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Preface to the 1st edition

Biotechnology, a key technology of the 21st
century, is more than other fields an interdis-
ciplinary endeavor. Depending on the particu-
lar objective, it requires knowledge in general
biology, molecular genetics, and cell biology;
in human genetics and molecular medicine; in
virology, microbiology, and biochemistry; in
the agricultural and food sciences; in enzyme
technology, bioprocess engineering, and sys-
tems science. And in addition, biocomputing
and bioinformatics play an ever-increasing role.
Against this background, it is of little surprise
that few concise textbooks try to cover the
whole field, and important applied aspects such
as animal and plant breeding or analytical bio-
technology are often missing even from multi-
volume monographs.

On the other hand, I have experienced during
my own life-long studies, and also when teach-
ing my students, how energizing it is to emerge
occasionally from the thousands of details
which must be learned, to look at a unifying
view.

The Pocket Guide to Biotechnology and Ge-
netic Engineering is an attempt to provide this
kind of birds-eye perspective. Admittedly, it
is daring to discuss each of this book’s topics,
ranging from “Beer” to “Tissue Engineering”
and “Systems Biology”, on a single text page,
followed by one page of graphs and tables. After
all, monographs, book chapters, reviews, and
hundreds of scientific publications are devoted
to each single entry covered in this book (many
of them are provided in the literature citations).
On the other hand, the challenge of surveying
each entry in barely more than 4000 characters
forces one to concentrate on the essentials and
to put them into a wider perspective.

I hope that I have succeeded at least to some ex-
tent in this endeavor, and that you will find the
clues to return safely from the highly specialized
world of science, and its sophisticated terms, to
your own evaluation of the opportunities and
challenges that modern biotechnology offers to
all of us.

This English version is not a simple translation
of the original version, which was published in
German in December, 2001, but an improved
and enlarged second edition: apart from a

general update of all data, it contains three new
topics (Tissue Engineering, RNA, and Systems
Biology).

At this point, my thanks are due to some people
who have essentially contributed to this book.
Above all, T wish to acknowledge the graphic
talent of Ruth Hammelehle, Kirchheim, Ger-
many, who has done a great job in translating
scientific language into very clear and beautiful
graphs. Marjorie Tiefert, San Ramon, Cal-
ifornia, has been more than an editor: she has
caught and expressed the original spirit of this
book. My thanks also to the publisher, in par-
ticular to Romy Kirsten. Special thanks are due
to the many colleagues in academia and indus-
try who have contributed their time and energy
to read through the entries in their areas of ex-
pertise and provide me with most useful sugges-
tions and corrections. These were: Max Roehr,
University of Vienna; Waander Riethorst, Bio-
chemie GmbH, Kundl; Frank Emde, Heinrich
Frings GmbH, Bonn; Peter Duerre, University
of Ulm; Edeltraut Mast-Gerlach, Ulf Stahl and
Dietrich Knorr, Technical University Berlin;
Udo Graefe, Hans-Knoell Institute, Jena; Joch-
en Berlin, GBF, Braunschweig; Allan Sven-
son, Novozymes A/S, Copenhagen; Helmut
Uhlig, Breisach; Frieder Scheller, University
of Potsdam; Bertold Hock, University of Mu-
nich-Weihenstephan; Rolf Blaich, Rolf Claus,
Helmut Geldermann and Gerd Weber, Uni-
versity of Hohenheim; Hans-Joachim Knack-
muss, Dieter Jendrossek, Karl-Heinrich En-
gesser, Joerg Metzger, Peter Scheurich, Ulrich
Eisel, Matthias Reuss, Klaus Mauch, Christoph
Syldatk, Michael Thumm, Joseph Altenbuch-
ner, Paul Keller and Ulrich Kull, University
of Stuttgart; Thomas von Schell, Stuttgart;
Joachim Siedel, Roche AG, Penzberg; Rolf
Werner and Kerstin Maier, Boehringer-Ingel-
heim, Biberach; Frank-Andreas Gunkel, Bayer
AG, Wuppertal; Michael Broeker, Chiron
Bering GmbH, Marburg; Bernhard Hauer and
Uwe Pressler, BASF AG, Ludwigshafen; Frank
Zocher, Aventis Pharma, Hoechst; Tilmann
Spellig, Schering AG, Bergkamen; Akira Kuni-
naka, Yamasa Corporation, Chosi; Ian Suther-
land, University of Edinburgh; Julia Schueler,
Ernst & Young, Frankfurt. Among the many
members of my institute in Stuttgart who have
patiently helped me with the manuscript I wish



to especially acknowledge Jutta Schmitt, Till
Bachmann, Jiirgen Pleiss and Daniel Appel.

In spite of all efforts and patient cross-check-
ing, it would be a miracle if no unclearness or
errors exist. These are entirely the author’s fault.
I would be most grateful to all readers who will

Preface to the 2nd edition

In the 10 years since the first edition of this
booklet in English, the developments in bio-
technology have further accelerated. This is true
for the science, which has generated new meth-
ods such as synthetic biology, genome editing
or high-throughput sequencing of genomes,
generating big data which provide us with ever
more detailed perceptions of the living world.
New applications in industry have followed
suit — in the medical sciences, eminent exam-
ples are the therapeutic antibodies, iPS-derived
stem-cell technologies or a personalized med-
icine based on SNP analysis and companion
diagnostics; in industrial biotechnology, the
emerging concepts of a “bioeconomy” based on
renewable resources such as biomass, waste or
carbon dioxide provide certainly a megatrend.
It goes without saying that a little booklet can
only provide short sketches for each of these
fields. An updated literature suvey attempts to
compensate for this shortcoming.

It is my great joy that Professor Claudia
Schmidt-Dannert, University of Minnesota,
has accepted to join this and future editions as
a co-author. This will help to keep the wide in-
formation provided in this book as updated as
possible in a global setting.

Our sincere thanks go, beyond the individuals
mentioned in the first edition, to numerous

let me know, via the web address www.itb.uni-
stuttgart.de/pocketguide, where this book can
be further improved.

Rolf D. Schmid
Stuttgart, New Year 2002/2003

friends and colleagues who have helped again
with their professional knowledge. Our partic-
ular appreciation goes to Wolfgang Wohlleben,
Tuebingen University; Karin Benz, NMI Reu-
tlingen; Ulrike Konrad, Protagen; Karl Maurer,
ABEnzymes, Darmstadt; Bernhard Hauer,
Georg Sprenger and Juergen Pleiss, Stuttgart
University; Ulrich Behrendt, Munich; Dirk
Weuster-Botz, Munich Technical University;
Joern Kalinowsky, Bielefeld University; Vlada
Utlacher, Disseldorf University, and Frieder
Scheller, Potsdam University.

The high quality of the artwork is due to Ruth
Hammelehle, Kirchheim, of the final editing
to Bernhard Walter, both of epline Co., Kirch-
heim u. T. Our deep thanks to both of them,
to the editorial team, Dr Gregor Cicchetti, Dr
Andreas Sendtko and Dr Claudia Ley at Wiley-
VCH in Weinheim, Germany , and to Dr Sarah
Perdue and Dr Bradford Condon at the Uni-
versity of Minnesota, St. Paul. The contribution
of Dr Alexandra Prowald, who provided an
excellent index to this book, is also highly ap-
preciated.

Rolf D Schmid, Claudia Schmidt-Dannert
Stuttgart, Germany and St. Paul, Minnesota,
Summer 2015



Introduction

This pocket guide is written for students of bi-
ology, biochemistry and bioprocess engineering
who are looking for a short introduction to the
many different areas where modern biotechnol-
ogies are makingan impact. Itisalso intended as
ahandy reference for teachers, patent attorneys,
managers and investors secking a quick, yet
professional answer surrounding an upcoming
topic of industrial biotechnology. To this end,
specialized knowledge from a wide range of
scientific disciplines has been condensed over a
total of 171 color plates and further described
on the accompanying text page, as well as com-
plemented by a comprehensive survey of the
literature. Cross-references provide additional
help in jumping from technical applications of
biotechnology, for example, to the fundamen-
tal science behind the application.

Completely updated and supplemented by
many new topics, this second edition retains
the modular format, but the structure of the
book has been changed. It now begins, after a
brief historical survey, with short introductions
to the basic fields of modern biotechnology:
microbiology, biochemistry, molecular ge-
netics, cell biology and bioprocess engineer-
ing. It is only in the second part that the focus

is on applications, such as food and food addi-
tives, industrial products, enzyme technology
and, most comprehensively, the many contri-
butions of biotechnology to the medical field,
including the manufacture of antibiotics, bio-
logicals such as antibodies, but also in medical
technology. This section is rounded off with a
description of the applications in agriculture,
such as animal or plant breeding, and in envi-
ronmental protection. The third section of the
book deals with the current megatrends in the
applied life sciences. These include genomics
and such post-genomic trends as personalized
medicine, with bioinformatics seen as an an-
swer to current needs in big data processing,
but also cell technology and gene therapy,
as well as technologies devoted to building a
new so-called bioeconomy, i. e. sustainable in
energy and material use. The text ends with five
chapters devoted to various aspects of safety
and ethics, including patent and registration-
related topics.

The objective of this book is to provide readers
with a compact reference on the wide and ex-
panding field of modern biotechnology. We
hope that we succeeded not only in offering an
attractive and stimulating read, but also in in-
stigating in the reader the desire to dig deeper
into this fascinating area of human endeavor.



Early developments

History. The origins of what we call biotechnol-
ogy today probably originated with agriculture
and can be traced back to early history. Presum-
ably, since the beginning people have gained ex-
perience on the loss of food by microbial spoil-
age; on food conservation by drying, salting,
and sugaring; and on the effects of fermented
alcoholic beverages. As the first city cultures
developed, we find documents and drawings on
the preparation of bread, beer, wine, and cheese
and on the tanning of hides using principles of
biotechnology. In Asia, fermented products
such as Sauerkraut (China), Kimchi (Korea)
or Gari (Indonesia) have been produced for
thousands of years. In Europe, starting in the
6™ century, the monasteries with their well
organized infrastructure developed protocols
for the arts of brewing, wine-making, and
baking. We owe our strong, alcohol-rich stout
beers to the pious understanding of the monks
that “Liquida non fragunt iciunum” (Liquors
do not interfere with the chamfering time).
Modern biotechnology, however, is a child of
microbiology, which developed significantly
in the late 19 century. The First and Second
World Wars in the first half of the 20 century
next probably provided the strongest challenge
to microbiologists, chemists, and engineers to
establish modern industrial biotechnology,
based on products such as organic solvents and
antibiotics. During and after this period, many
ground-breaking discoveries and developments
were made by biochemists, geneticists, and cell
biologists and gave rise to molecular biology.
At this point, the stage was set for modern bio-
technology, based on genetic and cell engineer-
ing, to come into being during the 1970s and
’80s. With the advent of information technol-
ogy, finally, modern biotechnologies gave rise
to genomics, proteomics and cellomics, which
promise to develop into the key technologies of
the 21° century, with a host of applications in
medicine, food and agriculture, chemistry and
environmental protection.

Early pioneers and products. Biotechnology
isan applied science — many of its developments
are driven by economic motives. In 1864 Louis
Pasteur, a French chemist, used a microscope
for the first time to monitor the fermentation
of wine vs. lactic acid. Using sterilized media

(“pasteurization”), he obtained pure cultures of
microorganisms, thus laying the foundation for
applied microbiology and expanding this field
into the control of pathogenic microorganisms.
At the start of the 20 century, it occurred
to the German chemist Otto Roehm and to
the Japanese scientist Jokichi Takamine that
enzymes isolated from animal wastes or from
cultures of molds might be useful catalysts in
industrial processes. Otto Roehm’s idea rev-
olutionized the tanning industry, since tanning
up to this time was done using dog excrements.
In the field of public health, the introduction of
biological sewage treatment around 1900 was
a milestone for the prevention of epidemics.
During World War I, Carl Neuberg in Germany
and Chaim Weizmann, a Russian emigrant to
Britain and of Jewish origin, developed large-
scale fermentation processes for the prepara-
tion of ammunition components (glycerol for
nitroglycerol and acetone for Cordite). The
Balfour declaration and the ensuing foundation
of the state of Israel, whose first president Weiz-
mann became, is thus directly linked to an early
success in biotechnology. In the postwar peri-
od, 1-Butanol, the second product from Weiz-
mann’s Clostridium-based fermentation proc-
ess, became highly important in the USA as a
solvent for car paints. The serendipitous discov-
ery of penicillin by Alexander Fleming (1922),
much later turned into a drug by Howard Flo-
rey, initiated the large-scale production of pen-
icillin and other antibiotics during World War
II. As early as 1950, > 1000 different antibiotics
had been isolated and were increasingly used in
medicine, in animal feeds, and in plant protec-
tion. This was accompanied by a rising tide of
antibiotic resistance, triggering research on the
mechanisms of microbial defense mechanisms.
Since 1950, the analytical use of enzymes, later
of antibodies, began another important field
of modern biotechnology. The first glucose
biosensor was introduced by Leland C. Clark
in 1954, initiating a concept for blood glucose
monitoring which now commands a market
of several billion US-$. In the shadow of the
19605 oil crises and the emerging awareness
of overpopulation, the conversion of biomass
to energy such as bio-ethanol and of single-cell
protein from petroleum or methanol was devel-
oped. Now, in 2014, “biorefineries” are under
active development.
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— Biotechnology in early Egyptian drawings

1 beer brewing
2 bread baking
3 hide tanning

early history sugar-containing juices are fermented to various alcoholic beverages

sour milk and sourdough products are prepared by lactic acid and yeast fermentation
hides are bated to leather using reagents such as animal feces

France: Orléans procedure for the preparation of vinegar from ethanol

The Netherlands: Anthony van Leuwenhoek observes bacteria through a microscope
France: Louis Pasteur separates brewers yeasts from lactic acid bacteria

France, Germany: Louis Pasteur, Robert Koch develop the first vaccines

Japan: Jokichi Takamine uses a-amylase for starch degradation

Germany: Otto Roehm uses pancreatic trypsin in detergents and for leather bating
UK: Chaim Weizmann develops a fermentation process for acetone, n-butanol

citric acid is industrially produced by surface fermentation using Aspergillus niger

UK: Alexander Fleming discovers penicillin

USA: Selman Waksman discovers streptomycin

USA: microbial transformation of steroids on industrial scale

Japan: glutamic acid is industrially produced by tank fermentation of Corynebacterium
glutamicum

Denmark: Bacillus proteases are used in detergents
Denmark: microbial rennet for cheese production

USA: high-fructose syrups produced by enzyme technology replace saccharose in
softdrinks

USA: Stanley Cohen and Francis Boyer develop a procedure for in-vitro recombination
of DNA, using plasmid vectors

UK/Switzerland: César Milstein and Georges Koehler prepare monoclonal antibodies
using hybridoma cells

recombinant proteins can be manufactured by fermentation using bacteria

first transgenic plants (herbicide resistance) and animals (knockout)

USA: Kary Mullis discovers the polymerase chain reaction (PCR)

USA: the human genome project (HUGO) is initiated

transgenic tomatoes (Flavr Savr) are registered as food in the USA and the UK
gene therapy experiments on humans

the yeast genome is completely sequenced

Dolly the sheep is the first cloned animal, a replicate of its mother

over 2 billion basepairs are stored in DNA sequence databases

the Drosophila genome with 1.6 billion bp is completely sequenced in ~ 4 months
human stem cells can be maintained in culture

the sales of recombinant therapeutic proteins exceed 10 billion US$/yr

Craig Venter’s Celera and the international Human Genome Consortium (HGP) present a sketch

of the human genome
the USA produces over 30 billion L of bio-ethanol from corn

Shinya Yamanaka, Japan, receives the nobel prize for transforming differentiated cells into
autologous stem cells (iPS technology)

transgenic plants are grown on >180 million ha land in 28 nations




Biotechnology today

Genetic Engineering and Cell Technology. In
1973, Stanley Cohen and Frederick Boyer in
San Francisco were the first to express a designed
foreign gene in a host organism. After about 10
years the first recombinant drug, human soma-
totropin, was registered. Since then, more than
50 genetically engineered proteins have been
registered as therapeutic agents, including insu-
lin (for diabetics), erythropoietin (for anemic
patients), factor VIII (for hemophiliacs), inter-
feron-B (for multiple sclerosis patients), recom-
binant antibodies and vaccines. Many hundred
more are under development. Although the
new technologies were first applied to med-
icine, their innovation potential in agriculture
and food production soon began to emerge.
Thus, transgenic crops were bred that were re-
sistant to herbicides, insects, or viruses. Today,
they are predominantly grown in North Am-
erica. Flowers have been genetically modified
to exhibit new colors, vegetables or fruits to
show enhanced nutritive properties, and woods
to contain less lignin for improved paper pro-
duction. In the chemical industry, biopolymers,
prepared from biomass-derived chemicals such
as starch or cellulose, have begun to replace
petrochemical products, and “biorefineries”
have appeared which generate biofuels and
chemicals from biomass. These technologies are
changing the face of agriculture. High-through-
put gene sequencers and supercomputers are
making the sequencing of human genomes rel-
atively cheap and routine, and genome-based
information is now widely used to understand
the molecular basis of diseases and to develop
novel drugs by a target-oriented screening ap-
proach. Novel approaches, such as proteomics
and structural biology, are contributing to our
fundamental understanding of the chemistry
of life and disease. Using gene therapy, we at-
tempt to replace malfunctioning with correctly
functioning genes. These developments are in
step with great advances in cell biology, which
focus on the complex interactions of cells in a
multicellular organism. Human differentiated
cells such as cardiomyocytes or neurons can
now be obtained from embryonal stem cells or
even from adult human cells by genetic repro-
gramming via induced pluripotent stem cells
(iPS). Tissue engineering has become a surgical

approach to repairing wounded tissue such as
skin, bone or cartilage.

Public acceptance. The sheep Dolly, born in
1998, was the first animal ever cloned from a
somatic cell of and thus identical to her moth-
er. The thrust and possible consequences of
such developments, e.g., for embryonic ma-
nipulations or individual (prenatal) genetic
fingerprinting, have led to emotional public
discussion. Typical subjects are: at what stage
does human life begin and when does it need
to be protected? Do we accept the cloning of
humans? To which extent can we accept a de-
terministic view of individual health risks, e. g.,
by an employer or an insurance company? How
will molecular genetics and gene therapy affect
the age distribution in our societies? Is it eth-
ical to genetically modify plants and animals
at will? To what extent are such manipulations
in harmony with the ecosystem and its natural
diversity? How will the new biotechnologies
influence the relationship of industrialized and
developing economies? None of these questions
has been completely resolved yet. As we begin
to understand and interfere with the functions
of the human brain, answering these questions
on a global scale will become even more urgent.
Foundations. The body of this pocket guide
is devoted to the many and growing applica-
tions of biotechnology, including discussion
of today’s “megatrends” (2014), which include
bioinformatics. In the introduction to this
book, however, the multidisciplinary founda-
tions of the field are briefly outlined. We start
with microbiology, which is the oldest discipline
and has led the way to many contemporary
technologies. This is followed by biochemistry,
the science of life’s building blocks, their me-
tabolism and its regulation. A key property of
life is to propagate. As a consequence, the basics
of molecular genetics and genetic engineering will
be presented. Cell biology and immunology con-
tinue to have a great impact on biotechnology,
and some basics are introduced. Finally, with-
out bioprocess engineering, a discipline mastered
by engineers, the manufacturing of bioproducts
could not be done in an economical way. It is
obvious that the space available does not allow
a thorough discussion of all these fields, but
current literature will be provided to the reader
interested in further reading.
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Viruses

General. A virus is an infectious particle with-
out indigenous metabolism. Its genetic pro-
gram is written in either DNA or RNA, whose
replication depends on the assistance of a living
host cell. A virus propagates by causing its host
to form a protein coat (capsid), which assem-
bles with the viral nucleic acid (virus particle,
nucleocapsid). Viruses can infect most living
organisms; they are mostly host-specific or
even tissue- or cell-specific. Viruses are clas-
sified by their host range, their morphology,
their nucleic acid (DNA/RNA), and their
capsids. In medicine and veterinary medicine,
the early diagnosis, prophylaxis and therapy
of viral human and veterinary diseases plays
a crucial role. AIDS (HI virus), viral hemor-
rhagic fever (Ebola virus), avian flu (HSN1-,
H7N9-virus) (+250) or hepatitis (several virus
families) are important examples of viruses in-
volved in human diseases, as are Rinderpest
(Morbillivirus) or infectious salmon anemia
(ISA virus) in epizootic veterinary diseases. In
biotechnology, viruses are used for the devel-
opment of coat-specific or component vaccines
and for obtaining genetic vector and promoter
elements which are, e.g., used in animal cell
culture and studied for use in gene therapy.

Viruses for animal experiments. The first
cloning experiments with animal cells were
done in 1979, using a vector derived from simi-
an virus 40 (SV40) (+98). This virus can infect
various mammals, propagating in lytic or lyso-
genic cycles (lysis vs. retarded lysis of host cells).
Its genome of ca. 5.2 kb contains early genes for
DNA replication and late genes for capsid syn-
thesis. Expression vectors based on SV40 con-
tain its origin of replication (ori), usually also
a promoter, and a transcription termination
sequence (polyA) derived from the viral DNA.
For the transfection of mouse cells, DNA con-
structs based on bovine papilloma virus (BPV)
are preferred. In infected cells, they change into
multicopy plasmids which, during cell division,
are passed on to the daughter cells. Attenuated
viruses derived from retro, adeno, and herpes
viruses are being investigated as gene shuttles
for gene therapy (+304). Retroviruses, e. g., the
HI virus, contain an RNA genome. They infect
only dividing cells and code for a reverse tran-
scriptase which, in the host cell, transcribes the

RNA into cDNA. HIV-cDNA is then integrat-
ed into the host genome where it directs, via
strong promoters, the formation of viral nucleic
acid and capsid proteins. Some hundred exper-
iments with retroviral vectors having replica-
tion defects have already been carried out for
gene therapy. A disadvantage of using retroviral
vectors lies in their small capacity to package
foreign DNA (inserts), whereas vectors de-
rived from adenoviruses can accommodate up
to 28 kb of inserted DNA. In contrast to retro-
viruses, adenoviruses can infect non-dividing
cells, but their DNA does not integrate into
the host chromosomal DNA. For gene therapy
targeted to neuronal cells, e. g., in experiments
related to Alzheimer’s or Parkinson’s disease,
Herpes simplex-derived vectors are often used.
Their large genome of 152 kb allows them to
accommodate inserts > 20 kb of foreign DNA.
A similar insert size is reached with Vaccina
viruses, which may infect a wide range of cell
types.

Viruses for plant experiments. Most plant
viruses have an RNA genome (+280). Only
two groups of DNA viruses are known that
infect higher plants, caulimo virus and gemini
virus. Caulimo viruses have a quite narrow host
range: they infect only crucifers such as beets
and some cabbage varieties. Their small genome
reduces their potential for accommodating for-
eign inserts. Gemini viruses infect important
agricultural plants such as maize and wheat
and thus bear significant risks for application.
Moreover, their genomes undergo various re-
arrangements and deletions during the infec-
tion cycle, rendering the correct expression of
foreign DNA inserts difficult.

Baculoviruses infect insects but not mammals.
After infection, host cells form a crystalline pro-
tein (polyhedrin), which may constitute > 50 %
of the insect cell. The polyhedrin promoter is
therefore useful for the heterologous expression
of proteins, using cell cultures of Spodoptera (a
butterfly). An advantage of this system is that
posttranslational glycosylations in this system
resemble those of mammalian cells (+262).
Scale-up of this system is, however, limited,
rendering it most useful for laboratory exper-
iments. In Japan, silk worms (Bombyx mori) are
considered an interesting system for expressing
foreign proteins. The nuclear polyhedral virus
BmNPYV is being used for their transfection.
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Bacteriophages

General. Viruses that attack bacteria are
termed bacteriophages or simply phages. Their
taxonomy is determined by the International
Committee on Taxonomy of Viruses, ICTV.
Phages occur everywhere in nature, and are
abundant in metagenomic analyses of water
samples (+74). As there are historic reports of
healing by “holy waters,” they have been widely
studied for the treatment of bacterial infections
but results are equivocal. Fermentation process-
es, e.g., starter culture production (>114), are
always endangered by phage infections. As a
preventive measure, attempts are usually made
to select phage-resistant strains. Phages are
useful in genetic engineering, e.g., for the de-
velopment of cloning vectors or promoters, for
DNA sequencing, and for the preparation of
gene and protein libraries (+62, 64, 68). Since
most cloning experiments use E. coli, phages
specific for this bacterium (A-, M13-, QB-, T-
phages) play a key role.

A Phage. When infecting E. coli, A phage can
follow two routes: either its linear double-
stranded DNA (ca. 48.5 kbp, ca. 1% of the
E. coli genome) is propagated independent
of the E. coli genome, resulting in lysis (lytic
cycle), or it is integrated into the E. coli ge-
nome, resulting in lysogenic cells containing
latent prophages, which replicate with the bac-
terium over several generations. Upon stress,
such as a rise in temperature or UV irradiation,
the prophage is excised from the E. coli genome
and lyses the host cell. } is able to form cohesive
or sticky ends of 12 unpaired nucleotides each
(cos sites), which are necessary for circular A
DNA formation and for its integration into the
E. coli genome. The sticky ends also form the
recognition signal for the formation of the viral
gene product A, an exonuclease. After replica-
tion of the A DNA into a concatemer of linear A
genomes, endonuclease A cuts at this position,
initiating the packaging of progeny into its
capsids. Cosmids, an important tool for the
construction of large gene libraries, are derived
from the A phage, as is a family of A plasmids
such as AEMBL4, which can be induced by a
rise in temperature.

The M13 phage infects E. coli according to a
different mechanism. It contains single-strand-

ed DNA of ca. 6.4 kb, which after infection
directs the synthesis of its complementary
strand. The resulting double-stranded phage
DNA is not integrated into the E. coli genome
but is continuously replicated in the cytoplasm,
giving rise to up to 1,000 phage particles/cell.
During host cell division, the phage infection
is passed on to the daughter cells (ca. 100/
cell). Genes that have been cloned into a vector
derived from M13 can be obtained as single-
stranded DNA - a technique used for classical
DNA sequencing (+56). Prior to the invention
of PCR, M13 vectors were used for site-direct-
ed mutagenesis of proteins.

T Phages occur in 7 different types. For genetic
engineering, two enzymes coded by T phage ge-
nomes are useful: the DNA ligase of T4, which
links DNA fragments regardless of the quality
of their ends (sticky or blunt), and the DNA
polymerase of T7, which polymerizes DNA on
a single strand DNA matrix; it is used in gene
sequencing (Sanger—Coulson method). The
promoter of the T7-RNA polymerase is used
in several E. coli expression vectors. T7-RNA
polymerase transcribes DNA into RNA, which
in turn serves as mRNA in cell-free protein syn-
thesis, based on mRNA, tRNAs, ribosomes,
amino acids and ATP.

