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Symmetr ic PCR uses  Equi-Molar  Pr imers with 
Similar  Tm’s: Yields DS-DNA Exponentially 
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Asymmetr ic PCR uses Non-Equi-Molar  Pr imers:
phase I  - Yields DS-DNA Exponentially
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Asymmetr ic PCR uses Non-Equi-Molar  Pr imers: 
phase I I  -Yields Single-Stranded DNA Linear ly



“ Although attractive in theory, asymmetric PCR is quite 
difficult to perform since the technique requires much 
optimization for each specific template-primer 
combination….”

http://autodna.apbiotech.com/handbook/seq/seqb-18.htm

The Problem With Conventional Asymmetr ic PCR

The Switch from Double Strand to Single

Strand DNA Synthesis is Not Controlled

Under  Conventional Asymmetr ic Conditions



LATE-PCR
Linear-After -The-Exponential

An Advanced Form of Asymmetr ic PCR



Sanchez et al. (2004) PNAS 101:1933-1938

Conventional asymmetr ic PCR is often inefficient

Symmetr ic PCR

Asymmetr ic PCR

Switch to linear  is not controlled



Sanchez et al. (2004) PNAS 101:1933-1938

LATE-PCR is as Efficient as Symmetr ic PCR

Symmetr ic PCR

LATE-PCR

Switch Occurs at CT
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LATE-PCR

Modifies L imiting Pr imer  
So That L imiting Pr imer  Tm 
Is Above Excess Pr imer  Tm

(Tm
L-Tm

X) ³³³³ 0

Tm = � H/(� S + R ln (C/2)) - 273.15 + 12 log [M] 

LATE-PCR: Axiom 1    (TmL -TmX) ³³³³ 0LATE-PCR: Axiom 1    (TmL -TmX) ³³³³ 0

Sanchez et al. (2004) PNAS 101:1933-1938



Pierce et al. (2004), In preparation .

LATE-PCR Makes it Easier  to Avoid Mispr iming
without Reducing Amplification Efficiency
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The difference, TmA – TmX, 
Influences the rate of linear  amplification
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Conclusions I

LATE-PCR Provides a Rational Framework for  Pr imer  

Design that Results in Efficient and Reliable Amplification 

of Single-Stranded DNA 

Replicate L inear  Reactions Do Not Plateau, but they 

Progress Toward the Same Final Concentration of SS-DNA



Elixirs



Product Evolution: single-strands can pr ime themselves
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There are five types of mis-pr iming:

• Errors dur ing Sample Preparation

• Pr imer  Dimers

• Errors dur ing Exponential Amplification

• Errors dur ing L inear  Amplification 

• Errors dur ing Multiplexing



There are five types of mis-pr iming:

• Errors dur ing Sample Preparation

• Pr imer  Dimers

• Errors dur ing Exponential Amplification

• Errors dur ing L inear  Amplification 

• Errors dur ing Multiplexing

Hot Start



LATE-PCR plus ELIXIRs                  

Eliminates All Forms of  Mis-Pr iming

Yields Samples of Very High Pur ity



ELIXIRs Prevent Mis-Pr iming Due to Low Str ingency

Junk

The
Right
Stuff

Without Elixir With Elixir

amplification with 4 different commercial Taq polymerases used under  relaxed conditions

IN PT*QS*PRNTC IN PT*QS*PR

* denotes a hot-star t enzyme
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Conclusions I I

Elixirs are inexpensive

Elixirs are not sequence specific

Elixirs make designing reactions easier



LATE-PCR 

Creates an Expanded “ Temperature Space”  

Novel Designs and Uses of Probes
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Symmetr ic PCR: Annealing and Detection In One Step
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Advantages of Low-Tm Probes:   

Separate Temperature Windows for  Pr imers and Probes
Advantages of Low-Tm Probes:

Increased Allele Discr imination
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Sanchez et al. (2004) PNAS 101:1933-1938



Advantages of Low-Tm Probes:

Saturating Amounts for  Increased Sensitivity 
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Conclusions - I I I

• Separation of Annealing and Detection

• Larger  Detection “ Temperature Space”

