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We've been trying for a long time to
determine how many genes we have

letters to nature
Nature 201, 847 (22 Febroary 1964); doi;10.1038/201847a0

A Preliminary Estimate of the Number of Human Genes

F. VOGEL

Institut fiir Anthropologie und Humangenetik, University of Heidelberg, Germany.

RECENT results of molecular genetics enable us to estimate the number of human genes, if certain assumptions are made. The
following data are available: (1) The x-chain of human hsemoglobin contains 141, the g-chain contains 146 amino-acids,

corresponding to a molecular weight of about 17,000 each!. Assuming a triplet code2s this means that the «- and p-chains are
determined by 423 and 438 nucleotide pairs, respectively. According to 'Svedberg's law'4, many proteins consist of sub-units of the
same order of magnitude (molecular weight of about 17,500). Hence, the assumption seems to be warranted that one average
structural geno might have a length of about 450 nucleotide pairs. (2) The weight of one haploid human chromosome set in human

spermatozoa is about 2.72 x 10-12 g. Granulocytes contain about 6.23 x 10-12 g; lymphocytes contain about 5.84 x “12 g (ref. 5).
Extensive examinations have shown that the DKA. content is constant in all resting cells of one species, which have the same
number of chromosome sets, and depends on the degree of polyploidy>-®. The assumption seems to be justified that most of the
DNA works as genetic material, even if in some cells minor fractions with other functions might possibly be present’. In the
following calculations the total amount of DNA in a haploid human chromosome set is estimated to be about 3 x 10-12 g, (3) Usually
the genetic variants of human haemoglobins differ in one amino-acid substitution onlyl-8. One structural gene can only produce
one single type of genetically determined polypeptide chain. As much as we know, this applies for other genetically determined
proteins as well. This means that the genetic information for these structural genes can only be present once. Any degree of

polyteny for these loci in the germ cells is highly unlikely. As has been mentioned, however, the DNA content of diploid cells is
about twice the content of (haploid) spermatozoa. We assume that the total genetic information is only present once.




1,000,000 genes”? 100,000 genes?
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The human genome is thought to harbor 50,000 to 100,000 genes, of which about The Institute for Genomic Research, 932 Clopper Road, Galthersburg, Maryland 20878,
half have been sampled to date in the form of expressed sequence tags. An usa
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ARTICLE

Number of CpG Islands and Genes in Human and Mouse

F Antcquers and A Hird

Estimation of gene number in mammals is difficult due to the high proportion of roncoding DNA within the
nuclens. In this study, we provide n direct messurement of the number of genes in haman and mouse. We have
inken advantage af the fact that many mammalian genes are associnbed with Cpl islands whise distinctive
proqperties nllow their physical sepamtion from bulk DA, Cur resulis snggest that thete ore w23 000 CpG
islands per haploid penome in bumans and 37 000 in the mouse. Sequence comparison confirms that abous 20%
af the human CpG islands are #bsent from the homalogous mouse genes. Analysis of n selection of genes
sugpests that both bumnn and mouse are losing CpG islands over evolutionary time due to de nove methylation
in the germ line followed by Cpl loss through mudation. This process nppears @@ be mare rapid in modenis,
Combining the pamber of Cpl islands with the proparticn of island-associated genes, we estimaie that the total
number of genes per haploid genome is =&0,000 in both crganisms




Estimates in Nature Genetics (2000)
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Estimate of human gene number provided by genome-
wide analysis using Tetraodon nigroviridis DNA

sequence

Hugues Roest Crollius, Olivier Jaillon, Alain Bernot, Corinne Dasilva, Laurence Bouneau, Cécile Fischer,
Cécile Fizames, Patrick Wincker, Philippe Brottier, Francis Quétier, William Saurin & Jean Weissenbach

« 28,000 - 34,000
« Based on alignments to pufferfish (Tetraodon
nigroviridis)




Estimates in Nature Genetics (2000)
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Analysis of expressed sequence tags indicates 35,000
human genes

Brent Ewing & Phil Green

« Based on expressed sequence tag (EST)
alignments to human chromosome 22




Estimates in Nature Genetics (2000)
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Gene Index analysis of the human genome estimates
approximately 120,000 genes

Feng Liang, Ingeborg Holt, Geo Pertea, Svetlana Karamycheva, Steven L. Salzberg & John Quackenbush

 Based on assemblies of ESTs
* Extrapolated to whole human genome




Estimates in Nature Genetics (2000)
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Gene Index analysis estimates the human genome contains 120,000 genes
F. Liang et al.

Nature Genet. 25, 239-240 (2000).

« Correction to avoid over-counting immunoglobulin
ESTs

« 81,000 genes, based on assemblies of ESTs
« 57,000 genes, extrapolating from Chr 21 and 22




The gene count guessing game
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HUMAN GENOME PROJECT:
And the Gene Numberls ..?

