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Central Role of DNA Hybridization

DNA-DNA hybridization is the basis for many of the advances 
in molecular biology and medicine in the last quarter century.

• Sequence-specific hybridization by oligonucleotides and 
cDNAs was the mainstay of gene isolation from libraries via 
colony or plaque hybridization on membranes.

• Allele-specific hybridization by oligonucleotides is the basis 
for many genotyping assays and for the diagnosis of genetic 
disorders with founder-effect mutations.

• Specific hybridization by oligonucleotides is the basis for all 
current commercial DNA sequencing methodologies.

• Specific hybridization is a critical prerequisite for PCR. 



Colony Hybridization Blots

Presenter
Presentation Notes
In hybridization to DNA bound to membranes, even though the probe DNA is in excess, the rates of hybridization can be low, especially with mammalien DNA due to its high complexity (low concentration of unique sequences for constant mass relative to low complexity DNA such as plasmids).  PCR, the primers are in huge excess over the target DNA template.  By excluding water, compounds like dextran sulfate effectively increase the concentration of probe very significantly, leading to large rate increases.  Thus, with reasonable amounts of labeld probe DNA, hybridization can go to at least 80%  completion with overnight hybridizations.



Central Role of DNA Hybridization

DNA-DNA hybridization is the basis for many of the advances in 
molecular biology and medicine in the last quarter century.

• Sequence-specific hybridization by oligonucleotides and cDNAs was 
the mainstay of gene isolation from libraries via colony or plaque 
hybridization on membranes.

• Allele-specific hybridization by oligonucleotides is the basis for many 
genotyping assays and for the diagnosis of genetic disorders with 
founder-effect mutations.

• Pharmacogenetics relies on Genotyping to Determine Individual Drug 
Sensitivities - e.g. DNA Screen for Cytochrome  P450 Isozyme Types

• Specific hybridization by oligonucleotides is the basis for all current 
commercial DNA sequencing methodologies.

• Specific hybridization is a critical prerequisite for PCR.



Overview of Hybridization and Lab Applications

• Hybridization Principles - rates of duplex formation, 
Tm predictions, nearest neighbor considerations

• Practical considerations in PCR amplification -
primer design, reagent concentrations, additives, 
polymerase types

• Long PCR optimization.  Specific considerations for 
successful generation of amplicons > 10 kb.



Hybridization: Duplex Formation
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Once initiated, the stabilization by hydrogen bond formation between bases 
and the locally high concentration of neighboring bases results in a rapid 
"zippering" up to form the hybridized duplex strands.
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Presenter
Presentation Notes
The initiation of base pairing of complimentary DNA strands is called nucleation and is the rate-limiting step of hybridization.  It is concentration dependent, as the strands will obviously find each other faster if their concentrations are higher. Once nucleation occurs, the strands “zipper up” rapidly since the concentration effect disappears and since the hybridization results in a decrease in disorder, or entropy.



Hybridization: Duplex Formation
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• In PCR and genotyping by 
hybridization of oligos to DNA on 
membranes, the [probe] conc. is 
high, so the time  is short.

• As N (complexity) ↑ ⇒ t1/2 ↑
• As [probe] ↑ ⇒ t1/2 ↓
• As probe L (length) ↑  ⇒ t1/2 ↓
• kN is a constant.

t1/2 =
N • ln2

kN •         • [Probe]•LL 

T  <  Tm

kN

(50% Strands Dissociated at tm )

Presenter
Presentation Notes
In hybridization to DNA bound to membranes, even though the probe DNA is in excess, the rates of hybridization can be low, especially with mammalien DNA due to its high complexity (low concentration of unique sequences for constant mass relative to low complexity DNA such as plasmids).  PCR, the primers are in huge excess over the target DNA template.  By excluding water, compounds like dextran sulfate effectively increase the concentration of probe very significantly, leading to large rate increases.  Thus, with reasonable amounts of labeld probe DNA, hybridization can go to at least 80%  completion with overnight hybridizations.



Hybridization: Wash Stringency
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• Non-specifically hybridized probes 
dissociate first as temperature ↑.

• The radiolabelled probes are 
removed in multiple washes, so 
equilibrium is irreversible.

• Key is to reproducibly limit wash 
times.  Eventually all probe is 
removed if wash time excessive.

• Tm is largely dependent on %GC

• Tm is also reduced by lowering salt 
concentration or adding formamide 
thus increasing stringency

T   >  Tm
Duplex

Presenter
Presentation Notes
Low salt = high stringency.  Wash time and temperature is kept constant, but lowered salt or increased formamide will destabilize duplexes resulting in non-specifically hybridized probes dissociating first, eventually followed by perfectly matched probe. 



• PCR Reaction Components:
– DNA Template
– Primers, forward & reverse
– dNTPs
– Mg++

– DNA Polymerase
• (Heat Stable)

– KCl and Tris•HCl, Ph 8
– Water

• PCR Mechanics
– Reaction in 0.2 ml tubes
– Repeatedly heated and 

cooled in a Thermocycler
– Evaporation control

• Glycerol overlay
• Heated lid

PCR Review of Procedure

Presenter
Presentation Notes
 The purpose of a PCR (Polymerase Chain Reaction) is to make a huge number of copies of a gene. The cycling reactions:  After an initial denaturation of the template for about 5 min, there are three major steps in a PCR, which are repeated for 30 to 40 cycles. This is done on an automated cycler, which can heat and cool the tubes containing the reaction mixtures in a very short time. 1) Denaturation at 94�°C: During denaturation, the double strands melt open to single-stranded DNA; all enzymatic reactions stop (for example: extension from a previous cycle).2 Annealing at 54�°C: The primers are jiggling around, caused by Brownian motion. Ionic bonds are constantly formed and broken between the single stranded primer and the single stranded template. The more stable bonds last a little bit longer (primers that fit exactly) and on that little piece of double stranded DNA (template and primer), the polymerase can attach and starts copying the template. Once there are a few bases built in, the ionic bond is so strong between the template and the primer, that it does not break anymore.3 extension at 72�°C: This is the ideal working temperature for the polymerase - a balance between higher enzymatic activity and decreased enzyme stability due to heat denaturation. The elongated primers, already have a stronger ionic attraction to the template than the forces breaking these attractions. Primers that could bind to positions with an incomplete match, fail to do so (because of the higher temperature) and don't result in extension of the primer.  The bases (complementary to the template) are coupled to the primer on the 3' side (the polymerase adds dNTP's from 5' to 3', reading the template from 3' to 5'.A final 10 min elongation step at 72°C ensures that all strands are full length.



1. In PCR, the denaturation of the template is required before 
the primers can bind for template amplification.

• For the low DNA template concentrations used, 
denaturation is favored and relatively rapid, going to 
completion within 5 min for genomic DNA.

• Re-hybridization of the denatured genomic template 
strands is slow because their concentrations are low.

• Since primer concentrations are much higher, it is 
much more likely that a primer will anneal than the 
complementary genomic strand find its partner.

Hybridization Principles - PCR Template Denaturation



1. In PCR, how high to heat the template DNA to assure complete 
denaturation to single strands?

2. Tm
∞ = the melting temperature of a long polynucleotide duplex, 

for example, a plasmid, or genomic DNA.