• Easier  to Design Low-Tm Probes

• Substantial Increase in Allele Discr imination 

• Substantial Decrease in Background Fluorescence 

• Target Saturation, No Inhibition of Amplification



LATE-PCR APPLICATIONS 1

Genomics



Genotyping Using a 
Single Allele-Discr iminating Probe 

Heterozygotes

Homozygotes

WT Probe Detects 100% of WT alleles

WT Probe Detects 50% of WT alleles
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homozygote should be twice the signal intensity of heterozygote
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Hemizygous

Heterozygotes

Loss of Heterozygosity is Also Revealed  by Slope Analysis
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LATE-PCR APPLICATIONS 2

Dilute-‘N-Go Sequencing 



LATE-PCR: “ Sample-to-Sequence”  in a Single Tube

Sample In Ready for  Dideoxysequencing

SampleLyse
Or

PurAmp

LATE-PCR 
Amplification



LATE-PCR: same amount of ss-DNA in all samples 

Symmetr ic PCR: Must Measure Amount of DNA Generated 



Cleanup of LATE-PCR Products by Dilution
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Sequencing of the p53 Gene Amplified with 
LATE-PCR From Single-Cells 
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LATE-PCR: “ Sample-through-Sequence”  in a Single Tube

Sample In Sequence Out

SampleLyse
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Pyrosequencing
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Automated Product Recovery and 
Parallel Sequencing in a Closed System

LATE-PCR Chamber
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Chambers

Capture Chambers
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Conclusions IV

• Linear  Kinetics with L ittle Scatter  Among 
Replicates Quantitative Analysis for  Allele 
Discr imination

• Single-Stranded DNA of Very High Pur ity
“ Dilute-’N’ -Go”  Dideoxy Sequencing
“ Dilute-’N’ -Go”  Sequencing by Synthesis



Closed Tube Analysis of Infectious Diseases
without DNA sequencing

LATE-PCR APPLICATIONS 3



Species-specific DNA sequences within the hyperviable
region A of selected mycobacter ial 16s rRNA genes

CGG ATA GG ACCA CGG GAT TCA TG TCT - TGT GGT GGA AAG CGC M.tbcomplex

... ... ..- ...T .AA ..C ... .. ...- .C. ... ... ... .-- M. avium

... ... ..- ...T TTA .GC ... .. ...- .TA ... ... ... .-- M. intracellulare

... ... ..- ...T TTA ..C ... .. ...- .T. ... ... ... .-- M. intracellulare
serovar18

..A ... ..- ..T TTA ..C ... .. ...- .T. ... ... ... .-- M. intracellulare
serovar7

... ... ..- ..TT .AA .GC ... .. ...- .T. ... ... ... .-T M. leprae

... ... ..- .... .TT .GC ... .. C..- ... ... ... ... .-- M. simiae

..A ... ..- ...T ..A .GC ... .. C..- ... ... ... ... .-- M. heidelbergense

... ... ..- ...T .TC .GC ... .. C..A G.A ... ... ... .-- M. intermedium

..A ... ..- ...C ..A .GC ... .. C..- ..G ... ... ... .-- M. malmoense

... ... ..- ...C ..A .GC ... .. C..- ..G ... ... ... .-- M. szulgai

... ... ..- ...T .AA .GC ... .. C..T ... ... ... ... .-- M. haemophilum

... ... T.- .... ... A.C ... .. . T.- ... ... ... ... .-- M. genavense

..A ... ..- .... .A. ..C A.. .. ..C- ... ... ... ... .-- M. gordonaeI

..A ... ..- .... .A. A.C A.. .. ..C- ... ... ... ... .-- M. gordonaeI I

... ... ..- ... ... ... ... .. ..C- ... ... ... ... .-- M. asiaticum

... ... ..- ... ... ... T.. .. ..C- ... ... ... ... .-- M. marinum

... ... ..- .... .AT .TC ... .. GTG - ... ... ... ... .-- M. triviale

... ... ..- .... TTC TGC ... .. . GG - G.. ... ... ... ..- M. xenopi

Many Bugs:
One Amplicon plus Many Sequence Specific  Probes



Color-Tr iplet Coding
The Kramer /Tyagyi Laborator ies, PHRI, Newark, NJ

Three colors
abc 1 species can be identified
Four colors
abc abd 4 species can be identified

