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When do Scientists Change their Minds?
Week 4 – The Human Genome

EGMT-1520 Mon, Feb 7, 2022
Bill Pearson  wrp@virginia.edu
Overview of this session:
• What is a genome?
• The human genome project

– the beginnings (mapping, cloning)
– the end (industrial sequencing, shotgun genomes)
– the sequel (Next Generation sequencing)

• The human genome discoveries
– number of genes
– gene organization
– genome conservation

• Browsing the genome
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For Wednesday:

Human genome lab (in groups) –
1. look up a gene in the human genome
2. characterize the gene

a. identify beginning, end
b. count the number of exons
c. count the number of mRNA isoforms

3. find the nearest gene "upstream" and "downstream"
4. characterize the "upstream" or "downstream" region

a. how conserved is the upstream/downstream region 
compared to the exons in your gene from humans to 
chimps (5 Mya)?

b. from humans to mouse (80 Mya)?  Is the conservation 
uniform?

c. what features are annotated in this region?  repeated 
sequences? other conserved regions?
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For Monday:

Repeat the human genome lab on a different gene.
1. report the name of the gene, and its 

chromosome location.  Submit the URL of the 
UCSC genome browser page that shows the 
gene.

2. characterize the gene
a. report the the length of the gene
b. Is the gene on the forward or reverse strand?
c. report the number of exons

3. report the name and coordinates of the  nearest 
gene "upstream" and "downstream”

a. Determine whether the gene is on the same strand, 
(forward/reverse) or on the opposite strand.
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What does a gene look like?
• Central dogma:

• Parts of a gene:
– start of transcription  (beginning of the mRNA)
– start of translation  (beginning of the protein)
– end of translation  (end of the protein)
– poly-A addition site (end of processed mRNA)
– end of transcription
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Prokaryotes (bacteria, archea) vs Eukaryotes

• Parts of a gene (prokaryotes, eukaryotes):
– start of transcription  (beginning of the mRNA)
– start of translation  (beginning of the protein)
– end of translation  (end of the protein)
– poly-A addition site (end of processed mRNA)
– end of transcription

• Parts of a gene (eukaryotes):
– introns and exons
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606 nt = 202 amino-acids

gene: 5950 nt, mRNA: 1164 nt, protein: 218 aa
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What is in a genome?

E. 
col

Plas. Yeast Plant
(ARATH)

Homo

Size(Mb) 4.64 22.8 12.5 115 3289
Genes 4288 5268 5770 25.5K ~25K
kb/Gene 0.95 4.34 2.09 4.53 27
%coding 87.8 52.6 70.5 28.8 1.3
introns 0 7406 272 107K 53K
repeat% <1 <1 2.4 15 46

Pevsner, Table 16-1

Cooper, GM (2000) The Cell: A Molecular 
Approach. 2nd edition. Fig 4.1
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Gene and genome complexity – E. coli
(4288 genes, 4.64 Mbase, 87.8% protein coding) 
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Gene and genome complexity – E. coli
(4288 genes, 4.64 Mbase, 87.8% protein coding) 
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Central dogma

fasta.bioch.virginia.edu/egmt1520 9

DNA RNA protein

transcription translation
replication

m

U: RNA
T: DNA
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Gene and genome complexity – E. coli
(4288 genes, 4.64 Mbase, 87.8% protein coding) 
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From gene to protein:
translation and the genetic code

(forward and reverse)
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Forward strand ->

<- Reverse strand
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Gene and genome complexity – Plasmodium
(5268 genes, 22.8 Mbase, 52.8% protein coding) 
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Gene and genome complexity – Yeast
(5770 genes, 12.5 Mbase, 70.5% protein coding) 
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Gene and genome complexity –
Arabidopsis (mouse ear cress)

(22,500 genes, 115 Mbase, 28 % protein coding) 
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Gene and genome complexity – Human
(~20,000 genes, 3,000 Mbase, 1.5% protein coding) 
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Collins, Nature (2003) 422:835
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A history of genomes

19971990

Landmarks in genetics and genomics

1991 1992 1993 1994 1995 1996 1998 1999 2000 2001 2002 2003

20031987 1988 198919851983197719721900 1905 1913 19441865 1953 1966 1974 1982 1984 1986 1990

