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Complete datasets of genetic variants are key to biodiversity genomic

studies. Long-read sequencing technologies allow the routine assembly

of highly contiguous, haplotype-resolved reference genomes. However,
even when complete, reference genomes from a single individual may bias
downstream analyses and fail to adequately represent genetic diversity
within a population or species. Pangenome graphs assembled from aligned
collections of high-quality genomes can overcome representation bias

by integrating sequence information from multiple genomes from the
same population, species or genus into a single reference. Here, we review
the available tools and data structures to build, visualize and manipulate
pangenome graphs while providing practical examples and discussing their
applicationsinbiodiversity and conservation genomics across the tree of life.

The decrease in DNA sequencing costs is boosting biodiversity
genomics"’. Large-scale internationalinitiatives aim to generate highly
contiguous, haplotype-resolved reference genomes for all species®”
andto characterize biodiversity, clarify its evolution and help its con-
servation. Reference genomes (Box 1) are the backbones to annotate
genomicvariation, helpingits preservationin the currentbiodiversity
crisis’. Haplotype-resolved reference genomes better capture genetic
variation across individuals, enabling more effective mapping of phe-
nomes to genomes and illuminating both the adaptive uniqueness of
taxa®and their positioninthe tree of life’. However, even with accurate
reference genomes, sequences mapped against them canbe misplaced
or fail to align because of divergent or missing regions in the reference
(Fig. 1a). These ‘blind spots”® 2 introduce a reference bias™>', poten-
tially misrepresenting genetic variation. A solution to reference bias
lies in pangenomics, the systematic capturing of genetic variation
within dedicated composite assemblies, called pangenomes™'. Histo-
rically, a pangenome can be a collection of unaligned sequences',
oragraph derived from raw reads” or assembled sequences” (Fig. 1b
and Box 2). A pangenome graphis a graphical model storing genomic

data from different individuals, together with their relationships and
variability, in a single data structure (Fig. 1c). Dataembedded in the
graph can be accessed to perform bioinformatic tasks, such as read
mapping, by graphindexing™*°. A pangenome graph accommodates
multiple alternative alleles and provides a more comprehensive rep-
resentation of genomic variation within a species”*?, depending on
the degree to which the haplotype set reflects the overall diversity of
the species. At higher taxonomic ranks (for example, genus or family),
super-pangenomes expand our ability to capture genetic diversity** .
While cataloging genetic variability within a species is critical?, exam-
ples of pangenome graphs in non-model species are still limited**.
We expect thisto changein the coming years, aslong-read sequencing
and high-quality genomes become more accessible*’. Pangenome
graphsimprove downstream analyses, providing researchers with the
flexibility to analyze genetic variation at multiple levelsin a single data
structure. In agriculture, pangenomes for major crop plants proved
effectiveinidentifying resistance genes and beneficial alleles for crop
improvement, while,in humans, they show potential toimprove clinical
research (Box 2). Pangenome graphs enable the accurate detection of
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BOX1

Glossary

ATAC-seq: a technique used to assess chromatin accessibility by using
Tn5 transposase to insert sequencing adaptors into open chromatin
regions, which are then sequenced to map these accessible sites.

Bidirected graph: graph representing both DNA strands.

Bubble: region of the graph where a set of paths diverge from a
common node and reconverge in the following common node. The
paths walking through the bubble represent divergent haplotypes
and their sequence variation.

ChlP-seq: a method used to analyze protein-DNA interactions by
combining chromatin immunoprecipitation with next-generation
sequencing to identify the binding sites of DNA-associated proteins.

Chromatin conformation data (Hi-C): Sequencing-based molecular
technigue used to detect regions in the genome where physical
interactions are frequent. It measures the contact frequency between
all pairs of loci, offering insights into the genome’s three-dimensional
organization.

Collinearity: preservation of the linear order of genes or genetic
markers along chromosomes across different species.

Edges: node connectors indicating their concatenation and ultimately
defining the DNA sequence of each haplotype (path). In a bidirected
graph, the direction of the edges indicates the strandedness.

Haplotype false duplication: error that occurs when a single genomic
region is represented twice as two distinct regions in the same
assembly. This typically happens when a heterozygous region in the
individual contains two highly divergent haplotypes, causing the
assembler to mistakenly treat them as non-homologous regions.

Hybridization: breeding between individuals from genetically
different lineages.

structural variants (SVs)*>”!, large (>50-bp) genomic rearrangements
that underlie phenotype and fitness variation®>*' and disproportion-
ately contribute to local adaptation®*and even speciation®. Pangenome
graphswillincrease the accuracy and power of resequencing projects
investigating population dynamics and insightsinto the genetic bases
of phenotypic traits by streamlining variant phasing (Box 1), haplo-
typereconstructionand genotyping through imputation. They will aid
in understanding genome evolution across species and benefit
studies linking genetic variation and gene expression to phenotypes.
Here, we illustrate the available data structures and tools for build-
ing, visualizing and manipulating pangenome graphs and provide
practical advice for their use indownstream analyses. We also highlight
their potential future contribution to conservation and biodiversity
genomics.

Pangenomes as variation graphs

Over the years, the term pangenome acquired different meanings
(Box 2). Here, we focus on graph-based pangenomes constructed
fromwhole-genome alignments of assembled sequences, that is, var-
iation graphs”. Variation graphs more comprehensively represent
eukaryotic genomes by storing complete genomic sequences and their

Introgression: gene flow between hybridizing populations or species
through the backcrossing of hybrids with one or both of the parent
populations.

k-mer: substrings of nucleotides of length k.

