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•Describe the SNPs how can it be 
useful for disease diagnosis
•Determine the association 

between genome size and cell 
functionality
• Understand the role of DNA 

mutations and evolution
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Objectives: Genome & Evolution

1, no award point

Term + ome
Genome: The complete set of 
sequences in the genetic material of 
an organism.
• It includes the sequence of each 

chromosome plus any DNA in 
organelles.

Transcriptome: The complete set of 
RNAs present in a cell, tissue, or 
organism expressed under particular 
conditions.
•mostly mRNAs, rRNAs, miRNAs, but it 

also includes noncoding RNAs.  
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Minning, Chin, et al. "Exploring breast 
carcinogenesis through integrative genomics 
and epigenomics analyses." International 
journal of oncology 45.5 (2014): 1959-1968.

Proteome: The complete set of 
proteins that is expressed by the entire 
genome.

• Term is sometimes used to describe the 
complement of proteins expressed by a 
cell at any one time.

• Should correspond to the mRNAs in the 
transcriptome.

Interactome: The complete set of 
protein complexes/protein–protein 
interactions present in a cell, tissue, or 
organism.
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Term + ome

Thul, Peter J., et al. "A subcellular map of the 
human proteome." Science 356.6340 (2017): 
eaal3321.

Tolonen, Andrew C., et al. "Proteome-wide systems 
analysis of a cellulosic biofuel-producing microbe." 
Molecular systems biology 7.1 (2011): 461.
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Key concepts:

•Genomes are mapped by sequencing their DNA and 
identifying functional genes.

• Polymorphism can be detected at the phenotypic level 
when a sequence affects gene function.

• Alleles of a gene show extensive polymorphism at the 
sequence level, but many sequence changes do not affect 
function.
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Genome mapping reveals that individual 
genomes show extensive variation Genome mapping

• Linkage maps are based on the 
frequency of recombination 
between genetic markers.

• Restriction maps are based on 
the physical distances between 
markers.

•Genomes are mapped by 
sequencing their DNA and 
identifying functional genes.
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Gene Linkage Map of a Drosophila Chromosome

Restriction map

Genome mapping reveals that individual 
genomes show extensive variation

Single nucleotide polymorphism (SNP) – A 
polymorphism (variation in sequence between 
individuals) caused by a change in a single 
nucleotide.
• SNPs are responsible for most of the genetic variation 

between individuals. 

SNPs can be associated with genetic disorders
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Genome wide association studies
• Identify SNPs that are more 

frequently found in patients 
with a particular disorder.
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https://www.genome.gov/20019523/genomewide-association-studies-fact-
sheet/

In a genome wide association study, both patients and 
nonpatient controls for a particular disorder (such as heart 
disease, schizophrenia, or a single-gene disorder) are 
screened for SNPs across their genomes. Those SNPs that 
are statistically more frequently found in patients than in 
nonpatients can be identified.
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Nonrepetitive and 
Repetitive DNA Sequences

Eukaryotic genomes contain nonrepetitive
and repetitive DNA sequences 

• Polypeptides are generally encoded by sequences in 
nonrepetitive DNA.

• Larger genomes within a taxonomic group do not contain 
more genes but have large amounts of repetitive DNA.

•No known function of repetitive DNA.
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• Nonrepetitive DNA consists of sequences that are unique: there is only one 
copy in a haploid genome.

• Repetitive DNA consists of sequences that are present in more than one copy 
in each haploid genome.
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Types of repetitive DNA sequences 
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• A large part of moderately 
repetitive DNA can be made up of 
transposons. (Dr. Her’s section)

• The length of the nonrepetitive
DNA component tends to increase 
with overall genome size.

• Nonrepetitive DNA content of 
genomes is a better indication of 
the relative complexity of the 
organism.

The proportions of different sequence 
components vary in eukaryotic genomes. 

Eukaryotic genomes contain nonrepetitive 
and repetitive DNA sequences 
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Eukaryotic protein-coding genes can be identified by 
the conservation of exons and of genome organization 

• Synteny – A relationship between chromosomal regions 
of different species where homologous genes occur in 
the same order. 
• There are extensive syntenic relationships between the 

mouse and human genomes, and most functional genes 
are in a syntenic region.
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http://osfin
der.dna.bio
.keio.ac.jp/
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Major approaches to identify eukaryotic protein-
coding genes are based on:

•The contrast between the conservation of exons and 
the variation of introns.

