


1995     Haemophilus influenzae (1.83 Mb; 1,742 genes)
1996     Saccharomyces cerevisae (12 Mb; 6,000 genes)
1998     Caenorhabditis elegans (97 Mb; 19,000 genes)
2000     Arabidopsis thaliana (115/125 Mb; 25,000 genes)
2000 Drosophila melanogaster (~120 Mb; 13,600 genes)
2001     Homo sapiens (90%; 2,900 Mb; ~30k genes)
2002 Mus musculus (96%; 2,500 Mb; ~30K genes)
2002     Oryza sativa L. ssp. indica (92%; 466 Mb; 46-56k genes)
2002 Oryza sativa L. ssp. Japonica (93%; 420 Mb; 32-50k genes)
2002 Fugu rubripes (95%; 365 Mb; 33,609 genes)
2004 H. sapiens (99% euchromatin; 2,850 Mb; 20,000-25,000 genes)



The Human Genome Project is an ambitious 
effort to understand the hereditary 
instructions that make each of us unique. The 
goal of this effort is to find the location of the 
100,000 or so human genes and to read the 
entire genetic script, all 3 billion bits of 
information, by the year 2005.



Human Genome Project
http://www.ornl.gov/TechResources/Human_Genome/



How does the human genome 
stack up?

99700Human immunodeficiency virus (HIV)

3,2004.6 millionBacterium (E. coli)

6,00012.1 millionYeast (S. cerevisiae)

13,000137 millionFruit fly (D. melanogaster)

19,00097 millionRoundworm (C. elegans)

25,000100 millionMustard weed (A. thaliana)

30,0002.6 billionLaboratory mouse (M. musculus)

30,0003 billionHuman (Homo sapiens)

Estimated GenesGenome Size (Bases)Organism



International Human Genome Sequencing Consortium 
Announces “Working Draft” of Human Genome - - -

June 26, 2000.
The sixteen institutions that form the Human Genome Sequencing Consortium include: 

1. Baylor College of Medicine, Houston, Texas, USA
2. Beijing Human Genome Center, Institute of Genetics, Chinese Academy of Sciences, Beijing, China 
3. Gesellschaft fur Biotechnologische Forschung mbH, Braunschweig, Germany
4. Genoscope, Evry, France
5. Genome Therapeutics Corporation, Waltham, MA, USA
6. Institute for Molecular Biotechnology, Jena, Germany
7. Joint Genome Institute, U.S. Department of Energy, Walnut Creek, CA, USA
8. Keio University, Tokyo, Japan
9. Max Planck Institute for Molecular Genetics, Berlin, Germany
10. RIKEN Genomic Sciences Center, Saitama, Japan
11. The Sanger Centre, Hinxton, U.K.
12. Stanford DNA Sequencing and Technology Development Center, Palo Alto, CA, USA 
13. University of Washington Genome Center, Seattle, WA, USA 
14. University of Washington Multimegabase Sequencing Center, Seattle, WA, USA 
15. Whitehead Institute for Biomedical Research, MIT, Cambridge, MA, USA 
16. Washington University Genome Sequencing Center, St. Louis, MO, USA
In addition, two institutions played a key role in providing computational support and analysis for the Human Genome Project over 
the course of the past eighteen months. These include: 

The National Center for Biotechnology Information at NIH
The European Bioinformatics Institute in Cambridge, UK 
Scientists at the University of California, Santa Cruz, and Neomorphic, Inc. also assisted the assembly of the genome sequence 
across chromosomes,



The 14.8-billion bp DNA sequence was generated over 9 months 
from 27,271,853 high-quality sequence reads (5.11-fold coverage of 
the genome) from both ends of plasmid clones made from the DNA 
of five individuals.

26,588 protein-encoding genes plus 12,000 predicted.
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Genomics and Its Impact on 
Science and Society: 
The Human Genome Project and 
Beyond

U.S. Department of Energy Genome Programs
http://doegenomes.org



Human Genome Project

Goals:
■ identify all the approximate 30,000 genes in human DNA, 
■ determine the sequences of the 3 billion chemical base pairs that make up human DNA, 
■ store this information in databases, 
■ improve tools for data analysis, 
■ transfer related technologies to the private sector, and 
■ address the ethical, legal, and social issues (ELSI) that may arise from the project. 

