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The polymerase chain reaction (PCR) is
a molecular technique for in vitro
amplification of a specific region of a
DNA strand

It allows to amplify small amounts of 
DNA exponentially and can be used to
identify specific micro organisms

PCR

To use this method the exact nucleotide
sequences flanking both ends of the
given region of interest must be known

P1 L1 P1 L2 P1

xx bpP-f P-r
amplified region

known primer sequences

PCR
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PCR was invented by Kary Mullis in
1983, for which he was awarded the
Nobel prize in chemistry ten years later

Mullis wrote in Scientific American:
"Beginning with a single molecule of the
genetic material DNA, the PCR can
generate 100 billion similar molecules in
an afternoon. The reaction is easy to
execute. It requires no more than a test
tube, a few simple reagents, and a
source of heat."

Discovery

picture by nobelprize org

Medicine: detecting infectious organisms, discovering
variations and mutations in genes
Genome Projects: DNA sequencing
The law: Genetic fingerprinting
Evolutionary biology: taxonomic classification
Zoology: research on animal behaviour
Ecology: studies on seed dispersal, reducing illegal trade
in endangered species, monitoring release of GMOs
Archaeology and palaeontology: ancient DNA, analyzing
genetic variations in animals and plants

Use for PCR

Powledge, Advan. Physiol. Edu. 28: 44-50, 2004
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Procedure overview

Product analysis

DNA/RNA template
preparation

Product analysis

Electrophoresis

(RT)-PCR

Step 1 Step 2 Step 3

Real time (RT)-PCR

PCR basics I
Required components
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The required basic components are
DNA template
Primers
DNA polymerase
Desoxynucleotide triphosphate (dNTPs)
Buffer, MgCl2, and additives

PCR basics I

DNA
Nucleic acid which contains genetic information for
development and function of live
Polymer of monomer units (nucleotides) containing a
sugar (deoxyribose), a base, and a phosphate group
4 different nucleotides, differing in the base

2 purine bases: adenine (A), guanine (G)
2 pyrimidine bases: cytosine (C), thymine (T), 

DNA template
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DNA
Is normally a double stranded
molecule (double helix) held 
together by hydrogen bonds
between the bases attached to
two strands
Each type of base on one strand
forms a bond with just one type
of base on the other strand =
complementary base pairing

DNA template

A G

C G

DNA RNA
deoxyribonucleic acid ribonucleic acid
sugar = deoxyribose sugar = ribose
double stranded single stranded
4 bases: A, T, G, C 4 bases: A, U (uracil), G, C

DNA versus RNA
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The required basic components are
DNA template
Primers
DNA polymerase
Desoxynucleotide triphosphate (dNTPs)
Buffer, MgCl2, and additives

PCR basics I

Primers
Short segments of nucleotides (usually 20 to 30 nt)
Determine the beginning and end of the amplified region
One forward and one reverse primer are requested,
each complementary to one strain of the DNA template

provide the specificity of amplification

The required basic components are

P1 L1 P1 L2 P1

xx bpP-f P-r

⇒

template
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Anneal  to the DNA strand at the starting and
ending points and supply the initiation site for
synthesis of the new DNA strand by the polymerase

Primers

5´…CAGCAGGTGCTAAACAACAAGCGGTAATTTCGA… 3´
3´…GTCGTCCACGATTTGTTGTTCGCCATTAAAGCT… 5´

5´ CAGCAGGTGCTAAACAACAAGCGGTAATTTCGA 3´
3´…GTCGTCCACGATTTGTTGTTCGCCATTAAAGCT… 5´

5´ CAGCAGGTGCTAAACAACAA 3´
3´…GTCGTCCACGATTTGTTGTTCGCCATTAAAGCT… 5´

P
Forward primer

dNTPs

5´
3´

3´
5´

Primer length

Ideally 18-24 bases (high sequence specific, optimal
annealing temperature (Ta), efficient annealing)

Melting temperature

Both primers should have a close Tm 
Tm = 4 x (G + C) + 2 x (A + T)

