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•  sequencing methods and approaches 

•  The Human Genome Project 

•  genome structure 

•  comparative genomics 

•  applications 



Sanger 
sequencing 

“special” bases 
 
once added, 
DNA synthesis 
stops! 



Modern Sanger 
sequencing labels 
fragments with 
fluorescence 

label ddNTPs with fluorescence 
different size fragments will have one of four 
labels, indicating which base at which position 

Leong, et al. (2014) Med Sci. 



“modern” Sanger sequencing  
(lots of detail if you are interested, you won’t be responsible for all of this) 

•  premise:  
–  use fluorescently labeled nucleotides, each A, G, T, or C has a 

different color 
–  these labeled nucleotides have a special structure where DNA 

synthesis stops when they are added 
•  procedure:  

–  Make lots of copies of a segment of DNA you want to sequence 
–  separate the DNA strands to make a single-stranded template 
–  make a primer to allow replication (provide free 3’OH) 
–  add purified DNA polymerase, the “special” bases that stop 

synthesis (and are fluorescently labeled), and “normal” bases 
–  when “normal” bases are added, replication will continue, when 

“special” bases are added, replication will stop  
–  each time a “special” base is added, this will make a unique 

length of fragment with one of four fluorescent labels on it, since 
synthesis always starts at the same point 

–  run all the fragments out on a gel to separate by size 
–  expose to laser and reader to detect fluorescence of each size 

fragment 
–  assemble data for which color fluoresced at which position to 

create sequence 



current high throughput sequencing 
methods use similar methods 

Gilchrist, 2010 

Flow cell channels reagents between glass 
plates with millions of anchored DNA fragments 
for sequencing.  

Laser activates base-specific emission color from modified nucleotides 
incorporated at the end of each cycle 

Imaging the 
surface of the 
flow cell after 
each cycle 
records the 
base added at 
each ‘spot’ of 
DNA 

Image analysis ‘reads out’ the 
sequence of incorporated second 
strand bases at each spot 



sequencing approaches 

•  whole genome shotgun sequencing 
 
•  the problem with repeats 



Shotgun sequencing 

•  We can only sequence short fragments 
(100’s-1000’s of bases) of DNA 

Strategy: 
•  Fragment the genome 
•  Sequence short fragments 
•  Assemble these back into a contiguous 

sequence by overlapping fragments 
containing pieces of the same sequence 



ATATGGCATGATTAATAGCGC 

many copies of the 
genome 

these copies of the 
genome are cut into 
fragments 

sequence these 
fragments 

computational 
assembly of 
fragments 

resulting overlapping 
sequence from 
assembled fragments 

overlapping sequence 
segments combined to 
construct genome   

Whole genome shotgun sequencing 



ATATGGCATGATTAATAGCGCATATGCCGGATTTACCAGGCTACAGGCTATAGCAAC 

ATATGGCATGATTA 

CATGATTAATAGCGCA 

TAGCGCATATGCCGGA 

CATATGCCGGATTTAC 

CGGATTTACCAGGCTA 

GATTTACCAGGCTACAGGC 
CCAGGCTACAGGCTATAGC 

GGCATGATTAATAGCGCAT 

assembly of genome from sequenced short fragments 
also called “reads” 



ATATGGCATGATTAATAGCGCATATGCCGGATTTACCAGGCTACAGGCTATAGCAAC 
ATATGGCATGATTA 

CATGATTAATAGCGCA 
TAGCGCATATGCCGGA 

CATATGCCGGATTTAC 
CGGATTTACCAGGCTA 

GATTTACCAGGCTACAGGC 
CCAGGCTACAGGCTATAGC 

GGCATGATTAATAGCGCAT 

assembly of genome from sequenced short fragments 
also called “reads” 



the problem with repeats 
•  many regions of genomes consist of 

repetitive sequence- this makes sequencing 
difficult 

•  the short fragments that contain repeat may 
assemble many different places 
–  for example, this makes it difficult to know how 

many copies of a repeat there are 

•  it can be difficult to order unique regions of 
sequence flanked by repeats relative to one 
another 



ATCAGCGATTACAGATTACATAGTATATGATTACAGACTATCCGGATTACA 
CAGCGATTA 

TTACAGATT 
GATTACAGAT 

GATTACATAGTA 

Difficult to know how many copies of the repeat 
there are from assembling fragments 

fragments are colored by their “original” place in the genome above, 
which is information we won’t have when trying to assemble them  

copy 1 copy 2 

in the original sequence, this repeat 
had two copies here 

copy 1 
copy 2 

copy 3 

in this assembly of short fragments, we will 
overlap these repeats, and mistakenly put 
three copies of the repeat here (or more!) 



