, and we 

further consider the computational methods that have been proposed in order to capture, interpret 

and compare pan-genome data. As scientists continue to survey and catalogue the genomic 

variation across human populations and begin to assemble a human pan-genome, these efforts will 

increase our power to connect variation to human diversity, disease and beyond.

Much of the field of genomics revolves around the existence of reference genomes, which 

are roadmaps for a ‘typical’ individual of each species. The creation of each reference was, 

and still remains, a major focus of the genomics community, with 13 years and US$2.7 

billion1 having been spent on the creation of the human reference genome alone. The ability 

to compare a newly sequenced individual with a reference and find differences has enabled 

myriad discoveries and innovations, and in human genomics this ability has formed the basis 

of thousands of studies seeking the genetic origins of disease. However, as the number and 

scope of sequencing experiments have grown dramatically, scientists have begun to realize 

the many limitations that a single reference genome imposes upon the community. To better 

capture the variation missed by using one reference, we can create and utilize a ‘pan-

genome’, a collection of all the DNA sequences that occur in a species.
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Cataloguing the DNA from all individuals in a species is a daunting task. The first pan-

genomes were developed for small, easy-to-sequence bacteria, but, even in that context, pan-

genomes provided novel scientific insights. The consideration of genetic diversity within 

bacterial species has contributed to our understanding of underlying differences in 

pathogenicity, virulence and drug resistance and can even help predict how pathogenic a new 

strain will be2–11. Pan-genome studies of plants and animals remained elusive at first, due to 

the large genome sizes and vast amounts of intergenic sequence in these species. However, 

in recent years, thanks to dramatic improvements in the efficiency of sequencing technology, 

the scientific community has been able to sequence dozens, hundreds or even thousands of 

individuals of a single plant or animal species12. Additionally, new long-read sequencing 

technologies now allow us to better assemble repetitive regions of large genomes, including 

centromeric regions, that are difficult to characterize with short reads13,14.

Human sequencing, too, has accelerated. Over the past few years, a flurry of publications 

have described large collections of newly sequenced human genomes, including population-

specific cohorts from Iceland15,16, Denmark17, Sweden18, Papua New Guinea19, Mongolia20 

and Africa21–23, as well as large-scale surveys of the entire world24–27. These studies have 

demonstrated, among other things, that large amounts of sequence in these populations — 

by some estimates, up to 10% of the total genome size — are missing from the reference 

genome28. As these genome collections have accumulated, computational scientists have 

been working to develop new methods to detect, represent and analyse large-scale structural 

variants, which had previously been sidelined while most genetic studies focused on single-

nucleotide polymorphisms (SNPs). New representations must be able not only to capture the 

variation from large collections of genomes but also to enable efficient means of searching 

these genomes. Regardless of what methods are chosen, it is now clear that the community 

must move beyond reliance on a single reference genome (Box 1). While the use of a single 

reference has advanced genetics immensely, it has not, as some had hoped, allowed us to 

find the cause of all genetic disease, a shortcoming that has prompted some commentators to 

call the Human Genome Project a failure29,30. Although we now know that many diseases 

are caused by complex mixtures of multiple genetic variants, if we are to attempt to uncover 

the genetic causes of many still-unexplained diseases, one of the many factors we must 

consider is the vast genetic diversity present in the pan-genome.

This Review discusses the recent history of work on pan-genomes, first proposed in 2005 for 

bacterial species4, and more recently applied to plants and animals, including humans. We 

begin by reviewing the definitions of a pan-genome, core genome and dispensable genome, 

as well as the considerations and decisions that go into creating them. We then review the 

efforts to date to build pan-genomes, focusing on the most recent work on the human pan-

genome. We provide an overview of the computational challenges associated with both 

creating and utilizing pan-genomes and of ongoing efforts to develop methods to store and 

analyse them. Finally, we describe how a human pan-genome promises to solve at least 

some of the problems faced by ongoing efforts to sequence millions of individual humans 

and how shifting to pan-genomic approaches promises to lead us into an era marked by new 

biological discoveries.
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Defining a pan-genome

Bacterial pan-genomics.

The concept of a pan-genome was first described by Tettelin et al.4 in 2005, in the context of 

bacteria. They described a pan-genome as a “core genome containing genes present in all 

strains and a dispensable genome composed of genes absent from one or more strains and 

genes that are unique to each strain”; under this definition, the pan-genome captures the 

whole of the genic content of a species. The dispensable genome is often further subdivided 

into genes unique to one strain (termed ‘unique genes’) and genes shared between some but 

not all strains (termed ‘accessory genes’) (FIG. 1a). Defining the pan-genome in terms of 

genes rather than DNA sequence is sensible for prokaryotes. Not only do genes comprise 

most (typically 90% or more) of the sequence content in these species, but gene content 

varies widely; in some bacterial species, unique genes have been found to make up 

anywhere from 20% to 40% of the pan-genome31. These differences in what genes are 

present often contribute to pathogenicity, drug resistance and other phenotypes of interest in 

human health; thus, analysing the dispensable versus core genomes can help explain these 

phenotypes.

Eukaryotic pan-genomics.

