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Background on Digital PCR

• Diluted DNA is partitioned into many volumes, ideally 
containing 0 or 1 template, thermalcycled, and accessible 
targets are counted
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ABSTRACT The identification of predefined mutations
expected to be present in a minor fraction of a cell population
is important for a variety of basic research and clinical
applications. Here, we describe an approach for transforming
the exponential, analog nature of the PCR into a linear, digital
signal suitable for this purpose. Single molecules are isolated
by dilution and individually amplified by PCR; each product
is then analyzed separately for the presence of mutations by
using f luorescent probes. The feasibility of the approach is
demonstrated through the detection of a mutant ras oncogene
in the stool of patients with colorectal cancer. The process
provides a reliable and quantitative measure of the proportion
of variant sequences within a DNA sample.

In classical genetics, only mutations of the germ line were
considered important for understanding disease. With the real-
ization that somatic mutations are the primary cause of cancer (1)
and may also play a role in aging (2, 3), new genetic principles
have arisen. These discoveries have provided a wealth of oppor-
tunities for patient management as well as for basic research into
the pathogenesis of neoplasia. However, many of these oppor-
tunities hinge on detection of a small number of mutant-
containing cells among a large excess of normal cells. Examples
include the detection of neoplastic cells in urine (4), stool (5, 6),
and sputum (7, 8) of patients with cancers of the bladder,
colorectum, and lung, respectively. Such detection has been
shown in some cases to be possible at a stage when the primary
tumors are still curable and the patients asymptomatic. Mutant
sequences from the DNA of neoplastic cells have also been found
in the blood of patients with cancer (9–11). The detection of
residual disease in lymph nodes or surgical margins may be useful
in predicting which patients might benefit most from further
therapy (12–14). From a basic research standpoint, analysis of the
early effects of carcinogenesis often depends on the ability to
detect small populations of mutant cells (15–17).

Because of the importance of this issue in so many settings,
many useful techniques have been developed for the detection of
mutations. DNA sequencing is the gold standard for the detection
of germ-line mutations but is useful only when the fraction of
mutated alleles is greater than !20% (18, 19). Mutant-specific
oligonucleotides sometimes can be used to detect mutations
present in a minor proportion of the cells analyzed, but the
signal-to-noise ratio distinguishing mutant and wild-type (WT)
templates is variable (20–22). The use of mutant-specific primers
and the digestion of PCR products with specific restriction
endonucleases are extremely sensitive methods for detecting such
mutations, but it is difficult to quantitate the fraction of mutant
molecules in the starting population with these techniques (23–
28). Other innovative approaches for the detection of somatic
mutations have been reviewed (29–32). A general problem with
these methods is that it is difficult or impossible to confirm
independently the existence of any mutations that are identified.

We therefore sought to develop an approach to the problem
that would overcome some of the aforementioned difficulties.
The strategy described in this paper involves separately amplify-
ing individual template molecules so that the resultant PCR
products are completely mutant or completely WT. The homo-
geneity of these PCR products makes them easy to distinguish
with existing techniques. Such separate amplifications are only
useful in a practical sense, however, if a large number of them can
be assessed simply and reliably. Techniques for such assessments
were developed, with the output providing a digital readout of the
fraction of mutant alleles in the analyzed population. A variety of
applications for this technology are foreseeable.

MATERIALS AND METHODS
Step 1: PCR Amplifications. The optimal conditions for PCR

described in this section were determined by varying the param-
eters described in Results. PCR was performed in 7-!l volumes in
96-well polypropylene PCR plates (Marsh Biomedical Products,
Rochester, NY). The composition of the reactions was 67 mM
Tris (pH 8.8), 16.6 mM NH4SO4, 6.7 mM MgCl2, 10 mM
"-mercaptoethanol, 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 1
mM dTTP, 6% (vol!vol) DMSO, 1 !M primer F1, 1 !M primer
R1, 0.05 units!!l Platinum Taq polymerase (Life Technologies,
Grand Island, NY), and one-half genome equivalent of DNA (see
below for description of primers). To determine the amount of
DNA corresponding to one-half genome equivalent, DNA sam-
ples were serially diluted and tested via PCR. The amount that
yielded amplification products in half of the wells, usually !1.5 pg
of total DNA, was defined as one-half genome equivalent and
used in each well of subsequent digital PCR (Dig-PCR) experi-
ments. Light mineral oil (50 !l; Sigma M-3516) was added to each
well, and reactions were performed in a HybAid Thermal cycler
(Middlesex, U.K.) at the following temperatures: denaturation at
94° for 1 min; 60 cycles of 94° for 15 s, 55° for 15 s, 70° for 15 s;
and 70° for 5 minutes. Reactions were analyzed immediately or
stored at room temperature for up to 36 h before fluorescence
analysis.

