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Course 485 

Introduction to Genomics



AIMS

• Introduce DNA sequencing technologies. 

• Highlight method of sequencing. 

• Highlight sequence detection.





What is DNA sequencing?
It is reading the letters of the book. 

It is reading the exact nucleotide sequence of the 
genome.



What is DNA sequencing?

1. The identity of a nucleotide 

2. The location of a nucleotide



Sequencing methods available now!

1. Maxam and Gilbert chemical 
degradation method (extinct). 

2. Sanger sequencing (dideoxy 
or chain termination method). 

3. Illumina sequencing. 

4. SOLiD sequencing. 

5. Pyrosequencing. 

6. Ion Torrent method. 

7. Single molecule sequencing.



Why DNA sequencing?

•  DNA sequencing can be considered the ultimate 
characterization of gene(s) or fragment(s) of DNA. 

•  DNA Sequencing is used for: 
•  Mapping genomes 
•  Determining gene structure and thus function 
•  Detecting polymorphism (single nucleotide 

polymorphism SNP) 
•  Analyzing genetic variation 
•  Predicting the possible product(s) of DNA 

fragments 
•  Many purposes depending on the questions one is 

asking 



DNA sequencing methods

When learning about DNA sequencing methods, 
focus on: 

1. How the nucleotide identity is identified (e.g., 
synthesis)? 

2. What is the method of detection and 
differentiation between the four nucleotides?



In 1977, Allan Maxam and Walter Gilbert 
developed chemical sequencing method                

Maxam-Gilbert Sequencing



1.Base modification. 

2.Removal of modified base from its sugar. 

3.Breaking the phosphodiester bond. 

4.Analyzing the fragments using gel 

electrophoresis.

Maxam-Gilbert Sequencing



Maxam-Gilbert Sequencing



Maxam-Gilbert Sequencing

Any idea why no (T) or (A) 
lanes? 

How do we read the gel?



Sanger sequencing

1.Fredrick Sanger has 
developed a sequencing 
method and received a 
Noble prize for it. 

2.Sanger sequencing method 
is also called Chain 
Termination Method and 
Dideoxy sequencing 
method.



• Employs: 
• specific primers 
• dNTPs 
• ddNTPs 
• DNA polymerase 
• DNA template

Sanger sequencing



DNA synthesis
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DNA synthesis requires the availability of a 
3’-OH and energy 



DNA synthesis
Difference in OH location in sugar and 

consequences



DNA synthesis
The absence of OH group on the 3’ carbon of the 

sugar blocks further addition of nucleotides



Sanger sequencing procedure

ddGTP ddCTP ddATP ddTTP

DNA Template 
Polymerase 

Excess dNTPs 
Primer



3’5’5’5’ G5’ G A5’ AG A5’ AG A T5’ AG TA TAG TA T5’ C C5’ AG CTA TAG CTA T T5’ C

Sanger sequencing procedure
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• Analysis using high 
resolution 
polyacrylamide gel 
electrophoresis. 

• Fragments are 
detected using 
radioactive markers 
and autoradiography.
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Sanger sequencing - Gel



• Each dideoxy nucleotide is attached to a 
florescent marker. 

• At the end of each cycle, a laser beam can detect 
the florescent marker and thus record the position 
of the nucleotide.

Sanger sequencing - Automated



Sanger sequencing - Automated



Chromatogram - Automated



The so called NGS

Current sequencing technologies 



Next-generation sequencing must die!

http://www.acgt.me/blog/2014/3/7/next-generation-
sequencing-must-die

“NGS technologies have already been around 
for almost 20 years. It doesn't strike me as 
particularly helpful to keep on labeling all of 
these different technologies with the same 

name.” Keith Bradnam.

Current sequencing technologies 



• Stop using NGS to describe sequencing technology. 
• Refer to the technology by its method (e.g. 

sequencing-by-synthesis). 
• Refer to the technology by the company that provides 

it (e.g. Oxford Nanopore). 
• Use the term “current sequencing technologies” if 

people can know what current is. 

What is “current” to you today?

Current sequencing technologies 

http://www.acgt.me/blog/2014/3/7/next-generation-
sequencing-must-die

What should we call them?



Pyrosequencing

• Method developed by Pål Nyrén and Mustafa 
Ronaghi in 1996. 