• Function has been conserved among a range of 
species.

•The sequence representing the polypeptide should 
have two distinctive properties:

1. It must have an open reading frame.
2. It is likely to have a related (orthologous) sequence in 

other species.
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Organelle genomes are circular DNAs that encode 
organelle proteins 

•Organelle genomes are usually (but not 
always) circular molecules of DNA.
• Mitochondrial DNA (mtDNA)
• Chloroplast DNA (cpDNA or ctDNA)

•Organelle genomes encode some, but 
not all, of the proteins used in the 
organelle.
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Human mitochondrial DNA has 22 
tRNA genes, two rRNA genes, and 13 
protein-coding regions. 

Animal cell mtDNA is 
extremely compact and 
typically encodes 13 
proteins, 2 rRNAs, and 22 
tRNAs.

D loop – A region of the 
animal mitochondrial DNA 
molecule that is variable in size 
and sequence and contains the 
origin of replication. 

Organelle genomes are circular DNAs that encode 
organelle proteins 



Mitochondria and chloroplasts evolved by 
endosymbiosis 

•Both mitochondria and 
chloroplasts are descended from 
bacterial ancestors.

•Most of the genes of the 
mitochondrial and chloroplast 
genomes have been transferred 
to the nucleus during the 
organelle’s evolution. 
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Mitochondria originated by a endosymbiotic event 
when a bacterium was captured by a eukaryotic cell. 

Some Eukaryotic Organelles Have DNA 

•Mitochondria have 
genomes that show non-
Mendelian inheritance. 

•Typically they are 
maternally inherited.

In animals, DNA from the sperm 
enters the oocyte to form the 
male pronucleus in the egg, but 
all the mitochondria are 
provided by the oocyte. 
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Why do you think we have mitochondrial DNA?
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Johnston, Iain G., and Ben P. Williams. "Evolutionary inference across eukaryotes identifies specific 
pressures favoring mitochondrial gene retention." Cell systems 2.2 (2016): 101-111.

• to building the organelle's internal structure

• to allow localized bioenergetic modulation

Genome sequence & Evolution
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The minimum gene number required for any type of organism increases with its complexity. 



The number of genes in bacterial and archaeal 
genomes is proportional to genome size. 
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• Pathogenicity islands – DNA segments that are present in 
pathogenic bacterial genomes but absent in their nonpathogenic 
relatives. 

• Horizontal transfer – The transfer of DNA from one cell to another by 
a process other than cell division, such as bacterial conjugation.
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Prokaryotic gene numbers range over an order 
of magnitude 

Blondel, Carlos J., et al. "Contribution of the type VI secretion system encoded in SPI-19 to chicken 
colonization by Salmonella enterica serotypes Gallinarum and Enteritidis." PLoS One 5.7 (2010): 
e11724.

Total Gene Number Is Known for Several 
Eukaryotes 

• 6000 genes in yeast; 

• 21,700 in a nematode worm; 

• 17,000 in a fly; 

• 25,000 in the small plant 
Arabidopsis; ~

• 20,000 to 25,000 in mammals.
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The number of genes in a eukaryote
varies from 6000–32,000 but does not 
correlate with genome size or the 
organism complexity. 

Total gene number is known for several 
eukaryotes 
• monocistronic mRNA – mRNA that encodes one polypeptide.
• polycistronic mRNA – mRNA that includes coding regions 

representing more than one gene.
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Functions of Drosophila genes based on comparative genomics of twelve species. 



How many different types of genes are there?

• The sum of the number of unique genes and the number of 
gene families is an estimate of the number of types of genes.
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Many genes are duplicated, 
and as a result the number of 
different gene families is 
much smaller than the total 
number of genes. 

The human genome has fewer genes than 
originally expected 

•Only 1% of the human 
genome consists of exons.

• The exons comprise about 
5% of each gene, so genes 
(exons plus introns) 
comprise about 25% of the 
genome.
• The human genome has 

about 20,000 genes.
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Genes occupy 25% of the human 
genome, but protein-coding sequences 

are only a small part of this fraction. 

The human genome has fewer 
genes than originally expected 

The average human gene is 27 kb long and has 9 exons, usually 
comprising 2 longer exons at each end and 7 internal exons. 
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How many genes are essential? 

•We do not fully understand the persistence of genes that 
are apparently dispensable in the genome.
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A systematic analysis of loss of function for 86% of worm genes shows that 
only 10% have detectable effects on the phenotype. 