= 81.5 °C + 16.6•log10 ([Na+]/(1 + 0.7[Na+])) + 0.41(%G+C) -500/L

tm
∞ for PCR conditions of ≈0.2 M Na+, target DNA of 50% GC:

= 75 °C for length = 35 nt
= 86 °C for length = 250 nt
= 90 °C for length = 1000 nt
= 90 °C for length = 100,000 nt

- Approximation more accurate for longer polynucleotides (>50 nt)
- Avg human genomic %G+C = 42%;  max ~55% ≈Tm∞ 86 -> 92 °C

3. Thus, duplex genomic DNA will always denature under PCR 
conditions using a 94 to 95°C denaturation step.

Hybridization Principles - PCR Template Denaturation

Presenter
Presentation Notes
In PCR, the target concentration is usually very low, so dissociation into the relatively  large volume is quite rapid.  In PCR reactions, hybridization and dissociation are not usually time-limited and go to equilibrium.  Thus in PCR as opposed to membrane filter hybridization, stringency, or specificity is completely controlled by melting temperature, tmIt should be noted that  tm is highly dependent on duplex length only for relatively short sequences.  Once a sequence is longer than 200 bases, there is little change in tm as the strands get longer.  Melting simultaneously occurs at multiple places in long polynucleotides, resulting in behavior as if it were shorter.This equation for hybridization of long DNA strands was derived by Wetmur:  Wetmur, J.G., Crit Rev. Biochem Mol. Biol., 26: 227-259, 1991.



1. In PCR, the denaturation of the template is required before 
the primers can bind for template amplification.

• For the low DNA template concentrations used, 
denaturation is favored and relatively rapid, going to 
completion within 5 min for genomic DNA.

• Re-hybridization of the denatured genomic template 
strands is slow because their concentrations are low.

• Since primer concentrations are much higher than 
template, it is much more likely that a primer will 
anneal than the complementary genomic strand find its 
partner.

Hybridization Principles - PCR Primer Hybridization



Hybridization Principles - PCR Primer Hybridization
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• In PCR, primers in huge excess, 
hybridization is rapid. (seconds)

• Control of hybridization and 
hence polymerization by Taq, is 
thus mostly dependent on 
conditions that affect the tm.

• Tm is affected by the stabilities of 
AT vs GC base pairs, by 
neighboring effects and solvent.
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Presenter
Presentation Notes
In PCR, the primers are in huge excess over the target DNA template.  For genomic DNA, the concentration may be 2  femptomolar (10-15) while the primers are around 0.2 M (10-6), a 100-million-fold difference in concentration.  This drives the reaction quickly towards hybridization below the melting temperature of the duplex, and rapidly towards denaturation at temperatures above the tm of the duplex.



• Hydrogen bonding is favored between hydrogens and nearby 
electrophillic oxygen or nitrogen atoms

• AT Base Pairing - Two favorable hydrogen bonds
• GC Base Pairing - Three favorable hydrogen bonds
• More bonds = more stable interaction (↑order, ↓entropy)
• Heating destabilizes:  Tm = Temperature where 50% unpaired

Duplex Formation - H-Bonding
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Hybridization: Effect of GC vs AT Pairing

• Increased stability of GC vs AT pairs = higher tms 
for more GC-rich oligos.

• Simplistic approximation of Tm - Wallace 2+4 rule
– Tm = 2°C(A + T) + 4°C(G+C)
– Convenient, but not accurate
– Designed for short oligos ~14 to 20 nt
– Ignores length dependence (tm

∞ ≈ 90°C)
– Ignores contribution of salt concentrations
– Ignores dependence on oligo concentration
– Ignores sequence-specific differences in stability
– Useful as a ballpark estimate, e.g., 20-mer = 60°C

Presenter
Presentation Notes




Hybridization: Effect of GC vs AT Pairing

• Accurate thermodynamic calculation of Tm
– Worked out in numerous labs about 25 years ago
– Accounts for most variables

• The contributions of GC vs AT pairing to Tm are 
accounted for by the thermodynamic terms

tm =
T° • ΔH°

ΔH° - ΔG° + RT°ln[C]
+ 16.6 • Log10 

[Na+]

1.0 + 0.7[Na+]
- 269.3

Presenter
Presentation Notes




Hybridization: Nearest Neighbor Effect

• The ΔH and ΔG for base pairing are sequence dependent.
– E.g. Stability (ΔG) of a GC pair is decreased if next to a TA pair.  
– By determining the melting temperatures of numerous oligos, NN 

values have been determined for the 10 possible combinations.  
– These are called thermodynamic basis sets.  E.g:

TA
AT

NN ΔGNN

-0.60

GT
CA

-1.43

CG
GC

-2.09 5'-G T A C G-3'
3'-C A T G C-5'

-1.43 -1.43

-0.60 -2.09

ΔG = ∑ΔGNN = -5.55

Presenter
Presentation Notes
The stability of a GC base pair is decreased if it is next to an AT base pair and increased if next to a GC base pair.  The same is true for AT base pairs with their neighbors.The partial basis set shown in this slide was taken from the basis set in Table 3 of SantaLucia, et al., Biochemistry, 35: 3555-3562, 1996.The actual total G summation is a bit more complicated and contains corrections for end effects and symmetry.



Hybridization: Nearest Neighbor Effect

• tm is dependent on sequence
– Nearest Neighbor effects can significantly alter tm
– Example: Both oligos 50% GC, Δtm = 10°C!

• For most consistent PCR results, use NN Calculation
– Numerous online and PC programs available.
– Best online program: Whitehead's Primer 3
– Best PC/Mac programs: Wetmur's Melt; Rychlik's Oligo

5'-CCCTATAGGACTATAGGC-3'
5'-AATGCGCGTATGCGCAAT-3'

54
64

Sequence (18-mers) NN tm%GC
50
50

Presenter
Presentation Notes
Primer 3:  http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgiThe PCR Suite: http://www2.eur.nl/fgg/kgen/primer/index.html -Designs primers around exons or SNPs in a GenBank file using Primer3Oligo:  ◦ Molecular Biology Insights, Inc.: http://www.oligo.net/



Hybridization: Effect of Monovalent Salt

tm =
T° • ΔH°

ΔH° - ΔG° + RT°ln[C]
+ 16.6 • Log10 

[Na+]

1.0 + 0.7[Na+]
- 269.3

Thermodynamic description of Tm:

Na+ Contribution to Tm[Na+]

1.0 M -3.8 °C
0.5 M
0.2 M
0.05 M

-7.2 °C
-12.5 °C

Effect of Na+:
(≈ K+) -21.8 °C

- Increasing monovalent cation stabilizes DNA, raising tm

• Na+ neutralizes -charge on DNA, reducing strand repulsion -
favoring duplex formation, raising tm

• Pipette Accurately!