Milestones:
■ 1990: Project initiated as joint effort of U.S. Department of Energy and the National Institutes of 
Health 
■ June 2000: Completion of a working draft of the entire human genome 
■ February 2001: Analyses of the working draft are published
■ April 2003: HGP sequencing is completed and Project is declared finished two years ahead of 
schedule

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



Specific Goals (Phase II 1998-2003)



Genetic Map
Complete the 2-5 cM map by 1995 
Develop technology for rapid genotyping 
Develop markers that are easier to use
Develop new mapping technologies

Physical Map
Complete an STS map of the human genome at a resolution of 100 kb

DNA Sequencing
Develop efficient approaches to sequencing one- to several- megabase regions of DNA 
of high biological interest.
Develop technology for high throughput sequencing, focusing on systems integration 
of all steps from template preparation to data analysis. 
Build up sequencing capacity to a collective rate of 50 Mb per year by the end of the 
period. This rate should result in an aggregate of 80 Mb of DNA sequence completed 
by the end of FY 1998.

Specific Goals (Phase I 1993-1998)



Gene Identification
Develop efficient methods of identifying genes and for placement of known genes on physical 

maps or sequenced DNA.

Technology Development
Substantially expand support of innovative technological developments as well as improvements 
in current technology for DNA sequencing and to meet the needs of the Human Genome Project 
as a whole.

Model Organisms
Finish an STS map of the mouse at 300 Kb resolution 
Finish the sequence of the E. coli and S. cerevisiae genomes by 1998 or earlier 
Continue sequencing C. elegans and Drosophila genomes, with the aim of bringing C. elegans
to near completion by 1998 
Sequence selected segments of mouse DNA side by side with corresponding human DNA in 
areas of high biological interest

Specific Goals (Phase I 1993-1998)



Informatics
Continue to create, develop and operate databases and database tools for easy access to data, 
including effective tools and standards for data exchange and links among databases 
Consolidate, distribute and continue to develop effective software for large-scale genome 
projects 
Continue to develop tools for comparing and interpreting genome information

Ethical, Legal and Social Implications (ELSI)
Continue to identify and define issues and develop policy options to address them 
Develop and disseminate policy options regarding genetic testing services with widespread 
potential use 
Foster greater acceptance of human genetic variation 
Enhance and expand public and professional education that is sensitive to sociocultural and 
psychological issues

Training
Continue to encourage training of scientists in interdisciplinary sciences related to genome research

Specific Goals (Phase I 1993-1998)



Specific Goals (Phase I 1993-1998)
Technology Transfer
Encourage and enhance technology transfer both into and out of centers of genome research

Outreach
Cooperate with those who would set up distribution centers for genome materials. 
Share all information and materials within 6 months of their development. This should be 
accomplished by submission to public databases or repositories, or both, where 
appropriate.



Specific Goals (Phase II 1998-2003)



Goal 1--The Human DNA Sequence 

a) Finish the complete human genome sequence by the end of 2003.

b) Finish one-third of the human DNA sequence by the end of 2001.

c) Achieve coverage of at least 90% of the genome in a working draft based on 
mapped clones by the end of 2001.

d) Make the sequence totally and freely accessible.

Specific Goals (Phase II 1998-2003)



Goal 2--Sequencing Technology 

a) Continue to increase the throughput and reduce the cost of current sequencing 
technology.

b) Support research on novel technologies that can lead to significant 
improvements in sequencing technology.

c) Develop effective methods for the advanced development and introduction of 
new sequencing technologies into the sequencing process.

Specific Goals (Phase II 1998-2003)



a) Develop technologies for rapid, large-scale identification or scoring, or both, of 
SNPs and other DNA sequence variants.

b) Identify common variants in the coding regions of the majority of identified genes 
during this 5-year period.

c) Create an SNP map of at least 100,000 markers.

d) Develop the intellectual foundations for studies of sequence variation.

e) Create public resources of DNA samples and cell lines.

Goal 3--Human Genome Sequence Variation 

Specific Goals (Phase II 1998-2003)



Goal 4--Technology for Functional Genomics 

a) Develop cDNA resources.

b) Support research on methods for studying functions of non-protein-coding 
sequences.

c) Develop technology for comprehensive analysis of gene expression.

d) Improve methods for genome-wide mutagenesis.

e) Develop technology for global protein analysis.

Specific Goals (Phase II 1998-2003)



Goal 5--Comparative Genomics 

a) Complete the sequence of the C. elegans genome in 1998.

b) Complete the sequence of the Drosophila genome by 2002.

c) The mouse genome.
1) Develop physical and genetic mapping resources.
2) Develop additional cDNA resources.
3) Complete the sequence of the mouse genome by 2005.

d) Identify other model organisms that can make major contributions to the 
understanding of the human genome and support appropriate genomic 
studies.

Specific Goals (Phase II 1998-2003)



Goal 6--Ethical, Legal, and Social Implications (ELSI)



Automatic sequencer



The dawn of sequencing:

Protein sequencing-

The earliest techniques were based on methods for separation 
of proteins and peptides, coupled with methods for identification 
and quantification of amino acids. Initially, the majority of protein 
sequences were obtained by the manual process of sequential Edman
degradation - dansylation. Advanced in mass spectrometry allowed 
significant progress.