Gregor Mendel 
discovers

laws of genetics
Rediscovery of 
Mendel’s work

Archibald Garrod 
formulates 
the concept 
of human 

inborn errors 
of metabolism

Alfred Henry
Sturtevant 

makes 
the first linear 
map of genes

Oswald Avery, Colin MacLeod
and Maclyn McCarty 
demonstrate that DNA

is the
hereditary material

James Watson and 
Francis Crick
describe the 
double-helical

structure of DNA

Marshall Nirenberg, 
Har Gobind Khorana and 
Robert Holley determine 

the genetic code

Stanley Cohen and 
Herbert Boyer

develop
recombinant

DNA technology

Frederick Sanger, 
Allan Maxam

 and Walter Gilbert
develop DNA-sequencing

 methods

First human disease gene — for 
Huntington’s disease — is mapped 

with DNA markers

First public 
discussion 

of sequencing 
the human 

genome
The polymerase 

chain reaction (PCR) is invented

Muscular-dystrophy 
gene identified 

by positional cloning

First automated 
DNA-sequencing instrument

developed

International Nucleotide 
Sequence Database 
Consortium formed

First-generation
human genetic
map developed

Development 
of yeast artificial 

chromosome (YAC)
cloning

US National Research 
Council issues report on 

Mapping and Sequencing the
Human Genome

Human Genome 
Organization (HUGO) formed

Cystic-fibrosis 
gene identified by 
 positional cloning

Sequence-tagged 
sites (STS) mapping
concept established

GenBank 
database 

established

The Belmont Report 
on the use of

human subjects 
in research is issued

G A T C

The Human Genome Project 
(HGP) launched in 
the United States

Ethical, legal and social 
implications (ELSI) programmes 

founded at the US National 
Institutes of Health (NIH) 

and Department of Energy (DOE)

First gene for
breast cancer

(BRCA1) mapped

Second-generation
human genetic map developed

First US genome
centres established

Rapid-data-release 
guidelines established

by the NIH and DOE

New five-year plan 
for the HGP in the 

United States published

The HGP’s human genetic
mapping goal achieved

Yeast (Saccharomyces cerevisiae) 
genome sequenced

First archaeal 
genome sequenced

First human gene map established

Pilot projects for
human genome

sequencing begin 
in the United States

  Bermuda principles for 
rapid and open data release established

The HGP’s mouse genetic 
mapping goal achieved

Escherichia coli 
genome sequenced

Genoscope (French 
National Genome

Sequencing Center) founded
near Paris

Roundworm (Caenorhabditis elegans) 
genome sequenced

RIKEN Genomic Sciences 
Center established in Japan

New five-year plan for the 
HGP in the United States published

Single-nucleotide polymorphism 
(SNP) initiative begins

Chinese National Human Genome Centers 
 established in Beijing and Shanghai

Incorporation of 30,000
genes into human genome map 

Full-scale human genome 
sequencing begins

 Sequence of first human
chromosome

(chromosome 22) 
  completed

Executive order bans genetic 
discrimination in US federal workplace

US President Bill Clinton and 
UK Prime Minister Tony Blair 

support free access to 
genome information

Fruitfly (Drosophila melanogaster) 
genome sequenced

Draft version of 
human genome 

sequence completed

Draft version of human 
genome sequence published 

10,000 full-length 
human cDNAs sequenced

Draft version of mouse genome
sequence completed and published

Draft version of 
rat genome sequence completed

Draft version of rice genome 
sequence completed and published

Finished 
version of 

human 
genome 
sequence

 completed

 The HGP ends with 
all goals achieved

US Equal Employment 
Opportunity Commission 

issues policy
  on genetic discrimination 

in the workplace

The HGP’s human physical
mapping goal achieved

 First bacterial genome
(Haemophilus influenzae) sequenced

The DOE forms the 
Joint Genome Institute

 US National Center 
for Human Genome Research becomes 
the National Human Genome Research

Institute (NHGRI)

To  be 
continued...