• It is a DNA sequencing method by synthesis. 
• The method detects incorporation of 

nucleotides by the pyrophosphate by product.



Pyrosequencing Principle 

What is pyrophosphate?



Pyrosequencing Principle 



Pyrosequencing Principle 

What does the resulting sequence 
look like?



Pyrogram 



Illumina Sequencing technology

https://www.illumina.com/documents/products/techspotlights/
techspotlight_sequencing.pdf

• It is a DNA sequencing method by synthesis. 
• The method detects dNTP incorporation using 

fluorescence labeled nucleotides. 
• Incorporation of label dNTPs terminates 

synthesis. 
• After detection(imaging), the label is removed 

to allow incorporation of next nucleotide.



Illumina Sequencing technology



ABi SOLiD Sequencing

• SOLiD stands for (Sequencing by Oligonucleotide 
Ligation and Detection). 

• Sequencing by ligation. 
• Ligation of four fluorescent labeled di-base 

probes. 
• Different universal primers (different lengths) are 

used. 
• The overlap of all ligation rounds will determine 

the DNA sequence. 

http://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-
next-generation-sequencing/next-generation-systems/solid-sequencing-chemistry.html



ABi SOLiD Sequencing



ABi SOLiD Sequencing



Ion Torrent sequencing

• A semi-conductor sequencing technology. 
• Small chips contain millions of wells/sensors. 
• Does not use fluorescent light or camera imaging.



Principle

• Incorporation of correct nucleotide causes 

changes in pH. 

• Why? 

• Ion sensor that set under the well can 

detects\measures the changes of the pH. 

• The chemical signals and converts it to voltage. 

• This process is repeated every 15 seconds with  

different nucleotides washing over the chip.



Principle



Nice comparison



• No Synthesis or ligation. 

• Realtime sequencing. 

• Uses nanopores. 

• Changes in electrical current passing through the 

nanopore is the method of nucleotide detection 

and identification. 

• Each nucleotide has a specific electrical current 

disruption signature.

Nanopore sequencing



Principle

1. Double stranded DNA 
attaches to a helicase. 

2. Single strand DNA passes 
through the nanopore and 
changes in flow of electric 
current is detected. 

3. Each base has a different 
electrical signal.



Fast - Realtime - Accurate - Small device - Cheap 
The future?





• Real time sequencing by synthesis. 

• No pause between steps. 

• Generate longer read lengths. 

• Higher error rate! 

• A template (SMRTbell) is created by ligating 

hairpin adaptors to both ends of (dsDNA). 

• Four different fluorescent-labeled nucleotides 

• Distinguish between fluorescent signals 

PacBio sequencing



PacBio sequencing

multiplexed single-molecule, real-time DNA se-
quencing based on the observation of the temporal
order of fluorescently labeled nucleotide incor-
porations during unhindered DNA synthesis by a
polymerase molecule.

For the observation of incorporation events,
we used a nanophotonic structure, the zero-mode
waveguide (ZMW), which can reduce the vol-
ume of observation by more than three orders of
magnitude relative to confocal fluorescence mi-
croscopy (20). This level of confinement enables
single-fluorophore detection despite the relatively
high labeled dNTP concentrations—between 0.1
and 10 mM—required by DNA polymerase for
fast, accurate, and processive synthesis. This range
produces average molecular occupancies between
~0.01 and 1 molecules for a ZMW 100 nm in
diameter (20, 23), compared with ~3 to 300 mole-
cules for total internal reflection microscopy (24–26).
The ZMW fabrication process was recently im-
proved, resulting in a higher yield of devices suit-
able for single-molecule sequencing (23).

Other DNA sequencing approaches have used
base-linked fluorescent nucleotides (7, 8, 14, 17,
20, 27, 28). These cannot be used in real-time
sequencing because they are poorly incorporated
in consecutive positions by DNA polymerase. In
contrast, when a fluorophore is linked to the ter-
minal phosphate moiety (phospholinked), phos-
phodiester bond formation catalyzed by the DNA
polymerase results in release of the fluorophore
from the incorporated nucleotide, thus generating
natural, unmodified DNA (21, 29–31).F29 DNA
polymerase was selected for these studies because
it is a stable, single-subunit enzyme with high
speed, accuracy, and processivity that efficiently
uses phospholinked dNTPs (32). It is capable of
strand-displacement DNA synthesis and has been
used in whole-genome amplification, showing
minimal sequencing context bias (33). We intro-
duced site-specific mutations in the enzyme and

devised a linkage chemistry that allows 100%
replacement of native nucleotides with four
distinct phospholinked dNTPs while retaining
near wild-type polymerase kinetics (32).