Presenter
Presentation Notes
Because the negative charges on DNA repel each other, a DNA duplex is less stable at low salt concentrations.  Adding Na+ neutralizes the charge repulsion of the strong negative charges of the poly phosphate backbone and allows the DNA to hybridize at higher temperatures.  In PCR, Tris+ and/or K+ in the buffer supplies the monovalent  cations which behave similarly to Na+ ions and are typically at ~ 0.05 M in PCR.  Tm is in degrees Kelvin and tm is in degrees Celsius.  The standard Na concentration of 1 M results in the salt term = -3.83, which plus the last term, -269.3, equals -273.1 for conversion of °K to °C.When the monovalent cation concentration is high, it helps neutralize, favoring duplex stability.  Lowering the salt concentration therefore destabilizes the duplex, allowing it to melt at a lower temperature.This equation is for hybridization probe in excess over target.



PCR Optimization: Effect of Magnesium Ions

• One Mg++ is required for each dNTP in the reaction.

• Additional Mg++ is required to activate Taq polymerase.

• Optimization of PCR with 1.0 ≤ [Mg++] ≤ 3.0 mM may 
help

• ≥3 mM [Mg++] favors miss-incorporation of nucleotides

Presenter
Presentation Notes
One must have an excess of [Mg++] over [dNTP], as stoichiometric amounts are required for catalysis by Taq as well as some additional Mg++ to activate the enzyme.Although the tm effect is minor, the multiple roles Mg plays in PCR may justify its use in reaction optimization.Nonetheless, since higher [Mg++] favors missincorporation of nucleotides, the increased error rate above 3 mM [Mg++] may not warrant its use, especially if the product is to be cloned.



Hybridization: Effect of Oligo Concentration

tm =
T° • ΔH°

ΔH° - ΔG° + RT°ln[C]
+ 16.6 • Log10 

[Na+]

1.0 + 0.7[Na+]
- 269.3

Thermodynamic description of Tm:

tm[Oligo]

0.015 μM 58.2 °C
0.15 μM
1.5 μM

61.4 °C
64.4 °C

Effect of [oligo]:
(20-mer)

Modest increase in tm as [oligo] increases

Increased [oligo] stabilizes duplex formation --> ↑ tm

Wetmur Melt program calculations:

Presenter
Presentation Notes
Mg++ is an even more efficient stabilizer of DNA duplexes.  The standard addition of 1.5 mM MgCl2 in the PCR reaction is equavelent to the effect of increaseing the monovalent salt concentration from the standard 0.05 M to 0.2 M.Example calculation: Mg effect:  16.6*Log(([Na] + 4*SQRT([Mg]/1000))/(1 + 0.7*([Na] + 4*SQRT([Mg]/1000)))For  [K+] = 0.05 M and [Mg++] = 1.5 mM:   16.6*Log((0.05 + 4*SQRT(1.5/1000))/(1 + 0.7*(0.05 + 4*SQRT(1.5/1000))) = -12.4°CIf  [Mg++] = 5.0 mM: =-9.4 for a change of +3.0°C



Oligonucleotide Hybridization Dissociation Curve
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Conditions:
Oligo = 14-mer, radiolabeled
[NaCl] = 0.9 M
Target DNA = 1 μg plasmid

spotted on a 2.5 cm
nitrocellulose membrane



Tm Definition

tm = Temperature where 50% of the oligonucleotide is hybridized to the target DNA
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Tm ≈ 30 °C



90 % of The Hybridization Curve over 15 °C Range

In PCR, optimal temp = tm – ~8°C  (~95% bound)

0

10

20

30

40

50

60

70

80

95 % Free
100

20 30 40 50

Temperature (°C)

Si
ng

le
-S

tr
an

de
d 

O
lig

on
uc

le
ot

id
e 

 (%
)

AAGTACACATTGGA

5 % Free

90
 %

 o
f O

lig
o 

R
el

ea
se

15 °C Temperature Δ

90

7.5 °C  Δ

Presenter
Presentation Notes
As temperature increases, the equilibrium between bound and free 



A Single Base Mismatch Lowers tm by ≈ 10 °C
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– Less so for longer oligos
– Critical at 3'-end of PCR and sequencing primers

Presenter
Presentation Notes
More critical for hybridizing to sequencies bound to solid supports such as filter membranes in allele-specific hybridization methods.IN PCR, temperature effect more pronounced the closer to the 3' end.Nonetheless, mismatches can cause PCR to fail and should be suspected when failures occur at 10 degrees below the tm.



Primer Performance vs ΔG Stability Gradient
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Each point = ΔG for a sliding
4-base segment

Examples of primers that perform poorly in PCR and sequencing.

Good primers: perform well in PCR and sequencing.
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Note:  Primers have lower 
stability (less 
negative ΔG) 
towards the 3' end 
of the sequences

G&C form more stable duplexes than A&T, thus design more GC rich at 5'end.

Presenter
Presentation Notes
Rychlik pioneered this approach to optimizing PCR and sequencing primer performance.It is incoporated into his "Oligo" primer design program.



Determination of the Optimal tm for a PCR Rx

• Calculate Tms of the individual primers
– Use a program that provides accurate tms

• Based on nearest neighbor ΔGs
• Adjusts for effects of monovalent cation and Mg++ concentrations
• Based on concentration of primer in the PCR reaction

• Subtract 7-9°C from the lowest Tm
– Use 7°C for better specificity
– Use 9°C for better chance of the reaction working
– Relate this to the 15° melting curve in the earlier slide

• Run a test PCR and adjust based on results
– Low yield - lower temperature in 3°C increments
– Multiple bands - raise temperature in 3°C increments



Primer Design Considerations
• Avoid Primer-Dimer formation

– Check for self-and cross hybridization
– Particularly avoid 3' matches that will extend

– Reduces the effective primer concentration
– Contributes to sequencing artifacts

• Avoid more than three identical bases in a row
– Especially avoid 3' G and C homopolymers
– Low complexity primers more likely to false-prime on repeats

• End in G or C  vs  A or T?
– G/C Interferes with decreasing stability rule
– Can lead to false priming
– If must end in G/C - don't obsess, but favor AT-rich ends

5'-GTGATGAGTGCCCAAAGATGGT-3'

3'-CTGACAGTGCCCAAAGATGTA-5'
|:



Primer Design Considerations

• For the least primer-dimer formation, end both in …AA-3’

– If end in A or T: much less bonding strength that if G or C

– A better than T since T can pair with G with no mismatch penalty

– Works great for multiplexing - e.g. 48 primer pairs in 1 reaction.
• End all primers with AA
• Design all primers to have the same Tm by varying the length
• Start Tm -7 and raise till only get 1 band per primer pair.

5'-GTGATGAGTGCCCAAAGTCCATAA-3'

3'-AAGTACGTGCCCAAAGATGTA-5'

X

X



Optimal  Primer  Storage

• DNA stored in distilled water is not stable
• Absorbed CO2 --> lowers pH, causing 
depurination 

• Store  concentrated  primers  in TE, ph 8, at -80°C, 
flash frozen.  Stable for years.

• TE = 10 mM Tris•HCl, 1 mM EDTA, pH 8.0

• Working solutions: 10 μM in 10 mM Tris, pH 8, store at 
4°C up to 4 mo.

• EDTA inhibits Taq Polymerase.

• For the best stability of any DNA, lyophilze to 
complete dryness and store in an airtight (with "o"-
ring seal) tube at room temperature in the dark.   
Stable for decades.