ATCAGCGATTACAGATTACATAGTATATGATTACAGACTATCCGGATTACA 

Repeats make it hard to know order: 

ATCAGCGATTACA 

TACAGACTATC 
TACAGATTACA 

TATCCGGATT 
ATTACATAGTA 

AGTATATGATT 

Unique 1               Unique 2         Unique 3 

Difficult to order unique sequences flanked by 
repeats relative to one another 

Unique 1                  Unique 3             Unique 2 
ATCAGCGATTACAGATTACAGACTATCCGGATTACATAGTATATGATT 



ATCAGCGATTACAGATTACATAGTATATGATTACAGACTATCCGGATTACA 
Unique 1          Unique 2        Unique 3 

One thing that can help:  
Sequencing longer fragments helps span repeats 

CAGCGATTACAGATTACATAGTA 
ATTACATAGTATATGATTACA 

GTATATGATTACAGACTATCCGGAT 



genomics 

•  sequencing approaches 

•  The Human Genome Project 

•  genome structure 

•  comparative genomics 

•  applications 



Human Genome Project 
•  Started by the NIH and DOE in 1990, draft in 2000, “complete” 

sequence in 2004 

•  Joined in the effort by sequencing centers in the UK, France, 
Germany, Japan, and China 

•  Cost ~$3 Billion (in 1991 dollars) 

•  Raced by private effort by Celera Genomics 

•  new technologies developed (sequencing, computational) 

•  public project shared all data, had to establish ways of storing/
sharing 

•  many other smaller genomes sequenced along the way 

•  Part of funding used to examine ethical, legal, social implications of 
having complete genome sequences 



timeline of the Human Genome Project 



timeline of the Human Genome Project 



Other genomes, of model organisms, were completed along the way 
small genomes finished first 



first human chromosome sequenced was 
the smallest! 
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estimates of gene numbers decreased over time 



how do we find genes in genomes, and what 
they do? Annotation! 

•  Annotation is the process of attaching biological 
functions to the DNA sequences 

 
•  Genome annotation is the process of identifying 

the location of genes and functional sequences 
within the genome sequence 

•  Gene function annotation defines biochemical, 
cellular, and biological function of each gene 
product 



How to find protein coding genes in genomic sequence: 
 
1.  use mRNA sequence to determine what part of DNA 

transcribed: make cDNA and sequence 
 
2. use computational method to find start codon, stop codon, 
splice site sequences in introns  

cDNA is a DNA 
copy of the mRNA 



gene is transcribed into pre-mRNA 

splicing removes introns, other processing 
steps to produce mature mRNA 

isolate mRNA from cell, add reverse 
transcriptase, which will synthesize first 
strand of DNA (complementary to mRNA) 

add enzyme to degrade mRNA 

add DNA polymerase to synthesize 
second strand of DNA 

making 
cDNA 
from 
mRNA 



use computational methods to look for open 
reading frames 

•  open reading frames are potential protein 
coding regions 

•  they begin with a start codon, and end with a 
stop codon, are of a “reasonable” length 

•  if in genomes with introns, also need to 
contain the proper splice sequences 



looking for open reading frames 

5’-ATGTACCGATACTTGACGATACAGGTAGTACCGGACCATGAAGT-3’
3’-TACATGGCTATGAACTGCTATGTCCATCATGGCCTGGTACTTCA-5’

3 reading frames for each strand: 
ATG TAC CGA TAC TTG ACG ATA CAG GTA GTA CCG GAC CAT GAA GT
AT GTA CCG ATA CTT GAC GAT ACA GGT AGT ACC GGA CCA TGA AGT
A TGT ACC GAT ACT TGA CGA TAC AGG TAG TAC CGG ACC ATG AAG T 

TAC ATG GCT ATG AAC TGC TAT GTC CAT CAT GGC CTG GTA CTT CA
TA CAT GGC TAT GAA CTG CTA TGT CCA TCA TGG CCT GGT ACT TCA
T ACA TGG CTA TGA ACT GCT ATG TCC ATC ATG GCC TGG TAC TTC A 

portion of genome: 
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looking for open reading frames 
•  look for start codon and stop codon of a reasonable 

length apart, splice sequences (if in eukaryotes) 
•  look on both of the DNA strands 
•  look in all possible reading frames 

gold= start codons followed very quickly by stop codons 



annotation to describe biological functions 

•  The annotation for a known gene—such as lacI
—can be quite detailed because of the wealth of 
experimental data regarding the gene 