About 10,000 genes are expressed at widely 
differing levels in a eukaryotic cell

•Only a small number of 
genes, whose products 
are specialized for the cell 
type, are highly 
expressed.
• abundance – The average number of 

mRNA molecules per cell.
• abundant mRNA – Consists of a small 

number of individual species, each 
present in a large number of copies 
per cell. 
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• luxury gene – A gene encoding a specialized function (usually) synthesized in large 
amounts in particular cell types. 

• housekeeping gene – A gene that is (theoretically) expressed in all cells because it 
provides basic functions needed for sustenance of all cell types.

•DNA microarray: detailed 
comparisons of related 
animal cells to determine 
(i.e.) the differences in 
expression between a 
normal cell and a cancer cell. 
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Expressed gene number can be measured 
en masse 

Hiden, Ursula, et al. "The first trimester human trophoblast cell line ACH-3P: 
A novel tool to study autocrine/paracrine regulatory loops of human 
trophoblast subpopulations–TNF-α stimulates MMP15 expression." BMC 
developmental biology 7.1 (2007): 137.

“Heatmap” analysis of microarray data showing 
hierarchical clustering of 832 differentially 
expressed genes between first trimester primary 
trophoblasts, AC1-1 and ACH-3P cells. 
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Genome & Evolution
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DNA sequences evolve by mutation and a sorting 
mechanism

• The probability of a mutation is influenced by the likelihood 
that the particular error will occur and the likelihood that it will 
be repaired.
• Synonymous mutation – A change in DNA sequence in a 

coding region that does not alter the amino acid that is 
encoded.
• Nonsynonymous mutation – A change in DNA sequence in a 

coding region that alters the amino acid that is encoded. 
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• In small populations, the frequency of a 
mutation will change randomly and new 
mutations are likely to be eliminated by chance.
• Fixation – The process by which a new allele 

replaces the allele that was previously 
predominant in a population.



• The frequency of a neutral mutation largely depends on:
ogenetic drift, the strength of which depends on 
o the size of the population.

• The frequency of a mutation that affects phenotype will 
be influenced by negative or positive selection.
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The fixation or loss of alleles by random 
genetic drift in populations of 10. 

The fixation or loss of alleles by random 
genetic drift in populations of 100. 

Data courtesy of Kent E. Holsinger, University of Connecticut [http://darwin.eeb.uconn.edu] 

DNA sequences evolve by mutation and a sorting 
mechanism

https://www.khanacademy.org/science/biology/her/heredity-and-genetics/v/genetic-drift-bottleneck-effect-and-founder-effect

A constant rate of sequence divergence is a 
molecular clock

Divergence of DNA sequences 
depends on evolutionary 
separation. Each point on the 
graph represents a pairwise 
comparison. 
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Synonymous mutation – A 
change in DNA sequence in a 
coding region that does not 
alter the amino acid that is 
encoded.

Nonsynonymous mutation – A 
change in DNA sequence in a 
coding region that alters the 
amino acid that is encoded. 

Synonymous substitutions accumulate about 10 times faster than 
nonsynonymous substitutions.
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All globin genes have evolved by a series 
of duplications, transpositions, and 
mutations from a single ancestral gene. 

A constant rate of 
sequence divergence 
is a molecular clock
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The minimum genome size found in 
each taxonomic group increases from 

prokaryotes to mammals. 

Why are some genomes so large?



• Genome size associated with organisms of increasing complexity
and tighter regulations for cell function

• Specialized in function i.e.
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• Neurosurgeon
• Plasticsurgeon
• Gynecologist
• Dermatologist

• Family medicine vs.

Why do you think mammals have large 
genomes?

Gene duplication contributes to genome evolution

After a globin gene has been 
duplicated, differences can 
accumulate between the copies. 
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Each of the α-like and β-like globin 
gene families is organized into a 

single cluster, which includes 
functional genes and 

pseudogenes (ψ). 

Pseudogenes have lost their original functions

• Processed pseudogenes result from reverse transcription 
and integration of mRNA transcripts.

•Nonprocessed pseudogenes result from incomplete 
duplication or second-copy mutation of functional genes.

• Some pseudogenes
might gain functions
different from those
of their parent genes,
such as regulation of
gene expression, and
take on different names.
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Many changes have occurred in a β-globin 
gene since it became a pseudogene. 
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List 2 new things you have learnt today
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