Microchromosomes: small-sized chromosomes typically found in the
genomes of various animals, including birds and reptiles. They were
often found to be gene rich and GC rich.

Nodes: the basic unit of a pangenome graph. They represent DNA
sequences included in the graph. In a syntenic region, nodes can be
traversed by multiple paths. In a bubble of variation, multiple nodes
represent divergent DNA sequences, and only a subset of divergent
haplotypes traverse each node.

Paths: representation of the haplotypes included in the graph. A path
is defined by a concatenation of DNA sequences (nodes) connected
by edges.

Phasing: process of determining which genetic variants are inherited
together on the same chromosome from each parent.

Reference genome: a contiguous and accurate genome assembly,
representative of a species.

Seed-and-extend aligner: an aligner that begins with small, exact
alignment segments, known as seeds, and then attempts to extend or
merge these segments to identify larger, highly similar regions.

Snarl: hierarchical generalization of a bubble. A snarl is a subgraph
with a start and an end node, and paths traversing the snarl can have
complex interconnections, representing variation.

Synteny: conservation (not necessarily in the same order) of blocks of
genes or entire chromosomal regions across different species.

variation®***°, Variation graphs compress redundant sequences into
bidirected networks where each node represents asequence and edges
connect nodesinto complete sequences® (Fig.1cand the Box1). Linear
genomes or phased haplotypes are stored as explicit paths through the
graph®, and sequence variation is represented by subgraphs called
bubbles or snarls, in which variants are defined by alternative paths
connected by shared start and end nodes (Box 1)*”. Here, we refer to
variation graphs from whole-genome alignments simply as ‘pange-
nomegraphs’. They were adopted by the Human Pangenome Reference
Consortium (HPRC)*®, aglobalinitiative that generated the first human
pangenome®**’ (Box 2). Pangenome graphs were also assembled for the
chicken (Gallus gallus)* and, among non-model organisms, for the barn
swallow (Hirundo rustica; Box 3)*® and the house finch (Haemorhous
mexicanus)”. Super-pangenome graphs are being generated for eco-
nomically importantspecies, such as tomato (Solanum lycopersicum)®,
grape (Vitis sp.; Box 3)** and cattle (Bos taurus)®.

Maximizing capture of genetic diversity via
sampling and sequencing

The sampling strategy is critical for successful biodiversity pangenomic
studies. It should maximize genomic and biogeographic diversity
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Fig.1| Principles of pangenome graphs. a, An example of reference bias. Short
reads from three different individuals (ind.; shown here is a bird as an example)
aligned to alinear reference genome do not map well to a missing region or a
region with divergence (shown in red). By contrast, a pangenome reference
based on multiple genomes (Hap.1, Hap.2, Hap.3; only one haplotype for each
individual is represented for simplicity) improves the coverage of such regions,
asless diverging regions are sampled, thereby facilitating variant calling and
subsequent downstream analyses. b, Pangenome graphs can be constructed
from unaligned raw reads (top) or from the alignment of multiple assembled
sequences (bottom). ¢, A pangenome graph is a bidirected graph (Box 1) with

nodes representing DNA sequences (semi-transparent squares with base pairs)
connected by bidirectional edges, which define the relationships between
adjacent nodes and encode the strandedness of the sequences. The genomes
walk as paths through the nodes (fine colored lines above each node), defining
their base composition. Multiple genomes can share the same node sequence
or take different paths across bubbles or snarls, which are subgraphs indicating
the presence of variationin that region. The first bubble represents an insertion
inHap.loradeletionin Hap.2 and Hap.3. The second bubble represents a SNP in
which Hap.1and Hap.2 both have a Gand Hap.3 hasaC.

within natural populations, ideally sampling through the entire geo-
graphic range while balancing sex representation'®*2>¢3840-43 (Fjg 23),
Ifapanel of variants, both SNPs and SVs, is available, estimates of het-
erozygosity, relatedness and inbreeding offer insights into the sample

sizerequired to achieve acomprehensive representation. Ordination
and clustering analyses can help select representative individuals for
inclusion in a pangenome?. The ideal sample size can also be retro-
spectively verified by a pangene number analysis, in which a number
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BOX2

History of the pangenome concept from bacteria to the human

pangenome

The origin of the pangenome concept traces back to 2005

(ref. 122), when the bacterial genomes of Streptococcus agalactiae
were first described as collections of core genes shared among
strains, dispensable (‘accessory’) genes shared between some
strains and strain-specific (unique) genes. In S. agalactiae, the

core genome included 80% of the genes, with the remaining

20% categorized as accessory'”. Work has since focused on the
structure and dynamics of bacterial pangenomes'®*~'?/, proving
fruitful for taxonomic identification'”, to study host-pathogen
interactions”'*° and gene families essential to pathogenicity'?

