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Techniques in Molecular Biology
(to study the function of genes)

Analysis of nucleic acids:
Polymerase chain reaction (PCR)
Gel electrophoresis
Blotting techniques (Northern, Southern)

Gene expression analysis:
Real-time PCR
Microarrays (DNA chips)

Recombinant DNA technology (Cloning of DNA fragments)
Sanger sequencing & next-generation sequencing
Methods to study gene function:

Cell culture methods
Generation of transgenic mice and knock-out mice 



Polymerase chain reaction (PCR): Amplification of DNA

Can be used to amplify rare specific DNA 
sequences from a complex mixture when 
the ends of the sequence are known
PCR amplification of mutant alleles allows 
detection of human genetic diseases
DNA sequences can be amplified by PCR 
for use in cloning, as probes, and in 
forensics
Kary Mullis: Nobelprice for Chemistry 1993

PCR reaction mix:

Buffer
Template DNA
Primers
Nucleotides (dNTPs)
DNA polymerase
Water
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DNA molecules can be chemically synthesized

Rather than using existing DNA pieces new DNA (up to several kilobases) can be 
designed and synthesized
Usefull for: 
* in vitro generation of new gene structures (eg. mutant genes)
* polylinker generation (with MCS)
* “Primers” and “probes” (short oligos matching a sequence of interest)
* Generating new “designer- genomes”?

Analysis of nucleic acids



Gel electrophoresis resolves DNA fragments of different size

Visualization of DNA/RNA samples 
separated by gel electrophoresis

Analysis of nucleic acids



Southern blotting detects specific DNA fragments
Northern blotting detects specific mRNAs

Q: is a specific sequence (ie a gene) present in my DNA sample?

A: yes!

Total RNA

Hybridize with 
labeled DNA 
probe

A: yes! 
And its 
expression 
increases 
over time

Q: is the Beta-globin gene expressed? (= is the mRNA present in my total RNA sample?)
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Real-time PCR for gene expression analysis

2a. excitation 
filters

2b. emission 
filters

1. halogen 
tungsten lamp

4. sample plate

3. 
intensifier

5. CCD 
chip

Allows real time monitoring of PCR amplification products by use of fluorescence
First step: Reverse transcription of RNA into complementary DNA (cDNA)
Either quantitative or semi-quantitative measurement (qPCR)
Highly sensitive
Used in research lab and clinical diagnostic labs
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Fluorescence chemistry for real-time PCR

SybrGreen intercalating dye: TaqManTM probe uses FRET
(Flueorescent resonance energy transfer):

Gene expression analysis
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CYCLE NUMBER AMOUNT OF DNA
0 1
1 2
2 4
3 8
4 16
5 32
6 64
7 128
8 256
9 512

10 1,024
11 2,048
12 4,096
13 8,192
14 16,384
15 32,768
16 65,536
17 131,072
18 262,144
19 524,288
20 1,048,576
21 2,097,152
22 4,194,304
23 8,388,608
24 16,777,216
25 33,554,432
26 67,108,864
27 134,217,728
28 268,435,456
29 536,870,912
30 1,073,741,824
31 1,400,000,000
32 1,500,000,000
33 1,550,000,000
34 1,580,000,000

Plotting PCR in real-time
Gene expression analysis



Amplification curve to determine realtive expression values

Output: relative fold-change
(for semiquantitative qPCR)
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DNA microarrays: analyzing genome-wide expression 
(transcriptome analysis)

DNA microarrays consist of thousands of 
individual gene sequences bound to 
closely spaced regions on the surface of a 
glass microscope slide or synthesized 
sequences on a chip surface
DNA microarrays allow the simultaneous 
analysis of the expression of thousands of 
genes 
The combination of DNA microarray 
technology with genome sequencing 
projects enables scientists to analyze the 
complete transcriptional program of an 
organism during specific physiological 
response or developmental processes 

Gene expression analysis



Scan image of a DNA microarray

Each spot contains many copies of a unlabeled DNA-probe corresponding to part of 
one specific mRNA. The labeled cDNA hybridizes to spots where there is a sequence 
match (red+green=yellow; identical expression level in both samples)

Gene expression analysis



Cluster analysis of µArray data can reveal 
coexpressed genes

Bioinformatic analysis (in silico) can then be applied to 
investigate common functions of clustered genes (=gene 
ontologies) or if several genes can be mapped to common 
biological pathways (glycolysis, cell cycle control, etc.)

Gene expression analysis



Investigating genes with biotechnological 
approaches is important because:

Applied therapeutic cloning:
Producing big amounts of identical copies of a DNA of interest „gain-of-funciton“ analysis
Expression of genes in other organsims ( transgenic organisms)

* to obtain large amounts of a protein (example protein drugs such as insulin are 
produced in bacteria or yeast from a human gene)

* to investigate the function of a protein (coded by its gene) in cell-culture models 
or in model animals (e.g. disease-related genes or gene mutations (oncogenes) 
can be studied in detail in order to find and test the effects of drug-treatments)

* generating functional DNA molecules for gene therapy in gene-related diseases

Genetically modified organisms (GMO):
GMO‘s are living organisms where a gene has been deleted (knocked out), added (transgenic 
organism), or changed (mutant transgene) for the purpose of:

* Generating improved agricultural crops with resistance against vermin or have 
increased content of „healthy protein“

* Generating transgene animals. In basic medical research transgene animals 
(mainly mice) are extreemely important for the understanding of diseases and 
possible treatments. 