Ta is about 5°C lower than Tm
Ta = Tm -5°C

Primerdesign
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Purine : pyrimidine content
Around 1:1 (45% – 55% GC content)

3’ end
Primer sequence should start with 1-2 GC pairs
3’terminal position is essential for control of mis-primimg
Runs of three or more Cs or Gs should be avoided

Complementary primer sequences

Primerdesign

No intra primer homology (hair pin loop)

Primerdesign: Complementary primer sequences

A

5‘-GCATGCATGCATATGC-3‘
5‘- GCAT

3‘- CGTA

G C

T

CA
G

T

T-3‘

G-5‘

5‘-GCATGCATGCAT-3‘

5‘-GCATATGCATGC-3‘

5‘- GCATGCAT

3‘- CGTA CGTA

A
G

C

CAT

No inter primer homology



10

DNA template
Primers
DNA polymerase
Desoxynucleotide triphosphate (dNTPs)
Buffer, MgCl2, and additives

The required basic components are

DNA dependent DNA polymerase
Thermostable (Taq, Pfu) ⇒ first isolated from the
bacterium Thermus aquaticus, which lives in
hot springs ⇒ enzyme remains active despite
repeated heating during many PCR cycles
Copies the region to be amplified by extending
the primer sequences

⇒ Complementary copy of the template

DNA polymerase
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DNA template
Primers
DNA polymerase
Desoxynucleotide triphosphate (dNTPs)
Buffer, MgCl2, and additives

The required basic components are

dATP, dTTP, dCTP, dGTP: were attached by the
polymerase to synthesize the new strand

Primers provide free 3’ hydroxyl groups, to
which the polymerase can add additional dNTPs

Each new dNTP that joins the growing strand is
complementary to the nucleotide in the opposite
strand = complementary base pairing

Desoxynucleoside triphosphate (dNTPs)
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DNA template
Primers
DNA polymerase
Desoxynucleotide triphosphate (dNTPs)
Buffer, MgCl2, and additives

The required basic components are

Buffer
Provides an optimal chemical environment (pH
and salt condition) for the polymerase

Magnesium chloride (MgCl2)
Catalyst the reaction of the polymerase

Additives (optional)
BSA, DMSO, Formamide
Improve the amplification efficiency and
specificity

Buffer, MgCl2, and additives
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PCR basics II

Equipment

PCR procedure (cycling, components)

Lamina flow cabinet
Micropipettes, microcentrifuge, tips, vials, ice
buckets / cold blocks, etc.
Thermocycler
Gel electrophoresis units
UV transilluminator and photographic equipment

Equipment
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The PCR consists of three mayor steps which were
repeated for 30-40 cycles 

10
20

50

90
100

60
70
80

30
40

1 32 4 5 6 7

Cycle 1 Cycle 2

Tem
(°C)

Time (min)

Template
denaturation

Primer
annealing

DNA
synthesis

I.

II.

III.

I.

PCR procedure

They are carried out in an automated
thermo cycler which heats and cools
the reaction tubes in a very  short time

PCR procedure: steps

Thermo
cycler
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dsDNA
5‘

5‘3‘
3‘

3‘

5‘

5‘

3‘

5‘ 3‘
5‘3‘

5‘ 3‘

5‘3‘
P5‘ 3‘

P 5‘3‘

5‘ 3‘

5‘3‘
5‘ 3‘

5‘3‘

1. Denaturation (94 – 96°C, 1-2 
min): ds melts open to single ss 
DNA, all enzymatic reactions stop

2. Annealing (50 – 60°C, 1-2 min): 
primers anneal to their 
complementary sequences 

3. Extension (72°C, 1min/1000 bp): 
polymerase attach at each 
priming site and synthesize the 
new complementary DNA strand

1.

2.

3.

