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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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Codons as “words” and genes as “sentences”.

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

6

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
• Han1: first gapless Southern Han Chinese genome

• WGT: 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, 658–670 (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 β defensin gene cluster
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Wheeler Graph Recognition

De Bruijn Graph
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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 

• Wheeler graphs are the basis of many pangenome 
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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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
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Gagie et al. Theoretical computer science (2017)
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GCSA (Sirén et al., 2014)
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18 nodes, 21 edges
1 “distant gluing”

14 nodes, 16 edges
No “distant gluing”



Part II

Genome Annotation
• LiftOn: genome annotation lift-over

• Application: 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;

17
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Lift-over Problem Definition:

Reference genome

Target genome

Gene 1 Gene 2 Gene 3

R

T

RA:

18
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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

20
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Application: GRCh38 to T2T-CHM13 lift-over

GRCh38
(Dec 2013)

T2T-CHM13
(Jan 2022)

• 238 Mbp added and corrected

• 180 Mbp of centromeric satellites

• 68 Mbp of segmental duplications

• 10 Mbp of rDNAs

• 182 Mbp of entirely novel sequence

• 1956 novel genes including 99 protein-coding

NCBI Build 34
NCBI Build 35
NCBI Build 36.1
GRCh37

21
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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

Ta
rg

et
 (

C
H

M
13

)

Reference (GRCh38)

Li
ft

O
n

Liftoff

Li
ft

O
n

miniprot

m
in

ip
ro

t

Liftoff

Liftoff miniprotLiftOn

Compressed-gap protein sequence identity
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Result 2: improve CHM13 protein annotations

24
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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

25
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: Protein-maximization algorithm

Target genome +
Expected annotation

1. Liftoff annotation

2. miniprot annotation

A

L1 L2 L3 L5 L6 L7

M1 M2 M3 M5 M6M4

L4

26
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: Protein-maximization algorithm

Liftoff protein alignment

miniprot protein alignment

- - - - - - -

- - - --Reference protein

Liftoff protein

miniprot protein INDEL

mismatch Stop codon*

Step 1:  Align Liftoff & miniprot proteins to reference proteinB

*

27
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: Protein-maximization algorithm

Step 2:  Mapped CDS boundaries onto Liftoff & miniprot protein alignmentsC

Liftoff protein alignment

miniprot protein alignment

- - - - - - -

*

- - - --Reference protein

Liftoff protein

miniprot protein INDEL

mismatch Stop codon*

M1 M2 M3 M5 M6M4

L1 L2 L3 L5 L6 L7L4

28
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: Protein-maximization algorithm

LiftOn CDS chaining

L3 L5 L6 L7

M1 M2 M3 M5 M6

L2

M4

L1 L4

*

Step 3: group CDSs by “accumulated AA in the reference protein”D

29
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: Protein-maximization algorithm

LiftOn CDS chaining

L3 L5 L6 L7

M1 M2 M3 M5 M6

L2

M4

L1 L4

*

Step 3: group CDSs by “accumulated AA in the reference protein”D

30
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: Protein-maximization algorithm

LiftOn CDS chaining

100%

100% 100% 100% 90%

L3 L5 L6 L7

M1 M2 M3 M5 M6

100%
L2

M4

100%
L1 L4

*

Step 3: group CDSs by “accumulated AA in the reference protein”D

100%

60% 100%

31
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: Protein-maximization algorithm

LiftOn CDS chaining

100%

100% 100% 100% 90%

L3 L5 L6 L7

M1 M2 M3 M5 M6

100%
L2

M4

100%
L1 L4

100%

60%

*

100%

Step 3: group CDSs by “accumulated AA in the reference protein”D

32
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: Protein-maximization algorithm

Stop codon gain: 
Early 
translation stop

M

M

*
*

*
*

B

M

M

*
*

Stop codon lost:
Protein extension

D

Start codon lost:
Downstream start

M

*
*

E

M

*
*

Start codon lost:
Upstream start

F

A
Frameshift

M

*

--

--

*

M

Pre-ORF search UTR regions

Pre-ORF search CDS regions

*

M
Post-ORF search UTR regions

Post-ORF search CDS regions

Stop codon

Methionine

-- INDEL gap

C
Stop codon gain:
Switching 
translation start

*
*

M

M

*
*
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: more lift-over applications

House mouse
(Mus musculus)

Rice
(Oryza sativa)

Thale cress
(Arabidopsis thaliana)

Honey bee
(Apis mellifera)

fruit fly
(Drosophila melanogaster)

Yeast
(Saccharomyces cerevisiae)

34
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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.