Phages of other bacteria. Among the > 1,000
classified phages (some 2800 in total), >300
are specific for enterobacteria, > 230 for bacte-
riococci, and > 150 each for Bacilli and Actino-
mycetes. Another group (at present 13 phages),
described only recently, is the Ligamenvirales
which attack archaeabacteria. Their structure
and function are closely related to those of other
viruses, including those specific for E. coli.
Some of them can be either virulent or lysogen-
ic, similar to the X phage. Lactobacilli-specific
phages are a major problem in the manufac-
ture of milk products. Resistant bacteria pre-
vent adsorption or replication of these phages.
Among the 5 groups of Bacillus phages, 6105
and SPO2 are often used for transformation,
and PBS1 has been used in construction of the
B. subtilis genome sequence map. Phage D3112
is the preferred vector for the transformation
of Pseudomonads, and SH3, SHS, SH10, or
0C31 are preferred for the genetic engineering
of Streptomyces.
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Microorganisms

General. Microorganisms play a key role in the
chemical cycles on earth. They are involved in
the biodegradation of many compounds; these
processes occur not only in the environment,
butalso in symbiosis with other organisms (e. g.,
lichens, intestinal and rumen bacteria). Some
microorganisms are parasites or pathogens,
impairing the health or life of other organisms.
In biotechnology, nonpathogenic microorgan-
isms are used to produce various products such
as citric and glutamic acid, antibiotics, xanthan,
and enzymes; for the aerobic and anaerobic
treatment of wastewater, sludges, soils, and air;
and as host organisms for the manufacture of
recombinant proteins. Due to their unicellular
structure, well established methods for creating
and selecting mutants, and their short genera-
tion time, they serve as model organisms for un-
derstanding the biochemical, genetic, and phys-
iological mechanisms of life, and as a preferred
host for the manufacture of recombinant pro-
teins. Based on some fundamental differences,
prokaryotic and eukaryotic microorganisms
can be distinguished; the former are further
subdivided into eubacteria and archaebacteria
(> 10,000 different fully characterized strains).
Eubacteria are unicellular organisms that
propagate by cell division. Their cell diameter is
usually on the order of 1 um. They have no cell
nucleus, and their chromosomal DNA is form-
ed into a tangle, the nucleoid. Frequently, part
of their genetic makeup occurs on nonchromo-
somal genetic elements, the plasmids (-44).
Plasmids are often horizontally transferred to
other bacteria — a useful mechanism, from the
human perspective, for evolving biodegrada-
tion pathways for xenobiotic compounds in the
environment and sewage plants, but a very dan-
gerous capacity with respect to the evolution
of antibiotic resistances. The cell wall, made of
peptidoglycan, is more complex in Gram-neg-
ative microorganisms and often covered with a
slimy layer from which flagella may protrude,
which ensure mobility. In the cytoplasm, stor-
age chemicals such as polyhydroxybutyric acid
polyphosphate, cyanophycin, or others may be
deposited. Eubacteria have a wide potential for
variations in metabolism and thus can grow
in a much wider range of habitats than higher
organisms. Such highly specialized species
often surprise us by their unique proteins and

cofactors. Thus, the purple membrane of the
halobacteria is a unique functional unit of this
genus, exhibiting some analogies to photosyn-
thesis and the chemistry of vision in higher
organisms.

Archaebacteria (archaea) are believed to re-
semble the oldest forms of life on earth. Their
footprints have been detected in geological for-
mations many hundreds of millions of years old.
They often live anaerobically and are usually
specialized for growth in unique biotopes. As
just one example, the methanobacteria form
the most important group of sludge consortia,
reducing acetic acid to methane (+288). They
differ from the eubacteria in structural and
genetic properties, e.g., in the construction of
their cell membrane from ether lipids instead of
phospholipids. The function of their enzymes
is adapted to their often extreme habitats and
have been used in biotechnology. For example,
a DNA polymerase from a deep-sea bacterium,
Pyrococcus furiosus, is often used for PCR re-
actions with particular high fidelity (+50, 196).
Yeasts and fungi are cukaryotic organisms and
so far constitute the largest group of cultivatable
microorganisms: about 70,000 different strains
have been taxonomically classified. In contrast
to prokaryotes, they contain a cell nucleus and
other subcellular functional units, and their
cell wall is made of chitin, sometimes also from
cellulose. Most yeasts and fungi live acrobically.
Their wide differences in reproduction and
life cycles provide the most useful basis for
their taxonomic classification. The vegetative
body of fungi is composed of a hairy network,
the mycelium, which can propagate sexually
or asexually. Asexual reproduction usually
proceeds by spore formation, or occasionally
by budding. Sexual reproduction of the lower
fungi (Phycomycetes) proceeds via gametes, of
the higher fungi via fruiting bodies (asci) which
have the form of a sac (Ascomycetes) or a club
(Basidiomycetes). Yeasts (e. g., Saccharomyces
cerevisiae, Schizosaccharomyces pombe) and
fungi (e.g., Aspergillus oryzae, Trichoderma
viride) are frequently used hosts for the manu-
facture of recombinant enzymes and other pro-
teins. Unlike prokaryotic hosts, they perform
post-translational modifications such as gly-
cosylation (+262), an often important feature
for the production of pharmaceutical proteins

(glycobiology).
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Bacteria

General. Bacteria can be classified by a variety
of morphological, biochemical, and genetic
methods, as well as by their nutrient require-
ments. The International Code of Nomenclature
of Bacteria (ICNB) governs the scientific nam-
ing of bacteria and presently includes about
2,200 genera and 11500 species. The analysis of
taxonomically relevant DNA isolated from soil
seems to indicate, however, that the number of
bacterial species that have not yet been cultured
is much larger (+74).

Eubacteria. The oldest method of classifying
eubacteria is based on their morphology. Under
a simple light microscope, rods, cocci, and spir-
illi can be seen, some of them forming multicel-
lular aggregates (filaments, colonies) and exhib-
iting structural details such as spores or flagella.
Staining provided further differentiation. Thus,
staining according to H.C. Gram’s method
allows for a classification according to cell wall
structure: Gram-positive bacteria have only one
cell membrane, covered by a thick murein cell
wall, whereas Gram-negative bacteria have two
cell membranes, enclosing a periplasmic space.
The outer membrane is covered by a thin mure-
in cell wall from which lipopolysaccharides
may protrude. Physiological and biochemical
criteria have led to additional methods of dif-
ferentiation. Some important features are:
Response to oxygen: microorganisms can be
subdivided according to their ability to grow
under aerobic, anaerobic, or both conditions,
Form of energy generation: energy can be gen-
erated by photosynthesis (phototrophs), res-
piration, or fermentation (chemotrophs),
Preferred electron donors: organotrophic mi-
croorganisms use organic compounds, and lith-
otrophic microorganisms use inorganic com-
pounds such a H,, NH;, H,, S, CO, or Fe**.
Carbon source: autotrophic microorganisms
can fix CO,; heterotrophic microorganisms
obtain carbon from organic compounds,
Relation to other organisms: saprophytic mi-
croorganisms are autonomous; parasitic micro-
organisms depend on a host organism.

Phage typing: the susceptibility to phages can
also be used for taxonomic identification,
Adaptation to environment: mesophilic mi-
croorganisms grow under ordinary conditions,
whereas extremophiles are adapted to extreme
conditions of temperature, pressure, pH, or

electrolyte concentration. Cell inclusions, pig-
ments, chemical components of the cell wall
and cell membrane (fatty acid composition),
immunological differentiation of the cell
surface (serology), and susceptibility to anti-
biotics provide further possibilities for pheno-
type differentiation. Recently, genotyping of
bacteria has become more and more impor-
tant. For example, the GC content of bacterial
DNA enables a rough classification. Complete
sequencing of microbial genomes enables the
most precise differentiation. A particularly
useful method for taxonomy, discovered in
1972, is sequencing the DNA coding for the
16S, 18S and 23S rRNA (S: Svedberg units
characterizing sedimentation behavior). This
DNA contains sequences that were highly con-
served throughout evolution, and analyses of
the sequences suggest three families of living
organisms: archaebacteria, ecubacteria (the
prokaryotes), and the ecukaryotes. If DNA
is isolated from environmental samples, and
sequences coding for 16S, 18S or 23S rRNA
are compared to those of microorganisms de-
posited in culture collections, there is less than
5% identity, suggesting that >95% of all mi-
croorganisms contained in these samples have
not yet been cultivated (s. metagenome) (+74).
Characterization and taxonomy. Rapid tax-
onomic identification of bacteria is important
in hospitals, veterinary medicine, food pro-
duction, environmental hygiene, and also in
microbial and genetics laboratories. Most of
the above methods are used, e. g., microscopy,
staining procedures, determining the “analyt-
ical profile index API” (based on growth on
various substrates), fatty acid composition of
the membrane, or DNA analysis of taxon-spe-
cific sequences coding for the 16S, 18S or 23S
rRNA. Precise classification of microorganisms
is often far from trivial and requires the consid-
eration of a wide range of experimental data;
it is usually done by laboratories that archive
culture collections.

Genome sequencing. As of 2013, genome
sequences for some 2,100 bacteria and over
140 archaea are completed. This includes many
genomes of human pathogens such as Mycobac-
terium tuberculosis. The analysis of microbial
genomes has shown that many variations of
metabolic pathways exist, which can be exploit-
ed by metabolic engineering.
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Yeasts

General. Yeasts are a subgroup of the As-
comycetes. Because they propagate by bud-
ding, they are also termed budding fungi. They
grow heterotrophically, preferring acidic media
(pH 3.5-5.0) and usually do not form myce-
lia. Their cell wall is made of chitin. Candida
albicans is an important human pathogen and
model for studying pathogenesis. Yeasts of im-
portance for biotechnology are Saccharomyces
cerevisiae, Candida utilis and other Candida
strains, Schizosaccharomyces pombe, Hansenula
polymorpha, and Pichia pastoris.

Saccharomyces cerevisiae (synonyms: baker’s
yeast, brewer’s yeast, yeast) (+120) can propa-
gate in either a haploid or diploid manner, thus
providing an excellent organism for genetic in-
vestigations. Haploid laboratory strains belong
to one of two mating types (MATz or MATz),
which can only mate reciprocally. Asexual re-
production proceeds by forming conidia, fol-
lowed by immigration of either a diploid or a
haploid nucleus. Sexual propagation occurs by
the fusion of two haploid gametes, followed by
meiosis and formation of 4 haploid ascospores,
whose phenotype can be separately observed,
allowing for simple genetic analysis of the ob-
served traits (tetrad analysis). Due to the simple
cultivation of both haploid and diploid cells,
the completed genome sequence (12 Mbp, on
16 chromosomes), the general absence of in-
trons, and the short doubling time (90 min),
S. cerevisiae has become a preferred model or-
ganism for the molecular genetics of a simple
eukaryote. Another advantage is that yeast
occurs with a natural plasmid, termed 2um
(60-100 copies in the cell nucleus), and that
a second extrachromosomal element, the killer
virion, is also available for recombination ex-
periments. Many cloning vectors have been de-
veloped for yeast transformation, which either
allow the replication of foreign genes outside
the yeast chromosome (YRP = yeast replicating
plasmids or YEP = yeast episomal plasmids) or
integration of the foreign gene into the chro-
mosome (YIP = yeast integrating plasmids).
Artificial yeast chromosomes (YAC = yeast
artificial chromosomes) allow for the cloning of
large DNA fragments of 600—1,400 kbp; they
have been widely used for preparing genome
libraries, but have a tendency to recombine
and thus have been mostly replaced by bacte-

rial artificial chromosomes (BACs) (+72). The
ca. 6,000 genes of yeast, located on 16 linear
chromosomes, often show high homology to
human genes. Thus yeasts have widely served
as a simple model system for metabolic and
regulation studies. In biotechnology, yeasts are
used in the preparation of food products such
as beer (5112), wine (+110), and bread (+120).
It is also used in the manufacture of industrial
ethanol (+138). Recombinant yeasts have be-
come important host organisms for the manu-
facture of products such as insulin (+222),
interferons (+234), and vaccines (+250) (e. g.,
hepatitis B surface antigen). Unlike E. co/i, yeast
allows for the posttranslational modification of
gene products, in particular for glycosylation
(>262).

Candida utilis differs from Saccharomyces by
forming a mycelium, but it propagates solely
asexually by budding. Some Candida genes
show noncanonical codon usage (e. g., CUG for
serine instead of leucine), which has retarded
their heterologous expression. Candida strains
have been used in biotechnology for produc-
tion of extracellular enzymes and generation of
digestible biomass. They can be grown on un-
conventional substrates such as sulfite suds or
alkane fractions. Some Candida strains, such as
Candida albicans, are pathogenic to humans.
Pichia pastoris and Hansenula polymorpha
are methylotrophic yeasts, which can grow on
methanol as their sole carbon source. Isolated
and studied in the context of the manufacture
of single-cell protein (+122), they are used
today as attractive host organisms in cloning
experiments. Thus, diverse proteins such as
lipases, B interferon, and antibody fragments
have been functionally expressed in P pas-
tories in yields of several grams of recombinant
products/L of culture broth. The Hansenula
polymorpha genome (9.5 Mbp, 6 chromo-
somes) was sequenced in 2003, the Pichia pas-
toris genome (9.4 Mbp, 4 chromosomes) was
sequenced in 2009.

Schizosaccharomyces pombe was first iso-
lated from an East African beer variety (Swahili:
pombe = beer). The genome of this ascomycete
was fully sequenced in 2002 (12.6 Mbp, 3 chro-
mosomes), and is similar in size to the S. cere-
visiae genome. Mutant strains with reduced
genome size and partial deletion of protease
genes have been constructed which allow for
excellent expression of foreign proteins.
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for comparison: Escherichia coli K12 4.6 1 4145 1997
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Fungi

General. Fungi play a key role in the carbon
catabolism of the biosphere, ¢. g., in the decom-
position of wood and the formation of humic
acids. Mycorrhizal fungi are associated with
plant roots and assist in the uptake of nutrients,
but other fungi, such as mildews, are dangerous
plant pathogens. In biotechnology, they have
an important role in the decay of food, but also
in the preparation of fermented food products.
Some fungi produce antibiotics or valuable
enzymes. Among ca. 70,000 fungal species that
have been classified, the Ascomycetes com-
prise ca. 20,000 species, forming the largest
subgroup, which includes Penicillium notatum
and Aspergillus niger. Among the lower fungi
(Zygomycetes), Rhizopus and Mucor species
have the greatest importance in biotechnolo-
gy. Some of the ca. 12,000 stand mushrooms
(Basidiomycetes) are edible (e.g., champig-
nons, shiitake, chanterelles, ceps), and others
participate in the degradation of wood (white
and red rot fungi). Approximately 300 fungal
species are pathogenic to humans. All fungi live
heterotrophically. Their cell wall is composed
of chitin and glucans.

Reproduction forms. The reproduction of
fungi follows highly diverse patterns, which
are described here using the Ascomycetes as
an example. The cell mass (thallus) consists of
a mycelium that is made up of hyphae. Dur-
ing asexual reproduction, the conidiophores,
which form at the top of the mycelium, divide
and form spores (conidia), which grow into a
new mycelium. Like most fungi, Ascomycetes
can also propagate by a sexual mechanism. This
results in a different phenotype (dimorphism).
In this case, their hyphae form male and female
sexual organs (antheridia and ascogonia). They
fuse, during plasmogamy, into dikaryotic hy-
phae, which develop into an ascocarp (“fruiting
body”). In the terminal cells of the dikaryotic
hyphae, the dikaryotic nuclei are fused into
a diploid zygote (karyogamy). Meiosis trans-
forms the zygote into 8 haploid ascospores (or 4
basidiospores, in Basidiomycetes), which again
grow into a mycelium.

Penicillium chrysogenum grows as a mycelium
which forms fruiting bodies liberating spores
(conidia) for asexual reproduction. Fungi like
Penicillium, which have lost the capacity for
sexual reproduction, are termed Fungi imperfec-

ti. Consequently, if recombination is required
during breeding in the laboratory, protoplast
fusion among different types of nuclei (het-
erokaryosis) must be used. 2. chrysogenum and
the related fungus Acremonium chrysogenium
are important industrial organisms, since thcy
synthesize the lactam antibiotics (+206). Other
Penicillium species such as Penicillium camem-
bertii play an important role in the maturation
of cheese (+188). The genome of B chrysoge-
num contains ca. 32 Mbp and the sequence was
published in 2008.

Aspergillus nidulans difters from Penicillium
in the form of its conidia. Its genome con-
tains 30.5 Mbp. A. oryzae is used for industrial
production of extracellular enzymes (+172)
and is a favorite host organism for producing
recombinant enzymes from other eukaryotes.
Various Aspergillus strains play a traditional
role in Asian countries for the manufacture of
food products such as soy sauce, miso, and sake
(=86, 114), and their genetic and biochemical
properties related to the production of these
products have been analyzed in great detail. As-
pergilli are also used for the production of extra-
cellular enzymes such as proteases or amylases,
and are preferred hosts for the production of re-
combinant fungal enzymes which they secrete.
A. niger is the preferred production organism
for citric and gluconic acid (+146, 150). Sim-
ilar to Penicillium, strain improvement still uses
protoplast fusion and selection; as the genome
sequences of A. nidulans, A. niger, A. oryzae and
eight more Aspergillus strains are now available
(2013), targeted strain improvements based on
the molecular genetic analysis of desired traits
are rapidly advancing.

Rhizopus oryzae, a zygomycete, grows on rice,
and R. nigricans is the black mold on bread. Its
hyphae grow rapidly and bore their way through
their substrates. Asexual reproduction proceeds
by the formation of spores in differentiated
mycelium (sporangia). Rhizopus and the closely
related Mucor species can also grow on decaying
organic materials and synthesize numerous ex-
tracellular hydrolases for this purpose. As a re-
sult, they have become important organisms for
the manufacture of extracellular enzymes such
as lipases and proteases. The R. oryzae genome
is composed of 45.2 Mbp and was completely
sequenced in 2009. A second Mucor genome
sequence is available from Mucor circinelloides.
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Algae

General. Most algae live in water, assimilate
CO, and produce O, through photosynthesis.
Unlike terrestrial plants, they do not pass an
embryonic stage. Prokaryotic algae are termed
cyanobacteria or “blue-green algae” and clas-
sified into about 100 genera. Eukaryotic algae
form > 20,000 genera and are subdivided into
green, brown, red algae, diatoms and others.
Some cyanobacteria and algae form toxins
(microcystins, saxitoxin), others are used for
the production of food additives or specialty
chemicals such as, e. g, alginate, agar-agar or
astaxanthin. More recently, algaec have been
explored as a source of bio-energy, since, like
terrestrial plants, they use CO, as their sole
carbon-source, but without competing for ag-
ricultural land. Bio-energy may be harvested
as algal biomass (formation of biogas) or li-
pids (triglycerides or isoprenoids), sometimes
optimized in yield by metabolic engineering.
Cultivation can be performed by aquaculture,
in open ponds or in bioreactors. The biotech-
nology of algae is mainly promoted in nations
with plentiful sunshine and long coasts such as
the USA, Australia, Japan, Israel and China.

Eukaryotic algae comprise unicellular organ-
isms of some pm size (Chlorella), but also large
multicellular organisms up to 30 m long (kelp).
Algal cells contain compartments such as chlo-
roplasts which, in addition to chlorophyll a und
b, often contain carotenoids. Some genera such
as, e. g., Euglena, can live both as autotrophs or
complete heterotrophs. In the latter case, they
lose their chloroplasts. The cell wall of many
algae is composed of cellulose fibrils which are
reinforced by other polysaccharides such as
alginic acid. Diatoms form their cell wall from
silicates built by silica deposition on a protein
matrix. Laminaria and other marine brown
algac are an important source of alginates
(+158). The viscosity of an alginate solution
depends on Ca’* concentration. Alginates are
used in the food industry as thickening agents,
in medicine for surface wound treatments,
and recently also as fibers in textile produc-
tion. Chlorella are unicellular freshwater algae
which propagate asexually. They contain one
chloroplast and only a few mitochondria. Their
cultivation is quite simple, and they are used as

food additives. Botryococcus braunii is another
green freshwater microalgae. Unlike Chlorella,
it forms colonies. Under appropriate con-
ditions, it can accumulate up to 60 % hydrocar-
bon content (alkanes, terpenoids, squalen). Bo-
tyrococcus oil is being investigated as a biofuel.
Haematococcus pluvialis is a freshwater algae
which forms cocci. It is able to synthesize the
red-colored tetraterpene astaxanthine in high
yields. Through the aquatic food chain, astax-
anthine is responsible for the reddish color of
salmon, shrimps etc.. It is a strong antioxidant
which is well tolerated in human nutrition. As a
consequence, it is used as a food additive and in
cosmetics. Crypthecodinium cobnii is a marine
red algae from the family dynoflagellatae. It can
form up to 20 % of its dry mass as dodosahexae-
oic acid (DHA), an ®-3-fatty acid (+34, 162),
which is used as an antioxidant food additive.
Dunalilla are halophilic marine microalgae.
They form high concentrations of ff-carotene
and glycerol, the latter as an osmoregulant.
Neochloris oleoabundans is a green micro-algae
which accumulates up to 30% of its dry mass
as triglyceride. This oil is being investigated as a
biofuel. The genus Nannochloropsis comprises
several marine phytoplankton algae, some of
which store triglycerides. As they are quite easy
to transform, they may have potential for pro-
ducing alkanes from fatty acids, using synthetic
metabolic pathways.

Cyanobacteria are prokaryotic organisms.
Some of them can also grow in a heterotrophic
manner. They exhibit wide morphological di-
versity and are divided into 5 classes. Their cell
walls are composed of peptidoglycan, and their
photosynthetic membranes are multi-layered
and complex: besides chlorophyll a, they con-
tain phycobiline pigments. Many cyanobacteria
contain “heterocysts” for nitrogen fixation and
cyanophycine, an aspartate-arginine copol-
ymer, as a carbon-nitrogen storage compound.
The genomes of about 35 cyanobacteria have
been sequenced, and the molecular biology of
Synechocystis sp. is most advanced. Spirulina
is a 1-3 um long cyanobacterium which grows
in highly alkaline salt lakes. It forms multicel-
lular spiral microfilaments. Spirulina biomass
is produced in aquaculture and marketed as a

food and feed additive.
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phylogeny properties examples relevant for biotechnology

cyano- prokaryotes only Spirulina, Synechocystis sp.

bacteria chlorophyll a
cell wall: peptidoglycans

algae eukaryotes Euglena gracilis, Chlorella vulgaris, Botryrococcus
chlorophyll aand b braunii, Haematococcus pluvialis, Dunaliella salina,
cell wall: cellulose, Nannochloropsis oculata, Neochloris oleoabundans,
polysaccharides, silicate Laminaria

Euglena

Spirulina platensis cultivation in attached biofilm at
CAS Institute for BioEnergy and Bioprocess Technology
(QIBEBT), Qingdao, PR China

Botryococcus braunii Chlorella

— Industrial manufacture of algal products

‘ s =\ T SO S
Neochloris oleoabundans biofuel algae farm,
conceptical drawing

OH OH Alginate, a copolymer from Laminaria algae
o 0 0 OH a-L-gulonic acid and B-D-mannuronic acid
%0 0 O | g CAS9005 327
}\ HO molarmass 10%-6 x 10° o

astaxanthin, a red sesquiterpene from Haematococcus pluvialis ~ CAS 472-61-7
0 3,3'-dihydroxy-R-carotene-4,4'-dione molar mass 596,84
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Some bacteria of importance
for biotechnology

General. Some bacteria are especially impor-
tant in biotechnology. Examples are Escheri-
chia coli, Pseudomonas putida, Bacillus subtilis,
Streptomyces coelicolor, and  Corynebacterium
glutamicum.

Escherichia coli is a saprophyte in the large in-
testine of mammals and belongs to the Enter-
obacteriaceae group. It forms rods that carry
flagella. The cell wall stains Gram-negative: it
encloses two membranes that include a peri-
plasmic space. Under anaerobic growth con-
ditions, E. coli generates energy by fermentation
and forms acids. In the presence of O,, energy
is supplied through the respiratory chain.
Under optimal conditions, its doubling time is
ca. 20 min. The E. coli genome is ca. 4.6 Mbp in
size, the G+C content is 51 %. Although E. coli
is among the best understood microorganisms
and the genome of E. coli K-12 MG1655 was
sequenced in 1997, the function of many of its
gene products derived from ~4,300 open read-
ing frames (ORFs) is not yet fully understood.
In biotechnology, E. coli is used as a host organ-
ism for the expression of nonglycosylated pro-
teins, e. g., enzymes, insulin, growth hormone,
and antibody fragments. Since E. coli grows
in the human large intestine, it is classified in
safety group S2; as a consequence, attenuated
E. coli strains of reduced genome size are used,
in which all risk factors were eliminated and
which can be handled under normal microbio-
logical safety conditions as group S1 organisms
(e.g., E. coli K12) (+332). They are also used for
cloning experiments. Various plasmid vectors
(+58) have been developed for cloning foreign
genes in E. coli, for example, the BAC cloning
vector is used to construct genomic libraries.
Pseudomonas putida is rod-shaped with polar
flagella and lives aerobically in water. The cell
wall contains two membranes that enclose a
periplasmic space and stains Gram-negative.
The P, putida genome contains ca. 6.1 Mbp,
its G+C content is 61 %. Pseudomonads have
a wide genetic potential for the degradation of
aromatic compounds, which can be horizon-
tally transferred through plasmids. In biotech-
nology, they are mostly used in environmental
studies (+292). Bacillus subtilis is rod-shaped
without flagella and lives aerobically in soil.

Under unfavorable conditions, it forms dor-
mant, thermoresistant spores. Its cell wall
stains Gram-positive and encloses only one
membrane. Energy is generated via the elec-
tron transport chain. Doubling time, under
optimal growth conditions, is ca. 20 min. The
genome of B. subtilis contains ca. 4.2 Mbp and
has been completely sequenced; its G+C-con-
tent is 44 %. In biotechnology, B. subtilis is the
preferred microorganism for producing ex-
tracellular enzymes, e.g., proteases, cellulases
and amylases (174, 176, 190, 194). It is also
used for the production of some antibiotics
such as bacitracin. Production strains of 20 %
reduced genome size have been engineered
which produce up to two-fold more cellulase
or protease.

Corynebacterium glutamicum is a member of
the coryneform bacteria which grow in many
habitats and include some pathogenic species
such as C. diphteriae. The club-shaped cells
grow acrobically and stain Gram-positive. The
C. glutamicum genome contains ca. 3.1 Mbp
and was completely sequenced in 2003; its GC
content is 56%. Deregulated and metaboli-
cally engineered mutants of C. glutamicum are
important production strains for L-glutamic
acid and L-lysine. C. glutamicum is a preferred
organism for synthetic biology (+320), and
mutant strains which overproduce lactic acid
(+148), succinic acid (+152), 1,2-propanediol
(+142) or aniline from biomass have already
been described. A Corynex system based on C.
glutamicum mutant strains has been proposed
for the industrial manufacturing of pharma-
ceutical proteins in high yields, with excellent
down-stream processing.