Recently, we reported a surface chemistry that
enables selective immobilization of DNA poly-
merase molecules in the detection zone of ZMW
nanostructures with high yield (34). Binding of
polymerase molecules to the side walls is inhib-
ited through the use of an alumina-specific poly-
phosphonate passivation layer. Here, an additional
biotinylated polyethylene glycol layer was used to
orient the polymerase and to prevent direct protein
contact with the silica floor of the ZMW (26).

Extensions in the state-of-the-art of single-
molecule detection were required to enable con-
tinuous, high-fidelity detection and discrimination
of four spectrally distinct fluorophores simulta-
neously in large numbers of ZMWs.We reported
a high-multiplex confocal fluorescence detection
system (35) that uses targeted, uniformmultilaser
illumination of 3000 ZMWs through holographic
phase masks. The instrument uses a confocal
pinhole array to reject out-of-focus background,
and a prism dispersive element for wavelength
discrimination that provides flexibility in the choice
of fluorescent dyes used while transmitting >99%
of the incident light.

The architecture of our method is shown in
Fig. 1A. DNA sequence is determined by detect-
ing fluorescence from binding of correctly base-
paired (cognate) phospholinked dNTPs in the
active site of the polymerase (Fig. 1B). A fluo-
rescence pulse is produced by the polymerase
retaining the cognate nucleotide with its color-
coded fluorophore in the detection region of the
ZMW. It lasts for a period governed principally
by the rate of catalysis, and ends upon cleavage of
the dye-linker-pyrophosphate group, which quick-
ly diffuses from the ZMW detection region. The
duration of the fluorophore retention is much

longer than the time scales associated with diffu-
sion (2 to 10 ms) or noncognate sampling (<1 ms),
which manifest as a low and constant background
signal. Translocation prepares the polymerase ac-
tive site for binding of the subsequent cognate
phospholinked dNTP, which marks the beginning
of the next pulse. Thus, the interpulse duration is
a combination of the translocation and subsequent
nucleotide binding times. The sequence of fluo-
rescence pulses recorded in the plot of intensity
versus time is referred to as a read.

To illustrate the principle of our approach to
DNA sequencing, we used a synthetic, linear,
single-stranded DNA template with a two-base
artificial sequence pattern (Fig. 2A). Alternating
template sections that omitted either cytosine or
guanine were interrogated with their complemen-
tary phospholinked dNTPs, A555-dCTP and A647-
dGTP. Reactions were initiated by addition of
catalytically essential metal ions while collecting
movies of fluorescence emissions simultaneously
from an array containing 3000 ZMWs (movie S1).
Time-resolved fluorescence spectra are presented
for an example ZMW in Fig. 2B. For each movie
frame, these spectra were reduced by dye-weighted
summation to two values, representing the emis-
sion rate from each of the two phospholinked
dNTPs as a function of time (Fig. 2C).

Single-molecule events corresponding to
phospholinked dNTP incorporations manifested
as fluorescent pulses whose variable duration
reflected the enzyme kinetics and exhibited
stochastic fluctuations in intensity (because of
counting statistics and dye photophysics). The
reads contained pulses with the expected pattern:
alternating blocks of like-colored pulses corre-
sponding to the alternating blocks in the tem-
plate. Furthermore, we observed the hallmarks of
single-molecule fluorescent events: single-frame
rise and fall times at the start and end of the
pulse, respectively (<<10 ms), which facilitate