* In farming: Generation of healthy animals with a improved production potential

Cloning



DNA cloning with plasmid vectors

Recombinant DNA technology enables to produce large numbers of identical DNA molecules (DNA-
cloning)
Clones are typically generated by placing a DNA fragment of interest into a vector DNA molecule, 
which can replicate in bacterial host cells
When a single vector containing a single DNA fragment is introduced into a host cell, large numbers 
of the fragment are reproduced (cloned) along with the vector
Two common vectors are E. coli plasmid vectors and bacteriophage λ vectors

Plasmids are extrachromosomal, 
self-replicating DNA molecules

= multiple cloning site (MCS)

Cloning



The general procedure for cloning with recombinant DNA
plasmid vectors

Cloning



Plasmid cloning permits isolation of DNA fragments 
from complex mixtures

Cloning

Each colony represents 
one clone 
(= a group of organisms with identical 
DNA)



Restriction enzymes cut DNA molecules at specific 
sequences

Cloning

Restriction enzyme recognition sites 
are usually palindromic

Examples of 
palindromes:

Anna, otto, radar, 
kayak

Restrictionenzymes are site-specific DNAses generating double-strand breaks
Untill now more than 600 naturally occurring restriction enzymes identified
They recognize 4-6 basepair sequence patterns
Restriction cuts are most often asymmetric: generating single-strand overhangs (sticky ends)
Restriction cuts are less frequently symmetric (Blunt end)



Selected restriction enzymes

Cloning



Restriction fragments with complementary “sticky ends” are 
ligated easily

Recombinant DNA:

Cloning



Polylinkers facilitate insertion of restriction fragments into 
plasmid vectors

Cloning



Producing high levels of proteins from cloned cDNAs

Many proteins are normally expressed at very low concentrations within 
cells, which makes isolation of sufficient amounts for analysis difficult
To overcome this problem, DNA expression vectors can be used to 
produce large amounts of full length proteins

Example: E. coli expression systems can produce full-length proteins from 
recombinant genes

Cloning



Cloning the transcriptome:

Complementary DNA (cDNA) libraries 
are prepared from isolated mRNAs

Preparation of a bacteriophage λ cDNA library

Cloning



Identifying, analyzing, and sequencing cloned DNA

The most common approach to identifying a specific clone involves 
screening a library by hybridization with radioactively labeled DNA 
or RNA probes.

Labeled nucleotide probes are also used to identify specific 
nucleotide sequences in a complex mixture of DNA or mRNA  
(Southern and Northern blot)

Direct sequencing is also often applied
Single nucleotide sequencing (ie. sequencing a cloned DNA or cDNA)
Large scale sequencing: sequencing whole libraries of DNA or cDNA 
(ie. sequencing a whole genome or a whole transcriptome)



DNA sequencing: the Sanger (di-deoxy) method

Sequencing



DNA sequencing: the Sanger (dideoxy) method
Sequencing



Next generation sequencingSequencing

Technologies/Platforms:
Roche/454 FLX: 2004
Illumina Solexa Genome Analyzer: 2006
Applied Biosystems SOLiD System: 2007
Helicos Heliscope: 2010
Pacific Biosciencies SMRT: 2010
LifeTechnologies Ion Torrent: 2011

Parameters:
Cost (device, cost/Mb)
Read length
Speed
Accuracy
Preperation time
Manipulation steps (amplification needed)





Next generation sequencing

Roche (454) Illumina SOLiD

Chemistry Pyrosequencing Polymerase-based Ligation-based

Amplification Emulsion PCR Bridge Amp Emulsion PCR

Paired ends/sep Yes/3kb Yes/200 bp Yes/3 kb

Mb/run 100 Mb 1300 Mb 3000 Mb

Time/run 7 h 4 days 5 days

Read length 250 bp 32-40 bp 35 bp

Cost per run (total) $8439 $8950 $17447

Cost per Mb $84.39 $5.97 $5.81

Sequencing



Roche (454) Workflow
Sequencing



Illumina (Solexa) 
Workflow

Sequencing



ABI SOLiD Workflow
Sequencing



Ion Torrent
Sequencing



Applications
Genomes
Re‐sequencing Human Exons (Microarray capture/amplification)
small (including mi‐RNA) and long RNA profiling (including splicing)
ChIP‐Seq: 

Transcription Factors 
Histone Modifications 
Effector Proteins

DNA Methylation
Polysomal RNA
Origins of Replication/Replicating DNA
Whole Genome Association (rare, high impact SNPs)
Copy Number/Structural Variation in DNA
ChIA‐PET: Transcription Factor Looping Interactions
The $1000 genome

Sequencing

DNA Sequencing Caught in Deluge of Data (Published: November 30, 2011) 

Current bottle neck: Data management!!!