Streptomyces coelicolor is another soil bacte-
rium from the genus Actinomycetes. It propa-
gates in the form of a mycelium and forms aerial
hyphae, from which spore-forming conidia are
constructed. The cell wall stains Gram-positive
and encloses just one membrane. Like most
other Streptomyces strains, S. coelicolor de-
grades cellulose and chitin. Its large linear ge-
nome has been completely sequenced and con-
tains ca. 8.7 Mbp, nearly twice the number in
E. coli; its G+C content is 72 %. The ca. 8,000
structural genes code mainly for enzymes that
are required for the formation of secondary me-
tabolites, e. g., for antibiotics (+200).
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— Some completely sequenced genomes of prokaryotes

disease genome size (Mbp)
Haemophilus influenzae childhood meningitis 1.8
Helicobacter pylori ulcer 1.7
Mycoplasma pneumoniae bacterial pneumonia 0.8
Mycobacterium tuberculosis lung tuberculosis 4.4
Treponema pallidum syphilis 1.1

Mycobacterium leprae leprosy 33
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Microorganisms:
isolation, preservation, safety

General. For most experiments with microor-
ganisms, pure cultures are used. In biotechnol-
ogy, most strains have additionally been opti-
mized for a specific application, using rounds
of mutation and selection. Microorganisms are
maintained and conserved in culture collec-
tions. They are propagated on solid or liquid
nutrient media under sterile conditions. Most
microorganisms used in biotechnology grow
acrobically on organic substrates (heterotroph-
ic growth). Photosynthetic microorganisms are
cultured under light, anaerobic bacteria under
the exclusion of oxygen.

Pure cultures are obtained from culture col-
lections or from their natural habitats (soil,
water, food, other organisms) using enrichment
cultures. The preferred method for obtaining a
pure culture is the streak plate method, in which
a mixed culture is spread over the surface of a
sterile nutrient agar (a crosslinked polysacchar-
ide isolated from marine algae) with a sterile
wire loop (plating). Usually, growth conditions
are chosen (+88) that favor the microorganism
one wants to isolate (selection) (+24): for ex-
ample, excluding oxygen and working under
light with CO, as the sole source of carbon and
N, as the sole nitrogen source leads to enrich-
ment in cyanobacteria. A sugar medium at
slightly acidic pH enriches fungi, incubating
at elevated temperatures favors thermotolerant
microorganisms, and when casein is the sole
nitrogen source, protease-secreting microor-
ganisms have a selective advantage. Based on
16S-rRNA analysis, however, it is believed that
<5% of all naturally occurring microorganisms
can be isolated by these methods (+74).
Culture collections are used to conserve pure
cultures. The identity, viability, and metabolic
functions of conserved cultures must be tested
upon reactivation. The conventional meth-
od for conservation consists of transferring a
pure culture at regular time intervals to a new
agar plate or slant. This method may lead,
however, to degeneration. Important type or
production strains are therefore preserved
under cither of the following conditions: 1)
under metabolically inert liquids such as min-
eral oil (suitable for hyphae-forming fungi); 2)
freezing at —196°C in liquid N, or at -70°C

in a deep-freezer; freezing and thawing must
be done rapidly and in the presence of glyc-
erol to prevent cell destruction by ice crystals
(this method is mainly used for bacteria and
yeasts); 3) vacuum drying of cell suspensions
on a carrier (sand, silica gel) and in the pres-
ence of a mild emulsifier (skim milk, serum)
and preservation at —=70°C. In all cases, it must
be verified that the conserved strains can be
reactivated. Most nations operate large public
culture collections from which pure cultures
can be ordered. They are either universal for all
types of microorganisms (e.g., the American
Type Culture Collection, ATCC, or CABRI,
Common Access to Biological Resources and
Information, a European consortium of general
resource collections, e.g., the German Deut-
sche Sammlung fiir Mikroorganismen und Zell-
kulturen, DSMZ, and specialized collections
for particular groups of microorganisms, such
as the Dutch Centralburau voor Schimmelkul-
tuuren CBS). All industrial companies that
produce biotechnological products, and many
hospitals, have their own culture collections.
If the value of a strain lies in plasmid-coded
properties (e. g., in the generation of libraries of
plasmid-coded enzyme mutants), the preserva-
tion of plasmids instead of bacterial strains has
become the method of choice. To this end, so-
called “plasmid preps” are preserved at — 20°C
and can be stored long-term if no nucleases are
present. As compared to whole strains, plasmid
preps are also simpler to transport or send to
other laboratories.

Safety. Each study using microorganisms must
comply with biological safety rules (+332),
because dangerous pathogens may occur in all
microbial isolates (examples: Bacillus subtilis:
harmless producer of technical enzymes, Ba-
cillus anthracis: anthrax pathogen; Aspergillus
oryzae: used for soy sauce production, Asper-
gillus flavus: forms highly hepatotoxic and car-
cinogenic aflatoxins). For safety considerations,
microorganisms are classified into four risk
groups. Both the construction and the equip-
ment of a laboratory and the operating rules
must be adapted to the relevant risk group. Risk
group 1 (generally safe) includes microorgan-
isms that have been used in food production
for centuries, e. g Safc/mromyces cerevisiae and
Aspergillus oryzae. Most microorganisms used
in biotechnology fall into risk group 1.
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— Risk groups (selection)
risk group 1
Acetobacter acetii, Agrobacteri-

um tumefaciens, Bacillus subtilis,
Lactobacillus casei

Penicillium notatum, Rhizopus
oryzae, Aspergillus niger,
Candida tropicalis

risk group 2 risk group 3
Acinetobacter calcoaceticus, Bacillus anthracis, Mycobacte-
Escherichia coli, Pseudomonas rium tuberculosis, Yersinia pestis
aeruginosa
Aspergillus flavus, Candida albi- Histoplasma capsulatum

cans, Trychophyton rubrum,
Histoplasma capsulatum

bacteria fungi, yeasts
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Microorganisms:
strain improvement

General. Microorganisms isolated from envi-
ronmental samples rarely exhibit all the proper-
ties that are required in a technical application.
Thus, they are usually optimized by a series of
mutation and selection steps. The targets of
strain improvement are usually: 1) to increase
the yield of the desired product; 2) to remove
undesired by-products; and 3) to improve gen-
eral properties of the microorganism during
fermentation (e. g., reduced fermentation time,
no interfering pigments formed, resistance to
bacteriophages). A great advantage in dealing
with microorganisms is their short doubling
time (often < 1 h): it allows a very large number
of mutants to be produced and screened in a
short time. In eukaryotic organisms, e. g., fungi,
recombination events must be taken into ac-
count. With increasing knowledge of microbial
metabolism, its regulation and its coding by the
genome, genetic methods that delete or amplify
defined metabolic steps in a targeted way are on
the increase (metabolic engineering).
Mutation. The spontancous mutation frequen-
cy (changes in DNA sequence due to natural
mutation events and errors during replication)
is on the order of 1077 for a gene (1,000 bp)
of normal stability. Most mutations remain
silent or they revert genetically or functionally
or by DNA repair mechanisms to the original
state. Thus, for industrial strain improvement
harsher mutation conditions are required: the
use of UV radiation or of mutagenic chemicals
are methods of choice, and, depending on the
experimental goals, conditions are chosen to
achieve a mortality rate of 90 % to >99 %. Sur-
vivors exhibiting the desired properties are then
selected according to their phenotypes.
Selection using surface cultures. Phenotype
selection is often synonymous with the selective
isolation of mutants with high productivity. A
key requirement for such experiments is the
availability of an indicator reaction. For ex-
ample, the resistance of a mutant to antibiotics,
inhibitors, or phages can be identified if the
mutant can grow on a nutrient agar that con-
tains one of these agents. Replica plating first
on a nutrient-rich agar, followed by plating on a
selection medium, may yield very useful infor-

mation. An enrichment step in a penicillin-con-
taining agar (penicillin inhibits only growing
cells) can help to identify auxotrophic mutants,
which depend on the presence of a given me-
tabolite for growth. If mutants that form a bio-
logically active metabolite (e.g., an antibiotic
or an enzyme) in higher yields are to be iso-
lated, the size of inhibition or lysis plaques can
be used as an indicator. Thus, if; e. g., lipases are
being screened, the diameter of a halo around a
clone growing on an agar plate which appears
opaque due to its tributyrin content provides a
first guess as to the amount of lipase produced.
The great advantages of such selection pro-
cedures are 1) high flexibility in the choice of
the selection criterion and 2) high number of
mutants that can be visually screened (several
hundred on a single agar plate). If such simple
procedures are not available, a high-throughput
assay must first be developed. Many procedures
have been described to this end. They comprise
biochemical indicator reactions, immunoassays
or, in the worst case, analysis of each mutant
cell, usually distributed into microtiter plates,
through HPLC, capillary electrophoresis or
similar procedures. Due to the random method
of mutagenesis, however, the strains obtained
by this kind of selection are usually defective
in several genes and must be tested for their
robustness as production strains in separate
experiments. To this end, they are subjected
to further selection with respect to growth,
productivity, and other features using shake
flasks and then small bioreactors under con-
ditions resembling the production process. The
best candidates may then be backcrossed with
wild-type or less mutated strains to reduce the
negative effects arising from many passages of
random mutation.

Selection in submersed culture. Continuous
fermentation has also been used for selecting
microorganisms. A pure culture of a microor-
ganism is grown in a chemostat in the presence
of a mutagenic agent and subjected to selective
pressure, e.g., by gradually replacing a good
carbon source (+88) with a poor one. During
continuous growth, those mutants that are
better adapted to the altered growth conditions
prevail. This method cannot be used, however,
for selecting mutants that form a desired me-
tabolite in higher concentrations.
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— Replica plating and penicillin technique
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Biochemistry

General. Biochemistry deals with the chem-
istry of life. It describes the building blocks of
living cells, their synthesis and degradation,
their overall metabolism and its regulation,
and the thermodynamic rules involved in these
processes (bioenergetics). Biochemistry is the
cornerstone of molecular genetics and cell biol-
ogy, and biochemical knowledge is essential for
the understanding of biotechnology and genet-
ic engineering. The following pages will provide
a brief introduction but cannot substitute for a
thorough study based on textbooks.

Building blocks. The essential chemical build-
ing blocks of life are the amino acids (+124)
and the peptides and proteins derived from
them, sugars and the oligo-, polysaccharides
and glycosides which they form, fatty acids and
their esters (triglycerides, phosphoglycerides)
(+162), and nucleosides (+136) and their
derivatives (of which nucleic acids and DNA
is one group). Many of these building blocks
are chiral, i.e., only a selection of all possible
enantiomers is being used. Thus, all chiral pro-
teinogenic amino acids are of L chirality. The
biosynthesis, conversion and degradation of
these building blocks proceeds via catalytically
active proteins, the enzymes (+166). Many of
the above compounds are used for technical
purposes and thus are target compounds of
biotechnology.

Metabolism. (+36) The original building
blocks of all biochemicals are CO,, inorganic
nitrogen, inorganic phosphorous, a few miner-
als such as iron ions, and water. A comprehen-
sive biosynthesis of biochemicals from these
base materials is mostly limited, however, to
plants or autotrophic microorganisms that as-
similate CO, using solar energy (photosynthe-
sis) and water into carbohydrates. Most living
organisms do not possess this capacity and thus
form their metabolites from organic nutrients
through biotransformation. The buildup of cel-
lular building blocks is termed biosynthesis or
anabolism, and their degradation (and the dis-
section of food into metabolically useful com-
pounds) is called biodegradation or catabolism.
Though the number of known metabolites
exceeds 50,000, there are only a few thousand
essential metabolites that are formed and trans-
formed through central metabolic pathways
which are quite similar throughout living or-
ganisms. Such metabolic modules are, e. g., the
biodegradation of glucose to activated acetic
acid (acetyl-CoA)(glycolysis), the formation of
C-6 compounds from acetyl-CoA and oxalace-

tate (tricarboxylic acid cycle) or the transfor-
mation of fatty acids to glucose (gluconeogene-
sis). This observation and the universality of the
genetic code have led to the modern discipline
of a “synthetic biology:” (+320) it is now pos-
sible to create artificial metabolic pathways, to
express and optimize them via “metabolic en-
gineering” in suitable host organisms (plants,
microorganisms), and to apply this technology
to the synthesis of value-added chemicals. A
special challenge for using this technology in
eukaryotic organisms resides in the fact that
many metabolic and bioenergetic functions are
partitioned among different subcellular com-
partments; thus, glycolysis occurs in the cyto-
plasm, the citric acid cycle and oxidative phos-
phorylation of eukaryotic cells resides in their
mitochondria, and the degradation of cellular
components in the lysosomes.

Metabolic regulation. The spatial, temporal
and environment-dependant regulation of me-
tabolism proceeds on the level of molecular
genetics (induction, gene expression, repres-
sion) as well as through the control of enzyme
activity by their metabolites. Thus, many key
enzymes are inhibited by the products they
form (product inhibition), and enzymes at
metabolic branches can be induced or inhibited
by several metabolites. This type of regulation
proceeds through conformational changes after
binding of a metabolite (allosteric regulation).
In multicellular organisms, an additional regu-
latory mechanism is through the formation of
messenger compounds that bind to receptors in
the membranes of target cells, initiating regula-
tory signal cascades within those cells.
Bioenergetics. Anabolic reactions require en-
ergy, during catabolism, energy is usually gen-
erated. The “currency” for the energy require-
ments of a cell are energy-rich phosphate-esters
such as adenosine triphosphate (ATP). The hy-
drolysis of ATP provides energy and thus facil-
itates energy-consuming (endergonic) reaction
steps such as the transfer of a phosphate on a
sugar molecule, which activates the sugar for
further reactions. ATP is primarily generated
from ADP and phosphate by oxidative phos-
phorylation in aerobic organisms, and by pho-
tophosphorylation in plants; the chemical en-
ergy for this highly endergonic reaction stems
from a proton gradient at the cell membrane.
Such transfers of energy-rich groups determine
the whole metabolism and render important
metabolic steps irreversible. Redox processes in
metabolism occur stepwise through cofactors
of different redox potentials.
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Amino acids, peptides, proteins

Amino acids. Nearly all peptides and proteins
are built from just 20 different amino acids
(+124); 19 out of them are chiral (“optically
active”) with L-configuration. Amino acids
may form peptide bonds, thus condensing to
peptides or folding to proteins. The spatial
configuration of peptides and proteins is de-
termined by the sequence of the amino acids
and the properties of their side chains. These
can be polar (hydroxy-, amide- or thiol-groups)
or charged (carboxy- or amino groups), thus
allowing for the formation of intermolecular
ionic bonds or hydrogen bridges, or they can be
of low polarity (alkyl groups, aromatic residues,
secondary amides, thiol ether) thus leading
to intermolecular hydrophobic interactions.
All amino acids have at least two, sometimes
three ionizable groups, which are charged or
uncharged depending on the solution pH. At
their isoelectric point, or pl, they have no net
electric charge, i.e., the amino acid does not
migrate during electrophoresis. Peptides and
proteins with their many ionizable groups also
show a pl. Some peptides and proteins contain
special amino acids and amino acid derivatives,
other than the 20 “proteinogenic” amino acids.
Thus, collagen fibers contain 4-hydroxyprolin
and 5-hydroxylysine. Specific non-proteino-
genic amino acids such as y-aminobutyric acid
(GABA) or degradation products such as his-
tamine are neurotransmitters. Peptide antibio-
tics often contain unusual amino acids. Several
amino acids are produced in large quantities,
e. g., as food and feed additives.

Peptides arc often used as signal molecules.
They form antioxidants such as glutathione,
hormones such as insulin (+222) and growth
factors (+224) such as the granulocyte-CSF
(colony-stimulating factor) (+238). Peptides
are formed from amino acids via planar cis-pep-
tide bonds, which have limited rotational free-
dom thus largely reducing the number of con-
formations of a peptide chain. The permitted
conformations of a peptide are represented
in a Ramachandran diagram. Peptides form
secondary structures: due to the number of
intermolecular hydrogen bridges between N-H
and C=0 groups, a helical polypeptide confor-
mation with 3.6 amino acids per turn is par-
ticularly stable (a-helix). The longer stretched
310 helix, by comparison, occurs only in some

10% of all protein helices. The same type of

hydrogen bridge between two neighboring
polypeptide chains results in 8-fold structures.
The topology of a peptide or protein (tertiary
structure) is a consequence of the sequence and
side-chain structure of the constituting amino
acids.

Proteins consist of one or several peptide
chains that form a unique structure, mostly by
non-covalent interactions. Globular proteins
consist of ~31% o-helix- and ~28% R-folds.
The remaining ~40% of the sequence form
random coils and turns. f-turns are composed
of 4 amino acids with glycine in position 3.
They often connect two £-fold structures and
initiate a directional turn of the peptide chain.
Using such partial structures, bioinformatic
programs can often predict partial structures
or even structures of proteins with significant
precision. Protein structures are often termed
as primary structures (= amino acid sequence),
secondary structures (helices and 8-turns),
tertiary structures (3D structure of a single
polypeptide chain) and quaternary structures
(3D structures if several peptide chains form a
protein). By 2014, the 3D structures of about
100.000 proteins had been solved, mostly
through x-ray analysis of protein crystals, in
several cases also by high-resolution NMR
spectroscopy of dissolved proteins (+324).
Using this large knowledge base, predictions
about the structure of a protein can today often
be based on its amino acid sequence, using
bioinformatic methods. This is of particular
importance in the case of membrane proteins
which usually are hard to crystallize and thus
cannot be subjected to x-ray analysis. Recently,
however, diffraction of very small and thin crys-
tals has also become possible by electron beam
analysis in a synchrotron. The size of a protein
is given in kilo-Dalton (kDa), its sequence by a
three- or one-letter code for each amino acid.
Proteins are often decorated with other groups,
e.g., with heme or phosphate groups, metal
ions or sugar side chains. Apart from being the
catalysts of metabolism, specialized proteins
have many important functions in an organism.
Thus, serum albumen, hemoglobin and ferritin
are blood proteins (+226); proteins of the im-
mune system regulate and coordinate defense
mechanisms or the growth of specific cell types.
And proteins such as myosin (muscle) or col-
lagen (connective tissue) participate in forming
the shape of an organism.
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Enzymes:
structure, function, kinetics

General. Enzymes are proteins with catalytic
activity. They transform substrates into prod-
ucts, often with a high velocity of >1000 turn-
overs/sec. Some enzyme require cofactors,
such as NADH/NADPH, FADH, pyridoxal
phosphate, ATP, heme or metal ions, for their
catalysis. Enzymes are the catalytic agents of
biotransformations and are usually highly
regio- and stereoselective. Their metabolic re-
action products are termed metabolites. Their
activity is regulated on the genetic level by in-
duction or repression, and on the enzyme level
through interaction with metabolites (product
inhibition, allosteric control). Many enzymes
are already used in technical processes (enzyme
technology) (+168). Their advantage lies in
their selectivity, but also in their high catalytic
activity under ambient conditions.
Nomenclature. According to international
conventions, enzymes are classified by 4-digit
EC-numbers into six groups according to their
reaction type (hydrolysis, redox reactions etc.)
(+166). Presently (2014), more than 6,500
enzymes have been classified.

Enzyme catalysis. Enzymes accelerate chemi-
cal reactions by lowering the activation energy.
This can be achieved by a combination of sev-
eral mechanisms: a) through acid-base catalysis,
b) through covalent intermediates, c) through
metal-ion catalysis, d) through electro-static ca-
talysis, ¢) with the aid of neighboring groups and
orientation effects, and f) by preferred binding
of a transition state. For example, serine pro-
teases such as subtilisin Carlsberg (+176) lower
the activation energy for hydrolysis through
three factors: 1) the formation of an “active site”
which binds the peptide substrate specifically
through steric and electrostatic interactions,
2) the activation of the carbonyl group of the
peptide bond to be cleaved with the hydroxyl
group of a catalytically active serine, forming
an energetically favored tetrahedral transition
state which is stabilized by hydrogen bonds
among a neighboring aspartic acid and a his-
tidine side chain (“catalytic triad”), and 3) the
location of this reaction within an environment
of hydrophobic amino acid side-chains, i. e., in
an anhydrous milieu. Our knowledge about
enzyme catalysis is largely based on the x-ray
structure analysis of enzymes in the presence

of substrate analogues, on comparative studies
using genetically engineered enzyme variants,
and on chemical model reactions.
Enzyme kinetics. Enzyme reactions can be de-
scribed by chemical reaction equations. Inves-
tigation of the kinetics involved leads to val-
uable information about the mechanism of
the particular enzyme, and its inhibition (e. g,
competitive or non-competitive inhibition).
Many enzyme reactions follow approximately
the Michaelis-Menten equation, which is based
on the measurement of enzyme reactions of
zero order (velocity is independent from sub-
strate concentrations) according to the reaction
Enzyme (E) + Substrate (S) < Enzyme-
Substrate or Michaelis-Complex (ES) =
Product (P) + Enzyme (E), with the equi-
librium assumption dES/dt = 0
The reaction process is usually represented in a
diagram that shows the initial enzyme velocity
(which can be easily determined) as a function
of substrate concentration. The maximal reac-
tion velocity, V ., is reached when the enzyme
is saturated with its substrate, i. e., when all the
enzyme exists as an enzyme-substrate complex.
K, the Michaelis constant, describes the sub-
strate concentration at which the reaction ve-
locity reaches 50% of the maximum. Ky and
Vimax €an be determined graphically using the
Lineweaver-Burk diagram where substrate con-
centration and reaction velocity are plotted in a
double reciprocal manner. This leads to a line-
ar relationship where the intersection with the
y-axis is 1/V . and with the x-axis is —1/Ky.
From these values, both V,,,, and Ky, can be
obtained by simple calculations. The turnover
number k_, of an enzyme is given by
kcat = Vmax/ET
and k./ Ky is a measure for the catalytic
efficiency of an enzyme (Er = total enzyme
present). Some enzymes exhibit a turnover
number that approach the limits of diffusion-
controlled reactions: each collision of an
enzyme with its substrate leads to a reaction.
Different from the assumptions made by the
Michaelis-Menten calculation, 60% of all
enzyme reactions occur with two substrates (in
the case of two substrates and two products:
“bi-bi reactions”). This leads to much more
complex kinetic equations. The knowledge of
enzyme kinetics is indispensable for the engi-
neering of an enzyme reactor (+102) in view of
overcoming inhibitor actions.
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**turnover number

enzyme EC-number Ky, (M) Ko (577)* K oe/Kpg (M-1577)
acetylcholinesterase EC3.1.1.7 9.5x 107> 1.4 x 10% 1.5 x 108
carbonate dehydratase EC4.2.1.1 1.2x 1072 1.0 x 106 8.3 x 107
catalase EC1.11.1.6 2.5% 1072 1.0 x 107 4.0 x 108
chymotrypsin* EC3.4.4.5 6.6 x 1074 1.9 x 102 2.9x 105
fumarate hydratase EC4.2.1.2 5.0 x 1076 8.0 x 102 1.6 x 108
superoxide dismutase EC 1.15.1.1 3.6x 1074 1.0 x 106 2.8x10°
urease EC3.5.1.5 2.5x 1072 1.0 x 104 4.0 x 10°
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Sugars, glycosides, oligo- and polysac-
charides

General. The building units of all sugars are
the monosaccharides. They are formed in the
metabolism of heterotrophic organisms by glu-
coneogenesis, and by photosynthesis from CO,
and H,O (“carbohydrates” in phototrophic or-
ganisms such as plants. A key compound is D-
Glucose, a hexose, but other sugars also play im-
portant roles in metabolism. Thus, ribose and
deoxyribose, two pentoses, are among the main
components of nucleic acids. Oligosaccharides
are composed of a few sugar units while poly-
saccharides are composed of many. Mono- and
oligosaccharides are often linked to proteins
(glycoproteins) or lipids (lipoproteins); they
are often termed “glycoconjugates” and often
display structural or regulatory functions.
Many enzymes produced by biotechnology are
glycoproteins. The generation of “humanized”
glycoconjugates in a host organism used for
biotechnology is important, but no simple task
(glycobiology) (+262).

Monosaccharides are aldehyde- (aldoses) or
keto-derivatives (ketoses) of straight-chain
polyhydroxy alcohols. Sugars of chain-length 3
(C-3) have one stereocenter and thus can form
2!=2 stereoisomers. Their absolute configura-
tion depends on their simplest representative,
D- and L-glyceraldehyde. C-4 sugars have two
stereo-centers, forming four stereoisomers,
C-5-sugars have three (eight stereoisomers) and
C-6-sugars have four (16 stereoisomers). Only
a few of these stereoisomers are central prod-
ucts of metabolism, but most of all the possible
stereoisomers were already found in natural
compounds such as antibiotics (rare sugars).
C-3 and C-4 sugars occur as open chains, C-5
and C-6-sugars form cyclic half acetals or half
ketals (C-5: furanoses, C-6: pyranoses); in
this reaction, a new stereocenter is formed at
the acetal/ketal-carbon (anomeric carbon),
which is usually termed an a- or - glycosidic
bond. Upon binding of an alcohol to an anom-
eric carbon atom, acetals or ketals are formed.
Sugars are mostly drawn in the form of planar
Haworth-formula, but their tetrahedral sp*-
carbons lead to chair- or boat-conformations
where the polar hydroxy groups are positioned
in a staggered, preferentially eclipsed confor-
mation. The preferred conformation of a sugar
can be deduced using NMR spectroscopy. D-

Glucose in aqueous solution occurs nearly ex-

clusively as 8-D-glucopyranose, D-ribose exists
in an equilibrium of 75% {-D-ribopyranose
and 25 % £-D-ribofuranose.

Sugar derivatives. During metabolism, mono-
saccharides are frequently oxidized at position
C1 to aldonic acids; in this reaction, D-glucose
forms D-glucuronic acid. Vitamin C (L-ascor-
bic acid) (+134) is a partially oxidized pentose
that forms an internal ester bond. Reduction of
the aldehyde- or keto group leads to alditols.
Important lipid components such as glycerol
(C-3) and myo-inositol fall in this group. Re-
duction of one hydroxyl group leads to deoxy-
sugars such as 6-deoxy-L-Mannose (¢-L-Rham-
nose), a component of pectin (+186). Single
hydroxyl groups can be substituted by amino
groups such as in N-Acetyl-mannosamine. By
aldol condensation with pyruvate, N-acetyl
neuraminic acid is formed, a component of
glycoproteins and bacterial cell walls. Biochem-
ically important compounds are the phosphate
esters of sugars. As energetically “activated sug-
ars;” they play a key role in metabolism, in bio-
synthesis and in intercellular signaling (+76).
Oligosaccharides are formed through glyco-
sidic linkages and cleaved by glycosidases. The
formation of a glycosidic linkage proceeds via
activated sugars, usually through nucleotide
sugars such as uridine-diphosphate-glucose,
and leads to the synthesis of optically active
glycosides that are termed a- or £, as in the case
of acetals and ketals. The simplest oligosacchar-
ides are disaccharides such as sucrose or lactose
(116, 188).

