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I Genome Annotation

Where are the meaningful regions (Genes)?
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I Genome Annotation

Genome CAGCCCCCGGAGA(ItaaatacaggaagaaaaaggCAGGACAGAATTACAAGETGCTGGCCCAGGGCGGGCAGCGGCLCCT

GCCTCCTACCCTTGCGCCTCATGACCAGCTTGTTGAAGAGATCCGACATCAAGTGCCCACCTTGGCTCGTGGCTCTCACT
(FASTA) GCAACGGGAAATCACATGCGACCGGTgactccctgtccccacccccatgACACT
CCCCAGCCCTCCAAGGCCACTGTGTTTCCCAGTTAGCTCAGAGCCTCAGTCGATCCCTGACCCAGCACCGGGCACTGATG
AGACAGCGGCTGTTTGAGGagccacctcecccagceccacctecggggeccagggeccagggtgtGCAGCACCACTGTACAATGGGG
AAACTGGCCCAGAGA A A ACAGAGCAA AAAAGCAGCGCTGGGTACAAGCTCAAAACC

ATAGTGCCCAGGGCACTGCCGCTGCAGGCGCAGGCATCGCATCACACCAGTGTCTGUGTTCACAGCAGGCATCATCAGTA

A . chrl BestRefSeq gene 450740 451678 . . ID=gene-OR4F29;

nnotation chrl BestRefSeq mRNA 450740 451678 . - : ID=rna-NM_001005221.2;Parent=gene-OR4F29;

(GFF / GTF) chrl BestRefSeq exon 450740 451678 . ID=exon-NM_001005221.2-1;Parent=rna-NM_001005221.2;
chrl BestRefSeq exon 452658 453675 . ID=exon-NM_001005221.2-2;Parent=rna-NM_001005221.2;
chrl BestRefSeq exon 454672 459678 . : ID=exon-NM_001005221.2-3;Parent=rna-NM_001005221.2;
chrl BestRefSeq CDS 450740 451678 . - 0 ID=cds-NP_001005221.2-1;Parent=rna-NM_001005221.2;
chrl BestRefSeq CDS 452658 453675 . - 0 ID=cds-NP_001005221.2-2;Parent=rna-NM_001005221.2;
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genome annotation with LiftOn. Genome Research, 35(2), 311-325.

Chao, K. H., Heinz, J. M., Hoh, C., Mao, A., Shumate, A., Pertea, M., & E N O M E '0‘
Salzberg, S. L. (2025). Combining DNA and protein alignments to improve E S E A R C H L > t
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Chao, K. H., Heinz, J. M., Hoh, C., Mao, A., Shumate, A., Pertea, M., & E N O M E 'o‘
Salzberg, S. L. (2025). Combining DNA and protein alignments to improve E S E A R C H
genome annotation with LiftOn. Genome Research, 35(2), 311-325.
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Target | Reference

Chao, K. H., Heinz, J. M., Hoh, C., Mao, A., Shumate, A., Pertea, M., & E N O M E 'o‘
Salzberg, S. L. (2025). Combining DNA and protein alignments to improve E S E A R C H
genome annotation with LiftOn. Genome Research, 35(2), 311-325.
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I Splice Site Prediction

Gene locus (DNA)
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Generate schematic
cartoon of RNA splicing
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I Splice Site Prediction OpenSpliceAl - =

A\

Pre-mRNA s =

(Genome Biooay | HUB* bioRxiv

THE PREPRINT SERVER FOR BIOLOGY

Chao, K. H., Mao, A, Salzberg, S. L., & Pertea, M. (2024). Splam: a deep- New Al tool pinpoints Chao, K. H., Mao, A., Liu, A., Salzberg, S. L., & Pertea, M. (2025).

learning-based splice site predictor that improves spliced alignments. gene splicing with OpenSpliceAl: An efficient, modular implementation of SpliceAl

Genome biology, 25(1), 243. unmatched precision enabling easy retraining on non-human species. bioRxiv, 2025-03.
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I Splice Site Prediction

| |

A Donor: 2 ‘ Acceptor: 1 Neither: O

X AGACTCAGCCCCCGGAGACTTAGTTAGAGGAAGAAAAAGGTAGGACAGAAGAAAAAGGCAGGACATACAAGGTGCTGGCCCAGGGLCGEG

Y ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

I Genome Biology I HIJB'Q biORXiV

THE PREPRINT SERVER FOR BIOLOGY

Chao, K. H., Mao, A, Salzberg, S. L., & Pertea, M. (2024). Splam: a deep- New Al tool pinpoints Chao, K. H., Mao, A., Liu, A., Salzberg, S. L., & Pertea, M. (2025).

learning-based splice site predictor that improves spliced alignments. gene splicing with OpenSpliceAl: An efficient, modular implementation of SpliceAl

Genome biology, 25(1), 243. unmatched precision enabling easy retraining on non-human species. bioRxiv, 2025-03.
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I Splice Site Prediction: data processing = L

| |

~20k protein-coding genes

Raw gene DNA sequence X Y

=l . = 33200 [7, 15000, 4] [7, 5000, 3]

L = 14600 [3, 15000, 4] [3, 5000, 3]

L = 25000 [5, 15000, 4] [5, 5000, 3]

(Genome Biooay | HUB* bioRxiv

THE PREPRINT SERVER FOR BIOLOGY

Chao, K. H., Mao, A, Salzberg, S. L., & Pertea, M. (2024). Splam: a deep- New Al tool pinpoints Chao, K. H., Mao, A., Liu, A., Salzberg, S. L., & Pertea, M. (2025).
learning-based splice site predictor that improves spliced alignments. gene splicing with OpenSpliceAl: An efficient, modular implementation of SpliceAl
Genome biology, 25(1), 243. unmatched precision enabling easy retraining on non-human species. bioRxiv, 2025-03.
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I Splice Site Prediction: what did model learn?