Restricting the pan-genome to gene content makes less sense in eukaryotes, particularly 

those with large genomes (>500 Mb), where more than 50% of the genome may be 

intergenic, and where the gene sequences themselves are dominated by long introns32. In 

addition, eukaryotes do not exchange DNA as freely as bacteria do, making their gene 

content much more stable. For a species such as humans, in which exons occupy only ~2% 

of the genome33, a pan-genome composed only of exonic sequences would yield little 

information about within-species differences. Thus, a eukaryotic pan-genome is commonly 

defined to include all the DNA sequence in a collection of genomes, not just the genes. 

Although eukaryotic pan-genome studies sometimes borrow the terms ‘core’ and 

‘dispensable’ genomes, in eukaryotes these descriptors refer additionally to intergenic 

sequences, rather than sets of genes, with a unique sequence being referred to as a 

‘singleton’ (FIG. 1b). In this Review, for eukaryotic genomes we will use the term ‘genic 

pan-genome’ if intergenic sequences are not considered.

One other type of pan-analysis has been proposed, as well: the ‘pan-transcriptome’. This 

term describes the collection of all RNA sequences transcribed from the genome of a 

species, which can be captured using RNA sequencing (RNA-seq) technology. Pan-genomes 

built from RNA-seq data focus on transcript-level differences between individuals, generally 

ignoring intergenic sequences and introns but including alternative splice variants and other 

alternative isoforms that may derive from a single locus on the genome.

Biological considerations.

Pan-genome studies that consider protein-coding genes can use protein sequence 

conservation in addition to DNA sequence to determine whether genes are homologous. 

However, with intergenic sequences, defining what is shared versus unique becomes more 

challenging, particularly in organisms in which divergent repeats both between and within 
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genomes are common. In deciding how to represent a pan-genome, one must consider the 

following criteria. First is whether to represent genes alone versus all DNA sequences. 

Related to this decision are whether to represent introns as well as exons (if relevant) and 

whether to represent differences in gene splicing (if relevant). Second, a decision must be 

made regarding what constitutes divergent versus shared sequence, and, finally, it must be 

determined whether to represent location in the genome or unordered presence/absence.

Which of these factors are most critical may depend on the application, but, ultimately, each 

time we create a pan-genome we must make calculated decisions about what features are 

important and how we define sequence sharing. The pan-genome efforts reviewed in the next 

section are based on a variety of choices to this effect.

Beyond bacteria: eukaryotic pan-genomes

Plant pan-genomes.

Pan-genomes have been created for multiple food crop species, including rice34–36, 

tomato37, soybean38, Brassica oleracea (whose cultivars include cauliflower, cabbage, 

broccoli, kale etc.)39 and sunflower40. Often the goal of creating a crop’s pan-genome is to 

determine which variations are linked to phenotypes that ultimately affect agricultural 

production. Although crops have been selectively bred since their domestication, the genes 

underlying the selected phenotypes often remain unknown and are sometimes linked to 

genes with undesirable phenotypes; for example, a cultivar that produces larger fruit might 

be lacking in disease-resistance genes. Discovering these phenotype-causing genes can help 

both to breed and to genetically modify plants so as to create crops that are more disease-

resistant, are more productive, have a longer shelf life or taste better, without sacrificing 

desired phenotypes. Genic pan-genomic approaches in plants have already uncovered 

numerous associations between agronomic phenotypes and the presence or absence of 

specific genes41.

Rice and tomato are two of the world’s top food crops, with an annual production of more 

than 482 million tons for rice42, and over 180 million tons for tomatoes37. The rice and 

tomato pan-genome projects are exploring the boundaries of what can be found with ever-

increasing amounts of sequencing data. One rice pan-genome effort has sequenced 3,010 

rice genomes, many at low coverage36, whereas another has utilized deep sequencing of 67 

varieties to create a pan-genome34. A recent tomato project has sequenced 725 genomes37, 

and another active project is sequencing 100 tomatoes with long-read sequencing 

technology43. Small genomic variants that have agricultural benefit have been studied in rice 

and tomato since their respective reference genome publications in 2012 (REFS44,45), but 

varieties differ greatly. A genic pan-genome for tomato described 4,873 genes present in one 

or more varieties that were missing from the reference genome37, whereas the rice projects 

report that there is great varietal diversity even in well-studied genes, such as those 

controlling flowering time or hull colour34. The variation captured in the pan-genome will 

differ according to the approach; for example, utilizing many low-coverage genomes can be 

helpful in examining the spectrum of gene presence/absence, whereas examining fewer 

genomes with long reads will have more sensitivity to detect complex structural variation, 

particularly in repetitive regions.
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Pan-transcriptome analyses have been more common than pan-genome development in 

plants, possibly due to the large genome sizes and the high proportion of mobile elements46 

in some species. Pan-transcriptomes have been described for many major crops, including 

maize47,48 and barley49, as well as for the model organism Arabidopsis thaliana, which has 

both a pan-genome and a pan-transcriptome50,51. Pan-transcriptomes are a more cost-

efficient and targeted way to survey the genic landscape of these plants. The examination of 

RNA-seq data has aided in discovering, for example, that over 8,500 transcripts detectable in 

RNA-seq reads have no alignment to the maize reference genome47 and that wild barley 

varieties have many more disease resistance genes than do cultivated varieties49.

The beginnings of human pan-genomics.