Cycling reactions

Resulting products of 
the first cycle

5‘ 3‘

5‘3‘
5‘ 3‘

5‘3‘ The first cycle is complete

The resulting DNA strands are the 
template for the next cycle, 
doubling the number of DNA 
strands duplicated in each new 
cycle

Following cycles

Exponential increase of the 
number of the copies of the 
amplified gene

30-40 cycles
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Initial denaturation: 2 min.  94 °C

Denaturation: 1 min.  94 °C
Annealing: 1 min.  60 °C
Extension: 1 min.   72 °C

Finale extension: 2 min.   72 °C

35

Cycling reactions: example

Use of single components
Reaction Buffer (10x)
+ Mg2+

+ dNTP Mix 
+ sense and antisense Primer 
+ Taq DNA Polymerase 
+ template DNA 

+  RNase free water

PCR components: example



17

Taq PCR Master Mix*
+ sense and antisense Primer 
+ template DNA 
+ RNase free water

*dNTPS , Taq DNA 
polymerase, QIAGEN 
PCR Buffer

PCR components: example

Use of a master mix kit
e.g. Taq PCR Master Mix Kit (QIAGEN)

PCR Beads*
+ sense and antisense Primer 
+ template DNA (50 pg – ≤ 1µg)
+ RNase free water

*dNTPS , puReTaq
DNA polymerase, 
reaction buffer

PCR components: example

Use of a PCR beads
e.g. puReTaq Ready-To-GoTM PCR Beads (GE Healthcare)
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Analysis of PCR products
Gel electrophoresis

After amplification the PCR products are usually loaded
onto an agarose gel and electrophoresed

⇒ migration of DNA molecules from the negative to
positive charged pole 

⇒ separation of ds DNA fragment by their size

Gel electrophoresis
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Visualization of the amplified DNA by ethidium bromide
staining and ultraviolet transillumination

EtBR insertion between bases of DNA ⇒ EtBR: DNA
complex displays an increase of fluorescence compared
to dye in free solution

Gel electrophoresis

EtBR is a strong mutagen and suspected 
to be a carcinogen !!

Determination of the fragment size by
comparison to a DNA ladder containing linear
DNA fragments of known lengths

Gel electrophoresis

M 1 2 3 4 5 6

500 bp

200 bp

100 bp

300 bp
400 bp

1000 bp
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Different applications
of PCR

Primer F1
3' 5'

Primer R1
5' 3'

784 bp

PCR example: detection of bacterial DNA 
(different ORT serotypes)

A   B  C  D  E  F  G  H   I  J   K              L  M1 M2 N  O  P  Q    - - +

784 bp >

GAGAATTAATTTACGGATTAAG
TTCGCTTGGTCTCCGAAGAT

16S rRNA
gene

OR16S-F1
OR16S-R1

Sequence (5‘→3‘)TargetPrimer
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Detection of different avipoxviruses
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< 578 bp 

PCR example: detection of viral DNA

Two pairs of primers are used for one region
The first primer pair amplified a region as in any PCR
The second primer pair is located within the first PCR
product and amplified a PCR product that will be shorter
than the first one

Primer 1 Primer 2

gene 3gene 1 target gene

Primer 3 Primer 4
first PCR

nested PCR

xxx bp

xx bp

Nested PCR
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More specific: if there is a unspecific amplification
in the first PCR, the probability is very low, that the
unspecific product will be also amplified with the
second primer pair

More sensitive: the PCR product of the first PCR is
the template for the second PCR
⇒ additional steps are necessary to avoid carry

over contaminations of PCR products!!

Nested PCR

Nested PCR

first PCR

100 10-1 10-2 10-3 10-4 ∅ M

detection limit

100 10-1 10-2 10-3 10-4 ∅ M

detection limit

second PCR = nested PCR  

Increase in sensitivity
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Multiplex PCR

Use of multiple different primer sets within one
PCR assay

Simultaneous amplification of many target
genes of interest in one reaction

Primerdesign + PCR optimization is more complex

⇒ design of primer pairs which can be combined

⇒ choose of PCR programs which allowed an
optimal amplification of all target genes 

Multiplex PCR

Pang et al., 2002 (Avian Diseases: 46 (3), pp. 691–699)  
“Development and application of a multiplex polymerase 
chain reaction for avian respiratory agents”

Detection of six 
different avian 
pathogens in 
one step

Pang et al., 2002
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Multiplex PCR