Elizabeth Pennisi

COLD SPRING HARBOR, NEW YORK--Even though a draft sequence of the human
genome is nearing completion, biologists still don't know how many genes it
contains. Indeed, the range of estimates seems to be growing rather than shrinking.
The guestion lies at the core of our understanding of genetic complexity. If genomes

are the books of life, then genes are the words that tell the story of each organism.
Biologists have long assumed that microorganisms are short stories and complex
organisms such as humans, great tomes.

Place your bet. Uncertainty over the number of human genes has sparked a
debate--and a betting pool.




Human genome paper I:
Nature 409(15 Feb 2001), 860-921

articles

Initial sequencing and analysis of the
human genome

International Human Genome Sequencing Consortium*

* A partial list of authors appears on the opposite page. Affiliations are listed at the end of the paper.
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- 30,000 - 40,000 genes
« Large degree of uncertainty about total

 Number of distinct transcripts and proteins even less
certain




Human genome paper II:
Science 291(16 Feb 2001), 1304-51

The Sequfl::,i?_f .‘thel I:'-I-umarll 'l.'fenume. > . 26’588 genes
« 12,000 additional
L “likely” genes based on
o similarity to mouse or
' other evidence
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Human genome version 2.0:
Nature 431 (21 October 2004)

Finishing the euchromatic sequence of
the human genome

Intemational Human Genome Sequencing Consortium™*

* A list of authors and their affiliations appears in the Supplementary Information

The sequence of the human genome encodes the genetic instructions for human physiology, as well as rich information about
human evolution. In 2001, the International Human Genome Sequencing Consortium reported a draft sequence of the euchromatic
portion of the human genome. Since then, the international collaboration has worked to convert this draft into a genome seguence
with high accuracy and neardly complete coverage. Here, we report the result of this finishing process. The current genome
sequence (Build 35) contains 2.85 billion nucleotides interrupted by only 341 gaps. It covers ~99% of the euchromatic genome and
is accurate to an error rate of ~1 event per 100,000 bases. Many of the remaining euchromatic gaps are associated with segmental
duplications and will require focused work with new methods. The near-complete sequence, the first for a vertebrate, greatly
improves the precision of biological analyses of the human genome including studies of gene number, birth and death. Notably, the
human genome seems to encode only 20,000-25,000 protein-coding genes. The genome sequence reported here should serve asa
firm foundation for biomedical research in the decades ahead.

- 20,000 - 25,000 genes




How do we find genes”?

* Ab initio gene finding

Expressed sequence tags (ESTs)
Full-length cDNA sequencing

Alignment of protein sequences to
genomic DNA

Combining all the evidence together













Training a Gene Finder
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he GlimmerHMM Home Page
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GLIMMERHMM

Eukaryotic Gene-Finding System
University of Maryland » UMIACS » CBCE » Glimmer

OVERVIEW

GlimmerHMM is a new gene finder based on a Generalized Hidden Markov Model (GHMM). Although the gene finder conforms to the overa
mathematical framework of a GHMM, additionally it incorporates splice site models adapted from the G-!I‘Q‘-J',_.‘llirll program and a decision trea

adapted from GlimmerM. It also utilizes Ir

polated Markov Models for the coding and noncoding models . Currently, GlimmerHMM's GHMM structure

includes introns of each phase, intergenic regions, and four types of exons (initial, internal, final, and single). A basic user manual can be consulted

here.

SYSTEM REQUIREMENTS

GlimmerHMM is released as source code and was tested on Linux RedHat 6.x+, Sun Solaris, and Alpha OS5F1, but should work on any Unix system.

ACCURACY

GlimmerHMM has been trained on several species incl

ng Arabidopsis thaliana, Coccidioides species, Cryptococcus neoformans, and Brugia malayi.

MNew: trainings for C. elegans and Danio rerio (zebrafish) are now available!

| I Nuce Sens | Nuce Spec | Nuc Accur | Exon Sens [ Exon Spec | Exact Genes | Size of test set
\D.rerio | o3 [ 7ex | sex | 7 | 6w | 24% | 549 genes
\C.elegans [ oex [ osx | oex [ s | 8% | 42% | 1886 genes
Wrabidopsis [ o7 | 9o | oex | sax | 8% | 6% | 809 genes
(Cryptococcus | 9% | 99% | osx | 8% | 88x | 53% | 350 genes
|Coccidioides | 9% | om | oo | 8ax | sex | 60% | 503 genes
\Brugia | o3 [ oex | | 78x [ 8% | 25% [ 477 genes

GlimmerHM :n recently trained on human. 7 ormace compared to Genscan on 963 human RefSeq g

\Glimmertitm | sex | 72 | 7 [ s [ e [ em | 17%
| 8% | esx | 7w | emw | e | esx | 13%

| Nuc Sens | Nuc Spec | Nuc Acc | Exon Sens | Exon Spec | Exon Acc | Exact Genes

|C enscan




How do we find genes”?