Nucleic acid sequencing-

The first technique were only applicable to RNA. Fast, and 
efficient DNA sequencing had emerged using chain termination 
(Sanger) and chemical degradation (Maxam and Gilbert) approaches. 



A Primer of Genome Science by Gibson and Muse, 2002. Sinauer Associates Inc.



The Growth of GenBank sequence database in the past 10 years.

Release Year Base pairs Entries

58 88 24,690,876 21,248
62 89 37,183,950 31,229
66 90 51,306,092 41,057
70 91 77,337,678 58,952
74 92 120,242,234 97,084
80 93 163,802,597 150,744
86 94 230,485,928 237,775
92 95 425,860,958 620,765
98 96 730,552,938 1,114,581
104 97 1,258,290,513 1,891,953
110 98 2,162,067,871 3,043,729
115 99 4,653,932,745 5,354,511





A Primer of Genome Science by Gibson and Muse, 2002. Sinauer Associates Inc.



A Primer of Genome Science by Gibson and Muse, 2002. Sinauer Associates Inc.



HTG Division: 
High Throughput Genom e Records
HTG Division: 
High Throughput Genom e Records

40,000 to > 350,000 bp

phase 1

phase 2

phase 3

HTG

HTG

PRI

Acc = AC008701    gi= 6601005

Acc = AC008701     gi= 6671909

Acc = AC008701      gi = 7328720



http://www.pasteur.fr/recherche/unites/biophyadn/e-mapping.html

















Sequence tagged site (STS): A short (200 to 500 base pair) 
DNA sequence that occurs but once in the genome and whose 
location and base sequence are known. STSs are detectable by 
polymerase chain reaction (PCR ), are useful for localizing and 
orienting the mapping and sequence data, and serve as 
landmarks on the physical map of a genome. 

Random amplified polymorphic DNAs (RAPDs) is a method 
of PCR where  arbitrarily chosen 10 base primers are used to 
search for variation in  DNA (Williams et al., 1990). RAPDs 
data can contain artifacts (Ellsworth et al. 1993), and are not 
fully reproduceable (Paterson 1996). However, RAPDs have 
been be used to generate large numbers of genetic markers 
useful for linakge mapping quickly and cheaply (Antolin et al., 
1996). 





What does the draft human genome 
sequence tell us?

By the Numbers

• The human genome contains 3 billion chemical nucleotide bases (A, C, T, and G).

• The average gene consists of 3000 bases, but sizes vary greatly, with the largest known 
human gene being dystrophin at 2.4 million bases.

• The total number of genes is estimated at around 30,000--much lower than previous estimates 
of 80,000 to 140,000.

• Almost all (99.9%) nucleotide bases are exactly the same in all people.

• The functions are unknown for over 50% of discovered genes.

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



What does the draft human genome 
sequence tell us?

How It's Arranged
• The human genome's gene-dense "urban centers" are predominantly composed of the DNA 
building blocks G and C.

• In contrast, the gene-poor "deserts" are rich in the DNA building blocks A and T. GC- and AT-
rich regions usually can be seen through a microscope as light and dark bands on 
chromosomes.

• Genes appear to be concentrated in random areas along the genome, with vast expanses of 
noncoding DNA between.

• Stretches of up to 30,000 C and G bases repeating over and over often occur adjacent to 
gene-rich areas, forming a barrier between the genes and the "junk DNA." These CpG islands 
are believed to help regulate gene activity.

• Chromosome 1 has the most genes (2968), and the Y chromosome has the fewest (231).

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



What does the draft human genome 
sequence tell us?

The Wheat from the Chaff

• Less than 2% of the genome codes for proteins.

• Repeated sequences that do not code for proteins ("junk DNA") make up at least 50% of 
the human genome.

• Repetitive sequences are thought to have no direct functions, but they shed light on 
chromosome structure and dynamics. Over time, these repeats reshape the genome by 
rearranging it, creating entirely new genes, and modifying and reshuffling existing genes.

• The human genome has a much greater portion (50%) of repeat sequences than the 
mustard weed (11%), the worm (7%), and the fly (3%).

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



What does the draft human genome 
sequence tell us?

How the Human Compares with Other Organisms
• Unlike the human's seemingly random distribution of gene-rich areas, many other organisms' 
genomes are more uniform, with genes evenly spaced throughout.

• Humans have on average three times as many kinds of proteins as the fly or worm because of 
mRNA transcript "alternative splicing" and chemical modifications to the proteins. This process can 
yield different protein products from the same gene.