Polysaccharides (glycans) (+158) are natural
compounds occurring, e. g., as structural com-
ponents of plants and insects (cellulose, pectin,
chitin), as fibers (cotton) or as energy storage
(starch). They are formed from activated
monosaccharides through glycosidic linkages.
They are classified into homo- and heteropoly-
saccharides, and, depending on their building
blocks, in glucanes (built from glucose resi-
dues) or galactans (built from galactose). Poly-
saccharides can be unbranched, like cellulose,
or branched, like starch. They are degraded by
glycosidases. In biotechnology, starch (+176),
cellulose and hemicelluloses (+182) are C-
sources for fermentation, and animal, plant or
microbial polysaccharides such as hyaluronic
acid, alginates or dextran are used in medical
treatment or as fine chemicals. Microbial het-
eropolysaccharides such as xanthan are used as
thickeners in food and tertiary oil recovery.
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Lipids, membranes, membrane pro-
teins

General. Lipids are classified into triglycerides
(+162), phospholipids, sphingolipids and ster-
ols. In aqueous solution, lipids aggregate and
form micelles, double layers and membranes.
The latter enclose most living cells, but may also
form intracellular compartments such as orga-
nelles. Sterols are components of many biologi-
cal membranes and regulate membrane fluidity.
In higher organisms, some steroids function as
hormones (+252). Lipids and lipoproteins (ag-
gregates of lipids and proteins which are not
covalently linked) participate in many biolog-
ical transport and signaling processes.
Triglycerides (fats and oils) (162) are esters
of glycerol with fatty acids and serve mostly for
energy storage. Most fatty acids have a chain
length between C-12 and C-18. They can be
saturated or unsaturated, with one or several
double bonds. Their melting point decreases
with the proportion of unsaturated fatty acids.
Triglycerides are renewable raw materials and
play in important role in the development of a
sustainable economy (bioeconomy) (+328).
Phosphoglycerides are di-esters of sn-glyc-
erol-3-phosphate with fatty acids (phospha-
tidinic acids); the phosphate group is esterified
with glycerol and an alcohol or amine. They are
amphiphilic compounds (surfactants), as their
structure is composed of a polar head group
and hydrophobic residues (acyl chains). They
form micellar structures and membranes.
Micelles and liposomes. In aqueous solution,
fatty acids form micelles above a threshold con-
centration (CMC = critical micelle concentra-
tion). The voluminous structure of the two acyl
chains in phosphoglycerides prohibits the for-
mation of such micelle superstructures. Instead,
double layers are formed which can rearrange
into liposomes, e.g. upon treatment with ul-
trasound. Liposomes are droplets (vesicles) of
some 100A diameter whose double membrane
layer of about 60A thickness encloses an aque-
ous core. Membranes and liposomes are polar
at their insides and outsides but hydrophobic in
their center. This architecture is the structural
basis of all membranes of biological cells.
Biological membranes determine the “inside”
and “outside” of cells, and also of most organelles
inside eukaryotic cells (mitochondria, plastids,
peroxisomes etc.). Their lipophilic components
(e.g., phospholipids) diffuse very slowly be-

tween the two layers of the double membrane

(“fip-flop”, timescale: days), but very fast in
lateral direction (timescale: minutes). Since the
headgroups of phospholipids carry different
charges, local “islands” of a distinct charge may
develop, which helps for, e. g., the localized in-
sertion of lipoproteins such as porins, receptors
or glycolipids into a membrane. Membranes
exhibit fluidity: they show a transition from
an unstructured, fluid state (high lateral mo-
bility of the phospholipids) into a more highly
structured, gel-like state. The transition tem-
perature for the fluid-to-gel state depends upon
the chemical structure of the fatty acids (chain
length, double bonds). Membranes of most
eukaryotic cells have transition temperatures
lower than their body temperature and thus
are fluid. Their fluidity is often regulated by
sterols. Bacteria and cold-blooded animals such
as fish preserve the fluidity of their membranes
in a different manner: they change the com-
position of their membranes in dependence of
the ambient temperature through degradation
and resynthesis of appropriate membrane phos-
pholipids, thus readjusting membrane fluidity.
Membrane proteins have many and specific
tasks in the uptake and secretion of substances,
as well as in the communication of cells. They
are classified according to integral and mem-
brane-bound proteins. Integral proteins are
identified by their amino acid sequence through
longer intercepts of hydrophobic amino acids
which form a-helix or £-fold antiparallel sec-
ondary structures. Membrane-bound proteins
have different structures: they contain anchor
groups such as isoprenoids, fatty acids or glyco-
sylphosphatidyl inositol (GPI), which are post-
translationally linked to the peptide chain. Im-
portant groups of integral membrane proteins
are the porins of the Gram-negative bacteria,
the transporter proteins, the mitochondria
and chloroplasts, the photosynthetic protein
(photoreaction center) of plants and the visual
pigment rhodopsin of animals. With connexins
as the gap junction proteins between two mem-
branes, two or more cells form connections
that allow for the exchange of signals and small
molecules. Examples for membrane-bound
proteins are the receptors; they either function
as ion channels upon binding of a ligand or as
signal transducers through a downstream re-
action cascade that modulates the behavior of
a target cell. Membrane-bound glycoproteins
and glycolipids exert important function in the
immune system.
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Metabolism

General. In spite of >4 billion years of life
on earth, which have led to a great variety of
living organisms, their basic building blocks
and their patterns of metabolism and replica-
tion are based on variations of just a few basic
principles. The number of species by far ex-
ceeds 1 million, but only some 6000 different
enzyme functions have been classified, and a
million proteins (most of them originating
from post-translational modification of a single
peptide, and many of them highly homologous
to simple unicellular eukaryotes such as Sac-
charomyces cerevisiae) are enough to build and
maintain a higher organism such as humans.
All living beings on earth form a sensitive eco-
logical network, which includes many thou-
sands of specialized species that survive under
nearly all imaginable environmental conditions
(ecological niches) (+12). A major distinction
is made between autotrophic organisms, which
can use CO, as the main carbon source, and
heterotrophic organisms, which need organic
compounds for growth. Another distinction
is made between aerobic organisms, growing
in air, and anaerobic organisms. With respect
to the details of their metabolisms, organisms
may differ, for example, by how they transform
glucose: through fructose-1,6-bisphosphate
(glycolysis) or by a pentose phosphate or a
2-keto-3-deoxy-6-phospho-gluconate pathway.
With the accomplishment of total genome
sequencing, a breathtaking view into even finer
structural and metabolic variations has become
possible, which helps us to better understand
how organisms are adapted to their specific en-
vironments. We are also making great strides in
understanding regulatory networks in organ-
isms and their environmental interactions (sys-
tem dynamics, biocybernetics) and are learning
to simulate complex living systems iz silico
(+326). In biotechnology, a key interest is to
modulate metabolism, e. g., for increased yields
of a product, for elimination of a by-product,
or, in breeding, for introduction or elimination
of a phenotypic trait. Traditional methods of
crossing or mutation, followed by selection,
are now backed up more and more by genetic
engineering. A new technology is to combine
metabolic steps from different organisms into a
new synthetic pathway, using a (mostly micro-
bial) host organism (synthetic biology) (+320).

Autotrophic metabolism. Autotrophic organ-
isms reduce CO, to carbon sources such as glu-
cose. Phototrophic organisms such as plants,
algae, and cyanobacteria derive the energy re-
quired for this process from light, which they
convert, in their photoreaction centers, into
chemical energy stored as adenosine triphos-
phate (ATP, “the universal energy currency”).
Lithotrophic organisms derive energy from
the oxidization of inorganic compounds, e. g.,
S, N, metal ions. Autotrophic organisms of
importance in biotechnology are transgenic
plants, nitrifying bacteria, and Thiobacilli used
in mineral leaching.

Heterotrophic anaerobic metabolism. Het-
erotrophic anaerobic organisms are used in
biotechnology in the production of ethanol
(>138), acetone, 1-butanol (+140), and lactic
acid (+148). They generate ATP by catabolism
of sugars. Methane-forming Archaea, which
develop in anacrobic sludge treatment (+288),
also belong in this group; they exhibit some
unusual metabolic steps. Energy generation in
anaerobic metabolism proceeds with low yield
efficiency.

Heterotrophic aerobic metabolism. Most
microorganisms used in biotechnology exhibit
heterotrophic aerobic metabolism. The bulk
of their energy is generated through the res-
piratory chain, which feeds off the citric acid
cycle. With ca. 36 moles of ATP generated per
mole of glucose, the energy yield is very high.
Several biotechnological products, such as cit-
ric acid (+146) or glutamic acid (+126), are
either components of the citric acid cycle or de-
rived from oxaloacetate or succinic acid, metab-
olites which must be replenished by anaplerotic
pathways in overproducing organisms in order
to maintain basic metabolism.

Secondary metabolism. Many organisms
form metabolites that are not involved in pri-
mary cell functions (secondary metabolites).
In plants, secondary metabolites are of key
importance in defense mechanisms against
pathogens and predators and in attracting
insects for fertilization and dissemination. In
microorganisms, the physiological function of
secondary metabolites is less clear. Often, these
are important biotechnological products such
as antibiotics (+250), alkaloids, colorants, or
aroma compounds.
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DNA: structure

General. During cell division, the genetic in-
formation of a cell is transferred from a paren-
tal cell to daughter cells (in prokaryotic cells:
during cell division; in eukaryotic cells: after
fusion of two haploid parent cells). The chemi-
cal substance containing this information is de-
oxyribonucleic acid (DNA), a supramolecular
double helix of My up to 10° Da, composed of
two single molecules. Most living beings store
their genetic information in DNA molecules.
This makes its heterologous transfer among
different, unrelated species in principle pos-
sible, although such events are rare, e. g., during
viral infection. Since the early 1970s, technical
methods have been developed that allow the
transfer of genetic information among different
organisms (genetic engineering). These new
techniques have led to a revolution in cell bi-
ology and to major advances in biotechnology.
Chemical structure of DNA. The individual
building blocks of DNA are termed nucleo-
tides. Their structure has two components: a
deoxyribose-5'-phosphate moiety and one of
the 4 bases adenine (A), guanine (G), thymine
(T) or cytosine (C), which are glycosidically
linked via their N1 nitrogen to position 1' of the
sugar moiety. In DNA, nucleotides are linked
together as a sugar phosphodiester polymer by
a phosphate bridge between the 5'-C atom of
one and the 3'-C atom of a second nucleotide.
Such polymers can hybridize in a highly spe-
cific manner to a supramolecular double helix,
if the base sequence allows for the sequential
formation of either 2 hydrogen-bonded AT or
3 hydrogen-bonded GC base pairs. As a con-
sequence, only two single-strand polymers of
DNA, which are (largely) complementary in
their nucleotide sequence, may form a double
helix. DNA isolated from organisms has the
following properties: 1) its molar mass is ex-
tremely high, 2) the genetic information is
stored in its linear sequence of nucleotides,
3) the two single-strand polymers are uni-
directional, i. ., they each contain one 3'- and
one 5'-terminus, and 4) both strands may serve
as a template for transferring its sequence infor-
mation to a copy with a complementary nucle-
otide sequence.

Structure of DNA in organisms. The total
DNA of an organism is termed its genome. The

large size of the DNA molecule and its impor-
tant function in the storage and inheritance of
genetic information requires special subcellular
structures. In higher organisms DNA is usually
distributed among several chromosomes whose
number does not depend on genome size. Thus,
bakers’ yeast (Saccharomyces cerevisiae) contains
16, the fruit fly (Drosophila melanogaster) has
4 chromosomes, and the much larger quantity
of DNA in humans is distributed among 23
chromosomes. The chromosomes are localized
in the cell nucleus, where they form chromatin
[a complex of DNA with basic proteins (hi-
stones)]. The length of DNA is usually given
as the number of base pairs (bp). Human
chromosome 3, for example, contains 2 DNA
strands of ca. 160 million bases each. Since
3 x 10°bp have a calculated length of 1 mm, the
extended length of the DNA double helix of
chromosome 3 would be ca. S cm. The human
DNA of all 23 chromosomes in a single ha-
ploid egg or sperm cell has a combined mass of
ca. 3% 10° bp, corresponding to a molar mass
of My = 1.8 X 10'? Da and a calculated length
of ca. Im. The ca. 10" standard diploid cells of
our body contain a double set of 46 chromo-
somes, equivalent to ca. 2m of DNA per cell.
During each cell division, all 46 double strands
are replicated and packaged again into 46
chromosomes in the daughter cells. The DNA
of prokaryotes exhibits simpler packaging. Be-
cause prokaryotes do not contain a cell nucleus,
their DNA molecule is contained in a subcellu-
lar region of the cytoplasm, the nucleoid. Even
the genome of Escherichia coli, a single circular
DNA double helix of My, 2.4 x 10? Da, would
have an extended length of 1.5 mm. The rep-
lication of this huge molecule in E. co/i under
favorable growth conditions does not take
more than 20 min, the doubling time of this or-
ganism. It proceeds with extremely high fidelity
(error rate ca. 1077 per gene of 1000 bp). Some
organisms are polyploid, i. e. they contain more
than a double set of chromosomes per cell.
Thus, trout are tetraploid, wheat is hexaploid,
and strawberries are decaploid. Polyploidy
originates from whole genome duplication and
is frequent in cultivated vegetables, fruits or
flowers such as orchids due to continuous in-
breeding. Polyploids are usually unable to inter-
breed with their diploid ancestors.
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DNA: function

General. The information stored in DNA codes
for the biosynthesis of proteins. In prokaryotic
organisms, protein biosynthesis occurs in two
steps: transcription of a DNA segment (usually
agene) into messenger RNA (mRNA), a polyri-
bonucleic acid, and translation of mRNA into a
protein sequence, using the machinery of the ri-
bosomes. In eukaryotic organisms, this process
is more complex. First, only part of the DNA,
the exons, codes for the synthesis of proteins.
In higher organisms, the noncoding sequences
of the DNA (introns) may exceed exon DNA
by a factor of 10 or more in length; the func-
tion of introns is still unclear. Within the cell
nucleus, the DNA is transcribed into mRNA
(primary transcript), followed by removal of
the intron part of the transcript by splicing. The
spliced, mature mRNA now leaves the nucleus
and attaches to the ribosomes, which are locat-
ed in the cytoplasm and on the endoplasmic
reticulum. At the ribosomes, the protein chains
are assembled according to the sequence infor-
mation encoded in the mRNA. In some cases,
the mRNA also encodes leader sequences,
which direct a protein into a special compart-
ment of the cell. Protein properties can be fur-
ther modified through differential splicing dur-
ing translation, removing one or several exons,
or through posttranslational modification
(e.g., glycosylation or phosphorylation). Such
modifications in higher organisms may lead to
a roughly 50-fold greater diversity of proteins
than the number of coding genes; in humans,
20,300 genes may code for ca. 1 million protein
variants, which differ among the types and age
of cells. Such variations are analyzed by prote-
omics techniques (+314).

The genetic code used by living organisms to
translate DNA sequences into protein struc-
tures is nearly universal. Each triplet of nucleo-
tides of coding DNA, through the transcribed
mRNA sequence, leads to highly selective
incorporation of one distinct amino acid into
the growing peptide chain. Due to the universal
character of the genetic code, it is in principle
possible to transfer genetic information from
one organism to another. The genetic trans-
formation of a host organism with DNA of
foreign origin is the basis of genetic engineer-
ing technology (+44). In gene-transfer exper-

iments, donor and host organism may show
different preferences for some triplet codons.
Thus, L-seleno-cysteine, a rare proteinogenic
amino acid which occurs in some dozen pro-
and eukaryotic proteins, is coded by UGA in
a stem-loop mRNA structures. More impor-
tantly, the genetic code is degenerate: there are
more unique triplet codes (A, T, Gand C: 4° =
64) than amino acids (20), leading to a redun-
dancy of up to 6 triplet sequences all coding for
a single amino acid (e.g., UUA, UUG, CUU,
CUC, CUA, and CUG all code for leucine).
As shown in this example, the third base of
the triplet contributes least to codon specific-
ity (wobble hypothesis). However, the actual
usage of a code type (in more precise words: the
amount of each triplet-specific tRNA) differs
among organisms and led to problems in early
gene transfer experiments. Due to the rapid
advances in genome sequencing (+56, 312),
however, the codon usage of many organisms
is now known, and it has become inexpensive
and fast to have synthetic genes (+54) prepared
(in 2014, for about 0.3 €/bp). As a result, genes
with codons optimized for the host organism
of choice or even whole gene clusters or gene
modules required for metabolic engineering
studies, are chemically synthesized.

Synthetic oligonucleotides (+54) are required
for many experiments in genetic engineering.
They are used as probes for hybridization ex-
periments and as primers (starter sequences for
DNA polymerase) in polymerase chain reac-
tion (PCR) experiments and for site-directed
mutagenesis of proteins. A well-selected probe
or primer hybridizes with a highly specific
sequence of the DNA isolated from an organ-
ism or a cell and allows for the detection, clon-
ing, and amplification of an individual gene
sequence. If no DNA sequence of the protein
to be cloned is available, a putative sequence
may be derived by sequencing the purified pro-
tein. In such cases, the fact that the genetic code
is degenerate necessitates the chemical syn-
thesis of many putative primers (“degenerate
probe/primer”) for the cloning experiment. If
the probe or primer mixture leads in fact to hy-
bridization or amplification (preferred method
of identification: Southern blot (+60) or gel
electrophoresis after amplification (+58)), the
desired DNA can be identified in consecutive
experiments, isolated and sequenced.
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RNA

General. It is widely held that the DNA-based
genome, the genetic program of today’s bio-
sphere, was preceded by a simpler life form
whose replication was based on RNA. The
machinery used by cells for protein synthesis is
largely based on ribosomal RNA, transfer RNA
and messenger RNA. In biotechnology, RNA-
based techniques play a considerable role.
Examples are 1) RNA-based aptamers as bio-
affinity molecules, 2) mRNA-based procedures
to prepare proteins iz vitro, 3) the capacity of
interfering RNA to knock out gene functions,
and 4) RNA-based vectors in gene therapy.
Aptamers are artificial nucleic acid ligands that
bind with high affinity to hydrophilic mole-
cules such as peptides and drugs. In the SELEX
process (systematic evolution of ligands by
exponential enrichment), vast combinatorial
libraries of synthetic nucleic acids (10'4-1015
different molecules) are screened for binding to
a target molecule. Those sequences that inter-
act with the target are amplified by RT-PCR
and transcribed in vitro, providing a sub-library
after each round with further enhanced binding
properties. Aptamers with binding capacities
in the lower nM range have been isolated and
have been studied both for diagnostic (+258)
and therapeutic applications, for example, for
selective gene inactivation. Aptamer arrays are
also used in proteome analysis (SomaScan™).
Cell-free protein expression. Techniques
have been developed for protein synthesis 77
vitro, starting from a DNA template. Using an
optimized E. coli lysate that contains an RNA
polymerase, tRNAs, ribosomes, amino acids,
and ATP, up to a few mg of protein can be syn-
thesized within 24 h. The method has been
advantageously used to explore bottlenecks
in transcription and to express proteins such
as proteases or antibacterial peptides that are
toxic to a host organism. Equipment for the
use of this technology is commercially available
(ProteoMaster™).

Knock out of gene functions. (+64) RNA
molecules are involved in crucial steps of genet-
ic information processing such as the splicing of
exons and the synthesis of proteins. RNA inter-
ference, also termed post-translational gene
silencing, has been recognized as a mechanism
for regulating gene expression and mediating

resistance to endogenous and exogenous path-
ogenic RNAs such as RNA viruses (“immune
system of the genome”). In some of the above
mechanisms, RNA can also be catalytically
active (ribozymes), for example, splitting phos-
phodiester bonds in the absence of any protein.
Many of these mechanisms are being explored
for use in biotechnology. Antisense RNA - a
technology that is discussed under the topic
of gene silencing (+64) — has been successfully
applied to eliminate polygalacturonase activity
in ripening tomatoes (FlavrSavr®), thus leading
to better aroma without wrinkling of the skin.
Trans-cleaving ribozymes (i. e., ribozymes that
cleave a foreign strand of RNA) have been ex-
plored in the therapy of HIV and breast and
colorectal cancer up to the clinical phase II
level. They can be applied, for example, by
infusing transformed CD4* lymphocytes or
CD34" hematopoietic precursor cells from the
infected patient, which have been expanded ex
vivo. In many eukaryotic cells, mnRNA can be
destroyed by a process termed RNA interfer-
ence (RNAI): the presence of double-stranded
RNA activates an RNase able to recognize and
digest matching endogenous mRNA, possibly
by using the double-stranded RNA as a tem-
plate. It is based on the random cutting of the
double-stranded RNA by an RNase (DICER);
after ATP-dependent enzymatic activation of
the single-stranded fragments generated in this
process, they can hybridize specifically with the
mRNA and be recognized by an RNase, which
then degrades the mRNA. For example, when
a suitable synthetic double-stranded RNA is
expressed behind an RNA polymerase III (Pol
III) promoter, HIV gene expression in cotrans-
fected cells is largely inhibited. Interfering
RNA is now widely investigated for drug devel-
opment. A major issue here is how to deliver
an antisense molecule to its target, and how to
counter inactivation by interferons.

Gene therapy. The use of viral RNA vectors
for human gene therapy is described elsewhere
(+304). mRNA extracts of human tumors were
successfully used to transform monocytes of
the same patient, resulting in mature dendritic
cells loaded with tumor-specific RNA which,
upon infusion, stimulated the immune system
of the patient to form anti-tumor cytotoxic T-
lymphocytes.
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Genetic engineering:
general steps

General. Although genetic engineering has a
wide range of applications, only a few funda-
mental steps are required to transfer and ex-
press foreign DNA in a host cell. These include
1) manipulation of DNA, in particular its iso-
lation, amplification, enzymatic modification,
characterization, sequencing, and chemical
synthesis, and 2) cloning and expression of the
DNA in pro- and eukaryotic cells.
Purification, enzymatic modification, and
amplification. DNA is found in each cell in
very small quantities (just one molecule in a
prokaryotic cell and in each chromosome of
a cukaryotic cell), but it can still be isolated
in pure form by extraction. For the next steps
required in genetic engineering, intact DNA
is too large. Fortunately, enzymes have been
found that selectively cut, modify, ligate, or am-
plify DNA. Other enzymes help to transcribe
DNA sequences into mRNA in a test tube (“i7
vitro transcription”). DNA fragments can be
chemically synthesized, using a robotic device.
For most tasks, the amount of DNA fragments
that can be obtained from a cell is not enough.
It is therefore very important that DNA seg-
ments up to a length of 1000 bp or more can be
amplified using the polymerase chain reaction
(PCR) (»50). This procedure allows, for in-
stance, recombining DNA fragments of differ-
ent origins (e.g., from different organisms or
from chemical synthesis).

Characterization and sequencing. A DNA
fragment can be characterized according to 1)
its melting behavior (a DNA double helix con-
taining a high amount of GC base pairs, with
3 H-bonds, melts at a higher temperature than
AT-rich DNA, with 2 H-bonds), 2) its molar
mass, which is usually determined by gel elec-
trophoresis, 3) its nucleotide sequence, 4)
biological characterization of its functional ele-
ments, and 5) mapping of those sequences that
can be enzymatically cut by diverse but selective
restriction enzymes.

Cloning. A DNA sequence contained in the
genome of a prokaryotic organism, usually a
gene that codes for a protein, can be directly
cloned. If a functional gene from a eukaryotic
cell is to be cloned, the introns must first be
removed from the DNA. This need is usually
circumvented by starting with mature mRNA,

i.e, mRNA after splicing, and transcribing it
in vitro into complementary double-stranded
DNA (cDNA), using the enzyme reverse tran-
scriptase (RT), which is mostly isolated from
mammalian retroviruses. Heat-stable DNA
polymerase from the thermophile Thermus
thermophilus can also be used in this reaction
(+196). In the presence of Mn**, this enzyme
functions like a reverse transcriptase and ac-
cepts RNA as well as DNA as a template. The
mRNA-DNA hybrid that results from this
reaction is then degraded to single-stranded
DNA using RNase and serves as a template in
a standard PCR reaction to generate double-
stranded DNA. Another feature of eukaryotic
mRNA isolated from a cell can be exploited to
amplify it in an unspecific manner: because all
eukaryotic mRNA molecules carry 3' sequences
of polyadenine (polyA), a complementary poly-
thymidine oligomer (polyT) can be used as a
primer for enzymatic synthesis with RT.
Expression. Several methods are available, and
are described later, for cloning and replicating
DNA, and expressing (transcribing and trans-
lating) foreign DNA or ¢cDNA in a host cell
(+58). Several types of bacteria are favored as
host cells for the following reasons: 1) their ge-
nome consists of a single DNA double helix, 2)
their molecular genetics have been thoroughly
studied, 3) phages or plasmids are available that
can be used as vectors for the introduction of
foreign DNA, 4) they propagate rapidly and
can be bred in large quantities in a bioreactor,
5) they are non-pathogenic or can be easily and
irreversibly transformed into non-pathogenic
mutants. The preferred species for the cloning
and expression of foreign DNA are attenu-
ated strains of Escherichia coli, e. g., E. coli K12
(+20). However, other bacteria, such as Bacillus
subtilis, Lactobacilli, and various Pseudomo-
nas and Streptomyces strains, have also been
successfully used. Higher organisms such as
fungi (Aspergillus, Trichoderma) (+16), yeasts
(Saccharomyces, Schizosaccharomyces) (+14),
mammalian cells (CHO cells, BHK cells)
(+98), insect cells (transformed by baculovi-
rus), whole animals (such as silkworms for pro-
tein production or transgenic mice as human
disease models) (+272), or transgenic plants
(for the production of materials such as oils,
starch or biopolymers) (+284), have also been
transformed by foreign DNA.



— Fundamental steps in genetic engineering
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— Cloning of eukaryotic genes
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Preparation of DNA

General. The preparation, modification, and
characterization of DNA from living cells are
usually the first steps in genetic engineering.
Restriction endonucleases are an essential tool
in such experiments. They are also used for con-
structing physical gene maps.