 The Sanger Centre founded 
near Cambridge, UK, 

(later renamed the Wellcome
Trust Sanger Institute)

Mustard cress 
(Arabidopsis thaliana)
genome sequenced
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© 2003        Nature  Publishing Group

Collins, Nature (2003) 422:835
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The Human Genome Project

Collins, Nature (2003) 422:835
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Sequencing capacity (2004)
40 million lanes/year ~ 8 billion bases – Whitehead Inst. (1 bacterial genome/day)

>40 billion bases/year, world-wide
(1000 bacterial genomes/year; 1 mammalian genome/year)

Sequencing capacity (2011) – Illumina sequencing 200 billion bases/week/machine, ~30,000 
human genomes/year

Sequencing capacity (2015) – at least 300,000 human genomes/year
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The human genome – initial insights
1.There were reported to be about 30,000 to 40,000 predicted protein-

coding genes in the human genome. Currently, ENSEMBL reports 
20,300 protein coding genes. Similar to Arabidopsis (plant, 26,000 
genes) and pufferfish (21,000 genes), and marginally more genes than 
are found in many nematode and insect genomes (14,000).

2.More than 98% of the human genome does not code for genes. Much of 
this genomic landscape is occupied by repetitive DNA elements such as 
long interspersed elements (LINEs) (20%), short interspersed elements 
(SINEs) (13%), long terminal repeat (LTR) retrotransposons (8%), and 
DNA transposons (3%). Thus half the human genome is derived from 
transposable elements. 

3.The mutation rate is about twice as high in male meiosis than in female 
meiosis. This suggests that most mutation occurs in males.

4.More than 1.4 million single nucleotide polymorphisms (SNPs) were 
identified. SNPs are single nucleotide variations that occur once every 
100 to 300 base pairs (bp). 36 million in Oct., 2014

5.Comparative sequencing of the mouse genome suggests that only 
about 5% of the human genome is under evolutionary selection.
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The human genome 
(GRCh38.p13 Dec. 2013)
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www.ensembl.org
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Sequencing Costs
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Exon Length

Intron Length

Lander Nature 409, 860–
921 (2001), Fig. 35 
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Retrieving the data: Genome Browsers 
(UCSC)
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Genome Browsers (genome.ucsc.edu)
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Genome Browsers (UCSC)
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The human genome – initial insights
1.There were reported to be about 30,000 to 40,000 predicted protein-

coding genes in the human genome. Currently, ENSEMBL reports 
20,300 protein coding genes. Similar to Arabidopsis (plant, 26,000 
genes) and pufferfish (21,000 genes), and marginally more genes than 
are found in many nematode and insect genomes (14,000).

2.More than 98% of the human genome does not code for genes. Much of 
this genomic landscape is occupied by repetitive DNA elements such as 
long interspersed elements (LINEs) (20%), short interspersed elements 
(SINEs) (13%), long terminal repeat (LTR) retrotransposons (8%), and 
DNA transposons (3%). Thus, half the human genome is derived from 
transposable elements. 

3.The mutation rate is about twice as high in male meiosis than in female 
meiosis. This suggests that most mutation occurs in males.

4.More than 1.4 million single nucleotide polymorphisms (SNPs) were 
identified. SNPs are single nucleotide variations that occur once every 
100 to 300 base pairs (bp). 36 million in Oct., 2014

5.Comparative sequencing of the mouse genome suggests that only 
about 5% of the human genome is under evolutionary selection.

fasta.bioch.virginia.edu/egmt1520 27

27

For Wednesday:
Human genome lab (in groups) –
Do the human genome exploration lab exercises.

1. characterize a gene
a. identify beginning, end
b. count the number of exons
c. count the number of mRNA isoforms

2. find the nearest gene "upstream" and "downstream"
3. characterize the "upstream" or "downstream" region

a. how conserved is the upstream/downstream region 
compared to the exons in your gene from humans to 
chimps (5 Mya)?

b. from humans to mouse (80 Mya)?  Is the conservation 
uniform?

c. what features are annotated in this region?  repeated 
sequences? other conserved regions?
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For Monday:

Repeat the human genome lab on a different gene.
1. report the name of the gene, and its 

chromosome location.  Submit the URL of the 
UCSC genome browser page that shows the 
gene.

2. characterize the gene
a. report the the length of the gene
b. Is the gene on the forward or reverse strand?
c. report the number of exons

3. report the name and coordinates of the  nearest 
gene "upstream" and "downstream”

a. Determine whether the gene is on the same strand, 
(forward/reverse) or on the opposite strand.
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