• Humans share most of the same protein families with worms, flies, and plants; but the number of 
gene family members has expanded in humans, especially in proteins involved in development and 
immunity.

• Although humans appear to have stopped accumulating repeated DNA over 50 million years ago, 
there seems to be no such decline in rodents. This may account for some of the fundamental 
differences between hominids and rodents, although gene estimates are similar in these species. 
Scientists have proposed many theories to explain evolutionary contrasts between humans and 
other organisms, including those of life span, litter sizes, inbreeding, and genetic drift.

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



What does the draft human genome 
sequence tell us?

Variations and Mutations
• Scientists have identified about 3 million locations where single-base DNA differences (SNPs) 
occur in humans. This information promises to revolutionize the processes of finding chromosomal 
locations for disease-associated sequences and tracing human history.

• The ratio of germline (sperm or egg cell) mutations is 2:1 in males vs females.  Researchers point 
to several reasons for the higher mutation rate in the male germline, including the greater number of 
cell divisions required for sperm formation than for eggs.

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003





OBESITY is an excess of body fat that frequently results in a 
significant impairment of health. Doctors generally agree that 
men with more than 25% body fat and women with more 
than 30% are obese. Obesity is a known risk factor for 
chronic diseases including heart disease, diabetes, high 
blood pressure, stroke and some forms of cancer. Evidence 
suggests that obesity has more than one cause: genetic, 
environmental, psychological and other factors may all play a 
part.

The hormone leptin, produced by adipocytes (fat cells), was 
discovered about three years ago in mice. Subsequently the 
human Ob gene was mapped to chromosome 7. Leptin is 
thought to act as a lipostat: as the amount of fat stored in 
adipocytes rises, leptin is released into the blood and signals 
to the brain that the body has enough to eat. However, most 
overweight people have high levels of leptin in their 
bloodstream, indicating that other molecules also effect 
feelings of satiety and contribute to the regulation of body 
weight. 

The discovery of leptin has initiated a flurry of research into 
the molecular basis of weight control. A whole network of 
signals contributes to weight homeostasis, and other key 
players are being discovered on an ongoing basis. Mice have 
proved to be an extremely useful model for human obesity, 
and have helped to begin to unravel the components that 
contribute to maintaining body weight. Since the market for 
effective weight-reducing therapies is enormous, drug 
companies are working alongside basic scientists to find 
possible drug targets among the tangle of molecules that 
control body weight. 



• Gene number, exact locations, and functions 
• Gene regulation 
• DNA sequence organization
• Chromosomal structure and organization 
• Noncoding DNA types, amount, distribution, information content, and functions 
• Coordination of gene expression, protein synthesis, and post-translational events 
• Interaction of proteins in complex molecular machines
• Predicted vs experimentally determined gene function
• Evolutionary conservation among organisms
• Protein conservation (structure and function)
• Proteomes (total protein content and function) in organisms
• Correlation of SNPs (single-base DNA variations among individuals) with health and disease
• Disease-susceptibility prediction based on gene sequence variation
• Genes involved in complex traits and multigene diseases
• Complex systems biology including microbial consortia useful for environmental restoration
• Developmental genetics, genomics

Future Challenges: 
What We Still Don’t Know

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



Anticipated Benefits of 
Genome Research

Molecular Medicine
• improve diagnosis of disease
• detect genetic predispositions to disease
• create drugs based on molecular information
• use gene therapy and control systems as drugs
• design “custom drugs” (pharmacogenomics) based on individual genetic profiles 

Microbial Genomics
• rapidly detect and treat pathogens (disease-causing microbes) in clinical practice
• develop new energy sources (biofuels)
• monitor environments to detect pollutants
• protect citizenry from biological and chemical warfare
• clean up toxic waste safely and efficiently

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



Risk Assessment 
• evaluate the health risks faced by individuals who may be exposed to radiation (including low 
levels in industrial areas) and to cancer-causing chemicals and toxins

Bioarchaeology, Anthropology, Evolution, and Human Migration
• study evolution through germline mutations in lineages
• study migration of different population groups based on maternal inheritance
• study mutations on the Y chromosome to trace lineage and migration of males
• compare breakpoints in the evolution of mutations with ages of populations and historical 
events

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003

Anticipated Benefits of 
Genome Research-cont.



DNA Identification (Forensics)
• identify potential suspects whose DNA may match evidence left at crime scenes
• exonerate persons wrongly accused of crimes
• identify crime and catastrophe victims
• establish paternity and other family relationships
• identify endangered and protected species as an aid to wildlife officials (could be used for 
prosecuting poachers)
• detect bacteria and other organisms that may pollute air, water, soil, and food
• match organ donors with recipients in transplant programs
• determine pedigree for seed or livestock breeds
• authenticate consumables such as caviar and wine

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003

Anticipated Benefits of 
Genome Research-cont.