Preparation of DNA. Depending on the organ-
ism or cell type, DNA may occur in different
forms, requiring various protocols for its iso-
lation. Prokaryotic DNA is not contained in a
cell nucleus. It can be isolated after lysis of the
cell wall with a lysozyme/detergent mixture
(usually sodium dodecylsulfate, SDS), and
denaturation of the cell proteins by phenol/
chloroform. If this mixture is centrifuged,
DNA can be precipitated from the supernatant
by the addition of cold ethanol. Frequently,
bacteria contain not only a single molecule of
genomic DNA, but also plasmid DNA, which
is of much lower molecular mass and is very im-
portant in genetic experimentation. If cell lysis
is followed by the addition of NaOH and de-
tergent, proteins are precipitated and chromo-
somal DNA is partially hydrolyzed. Under suit-
able conditions, plasmid DNA is preserved as a
circular double strand and can be isolated, from
the supernatant of a centrifugate, by centrif-
ugation in a density gradient (sucrose or CsCl),
by ethanol precipitation, or, more simply, by
chromatography. The method of choice is often
solid-phase chromatography on mini columns
(spin columns). In this procedure, DNA is first
bound to silica in the presence of high salt con-
centrations and eluted at low salt concentra-
tions. This fast and inexpensive method delivers
high-purity DNA ready for use in downstream
applications. It can easily be automated by using
magnetized silica particles,. Depending on the
amount of isolated DNA, this last procedure is
termed miniprep (ca. 20pg DNA) or maxiprep
(several mg). Phage DNA is enriched from in-
fected bacterial cultures by removing the lysed
bacteria by centrifugation, precipitating the
phage particles with polyethylene glycol, re-
moving the phage capsid by phenol extraction,
and precipitating phage DNA from the super-
natant with ethanol. Eukaryotic DNA is dis-
tributed among several chromosomes that are
contained in the cell nucleus. Total DNA from
animal cells is obtained by lysing the cells with

detergent, digesting proteins and RNA with
proteinase K and RNase, removing detergent
and proteins by salt precipitation, and, finally,
precipitating DNA from the supernatant with
ethanol. In studying eukaryotes, spliced mRNA
is used as a source of genetic information.
mRNA is isolated from organs or cell cultures
by lysing the cells, removing the cell nuclei by
centrifugation, removing cytoplasmic proteins
by phenol extraction, and precipitating the
mRNA from the supernatant. Mitochondria
and the plastids of eukaryotic photosynthetic
organisms contain their own DNA, which rep-
licates independently of the chromosome. It
can be isolated by analogous procedures from
these organelles after their isolation by differ-
ential centrifugation. Special types of DNA
extraction procedures are required for “ancient
DNA” that is partially degraded, and for sam-
ples containing inhibitors that interfere with
subsequent analytical procedures such as humic
acids or hemoglobin in forensic DNA analysis.
Restriction enzymes (restriction endonu-
cleases) are synthesized by bacteria as protec-
tion against foreign DNA (e. g., phage DNA)
that may enter their cytoplasm. They are widely
used in genetic engineering to selectively cut
the long native DNA strands into smaller, well
defined fragments. They bind to a recognition
sequence of DNA that is 4-10 nucleotides long
and then hydrolyze the DNA double strand
within or near the recognition site so as to
leave blunt or partially single-stranded (sticky
or cohesive) ends. If a purified DNA molecule
is hydrolyzed by different types of restriction
enzymes and the size of the fragments from
each experiment is recorded by gel electro-
phoresis or DNA sequencing, a restriction map
of the DNA is obtained, which can be used as
a strategic basis for inserting and expressing
foreign DNA. The frequency of cleavage sites
for a given restriction enzyme can be statis-
tically calculated from the length of the rec-
ognition sequence; thus, an enzyme with a 4-bp
recognition site (e. g., Alu I, AGCT) will make
cuts at (¥)*=(1/256), or once every 256 bp.
However, the sequence information in DNA
is not randomly distributed, so the observed
cleavage frequency differs from this calculation.
Recognition also depends on the G+C content
of a DNA and thus can be used for character-

izing an organism.



— Isolation of bacterial DNA

bacterial remove
chromosome 1. lysozyme + EDTA, sucrose, surfactant protein plasmid
= o 2. 10.0 OOOg in CsCl dengty gradient DNA using
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DNA using alkali plasmid
DNA
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— Restriction enzymes (endonucleases)

Eco Rl endo-
nuclease asa
DNA complex at
0.20 nm resolution (I rva)

enzyme organism recognition sequence (5' —3') 3-end

Not|1 Nocardia otitidis-caviarum GCGGCCGC sticky

EcoRlI Escherichia coli GAATTC sticky

Bam HI Bacillus amyloliquefaciens GGATCC sticky

Bglll Bacillus globigii AGATCT sticky

Pvul Proteus vulgaris CGATCG sticky

Pvu ll Proteus vulgaris CAGCTG blunt

Hind 1l Haemophilus influenzae Rgq AAGCTT sticky

Hinf1 Haemophilus influenzae R§ GANTC sticky

Sau 3A Staphylococcus aureus GATC sticky

Alul Arthrobacter luteus AGCT blunt

Taq | Thermus aquaticus TCGA sticky

— DNA complex of a restriction enzyme — Cleavage frequency

cleavage of number of cleavage sites
L-DNA using calculated found
Bglll 12 6
Bam HI 12 5
Sall 12 2

all 3 restriction enzymes recognize sequences of
6 base pairs. This leads to a statistical cleavage
frequency of one every 4° or 4 096 base pairs,
corresponding to 12 cleavage sites for the

~49 000 bp of A phage. However, significantly
fewer cleavage sites are observedexperimentally,
because the sequences required for hydrolysis
are not randomly distributed over the phage
genome
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Other useful enzymes
for DNA manipulation

General. For manipulation of DNA in vitro,
the following enzymes have found wide use: 1)
hydrolases that cut DNA at specific sequences,
2) lyases, which ligate DNA fragments to each
other, 3) synthetases that polymerize a DNA
double strand on a single-strand DNA tem-
plate, 4) hydrolases and transferases that mod-
ify DNA at the 3' or 5' end, and 5) methyl
transferases which protect synthetic DNA
fragments from attack by bacterial restriction
endonucleases and are important enzymes in
epigenetic processes.

Hydrolases. The most important hydrolases
are the restriction endonucleases, which were
discussed above. A wide choice of enzymes
is available commercially, differing in their
recognition sequences and in their ability to
generate blunt or sticky ends (i. ., ends with a
single-strand overhang a few nucleotides long).
Another frequently used hydrolase is nuclease
S1, obtained from Aspergillus niger: it cleaves
single-stranded DNA and double-stranded
DNA at single-stranded gaps.

Lyases, transferases. The most important
enzyme of this group is DNA ligase. It functions
in the cell as a repair enzyme: it repairs gaps that
may have occurred in a double-stranded DNA
molecule during replication, recombination,
or accidental events. This important enzyme,
which occurs in all cells, is used in genetic
engineering to recombine DNA fragments in
vitro (e. g., to insert foreign DNA into a DNA
vector). DNA ligase can ligate both blunt and
sticky ends. However, because the ligation of
sticky ends is much more effective (because
the single-stranded sequence facilitates hybrid-
ization with the complementary sequence to be
ligated), blunt ends are often transformed into
sticky ends before ligation. This can be done by
using linkers or adapters or by adding polymer
tails (tailing) in the presence of the enzyme ter-
minal deoxynucleotidyl transferase. A detailed
description of all individual steps used in such
protocols can be found in the pertinent litera-
ture. DNA ligase is usually isolated from E. coli
cells that were infected with bacteriophage T4
(T4 DNA ligase), terminal transferase is ob-
tained from calf spleen.

Synthetases. The two most important syn-
thetases are DNA polymerase I and reverse
transcriptase. DNA polymerase I is obtained
from E. coli. In the presence of a single-stranded
DNA primer, itadheres in E. coli cells and in the
test tube to single-stranded DNA and synthe-
sizes the second strand in the 5'>3' direction. In
addition to its polymerase activity, it also shows
3'55" and 5'+3' exonuclease activity. It also rec-
ognizes short stretches of single-stranded DNA
(gaps) in an otherwise double-stranded DNA
molecule, using them as a template for po-
lymerization. Removal of the first 323 amino
acids of this enzyme results in loss of the 5'»3'
nuclease activity, but the resulting enzyme frag-
ment (Klenow fragment) still has polymerase
and 3'»5' nuclease activity and can fill in single-
stranded gaps in an otherwise double-stranded
DNA. The Klenow fragment is often used to
introduce radioactive labels into DNA, a use-
ful technique for visualizing traces of DNA by
autoradiography (by exposure to an x-ray film)
(+60). In labeling experiments, the preferred
method is to use sticky 5' ends of the DNA
fragment as a template, complementing it with
32P-labelled deoxynucleotides in the presence
of Klenow fragment. DNA polymerases from
thermophilic microorganisms are widely used
in PCR reactions. Reverse transcriptase (RT) is
a key enzyme in retroviruses. It uses viral RNA
as a template in synthesizing complementary
DNA in a host cell. This property can be used
in genetic engineering to synthesize cDNA
from mRNA. RT is isolated from animal cells
that have been infected with retroviruses such
as the monkey myoblastoma virus (MMV) or
the Moloney mouse leukemia virus (MMLV).
Endgroup-modifying enzymes. It is often
necessary during cloning experiments to add
or remove a terminal phosphate group at the 5'
position of a DNA fragment. For this purpose,
alkaline phosphatases and polynucleotide ki-
nase are commercially available.

Methyl transferases modify DNA by cova-
lent binding of methyl groups to cytosine and
adenine (see Epigenetics) (+66). Products are
5-methylcytosine, N6-methyladenine und N4-
methylcytosine. Synthetic DNA fragments can
be protected through methylation from attack
of bacterial restriction endonucleases.



— Enzymes for the manipulation of DNA

enzymes used in

function

DNA degradation
restriction enzyme, endonuclease, cleaves internal phosphodiester bonds

nuclease S1

cleaves single-stranded DNA or single-stranded gaps

synthesis or ligation of DNA

DNA ligase

repairs single-stranded breakages, ligates two DNA molecules

DNA polymerase | synthesizes double strand, fills gap in single strand
Klenow fragment fills gaps in single strand, no 5' - 3' exonuclease activity
reverse transcriptase [6] synthesizes DNA on a RNA matrix

modification of end groups

alkaline phosphatase removes phosphate group from 5'end
polynucleotide kinase adds phosphate group to 5'end
terminal deoxynucleotide transferase adds phosphate group to 3'end

— Enzymes for DNA cleavage
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— Enzymes for polymerization of DNA on a matrix
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PCR: general method

General. The polymerase chain reaction (PCR)
is one of the most important practical devel-
opments in genetic engineering, and its inven-
tor, Kary Mullis, was honored with a Nobel
Prize. Using PCR, any short sequence of DNA,
e.g., a gene or gene fragment, can be amplified
many times by using DNA polymerase. This
technique is most valuable for the identifica-
tion and manipulation of genes.

Method. The standard protocol requires two
oligonucleotides (primers), which bind to
either end of the DNA target sequence that
is to be amplified (one for each DNA strand).
This implies that these DNA sequences are
either already known or that they can be de-
termined from a protein sequence (if so, the
ambiguities of the degenerate genetic code
must be considered). Besides the DNA tem-
plate and the two primers, a mixture of the 4
deoxynucleotides and a DNA polymerase is
required. The PCR reaction then proceeds in
three steps: 1) at 94°C, the DNA double strand
is melted, forming two single-stranded DNA
molecules (denaturation), 2) after lowering the
temperature to 40-60°C, the two primers each
hybridize to a DNA strand (annealing), and 3)
after increasing the temperature to 72°C, two
new complementary strands are formed (exten-
sion). If heating to 94°C is repeated, the newly
formed DNA strands come off their DNA tem-
plate, and the reaction cycle is repeated after
cooling. With an automatic thermocycler, this
cycle is repeated 25-40 times (a few seconds
to several minutes per cycle, depending on the
template), leading to amplification of the orig-
inal DNA to between 2% and 24 copies within
just a few hours. A condition for the reaction
is that the DNA polymerase used must tol-
erate the high temperature required for melt-
ing the two DNA strands without becoming
inactive. DNA polymerase from thermophilic
microorganisms, e. g.. from Thermus aquaticus,
Pyrococcus furiosus, or Thermotoga maritima
(Taq, Pfu, or Tima-polymerase) have such prop-
erties. The error rate (mutation frequency per
bp per amplification cycle) of 7ag polymerase
is about 8 x 107 The two other polymerases
are even more precise, because they also have
proofreading activity. Thus, the error rate of Pfu
Ultra, a Pfu polymerase optimized by protein

design, is just 4.3 x 107 errors per base pair. The
molar mass and yield of PCR products are de-
termined by gel electrophoresis or, in real time,
by including reporter groups such as SYBR
Green (light cyclers) — a fluorescent dye that
binds to double-stranded DNA. As the amount
of DNA produced in a PCR reaction increases,
the amount of fluorescence from the dye in-
creases proportionally, and the original amount
of DNA can be obtained by extrapolation.
Practical applications. Using PCR, defined
sequences of DNA can rapidly be cloned and
sequenced. Because even single DNA mole-
cules can be amplified by PCR, as has been
shown by the amplification of DNA from a sin-
gle sperm cell, the method has been applied in
archeology and paleontology (+302). In clini-
cal diagnostics, it can be advantageously used,
once a correlation between a DNA sequence
and a disease has been established (+300). This
is already true for many infectious and, increas-
ingly, also for genetically determined diseases.
In the fields of food and environmental analysis,
PCR methods help to identify traces of trans-
genic plant materials or of pathogens. Once
the consensus sequences of a protein family
are known, primers can be designed to help
identify still unknown members of the family
(reverse genetics). By using modified primers or
deliberately increasing the error rate of a PCR
reaction, defined or statistical mutations can be
introduced into a protein. RNA is also amena-
ble to PCR analysis after it has been transcribed
into cDNA. It can be amplified (RT-PCR), and
then used to, for example, determine 1) the load
of RNA viruses in a cell (e. g., HIV virus), or 2)
the relative quantities of mRNA in a cell. PCR
techniques have been successfully miniatur-
ized to proceed in micromachined capillaries
(“PCR on achip”). Using appropriate microde-
vices, a desired sequence of DNA may be am-
plified by a factor of 2%° in < 1h, to be further
used for diagnostic assays, e. g., in a DNA array.
Sequence-specific fluorophore-labeled probes
allow for the simultaneous detection of several
genes or gene fragments during “multiplex” as-
says, and automation in 96- or 384-well plates
in combination with sequence-specific probes
permits high-throughput multiplex analysis of
genes in clinical samples, e. g. for the detection
of single-nucleotide polymorphisms (SNPs).
(5298, 300)



— Polymerase chain reaction (PCR)
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PCR: laboratory methods

General. PCR is a key protocol for a wide range
of molecular genetic experiments. Only a lim-
ited number of applications can be discussed
here.

Incorporation of functional elements.
Functional elements of DNA include cloning
sites (recognition sequences for restriction
enzymes), start or stop codons, and tags
(sequences that serve to identify a protein after
translation, or sequences that encode an N- or
C-terminal polyhistidine, allowing for rapid
purification of the translated protein by metal
affinity chromatography) (+106).

Sequence analysis of mRNA (RT-PCR).
mRNA can be amplified by PCR after its (par-
tial) sequence is known directly or from the
corresponding protein sequence. A pertinent
primer is synthesized, annealed to mRNA iso-
lated from a cell, and translated into the first
single strand of cDNA using reverse transcrip-
tase and a nucleotide mixture. In the next step,
the single-stranded cDNA can be amplified by
a standard PCR protocol, resulting in the am-
plification of specific sequences. RT-PCR is
done in either one or in two steps including ex-
change of buffers.

Fusion of two DNA fragments. If two frag-
ments of genes are to be fused, the desired
sequences are amplified in two separate PCR
steps, using a set of two primers. This results
in PCR products that contain overlapping
sequences at the desired fusion positions. In a
third PCR reaction, the two PCR products are
used as templates, adding the terminal primers,
which leads to hybridization of the comple-
mentary strands with overlapping sequences
and amplification of the fusion product. In this
protocol it is important that the reading frame
for the desired triplet is correctly chosen. It also
may be necessary to insert a spacer between the
two coding genes, e. g., a sequence coding for
polyalanine. Such spacers may help preserve the
free mobility of each of the two fused proteins
(single-chain antibodies are a relevant exam-
ple).

Insertion or removal of a gene segment.
By analogy to gene fusion, a skillful choice of
primers for internal or terminal sequences may
lead to truncated DNA (and proteins), from
which a desired segment has been deleted.

Site-directed mutagenesis (>198) is a very
useful technique, for example, for elucidating
enzyme mechanisms or for the targeted mod-
ification of an enzyme’s substrate specificity. An
older method for site-directed mutagenesis is
based on introducing mutations into the single-
stranded DNA of the M13 phage. It has been
completely replaced by PCR protocols. Be-
cause DNA fragments can hybridize even when
there is a mismatch between single nucleotides,
a modified triplet code leading to the desired
amino acid substitution can be introduced into
any position of the DNA under study and can
be amplified by PCR. Another method uses
two complementary oligonucleotides, carrying
the mutation, and a double-stranded plasmid,
composed of permethylated DNA as a tem-
plate. Using suitable primers and Pfu polymer-
ase, the complete plasmid is amplified iz vitro.
The methylated template DNA (the DNA am-
plified iz vitro is not methylated) is removed
by digestion with the restriction endonuclease
Dpnl, which hydrolyzes only methylated
DNA. The newly synthesized DNA that carries
the mutation can be directly transformed into
E. coli, and time-consuming cloning steps are
no longer necessary. Mutation kits based on
this principle are commercially available.
Multiplex PCR. Several gene sequences can si-
multaneously be amplified in a single PCR, by
combining suitable primer pairs. If the primers
are labeled with different fluorescent markers,
quantitative RT-PCR of several genes becomes
possible. This procedure has become quite
important in the clinical analysis of; e. g., viral
infectious diseases, fast detection of antibiotic
resistance, or analysis of single-nucleotide poly-
morphisms (SNPs).

PCR with degenerate primers. Degenerate
primers are families of homologous sequences
of a single-strand DNA in which one or several
of the nucleotides is substituted by an arbi-
trarily chosen nucleotide or by deoxy-inosine
(dI). dI pairs to any of the other bases (“univer-
sal base”) and thus can substitute for unknown
nucleotides in a DNA sequence in a “degen-
erate primer.” This allows genes whose precise
sequence is unknown to be cloned, e. g., if the
putative sequence was derived from a protein
sequence and the codon usage is uncertain, or
if genes of a multigene family are to be cloned.



— Shorthand for PCR reactions
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DNA: synthesis
and size determination

General. Short single-stranded DNA frag-
ments up to ca. 100 bp (oligonucleotides)
are chemicals that can be synthesized simply,
quickly, and economically in the laboratory.
They are useful for various steps in genetic en-
gineering, e.g., as primers for PCR. For molar
mass determination of DNA fragments up to
ca. 30kbp, gel electrophoresis is used and stand-
ardized with DNA fragments of known M.
DNA synthesis. The method of choice is the
phosphoamidite method, which is usually
carried out in an automated synthesizer. All 4
nucleotide bases (A, C, G, and T) are present
as phosphoamidites, in which the 3' phosphite
group is protected by diisopropylamine and a
methyl group. The 5" hydroxyl group of the de-
oxyribose and the amino groups of the purine
and pyrimidine bases are also protected. First,
nucleoside 1 is bound to an insoluble carrier
material. Chemical unblocking of the 5' hy-
droxyl group leads to a nucleophilic attack on
the tetrazol-activated phosphoamidite group
of nucleotide 2. The resulting phosphotriester
bond is now oxidized to a 5-valence phosphate
ester, using iodine. This cycle, which in contrast
to the biosynthesis of DNA proceeds from
3'>5, is repeated for each base. After the com-
plete DNA fragment has been synthesized, all
protecting groups are removed, and the single-
stranded oligonucleotide is purified by gel elec-
trophoresis or HPLC. Even if a 98 % vyield is
achieved in each reaction cycle, the total yield
for a 20mer oligonucleotide is only 67 %, and
only 45 % for a 40mer, resulting in DNA mix-
tures that are difficult to analyze and purify. For
the synthesis of longer DNA segments or whole
genes, complex strategies are necessary and are
usually based on PCR. Oligonucleotides are
mostly used 1) for synthesis of gene fragments
or short genes, 2) as probes or primers for the
identification or isolation of gene fragments
from genomic or cDNA using hybridization
or PCR, 3) for site-directed mutagenesis of a
gene, and 4) for DNA sequencing. DNA syn-
thesis is usually carried out by specialized lab-
oratories that provide good quality and fast de-
livery at an acceptable price (2014: <0.30 US$/
bp, delivery within days).

Size determination of DNA. Due to its net
negative charge, DNA is easily separated by gel
electrophoresis. Gels usually consist of agarose
(large pore size), polyacrylamide (small pore
size), or mixtures of both materials that allow
one to define a mesh size that permits rapid
analysis of the distribution of molar masses in
a mixture of DNA fragments up to a size of
ca. 30kbp with high precision. In most pro-
tocols, denaturing conditions are used (SDS-
PAGE): if electrophoresis in a polyacrylamide
gel (PAGE) is carried out in the presence of the
surfactant sodium dodecyl sulfate (SDS), the
mobility of single-stranded DNA depends only
on its molecular mass, because the formation of
secondary structures and intermolecular aggre-
gates is prevented. Detection of DNA in a gel is
done cither by staining with ethidium bromide,
by autoradiography, using radioactive labels, or
by labeling with luminescence markers such as
rhodamine:luminol (+84). Ethidium bromide
is mostly used; however, it is genotoxic and
must be used under appropriate safety con-
ditions. The sensitivity of the ethidium bro-
mide method is limited to >25ng DNA. DNA
labeled with **P, using 3?P-labeled ATP and
nick-translated with DNA polymerase I, can be
detected at much lower concentrations, but re-
quires radiation-safety equipment and routine
monitoring for contamination. As a result, less
demanding protocols based on fluorescent dyes
are increasingly being used, e. g., SYBR Green,
which is 25- to 100-fold more sensitive than
ethidium bromide and allows a detection limit
of >250pg DNA. Analysis is carried out in a
phosphoimager after excitation with UV light.
The My of a fragment can be calculated from
its migration distance, but usually a set of DNA
markers of various My, is used for this purpose.
Analysis of the molar mass of DNA may be
important for restriction analysis of unknown
DNA fragments, for constructing restriction
maps, and for the identification of genes and
gene fragments from chromosomal, plasmid, or
viral DNA after PCR cloning.

Gene and genome synthesis. By combining
oligonucleotide synthesis with PCR methods,
complete genes, multi-gene metabolic path-
ways or genes for antibody libraries have been
synthesized. The complete genome of Mycobac-
terium capriolum with 10° bp was synthesized
in 2007 using such methods (+320).
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DNA sequencing

General. Two alternative methods can be used
to sequence DNA: the Sanger-Coulson and
the Maxam-Gilbert procedures. Both permit
the sequencing of single-stranded DNA frag-
ments up to a length of ca. 600bp. The sequence
of longer DNA stretches must be derived from
overlapping shorter fragments. When very long
DNA fragments are sequenced, as in genome
sequencing, highly automated methods are
used. They rely on base-specific fluorescent
dyes instead of the radioactive labels used in
classical sequencing. Genome sequencing is
highly demanding in terms of computer-based
comparison of a very large number of sequences
(an exercise in bioinformatics) (324, 326).
Sanger-Coulson method. DNA is cloned
into an E. coli host infected with phage M13,
resulting in phage progeny with single-strand-
ed DNA. It serves as template for sequencing,
using the Klenow fragment or, more frequently,
T7-DNA polymerase, a short synthetic oligo-
nucleotide as primer, and the 4 deoxynucleo-
tides dATP, dTTP, dGTP, and dCTP as sub-
strates. Double-stranded DNA is synthesized
along the single-stranded DNA template. To
four identical reaction vessels containing this
reagent mixture, one of the four dideoxynucle-
otides (ddATP, ddTTP, ddGTP, or ddCTP)
is added. Incorporation of these nucleotides at
their complementary positions causes termina-
tion of DNA synthesis in a statistical manner,
leading to a mixture of all possible DNA spe-
cies terminating at each of these nucleotide
analogs. Separation of this DNA mixture by
gel electrophoresis allows the molar mass of
the fragments to be identified, and, implicitly,
the DNA sequence. Visualization on the gel is
usually accomplished by autoradiography, after
addition of a 3?P- or 3S-labeled nucleotide to
the reaction mixtures.

Maxam-Gilbert method. This procedure is
used less today. It is based on the partial chem-
ical hydrolysis of double-stranded DNA in 4
independent chemical reaction sequences, after
the labeling of one terminus. Each base-specific
reaction involves several steps (e. g., treatment
with formic acid, dimethyl sulfate, hydrazine,
etc.) and leads to (partially) selective cleavage
at this base in the DNA strand, resulting in a
family of terminally labeled DNA fragments

which, as in the Sanger-Coulson method,
are separated by gel electrophoresis and visu-
alized by autoradiography. This method can
also be run automatically, using a solid-phase
procedure and labeling the terminal nucleotide
with a fluorescent marker.

High-throughput sequencing. The long
preferred method was based on the Sanger-
Coulson procedure, with the following mod-
ifications: 1) double-stranded DNA can be
sequenced by using specific primers in a PCR-
type reaction (cycle sequencing), 2) the four
dideoxynucleotides used for chain termination
are labeled by coupling one of four different
fluorescent markers to each base. This allowed
all four nucleotides to be detected in a single
reaction assay and, after time-resolved separa-
tion of the DNA fragments by flow-through
gel electrophoresis, allowed determination of
the molar mass of each fragment, leading di-
rectly to the DNA sequence. The read length
was ca. 900bp, the duration of one cycle was
13h plus 2h of setup time. In commercially
available instruments with 96 parallel elec-
trophoresis lanes, the sequencing capacity was
thus slightly less than 100,000 bases in 15h.
If capillary electrophoresis was used instead
of gel electrophoresis, the read length was re-
duced to ca. 650b, but the separation time was
only 3h plus 1h of setup time. Thus, with a
commercial capillary sequencer having 96 cap-
illaries, 65,000 nucleotides were sequenced in
4h, or ca. 400,000 per day, in one instrument.
Sequencers with 384 capillaries became also
available. In the decade since this paragraph
was written (2004), advances in high-through-
put sequencing have been impressive and have
made a strong impact on basic and applied mo-
lecular biology and on medicine (see chapter
Megatrends, »312). For example, as a microbial
genome sequence can now be solved within a
day, a particular enzyme of a microbial organ-
ism may now be identified faster by using bio-
informatic tools such as BLAST in combina-
tion with the sequenced genome as compared
to standard cloning procedures. To correct for
reading errors, genomes are sequenced several
times, and data a corrected by alignment. To
this end, “sequencing factories” have evolved
that use high-performance robots for sample
preparation, sequencers, and supercomputers
for the final sequence alignment.
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Transfer of foreign DNA
in living cells (transformation)

General. In nature, DNA is transferred into liv-
ing cells in various ways: 1) transfer by plasmids,
phages, or viruses (conjugation, transduction,
transfection), or 2) direct uptake (transfor-
mation) (+8, 38). Cells that have incorporated
foreign DNA are called transformed cells. In
genetic engineering experiments, foreign (het-
erologous) DNA is usually transferred and ex-
pressed in a host cell. The transformation meth-
ods used are partially of biological and partially
of technical origin.