Studying the function of a gene/protein: Some 
basic principles and nomenclature

In vivo: in a living organism (living bacteria, yeast, monkey, christmas tree)
Ex vivo: in an organ explant, eg. a tissue biopsy
In vitro: in a reagent tube; a synthetic setup
In silico: computerbased simulation and/or data-analysis

Methods to study gene function



Advantages of working with cultured cells over intact 
organisms

More homogeneous than cells in tissues
Can control experimental conditions 
Can isolate single cells to grow into a colony of genetically 
homogeneous clone cells
Ethically non-controversial

Commonly used cell-cultures are derived from:

•Bacteria

•Yeasts

•Vertebrates (Mouse, human, rat, hamster)
•Plants (Arabidopsis Thaliana)

Methods to study gene function



Growth of microorganisms in culture

Examples: E. coli and the yeast S. cerevisiae
Have rapid growth rate and simple nutritional requirements
Can be grown on semisolid agar 
Mutant strains can be isolated by replica plating

Bacterial colonies

Methods to study gene function

Yeast colonies



Replica plating

Methods to study gene function



Growth of animal cells in culture

Requires rich media including essential amino acids, 
vitamins, salts, glucose, and serum
Most grow only on special solid surfaces (others, eg. 
Bloodcells, grow in suspension)

A single mouse cell A colony of human cells Many colonies in a petri dish

Methods to study gene function



Primary cells and cell lines

Primary cell cultures are established from animal tissues
Certain types of cells are easier to culture than others
Most cells removed from an animal contain a fraction of cells that grow and divide for a 
limited period of time (about 50 doublings), then eventually die of old age.
Certain “transformed cells” may arise that are immortal and can be used to form a cell 
line
Transformed cells may be derived from tumors, from manipulation (immortalisation
with oncogene) or may arise spontaneously
The rate of spontaneous transformation varies for different species 

Establishment of a cell culture

Methods to study gene function



Fibroblasts can be cultured (primary/immortal) and 
differentiated

Methods to study gene function



Fibroblasts can be cultured (primary/immortal) and 
differentiated

Methods to study gene function



Generation of transgenic mice and knock-out mice 

Loss of function
Knock-out mice
siRNA

Gain of function
Transgenic mouse

Flavours
Conditional (inducible system)
Tissue-specific



Mutations: types and causes

An organism’s genotype is its entire set of genes and may 
denote whether an individual carries mutations in one or more 
genes
(genotype = basic genetic make-up of an individual organism)

An organism’s phenotype is its function and physical 
appearance, and depends on that individual’s genotype

Normal (wild-type) organisms may develop changes termed 
mutations in their DNA sequence thereby altering their genotype 
and perhaps their phenotype

Organisms that develop such mutations are termed “mutants”

Mutations may be part of the genotype or occur as acquired 
(somatic) mutations 

Methods to study gene function



Haploids and diploids

A haploid organism has a single copy of each chromosome and its 
phenotype is a consequence of that one copy

A diploid organism has two copies of each chromosome and thus 
two copies of each gene

Diploids that carry identical alleles are termed homozygous
Diploids that carry different alleles are termed heterozygous

The two copies of each gene may be the same or the copies may 
be different. Different forms of each gene are termed alleles
(allele= naturally occuring mutation)

Alleles may be dominant or recessive

Methods to study gene function



Geno-type linked diseases
(non-cancerous)

Methods to study gene function



Segregation of geno-type linked diseases

Methods to study gene function



Example: mutants in Drosophila

Mutations may cause only subtle 
changes or may produce significant 
changes in development, cellular 
function, appearance and/or behavior

Methods to study gene function



Gene replacement and transgenic animals

It is possible to replace an organism’s wild type gene with an inactive gene to 
create a “gene knockout”

It is also possible to introduce additional genes (transgenes) to create a 
transgenic organism

Gene knockout and transgenic techniques can involve mutagenesis of cloned 
genes prior to transfer into the organism (= in vitro mutagenesis)

Methods to study gene function



Creation of mice embryonic stemm cells (ES cells) carrying 
a knockout mutation

Specific targeting of gene of interest (GOI)

Methods to study gene function



Gene knockout in mice

Methods to study gene function



Cell-type-specific gene knockouts in mice

Advantage:

Effect on specific 
tissue / process can 
be studied

Embryonal lethal 
knock-outs can be 
studied in tissues 
where the knock out 
is not lethal 

Knock-out can be 
induced chemically

Methods to study gene function



Gene-silencing with small interfering RNAs (siRNA)

Dicer is an endogenous 
enzyme which cleaves 
specific RNA structures 
(part of the miRNA 
system)

siRNAs are designed to basepair 
with specific mRNA, which will then 
be degraded

Methods to study gene function



Production of transgenic mice

The foreign DNA contains a 
promoter+GOI

If the promoter is a 
constitutive active promoter 
the GOI will be expressed in 
all cells

If the promoter is regulated 
by proteins only present in 
certain cells, a tissue-
specific expression can be 
achieved

Methods to study gene function



Example: transgenic mouse (GH+)

Methods to study gene function