Agriculture, Livestock Breeding, and Bioprocessing
• grow disease-, insect-, and drought-resistant crops
• breed healthier, more productive, disease-resistant farm animals
• grow more nutritious produce
• develop biopesticides
• incorporate edible vaccines incorporated into food products
• develop new environmental cleanup uses for plants like tobacco

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003

Anticipated Benefits of 
Genome Research-cont.



Anticipated Benefits:
• improved diagnosis of disease 
• earlier detection of genetic predispositions to disease 
• rational drug design 
• gene therapy and control systems for drugs 
• personalized, custom drugs

Medicine and the New 
Genetics

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003

Gene Testing   Pharmacogenomics Gene Therapy



ELSI: Ethical, Legal, 
and Social Issues

• Privacy and confidentiality of genetic information. 

• Fairness in the use of genetic information by insurers, employers, courts, schools, adoption 
agencies, and the military, among others. 

• Psychological impact, stigmatization, and discrimination due to an individual’s genetic 
differences. 

• Reproductive issues including adequate and informed consent and use of genetic information in 
reproductive decision making.

• Clinical issues including the education of doctors and other health-service providers, people 
identified with genetic conditions, and the general public about capabilities, limitations, and social 
risks; and implementation of standards and quality-control measures.

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



ELSI Issues (cont.)

• Uncertainties associated with gene tests for susceptibilities and complex conditions (e.g., 
heart disease, diabetes, and Alzheimer’s disease). 

• Fairness in access to advanced genomic technologies. 

• Conceptual and philosophical implications regarding human responsibility, free will vs genetic 
determinism, and concepts of health and disease. 

• Health and environmental issues concerning genetically modified (GM) foods and microbes. 

• Commercialization of products including property rights (patents, copyrights, and trade secrets) 
and accessibility of data and materials. 

U.S. Department of Energy Genome Programs, Genomics and Its Impact on Science and Society, 2003



Beyond the HGP: What’s Next?

HapMap Systems Biology
Exploring Microbial Genomes for 

Energy and the Environment
Chart genetic variation 

within the human genome



HapMap
An NIH program to chart genetic variation 

within the human genome

• Begun in 2002, the project is a 3-year effort to 
construct a map of the patterns of SNPs (single 
nucleotide polymorphisms) that occur across 
populations in Africa, Asia, and the United States.
• Consortium of researchers from six countries

• Researchers hope that dramatically decreasing the 
number of individual SNPs to be scanned will provide 
a shortcut for identifying the DNA regions associated 
with common complex diseases

• Map may also be useful in understanding how 
genetic variation contributes to responses in 
environmental factors



1 ABDR-1 C-C-A-G-G-T-A-G-C-G-C-G-A-A-G-C-A-T-T-T-C-T-G-T-A-G-T-A-C-G-A
2 ABDR-2 C-C-A-G-G-T-A-G-C-G-C-T-C-T-A-A-G-C-A-A-C-T-G-G-C-G-A-C-G-A-G
3 ABDR-3 C-C-C-G-G-T-G-G-T-A-C-G-A-A-G-C-A-C-A-A-T-C-G-G-C-G-A-A-C-A-C
4 ABDR-4 C-C-C-G-G-T-G-G-T-A-C-G-A-A-G-C-A-C-A-A-T-C-G-T-A-G-T-A-C-G-A
5 ABDR-5 C-C-C-G-G-T-G-G-T-A-C-G-A-G-G-T-A-T-C-T-C-T-A-G-C-A-G-T-C-G-T
6 ABDR-6 C-C-C-G-G-T-G-G-T-A-C-G-A-G-G-T-A-T-C-T-C-T-A-G-C-G-A-C-G-A-G
7 ABDR-7 C-T-C-G-G-T-G-G-C-G-C-G-A-G-G-T-G-T-A-T-C-T-A-T-A-A-A-C-G-G-C
8 ABDR-8 C-T-C-G-G-T-G-G-C-G-C-T-C-T-A-A-G-C-A-G-C-T-G-T-A-G-A-T-C-G-C
9 ABDR-9 C-T-C-G-G-T-G-G-C-G-C-T-C-T-A-T-G-C-A-A-C-T-G-G-C-G-A-C-G-A-G
10 ABDR-10 G-A-C-G-G-T-G-A-T-A-T-G-A-G-G-T-A-T-C-T-C-T-A-G-C-G-T-A-C-G-C
11 ABDR-11 G-A-C-G-G-T-G-A-T-A-T-T-C-T-A-G-G-C-T-T-T-C-G-G-A-A-A-C-G-A-C
12 ABDR-12 G-C-C-G-G-T-C-G-C-G-C-G-A-G-G-C-A-T-A-T-C-T-A-T-A-G-A-T-C-G-C
13 ABDR-13 G-C-C-G-G-T-C-G-C-G-C-T-C-T-A-A-G-C-A-G-C-T-G-T-A-A-A-C-G-G-C
14 ABDR-14 G-T-A-T-C-G-C-A-T-A-T-G-A-A-G-C-A-C-A-A-T-C-G-G-A-A-A-C-G-A-C
15 ABDR-15 G-T-A-T-C-G-C-A-T-A-T-G-A-G-G-T-G-T-A-T-C-T-A-G-A-A-A-C-G-A-C
16 ABDR-16 G-T-A-T-C-G-C-A-T-A-T-G-A-G-G-T-G-T-A-T-C-T-A-G-C-A-G-T-C-G-T
17 ABDR-17 G-T-A-T-C-G-C-A-T-A-T-G-C-G-G-A-G-C-C-G-T-C-A-A-A-A-T-T-G-G-A
18 ABDR-18 G-T-A-T-C-G-C-A-T-A-T-G-C-G-G-C-G-C-C-G-T-C-A-G-A-A-A-C-G-A-C
19 ABDR-19 G-T-A-T-C-G-C-A-T-A-T-T-C-T-A-A-G-C-A-G-C-T-G-T-A-G-A-T-C-G-C
20 ABDR-20 G-T-A-T-C-G-C-A-T-A-T-T-C-T-A-G-G-C-T-T-T-C-G-G-A-A-A-C-G-A-C