and antibiotic resistance'®. These studies resulted in biomedical
applications, with new promising candidate drug targets™® and
reverse vaccinology™"'*. The concept was rapidly adopted by plant
and animal researchers, resulting in multiple eukaryotic pangenome
studies®. To accommodate the complexity of eukaryotic genomes,
with large portions (>~50%"*) of noncoding and yet functional
sequences, the term evolved to represent a complete set of
sequences found in all individuals of a population or a species®. In
plants, the pangenome concept was first applied to the analysis of
transposable elements, responsible for a large amount of variation
in both genic and intergenic sequences™”. Plant genomes are
particularly dynamic, as they undergo frequent polyploidization
and diploidization events'™>"*, Moreover, intraspecific genetic
variability is often large'. For these reasons, the concept of the
pangenome has been rapidly extended from initial efforts in crops,
such as rice™® and tomato™, to many other plant species°"* for
association mapping analyses*'*, breeding'®*, crop improvement'
and evolutionary analyses'"’. Recently, a pangenome comprising 69
Arabidopsis thaliana chromosome-level assemblies from a global
range distribution was published®. Animal pangenomes have
hitherto mostly focused on model species of economical value,
both vertebrate and invertebrate. Among mammals, pangenome
assembly and analysis projects have been conducted in the domestic

of representative genomes are progressively added until a pangene
plateauis reached, that is, when the full set of genes is captured and
adding more individuals does not recover novel genes**. The inclusion
of more individuals augments the existing references by increasing
the representation of accessory or dispensable sequences, which
are shared only by a subset of individuals and often have functional
and adaptive roles*. Pangenome graphs facilitate pinpointing the
functional and adaptive roles of accessory genomic regions and how
they vary among geographic populations and subspecies. Accessory
genomes may provide hotspots for population differentiation and spe-
ciation through divergent selection processes or via hybridization***
(Box1). Investigating how much accessory regions are affected by intro-
gression (Box 1) in populations and species undergoing hybridiza-
tion provides insights into the dynamics of gene flow and speciation
processes*.

Priority should be given to the highest-quality samples, maxi-
mizing long-read sequencing throughput (Fig. 2a) and allowing
accurate and contiguous genome assemblies**’. The quality of the
input genomes minimizes noise propagation in the pangenome
graph. Haplotype phasing with parental sequence data or chromatin
conformation data (Hi-C; Box 1) is crucial to prevent haplotype false
duplication (Box 1) and related errors*****', Sequencing coverages

pig (Sus scrofa)’>"*1%°, cattle (B. taurus)™*™' and domestic sheep
(Ovis aries)"™*. Among invertebrates, studies on silkworm (Bombyx
mori)*, Mediterranean mussel (Mytilus galloprovincialis)'"** and
longwing butterfly (three Heliconius species)’* pangenomes

were recently published. The first step toward building a human
pangenome was taken with the assembly of an Asian and an African
genome and their integration within the NCBI reference human
genome'™. This work resulted in the identification of approximately
5Mb of novel sequences. From these early analyses, the authors
estimated that a comprehensive human pangenome should contain
19-40Mb currently missing from the state-of-art reference assembly
(NCBI build 36.3)"°. Since then, a Danish pangenome™® has been
assembled and the GenomeDenmark project was initiated™’, both
using family trios and revealing novel single-nucleotide variants
and SVs. More recently, the assembly of an African pangenome'™®
included approximately 10% more DNA (296 Mb) than the reference
assembly (GRCh38), and a pangenome built from hundreds of

Han Chinese individuals™® identified 29.5Mb of novel genomic
sequences, including at least 188 novel protein-coding genes. The
generation of a comprehensive catalog of human genetic variation
has advanced through the analysis of 338 high-quality assemblies of
genetically divergent populations'?, demonstrating that, for a given
genome sequenced to 40-fold coverage, over 400,000 previously
unmapped reads could now be aligned. The authors also tested this
new resource for more efficient mapping of previously discarded
RNA-seq reads'®. Recently, the HPRC released the first draft human
pangenome graph using three graph construction methods and 47
phased, diploid assemblies from genetically diverse individuals®®.
Soon after, another human pangenome graph was built using a
similar pipeline from 116 high-quality assemblies representing

36 Chinese minority ethnic groups'®. In parallel, Seven Bridges
Genomics generated population-specific genome graphs for an

African pangenome'®.

of -30-fold PacBio high-fidelity long reads (HiFi)"~*? and -60-fold
Oxford Nanopore Technologies (ONT)** duplex reads, in combina-
tion with ~30-fold Hi-C per haplotype and manual curation, generate
reference genomes that meet the current quality standards®”**.
Genome sequencing is a rapidly evolving field, and generating com-
plete, haplotype-resolved and near error-free genomes (telomere to
telomere, T2T) is now feasible****** by complementing HiFi with ultra-
long ONT reads. Incorporating high-quality genomes aids in the
discovery of rare SVs*®, particularly in admixed populations and
those with large effective population sizes’™*®. Moreover, it improves
the representation of hard-to-sequence-and-assemble regions like
centromeres, variable number tandem repeats®® and other complex
repeats. Examining base-level polymorphismin variable number tan-
dem repeats may clarify their role in shaping gene expression and
complex traits'>?**, Highly repetitive regions might also underlie
the regulation of complex behavioral phenotypes, such as migratory
behavior®’.

Overall, a pangenome graph benefits from the inclusion of all
T2T-level or high-quality genomes, whereas pangenomes derived
from sub-T2T genomes will limit the study of genetic diversity due to
the incompleteness of challenging regions. However, acquiring mul-
tiple high-quality samples from non-model species may be difficult,
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BOX3

Case studies

The barn swallow pangenome

The barn swallow (H. rustica) is a small migratory songbird, with six
subspecies that differ in body size, extent and type of secondary
sexual traits, and migratory behavior'®. Latitudinal clines exist, with
partial overlap in some traits'® and variable levels of hybridization
between subspecies'®®. To further characterize genetic variation
within this species, a preliminary pangenome variation graph for the
Eurasian subspecies was generated from 12 haplotypes combined
with MC?. The resulting pangenome increased the reference genome
by approximately 500 Mb (1.6 Gb versus 1.1Gb). The pangenome
graph enabled to infer core and accessory genes and improve read
mapping and variant calling, further highlighting the potential of
pangenome graphs for population genomics?®.