•  For genes that are not well-studied, other 
approaches are needed 

•  Genes with similar sequence are assumed to 
encode products with similar biochemical 
functions 



Arabidopsis thaliana 



functional classifications of human genes 



gene and intron content  
in the same size of sequence  



very little of the human genome is exons 



variation in repetitive DNA 

•  Eukaryotes differ in the proportion of repetitive 
DNA in their genomes 

•  The human genome contains over 50% repetitive 
DNA 

•  It consists of 45% transposable elements, 3% 
simple repeats, 5% recent gene duplications, plus 
telomere and centromere sequences 



transposable elements (TEs) 
•  sequences of DNA that can move from one 

location to another 

•  many encode for their own replication, thus can 
replicate independently and more frequently than 
their host genome 

•  they are effectively genomic parasites 

•  transposition is a form of mutation, can lower 
fitness of host 

•  even TEs have parasites: there are non-
autonomous transposable elements, which rely on 
replication machinery of other TEs to jump 



DNA transposon Retrotransposon 
“cut and paste” “copy and paste” 

LTR = long 
terminal repeat 

TIR = terminal 
inverted repeats 

Lisch (2013) Nat Rev Gen 



major classes of TEs 
•  DNA transposons- “cut and paste” 

–  element is physically cut from chromosome and 
reintegrated at a new location 

–  involves transposase enzyme encoded by the TE 
 

•  Retrotransposons- “copy and paste” 
– mRNA is transcribed from the element by RNA Pol II 
– mRNA is converted into cDNA by reverse 

transcription 
–  this cDNA is integrated into a new position in the 

genome by integrase enzyme 



850k L1: autonomous retrotransposons 
1 Million Alu: non-autonomous retrotransposons 
230k LTR retrotransposons– related to retroviruses  

*Almost all TEs in the human genome are inactive* 
Active human transposons have been estimated to generate about one 

new insertion per 10–100 live births 

Cordaux & Batzer (2009) Nat Rev Gen 

The human genome is filled with retrotransposons!  

i.e. the rest of 
the genome! 



genome size does not correlate with 
organismal complexity! 

the prevalence of TEs and other sources of repetitive DNA can help to explain this 



genome size vs. gene number 
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larger genomes have smaller % protein coding sequence per Mb 
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general properties of  
prokaryotic and eukaryotic genomes 

prokaryotes 
•  shorter genes 
•  don’t contain introns 
•  genes are closer 

together 
•  compact regulatory 

regions, contain 
operons 

•  little repetitive DNA 

eukaryotes 
•  longer genes 
•  contain introns 
•  genes are often far apart 
•  larger regulatory regions  
•  repetitive DNA 

(sometimes lots!) 
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comparative genomics 

•  using genomics to understand 
evolutionary relationships 

•  sequence conservation and function 

•  conservation of gene order: synteny 

•  origin of novelty: new genes 



Jarvis et al. (2014) Science 

One application 
of genomics: 
phylogenies! 



Ancestor:  
ATCCTATGA

ATAC--TGT

ATCGTACGA

ATCCTACGA

•  DNA sequence and comparison of alignment of 
homologous nucleotides are used to ascertain 
phylogenetic relationships 

•  Homologous nucleotides are descended from 
the same nucleotide in the common ancestor of 
the two species being compared 

Homologous Nucleotides 

Species 1: ATCCTACGA
Species 2: ATCGTACGA
Species 3: ATACTGT
 
 

 2 bp deletion 



•  indicates bases that are the same in all species 

number of nucleotide changes  

Using the number 
of changes in 
homologous 
nucleotides to 
construct 
phylogenies 



sequence conservation can predict function 
•  Sequences that are conserved in the genomes of two or 

more species are more likely to be functional than non-
conserved sequences 

•  conservation of sequence identity will be preserved by 
selection for regions of genome with important functions 

•  conservation can be used to infer functionality of both 
coding and non-coding sequences 

 
•  conserved non-coding sequences can be: 

•  important in gene regulation (enhancers, promoters, silencers) 
•  produce functional RNAs (tRNAs, rRNAs, snRNAs, miRNAs, long 

nc RNAs) 
 



sequence conservation can predict function 





conservation of Pax-7 non-coding region in 
vertebrates can predict function 

H= human, vs. Dog, Mouse, Chicken, Stickleback, Fugu 
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synteny: conservation of gene order 
•  Synteny is the conserved order of consecutive genes 

along the length of a chromosome or chromosomal 
segment 

•  Genome sequence information can provide detailed 
views of synteny between closely related and distantly 
related organisms 