Step 2: Fluorescence Analysis. The following solution (3.5 !l)
was added to each well: 67 mM Tris (pH 8.8), 16.6 mM NH4SO4,
6.7 mM MgCl2, 10 mM "-mercaptoethanol, 1 mM dATP, 1 mM
dCTP, 1 mM dGTP, 1 mM dTTP, 6% (vol!vol) DMSO, 5 !M
primer INT, 1 !M molecular beacon (MB)-GREEN, 1 !M
MB-RED, and 0.1 units!!l Platinum Taq polymerase. The plates
were centrifuged for 20 s at 6,000 " g, and fluorescence was read
at excitation!emission wavelengths of 485!530 nm for MB-
GREEN and 530!590 nm for MB-RED. The fluorescence in
wells without template was typically 10,000 to 20,000 specific
fluorescence units (SFU), with about 75% emanating from the
fluorometer background and the remainder from the MB probes.
The plates were then placed in a thermal cycler for asymmetric
amplification at the following temperatures: 94° for 1 min; 10–15
cycles of 94° for 15 s, 55° for 15 s, 70° for 15 s; 94° for 1 min; and
60° for 5 min. The plates were then incubated at room temper-
ature for 10–60 min, and fluorescence was measured as described
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Background on Digital PCR

• Poisson statistics are used to determine an starting 
DNA copy number without the use of a calibrant 

• Derived units, counts per µL, are traceable to the 
SI unit, count one and the meter (1 L = 10-3 m3)

Estimating Target Concentration

! You do not need to dilute your starting sample so that each 
droplet contains either 0 or 1 copies of target
! ddPCR can handle multiple target copies per droplet 

! There is a random distribution of independent events when 
target copies are partioned into droplets from starting sample
! No physical link binds the molecules together or pushes them apart 

from one another

Poisson law 
of small 
numbers

Siméon Denis Poisson 
(1781-1840)

Establishing Target Count Using ddPCR 

! Number of positive droplets is directly related to concentration
! Fraction of negatives is fit to a Poisson algorithm to determine

absolute copy number, results in copies per input ul of sample

Modeling as Poisson
copies per droplet = - ln (1 – p)
where p = fraction of positive droplets 

At 20,000 droplets per reaction

Count Positive Droplets to Estimate 
Target Concentration

Sample 1 Sample 2 Sample 3 Sample 4

Low 
concentration

High 
concentration

NO
targets

Medium 
concentration

Poisson corrected
38/143

Poisson corrected
96/143

Poisson corrected
6.2/143

Consider Chocolate Chip Cookies

! Some cookies from the same batch have more chips than 
others, some have barely any
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Establishing Target Count Using ddPCR 

! Number of positive droplets is directly related to concentration
! Fraction of negatives is fit to a Poisson algorithm to determine

absolute copy number, results in copies per input ul of sample

Modeling as Poisson
copies per droplet = - ln (1 – p)
where p = fraction of positive droplets 

At 20,000 droplets per reaction

Count Positive Droplets to Estimate 
Target Concentration
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concentration

High 
concentration

NO
targets
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concentration
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others, some have barely any

Linearity between ~10-50 % 
positive droplets/chambers 

increases accuracy of 
measurement by 

decreasing the standard 
error 



Droplet digital PCR (ddPCR)
QX100/200 by Bio-Rad Laboratories!

