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Coiled DNA

DNA double helix

Chromosome

Nucleosomes
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https://www.genome.gov/genetics-glossary/Chromosome
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Wellcome genome bookcase
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3 billions of ACGT!



Conclusions: Language of genomes
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/ƻŘƻƴǎ ŀǎ άǿƻǊŘǎέ ŀƴŘ ƎŜƴŜǎ ŀǎ άǎŜƴǘŜƴŎŜǎέΦ

Recurring k-mer motifs as discrete tokens, 
modeling long-range dependencies as grammatical rules.

Steve Jones, 1993

Zhou et al., 2023; Hwang et al., 2024; Sanabria et al., 2024; 
Nguyen et al., 2024; Theodoris, 2024; Dalla-Torre et al., 2025
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Conclusions: Language of genomes
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Zhou et al., 2023; Hwang et al., 2024; Sanabria et al., 2024; 
Nguyen et al., 2024; Theodoris, 2024; Dalla-Torre et al., 2025

Natural Language Processing

DNA gene regulation

Kornblihtt et al.

https://www.nature.com/articles/nrm3525
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Assembly & Indexing
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How do we assemble the complete 3-billion-nucleotide genome?

How can we efficiently represent multiple genomes for fast pattern matching?

Part I: Genome Assembly & Indexing

Where are the genes in the genome? 

Part II: Genome Annotation

Can we predict gene expression by learning the regulatory grammar in the genome? 

Part IV: Shorkie. RNA-Seq coverage prediction

What are the canonical splicing pattern?

Alternative splicing? Splice junction?

Part III: Splice site prediction

Introduction Genome Annotation Splice Site Prediction RNA-Seq Prediction



Part I

Genome Assembly & Indexing
ÅHan1: first gapless Southern Han Chinese genome

ÅWGT: Wheeler graph recognition algorithm

Chao, K. H., Zimin, A. V., Pertea, M., & Salzberg, S. L. (2023). The first gapless, 
reference-quality, fully annotated genome from a Southern Han Chinese 
individual. G3: Genes, Genomes, Genetics, 13(3), jkac321.

Chao, K. H., Chen, P. W., Seshia, S. A., & Langmead, B. (2023). WGT: Tools and 
algorithms for recognizing, visualizing, and generating Wheeler graphs. 
Iscience, 26(8).

Steven Salzberg Mihaela Pertea Ben Langmead
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Genome Assembly
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Li, H., Durbin, R. Genome assembly 

in the telomere-to-telomere era. Nat 
Rev Genet 25, 658ς670 (2024).

1976  Bacteriophage MS2 ~3.5 kb

1977 Sanger sequencing

1990-2000: BAC-by-BAC shot gun strategy

2003  near-complete human genome

2000s  second-generation sequencing 
     short-read sequencing
     (Illumina)

2010s  third-generation sequencing 
     long-read sequencing
     (PacBio; ONT)

2019  Telomere-to-Telomere (T2T) era

2022  First complete human genome

1972  Bacteriophage MS2 coat gene

Homozygous genome Heterozygous genome

2026  First complete diploid human 
           genome



Genome Assembly: Han1

Chao, K. H., Zimin, A. V., Pertea, M., & Salzberg, S. L. (2023). The first gapless, 
reference-quality, fully annotated genome from a Southern Han Chinese 
individual. G3: Genes, Genomes, Genetics, 13(3), jkac321.

Han1: 1st Gapless 
Southern Han Chinese

GenBank assembly: 
GCA_024586135.1 
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GRCh38, T2T-CHM13, and other assemblies of 
Chinese genome

Mummer dot plot Gene order plot Inversion on ̡  defensin gene cluster
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Wheeler Graph Recognition

De Bruijn Graph

G A C G T A - C T G
G A C G T A - - - G

G A C - T A C C T G
G A T G T A - C T G
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(2) Depending on K, DBG might be bigger than GSCA
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2000 FM-index

2009 Bowtie

1994 Burrows-Wheeler Transform (BWT)

2012 BOSS data structure

2014 GCSA

2012 colored de Bruijn graphs

2017 VARI

2017 Wheeler graph

2017 GCSA2

2020 Graph Burrows-Wheeler Transform 
 (GBWT)

2021 vg Giraffe

2018 Vg toolkit 

ω ²ƘŜŜƭŜǊ ƎǊŀǇƘǎ ŀǊŜ ǘƘŜ ōŀǎƛǎ ƻŦ Ƴŀƴȅ ǇŀƴƎŜƴƻƳŜ 
and other sequence analysis tools 

Multi-string BWT

FM-index

XBWT

Trees / Tries

de Bruijn graph

Bubble-resolved 
GCSA / GCSA2

BOSS

Wheeler graph



Wheeler Graph Recognition

Chao, K. H., Chen, P. W., Seshia, S. A., & Langmead, B. (2023). WGT: Tools and 
algorithms for recognizing, visualizing, and generating Wheeler graphs. 
Iscience, 26(8).

De Bruijn Graph
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(2) Depending on K, DBG might be bigger than GSCA
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2.

1. Node with indegree 0 comes 
before every other nodes.
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Gagie et al. Theoretical computer science (2017)
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3.

2.