•  Synteny at the level of just a few genes may be detected 
in organisms in which chromosomal synteny is not 
preserved 

•  looking for synteny can also reveal gene duplications, 
whole-genome duplications 

 



mouse chr. 11 

rat chr. 10 

synteny of mouse and rat chromosomes 

small-scale 
here, each 
block is a 
gene 

mouse X chr. 

rat X chr. 

large-scale 
here, each 
block is a 
section of 
chromosome 



human-mouse 
synteny 
 
lines connect the gene 
location on the human 
chromosome and mouse 
chromosome 

human 
chromosome 
21 

mouse 
chromosome 
16 

mouse 
chromosome 17 

mouse 
chromosome 
10 



Thellungiella parvula 

Arabidopsis thaliana 

Dassanayake, et al. (2011) Nature Genetics 

gene duplication 



the births and deaths of genes 

•  Tracing evolutionary history of genes by 
comparing genome sequences, geneticists 
obtain clues to the mechanisms by which new 
genes arise 





Orthologs and Paralogs 
•  Orthologs (orthologous genes) are genes in 

different species that are derived from a single 
ancestral gene in the species’ last common 
ancestor 
•  most often have equivalent functions in the two 

organisms being compared 

•  Paralogs (paralogous genes) are genes that 
originated by a duplication event 
•  generally they perform biologically distinct, but 

biochemically related, functions 

 



Two major 
mechanisms of  

gene  
duplication 

Gene duplication and new gene functions

At least since a famous monograph, authored by Susumu Ohno,
was published over 40 yr ago (Ohno 1970), the word has spread
that gene duplication may underlie the origin of many or even
most novel genes and hence represents an important process for
functional innovation during evolution. Essentially and consis-
tent with earlier ideas (Haldane 1933; Muller 1935), Ohno em-
phasized that the presence of a second copy of a gene would open
up unique new opportunities in evolution by allowing one of the
two duplicate gene copies to evolve new functional properties,
whereas the other copy is preserved to take care of the ancestral
(usually important) function (the concept of neofunctionalization).
Ohno also reviewed that duplicate genes can be preserved by
natural selection for gene dosage, thus allowing an increased
production of the ancestral gene product (Ohno 1970). Finally, it
should be emphasized that it has been widely agreed for a long

time that the most probable fate of a du-
plicate gene copy is pseudogenization
(Ohno 1972) and that hence themajority
of duplicate gene copies are eventually
lost from the genome.

While these fundamental hypothe-
ses have been confirmed by a large body
of data, they have since also been signif-
icantly extended and refined. In particu-
lar, in addition to the process of neo-
functionalization (i.e., the emergence of
new functions from one copy—Ohno’s
basic concept), it was proposed that the
potentially multiple functions of an an-
cestral gene may be partitioned between
the two daughter copies. This process was
dubbed ‘‘subfunctionalization’’ and may
be shaped by natural selection or in-
volve purely neutral processes (Force et al.
1999; Conant andWolfe 2008; Innan and
Kondrashov 2010).

Global genomic screens combined
with detailed experimental scrutiny have
uncovered numerous intriguing examples
for each of these models in many or-
ganisms, solidly supporting their validity.
Detailed analyses of young duplicate genes
have been particularly informative, be-
cause many of the details associated with
the emergence of new genes from gene
duplicates become obscured over longer
periods of time (Long et al. 2003). A par-
ticularly illustrative case of neofunction-
alization, arguably the most intriguing
fate of a duplicate gene, occurred in the
course of the recent duplication of a pan-
creatic ribonuclease gene in leaf-eating
monkeys. Zhang et al. demonstrated that
after duplication in an African leaf-eating
monkey, the protein encoded by one of
the copies of the ancestral RNASE1 gene
rapidly adapted at specific sites to derive
nutrients from bacteria in the foregut
under the influence of strong positive
selection (Zhang et al. 2002). Remarkably,

both the duplication and subsequent adaptation of this gene were
later shown to have occurred independently in a very similar
manner in an Asian leaf-eating monkey (Zhang 2006). Thus, these
RNASE1 duplications represent striking cases of convergent mo-
lecular evolution. They were likely facilitated by the frequent oc-
currence of segmental duplication, which allows similar duplica-
tion events that are highly beneficial to be repeatedly fixed during
evolution. More generally, the convergent RNASE1 duplications
are in line with several other recent reports that include other cases
of new gene formation (see below) and therefore lend further
support to the more general idea that adaptive genome evolution
is, to some extent, predictable (Stern and Orgogozo 2009). Nu-
merous other classical or recent examples from diverse organisms
could be discussed here that illustrate the immense potential that
DNA-based gene duplication has held for phenotypic evolution
in different organisms (for reviews, see Li 1997; Long et al. 2003;
Zhang 2003; Lynch 2007; Conant and Wolfe 2008).

