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Structural Genome Annotation Problem

Input

• genome assembly
• extrinsic evidence, e.g. from RNA-Seq, protein database

Output

• protein-coding genes: exon-intron structures (.gff)

Example (from Chr I in C. elegans)
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genome.fa RNAseq.bam

GeneMark-ET

genemark.gtf

AUGUSTUS
training

AUGUSTUS
prediction

augustus.gtf

• spliced alignments of RNA-Seq
are used by GeneMark-ET and
AUGUSTUS

• >4000 downloads since 2015
• 321 citations (Google Scholar)

in Kollmar M. (eds) Gene Prediction. Methods in Molecular Biology,
vol 1962. Humana, New York, NY, 2019
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BRAKER2: GeneMark-EP+ and AUGUSTUS

GeneMark-EP+

genemark.gtf

AUGUSTUS
training

AUGUSTUS
prediction

augustus.gtf

GeneMark-EP+

genemark.gtf

AUGUSTUS
training

AUGUSTUS
prediction

augustus.gtf

GeneMark-EP+

genemark.gtf

AUGUSTUS
training

AUGUSTUS
prediction

augustus.gtf

AUGUSTUS
training

genome.fa proteins.fa

ProtHint

Protein to Genome Alignment

• end-to-end spliced
alignment is difficult if
sequence similarity is low

• ProtHint: fast large-scale
spliced alignment

• both large numbers and
high qualities of
alignments may
corroborate a gene feature

GeneMark-EP/EP+:
• Posters PO1003 & PE1004
• Talk by A. Lomsadze Jan 14 12:10 Golden West
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Protein to Genome Alignment
ProtHint Maps and Scores Introns (and starts/stops)

Intron borders alignment score (IBA)
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IMC: Intron Mapping Coverage
IBA: Intron Borders Alignment Score



BRAKER2 with Proteins
Fast Genome Annotation with Large Protein Database

genome.fa proteins.fa

GeneMark-EP+

genemark.gtf

AUGUSTUS
training

AUGUSTUS
prediction

augustus.gtf

GeneMark-ES
predicted
proteins

predicted
genomic

fragments

DIAMOND

Select target proteins

Spaln

Predict and
assign scores

introns stopsstarts CDSpart

Select high
confidence hints

High confidence
hints set

ProtHint

Genomic fragment selection

Protein selection 
& 

Spliced alignment Alignment processing

BRAKER2

• 8 CPUs
• 8 GB RAM

Genome Size # Proteins Hours
D. melanogaster 130 MB 2,314K < 9
S. lycopersicum 1390 MB 3,456K < 20



BRAKER2 with Proteins
Evidence Usage by GeneMark-EP+ & AUGUSTUS During Prediction

HC
Start
codon

Correction 
in PLUS

Correction 
in PLUS

HC
Intron

HC
Stop
codon

Target proteins

Protein hints
for GeneMark-EP+
and AUGUSTUS

Chained protein 
hints for 
AUGUSTUS

GeneMark-EP+ 
predictions

AUGUSTUS 
predictions

Genome



BRAKER2 with Proteins
Training Gene Selection for AUGUSTUS

HC
Start
codon

Target proteins

HC
Stop
codon

Start
codon

Stop
codon

Protein hints

Genome

GeneMark-EP+
predictions

Training genes
For AUGUSTUS
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Evidence Based Multi Exon Training Gene Selection∗

Effect on AUGUSTUS ab initio Gene Prediction Accuracy in BRAKER2

Drosophila melanogaster & OrthoDB Arthropoda (Phylum excl.)

Random Anchored HC Random TP
40

45

50

55

60

Gene Sensitivity

Gene Specificity

Constant random set
of single exon genes

Gene SensitivityGene Sensitivity

Gene Specificity

Highly 
Conserved

• Anchored genes and random TP→ comparable accuracy
• Highly conserved genes are worse than random selection

⇒ BRAKER2 trains AUGUSTUS with anchored multi-exon genes

∗) Single exon genes are anchored by starts and stops



Number of Training Genes
Effect on AUGUSTUS
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⇒ AUGUSTUS benefits from high number of training genes
⇒ BRAKER uses up to 8000 training genes→ speed



Transcript Prediction Accuracy F1
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Transcript Prediction Accuracy F1

Caenorhabditis elegans
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Summary on BRAKER

• fully automatic pipeline
• state-of-the art accuracy
• fast
• easy to use
• BRAKER1: RNA-Seq spliced alignment information
• BRAKER2: + large scale protein sequence similarity

Ongoing Development

• BRAKER3 with RNA-Seq & protein
• UTR training & prediction
• protein family and intron profile integration

(AUGUSTUS-PPX)
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BRAKER2 is Available for Download at

• https://github.com/Gaius-Augustus/BRAKER
• https://github.com/gatech-genemark/BRAKER2

https://github.com/Gaius-Augustus/BRAKER
https://github.com/gatech-genemark/BRAKER2
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BRAKER2 is Available for Download at

• https://github.com/Gaius-Augustus/BRAKER
• https://github.com/gatech-genemark/BRAKER2

https://github.com/Gaius-Augustus/BRAKER
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Thank you for your attention!

BRAKER2 is Available for Download at

• https://github.com/Gaius-Augustus/BRAKER
• https://github.com/gatech-genemark/BRAKER2

https://github.com/Gaius-Augustus/BRAKER
https://github.com/gatech-genemark/BRAKER2
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