OpenSpliceAl AA MA
SN —— T c VA U - S

0.75

Score

OPAL1 (chr3:193644727A>CG) @ openspliceAl Score 4 —
s {——a
Acceptor Site Score Donor Site Score b----
Bl 0.09881 W 034272
Reference 5 — — . AAGEGGTAAG __AGTGAG;GTAGAAAC e 3
-i 0.98877 54 bp -E 0.98483
Mutated 5 = = A—AG! GTAGGAAC - = 3’ (Qianetal., 2021)
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@ Calico [ Repeat regions
I Processing 1K fungal genomes Coding regions

Gene Locus 1 Gene Locus 2 Gene Locus 3

l‘\ | . | (_k_\
O o s [ s [
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@ Calico [ Repeat regions
I Processing 1K fungal genomes

Coding regions

~ 7 genes per window
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@ Calico [ Repeat regions
I Processing 1K fungal genomes Coding regions

O b s e s [

16384
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N W B §
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~ 7 genes per window
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@ Calico [ Repeat regions
I Processing 1K fungal genomes Coding regions

O 5 =

B [ Training
/% repeat

threshold : :
Validation

(chrXIl, chrXlll, chrXV)

Testing
(chrXIll, chrXIV, chrXVI)
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16bp res IIIIIIIIIIIII"I E LIIIIIIIIIIIIII 16bp res

[T T T T T T T
32bp res
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128bp res I I p

32bp res

64bp res

Ty
IE;L' 128bp res
—

Transformer
Blocks (8x)
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, 16384bp
(©) calico . CHiP-exo  (1128)

45 N Histone marks (20)
I RNA-Seq (1340)
2ICITICITIAI?|ICIG|?IG|IT|IA|T|A|C

Coverage Tacks

Reverse complementary
‘ Y WY e Ty

1:- I- - |I B
1bp res I'LI'LI'LI'LI'LI'LI'LI'LI'LI'LI'LI'LI'LI'LI'LI'IJJ B
16bp res O R R B |'| E LI R 16bp res

[T T T T T T T
32bp res

|| 32bp res

A
64bp res LT T 1 |—|’ N \L| [ T T 1
128bp res I I p Transformer El I ! 128bp res
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—

64bp res

Blocks (8x)
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PROTEIN

I RNA-Seq Coverage Prediction Examples

chrVII:362,180-366,023 (RNA-Seq tracks) chrVI1:495,374-499,965 (RNA-Seq tracks)

i |
HNM1 RPL7A
Ground Truth i
Fine-tuned
0
200 -
Scratch-trained . y
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@ Calico gi"fgi“:
=T
I Learned Regulatory Elements

RAP1 FHL1 SFP1.1 TATA Box REB1

Fine-tuned motif

reconstruction 00000 ACate. ATOTACO0AT 7 wcatCTarilor & TATAAA & CO6Tan

S (RPN (75 R (<% S || ™ N

. . ABF1 TBF1.1 CBF1 UME®6.2 PBF1
Fine-tuned motif

reconstctior 06 Ml 1l 00T T, T CRLCC

Motit b8 IATCAQLL,_ACJ IAQCCCTL AICAcéT éxchLcc \ CC,J:\ .@.;CICATCIE
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I Learned Splicing Motifs

Yeast splicing motifs UnU U UACUAAC ch

(Schirman et. al.)

Splice site Splice site
Start Codon (donor) Branch point (acceptor)

I
| I]l

AN . AN A RAA i A _ _ o __A HA _ i} . - I | A
I ' ' I I

I I I :
— > ¥ P — i

—_ [ | [ | —_
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Language model Fine-tuned RNA-Seq model Scratch-trained RNA-Seq model

>
>
>

First Self-attention Layer

Attended by (chrVI1:489391-505775)
Attended by (chrVI1:489391-505775) -
Attended by (chrVI1:489391-505775)

¥

W
Attended on (chrVI1:489391-505775) ---

>
S

Attended by (chrV11:489391-505775) ---
Attended by (chrVI1:489391-505775)

Atter;ded on (chrVIl:489391-505775) ---> Attended on (chrVI1:489391-505775) --->

S
(V)
>
©
—
| =
2
e
c
(V]
s
o
T
=
()]
(7))
$
-
.
(7))
©
—

Attended by (chrVII:489391-505775) --->

Attended on (chrVII:489391-505775) ---
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@ Calico MET4 Induction Ay
I chrX:322935-323435 (Promoter region of BNA3)

Gene Expression (Summed RPM)

TO T5 T10 T15 T30 T4t T6C T90

| _| T I
1 Ac 1
TO ~Llc1 e T gy € TIAC :CJ_ - I I o ™ VN v VlTTAM Ty AIAATATAAI 1,88 T J.VAATT VVACCTT - TVl'" N L L S Cr c A
= I I
1 1 :
T5 a4 1A ::,
T10
T15
T30
T45
T60
T90 Y ,
I— From | I— —-—
YeTFaSCo DB motif 5““} ‘
eTFaSCo DB moti ‘,%-QAQ.?LAT MET4 B}
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“If you think of mathematics as the perfect
description language for physics, then Al might be
the perfect one for biology.”

Demis Hassabis, CEO of DeepMind, 2022
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