Detection of three different genes in one step

FPV

REV LTR

REV env

1    2    3    4    5     6 lane 1: 100 bp ladder

2: pFPV- 4b

3: REV CSV-1

4: pFPV-4b + REV CSV-1

5: FPV field isolate

6: negative control

Multiplex PCR
Determination of the sensitivity: tenfold dilution 
series of a DNA

Amplification of one gene showed a lower sensitivity
than amplification of the other two genes
Singleplex amplification is often more sensitive than
mutiplex amplification 

M  100 10-1 10-2 10-3 10-4 10-5 ∅ M

FPV

REV LTR

REV env
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first PCR

nested PCR

N P M GSHM2F L

G3++ G446-
446 bp

B+ X-A+
316 bp

187 bp

common

subtype B

subtype A

Multiplex-nested PCR
Determination of different subtypes

M: 100 bp ladder
1: BUT 1#8544 (A)
2: STG-SHS/1439 (B)
3: BUT 1#8544 + STG SHS/1439 (A+B)
4: STG 761/88 (A)
5: SHS PL-20 (B)
6: STG 761/88 + STG SHS PL-20 (A+B)

subtype A >

subtype B >

Increase in sensitivity
Subtyping of two different virus serotypes

1     2    3   M   4    5    6

Multiplex-nested PCR
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Detection of RNA : RT-PCR

Reverse transcription polymerase chain 
reaction (RT-PCR)

For detection of RNA a reverse transcription
step is required to synthesize a complementary
DNA (cDNA) before amplification of DNA by
PCR is possible

Reverse transcription (RT):

The cDNA is made from the 
RNA template by a RNA 
dependent DNA polymerase 
(reverse transriptase) using a 
sequence specific primer and 
dNTPs

RT-PCR

Amplification of the 
resulting DNA by PCR

3‘

3‘ 5‘

5‘3‘
5‘

Genomic RNA

cDNA

PCR

primer
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RT-PCR can be carried out in different ways

Two step system involves conducting the RT-step in
one tube (first reaction) and PCR amplification in a
another tube (second reaction)

One step (single tube) system involves setting up the
RT and PCR amplification simultaneously with both
gene specific primers and conducting the reactions
subsequent in one tube

⇒ Combination of reverse transcription and PCR
amplification in one step

RT-PCR

One step RT-PCR system: reaction components

5xOneStep RT-PCR Buffer
+ dNTP-Mix
+ sense and antisense Primer 
+ RNasin
+ OneStep RT-PCR Enzyme Mix*
+ template RNA
+ RNase free water

*Contains Omniscript ™
Reverse Transcriptase, 
Sensiscript™ Reverse 
Transcriptase, HotStarTaqDNA
Poymerase

Use of one step kits: e.g. OneStep RT-PCR Kit ( QIAGEN)
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One step RT-PCR system : Cycle conditions

One step RT-PCR

Reverse transcription: 30 min 50°C

15 min 95°C

Denaturation: 0,5-1 min 95°C
Annealing: 0,5-1 min 50-68°C
Extension: 1 min 72°C

Finale extension: 10 min 72°C

25-40 x

• Polymerase is activated
• RT is inactivated
• cDNA template is
denaturated

Real time-PCR (rPCR)

Real time RT-PCR (rRT-PCR)
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Real time-PCR (rPCR) basics I
Real time PCR monitors the fluorescence emitted 

during the reaction as an indicator for amplification at 
each PCR cycle (real time)

detection of amplification associated fluorescence
(in each well, at each cycle)
signal increases in direct proportion to the amount 
of PCR product

fluorescence

PCR cycle

⇒

⇒

Real time-PCR (rPCR) basics II

Computer based analysis
No post PCR analysis
(gel electrophoresis)
Quantification is possible

Real time PCR 
machine



30

Real time-PCR (rPCR)

General methods for fluorescence detection

DNA binding agents: Sybr Green

Sequence specific probes: Taqman™
Molecular beacons
Scorpions™

Equivalent to ethidium bromide
Emits a fluorescence signal upon binding to dsDNA
Fluorescence is proportional to PCR product

rPCR: Sybr Green

Non specific dye
• melt curve analysis for determination of the specific

melt point (depending of the base composition of the
PCR product)