• 96 well PCR plate; 10,000-20,000 droplets per sample 

- Bio-Rad estimates: {0.89, 0.91, 1.0} nL droplets 

- NMI Australia: 0.868 +/- 2 % nL droplets 

• end-point DNA quantitation

QX100 Droplet Generator Instruction Manual | 9

Chapter 2 Droplet GenerationChapter 2 Droplet Generation

9. When droplet generation is complete, all three indicator lights are solid green. Open the door and remove 
the holder (with DG8 cartridge still in place) from the unit. Remove the disposable gasket from the holder 
and discard. The top wells now contain droplets, and the middle and lower wells are nearly empty with a 
small amount of residual oil.

QX100 Droplet Generator Instruction Manual

Table 2.1. Status indicator lights on the QX100 droplet generator. If the central LED flashes amber, the gasket is 
not placed on the holder correctly or is missing and no seal was made. If the right LED flashes amber, a process error 
occurred because the volume is too low in at least one well.

Solid green Power on DG8 cartridge holder in place Run complete

Flashing green ___ ___ Run in progress

Flashing amber --- No gasket; empty well or seal Low volume in well

Off Power off No DG8 cartridge holder Idle

QX100 droplet generator with DG8 cartridge in place.

Keep the DG8 cartridge in the holder.

Press to open and close Status indicator llights

      Fill Cartridge                            Thermal cycle ! ! ! !             Read Droplets              !
& Generate Droplets

Bio-Rad QX100™ Droplet Digital PCR System

Droplet Reader

Droplet Generator

Droplet Digital PCR (ddPCR™) – 3rd Generation

Droplets Enable Thousands of Digital Measurements

One measurement Many thousands 
of discrete measurements

Nanodroplet PCR reactions are 
independent, single amplification events

Droplet Digital PCR Workflow

! Partition reagents and sample into 20,000 droplets
! Perform PCR on thermal cycler
! Quantify target nucleic acid by counting sample partitions with a 

positive PCR product (fluorescent) and a negative PCR product
! Digital readout provides absolute measure of target DNA

Make Droplets PCR Droplets Read Droplets Results

“X” target 
copies

Sample

Droplets (empty)

DG8 Cartridge

DG Oil

Vacuum

Generate Droplets

Sample

Droplets 

DG8 Cartridge

DG Oil

Pressure

Generate Droplets

Transfer Droplets for PCR

! Pipette droplets from the chip to wells on 96 well plate 
! Repeat droplet generation until all desired wells have droplets
! Seal plate, load on thermal cycler and run PCR
! Droplets become encapsulated after PCR

Droplets

PCR Droplets on Thermal Cycler

! Experiment parameters are flexible and not pre-determined by 
a microfluidic chip format

! Run multiple independent experiments on one plate
! Format enables the flexibility to run as many as 96 samples 

against 96 different targets (or 192 targets with multiplexing)
! Use assay specific cycling parameters, which can be 

determined experimentally using thermal gradient PCR

Transfer emulsion to 
96-well PCR plate

Read Droplets

! Load the plate in the QX100 Droplet Reader
! Autosampler processes each sample independently

! Droplets stream single-file past the optical detector
! Detects fluorescence from each droplet (32 wells/hr)

Droplet Readings Converted to a Digital Signal
! Positive droplets have increased fluorescence vs. negatives
! Positives contain at least one copy of the target DNA (cDNA)
! Software measures number of positive and negative droplets 

per fluorophore (FAM and VIC) per sample

Excellent Reproducibility and Linearity Across 
Concentrations and Instruments

Software Counts Positives and Negatives to 
Estimate Target Concentration 

Sample 1 Sample 2 Sample 3 Sample 4

Low 
concentration

High 
concentration

No
target

Medium 
concentration



ddPCR Data Output

manual threshold

samples              NTCs

positive 
droplets

negative !
droplets

Event Number

A
m

pl
itu

de

“rain” = positive 
droplets: “late starters”



RainDropTM System by RainDance Technologies!

• 8 panel chip 

• up to 1 million droplets per sample — advantageous for 
detecting rare mutations 

• real-time data collection and droplet size estimation 
during droplet generation

Fill chip with samples               Generate Droplets          Thermal cycle & Read Droplets

Droplet digital PCR (ddPCR)



Microfluidics: chamber digital PCR (cdPCR)

BiomarkTM HD System by Fluidigm Corporation!