In the past several years, large-scale human sequencing projects have become increasingly 

common. No project to date has produced a comprehensive, analysable human pan-genome 

that surveys a wide variety of human populations, captures both genic and intergenic 

variation, and incorporates this variation into a single utilizable pan-genome. Efforts are 

under way, however, to create population-specific pan-genomes, as well as to discover as 

many human SNPs and structural variants as possible, and a recent National Human 

Genome Research Institute-funded initiative has been launched to build a human pan-

genome reference from 350 diverse individuals52. With continued development of 

computational methods capable of handling larger and larger datasets, these variant 

catalogues may ultimately provide the data needed to perform pan-genomic analyses in 

humans.

Human variant catalogues.

Scientists have been cataloguing human variants since well before the completion of the 

Human Genome Project. However, with the completion of a full reference genome came the 

ability to catalogue variation genome-wide, leading to the creation of large databases, 

including dbSNP53 and ClinVar54, as well as continued updates to pre-existing databases 

such as Online Mendelian Inheritance in Man (OMIM)55. ClinVar and OMIM track variants 

of clinical interest or with known phenotypic associations, although nearly all the variants 

tracked to date have been SNPs and small insertions or deletions (indels), relative to the 

reference genome. Although these variants can be incorporated into genome analyses using 

SNP-aware aligners such as HISAT2 (REF.56), mrsFAST-Ultra57 and SNPwise58, we now 

know that any given individual is likely to contain on the order of 20,000 structural variants 

(of >50 bp) relative to the reference genome59–62. More recent databases, such as dbVar, 

DGVa63 and DGV64, aim to catalogue these larger variants, although they cannot yet be 

easily incorporated into most standard alignment and subsequent analysis pipelines. Several 

projects have attempted to survey the landscape of human structural variation across the 

globe, including the 1000 Genomes Project (1KGP)27, Trans-Omics Precision Medicine 

(TOPMed)65 and the Simons Genome Diversity Project24.

The 1KGP was the first attempt at a large-scale global project for human genome 

sequencing. The 1KGP was performed in three phases, initially collecting SNP array data 

and later generating low-coverage (mean 7.4×) whole-genome sequence (WGS) data for 

2,504 samples from 26 populations. In 2019 an updated re-sequencing of these 2,504 
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genomes was released in order to improve data quality and consistency. However, to date, no 

studies have been published analysing this new data release. An analysis of structural 

variants in the WGS data reported over 40,000 deletions, 6,000 duplications, nearly 3,000 

copy number variants and nearly 17,000 mobile element insertions, by comparison with the 

human reference genome27. In all, 60% of the variants detected were novel relative to the 

pre-existing Database of Genomic Variants, a database consisting of variants reported from 

55 studies at the time of its publication in 2013 (REF.64). In addition to reporting novel 

variation, one major finding of the 1KGP was the detection of homozygous deletions of 

large portions of 240 human genes27. The discovery that these genes are missing or severely 

altered in many individuals studied indicates that these genes are part of the dispensable 

genic pan-genome, a concept infrequently considered in human genomics. This dispensable 

gene set was enriched for two classes of proteins, glycoproteins and immunoglobulins, and 

nearly all the deletions were found in multiple populations. Other deleted regions in their set 

of over 40,000 deletions are likely to represent dispensable non-genic regions. Although 

these findings from the 1KGP are an important step in understanding the dispensable and 

core components of the human pan-genome, deletion discovery is only one step. The 

reference genome is missing dispensable sequences as well, which would appear as 

insertions in the 1KGP samples, but low-coverage WGS data are ill-suited to discovering 

novel insertions, and this was not attempted.

Other global projects have since examined novel sequence content. The Simons Genome 

Diversity Project generated deep coverage (30–40×) in short-read sequencing of 300 

individuals from 142 diverse populations24. The project assembled sequences that failed to 

align to the reference genome and discovered 5.8 Mb of novel, non-repeat sequences in the 

collection. They also catalogued 34.4 million SNPs, 2.1 million small indels and 1.6 million 

short tandem repeats. Many of these variants — up to 11% of the heterozygous SNP variants 

in one population — were missing from the 1KGP variant calls, despite the 1KGP dataset 

containing more individuals, highlighting the need to continue collecting additional samples 

from diverse populations24. A more recent project, TOPMed, has examined short-read WGS 

data from 53,831 individuals, and using a similar method of assembling unaligned reads 

revealed 2.2 Mb of novel sequence65. Although the TOPMed data contained many more 

genomes than the Simons Genome Diversity Project, the investigators discarded any 

sequence without a good match to one of five hominid genomes, perhaps explaining why 

they reported a smaller amount of novel sequence.

All these global projects have limitations. Each of them utilized short-read sequencing data 

(usually 100-bp reads) that they aligned to the human reference genome, so, although some 

variation can be uncovered, the data necessary to build a pan-genome — that is, the union of 

all sequences in all humans — remain elusive, in part because reference-based genome 

assembly methods will entirely miss large insertions in other genomes. Furthermore, none of 

these large projects has had a primary goal of creating a human pan-genome, and in each 

case the analysis of novel sequences was secondary to their main findings. Each study has 

contributed snippets of what is needed, such as dispensable sequences deleted or inserted in 

many individuals, as well as other detectable variation, small and large, but this variation has 

not been aggregated in any way into a pan-genome. Although we now have a comprehensive 

gene set of core and dispensable genes for many bacteria and some plants, even this limited, 
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genic pan-genome view does not yet exist for human populations, in part because we still 

lack a standardized comprehensive human gene set66,67. The pan-genome with intergenic 

variation included thus remains even more elusive.