Presenter
Presentation Notes
Primers are chemically synthesized from monomeric units called nucleoside phosphoroamidates and can be obtained at low cost, high quality, and with various modifications from a number of suppliers such as MWG, IDT, Operon,Sigma-Genosys, and others.  The DNAcore in the Department of Human Genetics also makes oligos on its ABI 394 synthesizer with a 1-2 day turnaround depending on submission time and load.  The capacity is limited to 12 per day. HPLC quality analysis and purification of larger quantities is available by special order.DNA stored in distilled water is not very stable.  Absorbed CO2 lowers the pH, below 6 leading to depurination followed by backbone cleavage.  In addition, trace amounts of nucleases from fingerprints and other sources can degrade DNA over time.Storage in Tris buffer prevents depurtination by maintaining pH at 8.  EDTA inhibits nucleases. Flash freezing prevents local concentrating of salts, with possible pH alterations.Working solutions should be made by dilution into sterile distilled water.  Use of TE is avoided,as the EDTA will inhibit subsequent DNA enzyme reactions and the salts will interfere with DNA sequencing reactions.Don't store diluted oligos longer than 6 months.  They will eventually degrade, especially with repeated freeze-thaw cycles.



PCR Efficiency & Exponential Amplification

Number of 
Cycles 100% Eff. 90% Eff. 80% Eff. 70% Eff.

0 1 1 1 1
1 2 2 2 2
2 4 4 3 3
3 8 7 6 5
4 16 13 10 8

10 1,024 613 357 202
15 32,768 15,181 6,747 2,862
20 1,048,576 375,900 127,482 40,642
25 33,554,432 9,307,650 2,408,866 577,063
30 1,073,741,824 230,466,618 45,517,160 8,193,466
32 831,984,491 147,475,597 23,679,116
35 860,077,682 116,335,497
39 971,645,702

Number of Copies of DNA Formed

• A 10% reduction in efficiency results in ~80% less product

• PCR is typically 80-90% efficient.

Presenter
Presentation Notes
These calculations show much the DNA will be amplified if you have different efficiencies. For 100% efficiency, there will be a doubling at each cycle, for 90% efficiency the amount of DNA will increase from 1 to 1.9 , so the factor is 1.9 for each cycle, and similarly for 80% and 70% - it will be 1.8 and 1.7.  Notice that a small different in efficiency makes a lot of difference in the amount of final product. Each 10% lowering results in about 1/5 of the previous column after 30 cycles.If you do not run out of substrate, one can typically achieve a billion-fold amplification before reaching a plateau stage were there is little or no increase in product per cycle.



(Template) & Exponential Amplification in PCR

Number of 
Cycles 100% Eff. 90% Eff. 80% Eff. 70% Eff.

0 100,000 100,000 100,000 100,000
1 200,000 190,000 180,000 170,000
2 400,000 361,000 324,000 289,000
3 800,000 685,900 583,200 491,300
4 1,600,000 1,303,210 1,049,760 835,210

10 102,400,000 61,310,663 35,704,672 20,159,939
15 3,276,800,000 1,518,112,703 674,664,062 286,242,305
20 104,857,600,000 37,589,973,458 12,748,236,216 4,064,231,407
25 3,355,443,200,000 930,764,956,883 240,886,592,109 57,706,274,123
26 6,000,000,000,000 1,768,453,418,077 433,595,865,797 98,100,666,010
28 6,000,000,000,000 6,000,000,000,000 1,404,850,605,182 283,510,924,769
31 6,000,000,000,000 6,000,000,000,000 6,000,000,000,000 1,392,889,173,389
34 6,000,000,000,000 6,000,000,000,000 6,000,000,000,000 6,000,000,000,000

Number of Copies of DNA Formed (400 bp amplicon)

• Typical PCR starting template concentration is ~105 copies

• 30 cycles is usually enough to reach the plateau phase

• Plateau because no primers left

Presenter
Presentation Notes
These calculations are the same as the previous slide, but start from 105 copies of DNA, which Is more typical of a PCR reaction, instead of 1 copy.  Here, the number of copies again increases exponentially, but theoretically could only make 6 x 1012 copies before the dNDPs run out.  A realistic estimate of PCR efficiency is 80-90%, so 30 cycles is usually enough to reach plateau stage.



• ABI 9700 - Industry standard
– Gold-plated silver block: fast 5°C/sec ramp speed
– Heated Lid, Good Seal, 5 μl PCR reactions are very reproducible

• Need mineral oil overlay if PCR unit doesn't have a heated lid
• With heated lids, must be designed well to avoid any evaporation or 

condensation above the sample

• MJR Dyad - Two independently controlled blocks.
• Bio•Rad Tetrad 2   - Redesigned  DNA Engine - 4 Blocks

PCR Instrumentation Examples

ABI 9700 MJR Dyad Bio•Rad Tetrad 2



http://www.stratagene.com/newsletter/vol16_3/p96-97.htm

PCR Optimization - Polymerase Efficiency



PCR Optimization - Polymerase Properties

Enzyme 5'->3' 
Exo

3'->5' 
Exo

Ends 95°C t 1/2
(min)

Rate
(nt/sec)

Hot Start Length
(kb)

Error Rate
(mut/bp)

%  Muts / 
1 kb

Taq + – 3'A 40 60 – 3-5 7 x 10-5 100
ATaqGold + – 3'A 40 Antibody 3-5 7 x 10-5 100

rTth + – 3'A 20 60 – 3-5

Platinum Pfx – + Blunt 700 120 Antibody 12 5 x 10-5 90

Vent (Tli) – + blunt 400 80 – 5 4 x 10-5 75

Deep Vent – + blunt 1400 80 – 5 4 x 10-5 75

Pfu – + Blunt 120 30 – 4 1.5 x 10-6 3

Phusion – + Blunt 400 300 – 7.5 5 x 10-7 1

Pfu Ultra – + Blunt ? 30 – 17 4 x 10-7 0.8

Note: low error rate is multiplied by many cycles to frequent mutations

Presenter
Presentation Notes
Thermostabile DNA polymerases were originally isolated from bacteria that live in hot thermal vents such as those found at Yellowstone National Park and in undersea thermal vents.  They possess remarkable stability for a protein, being able to survive for periods of time at temperatures near the boiling point of water.  Their properties vary, some possessing 5’->3’ exonuclease (nick-translating), or 3’->5’ exonuclease (error-correcting) activities.  They have variable processivity - the length to which they extend a primer before falling off the template, and variable synthesis rates.  Importantly, they have different rates of introducing errors during polymerization.  Note that the error rates, while low, refer to total accumulated errors per base pair synthesized per replication (doubling) of DNA.  Thus the actual errors after PCR are much higher.  rTth is also useful in RT/PCR as it also has reverse transcriptase activity and can thus be used in a one-tube PCR reaction.Phusion is a new recombinant polymerase consisting of a proof-reading enzyme fused to a DNAbinding protein resulting in increased procesivity - ie, loner time on the template strand before falling off, resulting in faster synthesis.Pfu-ultra is a blend of Pfu and a dUTPase.  During PCR, especially at high temperatures and lower pH, dCTP undergoes deamination to dUTP.  Most proof-reading enzymes like Vent and Pfu, have a read-ahead function that detects dU residues and stops synthesis.  Addition of a dUTPase dramatically improves yield and target-length capability as well as lowering the error rate.Refs for polymerase error rates:    1) http://micro.nwfsc.noaa.gov/protocols/taq-errors.html   2) http://www.neb.com/nebecomm/products/phusion_overview.asp



PCR Optimization - Reducing Error Rate

• Error rate increases about 10-fold with a 4-fold increase in Mg++

concentration when [Mg++] is in excess of [dNTP]

• Error rate increases about 10-fold as pH increases from ph 6 to pH 8.  
However, depurination and template degradation at low pH outweighs 
this advantage. 
– Note the negative temperature coefficient on pH for Tris buffer: = -

0.029 pH/°C:  pH (20°C = 8.3; 94°C = pH 6.2)
– For this reason, some companies suggest using Tris buffered to 

pH 9.
– Compare to the temperature coefficient for tricine buffer: = -0.021 

pH/°C: (20°C = 8.7; 94°C = pH 7.0)

• Increasing dNTP concentration from 0.2 μM to 1 μM increases error 
rate two-fold.