• 12x765 (6 nL) or 48x770 (0.85 nL) 

- 9,180 or 36,960 chambers 

• Real-time data collection at every PCR cycle

Fill chip with samples            Load samples into chambers               Thermal cycle



cdPCR Data Output & Analysis 

chamber heat maps
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Interesting Findings

• Artifacts on the Bio-Rad ddPCR system 

• Assay Optimization: qPCR v. digital PCR  

• Plasmid DNA: digested v. supercoiled plasmid DNA 

- Attempt to relax supercoiled plasmid DNA with 
DMSO 

• Assays with multiple targets are revealed with dPCR 

• Master mix contamination



Artifacts of ddPCR

• Shifting of positive and negative 
droplets 

- Larger than average size 
droplets generated - caused 
by a problem with the first 
generation of cartridges  

- Results in concentration 
inflation — omit samples from 
analysis

Prepare Sample and Reagent Mixture

! Simple assay conversion
! Same sample preparation as a real-time PCR assay
! Design primers and TaqMan probes like a real-time PCR assay 

(MIQE is the guide line)
! Bio-Rad ddPCR supermix has been formulated specifically to 

work with the droplet chemistry
Primers 

and Probes

DNA
Sample

Droplet Generation Cartridge
emulsifies 8 samples independently 

Bio-Rad ddPCR
Supermix

Making Droplets

! Place disposable cartridge loaded with sample and droplet 
generation oil into QX100 droplet Generator
! 20,000 droplets generated per sample, 2 ½ min for 8 samples

Uniform droplet generation

! Pipette 20 µL of PCR reaction mix into each of the center wells of the chip (8 
reactions per consumable)

! Pipette 70 µL of droplet generator oil into each of the bottom wells
! Place the gasket over the chip wells

OilOil

Gasket

HooksHooksSampleSample
DropletsDroplets

Droplet Generator Generate Droplets

! Load the chip into the Droplet Generator
! Each sample is mixed with oil and droplets created

! 20,000 droplets per sample



Artifacts of ddPCR

• Droplet shearing 

- Happens during pipetting of 
droplets — either into the 
cartridge or into the PCR plate 

- Can occur when bubbles in the 
sample mixture rise within the tip 
and burst/shear droplets 

- affect?  



Temperature gradients are still required to 
optimize dPCR assays

• For ddPCR, want separation of positive and 
negative droplets 

• For cdPCR, want efficient amplification at a 
reasonable CT and good curve morphologies 

Temp1     Temp2  Temp3

CT ~ 38

(Erica Butts & Margaret Kline)



Efficient qPCR assays are  
not always good assays for dPCR

(Erica Butts & Margaret Kline)

qPCR cdPCR 

59     61     63     65

ddPCR 

human ACTB



Linear v. Supercoiled DNA
• Supercoiled DNA contains many “late-starters” 

and therefore, the target never fully amplifies

Linear super-
coiled

Linear Supercoiled
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Supercoiled



DMSO relaxation of supercoiled pDNA

• DMSO is commonly used 
to relax plasmid DNA in 
qPCR [3, 5, 7, 9%] 

• DMSO reduced the 
efficiency of cdPCR 
reactions 

- Concentrations of 7% 
and 9% completely 
inhibited amplification

(Jo Lynne Harenza, Dave Duewer)
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Assays with multiple targets can be detected  
with digital PCR  

qPCR 

human RPLP0 

two distinct 
populations 
being amplified

ddPCR
two distinct populations 

being amplified

(Erica Butts & Margaret Kline)



Many commercial master mixes contain leftover 
plasmid DNA from recombinant Taq production

JOURNAL OF CLINICAL MICROBIOLOGY, Jan. 2005, p. 530–531 Vol. 43, No. 1
0095-1137/05/$08.00!0 doi:10.1128/JCM.43.1.530–531.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Presence of !-Lactamase Gene TEM-1 DNA Sequence in Commercial Taq
DNA Polymerase

The development and spread of expanded-spectrum "-lac-
tamases (ESBLs) that cause resistance to "-lactam antibiotics
has contributed to great concern worldwide. Most ESBLs are
derived from TEM and SHV "-lactamases by point mutations
within the blaTEM and blaSHV genes, giving rise to extended-
spectrum drug resistance (2, 3). The standard method for de-
termining the specific ESBL gene for the more than 90 TEM-
type and the more than 25 SHV-type ESBLs is PCR followed
by nucleotide sequencing (2).