In addition to the global projects that have touched on discovering novel sequence insertions, 

several recent efforts have focused solely on discovering these novel non-reference 

sequences within and across populations, utilizing both short-read and long-read 

technologies. Many of these efforts have stated the explicit goal of building a pan-genome, 

although to date no project has characterized the indel landscape completely enough to 

generate a full pan-genome, even for a single homogeneous population. Many of the efforts 

to do so are ongoing, but they remain complicated by the difficulty of determining which 

repeat sequences are truly novel, and without telomere-to-telomere assemblies of all human 

chromosomes, it is difficult to tell where repeat copies fall within each individual genome. 

Thus, definitions of novel sequence vary widely between projects and, as a result, so do the 

amounts of novel sequence discovered. Estimates of novel sequence in human populations 

vary from 0.33 Mb, in 15,219 Icelandic individuals, to 296.5 Mb, in 910 African-ancestry 

individuals15,17,24,25,28,65,68–74 (TABLE 1).

Human pan-genome efforts.

Population-specific efforts to capture novel sequence variants have varied widely in their 

findings, in large part due to disagreement about the definition of novel sequences. However, 

any novel sequences produced from these efforts are sequences that can be incorporated into 

a pan-genome, provided they verifiably represent sequences present in at least some humans. 

Efforts to summarize the novel sequence content from studies of large cohorts have shown 

that human individuals contain anywhere from 0.16 Mb to 14.2 Mb of novel sequence. 

These study results are collected in TABLE 1, and several of these efforts are highlighted in 

this section.

There has been an ongoing national Icelandic effort to sequence its population, resulting in a 

WGS dataset of 15,219 Icelanders, making this, to our knowledge, the largest single-

population WGS effort to date. The Icelandic effort stands out as reporting relatively little 

novel sequence compared with other studies, with more individuals. One reason for the low 

yield in novel sequence may be that the study focused on non-repetitive, non-reference 

(NRNR) sequences and excluded sequences with repeat elements and sequences similar to a 

constructed Icelandic reference genome created by incorporating Icelandic SNP data into the 

current version of the human reference sequence, GRCh38 (see BOX 1 for further 

information on GRCh38). They additionally required that sequences could be 

unambiguously placed into the reference genome. Despite its strict parameters, this project 

reported the discovery of 3,791 NRNR sequences, totalling 326.6 kb in length. Genotyping 

estimates indicated that the average Icelander would carry at least 157.8 kb of this 

sequence15, demonstrating that even when using the strictest of definitions of novel 

sequence within a single, homogeneous population, the reference genome is still missing 

many kilobases of unique sequence for a given individual.

Other studies have taken a less conservative approach to defining novel sequences in the 

populations they study. The Genome of the Netherlands project70,75,76 detected 4.3 Mb of 
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novel sequence and nearly 20,000 deletions over 100 bp in length, from WGS data of 769 

individuals from 250 Dutch families. These researchers noted that each haplotype in their 

cohort had, on average, 4.8 Mb of sequence affected by non-SNP variants (including 

previously reported variants), relative to the GRCh38 reference genome. Many of these 

variants were mobile element insertions (MEIs), which are known sequences inserted in new 

locations. Although MEIs are generally not considered novel sequence unless they have 

diverged considerably, two MEIs found in the Dutch cohort, one in a promoter and one in an 

exon, had a significant impact on gene expression70, indicating that sequence placement in 

addition to novelty should be considered in the construction of a pan-genome, although the 

prevalence of such variants is currently unknown.

The attempt to collect insertions in the African pan-genome from 910 individuals of African 

ancestry produced the largest reported amount of novel sequence: 296.5 Mb, calling into 

question early estimates that a full pan-genome might contain between 19 and 40 Mb (REF.
77) of novel sequence. Although this study required insertions to be longer than 1 kb, many 

of its novel sequences were divergent copies of known repeats. As such, in addition to novel 

non-repetitive sequence, this study reported a large collection of novel repeats, 

predominantly HSAT II and III repeats, which diverge from each other and from their 

representations in the reference genome28,78. This study reported sequences with less than 

90% identity as being divergent enough to be distinct novel sequences, but as efforts to build 

a human pan-genome progress, decisions must be made regarding how divergent sequences 

at differing levels of sequence identity should be represented and considered in analyses.

Other studies have utilized BioNano mapping71, linked-read sequencing71,73 and long-read 

sequencing68,79–81 to draw similar conclusions regarding the amount of novel human 

sequence. The BioNano mapping estimate (which did not use sequence data, but instead 

used restriction fragment lengths to create maps) produced the largest estimate of novel 

sequence per person (14.2 Mb) of any of the studies, possibly due to their inclusion of maps 

that spanned large peri-centromeric and acrocentric regions that are not well represented in 

the reference genome. A landmark study that generated deep coverage from 15 individuals 

using Pacific Biosciences (PacBio) long-read sequencing reported 6.4 Mb of novel sequence 

per individual68. Although this study included only a small number of individuals, it is 

unique as the largest long-read human WGS dataset to date. Because long reads can span 

difficult-to-align regions, variants can be called ‘in-place’ after reference alignment. This is 

unlike short-read approaches, in which the detection of long insertions requires either full de 

novo assembly or else alignment followed by assembly of unmapped reads74. While long-

read alignment is still reference-biased and may miss variants, long reads are better able to 

detect variation within difficult-to-assemble repeats than are short reads. These higher 

estimates, of 6.4 Mb excluding peri-centromeric regions and 14.2 Mb including them, are 

closer to the long-read assembly-based estimates that revealed 12.8 Mb (REF.81) of novel 

sequence in one Chinese individual, over 10 Mb per person in two Swedish individuals79 

and 16 Mb in a pseudo-diploid genome from two haploid hydatidiform moles80.