T

especially for rare and threatened species, and sequencing multiple
individuals with different long-read technologies may currently be
cost-prohibitive. We suggest that apangenome graph should include at
least one high-quality assembly as abackbone for graph construction®,
providing arobust coordinate system for downstream analyses.

The grape super-pangenome

The grapevine (Vitis vinifera) is one of the most important fruit crops
globally, with great economic and cultural value. Recently, the
assembly of nine genomes from North American wild Vitis species
aimed to comprehensively characterize genus diversity®*. The
genomes were scaffolded at the chromosome level and fully phased.
A super-pangenome was built using PGGB®, enabling access to
intraspecific and interspecific genetic variants and augmenting the
genome size threefold (1.7Gb versus 0.5Mb). The decomposition of
variants embedded in the graph captured valuable genetic variants,
including those associated with flower sex phenotypes and disease
resistance, thereby shedding light on species-specific adaptations.
The super-pangenome also supported a pangenome-wide association
study and identified variants near gene loci that are associated with
chloride exclusion, potentially influencing plant salt tolerance. These
findings highlight the potential of pangenomes in studying genetic
variation and uncovering the genetic basis of functional traits as well
as helping to address the challenges posed by climate change.

Building pangenome graphs to represent complex
and accessory genomicregions

Pangenome graph construction starts with the alignment of input
genomes toidentify sequence similarities. Alignment canbe reference
based®*® orinvolve all-versus-all comparisons®>®, and it can be either at
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the base level’**?or atahigher level (for example, including only variant
sites)®". Alignment information isembedded in the graph, which canbe
manipulated for downstream analyses. Two main pipelines were deve-
loped by the HPRC for graph construction: Minigraph-Cactus (MC)*
and the PanGenome Graph Builder (PGGB)®* (Fig. 2b and Supplementary
Table 1). MC implements minigraph®', a sequence-to-graph aligner,
asagraph constructor. In MC, a user-selected reference genome is
used as the initial backbone, which is progressively augmented with
structural variation from the other genomes. The resulting graph is
SV only (>50 bp; Fig. 2b), and all assemblies are aligned back to the
graph with a minimap2-like®* algorithm that generates base-level
alignments for each reference chromosome. MC implements a modi-
fied version of the reference-free aligner Progressive Cactus® to
combine the alignments into base-level pangenome graphs that
contain variants of all sizes (Fig. 2b). Chromosomal graphs are then
combined and post-processed to reduce path complexity by collaps-
ing redundant sequences®. In addition to the chosen reference, one
may specify additional assemblies with coordinates that can serve
as areference in downstream analyses®. In contrast to MC, PGGB®*
avoids using aninitial reference and rather employs all-to-allgenome
alignments with wfmash®®, a software for homology mapping that
generates base-wise pairwise alignments. PGGB uses seqwish® as a
sequence-to-graph aligner, which starts from the all-versus-all align-
ments to generate acomplete pangenome graph, representing all vari-
ant types and sizes (Fig. 2b). The graph is then post-processed with a
smoothing and normalization step®*®>, PGGB can be run in parallel
on each chromosome community, that is, each set of sequences cor-
responding to each reference chromosome, to reduce computation
time**“%, In PGGB graphs, every genome included in the graph can be
used as reference for downstream analyses®’. However, like in MC, only
one reference can be used at a time as a coordinate system for down-
stream analyses such as variant calling. New computational methods
and file formats other than the linear binary alignment map (BAM)
and variant call format (VCF) need to be developed to overcome this
limitation and represent all the information embedded in the graph.
Pangenome graphs canbe combined with transcript annotations using
the variation graph toolkit (vg), a software for variation graph con-
struction, handling and analysis, into splice-aware graphs, with paths
through nodes (exons) and edges (splice junctions) representing the
structure of mRNA transcripts. Itis also possible to build pantranscrip-
tomes by projecting a set of haplotype-specific transcripts onto a set
of known haplotypes®.

Thessize of apangenome graph depends on the genome size of the
respective species but is bound to be larger, as it incorporates acces-
sory sequences from otherindividuals, anditis alsoinfluenced by the
number and diversity of the individuals contributing to the pangenome
as well as by the construction pipeline (Supplementary Table 1). The
size of the MCgraphis relatively close to the genome size of the species
(-3.2 Gbversus 3.1 Gb for humans®,1.2 Gb versus 1.1 Gb for chickens?,

~1.6 Gb versus 1.1 Gb for barn swallows?; Supplementary Table 1and
Box 3). By contrast, PGGB graph size can considerably exceed that of
the genome size and MC graphs (for example, 8.4 Gb for humans®).
The larger size of PGGB graphs is explained by their capability to cap-
ture highly divergent satellite, centromeric, and heterochromatic
regions, excluded in MC graphs due to alignment issues”-*® (Supple-
mentary Table1). Thelargestincrease relative to true genome size was
observed in grapevine?, likely because of the inclusion of different
species (Box 3).PGGBalso hasatendency to collapse complex regions,
such as copy number polymorphicloci, into asingle copy, generating
loopsinthe graphthatincreaseits complexity**** (Fig. 2b). Given their
greater size and complexity, PGGB graphs require more computational
resources than MC graphs. To construct a graph based on ten human
haplotypes, MC currently takes ~16 h, 154 GB of RAM and 7 GB of disk
space, while PGGB takes -117 h, 71 GB of RAM and 7.6 GB of disk space®®.
A Nextflow implementation of the PGGB pipeline has recently been
released to improve cluster scalability®. PGGB has also been experi-
mentally shown to potentially lead to an overestimation of sequence
variability. For instance, the size of the PGGB chicken pangenome
was larger than expected based on the estimated variation in diverse
groups of chickens?. A preliminary estimation of the expected spe-
cies genetic diversity should be computed to detect overestimation
ingraph construction.