• Keep dNTPs balanced.  Error rate goes up significantly if one 
nucleotide is in much lower concentration than the others.

Presenter
Presentation Notes
Parts of the this lecture are based on material from Dr. Wetmur's publications and from class notes of his lectures on DNA hybridization theory.  The review articles cited in this slide provide detailed discussions of all aspects of DNA-DNA and DNA-RNA hybridization and are worth repeated study when conducting research involving various forms of hybridization including PCR, sequencing, colony and plaque hybridization, Southern and northern blotting, allele-specific hybridization, hybridization to oligos on solid supports (microarrays) and numerous additional applications.



PCR Optimization - Hot Start

• Polymerases still active at room temperature
– Oligos miss-prime at low temperatures
– Once product started, may favorably amplify

• Original hot-start:  Add critical reagent after temperature at 70 °C 
– Start with Mg++ or polymerase addition

• Most "hot starts" now uses heat-denaturable inactivating monoclonal ab
– Amplitaq Gold needs 15 min at 95 to denature.
– Balance between denaturing antibody and polymerase
– Chemical modification with shorter heating times an improvement.

• Good to experimentally validate optimal denaturation time for best yield.

Presenter
Presentation Notes
Parts of the this lecture are based on material from Dr. Wetmur's publications and from class notes of his lectures on DNA hybridization theory.  The review articles cited in this slide provide detailed discussions of all aspects of DNA-DNA and DNA-RNA hybridization and are worth repeated study when conducting research involving various forms of hybridization including PCR, sequencing, colony and plaque hybridization, Southern and northern blotting, allele-specific hybridization, hybridization to oligos on solid supports (microarrays) and numerous additional applications.



Effect of Primer Concentration

Qiagen®

• 0.2 μM usually optimal

• Higher conc promotes
lower tm

• Again note smaller
amplicons favored

Presenter
Presentation Notes
The optimal primer concentration in most PCR reactions is from 0.1 to 0.2 M.  Higher concentrations effectively raise the Tm for hybridization, which means that only a portion of the primer sequence is necessary for hybridization at the Tm chosen for a 0.1 mM concentration.  The shorter sequence is less specific, and when hybridizing against a complex DNA sample such as genomic DNA, will frequently find multiple places to hybridize, resulting in extra bands.  Not also that the majority of the extra bands are from shorter PCR products.  This is because short sequences amplify more efficiently and become more predominant early in the amplification process.



Effect of Annealing Temperature on PCR Specificity

Felske, et al., BMCMicrobiology 3:22-32 (2003)

— Different bacterial strains - same primers
— Different strains may have mismatches at primer binding sites

results in different apparent tms
— First Panes - Smaller size more efficient, larger more specific?

— Note primer-dimer in third panel

Presenter
Presentation Notes
These examples demonstrate the effect of annealing temperature on amplicon yield and specificity.  The primers are the same in each case, but the DNA template is from different species of bacteria.  If the annealing temperature is to low, nonspecific products sometimes predominate.  This is the case in the third panel, where low molecular weight primer dimers predominate at low temperatures.  As the temperature increases, the yield of the correct 280 bp amplicon increases and then decreases again at higher temperatures, as the primer begins to fail to anneal above its Tm.  In the first panel, a second larger amplicon predominated at higher temperatures after the Tm of the 280 bp band was exceeded.  It is possible that there are mismatches to one or both of the primers in the first two strains, as the apparent Tms for efficient hybridization were lower than in the third panel.



Touchdown PCR To Minimize Optimization Time

• Problem:  Want to PCR multiple amplicons but optimal tms vary

• Solution: Touchdown PCR
• Start annealing temperature ~8 degrees above highest tm

• Decrease by 0.5 °C per cycle till 5 degrees below lowest tm

• Finish with about 15 more cycles at that temp.

• Excellent for amplifying all exons of a gene in one thermocycler

• Good for cases when possible mismatches to primers may otherwise 
cause failed PCR

Presenter
Presentation Notes
In order to be able to amplfiy multiple strains under the same PCR conditions, a touchdown protocol was used.  In this protocol, the initial annealing temperature was around 57 degrees followed by a 0.5 degree decrease in annealing temperature for each cycle until an annealing temperature of 44 °C was reached, after which about 15 additional cycles at this temperature increased the product yield.  In most cases the common 280 bp band was observed, but in some strains larger amplicons were found due to sequence variation.



Increased Specificity Using Touchdown PCR

Felske, et al., BMCMicrobiology 3:22-32 (2003)

Both small and large PCR products amplified with good efficiency

Presenter
Presentation Notes
In order to be able to amplfiy multiple strains under the same PCR conditions, a touchdown protocol was used.  In this protocol, the initial annealing temperature was around 57 degrees followed by a 0.5 degree decrease in annealing temperature for each cycle until an annealing temperature of 44 °C was reached, after which about 15 additional cycles at this temperature increased the product yield.  In most cases the common 280 bp band was observed, but in some strains larger amplicons were found due to sequence variation.



Practical PCR:  Template Concentration

Examples for Various Complexities (104 copies):

Sample Type              Complexity      DNA/PCR Rx  
Human Genomic         3 x 109 bp 30     ng 
BAC Clone                   1 x 105 bp          10     pg 
Cosmid                         30,000 bp            3     pg 
Plasmid                          5,000 bp            0.5   pg 
PCR Product                     500 bp          50      fg 

(Million-fold difference in starting amount.)



PCR Contamination Issue

• Note that while 30 ng of Genomic template is needed to get a 
band in 30 cycles, only 0.5 pg are needed of a 5K plasmid.

• This is only 1/600,000th of the genomic DNA concentration.

• If one amplified a 500 bp fragment from the genomic DNA and 
ended up with a reasonable concentration of ~ 200 ng/μl, how 
many μl is needed to get a band in PCR?

• That amounts to 0.05 pg divide by 200,000 pg/μl or about 
4 millionth of a μl.

• This is why PCR set-up should be done in a different room 
than where one handles the PCR products

• Use barrier tips for  PCR reaction set-up.

• Different sets of pipettors.