Genomes to Life: 
A DOE Systems Biology 

Program
Exploring Microbial Genomes for Energy and the 

Environment

Goals
• identify the protein machines that carry out critical life functions
• characterize the gene regulatory networks that control these machines
• characterize the functional repertoire of complex microbial communities in their natural 
environments
• develop the computational capabilities to integrate and understand these data and begin 
to model complex biological systems



GTL Applications in 
Energy Security and Global Climate Change





http://genome.ucsc.edu/





HGREP  http://hgrep.ims.u-tokyo.ac.jp/



NCBI genome 
resource







Ensembl Site Map

www.ensembl.org
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Initial sequencing and 
comparative analysis of the mouse 
genome

Mouse Genome Sequencing Consortium



In the roughly 75 million years since the divergence of the human and mouse lineages, 
the process of evolution has altered their genome sequences and caused them to diverge 
by nearly one substitution for every two nucleotides (see below) as well as by deletion 
and insertion.



0.00595.8>40
0.0452.330–39
0.2801.020–29
2.5000.610–19
9.8000.30–9

Disagreement with 
finished

sequence (%) *

Bases in draft 
genome 

sequence
with this score 

(%)

Quality score

Distribution of quality scores in the draft mouse genome sequence



The draft sequence was generated by assembling about sevenfold 
sequence coverage from female mice of the C57BL/6J strain (referred to 
below as B6). The assembly contains about 96% of the sequence of the 
euchromatic genome (excluding chromosome Y) in sequence contigs 
linked together into large units, usually larger than 50 megabases (Mb).



a total of 88 
ultracontigs with an 
N50 length of 
50.6 Mb (exclusive 
of gaps) contained 
95.7% of the 
assembled sequence



Size ratio of 
mouse to 
human for 
orthologous 
100-kb 
windows.



The mouse genome is about 14% smaller than 
the human genome (2.5 Gb compared with 
2.9 Gb). The difference probably reflects a 
higher rate of deletion in the mouse lineage.





Figure 2 Conservation of synteny between human and mouse. We 
detected 558,000 highly conserved, reciprocally unique landmarks
within the mouse and human genomes, which can be joined into 
conserved syntenic segments and blocks (defined in text). A typical 
510-kb segment of mouse chromosome 12 that shares common 
ancestry with a 600-kb section of human chromosome 14 is shown. 
Blue lines connect the reciprocal unique matches in the two 
genomes. The cyan bars represent sequence coverage in each of the 
two genomes for the regions. In general, the landmarks in the mouse 
genome are more closely spaced, reflecting the 14% smaller overall 
genome size. 





Over 90% of the mouse and human genomes can be 
partitioned into corresponding regions of conserved 
synteny, reflecting segments in which the gene order 
in the most recent common ancestor has been 
conserved in both species.

At the nucleotide level, approximately 40% of the 
human genome can be aligned to the mouse genome. 
These sequences seem to represent most of the 
orthologous sequences that remain in both lineages 
from the common ancestor, with the rest likely to 
have been deleted in one or both genomes.



