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Plan

• This week in antibiotics resistance

• Your projects

• Sequencing genomes

• 2nd generation sequencing



● 450,000 cases / yr in USA
● 6400 hospitalized

● 1st resistant case = 2016
● Now = 5% of all cases

● Causes bloody diarrhea
● Resolves in a few days

● Typically treated with 
azithromycin, cipro, 
ceftriaxone, 
trimethoprim-sulfamthoxazole 
and ampicillin

● Resistant to all 5 antibiotics
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Sanger Sequencing – developed in 1977

Fred Sanger (1918-2013)

2x Nobel Prize winner in 
chemistry.

- 1958 - Amino acid sequence 
of insulin

- Proved that proteins have 
defined amino acid 
sequences (1951)

- Pre-DNA structure (1953)
- 1980 - DNA sequencing

- Sequenced the first genome 
phage ΦX174 (5386 bp)



Review

● What reagent does modern Sanger sequencing rely on to label and 
generate sequences?

● A) Gel electrophoresis
● B) Fluorescently labeled primers
● C) Fluorescently labeled dNTPs
● D) Fluorescently labeled ddNTPs



ddNTPs

ddNTP = Chain 
Termination

- Prevents 
incorporation 
of the next 
base.

What if you set up 
a PCR with ddGTP 
instead of dGTP?



Dye Terminator Sequencing
● four fluorescently labeled ddNTP chain terminators
● The newly synthesized DNA fragments are different from each other in 

one nucleotide increments and labeled according to the incorporated 
ddNTP



Review

● About how long are sequencing reads from Sanger sequencing?

● A) 100 bp
● B) 1000 bp
● C) 10,000 bp
● D) 100,000 bp



Review

● About how long is the human genome?

● A) 3,000,000
● B) 30,000,000 bp
● C) 300, 000, 000 bp
● D) 3, 000, 000, 000 bp



Sanger sequencing requires a primer, so how 
do we sequence an unknown genome?

• 3,000,000,000 / 500 =
• 6, 000, 000 Sanger 

sequence reads.



Sanger sequencing requires a primer, so how 
do we sequence an unknown genome?

• 1) Break it all up into small 
pieces. 

• At the time Sanger was the 
only option so this needed 
to be done ~ 500bp at a 
time.

• BUT, we need a primer.



Cloning DNA

• Developed in the 1970s

• Uses plasmids that self-replicate in 
bacterial hosts

• Usually E. coli

• Restriction enzymes:
• Bacterial defense mechanisms that 

chop up DNA from viruses
• Cut only at specific short sequences 

(4-8bp).
• Allowed a cut-and-paste mechanism to 

insert DNA into plasmids.

• BAC = Bacterial artificial chromosomes

• The BAC plasmids all had the same 
sequence

• Allows the use of the same primer for 
all unknown sequences.
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Hierarchical Shotgun Sequencing

• 1) Break it all up into small 
pieces. 

• 2) Clone it all into BACs

• 3) Sequence the ends: 
Tiling

• Use a primer directed to 
the BAC

• Then align the sequenced 
ends computationally

• Produces an ordered 
sequence of BACs
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• 3) Sequence the ends
• Use a primer directed to the BAC
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• Produces an ordered sequence of 

BACs
• BUT, BAC cloned DNA is large: > 
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• Design new primers after each 
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• Fills in the BAC sequence
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A second approach: Shotgun sequencing

• 1) Break it all up into a variety of 
small pieces. 

• 100s bp to ~ 2000 bp
• Also some large clones

• 2) Clone into a vector (no BACs)

• 3) Sequence

• 4) Let the computer put it 
together

• Celera: private company founded 
after personality conflicts in the 
public consortium effort

• Used public BAC assembly data to 
finish its computational assembly.



Announced at The White House in June 2000

Still not quite done 22 years later, but getting 
closer…



Hierarchical Shotgun Sequencing

• 1) Break it all up into small 
pieces. 

• 2) Clone it all into BACs

• 3) Sequence the ends: 
Tiling
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• Most time-consuming
• Still going on today





Generational changes



Illumina 
sequencing

● lllumina sequencing technology is 
based on sequencing by synthesis 
(SBS)

● responsible for generating more than 
90% of the world's sequencing data

● supports massively parallel sequencing 
that detects single bases as they are 
incorporated into growing DNA strands.



Illumina Sequencing - Target DNA is immobilized in a ‘flow cell’

- A solid support that allows reagents to flow over 
the DNA to be sequenced

- Immobilization requires an ‘adapter’ homologous to 
anchor DNA in the flow cell



Illumina 
sequencing 
DNA is isolated and fragmented into small 
pieces

Adapters are ligated to the pieces of DNA 

Allow binding to the flow cell slide

B) Bound DNA is amplified to create clonal 
clusters that increase signal-noise during 
sequencing/imaging

C) Sequential rounds of individual addition 
of reversible dye-terminator bases

D) Translation of imaging records to 
sequence data. Export and analysis of 
sequence data.
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● Makes use of reversible dye-terminators
○ four types of fluorescently labeled 

ddNTPs
○ terminal 3' blocker is chemically 

removed
● DNA can only be extended one nucleotide 

at a time: 
○ A, T, C, G, then A, T, C, G then A, T….

• A camera takes images of the 
fluorescently labeled nucleotide after each 
addition of NTPs to the DNA

○ An Imaging based technique

• then the dye along with the terminal 3' 
blocker is chemically removed from the 
DNA, allowing the next cycle

• Several 100 Mio sequences



Illumina Sequencing

To be continued……



Illumina 
sequencing 
DNA is isolated and fragmented into small 
pieces

Adapters are ligated to the pieces of DNA 

- Allow binding to the flow cell slide

B) Bound DNA is amplified to create clonal 
clusters that increase signal-noise during 
sequencing/imaging

C) Sequential rounds of individual addition 
of reversible dye-terminator bases

D) Translation of imaging records to 
sequence data. Export and analysis of 
sequence data.



• https://www.youtube.com/watch?v=fCd6B5HRaZ8



Sanger Sequencing vs Illumina sequencing

Sanger sequencing

• Accurate and reproducible
• Expensive, time-consuming, and 

labor-intensive 
• Requires capillaries or sequencing 

gels
• But, method capable of producing 

long sequencing runs (~800 bp)

Illumina sequencing

• accurate
• fully automated
• Expensive but produces 10s-100s 

Million reads per run
• Read lengths are around ~100-300 

bp
• Suitable for genome sequencing 

and transcriptomic studies



Output





Generational changes