Ab initio gene finding
Expressed sequence tags (ESTs)
Full-length cDNA sequencing

Alignment of protein sequences to
genomic DNA

Combining all the evidence together




Putting it all together manually

* View ab initio predictions and sequence
alignments within a genome editor:

Artemis , ,
Annotation Station
ApOHO T e —

[T TR




Putting it all together automatically
with JIGSAW
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valuating methods on 1% of the
human genome: ENCODE

GENES IN ACTION

The ENCODE (ENCyclopedia Of
DNA Elements) Project

The ENCODE Project Consortium™f

VIEWFPOINT

SPECIAL SECTION

The ENCyclopadia OF DNA Elements (ENCODE) Praject aims to identify all functional approaches, such as cDNA-cloning  elTori
elements in the human genome sequence, The pilot phase of the Project is focusad on (4, 5) and chip-based transcriptome analyses
a spadfied 30 megabases (~1%) of the human genome sequence and is organized as (%, 73, have revealed the exisience of many
an intemational consortium of computational and laboratory-based scientists transcribed sequences of unknown function.

waorking to develop and apply high-throughput approaches for datecting all sequence As a reflaction of this complexity, about 5%
elements that confer biological function. The resuits of this pilot phase will guide of the human gepome is evolutiomarily
future efferts to analyze the entire human genome, conserved with respoct o rodent genomic

oA n

With the complete human genoime equence
now mn hand (J/-3), we face the enormous
challenge of interpreting it and learning how
to use that imformation to understand the
biology of human health and disease. The
EMCyelopedia OF DMNA Elements ( ENCODE)
Project 15 predicated on the belief that

comprehensive catalog of the structural and
functional components encoded i the hu
man genome sequence will be critical for
understanding human biology well enough
(o address those fundamental aims of bio
medical research. Such a complete catalog,

or “parts list.” would include protein-coding

Science 306 (2004), 636-640.




ENCODE
Gene finding
ASsessment

Project
(EGASP)

The GencodeDB Genome Browser. Fig. 2 from Guigo et al., Genome Biology 2006, 7(Suppl 1):S2.
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EGASP results: Exon prediction accuracy among
28 different methods

From Guigo et al., Genome Biology 2006, 7(Suppl 1):S2



EGASP results: overall gene accuracy

Genefinding Method Sens Spec
AUGUSTUS-any 47.9 35.5
FGENESH++ 69.9 42.0
JIGSAW 72.6 65.9
PAIRAGON-any 69.5 61.3
AUGUSTUS-abinit 24.3 17.2
GENEMARK.hmm-A 15.2 3.2
GENEMARK.hmm-B 16.8 7.9
GENEZILLA 19.5 8.8
ACEVIEW 63.5 48.6
AUGUSTUS-EST 47 .6 37.0
ENSEMBL 71.6 67.3
EXOGEAN 63.1 80.8
EXONHUNTER 21.9 6.3
PAIRAGON+NSCAN _EST 69.5 61.7
AUGUSTUS-dual 26.0 18.6
DOGFISH 10.8 14.6
MARS 334 24.9
NSCAN 35.4 36.7
SAGA 4.3 3.4
GENSCAN 15.5 10.1
KNOWNgene 77.0 72.7
TWINSCAN 22.3 20.2




So, where are we now?




Ensembl genes e!Erweran Human
www.ensembl.org

21,774 "Known genes’
1,036 Novel genes

3,994 RNA genes
69,185 Genscan gene predictions

Let’s not forget pseudogenes

« 27,130 pseudogenes
* WWW.pseudogene.org




Current NCBI gene counts
www.ncbi.nih.gov

* Entrez Gene:

— 38,621 genes

— But this includes pseudogenes
» RefSeq:

— 28,961 genes

— 31,784 transcripts
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Initial statistics for Homo sapiens for build 35.1

Current statistics for Homo sapiens for build 35.1

Initial statistics for Mus musculus for build 36.1

Current statistics for Mus musculus for build 36.1

] Initial statisti

as of March 2, 2005

CCDS Totals
Category
CCDS IDs
Gene IDs
Sequence IDs

for Homo sapiens for build 35.1 *

Feb. 26, 2007

Sequence 1Ds by Organization
NCBI RefSeq
EBI,WTSI Records

GenelD

Genes with >1 CCDS
ID

Lesson:
Science 1sn’t

decided by
voting




So, we still don’t have a gene count

...and for many genes, we aren’t yet
sure of their exon-intron structure...

...and there are > 1000 other genomes
already complete or under way...

...S0 we aren’t giving up!
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Evaluating Gene Predictions

EVALUATION AT NUCLEOTIDE LEVEL EVALUATION AT EXON LEVEL
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Fig. 3 from Guigo et al., Genome Biology 2006, 7(Suppl 1):S2.