Part III

Splice Site Prediction
• OpenSpliceAI

• Splam

Chao, K. H., Mao, A., Salzberg, S. L., & Pertea, M. (2024). Splam: a deep-
learning-based splice site predictor that improves spliced alignments. 
Genome biology, 25(1), 243.

Chao, K. H., Mao, A., Liu, A., Salzberg, S. L., & Pertea, M. (2025). 
OpenSpliceAI: An efficient, modular implementation of SpliceAI enabling easy 
retraining on non-human species. eLife, 2025-03.

Mihaela Pertea Steven Salzberg Anqi Liu

35
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Splice Site Prediction
Gene locus (DNA)

Transcription

Model

Where are the splice sites?

 ChatGPT 4o:
Generate 
schematic cartoon 
of RNA splicing

36
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   : Splice site prediction

AGACTCAGCCCCCGGAGACTTAGTTAGAGGAAGAAAAAGGTAGGACAGAAGAAAAAGGCAGGACATACAAGGTGCTGGCCCAGGGCGGX

Y 000000000000000000000200000001000000002000000000000100000000000000000000000000000000000

Donor: 2 Acceptor:  1 Neither:  0

37
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Chao, K. H., Mao, A., Liu, A., Salzberg, S. L., & Pertea, M. 
(2025). OpenSpliceAI: An efficient, modular implementation of 
SpliceAI enabling easy retraining on non-human species. eLife



𝑊 = 5000 𝐹 = 10,000

𝐿 = 33200

𝐿 = 14600

𝐿 = 25000

Gene 1

Gene 2

Gene n

…

Raw gene DNA sequence

[7, 15000, 4]

[3, 15000, 4]

[5, 15000, 4]

[7, 5000, 3]

[3, 5000, 3]

[5, 5000, 3]

X Y

…

   

𝐿 = 33200

𝐿 = 14600

𝐿 = 25000

Gene 1

Gene 2

Gene n

…

Raw gene DNA sequence

[7, 15000, 4]

[3, 15000, 4]

[5, 15000, 4]

[7, 5000, 3]

[3, 5000, 3]

[5, 5000, 3]

X Y

…

Train set: 
80%

Test set: 
20%

~20k protein-coding genes

38
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   : retrain on different species

System time Memory GPU Avg memory

39
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   : ISM & variant prediction

SpliceAI

OpenSpliceAI

OPA1 (chr3:193644727A>G)
OpenSpliceAI Score

Acceptor Site Score Donor Site Score

A G T G A G G T A G A A A C
0.099

5’

5’

3’

3’

Reference

Mutated

A A G G G T A A G

54 bp

A G T G A GG T A G G A A CA A G G G T A A G
0.989

0.343

0.985
(Qian et al., 2021)

SpliceAI Score

0.093

0.970

0.247

0.982

40
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Alan Mao



: predicting splice sites in a pair

Exon Exon Exon Exon Exon

Intron Intron Intron Intron

Donor AcceptorSplice junction

Donor: 400bp Acceptor: 400bp

41
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Chao, K. H., Mao, A., Salzberg, S. L., & Pertea, M. (2024). 
Splam: a deep-learning-based splice site predictor that 
improves spliced alignments. Genome biology, 25(1), 243.

Data



Input

Conv(64, 1, 1)

RB(64, 11, 1)

RB(64, 11, 1)

RB(64, 11, 1)

RB(64, 11, 1)

Conv(64, 1, 1)

Conv(3, 1, 1)

Flatten layer

RB(64, 11, 5)

RB(64, 11, 5)

RB(64, 11, 5)

RB(64, 11, 5)

Conv(64, 1, 1)+ Conv(64, 1, 1)

RB(64, 11, 10)

RB(64, 11, 10)

RB(64, 11, 10)

RB(64, 11, 10)

+ Conv(64, 1, 1)

RB(64, 21, 15)

RB(64, 21, 15)

RB(64, 21, 15)

RB(64, 21, 15)

+ Conv(64, 1, 1)

RB(64, 21, 20)

RB(64, 21, 20)

RB(64, 21, 20)

RB(64, 21, 20)

+ Conv(64, 1, 1)+ RB(N, W, D)

Batch Norm

ReLU

Conv(N, W, D)

Cardinality = 4

Batch Norm

ReLU

Conv(N, W, D)

Cardinality = 4

Dropout layer (0.2)

FC layer (2400, 1)