DNA ANALYSES  - DNA Sequencing

• Sequencing Methods and Principles

• Current Sequencing Instrumentation

• Practical Considerations for High Quality Sequencing



Central Role of DNA Sequencing

• Many molecular biology investigations require knowledge of 
gene sequences, and manipulation of DNA sequences.

• Sequence knowledge to designe allele-specific mutation 
detection by oligonucleotides in pharmacogenetic assays.

• A major use now is re-sequencing to detect disease-causing or 
disease/drug-susceptibility mutations or linked single 
nucleotide polymorphisms (SNPS).

• The sequencing efforts of the Human Genome Project have 
provided a tremendous leap forward in molecular information.

• High-throughput methods for screening thousands of genes in 
multiple organisms require ever more sequencing resources.



A Brief History of Sequencing
• 1977 Maxam and Gilbert chemical degradation sequencing

Sanger enzymatic chain termination sequencing
– 1,500 bp/yr/person;    Genbank = 500,000 (1982)

• 1985 Mullis invents PCR; Templates now more abundant
– 15,000 bp/yr/person;    Genbank = 4,000,000

• 1987 ABI 373 - automated slab gel DNA sequencer - 24 lane
– 50,000 bp/yr/person;    Genbank = 10,000,000 bp

• 1995 ABI 377 - automated slab gel DNA sequencer - 96 lane
– 500,000 bp/yr/person;    Genbank = 250,000,000 bp

• 1998 ABI 3700 capillary array sequencers introduced
– 20,000,000 bp/yr/person;    Genbank = 1,500,000,000 bp

• 2005 ABI 3730xl capillary array sequencers introduced
– 80,000,000 bp/yr/person;    Genbank = 50,000,000,000 bp

• 2008 ABI SOLiD Image array sequencers introduced
– 150,000,000,000 bp/yr/person;    Genbank = 145,000,000,000 bp

Presenter
Presentation Notes
For an online history of the human genome project, see: http://www.sciencemag.org/feature/plus/sfg/human/timeline.shtml Or for an alternative presentation see:  http://www.biosino.org/hgp/Science-Robertsetal_%20291(5507)1195.htm



Growth of Genbank (1982-2006)

(NCBI, 2005)

• De novo sequencing of human 
DNA is now less important

• Focus now is on organisms 
important to agriculture and 
infectious disease

• Interest in representative 
organisms across phylogeny.

• Current challenge - developing 
bioinformatics to identify 
functional motifs, pathway-
specific regulation and to 
model whole systems.

• Sequencing still a major lab 
tool supporting gene 
expression, mutation detection, 
and gene therapy.



DNA Sequencing Methods

• Maxam & Gilbert Chemical Sequencing

• Sanger Enzymatic “dideoxy” Sequencing
– Basic method used in most modern sequencing protocols
– Uses DNA polymerase
– Adds bases to the 3' end of a primer bound to a DNA template
– Incorporates dNTP bases complementary to the template
– Key to method is random termination by dideoxy nucleotides.

Sanger, et al., PNAS 74:5463-5467 (1977)



Sanger Sequencing Chemistry
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4 ddNTP Reactions

Sanger Dideoxy Sequencing - Radioactive Primers

In the dGTP/ddGTP reaction there is a 
random chance a ddGTP will be 
incorporated across from a C

autoradiograph of dried 
sequencing gel
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Examples of Sequencing Gels
G   A    T    C
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4 ddNTP Reactions

Sanger Dideoxy Sequencing - Flurorescent ddNTPs

In the dGTP/ddGTP reaction there is a 
random chance a ddGTP will be 
incorporated across from a C

autoradiograph of dried 
sequencing gel

The sequence is complementary
to the strand being sequenced
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Sanger Dideoxy Sequencing - Fluorescent ddNTPs

Fluorescent dyes tag each
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ABI 377 Slab Gel Sequencer



ABI 377 Slab Gel Sequencer



Fluorescent Dye Sequence Readout

Low template concentration



Fluorescent Sequence Electropherogram



Innovation - Capillary Electrophoresis

• DNA fragments are separated in hollow capillary fibers

• Fluorescent fragments detected by laser excitation

• Read length significantly increased

• Adjacent lane spillover eliminated
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Advantages of Capillary Electrophoresis
• No sample spillover to adjacent lanes
• Lane tracking problems gone

– No curved lanes due to non-homogeneous gels
– No distortions due to salt in some samples

• Much higher sensitivity
– Less reagents (lower cost)
– Less template (less work & cost in preparation)

• Highly automated
– Much better consistency
– Much less labor (lower cost)

• Longer read lengths possible
– 900-1,000 bp vs 350 bp, on newest instruments



The ABI 3700 Capillary Array Sequencer

ABI Prism 3700
©2001 Timothy G. 
St di h



State-of-the-Art: ABI 3730xl
• Improved Optical Design

– 1000 bp reads
– Higher sensitivity
– Uniform across all caps

• Lower Reagent Usage
– Lower cost
– Runs 2 days nonstop

• More Automation
– Stack up to 16 plates
– Mix 96 & 384 well
– Mix sequencing and 

genotyping
• More Robust Design

– Less service downtime



DNA ANALYSES - DNA Sequencing

• Future Trends in DNA Sequencing (“Next-Gen”)

– The Challenge - Do it faster, do it cheaper
– Survey of current “Next-Gen” sequencers

• Next-Next Generation Sequencers

– Survey
– Potential, Issues, Challenges.



Future of DNA Sequencing
• Capillaries - good for a while

– Very reliable, high-throughput, and economical
– Expect continued incremental improvements
– Expect continued price reductions

• NIH wants price to drop a lot
– Cost to sequence the human genome:

• Human Genome Project: ~ $1 billion
• 2006 cost (at 6x coverage) $50 million
• 2008 cost (at 20x coverage) ~$200,000
• Can we do it cheaper?



Future of DNA Sequencing
REVOLUTIONARY GENOME SEQUENCING TECHNOLOGIES -- THE $1000 GENOME
RELEASE DATE:  February 12, 2004
RFA Number:  RFA-HG-04-003
Department of Health and Human Services (DHHS)

PARTICIPATING ORGANIZATION: 
National Institutes of Health (NIH
National Human Genome Research Institute (NHGRI)

PURPOSE OF THIS RFA 
The purpose of this Request for Applications (RFA) is to solicit grant 
applications to develop novel technologies that will enable extremely 
low-cost genomic DNA sequencing.  Current technologies are able to 
produce the sequence of a mammalian-sized genome of the desired data 
quality for $10 to $50 million; the goal of this initiative is to 
reduce costs by at least four orders of magnitude, so that a mammalian-
sized genome could be sequenced for approximately $1000. Substantial 
fundamental research is needed to develop the scientific and 
technological knowledge underpinning such a major advance.  Therefore, 
it is anticipated that the realization of the goals of this RFA is a 
long-range effort that is likely to require as much as ten years to 
achieve. 