Given all these differences, a careful selection of the pangenome
graph construction pipeline is of utmost importance. On one hand,
PGGB graphs are based on reference-free alignments and are more
complete than MC graphs. On the other hand, their complexity
increases the computational resources needed for graph construc-
tion and some downstream analyses, such as variant calling after
read mapping, are currently computationally infeasible*-**. MC
graphs are easier to handle, but they omit challenging regions such
as centromeres, which are hotspots of structural variation'® and may
play a crucial rolein adaptive evolution and speciation’®”". Moreover,
MC works on single-chromosome graphs during graph construction
and therefore does not allow the representation of interchromo-
somal rearrangements*®, precluding, for example, the investigation
of acrocentric chromosome evolution’. We suggest choosing the
pipeline based on the desired analyses and the available computational
resources. Both graphs can be used for graph decomposition and the
identification of variants between the genomes in the graph; however,
while MC should be used as areference for resequencing projects, PGGB
is particularly useful when focusing on regions of interest. Overall,
pangenome graphs face conceptual and computational challenges and
currently require substantially more resources for their construction,
storage and analysis than linear genomes. While these limitations are
being tackled (for example, through ‘implicit’ pangenome construc-
tionof only regions of interest”), researchers need to ensure access to
sufficient computing resources, such as clusters or cloud computing
infrastructure.

Fig. 2| Pangenome graph construction, manipulation and visualization.

a, General representation of sample selection, sequencing and assembly of
haplotype-resolved genomes (illustrated here are butterflies as an example).
Samples should be collected in different geographical locations to increase
variability. Next, high-quality DNA is extracted, sequenced with long-read
technologies such as PacBio and Oxford Nanopore and assembled to obtain
high-quality genomes. b, Schematic illustration of the two main methods for
pangenome graph construction, reference based (MC) and reference free
(PGGB). MC starts with minigraph, which generates an SV-only graph, that s, it
starts with Hap.1and adds the SVs from Hap.3 (>50 bp, highlighted in yellow).
The graph construction is therefore influenced by the order of the genomes
aligned. Next, Cactus adds base-level information of all sequences to the graph
to also represent any SNPs. PGGB does not depend on the order of the aligned
genomes and starts from all-versus-all alignments, generating a graph with loops
representing complex regions of the genome, such as the centromeres. After

graph construction, typically performed operations include sorting, indexing,
pruning and subsampling to correct the order of the nodes, create anindex to
make the pangenome elements accessible to other software, prune complex and
unreliable regions and focus on regions of interest, respectively. ¢, Pangenome
graphs can be visualized in many ways to help interpretation. It is possible to
visualize the overall structure of the graph in 2D (high-level visualization),
focusing on the relationships between nodes and edges rather than the base
composition of the paths. Alternatively, it is possible to visualize the paths
walking through the nodes together with their base compositionin 1D (base-level
visualization). The latter is a tube-like representation of the graph shown in
Fig.1c. Each colored line is a different genome (only one haplotype per individual
is shown for simplicity). Nodes report the DNA sequence (semi-transparent
squares), and variationis represented as divergence in the paths walking through
thenodes.
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Improving the accessibility of biological Their intricate and complex structure generates large data volumes
information in pangenome graphs that are challenging to navigate and interpret. Graph manipulation
Pangenome graphs enclose extensive and complex biologicalinforma-  toolkits have been developed toimprove graph accessibility to software
tion, including genomic relationships and diversity amongindividuals. used in downstream analyses, thereby facilitating the extraction of
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Fig. 3| Downstream analyses. a, Identification of variants through graph
decomposition. Sites of variation (bubbles or snarls) are identified by
decomposing the pangenome graph based on its topology, that is, following
genome paths across nodes and edges (illustrated here with monkeys as an
example). Four bubbles are shown in a tube-like manner, asin Fig. 2c (base-level
visualization). Walking through the nodes allows for the identification of a SNP,
anindel, aninversion, and a duplication in Hap.3. Variants are called from the
bubbles based on path divergencesinrelation to a selected reference genome.
b, Use of pangenome graphs for read mapping and variant calling. Mapped reads
(thin lines) after graph augmentation are visualized alongside the pangenome
graphreference (thick lines). This allows us to call variants already presentin
the graph (for example, homozygous callin which the mapped reads share
aGwith Hap.3) or novel variants (for example, second heterozygous call, in
whichtheread hasa Cwithrespect to all the haplotypesin the pangenome

graph). Variants are called by analyzing divergences between read paths and
thereference genome. ¢, SV detection and sample genotyping using PanGenie,
which avoids read mapping. Raw reads from a resequenced individual (blue)

