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AND THE
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Steve Jones Recurring kmer motifs as discrete tokens,

modeling longange dependencies as grammatical rules
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I Conclusions: Language of genomes

- DET OBJ NMOD
Natural Language Process CASE
DET DET

The policemen have arrived at the sea , and are carefully investigating the cause of the accident

<. Kornblihttet al.
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How do we assemble the completeb8lion-nucleotide genome?
How can we efficiently represent multiple genomes for fast pattern matching?

Part I.: Genome Assembly & Indexing

DNA Promotor Gene
"'f;/{/"f:_// HH HH : HH AN
A Exon Intron Exon Intron Exon Intron Exon
Where are the genes in the genome?
Part [I: Genome Annotation — _
e 5UTR  Exon Exon Exon Exon  3UTR Poly(A) tail
What are the canonical splicing patterp?
Alternative splicing? Splice junction? |
Pal’t I” Sp“Ce S|te pred|Ct|0n AR 55UTR “““““““ ‘ IIII — . 3UTR Poly(A) tail .
b Polypeptide

Can we predict gene expression by learning the regulatory grammar in the genome?
Part IV: Shorkie. RN:&eq coverage prediction

Introduction Assembly & Indexing
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StevenSalzberg MihaelaPertea Ben Langmead

Genome Assembly & Indexing

A Han1: first gapless Southern Han Chinese genome

A WGT: Wheeler graph recognition algorithm

G3--f. ZRECOMB-SEQ 0 iIScience .

Genes | Genomes | Genetics

R
- . . - J

Chao, K. H.Zimin, A. V., Pertea, M., & Salzberg, S. L. (2023). The first gapless, Chao, K. H.Chen, P. WSeshiaS. A., & Langmead, B. (2023). WGT: Tools a./\.K
referencequality, fully annotated genome from a Southern Han Chinese algorithms for recognizing, visualizing, and generating Wheeler graphs. ‘

individual. G3: Genes, Genomes, Genetics, 13(3), jkac321. Iscience 26(8). 3
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Li, H., Durbin, R. Genome assembly
in the telomereto-telomere era. Nat
Rev Genet 25, 65870 (2024).
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1972 Bacteriophage MS2 coat gene
1976 Bacteriophage MS2 ~3.5 kb
1977 Sanger sequencing

1990-2000: BAy-BAC shot gun stratec

2003 neaicomplete human genome

2000s secongeneration sequencing
shortread sequencing
(llumina)

2010s thirdgeneration sequencing
long-read sequencing
(PacBio; ONT)

2019 Telomerdo-Telomere (T2T) era

2022 First complete human genome

2026 First complete diploid human
genome
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Chao, K. H.Zimin, A. V., Pertea, M., & Salzberg, S. L. (2023). The first gaj
referencequality, fully annotated genome from a Southern Han Chinese
individual. G3: Genes, Genomes, Genetics, 13(3), jkac321.

I Genome Assembly: Hanl — = coeencassen

NCBI

- - -
Genes | Genomes | Genetics

1 2 3 4 5 13 14 15 16 17 18 19 20 21 22 X Y
= ] —_— _— S -_— - - —
N n - = [ 5 B o u
= . - -
_ I
. N .
. Table 1.
A comparison among Han1, GRCh38, and the assemblies of previously released Chinese genomes.
Genome Ethnicity Contig N50 (Mb) Number of contigs Number of gaps Assembly size (Gb)
. Hanla SH Chinese 148.02 25 0 3.10
Hanl: B Gapless
. HGO00621 (hifiasm)b  SH Chinese 95.77 182 157 3.11
-
Southern Han Chinese
T2T-CHM13v2.0c Northern European  150.62 25 0 3.12
HJ-H1d NH Chinese 28.15 1,330 427 3.07
HJ-H2d NH Chinese 25.90 896 390 2.91
NH1d NH Chinese 3.60 11,019 8,484 2.89
Table 3.
. o . HX1d SH Chinese 8.33 5,843 4,025 2.93
Statistics for the preliminary Han1 assemblies.
YH2.0e SH Chinese 0.02 361,157 235,514 2.91
Assembler Sequencingdata assembled sequence (bp) ContigN50 Number of contigs  Quality value TIL.pof Tujia 1367 1430 907 587
Hifiasm v0.16.1-r375  PacBio HiFi 3,110,501,483 95,769,069 182 57.8a TJ1.pif Tujia 13.70 1,426 873 2.87
Flyev2.5 ONT Ultralong 2,974,205,132 40,850,737 1,658 25.6a ZFlg Tibetan 2362 1,384 1360 2.85
GRCh38.p14h Mixed 57.88 994 804 3.13 0
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' GRCh38, T2ZTHM13, and other assemblies of

Chinese genome
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I Wheeler Graph Recognition

