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Sequencing

Sequencing reads

Reference genome
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The Human Genome Project

2002 Slides kindly provided by Heather Lawson (adapted)

Current version GRCh38 still incomplete
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Shortcomings to Short-read Sequencing/Assembly

repetitive DNA

ambiguous reads
(discarded)

Assembly

Sequencing

read length: 50-250bp
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The Human Genome Project

2002

● 70% of genome sequence 

from a single individual 

● Biased towards European 

descent

● Linear reference (=single 

sequence) cannot represent 

diversity → reference bias
News ad for recruiting volunteers for the Human 
Genome Project

https://undark.org/2024/07/09/informed-consent-human-genome-project/ 10
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Sequencing
Sequencing reads

Reference genomeSlides: Xian Chang 

Read mapping

Sample’s DNA

???
Shortcomings to Standard Variant Calling: Reference Bias
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● Sequencing of CHM13, a completely homozygous human 
cell line

● Finally complete human genome with combination of high 
coverage long accurate reads (PacBio HiFi and ONT 
ultra-long reads)

● Introduced nearly 200 MB of new sequence (vs GRCh38)

●

CHM13-T2T: A Complete Assembly of a Human Genome 

Slides kindly provided by Heather Lawson (adapted)

Nurk, Koren, Rhie, Rautiainen, et al., The complete 
sequence of a human genome, Science 2022
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http://dx.doi.org/10.1126/science.abj6987
http://dx.doi.org/10.1126/science.abj6987


“Winning strategy” to T2T genome sequencing/assembly

PacBio SMRT

Circular Consensus Sequencing (CCS) 

aka “HiFi”

● error rate: 0.1-0.2%

● read length: 20-25kb

Oxford Nanopore 

Ultra-Long (UL) DNA Sequencing

● error rate: 0.3-3%

● possible read length: >100kb

→ Long sequence reads can span across repetitive regions

14



The First Draft Release of a Human Pangenome

● 94 Haplotypes from 47 fully phased diploid assemblies 

○ 29 samples from the 1000 Genomes (1KG) project

○ 18 from other sequencing projects

● High-quality assemblies, some near-T2T

● 119Mbp of novel euchromatic polymorphic sequence 

Liao, Asri, Ebler, Doerr, et al., A Draft Human 

Pangenome Reference, Nature 2023

2002
2022

2023 15

https://www.nature.com/articles/s41586-023-05896-x
https://www.nature.com/articles/s41586-023-05896-x


The Second Draft Release of a Human Pangenome

● 468 haplotypes from 234 fully phased diploid 

assemblies
○ Samples selected to maximize coverage of 

common variants (≥1%) from All of Us 

(N≈440,000)

● Improved assembly quality
○ Higher base quality

○ Many assemblies T2T/near-T2T

● Refined gene annotation using long-read 

RNA-seq (PacBio KINNEX)

● Pantranscriptome and panepigenome

Paper coming soon!

2002
2022

2023
2025
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1st release of Human 
Genome Reference

2002

Complete (T2T) 
sequencing of Human 
Genome

2022

1st draft of Human Pangenome Reference 
(96 haplotypes)

2023
2025

2nd draft of Human Pangenome 
Reference (464 haplotypes)

3rd release (1st stable) of Human 
Pangenome Reference (~2000 
haplotypes)

The Human Genome Sequence in a Timeline
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The Human Pangenome Reference Consortium (HPRC)
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● Build the core resource

○ High-quality assemblies from >350 diverse humans

○ A map of common variants (>99%) and haplotypes

○ A reference data structure & coordinate system

● Nucleate and foster an ecosystem of tools

● Promote: adoption; guide deployment

● Establish a model for long-term growth via international collaborations

The Human Pangenome Reference Consortium (HPRC)

Slides kindly provided by Heather Lawson (adapted) 20



HPRC Working Groups

Slides kindly provided by Heather Lawson (adapted)
21



Pangenome Representations



Slides kindly provided by Heather Lawson (adapted)https://www.genome.gov/genetics-glossary/Pangenome

Pangenome

Collection of genome sequences 
from many individuals of the 
same species

23

https://www.genome.gov/genetics-glossary/Pangenome


The Pangenome Graph

Slides kindly provided by Heather Lawson (adapted) 24



Pangenome Graph Construction

● 1st haplotype never folds back onto itself

● Segmental duplications remain uncollapsed 

☞ Tools for graph construction

25



Pangenome Graph Construction

● 1st haplotype never folds back onto itself

● Segmental duplications remain uncollapsed 

Progressive

● Minigraph
● Minigraph-Cactus

Order-independent

● IMPG/PGGB

☞ Tools for graph construction
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Graph types