⇒ at the melt point the 2 DNA strands will separate
⇒ rapid decreases of fluorescence
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rPCR: Sybr Green

PCR Amp/Cycle Graph 
for SYBR-490

Melt Curve Graph 
for SYBR-490

Tm : 85°C

rPCR: Taqman™ probes

Contain a fluorescent dye (reporter) and a quenching dye
Close proximity of reporter and quencher prevents
fluorescence emission
5’-3’ exonuclease activity of Taq polymerase cuts probe and
frees reporter dye from quencher

Flourophor

Taq polymerase with 5‘−>3‘
exonuklease activity

3‘ 5‘
15 − 30 b

Increase of 
fluorecence
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rPCR: Taqman™ probes
PCR Amp/Cycle Graph for FAM-490

Threshold

The Threshold line is the point at which the reaction
reaches a fluorescent intensity above background

The cycle at which this sample reached this point =
Threshold cycle (Ct)

Extraction of DNA & RNA from        
different sources
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Nucleic acids extraction
Sources for DNA / RNA extraction include

Whole blood, blood cells, body fluids
Swabs
Human / animal tissues
Cultured Cells
Bacteria, viruses, yeast
Paraffin embedded tissues
Stool samples
Forensic samples
Plants, seeds

⇒ a large number of commercial kits for the different
application

Nucleic acids extraction

Purpose of DNA/RNA extraction
To obtain a DNA/RNA in a relatively purified
form which can be used for further
investigations

e.g.  - PCR /RT-PCR
- hybridization
- cloning
- sequencing etc
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Purpose of DNA/RNA extraction

PCR efficiency is influenced
By concentration of enzyme inhibitors
Integrity of DNA / RNA molecules (fragments
length, degradation)

Extra care needs to be take to avoid RNase
contaminations

Nuclease free environment

Minimize the risk of exposing the samples to
DNases /RNases
Autoclave solutions /use 0.1 –DEPC to
inactivate nucleases
Wear gloves to protect samples from yourself
etc.
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Principles of nucleic acids extraction

Mechanical disruption 

Lysis of cells

Organic extraction

Nucleic acid precipitation

Principles of nucleic acids extraction

Mechanical disruption 

Dependent from the starting material
(tissue samples, plants)

Mechanical homogenizer, mortar and
pestle, grinding in liquid nitrogen
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Principles of nucleic acids extraction

Lysis of cells in extraction buffer

Detergent (SDS) to disrupt cell membranes

Protease to degrade the proteins

Optional: addition of RNase / DNase to get
RNA free DNA or DNA free RNA 

Incubation at an elevated temperature

Principles of nucleic acids extraction

Organic extraction

Phenol / Chloroform to denature and extract proteins

⇒ addition of an equal volume TE sat. 
phenol: chloroform (24:1)

⇒ centrifugation
⇒ aqueous phase contains water soluble molecules

including nucleic acids

Additional extractions for increased purity
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Principles of nucleic acids extraction

Nucleic acid precipitation

Addition of alcohol and salt to precipitate
nucleic acids from the aqueous phase

⇒ pellet down nucleic acids by centrifugation
⇒ wash pellet to remove excess salt in 70%

ethanol
⇒ discard alcohol and dry the pellet
⇒ dissolve pellet (TE, H2O, etc)

Nucleic acids extraction

Checking the quantity and quality
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Nucleic acids extraction

Quantifying nucleic acids

Nucleic acids adsorb UV light at a maximum of 260 nm

There is a direct relationship between the
concentration of a nucleic acid and its absorption (OD)
of UV light at 260nm

50 x OD260(sample) = concentration of DNA (µg/ml)
40 x OD260(sample) = concentration of RNA (µg/ml)

Nucleic acids extraction

Purity of nucleic acids

The relative purity of nucleic acids can be determined
by measuring their absorption at other wavelengths

⇒ dsDNA: A260/A280 ~ 1.8 
⇒ ssRNA: A260/A280 ~ 2

Ratios lower than 1.7 indicate significant protein
contamination


