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1989 First job in science: Beekeeping 

National Bee Unit

Luddington Experimental Horticultural Station 

http://www.gcmap.com/

A year off travelling



HRI Wellesbourne, Warwickshire, UK 

(National Vegetable Research Station)

1990-1991: Virus purification, electron microscopy

Zucchini yellow mosaic virus

Aphid transmitted potyvirus



John Innes Centre, Norwich, UK 

Professor George Lomonossoff, Protein expression in plants: HIV coat protein expression in 

cowpeas for vaccines. (PCR, DNA sequencing)

cowpea mosaic virus

(comovirus)

1991-1992



1992-2000: Biochemistry and Molecular Biology   

PhD: The purification and molecular 

analysis of CA1P-phosphatase in relation 
to the regulation of rubisco activity.



BBSRC Bioscience IT Services: Bioinformatics training

2000-2002: Unix, GCG



2002 - 2017 2017 onwards

EMBL EBIHavana team

Established 1992 Hinxton, UK



Image credit: Wellcome Trust Sanger Institute

The Human Genome Project



Open Door Workshops: Human genome freely available for everyone to use. 



http://chslearns.vail.k12.az.us/pluginfile.php/1738/course/section/616/central%20dogma.png



The Ensembl-HAVANA team

GENCODE
Whole genome or 

chromosome 

Targeted 

regions or 
genes

Community projects

Human And Vertebrate ANalysis and Annotation



Eukaryotes:
More complex: Introns and 
Exons

5’ end 3’ end

Prokaryotes:
Simple protein-coding 
gene

donor 
slice site

acceptor 
splice site

intronnnnnG GTnnn nnnCAG nnnn

exon exon

Genomic
DNA



• Increased accuracy

• Easier to sort out difficult regions (e.g. MHC 

regions, gene families)

• Use variety of data sources and literature to 

define annotation

• Genes are so varied, flexibility on guidelines 

• Time-consuming

• Expensive

• More difficult to work with vast amount of 

sequencing data

• Rapid annotation of genomes

• Broad range of approaches e.g. Ab initio, protein-

genome alignments, projection

• Process vast amount of sequencing data easily

• Harder to project annotation over gene 

families/known difficult regions

• Genome assembly problems can be harder 

resolve

• Require set guidelines/rules for the definition of 

‘features’ - biology cannot be defined easily 

which makes annotation difficult

Automated Annotation Manual Annotation

Gene Annotation

Both Manual and Automated Annotation are required for high quality reference genome annotation 

Definition: the plotting of genes and other genome features onto genome assemblies and indexing their genomic coordinates.



Mutually exclusive

Skipped exon

Retained intron

Alternative splice donor

Alternative splice acceptor

Alternative first exon

Alternative final exon

Reference model

Alternative Splicing



HAVANA gene annotation basics

Long transcriptomic data

RNAseq data

Transcript models 

(tmerge)

RNAseq introns (Recount3 data)

CAGE/RAMPAGE

polyAseq (signal and site)

Transcript annotation



EBI is an Outstation of the European Molecular Biology Laboratory. 

HAVANA gene annotation basics

Transcript annotation

Protein homology

Ribo-seq data

Mass Spec data

Conservation/constraint 
(PhyloCSF)

Human variation data

Literature, comparative annotation, functional annotation, external expert databases



Biotypes
Protein Coding

NMD

Retained Intron

Long Non-Coding RNAs

Small Non-Coding RNAs

miRNA

snoRNA

scaRNA

snRNA

rRNA
Vault RNA

tRNA

NOTE: Currently in the 
GENCODE geneset via 

automated pipelines

Protein Loss of Function Genes

Intact CDS

Polymorphic disabling mutation

Reference Genome

Alternative Genome

Unitary Pseudogenes

Fixed disabling 

mutation

*

Intact CDS in orthologues

Synteny block

RetrogenesUnprocessed Pseudogenes Processed Pseudogenes

Parent protein coding gene

Retrotransposition 
Gene Duplication 

Disabling mutation
Disabling mutation

* *



EBI is an Outstation of the European Molecular Biology Laboratory. https://www.gencodegenes.org/pages/biotypes.html



The Encyclopedia of DNA Elements (ENCODE) is a public research 

project which aims "to build a comprehensive parts list of functional elements

in the human genome."

https://en.wikipedia.org/wiki/Functional_element
https://en.wikipedia.org/wiki/Human_genome


The Ensembl-HAVANA Team

HAVANA - Human And Vertebrate ANalysis and Annotation

https://www.gencodegenes.org/

The goal of the GENCODE project is to identify and 

classify all gene features in the human and mouse 

genomes with high accuracy based on biological 

evidence, and to release these annotations for the 

benefit of biomedical research and genome 

interpretation.