Figure 1. Origin of new gene copies through gene duplication. (A) DNA-based duplication. A
common type of segmental duplication—tandem duplication—is shown. It may occur via unequal
crossing-over that is mediated by transposable elements (light green). There are different fates of
the resulting duplicate genes. For example, one of the duplicates may acquire new functions by
evolving new expression patterns and/or novel biochemical protein or RNA functions (see main
text for details). (Gold and blue boxes) Exons, (black connecting lines) exon splicing, (red right-
angled arrows) transcriptional start sites (TSSs), (gray tubes) nonexonic chromatin. (B) RNA-based
duplication (termed retroposition or retroduplication). New retroposed gene copies may arise
through the reverse transcription of messenger RNAs (mRNAs) from parental source genes. Func-
tional retrogenes with new functional properties may evolve from these copies after acquisition or
evolution of promoters in their 59 flanking regions that may drive their transcription. (Pink right-
angled arrow) TSS, (transparent pink box) additionally transcribed flanking sequence at the insertion
site.
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crossing over 
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2) By retrotransposition of 
mRNA 

Often leads to tandem duplicates 

loss of introns in  
Retrotransposed copy   

Kaessmann,2010  

(green = region of homology) 



Learn.Genetics, University of Utah 

tandem duplications 
likely created Hox 
gene diversity 



Probable evolution of the metazoan Hox gene complex by gene 
duplication 



Chondrodysplasia in dogs is due to the retrotransposition of the 
fibroblast growth factor 4 (fgf4) gene 

 

Top: Retrotransposed fgf4 gene lacks introns, has poly A tail  
Bottom: Original fgf4 gene has introns   

Parker, et al., 2009 



Many gene duplications are likely quickly lost 

•  Many duplicated genes lack regulatory function and 
so are dead-on-arrival (i.e. non-functional) 

•  Gene duplication often deleterious   
–  Changes in gene dose 
–  Genes can insert in to other genes  

•  Many human diseases or disorders are associated 
with recurrent duplications: 
–  HIV susceptibility, neurogenetic disorders, color 

blindness, cancers, and many more     

A majority of duplications are lost 



paralogs that are not lost and subsequently diverge may have 
two broad fates: subfunctionalization or neofunctionalization  

Duplication and divergence of paralogous genes 

gene 

transcription start 

regulatory region 



x x x 

one paralog maintains a subset of 
the functions of original 

the other paralog maintains a 
complimentary subset of the 
functions of the original 

Gene duplication followed by subfunctionalization 

gene regulatory region 

think of  
as tissue specific 
enhancers 



Gene duplication followed by neofunctionalization  

One paralog maintains ancestral function One paralog evolves new function 



summary of gene duplication 

most of the time it’s this! 
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practical applications 

•  cancer sequencing 
•  disease outbreaks 
•  non-invasive prenatal testing 
•  personal genomics: medicine 
•  ancestry 





colorectal cancer 

Sequencing of cancer 
genomes to identify 
cancer subtypes and 
genetic basis of cancer 



Genome 
Sequencing to 
understand and 
monitor infectious 
disease outbreaks 





personal genomics 





Genomics as a tool to understand human 
population history & ancestry of individuals 

23 & me 
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•  applications 



Soon, Harihan, & Snyder, 2013 

Sequencing technologies 
and their uses. 
 
Various Next Generation Sequencing 
methods can precisely map and quantify 
chromatin features, DNA modifications and 
several specific steps in the cascade of 
information from transcription to 
translation. These technologies can be 
applied in a variety of medically relevant 
settings, including uncovering regulatory 
mechanisms and expression profiles that 
distinguish normal and cancer cells, and 
identifying disease biomarkers, particularly 
regulatory variants that fall outside of 
protein-coding regions. Together, these 
methods can be used for integrated 
personal omics profiling to map all 
regulatory and functional elements in an 
individual. Using this basal profile, 
dynamics of the various components can 
be studied in the context of disease, 
infection, treatment options, and so on. 
Such studies will be the cornerstone of 
personalized and predictive medicine. 

 