Future of DNA Sequencing
• Nature of the task:

– Sequence now known - Assembly now moot
– Read length only needs to be ~ 60 bp to achieve 

95% uniqueness (miss 5% repeats)
– Need >99.7% accuracy
– 6x coverage in a day ≈ 500,000 bp/sec
– Need supercomputing to handle the data

• Expect initial compromises:
– Labor intensive sample preparation
– Instruments more expensive >$500,000 each
– Inflexible - hard to do smaller projects 



Candidate Next Gen Technologies

• Resequencing by hybridizaton to arrays:
– Use chip technology that senses hybridization to 

arrays of millions of 25-mer oligonucleotides
– Affymetrix already has robust array technology

• CustomSeq™ Resequencing Arrays
• ~60,000 nt total per GeneChip®
• Template = PCR products;  contiguous or multiple genes

– Downsides
• One analysis takes 2 days, scale-up limitations?
• Must use PCR to generate template DNA
• One $200 chip per assay
• Some sequence-specific difficult regions
• Can’t read indels and CNVs



AATCCTTTATTAGTAGCGTGCAGCATTGCCAAGGATTCGGACACAGTCGACTATAG
AATCCTTTATTAGTAGCGTGCAGCA
ATCCTTTATTAGGAGCGTGCAGCAT
TCCTTTATTAGTGGCGTGCAGCATT
CCTTTATTAGTAGCGTGCAGCATTG

AATCCTTTATTATTAGCGTGCAGCA
ATCCTTTATTAGTAGCGTGCAGCAT
TCCTTTATTAGTTGCGTGCAGCATT
CCTTTATTAGTATCGTGCAGCATTG

AATCCTTTATTAATAGCGTGCAGCA
ATCCTTTATTAGAAGCGTGCAGCAT
TCCTTTATTAGTAGCGTGCAGCATT
CCTTTATTAGTAACGTGCAGCATTG

AATCCTTTATTACTAGCGTGCAGCA
ATCCTTTATTAGCAGCGTGCAGCAT
TCCTTTATTAGTCGCGTGCAGCATT
CCTTTATTAGTACCGTGCAGCATTG

Candidate Technologies-Hybridization

• Tiled 25-mers across seq.
• Only perfect -> signal

• Each Oligo in a known
Position on a slide.



Candidate Technologies-Single Molecule

• Re-sequencing by single molecule scanning
– Microscopic monitoring of individual sequencing rxs.

• No amplification required.
• Pending market introduction by Helicos for ~$1.5 Million.

– Single molecule transport across nanopores
• Nanopores of single molecule dimensions
• Fabricated in silicon to produce solid state nanopore
• Electrophoretically draw through ssDNA
• Sequenom just purchased the technology from Harvard.

Advantages
• 106 base per second transport speed (need to slow down)
• Use genomic DNA directly
• Read length only limited by DNA shearing (~105 nt)



Nanopore Sequencing Technology

(Theoretical)

Harvard Nanopore Group http://www.mcb.harvard.edu/branton/



Roche / 454 Sequencing Technology

454 Life Sciences - www.454.com

•  Commercialized In 2006

•  Can Sequence multiple bacterial genomes 
in a day

Fragment DNA Add Adapters Purify



Roche / 454 Sequencing Technology

454 Life Sciences - www.454.com

•  Frank Church polyony method

•  PCR in emulsions - single molecule template.

Attach one
AB fragment
to a Bead

Amplify
Fragments

Enrich DNA+
Beads

Make 
Emuslion



Roche / 454 Sequencing Technology

454 Life Sciences - www.454.com

•  Sequence by synthesis in singe bead wells

Light emitted from bead when correct base(s) added Sequential Base Addition



Roche / 454 Sequencing Technology

454 Life Sciences - www.454.com

•  20,000,000 bases per 4 hr run/per person

• Compare - 80,000,000 bases per year/person ABI 3730xl



Roche 454 Sequencing Technology

•  Second Generation Machine Introduced In Late 2007.

•   Read length now around 300 bases.

•   Best Next Generation sequencer for de novo sequencing

•   With only 40 million bases per run, is better for smaller   
genomes or targeted resquencing, eg. Exons.

•  Is being used for sequencing all the microorganisms in 
the gut of an individual - Metagenomics.



Illumina / Solexa Sequencing Technology

Illumina/Solexa - www.illumina.com

•  Colony amplification on a solid state surface
• Classic polymerase 
addition of bases with 
reversible terminators



Illumina / Solexa Sequencing Technology

•  Yields more sequence data than 454: ~1.5 billion bases/ 
run/ 2.3 days

•   Read length now around 35 bases.

•   Probably provides the cheapest sequencing results.

•   The accuracy is ~98.5%, but >85% are perfect.

•  Library preparation only takes 1 day using little template.

•  Has the largest number of instruments installed (>200)



Illumina / Solexa Sequencing Technology

QuickTime™ and a
TIFF (Uncompressed) decompress

are needed to see this picture.

20 mircons



ABI - SOLiD:  Sequencing by Oligonucleotide 
Ligation and Detection (CCD Camera)

Enables massively parallel sequencing of
clonally amplified DNA fragments linked to 
beads.

• Up to 6 GB of mappable data/run
• Up to 3 GB per slide
• 2 slide system
• Read Length: 35bp fragment library

2x25bp in mate pair library
• Accuracy: 99.94 %
• Each base is read twice



ABI - SOLiD:  Sequencing by Oligonucleotide 
Ligation and Detection (CCD Camera)

QuickTime™ and a
TIFF (Uncompressed) decompresso

are needed to see this picture.



ABI - SOLiD:  Sequencing by Oligonucleotide 
Ligation and Detection (CCD Camera)

1µm
bead

P1 Adapter P2 AdapterInternal Adapter

25 base
Tag #1

25 base
Tag #2

Mate-Pair Library (whole genome sequencing)

Fragment Library (directed resequencing)

DNA Fragment

60-90 Bases

1µm
bead

P1 Adapter P2 Adapter



ABI - SOLiD: Creating Fragment Libraries

Mechanical 
Fragment of Sample,
By Sonication or 
Shearing,  then Size 
Selection by Gel

Complex sample

e.g. Genomic 
DNA,Concatenated 
PCR products, 
Chromatin IP DNA

DNA Fragment: 60-90 Bases

P1 Adapter P2 Adapter

Ligate P1 and P2

+

Read Sequence: ~ 35 Bases



ABI - SOLiD: Creating Mate-Pair Libraries (1)

Randomly Fragment
Sample

Complex 
Sample

Ligate 
Internal Adapters Circularize

+

Size Select
(eg: 1, 2, 3, 5,10 KB)

Internal
Adapters



ABI - SOLiD: Creating Mate-Pair Libraries (2)

Cleave with  
Eco P15I

27 bp 27 bp Ligate P1 and P2

+

Internal Adapter

25 base
Tag #1

25 base
Tag #2

P1 P2

Isolate Mate 
Pairs

(1 - 10 kb)