Structural Variants (SVs): Length ≥50bp ☞ Tools for graph construction
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Graph types

Structural Variants (SVs): Length ≥50bp

Base-level

● IMPG/PGGB
● Minigraph-Cactus

☞ Tools for graph construction

SV-level

● Minigraph

28



Current and Past Versions of HRPC Pangenome Graphs

1. Minigraph
a. GRCh38-based 

b. CHM13-based 

3. IMPG/PGGB

Which graph to choose depends on application:

● SV-analysis/fast visualization → Minigraph

● Segmental duplications/complex regions → 

PGGB, but graphs often too big for current 

methods

● Current “default” → Minigraph-Cactus: Most 

methods are tested on this graph type 

https://data.humanpangenome.org/alignments

2. Minigraph-Cactus
a. GRCh38-based 

b. CHM13-based 

29
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From One Reference to Many Paths: The Pangenome Advantage

Vertical 
information:

variant 
representation

Horizontal information:
linkage disequilibrium

31



Pangenome-based workflows and core applications

genome 
inference

graph-based 
variant calling

public genome assemblies

variant calls genotypes

private short reads / 
long reads

32



Pangenome-based Genotyping

1. Pangenome graph constructed from known haplotypes 2. Short reads of the sample to be genotyped 
(not in graph!)

Goal: Determine genotypes of unknown genome (= not in graph) for all variants 
contained in graph

Input:

variant 1               variant 2                     variant 3

33Slides kindly provided by Jana Ebler (adapted)



PanGenie: Idea

https://github.com/eblerjana/pangenie

Find two haplotypes that 

(a) best explain the observed k-mer counts and 

(b) are mosaics of the known haplotypes present in the graph
34Slides kindly provided by Jana Ebler (adapted)Ebler et al, Nat. Genet. (2022)



● Based on HPRC2 pangenome

● Genotyping in line with Hardy-Weinberg Equilibrium

Pangenie: Genotyping SVs in 3,202 samples of the 1KG cohort
SV deletions SV insertions SV other

35Slides kindly provided by Jana Ebler (adapted)

Ebler et al, Nat. Genet. (2022)



● Comparison of

○ Pangenie based on HPRC2 & 

HPRC1+HGSVC3 pangenomes 

○ traditional alignment-based SV calling 

workflow (green)

● PanGenie can access thousands of 

additional SVs compared to traditional 

short-read based SV callers

Pangenie: Genotyping SVs in 3,202 samples of the 1kGP cohort

36Slides kindly provided by Jana Ebler (adapted)

Ebler et al, Nat. Genet. (2022)



● Input: local haplotypes (e.g. from pangenome) + WGS dataset (fastq/cram)

● Output: two haplotypes most similar to the WGS dataset

+ read alignments to these haplotypes

● Higher accuracy over complex medically relevant genes compared to 

state-of-the-art variant calling pipelines

Compared to Pangenie: 

● can handle more complex loci,

● but not scalable to the full genome,

● worse at predicting individual SNPs

Locityper: targeted locus genotyper

Prodanov et al, Nat. Genet. (2025)
github.com/tprodanov/locityper

37Slides kindly provided by  Timofey Prodanov (adapted)



Locityper 

● shows high accuracy in 

predicting HLA alleles

● can genotype 

○ gene order, 

○ gene deletions,

○ tandem 

duplications, 

○ etc.

T1K: state of the art MHC 

genotyper

38
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Discussion & Outlook



Discussion

● Long-read sequencing technology 
transforms clinical genomics

● Human Pangenome Reference: a valuable 
resource of human genomic diversity in the 
workings

● Sequencing data, assemblies, annotations, 
and pangenome graphs produced by HPRC 
are open & available 

● Pangenome-based genotypers already 
outperform “linear” state-of-the-art 
methods

● Illumina “DRAGON” makes already use of 
human pangenome

https://humanpangenome.org/

https://humanpangenome.org/


Outlook

● Human Pangenome Reference is not alone
○ Chinese pangenome reference (1000 haplotypes)

○ Arab pangenome reference

○ Japanese and Saudi Arabian pangenome

○ etc.

● Human Pangenome Project
○ Federated alliance of international genomic 

partners

○ Pangenomic software ecosystem and broad user 

base

○ Facilitate educational outreach and capacity 

building



Outlook

● Lack of diversity & 
representation not 
specific to the Human 
Genome Project

Martin et al, Nat. Genet. (2019)
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