Softmax

Output

: Splam Model Architecture

47

Future workIntroduction SpliceAI-toolkit Splam



: improving transcriptome assembly

C D

Score stability 
Transcriptome assembly improvement

43
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Part IV

Yeast RNA-Seq Prediction
• Fungal language model (LM)

• Shorkie: models to predict yeast RNA-Seq coverages 

• Model interpretability

Chao, K. H., Magzoub, M., Stoops, E., Hackett, S., Linder J., * and Kelley, D. R.,
(manuscript in preparation). Predicting dynamic expression patterns in 
budding yeast with a fun-gal DNA language model

Manuscript in preparation. 
Expected to be on bioRxiv soon

David Kelley Johannes Linder Majed Mohamed Magzoub
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Questions we answer in this study:

Main Goal
• Predict yeast gene expression (RNA-Seq coverage) 

directly from DNA sequences.

InterpretabilityIntroduction Fungal LM Transfer learning Applications

45
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Yeast RNA-Seq Prediction

Reads alignment

Coverage pileup

Reads

mRNA

Gene expression
model

RNA-Seq expression?

Gene locus (DNA)

 ChatGPT 4o:

Generate schematic 
cartoon of RNA-Seq

 ChatGPT 4o:

Generate schematic cartoon 
of RNA-Seq coverage

InterpretabilityIntroduction Fungal LM Applications

46

Transfer learning



Yeast RNA-Seq Prediction

Gene locus (DNA)

 ChatGPT 4o:

Generate schematic cartoon 
of RNA-Seq coverage

InterpretabilityIntroduction Fungal LM Applications

47

Train Test

12 million base pairs

SRA: 248,257 search entries

Genome size is too small, leading to overfitting.

Transfer learning



Yeast RNA-Seq Prediction

Gene locus (DNA)

 ChatGPT 4o:

Generate schematic cartoon 
of RNA-Seq coverage

InterpretabilityIntroduction Fungal LM Applications

48

Train Test

12 million base pairs

Ensembl fungi: 1500 genomes

Fungal LM

Transfer learning



Yeast RNA-Seq Prediction

Gene expression
model

Gene locus (DNA)

 ChatGPT 4o:

Generate schematic cartoon 
of RNA-Seq coverage

InterpretabilityIntroduction Fungal LM Applications
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Fungal LM

RNA-Seq expression?

Transfer learning



Yeast RNA-Seq Prediction

Model
Fungal Model

Gene locus (DNA)

 ChatGPT 4o:

Generate schematic cartoon 
of RNA-Seq coverage

InterpretabilityIntroduction Fungal LM Applications
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Fungal LM

RNA-Seq expression?

Transfer learning



Borzoi
2025

Enformer
2021

Akita
2020

DeepSEA
2015

SpliceAI
2019

ExPecto
2018

Basset
2016

Basenji
2018

DeepBind
2015

DNA-TF binding
2016

Troyanskaya Lab Princeton

FUToronto

Gifford LabMIT

Illumina

Calico

DeepMind + Calico cCalicoTroyanskaya Lab Princeton

Calico

Calico

Saluki
2022

Calico

scBasset
2022

Calico
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Deep learning-based DNA sequence model

Genome Assembly & Indexing Genome Annotation Gene expression PredictionSplice Site Prediction
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Transfer learning



Sequence model

Supervised learning

Input: DNA sequences

Output: Genomics tracks

InterpretabilityIntroduction Fungal LM Applications

Genome Assembly & Indexing Genome Annotation Gene expression PredictionSplice Site Prediction
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Transfer learning



First LM attempt
PNAS 2020

Facebook

Transformer protein LM
ICLR 2021

Facebook

BERTology
ICLR 2021

Saleforce + UIUC

Review
Cell Systems 2021

MIT

ProtGPT2
Nat Commun 2022

Höcker Lab

AminoBERT
Nat Biotechnol 2022

Harvard + Columbia

ProGen
Nat Biotechnol 2023

Saleforce

ProGen2
Cell System 2023

Saleforce + Profluent

ESMFold
Science 2023

Meta

PLM
Nat Biotechnol 2024

Profluent

ProLLaMA
arxiv, 2024

Peking Uni

1870 + 281 + 291 + 269 + 373 + 325 + 258 + 45 + 200 + 1582 +  20

~ 6000 citations

InterpretabilityIntroduction Fungal LM Applications

Protein Language model (PLM)

Genome Assembly & Indexing Genome Annotation Gene expression PredictionSplice Site Prediction
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Transfer learning