Plasmids occur nearly exclusively in bacteria
(+38). Most are circular double-stranded DNA
molecules that replicate independently of the
bacterial chromosome, but they can integrate
into chromosomal DNA (episomes). Plasmids
contain an origin of replication and, nearly al-
ways, one or several genes that are advantageous
to the bacterium, e.g., a gene coding for anti-
biotic resistance. Plasmid DNA can be easily
separated from chromosomal DNA and, like
the latter, can be manipulated with enzymes
in vitro. This has led to a wide range of clon-
ing and expression vectors for use in genetic
engineering. The most important functional
properties of a plasmid vector are 1) an origin
of replication (o7i) for replication in the host
organism; 2) optional: origins of replication for
other host organisms (shuttle plasmids) — this
allows construction of an appropriate vector in
an easy-to-handle organism such as E. coli be-
fore transferring the genetic information to the
desired, but more complex, host; 3) unique re-
striction sequences for inserting a gene only at
the desired position (MCS, multiple cloning
sites); 4) one or several resistance or auxotroph-
ic markers for selection of positive recipient
clones. Reporter genes facilitate the screening of
transformed clones. For example, in the “blue-
white” screening often used in combination
with pUC plasmids, the plasmid-coded /acZ’
gene complements the chromosomal /acZ gene
of an E. coli host strain that lacks the /acZ’ gene
sequence (deletion lacZAMIS); only trans-
formed E. coli clones can synthesize functional
B-galactosidase, which in turn hydrolyzes the
leuko dye 5-bromo-4-chloro-3-indolyl-3-D-
galactopyrano-side (X-gal), forming dark blue
5,5'-dibromo-4,4'-dichloro indigo. Thus, trans-

formed colonies are blue, whereas clones in
which a foreign gene has been inserted into the
multiple cloning site, the open reading frame
coding for lacZ’ is interrupted and the colo-
nies remain white. Plasmid vectors are usually
smaller than 10kbp, to facilitate manipulation
and prevent their elimination from dividing
cells due to negative selection pressure. Most
plasmid vectors have been developed for E. cols,
but plasmids useful in cloning experiments
have also become available for Bacillus, Pseudo-
monas, Streptomyces, Lactobacillus, and some
other bacteria. Plasmids are rare in eukaryotes.
One of the few exceptions is the 2p plasmid of
Saccharomyces cerevisiae (+14). The Ti plasmid
derived from the soil bacterium Agrobacterium
tumefaciens has become an important vector for
transforming dicotyledon plants (+280).
Bacteriophages and viruses permit the trans-
fer of DNA into a host cell by transfection.
Phage and viral vectors are attenuated by re-
moving gene segments that are responsible for
cell lysis or other mechanisms of pathogenicity.
Specific phages are known for most bacterial
species; many of them are used in genetic en-
gineering, e. g., the X and M13 phages (+8) for
experimentation with E. coli. A small number
of vectors based on attenuated viruses are also
available for transforming plant, insect and an-
imal cells.

Nonbiological methods comprise chemical
and physical procedures. A method often used
with E. coli is “heat shock transformation:”
cells pretreated with CaCl, or RbCl, are made
“competent” for the uptake of foreign DNA
through a brief “heat shock” (42°C for 60s).
Electroporation uses a short electrical pulse
that leads to the transient formation of pores
in the cell membrane, resulting in uptake of
the DNA. Biolistics (+280) are mentioned in
the section on transformation of plant cells.
For transformation of animal cells or plant
protoplasts (both contain no cell wall), DNA
can be precipitated as the Ca salt on the surface
of the cells, initiating endocytosis. Other pro-
cedures include fusion of cells with liposomes
containing DNA (lipofection) and microin-
jection of DNA into the nucleus of eukaryotic
cells (+266). With these methods, the number
of transformed cells remains small, and the
procedure must be optimized for each exper-
imental setup.
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Gene cloning and identification

General. PCR methods are widely used for
cloning genes whose sequences are known or
can be derived from a protein’s partial amino
acid sequence (»52). If a gene of unknown
protein or gene sequence must be cloned, a ge-
nomic library (prokaryotes) or cDNA library
(eukaryotes) is prepared and deposited in a set
of transformed host organisms (usually E. cols).
The desired gene must be present in this library
if its product is functionally expressed and can
be identified by its activity (shotgun cloning),
through its transcribed mRNA (but only if it
is a major cell product), or by immunological
identification of the gene product (Western
blot).

Cloning with PCR methods. Once enough
sequence information about the desired gene
or gene product is available, synthetic primers
can be constructed, which allows the gene to
be cloned from DNA or ¢cDNA using PCR.
Degenerate primers must be used if the precise
sequence of the gene is unknown, e.g, if it is
derived from an amino acid sequence. Often,
PCR cloning is combined with the insertion of
arestriction site for later ligation into an expres-
sion vector.

Preparation of gene libraries. DNA or cDNA
from the donor cells (bacteria, plant, mamma-
lian, or insect cells) is digested by restriction
nucleases, and competent host cells (usually
E. coli) are transformed with this library (+68).
Because very many different clones must be an-
alyzed for heterologous gene inserts, efficient
selection methods are crucial. Thus, the vectors
used for transformation may contain marker
genes that confer resistance to antibiotics, e. g.,
amp® or ter?, so that only transformed cells will
survive on the selection agar. In the marker-
rescue approach, the auxotrophic mutant of a
wild-type strain is transformed with DNA frag-
ments from a gene library containing the gene
responsible for the auxotrophic properties: the
transformants that are complemented by this
gene can grow on minimal medium without
additives. Usually two marker genes are used:
one for the selection of transformants, the
other as a component of the multiple cloning
site (MCS) into which the foreign DNA is
inserted. The successful integration of a foreign
DNA into the MCS can then be recognized by
a loss of the marker phenotype, e.g., antibiotic

resistance. After these preparatory steps, a gene
library can now be analyzed for transformants
containing the desired gene.

Detection of genes and gene products. The
most important procedures are based on 1)
gene-specific hybridization of a DNA or RNA
probe, and 2) expression of the gene product.
In the first procedure, a gene-specific probe
complementary to a sequence in the desired
DNA is synthesized and radioactively or
otherwise labeled; it is then used for hybrid-
ization experiments with single-stranded DNA
obtained from the transformants (Southern
blot), or directly in colony or phage hybrid-
ization. mRNA transcribed by a transformant
can be analyzed in an analogous way, using a
labeled DNA or RNA probe (Northern blot).
If the DNA sequence of the gene product is
not known, a Western blot can be used. Here,
the gene library is prepared by using an expres-
sion vector. The desired protein may then be
found with an immune reaction using labeled
antibodies. Even protein fragments may be dis-
covered by this technique — a useful property,
since the encoding gene may have been cut
during preparation of the gene library, being
distributed among two or more transformants.
If a gene library is to be searched for regulatory
elements, e.g., for promoters, vectors that con-
tain a reporter gene (e. g., for luciferase or green
fluorescent protein) behind the MCS are used.
A promoter isolated from the gene library is
then detected by the expression of the reporter
gene.

Other detection methods. PCR methods
based on specific primers are usually used to
monitor the insertion of a gene into chromo-
somal DNA. Restriction patterns may provide
the first indication of the successful cloning of
a new gene, if novel restriction patterns appear
during gel electrophoresis upon comparison of
wild-type and transformant genes.
Identification of gene functions. The first
step is usually based on bioinformatics: by
comparing a number of partial sequences of
the isolated gene with a sequence database
through a BLAST analysis (Basic Local Align-
ment Search Tool), the most probable functions
of an isolated gene are ranked. BLAST takes
into account mutation probabilities between
amino acids and thus is also useful to establish
phylogenetic relationships (+326).



— Cloning of genes

— Detection methods

pRSC

gene-specific probe

P

developed x-ray film

12002bp B

a DNA sample b Southern detection of hybridization with
blot DNA labeled DNA or RNA
preparation of a gene library | I PCR | probe
v v
hybridization experiments to gene Northern detection of hybridization with
detect desired gene in a clone sequen- blot mMRNA labeled DNA or RNA
; probe
v cing
purification of DNA | . . .
Western detection of immunological
Y blot proteins detection by labeled
subcloning to prepare antibodies
fragment short enough for
sequencing reporter detection of expression of genes
v groups regulatory coding for reporter
gene sequencing elements proteins
— Southern blot
EcoR1 11540 bp EcoR1 997 bp digest using restriction enzymes

Bam H1and EcoR | and electro-

EcoRI
7959b
P BamHI DNA
BamHI 4467 bp marker
6621bp”~ EcoR 1 6022bp

autoradiography

X-ray
film

nylon membrane

phoresis on agarose gel

/ transfe
3188 bp

agarose gel

nylon membrane

"

hybrldlzatlon with gene-
specific probe (here,
tagged with radionuclide)

%/éf///

nylon membrane

x-ray film agarose gel
BamHI| BamHI|
BamHI  EcoRI EcoRI DNA  BamHI EcoRI EcoRI
) ) marker . )
—C-A
—B- —D-E
- B-C —B-C A-B
— i >~ —A-B —A-B —/C-D
= g TR =
c-b parison —E-A :\E:f\
TD—B
A-B
— >—B-C
B-C
lane lane
1 2 3 marker 1 2 3

61



62

Gene expression

General. A main objective of genetic engi-
neering is to express a foreign gene or operon
(several coordinated genes) in a host organism.
Foreign linear DNA can be integrated into a
host organism viz homologous recombination
through homologous, double strand DNA
sequences (the standard in all higher eukaryot-
ic cells). For gene expression in prokaryotic
organisms such as E. coli, homologous recom-
bination is also done, but the use of expression
vectors, usually a plasmid that replicates out-
side of the chromosome, is preferred. As it can
be lost during cell divisions, it usually bears an
additional antibiotic resistance gene, and fer-
mentation must be done in the presence of the
respective antibiotic. In expression vectors, the
foreign gene is often preceded by an inducible
promoter, allowing the gene to be switched on
or off by appropriate external conditions. In
higher organisms, it has become possible to also
direct and express foreign DNA in a desired
compartment, e.g., the chloroplast, by using
appropriate leader sequences.

Expression vectors for prokaryotes. A typ-
ical expression vector for bacteria contains an
origin of replication (077), a marker gene to
enable selection of transformed clones, and the
foreign structural gene or operon (ORF = open
reading frame), with its start codon ATG and
its terminal stop codon. Several recognition
sequences provide the appropriate commands
to the transcription and translation machinery
of the cell to form the gene product. In E. coli,
RNA polymerase binds to sequences upstream
of the ORF (the so-called =35 and —10 boxes)
and transcribes DNA into mRNA. Tran-
scription ends at a transcription terminator
region that is located downstream of the ORF,
sometimes by forminga stem-loop region in the
mRNA. For constructing expression vectors,
inducible promoters are usually preferred. For
example, the promoter of the lactose operon
(lac) of E. coli can be switched on by adding the
inducer isopropyl-B-p-thiogalactoside (IPTG)
to the medium; in the presence of this inducer,
a repressor protein is removed from an opera-
tor sequence, allowing for RNA polymerase
to bind to the promoter and to transcribe the
gene into mRNA. Many expression vectors are
commercially available. They usually contain
multiple cloning sites (MCS).

Expression vectors for eukaryotes have a sim-
ilar structure. They contain a selection marker,
often an inducible promoter with consensus
sequences (TATA, CCAAT, and GC boxes), a
start codon (ATG), followed by a multiple clon-
ing site, and a terminator sequence. The mRNA
obtained during transcription in an eukaryotic
cell is polyadenylated at its 3'-position (polyA
tail) and carries a 7-methylguanosine triphos-
phate residue at its 5' position (“cap”). Specific
signal sequences may lead to expression of the
gene product in a desired cellular compart-
ment. Eukaryotic expression vectors for higher
organisms rarely replicate autonomously: they
are usually inserted into a chromosome of the
host organism by recombination. To select
clones of transformed animal cells having many
copies of the heterologous gene, auxiliary genes
are cloned into the vector that provide the
cells with resistance to toxic culture-medium
components. Thus, coexpression of high copy
numbers of dihydrofolate reductase (DHFR)
or neomycin phosphotransferase (+98) with
the desired gene product ensures that only cells
transformed with the desired gene can survive
in a medium that contains high concentrations
of methotrexate or neomycin.

Promoters. Promoters are characterized as
strong or weak, and tight or loose. Promoters
used in technical processes should be strong
and tight, i. ., they should remain switched off
in the absence of inducer. Typical promoters
for E. coli-based processes are the lac, trp, tac or
rha-promoters, which are induced by adding a
reagent to the medium (e. g., L-thamnose in the
case of the rhaPBAD-promoter). In contrast,
the AP -promoter is induced by raising the tem-
perature of the medium from 30 to 42°C. For
expressing foreign genes in fungi and yeasts,
the GAL10 galactose promoter is often used
in Saccharomyces cerevisiae, the alcohol oxidase
promoter AOX in Pichia pastoris, and the glu-
coamylase promoter in Aspergillus strains. The
metallothionein promoter (+98) is popular for
expression in animal cells. For transgenic plants
and animals, promoters that are regulated by
the host organism are often used. Thus, in trans-
genic animals the target gene is often cloned
behind the strong lactalbumen promoter of
the mammary gland (+272); the recombinant
protein is then formed in large quantities after
induced lactation.
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Gene silencing

General. The targeted silencing of genes is
an important technique in basic molecular
biology studies and in biotechnology, for ex-
ample, to eliminate undesired properties in the
breeding of domestic animals and plants, in the
development of microbial strains, and in med-
icine, e.g., for tumor therapy. Unlike random
mutagenesis based on chemical mutagens or
radiation, genetic techniques have the potential
to knock out specific genes. Experimentally,
this is done by recombination or RNA-based
techniques. While gene silencing has undoubt-
edly been successful in some cases, most phe-
notypes are multigenic, and it is usually very
difficult, often impossible, to assign a desired
phenotype to the function of a single gene.
Based on endonucleases, a powerful new meth-
od was developed for the multipleed editing of
whole genomes, repairing or removing genes or
whole operons.

Knockout by recombination. DNA replace-
ment vectors used for creating knockout mu-
tants are nearly homologous to the gene or
exon to be silenced, but contain a mutation or
deletion that results in a nonfunctional gene
product after the vector has recombined with
the chromosomal DNA. Reliable recombina-
tion is ensured only if the length of the inserted
fragment exceeds ca. 150bp. Because recom-
bination events are rare (< 1073), markers are
required to select transformed cells. Growth
inhibitors are often used for this purpose, e. g.,
methotrexate, whose inhibitory activity can be
overcome by cells that express enough dihydro-
folate reductase (DHFR) (>98).

RNA-based techniques. In RNA-based tech-
niques, the gene to be inhibited is ligated in the
reverse direction into an expression vector that
is used for transformation of the host cell. The
mRNA that is formed during transcription of
this gene (antisense RNA, asRNA) is comple-
mentary to the mRNA of the normal gene and
prevents synthesis of the gene product. Probably
both species form an RNA double strand that
either is not bound to the ribosomes or is rap-
idly degraded by RNases (+42). The antisense
technique offers an interesting new concept
in medical therapy, which complements gene
therapy: if a disease is not due to an erroneous
gene product, but to its excessive formation,
replacement of the gene is less promising than

interference with its translation by antisense
techniques. In fact, the cancer-inducing proper-
ties of glioblastoma cells in brain tumors, which
are due to errors in the formation of insulin-like
growth factor, were decreased by expression of
asRNA. The as RNA was expressed by means
of an episomal vector containing a metallo-
thionein promoter. Whereas RNA interference
is based on the formation of double-stranded
small interfering RNA (siRNA), which forms
a RISC complex with the target mRNA that
leads to the degradation of the latter, a different
concept for using asRNA in medicine is based
on its direct injection; to this end, RNA an-
alogues such as phosphothionates must be used
because RNA is quickly degraded iz vivo by
RNases. In 2012, over 40 as-oligonucleotides
and siRNAs were being clinically evaluated.
As of 2014, two of them were registered in
the USA: Fomivirsen, as a treatment for cyto-
megalovirus infection in immune-suppressed
patients, and Mipomirsen, a drug that inhibits
formation of apolipoprotein B (treatment of
homozygous or heterozygous familial hyper-
cholesterolemia). An early successful example
of a fruit produced by antisense techniques was
the FlavrSavr™ tomato, whose fruits can be left
to ripen and form aroma on the vine and have
a long shelf life (+282). Plants transformed by
such vectors contain marker genes, e. g., coding
for antibiotic resistance. Critics have pointed
out that horizontal gene transfer of these resist-
ance markers may lead to the spread of antibio-
tic resistance throughout the ecological system.
Genome editing. Various methods allow for
the targeted editing of genomes. Among them,
homologous recombination using double- or
single-stranded DNA is quite efficient. Most of
these methods use protein engineered DNA-
binding nucleases, zinc finger nucleases (ZFNs)
or transcription activator-like effector nucleases
(TALEN) The RNA-dependent CRISP/Cas9
nuclease system also allows for the multiplexed
engineering of large genomes. These methods
have a great potential for gene therapy as well as
in plant in animal breeding (+264, 274). Thus,
it was applied to the repair of an impaired dys-
trophin gene in iPS$ cells of a patient suffering
from Duchenne muscular dystrophy. Also, the
biosynthesis of the toxic lectin ricin could be
disrupted in seeds of the oil plant Ricinus com-
MmUunis.
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Epigenetics

General. The term epigenetics is used to de-
scribe heritable and non-heritable changes
in gene function that cannot be explained
by changes in DNA sequence. Epigenomics
describe such changes through the entire
genome. In higher organisms, cell division is
accompanied by differentiation into various
types of cells. In this epigenetic process, cova-
lent changes at the DNA or the histone level
occur, leading to a silencing of DNA regions
that henceforward defines the cell’s functional
identity throughout its life cycle. DNA damage
(man: 10,000 events per cell per day), though
largely repaired, may also lead to an accumula-
tion of epigenetic changes over time.

Mechanisms. Epigenetic changes are caused by
a) post-translational modifications of histone
amino acids, and b) methylation of DNA,
mostly at GpC sites. Histone modifications
may include acetylation, methylation, ubig-
uitinylation, phosphorylation or sumoylation
(modification by a SUMOL1 protein), chang-
ing the shape and/or the charge of a histone
protein domain which wraps a particular gene
sequence, leading to changes in gene expres-
sion. A wide range of enzymes have been de-
scribed that carry out such modifications, such
as histone lysine methyltransferase (KMT)
which acts on histones H3 and H4. There are
also enzymes that demethylate histones such
as histone lysine demethylase (KDM), which
removes up to three methyl groups from hi-
stones H3 or H4. Several histone modifications
may occur simultaneously and work together
to regulate gene transcription (“histone code”).
DNA methylation (+48) occurs frequently in
repeated sequences of GpC sites. The product,
5-methylcytosine, can spontaneously deami-
nate to thymidine, increasing the probability of
permanent mutations. As a consequence, CpG
sites are frequently mutated and rare in the
genome, The enzymes involved in these mod-
ifications, DNA methyltransferases, occur in
replication sites, and their elimination is lethal
in experiments with transgenic mice. Hemi-
methylation of only one strand of DNA is used
to silence one X DNA strand during meiosis
(epigenetic templating). In mitosis, the DNA
methyltransferase, DNMT1, transfers methyl-
ation patterns to each newly synthesized strand
after DNA replication (“maintenance trans-
ferase”). There is evidence that small non-cod-
ing RNAs participate in epigenetic regulation

as well, possibly for modulation of promoters
during gene expression.

Functions. Epigenetics are often divided into
predetermined and probabilistic epigenesis.
Somatic epigenetic inheritance is predeter-
mined as a key to cellular differentiation of
multicellular eukaryotic organisms. Examples
for probabilistic genetics is the inheritance of
traits by genomic imprinting (father and moth-
er carry different epigenetic patterns in their
germ cells). In mice, it was shown that traumat-
ic experiences were passed on via epigenetics
through two generations (progeny of mice
which had received foot shocks during expo-
sure to a cherry blossom odor rejected this odor
much more strongly than untrained controls).
Transgenerational inheritance in men was
shown in a study on three generations with >
300 probands in the Swedish village Overkalix
where paternal grandsons of adolescent men ex-
posed to famine in the 19th century died less of
cardiovascular diseases but more from diabetes
in a surplus food environment.

Relevance to biotechnology. Compared to
healthy cells, tumor cells often show different
methylation patterns. Thus, the diagnosis
of specific mutations in the tumor repressor
gene BRCA?2 (for breast cancer 2, early onset)
provides a risk assessment for breast cancer or
a hereditary breast-ovarian cancer syndrome.
The BRCA2 protein is part of a DNA repair
complex, and epigenetic changes in the BRCA2
gene may lead to reduced functionality.
Microorganisms. Bacteria methylate DNA
adenine instead of cytosine. This process is
important for proof-reading of freshly replicat-
ed DNA, but also in the control of virulence
in pathogenic microorganisms such as Salmo-
nella, Vibrio, Yersinia and Brucella. Thus, by
genome sequencing of E. coli O104:H4, which
had caused some 50 deaths in Germany in
2011, it was discovered that this strain had not
only acquired a shiga toxin, but also a DNA-
methyltransferase from a phage that had com-
pletely modified the E. coli “methylome” and
led to high virulence.

Analytical tools. Bacterial genome methyla-
tion can be assayed by special PCR protocols
(+52) or by single-molecule real-time sequen-
cing (SMRT). A classical procedure is the pre-
treatment of DNA with sodium hydrogensul-
fite. This transforms non-methylated cytidines
to uracils. By comparing the sequences before
and after treatment, methylation sites can easily

be detected.
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Gene libraries and
gene mapping

General. Even the small genomes of phages and
viruses are much too large for direct sequencing
of their DNA or RNA. Thus, genomic DNA
is cut into fragments and cloned into vectors,
stepwise approaching the size of fragments that
can be sequenced. After fragments have been
sequenced, the sequence information is an-
alyzed by computer and made into a complete
DNA- or RNA-sequence map of the genome
(physical map). Due to the redundancy of iden-
tical base sequences, larger genome sequences
can only be considered correct if enough
markers have been identified (gene mapping).
Of particular practical importance as markers
are sequence-tagged sites (STS).

Gene libraries comprise a collection of DNA
fragments that, together, constitute the com-
plete genome. They are prepared by cutting
genomic DNA into smaller DNA pieces, using
ultrasound or restriction enzymes (+46), and
inserting the fragments into vectors. To prepare
large fragments, restriction enzymes that cut at
rare sequences are preferred, e. g., Nozl, which
recognizes 5-GCGGCCGC-3', occurring
statistically only every 4%=65,536bp. The oc-
currence of a sequence in any genome depends
strongly, however, upon the GC content of the
DNA and on the presence of repeating DNA
sequences.

Vectors. For preparing gene maps and for
sequencing, genomic DNA fragments are
cloned into vectors, by which they can be easily
amplified through the transformation of host
cells and from which they can be re-isolated.
The size of the genomic DNA determines the
number of clones that are needed to create a
complete gene library. For the larger eukaryotic
genomes, the vectors of choice are “artificial
chromosomes” such as yeast artificial chro-
mosomes, YACs (>14), for the construction
of gene libraries in Saccharomyces cerevisiae, or
bacterial artificial chromosomes, BACs (+20),
for gene libraries in E. coli; they allow DNA in-
serts up to 300kbp to be packaged. For sequen-
cing, these fragments are still much too large.
Subcloning is usually carried out with A-derived
vectors, e.g., cosmids (+8), which allow 30—

45kbp of foreign DNA to be packaged.

Gene mapping. The classical method of gene
mapping relies on observing coupled pheno-
types. For example, gene maps of Ascomycetes
such as Neurospora crassa and Saccharomyces
cerevisiae were obtained long ago by tetrad anal-
ysis. Because all the daughter cells are found
in one ascus in the same sequence in which
they were formed during meiosis, the spores
can be easily isolated and analyzed for their
phenotypic properties. Molecular genetics has
strongly expanded these methods. For smaller
genomes, restriction fragments can be gener-
ated and sequenced, often leading to direct
physical mapping of a gene’s position. By using
well-chosen probes for PCR or DNA hybrid-
ization, one can also obtain genetic markers
for larger genomes. An important procedure
in this context is fluorescence in-situ hybrid-
ization (FISH) (+84) of a large DNA sequence.
High resolution (within 10 kbp) can be ob-
tained if this method is combined with “DNA
combing”. For this, a polylysine-covered slide is
dipped into a solution containing large DNA
fragments. If the slide is slowly (0.3 mm s7!)
pulled out of the solution, the DNA fragments
align in parallel, offering perfect conditions for
hybridization with a marker.

STS (sequence tagged sites) are DNA
sequences 100-500 bp long, which occur just
once in the whole genome (+296). This implies
that STSs do not include sequences found
in repetitive DNA. STSs are often obtained
from clone libraries containing large genome
fragments, e.g. from a YAC or BAC library.
If large eukaryotic genomes must be analyzed,
chromosome-specific libraries are often used.
Individual chromosomes can be isolated after
staining with a fluorescent dye and sorting by
flow cytometry (fluorescence-activated cell
sorting, FACS), since the amount of dye that
a chromosome binds depends on its size. After
a collection of STS has been found for a given
genome, it is simple to find out, with appropri-
ate PCR primers, if they have a neighboring
or far-distant position in the genome: if they
are close together, a collection of overlapping
gene fragments from a gene library should yield
additional hybridizing gene fragments carrying
the same STS. STS markers thus are excellent
“mapping reagents” for molecular-coupling
analysis of gene segments.
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Genetic maps of prokaryotes

General. Genetic maps of microorganisms
have been prepared by observing changes in
the phenotype after conjugation (transfer of
DNA from a donor to a recipient cell), after
transduction (transfer of DNA pieces among
bacteria by a phage), and after transformation
(uptake of naked or plasmid DNA). Physical
genome maps (the complete DNA sequence of
a genome) have existed since 1995. They have
been prepared by clone contig mapping or the
shotgun procedure.

Genetic maps. Many changes in phenotype
can be observed easily and rapidly in bacteria.
Thus, loss of the capacity to form spores or
flagella, or introduction of antibiotic resist-
ance, can be used as a phenotypic marker. For
the elucidation of metabolic pathways, blocked
mutants, which have lost the ability to carry out
one or more steps in a pathway have been stud-
ied for a long time (+24); by adding the precur-
sor molecule, this loss can be overcome. The
short generation time of many bacteria (< 1h)
is a bonus for the microbial geneticist. When
observation of two phenotype modifications in
a recipient cell is combined with measurement
of the time period required for conjugation or
transduction, the distance of the genes coding
for the two phenotypes can be estimated (link-
age analysis). Prokaryotic gene maps are there-
fore measured in minutes or centisomes (n/100
of chromosome length 100). The time required
for complete transfer of the E. coli genome into
a recipient cell is 100 min at 37°C.

