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Part I
Me, DNA and real-time PCR – a brief history

Part II – Two things about real-time PCR

• Why microarray hybridization cannot be as 
sensitive or have the dynamic range of PCR

• Why thermocycling is an advantage over 
isothermal amplification

Application of real-time PCR to quantitative genetics



Graduate school, UCLA 
Molecular Biology Institute  
1974 -1980

Advisor:  Winston Salser



Ancient 
DNA?

post-doctoral fellowships
UC Berkeley
Biochemistry Dept.
1980 – 1986

Advisor:  Allan Wilson
20,000 year-old frozen wooly mammoth

110 year-old quagga skin









Cetus Corp.
1986 -1991  
Human Genetics Dept.

Dept. Director:  Henry Erlich



First PCR 
forensic DNA 
typing kit

Perkin-Elmer Cetus
Amplitype DQα

(circa 1990)



First real-time PCR
1991  

PCR tube in 
thermocycler

spectrofluormeterfiberoptic

Fifty Years of Molecular (DNA/RNA) Diagnostics 
Clin Chem. 2005 Mar;51(3):661-71 (C.Wittwer, ed.)



CCD camera approach 
1991/92



Normalized growth curves 
from CCD camera approach
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Integrated CCD camera 
approach - 1995

PE-ABI 5700 - 1997



Cetus (PCR - 1984; real-time PCR - 1990)

PECI  (1988 - 1991)
Chemistries/diagnostics

Perkin-Elmer
Instruments/research

Perkin-Elmer Roche Boehringer Mannheim 
(Biochemicals)Applied 

Biosystems Roche
Molecular Systems

(RMS or RMD)PE-ABI
Idaho Technologies

Roche
Molecular Biochemicals

ABI

Celera Applera

Celera 
Diagnostics

Roche
Applied Science

SDS/Prism systems

Taqman

ABI 7700 - 1996

LightCycler – 1996
Hyb probes
SYBR green

ABI

Founded – 2000
T. White
J. Sninsky
K. Ordonez



Part II – Two things about real-time PCR

• Why microarray hybridization cannot be as 
sensitive or have the dynamic range of PCR

• Why thermocycling is an advantage over 
isothermal amplification

Application of real-time PCR to quantitative genetics



Mike Holland
Dept. of Biological Chemistry
UC Davis



Overview – Thing I

• Kinetics of DNA hybridization
• Kinetics of kinetic (real-time) PCR
• Why you can’t get there (low copy 

detection) from here (hybridization on 
microarrays)



DNA hybridization kinetics in solution

d Crick[ ]
dT

= −k Watson[ ] Crick[ ]

The rate of disappearance of Crick (appearance of 
dsDNA) at any time (T) is proportional to the 
concentration of Crick and of Watson



Hybridization kinetics when 
[Watson] >> [Crick]

d Crick[ ]
dT

= −k Watsono[ ] Crick[ ]

[Watson] essentially does not diminish and can be 
substituted for by the constant initial concentration 
[Watsono]. The reaction profile over time is 
determined by the diminishing [Crick]

Wetmur, JG,  Critical Reviews in Biochemistry and Molecular Biology, 
26:227-259 (1991)



Hybridization of cDNA to immobilized probe 
approximates conditions where [Watson] >> [Crick] 

where Watson = cDNA and Crick = probe 

Caveats:
• Works if [cDNA] is high enough
• If not, hybridization is also diffusion-limited and 

the rate is slower
• This is why we gently rock our hybridizations



Immobilized probe-based equation

d ssProbe[ ]
dT

= −k cDNAo[ ] ssProbe[ ]

The rate of disappearance of single-strand probe 
(appearance of bound target sequence) at any time (T) 
is proportional to the remaining ssProbe



Integrate the equation from To to T

ssProbe[ ]
ssProbeo[ ]= e−kT cDNAo[ ]

The left side, the fraction of remaining unbound, ssProbe, goes 
from 1 to 0 with increasing time. One could think of the amount 
of bound cDNA increasing from 0 to 1 at the same time

bound cDNA =  1−
ssProbe[ ]
ssProbeo[ ]=  1 - e−kT cDNAo[ ]



Let’s graph, keeping T constant and 
varying [cDNA]
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Let’s add some noise (S/N = 20)
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Hold this thought: an RNA profile on a 
microarray is a hybridization experiment with 
a mixture of multiple different, sequence-
specific cDNAs at widely different 
concentration (> 6  logs). 

In other words, the experiment we just 
graphed



Atwood model of primer-limited PCR

Cn+1 = Cn x 1 + 
eff.