DNABERT
Bioinformatics 2021

SBU

GPN
PNAS 2023

UC Berkeley

Nucleotide Transformer
bioRxiv 2023

InstaDeep + Nvidia + TUM

HyenaDNA
NeurIPS 2023

Stanford

DNABERT-2
ICLR 2024

SBU + NU

GROVER
Nat Mach Intell 2024

TUD

Genomic LM
Nat Commun 2024

Harvard + MIT

Species-aware DNA LM
Genom Biol 2024

TUM

Evo
bioRxiv 2024

Stanford + Arc Inst + TogetherAI

Caduceus
ICML 2024

Cornell + Princeton + CMU

PlantCaduceus
bioRxiv 2024

Cornell + USDA-ARS + Simons

Nucleotide dependency
bioRxiv 2024

TUM
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DNA Language model

Genome Assembly & Indexing Genome Annotation Gene expression PredictionSplice Site Prediction
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Transfer learning



Sequence model

Supervised learning Self-supervised learningStage 1

Language model (LM) /
Foundation model

Input: DNA sequences

Output: Genomics tracks

InterpretabilityIntroduction Fungal LM Applications

Genome Assembly & Indexing Genome Annotation Gene expression PredictionSplice Site Prediction
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Stage 2 Fine-tuning LM

Transfer learning



Language model (LM) /
Foundation model

Enformer

Borzoi
Supervised learning

Stage 2

Sequence model

Fine-tuning LM

InterpretabilityIntroduction Fungal LM Applications

Genome Assembly & Indexing Genome Annotation Gene expression PredictionSplice Site Prediction

Self-supervised learningStage 1
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Sequence model

Enformer

Borzoi

Alphagenome
Transfer learning



Transformer 
Blocks (8x)

32bp res

64bp res

128bp res

? C T C T A ? C G ? G T A T A C

…

32bp res

64bp res

128bp res

1bp res

…… …

16384bp

8 0 0

16384 * 4

A
C
G
T

1 0 7

1 9 1

0 1 2

.

.

.

.

.

.

.

.

.

.

.

.

16bp res 16bp res

1bp res

Reverse complementary

Masked language modeling loss

Encoding: (4 + 1 + species_num)

Linder, J. et al. (2025). Predicting RNA-seq coverage 

from DNA sequence as a unifying model of gene 
regulation. Nature Genetics, 1-13.

Borzoi

InterpretabilityIntroduction Fungal LM Applications
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Transfer learning

Shorkie



LM predicts motifs in RP gene Promoter regions

chrIV:307974-308474

chrIV:579,008-579,508

RAP1.1

chrV:396,319-396,819

ABF1.1

RAP1.1

RAP1.1

RAP1.1

Fhl1

RAP1.1

chrVII:254,191-254,691 Fhl1RAP1.1

Start codon

450 nt 50 nt

InterpretabilityIntroduction Fungal LM Applications

chrIV:229,456-229,956 RAP1.1 FHL1

RAP1 FHL1
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Transfer learning



These motifs are enriched in promoter regions

start codon (ATG)
5’ splice site (donor site)

branch point

InterpretabilityIntroduction Fungal LM Applications
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Transfer learning



Last fully connected layer before the model output
dense_29 (Dense)

First self-attentions layer output
multihead_attention (MultiheadAttention) 

t-SNE Projection of Fungal LM Encodings for 
Genomic Regions

InterpretabilityIntroduction Fungal LM Transfer LM (Shorkie) Applications
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Self-attention maps

Transformer 
Blocks (11x)

? C T C T A ? C G ? G T A T A C

… …

16384bp

8 0 0

16384 * 4

A
C
G
T

1 0 7
1 9 1
0 1 2

.

.

.

.

.

.

.

.

.

.

.

.

InterpretabilityIntroduction Fungal LM Transfer LM (Shorkie) Applications
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Transformer 
Blocks (8x)

32bp res

64bp res

128bp res

? C T C T A ? C G ? G T A T A C

1bp res

…

32bp res

64bp res

128bp res

1bp res

…… …

16384bp

8 0 0

16384 * 4

A
C
G
T

1 0 7

1 9 1

0 1 2

.

.

.

.

.

.

.

.

.

.

.

.

16bp res 16bp res

Shorkie

InterpretabilityIntroduction Transfer Learning ApplicationsFungal LM
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Transformer 
Blocks (8x)

32bp res

64bp res

128bp res

? C T C T A ? C G ? G T A T A C

1bp res

…

32bp res

64bp res

128bp res

1bp 
res

…… …

16384bp

8 0 0

16384 * 
4

A
C
G
T

1 0 7

1 9 1

0 1 2

.