It remains unclear how much of this non-reference sequence is shared across individuals, 

and thus it is unknown how many individuals must be sequenced before the human pan-

genome can be considered complete. We expect, however, that far fewer individuals will be 
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needed if only non-repetitive sequence is being considered, as nearly 25 times as much 

sequence has been found, on average, in studies that have considered repeats than in studies 

that have not (TABLE 1). While non-repetitive sequences may be simpler to analyse, repeat 

elements can have substantial biological effects on gene expression70 and disease-related 

phenotypes78,82 and thus should not be ignored in the creation of a comprehensive human 

pan-genome.

Pan-genome representations

Although databases of SNPs and structural variants (for example, dbSNP and dbVar) provide 

a valuable resource for genetic analysis, a comprehensive pan-genome, in whatever form it is 

stored, is likely to present considerable new challenges for scientists who wish to use it. The 

amount of sequence data alone will likely be extremely large, especially if the pan-genome 

includes all variants of repeat sequences. In addition, the number and variety of 

rearrangements are both large and difficult to capture in a form that is easy to use with 

current bioinformatics tools. To date, no computational approach has been practically 

scalable enough to represent and analyse a full human pan-genome created from thousands 

or millions of individuals.

Inclusion of alternate sequences.

Currently the most commonly used approach to include divergent human sequences in a 

genetic analysis is simply to include these extra sequences when performing read alignment 

to the reference genome. The reference genome already contains several hundred of these 

alternative or ‘alt’ sequences, although their inclusion does not represent any systematic 

attempt to capture human variation. This strategy poses a number of problems. First, 

although the Genome Reference Consortium provides locations for the alt sequences and 

alignments to the main chromosomes of the reference genome83,84, most sequence 

alignment programs were not designed to handle variant information provided in this 

manner. As a result, most aligners simply treat the alt sequences as additional sequence 

tacked onto the genome and, as a result, the variants are treated as repeats. Some aligners, 

such as bwa85, have created ‘alt-aware’ modes to account for this, but, even with these fixes, 

this approach is not sustainable. As we continue to add divergent sequences, storing and 

searching the reference genome becomes increasingly space- and time-intensive. 

Furthermore, including these additional sequences separately does not accurately represent 

the underlying biology. Although in some cases we know where these sequences belong in 

the genome, what sequences they are alternatives to or what populations they are prevalent 

in, that information is lost by simply including them as additional sequences and continuing 

to use current algorithms for alignment.

Graphical representations.

A more principled alternative, which considers where the sequences belong and what 

reference sequence they are alternatives to is to represent the genome plus its variants as a 

graph. Aligners such as HISAT2 (REF.56) already align to graphical representations of the 

genome plus small known variants and choose the best path through the graph for each short 

read (FIG. 2a). A number of recently published methods, including vg86, SevenBridges87, 
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PaSGAL88 and GraphAligner89, include algorithms and data structures for representing 

more complex structural variants in a graph. One benefit of these graphical representations is 

their ability to represent nested variation — for example, SNPs within insertions, or multiple 

variants of an insertion that share some regions but not others (FIG. 2b). This allows 

complex variants, hyper-variable regions and divergent repeat copies all to be represented 

much more compactly than would be required by representing every variant separately. 

Reads can then be aligned to these graphs made by incorporating known structural variation 

into the reference; for example, vg is able to construct a graph representation with 72,485 

structural variants in approximately 14 wall-clock hours and under 50 Gb of RAM, and, 

once the graph is constructed, reads can be aligned to that graph faster than bwa-mem can 

perform linear alignments to the standard reference. However, graph genomes introduce a 

new complication: paths through the graph, particularly in complex regions, may join 

together variants that never appear together in any individual. Thus, a graph genome 

implicitly contains an exponentially large number of alleles that do not exist in the 

population.

Additional information can be encoded in the graph to avoid this exponential blow-up; for 

example, ‘coloured’ graph approaches such as Cortex90, VARI91 and BFT92 can assign a 

different colour to each genome or population and then assign colours to each node in the 

graph according to where that node’s sequence came from. The alignment algorithm can 

then require that any path through the graph must be colour-consistent, as a path that 

switches colours may not exist in any individual genome (FIG. 2c). All allowed paths can 

also be stored more directly, as is the case with vg93, with the same end result. However, this 

additional information requires each node in the graph to store its ‘colours’, which may 

require as many colours as there are individuals in the population, and, in the path-based 

approach, a distinct path must be stored for each genome. Because a pan-genome may be 

produced from thousands or millions of individuals, retaining this information becomes 

increasingly computationally intensive as more individuals with new patterns of variation are 

included in the graph. Recent extensions to vg94 have incorporated text-indexing strategies 

for graphs95,96, developing efficient implementations to compactly represent biologically 

accurate variant paths. This work has demonstrated that the creation of such a graph from 

the 2,504 1KGP individuals, given per-sample variant information, is possible in under a 

day94. Furthermore, by extrapolating from experiments on human chr17, the study estimated 

that index construction for a full graph of the 54,035 TOPMed individuals would take 13–14 

days, 76,000 CPU hours and 320 Gb of RAM to create an 80–90-Gb index94. A more 

comprehensive discussion of graph-based pan-genomics algorithms can be found in recent 

reviews by The Computational Pan-Genomics Consortium97 and Paten et al.98.