Ww 2KSSfSNIJI IN)YLIKA INBE (GKS

Ta

and other sequence analysis tools

| SHAT =~

Multi-string BWT

Introduction

XBWT Reads

de Bruijn Graph

Bubbleresolved FD— (TGO

GCSA /GCSA2

Analysis

BOSS de Bruijn graph

Wheeler graph

\
e

ATGCAGCG ATGCAG

Assembly & Indexing

1994 Burrows/Nheeler Transform (BWTI
2000 FMindex

2009 Bowtie

2012 cordd e Br@infgraph¥ |y €
2012 BOSS data structure

2014 GCSA

2017 GCSA2

2017 VARI

2017 Wheeler graph

2018 Vg toolkit

2020 Graph Burrow8Vheeler Transform
(GBWT)

2021 vg Giraffe
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Gagieet al. Theoretical computer science (2017) Chao, K. H.Chen, P. WSeshiaS. A., & Langmead, B. (2023). WGT: Tools
algorithms for recognizing, visualizing, and generating Wheeler graphs.

Iscience 26(8).

I Wheeler Graph Recognition X weowse LIS

Wheeler graph recognition problem

1. Node with indegree O comes before every other no
2. a<d = v<V
3. (a=d)A(u<u) = v<V

13
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Gagieet al. Theoretical computer science (2017)

I Wheeler Graph Recognition
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StevenSalzberg MihaelaPertea

Genome Annotation

A LiftOn: genome annotation lifbver @
A Application: CHESS (GRChS8€HM13; GRCh3& Hanl)

Chao, K. H.Heinz, J. M., Hoh, C., Mao, A., Shumate, A., Pertea, M., & E N O M E A
Salzberg, S. L. (2025). Combining DNA and protein alignments to improve E S Fm > t
genome annotation with LiftOn. Genome Research, 35(2),32b1
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I Genome Annotation

Genome
(FASTA)

Annotation
(GFF / GTF)chrl BestRefSeq exon 450740 451678 .

Introduction

N I B

CAGCCCCCGGAGGTGCTGGCCCAGGGCGGGCAGCG(
GCCTCCTACCC ATCACCE RAGACE ACATCAAGTGCCCACCTTGGCTCGTGG
GCAACGGGAAAGCCACAGACTGGGGTGAAGAGTTCAGTCACATGCGACCGG TgactecetgteoccacecceatgACAC
CCCCAGCCCTCCAAGGCCACTGTIGTITCCCAGTTAGCTCAGAGCCTCAGTCGATCCCTGACCCAGCACCGGC

AGACAGCGGCTGTTTGAG Gag ccacctcccag ccacctcggggccagggccagg gtgtGCAGCACCACTGTACAATGGGG
AAACTGGCC GCAAAAGCAGCGCTGGGTACAAC

ATAGTGCCCAGGG CACTG CCG CTG CAG GCGCAGGCATCGCATCACAC JAGTGTCTGCGTTCACAGCAGGCA

chrl BestRefSeq gene 450740 451678 .- . ID=gen®R4F29;

chrl BestRefSeq mRNA 450740 451678 .- . ID=rnd\M_001005221.2;Parent=gef@R4F29;
ID=exohlM _001005221.2A;Parent=rnaNM_001005221.2;
chrl BestRefSeq exon 452658 453675 . ID=exchiM_001005221.2;Parent=rnaNM_001005221.2;
chrl BestRefSeq exon 454672 459678 . : ID=exchiM_001005221.8;Parent=rnaNM_001005221.2;
chrl BestRefSeq CDS 450740 451678 .- O ID=cdbIP_001005221:2;Parent=rnaNM_001005221.2;
chrl BestRefSeq CDS 452658 453675 .- O ID=cdbIP_001005221:2;Parent=rnaNM_001005221.2;

17

Genome Annotation Splice Site Prediction RNA-Seq Prediction

Assembly & Indexing



I Lift-over Problem Definition:

Ra: Gene 1 Gene 2 Gene 3
A A A

1

| | | | |
reterence genome R el {li=ili=ili= -l ==l

Target genome T

18
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I Lift-over Problem Definition:

Reference genome |

Ta: Gene 1 Gene 2 Gene 3
A A A

| | | | [ |

19
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I Lift-over problem, Wwat methods are available?

Chain file

Ra: Gene 1
A

UCSdiftOver CrossMaj

\ Kuhn et al. Zhao et al.
N

|
Reference genomeR:. . -: _ o %)%
PN/Abased 'f Liftoff minimap2

‘ ‘ github.confagshumaté  github.conflh3/

Liftoff minimap2
Ta Gene 1 Shumate et al. Li
A
[ | .. N
] \ miniprot &
arget genome T Em| ju jmmmmn| e |
T Protein-based github.conilh3/miniprot
Li

20

Genome Annotation Splice Site Prediction RNA-Seq Prediction

Introduction Assembly & Indexing



I Application: GRCh38 to FZHM13 liftover

Bioinformatics iSCB3
L& A 182Mbp of entirely novel sequence

NCBI Build 34
NCBI Build 35
NCBI Build 36.1
GRCh37

<
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JOURNAL ARTICLE
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I Result 1 :improves DNA & proteibased lifiover
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I Result 2: improve CHM13 protein annotations
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I Result 3: improve distant species Hfiver
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