.

.

.

.

.

.

.

.

.

.

.

16bp res 16bp res

Shorkie

InterpretabilityIntroduction ApplicationsFungal LM

Coverage Tacks   ( 896 * 2488 )

CHiP-exo   (1128)

Histone marks    (20)

RNA-Seq  (3054)

…

1000-strains 
RNA-Seq   (1014)
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Transfer Learning



Transformer 
Blocks (8x)

32bp res

64bp res

128bp res

? C T C T A ? C G ? G T A T A C

1bp res

…

32bp res

64bp res

128bp res

1bp 
res

…… …

16384bp

8 0 0

16384 * 
4

A
C
G
T

1 0 7

1 9 1

0 1 2

.

.
.

.

.

.

.

.

.

.

.

.

.

16bp res 16bp res

Shorkie

InterpretabilityIntroduction ApplicationsFungal LM

Coverage Tacks   ( 896 * 2488 )

CHiP-exo   (1128)

Histone marks    (20)

RNA-Seq  (3054)

…

1000-strains 
RNA-Seq   (1014)
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Transfer Learning



Transformer 
Blocks (8x)

32bp res

64bp res

128bp res

? C T C T A ? C G ? G T A T A C

1bp res

…

32bp res

64bp res

128bp res

1bp 
res

…… …

16384bp

8 0 0

16384 * 
4

A
C
G
T

1 0 7

1 9 1

0 1 2

.

.
.

.

.

.

.

.

.

.

.

.

.

16bp res 16bp res

1. Initialized with LM weights 
(Shorkie)

2. Random initialization 
(baseline)

Shorkie

InterpretabilityIntroduction ApplicationsFungal LM

Coverage Tacks   ( 896 * 2488 )

CHiP-exo   (1128)

Histone marks    (20)

RNA-Seq  (3054)

…

1000-strains 
RNA-Seq   (1014)
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Transfer Learning



Shorkie vs Random Initialization  (Test set)

                                                                     

     

                                                             

chrIV:305,657-310,505 (RNA-Seq tracks); fold 3 chrVII:495,374-499,965 (RNA-Seq tracks); fold 6chrVII:362,180-366,023 (RNA-Seq tracks); fold 3

RNA-Seq tracks

1000 strains RNA-Seq tracks

chrIV:306,681-321,017

                                     

chrIV:306,681-321,017

InterpretabilityIntroduction ApplicationsFungal LM
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Transfer Learning



Shorkie vs Random Initialization  (Test set)

RNA-Seq tracks

ChrIII:94384-108720

ChrX:48110-62446

Exp GT

Fine-tuned

Scratch-trained

Exp GT

Fine-tuned

Scratch-trained

Bin level 
(each dot is a track; all bins)

Gene level  (each dot is a track; all genes) Track level 
(each dot is a gene; all tracks)

InterpretabilityIntroduction ApplicationsFungal LM

Gene Gene
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Transfer Learning



Shorkie ISM maps: Ribosomal genes & RRB genes

      

450 nt 50 nt 

RPL26A (chrXII:818,862-819,362)
RAP1FHL1

Fungal LM

Shorkie

Random 
initialization

5’ splice site 
(donor site)

Reference DB

Fungal LM

Shorkie

Random 
initialization

FUN12 (chrI:75,977-76,477)

         

Start Codon
PAC motif (DOT6P)

ABF1
RRPE motif (STB3)
TGAAAAATTTT

Reference 
DB

InterpretabilityIntroduction ApplicationsFungal LM Transfer Learning
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Shorkie ISM maps: Splicing motifs

MAD1 (chrVII:346,669-347,169)

        

REB1
Start codon

5’ splice site 
(donor site)

Branch point

(reverse strand)
(forward strand)

Start Codon
Splice site
(donor) Branch point

Splice site
(acceptor) 

Yeast splicing motifs
(Schirman et. al.)