Physical genome maps: clone contig maps.
An important task in genome sequencing is to
identify those clones in a genome library that
contain neighboring DNA sequences (contigu-
ous = neighboring). Clone “contigs” forawhole
genome can be combined by clone fingerprint-
ing techniques. Thus, the occurrence of overlap-
ping restriction maps or sequence-tagged sites
(STS) in two clones indicates that they contain
overlapping parts of the genome sequence and
can be used to deduce its overall sequence with
the aid of computer programs. Wherever pos-
sible, phenotype-related markers from genetic
maps are also used. For positional cloning of a
gene from a nearby marker, chromosome walk-
ing is often used. In this approach, labeled RNA
from the starting clone can be prepared for

hybridization experiments or primers are con-
structed from the terminal sequence of a clone
and used to prepare a PCR product from the
contiguous clone, which is suspected to con-
tain the desired gene. The DNA sequence of
the complete genome is identified step by step
using the incomplete genetic map as a template.
Physical genome mapping: shotgun meth-
od. This time-saving method is based on the
concept that any DNA sequence of 600bp can
be directly and rapidly determined. Originally,
genomic DNA was cut by restriction enzymes.
Today, ultrasound or hydrodynamic procedures
(“nebulizer”) (+312) are preferred for DNA
fragmentation, providing small overlapping
fragments, whose end-sequences are deter-
mined. A supercomputer is then used to com-
pile the genome sequence from the sequenced
overlaps (assembly of sequenced fragments
to longer contigs). Due to the power of high-
throughput sequencing (HTS), the efficiency
of modern teraflop computers, and the huge
backup of thousands of prokaryotic genomes
which have been solved, this procedure allows
a typical microbial genome (1-5Mbp) to be
mapped within days, depending on the type
of sequencer available. Because genetic maps
containing marker sequences are often avail-
able (when sequencing of the E. coli genome
began in 1990, there were only 1400 markers,
corresponding to a mean distance between
markers of 3300bp on the 4.64Mbp genome),
the computed results obtained by shotgun
sequencing can continuously be validated. By
comparing genomes and their functional units,
a unified view about the metabolic modules in-
volved in life is emerging.

Bioinformatics. The computer programs used
in genome projects are aimed mainly at reliable
determination of sequence homologies. Even
rare sequencing errors (99 % precision) lead to
errors in practically all recorded gene sequences
and render it necessary to compare results from
multiple sequencing experiments. Annotation
is done using standardized procedures, e.g.,
using a “Prokaryotic Genome Automatic An-
notation Pipeline.” orthology analysis helps to
identify genes found in different species that
originate from a common ancestor, as xenology
is useful to identify genes, which have been hor-
izontally transferred between two organisms.
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Genetic maps of eukaryotes

General. Genetic maps of ecukaryotes are
produced, similar to prokaryotic maps, by cou-
pling analysis of genetic phenotypes. Due to
the diploid or polyploid set of chromosomes
in eukaryotes, however, the gene sequence re-
sponsible for the phenotype may originate from
different genotypes (heterozygous), which
segregate during meiosis. Another feature of
eukaryotic genomes is their much larger size,
usually several billion base pairs. In addition,
they contain introns and a significant number
of repetitive DNA sequences, which hinder
the search for unique sequences. In spite of
these difficulties, the genomes of hundred of
eukaryotic organisms have already been com-
pleted and the trend is now towards projects in
“GigaScience,” e.g., the exploration of the ge-
netic basis of human diversity (human diversity
project, 1,000 human genome project), com-
plex medical inquiries (human cancer genome
project) (+298), animal and plant breeding
programs based on genomic information, or
the million micro-ecosystems genome project.
Genetic maps. In experimentally accessible an-
imals, genetic maps are based on pedigrees com-
bined with linkage analysis: on observations of
how phenotypic properties are linked during
sexual reproduction, i.e., by meiotic crossing
over (see genetics textbooks). Two phenotypes
corresponding to genes that are close together
on a chromosome are co-inherited more
frequently than two phenotypes due to genes
that are farther apart. In consequence, the re-
combination frequency of coupled phenotypes
leads to a virtual genetic map, whose dimension
is the percentage frequency of recombination.
This classical method is complemented today
by many molecular genetics methods. The fin-
gerprints of different relevant DNA fragments
can be determined and compared by restriction
mapping, and primers tagged with fluorescent
markers can be used to locate genes within large
DNA fragments or chromosomes by fluores-
cence in-situ hybridization (FISH) (+84).
Genome sequencing. The genomes of higher
organisms contain repetitive DNA sequences
(satellite DNA, Alu sequences, retrotrans-
posons, etc.) (2296, 298), which make unam-
biguous localization of a sequence within the
overall genome difficult. Thus, SINE (short

interspersed nuclear elements) ranging from
100 to 500 bp each, e.g., the Alu sequences,
which constitute up to 20% of a mammalian
genome, and LINE (long interspersed nuclear
elements), 6000-7000bp long, account for
up to 10% of a mammalian genome. In addi-
tion, mini- and micro-satellite DNAs con-
tribute another 5%. In humans, microsatellite
DNA consists of 10-50 copies of a very short-
sequence repetition such as AC or ACCC,
which occurs > 10,000 times and is distributed
over the whole genome. Since each individual
has a unique distribution of microsatellites,
they are excellent genetic markers, e.g., in fo-
rensic investigations (+302), and also in breed-
ing domestic animals (+268). Due to the high
redundancy of repetitive sequences, genome
sequencing by the shotgun approach, which is
so useful for prokaryotic genomes, meets with
considerable difficulty. As a consequence, con-
tig sequencing of overlapping clones is widely
used, combined with genome walking, the
use of sequence-tagged sites (STSs) (+70) and
of expressed sequences tags (ESTs) (+296) as
markers. STSs and ESTs provide complementa-
ry information. STSs span the whole genome,
but do not discriminate between coding and
noncoding regions and may include repetitive
sequences. ESTs are short sequences derived
from cDNA clones. Because cDNA is prepared
by converting spliced mRNA into double-
stranded DNA with reverse transcriptase,
the sequences of ESTs contain no repetitive
sequences and each EST has a unique sequence.
If primers derived from EST sequences are
hybridized with a genomic library, all introns
and repetitive sequences are undetected, but
clones that contain complete or fragments of
expressed genes can be identified. As a con-
sequence, STSs and ESTs complement each
other very well as mapping reagents. Once the
clones of a genome library have been correlated
with a physical map of the genome by one or
more of the above methods, subcloning of the
cosmid (+8), YAC (514), or BAC (>20) clones
in A phage libraries ensues, followed by DNA
sequencing (+68). Overlapping sequences are
then analyzed with sequence-contig software
to generate a complete sequence of the DNA of
single chromosomes and, finally, of the whole
genome. This computed map is validated with
information from genetic maps.
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Metagenomics

General. The term metagenome has been
coined to describe the sum of all genomic in-
formation contained in a biotope, a symbiotic
community (“biocenosis”). Even larger con-
tiguous communities with similar climatic
conditions are termed a “biome.” By genetic
mapping of marker genes of defined species
in a biome, e. g., of their mitochondrial DNA
(“DNA barcoding”) a taxonomic reference da-
tabase is attempted to be generated. Microbial
communities occur in sewage sludge (+286,
288), in the intestines of man and animals
(“microbiome”) (»118), but also in nutrient-
rich soil and water samples. Most of the micro-
organisms living in such communities can not
yet be cultivated. Due to the advances in high-
throughput DNA sequencing (HTS) and bio-
informatics, their gene pool has now become
available and can be used for the cloning and
expression of new enzymes or gene cassettes.

Methods. For the construction of a metage-
nomic library, e. g., from a sludge-, soil- or stool
sample, DNA is extracted from the sample
and degraded into DNA-fragments using re-
striction endonucleases (+46). The fragments
are cither directly sequenced or expressed in a
host organism, usually E. coli. For a functional
approach, gene products are then expressed and
subjected to simple tests. Thus, lipases and es-
terases can be detected by the formation of clear
halos when the host organism is cultivated on a
turbid tributyrin-containing agar plate, or amy-
lases by lucid halos on a brown agar that con-
tains an iodine-starch complex. Active clones
are then propagated, the foreign DNA, usually
inserted in plasmids, is isolated and sequenced
and the sequence is analyzed by bioinformatic
procedures such as BLAST. Usually, many of
the DNA fragments discovered in this way code
for novel enzymes. A second, even more ver-
satile procedure is in the sequencing approach. In
the first step, one attempts to build a compre-
hensive gene bank containing all of the metage-
nomic DNA. Shotgun sequencing then leads
to a large sequence space, which contains in-
formation about the diversity of the organisms
present in the probe through sequence infor-
mation for ribosomal 16S-RNA (prokaryotes)
and 18S-RNA (cukaryotes). This information
is mostly used to create an RNA-dendrogram.
By comparison of DNA sequences to a DNA
database, usually GenBank, a comparison of
homologies to known DNA sequences allows

for the targeted cloning of desired proteins.
Gene cassettes that code, e.g., for the synthe-
sis of antibiotics, can also be identified using a
similar approach. In a few cases, this procedure
allowed to elucidate the complete genome
sequence of a non-cultivatable microorganism.
Thus, the genome of Buchnera aphidicola, an
endosymbiont of aphids, was reconstructed
from bacterial DNA collected from this insect.
Applications. The knowledge about sym-
biotic communities and their interactions has
advanced greatly in recent years and improved
our understanding of processes occurring, e. g.,
in the human digestive tract. Through inter-
national consortia, the “microbiomes” (+118)
of the oral cavity, the human intestines, the va-
gina etc. were sequenced and analyzed depend-
ing on age, diseases, food preference, etc. Sludge
microbiomes have been another interesting
target; not only could changes in populations
over time and performance be studied, but plas-
mid metagenomes from sludges have revealed
a high level of antibiotic resistance genes and
mobile genetic elements, indicating a hot-spot
for the formation of microorganisms which
are cross-resistant to several antibiotics (+204).
Another milestone of metagenome research is
the Global Ocean Sampling Expedition of the
Craig Venter Institute, which started in 2003.
In this program, 100L samples of seawater was
taken every 200 nautical miles, and metage-
nomes where analyzed. As early as 2004, this
approach provided 1.6Gb of mostly new ge-
netic sequences (submitted to GenBank), and
pointed to the presence of some 2,000 species
and >1 million potentially translated proteins,
many of which were unknown. In the mean-
time, the research vessel, Sorcerer II, used for
this expedition, has taken samples in all seven
seas. At present (2014), it is on mission in the
Amazonas region. Metagenomics is also a very
useful approach for industrial applications. An
carly application (2000) was the isolation and
propagation of a microbial strain (Thauera)
that produced exopolysaccharide that had ex-
cellent sequestration properties for heavy met-
als. The German company B.R.A.LN. keeps
in its BioArchive large collections of culture
collections in addition to DNA libraries, com-
prising some 150 million genes that have been
prospected from various microbial habitats and
whose application in screening have led already
to several novel, patentable technical enzymes
or “synthetic” microbial pathways, e. g., for the
industrial production of antibiotics or vitamins.
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Cell biology

General. Cell biology has become a quite com-
prehensive discipline, and only a very brief in-
troduction is possible in this pocket guide. In
view of biotechnology, the focus is on the euka-
ryotic cell of multicellular organisms and man,
with some emphasis on the human immune
system (>80) and stem cells (+78).

Cells, tissue, organs. The principle compo-
nents of a single eukaryotic cell, and elements
of its biochemistry, are described in other parts
of this book, though important aspects internal
cellular organization such as the cytoskeleton,
the many aspects of energy supply and cellular
vesicle trafficking could not be outlined. Addi-
tional aspects found in multicellular organisms
such as the cell cycle during mitosis, or the
mechanisms for targeted destruction of the
body’s own cells by apoptosis, cannot be dis-
cussed in the framework of an introduction to
biotechnology. Against the background of stem
cell research and the success of biopharmaceuti-
cals which relate to blood cells and the immune
system, a short introduction to these latter top-
ics will be provided. The organization and the
interactions of the some 10 cells in a human
body is obviously quite complex, e. g., in view of
cell differentiation or concerning the transport
of substances and signals.

Cell differentiation. During the development
of a fertilized oocyte to an embryo and ulti-
mately to a complete organism (ontogenesis),
specialized cells are formed through a process
termed maturation. In the case of humans,
about 200 different cell types are formed (fi-
broblast, myoblast, osteoblast, erythrocyte,
neuron, etc.). Cells of the same type form tis-
sues. To this end, they either generate an ex-
tracellular matrix from proteins and polysac-
charides (for example, a connective tissue), or,
through their cytoskeleton, a cell matrix (for
example, an epithelium). The correct choice of
cells required for a tissue is made by the cadher-
ins, a family of membrane proteins. Tissues of
various types combine to form organs such as,
e.g., the epidermis, the sensory epithelia, the
alveoli of the lung or the intestinal mucosa. In

each tissue, stem cells are stored. They are not
completely differentiated, can divide without
limits, and differentiate on specific signals. As
a consequence, they regenerate their particular
tissue by continuously supplying fresh, differen-
tiated cells.

Transport of substances and signals. Most
substances have poor permeability across the
lipid double membrane (+34). Only when
membranes are endowed with channels and
transporters, formed from membrane-associ-
ated or membrane-spanning proteins, are they
able to import and export ions and molecules.
Most transport processes require energy, €. g.,
via hydrolysis of ATP (ATP-driven pumps)
(+26). For sending signals to cells, higher or-
ganisms utilize several hundred types of signal
molecules. Examples for signal molecules are
specific proteins, peptides, amino acids, nu-
cleotides, sugars, steroids, etc. Cells contain
receptors in their plasma membranes (usually
transmembrane proteins), which bind signal
molecules specifically, thus initiating a reaction
cascade in the cell cytoplasm. This reaction elic-
its a change in cell behavior, e.g., a change in
metabolic activities, in gene expression, in cell
structure or motion. Signal-emitting cells are
classified by the range over which their signals
travel: paracrine cells secrete signal compounds
short-range into the ambient interstitial lig-
uid, whereas endocrine cells secrete hormones
which are transported by blood over a long-
range. Neurons show the highest organization
with long axons, which, through synapses with
other neurons, can contact far-away target cells
and influence their behavior through secretion
of neurotransmitters and their receptors. The
transport of electrical signals (action potenti-
al), of ions and small metabolites among cells
proceeds via gap junctions (cell-cell channels)
which are made up of membrane-embedded
protein complexes, the connexons. They make
it possible for neighboring cells to partic-
ipate collectively in signaling. Each cell type
is equipped with a specific kit of receptors,
resulting in a cell-specific answer towards ex-
tracellular signals.
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Stem cells

General. Stem cells have the capacity to divide
continuously, if held in culture, and to devel-
op into various kinds of specialized cells. Em-
bryonic stem cells appear in the fertilized egg
during an early stage of development, and adult
stem cells occur in most tissues of adult animals
or humans. Stem cells are an important tool
in fundamental research, as they may teach us
the molecular events that occur during devel-
opment. They also may have great therapeutic
potential in treating diseases related to tissues
or organs (cell therapy). A breakthrough oc-
curred with the discovery that fully differenti-
ated cells can be turned into multipotent stem
cells (+306) if appropriate transcription factors
are used. These stem cells can be induced to be-
come a wide variety of differentiated cells (iPS
= induced pluripotent stem cells).

Embryonic stem cells (ECS). All cells devel-
oping from a fertilized egg cell have in their
carly (morula) stage the capacity to differen-
tiate into any kind of specialized cell (they are
totipotent). Homozygous twins are the natural
consequence of two totipotent cells separating
from one morula. By ca. 4 d after fertilization,
the morula has developed into a blastocyst,
whose inner cells are multi- or pluripotent
— they are still able to form a wide range of
different cell types (+266) — and whose outer
cells have already started to differentiate. Upon
further cell division, the inner cells form a large
reservoir of multipotent ECS that are able to
differentiate into a wide range of specialized
cells, e. g., bone marrow, nerve, or heart muscle
cells. In the human embryo, this development
is complete after ca. 8 weeks; most ECS by
now have differentiated. As a consequence,
human ECS may be isolated 1) from human
blastocysts that have been generated by in-
vitro fertilization (IVF) of infertile couples but
have not been implanted; 2) from fetal tissue
after miscarriages or abortions; 3) by transfer
of the nucleus of any diploid human cell into
an enucleated human egg cell and cultivation of
this cell to the blastocyst stage (see also “cloned
animals”) (+266).

Adult stem cells. The bone marrow of chil-
dren, and even of adults, contains multipotent
stem cells. In low numbers, they reach the cir-
culatory system and differentiate into various

types of blood cells. More recently, stem cells
have also been found in many other tissues of
the adult human, e.g., neuronal stem cells in
dissected brain samples. Based on animal ex-
periments, it is now believed that adult stem
cells, if transplanted into a different type of
tissue, may adapt their differentiation to the
host tissue, thus behaving like multipotent cells.
A great advantage of adult stem cells is their
immunocompatibility, provided the donor
and acceptor are the same person. However,
they are much harder to isolate than ESC. In
addition, they possess the inborn or acquired
genetic defects of the donor. It thus seems at
present that ECS have a far wider application
potential than adult stem cells. A breakthrough
occurred in 2007 with the discovery that fully
differentiated cells can be reprogrammed into
iPS, induced multipotent stem cells.
Applications. ECS permit fundamental re-
search on the molecular basis of cell differen-
tiation to be carried out. In addition, they are
a valuable tool for studying pathological situ-
ations, e. g., birth defects or tumors. They also
could serve to develop a wide range of human
cell lines most useful for testing drug efficacy
and safety on a molecular level. Finally, their use
opens the possibility of curing diseases through
cell therapy. For example, the transplantation
of pancreatic island cells, obtained from culti-
vation of stem cells in pancreatic tissue culture,
could permanently cure children suffering from
type I diabetes. It must be said, however, that
many technical questions are still unresolved,
e. g., reliable differentiation of ECS i vitro and
their immunocompatibility with the host.
Ethical concerns. Whether human life has
started already at the multicellular stage of a fer-
tilized egg such as the morula or the blastocyst,
which is subject to legal protection, is a con-
troversial issue and subject to ethical debates.
In the USA and most industrialized nations, a
limited acceptance of embryonal stem cell re-
search in therapeutic cloning has been reached,
which is paralleled by emphasizing research on
adult stem cell cloning and therapy. With the
advent of iPS cell technology, these concerns
have been toned down; the origin of iPS cells
are somatic cells from the donor, and after de-
differentiation and redifferentiation, he or she
is also the recipient. However, concerns remain
as to the safety of this new form of therapy.
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Blood cells and immune system

General. The immune system protects higher
organisms from infections and provides im-
munity against many pathogens. It consists of
specialized cells (cellular immune response)
and messenger chemicals (humoral immune
system) that communicate with them. Cytotox-
ic cells of the immune system destroy pathogens
that have invaded the body, and also native cells
of an organism that have been irreversibly dam-
aged (apoptosis). They also participate in the
immune defense against transplanted organs
(+272). To comply with changing environ-
mental conditions, the immune system displays
high plasticity, which is genetically determined.
Misguidance may lead to a wide range of dis-
eases such as insufficient immune response,
allergies, autoimmune diseases, and malignant
degeneration. The immune system is regulated
by many messenger proteins (cytokines, growth
factors). Many of them can be prepared as re-
combinant proteins and are being evaluated for
therapeutic use.

Cell types. All types of blood cells with func-
tions ranging from oxygen transport to anti-
body formation are generated from a common
stem cell precursor (+78): the multipotent
hematopoetic stem cells, located in the bone
marrow. They differentiate there into myeloic
and lymphatic stem cells. The former give rise
to red blood cells (erythrocytes), which stay in
the blood vessels and transport oxygen, bound
to their hemoglobin, as well as to granulocytes,
macrophages, and other cell types. The lym-
phatic stem cells, however, develop into the
lymphocytes that emigrate into the blood and
lymph system. A healthy adult possesses ca. 10!
of these “naive” lymphocytes (meaning those
which have not yet come into contact with an-
tigens). Once a lymphocyte has been activated
by an antigen (and some other signals), it forms,
by clonal expansion, a large number of antigen-
specific daughter cells. Lymphocytes differen-
tiate further into B cells and T lymphocytes.
Once B cells have matured in bone marrow, in
lymph nodes or in the spleen, they form anti-
bodies upon contact with an antigen (humoral
immune response). In contrast, T cells mature in
the thymus, where they differentiate upon con-
tact with molecules of the major histocompati-

bility complex (MHC), a protein complex of
the cell membrane which is exposed on the cell
surface. The MHC-T-cell complex forms spe-
cific surface structures, which are distinguished
by their function. T-cells are the main carriers
of the cellular immune response. They secrete
different cytokines. As an example, T helper
cells may secrete various interleukins, thus ac-
tivating, expanding and differentiating B-cells.
CD4 is a typical glycoprotein marker on the
surface of T helper cells. In contrast, cytotoxic
T lymphocytes carry the glycoprotein CD8 on
their surface. They can lyse virus-infected cells
and secrete, among other substances, the cyto-
kines interferon-y and lymphotoxin-o.
Immune response and cytokines. The im-
mune response to infections differs, depending
on whether viruses, bacteria, or parasites are
the pathogen. Extracellular pathogens or their
toxins are first tagged by antibodies, triggering
a cascade that results in their endocytosis and
degradation by macrophages. Intracellular
pathogens, such as mycobacteria or viruses, are
destroyed by a different mechanism (similar to
the elimination of transformed cells): as soon
as they have infected one of the omnipresent
macrophages, it will expose lysed fragments of
the pathogen/cell on its surface, initiating a
complex cascade that results in the destruction
of infected cells by cytotoxic T lymphocytes.
Autoimmune diseases follow a similar mech-
anism. For example, in type I diabetes, proteins
of the ( cells of the pancreas have been mod-
ified and are consequently misinterpreted as
foreign proteins, resulting in their destruction
by CD8 lymphocytes. The coordination of
the immune response is largely effected by the
cytokines and their receptors on the surfaces of
cells of the immune system. Regulation of the
immune response is highly complex. Cell-spe-
cific growth regulators and their receptors de-
termine in a highly specific manner which cells
of the immune system must be synthesized at a
given time. The advent of genetic engineering
has led to the possibility of producing cytokines
and growth factors as recombinant proteins,
initiating a novel area of medical research and,
in some cases such as the interferons, new pos-
sibilities for medical therapy. Antibodies and
stem cells are alternative technologies which are
being evolved for immune therapy.
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Antibodies

General. Antibodies are specific defense pro-
teins circulating in the blood and lymph of
vertebrate organisms. They are formed upon
contact of B-lymphocytes with immuno-
genic antigens and bind with high affinity to
such antigens. Most foreign proteins, polysac-
charides, and lipopolysaccharides can act as
antigens, e. g., macromolecules that constitute
the cell surface of viruses, microorganisms, and
parasites. Toxic proteins (toxins) may also lead
to antibody formation. Even low-molecular-
weight compounds may give rise to antibody
formation if they are presented on the surface
of strong immunogenic structures (“haptens”).
In autoimmune diseases, the organism’s own
proteins have become “foreign” and have devel-
oped antigenic properties. Antibodies have
long been used as vaccines for the treatment of
infections and toxins (e. g., snake bites) (passive
immunization) (+248). They are also of great
value as reporter groups (+84) in immunoanal-
ysis (+260). They are sometimes used for the
purification of recombinant proteins, e. g., fac-
tor VIIIL, by immunochromatography (+186).
Structure. Antibodies belong to the immuno-
globulins. In man, they are classified into 5
groups (IgG, IgM, IgA, IgE, and IgD), which
play various roles in immunodefense. IgG,
which predominates in serum, is a glycosylated
heterodimer composed of two identical light
(L) and two heavy (H) chains, which are linked
by cysteine bridges. Structures having con-
stant (Cpy, Cp) and variable sequences (Vy,
V1) domains can be distinguished in the heavy
and light chains. The F -region of the antibody
binds to a receptor, and the F,,-region binds
to the antigen. This region of the antibody is
hypervariable: the 6 complementarity-deter-
mining regions (CDRs) consist of ca. 20 amino
acids each; thus, each CDR allows for 206%20
permutations.

Biosynthesis. Antibodies are synthesized by
B lymphocytes, which have nearly 1,000 sets
of gene segments available. The gene segments
are combined by random recombination (“gene
shuffling”) (+198) to code for the variable re-
gion of the immunoglobulins. In addition, dur-
ing the expansion of B-cell clones, mutations
occur in the genes that are responsible for the
variable regions. Thus, a relatively small geno-

type coding for antibodies is turned into a huge
phenotypic diversity.

Preparation. Polyclonal antibodies are mix-
tures of different antibodies that are directed
towards different epitopes of the same antigen.
They are obtained by immunization of an-
imals such as rabbits, sheep, goats, and horses.
Through repeated immunization, in inter-
vals of several weeks, and extraction of blood,
similar lots of antibodies can be obtained re-
peatedly from the same animal (horse, cattle,
sheep). Purification is done by precipitation
and chromatographic procedures. In manu-
facturing highly purified antibodies, affinity
chromatography based on protein A may
be used. Protein A (My 42 kDa) is obtained
from Staphylococcus aureus. It binds with high
specificity and affinity to the F.-region of IgG.
Purified IgG solutions are portioned in a sterile
manner and lyophilized in the absence of air. If
stored under refrigeration, antibodies are stable
for several years. Industrial production is done
under GMP conditions.

Risks. For human therapy, antibodies are ad-
ministered parenterally, since they are not
stable to gastrointestinal passage. Antibodies
obtained from animals are recognized by the
human immune system as foreign and thus
can give rise to an immune defense, especially
after repeated injections. One solution to this
problem is to shift among antibodies obtained
from different animal species. Alternatively,
antibodies can be obtained from blood donors.
Although donated blood stored in blood banks
is thoroughly scrutinized before use, a risk of
viral contamination such as hepatitis or AIDS
does exist. Recently, monoclonal (+242) or re-
combinant antibodies (+244) or antibody frag-
ments can be obtained through cell technology.
Their advantage is that a well defined antibody
can be produced in a bioreactor in unlimited
quantities. In order to cope with immunogen-
icity, hybrid structures with the epitopes and
sugar chains of human antibodies have been
developed (“humanized antibodies”). Human
antibodies can now also be manufactured at a
large scale using cell technologies.
Applications. Antibodies are mainly used for
diagnosis and therapy of human diseases and
as analytical tools in molecular and cell biology
(+246). More recently, they are also being ap-
plied in food and environmental analysis.
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Reporter groups

General. Reporter molecules play an impor-
tant role in both basic and applied research.
They are used 1) in cytochemical analysis of
cells and histochemical analysis of tissues, 2) for
sorting cells in a cell sorter, 3) for visualization
of binding events, e. g., of antibodies, receptors,
or DNA (+60, 260), and 4) in many procedures
used in genetic engineering (e. g., for cloning
or the investigation of promoters). Frequently
used reporter atoms and molecules include ra-
dioactive isotopes, fluorophores, and enzymes.
For linking reporters to proteins or DNA, the
biotin-streptavidin and digoxigenin systems are
often used. Frequently used reporters in genetic
engineering are the genes coding for 3-galacto-
sidase, luciferase, and GFP (green fluorescent
protein).