We routinely applied the standard method to confirm that
ESBL genes were present in clinical strains of Enterobacteri-
aceae (6). To avoid cross-contamination, we used separate
rooms for sample preparation, PCR assembly, and agarose gel
analysis. Recently, we noticed that the negative (water) con-
trols used in PCR amplification for blaTEM genes produced
positive results; this did not occur when the blaSHV gene was
targeted. The PCR product was of the predicted size, and
nucleotide sequencing revealed that it was the blaTEM-1 gene.
After systematic analysis of pipette tips, microcentrifuge tubes,
and reagents for PCR, we found that the Taq DNA polymerase
was the source of contamination. As shown in Fig. 1, Taq DNA
polymerase from manufacturer A produced a strong signal, but
that from manufacturer B did not.

PCR is widely used to detect specific DNA sequences for
purposes of microbial identification, clinical diagnosis, and ba-
sic research. Because the method is extremely sensitive, a small
amount of contaminating DNA can be a serious problem. Taq
DNA polymerase is often expressed as a recombinant protein
in Escherichia coli. For studies involving gene cloning and
protein expression in E. coli, the blaTEM-1 gene has been the
most commonly used selective marker for expression vectors
that are generally present in multiple copies (9). It is likely that
during Taq DNA polymerase purification, the DNA containing
the blaTEM-1 gene was not completely removed. This failure
may not be a rare occurrence, but the contamination would be
detected only if primers specific for blaTEM gene were used.

Several reports have documented the presence of exogenous
DNA in commercial Taq DNA polymerases (1, 4, 5, 7, 8, 10).
Sources of the contaminating DNA have ranged from bacteria
(1, 4) and phage-like DNA (7) to both prokaryotes and eu-
karyotes (10); in other studies, it was determined that the
contaminating DNA was not from E. coli or Thermus aquaticus
(5, 8). In all of these previous reports, PCR amplification was
performed with universal primers for the highly-conserved 16S
rRNA gene, whereas in the present study, amplification was
done with primers targeting the blaTEM gene. Nevertheless,
investigators, especially those who work on TEM-type ESBLs,
should be aware of the possibility that Taq DNA polymerase is
contaminated with the blaTEM-1 gene.

This study was funded by grants MMH9331 and MMH9459 from
Mackay Memorial Hospital, Taipei, Taiwan.
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FIG. 1. PCR products amplified from negative (water) controls with
primers targeting the blaTEM gene. The product was run on a 1% agarose
gel with 0.5# Tris-acetate-EDTA buffer. All reactions were performed in
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and 4, PCR buffer from manufacturer B with Taq DNA polymerase from
manufacturer A; lanes 5 and 6, PCR buffer from manufacturer A with Taq
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arrow indicates the amplified blaTEM-1 gene fragment.

530

 on D
ecem

ber 20, 2013 by N
IST R

ESEAR
C

H
 LIBR

AR
Y

http://jcm
.asm

.org/
D

ow
nloaded from

 

The occurrence of antibiotic resistance genes in Taq polymerases and a
decontamination method applied to the detection of genetically modified
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Abstract

Different antibiotic resistance (AR) genes, such as Bla, Tet and NPTII, contaminate commercially available
Taq polymerases. The specificity of the AR gene PCR can be increased when using a restriction enzyme-
based decontamination of polymerase. The elimination of Taq polymerase contamination allows the use of
PCR tests to screen seeds (corn) and processed food for the presence of genetically modified organisms
(GMO) based on the detection of AR genes. Without a decontamination procedure for AR genes, PCR
screening tests should be interpreted with caution.