Fungal LM 

Shorkie

Random 
initialization

Reference DB

InterpretabilityIntroduction ApplicationsFungal LM
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Transfer Learning



Time-course TF-inducted RNA-Seq

InterpretabilityIntroduction ApplicationsFungal LM
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Transfer Learning

● Genome-scale transcription 

factor perturbation

    (1340 experiments;

     3054 RNA-Seq readouts)

● Aggregating dynamics across 

many time-courses

3054 RNA-Seq 
readouts

TF induction experiments

RNA-seq at different T



            

chrIII:50388-50888 (Promoter region of GLK1)

YeTFaSCo  DB motif

Shorkie MSN2 Induction temporal RNA-Seq prediction

T0 T5 T10 T15 T30 T45 T60 T90

T0

T5

T10

T15

T30

T45

T60

T90

MSN2 TATA Box

InterpretabilityIntroduction ApplicationsFungal LM

Coverage Tacks   ( 896 * 2488 )

CHiP-exo   (1128)

Histone marks    (20)

RNA-Seq  (3054)

…

1000-strains 
RNA-Seq   (1014)
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Transfer Learning



Average motif changes using TF-modisco

Not clusteredNot clustered

MSN4 Induction

SWI4 Induction

TF-Modisco-

detected 
MSN2 binding site

TF-Modisco-

detected 
SWI4 binding site

𝑇30 − 𝑇0𝑇15 − 𝑇0𝑇10 − 𝑇0 𝑇45 − 𝑇0 𝑇60 − 𝑇0 𝑇90 − 𝑇0𝑇5 − 𝑇0

𝑇40 − 𝑇0𝑇20 − 𝑇0𝑇10 − 𝑇0 𝑇70 − 𝑇0 𝑇120 − 𝑇0 𝑇180 − 𝑇0𝑇5 − 𝑇0

Not clusteredNot clustered

YeTFaSCo 

DB motif

YeTFaSCo 

DB motif

MET4 Induction
TF-Modisco-

detected 
MSN2 binding site

𝑇30 − 𝑇0𝑇15 − 𝑇0𝑇10 − 𝑇0 𝑇45 − 𝑇0 𝑇60 − 𝑇0 𝑇90 − 𝑇0𝑇5 − 𝑇0
YeTFaSCo 

DB motif

MSN2 Induction
TF-Modisco-

detected 
MSN2 binding site

𝑇30 − 𝑇0𝑇15 − 𝑇0𝑇10 − 𝑇0 𝑇45 − 𝑇0 𝑇60 − 𝑇0 𝑇90 − 𝑇0𝑇5 − 𝑇0
YeTFaSCo 

DB motif
Not clustered

InterpretabilityIntroduction ApplicationsFungal LM
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Transfer Learning



B
C

D

Introduction ApplicationsFungal LM Interpretability

Rafi et al., Nature Biotech (2024)
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RNA-Seq Coverage 
Prediction

Rafi et al. Yeast 
Sequences
(single-sequence)

Shorkie DREAM-RNN

MPRA mutation effect prediction

Insertion

Transfer Learning



Kita et al. eQTL dataset

Variant effects on eQTLs and negatively selected eQTLs

E F G

Introduction ApplicationsFungal LM Interpretability

Caudal et al., Nature genetics (2024)
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Caudal et al. eQTL dataset

Kita et al. eQTL dataset

Transfer Learning

Kita et al., Nature genetics (2024)



Variant effects on eQTLs and negatively selected eQTLs

K

Shorkie
ISM (ALT)

Shorkie
ISM (REF)

Ref DB

Shorkie Coverage

Reb1.1

chrXI: 604356: A>G

| logSED | Quantile: 99.95%

chrXI:604,316-604,396

Introduction ApplicationsFungal LM Interpretability

Reb1.1

chrXIV: 200328: G>A

| logSED | Quantile: 99.44%

chrXIV:200,288 – 200,368

Shorkie
ISM (ALT)

Shorkie
ISM (REF)

Ref DB

Shorkie Coverage

chrXI: 288774: G>A

| logSED | Quantile: 99.97%PAC motif (Dot6) G(C/A)GATGAG(A/C)TGA

chrXI:288,734 – 288,814

Shorkie

ISM (ALT)

Shorkie

ISM (REF)

Ref DB

Shorkie Coverage

Transfer Learning



Assembly & Indexing

76

How do we assemble the complete 3-billion-nucleotide genome?

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

Part I & II: Genome Assembly & Indexing

Where are the genes in the genome? 

Part III: Genome Annotation

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

Part VI: Shorkie. RNA-Seq coverage prediction

What are the canonical splicing pattern?

Alternative splicing? Splice junction?

Part IV & V: Splice site prediction

Introduction Genome Annotation Splice Site Prediction RNA-Seq Prediction

Han1 WGT

Shorkie



Conclusions: Language of genomes

77

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

Assembly & IndexingIntroduction Genome Annotation Splice Site Prediction RNA-Seq Prediction
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