Radioactive markers. In radioimmunoassays
(RIA), reactants are labeled with 13! or 3°S, and
radioactivity is determined in a scintillation
counter. In molecular genetics experimenta-
tion, 32P-labeled phosphate is often introduced
into DNA or RNA, using DNA polymerase I,
the Klenow fragment, or RNA polymerase. Ra-
dioactively labeled DNA or RNA can then be
used to detect hybridization events by autora-
diography or, somewhat faster, in a commercial
phosphoimager (+48). Radioactive methods
are still being used in many laboratories, in spite
of strict radiation-safety regulations and com-
petition from faster protocols, because they are
highly sensitive.

Fluorophores. Fluorophores such as fluores-
ceine or rhodamine are highly sensitive re-
porter molecules, down to the picomolar range.
Fluorophore-labeled antibodies are used in his-
tochemical and cytochemical investigations.
In combination with a cell sorter (FACS =
fluorescence-activated cell sorter), they permit
labeled cells to be separated from unlabeled
cells at speeds of 1,000 cells min~! or more. This
procedure is used in cell biology, e. g., for sep-
arating B cells from T cells after labeling specific
antigens displayed on their surface, and for sep-
aration of mixed cultures of bacteria after label-
ing taxon-specific sequences of their 16S rRNA
by hybridization (FISH = fluorescence in-situ
hybridization) (+74). Fluorescence reporters
for DNA are SYBR-Green and ethidium bro-
mide (+50).

Enzymes. Compared to the reporter molecules
mentioned so far, enzymes have the advantage
of further enhancing an assay’s sensitivity by
signal amplification. This property is especially
useful for quantitative analytical determina-
tions. Reporter enzymes that are used often are
alkaline phosphatase and horseradish perox-
idase (+256). Their reactions can be assayed in
biosensors, by electrochemistry, or photomet-
rically (+258). If fluorometric or chemilumino-
metric enzyme assay protocols are used, the
sensitivity may reach pico- or even attomolar
detection limits. Thus, a very sensitive protocol
is the use of horseradish peroxidase as a reporter
enzyme in combination with luminol, a phtalic
acid derivative which shows strong lumines-
cence upon oxidation.

Digoxigenin and biotin-streptavidin. These
chemicals are often used to couple a reporter
molecule to the biomolecule to be analyzed.
Digoxigenin (Mg = 390.52) is a steroid that
can be coupled to a nucleotide via its hydroxy
group without interfering with hybridization
events. It binds with high affinity (107 M) to
a specific antibody that can be labeled with
various reporter molecules. A similar system is
biotin-streptavidin (affinity 1071 M).

Genetic markers. Introducing genes that code
for reporter proteins enables cloning events to
be rapidly analyzed. “Blue-white” screening
(+62), for instance, is based on a plasmid-borne
DNA sequence coding for a fragment of -ga-
lactosidase. If foreign DNA is inserted within
this fragment, it can no longer complement the
chromosomal DNA that codes for the remain-
ing part of this enzyme, and externally added
chromogenic substrate X-gal (5-bromo-4-
-chloro-3-indolyl-B-D-galactopyranoside) can
no longer be hydrolyzed to a blue dye. Another
very useful genetic marker is GFP (green flu-
orescent protein), whose gene was cloned from
a jellyfish. Without any additional substrates,
GFP shows strong fluorescence. The GFP gene
can be used as a reporter to demonstrate pro-
moter function, gene expression, or gene regu-
lation. Luciferase genes cloned from fireflies or
photobacteria are used for the same purpose,
but visualization of the expressed reporter pro-
teins requires the addition of an enzyme sub-
strate (luciferin or decanal, respectively).
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— Optical tests for DNA hybridization
fluorescence chemiluminescence optical detection
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— Frequently used reporter genes
gene externally added substrate detection
lacZ": gene fragment of B-galactosidase 5-bromo-4-chloro-3-indolyl-3- visual
D-galactopyranoside (X-Gal) (blue-white)
lux: luciferase from firefly or
photobacteria luciferin or decanal luminescence

GFP: green fluorescent protein from jellyfish - fluorescence
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Solid state fermentation (SSF)

General. Solid state fermentation, often de-
fined as “fermentation without the presence
of free water,” is a traditional fermentation
procedure still widely used for the preparation
of fermented food. Important examples are
the production of soy sauce, miso or tempeh
(+114). In the carly days of biotechnology,
it was also widely used for the manufacture
of fungal products such as citric acid (+146)
or food enzymes (+172), but has been largely
replaced in industry today by submerged fer-
mentation. Recently, SSF has been rediscover-
ed and is being explored for the manufacture
of bioethanol and similar compounds in the
framework of “biorefineries.” (+138)

Raw materials. Generally speaking, SSF pro-
cedures are mostly used to add value to waste
materials such as wheat bran, soy or coffee bean
residues. Before inoculating with starter cul-
tures (->114) or waiting for the growth of air-
borne microorganisms, the raw materials are
sometimes pretreated in order to enhance the
concentration of digestible sugar.
Microorganisms. SSF is a traditional domain
for fungi such as Aspergillus strains (+18), be-
cause hyphal growth, as with other fungi, allows
for an excellent penetration of substrates and
thus for good product yields. However, yeasts
(ethanol), Lactobacilli (yogurts) (+116) or Ba-
cilli (Natto) are also being employed.
Technology. In the preparation of traditional
food products such as, e. g., Sauerkraut (+116),
Tempeh or cocoa, traditional crafts are still
being used. For industrial manufacturing of
products, considerable work on engineering
and process control has been done. As the key
limitations of SSF are mass transfer (+94), re-
moval of reaction heat, analytical controls and
process modeling, much work has been direct-
ed towards these issues. Mass transfer usually
relates to substrate access and, in aerobic micro-
organisms, to oxygen. Both needs can be satis-
fied by putting the substrate-microorganism
mixture on gently agitated percolated trays. Re-
moval of reaction heat is a significant challenge
and has been addressed by air blowers, internal
heat transfer plates or water cooling jackets. On
a solid substrate, water activity must be con-
trolled as it is often critical both to microbial
growth and product formation. Finally, process
analysis (+96) in a solid system is not straight-
forward, and methods such as microcalorim-
etry, Fourier-transform or near infrared analysis

(FTIR, NIR), aroma-sensing devices such as

GC or GC-MS, water content quantification
by microwave analysis, or image analysis have
been employed. Many of these procedures are
under study, and experimental reactor designs
have been realized, for example, in a horizontal
paddle mixer established by Wageningen Uni-
versity, in the Zymotis reactor developed by the
ORSTOM Center of Montpellier or by the
Platotex bioreactor engineered at the CNRS in
Gif-sur-Yvette. All these designs are an attempt
to develop SSF into a highly reproducible pro-
cedure, and advances have been made in process
modeling, but, if compared to submerged fer-
mentation, few processes have reached ma-
turity. In summary, SSF has the advantages of
low-cost media, a rather inexpensive bioreactor
(e.g., tray) design, few operational problems
and simple downstream processing (>108)
(usually water extraction), but there are difficul-
ties in scale-up and process control. SSF is used
for the production of food enzyme mixtures in
a koji process (e. g., starch-degrading enzymes,
pectinases), and for the manufacture of some
important traditional food additives such as
soy sauce.

Soy sauce manufacture (Japanese style).
(+114) Traditional raw materials for soy sauce
preparation are a hot-water extract of soybeans
and an equal amount of roasted wheat. This
is mixed with a starter culture of Aspergillus
oryzae (sometimes also A. sojae or A. tamari)
resulting in a “koji” where Bacilli, yeast and
Lactobeacilli are also present. Once a microbial
community has developed, the koji is mixed
with coarse salt (SSF) or with brine (wet fer-
mentation) and brewed for as long as several
months in “moromi” fermentation tanks. Dur-
ing moromi brewing, 4. oryzae breaks down the
grain and soy proteins into free amino acids and
oligopeptides, and the wheat starch into simple
sugars. Free amino groups and sugar aldehyde
groups interact in the so-called Maillard reac-
tion, leading to a dark-brown color. Lactic acid
bacteria ferment the sugars into lactic acid, and
Saccharomyces produces some ethanol, which
through aging and secondary fermentation
creates numerous flavor compounds typical
of soy sauce. This complex process has been
thoroughly analyzed. The metabolic pathways
of the standardized microorganisms involved
(starter cultures) are well understood, and each
single process step has been optimized. As a
result, soy sauce can be brewed in a SSF process
at a reproducibility similar to beer brewing by
submerged fermentation. There are many vari-
eties of soy sauce flavors throughout Asia.



— Manufacture of soy sauce by solid-state fermentation

soybeans defatted soybeans wheat Salt
’ steaming roasting and
crushing
dissolving
in water
Aspergillus oryzae mixing
M¥ spores
blending
brine
fermentation, maturation, heat treatment, fining,
press filtration, fining inspection, bottling
— Frequently used substrates ——— — Frequently used microorganisms
microorganism product
Aspergillus oryzae miso, soy sauce
Aspergillus niger citric acid
: Rhizopus oligosporus tempeh
R Acetobacter pasteurianus wheat-based vinegar
wheat grain wheat bran Trichoderma sp. composting, silage
wheat, rye or rice bran mixed cultures cocoa bean fermentation

cassava — Fermentation of cocoa beans

sugar beet molasses T P, A
sugar cane molasses
sweet potato residues
coffee pulp and husk
soybean hulls

apple pomace

— Horizontal paddle mixer for solid-state fermentations

water-jacket

paddles J' temperature
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tion

motor ‘ ‘
tempera-
ture solid agitation
probes medium shaft

Wageningen University, The Netherlands
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Growing microorganisms

General. Microorganisms are cultivated either
on solid nutrients (surface cultivation) or in
liquid culture (submerged cultivation). In lab-
oratory experiments, agar plates or shake flasks
prevail. Under industrial conditions, bioreac-
tors are the cultivation vessels of choice. The
composition of the culture medium is of key
importance for product formation. In most
cases, contamination by undesired microorgan-
isms is excluded by using sterile cultivation con-
ditions.

Shake flasks. The standard vessels are Erlen-
meyer flasks with baffles (filled with ca. 50-
500 mL liquid), containing a sterile liquid nu-
trient solution. Oxygen saturation is assured by
shaking the flasks on a thermostatted reciprocal
or gyrating shaker. When anaerobic bacteria
are to be grown, oxygen is removed from the
nutrient medium by boiling and degassing,
followed by addition of thiogycolate. Further
handling is done under an O,-free sterile hood.
Bioreactors (fermenters) are closed reactors
with a capacity of 1 L to > 500 m>. In the stand-
ard, stirred bioreactor, mass transfer and air
distribution are accomplished with a stirrer.
Bioreactors can be operated as batch cultures,
as batch cultures with subsequent addition of
substrates (fed-batch culture), or as continuous
cultures. In industrial practice, batch and fed-
batch cultures are preferred, whereas in funda-
mental studies, continuous culture is of great
importance because it allows cells to be kept at
a constant specific growth rate for many days or
even weeks. In many microbial fermentations,
product formation begins only in the late log-
arithmic phase of culture growth. If at this
point more nutrients are added in fed-batch
mode, the production phase of the fermenta-
tion can be prolonged, and the yield of the end
product is increased. Another reason to use
fed-batch fermentations is to prevent substrate
inhibition: often, microorganisms produce less
product in the presence of high glucose concen-
trations (catabolite repression).

Medium optimization. Most microorganisms
that are used in biotechnology are heterotroph-
ic and grow aerobically. They require organic
compounds as a source of carbon and energy,
in addition to inorganic or organic nitrogen,
salts, and trace elements. The nutrient medium

is usually optimized in shake flasks, using prod-
uct yield and substrate cost and availability as
the major parameters (in some fermentations,
such as for ethanol or citric acid production,
the cost of the C source may exceed 50 % of the
production costs). For cost reasons, most in-
dustrially used nutrient media are composed of
components that are not very well defined, such
as corn starch hydrolysate, molasses, or soy meal
(complex media), whereas in the research lab-
oratory, defined media components such as glu-
cose or mixtures of amino acids are preferred.
Sterilization. Autoclaves are best for steril-
izing nutrient media in the laboratory prior to
inoculation. Autoclaving for 15 min at 121°C
is sufficient to kill even the spores of thermo-
philic microorganisms (test organism: Bacillus
stearothermophilus). Heat-sensitive medium
components such as glucose and vitamins are
usually added via sterile filtration to the auto-
claved medium after cooling. If a bioreactor ex-
ceeds ca. 10 L in volume, it is usually autoclaved
in place with steam at 1.4-3 bar. The method
is time-consuming (heating and cooling cycles
of several hours) and, due to the long exposure
to heat, may lead to changes in the medium
composition. Thus, continuous sterilization is
preferred in industry. In this procedure, the nu-
trient broth is exposed to steam at 140°C for
ca. 2-3 min (holding time). Using countercur-
rent heat exchangers, the formation of vapor
condensate is prevented, and ca. 90% of the
introduced energy is recovered. Air must be
purified by filters before it enters the bioreac-
tor: 1 m? of air may contain up to 2000 colo-
ny-forming units (cfu), including up to 50%
fungal spores and 40 % Gram-negative bacteria.
For a bioreactor of 100 m* working volume,
operating at an acration rate of 1 vvm (volume
air/volume liquid - min), 6000 m? of sterile air
is required per hour. In recent years, single-use
bioreactors made from plastic have become
popular for some applications. They are avail-
able in a volume range of 500 ml to 3,000 L and
are supplied as sterile units. The advantages of
single-use bioreactors are that a) more exper-
iments can be run in the same time, as the time
required for sterilization and cooling is elimi-
nated, b) the risks from cross-contamination
are greatly reduced, and c) the initial invest-
ments are less compared to steel reactors.



— A shake flask

—— air-per-
meable
cotton or
wool plug

rotating
culture
medium

temperature
control

water

— Stirred bioreactor

sterile nutrient ——»———,

vapor/sterilization —»

heating/cooling —»

heating/
cooling water

*sterile air

— Nutrient components

component

origin

composition/remarks

complex carbon sources

sugar beet molasses
sugar cane molasses

corn steep liquor
distillers “solubles
starch and dextrins
sulfite suds

whey
hydrocarbons

sugar production

corn milling

alcohol production
corn starch hydrolysis
paper production
dairies

petrochemical plants

~48 % saccharose,
~33 % saccharose, ~ 22 % invert sugar,

~1-3%glucose, 11 - 13 % lactose
variable

variable

2 - 4 % hexoses and pentoses

3 -5%lactose

aliphatic alkanes > C-5

defined carbon sources

glucose
mannitol

methanol

can be metabolized by most organisms
good carbon source for Streptomycetes

can be metabolized by many bacteria
and yeasts

complex nitrogen sources

soymeal, peanut meal, wheat germ meal,
corn steep liquor, whey powder, yeast extract

content of raw protein between 20 % and
6 %, contain vitamins and trace elements

defined nitrogen sources

ammonia salts, nitrates, urea, amino acids

vitamins, trace elements

thiamin, riboflavin, pyridoxin, nicotinic acid, nicotinamide, pantothenic acid, cyanocobalamin,
folic acid, biotin, a-lipoic acid, purines, pyrimidines, heme

macro minerals (10 “3_1074 M): salts of K, Ca, Mg, Fe, S,P

micro minerals (10~ ° - 10 =8 M): salts of Mn, Mo, Zn, Cu, Co, Ni, V, B, C, Na, Si

— Prices for some carbon sources

50 /_/\/ corn starch (€/100 kq)
—— ~___— Wheatstarch

30 (€/100 kqg)

109 raw sugar (cents/poun/d)\'—'\/\/

1988 1990 1992 1994 1996

1998 2000 2002 2004

Prices are for the German market,

end of 2013

BRENT crude, US-$/barrel 110
raw sugar, €/100 kg 40
corn starch, €/100 kg 57
wheat starch, €/100 kg 48
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Growth kinetics and product formation

General. The rules governing the growth of
microorganisms are well defined for single-
cell organisms but not for mycelial organisms
(Streptomyces, fungi). Several varieties of fer-
mentation can be distinguished, depending on
the kinetics of product formation.

Growth kinetics of unicellular microorgan-
isms. Most microorganisms and yeasts are
unicellular. They propagate by cell division,
and an increase in the number of cells can be
monitored continuously by optical methods,
e.g., turbidity. In a static culture, e. g, in a small
shake flask or a batch reactor, a lag phase (when
the formation of enzymes important for bio-
synthesis is induced) is followed, after a short
transition phase, by a phase of logarithmic
growth (log phase) having first-order kinetics.
The following transition phase II is reached if
one substrate becomes limiting or one product
becomes inhibiting. This is followed by the sta-
tionary phase, where substrate limitation, excess
population density, limited oxygen transfer, or
the accumulation of toxic metabolites have ter-
minated growth. A death phase characterized
by decreasing cell number may ensue. To char-
acterize a growth curve, important parameters
are 1) the lag phase (dimension: [h]), which de-
pends on the microorganism, the physiological
conditions of the inoculation material, and the
nutrient composition; 2) the specific growth rate
# (dimension: h™!), which allows the rate of cell
formation to be correlated with cell concen-
tration during the exponential phase. When
written as an equation p = py,, - S/(Kg+S) (the
Monod equation), p enables the experimental
determination of the velocity of cell growth; 3)
the saturation constant Kg of this equation re-
lates to the substrate concentration (in mgL1),
at which 50% of the maximum growth rate has
been reached. From a formal point of view, K
is equivalent to the Ky of enzyme kinetics, the
Michaelis constant. 4) Growth rates are linked
to the generation or doubling time. This param-
eter indicates in [h], how fast a bacterial culture
doubles under exponential conditions. 5) The
yield coefficient Yy is a measure of biomass for-
mation per consumed substrate. Various yield
coefficients can be defined, because the for-

mation of cell mass depends on both chemical
(pO,, C/N ratio, phosphate content) and
physical parameters (e. g., temperature). If com-
plex nutrient media are used, two log phases
separated by an intermediate lag phase may be
observed (diauxic growth). This is explained by
the lag time required to induce new enzymes
after the first carbon source is exhausted.
Growth kinetics of mycelium-forming micro-
organisms. Fungi, and also mycelium-forming
prokaryotes such as Streptomycetes, grow not
only by cell division but also by longitudinal
growth of the mycelium. Determination of
growth is usually done by weighing dried bio-
mass and leads to complex kinetics.

Product formation in most fermentation
processes is either coupled or not coupled to
growth. Very few processes do not belong to
one of these two basic types. In the traditional
classification, growth-coupled products in-
clude e.g., cell mass formation (baker’s yeast,
SCP, algae) and the formation of primary me-
tabolites such as ethanol, lactic acid, gluconic
acid etc.. Product formation decoupled from
growth occurs at the end of the logarithmic
phase; the product does not arise from the
primary, but rather from the secondary metab-
olism, e.g., antibiotics (+166) and extracellular
enzymes (-200). If transgenic host organisms
are used for production, the first step is usually
to grow the host organism (E. coli, S. cerevisiae)
to high cell densities which are in the range of
100 g/L culture medium (cell dry mass). Prod-
uct formation is then coupled to growth if the
gene coding for the desired product is cloned
into a host chromosome and is constitutively
expressed. Often, however, it is preferable to
express the gene after the growth period is ter-
minated. To this end, the gene is cloned behind
an inducible promoter, e. g., the Jac promoter
which can be activated by allo-lactose (6-O-8-
-D-Galactopyranosyl-D-glucose) or isopropyl
(-D-1-thiogalacto-pyranoside (IPTG) (+62).
A rhaPBAD promoter is also often used; it is
induced by the addition of L-rhamnose. If a
APy Py promoter is used, induction occurs after
a temperature shift from 30° to 42° C - a pro-
cedure which is limited to experiments in lab-
oratory scale since such temperature shifts are
difficult to achieve in larger bioreactors.



— Growth in a batch reactor
growth curve of microorganisms
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Fed-batch, continuous
and high cell density fermentation

General. In fed-batch fermentations, the pro-
duction phase is prolonged by feeding nutrient
medium to the fermentation. This protocol is
the preferred procedure in industry, followed
by high cell density cultivation protocols for
recombinant host organisms. Continuous fer-
mentations are less practical, but of great fun-
damental importance, since they allow the laws
governing microbial growth and metabolism to
be studied.

Fed-batch procedures have two important
advantages: first, they increase the yields of the
many secondary metabolites that are indus-
trially produced (antibiotics, enzymes, poly-
saccharides, etc.) by providing fresh medium
or intermediary building blocks at the end of
the logarithmic phase just when secondary
metabolism takes off. Second, substrate in-
hibition can be prevented by carefully limiting
the glucose level in the medium. Glucose is the
most widely used carbon and energy source in
fermentation, but an excess represses product
formation by catabolite repression, e. g., during
production of antibiotics. Bakers’ yeast produc-
tion is another example of catabolite repression
(+120): higher sugar concentrations lead to an
increased specific growth rate p; however, the
biomass yield coefficient Y decreases strongly
because an increasing amount of glucose is con-
verted to ethanol (Crabtree effect). Thus, sugar
is added in fed-batch mode to the fermentation
broth. Similar requirements have sometimes
been found for nitrogen and phosphorous
sources.

Continuous fermentations. A batch reactor
is usually considered a closed system, though
strictly speaking there is gas exchange with the
environment. During continuous fermenta-
tions, there is not only gas exchange with the
environment, but the bioreactor is an open
system to which sterile nutrient broth is con-
tinuously fed and from which culture medium
is continuously removed. Three varieties of
continuous fermentation modes are usually
distinguished: two are chemostats, where nu-
trient levels are held constant, and turbidostats,
where cell mass is held constant. The third is the
plug-flow reactor, in which the culture medium
flows without backmixing through a tubular

reactor, while the cell mass is recovered at the
reactor outlet and returned at the entrance
of the reactor. In such a system, conditions
along the direction of flow, e. g., medium com-
position, biomass concentration, and product
concentration resemble the conditions that are
obtained in a batch reactor over time. In a con-
tinuous fermentation under equilibrium con-
ditions, cell loss from the effluent is balanced
by the specific growth rate p of the microor-
ganism; and the substrate concentration S and
the rate of product formation Qx remain un-
changed. Under such conditions, Qx depends
as a first approximation solely on the flow rate.
Concepts for continuous fermentations are
much harder to develop for secondary metab-
olites (type III fermentations) (+200), since cell
growth and product formation are not directly
coupled. Continuous fermentations are useful
for 1) optimizing cell growth and product for-
mation, and 2) analyzing the limiting nutrient
components. In industrial practice, however,
continuous fermentations are rarely used. Some
exceptions are the aerobic and anaerobic treat-
ment of wastewater (286, 288), newer process
variants for the production of beer, and the
manufacture of human insulin using recom-
binant yeast strains (+222). In most industrial
fermentation processes, however, it is held that
1) continuous processes, compared with batch-
fed fermentations, show break-even economics
only after 500-1,000 h of continuous opera-
tion — an extremely difficult condition to meet,
from the point of view of sterile operation and
anti-infection management; 2) it is difficult to
keep the composition of nutrient media con-
stant over such along period of time; and 3) the
genetic stability of recombinant host organisms
cannot be assured over so many generations of
cell division.

High cell density fermentation. This term is
used if a concentration of at least 50 g/L cell
dry mass is obtained in a bioreactor. Using ap-
propriate feeding protocols, cell densities of E.
coli up to 150 g/L cell dry mass can be obtained
in bioreactors. The standard substrates are glu-
cose or glycerol. For the efficient expression of
the desired genes, a wide range of vectors with
different induction strategies have been devel-
oped. High cell density fermentation protocols
have also been developed for many yeasts, lacto-
bacteria and other microorganisms.



— Continuous fermentations
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Fermentation technology

General. To produce biotechnological prod-
ucts at acceptable costs, bioprocess engineering,
adiscipline shaped by engineers, is as important
as the biosciences developed by biologists and
biochemists. Key objectives of industrial proc-
ess engineering are the operational safety of a
process and the minimization of both invest-
ment and process costs. Important aspects of
these tasks are 1) optimized mass transfers; 2)
technical solutions to keep temperature con-
stant; and 3) optimization of acration (for acro-
bic processes).

Mixing in a bioreactor is achieved by stirrers
or pumps, resulting in a turbulent current.
In the standard case of stirrers, turbulence in
the immediate neighborhood of the stirrer is
characterized by its Reynolds number Re. In
aerobic processes, aeration also contributes to
mixing. A factor in the numerical calculation
of the Reynolds number is viscosity, which de-
pends on the concentration of microorganisms,
on their physical shape (e. g., mycelia in fungal
fermentations), and on the type of product
(e.g., xanthan). In an ideally mixed bioreactor,
turbulence in the reaction zone is distributed
in a homogenous manner. This target, however,
is only approximated, because the sensitivity
of the biological materials is usually limiting:
stirrer speed, for example, is limited by the shear
sensitivity of a mycelium. Various factors, such
as the geometry of the stirrers, their form and
number, the position of mechanical units such
as baffles, the position of pumps (in unstirred
reactors), and the configuration and position-
ing of acration plates and air ¢jectors (in stirred
and unstirred reactors). The power number
Ne describes the energy requirement of stirred
reactors and is correlated, in an ungassed state,
with the Reynolds number. For industrial use,
various stirrers have been developed, e. g., disc,
turbine, MIG, and InterMIG impellers, which
support good mixing and O, transfer. Mixing
and O, transfer are measured by the volumetric
transfer coeflicient k; a.

Temperature control. For optimal results, fer-
mentations are performed at constant temper-
ature. After an initial heating as required for
cell growth, fermentation reactors are usually
cooled, because both microbial growth and
stirrer movement produce heat, which must
be removed. To calculate the heat produced

in a process, the heat transfer number and the
exchange area of the fermenter must be con-
sidered. It is usually sufficient to remove heat
with a water cooling system that surrounds the
bioreactor, but when yield coefficients are very
high (low Y}; values), as in, e.g., alkane fer-
mentations by yeasts, additional internal heat
exchangers must be used. The reaction en-thal-
py generated by a fermentation process can be
roughly estimated from the degree of reduction
of the substrate. Thus, the fermentation of al-
kanes generates more heat as compared to the
fermentation of a partially oxidized substrate
such as a sugar.

Aeration. The growth of aerobic cultures is
usually limited by the oxygen content of the
culture solution. To optimize the oxygen con-
tent, several biological and technical factors
must be considered. For example, the optimal
oxygen transfer in a bioreactor is correlated
with the specific maximum oxygen uptake
rate qo,™ of the microorganism. In addition,
oxygen is transported in a ternary-phase system
comprising the gas and liquid phases and the
microorganism. For oxygen transfer, several
phase boundaries must be overcome: 1) from
the gas bubble to the phase boundary surface;
2) through the phase boundary surface into the
liquid; 3) through the liquid to the boundary
surrounding the microorganism; and 4) into
the cell. In single-cell organisms, phase bound-
ary surface 2 is often limiting, whereas cell as-
sociations or mycelia often s