While graphical representations provide compact representations for a pan-genome, the goal 

is not only to store but also to analyse pan-genomic data. Given that short-read sequencing 

(with read lengths in the range 100–250 bp) is the current standard, this means that 

researchers must be able to align short-read data to the pan-genome representation. Short 

reads are difficult to align accurately in repetitive regions, even when aligning to a linear 

reference. Reads may be misaligned if, for example, a SNP or a sequencing error causes 

them to be identical to a different copy of a repeat elsewhere in the genome. By adding in 

large numbers of variants, we increase the number of places a repetitive read might align and 
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increase the chances that a read might be aligned to an incorrect location (FIG. 3). The study 

describing the FORGe variant prioritization tool demonstrated that when 8–12% of known 

SNPs are included, graph aligners such as HISAT2 have the fewest number of incorrectly 

mapped reads. However, when the number of variants included is increased beyond that, 

accuracy declines99. Although only SNPs and small indels were examined in that analysis, 

the logic extends to structural variants as well, particularly when the variants belong to a 

high-copy-number repeat class, such as the HSAT II and III centromeric repeats. Another 

study demonstrated that whereas graph-based mapping with vg and SevenBridges yields 

higher accuracy than linear alignment on reads that contain known variants, linear genome 

alignment is superior when the reads do not contain variants100.

Linear references and hybrid approaches.

Another strategy for handling human-scale pan-genomic data is to combine both graph-

based and linear alignments. The two-step Graph Mapper100 program first aligns reads using 

a graph-based method such as vg, then extracts the best predicted linear path through the 

graph from these mappings and realigns the reads to the linear path (FIG. 4). This approach 

improved overall mapping accuracy compared with vg and SevenBridges, although its 

accuracy was slightly lower than vg for reads with variants. Like FORGe, this hybrid 

approach aims to reduce the size of the variant graph rather than to utilize a full pan-

genome, although it does this with an online algorithm, whereas FORGe uses a sample-

independent pre-processing step. Although it appears that decreasing the possible locations 

for reads to align can improve alignment accuracy, it is unclear whether these approaches 

will work well with graph genomes that contain structural variants, a capability that has not 

yet been tested with these methods.

Another option for capturing the human pan-genome is to build a collection of high-quality 

linear reference genomes and to align new sequences to the collection. An individual human 

genome consists of two linear genomes, one for each haplotype; thus, a linear representation 

with two copies of each chromosome is true to the underlying biology. If we had an 

abundance of reference genomes, the most closely related genome (or genomes) could be 

used for the analysis of any new genome, without a need to redesign aligners or other 

downstream tools. A two-step method might employ an initial pass to determine which 

reference genome should be used (or which of multiple references for an admixed 

individual), followed by the more computationally intensive alignment step of aligning the 

subject’s DNA to the reference genome (or genomes). Recent work has indicated that at 

least 1,000 genomes can be stored, indexed and searched very efficiently, with only a modest 

increase in time and space requirements over those required for a single genome101. In 

support of this strategy, the creation of additional reference-quality genomes is under 

way102,103.

Applications of pan-genome analyses

Pan-genome analyses have led to novel insights across a wide range of species. The use of 

bacterial pan-genomes has led to the identification of pathogenic genes in Escherichia 
coli8,9, Helicobacter pylori5 and other bacterial species present in the human microbiome 
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that occur in both commensal and pathogenic strains. For plants, analysis of the tomato pan-

genome has produced insights into agriculturally relevant traits that affect flowering time, 

fruit yield, domestication and flavour. For example, in a study of a tomato pan-genome that 

included members of a wild progenitor species (SP) and two varieties of a derived 

domesticated species, the earlier-derived SLC and later-derived heirloom SLL, an ~4-kb 

substitution in the promoter region of a flavour-related gene, TomLoxC, was found to be 

present in more than 90% of SP accessions, 15% of SLC accessions and 2% of heirloom 

SLL accessions37. This allele, which is associated with increased fruit flavour and is not 

present in the modern domesticated reference tomato species, was determined to be under 

negative selection in the domestication process, causing modern varieties of tomato to be 

less flavourful and aromatic than their wild progenitors. Without the hundreds of plants from 

each species included in the pan-genome analysis, no such trend from wild to domesticated 

species could have been determined, as domesticated species can contain the wild allele, and 

wild species can contain the modern allele, albeit at lower frequencies. Isolation of the 

alleles behind these desirable traits through this pan-genomic analysis may aid breeders in 

recovering desired traits, either through engineered genetic modifications or through 

introgression from wild species, a strategy that has successfully increased the frequency of 

the TomLoxC non-reference substitution in a more modern SLL variety37.

In humans, a clear advantage of pan-genome analysis is that scientists can discover variants 

that are missing from a single reference genome and then link those variants to phenotypes, 

which might include both beneficial and harmful traits. For example, any sequence longer 

than a few hundred nucleotides that is missing from GRCh38 is essentially invisible to most 

downstream analysis tools, regardless of how many individuals are sequenced, because any 

reads containing that sequence will simply fail to align. If such a sequence contains a 

disease-causing or disease-preventing variant, that variant will be undiscoverable unless this 

sequence is included in the analysis (FIG. 5). An illustration of this point arose in the 

Icelandic human-sequencing project, in which their examination of 15,219 Icelandic 

individuals showed a 766-bp insertion at high allele frequency (65%), the presence of which 

was found to significantly correlate with a decreased risk of myocardial infarction15. 