Introduction

AR genes are widely used for the selection of
transformed plant cells. Consequently, transgenic
plants may harbor DNA sequences of antibiotic
selectable markers (Bruderer & Leitner 2003).
Out of 63 authorized transgenic plants in Can-
ada, 33 have selectable marker genes of which 30
are AR genes such as neomycin phosphotransfer-
ase II (NPTII), beta lactamase (Bla), tetracycline
resistance (Tet) and spectinomycin/streptomycin
resistance (Spc). Several governments have al-
ready regulated the labeling of GMO. Therefore,
reliable screening methods for detection and
monitoring of GMO in crop seed samples or
processed food are needed to enforce those regu-
lations. In addition to the screening PCR using
the 35S promoter of the cauliflower mosaic virus
(P35S), PCR tests that detect AR gene fragments
could be an efficient tool to determine the pres-
ence or absence of GMO (Jaccaud et al. 2003).
However, the Taq DNA polymerase used in PCR
may contain DNA from exogenous sources as a

result of its manufacturing process and/or incom-
plete purification (Bottger 1990, Rand & Houck
1990, Hughes et al. 1994, Chiang et al. 2005).
This is likely to interfere in the detection of
GMO when using antibiotic selectable markers
based PCR methods. We report a basic method
to eliminate specific AR gene contamination in
various commercially available Taq polymerases
using a restriction enzyme. This method is appli-
cable to the PCR detection of AR genes in
GMO.

Materials and methods

Primers and control DNA

The primer identification numbers refer to their
respective position on the gene from the Gen-
Bank database, Bla (gi:208958) Bla-3517 (5¢-TAT
CCG CCT CCA TCC AGT CT-3¢) and Bla-3665
(5¢-GGA ACC GGA GCT GAA TGA AG-3¢),
Tet (gi:208958) Tet-721 5¢-CGC CGC ACT TAT

Biotechnology Letters (2006) 28: 321–325 ! Springer 2006
DOI 10.1007/s10529-005-5931-3



Negative Control Contamination
qPCR Taqman
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Master mixes can be decontaminated

• ArcticZyme PCR Decontamination Kit — DNase 
specific to dsDNA, followed by heat inactivation with 
DTT 

• Restriction enzyme digestion of dsDNA such that the 
target is no longer in tact (requires a priori knowledge 
of contaminant sequences)# 

• UV irradiation — sequence and length-dependent* 

• 𝜸 -irradiation induces dsDNA breaks, but high levels 
destroy Taq’s enzymatic activity^

#Sharma, et al, 1992. A simple method for elimination of unspecific amplifications in polymerase chain reaction. Nucleic 
Acids Res. 20: 6117–6118. 
*Corless, et al, 2000. Contamination and sensitivity issues with a real-time universal 16S rRNA PCR. J. Clin. Microbiol. 38: 
1747–1752. 
^Champlot, et al, 2010. An Efficient Multistrategy DNA Decontamination Procedure of PCR Reagents for Hypersensitive PCR 
Applications. PLoS ONE, 5(9), e13042.
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Negative control correction is also valid for 
contaminated master mixes

• A linearity study can 
be used to validate 
NTC correction 
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the regression line is 
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- Compared an 
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one exhibiting 
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Use multiple assays and treating results 
interlaboratory study to determine at consensus value

(Margaret Kline, Ross Haynes, Jo Lynne Harenza, Dave Duewer)

N
IS

T-
4/

dd

N
IS

T-
34

32
/d

d

N
IS

T-
5/

dd

N
IS

T-
36

22
/d

d

N
IS

T-
5/

cd

N
IS

T-
15

53
/c

d

N
M

IA
-2

/c
d

N
M

IA
-1

/c
d

N
IS

T-
34

32
/c

d

N
IS

T-
34

13
/c

d

N
IS

T-
36

22
/c

d

70
00

75
00

80
00

85
00

co
pi

es
 p

er
 µ

L

Assay

Consensus 
Value

co
pi

es
 p

er
 µ

L



Summary

• Useful information can be gained from combining 
cdPCR with ddPCR  

- It is important to examine droplet and chamber traces 
to uncover artifacts or amplification biases 

• Concordance between digital PCR instruments can be 
achieved following proper assay optimization 

• Digital PCR measures only accessible targets and 
therefore, may underestimate the true DNA quantity in 
certain samples 

• Digital PCR quantitation is SI-traceable
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