ABI - SOLiD: Bead Capture and Emulsion PCR

P1 P2+

P1

P1

P1
1 u

Primers + Taq Polymerase in 
Oil-Water Emulsion Droplet

20,000 Copies 
per bead

Mate-Pair Library



ABI - SOLiD: Emulsion-Based Clonal PCR

1 u  Bead Size
35 fL PCR Droplet Size
50-100 Billion Reactors



ABI - SOLiD: Enrichment of Productive Beads

P1 P2 P2 P1

Large
Polystyrene
bead coated

with P2

Centrifuge in 
glycerol gradient

Supernatant 
Captured beads with templates

Pellet 
Beads with no template



ABI - SOLiD: Bead Attachment to Slides

3’-end 
modification

Beads attached to glass 
surface in a random array~40,000,000 Beads per Slide

Arrays Imaged by a 4 Megapixel Camera



ABI - SOLiD: Ligation Sequencing Chemistry

3’

n n n T C z z z 

Fluorescent dye

Cleavage site

3’ Ligation site 

1,024 Octamer Probes (45)
4 Dyes,  4 Dinucleotides,  256 probes per dye
n = Degenerate bases   z = Universal bases



ABI - SOLiD: 4-Color Ligation Chemistry

ligase

ligase
3’                                         p5’

universal seq primer 

Template Sequence 5’ 3’
P1 Adapter

1µm
bead

universal seq primer 

1µm
bead

p5’
T A

5’

3’ 5’

3’ 5’

3’ 5’

n n n T A z z z

n n n T C z z z n n n A T z z z

n n n G G z z z

© Applied Biosystems

Visualize Color

Cleave After Color Readout



ABI - SOLiD: 4-Color Ligation (2nd Cycle)

ligase

Template Sequence 5’ 3’
P1 Adapter

1µm
bead

Universal seq primer 

1µm
bead

T A

5’
n n n T A z z z

3’ 5’
n n n T C z z z

3’ 5’
n n n A T z z z

3’ 5’
n n n G G z z z

© Applied Biosystems

Visualize Color

Cleave After Color Readout

3’ 5’
n n n A T z z z

Repeat for a total of 5 Cycles,  then reset the Universal sequencing primer -1



ABI - SOLiD: Reset 5X for 25 Bases Sequence

3’
universal seq primer 

4,5 9,10 14,15 19,20 24,25

Template Sequence 5’ 3’
P1 Adapter

1µm
bead

1µm
bead

3’
universal seq primer n-1 reset

3’
universal seq primer n-2reset

3’
universal seq primer n-3reset

3’
universal seq primer n-4reset

3,4 8,9 13,14 18,29 23,24

2,3 7,8 12,13 17,18 22,23

1,2 6,7 12,13 16,17 21,22

0,1 5,6 11,12 15,16 20,21

© Applied Biosystems

Last cycle, read known last base of Universal Primer, then combine results.



ABI - SOLiD: 2nd Set of reads for Mate-Pairs

© Applied Biosystems

1µm
bead

P1 Adapter P2 AdapterInternal Adapter

25 base
Tag #1

25 base
Tag #2

Note: each 2-base position is read as one of 4 dye colors.  Since the reset is only 1 base,
each base is encoded by two different dye reads, reducing error.



ABI - SOLiD: The Power of 2-Base Encoding 

A C G T
A
C
G
T

2nd Base

1s
t
B

as
e

C   A   T   C   C   A   T   C   G

C   A   T   T C   A   T   C   G

SNP•  1 Color  ≠ 1 Base

•  Each Color  =  Info from 2 Bases

•  To Decode, Must Know 1 of the Bases in the Sequence



ABI - SOLiD:  2-Base Encoding Helps 
Discriminate Polymorphisms From Errors

Reference
Sequence

SNP Sequencing
Error

Sequence information Alignment
is Done in 2-Base Color Space



ABI - SOLiD: The Power of Mate Pairs to 
Detect Deletions

A B C D

deletion

Observed Behavior

Reference

A B D



ABI - SOLiD: The Power of Mate Pairs to 
Detect Deletions

D

Conclusion:  C was deleted

A BReference

C



ABI - SOLiD Sequencing System ($560,000)

Dual Flow 
Cell

Reagent
Handling

10-box Linux
Cluster

15 Tb Data
Storage



ABI - SOLiD - Applications

•  Whole genome re-sequencing using mate pair libraries

•   Targeted re-sequencing of defined regions, selected on 
oligonucleotide arrays

•   Chip-Seq: Sequencing of DNA associated with active 
chromatin.

•   Accurate analysis of mRNA expression levels - counting

•   Analyses of epigenetic regulation by methylation. (Anti-
methyl- 5-cytosine)



ABI - SOLiD: Targeted Exon Resequencing
Gene 1 Exon 1 G1_Ex2 G1_Ex3 Gene 2 Exon 1 G2_Ex2 G2_Ex3 

PCR amplify regions of interest and pool

Concatenate PCR products using ligation

Fragment concatenated product to 60 bp 
adapter ligate – ready for emulsion PCR

P1 P2

P1 P2



ABI - SOLiD: Deep Resequencing

1,000
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100,000

1,000,000

10,000,000

100,000,000

1,000,000,000

10 100 1000 10000

# of loci

# 
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1:100
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1:10,000

# of Gene Loci Interrogated

Rare allele frequency

�© Applied Biosystems

SOLiD - 1 Run



SOLiD Sequencing Technology

•  Yields the most sequence data:  ~ 6 billion bases/run

•   Read length now around 35 bases.

•   Has the highest accuracy at ~ 99.94%.

•   Library preparation takes 3-10 days.

•   Data has useful quality metrics associated with it, but is 
massive,  ~ 0.5 terabyte per run after processing 10.

•   Barcoding available to allow multipexing of 16 samples.



Next-Next Gen Sequencing
• Single Molecule Sequencing #1

– No PCR clonal amplification
– Advanced optics to watch fluorescence 

changes at one reaction site
– Helicos - $1.5 mil, 1 sold.

• 200 bp fragments
• Oligo A tailed, F* Label
• Oligo T on Slide, 100 mil/cm2

• Hybe Frags, Locate molecules, wash off label
• Add one F* base, Read all w laser,  wash off 

label
• Etc, to read the entire sequence
• Now reads 1 billion bases / day
• When reaches 1 billion/hr = $1,000 genome.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.



Next-Next Gen Sequencing
• Single Molecule Sequencing # 2

– No PCR clonal amplification
– Advanced optics to watch Polymerase
– Reaction in 20 zeptoliter holes (10-21 L)
– Forms a :zero-mode wave-guide
– Pacific Biosciences (PacBio) - Future

• One molecule of Taq per well
• No background fluorescence
• All 4 F* nucleotides always present
• Dye is phospho-attached
• Taq activity cleaves the phosphate-dye is lost
• Watch additions in real time
• Read-length >10,000 bp
• Massive scalability
• Cost / genome?, Availability?

Laser



Potential
• 1 hr genome sequence for $100 (Charge $1,000)

• Complete info on all genetic diseases, drug-
related variations, & disease susceptibilities.

• Link to database of known phenotypes

• Link to database of known treatments, therapies

• Link to database of specialists



Challenges
• We need major improvements in computational 

sequence search/alignment speed and better 
bioinformatics. 

• We will know the genotype before we know what 
it does.

• We will need to improve education if everyone 
should be able to benefit from this knowledge

• We need to find ways to manage costs.



Issues

• Privacy - Unique ID - Your DNA is your name

• Do you want to know all this about yourself?

• Do you want others to know?

• Will you be insurable, who pays?

• Behavior, intelligence predictions, consequences?

• Do we know what good and bad genes are?

• Variation is valuable.  Else boring & 1 virus kills all.
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