1 +
aCn

Po - Cn

Cn = product copy# @ cycle n
eff. = initial replication efficiency
Po = initial primer concentration
a = strand reassociation vs. primer annealing

Conversion to detected relative flourescence

rel. fluorcycle i = 1 + (copy#cycle i /copy#cycle infinity)(X-1)



Curve-fitting the Atwood model to data

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 5 10 15 20 25 30 35 40 45

cycle number

initial efficiency = 90%

initial copy # = 1.03 x 106

a = 2.65



Vary intial copy number in the PCRs
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Let’s add some noise (S/N = 20)
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Mike Holland’s experiment

• RNA profile yeast gene expression of 250 
genes using kinetic RT-PCR

• Early log phase cultures of strain BY4742 
in YPD medium

• Compare to published profile of same genes 
from same strain under same conditions 
measured using microarray hybridization



Microarray hybridization measurement of mRNA 
level in yeast vs kinetic RT-PCR measurement

Alpha 1 transcript

Quantification not possible

M. Holland, J. Biol. Chem. 277:14363-66 (2002)



One can conclude from this:

• Yeast mRNA transcripts vary over six orders of 
maginitude

• Lowest level transcripts are at 1 copy per 1000 
cells

• These transcripts are probably functional
• Microarrays are three orders of magnitude in 

sensitivity away from detecting these lowest level 
transcripts

• Problem should be worse in mammalian cells



How can mRNAs at < 1 copy per cell 
mean anything?

• mRNAs are labile; proteins are the more stable 
effectors of function

• Measuring the average level in many cells at 
different stages of cell cycle - catching only a few 
cells “in the act” of transcription

• Tissues are heterogeneous
• Regulatory proteins are low-level (lac repressor at 

few copies/cell)



To enhance dynamic range, could you do the 
same trick with hybridization, i.e., make 

measurements over time? 

• Yes, but to get greater sensitivity need to 
hybridize longer

• 10-fold greater sensitivity requires 10-fold longer 
hybridization

• Hybridization times are already 24 hr
• Longer hybridization = higher background 

fluorescence



Could you increase the concentration of 
cDNA?

• Yes, but many microarray experiments have 
limited mRNA to begin with and use as small a 
volume hybridization as is reasonable to work 
with

• 10-fold gains in sensitivity require 10-fold 
increases in concentration

• “Volume excluders”, e.g., PEG, are already used



Conclusions

• Many interesting mRNAs are below the 
level of detection by microarrays

• The dynamic range of quantification by 
microarray hybridization is limited

• Kinetic RT-PCR has a much broader 
dynamic range and much greater sensitivity

• The number of mRNAs testable with 
microarrays is much larger in one 
experiment (bigger “bandwidth”)



Having your cake and eating it too

• A dense microarray of PCRs
• Microfluidic partitioning of sample and 

master mix



Thing II - why is thermocyling good for quantification? 
(or why is the “q” in qPCR as good as it is?) 

• Exponential processes like PCR are not supposed 
to be easily reproducible

• Small efficiency differences early on (due, say, to 
temperature differences) can be magnified into 
large differences by late cycles

• Common misperception
• The “stop/start” of temperature cycling 

synchronizes all reactions
• Advantage of PCR over isothermal amplifications



Big Problem in gene discovery by “genome-
wide SNP association” - Huge number of 

genotype determinations required

• 200,000 to 1,000,000 SNPs required for 
genome-wide coverage

• 500 case + 500 control x 200,000 SNPs
= 2 x 108 genotype determinations

• Total output of RMS + collaborators, last 
10 years maybe 5 x 106

Promise of genome-wide SNP screens:  genes for 
genetically complex disorders - heart disease, 
cancer, osteoporosis, etc. 



How to do a billion genotypes

• Multiplex the DNA samples (i.e., pool equal 
amounts of them)
– Use allele frequency in pool as measure of allele 

frequency in population
– Look for allele frequency difference between case and 

control larger than expected “by chance”
– Erlich, H, Arnheim, N and Strange, C (1985). Proc. 

Natl. Acad. Sci. 82: 6970–6974. – use of Southern Blot 
RFLP analysis

– Germer, S,  Holland, M and Higuchi, R (2000) Genome 
Res. 10(2):258-66. – use of real-time PCR

• Multiplex the assays (as many genotypes as 
possible per assay) - AffymetrixTM, ParalleleTM

• Multiplex both - PerlegenTM



Frequency of allele1 =
Principle of Our 
Pooling assay )12(
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Exacerbation of “winner’s curse”



How about limiting to amino acid 
substitutions?

• Some 20,000 missense SNPs in 
databases

• Botstein and Risch
– Most known Mendelian (single-gene) 

disorders are due to misense mutations –
why should complex (multi-gene) disorders 
be different?

– Ascertainment bias (you get what you look 
for)

• Celera Diagnostics (J. Sninsky)
– Allele-specific, kinetic PCR



“Mama always said life was like a 
box a chocolates, never know what 

you're gonna get.”

- Forrest Gump