Another recent study discovered a repeat expansion causing neuronal intranuclear inclusion 

disease, a fatal neurodegenerative disease that causes symptoms ranging from deterioration 

of motor function to dementia104. That study utilized long reads to discover the repeat 

expansion and then demonstrated that the repeat expansion could be genotyped in other 

individuals using short reads alone. Although our ability to efficiently sequence and analyse 

large collections of human genomes is still limited, these recent examples are a 

demonstration of the potential to detect new and important variants as we become 

increasingly able to analyse human pan-genomes.

Conclusions and future perspectives

For many years scientists have understood that considering more than just a single 

representative genome can help identify genes and phenotypically consequential variants in 

bacterial and plant species. However, in human studies nearly all analyses still begin by 

aligning sequence data from a subject or a set of subjects to the human reference genome, 

discarding sequences that do not align. Considering more than just a single reference 
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genome is necessary if we are to link more phenotypes of interest to their causal variants105. 

We now know that populations across the globe contain thousands of DNA sequences of 

various lengths that are not present in the human reference genome and thus that are not 

examined in standard analyses. Although we are amassing a wealth of pan-genomic data in 

both global and population-specific studies, what to do with these data remains an open 

question. The creation of a single, global human pan-genome holds conceptual appeal, and 

cataloguing all human variation is a noble goal. However, to date, no computational method 

is capable of aligning human sequences to a pan-genome of all human variation while 

enforcing that alignments be biologically plausible, although research that is actively under 

way on the efficient indexing, storage and traversal of graphical representations might solve 

this problem94,101,106. Population-specific pan-genomes may prove more feasible, and 

multiple such projects, such as the Icelandic and Danish efforts, are under way. Developing 

additional linear reference genomes, particularly if they are haplotype-resolved, has the 

benefit of representing a real individual, and a linear representation does not introduce 

variants that are never seen together. Furthermore, our ability to accurately assemble these 

genomes is rapidly improving: recently, the first telomere-to-telomere assembly of a human 

chromosome107 demonstrated that newly produced genomes have the potential to be of 

higher contiguity than the current reference. With a plethora of human reference genomes, 

individuals could be analysed by comparing them to their closest matching population or 

populations, even if this information is not known a priori. Regardless of what 

representations are ultimately used to capture these genomes, it seems inevitable that we will 

soon move beyond our reliance on a single human reference genome. Pan-genomic 

approaches that capture the vast amounts of variation in the population will be a critical tool 

in helping us understand and analyse the genetic instructions that make us human.
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Glossary

Reference genomes A reference genome is a genome sequence that is used as 

the representative for the species — typically, the most 

polished and complete sequence available for the species.

Long-read sequencing Sequencing reads on the order of 5–10 kb (Pacific 

Biosciences) or longer, in some cases up to 1–2 Mb in 

length (Oxford Nanopore Technologies). Long reads are 

more expensive to generate and have higher error than 

short reads (100–250 bp in length).

Core genome The genes or sequence shared between all individuals of a 

species (or other grouping).

Dispensable genome The genes or sequence not shared between all individuals 

of a species (or other grouping). Everything that is not a 
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part of the core genome is part of the dispensable genome, 

and vice versa.

Singleton A sequence found only in a single individual in the study 

population or group.

Transcriptome The sequences of only the exon regions, typically inferred 

by sequencing RNA transcripts rather than DNA directly.

Alignment The process of computationally lining up sequencing reads 

to a genome (typically a reference) in order to determine 

where they are likely to have originated from in the 

genome.

Assembly The process of overlapping sequencing reads from many 

copies of a genome in order to piece together short 

sequences into longer sequences. Assembly is often 

performed for a whole genome, particularly when no 

reference is available for alignment, but it can be 

performed locally, as well as on regions or subsets of reads.

Haplotype A sequence on one of the two homologous chromosomes 

of an organism’s diploid genome. In humans, haplotypes 

are considered in contrast to using a single sequence to 

represent that sequence on both homologous copies of a 

chromosome.

Admixed An individual with genetic ancestry from multiple distinct 

populations.
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Box 1 |

The human reference genome

An initial draft of the human reference genome was first published in 2001 

(REFS108,109). The genome consisted of sequence from approximately 20 individuals 

who answered an advertisement for volunteers in the Buffalo News, a newspaper in 

Buffalo, New York, USA. To sequence these individuals, DNA was extracted from a 

blood sample and was sheared into ~150–200-kb pieces, which were inserted into 

bacterial artificial chromosomes (BACs) to be sequenced. This approach meant that each 

~150-kb segment could be sequenced and assembled separately, reducing errors caused 

by ubiquitous repeats that occur throughout the genome. Furthermore, a physical map of 

the genome was created to determine the relative locations of the BAC clones along the 

chromosomes. Thus, the human reference genome was assembled as a mosaic of these 

sequenced individuals, where one BAC-length segment might come from one individual, 

the next segment from a different individual and so on. The individuals who provided the 

DNA were anonymous.