The single most prevalent feature of mammalian 
genomes is their repetitive sequences, most of 
which are interspersed repeats representing 'fossils' 
of transposable elements. Transposable elements 
are a principal force in reshaping the genome, and 
their fossils thus provide powerful reporters for 
measuring evolutionary forces acting on the 
genome.



All mammals have essentially the same four 
classes of transposable elements: (1) the 
autonomous long interspersed nucleotide element 
(LINE)-like elements; (2) the LINE-dependent, 
short RNA-derived short interspersed nucleotide 
elements (SINEs); (3) retrovirus-like elements 
with long terminal repeats (LTRs); and (4) DNA 
transposons. The first three classes procreate by 
reverse transcription of an RNA intermediate 
(retroposition), whereas DNA transposons move 
by a cut-and-paste mechanism of DNA sequence



Long interspersed nuclear elements

Short interspersed nuclear elements
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Name Family Class
5S                    rRNA          rRNA
7SK                RNA          RNA
7SLRNA       srpRNA     srpRNA
BLACKJACK DNA         AcHobo
Charlie1         DNA          MER1_type
Charlie1a         DNA          MER1_type
Charlie1b         DNA          MER1_type
Charlie2           DNA          MER1_type
Charlie2a         DNA          MER1_type
Charlie2b         DNA          MER1_type
Charlie4          DNA          MER1_type
Charlie4a         DNA          MER1_type
Charlie7            DNA          MER1_type
Charlie8        DNA          MER1_type
Charlie9         DNA          MER1_type
ERVL             LTR           ERVL
ERVL-E          LTR           ERVL
HAL1           LINE           L1

Table SI 6. Definition of 
Ancestral Repeats for 
the Genome Evolution 
Section.



Table SI 4.   Germline mouse mutations caused by viral retrotransposon
insertion.

Locus Mutant mouse name Strain of origin Reference
Early transposon (ETn)

Adcybrl barreless ICR 1

Cacng2stg stargazer A/J 2

Cacng2stg3J stargazer-3J BALB/cJ 3

Clc1adr myotonia A2G 4

Tnfrfs6lpr lymphoproliferative response MRL/MpJ 5

EdarDl-slk sleek STOCK Rb(8.12)5Bnr
Tyrp1b m

6

Fbxw4Dac dactylaplasia SM/Ckc 7

Fbxw4Dac-2J dactylaplasia-2J MRL/MpJ 7

Fignfi fidget unknown/mixed 8

Foxn1nu-BC nude-British Columbia STOCK Spna1sph-2Bc 9

Gli3pdn extra-toes Jcl:ICR 10

Hk1dea downeast anemia A/J 11

H2Q8 MHC expression variant strain variant 12

Mip major intrinsic protein of eye lens fiber strain variant 13

MipCat-Fr Dominant cataract (Fraser) A/J

Mutedmu muted STOCK t 14

Lepob2J obese SM/Ckc-Fbxw4Dac 15

Tyrc-BC3 albino-British Columbia 3 STOCK Spna1sph-2Bc 9



Intracisternal A-type Particle (IAP)
Avy viable yellow C3H/HeJ 16

Ahvy hypervariable yellow C3H/HeSnJ 17

Aiapy agouti IAP yellow B6C3F1/J 18

Atrnmg mahogany C3H x Swiss stock 19

Atrnmg-L mahogany-Leicester C3H/HeJ 19

AxinFu fused unspecified 20

AxinKb knobbly unspecified 20

Dab1scm scrambler Dc/Le 21

Eya1bor branchio otorenal syndrome C3H/HeJ 22

GusMps2J mucopolysaccharidosis-3J C3H/HeOuJ 23

Hps1ep pale ear C3HeB/FeJ 24

Hps3coa6J cocoa-6J C3H/HeJ 25

Lamb3Iap Herlitz junctional epidermolysis bullosa C3H 26

Pitp1bvb vibrator DBA/2J 27

RelnAlb2J reelin-Albany-2 C3H/HeJ 28

Spna1sph-Dem spherocytosis-Demant CcS3/Dem 29

Tyrc-1R albino-1R (101/Rl x C3H/Rl)F1 30

Usp14ax ataxia CBA/J 31

Murine leukemia virus (MLV)
Abcb1a multiple drug resistance-3 strain variant 32

AifHq harlequin CF1 33

Myo5ad dilute fancy mice 34

hr hairless unknown 35

Pde6brd1 retinal-degeneration 1 fancy mice 36

Virus-like 30 (VL30)
a non-agouti fancy mice 37





Age distribution of interspersed repeats in the mouse and human genomes.



Mouse has accumulated more new repetitive sequence 
than human

Lineage-specific versus ancestral repeats

Despite marked differences in the activity of transposable 
elements between mouse and human, similar types of 
repeat sequences have accumulated in the corresponding 
genomic regions in both species. The correlation is 
stronger than can be explained simply by local (G+C) 
content and points to additional factors influencing how 
the genome is moulded by transposons.