2003 onwards



Human ~3Gb: 

22 chromosomes + sex 

chromosomes

GRCh38p14

Reference genomes:

Mouse ~3 Gb: 

19 chromosomes + 

sex chromosomes

GRCm39

Zebrafish ~1.4 Gb: 

25 chromosomes, no 

specific sex chromosomes

GRCz11



Many chromosome publications

First pass manual annotation completed 2013

https://www.genenames.org/



Genome published Dec 2002
Annotation and Knock Out designs

First pass manual annotation started 2012 completed 2018

https://www.informatics.jax.org/



https://zfin.org/



● Correct regions in the genome 

● To close as many gaps as possible

● To produce alternative assemblies of structurally variant loci where 

necessary

● Scientific community can report loci in need of review

● Human, mouse, zebrafish, rat and chicken

http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/



Do we know how many genes there are?

Protein coding genes

1980s 100,000

2000 40,000

Today         ?



Otter/ZMAP
GPR56: 

Human G protein-coupled receptor 56 gene



Blixem: 

Interactive browser of pairwise alignments that have been stacked up in a 

multiple alignment



Automated Annotation



Manual Annotation



● Genomes and gene builds for >300 species

● Variation data

● Compara (alignments, gene trees, homologues)

● Regulatory build

● BioMart (data export)

● Tools for data processing, e.g. VEP

● Display your own data

● Programmatic access via APIs

● Completely Open Source (FTP, GitHub)

Ensembl features



FAM241B in Ensembl and UCSC genome browsers 



Expression Atlas

ClinVar (MANE)

Consortia and resources that have utilized GENCODE data:



https://www.gencodegenes.org/human/stats.html



Steward et al. Genome Medicine (2017) 
9:49 

1 2 3 4

• Transcript annotation is central to understanding variant effects

• How to report variant 3? Conflicting report depending on which transcript is used as 
reference?

• How to report variant 4?  Do we need a new transcript?

• Annotation updated as new biology is uncovered



Why is this a problem?

• Resources use either Ensembl/GENCODE (EBI)  or RefSeq (NCBI)

• Differences make it hard to for researchers to exchange data or translate co-

ordinates 

• Standardise transcript set across genomics browsers

What’s the solution?

• Identify a representative transcript that captures the most information about 

each protein-coding gene (not just the longest/first one)

• Will also help standardise clinical reporting

Two comprehensive independent 

human reference transcript sets:

Human geneset refinement



• A transcript set with the following attributes:

• Match to GRCh38

• One MANE Select transcript per locus

• 100% identical between the RefSeq and corresponding Ensembl 
transcript for 5’UTR, CDS, and 3’UTR

• No new identifier

• Transcripts should be:
• Well-supported, conserved, expressed

• Representative of biology at each locus
• Fairly stable, but will allow updates when necessary

All the transcripts we annotate should always be considered and we are certainly 

NOT saying that biology can be simplified to a single transcript at each genomic locus

Matched Annotation from NCBI and EMBL-EBI

MANE project



Step 1

Select 

Step 2

Compare 

Step 3a

Same 

splicing/CDS:

• Match ends

• Release

Step 3b

NOT same 

splicing/CDS: 

• Manually curate

• Changes to pipeline

MANE Select methodology



MANE Plus Clinical



NHERF2

MANE 

Select

19,338 MANE Select , 66 MANE Plus Clinical v1.4





Too many transcripts?

Have we found all the genes?

What about all the genomes?



Too many transcripts?

Have we found all the genes?

What about all the genomes?



More data = more annotation

MAPK10 – 192 alternatively spliced transcripts



TAGENE



TAGENE development

Improved biotype assignment

- better rules

- better filtering of confounders

- readthrough transcripts

Manual

Review

TAGENE

Annotation

GENCODE 

Geneset



TAGENE development

SCAMP3

Before After



Current transcript classification

GENCODE Comprehensive

GENCODE Basic



Basic

Comprehensive

Classifying transcripts



Basic

Comprehensive

Classifying transcripts



Basic

Comprehensive

Classifying transcripts



Basic

Comprehensive

Classifying transcripts



Basic

Comprehensive

Classifying transcripts



Basic

Comprehensive

New long transcriptomic data, breaks model



GENCODE Comprehensive

GENCODE Basic

New long transcriptomic data, breaks model



How do we plan to manage this?