The original version of the human reference genome contained 2.69 Gb and nearly 

150,000 gaps. The genome has undergone many major updates since 2001 to produce the 

current version, GRCh38.p13, which contains 2.95 Gb of sequence and only 349 gaps110. 

These updates have included filling in gaps where no sequence was present, replacing 

rare alleles in the genome with the more common variants and adding alternative 

sequences representing divergent variants of some portion of the reference genome, 

although these alternative sequences are often not considered by analysis pipelines. 

However, the underlying genetic background of the reference remains the same as in the 

initial version — a mosaic of sequences from a small number of anonymous individuals.

In 2010, a study describing the Neanderthal genome additionally performed an analysis 

on the human reference (version GRCh37)111. That analysis used the original BAC 

information to trace which anonymous donor was the source for each segment of the 

genome and then used population-specific single-nucleotide polymorphisms (SNPs) to 

determine the ancestry of each donor. This process revealed that approximately two-

thirds of the reference genome sequence was composed of DNA from one male donor 

with the anonymous identifier RPCI-11, and that RPCI-11 was almost certainly 50% 

African and 50% European. In the figure, we illustrate the full make-up of the BAC 

clones (part a) and the inferred ancestral make-up of GRCh37 (part b), as described in 

the earlier study111 (supplemental material, p.146 of REF.111).

Because scientists continue to use the human reference genome as a baseline for nearly 

all human genetics studies, it is important to acknowledge that it does not represent the 

whole population. Rather, it is a mixture of ethnicities, predominantly sequence from a 

European/African admixed individual. Furthermore, as a mosaic of many individuals, it 

may not represent variant combinations that exist in any individual.
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Fig. 1 |. Core and dispensable genomes.
a | Bacterial and other prokaryotic genomes consist predominantly of genes, with little 

intergenic sequence. The core genome of a species consists of genes shared by all strains. 

The dispensable genome is made up of genes shared by some but not all strains (accessory 

genes) and genes present in only one strain (unique genes). Together, the core and 

dispensable genomes make up the pan-genome. b | Eukaryotic genomes are not highly 

variable in their genic content. Pan-genomes consider intergenic sequence as well as genes, 

resulting in an ordered pan-genome of all sequence present in at least one individual.
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Fig. 2 |. Graphical representations of pan-genomes.
a | A single-nucleotide polymorphism (SNP) or insertion or deletion (indel) can be 

represented as two diverging paths (black lines) through the genome. Graph aligners can 

determine, for a read, which path is the best alignment. b | Nested variation can be 

represented in a graph. Here, both reads that contain the insertion and reads that do not can 

be aligned to the graph with no mismatches. For reads with the insertion sequence, they can 

be aligned to one of two paths within the insertion based on the A/C SNP they contain, again 

resulting in fewer mismatches in the alignments. c | To avoid a read alignment through the 

graph that does not represent any individual, colours can be tracked to indicate the 

population or individual of origin (yellow, orange and purple). Segments with no colour are 

equivalent to all colours, as they must be traversed in all paths. In this graph, a path 

containing the base A at the first SNP position, the insertion, and A as the within-insertion 

SNP would be a disallowed path for a read, because it is not colour-consistent: the first A 

SNP is only purple, and the second is only orange.
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Fig. 3 |. Addition of variants increases alignment ambiguity.
A graph-based representation includes alternate variants (blue, green) at position P1, 

whereas the reference contains only the pink reference allele. These variants are within a 

repeat (dark blue). The addition of each alternate variant increases alignment ambiguity. The 

six reads with the blue variant allele align perfectly only to P3 in the original reference, and 

now align to P1 and P3 equally well. Likewise, the six reads with the green variant allele 

now align to P1 or P2 perfectly, not just P2. Ambiguous reads are highlighted with yellow 

outlines.
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Fig. 4 |. Two-step alignment method.
First, alignment to a graph is performed. Reads can align to either variant A or B at the first 

variant locus, and to C or D at the second. The path through the graph with the most reads 

aligned to it is then extracted — in this case, the path containing B and then C. In the second 

step, reads are realigned to the extracted linear genome. This allows for reads that may have 

been misaligned in the initial step (due to the introduction of variants) to be realigned only to 

the alleles they are most likely to have originated from. Here, the four reads that aligned to 

variant A now align to variant B, allowing a single-nucleotide polymorphism (SNP) to be 

detected that was undetectable from the graph alignment alone, as the reads with the SNP 

were misaligned.
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Fig. 5 |. Variant discovery from a pan-genome reference.
When the reference genome sequence is augmented with a known insertion, reads will align 

to this region for individuals containing this insertion. The 1,250-bp insertion included on 

chromosome 17 (chr 17) is within the gene KDM6B and has been reported in numerous 

studies15,28,65,68, including at a frequency of 1 in the Trans-Omics Precision Medicine 

(TOPMed) dataset of over 53,000 individuals65, and thus appears to be present in all or most 

individuals. With the insertion included in a pan-genome reference, reads from sequenced 

individuals will align to the region, allowing for the detection of single-nucleotide 

polymorphisms (SNPs). Here a SNP can be detected that is present in individual A but not 

individual B. However, when no pan-genomic variation is included in the reference, neither 

the insertion sequence nor the SNP in individual A can be detected. The depicted 

coordinates and the length of the KDM6B insertion were taken from Sherman et al. 

(2019)28, although they are nearly identical in all reports.
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