Fig. 1. Principle of single-molecule, real-time DNA sequencing. (A)
Experimental geometry. A single molecule of DNA template-bound F29
DNA polymerase is immobilized at the bottom of a ZMW, which is illuminated
from below by laser light. The ZMW nanostructure provides excitation
confinement in the zeptoliter (10−21 liter) regime, enabling detection of
individual phospholinked nucleotide substrates against the bulk solution
background as they are incorporated into the DNA strand by the polymerase.
(B) Schematic event sequence of the phospholinked dNTP incorporation cycle,

with a corresponding expected time trace of detected fluorescence intensity
from the ZMW. (1) A phospholinked nucleotide forms a cognate association
with the template in the polymerase active site, (2) causing an elevation of the
fluorescence output on the corresponding color channel. (3) Phosphodiester
bond formation liberates the dye-linker-pyrophosphate product, which
diffuses out of the ZMW, thus ending the fluorescence pulse. (4) The
polymerase translocates to the next position, and (5) the next cognate
nucleotide binds the active site beginning the subsequent pulse.
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previously been shown in both birds and butter-
flies that structural color can enhance pigment
color either by an additive or a contrast effect
(8, 16, 29, 30). This interplay of structure and
pigmentmay therefore also add to the diversity of
pollination cues utilized by the flowers of many
angiosperm species.
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Real-Time DNA Sequencing from
Single Polymerase Molecules
John Eid,* Adrian Fehr,* Jeremy Gray,* Khai Luong,* John Lyle,* Geoff Otto,* Paul Peluso,*
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We present single-molecule, real-time sequencing data obtained from a DNA polymerase
performing uninterrupted template-directed synthesis using four distinguishable fluorescently
labeled deoxyribonucleoside triphosphates (dNTPs). We detected the temporal order of their
enzymatic incorporation into a growing DNA strand with zero-mode waveguide nanostructure
arrays, which provide optical observation volume confinement and enable parallel, simultaneous
detection of thousands of single-molecule sequencing reactions. Conjugation of fluorophores to the
terminal phosphate moiety of the dNTPs allows continuous observation of DNA synthesis over
thousands of bases without steric hindrance. The data report directly on polymerase dynamics,
revealing distinct polymerization states and pause sites corresponding to DNA secondary structure.
Sequence data were aligned with the known reference sequence to assay biophysical parameters of
polymerization for each template position. Consensus sequences were generated from the
single-molecule reads at 15-fold coverage, showing a median accuracy of 99.3%, with no
systematic error beyond fluorophore-dependent error rates.

The Sanger method for DNA sequencing
(1) uses DNA polymerase to incorporate
the 3′-dideoxynucleotide that terminates

the synthesis of a DNA copy. This method relies

on the low error rate of DNA polymerases, but
exploits neither their potential for high catalytic
rates nor high processivity (2–4). Increasing the
speed and length of individual sequencing reads
beyond the current Sanger technology limit will
shorten cycle times, accelerate sequence assembly,
reduce cost, enable accurate sequencing analysis
of repeat-rich areas of the genome, and reveal
large-scale genomic complexity (5, 6). Alternative
approaches that increase sequencing performance

have been reported [(7–10), reviewed in (11, 12)].
Several of these methods have been deployed as
commercial sequencing systems (13–16), which
have greatly increased overall throughput, enabl-
ing many applications that were previously un-
feasible. However, because these methods all
gate enzymatic activity, using various termination
approaches, they have not yielded longer sequence
reads (limited to ~400 nucleotides), nor do they
exploit the high intrinsic rates of polymerase-
catalyzed DNA synthesis.

The use of DNA polymerase as a real-time
sequencing engine—that is, direct observation
of processive DNA polymerization with base-
pair resolution—has long been proposed but has
been difficult to realize (7, 8, 17–22). To fully
harness the intrinsic speed, fidelity, and proces-
sivity of these enzymes, several technical chal-
lenges must be met simultaneously. First, the
speed at which each polymerase synthesizes DNA
exhibits stochastic fluctuation, so polymerase
molecules would need to be observed individually
while they undergo template-directed synthesis.
Because of the high nucleotide concentrations
required by DNA polymerases (20), a reduction
in the observation volume beyond what is afforded
by conventional methods, such as confocal or total
internal reflection microscopy, directly improves
single-molecule detection. Second, deoxyribo-
nucleoside triphosphate (dNTP) substrates must
carry detection labels that do not inhibit DNA
polymerization even when 100% of the native
nucleotides are replaced with their labeled coun-
terparts. Third, a surface chemistry is required that
retains activity of DNA polymerase molecules
and inhibits nonspecific adsorption of labeled
dNTPs. Finally, an instrument is required that can
faithfully detect and distinguish incorporation of
four different labeled dNTPs. Here, we provide
proof-of-concept for an approach to highly
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previously been shown in both birds and butter-
flies that structural color can enhance pigment
color either by an additive or a contrast effect
(8, 16, 29, 30). This interplay of structure and
pigmentmay therefore also add to the diversity of
pollination cues utilized by the flowers of many
angiosperm species.
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We present single-molecule, real-time sequencing data obtained from a DNA polymerase
performing uninterrupted template-directed synthesis using four distinguishable fluorescently
labeled deoxyribonucleoside triphosphates (dNTPs). We detected the temporal order of their
enzymatic incorporation into a growing DNA strand with zero-mode waveguide nanostructure
arrays, which provide optical observation volume confinement and enable parallel, simultaneous
detection of thousands of single-molecule sequencing reactions. Conjugation of fluorophores to the
terminal phosphate moiety of the dNTPs allows continuous observation of DNA synthesis over
thousands of bases without steric hindrance. The data report directly on polymerase dynamics,
revealing distinct polymerization states and pause sites corresponding to DNA secondary structure.
Sequence data were aligned with the known reference sequence to assay biophysical parameters of
polymerization for each template position. Consensus sequences were generated from the
single-molecule reads at 15-fold coverage, showing a median accuracy of 99.3%, with no
systematic error beyond fluorophore-dependent error rates.