• MANE Select

• 1 representative transcript per coding gene

• Limited extension to other biotypes in future

• Gives a reference transcript for coding genes

• Ensembl canonical for other biotypes

• Having a reference essential in developing transcript hierarchy



MS

Reference transcript supports comparison



MS

Reference transcript supports comparison



MS

Reference transcript supports comparison



MS

Reference transcript supports comparison



Collapse define NR set of non-reference 

features



Test non-reference features to identify those 

with functional significance

Introns:

RNAseq (Recount3)

Compare junction inclusion ratio (JIR ) reference vs alt



Test non-reference features to identify those 

with functional significance

Exons:

Conservation and constraint

PhastCons and PhyloCSF



From scoring features to GENCODE Primary

1. Identify set of features (introns and exons) that exceed threshold

2. Identify the transcripts that those features are part of

3. Use ‘Ensembl Select’ pipeline to generate per transcript scores and ranking

4. Add highest scoring feature-containing transcripts to GENCODE Primary

5. Retain rankings for GENCODE Comprehensive transcripts



GENCODE Primary initial set



GENCODE Comprehensive

MANE Select

MANE Plus Clinical

GENCODE transcripts 3-5

GENCODE Primary

GENCODE transcripts 6-100

GENCODE Primary, MANE and Ranking



GENCODE Comprehensive (30 transcripts)

GENCODE Basic (13 transcripts)

GENCODE Primary

Ensembl location view of the HK1 gene on 

human chromosome 10 (e112)

MAPK10: 192, 87, 18



Too many transcripts?

Have we found all the genes?

What about all the genomes?



Microproteins

Under 100aa: not usually looking for proteins that small

The major approaches so far used by GENCODE:

• Evolutionary analysis

• Mass spectrometry-based searches for smORFs

• Ribo-seq / ribosome profiling



We annotated 144 new human protein-coding 

genes based on observation of protein 

constraint

50 are microproteins

GENCODE microprotein discovery: evolution



FAM240B

78aa microprotein

Gene completely missed during first pass human and mouse manual 

annotation

• Following PhyloCSF identification, annotation was possible with short-read data

• Expression of the gene is specific to fetal eye in human and mouse

GENCODE microprotein discovery: evolution



e.g. TINCR, once a famous 

lncRNA

GENCODE microprotein discovery: evolution

Alphafold structure prediction

87aa microprotein



Proteomics:

2016 reanalysis of the Pandey / Kuster lab proteomics datasets

Mass spectrometry analysis done by J. Choudhary & J. Wright

Found 16 missing protein-coding genes

We have not yet found any microproteins using MS-first approaches

GENCODE microprotein discovery: proteomics



6,885 Ribo-seq ORFs are 

<100aa (95%)

'microtranslations'

GENCODE microprotein discovery: Ribo-seq

These are *NOT* annotated as proteins, they’re just 'Ribo-seq ORFs'



ATXN
1

ATXN1 
CDS

New 29aa

PhyloCSF
CDS

UTR / non-coding ‘uORF’ is conserved in tetrapods

Canonical protein

5' UTR

GENCODE microprotein discovery efforts: Ribo-seq

Concurrent transcript annotation tries to infer how such proteins are expressed
• some uORFs are differentially transcribed compared with the canonical CDS
• some, like this case, seem to be part of the same transcript structure



Too many transcripts?

Have we found all the genes?

What about all the genomes?





Liao, et al. 2023

Mapping GENCODE annotation to HPRC Haplotypes



Where do we need to improve - novel sequence?

LPA on T2T:CHM13



Where do we need to improve - novel sequence?

LPA on T2T:CHM13



Where do we need to improve - novel sequence?

LPA on T2T:CHM13



Where do we need to improve - novel sequence?

LPA on T2T:CHM13



Where do we need to improve - novel sequence?

LPA on T2T:CHM13



Gene clusters - CYP2D6

Reference - GRCh38 CHR_HSCHR22_2_CTG1 CHR_HSCHR22_8_CTG1

CYP2D7 LoF

CYP2D6 LoF

CYP2D8 

pseudogene

CYP2D7 LoF

Novel CYP2D

pseudogene

CYP2D6 LoF
CYP2D6

CYP2D8 

pseudogene

CYP2D7 LoF



Gene clusters - KIR - T2T-CHM13



Gene clusters - KIR - T2T-CHM13



Gene clusters - KIR - T2T-CHM13



Gene clusters - KIR - T2T-CHM13



Gene clusters - KIR - T2T-CHM13



Clusters highlight another problem

GRCh38

T2T CHM13

Only 1 gene is 100% identical 

between the genomes
1:3 relationship

Almost all other GRCh38 – T2TCHM13 

pairings have a 2+ amino acid difference



Changing the concept of a gene

• Genes on reference treated as individual entities
• Unique HGNC gene symbol
• Systemic labelling in clusters

• USP17L10, USP17L11, etc

• This does not scale across pangenome

• Root gene symbol + suffix
• Capture information about haplotype, position, more?
• Human readability vs computational utility
• USP17L_******
• Apply to reference genome as an alias?
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GENCODE: reference annotation for the human and mouse genomes in 2023.
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Affiliations Expand
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