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Genome annotation
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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:
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Reference genome

Target genome

Gene 1 Gene 2 Gene 3
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Application: GRCh38 to T2T-CHM13 lift-over
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https://www.sanger.ac.uk/data/genome-reference-consortium/
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“Finished” the human genome project
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Application: GRCh38 to T2T-CHM13 lift-over
• 238 Mbp added and corrected

• 180 Mbp of centromeric satellites

• 68 Mbp of segmental duplications
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https://youtu.be/MbYvTyIMc84?si=YjijRyLwq31MY5HM

• 10 Mbp of rDNAs

• 182 Mbp of entirely novel sequence

• 1956 novel genes including 99 protein-coding

Introduction Current Method Overview Results Methods



If you were to use a CHM13 annotation …
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~ 390 citation

Telomere-to-Telomere (T2T) consortium slack channel

Which lift-over tool to use?
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Lift-over problem, what methods are available?
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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
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Chain file
CrossMapUCSU liftOver

Kuhn et al. Zhao et al.

Shumate et al. Li

Li



Methods  – 
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minimap2Liftoff /
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Methods  – 

• Index step:
• Translate reference genome to amino acids in 6 phases, filter out ORFs

• Initial chaining:
• Extract 6-mer syncmers from protein query

• Look up index for seed matches

• Refined chaining
• Redo seeding and chaining

• Sliding 5-mers from reference and protein

• Final alignment
8

miniprot
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Methods  – 
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•How can we do better?

• Combining DNA- and protein-based alignments!

+
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Results

• outperforms state-of-the-art DNA- and protein-based liftover methods

• improves the annotation of protein-coding genes in T2T-CHM13 genome

• Improves annotation lift-over between distant species, such as mouse and rat
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Evaluation Metrics
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Reference genome

Target genome T

Gene 1

R

RA:
A T G C G T A A G C T T A C C G T A G C T A G

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

M R K L T V A

M R R T L T L

Extract DNA sequence

Translation

Translation

Gene 1TA:
LiftOn

“Sequence pairwise alignment”
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Evaluation Metrics
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DNA sequence identity
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https://lh3.github.io/2018/11/25/on-the-definition-of-sequence-identity



Evaluation Metrics
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	26 − 4	 = 81.8%

Reference

Target

“Do not penalize longer proteins”

Protein sequence identity
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Liftoff miniprotLiftOn

Compressed-gap protein sequence identity

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

Result 1: improves DNA & protein-based lift-over

Protein identity
Liftoff 100%

miniprot 31.48%

LiftOn 100%

TDRKH (NM_001083965.2) chr1:150896981 - 150913985

Liftoff

miniprot

LiftOn

Gene on reverse strand
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Compressed-gap protein sequence identity

Result 1: improves DNA & protein-based lift-over

Protein identity
Liftoff 76.70%

miniprot 99.55%

LiftOn 99.55%

SLC22A31 (NM_001384763.1)  chr16:95276205 - 95280662

Liftoff

miniprot

LiftOn

Gene on reverse strand
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Map RefSeq v220 from GRCh38 -> CHM13V2.0
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Compressed-gap protein sequence identity

Result 1: improves DNA & protein-based lift-over

Protein identity
Liftoff 38.92%

miniprot 99.14%

LiftOn 99.35%

WASHC1 (XM_011517662.4)  chr19:6990 - 22049

(2) (1)

(2)

Liftoff

miniprot

LiftOn

Gene on reverse strand
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Result 2: improve CHM13 protein annotations
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Result 3: improve distant species lift-over
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human to chimp

Mash        : 0.013
Dashing2 : 0.47

Drosophila m. to Drosophila e.

Mash        : 0.077
Dashing2 : 0.07

mouse to rat

Mash       : 0.120
Dashing2 : 0.01
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Result 3: improve distant species lift-over
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human to chimp
Liftoff miniprotLiftOn

mouse to rat
Liftoff miniprotLiftOn

Drosophila m. to Drosophila e.
Liftoff miniprotLiftOn

miniprot
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Result 3: improve distant species lift-over
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House mouse
(Mus musculus)

Rice
(Oryza sativa)

Thale cress
(Arabidopsis thaliana)

Honey bee
(Apis	mellifera)

fruit fly
(Drosophila melanogaster)

Yeast
(Saccharomyces cerevisiae)
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Methods in Details
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•Protein-maximization algorithm

• Step 1: chaining CDSs

• Step 2: ORF search
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: Protein-maximization algorithm
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Target genome +
Expected annotation

1. Liftoff annotation

2. miniprot annotation

A

L1 L2 L3 L5 L6 L7

M1 M2 M3 M5 M6M4

L4
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: Protein-maximization algorithm
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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

*
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: Protein-maximization algorithm
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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
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: Protein-maximization algorithm
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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
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: Protein-maximization algorithm
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LiftOn CDS chaining

L3 L5 L6 L7

M1 M2 M3 M5 M6

L2

M4

L1 L4
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Step 3: group CDSs by “accumulated AA in the reference protein”D
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: Protein-maximization algorithm
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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%
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: Protein-maximization algorithm
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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
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: Protein-maximization algorithm
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Stop codon gain: 
Early 
translation stop

M

M

*
*

*
*

B

M

M

*
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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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      : Summary

• LiftOn is a promising new tool to study comparative genomics

• LiftOn uses both DNA-DNA alignments (from Liftoff) & protein-DNA alignments 
(from miniprot) to map annotations between genome assemblies of the same or 
different species. 

• LiftOn's protein-maximization algorithm improves the annotation of protein-
coding genes in the T2T- CHM13 genome. 

• LiftOn can map annotation between relatively distant species, at least as 
divergent as mouse and rat.
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