Overall, mouse has 2.25–3.25-fold more short
SSRs (1–5 bp unit) than human.

Apart from the absolute number of SSRs, there 
are also some marked differences in the 
frequency of certain SSR classes (Table 9). The 
most extreme is the tetramer (ACAG)n, which is 
20-fold more common in mouse than human



We constructed catalogues of human and mouse gene predictions on
the basis of available experimental evidence. The main computational 
tool was the Ensembl gene prediction pipeline augmented with the 
Genie gene prediction pipeline. Briefly, the Ensembl system uses 
three tiers of input. First, known protein-coding cDNAs are mapped 
onto the genome. Second, additional protein-coding genes are 
predicted on the basis of similarity to proteins in any organism using 
the GeneWise program. Third, de novo gene predictions from the 
GENSCAN program that are supported by experimental evidence 
(such as ESTs) are considered. These three strands of evidence are 
reconciled into a single gene catalogue by using heuristics to merge 
overlapping predictions, detect pseudogenes and discard
misassemblies. These results are then augmented by using 
conservative predictions from the Genie system, which predicts gene 
structures in the genomic regions delimited by paired 5' and 3' ESTs 
on the basis of cDNA and EST information from the region.





Taxonomic breakdown of homologues of mouse proteins according to taxonomic range



Gene Ontology: GO
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synonymous [Ks]

nonsynonymous [Ka]

For the 12,845 pairs of mouse–human 1:1 orthologues, 70.1% of the 
residues were identical. The median amino acid identity was 78.5% 
and the median KA/KS ratio was 0.115



Cytochrome P450 protein 
families in mouse, human and
pufferfish.

This gene family is moderately but significantly expanded in mouse (84 genes) relative to human (63 
genes). By comparing the cytochrome P450 gene families from mouse, human and pufferfish (Takifugu 
rubripes), we found clear expansions in four subfamilies (Cyp2b, Cyp2c, Cyp2d and Cyp4a) in mouse 
relative to human. These occur in local gene clusters that also contain unprocessed pseudogenes. The 
expansions appear to be associated, in part, with gender differences in the metabolism of androgens and 
xenobiotics.



Protein evolution



To explore systematically recent evolution of the mouse proteome, we 
searched for mouse-specific gene clusters. 











The human spermidine synthase gene (SRM) on chromosome 
1, involved in the biosynthesis of polyamines, and its mouse
orthologue (Srm) on chromosome 4. The fifth exon in the 
mouse gene (green) is interrupted by an intron in the human 
homologue.



The mouse and human genomes each seem to contain about 30,000 
protein-coding genes. These refined estimates have been derived from 
both new evidence-based analyses that produce larger and more 
complete sets of gene predictions, and new de novo gene predictions 
that do not rely on previous evidence of transcription or homology. 
The proportion of mouse genes with a single identifiable orthologue in 
the human genome seems to be approximately 80%. The proportion of 
mouse genes without any homologue currently detectable in the 
human genome (and vice versa) seems to be less than 1%.

Dozens of local gene family expansions have occurred in the mouse 
lineage. Most of these seem to involve genes related to reproduction, 
immunity and olfaction, suggesting that these physiological systems 
have been the focus of extensive lineage-specific innovation in rodents.
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Number of chicken genes Number of chicken pseudogenes Chicken:human gene ratio Annotation
.............................................................................................................................................................
202 16 202:1 Olfactory receptors 5U1/5BF1
25 6 25:1 Immunoglobulin-like receptor CHIRs
14 3 14:1 Major histocompatibility complex,

class I-like sequence
13 0 13:1 Myelin-oligodendrocyte 

glycoprotein
26 1 26:3 G-protein-coupled receptor 43; free

fatty acid activated receptor 2
8 0 8:1 Early activation antigen CD69
6 0 6:1 T-cell surface glycoprotein CD8a-

chain
5 0 5:1 Immune-associated nucleotide 6-

like; guanosine triphosphatase
.............................................................................................................................................................
In-depth analysis of gene families that have been expanded at least fourfold, as revealed by automatic 
orthology analysis.

Table 7 Details of family expansions in chicken





VISTA is a set of tools for comparative genomics. It was designed to 
visualize long sequence alignments of DNA from two or more species 
with annotation information. It has a clean output, allowing for easy 
identification of sequence similarities and differences, and is easily 
configurable, enabling the visualization of alignments of various lengths 
at different levels of resolution. Click here for instructions on how to cite 
VISTA. 









APOAV transgenic mice

APOAV knock out mice