The Sanger method for DNA sequencing
(1) uses DNA polymerase to incorporate
the 3′-dideoxynucleotide that terminates

the synthesis of a DNA copy. This method relies

on the low error rate of DNA polymerases, but
exploits neither their potential for high catalytic
rates nor high processivity (2–4). Increasing the
speed and length of individual sequencing reads
beyond the current Sanger technology limit will
shorten cycle times, accelerate sequence assembly,
reduce cost, enable accurate sequencing analysis
of repeat-rich areas of the genome, and reveal
large-scale genomic complexity (5, 6). Alternative
approaches that increase sequencing performance

have been reported [(7–10), reviewed in (11, 12)].
Several of these methods have been deployed as
commercial sequencing systems (13–16), which
have greatly increased overall throughput, enabl-
ing many applications that were previously un-
feasible. However, because these methods all
gate enzymatic activity, using various termination
approaches, they have not yielded longer sequence
reads (limited to ~400 nucleotides), nor do they
exploit the high intrinsic rates of polymerase-
catalyzed DNA synthesis.

The use of DNA polymerase as a real-time
sequencing engine—that is, direct observation
of processive DNA polymerization with base-
pair resolution—has long been proposed but has
been difficult to realize (7, 8, 17–22). To fully
harness the intrinsic speed, fidelity, and proces-
sivity of these enzymes, several technical chal-
lenges must be met simultaneously. First, the
speed at which each polymerase synthesizes DNA
exhibits stochastic fluctuation, so polymerase
molecules would need to be observed individually
while they undergo template-directed synthesis.
Because of the high nucleotide concentrations
required by DNA polymerases (20), a reduction
in the observation volume beyond what is afforded
by conventional methods, such as confocal or total
internal reflection microscopy, directly improves
single-molecule detection. Second, deoxyribo-
nucleoside triphosphate (dNTP) substrates must
carry detection labels that do not inhibit DNA
polymerization even when 100% of the native
nucleotides are replaced with their labeled coun-
terparts. Third, a surface chemistry is required that
retains activity of DNA polymerase molecules
and inhibits nonspecific adsorption of labeled
dNTPs. Finally, an instrument is required that can
faithfully detect and distinguish incorporation of
four different labeled dNTPs. Here, we provide
proof-of-concept for an approach to highly
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USA.
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Which one to choose?

http://www.molecularecologist.com/next-gen-fieldguide-2014/

I suggest you look at this website for nice 
comparisons between sequencing technologies



Which one to choose?

http://www.molecularecologist.com/next-gen-fieldguide-2014/



Expectations

• For each of the sequencing methods/
technology, you know: 

• The general principle. 

• Sequencing by? 

• Sequence detection by?
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Disclaimer

 Figures, photos, and graphs in my lectures are 
collected using google searches.  I do not claim to have 

personally produced the material (except for some). I 
do cite only articles or books used. I thank all owners of 

the visual aid that I use and apologize for not citing 
each individual item.  If anybody finds the inclusion of 
their material in my lectures a violation of their copy 

rights, please contact me via email. 

hhalhaddad@gmail.com
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