are divided into k-mers and assigned to nodes within the pangenome graph
(thick lines with different-colored outlines). k-mers across the haplotypes are
displayed in different tonalities of gray, according to their multiplicity in the raw
reads. Genotypes are determined by comparing k-mer counts between paths at
bubbles, which represent known haplotypes. In the first bubble, the absence of
k-mers matching Hap.2 and the presence of one-copy k-mers matching Hap.1,
Hap.3 and Hap.4 result in aHap.1/Hap.4 (heterozygous) genotype. In the second
bubble, two-copy k-mers matching Hap.2 and Hap.4 are observed, inferring a
Hap.2/Hap.4 genotype. In the first bubble, Hap.4 is selected over Hap.3 based on
neighboring bubbles, where Hap.3 lacks k-mer support.
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biological information from pangenome graphs. Graph manipulation
includes tasks such as sorting, indexing, pruning and subsampling
(Fig. 2b). Sorting optimizes the order of graph nodes to reveal the
underlying latent and sparse graph structure and minimize errors in
analysis and interpretation’. Path indexing provides faster access
to specific regions of the graph, allowing software to quickly locate
genes, variants and other features of interest without scanning the
entire pangenome and reducing the time required toretrieve relevant
information for analyses such as read mapping and variant calling”. To
further speed up computation, itis possible to simplify graph topology
through pruning of complex or unreliable regions or by subsampling
user-defined coordinates™’. Subsampling is particularly helpful to
disentangle the complexity of a particular region of interest or when
computational resources are not available to query the entire graph.
After graph construction and each manipulation step, it is helpful to
perform diagnostic statistics, such ason graph size, number of nodes
and base content, to get a sense of the structure of the pangenome and
how each step affected the graph™”°. However, being a relatively new
approach, pangenome graphs lack universally accepted quality metrics
duetotheir intrinsic complexity, the multiple construction methods,
and the absence of standardized benchmarking datasets. Nonethe-
less, as pangenome graphs become more widely adopted, efforts will
develop a unified set of metrics applicable to all pangenome graphs.

Two main software packages exist to manipulate pangenome
graphs: vg’ and the pangenome analysis toolkit ODGI™. vg relies on
the .vg format’ and was the first tool to be scaled up to gigabase-scale
graphs. ODGI operates on a node-centric object (.og) and was opti-
mized for pangenome graphs with hundreds of haplotype-resolved
genomes’. ODGI's tools work on agraph-independent universal coor-
dinate system that remains constant among different graphs built from
the same sequences’™. This system enables coordinate translation,
facilitating the liftover of coordinate-based features between genomes
andgraphs™, thatis, the accurate mapping of annotated features (such
asgenes, regulatory elements or other functional elements) fromone
genome assembly to another”. The Comparative Annotation Toolkit
(CAT)” canalso annotate the haplotypesinapangenome graph by pro-
jecting the reference gene annotation to each of the genomes, which
can ease within-species annotation efforts*. Feature annotations can
also be injected in the graph™’® and used to interpret the functional
importance of paths, nodes, and edges.

Visualizing genome diversity among individuals

Graph visualization allows the inspection of homology relationships
and variation between the genomes, providing insights on the latent
biological data™. Forinstance, it can disentangle variation at complex
locifollowing haplotype paths along variation bubbles®. Visualization
canoccuratdifferent scales, from the overall structure down to the base
level (Fig.2c). 2D visualizations highlight graph structure and identify
complex loci, while 1D visualizations help understanding the graph
topology and the relationships between genomes, potentially provid-
ingamore immediate understanding of the complexity of aregion with
respect to inspecting a list of variants. Various tools exist for pange-
nome graph visualization. Bandage’” and GfaViz’’, originally created to
visualize assembly graphs, can generate 2D graph layouts, allowing the
interactive inspection of nodes and edges, with variation that appear
asbubblesin thelayout. vg viz”® can visualize nodes, edges, paths and
the base variation among sequences. SequenceTubeMap®° renders
these elementsin a 1D ‘tube map’ model where paths representing
genomes navigate through the sequence nodes of the graph, oriented
from left to right. Read alignments and feature annotations injected
inthe graph canalso be visualized. To scale to gigabase pangenomes,
such as the HPRC graph®®, MoMI-G®* combines the base-level visuali-
zation of SequenceTubeMap®*® with Circos® plot chromosome-level
connections to efficiently browse SVs between genomes and aligned
reads. ODGI™ canrender araster image of the graphtopology in either

2D or 1D. Waragraph®, an interactive implementation of ODGI, is cur-
rently being developed to be able to inspect both 1D and 2D visualiza-
tions. When dealing with a large graph, rendering the entire graph at
once canbecomeimpractical, and we recommend visualizing chromo-
some graphs or subsampled regions of interest.

Downstream analyses and their applications
Characterizing small variants and complex SVs through graph
decomposition

Variant sites (SNPs, insertion-deletions (indels) and SVs; Fig. 3a) ina
pangenome graph can be extracted through graph decomposition®?”,
the process of breaking down a pangenome graph into smaller, more
manageable subgraphs or components (snarls or bubbles)*. Graph
decomposition can be performed with vg snarl*” and gfatools bubble®*
(Supplementary Table 2). vg deconstruct®, implemented in the MC*
and PGGB pipelines®, can process the output of vg snarls or compute
snarls automatically, generating a VCF with variants called from the
references chosen during graph construction with MC* or from any
genome with PGGB®. When working with large graphs, it is recom-
mended to compute snarls separately before variant calling®. The
characterization of complex SVs, which were not previously accessible
using linear reference genomes and short reads, can shed light on their
role in evolution® and in shaping phenotypic variation, often with
fitness consequences®®, as SVs can affect fitness by altering gene
expressionand shaping the chromosome recombination landscape®.
A complete representation of SVs can also help analyze synteny and
collinearity (Box 1) withingenomes. In turn, this may provide insights
into chromosome evolution by encompassing the full complexity of
sex chromosomes and microchromosomes (Box 1), which are typically
enriched in SVs and challenging to resolve due to high repeat and GC
content”. Inaddition, human pangenome graphs have also allowed the
identification of recombination events between heterologous acro-
centric chromosomes, especially at the breakpoints of Robertsonian
translocations’. These translocations are the most common chromo-
somal rearrangement in humans, and a comprehensive pangenome
graph has greatly enhanced the identification of the sequences and
mechanisms involved™.