1. Node with indegree 0 comes before every other nodes.

Wheeler graph recognition problem



Wheeler Graph Recognition

De Bruijn Graph

G A C G T A - C T G
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(2) Depending on K, DBG might be bigger than GSCA

Gagie et al. Theoretical computer science (2017)
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GCSA(Sirén et al., 2014)
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18 nodes, 21 edges
м άŘƛǎǘŀƴǘ ƎƭǳƛƴƎέ

14 nodes, 16 edges
bƻ άŘƛǎǘŀƴǘ ƎƭǳƛƴƎέ



Part II

Genome Annotation
ÅLiftOn: genome annotation lift-over

ÅApplication: CHESS (GRCh38 - > CHM13; GRCh38 - > Han1) 

Chao, K. H., Heinz, J. M., Hoh, C., Mao, A., Shumate, A., Pertea, M., & 
Salzberg, S. L. (2025). Combining DNA and protein alignments to improve 
genome annotation with LiftOn. Genome Research, 35(2), 311-325.

Steven Salzberg Mihaela Pertea
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Genome Annotation

Genome
(FASTA)

CAGCCCCCGGAGACTtaaatacaggaagaaaaaggCAGGACAGAATTACAAGGTGCTGGCCCAGGGCGGGCAGCGGCCCT

GCCTCCTACCCTTGCGCCTCATGACCAGCTTGTTGAAGAGATCCGACATCAAGTGCCCACCTTGGCTCGTGGCTCTCACT

GCAACGGGAAAGCCACAGACTGGGGTGAAGAGTTCAGTCACATGCGACCGGTgactccctgtccccacccccatgACACT

CCCCAGCCCTCCAAGGCCACTGTGTTTCCCAGTTAGCTCAGAGCCTCAGTCGATCCCTGACCCAGCACCGGGCACTGATG

AGACAGCGGCTGTTTGAGGagccacctcccagccacctcggggccagggccagggtgtGCAGCACCACTGTACAATGGGG

AAACTGGCCCAGAGAGGTGAGGCAGCTTGCCTGGGGTCACAGAGCAAGGCAAAAGCAGCGCTGGGTACAAGCTCAAAACC

ATAGTGCCCAGGGCACTGCCGCTGCAGGCGCAGGCATCGCATCACACCAGTGTCTGCGTTCACAGCAGGCATCATCAGTA

Annotation
(GFF / GTF)

chr1    BestRefSeq      gene    450740  451678  .       -       .       ID=gene-OR4F29; 
chr1    BestRefSeq      mRNA    450740  451678  .       -       .       ID=rna-NM_001005221.2;Parent=gene-OR4F29;
chr1    BestRefSeq      exon    450740  451678  .       -       .       ID=exon-NM_001005221.2-1;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      exon    452658  453675  .       -       .       ID=exon-NM_001005221.2-2;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      exon    454672  459678  .       -       .       ID=exon-NM_001005221.2-3;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      CDS     450740  451678  .       -       0       ID=cds-NP_001005221.2-1;Parent=rna-NM_001005221.2;
chr1    BestRefSeq      CDS     452658  453675  .       -       0       ID=cds-NP_001005221.2-2;Parent=rna-NM_001005221.2;
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Lift-over Problem Definition:

Reference genome

Target genome

Gene 1 Gene 2 Gene 3

R

T

RA:
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Lift-over Problem Definition:

Reference genome

Target genome

R

T

Gene 1 Gene 2 Gene 3TA:
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Lift-over problem, what methods are available?

Reference genome

Target genome T

Gene 1

R

RA:

Gene 1TA:

github.com/lh3/
minimap2

minimap2
github.com/agshumate/
Liftoff

github.com/lh3/miniprot

miniprot

DNA-based

Protein-based

Liftoff

Chain file
CrossMapUCSC liftOver

Kuhn et al. Zhao et al.

Shumate et al. Li

Li
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Application: GRCh38 to T2T-CHM13 lift-over

GRCh38
(Dec 2013)

T2T-CHM13
(Jan 2022)

Å 238 Mbp added and corrected

Å 180 Mbp of centromeric satellites

Å 68 Mbp of segmental duplications

Å 10 Mbp of rDNAs

Å 182 Mbp of entirely novel sequence

Å 1956 novel genes including 99 protein-coding

NCBI Build 34
NCBI Build 35
NCBI Build 36.1
GRCh37
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Application: GRCh38 to T2T-HG002 diploid genome 
lift-over

22

Hansen, N. F., Dwarshuis, N., Ji, H. J., Rhie, A., Loucks, H., Logsdon, 
G. A., ... & Phillippy, A. M. (2025). A complete diploid human 
genome benchmark for personalized genomics.Biorxiv, Cell in press



Result 1 : improves DNA & protein-based lift-over
Map RefSeq v220 from GRCh38 -> CHM13V2.0

T
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t 
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Reference (GRCh38)

L
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n
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L
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m
in
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t

Liftoff

Liftoff miniprotLiftOn

Compressed-gap protein sequence identity
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Result 2 : improve CHM13 protein annotations
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Result 3 : improve distant species lift-over
human to chimp Drosophila m. to Drosophila e. mouse to rat

Ondov, B. D., Treangen, T. J., Melsted, P., Mallonee, A. B., 
Bergman, N. H., Koren, S., & Phillippy, A. M. (2016). Mash: 
fast genome and metagenome distance estimation using 
MinHash. Genome biology, 17, 1-14.        : 0.013

Baker, D. N., & Langmead, B. (2023). Genomic sketching with multiplicities and locality-sensitive hashing using Dashing 2. Genome Research, 33(7), 
1218-1227.

Liftoff miniprotLiftOn Liftoff miniprotLiftOnLiftoff miniprotLiftOn

DNA + Protein DNA-only Protein-only DNA + Protein DNA-only Protein-onlyDNA + Protein DNA-only Protein-only

Mash: 0.013 Dashing2: 0.47 Mash: 0.12 Dashing2: 0.01Mash: 0.077 Dashing2: 0.07
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