acd
bcd

Five colors
abc abd abe 10 species can be identified

acd ace
bcd ade

bce
bde
cde

Six colors
abc abd abe abf 20 species can be identified

acd ace acf
bcd ade adf

bce aef
bde bcf
cde bdf

bef
cdf
cef
def

Conserved 
Sequence

Conserved 
Sequence

Unique 
Sequence



Color-Tr iplet Coding
The Alland/Kramer  Laborator ies, PHRI, Newark, NJ

8 Colors Generate 56 
Different Tr iplet 
Combinations!

abc abd abe abf abg
acd ace acf acg
bcd ade adf adg

bce aef aeg
bde bcf af g
cde bdf bcg

bef bdg
cdf beg
cef bf g
def cdg

ceg
cf g
deg
df g
ef g

7 Colors Generate 35
Different Tr iplet
Combinations!



Low-Tm Molecular  Beacon 
Melting Curve

Wild type

Mutant

Probe Pr imer

Range of Signals

Background
Total Background for  All 

20 Red Signals

Large Range for  Signals 
Above Total Background

Low -Tm Probes: low total background                                   

Color  Red Used 20 Times



CGG ATA GG ACCA CGG GAT TCA TG TCT - TGT GGT GGA AAG CGC M.tbcomplex

... ... ..- ...T .AA ..C ... .. ...- .C. ... ... ... .-- M. avium

... ... ..- ...T TTA .GC ... .. ...- .TA ... ... ... .-- M. intracellulare

... ... ..- ...T TTA ..C ... .. ...- .T. ... ... ... .-- M. intracellulare
serovar18

..A ... ..- ..T TTA ..C ... .. ...- .T. ... ... ... .-- M. intracellulare
serovar7

... ... ..- ..TT .AA .GC ... .. ...- .T. ... ... ... .-T M. leprae

... ... ..- .... .TT .GC ... .. C..- ... ... ... ... .-- M. simiae

..A ... ..- ...T ..A .GC ... .. C..- ... ... ... ... .-- M. heidelbergense

... ... ..- ...T .TC .GC ... .. C..A G.A ... ... ... .-- M. intermedium

..A ... ..- ...C ..A .GC ... .. C..- ..G ... ... ... .-- M. malmoense

... ... ..- ...C ..A .GC ... .. C..- ..G ... ... ... .-- M. szulgai

... ... ..- ...T .AA .GC ... .. C..T ... ... ... ... .-- M. haemophilum

... ... T.- .... ... A.C ... .. . T.- ... ... ... ... .-- M. genavense

..A ... ..- .... .A. ..C A.. .. ..C- ... ... ... ... .-- M. gordonaeI

..A ... ..- .... .A. A.C A.. .. ..C- ... ... ... ... .-- M. gordonaeI I

... ... ..- ... ... ... ... .. ..C- ... ... ... ... .-- M. asiaticum

... ... ..- ... ... ... T.. .. ..C- ... ... ... ... .-- M. marinum

... ... ..- .... .AT .TC ... .. GTG - ... ... ... ... .-- M. triviale

... ... ..- .... TTC TGC ... .. . GG - G.. ... ... ... ..- M. xenopi

Many Bugs: 
Only One Amplicon plus Only A Few Mis-Match Tolerant  Probes
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Probe to "constant"  Sequence 
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Probe to "variable"  Sequence within Different Bugs
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Fluorescence ratios at one temperature
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Conclusions - V

• Separation of Annealing and Detection

• Larger  Detection “ Temperature Space”

• Easier  to Design Low-Tm Probes 

• Substantial Decrease in Background 
Fluorescence 

• Compatible with Color  Tr iplet Coding using 
Sequence Specific Probes

• Compatible with Multi-Probing Using            
Mis-Match Tolerant Probes

• Same Reactions Available for  Sequencing 
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