Population genomics and alignment of transcriptomics data

Apangenome graph canbe used as areference in resequencing projects
to reduce mapping bias (Fig. 3b and Supplementary Table 2). Short
reads map with greater confidence when more genomic sequences
arerepresented and known variationis embedded in the reference 15.
However, read mapping to apangenomeis more challenging than map-
ping to a single reference genome, as the search space for alignment
increases due to the large number of potential paths in the graph®.
Since canonical algorithms cannot be applied directly to pangenome
graphs”, new tools have been developed for sequence-to-graph align-
ment. Within the vg toolkit, the general-purpose read mapper vg map”
is suitable for large and complex variation graphs, albeit slower than
popular linear genome aligners with comparable accuracy®. vg giraffe®,
currently being extended to supportlongreads, uses agraph Burrows-
Wheeler transform®?, an indexing strategy that supports efficient que-
rying and retrieval of sequences and variants from the pangenome
graph, to identify the paths that represent the two observed haplo-
typesinanindividual’s reference sequences and to restrict the align-
ment space to these regions only, avoiding biologically unlikely allele
combinations. This leads to a dramatic increase in mapping speed’”.
Long reads canalso be aligned with GraphAligner®, aseed-and-extend
sequence-to-graph aligner (Box 1). Improved short-read mappability
will benefit resequencing projects, particularly inancient DNA studies,
which face challenges of contamination, degradation, small amounts
ofendogenous DNA, shorter reads and, therefore, lower mappability™.
Ancient DNA mapped against a variation graph has already been
proven to mitigate reference biases by improving the allelic balance
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in polymorphic sites™. Ancient DNA reads with non-reference alleles
map in higher proportions toagraph containing alternate alleles, with
respect to alinear reference genome'™.

vg also allows splice-aware RNA sequencing (RNA-seq) mapping
tosplice-aware graphs, generating an alignment that can then be used
to quantify haplotype-specific transcript expression®®, Pantranscrip-
tomics has the potential to efficiently quantify haplotype-specific
differential gene expression by exploiting the population variation
that is embedded in the pantranscriptome reference 67. We antici-
pate that pantranscriptomic sequencing projects combining RNA-seq
datawith pangenome graph references will clarify the effects of gene
flow*®, detecting adaptive genetic variation®”*, Chromatin acces-
sibility analyses, such as chromatin immunoprecipitation followed
by high-throughput sequencing (ChIP-seq; Box 1) or assays for
transposase-accessible chromatin with sequencing (ATAC-seq; Box 1),
also benefit from a pangenomic approach®. Their combination with
RNA-seq dataprovides amultiomic approach that might facilitate the
interpretation of regulatory events critical to a wide variety of bio-
logical processes and phenotypes®*®’. These approaches will enable
future panepigenomic studies in non-model organisms, overcoming
current limitations in handling large, multiomics datasets®**.

Detecting and genotyping variants in resequencing studies
Pangenome graphs can increase the accuracy of variant calling
and genotyping in resequencing studies thanks to improved read
mappability?****¢ (Box 3, Fig. 3b and Supplementary Table 2). vg can
be used to extract snarls from the graph and compute coverage and
mapping quality of aligned reads to accurately identify known vari-
ants'®. Larger known SVs (deletions, insertions and inversions) can be
genotyped by computing read coverage for eachnode and edge'*’. Spe-
cifically, variable sites identified by graph decomposition are assigned
the two most supported paths, representing haplotypes'°’. For de novo
smallvariant calling, the graphis first ‘augmented’ with variants identi-
fied through read alignment, after which read support is computed'.
A potentially more accurate approach consists of projecting the graph
alignment from short-read mapping back into alinear BAM file (that
is, surjection) before using traditional variant callers (for example,
DeepVariant'”, FreeBayes'** and GATK with elPrep'®'°*) to generate a
VCF referenced to the genome chosen for surjection. This approach
canalso be used withlong reads mapped by GraphAligner®. Given the
complexity of PGGB graphs, read mapping and variant calling have
so far been mostly performed on MC graphs®-*°. vg giraffe mapping
followed by surjection and variant calling with DeepVariant is cur-
rently the state-of-the-art approach, and surjection was found as the
main computational bottleneck?*. For the chicken pangenome, the
number of mapped and surjected reads per CPU second dramatically
decreased when mapping against a PGGB graph compared to an MC
graph (1.6 reads versus 500 reads), while the memory usage increased
(>250 GB versus 24 GB), making mapping and surjection with a PGGB
graph currently computationally infeasible”. An alternative and faster
approach for known variant genotyping that does not require read
mapping is implemented in PanGenie'®. This algorithm combines
long-range haplotype information embedded in the graph and k-mer
(Box 1) counts from short-read data to jointly genotype SNPs, indels
andSVsintheuncharacterized sample (Fig. 3c). Haplotypes presentin
thegraph cansupportgenotypeinference based on neighboring bub-
bles in case a given bubble is poorly covered by short-read k-mers'®.
Inpopulation studies, pangenome-based variant calling increases
accuracy and reduces per-sample data requirements, potentially
expanding the size of assessable cohorts*®. Determining accurate and
comprehensive variant sets increases the resolution of the analysis
of demographic history, linkage disequilibrium and genome-wide
selection scans. This is particularly beneficial in species with large
effective populationsizes, inwhich linkage disequilibriumis low?51°%17",
By improving SV genotyping, pangenome graphs can also help to

integrate SVsinto genome-wide association studies, especially aslong
reads gradually replace short reads in resequencing projects®**¢'%,
Performing genome-wide association studies on pangenome-based
SNP and SV panels can therefore enhance our understanding of the
genetic basis of complex polygenic traits and shed light on the role of
natural selection and gene-environment interactions and correlations.

Conclusions and future prospects

Thelast few years have seen aburgeoning of both small-and large-scale
projects generating high-quality reference genomes for biodiversity
studies'®®, including the Vertebrate Genomes Project®’, the Darwin
Tree of Life'® and the European Reference Genome Atlas'’. Most of
these projects contribute to the Earth BioGenome Project®, an ambi-
tious proposal launched in 2020 to collectively sequence all named
eukaryotic species within the next10 years. While pangenome graphs
are currently available only for ahandful of species, recent advancesin
genome and pangenome assembly potentially extend this approachto
most eukaryotic species. Thisisadesirable goal to reduce representa-
tionbiasinallanalyses of biodiversity, its evolution and conservation.
Collecting, sequencing and assembling pangenomes frommore thana
fewindividuals could be impractical in many species due to costs and
sample availability. In those cases, a pangenome from a single to few
individual(s) wouldstillincrease representation and reduce reference
bias, especially for highly heterozygous populationsin which asingle
individual may carry a high amount of allelic diversity. Pangenome
graphs canbenefit abroad range of applications for biodiversity, from
population genomics, phylogenomic, hybridization and speciation
studiesto conservation genomics, and will likely become the standard
reference system for suchresearchinthe future. Many new directions
arebeinginvestigated. For instance, panmitogenomes, that is, pange-
nomes constructed from thousands of mitochondrial genomes, have
been shown to improve haplotyping of individuals™ and are being
considered for species identification from heterogeneous samples.
Another promising new direction for the field isin super-pangenome
graphs, which expand the survey of variation to taxonomic ranks above
species, opening new possibilities to study the molecular and evolution-
ary mechanisms underlying species divergence, selectionand recom-
bination processes as well as adaptation to rapid climate changes?.
Dense sampling and sequencing of species within a clade have proven
essential for deciphering phylogenetic and phylogeographicrelation-
ships as well as facilitating investigation of gene loss and selection
events'?. To this end, a pangenomic approach revealed complex
phylogenetic relationships among bacterial strains, allowing genetic
analyses of infectious diseases to identify virulence and antimicro-
bial resistance genes with greater accuracy'. Despite the complexity
of eukaryotic genomes, we envision that rapid improvements in the
efficiency and scalability of pangenomic tools will soon allow such
phylogenomic applications to be extended to eukaryotic species. In
particular, owing to the ability of super-pangenome graphsto incorpo-
rateall types of genomic variation, they have the potential to elucidate
complex evolutionary histories and phylogeographic relationships
of large, panmictic and highly recombinant wild populations®*'* as
well as to improve phylogenetic reconstructions of events, such as
incomplete lineage sorting. Super-pangenomes can also assist in
studying biodiversity in complex ecosystems where hybridization
occurs*®', Hybrid zones are a prime opportunity for pinpointing
the genes responsible for phenotypic traits, as genes introgress in
parallel with those traits"®. Inclusion of both hybridizing speciesina
pangenome graph will mitigate biases that arise from the use of the
reference genome of either species'’. Pangenomes could also help
shed light on the origin of islands of divergence, highly differenti-
ated genomic regions that might be related to reproductive isolation
and, thus, to speciation processes"®", Even within the same species,
a comprehensive pangenome graph that includes assemblies for all
subspecies can maximize theidentification of SVsthatare uniquetoa
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subspecies (Box 3). We predict that species-level pangenomes will also
replacelinear genomesin phylogenomic comparative genomic studies,
enabled by the future development of tools for aligning pangenomes
of different species. Currently, the construction of apangenome graph
lacks evolutionary information across individuals, as phylogenetic
divergenceis not considered in pairwise alignments, and this limitation
should be taken into account when performing phylogenetic analyses.
Pangenome graphs may also effectively guide conservation strat-
egies aimed at maximizing the preservation of genetic variation® by
capturingafuller spectrum of genetic diversity. Of particular interest
isstructuraland functional genomic variation involved in adaptations
and responses to environmental pressures. This willimprove selection
criteriafor reintroducing and translocating individuals among popula-
tions of threatened and endangered species. Improved representation
of structural elements, such as SVs, centromeres and telomeres, and
copy number variations as well as SNPs, along with noncoding regu-
latory elements can provide comprehensive conservation-relevant
information regarding inbreeding, outbreeding, deleterious muta-
tions, introgression and local adaptation®. Pangenomes can also help
toidentify different genomicregionsin cryptic species to then develop
multilocus probes that distinguish cryptic taxa and simplify conserva-
tion management'?°. Moreover, we envision that pangenomics could
help reconstruct the genomic blueprint of extinct biodiversity by
improving the mappability of ancient DNA against a pangenome of a
closely related species. A more comprehensive comparison between
the extinct species and its living relative will help identify the genetic
variation underlying lost traits and ecosystem functions, which are
essential information for any de-extinction and restoration efforts™'?',
Inconclusion, as methods to assemble, visualize, annotate and analyze
pangenome graphs continue toimprove, we recommend researchers
inbiodiversity genomics to embrace this new paradigm.
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